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Abstract

Background Cardiovascular ageing is characterised by fibrosis and increased
stiffening of the extracellular matrix (ECM) due to excessive deposition of ECM
proteins. The structural remodelling of the ECM can largely impact cardiomyocyte
(CMs) behaviour and function. Induced pluripotent stem cell derived cardiomy-
ocytes (iPSC-CMs) have been widely used in cardiac research to model cardio-
vascular diseases. Current experiments utilise tissue culture plastics, which are
far stiffer than the natural environment of CMs, thus are not representative of
physiological conditions.

Modelling cardiac ageing by recapitulating the stiffness of the healthy and fi-
brotic myocardium using biomaterials can provide insight into mechanisms and
pathways altered by ageing, ultimately contributing to the development of novel
therapeutic strategies. Furthermore, cardiac diseases that display accelerated
ageing phenotypes, such as Alström Syndrome (AS), can also be studied to en-
hance our understanding of cardiac ageing disease mechanisms and pathways.

Aims: This work attempts to develop a representative model of the healthy
and ageing myocardium, by mimicking stiffnesses using biomaterial hydrogels
(Chapter 3). Characterise the effect of ECM stiffnesses on the structure of iPSC-
CMs (Chapter 4). Characterise the effect of ECM stiffnesses on iPSC-CM metabo-
lic function (Chapter 5). Assess whether AS is a model of accelerated ageing
using Phenoage(Chapter 6). Investigate the cardiac role of ALMS1 in AS using
ALMS1 knockout (KO) iPSC-CMs to assess changes in structure, senescence,
metabolism and calcium (Ca2+) handling dynamics (Chapter 7).

Methods: Polydimethylsiloxane (PDMS) hydrogels of 20kPa (healthy) and
130kPa (fibrotic) stiffnesses were developed. Ventricular iPSC-CMs were differ-
entiated and plated onto PDMS hydrogels of stiffnesses and plastic/glass. Tran-
scriptional, structural and functional profiles of iPSC-CMs on stiffnesses were in-
vestigated using methods such as Quantitative polymerase chain reaction (qPCR),
Western blotting and Ca2+ optical mapping. Metabolic function of iPSC-CMs was
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assessed using several techniques, including isotope labelled mass spectrome-
try.

Phenoage, a measure of biological ageing, was compared to chronological
age for a cohort of patients with AS. Retrospective analysis of cardiovascular
changes over time in AS patients using echocardiography were also assessed.
ALMS1 KO iPSC-CMs were assessed for molecular, functional and metabolic
changes compared to wildtype iPSC-CMs.

Results: iPSC-CMs cultured on 20kPa PDMS mimicking the healthy my-
ocardium exhibit greater structural alignment, expression of cardiac markers and
altered Ca2+ handling dynamics, indicative of CM maturity. iPSC-CMs cultured on
plastic substrates exhibit a preference to glycolytic metabolism, increased lactic
acid production and signs of a disease profile compared to iPSC-CMs cultured
on softer PDMS substrates.

Patients with AS displayed a higher Phenoage compared to their chronolog-
ical age, indicating AS serves as a model of accelerated ageing. Furthermore,
ALMS1 KO iPSC-CMs displayed altered Ca2+ handling dynamics, changes in cel-
lular bioenergetics and increased senescence, providing insight into the molecu-
lar changes occurring in AS.

Conclusions: The work supports the idea that ageing and stiffness of the
ECM affects structure, function and metabolism of iPSC-CMs. The pathological
metabolic phenotype of iPSC-CMs cultured on traditional cell culture plastics indi-
cates that plastic may not serve as an effective control condition for experiments.
iPSC-CM culture on softer substrates provides data of greater physiological rele-
vance and is representative of a healthy myocardium, thus highlighting the impor-
tance of substrate stiffness and the impact the environment can have on iPSC-CM
behaviour. This research demonstrates softer physiological substrates serve as
an effective model for healthier and mature iPSC-CM cultures and should be used
in research involving iPSC-CMs to accurately reflect cardiac environments. Novel
findings also display AS as a disease model of accelerated ageing. The research
further highlights the benefits of physiological model development and the use of
iPSC-CMs to model cardiovascular diseases, allowing investigation into molecu-
lar mechanisms of diseases.
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Chapter 1

Introduction

1.1 Structure of the Heart

The heart is an essential organ that is responsible for pumping oxygenated blood

around the body via vasculature. It consists of four chambers; the right atrium,

right ventricle, left atrium and left ventricle (Figure 1.1). Deoxygenated blood from

the body enters the right atrium, is pumped into the right ventricle and enters

the lungs via pulmonary arteries, where blood undergoes oxygenation via a gas

exchange system facilitated by the alveoli. Oxygenated blood then enters the left

ventricle via the left atrium and is pumped through the aorta to the rest of the body.

Contraction of the chambers of the heart, known as systole and relaxation of the

heart chambers, known as diastole, facilitate the flow of blood through the heart.

Tricuspid and mitral valves, situated between the atria and ventricles open during

relaxation in response to pressure differences between the atria and ventricles,

ensuring blood flow is unidirectional. During contraction, the aortic valve opens,

allowing blood to flow into the aorta and into the rest of the body.
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Figure 1.1: Diagram of heart structure with direction of blood flow
Deoxygenated blood from the body enters the heart via the Inferior and Superior vena
cava into the right atrium. 1. Blood is pumped from the right atria into the right ventricle.
2. Blood flows to the lungs via the pulmonary arteries to undergo oxygenation and is
carried back to the left atrium via pulmonary veins 3.Blood flows from the left atria into
the left ventricles through the mitral valve 4.Oxygenated blood is pumped to rest of the
body via the aorta. Adapted from Biorender.com

1.1.1 Cardiomyocytes

Heart muscle consists of several cell types, such as cardiomyocytes (CMs), car-

diac fibroblasts, smooth muscle cells, immune cells and endothelial cells [1]. Al-

though there are various cell types, cardiomyocytes (CMs) constitute 70-80% of

the hearts volume, despite only accounting for 30-40% of total cell types in car-

diac tissue [2]. In order to meet the high metabolic demands of the heart, CMs

are abundant in mitochondria to enable adenosine triphosphate (ATP) synthesis

[3]. CMs are individual rod-shaped muscle cells composed of myofibrils, acting as
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contractile units of the heart [4]. The myofibrils consist of sarcomeres which en-

able coordinated contraction. The sarcolemma is the cell membrane surrounding

the myofibrils.

The sarcomere is composed of repeating units of actin and myosin proteins,

forming thin and thick filaments respectively which contribute to the striated ap-

pearance of the cell (Figure 1.2), also known as myofilaments [5]. The A-band,

consisting of thick, thin and elastic filaments appears darker when viewed through

a light microscope. The M-line refers to the centre of the sarcomere and serves

as an anchor for thick filaments. The Z-line or Z-disc marks the border of the

sarcomere, connecting the actin filaments and titin together with α-actinin. The

I-band consists of only thin filaments, and is located next to the Z-disc.

As well as actin, thin filaments also consist of troponin and tropomyosin,

which regulate contraction by blocking binding of myosin to actin. In a relaxed

state, tropomyosin remains bound to troponin, preventing actin-myosin interac-

tion. When calcium (Ca2+) is released from the sarcoplasmic reticulum (SR) and

in the presence of ATP, troponin undergoes conformational change, by exposing

actin binding sites [6]. The globular myosin heads of thick filaments therefore

attach to actin binding sites on thin filaments, pulling them towards the M-line,

shortening the sarcomere, generating force and thus causing contraction [5].
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Figure 1.2: Schematic of the sarcomere
The sarcomere consists of thick and thin filaments, consisting of myosin and actin. Loca-
tion of Z-disc, A-band and I-band indicated. Adapted from [7].

1.2 Cardiac Contraction

The contraction and relaxation of all four chambers of the heart is tightly regulated

by an electrical conduction system (Figure 1.3). Contraction of the heart is initi-

ated by signals at the sinoatrial node (SAN), located in the right atria. The SAN

is composed of pacemaker cells, which spontaneously depolarise, inducing atrial

contraction, causing blood to flow from the atria to ventricles [8]. The electrical

signals are then propagated across the atria to the atrioventricular node (AVN),

leading to contraction of the ventricles. Activation of the AVN leads to signal prop-

agation through the Bundle of His, which carries the electrical signals across the

left and right bundles to the Purkinje fibres, stimulating ventricular contraction to

eject blood to the body.
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Figure 1.3: Schematic of cardiac conduction system
Electrical conduction pathway through the heart. Signal initiated from the sinoatrial node
to the atrioventricular node. Signal propagates down the Bundle of His, through the left
and right branch bundles and to the Purkinje fibres. Adapted from Biorender.com

1.2.1 Excitation-contraction coupling

The rapid transmission of action potentials between cells regulates cardiac con-

traction. Electrical conduction is mediated between cardiac muscle cells via gap

junctions within intercalated discs, which propagate the electrical signal through

transmission of charged ions, causing changes in membrane voltage [9].

Action potentials lead to contraction of CMs, known as excitation-contraction

coupling [10] (Figure 1.4). Contractility is largely caused by changes in intracel-

lular Ca2+, acting as a key regulator in CM function. CM contraction is initially

triggered by membrane depolarisation at transverse-tubules (t-tubules), resulting

in activation of voltage-gated L-type calcium channels (LTCCs) in the cell mem-

brane. Activation of LTCC causes Ca2+ influx into the cell, known as a Ca2+ spark,

5
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but is not adequate to cause contraction [11]. Ca2+ influx causes opening of

ryanodine receptor channels, specifically ryanodine receptor channel 2 (RYR2),

causing Ca2+ release from the SR, a process known as calcium induced calcium

release (CICR) [12], [13]. Ca2+ binds to troponin C, triggering CM contraction.

Removal of cytosolic Ca2+ occurs via four main transporters; Ca2+ is pumped

back into the SR via the sarcoplasmic reticulum calcium ATPase (SERCA2a),

Ca2+ is moved out of the cell by Na+/Ca2+ exchangers (NCX), sarcolemmal Ca2+

ATPase and the mitochondrial Ca2+ uniporter [14]. These transporters ultimately

decrease Ca2+ concentrations, causing relaxation.

Figure 1.4: Schematic of excitation-contraction coupling in cardiomyocyte
Ca2+ signalling in iPSC-CM. Entry of Ca2+ through L-type Ca2+ channel (LTCC) causes
release of Ca2+ from the SR through ryanodine receptor 2 (RYR2), known as Ca2+ in-
duced Ca2+ release (CICR). Ca2+ diffuses into the cytosol and is utilised by the mito-
chondria to stimulate ATP production and by myofilaments resulting in CM contraction.
Ca2+ is then sequestered into the SR by SERCA2a. Remaining Ca2+ is removed from
the cytosol out of the CM by Na+/Ca2+ exchangers (NCX). Adapted from [15]
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1.3 Calcium Ion channels

1.3.1 L-type voltage-gated Ca2+ channels (LTCC)

LTCC’s are the major influx pathway of Ca2+ into a CM. They are long opening

voltage-gated channels, with a pore forming α1 subunit, thus require a strong

depolarisation to be activated [16]. Homeostasis of Ca2+ entry and exit into and

out of the cell is regulated through LTCC’s and NCX channels. There are mul-

tiple subunits of LTCC’s in the heart, such as Cav1.3 (CACNA1D) and Cav1.4

(CACNA1F), with Cav1.2 (CACNA1C) being the predominant LTCC in CMs. LTCC’s

are highly expressed in both neonatal and adult CMs, as they play a key role in

the initiation of CM contraction [17].

1.3.2 Ryanodine receptor (RYRs)

RYRs are members of Ca2+ release channels, with three main isoforms; RYR1

enriched in skeletal muscle, RYR2 predominantly in cardiac muscle and RYR3,

found in the brain and skeletal muscle [18]. RYR2 is the predominant isoform

in CMs, located on the SR and plays a key role in CICR when activated [19].

RYR2 is typically closed at low cytosolic Ca2+ levels, and when activated rapidly

releases large amounts of Ca2+ from the SR into the cytosol, activating myofibril

contraction [20]. The expression of RYR2 has been linked to the maturation of

Ca2+ handling capacity in CMs, and has been shown to play a role in the home-

ostasis of the SR [19]. RYR2 can be regulated post-translationally, by oxidation

and phosphorylation, thus impacting its function [21].
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1.3.3 Sarcoplasmic Reticulum ATPase (SERCA)

Several subtypes of the SERCA family exist, with SERCA2a, encoded by the

ATP2A2 gene mainly expressed in CMs and skeletal muscle [22]. SERCA2a

plays a key role in Ca2+ homeostasis, as it is used for reuptake of Ca2+ into the

SR to relax CMs [23]. Phospholamban (PLN) is a known regulator of SERCA2a

activity [24]. When PLN is phosphorylated at serine 16 amino acid site by pro-

tein kinase A, SERCA2a undergoes a conformational change into a Ca2+ binding

state and is no longer inhibited by PLN [24]. PLN exists in a monomer pentamer

equilibrium state, with a dynamic ability to shift between states [25]. PLN inhibits

SERCA2a in its monomeric form [26].

1.3.4 Na+/Ca2+ exchangers (NCX) channels

The major NCX channel expressed in CMs is NCX1, which plays a key role in

maintaining heart function, as genetic ablation of NCX1 has been shown to alter

electrical and contractile properties of the heart [27]. The Na+/Ca2+ exchanger

is another key regulator in Ca2+ homeostasis, as it acts as the major Ca2+ efflux

mechanism of CMs, by catalysing the exchange of 3 Na+ for 1 Ca2+ across the

cell membrane [28]. NCX1 can operate in a bidirectional fashion, operating in ‘for-

ward mode’ extruding Ca2+ from CMs in exchange for Na+, or in ‘reverse mode’,

extruding Na+ in exchange for Ca2+ influx.
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1.4 Mechanotransduction in CMs

The extracellular matrix (ECM) is a component of the cardiac environment that

plays an essential role in cellular growth, signalling and function [29]. Fibroblasts,

when activated into myofibroblasts are the primary cell type producing matrix pro-

teins and contribute to the increased deposition of ECM proteins, whereas CMs

can secrete ECM proteins such as matrix metalloproteinases under ischemic con-

ditions, but are less responsible for ECM protein deposition [30]. Mechanical cues

are converted into biochemical signals by connections in the cytoskeleton, there-

fore ECM remodelling can affect CM function, primarily through mechanotrans-

duction [31]. Mechanosensing occurs at the cell surface, with plasma membrane

receptors sensing and propagating cues to trigger signalling cascades, gener-

ating responses. Changes in the environment, such as response to injury are

detected by mechanosensing, enabling cells to adapt and alter responses ac-

cordingly. Multiple signalling pathways are utilised for mechanotransduction in

CMs.

1.4.1 Integrins and Costameres

Integrins are membrane bound receptors that transduce mechanical signals be-

tween CMs and the ECM environment, acting as critical mediators of cell-cell

interactions and influencing contraction of CMs [32]. Binding of ECM ligands to

integrins activates ‘outside in’ signalling, resulting in intracellular signalling cas-

cades. However integrins can work in a bidirectional manner, therefore also have

‘inside out’ signalling, whereby events inside the cell can alter integrin-ECM bind-
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ing [32].

Integrins in CMs are located in costameres, sites at which the Z-disc connect

to the basement membrane [33]. Costameres play a key role in mechanotrans-

duction in CMs, as they regulate the mechanical coupling of the ECM with sar-

comeres in CMs, acting as specialised focal adhesion protein complexes, trans-

mitting cytoskeletal contractile forces to CMs [34] (Figure 1.5). As integrins do not

possess enzymatic activity, they transmit mechanical signals via adapter proteins,

such as talin, α-actinin and vinculin [34]. They can also interact with ECM pro-

teins, often via integrin recognition motifs, such as arginine-glycyl-aspartic acid

(RGD) motifs. Integrins consist of α and β subunits, with α1β1, α3β1, α5β1 and

α7β1 expressed in CMs, binding specifically to collagen, fibronectin and laminin

[35]. Variations in the subunits can occur in response to age and pathological con-

ditions. Mechanical forces detected by integrins, such as stiffness of the ECM,

can be transmitted to the cell and costameres, causing stress remodelling, result-

ing in altered DNA replication and gene transcription [32]. Activation of integrins

therefore initiates further downstream signalling cascades affecting cell morphol-

ogy, proliferation, differentiation and survival [35].
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Figure 1.5: Schematic of the structure of the ECM with mechanotransducing inte-
grins and costameres
Proteins forming the ECM, including proteoglycans, elastin, fibronectin and colla-
gen. Mechanosensing of the ECM to cardiomyocytes relies on integrin signalling at
costameres. Adapted from [34].

1.4.2 YAP/TAZ signalling

Hippo-yes associated protein (YAP) pathway has been identified as playing a key

role in cardiac development and homeostasis by connections with mechanical

cues, with aberrant activation of this pathway contributing to CVD such as my-

ocardial hypertrophy and fibrosis [36]. YAP acts as a mediator of ECM and cell

interaction, as activation of YAP and transcriptional activator with PDZ-binding

motif (TAZ) signalling pathways leads to increased ECM production and conse-

quently increased tissue stiffness [37]. Increased ECM stiffness has been pro-

posed to promote cell spreading, causing actin cytoskeleton tension, resulting in
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YAP/TAZ nuclear translocation [36] (Figure 1.6). The nuclear localisation of YAP

can consequently alter gene expression. Signal transducers, such as GTPases

RhoA and RAP2 have been identified as key players to relay stiffness signals to

YAP/TAZ [36]. The effect of ECM stiffness on YAP/TAZ signalling remains incom-

pletely understood.

Figure 1.6: YAP/TAZ signalling pathways with increased and decreased ECM stiff-
nesses
Increased ECM stiffness (left side) activates RhoA (GTPase) which relays stiffness sig-
nals, resulting in actin stress fibre formation, and inhibition of LAT1/2, thus allowing
YAP/TAZ nuclear localisation and alterated gene expression. Decreased ECM stiffness
is relayed by RAP2, which causes LAT1/2 activation, thus inhibiting YAP/TAZ. Adapted
from [36]

1.5 Cardiac metabolism

Cardiac metabolism refers to the processes by which the body produces ATP to

provide energy to enable the heart to beat and effectively pump blood around
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the body, maintaining cardiac pump function. The human heart is one of the

most highly demanding metabolic organs, as it continuously has to produce 15-

20 times its own weight of ATP in one day to sustain contractile function, maintain

ionic homeostasis and metabolic processes [38].

To maintain this level of energy production, the heart is able to utilise several

energy substrates (Figure 1.7), such as carbohydrates, lipids, amino acids and

ketone bodies [39]. The hearts metabolic flexibility is essential to its adaptability,

as the energy substrate utilised for ATP production largely depends on substrate

availability and energy demand. Under physiological conditions, 60-70% of ATP

produced arises from the oxidation of fatty acids, with the remaining 30-40% de-

rived from other sources [40] [41]. As a result, over 95% of the ATP generated

occurs via oxidative metabolism of substrates, and unsurprisingly the heart has a

very high density of mitochondria to meet this demand, as this is where oxidative

phosphorylation occurs [42].
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Figure 1.7: Cardiac metabolic pathways for ATP production
Metabolism of glucose, lactate and fatty acids. Glucose is broken down into pyruvate via
Glycolysis. Pyruvate is consequently transported into the mitochondria using the mito-
chondrial pyruvate carrier, and is oxidised into acetyl-CoA by the pyruvate dehydrogenase
complex (PDC). Acetyl-CoA enters the tricarboxylic acid cycle (TCA) where it forms re-
ducing equivalents, NADH and FADH2. These electrons are transported into the electron
transport chain (ETC) where they are transferred along protein complexes to ATP syn-
thase, where oxidative phosphorylation occurs, synthesising ATP. Adapted from [43]

1.5.1 Glucose metabolism

Despite the heart utilising fatty acids as its primary source of energy produc-

tion, glucose is also a key source of energy metabolism in the heart [44]. Glu-

cose is derived from glycogen stores or obtained from the bloodstream. Glucose

metabolism begins with glucose uptake, which in CMs is mediated by glucose

transporters (GLUT) at the cell surface, with GLUT1 expressed in foetal hearts

and GLUT4 predominantly expressed in adult hearts [45] [46]. The breakdown of

one glucose molecule produces two molecules of ATP, which are utilised to help
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meet energetic demand and maintain contractile function [47].

Glycolysis refers to the breakdown of glucose into pyruvate (Figure 1.7), nicoti-

namide adenine dinucleotide hydrogen (NADH) and ATP via a series of biochem-

ical reactions, which are tightly regulated by glycolytic enzymes such as hexoki-

nase (HK), phosphofructokinase (PFKM) and pyruvate kinase [48]. HK conducts

glucose phosphorylation, converting glucose to glucose-6-phosphate (G6P), thus

acting as the first regulatory enzyme [49]. Two main isoforms of HK exist, HK1 ex-

pressed highly in newborn and foetal hearts, and HK2 expressed as the primary

isoform in adult hearts [50][49]. G6P can be processed into several metabolic

pathways; glycolysis, the pentose phosphate pathway (PPP) and the hexosamine

biosynthetic pathway. In glycolysis, G6P is converted to fructose-6-phosphate

catalysed by PFKM, and consequently is converted to fructose 1,6-biphosphate.

This is further processed into glyceraldehyde-3-phosphate and converted into

1,3-diphosphoglycerate by GAPDH via oxidation and phosphorylation. Pyruvate

kinase catalyses the irreversible conversion of phosphoenolpyruvate into the final

product of glycolysis, pyruvate. Pyruvate acts as a substrate for further metabolic

pathways.

1.5.2 The Tricarboxylic Acid Cycle (TCA cycle)

Pyruvate from glycolysis acts as a branch point for multiple metabolic pathways.

The majority of pyruvate produced from glycolysis or lactate is transported from

the cytoplasm into the mitochondria by the mitochondrial pyruvate carrier (MPC)

[51]. Pyruvate is oxidised into acetyl-CoA by the pyruvate dehydrogenase com-
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plex (PDC) and enters the tricarboxylic acid cycle (TCA). The PDC consists of

three catalytic enzymes; pyruvate dehydrogenase (E1), dihydrolipoamide acetyl-

transferase (E2) and dihydrolipoamide dehydrogenase (E3) [52]. The enzyme

complex catalyses the oxidative decarboxylation of pyruvate, also forming CO2

and NADH. Pyruvate dehydrogenase kinases (PDK’s) act as key enzymes regu-

lating PDC function; PDK’s inhibit PDC activity through phosphorylation, whereas

dephosphorylation restores PDC activity [53]. PDK therefore decreases oxidation

of pyruvate into acetyl-CoA, thus acting as a gatekeeper between glycolysis and

the TCA cycle.

The TCA cycle acts as a centre of cell metabolism, as several substrates can

enter at this stage (Figure 1.7). The cycle begins with combining acetyl-CoA with

oxaloacetate, forming citrate. Citrate is converted into isocitrate; oxidative decar-

boxylation occurs, converting isocitrate into α-ketoglutarate [54]. α-ketoglutarate

is converted into succinyl-CoA, releasing two molecules of CO2 and generating

two NADH molecules. Succinyl-CoA is converted into succinate, also producing a

guanosine triphosphate (GTP) molecule. Succinate is then oxidised to generate

fumarate; during this reaction, hydrogen atoms are transferred to FAD by succi-

nate dehydrogenase, producing FADH2. Fumarate gets converted into malate,

and thereafter into oxaloacetate, continuing the TCA cycle. The reducing equiva-

lents, NADH and FADH2 are essential in this loop, as they are required to transfer

electrons into the electron transport chain (ETC) [55].
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1.5.3 Electron transport chain (ETC) and Oxidative phosphorylation

Oxidative phosphorylation occurs within the inner mitochondrial membrane and

consists of the ETC (Figure 1.7), which are a series of protein complexes with

the main role of pumping hydrogen ions from the mitochondrial matrix to the in-

termembrane space [56]. The series of complexes are composed of complex

I (NADH dehydrogenase), complex II (Succinate dehydrogenase), complex III

(cytochrome c reductase), complex IV (cytochrome c oxidase) and complex V

(ATP synthase) [57], [58]. Complex I and II receive electrons from NADH and

FADH2 and are oxidised and transported to Complex III via Coenzyme Q, acting

as an electron carrier [59]. The electrons are then transported to complex IV. The

transfer and movement of electrons in the chain causes protons to be pumped

into the intermembrane space, generating an electrochemical gradient, known as

the mitochondrial membrane potential [60]. This consequently generates a pro-

ton motive force, whereby protons re-enter the mitochondrial matrix through ATP

synthase, which couples the proton motive force to ATP production [61]. The mi-

tochondria are well established as the ‘powerhouse’ of the cell, due to the vast

amount of ATP synthesised from oxidative phosphorylation.

1.5.4 Lactate

Lactate is typically known as the by-product of glucose metabolism, with pyruvate

being converted into lactic acid by lactate dehydrogenase [62] (Figure 1.7). This

can occur during exercise, under anaerobic conditions when the demand for oxy-

gen and ATP synthesis exceeds supply [63]. However, in the heart under normal
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physiological conditions, lactate oxidation accounts for a large amount of cellu-

lar energy produced, particularly in CMs, acting as an important energy source

[64]. Lactate is an important fuel source for the myocardium, with all of the lac-

tate absorbed oxidized as fuel [65]. It has been shown as key regulator in cardiac

homeostasis, playing roles in regulating cardiac electrophysiology, promoting an-

giogenesis and altering haemodynamics [66]. With ageing and CVD, there is a

shift towards an upregulation of glycolysis, leading to an accumulation of lactate,

which could result in lactic acidosis and organ dysfunction [67]. Lactate dehy-

drogenase (LDH) plays a key role in the regulation of lactic acid production, by

catalysing the production of pyruvate, preventing accumulation of lactic acid [68].

1.5.5 Fatty acid oxidation

Fatty acids (FAs) are carboxylic acids that can be divided into groups based on

the number of carbon atoms; short-chain FAs (up to 6 carbon atoms), medium-

chain FAs (8-12 carbon atoms), long-chain FAs (14-18 carbon atoms) and very

long-chain FAs (greater than 20 carbon atoms) [69].

FAs utilised in the heart are in the form of free FAs bound to albumin or are re-

leased from triacylglycerols [70]. The entry of exogenous FAs into CMs occurs via

fatty acid transporters, such as fatty acid translocase (FAT/CD36) and fatty acid

transport protein family [69]. The FAs are converted into fatty acyl-coenzyme A

(Acyl-CoA) by acyl-CoA synthetase. Acyl-CoA is conjugated to carnitine via carni-

tine palmitoyl transferase-1 (CPT1) to produce long-chain acylcarnitine, allowing

shutting into the mitochondrial matrix [71]. CPT1 exists in three main isoforms,
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CPT1A, CPT1B and CPT1C, with CPT1B the predominant isoform expressed

in CMs [72]. Once in the mitochondria, β-oxidation occurs, a catabolic process

by which fatty acyl-CoA undergoes oxidation to produce acetyl-CoA, NADH and

FADH2.

1.6 Cardiovascular ageing and disease

Cardiovascular disease (CVD) is a leading cause of mortality worldwide, with

heart and circulatory diseases responsible for approximately 27% of total deaths

in the UK [73]. Several risk factors have been linked to CVD, such as smoking,

hypertension, obesity and diabetes, with age as a major risk factor [74]. Ageing

plays a large role in cardiac dysfunction, with an increased risk of CVD and heart

failure in elderly adults [75]. Evidence has shown increased incidences of CVD

with age, from 40% between ages of 40-59, to 75% between the ages of 60-79

and 86% in those aged above 80 years [76].

Ageing has been associated with a decline in physiological processes, particu-

larly in CVD, leading to an increased prevalence of atherosclerosis, hypertension,

stroke and myocardial infarction [77]. Pathological remodelling in the heart due

to ageing and disease occurs as a protective response initially to maintain car-

diac function, but can eventually lead to disrupted homeostasis and consequently

heart failure [78].

The heart undergoes a series of changes at the molecular and cellular level

with age, resulting in functional and anatomical transformation of the heart, such

as hypertrophy, fibrosis, increased vascular stiffness and endothelial dysfunc-
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tional [79]. Age-related stiffening, such as increased stiffness of the aorta occurs,

due to decreased elastic fibres and increased collagen deposition [80]. Increased

ECM deposition and fibrosis are key characteristics of aged hearts in human and

animal models [81], [82], [83].

Apoptosis of CMs with age results in a decrease in total CM number, with re-

maining CMs undergoing hypertrophy to compensate for the loss in CM number,

which can result in thickening of the ventricular wall [84]. The general increase

in atrial and ventricular stiffening can also contribute to diastolic dysfunction, with

slower contractions and altered relaxation [85], [86].

Ageing can also occur at a cellular level, with a series of molecular and cellu-

lar changes occurring over time, known as the ’hallmarks of ageing’ [87]. These

changes include genomic instability, loss of proteostasis, mitochondrial dysfunc-

tion, inflammation, cellular senescence and telomere shortening. Telomeres are

the protective ends of chromosomes, with the function of preserving DNA stabil-

ity [84]. Telomere shortening has been associated with ageing, as progressive

shortening of telomere length with each division of the cell cycle contributes to

decreased genomic stability and can lead to cell senescence or apoptosis [78].

Inflammation has also been linked with ageing and disease, with elevated lev-

els of inflammatory cytokines and circulatory biomarkers, such as Interleukin-6,

alongside a reduction in immune function [87]. Genomic instability is another key

feature of ageing, as DNA damage such as mutations, chromosomal rearrange-

ments, deletions and translocations can accumulate over time, as well as DNA

repair mechanisms losing efficiency [87]. DNA damage can consequently alter
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protein function, thus altering cellular mechanisms. Cellular senescence, known

as the irreversible exit of cells from the cell cycle that do not undergo apoptosis

are hypothesised to play a role in increasing the risk of age-associated diseases,

although specific mechanisms of this process remain unknown [88]. The accumu-

lation of senescent cells over time has been linked with ageing, as the senescent

cells may retain function and contribute to mitochondrial dysfunction and inflam-

mation through release of senescence associated secretory phenotypes (SASP)

factors [89]. Ageing plays a key role in the development of cardiac disease, and

understanding the impact of ageing on cardiac cells requires a model to allow

investigation into altered mechanisms and pathways.

1.6.1 Cardiac Fibrosis

Cardiac ageing is further reflected in structural remodelling of the myocardium,

with a hallmark feature of ventricular remodelling known as fibrosis [90]. Fibrosis

is associated with the activation of cardiac fibroblasts into a myofibroblast phe-

notype, stimulated by acute or chronic injury [91]. Myofibroblasts are responsible

for increased deposition of ECM proteins, ultimately leading to stiffening of the

ECM [30]. The ECM is a complex network of fibrillar proteins, proteoglycans,

glycoproteins and basement membrane, with fibrillar collagen the most abundant

ECM protein [92]. The primary role of the ECM is to provide structural support for

CMs, aiding force transmission and stiffness for the myocardial wall, thus main-

taining cardiac homeostasis [93]. The maintenance of physiological stiffness of

cardiac tissue ensures CM functionality, with studies suggesting embryonic CMs
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had optimal contractility on matrices of physiological stiffness compared to stiffer

matrices [94].

Extensive research has shown ageing is associated with increased deposition

of collagen and ECM proteins, causing increased stiffness, impairing mechano-

electrical coupling of CMs, thus leading to contractile dysfunction [95], [96]. The

increased stiffness and rigidity of the ECM can consequently impact CM be-

haviour, altering phenotypes and structure [97]. ECM remodelling has been linked

with biophysical changes contributing to the onset of disease; [98] have shown

stiffness of post-infarct scar is 55kPa, approximately three-fold stiffer than the

stiffness of healthy myocardium, 20kPa. Physiological stiffness of the ECM there-

fore acts as mechanical cue, affecting the development and mechanical proper-

ties of CMs, highlighting the importance of accounting for substrate stiffnesses in

experiments.

1.6.2 Ca2+ Ion channels in ageing and cardiac disease

Expression of LTCC’s have been proposed to alter with ageing, with reduced

expression of LTCC subunits in aged CMs, potentially disrupting coupling with

RYR2 and contributing to cardiac alternans [99],[100].

Studies have demonstrated no differences in expression levels of RYR2 be-

tween adult and aged CMs [101], [102]. However, increased oxidation of RYR2

with ageing can destabilise interaction domains and contribute to SR Ca2+ leak

triggering Ca2+ waves [20],[103].

The impaired function and activity of SERCA2a is a hallmark of heart failure,
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with research suggesting lower levels of SERCA2a activity contributing to cardiac

dysfunction [104]. The reduction in SERCA activity reduces the rate of Ca2+ re-

moval from the cytosol of the CM, therefore inhibiting myocardial relaxation [22].

There is also conflicting evidence for NCX activity and expression levels in

the aged myocardium. An increase in the expression of NCX channels has been

demonstrated in heart failure, contributing to prolongation of action potential du-

rations and reactivation of LTCC’s [105]. However, studies have also indicated a

reduction in NCX channel protein expression in aged rat and mouse hearts [106].

In contrast, other studies have demonstrated aged ventricular CMs had increased

NCX1 current activity compared to younger CM counterparts [107]. Changes in

NCX channel expression and activity with ECM stiffness is largely unknown.

Research indicating changes in Ca2+ ion channel expression with ageing led

to the question of whether these changes could be associated with the stiffening

of the myocardium environment. The effect of substrate stiffness on Ca2+ channel

expression has not been previously investigated, and could therefore contribute to

understanding how altered Ca2+ signalling can contribute to cardiac contractility

and arrhythmia.

1.6.3 Alström Syndrome

Alström Syndrome (AS) is an ultra-rare inherited disease, characterised by multi-

organ dysfunction, such as retinal dystrophy, obesity, dyslipidaemia, renal dys-

function and CVD [108]. The prevalence of AS is 1:100,000 to 1:1,000,000. AS

has been identified as a disease model of accelerated ageing, with patients dis-
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playing a higher Phenoage, a measure of biological age using clinical parameters,

compared to chronological age, as described in Chapter 6 [109]. The multi-organ

dysfunction seen in AS is typical of changes progressing with age, further rein-

forcing the idea of AS a model of ageing.

Patients with AS present with infantile cardiomyopathy from onset of birth to

10 years [110]. Despite recovery in most patients, cardiac disease recurs in

adulthood with high mortality and morbidity rates, drastically reducing the life

expectancy [111]. Echocardiography and cardiac imaging have demonstrated

restrictive and dilated cardiomyopathy, congestive heart failure and replacement

fibrosis as adult phenotypes of AS [112]. The cardiac complications observed

in AS are also accompanied by metabolic disturbances, such as severe insulin

resistance and increased triglycerides, which further mimics metabolic disease

states [110].

AS is caused by genetic variants in the ALMS1 gene, with mutations prevalent

in exons 8, 10 and 16 of the gene [113], [114]. The variants in ALMS1 are pre-

dicted to result in a lack of protein translation due to the presence of stop codons

and protein truncation, ultimately resulting in a reduction of ALMS1 function [110],

[114],[115].

ALMS1 is a centrosome and cilia protein, playing key roles in cilia mainte-

nance and cell cycle regulation [116], with mutations impairing ciliary function and

altering trafficking of signalling proteins. Biallelic mutations in ALMS1 can there-

fore contribute to mitogenic cardiomyopathy seen in AS patients, through impair-

ment of cell cycle arrest in neonatal CMs [113]. Furthermore, ALMS1 has been
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proposed to play a role in endosomal trafficking of glucose transporters, adipo-

genesis and adaptive thermogenesis [114]. Mutations in AS patients may there-

fore contribute to metabolic dysregulation, which could also impact cardiovascu-

lar function. However, the biological roles of ALMS1 are unknown, particularly

in a cardiac context, highlighting the importance of investigating the molecular

mechanisms altered with ALMS1 deletion. Molecular characterisation of ALMS1

and how it can alter metabolic and senescent pathways is therefore required to

provide insight into the link between ALMS1, accelerated ageing and cardiac dis-

eases observed in AS.

1.6.4 Metabolism in ageing and cardiac disease

Under physiological conditions, the myocardium primarily uses fatty acids and ox-

idative phosphorylation as its main source of energy production [117]. However,

with ageing, the availability of energy substrates shifts, with a switch towards in-

creased glycolysis at the expense of lipid metabolism [118]. Ageing hearts have

been shown to have a reduced capacity to oxidise fatty acids, with failing hearts

portraying a 30-40% reduction in ATP synthesis [119]. The lack of efficient ox-

idative phosphorylation can be linked to mitochondrial dysfunction, a hallmark of

ageing, with altered bioenergetics and increased reactive oxygen species (ROS)

production [120]. In addition, activity of mitochondrial ETC complexes has also

been found to decline in the heart with age [121],[122].

The shift to glycolysis reflects a switch back to foetal like metabolism [123],

and often occurs in cardiac diseases linked with ageing, such as heart failure and
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cardiac hypertrophy [124]. Ageing and metabolic remodelling has also been as-

sociated with changes at a molecular level, with increased expression of glycolytic

proteins and a decline in expression of genes linked to fatty acid oxidation [125].

The dysregulation in contractile function often observed with ageing can also be

linked to the lack of efficient ATP production through oxidative phosphorylation,

leading to a loss of substrate flexibility and state of energy deficiency [119].

The main changes occurring in cardiac ageing are metabolic shift in substrate

utilisation and remodelling of the myocardium, by increased deposition of ECM

proteins. There is little evidence to portray whether there is a link between stiff-

ening of the myocardium and the change in cardiac metabolism, highlighting the

importance of investigating the potential link between the two.

1.7 Models of ageing and cardiac disease

The complex nature of CVD consequently requires models to replicate the com-

plexity and allow investigation into disease mechanisms and therapies. However,

the lack of availability of human samples, especially healthy human hearts high-

light a need for other models. Animal models, commonly mice and rats have been

used largely in cardiac research, as they are genetically similar to humans, allow

investigation into in vivo parameters such as echocardiography and can accu-

rately recapitulate ageing in humans [126]. Despite the advantages, the ethical

and biological cost of animal research, as well as physiological differences [127]

has led towards the use of alternative in vitro models. The use of primary cells

from young or aged individuals suffer from limitations, as the lack of availability
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of samples and finite nature of these cells due to Hayflick’s limit of expansion

capacity present barriers to research [128].

1.7.1 Induced pluripotent stem cell models

The discovery of ‘Yamanaka factors’, a set of transcription factors with the ability

to reprogram cells by inducing pluripotency in somatic cells has transformed the

field of cardiovascular research [129]. This key breakthrough provided the knowl-

edge that stem cells could be reprogrammed and differentiated into specific cell

types, by activation or inhibition of specific pathways. The production of induced

pluripotent stem cells (iPSC) generated from mouse embryonic fibroblasts using

Oct3/4, Sox2, Klf4 and c-Myc [130] was discovered, and also successful with

human fibroblasts. The directed differentiation of iPSC into CMs was therefore

established by manipulating Wnt signalling pathways [131]. Protocols typically

involve pushing cells towards a mesoderm lineage, by using bone morphogenic

protein 4 (BMP4) and Activin A. XAV939 and KY0211 act as Wnt/β-catenin path-

way inhibitors, pushing cells towards cardiac lineage, thus promoting CM devel-

opment.

iPSC technology has been used widely in cardiac research [132], [133]. Hu-

man iPSCs are advantageous over primary cells, as they can be produced con-

tinuously, acting as an unlimited source of cells with human physiology [128].

The ethical concerns around the use of embryonic stem cells is also overcome

with iPSC’s acting as ‘artificial counterparts’ [134]. Furthermore, genetic edit-

ing of induced pluripotent stem-cell derived cardiomyocytes (iPSC-CMs) using
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CRISPR/Cas9 has enabled investigation into disease phenotypes, with the ability

to introduce mutations and characterise underlying disease mechanisms [132].

The ability to manipulate the ageing process in iPSC’s through various meth-

ods such as length of culture and use of ECM proteins allows investigation into

the interactions between ageing and CM performance [128]. Additionally, iPSC-

CMs can be combined with other cell types such as fibroblasts, which can more

closely resemble the ECM and interactions occurring between cells [135]. iP-

SCs are also mechanosensing, and thus can respond to environmental changes,

enabling the investigation of ECM stiffness on CM function. The creation of iPSC-

CMs therefore allows investigation into molecular mechanisms and pathways al-

tered in ageing and disease states.

1.7.2 Limitations of iPSCs

However, the use of iPSCs in cardiac research has also come with several chal-

lenges. As iPSC technology is a relatively new field, optimisation of differentia-

tion protocols has to be conducted. A key drawback of iPSC-CMs is their struc-

tural and functional immaturity, often reflecting foetal human CMs than adult CMs

[133]. iPSC-CMs have been shown to have poorly formed sarcomeres, absence

of t-tubules and poor Ca2+ handling [136], [137], [138]. The purity of iPSC-CM

cultures with non-CM cell types was previously a concern due to differentiation

protocols. However, recent strategies of lactate selection, which include a glu-

cose media starvation allowing only iPSC-CMs to survive on lactate provided up

to 99% CM purity in differentiations [139].
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The immature nature of iPSC-CMs therefore brings into question the compa-

rability to adult CMs and applicability to ageing research. Several strategies have

been employed to overcome these issues and produce adult CM phenotypes

[140], [141].

Attempts to mature iPSC-CMs have been made through the development of

three-dimensional (3D) models such as engineered heart tissue, by combining

iPSC-CMs with other cardiac cell types, thus demonstrating improved Ca2+ han-

dling, CM alignment and ability to propagate electrical signals [142], [143]. Sev-

eral maturation methods for two-dimensional (2D) models of iPSC-CMs have also

been developed. Research has shown iPSC-CMs cultured for longer periods of

time can improve sarcomeric structure and Ca2+ handling properties of the cell

[144]. Growth substrates iPSC-CMs are cultured on can alter maturation, with the

use of micropatterned substrates improving structural alignment of iPSC-CMs,

Ca2+ handling dynamics and induce expression of cardiac maturation markers

[145], [146]. The use of fatty acids in growth culture media has also been shown

to increase CM force, enhance mitochondrial function and metabolic maturation

[147]. Electrical stimulation of iPSC-CMs demonstrated increased expression of

cardiac troponin T and mature sarcomere structure [148], [149]. Rod-shaped

morphology of CMs and increased sarcomere lengths were found on iPSC-CMs

when cultured on Matrigel, indicating structural maturity of iPSC-CMs [150]. The

use of coatings such as Geltrex or Matrigel, which are basement membrane ma-

trices composed of ECM proteoglycans, also act as maturation methods as well

as facilitating attachment of iPSC-CMs.
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1.8 Physiological models of ECM stiffness

To investigate the effect of ECM stiffness on CM function, representative models

of the physiological stiffness of the ECM are required. Current experiments con-

ducted on cell culture plastics and glass hold stiffnesses of 1-70 GPa, which are

far stiffer than the healthy myocardium, which has stiffnesses of 10-20kPa [151],

[152]. The increased stiffness of these environments may be altering cell mor-

phology through mechanotransduction, as literature has extensively shown that

structure and function of cells are altered by stiffness, suggesting cells may not

be displaying a ‘healthy’ phenotype [153],[97]. Investigation into molecular and

structural changes in cells on different substrate stiffnesses compared to plastics

are therefore required to understand how stiffness can impact cell behaviour.

As a result, several methods have been employed to mimic the native my-

ocardium. In vitro 2D approaches include ECM protein coatings such as colla-

gen, fibronectin and Geltrex for tissue culture, thus mimicking ECM environments

[154]. However, a key limitation of ECM coatings is their batch-to-batch variabil-

ity, which can lead to a lack of reproducibility [155]. The emergence of bioprinting

has also enabled the development of 3D models, with bioinks composed of ECM

components, allowing the formation of accurate cell and matrix distributions to

assess molecular changes in cells [156], [154]. Despite the development of 3D

models, the lack of 2D physiological models representative of the healthy and

fibrotic ECM highlighted a gap in the field of cardiac research.
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1.8.1 Hydrogels as models for ECM stiffness

The drive for 2D physiological models of the ECM therefore led to the use of

substrates that could mimic different stiffnesses. Biomaterials have been utilised

in tissue engineering techniques, due to the ability to interact with biological sys-

tems and act as scaffolds, thus maintaining mechanical cues and signalling [157],

[158]. Biomaterial hydrogels have been used widely for medical applications such

as wound repair and drug delivery [159], [160].

Natural and synthetic biomaterials have been used extensively for hydrogels.

Hydrogels are 3D crosslinked networks with the ability to retain water, thus cre-

ating scaffolds with structural integrity [161]. Mechanical properties of hydrogels

such as stiffness of the gel can be altered by varying the crosslinking density of

polymer chains, with increased crosslinking leading to increased stiffness [162].

Properties of the biomaterial polymer, such as the molecular weight and chemical

structure of the material can also influence the hydrophilicity and degradation of

the hydrogel [163].

Natural biomaterials, such as collagen and hyaluronic acid have been used

for hydrogel synthesis, due to the biocompatible nature, low toxicity and quick

degradability [164]. Collagen has been used for hydrogel development due to its

low cost, ease of availability and high biocompatibility, as no further ECM coatings

are required on gels due to the presence of cell attachment motifs [165],[166].

Collagen hydrogels have been used in cell culture, with literature suggesting CM

sarcomeric structures are aligned and maintained [167]. Hyaluronic acid is a nat-

ural glycosaminoglycan abundant in the ECM, making it an attractive biomaterial
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for hydrogel synthesis [168]. Furthermore, collagen and other natural biomateri-

als can be blended with one another and other ECM proteins such as fibrin [169],

expanding the capabilities and mechanical properties of natural hydrogels. How-

ever, natural biomaterials are limited due to the lack of ability to modify these ma-

terials, leading to natural biomaterial hydrogels only creating hydrogel stiffnesses

of 1-200kPa [167], therefore unable to recapitulate stiffer ECMs which may be

reflective of disease conditions. Rapid degradability of natural hydrogels further

inhibits the use of these gels in long term cell culture experiments.

Alternatively, synthetic biomaterials have high stability, low degradability and

flexibility to modify mechanical and chemical properties [170], [171]. Synthetic

biomaterials such as Polyethylene glycol (PEG) and Polydimethylsiloxane (PDMS)

have been used in the cardiac field widely, due to low cost, optical transparency

of gels, ease of fabrication and delivery for bioactive molecules [172], [173]. The

ability to modify chemical properties of synthetic polymers has enabled synthetic

hydrogels to recapitulate a wide range of stiffnesses, such as PDMS hydrogels

with stiffnesses from 12 kPa to 5.2 MPa [174]. Literature has shown PDMS and

PEG hydrogels are compatible with cardiac fibroblasts and CMs [175], [176], high-

lighting further benefits of synthetic gels in cardiovascular research. A key limi-

tation of synthetic materials is the lack of cell attachment due to hydrophobicity

and absence of reactive functional groups, thus requiring further chemical func-

tionalisation and addition of ECM coatings [177]. Chemical functionalisation can

include addition of integrin binding peptides such as RGD to synthetic hydrogels,

to promote cell attachment and adhesion, transforming hydrogels from bioinert to
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bioactive gels [178].

The versatility, biocompatibility and flexibility to tailor chemical and structural

properties of hydrogels enables them to be an effective physiological model in

mimicking the myocardium and ECM compared to traditional cell culture plastics.

The previous use of PEG and PDMS hydrogels in cardiac research indicated

its compatability with iPSC-CMs and ability to recapitulate a range of stiffnesses

made them ideal substrates for ECM models, allowing investigation into effect

of the ECM environment on cardiac cell behaviour and structure. The ability to

accurately reflect changes in myocardium stiffness that occur with ageing further

enables our understanding of stiffness related mechanisms and disease path-

ways that could be targeted for therapeutics.

1.9 Aims and Hypothesis

The overall aim of this research was to investigate the effect of cardiac ageing on

iPSC-CM morphology and function, by modelling physiological stiffnesses of the

ECM.

1.9.1 Developing hydrogel models of the stiffness of the myocardium and ECM

Hypothesis: PEG/PDMS hydrogels can used to recapitulate the stiffness of a

healthy myocardium (20kPa) and fibrotic myocardium (130kPa) and demonstrate

biocompatibility with iPSC-CMs.

In order to test the hypothesis, Chapter 3 aimed to replicate the stiffness of

healthy and fibrotic ECM, by developing hydrogels of healthy and diseased stiff-
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nesses using biomaterials. PEG and PDMS were selected to replicate stiffnesses

and compatibility with iPSC-CMs were assessed.

1.9.2 Characterisation of the effect of stiffness of the ECM on iPSC-CM function

Hypothesis: iPSC-CMs cultured on stiffer PDMS hydrogels (130kPa) display a

disease phenotype.

ECM stiffness impacts cardiac function, with increased stiffness observed in

ageing and heart failure. Chapter 4 therefore aimed to characterise the effect of

ECM stiffnesses on iPSC-CM cellular and molecular mechanisms, specifically as-

sessing changes in morphology, gene expression, contractility and Ca2+ handling

dynamics.

1.9.3 Investigating the effect of stiffness of the ECM on iPSC-CM metabolism

Hypothesis: iPSC-CMs cultured on healthy ECM stiffness (20kPa) primarily utilise

fatty acid metabolism, whereas iPSC-CMs cultured on stiffer ECM substrates

(130kPa) switch to glycolysis as their primary energy substrate.

The shift in metabolism from fatty acid oxidation to glycolysis is a defining fea-

ture of cardiac ageing and heart failure. Chapter 5 aimed to investigate whether

the shift in cardiac metabolism is linked to changes in ECM stiffness observed

with ageing. Cellular bioenergetics, proteomics and isotope labelled mass spec-

trometry were used to assess metabolic function.

1.9.4 Assessing Alström Syndrome as a model of accelerated ageing

Hypothesis: AS patients demonstrate a higher Phenoage than chronological age.
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Chapter 6 aimed to investigate whether AS could be considered as a model of

accelerated ageing using Phenoage, a measure of biological age using nine blood

marker parameters and chronological age. Cardiac ageing was also assessed

using retrospective analysis of echocardiography.

1.9.5 Characterising the cardiovascular role of ALMS1 in Alström Syndrome us-

ing iPSC-CMs

Hypothesis: ALMS1 knockout (KO) iPSC-CMs demonstrate a disease phenotype

with altered CM function.

Individuals with AS display infantile cardiomyopathy from a very early age,

indicating accelerated ageing and cardiac dysfunction. Chapter 7 aimed to char-

acterise the role of ALMS1 in infantile cardiomyopathy, by characterising the effect

of an ALMS1 KO iPSC line, differentiating into iPSC-CM and assessing changes

in contractility, Ca2+ handling, metabolism and senescence.
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Chapter 2

Materials and Methods

2.1 Materials

All instruments and commercial kits used in experiments are stated throughout

the methods.

2.1.1 Antibodies

Primary and secondary antibodies used for immunofluorescence (IF) and western

blotting (WB) listed in Tables 2.1 and 2.2.
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Table 2.1: List of Primary antibodies

Concentrations of antibodies, manufacturer and catalogue numbers for primary antibod-
ies stated. Abbreviations: IF- Immunofluorescence, WB-Western blotting

Table 2.2: List of Secondary antibodies

Concentrations of antibodies, manufacturer and catalogue numbers for primary antibod-
ies stated. Abbreviations: IF- Immunofluorescence, WB-Western blotting
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2.1.2 Quantitative polymerase chain reaction (qPCR) probes

Genes of interest investigated using qPCR probes; TaqMan probes listed in Table

2.3 and SYBR green probes listed in Table 2.4.

Table 2.3: List of Taqman quantitative polymerase chain reaction (qPCR) probes

Taqman probes (Applied Biosystems) with gene of interest and assay ID numbers stated.
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Table 2.4: List of SYBR green qPCR probes

SYBR green qPCR probes (Merck) with gene of interest and target sequences. All probes
were human species.

2.2 Methods

2.2.1 iPSC cell culture

The KOLF2 human iPSC lines from a healthy individual was cultured and un-

derwent differentiation into iPSC-CMs using a differentiation protocol. iPSC and

iPSC-CMs were cultured in an incubator at 37°C, 5% CO2, 20% O2.

ALMS1 knockout (KO) iPSC lines were developed by University of Oxford, with

CRISPR/Cas9 deletion of exons 10-13 of ALMS1, with a deletion size of 60kb.
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CRISPR/Cas9 site specific guide RNA sequences were used with the following

sequences; ALMS1-cr1 5’GGCTTGCATCCCATTCCCCGTGG’3’ and ALMS1-cr2

5’ TTGTGCCTAGCACCTGAGCTGGG’3’. Mutagenesis was conducted using the

synthetic guide RNAs. Genotyping and Sanger sequencing were conducted to

confirm deletion of the region. ALMS1 iPSC clone C23 were used for differentia-

tion into iPSC-CMs.

All tissue culture plates, flasks and coverslips, with and without PDMS hy-

drogels were pre-coated with GelTrex (Life Technologies, cat no. A1413201) in

DMEM with glucose and L-Glutamine, without pyruvate (ThermoFisher Scientific,

cat no. 41965039-039) at a 1:200 ratio for 24 hours at 37°C to facilitate attach-

ment of iPSCs and iPSC-CMs.

KOLF2 iPSCs were maintained in mTeSR Plus media (StemCell Technolo-

gies, cat no. 100-0276), with medium changed every other day until cells had

reached 90% confluency per well. Once confluent, cells were detached using 1X

TrypLE Express Enzyme (Gibco, cat no. 12605-010) for 4 minutes at 37°C. After

dissociation, cells were plated in 6 well plates (Corning) in mTeSR Plus media

with 10µM Rho kinase Inhibitor (RI), Y-27632 (Selleck, cat no. S1049). Cells in

mTeSR Plus containing RI were replaced with fresh mTeSR Plus media after 24

hours in culture. ALMS1 KO iPSC cells were cultured in the same manner but

maintained in mTeSR1 media (StemCell Technologies, cat no.85850).

40



CHAPTER 2. MATERIALS AND METHODS

2.2.1.1 Freezing iPSCs

iPSCs were detached using 1X TrypLE Express Enzyme for 4 minutes and re-

suspended in 1ml of mFreSR (StemCell Technologies, cat no.05855). Cells in the

solution were put into a cryovial at approximately 1x106 per vial. iPSC’s were put

into a Mr Frosty Freezing container (ThermoFisher Scientific) and stored at -80°C

overnight before storing into liquid nitrogen.

2.2.1.2 Thawing iPSCs

Frozen cells were thawed in a 37°C water bath for a few minutes until a small

amount of ice remained. Cells were then added to pre-warmed culture media

and centrifuged at 220g for 3 minutes. The pellet of cells were resuspended in

mTeSR Plus media containing 10 µM RI and plated in wells coated with Geltrex.

2.2.1.3 iPSC-CM differentiation protocol

iPSCs were differentiated within the lab using a published protocol [179], utilising

growth factors and small molecules (Figure 2.1). iPSCs were plated 2-3 days

before differentiation, with initiation of differentiation protocols when cells had

reached 70-80% confluency. Pre-conditioning media was added to initiate day-1

of the differentiation protocol; StemPro-34 SFM (Gibco, cat no. 10639011) sup-

plemented with 2mM L-Glutamine (ThermoFisher Scientific) in a ratio of 1:100,

1ng/ml Recombinant Human BMP4 Protein (R&D Systems, cat no.314-BP-010)

and 1:100 dilution of GelTrex was added to the cells. The next day, media was

changed to StemPro-34 media supplemented with 2mM L-Glutamine, 10ng/ml
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BMP4 and 8ng/ml Activin A (Gibco, cat no. PHC9561) (Day 0). On day 2, me-

dia is replaced with RPMI 1640 (Gibco) with a B27 supplement without Insulin

(Gibco, cat no. A18956-01) (RPMI-Ins), supplemented with 10µM KY0211 (R&D

Systems, cat no. 4731/5) and 10µM XAV939 (R&D Systems, cat no. 3748/10)

and added to the cells. A media change to RPMI 1640 with a B27 supplement

containing Insulin (RPMI+Ins), (Gibco, cat no. 17504-044), 10µM KY0211 and

10µM XAV939 was added on day 4. On day 6, media was changed to RPMI+Ins.

On day 8, media was changed to RPMI 1640 medium with no glucose (Gibco,

cat no. 11879-020) to induce glucose starvation until day 10, purifying the CM

population. Spontaneous contraction of iPSC-CMs occurred from day 8 onwards.

Figure 2.1: Differentiation protocol of iPSCs to iPSC-CMs
Schematic diagram of differentiation protocol for iPSC-CMs. The process begins with
initiation of day -1 media when iPSCs are approximately 70-80% confluent. Mesoderm
differentiation is initiated with BMP4 and Activin A. XAV939 and KY0211 inhibit Wnt sig-
nalling, promoting CM development. Selection of CMs occurs during glucose starvation
between days 8-10 of differentiation. iPSC-CMs are split onto PDMS hydrogels on be-
tween days 12-14 of differentiation and remain on hydrogels until day of experiment.
Created with Biorender.com

2.2.1.4 Passaging iPSC-CMs

Between days 12-14, iPSC-CMs were passaged onto PDMS hydrogels in plates

or coverslips. 1ml TrypLE Express Enzyme was added per well of iPSC-CMs and

42



CHAPTER 2. MATERIALS AND METHODS

incubated for 8 minutes to facilitate detachment; after 4 minutes the plate was

gently shaken. Plating media, consisting of RPMI+Ins, 10% Knockout Serum re-

placement (Gibco) and 2µM Thiazovivin was added to the TrypLE wells and cells

were dissociated. CMs in solution were centrifuged for 3 minutes at 215g at room

temperature. Plating media was removed, and the CM pellet was resuspended

in plating media. The CMs were plated onto geltrex coated PDMS plates of vary-

ing stiffnesses at a density of approximately 1x106 cells per well. iPSC-CMs on

PDMS gels were maintained in RPMI+Ins media and changed every other day

until use in experiments. Between days 15-20, if iPSC-CMs portrayed signs of

peeling off the PDMS gels, a second passage onto PDMS hydrogels was con-

ducted from days 18-20.

2.2.2 Quantitative Polymerase Chain Reaction (qPCR)

Cells were harvested as pellets at day 25 of culture. TrypLE was used to disso-

ciate cells, spun down at 215g for 3 minutes and collected in an Eppendorf tube.

iPSC-CMs were resuspended in 1X phosphate buffered solution (PBS) and spun

down at 13000g at 4°C for 5 minutes, followed by aspiration of PBS. Pellets of

cells were stored at -80°C until use.

2.2.2.1 RNA extraction and cDNA conversion

RNA was extracted from iPSC-CM pellets using an RNEasy Mini Kit (Qiagen, cat

no.74104) and QIAshredder homogenizers (Qiagen, cat no.79656), as per the

Qiagen Mini protocol. Briefly, cell pellets were lysed using Buffer RLT and homog-
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enized using the QIAshredder. 70% ethanol was added to the lysate, transferred

into spin columns and centrifuged. Washes of RNA were conducted with Buffer

RW1 and Buffer RPE. At the final stage of RNA extraction, RNA was collected

in 50µl of Nuclease-free water (Promega). Concentration of RNA was measured

using a NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific), with sam-

ples measured twice and an average concentration calculated.

RNA from iPSC-CMs were converted to cDNA using Reverse transcriptase

PCR, as per the High-Capacity cDNA Reverse Transcription Kit protocol (Ap-

plied Biosystems, cat no.4368814). Mastermixes contained RT buffer, dNTPs,

RT primers, reverse transcriptase, nuclease-free water and 200ng RNA in a 20µl

volume reaction. cDNA conversion was carried out using a MiniAmp Plus thermal

cycler (Applied Biosystems), under the following conditions; 25°C for 10 minutes,

37°C for 120 minutes, 85°C for 5 minutes, 4°C hold. cDNA samples were stored

in -80°C until use.

2.2.2.2 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

qRT-PCR was conducted using TaqMan probes (Table 2.3) in combination with

TaqMan Fast Advanced Master Mix 2X (Applied Biosystems, cat no.4444557) and

KiCqStart SYBR primers (Merck, Sigma-Aldrich) (Table 2.4) in combination with

PowerUP SYBR Green Master Mix (Applied Biosystems, cat no. A25742). qPCR

assays were conducted on the QuantStudioTM 5 Real-Time PCR System (Ap-

plied Biosystems). Fold changes in gene transcript expression were calculated

using the ∆∆Ct method, with 2-∆(∆Ct) using GAPDH, ACTN2 or TBP as house-
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keeping genes. TaqMan probes were used in duplex format; GAPDH probes were

VIC dye labelled, whereas the gene of interest were FAM-dye labelled, allowing

both probes to be combined in the same well.

2.2.3 Western blotting

Western blots were used to analyse changes in protein expression on the various

stiffnesses.

2.2.3.1 Protein extraction

iPSC-CM pellets were collected at day 25 in the same manner as for qPCR. Pel-

lets were resuspended in 50µl of 2X SDS buffer (consisting of 100mM Tris-HCL

pH 6.8, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 200mM dithiothre-

itol and 20% glycerol) and denatured at 95°C for 5 minutes. Protein samples then

underwent sonication using a FisherbrandTM Q500 Sonicator with Probe (Fisher

Scientific, cat no. 12893543) and were stored at -80°C until use.

2.2.3.2 Gel electrophoresis and Western blot

Protein samples were ran on a 4-15% Polyacrylamide SDS-PAGE gels (BioRad,

cat no.415-076) in a 1X Tris-Glycine-SDS buffer (National diagnostics, cat no. EC-

870) and transferred to a nitrocellulose membrane using an iBlot 2 Gel Transfer

machine (Invitrogen). Visualisation of total protein was carried out using Ponceau

S solution (Sigma-Aldrich) for 30 seconds and washed off using deionised water.

Blot membranes were then blocked using 5% skimmed milk in 0.1% Tween-20
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(VWR, cat no. 9005-64-5) in tris buffer saline (TBST) for 1 hour, before primary

antibodies were added in fresh TBST. Primary antibodies were diluted in 5% milk

TBST and left overnight at 4°C on a shaker. Membranes were washed 3 times

with 0.1% TBST for approximately 15 minutes. Secondary antibodies were then

added to 1% milk in 0.1% TBST for 1 hour at room temperature. Washes were

conducted as described above, and membranes were imaged for protein bands

using the Odyssey Fc Imaging Machine (LI-COR), using fluorescence at 700nm

and 800nm. Protein quantification was carried out using ImageJ software. Pri-

mary and secondary antibodies used are listed in Tables 2.1 and 2.2.

2.2.4 Immunofluorescence

iPSC-CMs at the appropriate age were fixed with 4% Paraformaldehyde in 1X

PBS for 15 minutes at room temperature. Cells were then washed in PBS for 5

minutes, with washes repeated 3 times and stored in PBS at 4°C until staining

was conducted.

Fixed cells were permeabilised with blocking buffer, consisting of 0.5% Triton-

X-100 (Sigma, cat no. T8787) in 1X PBS, 5% Fetal Bovine Serum (FBS) (Gibco,

cat no. A4766801) and 1% BSA (Sigma-Aldrich, cat no. A3311) for 1 hour at

room temperature. Primary antibodies were diluted in blocking buffer and applied

to cells overnight at 4°C. The following day, primary antibodies were washed off

3 times for 5 minutes each using blocking buffer. Secondary antibodies diluted

in blocking buffer were added to cells for 1 hour at room temperature in the dark,

followed by PBS washes as above. Cells on coverslips were mounted onto glass
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microscopy slides using Hydromount mounting medium (National Diagnostics).

2.2.4.1 Confocal microscopy

Coverslips were imaged using confocal microscopy (Zeiss LSM780 and LSM880)

using a C-Apochromat 63x/1.20 W Korr M27 objective oil immersion lense, a LD

LCI Plan-Apochromat 25x/ 0.8 lmm Korr DIC M27 water lense or an alpha Plan-

Apochromat 100x/1.46 Oil DIC M27 Elyra lense. Images were saved as 8-bit or

16-bit format on Zen Blue (v. 3.1) or Zen Black Software (v.3.0).

2.2.4.2 Image analysis

Confocal microscopy images were analysed using ImageJ software (v2.9.0). Quan-

tification of p16 and p21 fluorescence in the nucleus and cytoplasm of cells was

conducted using a script written in collaboration with Daniel Nieves. Briefly, DAPI

and α-actinin masks were thresholded to create binary masks. DAPI masks were

used to quantify nuclear expression of p16 and p21. Cytoplasmic expression was

calculated by generating a new mask, by subtracting DAPI masks from α-actinin

masks. Background fluorescence was corrected for, and the mean fluorescent

intensity was then calculated from within the masked areas in original images.

2.2.4.3 Sarcomere length analysis

Confocal microscopy Images of α-actinin and Phalloidin staining were analysed

for sarcomere lengths and Z-line lengths using a Z-line detection script described

in [180] in MATLAB version (R2022b) 9.13.0.2049777.
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2.2.5 Optical mapping

iPSC-CMs were plated into 35mm dishes at a density of 2x106 cells per dish to

create a monolayer of cells. These cells were cultured in dishes and used for

optical mapping between days 25-30. Cells were incubated at 37°C with 5µM

Fura-2 AM (Invitrogen™, F1221) in RPMI+Ins media for 20 minutes. Following

this incubation, the Ca2+ dye was removed and cells were incubated with 2ml of

prewarmed Tyrode’s solution consisting of 129mM NaCl (VWR Chemicals, cat

no.27810.295), 5.4mM KCl (Sigma, cat no. P9541), 10mM HEPES (Sigma, cat

no. H3375), 48mM MgCl2 solution (Honeywell, cat no. 63020), 1.8mM CaCl

(Sigma, cat no.C8106) and 9.99mM D-Glucose (Sigma, cat no. G8270) dissolved

in 96ml distilled water, pH 7.44-7.48. Fura-2 AM Ca2+ dye was excited at 380nm

wavelength with fluorescent emission captured at 510/40nm. Ca2+ signals were

recorded from dishes on a heating plate set to maintain 37°C taken at 10X magni-

fication. Spontaneous Ca2+ transients were imaged and recorded using an Evolve

delta 512x512 EMCCD camera. The following settings were applied: exposure

time 1.7ms, pixel size 8µm, 51x51 pixel resolution, binning settings 10, framerate

set to 588 Hz and 40% gain using Winfluor software.

2.2.5.1 File conversion and data analysis

Raw files were extracted from Winfluor Fluorescence Image Capture and Analysis

Programme (version 4.1.9) as TIF files and converted into MATLAB files using a

conversion script. MATLAB files were then imported into ElectroMap software

(version 1.0) from [181] for peak and midpoint analysis. Data were presented as
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mean + SEM. Files were analysed at peak and midpoint transients. Outputs from

optical mapping are displayed in Figure 2.2.

Figure 2.2: Schematic of Ca2+ optical mapping parameters
Diagram of Ca2+ transient with labelled optical mapping parameters for iPSC-CMs. Cor-
responding Ca2+ channels responsible for specific parts of the Ca2+ transient indicated.
Calcium amplitude refers to amplitude of each calcium transient. CTD30, 50 and 80
refers to the reuptake of calcium at 30%, 50% and 80%. Peak measurements indicated
by black arrows, Midpoint measurements indicated by red arrows. Abbreviations; CTD-
calcium transient duration.

2.2.6 Contractility analysis using MuscleMotion

Spontaneous contraction of iPSC-CM monolayers, maintained in a 5% CO2 incu-

bator were recorded non-invasively in cell culture media using a GoPro H6 cam-

era attached to a microscope using a 10X objective for a duration of 20-25 sec-

onds at room temperature, with an oxygen concentration of 20.95%. 3 different

areas per well were recorded, ensuring videos captured full monolayer contrac-
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tion, with measurements made from multiple wells from one batch of iPSC-CMs,

across several batches. The videos were converted to TIF sequence files at a

59.94 frame rate using Davinci Resolve software (v18.0.3). TIF files were con-

verted into a stacked TIF file, which was processed using a MuscleMotion macro

in FIJI/ImageJ software (v2.9.0), from [182]. MuscleMotion software calculated

changes in pixel density in videos using masks of cell monolayers, calculating

parameters relating to contractility. MuscleMotion outputs included contraction

amplitude, time to peak, relaxation time and peak to peak time, as seen in Figure

2.3. MuscleMotion data was normalised to cells on plastic as the control condition

to reduce variability of data. Average values per batch of iPSC-CMs were plotted,

with values averaged across multiple wells and areas.
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Figure 2.3: MuscleMotion contractility analysis outputs
Diagram of representative MuscleMotion outputs with contractility parameters indicated.
Peak to peak time, referring to time taken between each peak of contraction of iPSC-CM.
Peak amplitude refers to the peak contraction. Contraction amplitude refers to the ’force’
of contraction. Time to peak refers to the time taken to reach peak of contraction. Re-
laxation time refers to the time taken for iPSC-CMs to relax from contraction. Contraction
duration accounts for the time taken for iPSC-CM to contract and relax for a single con-
traction. Beat rate of iPSC-CMs can be calculated from these parameters.

2.2.7 Isotope label Gas Chromatography-Mass Spectrometry (GC-MS)

iPSC-CMs were differentiated and seeded onto PDMS hydrogels between days

12-15 at a density of 500,000 cells per well for Gas Chromatography Mass Spec-

trometry (GC-MS).

2.2.7.1 Conjugation of fatty acids to BSA

Palmitic acid (PA)(Sigma, cat no. P0500) and Oleic acid (OA) (Sigma, cat no.

O1008) were dissolved in 70% ethanol at 70°C to make 10mM stocks and frozen
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at -20°C until use. 10% BSA in RPMI+Ins (BSA media) solution was also made

at 37°C. OA and PA stocks were heated to 70°C and added at a 1:10 ratio to

warmed BSA media, and left to warm in a 37°C water bath for 1 hour. A further

1:10 dilution of the fatty acids in BSA media was added to RPMI+Ins media,

filtered and added to the cells. Cells were treated with final concentrations of

50µM PA and 100µM OA in RPMI+Ins media for a period of 10 days, with media

removed and replaced every other day.

2.2.7.2 Glucose Isotope labelling of iPSC-CM

SILAC RPMI 1640 Flex media, no glucose, no phenol red (Gibco, cat no. A2494201)

was supplemented with L-Arginine (Sigma, 1.14mM), L-Lysine (Sigma, 0.2mM),

L-Glutamine (Gibco, 2mM) and B27+Ins supplement (10X, Gibco). Isotope la-

belled D-Glucose ([U-13C6-glucose], (99%, Cambridge Isotope Laboratories, Item

number: CLM-1396-PK) was added to the SILAC labelling media at 10mM. SILAC

labelling media was also made up with unlabelled 10mM D-Glucose (Sigma, cat

no. G8270) for control samples. Day 26 iPSC-CMs were incubated with SILAC

labelling media with or without labelled glucose for 48 hours.
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Figure 2.4: Schematic of [U-13C]-glucose carbon tracking into TCA cycle metabo-
lites
Schematic diagram of central carbon tracking; the percentage of labelled [U-13C] glucose
utilised in the formation of TCA cycle metabolites is tracked, indicating up or downregu-
lation of specific pathways. Adapted from [183].

2.2.7.3 Polar Metabolite extraction of iPSC-CM

After isotope labelling, the cells were removed from incubation and metabolite

extraction was conducted on ice. Cells were washed twice with 0.9% NaCl so-

lution to remove excess media from samples. Pentanedioic d6 acid (D6) was

used as the internal standard for samples. D6 was added at 1µg/ml concentra-

tion to GC-MS grade water. Cells were quenched with 500µl of ice cold HPLC

grade methanol (Sigma, 34860). 200µl of GC-MS grade water containing D6

internal standard was added to the methanol on cells and scraped using a cell

scraper. The scraped solutions were collected into eppendorf tubes and vortexed

53



CHAPTER 2. MATERIALS AND METHODS

for 15 seconds to ensure cell lysis. 500µl of HPLC grade chloroform (Sigma, cat

no. 366927) was added to each tube and further vortexed for 10 seconds pro-

ducing a cloudy mixture. Samples were centrifuged at 14,800g for 10 minutes

at 4°C. 400µl of the upper phase solution containing the polar metabolites were

transferred to a new Eppendorf tube. Samples were dried using a SpeedVac vac-

uum centrifuge (ThermoFisher, SavantTM Integrated Vacuum concentrator) for 2-3

hours and stored at -80°C until derivatisation.

2.2.7.4 Sample derivatisation

20µl of 2% methoxyamine hydrochloride and pyridine (Sigma-Aldrich) was added

to the dried samples and placed on a shaker for 10 minutes at room tempera-

ture. Following shaking, samples were incubated at 60°C for 1 hour on a heat-

ing block. 30µl of N-methyl-N[tert-butyldimethylsilyltrifluoroacetamide] (MTBSFA)

with 1% tert-butyldimethyl-chlorosilane (TBDMSC) (Restek) were added to the

samples, shaken for 10 minutes at room temperature and heated for 1 hour at

60°C on a heating block. Samples were centrifuged for 15 minutes at 3000g and

solution was transferred into GC-MS vials with glass inserts. Samples were run

on an Agilent 7890B GC and 5977A MSD. 1 µl of sample was injected in split-

less mode with helium carrier gas at a rate of 1 ml/min, sample inlet was 270°C.

Initial oven temperature was held at 100°C for 1 min before ramping to 160°C at

a rate of 10°C/min, followed by a ramp to 200°C at a rate of 5°C/min, and a final

ramp to 330°C at a rate of 10°C/min with a 4 min hold. Transfer line was held at

270°C. Analytes were ionised via EI (70 eV) and source temperature of 230°C.

54



CHAPTER 2. MATERIALS AND METHODS

Compound detection was carried out in scan mode.

2.2.7.5 Analysis of samples

Analysis was conducted by the MTAC facility at University of Birmingham. All

data processing was performed in MATLAB (2022a) using the METRAN script.

Mass isotopomer distributions (MIDs) were corrected for natural isotope abun-

dance. Each metabolite in all datasets were normalised to the internal standard

D6-Glutaric acid (CDN Isotopes). Metabolite abundances and percentage of la-

belled isotopologues were calculated (Figure 2.4). Data were normalised to cell

numbers from parallel dishes of the same differentiation from batches of iPSC-

CMs cultured on PDMS substrates and plastics, treated under the same culturing

and labelling conditions.

2.2.8 Cellular Bioenergetics Seahorse Extracellular Flux

96 well Seahorse Extracellular Flux (XF) microplates (Agilent Technologies) were

split into thirds; one third was coated with 5µl of 20kPa PDMS hydrogel, another

third coated with 5µl 130kPa PDMS hydrogel and the final third non-coated, kept

as plastic. PDMS coated seahorse plates were washed 3 times with 1X PBS,

followed by 70% ethanol for 1 hour and further washed in PBS 3 times before

coating with Geltrex. iPSC-CMs were then seeded into the coated seahorse cell

culture plates at a density of 20,000 cells per well. Wells A1, H1, A12 and H12

were kept empty and used as background correction wells. Seahorse XF Cell Mito

Stress Test assay (Agilent, cat no. 103015-100) was conducted as stated in the

55



CHAPTER 2. MATERIALS AND METHODS

protocol, with the following alterations; the drug inhibitors (Figure 2.5) used were

at final concentrations Oligomycin (2µg/ml), Bam15 (3µM), Rotenone/Antimycin A

(2µM) and Monensin (20µM). 3 measurements, consisting of a 3 minute wait and

3 minute measure cycle was set after drug additions. After the seahorse assay

was complete, cell plates were centrifuged at 1000rpm for 5 minutes to remove

media and pellet iPSC-CMs. Cell pellets were lysed in RIPA buffer (10µl) and

protein concentrations determined using a Pierce Rapid Gold BCA Protein Assay

Kit (ThermoFisher Scientific, catalog number A53225). Protein concentrations

were read using a SpectraMAX ABS plate reader (Molecular Devices, cat no.

736-0916) on Softmax Pro software (v 7.1.2).

2.2.8.1 Seahorse Analytics

Data from the Seahorse XF assay was analysed using Agilent Seahorse analyt-

ics (version 1.0.0-699). Following baseline correction and normalisation to pro-

tein concentration, several energetics parameters such as basal respiration, ATP-

coupled respiration, maximal respiratory capacity, spare respiratory capacity, pro-

ton leak, non-mitochondrial respiration were obtained using oxygen consumption

rates (OCR) (Figure 2.5). Extracellular acidification rates (ECAR) were used to

indicate levels of lactic acid production.
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Figure 2.5: Schematic of Seahorse XF Cell Mito-Stress Test parameters
Diagram of representative trace of seahorse XF Cell Mito-Stress test assay with outputs
indicated. Mitochondrial respiratory drug inhibitors of the ETC complexes, Oligomycin,
Rotenone and Antimycin A labelled. Bam15 acts as a proton uncoupler, alllowing maxmi-
mal respiration. Monensin acts by shutting down mitochondrial respiration. Adapted from
[184].

2.2.9 Proteomics

Day 25 iPSC-CM cells grown on PDMS and plastic were pelleted and processed

using the EasyPep Mini MS Sample Prep Kit (ThermoFisher Scientific, catalog
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no A40006) as per stated in the protocol. Briefly, cells were lysed using 100µl of

Lysis Solution and protein was quantified using the Pierce Rapid Gold BCA Pro-

tein Assay Kit as per stated in protocol (ThermoFisher Scientific, A53225). 40µg

of protein from each sample was used for reduction and alkylation. Samples

were digested overnight in a shaking incubator at 37°C at 150rpm. Peptides were

labelled with TMTproTM 16plex Mass Tag Labelling Reagent Set (ThermoFisher

Scientific, cat no A44522) as per the EasyPepTM MS Sample Prep kit protocol.

Clean-up of peptides was conducted using clean up columns from the EasyPepTM

Mini MS Sample Prep Kit (ThermoFisher Scientific, cat no. A40006), until sam-

ples were in elution solution. The samples were taken to the Advanced Mass

Spectrometry Facility at University of Birmingham, combined into one sample

and underwent a ZipTip clean up (Merck Millipore, cat no. ZTC18S096). Mass

spectrometry and quantative proteomics runs were conducted by Todd Mize.

2.2.9.1 Mass spectrometry for Proteomics

Samples were run on Precolumn Cartridges, Acclaim PepMap 100 C18, 5 µm

100 Å, 300 µm i.d. x 5 mm (Dionex) and separated in a Nano Series TM Stan-

dard Columns 75 µm i.d. x 15 cm, packed with C18 PepMap100, 3 µm, 100Å

(Dionex). Gradients of 3.2% to 44% of Solvent B (0.1% formic acid in acetonitrile)

were used for 30 minutes. Columns were then washed with 90% solvent B so-

lution and further equilibrated with 3.2% solvent B. Peptides were eluted at 350

nL/min-1 via a Triversa Nanomate nanospray source (Advion Biosciences) into a

QExactive HF Orbitrap mass spectrometer (ThermoFisher Scientific). Full FT-MS
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scans (m/z 375-1600) and high energy collision dissociation MS/MS scans of the

most abundant ions were conducted. Mass spectra were recorded at a resolution

of 120,000 at m/z 200 and autonomic gain control of 3x106. Precursor ions were

fragmented in HCD MS/MS with a set resolution of 60,000 and a normalised colli-

sion energy of 32. The autonomic gain control target for HCD MS/MS was 1x105.

The precursor isolation window was set at 1.2 m/z and only multiply-charged pre-

cursor ions were selected for MS/MS. Spectra were obtained for 60 minutes.

2.2.9.2 Proteomics analysis and visualisation

The data was run in Proteome Discoverer (v2.5) against a Uniprot database to vi-

sualise proteins. Statistical quantification was conducted in Proteome Discoverer

using an ANOVA, with protein volcano plots plotted in GraphPad Prism 9. A false

discovery rate threshold was set at 0.05. A threshold of significance was set as

p <0.05, log2 fold change of significance set to 0.58, thus a log fold change of >

1.5. The precursor mass tolerance was set at 10 ppm and a MS/MS tolerance of

0.02 Da was set for processing and quantification.

2.2.10 Senescence-Associated β-galactosidase assay

iPSC-CMs were plated at a density of 500,000 cells per coverslip and cultured

until day 30 of differentiation. Cell staining was conducted using Senescence β-

Galactosidase (β-gal) Cell Staining kit (Cell Signalling Technology, cat no. 9860)

as per protocol. Briefly, cells were fixed using a 1X Fixative solution for 15 minutes

at room temperature. The coverslips were then rinsed twice using 1X PBS and
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incubated overnight at 37°C in a CO2 free dry incubator with β-galactosidase

staining solution. Following β-gal staining, cell nuclei were stained with DAPI in

PBS for 15 minutes. Images were taken using an EVOS M500 Imaging system

(Invitrogen, ThermoFisher Scientific), at 20X magnification.

2.2.11 Statistical Analysis

All statistical analysis was conducted using GraphPad Prism (version 9.5.1). To

determine whether data had a gaussian distribution, Shapiro-Wilk normality tests

were conducted. When comparing across multiple groups that were normally

distributed, a one-way ANOVA with šidák post hoc test was applied. For non-

parametric data compared between multiple groups, a Kruskal-Wallis test with

Dunn’s multiple comparisons test was conducted. A two-way ANOVA with mul-

tiple comparisons was conducted when comparing the effect of two or more pa-

rameters.

Data compared between 2 groups that were not normally distributed under-

went a Mann-Whitney statistical test, whereas data normally distributed under-

went an unpaired t-test with Welch’s correction.

Statistical significance levels were considered as p < 0.05 (*), p < 0.01 (**), p

< 0.001 (***), p < 0.0001 (****).
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Chapter 3

Modelling ECM stiffness with biomaterial hydrogels

3.1 Introduction

The ECM acts as a cardiac microenvironment, serving as a structural scaffold for

a vast network of interactions for cells, with the ability to transduce mechanical

signals and alter cellular function [185]. The stiffness of the ECM can alter with

cardiac ageing and disease, due to excess deposition of ECM proteins such as

collagen, causing stiffening of the myocardium [186]. Healthy physiological tissue

has stiffnesses of 10-25kPa, whereas diseased or fibrotic tissue has stiffnesses of

> 50kPa [187], [188], [170]. Tissue culture plastics and glass coverslips have stiff-

nesses of 1-70GPa [189], [190], thus are far stiffer than cardiac tissue and are not

representative of physiological conditions. To investigate the effect of ageing and

ECM stiffness, suitable models of physiological stiffnesses of the cardiac ECM

are required. Several strategies have been developed to mimic the ECM, such

as the use of decellularized ECM, electrospun nanofibers which utilise nanofibers

made from ECM proteins to create fibrillar structures, and cardiac ECM patches

consisting of multiple cell types [191], [192],[193].

Alternatively, hydrogels can be used as biological ECMs using biomaterials.

61



CHAPTER 3. MODELLING ECM STIFFNESS WITH BIOMATERIAL HYDROGELS

Biomaterials can be formed from both natural and synthetic components and

play a key role in polymer biomaterial tissue engineering and model development

by interacting with biological systems, such as providing mechanical cues [194].

Biomaterials have largely been used for hydrogels, which are a type of biomate-

rial that feature 3D crosslinked polymer networks which absorb and retain water

[165]. The ability to retain water but maintain structural integrity make hydrogels

ideal models for mimicking the ECM. A key advantage of synthetic hydrogels is

the capacity to modify the mechanical properties of the hydrogel, such as elastic-

ity and stiffness, by altering factors such as polymer composition and crosslinking

density [195]. Varying the crosslinking density alters stiffnesses of hydrogels, with

denser crosslinking resulting in stiffer gels. The ability to modify stiffnesses of hy-

drogels consequently led to their use as substrates for representing both healthy

and fibrotic ECM.

A vast range of natural and synthetic hydrogels have been utilised to mimic the

ECM. Natural hydrogels such as collagen, gelatin, polyacrylamide and PEG [164],

[170] are often used due to their high biocompatibility and degradability [164].

However, natural hydrogels are less amenable to mechanical modification. On the

other hand, synthetic hydrogels have high stability and can be easily chemically

modified to change properties such as cell attachment [196].

PEG is a synthetic polymer that has been widely used in the biomedical field,

such as tissue engineering, due to its high-water content and injectability [197]. It

is commonly used for hydrogel synthesis due to its biocompatibility, hydrophilicity,

versatility and its tunable mechanical properties [198]. The stiffness and elas-
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ticity of PEG hydrogels can be altered through changing the molecular weight

or concentration of PEG, thus changing the crosslinking density of the gel [199].

Furthermore, PEG hydrogels have been used in cardiac research, with previous

research showing PEG hydrogels maintaining cardiac cell structures and contrac-

tility [176].

Other synthetic polymers include PDMS, which is a silicone-based polymer,

widely used in biological research [173],[200]. PDMS has several advantageous

properties ideal for hydrogel synthesis, such as low cost, transparency, elastic-

ity, flexibility, stability and ease of fabrication [201],[173]. The stiffness of PDMS

hydrogels can be easily altered by changing the ratio of curing agent and base

agent, thus enabling PDMS hydrogels to possess a wide range of Young’s mod-

uli from 10 kPa- 2.5 MPa [202]. In addition, PDMS has been widely used in

cardiovascular research for investigations into fibroblasts [175] and CMs [202],

highlighting compatibility of PDMS hydrogels. Since both PEG and PDMS dis-

played desired characteristics for hydrogel synthesis, they were selected as base

materials for developing representative ECM models.

3.2 Hypothesis and Aims

To mimic changes in stiffness of the ECM with ageing and disease, PEG and

PDMS based hydrogels were used as tuneable substrates. The main objectives

included identifying a suitable biomaterial for hydrogel synthesis, with the ability

to model a healthy ECM stiffness (20kPa) and fibrotic ECM stiffness (130kPa).

Furthermore, the hydrogels had to be biocompatible, showing successful iPSC-
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CM attachment.

The hypothesis for this chapter was tested through the following aims:

1. Synthesise PEG hydrogel precursors possessing functional alkyne and thiol

end groups

2. Produce PEG hydrogels of healthy ECM stiffnesses and determine compat-

ibility with iPSC-CM culture

3. Produce PDMS hydrogels of healthy and fibrotic ECM stiffnesses

4. Assess compatibility of iPSC-CMs with PDMS hydrogels

3.3 Methods

3.3.1 Polyethylene Glycol Hydrogel (PEG) synthesis

3.3.1.1 2-Arm Thiol Functionalised PEG precursor (2.0 kg mol-1)

Esterification was carried out as previously published in [203] (Figure 3.1). 2-

Arm PEG2kOH (20g, 10 mmol) (Sigma, cat no.84797) was combined with 3-

Mercaptopropionic acid (4.23g, 40mmol) (Sigma, cat no.M5801) in a 500ml round

bottom flask. To this, 150ml toluene (VWR Chemicals, cat no. 28676.322) and

5 drops of concentrated Sulfuric acid, H2SO4 (Fischer Scientific, UNI830) were

added. The solution was heated to 125°C to reflux under Dean-Stark conditions

overnight. The reaction was cooled to room temperature and solvent was re-

moved in vacuo. The crude product was dissolved in 250ml dichloromethane,

CH2Cl2 (Fischer Scientific, cat no. UNI593) and washed with 50ml each of sat-

urated sodium bicarbonate, NaHCO3, NaCl and H2O. The resultant product was
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left overnight with magnesium sulfate MgSO4 (Sigma, cat no.63136) and 0.2g

activated charcoal (Sigma, 2422761). The mixture was filtered using Celite 545

Filter Agent (Sigma, cat no.68855-54-9). Dichloromethane was removed from the

product by rotary evaporator, thus isolating the product, collected as a liquid (yield

7.1g).

Figure 3.1: Fischer esterification reaction used for synthesis of alkyne or thiol func-
tionalised PEG precursors
n= number of arms of PEG (2 or 3), R1= PEG, R2=CCH or CH2CH2SH

3.3.1.2 3-arm thiol functionalised PEG precursor (1.0 kg mol-1)

As per protocol above, an esterification reaction was carried out using glycerol

ethoxylate (molar mass 1kg mol-1 , 10g, 10mmol) (Sigma, cat no.441864) and

3-Mercaptopropionic acid (6.37g, 60mmol) to collect the product as an oil (yield,

3g, 45%).

3.3.1.3 3-arm alkyne functionalised PEG precursor (1.0 kg mol-1)

As stated in the typical esterification, glycerol ethoxylate (molar mass 1kg mol-1 ,

10g, 30mmol) was esterified with propiolic acid (14.25g, 180mmol) to collect the

product as a yellow oil (yield 9.55g, 41%).
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3.3.1.4 2-arm alkyne functionalised PEG precursor, (2.0 kg mol-1)

As stated in the typical esterification, 2-Arm PEG2kOH (20g, 10 mmol) was es-

terified with propiolic acid (2.79g, 40mmol) to collect the product as a white solid

(yield 11.1g, 53%).

3.3.2 PEG hydrogel formation

1:1 ratios of alkyne group to thiol groups were used to synthesize all gels at

10% weight to solid content. A typical gel was produced by dissolving each PEG

precursor in 200µl of PBS of pH 7.4. Varying ratios of 3-arm thiol, 2-arm thiol and

3-arm alkyne were used to develop hydrogels of balanced stoichiometry (Figure

3.2). The trio of precursors dissolved in 200µl of PBS were mixed together and

vortexed, put into a small syringe and left at room temperature, with gelation

taking 5-10 minutes, forming cylindrical hydrogels.

Figure 3.2: PEG hydrogel structure formed from combinations of 2-arm and 3-arm
PEG precursors
Chemical structure of PEG, with visual representation of PEG hydrogel formed from 2-
arm thiol precursor and 3-arm alkyne precursor, creating a hydrogel network. Adapted
from [204].
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3.3.2.1 Leaching techniques for hydrogel

Once synthesised, gels were washed with PBS several times to remove unre-

acted precursors not incorporated into the gel network. Gels were kept in PBS

overnight at 37°C, before undergoing another PBS wash the following day. PBS

washes were maintained for 2-3 days before cells were plated onto hydrogels. Gel

washes with 70% ethanol and cell culture media over a series of three days were

also tested. PEG hydrogels were coated with vitronectin or Geltrex to faciliate

attachment of iPSC-CMs.

3.3.3 Rheology

Stiffnesses of hydrogels were measured using oscillatory shear rheology (Anton

Parr MCR 302 rheometer) with a parallel plate setup, of diameter 8mm. Hy-

drogels of varying precursor combinations were created with PBS and placed

onto the rheometer after gelation of at several time points. The plate was low-

ered until touching the hydrogel surface, with a normal force of zero. Amplitude

sweeps were performed on the hydrogels, with 1Hz frequency and an applied

strain ramped logarithmically from 0.01-1% to keep the measurements within the

linear viscoelastic range. 20 points were recorded from each experiment, with

amplitude sweeps carried out in triplicate on the same hydrogel. Storage mod-

uli (G’) and Loss moduli (G”) were obtained from experiments. Average storage

and loss modulus from the amplitude sweeps were used to calculate the Young’s

moduli.
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3.3.4 Young’s modulus equations

Young’s moduli values were calculated using the following formulas:

E = 2G (1 + υ) and G =
√

(G′2 +G”2)

Where υ is Poisson’s ratio (0.5 for hydrogels), E is Young’s Modulus, G is shear

modulus, G’ is storage modulus and G” is loss modulus

3.3.5 PDMS hydrogel synthesis

PDMS substrate hydrogels were prepared using Sylgard 527 (Dow, cat no.1675167)

and Sylgard 184 (Dow, cat no.63416-5S). PDMS stiffnesses of 20kPa and 130kPa

were produced by adding different mass ratios of Sylgard 184: Sylgard 527, 1:10

and 1:5 respectively. Once mixed, the solution was pipetted into cell culture plates

or spin coated onto glass coverslips using a vacuum assisted spin coater (SPIN-

150i, Polos) at 1000 rpm for 40 seconds (Figure 3.3). The PDMS gels were then

cured overnight at 65°C before undergoing PBS washes, followed by 70% ethanol

sterilisation for 1 hour at room temperature before further PBS washes to remove

any remaining ethanol or unreacted precursors.
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Figure 3.3: Schematic of spin coating PDMS mixture of stiffness onto coverslip in
a thin layer
Spin coater used to spread PDMS as thin layers onto glass coverslips for Immunofluo-
rescence experiments. Created with Biorender.com

3.4 Results

3.4.1 Structure of PEG thiol and alkyne precursors

1H NMR spectroscopy was conducted following synthesis to determine molecular

structure and assess purity of precursors. All 1H NMR spectra portrayed a PEG

backbone signal across all precursors at 3.6 ppm, as expected (Figures 3.4, 3.5,

3.6, 3.7, denoted as b). Thiol groups, also known as sulfhydryl groups, which ap-

pear as a triplet, were present in both thiol PEG precursors indicating successful

functionalisation (Figures 3.4 and 3.6, point e). 3-arm thiol PEG precursor and 2-

arm thiol PEG precursors featured methylene groups (Figures 3.4 and 3.6, peaks

labelled c and d). Alkyne groups were present in alkyne precursors at approxi-

mately 3.0 ppm, highlighted by the peak labelled point d (Figures 3.5 and 3.7).

Deuterated chloroform was used as a reference peak for all NMRs, identified at

7.26ppm.
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Figure 3.4: Proton NMR of 3-arm thiol PEG precursor (1kg mol-1)
1H NMR (CDCl3, 300MHz): (300 MHz, Chloroform-d) δ 4.30 – 4.20 (m, 8H), 3.76 – 3.66
(m, 12H), 3.66 – 3.46 (m, 103H), 2.81 – 2.71 (m, 8H), 2.70 – 2.63 (m, 7H), 1.67 (t, J =
8.2 Hz, 3H).
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Figure 3.5: Proton NMR of 3-arm alkyne PEG precursor (1kg mol-1)
1H NMR (CDCl3, 300MHz): (300 MHz, Chloroform-d) δ 4.36 – 4.31 (m, 9H), 3.80 – 3.69
(m, 15H), 3.69 – 3.57 (m, 128H), 2.96 (s, 3H).
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Figure 3.6: Proton NMR of 2-arm thiol PEG precursor (2kg mol-1)
1H NMR(CDCl3, 300MHz): (300 MHz, Chloroform-d) δ 4.26 (dd, J = 14.7, 12.4 Hz, 4H),
3.73 – 3.69 (m, 5H), 3.64 (s, 176H), 2.82 – 2.73 (m, 4H), 2.72 – 2.65 (m, 4H), 1.68 (d, J
= 16.3 Hz, 3H).
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Figure 3.7: Proton NMR of 2-arm alkyne PEG precursor (2kg mol-1)
1H NMR(CDCl3, 300MHz):(300 MHz, Chloroform-d) δ 4.36 – 4.30 (m, 5H), 3.76 – 3.70
(m, 8H), 3.64 (s, 324H), 2.96 (s, 2H).

3.4.2 Rheology and mechanical stiffness analysis

3.4.2.1 Young’s modulus stiffness of PEG hydrogels

Rheological measurements (Figure 3.8) portrayed different ratios and combina-

tions of 2-arm and 3-arm thiol and alkyne precursors altered the storage and loss

moduli. To determine stiffness of hydrogels when PEG precursors were com-

bined, a stiffness value known as Young’s modulus was calculated using outputs

from rheology. The young’s modulus of PEG precursor combinations ranged from

7-58kPa (Table 3.1). A combination of 3-arm alkyne, 2-arm thiol and 3-arm thiol

precursors in the ratio 1: 0.7 : 0.46 created hydrogels of approximately 20kPa,

which represented the stiffness of a healthy myocardium. This combination of
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precursors produced a transparent hydrogel (Figure 3.9) that was able to be cre-

ated in a cell culture well format.

Figure 3.8: Effect of varying ratios and combinations of PEG precursors on storage
and loss moduli
(A) Storage modulus curves obtained from rheometer, with 0.01-1% strain applied to the
hydrogel (B) Loss modulus curves obtained from rheometer, with 0.01-1% strain applied
to the hydrogel. Values plotted as mean ± SEM. 3AA- 3-arm alkyne, 2AT-2-arm thiol,
3AT- 3-arm thiol.
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Table 3.1: Young’s modulus stiffnesses of PEG hydrogels with varying PEG precur-
sor ratios

Combinations of precursors with corresponding ratios that were used. Young’s modulus
values of stiffness calculated using formulas using storage and loss moduli measure-
ments from rheometry. 3AA-3-arm alkyne, 2AA-2-arm alkyne, 2AT- 2-arm thiol, 3AT-
3-arm thiol.

Figure 3.9: Physical appearance of PEG hydrogels created with precursors in PBS
(A) Transparent hydrogel formed of combination of 3-arm alkyne precursor, 3-arm thiol
precursor and 2-arm thiol precursor (B) Transparent PEG hydrogel formed in tissue cul-
ture plastic plate with cell culture medium

3.4.2.2 PEG Hydrogel stability

To determine whether mechanical stability of PEG hydrogels remained stable over

time, 3-arm alkyne, 2-arm thiol and 3-arm thiol gels were tested using rheome-

try over a time course of 29 days in PBS in a 37°C incubator. PEG hydrogels

remained in the range of ideal stiffness (20-30kPa) throughout (Figure 3.10), sug-

gesting PEG hydrogels were compatible with experiments involving extended cell
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culture (25-30 days).

Figure 3.10: Rheometer characterisation of PEG hydrogel stability over 29 days in
PBS
PEG hydrogel composed of 3-arm alkyne, 2-arm thiol and 3-arm thiol at ratios 1: 0.7 :
0.46. (A) Storage modulus curves obtained from rheometer, with 0.01-1% strain applied
to the hydrogel. (B) Loss modulus curves obtained from rheometer, 0.01-1% strain ap-
plied to the hydrogel (C) Stiffness of hydrogels over time using Young’s modulus values,
calculated using storage and loss modulus measurements. 3AA-3-arm alkyne, 2AT- 2-
arm thiol, 3AT- 3-arm thiol. n=2, values plotted as mean ± SD. Due to low n numbers,
statistical analysis was not conducted.

3.4.3 iPSC-CM viability on PEG hydrogels

iPSC-CMs when plated onto Geltrex coated hydrogels consisting of 3AA, 2AT,

3AT portrayed some attachment, with cells attaching to the outer edges of the

gel, although mostly portraying a rounded dead morphology in the centre of the

gel (Figure 3.11). The majority of iPSC-CMs did not attach to the hydrogel. To fur-

ther explore whether the ratio of thiol to alkyne precursors specifically altered cell

76



CHAPTER 3. MODELLING ECM STIFFNESS WITH BIOMATERIAL HYDROGELS

viability, a series of ratios were tested for cell attachment (Figure 3.12). The im-

ages portrayed no significant difference in cell attachment, with all combinations

ultimately resulting in cell death.

Figure 3.11: Day 30 iPSC-CMs cultured on 3AA, 2AT and 3AT PEG hydrogels
PEG hydrogel composed of 3-arm alkyne, 2-arm thiol and 3-arm thiol. Day 30 iPSC-
CMs split onto vitronectin coated PEG hydrogel. (A) iPSC-CMs on edge of well at 10X
magnification (B) iPSC-CMs in middle of well at 4X magnification. Representative images
of bright field view on a light microscope. Scale bar = 1 mm
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Figure 3.12: Day 15 iPSC-CMs plated onto 3AA and 3AT hydrogels of varying alkyne
to thiol groups and vice versa, coated with Geltrex
(A) 0.8 (Alkyne) : 0.1 (Thiol) (B) 0.9 (Alkyne) : 1 (Thiol) (C) 0.9 (Thiol) : 1 (Alkyne) (D)
0.8 (Thiol) : 1 (Alkyne) (E) 1.05 (Thiol) : 1 (Alkyne) (F) 1.05 (Alkyne) : 1 (Thiol). Images
representative of wells at 4X magnification on light microscope. Scale bar = 1 mm
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3.4.4 Mechanical characterisation of PDMS hydrogels

PDMS hydrogels were synthesised using protocols described in the methods, and

stiffness of PDMS hydrogels were assessed using rheology. Storage and loss

modulus measurements were obtained using the rheometer (Figure 3.13 A and

B) on hydrogels prepared to represent healthy and fibrotic stiffnesses, 20kPa and

130kPa respectively. The Young’s modulus of PDMS hydrogels calculated using

the storage and loss moduli (Figure 3.13C) portrayed 20kPa gels with stiffnesses

of 25.88 ± 5.2 kPa and 130kPa gels of 115 ± 14.3 kPa, thus portraying PDMS as

an ideal biomaterial to achieve the desired stiffnesses of both healthy and aged

ECM.
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Figure 3.13: Rheology measurements of PDMS hydrogels
(A) Storage moduli of 20kPa and 130kPa PDMS hydrogels (B) Loss moduli of 20kPa and
130kPa PDMS hydrogels. (C) Young’s modulus stiffness of PDMS hydrogels calculated
from storage and loss moduli. Data displayed as mean ± SD, n=3 batches of PDMS
hydrogels. Hydrogels of each stiffness were measured in duplicate.

3.4.5 Attachment of iPSC-CMs to PDMS substrates

iPSC-CM attachment on Geltrex coated PDMS hydrogels was successful, with

iPSC-CMs forming spontaneously contracting monolayers (Figure 3.14). No cell

toxicity or cell death was observed, indicating biocompatibility of PDMS hydrogels

with iPSC-CMs.
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Figure 3.14: Monolayer of iPSC-CMs attached to PDMS hydrogel
Bright field microscopy image of iPSC-CM monolayer taken at 10X magnification, dis-
playing attachment to Geltrex coated PDMS hydrogel with stiffness of 20kPa. Scale bar
=50 µm

3.5 Discussion

This chapter aimed to develop biomaterial hydrogels of physiological stiffnesses,

20kPa and 130kPa, representative of healthy and fibrotic cardiac ECM that were

compatible with iPSC-CM culture. PEG hydrogel synthesis and mechanical char-

acterisation was conducted using rheology. A lack of iPSC-CM attachment and

cell death occurred due to toxicity of PEG hydrogels. PDMS hydrogels were

therefore synthesised and mechanical characterisation conducted. PDMS hydro-

gels were able to mimic healthy and fibrotic stiffnesses and were compatible with

iPSC-CM culture, thus were used as models of ECM stiffness for subsequent

experiments.
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3.5.1 PEG hydrogels can mimic physiological stiffnesses of the ECM

Rheological measurements of PEG hydrogels portrayed combinations of 3AA,

3AT and 2AT created hydrogel stiffnesses of approximately 20-25kPa, which are

representative of healthy myocardial stiffness [205], [170]. Previous literature has

also shown this combination of precursors produces similar stiffnesses [203], fur-

ther highlighting successful functionalisation of PEG precursors. The ability of

PEG to recapitulate healthy myocardial stiffnesses was also consistent with lit-

erature, with studies showing PEG hydrogels of soft stiffnesses ranging from 1-

15kPa in 2D and 3D contexts [176]. Altering the ratio of alkyne and thiol PEG

precursors modified the architecture of the hydrogel network, by influencing the

amount of end group reactivity and thus crosslinking density; with combinations

of multi-arm precursors, denser network structures were formed [203].

3.5.2 PEG hydrogel incompatibility with iPSC-CM culture

Successful mechanical characterisation of the stiffness of PEG hydrogels led to

investigating the compatibility with iPSC-CMs. iPSC-CM differentiation protocols

required culture for a duration of 25-30 days, thus highlighting the need for long

term cell culture compatibility.

3.5.2.1 Stability of PEG hydrogels over time

As PEG hydrogels were intended for use in cell culture, investigation into the

stability of hydrogels in cell media and solutions were essential. PEG hydro-

gels in PBS portrayed a slight decline in Young’s modulus stiffness between days
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12-29, indicating potential dilution of network structures and increased spatial

heterogeneity [206], leading to softer gels and decreased elastic stiffness. As

hydrogels are 3D networks that absorb and retain water, swelling of hydrogels

can often occur [161]. This swelling of hydrogels compromises the mechani-

cal strength of the gel and impairs stability, thus leading to changes in stiffness.

Despite the slight fluctuation in stiffness of PEG hydrogels in solution, the gel re-

mained within the range of representative healthy ECM stiffness (20kPa-30kPa)

and therefore showed potential for cell culture. The stability of PEG hydrogels

was further portrayed by stable storage moduli values obtained during rheology

amplitude sweeps, indicating the high elastic nature of the hydrogel, suggesting

greater crosslinking density.

3.5.2.2 Varying hydrogel coatings did not alter attachment of iPSC-CMs

onto PEG hydrogels

Despite hydrogels mimicking physiological stiffnesses, there were several issues

with cell attachment to the surface of PEG hydrogels. Typically, PEG is a bioinert

material with low protein adsorption and cell adhesion [207]. iPSC-CMs failed

to attach to Geltrex coated PEG hydrogels. The lack of iPSC-CM attachment to

Geltrex was primarily due to the visible separation and movement of the Geltrex

layer from the hydrogel, leading to delamination of the layer when washed with

PBS before cell plating.

As a result, other coatings commonly used to facilitate iPSC-CM attachment

were explored. Poly-D-lysine has been previously used to facilitate attachment for
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neuronal cultures due to its positive charge [208], therefore attracting the negative

charge of cells. However, the lack of iPSC-CM attachment to poly-D-lysine coated

PEG hydrogels further implied issues with cell attachment onto the surface of

hydrogels.

PEG hydrogels often require functionalisation to enhance cell adhesion, through

addition of bioactive peptides and functional groups, such as arginine-glycine-

aspartic acid (RGD) peptides [198], [209]. Fibronectin and vitronectin are cell

culture coatings that contain the integrin binding RGD domain, therefore are to

commonly used to enhance cell attachment and adhesion [210]. The mecha-

nism by which facilitated attachment to the ECM occurs involves recognition of

the RGD sequence in ligands by integrins [211]. iPSC-CMs portrayed some at-

tachment to vitronectin coated PEG hydrogels, which may be due to presence of

the RGD domain.

3.5.3 Toxicity of PEG hydrogels

Despite successful initial attachment of iPSC-CMs on vitronectin coated hydro-

gels, after 1 day of plating, iPSC-CMs had died across all hydrogels, with cells

displaying a rounded morphology. The successful attachment of iPSC-CMs indi-

cated cytotoxicity of PEG hydrogels as a key issue, rather than issues with cell

adhesion. This is contrary to literature, which has displayed compatibility of PEG

hydrogels with CMs [212] [176].

Toxicity of hydrogels could be due to reactivity of excess free thiol groups,

due to the lack of full end group conversion when mixed with alkyne precursors.
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Thiol groups are subject to deprotonation and can form thiolates, which impact

the balance of thiol to thiolate, thus influencing the redox state of cells [213]. In

addition, thiol groups can react with biomolecules, altering biological function and

resulting in cellular damage [214]. In addition, pH testing of PEG hydrogels kept

in PBS revealed hydrogels had pHs between 6.5-6.86, indicating acidity of the

hydrogels. Despite attempts at removal of excess acids with basic Amberlyst

A21 beads using acid-base extraction, the acidity of PEG hydrogels could not

be resolved. The proposed acid toxicity of the hydrogels may have been due

to the production of propiolic acid. Propiolic acid was initially used for Fischer

esterification reactions of PEG alkynes- washes with sodium bicarbonate and

brine may not have successfully removed all acid, leaving some acid present in

the precursors, therefore causing toxicity. Methods to remove excess acids from

hydrogels typically include washes with distilled water and sodium bicarbonate,

to convert acids into their water soluble states for removal [215].

3.5.4 PDMS hydrogels for iPSC-CM culture

PDMS hydrogels were therefore used as an alternative hydrogel to mimic ECM

stiffness. Literature had portrayed PDMS hydrogels composed of Sylgard 184

and Sylgard 527 could produce hydrogels with a range of stiffnesses, from 12kPa-

2.5MPa [174], highlighting its capability to mimic the ECM and model different

conditions.
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3.5.4.1 PDMS hydrogels can mimic physiological stiffnesses of the ECM

Rheological characterisation of PDMS hydrogels confirmed stiffnesses of 20kPa

and 130kPa, thus showing alterations in the ratio of Sylgard 527:184 was suc-

cessful for mimicking ECM stiffnesses. No issues with hydrogel swelling or degra-

dation were encountered due to the synthetic nature of PDMS, with hydrogels re-

maining stable for months at a time, which had been extensively characterised in

literature [216]. The stability of PDMS gels due to lack of degradation and modifi-

cation of PDMS surfaces was advantageous for long term culture of iPSC-CMs.

3.5.4.2 PDMS hydrogel compatibility with iPSC-CMs

PDMS hydrogels coated with Geltrex portrayed successful iPSC-CM attachment,

with no issues in hydrogel toxicity or cell death. Geltrex coating of PDMS hydro-

gels were required to facilitate iPSC-CM attachment, as a limitation of PDMS as

a biomaterial was the hydrophobicity of its surface [177]. Geltrex coatings were

used across all PDMS and plastic surfaces for iPSC-CM attachment, thus re-

mained consistent across all experiments. The compatibility of PDMS with iPSC-

CMs was consistent with literature, as PDMS has been shown to be successfully

used with iPSC-CM cultures in 2D and 3D contexts [217], [218], further support-

ing the use of PDMS as a useful hydrogel biomaterial.

3.5.5 Limitations

A key requirement of PDMS hydrogels was to withstand long term culture of

iPSC-CMs. In some cases, spontaneous contractility of iPSC-CMs on PDMS
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hydrogels caused friction between the surfaces, which sometimes led to peeling

of iPSC-CMs from the gels. To overcome these issues, iPSC-CM experiments

were conducted from days 25-30, as iPSC-CMs portrayed cardiac maturity from

these timepoints as shown in Chapter 4. Only iPSC-CMs which maintained a full

monolayer of attachment to PDMS substrates were used, thus preventing the use

of cells of lower quality to reduce variability.

3.5.6 Conclusions

PEG hydrogels were not compatible with iPSC-CM culture, as acid toxicity of

the hydrogels led to cell death. Alternatively, PDMS provided a biocompatible,

low cost and nondegradable hydrogel, able to mimic a range of ECM stiffnesses

and facilitated iPSC-CM attachment. Despite some initial issues with iPSC-CM

contractility causing peeling from PDMS hydrogels, iPSC-CMs formed functional

beating monolayers on PDMS stiffnesses and maintained culture on hydrogels,

thus were used for experiments in the following chapters.
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Chapter 4

Molecular and cellular characterisation of iPSC-CMs on

physiological substrate stiffnesses

4.1 Introduction

In the previous chapter, PDMS hydrogels were exhibited as ideal biomaterials to

mimic physiological healthy and fibrotic ECM stiffnesses. It is well known that the

myocardium and ECM environment can impact the structure and function of CMs,

as CMs can sense mechanical cues [219]. As a result, intracellular signalling

cascades such as YAP/TAZ signalling can cause alterations in cell behaviour,

such as proliferation, contractility and gene expression [220]. Cardiac remodelling

occurring with ageing and disease can change the composition and rigidity of the

ECM, and thus can impact CM structure and function in several aspects.

Ageing and cardiac disease have been correlated with changes in the ECM

and thus contractility of CMs, which can lead to arrhythmia and heart failure [221].

As CMs are the contractile units of the heart, regulation of contraction is impor-

tant, highlighting the significance of investigating how stiffness of the ECM may

impact contractility of CMs. Furthermore, regulation of Ca2+ signalling plays a key
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role in the contraction of CMs [222], thus stiffness may further influence function

of CMs through alterations in Ca2+ handling dynamics.

Cardiac research is often limited due to the availability of non-failing human

hearts, which has led to the use of animal models such as mice, allowing inves-

tigations into in vivo parameters. However, issues surrounding animal use such

as ethics, physiological relevance and costs can limit applications in cardiac re-

search [223]. iPSCs have emerged in the field and advanced cardiac research,

with key advantages including the reduction in the use of in vivo animal mod-

els, the capabilities to continuously generate cells and ability to model disease

phenotypes with genomic editing [224]. iPSC-CMs are widely used for cardiac

research, as they recapitulate primary human CM structural, electrophysiological

and mechanical properties [225].

However, a key limitation of iPSC-CMs is the immature nature of the cells,

with little resemblance to adult CM phenotypes [149]. Several strategies have

been employed to increase maturity of iPSC-CMs, such as 3D engineered heart

tissues and co-culture approaches with other cardiac cell types such as fibrob-

lasts [226], [227], [179]. Further techniques include tuning substrate properties

to increase physiological relevance, such as micropatterning of substrates, ECM-

derived substrates and soft biomaterial hydrogels, all of which can promote mat-

uration of iPSC-CMs [228], [149]. Despite the limitations, the variety of methods

to mature iPSC-CMs enables them to be a useful model for assessing cardiac

diseases.

Utilising PDMS hydrogels to mimic physiological stiffnesses of the ECM allows

89



CHAPTER 4. MOLECULAR AND CELLULAR CHARACTERISATION OF IPSC-CMS
ON PHYSIOLOGICAL SUBSTRATE STIFFNESSES

investigations into molecular changes in iPSC-CMs influenced by stiffness, pro-

viding a greater insight into the molecular mechanisms of how structure, contrac-

tility and function of CMs change. The use of plastics and glass as stiff substrates

act as a control condition, as iPSC-CMs are typically cultured on these substrates,

thus reflect stiffnesses of an extreme cardiac disease condition. A comparison be-

tween iPSC-CM cultures on softer PDMS substrates and stiff substrates therefore

may enhance or reveal changes in structural and moleuclar phenotypes based on

stiffnesses.

4.2 Hypothesis and Aims

Age-related alterations in myocardium stiffness can alter CM behaviour, with changes

in structure and contractility. The main objective of this chapter was to assess the

effects of age-related stiffness of the myocardium on iPSC-CMs. Healthy and

fibrotic ECM stiffnesses were modelled using PDMS hydrogels, onto which iPSC-

CMs were cultured, and investigations into iPSC-CM structure, contractility and

gene expression were conducted. iPSC-CMs on softer substrates were hypothe-

sised to display greater cardiac maturity, greater contractility and Ca2+ handling.

The hypothesis for this chapter was tested through the following aims:

1. Assess how physiological soft and stiff substrates can impact iPSC-CM sar-

comeric structure

2. Investigate how substrate stiffness can impact function of iPSC-CMs, through

assessing contractility and Ca2+ handling dynamics
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3. Investigate how stiffness can alter iPSC-CM cardiac maturity and Ca2+ chan-

nels at a transcript level

4.3 Results

4.3.1 Expression of Structural Cardiac Markers between days 20-30 of iPSC-CM

differentiation

The transcript expression of cardiac structural markers was assessed in iPSC-

CMs over a time course, specifically at days 20, 25 and 30 of differentiation (Fig-

ure 4.1) to observe any changes in maturity. Myosin heavy chain 7 (MYH7 ) and

myosin light chain 2 (MYL2) encode for ventricular isoforms of myosin markers,

whereas myosin heavy chain 6 (MYH6) and myosin light chain 7 (MYL7 ) en-

code for atrial isoforms markers. Significantly increased expression of ventricular

markers were measured from days 20-30, with an increase of expression at day

25. MYH6 expression significantly decreased from days 20-30, whereas MYL7

expression remained constant over time. MYH7 :MYH6 ratios, indicating cardiac

maturity, significantly increased in expression from days 20-30 (Figure 4.1). Sim-

ilarly, a significant increase in MYL2:MYL7 ratio was found between days 20-30.

Cardiac troponin T, TNNT2, known as a structural marker of sarcomeric con-

traction was expressed at all timepoints, with a small but significant increase of

expression at day 25 compared to day 20. As no significant differences in car-

diac marker expression were found between days 25-30, day 25 iPSC-CMs were

selected as the timepoint for subsequent experiments.
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Figure 4.1: Transcript expression of cardiac markers between days 20-30 of iPSC-
CM differentiation
Transcript expression of (A) MYH7 (B) MYL2 (C) MYH6 (D) MYL7 (E) MYH7/MYH6 ratio
calculated by MYH7 divided by MYH6 values (F) MYL2/MYL7 ratio (G) TNNT2. Data
normalised to GAPDH and made relative to day 30 conditions. Values are presented as
mean ± SD. Each data point refers to 1 well of cells plated as 3 technical replicates per
condition, across n=3 batches of iPSC-CM differentiations. Low sample numbers were
conducted as this experiment was conducted as a preliminary study to confirm timepoints
for use of iPSC-CMs. Statistical significance was assessed with a Kruskal-Wallis test as
data was not normally distributed, with p values determined as <0.05 (*) < 0.01 (**),
<0.0001 (****).

4.3.2 Expression of Cardiac Markers in day 25 iPSC-CMs on substrates

To investigate whether softer substrates induced maturation of iPSC-CMs, ex-

pression of cardiac maturation markers in iPSC-CMs were assessed on 20kPa

PDMS, 130kPa PDMS and plastic. Although not significant, a trend towards in-

creased expression of MYH7 /MYH6 ratios on 20kPa PDMS and 130kPa PDMS
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compared to plastic surfaces were observed (Figure 4.2). MYL2/MYL7 expres-

sion was significantly downregulated in iPSC-CMs on plastic compared to softer

20kPa PDMS. TNNT2 was expressed in iPSC-CMs on all conditions, with signif-

icantly reduced expression in iPSC-CMs on 130kPa PDMS compared to plastic

(Figure 4.2).

Figure 4.2: qPCR gene expression profiles of cardiac maturity markers in day 25
iPSC-CMs on 20kPa PDMS, 130kPa PDMS and plastic stiffnesses
(A) MYH7 (B) MYL2 (C)MYH6 (D)MYL7 (E) MYH7/MYH6 ratio (F) MYL2/MYL7 ratio (G)
TNNT2. Data normalised to GAPDH and made relative to plastic. Values presented as
mean ± SD. Each data point refers to 1 well of cells per condition, plated as 3 technical
repeats, with a total of n=3 batches of iPSC-CM differentations. Statistical significance
was assessed with a Kruskal-Wallis test as data was not normally distributed, with p
values determined as <0.05 (*), < 0.01 (**), <0.001 (***).
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4.3.3 Cardiac markers of iPSC-CMs on substrate stiffnesses at protein level

Confirmation of ventricular and cardiac marker expression of iPSC-CMs was

further assessed using western blot (Figure 4.3). MLC-2v, encoding for MYL2

ventricular isoform, typically expressed in ventricular myosin, displayed similar

levels of expression across substrates with no significant differences. α-actinin

(ACTN2), a sarcomeric protein was also expressed in iPSC-CMs across all con-

ditions with no significant differences (Figure 4.3).

Figure 4.3: Western blot protein expression and quantification of cardiac markers
in day 25 iPSC-CMs on stiffnesses
(A) Western blot of MLC-2v, ACTN2 and GAPDH protein expression from iPSC-CMs
plated on 20kPa PDMS, 130kPa PDMS and plastic. (B) MLC-2v quantification of data nor-
malised to GAPDH expression (C) α-actinin quantification of data normalised to GAPDH.
Data presented as mean ± SD. Each data point refers to 1 well of cells per condition,
across a total of n=4 batches of iPSC-CM differentations. Statistical significance was as-
sessed with a Kruskal-Wallis test as data was not normally distributed.
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4.3.4 Immunofluorescence of sarcomere organisation and alignment of iPSC-CMs

on varying stiffnesses

To confirm whether substrate stiffness affected iPSC-CMs sarcomeric organisa-

tion, iPSC-CM structure was assessed using immunostaining and Z-line detection

software. iPSC-CMs on softer substrates of 20kPa PDMS displayed significantly

greater α-actinin arrangement and sarcomere alignment compared to 130kPa

PDMS and glass, which showed disorganised sarcomere alignment (Figure 4.4

A&B). Average sarcomere lengths of 2.2µm were found in iPSC-CMs cultured

on glass, which were significantly longer (7.7% increase) compared to shorter

sarcomere lengths of 2.03µm on 130kPa PDMS (Figure 4.4 C). In addition, iPSC-

CMs on 130kPa PDMS had significantly lower values for Z-line organisation com-

pared to glass (Figure 4.4 E), a parameter referring to myofibrillar organisation.
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Figure 4.4: Sarcomere organisation and alignment of iPSC-CMs on varying stiff-
nesses
(A) Confocal microscopy images of α-actinin stain (red) and phalloidin stains (green) on
day 25 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and glass coverslips. (B)
α-actinin arrangement quantified from microscopy images, analysed using MatLAB z-
line detection script. (C) Median sarcomere lengths quantified from microscopy images.
(D) Mean sarcomere lengths calculated from images. (E) Z-line arrangement quantified
from microscopy images. Data presented as mean ± SD. Each data point refers to 1
image taken from 1 well of cells across 5 technical replicates- 5 images were taken per
well. 2 wells per condition per batch of iPSC-CM differentiations were taken. A total of
n=4 batches of iPSC-CM differentiations were used to capture batch to batch variability.
Scale bar equivalent to 50µm. Statistical significance was assessed with a Kruskal-Wallis
test as data was not normally distributed, with p values determined as <0.05 (*), <0.01
(**),<0.001 (***), <0.0001(****).
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4.3.5 Increased contractility of iPSC-CMs on softer substrates

To assess whether sarcomere organisation influenced the functional properties

of cells, contractility of iPSC-CMs were assessed using MuscleMotion analysis.

Videos of iPSC-CMs contracting on substrates were recorded using a GoPro

camera. iPSC-CMs on 20kPa PDMS showed a trend towards greater contrac-

tion duration, contraction amplitude, peak to peak time and relaxation time com-

pared to stiffer substrates (Figure 4.5), although not significant. Cells on plastic

substrates demonstrated a trend towards decreased contractile parameters com-

pared to iPSC-CMs cultured on softer substrates.
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Figure 4.5: Contractile parameters of iPSC-CMs on stiffnesses assessed by Mus-
cleMotion software
Contractility parameters analysed from GoPro videos of day 25 iPSC-CMs plated on
20kPa PDMS, 130kPa PDMS and plastic. (A) Contraction duration (B) Relaxation time
(C) Contraction amplitude (D) Time to peak (E) Peak to peak time (F) Beat rate (G) Peak
amplitude. Data presented as mean ± SD. 2-3 wells of cells per batch of iPSC-CMs were
recorded, with 2-3 areas per well recorded and calculated as an average. This was con-
ducted across a total of n=4 batches of iPSC-CM differentiations, with average values per
batch shown with each data point. Data normalised to plastic conditions. Statistical sig-
nificance was assessed with a Kruskal-Wallis test as data was not normally distributed.
No significant differences were observed.
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4.3.5.1 Ca2+ transients of iPSC-CMs on stiffnesses using Optical mapping

Ca2+ dynamics of cells were assessed using optical mapping; iPSC-CMs on

substrates were incubated with a Fura-2 Ca2+ dye and analysed using Elec-

troMap software. iPSC-CMs on 20kPa PDMS showed significantly longer cal-

cium transient durations (CTD’s) at 30%, 50% and 80% reuptake compared to

130kPa PDMS (Figure 4.6). In addition, iPSC-CMs on 20kPa PDMS portrayed

significantly greater Ca2+ amplitude than iPSC-CMs on 130kPa PDMS, suggest-

ing greater Ca2+ cycling on soft substrates (Figure 4.7 A). iPSC-CMs on plastic

substrates had significantly longer time to peak compared to cells on 130kPa

PDMS (Figure 4.7 E) . No changes were identified in cycle length, beat rate and

CTD30/80 ratio in iPSC-CMs across stiffness conditions.
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Figure 4.6: Calcium transient durations of iPSC-CMs on 20kPa PDMS, 130kPa PDMS
and plastic stiffnesses
Ca2+ fluorescence heatmaps of day 25 iPSC-CMs on (A) 20kPa PDMS (B) 130kPa PDMS
(C) Plastic (D) CTD’s at 80% reuptake (E) 50% reuptake (F) 30% reuptake (G) Repre-
sentative Ca2+ transient curves from iPSC-CMs on different stiffnesses. Data presented
as mean ± SD. Each data point refers to data from 1 area of a dish recorded, with 1-3
different areas per dish of cells recorded per condition. 1-2 dishes of cells were used
per condition to prevent variability between dishes. This was conducted across a total
of n=6 batches of iPSC-CM differentiations to reduce any batch to batch variability. A
Kruskal-Wallis test of significance was conducted on all parameters except CTD80 and
CTD50, which were normally distributed and thus underwent statistical analysis using a
one-way ANOVA test with Tukey’s multiple comparisons post hoc test. Significance was
determined as p <0.05 (*), < 0.001 (***).

100



CHAPTER 4. MOLECULAR AND CELLULAR CHARACTERISATION OF IPSC-CMS
ON PHYSIOLOGICAL SUBSTRATE STIFFNESSES

Figure 4.7: Ca2+ optical mapping output parameters of iPSC-CMs on 20kPa PDMS,
130kPa PDMS and plastic stiffnesses
Ca2+ optical mapping parameters on day 25 iPSC-CMs analysed using ElectroMap soft-
ware. (A) Ca2+ amplitude (B) CTD30/80 ratio (C) Beat rate calculated using cycle lengths
(D) Transient cycle length (E) Time taken to reach peak of Ca2+ transient. Data presented
as mean ± SD. Each data point refers to data from 1 area of a dish recorded, with 1-3
different areas per dish of cells recorded per condition. 1-2 dishes of cells were used per
condition to prevent variability between dishes. This was conducted across a total of n=6
batches of iPSC-CM differentiations to reduce any batch to batch variability. A Kruskal-
Wallis test of significance was conducted on all parameters as data was not normally
distributed. Significance was determined as p <0.05 (*), <0.01 (**).

4.3.6 Ion channel transcripts of iPSC-CMs on substrates

To further investigate changes in Ca2+, the expression of ion channels linked

to Ca2+ transport in iPSC-CMs was assessed using qPCR. Transcript levels of
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ATP2A2, encoding for SERCA were not significantly different across conditions

(Figure 4.8 A). A trend towards increased RYR2 expression was identified on

20kPa PDMS compared to iPSC-CMs cultured on other substrates, although not

significant (Figure 4.8 B). PLN expression, encoding for phospholamban, was sig-

nificantly increased in iPSC-CMs on plastic compared to 130kPa PDMS (Figure

4.8C). Similarly, a trend towards increased SLC8A1 expression on 20kPa PDMS

compared to 130kPa PDMS and plastic was observed, although not significant

(Figure 4.8 D). No significant differences were identified in transcript levels of

SLC8A2 and SLC8A3 across substrates, encoding for sodium-calcium exchanger

2 and 3 respectively (Figure 4.8 E&F). L-type voltage gated calcium channels

Cav1.2 (CACNA1C), Cav1.3 (CACNA1D) and 1.4 (CACNA1F ) displayed a trend

of slightly lower expression on plastic compared to 20kPa PDMS, although not

significant (Figure 4.8 G-I).
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Figure 4.8: Transcript expression of Ion channels involved in Ca2+ handling in iPSC-
CMs on 20kPa PDMS, 130kPa PDMS and plastic
Day 25 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and plastic stiffnesses. Ion
channel gene expression of (A) ATP2A2/SERCA (B) RYR2 (C) PLN (D) SLC8A1 en-
coding for NCX1 (E) SLC8A2 encoding for NCX2 (F) SLC8A3 encoding for NCX3 (G)
CACNA1C, encoding for Cav1.2 (H) CACNA1D encoding for Cav1.3 (I) CACNA1F en-
coding for Cav1.4. Data were normalised to GAPDH and plotted as mean ± SD. Each
data point refers to 1 well of cells per condition plated as 3 technical replicates. This was
conducted across a total of n=6 batches of iPSC-CM differentiations to capture batch to
batch variability. Statistical significance was assessed with a Kruskal-Wallis test as data
was not normally distributed. Significance was determined as p < 0.001 (***).
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4.3.7 SERCA protein expression of iPSC-CMs on substrates

SERCA protein expression was further assessed using western blotting. Al-

though no significant changes were identified, a trend towards decreased SERCA

expression on plastic was found compared to both softer substrates of 20kPa and

130kPa PDMS (Figure 4.9).

Figure 4.9: Western blot protein expression and quantification of SERCA on stiff-
nesses
(A) Western blot of SERCA and GAPDH protein expression from iPSC-CMs plated on
20kPa PDMS, 130kPa PDMS and plastic. (B) SERCA quantification of data normalised
to GAPDH expression. Data presented as mean ± SD. Each data point refers to 1 well of
cells per condition, across a total of n=4 batches of iPSC-CM differentiations. Statistical
significance was assessed with a Kruskal-Wallis test as data was not normally distributed.
No significant differences were observed.
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4.4 Discussion

This chapter aimed to investigate whether the stiffness of the ECM altered sar-

comeric structure and maturity of iPSC-CMs. Replicating physiological conditions

of stiffness using PDMS rather than using cell culture plastics, which do not mimic

healthy heart stiffnesses, may uncover disease phenotypes of iPSC-CMs, thus

may not act as representative cells. iPSC-CMs on softer physiological substrates

exhibited greater expression of cardiac maturity markers compared to stiffer sub-

strates. Increased CTD’s and Ca2+ amplitude of iPSC-CMs cultured on softer

20kPa substrates further indicates ECM stiffnesses can impact functional matu-

rity. The alterations in maturity and structure of iPSC-CMs may consequently

impact contractility of cells.

4.4.1 Transcript expression of cardiac maturity markers

To determine whether generated iPSC-CMs had undergone successful differenti-

ation into ventricular CMs, transcript expression of cardiac maturity markers were

investigated over time. The time point investigation also highlighted appropriate

time points of cardiac maturity at which to use iPSC-CMs.

4.4.1.1 Cardiac transcript expression between days 20-30 of differentiation

Myofibrillar maturation in ventricular CMs is characterised by isoform switching of

MYH6 to MYH7, and MYL7 to MYL2, reflecting the changes from foetal to adult

human iPSC-CM phenotypes [229], [230]. The ventricular specificity of iPSC-

CMs was therefore demonstrated by an increase in MYH7 and MYL2 transcript
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expression between days 20-30, indicating successful differentiation. This further

corresponded to the decrease in the atrial marker, MYH6 between these time-

points. The ratio of MYH7/MYH6 and MYL2/MYL7 acted as indicators of CM ma-

turity, highlighting isoform switching. The significant upregulation of both ratios

further highlighted an increase in iPSC-CM maturity and transition to adult CM

phenotype between days 20-30 of differentiation. Consistent expression of car-

diac troponin T confirmed the cardiac nature of the cells. As increased expression

of cardiac maturity markers in iPSC-CMs occurred after day 20, iPSC-CMs from

day 25-day 30 were primarily used for subsequent experiments.

4.4.1.2 iPSC-CMs exhibit cardiac maturity on PDMS stiffnesses

The cardiac maturity of iPSC-CMs on PDMS hydrogels of varying stiffnesses, rep-

resenting healthy, fibrotic, and plastic/glass conditions was investigated at multi-

ple levels. iPSC-CMs on softer 20kPa PDMS gels, representative of a healthy

ECM displayed greater cardiac maturity, with increased transcript expression of

MYH7/MYH6 ratios, as well as MYL2/MYL7 ratios compared to stiffer plastic con-

ditions, confirming isoform switching to adult CM phenotypes [230]. Furthermore,

increased MYH7 and MYL2 expression in iPSC-CMs on 20kPa PDMS compared

to stiffer substrates further reinforces enhanced maturity and isoform switching on

softer physiological substrates. This finding is consistent with literature showing

physiological PDMS stiffnesses can induce maturation of iPSC-CM [231]. Addi-

tionally, cardiac marker ACTN2 and ventricular marker MLC-2v were expressed

at protein level in iPSC-CMs on all substrates, confirming the cardiac model used
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displayed adult ventricular CM markers [232].

4.4.1.3 Sarcomere organisation of iPSC-CMs differs with stiffness

iPSC-CM structure was significantly altered with substrate stiffness, with softer

substrates inducing greater structural organisation and alignment of α-actinin in

the sarcomeres. It is widely known that structural organisation of sarcomeres

acts as a driver of cardiac maturation, with organised sarcomeres in CMs dis-

playing stronger, coordinated contractions [229] [233]. The clear disorganisation

and lack of α-actinin arrangement in iPSC-CMs on stiffer substrates corresponds

with the lack of maturity observed at transcript level, further supporting the use of

softer substrates as a maturation strategy for iPSC-CMs. This is consistent with

other studies which have shown substrate stiffness can affect the structural en-

hancement of iPSC-CMs [234] [235]. The combined benefit of softer substrates

for physiological relevance as well as iPSC-CM maturation is therefore of impor-

tance.

Sarcomere lengths also act as an indicator of maturity, with adult mature

CMs typically having sarcomere lengths of approximately 2µm, whereas imma-

ture CMs had shorter sarcomeres of between 1.6µm and 1.8µm [236]. Consis-

tent with the literature [235], iPSC-CMs on 20kPa PDMS substrates have longer

sarcomere lengths of approximately 2.2µm compared to iPSC-CMs on 130kPa

PDMS, suggesting stiffer substrates alter CM structural maturity. Interestingly,

iPSC-CMs on glass in this instance exhibited sarcomere lengths typical of ma-

ture adult CMs; indicating the α-actinin organisation of these sarcomeres may
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be disrupted on stiffnesses more so than the length of sarcomeres. The disor-

ganisation of sarcomere and myofibrils on stiffer substrates has been previously

demonstrated to decrease mechanical output of iPSC-CMs, thus is consistent

with the trend of reduced force of contraction observed on stiff substrates [237].

4.4.2 Substrate stiffness does not significantly alter contractility of iPSC-CMs

As iPSC-CMs on softer substrates display increased maturity and sarcomere

alignment, contractility of CMs was hypothesised to be affected as sarcomeres

are the contractile units of CMs. Suprisingly, no significant differences in contrac-

tility were observed, although a trend towards increased contractility of iPSC-CMs

were displayed on 20kPa PDMS compared to stiffer substrates. The lack of sig-

nificant differences may be due to batch variability of iPSC-CMs, displayed by the

large variation in the data.

Studies propose iPSC-CMs cultured on softer ECM substrates when com-

pared to stiffer substrates such as glass, have increased contractility and greater

synchronization [238]. Furthermore, studies have demonstrated stiffer substrates

can decrease CTD’s and amplitude [239], thus reducing contractility of CMs. The

decreased contractility of iPSC-CMs on stiffer substrates has been linked to the

immature nature of iPSC-CMs producing less efficient forces, as they lack the

cellular machinery to adequately produce force [240]. ECM stiffness can also

potentially impact contractility through changes in cytoskeletal organisation, as

microtubules play a role in modulating CMs against external shear stress [241].
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4.4.3 Stiffness of ECM alters Ca2+ handling dynamics of iPSC-CMs

Contractility of CMs is heavily regulated by intracellular Ca2+, with alterations

in Ca2+ signalling leading to cardiac dysfunction and arrhythmia [242]. In addi-

tion, CM development and maturity are strongly linked to Ca2+ handling dynamics

[243]. Substrate stiffness and ECM environments can therefore largely impact

functional properties of CMs via alterations in Ca2+.

4.4.3.1 Softer substrates induce longer Ca2+ transient durations

Increased CTD’s were identified at all points of reuptake on softer 20kPa sub-

strates compared to 130kPa PDMS substrates, which is reflective of the increased

maturity of iPSC-CMs. Increased maturity of iPSC-CMs on PDMS has been

proposed to push cells towards mature excitation-contraction coupling, improved

contractile mechanics, and electrophysiological maturation [225], [244]. Literature

also supports the data, as longer action potentials and changes in Ca2+ kinetics

were found in iPSC-CMs on physiological stiffnesses [245].

Potential mechanisms of increased maturation and consequent prolongation

of Ca2+ transients may be linked to the improved organisation and alignment of

RYR2 in iPSC-CMs on softer substrates; the distribution of RYR2 in iPSC-CMs

on glass surfaces have been displayed as punctuate and immaturely distributed

[246]. The trend towards increased RYR2 transcript expression on 20kPa PDMS

compared to stiffer substrates further indicates a link between alterations in RYR2

with ECM stiffness.

Decreased CTD’s and Ca2+ amplitude on stiffer substrates may be due to the
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increased stiffness of the surface inhibiting contraction of iPSC-CMs due to rigidity

[247], leading to shorter contractions, whereas CMs on softer flexible surfaces

were able to pull against the material, leading to higher transient durations and

amplitude.

No changes in Ca2+ extrusion were identified in iPSC-CMs with stiffnesses,

suggesting the changes identified in transients could be due to changes in entry

of Ca2+ into the cell and SR. The lack of differences in beat rate in cells across

substrates further supports the changes in Ca2+ dynamics were due to substrate

stiffnesses rather than differences in contraction rate.

4.4.3.2 Substrate stiffnesses and Ca2+ channel expression of iPSC-CMs

The effect of substrate stiffness on SERCA2a expression was investigated, as

SERCA2a relocalisation has been associated with changes in mechanotrans-

duction [248]. Transcript expression of ATP2A2 did not show any differences in

iPSC-CMs across stiffnesses, whereas a trend of increased protein expression of

SERCA was observed on 20kPa PDMS compared to stiffer substrates, although

not significantly due to batch variability. The increase in SERCA expression may

correlate with the enhanced Ca2+ amplitude and prolonged CTDs observed on

softer substrates, as greater SERCA expression would enable greater Ca2+ up-

take and removal from the cytosol into the SR, thus leading to more efficient

excitation-contraction coupling [249].

PLN plays a key role in the regulation of Ca2+ handling, as it interacts with

SERCA2a in its dephosphorylated state, inhibiting activity and reducing the rate of
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Ca2+ uptake from the cytosol into the SR [250]. Significantly increased transcript

expression of PLN in iPSC-CMs on plastic compared to softer substrates may be

an attempt at cells compensating for the dysregulated contractile activity. The link

between substrate stiffness and PLN expression is further supported by literature,

indicating interactions occur between integrin linked kinases, SERCA2a and PLN

in a DCM model [251]. However, the phosphorylation state of PLN would need

to be investigated further to confirm how PLN is altering SERCA2a activity with

substrate stiffness.

No significant differences were observed in Ca2+ LTCC expression in iPSC-

CMs across conditions. Literature has shown substrate stiffness can cause struc-

tural remodelling and localisation of LTCC’s to RYR2, leading to greater electrical

coupling [246]. Alterations in the localisation of LTCC may therefore not lead to

changes in levels of transcript expression. The lack of change in LTCC expression

with stiffness is also reflected in literature, which found stiffness-related changes

in Ca2+ currents of rat CMs were not due to changes in expression of the α subunit

of LTCC [245].

ECM stiffnesses did not appear to largely alter transcript expression of NCX

exchangers in iPSC-CMs, which may be consistent with the lack of changes ob-

served in Ca2+ extrusion. In addition, iPSC-CMs in long term cultures have been

shown to lack expression of ion channels compared to adult CMs, highlighting the

potential immaturity of Ca2+ handling development [252], [253].
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4.5 Use of softer substrates for iPSC-CMs

Overall, the data indicates softer substrates are effective for maturation of iPSC-

CMs, with increased expression of cardiac maturation transcripts and increased

structural sarcomeric organisation compared to culture on plastics. The improved

structural organisation of CMs on softer substrates may also alter the contractility

of CMs, demonstrated by the increased trend of greater contraction amplitude and

contraction duration. Enhanced maturation of iPSC-CMs also altered Ca2+ dy-

namics in iPSC-CMs between 20kPa and 130kPa PDMS substrates and plastics,

further demonstrating the effectiveness of softer substrates for analysing electro-

physiological changes. Softer substrates are therefore an effective strategy for

overcoming a key limitation of iPSC-CMs, their structural and electrophysiological

immaturity. The enhanced maturity of iPSC-CMs cultured on softer substrates

can consequently influence iPSC-CM function, thus providing data of a more rep-

resentative and physiological nature.

4.6 Limitations

Batch to batch variability of iPSC-CMs can be observed in the data shown, with

variation often seen within the same batch between wells. This was overcome by

using multiple batches of iPSC-CMs for experiments. Contractility data obtained

using MuscleMotion also suffers from several limitations. Videos of contractil-

ity were taken in a room with no control over temperature, therefore interrupting

sounds or vibrations such as doors opening and closing may have impacted the

quality of recordings. The lack of a controlled environment whilst recording there-
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fore may have affected the beat rate of iPSC-CMs. Furthermore, the time taken

to collect contractility recordings of individual wells within a plate led to iPSC-CMs

being out of temperature controlled incubators for extended periods of time, there-

fore visibly altering contractility. To mitigate this, recordings of individual wells

within a plate were taken one at a time, and the plate was returned to the incu-

bator after each well to stabilise contractility of iPSC-CMs before being removed

from the incubator for the next recording.

Additionally, substrate anisotropy, referring to the directionality and topogra-

phy of substrates, such as microgrooves and ridges [254] were not investigated

in these experiments. The anisotropy of scaffolds iPSC-CMs are cultured on

have been shown to alter several properties of iPSC-CMs, as they can elongate

and align according to the direction of the anisotropic feature [255]. Sarcomere

length, cardiac marker expression and contractility of iPSC-CMs can be altered

with anisotropy [256]. The isotropic nature of PDMS substrates therefore may

also have influenced the molecular characterisation of iPSC-CMs.

4.7 Conclusion

This chapter has demonstrated substrate stiffnesses representative of changes

in the ECM can impact iPSC-CM structure and function of cells. iPSC-CMs on

softer ECM stiffnesses similar to physiological healthy adult myocardium express

higher levels of cardiac transcript maturity markers, improved sarcomeric align-

ment and thus CM structure. Consequently, softer substrates lead to increased

CTD’s and altered Ca2+ dynamics, further highlighting the beneficial effect of
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softer substrates for iPSC-CM functional maturity. iPSC-CMs on stiffer substrates

of 130kPa PDMS exhibited dysregulation in iPSC-CM structure and Ca2+ han-

dling dynamics, relative to 20kPa PDMS, thus diplaying phenotypes similiar to

that of CMs in disease conditions. Glass/plastic stiffnesses were also sufficient in

displaying diseased states of iPSC-CMs, indicating substrates mimicking physio-

logical stiffnesses can improve the performance of iPSC-CMs, further highlighting

the importance of ECM environments on iPSC-CM function.
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Chapter 5

Metabolic characterisation of iPSC-cardiomyocytes on

substrates

5.1 Introduction

As outlined in Chapter 4, ECM stiffnesses can influence maturation state of iPSC-

CMs, with alterations in sarcomere organisation, Ca2+ dynamics and contractility.

There are significant amounts of literature showing physiological stiffnesses can

induce maturation of iPSC-CMs [246], [237]. Consequently, structural changes

and maturation of iPSC-CMs can alter the metabolic function of mitochondria and

cells, which are particularly important for CM contractility and maintaining high

energetic demand [257]. Under normoxic conditions, a healthy adult heart obtains

95% of its ATP production from oxidative phosphorylation, with the remaining 5%

coming from glycolysis and the TCA cycle [40]. Impaired bioenergetics can have

a detrimental impact on cardiac function and ATP production, often leading to

contractile dysfunction, followed by cardiomyopathies and heart failure [258].

During cardiac development, there is a significant switch in substrate utilisa-

tion; foetal hearts show a greater preference for utilisation of glucose, lactate and
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pyruvate, whereas adult hearts rely on fatty acids as their primary source of fuel

for oxidative phosphorylation [259]. In the diseased or aged heart, there is a

reduction in myocardial lipid metabolism and relative increase in anaerobic gly-

colysis, known as the Randle cycle [260]. These changes are reflected in CMs;

mature CMs primarily use fatty acids as their source of energy and rely on trans-

port of fatty acids into the cell, such as long chain fatty acids via CD36 [261].

The balance between fatty acid uptake and oxidation is tightly regulated. In aged

hearts, imbalances can often occur, due to decreased fatty acid oxidation with an

accumulation of free fatty acids, subsequently leading to increased ROS produc-

tion and lipotoxicity [262].

The shift in metabolic substrate with ageing and disease in hearts is well es-

tablished, but it is unknown whether the shift in metabolism is associated with

stiffening of the ECM, which occurs through fibrosis and ECM deposition. As

CMs play a significant role in cardiac metabolism, modelling physiological condi-

tions of the ECM and investigating changes in iPSC-CMs on these substrates can

help elucidate molecular mechanisms through which stiffness may alter metabolic

regulation.

5.2 Hypothesis and Aims

The main objective of this chapter was to investigate whether the shift in metabolic

substrate utilisation that occurs with ageing and cardiac disease correlates with

changes in the stiffness of the ECM, modelled by iPSC-CMs cultured on PDMS

hydrogels of 20kPa PDMS, 130kPa PDMS and plastic (1-25GPa).
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Stiffer substrates of 130kPa PDMS and plastic, representing ageing and dis-

ease were hypothesised to shift metabolism of iPSC-CMs towards a glycolytic

foetal phenotype, whereas softer substrates of 20kPa PDMS, representing healthy

physiological ECM were hypothesised to show preferences towards lipid metabolism.

Metabolism of iPSC-CMs on different substrate stiffnesses were therefore as-

sessed by several aspects.

The hypothesis for this chapter were tested through the following aims:

1. To determine whether substrate stiffness can alter metabolic source of iPSC-

CMs with fatty acid treatment using [U-13C]-glucose labelled mass spec-

trometry.

2. To determine whether the ECM stiffness alters cellular functional metabolism

using Seahorse cellular energetics assays.

3. To assess how culture of iPSC-CM on healthy and fibrotic substrate stiff-

nesses can impact metabolic protein levels using proteomics.

4. To perform molecular characterisation of metabolic changes in iPSC-CMs

by assessing whether substrate stiffness affects transcript and protein levels

of key metabolic genes.

5.3 Results

5.3.1 Fatty acid treated iPSC-CMs

In order to investigate the metabolic preference of iPSC-CMs, iPSC-CMs were

supplemented with OA and PA to provide the cells with options for metabolic sub-
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strates, specifically for mass spectrometry experiments. Fatty acid supplementa-

tion was not used for all experiments, to ensure the effect of substrate stiffness

was the primary variable influencing results.

5.3.1.1 Confirmation of uptake of fatty acids in iPSC-CMs

To determine the uptake of oleic acid (OA) and palmitic acid (PA) by iPSC-CMs,

confocal microscopy was conducted using BODIPY C16 dye, both with and with-

out L-carnitine supplementation. L-carnitine is typically used for transporting

long chain fatty acids across the inner mitochondrial membrane [71]. iPSC-CMs

treated with a combination of 100 µm (OA) and 50 µm PA, both with and without

additional 200 µm L-carnitine had increased lipid droplets (Figure 5.1 A&B). Cells

with no fatty acid treatment had no lipid droplets (Figure 5.1C).
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Figure 5.1: Confocal microscopy images of fatty acid droplets in iPSC-CMs
(A) Representative confocal images of iPSC-CMs treated with 200 µm L-carnitine, 100
µm OA and 50 µm PA. Cells stained with a BODIPY FL C16 dye (green). Fatty acids
were conjugated with BSA (B) Images of iPSC-CMs treated with 100 µm OA, 50 µm PA
and BODIPY FL C16 dye (green).(C) Images of iPSC-CMs with no fatty acid treatment,
treatment with BSA conjugated with BODIPY FL C16 dye (green) as control. Lipid droplets
indicated by white arrows. Images taken at 100x magnification, 5-6 images taken per well,
n=1 batch, 1-2 wells per condition.
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5.3.1.2 Transcript expression of metabolic gene targets with fatty acid sup-

plementation

To investigate whether fatty acid related gene transcript levels were affected by

fatty acid supplementation, qPCR was conducted on mRNA extracted from iPSC-

CMs cultured in control conditions or a combination of 100 µm OA and 50 µm PA

treatment, with and without additional 200 µm L-carnitine (Figure 5.2). No signif-

icant changes were seen in perilipin 2 (PLIN2) or perilipin 5 (PLIN5) expression,

which are responsible for encoding proteins that integrate into the outer surface of

lipid droplets. A significant increase in carnitine palmitoyltransferase 1B (CTP1B)

transcript expression was observed in cells treated with L-carnitine, OA and PA

compared to those without L-carnitine (p < 0.05). Significant increases in CD36

transcript expression, a fatty acid transporter gene identified in OA + PA treated

iPSC-CMs compared to untreated (p< 0.05). Pyruvate dehydrogenase kinase 4

(PDK4), involved in pyruvate dehydrogenase complex (PDC) regulation, had sig-

nificantly increased expression in OA +PA treated cells compared to controls (p <

0.05). No significant changes were observed in PPAR isoforms across conditions.
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Figure 5.2: qPCR gene transcript levels of metabolic genes in fatty acid treated
iPSC-CMs
iPSC-CMs treated with 100µm OA, 50µm PA and 200µm L-carnitine (A) PLIN2 transcript
levels. (B) PLIN5 transcript levels (C) CPT1B transcript levels. (D) CD36 transcript levels.
(E) PPARα transcript levels. (F) PPARδ transcript levels. (G) PPARγ transcript levels. (H)
PDK4 transcript levels. Data presented as mean ± SD. Each data point refers to 1 well
of cells plated from 1 technical repeat, with a total of n=2 batches of differentiated iPSC-
CMs. Low sample numbers were conducted as this was a preliminary test to observe
changes with FA supplementation. Statistical significance was assessed with a Kruskal-
Wallis test as data was not normally distributed, with p values determined as <0.05 (*).
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5.3.2 [U-13C]-glucose Isotope labelled mass spectrometry

Figure 5.3: Mass spectrometry iPSC-CM experiment plan
Experiment plan and treatment of iPSC-CMs with fatty acids. iPSC’s were differentiated
into iPSC-CMs and split onto hydrogels of different stiffnesses. Day 15 iPSC-CMs were
supplemented with 100µm OA and 50µm PA for a period of 10 days. Isotope labelled glu-
cose was incubated with iPSC-CMs for 48 hours before undergoing metabolite extraction
and sample derivatisation, and ran on a GC-MS.

Stable isotope-enriched nutrients were incubated with iPSC-CMs and their incor-

poration into cellular metabolite was used to examine the metabolism of iPSC-

CMs on different substrates. iPSC-CMs were supplemented with 50µm PA and

100µm OA. [U-13C]-glucose was added to iPSC-CMs on different substrates and

tracked through central carbon metabolism. The percentage of [U-13C]-glucose

converted into pyruvate (M+3) was significantly higher in iPSC-CMs on plastic

compared to 20kPa PDMS (71% compared to 64%) (Figure 5.4). Similar trends

were seen in the amount of [U-13C]-glucose converted into lactate (M+3); the

percentage of labelled glucose was significantly higher in iPSC-CMs on plastic

compared to 20kPa PDMS (p<0.01) and 130kPa PDMS (p<0.05) (Figure 5.5).

M0, referring to unlabelled carbons from glucose forming pyruvate, was signif-

icantly higher in 20kPa PDMS than plastic. Significant changes in the amount

of unlabelled glucose forming lactate was also significantly increased on 20kPa
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PDMS and 130kPa PDMS compared to plastic.

To investigate whether the entry of [U-13C]-glucose was altered in TCA cycle,

metabolites in the TCA cycle were assessed. The percentage of [U-13C]-glucose

in acetyl-coA converted into citrate (M+2 isotopologue) showed no significant dif-

ferences in iPSC-CMs across substrates (Figure 5.6). Significant differences in

the proportion of glucose incorporation into citrate (M+4 and M+5 isotopologues)

may reflect the increased entry of carbons through carboxylation of pyruvate

alongside through acetyl-coA. The same patterns of glucose labelling were ob-

served in a different fragment observed for citrate (Citrate591).

Total abundance of metabolites in iPSC-CMs across substrates were also

assessed (Figure 5.7). Despite no significant changes in the total amount of

metabolites, a trend towards increased amounts of pyruvate, lactate and citrate

were observed in iPSC-CMs cultured on plastic compared to softer PDMS sub-

strates.
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Figure 5.4: [U-13C]-glucose labelling in pyruvate in iPSC-CMs on 20kPa PDMS,
130kPa PDMS and plastic using isotope labelled mass spectrometry
Percentage of labelled [U-13C]-glucose in pyruvate from metabolites extracted from day
27 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and plastic. M0 refers to pyruvate
with 0 carbons coming from the supplemented labelled glucose, M1 refers to pyruvate
with 1 carbon coming from labelled glucose, M2 refers to pyruvate with 2 carbons coming
from labelled glucose and M3 refers to all 3 carbons in pyruvate coming from labelled glu-
cose through glycolysis, as shown in the key. Data presented as mean ± SD. Each data
point refers to 1 well from 1 batch of iPSC-CMs, with a total of n=3 batches of differenti-
ations per condition. Data normalised to cell number from plates differentiated in parallel
under same conditions. Statistical significance was assessed with a 2way ANOVA test as
data was normally distributed, with p values determined as < 0.01 (**).
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Figure 5.5: [U-13C]-glucose labelling in lactate in iPSC-CMs on 20kPa PDMS, 130kPa
PDMS and plastic using isotope labelled mass spectrometry
Percentage of labelled [U-13C]-glucose incorporated into lactate from metabolites ex-
tracted from day 27 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and plastic.
M0 refers to lactate with 0 carbons coming from the supplemented labelled glucose, M1
refers to lactate with 1 carbon coming from labelled glucose, M2 refers to lactate with 2
carbons coming from labelled glucose and M3 refers to all 3 carbons in lactate coming
from labelled glucose through glycolysis, as shown in the key. Data presented as mean
± SD. Each data point refers to 1 well from 1 batch of iPSC-CMs, with a total of n=3
batches of differentiations per condition. Data normalised to cell number from plates dif-
ferentiated in parallel under same conditions. Statistical significance was assessed with
a 2way ANOVA test as data was normally distributed, with p values determined as < 0.05
(*), < 0.01 (**).
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Figure 5.6: [U-13C]-glucose labelling in citrate in iPSC-CMs on 20kPa PDMS, 130kPa
PDMS and plastic using isotope labelled mass spectrometry
Percentage of labelled [U-13C]-glucose in (A) Citrate459 and (B) Citrate591 from metabo-
lites extracted from day 27 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and plas-
tic. M0 refers to citrate with 0 carbons coming from the supplemented labelled glucose,
M1 refers to citrate with 1 carbon coming from labelled glucose. After 1 turn of the TCA
cycle, 2 labelled carbons from acetyl-CoA derived from labelled glucose would be incor-
porated into citrate, known as M2. M3 refers to 3 carbons in citrate coming from labelled
glucose, as shown in the key. The presence of M4 and M5 labelled carbons in citrate in-
dicate citrate was formed from acetyl-CoA derived from labelled glucose. Data presented
as mean ± SD. Each data point refers to 1 well from 1 batch of iPSC-CMs, with a total of
n=3 batches of differentiations per condition. Statistical significance was assessed with a
2way ANOVA test as data was normally distributed, with p values determined as < 0.01
(**).
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Figure 5.7: Total abundance of polar metabolites from iPSC-CMs on 20kPa PDMS,
130kPa PDMS and plastic using isotope labelled mass spectrometry
Day 27 iPSC-CMs cultured on 20kPa PDMS, 130kPa PDMS and plastic. (A) Pyruvate
abundance (B) Lactate abundance (C) Citrate 459 abundance (D) Citrate 591 abundance.
Data presented as mean ± SD. Each data point refers to 1 well from 1 batch of iPSC-
CMs, with a total of n=3 batches of differentiations per condition. Data normalised to cell
number from plates differentiated in parallel under same conditions. Statistical signifi-
cance was assessed with a one way ANOVA test as data was normally distributed. No
significant differences were observed.
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5.3.3 Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR)

of iPSC-CMs on different substrates

Seahorse Cell Mito-Stress test assays were conducted on day 25 iPSC-CMs

plated on 20kPa PDMS, 130kPa PDMS and plastic to investigate mitochondrial

respiration in cells. OCR refers to the amount of oxygen consumed by the cells

as measured through changes in concentration of dissolved oxygen and free pro-

tons observed in the extracellular media. OCR of iPSC-CMs on different sub-

strates were not significantly different, although a slight increased trend of OCR

was identified on both PDMS substrates compared to plastic (Figure 5.8 A & B).

ECAR refers to changes in the pH of the media, which is mainly due to lactic

acid production as a result of glycolysis. iPSC-CMs on plastic have a significantly

higher ECAR compared to both 20kPa (p < 0.001) and 130kPa PDMS substrates

(p < 0.0001), suggesting higher lactate production on stiff substrates (Figure 5.8

C & D).
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Figure 5.8: Oxygen consumption rate and extracellular acidification rate assessed
by Cell Mito-Stress Test Seahorse assay of day 25 iPSC-CMs
(A) Oxygen consumption rate (OCR) of iPSC-CMs plated on 20kPa PDMS, 130kPa
PDMS and plastic conditions using Seahorse assay. OCR measurements taken at basal
levels and after drug additions. (B) Quantification of OCR on 20kPa, 130kPa PDMS
and plastic conditions. (C) Extracellular acidification rate (ECAR) of iPSC-CMs plated
on 20kPa PDMS, 130kPa PDMS and plastic conditions using Seahorse assay. ECAR
measurements taken at basal levels and after drug additions. (D) Quantification of ECAR
on 20kPa, 130kPa PDMS and plastic conditions. Data normalised to protein levels of
cells. Values are presented as mean ± SD. Each data point refers to 16 well of cells
per condition per batch, conducted using an n=2 batches of iPSC-CMs differentiations.
Statistical significance was assessed with a Kruskal-Wallis test as data was not normally
distributed, with p values determined as < 0.001 (***), <0.0001 (****).

5.3.4 Metabolic parameters from Cell Mito-Stress Seahorse assay

Several parameters were obtained from the metabolic assay. Basal respiration

refers to the oxygen consumption used to meet the cellular ATP demand (Fig-
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ure 5.9). An increased trend of basal respiration was observed in iPSC-CMs on

20kPa PDMS compared to 130kPa PDMS and plastic (Figure 5.9 A). ATP-linked

respiration, a measure of respiration directly linked to ATP production, showed a

similar trend, with increased ATP-linked respiration on 20kPa PDMS compared

to other substrates (Figure 5.9 B). Maximal respiration refers to OCR observed

after uncoupling of the proton gradient from the ETC activity using the ionophore,

Bam15 thus allowing maximal respiratory capacity. No significant differences

were observed in maximal respiration across conditions (Figure 5.9 C). Proton

leak refers to the remaining portion of basal respiration not linked to ATP produc-

tion. Proton leak was significantly increased on iPSC-CMs on plastic (p < 0.05)

compared to 20kPa PDMS (Figure 5.9 D). Spare respiratory capacity refers to

the capability of a cell to respond to energetic demand, often an indicator of cell

fitness. No significant differences were observed in spare respiratory capacity

in iPSC-CMs on different substrates. Non-mitochondrial respiration refers to the

OCR after the addition of rotenone/antimycin A, which shuts down mitochondrial

respiration. No significant differences were found in non-mitochondrial respiration

across substrates (Figure 5.9 F).
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Figure 5.9: Seahorse Cell Mito-Stress Test parameters of day 25 iPSC-CMs
(A) Basal respiration of iPSC-CMs plated on 20kPa PDMS, 130kPa PDMS and Plastic
conditions. (B) ATP-linked respiration measurements (C) Maximal respiration (D) Proton
leak (E) Spare respiratory capacity (F) Non-mitochondrial respiration. Data normalised
to total protein quantity of cells. Values are presented as mean ± SD. Each data point
refers to 7-10 wells of cells per condition per batch, conducted using an n=2 batches of
iPSC-CMs differentiations. Statistical significance was assessed with a Kruskal-Wallis
test as data was not normally distributed, with p values determined as < 0.05 (*).

5.3.5 Proteomics analysis of iPSC-CMs on 20kPa PDMS, 130kPa PDMS and Plas-

tic

Proteomics was conducted using liquid chromatography mass spectrometry (LC-

MS) to identify differentially expressed proteins in iPSC-CMs cultured on 20kPa

PDMS, 130kPa PDMS and plastic substrates. 858 proteins were identified in total

before proteins were identified as differentially expressed when the fold change
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threshold was set to >1.5, with few proteins reaching both the fold change criteria

and statistical significance adjusted p value threshold (<0.05).

5.3.5.1 Plastic vs 130kPa PDMS

Comparison between iPSC-CMs on plastic and 130kPa PDMS highlighted 6 pro-

teins of interest, with 1 protein displaying differential expression at both fold change

and statistical thresholds (Figure 5.10). Serine protease (HTRA1) was identified

as significantly downregulated in iPSC-CMs on plastic, with an adjusted p value

of 0.004 and log fold change of -0.75 (Table 5.1).

132



CHAPTER 5. METABOLIC CHARACTERISATION OF IPSC-CARDIOMYOCYTES
ON SUBSTRATES

Figure 5.10: Volcano plot of proteomics data of iPSC-CMs on plastic compared to
130kPa PDMS at day 25
On the x axis, 0 indicates no change in protein expression, dots to the right show up-
regulation of proteins, whereas dots to the left indicate downregulation of proteins. The
solid grey line at 1.3 FDR refers to a significance threshold, adjusted p value of 0.05. The
dashed grey line refers to log fold change threshold values of > 1.5x control. Blue dots
refer to proteins that have a p value of < 0.05, but do not have a fold change of greater
than 1.5x. Red dots refer to proteins that are significantly differentially expressed com-
pared to control (p < 0.05) and greater than 1.5x fold change. Data was obtained from 1
well of cells per condition across N=4 batches of iPSC-CM differentiations.
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Table 5.1: Proteomics genes of interest in iPSC-CMs on plastic compared to 130kPa
PDMS at day 25

Gene descriptions and names of proteins with fold change values and adjusted p value.
Proteins listed were significant according to p value but may not have reached signifi-
cance according to log fold change. Statistical significance was determined as p value
<0.05, and log fold change of < or > 0.53 (equivalent to 1.5x fold change).

5.3.5.2 Plastic vs 20kPa PDMS

Comparisons between iPSC-CMs on plastic and 20kPa PDMS identified 4 pro-

teins of interest, all of which were significantly different according to adjusted p

values (<0.05) but did not meet the criteria for log fold change. Of these, 2 pro-

teins were involved in the ETC, acting as NADH dehydrogenase proteins which

play a role as part of complex I of the ETC (Table 5.2).
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Figure 5.11: Proteomics genes of interest in iPSC-CMs on plastic compared to
20kPa PDMS at day 25
0 indicates no change in protein expression, dots to the right show upregulation of pro-
teins, whereas dots to the left indicates downregulation of proteins. The solid grey line at
1.3 FDR refers to a significance threshold, p value of 0.05. The dashed grey line refers to
log fold change threshold values of > 1.5x control. Blue dots refer to proteins that have an
adjusted p value of < 0.05, but do not have a fold change of greater than 1.5x. Red dots
refer to proteins that are significantly different to control (p < 0.05) and greater than 1.5x
fold change. Data was obtained from 1 well of cells per condition across N=4 batches of
iPSC-CM differentiations.
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Table 5.2: Proteomics genes of interest in iPSC-CMs on plastic compared to 20kPa
PDMS at day 25

Gene descriptions and names of proteins with fold change values and adjusted p value.
Proteins listed were significant according to p value but may not have reached signifi-
cance according to log fold change. Statistical significance was determined as p value
<0.05, and log fold change of < or > 0.53 (equivalent to 1.5x fold change).

5.3.5.3 20kPa vs 130kPa PDMS

Comparisons between both PDMS substrates highlighted 6 proteins of interest, 1

of which was differentially downregulated on 20kPa PDMS; Hydroxyacyl-coenzyme

A dehydrogenase (HADH) (p<= 0.007 and -0.67 fold change). The other 5 pro-

teins reached significance in adjusted p values, but did not meet significant fold

change criteria (Table 5.3).
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Figure 5.12: Volcano plot of proteomics results of iPSC-CMs on 20kPa PDMS com-
pared to 130kPa PDMS at day 25
0 indicates no change in protein expression, dots to the right show upregulation of pro-
teins, whereas dots to the left indicate downregulation of proteins. The solid grey line at
1.3 FDR refers to a significance threshold, p value of 0.05. The dashed grey line refers to
log fold change threshold values of > 1.5x control. Blue dots refer to proteins that have
an adjusted p value of < 0.05, but do not have a fold change of greater than 1.5x. Red
dots refer to proteins that are significantly different to iPSC-CMs cultured on plastic (p
< 0.05) and greater than 1.5x fold change. Data was obtained from 1 well of cells per
condition across N=4 batches of iPSC-CM differentiations.
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Table 5.3: Proteomics genes of interest in iPSC-CMs on 20kPa PDMS compared to
130kPa PDMS at day 25

Gene descriptions and names of proteins with fold change values and adjusted p value.
Proteins listed were significant according to p value but may not have reached signifi-
cance according to log fold change. Statistical significance was determined as adjusted
p value <0.05, and log fold change of < or > 0.53 (equivalent to 1.5x fold change).

5.3.6 Transcript expression of metabolic genes in iPSC-CMs

The expression of key metabolic genes involved in glycolysis, HK2, hexokinase

2 and PFKM, 6-phosphofructokinase were assessed using qPCR (Fig 5.13). No

significant changes in HK2 or PFKM were seen in iPSC-CMs on PDMS sub-

strates (Fig 5.13 D & E). Genes involved in fatty acid oxidation were also in-

vestigated. Transcript levels of CD36, a fatty acid transporter had no significant

changes across conditions (Fig 5.13 A). CPT1B, carnitine palmitoyltransferase
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1B, responsible for the oxidation of long chain fatty acid β-oxidation pathway

showed no significant differences across conditions (Fig 5.13 B). PDK4, pyruvate

dehydrogenase 4, responsible for inhibiting the pyruvate dehydrogenase complex

and enhancing fatty acid oxidation displayed an increased trend of expression in

cells on 20kPa PDMS compared to plastic (Fig 5.13 C).

Figure 5.13: qPCR transcript expression profiles of metabolic genes in iPSC-CMs
on 20kPa PDMS, 130kPa PDMS and plastic stiffnesses
(A) CD36 transcript levels of day 25 iPSC-CMs plated on 20kPa PDMS, 130kPa PDMS
and plastic conditions. (B) CPT1B transcript levels (C) PDK4 transcript levels (D) HK2
transcript levels (E) PFKM transcript levels. Data has been normalised to TBP and made
relative to plastic. Values are presented as mean ± SD. Each data point refers to 1 well
of cells plated as 3 technical replicates, with a total of n=5 batches of differentiated iPSC-
CMs. Statistical significance was assessed with a Kruskal-Wallis test as data was not
normally distributed.
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5.3.6.1 Transcript expression levels of metabolic transcriptional regula-

tors in iPSC-CMs

Peroxisome proliferator-activated receptors (PPARs) function as transcription fac-

tors and regulate expression of genes involved in lipid and glucose metabolism.

No significant differences in PPARα or PPARγ expression levels were found in

iPSC-CMs on different substrates (Figure 5.14 A & C). A significant increase in

PPARδ expression was observed in iPSC-CMs on 20kPa PDMS compared to

plastic (p < 0.01) (Figure 5.14 B). PPARGC1A, PPARγ Coactivator 1 alpha regu-

lates the activity of PPARγ, showed no significant differences in expression across

conditions (Figure 5.14 D).
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Figure 5.14: qPCR transcript expression profiles of PPAR genes in iPSC-CMs on
20kPa PDMS, 130kPa PDMS and plastic stiffnesses
(A) PPARα transcript levels of day 25 iPSC-CMs plated on 20kPa PDMS, 130kPa PDMS
and Plastic conditions. (B) PPARδ transcript levels (C) PPARγ transcript levels (D)
PPARGC1A transcript levels. Data has been normalised to TBP and made relative to
plastic. Values are presented as mean ± SD. Each data point refers to 1 well of cells
plated as 3 technical replicates, with a total of n=5 batches of differentiated iPSC-CMs.
Statistical significance was assessed with a Kruskal-Wallis test as data was not normally
distributed, with p values determined as < 0.01 (**).
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5.3.6.2 Transcript expression levels of pyruvate dehydrogenase complex

genes in iPSC-CMs on substrates

The pyruvate dehydrogenase complex consists of 3 enzymes, pyruvate dehydro-

genase E1, (PDHA1), Dihydrolipoyl transacetylase E2 (DLAT ) and Dihydrolipoyl

dehydrogenase (DLD). No significant differences in PDHA1 or DLD transcript lev-

els were found across iPSC-CMs on substrates (Figure 5.15 A & C). A significant

increase in transcript levels of DLAT (p< 0.01) was identified in iPSC-CMs on

plastic compared to 130kPa PDMS (Figure 5.15 B).

Figure 5.15: qPCR transcript expression levels of pyruvate dehydrogenase com-
plex genes in iPSC-CMs on 20kPa PDMS, 130kPa PDMS and plastic stiffnesses
(A) PDHA1, pyruvate dehydrogenase E1 alpha subunit component transcript levels of
day 25 iPSC-CMs plated on 20kPa PDMS, 130kPa PDMS and Plastic conditions. (B)
DLAT, dihydrolipoyl transacetylase, known as the E2 component of PDH transcript levels
(C) DLD, dihydrolipoamide dehydrogenase known as the E3 component transcript levels.
Data has been normalised to GAPDH and made relative to plastic. Values are presented
as mean ± SD. Each data point refers to 1 well of cells plated as 3 technical replicates,
with a total of n=5 batches of differentiated iPSC-CMs. Statistical significance was as-
sessed with a Kruskal-Wallis test as data was not normally distributed, with p values
determined as < 0.01 (**).
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5.3.7 Protein expression levels of metabolic genes with western blotting

Western blotting of proteins was conducted to further validate changes in ex-

pression of metabolic genes (Figure 5.16). Consistent with the transcript levels,

PPARδ exhibited an increased trend of expression on 20kPa PDMS compared to

other substrates (Figure 5.16 A & B). PDK4 displayed the same trend as seen

at transcript level on a protein level, with increased expression on 20kPa PDMS

compared to 130kPa PDMS and plastic (Figure 5.16 C). Despite trends towards

increased expression on 20kPa PDMS, changes in PDHA1 on substrates were

not significant (Figure 5.16 D).
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Figure 5.16: Western blot protein expression and quantification of metabolic mark-
ers on stiffnesses
(A) Western blot of PPARδ, PDK4, PDHA1 and GAPDH protein expression from day 25
iPSC-CMs plated on 20kPa PDMS, 130kPa PDMS and plastic. (B) PPARδ quantification
of data normalised to GAPDH expression (C) PDK4 quantification of data normalised
to GAPDH. (D) PDHA1 quantification of data normalised to GAPDH. Data presented as
mean ± SD. Each data point refers to 1 well of cells per condition, across a total of
n=4 batches of iPSC-CM differentiations. Statistical significance was assessed with a
Kruskal-Wallis test as data was not normally distributed.

5.4 Discussion

This chapter aimed to characterise and reflect on the metabolic remodelling asso-

ciated with ageing and the stiffness of the ECM on iPSC-CMs. To further under-

stand whether the switch between fatty acid oxidation and glycolysis were linked
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to substrate stiffness, iPSC-CMs were cultured on 20kPa and 130kPa stiffnesses,

and a range of experiments were conducted to determine the metabolic state of

cells. iPSC-CMs on plastic substrates exhibited greater glycolytic metabolism

and anaerobic respiration, with upregulated lactate and pyruvate production both

at an intracellular and extracellular level. Consequently, substrate stiffnesses ap-

pear to significantly alter energetics of iPSC-CMs, highlighting how ECM stiffness

can contribute to heart failure and cardiac disease.

5.4.1 iPSC-CM profiles on 20kPa vs 130kPa PDMS substrates

iPSC-CMs cultured on 20kPa PDMS, representative of a healthy myocardium

demonstrated a healthier metabolic phenotype, with trends towards less lactic

acid production, slightly increased PPARδ expression at transcript and protein

level and trends of increased protein expression of genes such as PDK4 and

PDHA1 compared to iPSC-CMs cultured on stiffer 130kPa PDMS. These changes

may reflect the upregulation of genes involved in oxidative phosphorylation, and

the preference of using fatty acids as a primary source of energy production for

healthy CMs, therefore downregulating genes involved in glycolytic metabolism.

Although not significant, a trend towards slightly decreased basal respiration and

decreased ATP-linked respiration could further reflect the stressed disease state

of iPSC-CMs cultured on the stiffer 130kPa PDMS, demonstrating how stiffer sub-

strates can impact bioenergetics of iPSC-CMs. Despite some observed trends,

the metabolic profile of iPSC-CMs cultured on 130kPa did not always reflect the

expected disease state across all experiments, indicating that 130kPa PDMS
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may not be a sufficient stiffness to induce large metabolic changes. Substrates

with stiffnesses closer to plastic (GPa) may show greater metabolic differences in

iPSC-CMs.

5.4.2 Stiffer substrates shift iPSC-CMs towards glycolytic metabolism

In cardiac disease conditions associated with fibrosis, increased ECM deposition

leads to stiffening of the myocardium, with the heart reverting back to foetal-like

metabolism, primarily using glycolysis as the primary source of energy production

[263]. The potential link between changes in stiffness of the ECM and subsequent

change in metabolic source were unexplored. The upregulation of glycolytic ac-

tivity in iPSC-CMs on stiffer substrates therefore mimics disease conditions, sug-

gesting ECM stiffness may be linked to the switch in metabolism between healthy

and diseased hearts.

Cells have the ability to sense changes in the ECM and environment through

integrin receptors and change downstream signalling pathways such as cell pro-

liferation and survival. As metabolism provides energy for cell proliferation, the

stiffness of matrices can directly influence cell metabolism. This phenomenon

has been shown in cancer cells, where increased stiffness upregulates anaerobic

glycolysis in order to meet metabolic demands [264]. The switch in iPSC-CMs

to glycolysis on stiffer ECMs can also be linked to the disrupted organisation of

actomyosin cytoskeletal networks [265], which are also reflected in the disorgan-

isation of sarcomere structures of iPSC-CMs shown in Chapter 4.
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5.4.2.1 Glycolytic preference of iPSC-CMs determined by mass spectrom-

etry

iPSC-CMs cultured on stiffer substrates also demonstrated a shift towards gly-

colytic metabolism when assessed through intracellular metabolites. Significantly

higher levels of [U13C]-glucose utilised for pyruvate and lactate production were

identified in iPSC-CMs on plastics compared to softer substrates, indicating greater

levels of glycolysis, consistent with Seahorse data. Literature has shown iPSC-

CMs cultured in high glucose media labelled with [U13C]-glucose have high lac-

tate production and a high fraction of labelled glucose in lactate [266]. This is

consistent with data shown as despite the supplementation of media with OA and

PA, iPSC-CMs still demonstrated a preference for glycolysis on stiffer substrates.

Additionally, total metabolite levels of lactate and pyruvate on plastic compared

to PDMS substrates were higher, suggesting not only alterations in glucose utili-

sation, but also changes in metabolite usage with substrate stiffness. To further

characterise changes associated between stiffness and lactate production, the

activity and expression of lactate dehydrogenase could also be investigated.

5.4.2.2 Glycogen storage

A high level of unlabelled glucose was utilised in pyruvate and lactate produc-

tion across substrate stiffnesses, indicating iPSC-CMs may be utilising glycogen

stores. Glycogen can serve as a source for high energy demands, with similar

contributions of glycogen metabolism in failing hearts and healthy hearts [124].

Although iPSC-CMs have the ability to store glycogen, mature iPSC-CMs gener-
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ally have a lower capacity of glycogen storage [267], thus highlighting a general

metabolic immaturity of iPSC-CMs. However increased glycogen levels may still

be responsible for the high level of unlabelled glucose present in pyruvate, as

high lactate levels can cause increased glycogen synthesis [268]. The high lactic

acid production observed in iPSC-CMs from the Seahorse data may contribute to

increased glycogen stores in iPSC-CMs and thus unlabelled glucose.

5.4.3 Increased glycolytic metabolism characterisation using Seahorse assay

A key characterisation of the effect of substrate stiffness on iPSC-CMs was the

significant shift in metabolic sources to meet energetic demands. In ageing and

failing hearts, a compensatory response to a lack of mitochondrial oxidation and

energy deficit is an upregulation of glycolysis [40]. The significantly higher ECAR

level identified in iPSC-CMs cultured on plastic compared to both softer PDMS

substrates suggests higher lactic acid production, portraying higher glycolytic ac-

tivity. Increased lactic acid production is typically reflective of the anaerobic ac-

tivity upregulated in ageing and ischemic hearts [269], [270]. Previous research

has demonstrated no differences in ECAR and glycolytic flux between iPSC-CMs

six weeks of age compared to twelve weeks of age [271], further reinforcing that

the shift towards glycolysis on stiffer substrates was primarily due to stiffness of

the ECM, rather than age of iPSC-CMs.

Stiffness of the ECM has been proposed to regulate glycolytic activity of CMs

through several pathways and mechanisms. Potential mechanisms of substrate

stiffnesses regulating glycolysis involve rho/ROCK actin pathway [272], alterations
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in phosphofructokinase [265] or translocation of the GLUT4 transporter [272]. In

addition, increased ECM stiffness has been shown to activate YAP/TAZ signalling,

which promotes glycolysis in CMs and regulates glycolysis through several mech-

anisms [273]. It is possible that these pathways could be altered in iPSC-CMs on

substrates, thus shifting metabolic activity. Further investigation into the potential

alterations in downstream signalling pathways is required.

In addition to glycolytic changes, iPSC-CMs on softer PDMS substrates showed

a slightly higher OCR than on plastic, suggesting that stiffness can affect oxidative

phosphorylation levels. The slight decline of OCR in iPSC-CMs on plastic reflects

features of cardiac disease, with reduction in activity of the ETC and maximal

respiration [274]. Furthermore, ATP production from oxidative phosphorylation

accounts for 36-38 ATP molecules per glucose oxidised, compared to 2 ATP per

glucose for glycolysis alone. Despite findings showing a small increase in ATP-

linked respiration on 20kPa PDMS compared to 130kPa PDMS and plastic, this

small change may more significantly impact ATP production and therefore may

have a greater physiological impact in CMs. iPSC-CMs on stiffer substrates reca-

pitulate metabolic age as literature has shown ATP-linked respiration decreases

with ageing, due to impaired activity of ETC complexes, particularly complex III,

IV and V [275].

Maturation state of iPSC-CMs can also impact OCR. Studies have demon-

strated mature iPSC-CMs have a capacity to switch to glucose utilisation when

fatty acid oxidation is compromised [229]. As Chapter 4 has demonstrated, iPSC-

CMs cultured on soft substrates undergo structural and functional maturation.
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The lack of maturation on stiffer substrates may therefore limit the number and

size of mitochondria [257], thus limiting the oxygen consumption of cells, shifting

them towards utilising glucose as a primary source of energy production. Fu-

ture studies could determine the amount of mitochondria present in iPSC-CMs

cultured on stiffnesses, such as measurement of mitochondrial DNA to identify

whether switches in metabolism were linked to mitochondrial changes. Overall,

changes in OCR and ECAR from these experiments clearly display an increased

state of glycolysis and lactic acid production in iPSC-CMs on stiffer substrates,

correlating well with metabolic ageing and cardiac disease states.

5.4.4 Energetics of CMs on substrates

The ageing phenotype of iPSC-CMs on stiff substrates is further reflected by Sea-

horse data. Proton leak refers to the migration of protons to the matrix indepen-

dent of ATP synthase, thus uncoupling substrate oxidation and ATP production

[276]. The significantly increased proton leak levels in iPSC-CMs cultured on

plastic compared to 20kPa PDMS also supports the concept of cardiac disease

phenotypes on stiff substrates. Increased proton leak has been observed in aged

mouse mitochondria, with increased proton leak in aged cardiomyocytes occur-

ring through the ANT1 protein [277]. In addition, increased proton leak has been

identified in cases when the heart is under oxidative stress, such as ischemic

reperfusion injury, thus suggesting proton leak is linked with increased ROS pro-

duction and decreased viability of CMs [278], [279]. The data demonstrates a

strong metabolic characterisation of a glycolytic, aged disease phenotype of CMs

150



CHAPTER 5. METABOLIC CHARACTERISATION OF IPSC-CARDIOMYOCYTES
ON SUBSTRATES

on stiff substrates, indicating signs of mitochondrial damage and a metabolic sub-

strate switch.

5.4.5 iPSC-CMs on stiffer substrates display a cardiac disease profile using Pro-

teomics

TMT-labelled proteomics was conducted to further investigate proteins from iPSC-

CMs that may be differentially regulated due to ECM stiffness. Changes in iPSC-

CM maturity, structure and switch of metabolic source could influence down-

stream pathways, thus altering protein expression and function.

5.4.5.1 Increased ECM stiffness induces cardiovascular disease protein

expression

Proteomics data indicated signs of a cardiac disease profile of iPSC-CMs cultured

on the stiffest substrate, plastic. Aspartate aminotransferase plays a key role in

the maintenance of the NAD+/NADH ratio, which are essential cofactors for gly-

colysis, the TCA cycle and fatty acid oxidation, thus are key for maintaining cell

function and viability [280]. Significantly increased levels of aspartate aminotrans-

ferase in iPSC-CMs on plastic compared to 130kPa PDMS may be reflective of

the greater metabolic dysregulation on stiff plastics, thus iPSC-CMs are upregu-

lating aspartate aminotransferase to compensate for the stressed metabolic state.

Further evidence for iPSC-CMs cultured on stiff substrates showing a cardiac dis-

ease profile is highlighted by upregulation of FIS1, which has been identified in

cases of murine cardiomyocytes under hypoxic conditions or ischemic reperfu-
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sion [281]. FIS1, responsible for regulating mitochondrial fission, has also been

shown to lead to mitochondrial fragmentation and disruption of the myocardial

network through cell apoptosis [282]. Upregulation of both of these proteins sug-

gests iPSC-CMs on stiffer substrates may be more stressed and therefore begin

to indicate signs of cardiac dysfunction.

The switch from fatty acid oxidation to glycolysis in heart failure and ageing is

also represented at protein level in iPSC-CMs. HADH is an enzyme that catalyses

the third step of β-oxidation, and thus regulates fatty acid utilisation [283]. The

downregulation of HADH in iPSC-CMs on plastic compared to 130kPa PDMS

indicates a reduction in the utilisation of fatty acids and breakdown through β-

oxidation. MPC1, coding for mitochondrial pyruvate carrier 1 acts as a trans-

porter for pyruvate into the mitochondria [284]. An upregulation of MPC1 in iPSC-

CMs on plastic compared to 20kPa PDMS may correspond to the anaplerotic

metabolism of pyruvate to oxaloacetate, which supports further TCA cycle activ-

ity and therefore contribution to the maintenance of mitochondrial membrane po-

tential [284], [285]. The alternative utilisation of pyruvate, other than for oxidative

phosphorylation, may reflect the stressed state of iPSC-CMs on stiffer substrates.

Serine protease (HTRA1), an ECM protein involved in collagen 1 secretion

and degradation, was significantly downregulated in iPSC-CMs cultured on plas-

tic compared to 130kPa PDMS. Downregulation of serine protease was also iden-

tified in iPSC-CMs cultured on plastic compared to 20kPa PDMS, but did not meet

the significance threshold. Increased HTRA1 expression has been identified in

patients with DCM and is strongly correlated with fibrosis [286]. The downregula-
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tion of HTRA1 may be due to the secretion of HTRA1 out of CMs into the media,

as an attempt to regulate the fibrotic phenotype on iPSC-CMs on plastic. De-

spite the lack of significantly differentially expressed proteins, the identified pro-

teins may reflect the subtle changes that stiffness of the myocardium can have on

iPSC-CM proteins, with stiffness potentially altering proteins involved in metabolic

stress and cardiac disease.

5.4.5.2 Protein characterisation between soft and fibrotic substrates

Stiffnesses in the GPa range displayed changes in protein profiles of iPSC-CMs.

To investigate whether physiological and fibrotic ECM stiffnesses altered protein

expression, differences between PDMS substrates were assessed.

HADH, a protein involved in the oxidation of fatty acids [283], was differentially

downregulated on 20kPa PDMS compared to 130kPa PDMS, contradicting pre-

vious evidence of increased fatty acid utilisation on softer substrates. However,

the lack of changes in oxidative phosphorylation across substrate stiffnesses in

Seahorse and mass spectrometry data indicated that there may not be signifi-

cant differences in the amount of β-oxidation occurring. In addition, HADH is a

component of the mitochondrial trifunctional protein (MTP) with several α and β

subunits [157]; downregulation of one component may not alter the overall func-

tion of MTP and thus may not alter β-oxidation. Furthermore, as iPSC-CMs in

this experiment were not supplemented with fatty acids, the iPSC-CMs did not

require the machinery for fatty acid oxidation, which may lead to downregulation

of proteins.
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iPSC-CM maturity on softer substrates was further highlighted with proteomics

data. SORBS2 has been identified as playing a role in cell adhesion, and typically

localises with actin organisation [287]. The data indicated a potential increase

in SORBS2 on softer 20kPa PDMS compared to 130kPa PDMS. Knockout of

CM specific SORBS2 in mice has led to DCM phenotypes with defective micro-

tubule polymerization [288]. Differentially expressed SORBS2 on 130kPa PDMS

in combination with the structural disorganisation and changes in contractility of

iPSC-CMs on stiffer substrates shown in Chapter 4 indicate 130kPa PDMS may

be reflective of a cardiac disease phenotype, both on a molecular and structural

level.

5.4.6 Substrate stiffness affects iPSC-CMs metabolic gene expression

Functional data showed alterations in iPSC-CMs metabolism with ECM stiffness.

To elucidate whether these changes were recapitulated at transcript level, gene

expression levels of key metabolic targets were assessed.

5.4.6.1 Fatty acid transporter gene upregulation on stiff substrates and

lipotoxicity

CMs typically have tight regulation between lipid uptake and oxidation to pre-

vent accumulation of excess lipids [70]. Ageing has been linked to lipid toxicity,

due to reduced oxidation of fatty acids, thus leading to the accumulation of free

fatty acids, often present in cardiac hypertrophy [289], [290]. The balance of

β-oxidation and fatty acid uptake was assessed in iPSC-CMs on substrates, to
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investigate whether stiffer substrates, which mimic an aged myocardium display

altered fatty acid transporter expression.

CPT1B catalyses the carnitine conjugation of long chain fatty acids to facilitate

the uptake into the mitochondria for β-oxidation in CMs [291], [292], [293]. Con-

sistent with its role for mitochondrial transportation of fatty acids, CPT1B transcript

expression significantly increased in iPSC-CMs treated with OA and PA. A trend

of increased CTP1B expression was identified in iPSC-CMs on stiffer substrates

compared to softer, although not significantly, which may be due to iPSC-CM

batch variability. Previous studies in failing human hearts found that despite other

fatty acid oxidation genes being downregulated, CPT1B expression is not sup-

pressed [294]. Furthermore, aged rat hearts show increased CPT1B expression

and high triglyceride levels compared to younger hearts [295]. This indicates in-

creased expression of fatty acid transporters may be increased in aged cells, with-

out an increase in β-oxidation, leading to cardiac lipotoxicity. Increased CPT1B

transcript expression on stiffer substrates may therefore reflect and contribute to

the increased accumulation of lipids seen in aged CMs, thus fitting a disease phe-

notype. This is supported by literature, where studies identified increased levels

of lipid transporters in the elderly myocardium [296], [297].

CD36 plays a significant role in lipid myocardial metabolism, by regulating the

uptake of long chain fatty acids in CMs [191]. Similarly to CTP1B expression,

when iPSC-CMS were treated with OA and PA, CD36 expression significantly

increased, highlighting the role of CD36 in the uptake of long chain fatty acids.

Previous studies have shown increased expression of CD36 in aged mouse my-
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ocardium; expression may increase to accommodate the accumulation of long

chain fatty acids over time, linked to lipid cytotoxicity and myocardial contractile

dysfunction [297], [118]. ECM stiffness has also directly been linked to translo-

cation of CD36 to the cell membrane, by activating AMP-activated protein kinase

and increasing fatty acid ingestion [272]. Surprisingly, no changes were detected

in CD36 transcript expression across substrate stiffnesses. This may be due

to the translocation of CD36, which therefore may not alter transcript expression.

Furthermore, other factors such as insulin levels and contraction can influence the

translocation of CD36 to the sarcolemma [298], which may also alter transcrip-

tional expression. In order to investigate whether stiffness alters fatty acid trans-

porters, further experiments looking at protein expression using western blotting

and immunofluorescence to observe localisation could be conducted to further

elucidate changes.

5.4.6.2 ECM stiffnesses and upregulation of glycolytic genes

Consistent with previous data shown in this chapter, upregulation of genes in-

volved in glycolysis were detected in iPSC-CMs on stiffer substrates. HK2, which

is the predominant hexokinase isoform in the adult heart, catalyses the first step of

glucose metabolism, phosphorylating glucose into glucose-6-phosphate (G6P).

This can be utilised via catabolic pathways such as glycolysis, or anabolic path-

ways such as glycogen storage or PPP [299]. A trend of increased expression of

HK2 in iPSC-CMs on 130kPa PDMS was identified compared to softer substrates,

correlating with the shift to glycolysis in cardiac ageing. Literature supports this,
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as increased activity and levels of HK2 were found in hypertrophied hearts, sup-

posedly through increased ROS [300]. However, similar levels of HK2 transcript

expression were identified between 20kPa PDMS and plastic stiffnesses, which

may highlight the metabolic flexibility of iPSC-CMs to utilise glucose and switch

between substrates to meet energetic demand [301].

The metabolic maturity of iPSC-CMs on softer substrates is further reflected

at gene level. Phosphofructo-1-kinase muscle type (PFKM) is the enzyme re-

sponsible for the regulation of glycolysis, by converting fructose-6-phosphate to

fructose-1,6 bisphosphate [302]. As a result, PFKM catalyses the rate limiting

step of glycolysis, and thus increases in mature iPSC-CMs in long term cultures

[271]. The increased trend of PFKM expression in iPSC-CMs on 20kPa PDMS

compared to plastic may reflect the maturity of iPSC-CMs on softer substrates, al-

though no significant differences were found. This is coherent with literature sug-

gesting PFKM downregulation inhibits oxidative phosphorylation and cell apop-

tosis in a H9c2 CM cell line [303], further supporting the healthier phenotype of

iPSC-CMs on softer physiological substrates.

5.4.6.3 Substrate stiffness affects pyruvate decarboxylation

The conversion of pyruvate to acetyl-CoA, known as pyruvate decarboxylation, is

an important metabolic step involving key proteins such as PDKs and PDH [275].

PDK4 regulates the switch between glycolysis and glucose oxidation, controlling

the flux of pyruvate into the TCA cycle by regulating PDC [304]. Studies have

shown lower levels of PDK4 with ageing; three times lower expression of PDK4
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was identified in aged mice CMs compared to young mice [305]. The decreased

expression of PDK4 in iPSC-CMs on stiffer substrates, both at a gene and pro-

tein level, correlate with the increased amount of lactate previously shown in this

chapter. This suggests the pyruvate produced from increased glycolytic activ-

ity in ageing and cardiac disease could be directly converted to lactate, rather

than being oxidised to acetyl-CoA. PDK4 levels can also correlate with maturity

of iPSC-CMs, as literature has shown PDK4 expression increases in long term

culture of iPSC-CMs, as well as in 3D engineered heart tissue models [306],[271].

The increased PDK4 expression therefore also demonstrates how soft substrates

can not only induce maturation of iPSC-CMs structurally, but also metabolically.

Additionally, the effect of substrate stiffness on expression of other PDKs could

also be explored, in order to confirm whether similar changes are observed.

PDKs also interact with PDH and regulate activity, by phosphorylating PDHA1,

a gene encoding for pyruvate dehydrogenase E1 alpha subunit component, part

of the PDC [275]. The PDC is a rate-limiting step for glucose oxidation, catalysing

the breakdown of pyruvate into acetyl CoA and thus acting as a mediator between

glycolysis and the TCA cycle [307]. Studies have shown increased PDH activity

and expression of PDH subunits in failing hearts, in combination with decreased

PDK4 expression, suggesting a greater reliance on glucose oxidation [308], [309].

However, iPSC-CMs on substrates did not show any significant differences in

PDHA1 expression at transcript or protein level.

Interestingly, other subunits of PDC were altered by substrate stiffnesses.

DLAT, known as dihydrolipoyl transacetylase or E2, was significantly upregulated
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in iPSC-CMs on plastic compared to 130kPa PDMS. The E2 component of PDC

has been proposed to be a binding site for other enzymes and consequently

can alter the overall rate of the complex [310]. The significant upregulation of

this component indicates stiffness may upregulate PDC transcription, influenc-

ing PDH protein expression and potentially alter downstream mechanisms, which

could alter the conversion of pyruvate into acetyl-CoA. This would be consistent

with an ageing and disease phenotype, by reducing the required acetyl-CoA for

oxidative phosphorylation. E3, known as dihydrolipoyl dehydrogenase (DLD), dis-

played similar levels of transcript expression across substrates. The alterations

in DLAT expression with stiffness could be further explored by analysing protein

level. However, to truly investigate the effect of stiffnesses on activation or in-

hibition of PDC, the phosphorylation state of PDC subunits should be explored

further, as this is the key mechanism of regulation by PDKs. Overall, changes in

substrate stiffnesses induces slight trends in metabolic gene expression of iPSC-

CMs.

5.4.7 PPARs in iPSC-CM metabolism

The effect of ECM stiffness on PPAR regulation and downstream metabolic path-

ways are largely undescribed. Much of our understanding of the roles of the

PPAR isoforms, PPARα, PPARδ and PPARγ is in metabolic regulation, as they

play roles in insulin sensitivity, glucose homeostasis and oxidation of fatty acids

and cardiac disease [311]. As PPARs influence metabolic changes in a cardiac

context, and metabolic changes were shown to be affected by ECM stiffness,
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PPARs were investigated.

5.4.7.1 Substrate stiffness does not affect PPARα or PPARγ expression in

iPSC-CMs

Contrary to literature, PPARα expression did not change in response to OA and

PA treatment. PPARα is typically the cardiac isoform of interest in iPSC-CMs, and

is responsible for the regulation of lipid metabolism by activating genes involved

in fatty acid uptake, β-oxidation and ATP production [312]. Extensive evidence

suggests that PPARα decreases with ageing and in cardiac diseases such as

in hypertrophied hearts and CMs, reducing the capacity for fatty acid oxidation

and ultimately resulting in increased rates of glucose utilisation [313], [311]. De-

spite other changes in PPAR receptor expression, the data showed no changes

in PPARα transcript expression in iPSC-CMs across substrate stiffnesses. This

may be due to the lack of fatty acids in cell culture media, therefore iPSC-CMs do

not require PPARα to regulate lipids. This is further supported by the lack of fatty

acid droplets shown in the BODIPY staining with no fatty acid supplementation.

In addition, the lack of PPARα changes may be due to significant alterations of

PPARδ expression with stiffness, as PPARδ can activate PPARα targets and has

overlapping downstream metabolic pathways, potentially leading to little changes

in PPARα [314]. PPARδ can create an autoregulatory loop by inducing the ex-

pression of PGC-1α, which, despite being an activator of PPARα, can also further

increase the expression of PPARδ [315].

Substrates stiffness did not alter changes in transcript expression of PPARγ

160



CHAPTER 5. METABOLIC CHARACTERISATION OF IPSC-CARDIOMYOCYTES
ON SUBSTRATES

in iPSC-CMs. PPARγ regulates expression of genes involved in fatty acid up-

take and storage, whilst also regulating glucose homeostasis and insulin sensi-

tivity [316]. Despite the protective effects of PPARγ in other cell types, increased

PPARγ expression in mouse CMs has led to DCM from lipotoxicity and increased

triglyceride storage [317]. The lack of changes in PPARGC1A transcript expres-

sion, a coactivator of PPARγ, further reinforce the lack of relationship between

substrate stiffness and PPARγ. In addition, PGC1A is responsible for regulation

of mitochondrial quality and function [318], thus suggesting mitochondria may be

functioning within the capacity required by iPSC-CMs, causing transcript levels to

remain unchanged.

5.4.7.2 Role of PPARδ in iPSC-CMs maturity and metabolic shift on sub-

strate stiffnesses

A key finding of interest was the significantly increased transcript expression of

PPARδ in iPSC-CMs cultured on 20kPa PDMS compared to plastic. Ligand-

mediated activation of PPARδ has been shown to switch energy production to

fatty acid oxidation by increasing fatty acid uptake and catabolism [319]. Previous

studies have shown increased expression of PPARδ in iPSC-CMs supplemented

with fatty acids [266], [320]. Increased expression and activation of PPARδ has

been linked to iPSC-CM maturation, with increased myofibrillar alignment, greater

contractility, electrophysiological maturity and enhanced metabolic modifications

to switch to fatty acid oxidation rather than glycolysis [321]. The significantly in-

creased expression of PPARδ on 20kPa PDMS is therefore consistent with the
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literature, reflecting the overall increased maturation state of iPSC-CMs on softer

substrates.

Furthermore, PPARδ KO mice had myocardial lipid accumulation, dysregu-

lated sarcomeric CM structure, reduced fatty acid oxidation gene expression and

cardiac hypertrophy in mice [322]. This reinforces the role of PPARδ in iPSC-CMs

maintaining fatty acid oxidation and cardiac function on softer substrates. A trend

towards increased protein expression levels of PPARδ corroborates the link be-

tween softer substrates and upregulation of genes involved in fatty acid oxidation.

Literature has also shown PPARδ activation in iPSC-CMs increases expression

of genes linked to fatty acid oxidation, such as PDK4 and CD36 [321]. The in-

creased trend of PDK4 at protein and gene expression level on 20kPa PDMS is

therefore also consistent with the changes in PPARδ and literature.

The decline in PPARδ expression with increased stiffness and ageing may be

linked to the production of ROS, which has been heavily associated with ageing

[316], [296]. PPARδ has been shown to regulate the expression of antioxidants,

copper/zinc superoxide dismutase (SOD1) and manganese superoxide dismu-

tase (SOD2), supporting the antioxidant role of PPARδ [323]. Substrate stiffness

may link to the mitochondrial theory of ageing, with disrupted redox regulation,

increased ROS production and mitochondrial damage occurring with age, conse-

quently altering metabolism [324].

In summary, the data exhibits evidence of altered PPARδ expression in iPSC-

CMs with ECM stiffness. Increased stiffness is potentially linked to downregula-

tion of genes involved in oxidative phosphorylation and the immaturity of iPSC-
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CMs.

5.5 Conclusion

To conclude, ECM stiffness can directly impact the metabolic function of iPSC-

CMs. Stiffer substrates induce a switch to increased glycolytic metabolism and

increased lactic acid production, reflective of a cardiac disease and ageing pheno-

type. Furthermore, substrate stiffness can influence the expression of metabolic

genes, with novel evidence of increased PPARδ expression on softer substrates,

indicating a shift towards metabolic maturity. Substrate stiffness can also im-

pact protein levels of metabolic genes. In addition, 20kPa and 130kPa PDMS

can serve as accurate models for healthy and fibrotic stiffnesses of the ECM,

with both stiffnesses demonstrating changes in metabolism of iPSC-CMs. Fur-

ther characterisation of metabolic genes of interest identified from the chapter

at protein expression level and post translational modifications linked to activity,

such as phosphorylation status in iPSC-CMs on substrate stiffnesses would be

informative. Localisation of key metabolic proteins where relevant and investiga-

tion into the activity of these key metabolic enzymes can help confirm metabolic

mechanisms and pathways that are altered.
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Chapter 6

Phenoage and longitudinal changes on transthoracic

echocardiography in Alström Syndrome: a disease of

accelerated ageing?
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Abstract  Alström syndrome (AS) is an ultra-rare 
disorder characterised by early-onset multi-organ dys-
function, such as insulin resistance, obesity, dyslipidae-
mia, and renal and cardiovascular disease. The objec-
tive is to explore whether AS is a disease of accelerated 
ageing and whether changes over time on echocardiog-
raphy could reflect accelerated cardiac ageing. Cross-
sectional measurement of Phenoage and retrospective 

analysis of serial echocardiography were performed 
between March 2012 and November 2022. The setting 
is a single national tertiary service jointly run by health 
service and patient charity. Forty-five adult patients 
aged over 16 years were included, 64% were male and 
67% of White ethnicity. The median Phenoage was 
48 years (interquartile range [IQR]: 35–72) in the 34 
patients for whom this was calculable, which was sig-
nificantly higher than the median chronological age of 
29 years (IQR: 22–39, p<0.001). Phenoage was higher 
than chronological age in 85% (N=29) of patients, with 
a median difference of +18 years (IQR: +4, +34). On 
echocardiography, significant decreases were observed 
over time in left ventricular (LV) size at end-diastole 
(average of 0.046 cm per year, p<0.001) and end-sys-
tole (1.1% per year, p=0.025), with significant increase 
in posterior wall thickness at end-diastole (0.009 cm 
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per year, p=0.008). LV systolic function measured by 
global longitudinal strain reduced (0.34 percentage 
points per year, p=0.020) and E/e’lat increased (2.5% 
per year, p=0.019). Most AS patients display a higher 
Phenoage compared to chronological age. Cardiac 
changes in AS patients were also reflective of acceler-
ated ageing, with a reduction in LV size and increased 
wall thickening. AS may be a paradigm disease for pre-
mature ageing.

Keywords  Ageing · Echocardiography · Phenoage · 
Cardiovascular · Rare diseases

Introduction

Alström syndrome (AS) is a rare autosomal reces-
sive ciliopathy characterised by childhood retinal 
dystrophy, neuronal hearing loss and obesity [1]. The 
phenotype has since been extended to incorporate 
extreme insulin resistance, type 2 diabetes, dyslipi-
daemia, accelerated non-alcoholic fatty liver disease 
and premature renal and cardiovascular disease [2]. 
The syndrome is caused by loss of function genetic 
variants in ALMS1, a 23-exon gene located on chro-
mosome 2p13 [3]. Infantile cardiomyopathy is the 
earliest and one of the most frequent manifestations 
of the syndrome, although the majority survive with 
apparent complete cardiovascular recovery [4]. How-
ever, in a significant proportion, cardiovascular dis-
ease either recurs or manifests for the first time in 
adulthood, with high rates of morbidity and mortal-
ity. Both the quality and length of life are reduced in 
adults with AS, and few survive beyond 50 years [5].

In adult AS subjects, autopsy data demonstrate 
replacement myocardial fibrosis in non-coronary 
artery patterns, and diffuse interstitial fibrosis has 
been detected on cardiovascular magnetic resonance 
(CMR) by elevation in T1 relaxation and increased 
extracellular volume [6]. Cardiac fibrosis provokes 
pathological changes culminating in chamber dilata-
tion, cardiomyocyte hypertrophy and cellular hyper-
trophy, leading to reduced compliance and acceler-
ated progression to heart failure. Previous studies of 
AS using echocardiography were limited to a case 
series that included patients with advanced disease 
with impaired ejection fraction (EF) [7] and a cross-
sectional study of a younger cohort with impaired 
global longitudinal strain (GLS) [8]. Whilst AS is 

rare, it offers a model of accelerated cardiomyopathy 
that reflects disease processes that are common in the 
ageing population. Given the lack of genotype-pheno-
type correlation in AS, it is feasible that these fibrotic 
changes may reflect the long-term impact of obesity, 
insulin resistance and metabolic syndrome.

Phenoage is a reliable measure of biological age-
ing calculated using chronological age and nine blood 
markers representing the functional state of organs 
[9]. Albumin and alkaline phosphatase (ALP) repre-
sent the liver, creatinine the kidney, glucose the pan-
creas, c-reactive protein (CRP), lymphocyte immune 
cell percentage and white blood cell count (WCC) 
represent immune ageing, mean cell volume (MCV) 
and red cell distribution width (RDW) represent bone 
marrow age. Phenoage is a reliable predictor for a 
variety of ageing outcomes, including all-cause mor-
tality, cancer, health span, and physical functioning, 
but does not incorporate cardiac ageing.

Therefore, the aims of this study were [1] to 
explore the possibility that AS is a paradigm for 
accelerated ageing and [2] to explore cardiovascular 
changes over time in AS.

Methods

Ethics

This study was limited to secondary use of informa-
tion previously collected during normal care (without an 
intention to use it for research at the time of collection) 
and is therefore excluded from ethical review according to 
the UK Health Research Authority decision tool and was 
registered at our centre as an audit (CARMS-18179).

Study design

This was an observational, retrospective review of adults 
(aged over 16 years) with genetically proven AS attend-
ing the National Centre for Alström Syndrome at the 
Queen Elizabeth Hospital Birmingham, UK. Patients 
attend the centre approximately annually for follow-up 
assessments, which include blood sampling and tran-
sthoracic echocardiography (TTE). All such assess-
ments occurring between March 2012 and November 
2022 (the date of data extraction) were identified, and 
demographic, clinical, biochemical, and cardiovascular 
data collected were extracted from patient records.
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Data were also collected on comorbidities. History of 
cardiomyopathy was defined as a history of infantile car-
diomyopathy [10], presence of myocardial fibrosis identi-
fied by late gadolinium enhancement in a non-ischaemic 
pattern on CMR, and restrictive cardiomyopathy. Ischae-
mic heart disease was defined as previous myocardial 
infarction or history of coronary revascularization. Dia-
betes included a history of both type 1 and 2, regardless 
of treatment. Renal impairment was defined an estimated 
glomerular filtration rate (eGFR) <90 mL/min/1.73 m2.

Phenoage

Phenoage was calculated using chronological age and 
the above nine clinical blood test parameters. Eight 
of the nine blood markers were included in the rou-
tine panel of blood tests performed at every follow-up 
assessment. However, CRP only became part of this 
panel in the final year of the study period. As such, 
Phenoage was only calculated for the most recent 
assessment for each patient, and those without a CRP 
were excluded from analyses of Phenoage.

The cohort was divided into groups based on the 
difference between their chronological and Phenoage 
at the final scan. Patients where this difference was 
within ±10 years were classified as having “concord-
ant” Phenoage, with those with a difference of >10 
years classified as “discrepant” Phenoage [9].

Transthoracic echocardiography

Resting transthoracic echocardiography (TTE; ie33 and 
EPIC, Phillips) was performed by an accredited sonog-
rapher (AMA) according to the British Society of Echo-
cardiography minimum dataset [11]. Diastolic function 
was graded by an experienced cardiologist specialising 
in echocardiography (RPS) according to current guide-
lines. Linear internal measurements were obtained from 
2D images in the parasternal long axis measured imme-
diately below mitral valve leaflet tips. 2D volumetric 
measurements were also recorded. There was a focus on 
parameters considered to be age dependent; a full list of 
these parameters, along with definitions of the abbrevia-
tions used, is reported in Supplementary Table 1.

Statistical methods

Initially, chronological age and Phenoage at the final 
scan were compared using Wilcoxon’s Signed Ranks 

test. This relationship was further assessed using a lin-
ear regression model, with the resulting gradient com-
pared to a value of 1, to assess whether Phenoage was 
increasing at a different rate to chronological age. The 
Phenoage discrepancy at the final scan was calculated 
for each patient as Phenoage minus chronological age. 
Patient characteristics, blood markers and TTE param-
eters were compared between patients with concordant 
and discrepant Phenoage, using Mann-Whitney U tests 
for continuous variables and Fisher’s exact tests for 
nominal variables.

Trends over time in blood markers and TTE param-
eters were then assessed for the whole cohort, as well 
as by Phenoage discrepancy. Analyses of these factors 
needed to account for the non-independence of repeated 
measures on the same patient, which was achieved 
using two different approaches. The first used gener-
alised estimating equations (GEEs) to adjust for the 
correlations between repeated measures on the same 
patient. The second used an “individual regressions” 
approach, which produced a separate regression model 
for each patient to estimate the rate of change over time; 
the gradients of which were extracted and used for anal-
ysis. These two approaches applied different weight-
ings to repeated measures on the same patient, with the 
GEE approach giving greater influence to patients with 
greater numbers of scans, whilst the individual regres-
sions approach weighted all patients equally. Further 
details about the two approaches are detailed in the 
Supplementary Material. Gradients from the models 
are reported as units per year, % per year, or percent-
age points (pps) per year, as applicable, along with 95% 
confidence intervals (95% CIs). Continuous variables 
are summarised as mean ± standard deviation where 
approximately normally distributed or as median (inter-
quartile range (IQR)) otherwise; correlation coefficients 
are reported as Spearman’s rank correlation coefficients 
(rho). All analyses were performed using IBM SPSS 24 
(IBM Corp. Armonk, NY), with p<0.05 deemed to be 
indicative of statistical significance throughout.

Results

Cohort characteristics

Of the N=49 AS patients treated at the centre, N=4 
opted for continued follow-up at their local centre 
after their initial assessment and so were excluded 
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from analysis. The remaining N=45 patients were 
followed up for a median of 6.0 years (IQR: 3.2–9.5), 
during which they attended a total of 257 follow-up 
assessments (median: 6 per patient, IQR: 2–8, maxi-
mum: 12). The final scan was within one year of 
data collection in N=30 patients; of the remainder, 
N=6 died and N=9 were due their next assessment. 
Patients had median ages of 21 years (IQR: 19–33) 
and 29 years (IQR: 23–39) at the first and final 
scan, respectively. Further details of the cohort are 
reported in Table 1.

Phenoage

Analyses of Phenoage only included data from the 
blood tests taken at each patient’s final scan. This 
resulted in N=11 patients being excluded due to lack 
of CRP values at the time of final scan. Of these, 
N=10 had their final scan prior to CRP being routinely 
recorded, and N=1 did not undergo at blood test at their 
final scan. The remaining N=34 patients had a median 
Phenoage of 48 years (IQR: 35–72) at their final 
scan, which was significantly higher than the median 

Table 1   Cohort characteristics

Continuous variables are reported as mean ± standard deviation, or as median (interquartile range), with p values from Mann-Whit-
ney U tests. Nominal variables are reported as N (%), with p values from Fisher’s exact tests. Bold p values are significant at p<0.05
*As diagnosed either at baseline or at any point during follow-up
**Data for the whole cohort were only available for N=44 for the blood markers, with the exception of CRP, which was only avail-
able in N=34

Whole cohort (N=45) By Phenoage at final scan (N=34)

Concordant (N=11) Discrepant (N=23) p value

Demographics
Chronological age (years)
  First scan 21 (19–33) 19 (18–24) 21 (18–39) 0.329
  Final scan 29 (23–39) 27 (21–54) 30 (22–41) 0.348
Gender (% male) 29 (64%) 6 (55%) 15 (65%) 0.709
Ethnicity (% White) 30 (67%) 7 (64%) 17 (74%) 0.692
SBP (at first scan) 130 ± 17 130 ± 21 130 ± 16 0.713
DBP (at first scan) 82 ± 10 83 ± 11 82 ± 10 0.754
Comorbidities*
Cardiomyopathy 23 (51%) 5 (45%) 11 (48%) 1.000
Ischaemic heart disease 7 (16%) 1 (9%) 2 (9%) 1.000
Hypertension 32 (71%) 6 (55%) 17 (74%) 0.434
Hyperlipidaemia 33 (73%) 6 (55%) 17 (74%) 0.434
Diabetes 37 (82%) 8 (73%) 21 (91%) 0.300
Renal impairment 17 (38%) 0 (0%) 13 (57%) 0.002
Physiological markers at final scan**
Heart rate (bpm) 85 ± 13 80 ± 14 89 ± 9 0.071
Albumin (g/L) 42 ± 4 43 ± 3 40 ± 3 0.023
ALP (U/L) 86 (72–108) 71 (56–75) 94 (82–136) <0.001
Creatinine (μmol/L) 97 (78–144) 78 (69–85) 116 (87–148) 0.002
Glucose (mmol/L) 6.9 (5.1–12.4) 4.8 (4.0–6.7) 9.9 (5.9–15.9) 0.002
HbA1c 53 (39–71) 38 (36–42) 60 (49–77) 0.002
CRP (mg/L) 4 (2–16) 2 (1–15) 6 (3–17) 0.133
Lymphocyte (%) 26.9 ± 8.5 28.9 ± 6.3 23.7 ± 8.6 0.038
WCC (109/L) 8.7 ± 2.2 9.0 ± 2.7 9.0 ± 2.2 0.854
MCV (Fl) 86.8 ± 6.1 87.5 ± 4.3 87.2 ± 6.4 0.568
RDW (%) 15 (13–16) 14 (13–14) 15 (13–18) 0.043
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chronological age of 29 years (IQR: 22–39, p<0.001). 
Phenoage was higher than chronological age in 85% 
(N=29) of patients, with a median difference of +18 
years (IQR: +4, +34), and the largest difference being 
in a patient with a Phenoage vs. chronological age of 
96 vs. 22 years. The association between chronologi-
cal and Phenoage was assessed using a linear regres-
sion approach, visualised in Fig. 1. The gradient of the 
resulting model, representing the estimated increase in 
Phenoage per one year of chronological age, was 1.24 
(95% CI: 0.54–1.94), which did not differ significantly 
from a value of 1 (p=0.448).

The cohort was divided into subgroups with con-
cordant Phenoage (N=11; differences ranging from 
−8 to +8 years) and discrepant Phenoage (N=23; dif-
ferences ranging from +11 to +74 years, all of whom 
had a Phenoage greater than chronological age). Com-
parisons between these two groups found no significant 
differences in baseline demographics (Table 1). Analy-
sis of comorbidities identified a significant difference 
in the rates of renal impairment, with a rate of 0% in 
those with concordant Phenoage, compared to 57% in 
the discrepant group, with analysis of blood markers 
at the final scan similarly finding significantly higher 
creatinine levels in those with discrepant Phenoage 
(median: 116 vs. 78 μmol/L). Those with discrepant 
Phenoages also had significantly higher ALP, glucose, 

HbA1c and RDW levels, as well as significantly lower 
albumin and lymphocyte counts. Analysis of TTE 
parameters at the final scan found only LVEDvol 2D to 
differ significantly between subgroups (p=0.035, Sup-
plementary Table 2).

Trends in blood markers and TTE parameters for the 
whole cohort

For the cohort of N=45 patients, GEE analysis iden-
tified significant progression in three blood markers 
(Table  2), with albumin declining by an average of 
0.44 g/L per calendar year, lymphocytes declining by 
0.52 pp per year, and creatinine increasing by 2.6% 
per year. Of the TTE parameters considered, signifi-
cant decreases were observed in LVEDd and LVESd, 
with significant increases in LVPWd and LVESvol 
2D (Table  2). Analysis using the individual regres-
sions approach in the N=32 with data for more than 
two scans returned similar results, additionally iden-
tifying significant increases over time in ALP (2.2% 
per year), glucose (5.9% per year), GLS total (0.34 pp 
per year,) and E/e’lat (2.5% per year).

Trends in blood markers and TTE parameters by 
Phenoage discrepancy

Both statistical approaches found significant differ-
ences in two TTE parameters by Phenoage discrepancy 
(Table  3). The first was MV A max, which the GEE 
approach found to be increasing by 1.07 cm/s per year in 
those with concordant Phenoage, compared to a reduc-
tion of 0.28 cm/s per year in those with discrepant Phe-
noage (p=0.023, Supplementary Fig. 1a/b). The individ-
ual regressions approach returned similar results, with 
a negative correlation between the degree of Phenoage 
discrepancy and MV A max gradient (rho: −0.495, 
p=0.016, Fig. 2a). The second parameter was E/A, for 
which the GEE analysis identified trends of −2.5% vs. 
+0.4% per year for concordant vs. discrepant Phenoage 
(p=0.020, Supplementary Fig. 1c/d), with the individual 
regressions approach finding a significant positive corre-
lation between the degree of Phenoage discrepancy and 
E/A gradient (rho: 0.451, p=0.031, Fig. 2b).

The GEE approach additionally identified a significant 
difference in the gradients for EF, which was increasing 
by 0.97 pp per year in those with concordant Pheno-
age, but decreasing by 0.29 pp per year in those where 
this was discrepant (p=0.025, Supplementary Fig. 1e/f). 

Fig. 1   Association between chronological and Phenoage at the 
final scan. The plot only includes those patients where the Phe-
noage was calculable at the final scan (N=34). The solid line is 
plotted at y=x, and the broken line is from a linear regression 
model
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However, the individual regressions analysis found no 
significant association between the degree of Phenoage 
discrepancy and the EF gradient, with the effect being in 
the opposite direction (rho: 0.183, p=0.391).

The individual regressions approach also iden-
tified significant positive correlations between 
the degree of Phenoage discrepancy and gradients 
in both ALP (p=0.015, Fig.  2c) and creatinine 

Table 2   Trends in blood markers and TTE parameters for the whole cohort

Analyses were performed using two different approaches. The generalised estimating equation (GEE) approach used GEE models 
with the timing of the scan test, relative to the first scan, as a covariate, and the stated parameter as the dependent variable. The indi-
vidual regressions approach first produced separate regression models for each patient with >2 scans (N=32) and then took the mean 
of the resulting gradients, using a one-sample t-test, to compare this to a value of zero. Further details of the methodologies used are 
reported in the Supplementary Material. For both approaches, gradients represent the rate of change per year in each parameter. Bold 
p values are significant at p<0.05
*Parameter was log-transformed prior to analysis to improve model fit; the resulting coefficient was then anti-logged and converted 
into a percentage change per year
**Gradients are reported in percentage points (pps) per year (e.g. a value of 1 would represent an increase from 55 to 56% in one 
year)
No. Pts. number of pts, No. Scn. number of scans

Parameter GEE approach Individual regressions approach

No. Pts. No. Scn. Gradient per year (95% CI) p value No. Pts. Gradient per year (95% CI) p value

Albumin (g/L) 45 251 −0.44 (−0.62, −0.26) <0.001 32 −0.78 (−1.03, −0.53) <0.001
ALP* 45 251 0.7% (−0.8%, 2.1%) 0.387 32 2.2% (0.3%, 4.1%) 0.027
Creatinine* 45 251 2.6% (0.4%, 4.7%) 0.019 32 3.2% (0.5%, 6.0%) 0.020
Glucose* 45 251 0.8% (−1.7%, 3.3%) 0.545 32 5.9% (0.5%, 11.5%) 0.034
WCC (109/L) 45 251 −0.03 (−0.11, 0.06) 0.518 32 −0.16 (−0.34, 0.02) 0.075
Lymphocyte (pp**) 45 251 −0.52 (−0.82, −0.22) <0.001 32 −0.60 (−1.08, −0.12) 0.017
MCV (Fl) 45 251 0.07 (−0.21, 0.35) 0.642 32 0.03 (−0.29, 0.35) 0.863
RDW (pp**) 45 251 0.04 (−0.05, 0.13) 0.412 32 0.13 (−0.04, 0.30) 0.130
Heart rate (bpm) 45 256 0.35 (−0.25, 0.95) 0.251 32 0.78 (−0.39, 1.96) 0.184
LVIVSd (cm) 45 245 −0.006 (−0.012, 0.001) 0.090 32 −0.004 (−0.012, 0.003) 0.272
LVEDd (cm) 45 248 −0.046 (−0.071, −0.021) <0.001 32 −0.042 (−0.064, −0.020) 0.001
LVPWd (cm) 45 245 0.009 (0.002, 0.015) 0.008 32 0.016 (0.007, 0.025) 0.002
LVESd* 45 231 −1.1% (−2.0%, −0.1%) 0.025 32 −1.0% (−1.8%, −0.1%) 0.031
EF (pp**) 45 222 −0.03 (−0.56, 0.50) 0.921 32 −0.37 (−0.97, 0.23) 0.215
LVEDvol 2D (ml) 41 133 0.51 (−1.09, 2.10) 0.534 28 0.14 (−1.81, 2.10) 0.880
LVESvol 2D* 41 133 2.8% (0.1%, 5.7%) 0.042 28 3.8% (0.3%, 7.4%) 0.032
LVEF 2D (pp**) 41 133 −0.44 (−1.13, 0.24) 0.207 28 −1.23 (−2.52, 0.06) 0.061
GLS 4C (pp**) 42 157 0.01 (−0.17, 0.19) 0.913 30 0.09 (−0.20, 0.37) 0.541
GLS total (pp**) 42 156 0.17 (−0.05, 0.39) 0.136 30 0.34 (0.06, 0.63) 0.020
LAV* 44 245 0.5% (−1.3%, 2.3%) 0.585 32 1.9% (−0.2%, 4.1%) 0.080
MV E max (cm/s) 45 250 −0.14 (−0.73, 0.44) 0.635 32 0.49 (−0.48, 1.45) 0.310
MV A max (cm/s) 44 242 0.01 (−0.60, 0.62) 0.971 31 −0.03 (−0.74, 0.69) 0.941
MV DT (ms) 43 222 −0.81 (−2.34, 0.72) 0.298 30 0.10 (−5.67, 5.87) 0.973
E/A* 44 241 −0.9% (−2.1%, 0.4%) 0.175 31 0.2% (−1.7%, 2.1%) 0.810
E/E’lat* 45 245 1.4% (−0.1%, 2.8%) 0.064 32 2.5% (0.4%, 4.7%) 0.019
E/E’sep 45 235 0.09 (−0.09, 0.26) 0.321 32 0.21 (−0.05, 0.48) 0.113
TDI RV s (cm/s) 43 155 0.07 (−0.10, 0.25) 0.416 31 −0.04 (−0.27, 0.19) 0.712
AV Vmax (cm/s) 45 219 −0.26 (−1.28, 0.76) 0.616 32 0.55 (−0.66, 1.76) 0.362
LVOT Vmax (cm/s) 45 219 −0.08 (−0.83, 0.66) 0.827 32 −0.64 (−1.29, 0.01) 0.054
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(p=0.039, Fig.  2d), implying that these markers 
saw more pronounced increases over time in those 
with more discrepant Phenoage; similar trends were 
observed in the GEE analyses.

Discussion

In this longitudinal study of the largest cohort of AS 
patients published, we identified accelerated ageing 

Table 3   Trends in blood markers and TTE parameters by Phenoage discrepancy at the final scan

For the generalised estimating equation (GEE) approach, only N=34 patients for whom Phenoage was calculable at the final scan 
were included. GEE models were produced with the stated parameter as the dependent variable and the timing of the scan/blood test, 
subgroup (discrepant vs. concordant Phenoage) and an interaction term as covariates. The “gradients” represent the rate of change 
per year in each parameter and are reported with the 95% confidence interval; the “interaction” is the p value for the interaction term 
in the model, representing a comparison between the gradients in the two subgroups. The individual regressions approach first pro-
duced separate regression models for each patient with >2 scans for whom Phenoage was calculable at the final scan (N=24). The 
correlations between the resulting gradients and the Phenoage discrepancy (Phenoage minus chronological age) were then assessed 
using Spearman’s rho. Further details of the methodologies used are reported in the Supplementary Material. Bold p values are sig-
nificant at p<0.05
*Parameter was log-transformed prior to analysis to improve model fit; the resulting gradient was then anti-logged and converted into 
a percentage change per year
**Gradients are reported in percentage points (pps) per year (e.g. a value of 1 would represent an increase from 55 to 56% in one year)
No. Pts. number of pts, No. Scn. number of scans

Parameter Generalised estimating equation approach Individual regressions approach

No. Pts. No. Scn. Gradient: concordant 
subgroup

Gradient: discrepant 
subgroup

Interaction 
p value

No. Pts. Spearman’s rho p value

Albumin (g/L) 34 194 −0.46 (−0.84, −0.07) −0.40 (−0.61, −0.18) 0.792 24 −0.330 0.115
ALP* 34 194 −1.7% (−4.3%, 1.0%) 1.5% (−0.2%, 3.3%) 0.051 24 0.492 0.015
Creatinine* 34 194 0.7% (−1.6%, 3.1%) 2.9% (−0.3%, 6.3%) 0.283 24 0.424 0.039
Glucose* 34 194 −0.1% (−3.7%, 3.6%) 1.1% (−2.3%, 4.5%) 0.638 24 0.392 0.058
WCC (109/L) 34 194 0.00 (−0.10, 0.10) 0.02 (−0.11, 0.14) 0.843 24 −0.345 0.098
Lymphocyte (pp**) 34 194 −0.57 (−1.09, −0.05) −0.54 (−0.91, −0.17) 0.925 24 −0.109 0.613
MCV (Fl) 34 194 −0.23 (−0.56, 0.10) 0.15 (−0.26, 0.56) 0.163 24 0.102 0.636
RDW (pp**) 34 194 −0.02 (−0.09, 0.05) 0.03 (−0.09, 0.16) 0.506 24 0.101 0.639
Heart rate (bpm) 34 194 1.05 (−0.09, 2.19) 0.37 (−0.32, 1.05) 0.314 24 −0.128 0.552
LVIVSd (cm) 34 186 −0.004 (−0.017, 0.009) −0.007 (−0.016, 0.001) 0.670 24 −0.289 0.171
LVEDd (cm) 34 188 −0.053 (−0.103, 

−0.002)
−0.025 (−0.054, 0.003) 0.357 24 −0.034 0.875

LVPWd (cm) 34 186 0.008 (−0.006, 0.022) 0.008 (−0.001, 0.017) 0.998 24 −0.350 0.094
LVESd* 34 179 −1.7% (−3.3%, −0.2%) −0.5% (−1.7%, 0.7%) 0.224 24 0.075 0.728
EF (pp**) 34 172 0.97 (0.12, 1.83) −0.29 (−0.99, 0.41) 0.025 24 0.183 0.391
LVEDvol 2D (mL) 32 102 1.40 (−1.99, 4.78) 0.99 (−1.10, 3.08) 0.842 23 0.123 0.578
LVESvol 2D* 32 102 7.6% (0.1%, 15.7%) 3.0% (−0.7%, 6.9%) 0.294 23 0.021 0.925
LVEF 2D (pp**) 32 102 0.00 (−1.10, 1.10) −0.57 (−1.43, 0.29) 0.423 23 0.118 0.593
GLS 4C (pp**) 32 124 −0.20 (−0.48, 0.07) 0.06 (−0.14, 0.27) 0.548 24 −0.227 0.286
GLS total (pp**) 32 123 0.01 (−0.26, 0.28) 0.20 (−0.11, 0.51) 0.357 24 −0.284 0.178
LAV* 33 187 −2.5% (−6.1%, 1.2%) 1.1% (−1.1%, 3.4%) 0.099 24 −0.346 0.098
MV E max (cm/s) 34 190 −0.52 (−1.66, 0.63) 0.07 (−0.61, 0.76) 0.387 24 0.070 0.744
MV A max (cm/s) 33 184 1.07 (0.23, 1.91) −0.28 (−1.09, 0.53) 0.023 23 −0.495 0.016
MV DT (ms) 32 172 −0.99 (−3.24, 1.26) −0.74 (−3.02, 1.54) 0.879 23 0.301 0.162
E/A* 33 184 −2.5% (−4.3%, −0.6%) 0.4% (−1.1%, 1.9%) 0.020 23 0.451 0.031
E/E’lat* 34 186 1.4% (−1.5%, 4.4%) 1.1% (−0.4%, 2.6%) 0.857 24 −0.127 0.554
E/E’sep 34 177 0.02 (−0.27, 0.31) 0.12 (−0.13, 0.37) 0.617 24 −0.047 0.828
TDI RV s (cm/s) 32 117 0.04 (−0.12, 0.19) 0.12 (−0.17, 0.42) 0.623 23 −0.350 0.101
AV Vmax (cm/s) 34 166 −0.63 (−1.83, 0.57) −0.22 (−1.77, 1.32) 0.684 24 0.076 0.725
LVOT Vmax (cm/s) 34 166 1.02 (0.29, 1.74) −0.27 (−1.41, 0.87) 0.063 24 −0.193 0.366
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as a defining feature, with most adults displaying an 
advanced Phenoage compared with chronological age. 
In the cohort, 85% of patients with Phenoage data 
exhibited a higher Phenoage than chronological age, 

indicating impaired structural and functional status of 
organs at an earlier age than expected. This raises the 
possibility that AS is a paradigm disease for accelerated 
ageing, with potential to act as a model for multi-organ 
dysfunction that occurs with obesity, insulin resistance, 
type 2 diabetes, and dyslipidaemia. The dysregula-
tion and impairment of underlying biological processes 
may therefore act as a mechanism of premature ageing, 

consistent with the reduced life expectancy observed in 
AS.

There was no evidence to suggest that Phenoage 
increased at a faster rate than chronological age in this 

cohort; instead, the discrepancy appeared to be pre-
sent at referral to the service and to persist thereafter.

Of patients displaying accelerated ageing, signifi-
cant changes were detected in blood markers relat-
ing to renal and liver dysregulation. Serum creatinine 
was significantly increased and positively correlated 
with Phenoage discrepancy, indicating reduced creati-
nine clearance and glomerular filtration rates (GFR) 

Fig. 2   Associations between the magnitude of Phenoage dis-
crepancy and trends in blood markers/TTE parameters. Points 
represent individual patients, with gradients calculated as per 

the individual regressions approach (see Table 3) and the mag-
nitude of the Phenoage discrepancy calculated at the final scan. 
Broken lines are from linear regression models
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representing renal injury [12, 13]. Reduced GFR and 
elevated serum creatinine represent a decline in renal 
function, which decreases with age [14]. Trends of ele-
vated ALP and Phenoage discrepancy indicate hepatic 
involvement contributing an accelerated ageing. AS 
patients display chronic kidney disease, hepatic fibrosis 
and renal impairment from early ages, which progress 
linearly with age [15, 16]. Renal impairment may be 
linked to ALMS1 playing a role in sodium reabsorption, 
affecting renal sodium transporters, further impacting 
endocytosis and impairing renal function [17, 18].

In addition, elevated Hba1c levels were identified 
in the discrepant Phenoage group, consistent with the 
phenomenon of impaired glucose tolerance seen in 
AS [19]. ALMS1 mutations can alter glucose home-
ostasis, by reducing glucose transporter expression 
(GLUT4) and relocalisation in cells, leading to aber-
rant glucose transport, altering insulin trafficking [20, 
21]. Reduced insulin sensitivity is seen in the elderly 
population, supporting the concept of accelerated 
metabolic ageing in AS [22].

Low serum albumin may also reflect ageing and 
associations have been demonstrated between reduced 
serum albumin and elevated mortality in elderly 
cohorts [23]. Low albumin further served as a prog-
nostic marker for other impairments such as inflam-
mation and malabsorption. Albumin misfolding and 
structural modifications with age may impair its 
homeostatic functions, contributing to an inflamma-
tory state [24]. This is supported by a reduced lym-
phocyte count, portraying a compromised immune 
system in those with discrepant Phenoages [25]. The 
collective changes in serum parameters are congruous 
with the multi-organ involvement in AS.

LV dimensions including LVEDd and LVESd 
decreased significantly over time, denoting reduced 
LV size. This is consistent with published longi-
tudinal studies demonstrating marked reduction in 
LVEDd with physiological ageing [26]. Increased 
LVPWd is consistent with a thicker LV wall, seen in 
physiological ageing [27]. LV wall thickening may 
be due to cardiomyocyte hypertrophy, rather than 
increased cardiomyocyte number, as reduced car-
diomyocyte number is associated with ageing [28]. 
Hypertension which elevates LV end-diastolic pres-
sure can lead to cardiomyocyte thickening as a com-
pensatory mechanism to preserve cardiac output [29].

Dividing the cohort into concordant and discrep-
ant Phenoage, a significant positive correlation in E/A 

ratio with the degree of Phenoage discrepancy sug-
gests increased LV pressure, impacting diastolic func-
tion, often impaired with age [30]. Diastolic dysfunc-
tion may occur in AS due to increased LV stiffening 
from fibrosis [31] related to excess collagen deposi-
tion, impairing relaxation [32]. Changes in contractil-
ity could be linked to the primary role of ALMS1 in 
cell cycle regulation and extracellular matrix produc-
tion [33]. AS patients with mutant ALMS1 may con-
sequently display altered cellular proliferation, lead-
ing to cardiomyocyte senescence and thus altering 
diastolic function [34]. This is further reflected by a 
reduction in MV A max in the discrepant Phenoage 
cohort, supporting LV stiffening and diastolic dys-
function. Variations in these parameters are expected 
to alter with age, supporting the concept of premature 
cardiovascular ageing in AS. Whilst ageing can be 
reflected with cardiac parameters, they do not impact 
Phenoage.

Strengths and limitations

This study has several strengths, chief amongst 
which are the large sample size for a rare disease 
and long follow-up time with a median of six years. 
Data were also available from regular assessments 
for blood markers and TTE parameters, allowing for 
a range of factors to be analysed. These two statisti-
cal approaches used generally gave consistent results, 
providing additional validation to these findings.

However, there were also some limitations that 
need to be considered when interpreting the findings. 
Primarily, CRP was not routinely tested during the 
study period; therefore, it was only possible to calcu-
late Phenoage at patients’ final follow-up assessments. 
This resulted in a quarter of patients being excluded 
from Phenoage analysis and also precluded analyses 
of longitudinal trends in Phenoage. Additionally, Phe-
noage was assessed at the end of the study period and 
compared to previous follow-up. Consequently, the 
findings of the analysis cannot be interpreted as indi-
cating the ability for Phenoage discrepancy to predict 
future trends in blood markers or TTE parameters.

In addition, there was a large variation in the numbers 
of scans per patient due to different dates patients were 
initially referred to the service, with most patients hav-
ing a follow-up assessment within one year of the end 
of the study. During the COVID-19 pandemic, numbers 
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were reduced as patients had either died or been lost to 
follow-up before the end of the study period. As such, 
the truncation of follow-up in these patients may have 
introduced some degree of selection bias. Whilst the 
two statistical approaches generally returned consist-
ent results, there were some inconsistencies, specifi-
cally when assessing trends in EF by Phenoage. Con-
sequently, it is not possible to reliably draw conclusions 
where the two approaches had inconsistent findings.

Conclusion

AS is a disease model of accelerated ageing, with most 
patients displaying an increased biological Phenoage 
compared to chronological age. A wide discrepancy 
in Phenoage was present from entry into the clinical 
service, suggesting that multi-organ dysfunction and 
an altered ageing trajectory occur at an early age, with 
the difference then stabilising with age. Accelerated 
cardiac ageing in AS was also found on longitudinal 
assessment using TTE, with progressive LV reduc-
tion in size, increase in LV wall thickness and reduc-
tion in mitral early filling with increase in atrial filling. 
Despite recapitulating cardiac re-modelling in AS, car-
diac parameters have less impact on Phenoage discrep-
ancy. The findings open up new possibilities for treat-
ment via the use of repurposed drugs able to slow or 
reverse the rate of biological ageing [35].
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Chapter 7

Characterisation of infantile cardiomyopathy in Alström

Syndrome using ALMS1 Knockout induced pluripotent stem

cell derived cardiomyocyte model

The following has been submitted to Molecular Genetics and Metabolism, as a

research article. Cellular bioenergetics analysis was conducted by Dr Jonathan

Barlow (University of Birmingham). ImageJ fluorescence quantification script was

written by Dr Daniel Nieves(University of Birmingham).
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7.2 Abstract

Alström syndrome (AS) is an inherited rare ciliopathy characterised by multi-organ

dysfunction and premature cardiovascular disease. This may manifest as an

infantile-onset dilated cardiomyopathy with significant associated mortality. An

adult-onset restrictive cardiomyopathy may also feature later in life. Loss of func-

tion mutations in ALMS1 have been identified in AS patients, leading to a lack of

ALMS1 protein. The biological role of ALMS1 is unknown, particularly in a car-

diovascular context. To understand the role of ALMS1 in infantile cardiomyopa-

thy, the reduction of ALMS1 protein seen in AS patients was modelled using hu-

man induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs), in which

ALMS1 was knocked out. MuscleMotion analysis and calcium (Ca2+) optical map-

ping experiments suggest that ALMS1 knockout (KO) cells have increased con-

tractility, with altered Ca2+ extrusion and impaired Ca2+ handling dynamics com-

pared to wildtype (WT) counterparts. Seahorse metabolic assays showed ALMS1

KO iPSC-CMs had increased glycolytic and mitochondrial respiration rates, with

ALMS1 KO cells portraying increased energetic demand and respiratory capacity

than WT counterparts. Using senescence associated β-galactosidase (SA-β-gal)

staining assay, we identified increased senescence of ALMS1 KO iPSC-CMs.

Overall, this study provides insights into the molecular mechanisms in AS, partic-

ularly the role of ALMS1 in infantile cardiomyopathy in AS, using iPSC-CMs as a

‘disease in a dish’ model to provide insights into multiple aspects of this complex

disease.
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7.3 Keywords
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7.4 Introduction

Alström syndrome (AS) is an ultra-rare genetic disease characterised by child-

hood onset retinal dystrophy and obesity [108]. Patients also develop auditory

manifestations, renal dysfunction, insulin resistance, dyslipidaemia and prema-

ture cardiovascular disease [325], [112].

AS is caused by recessive loss of function genetic variants in ALMS1 [111], a

23-exon gene located on chromosome 2p13 [113]. Reported mutations in AS pa-

tients are prevalent in exons 8, 10 and 16 of the ALMS1 gene [114]. The variants

in ALMS1 in AS patients leads to an absence of ALMS1 protein function [110],

presumably through a lack of ALMS1 protein translation due to the presence of

premature stop codons, resulting in protein truncation [114], [115].

ALMS1 is a cilia and centrosome protein, which is widely expressed in the

body, particularly in glial cells, neuronal cells and cardiomyocytes [326]. A pro-

posed role of ALMS1 involves cilia maintenance and cell cycle regulation [116].

However, the biological roles of ALMS1 are largely unknown.

Infantile cardiomyopathy is the earliest manifestation of cardiovascular dys-

function in AS, affecting approximately one third of individuals and associated with

significant premature mortality [327]. Infantile cardiomyopathy presents as acute

heart failure, characterised by severe left ventricular systolic dysfunction and fea-

tures of a dilated cardiomyopathy, with onset between birth and 10 months [110].
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Those who survive infantile cardiomyopathy often recover with no discernible

long-term consequences, detectable on biomarker assessment, electrocardiog-

raphy and multimodality cardiovascular imaging [327], [112].

Historically, most infants were not identified as having AS at the time of pre-

senting with infantile cardiomyopathy, with diagnosis being made following the

development of extracardiac features, such as nystagmus and photosensitivity

[328]. Hence, there is limited characterisation of the infantile cardiomyopathy

phenotype in AS. Infantile cardiomyopathy in AS does not predict onset of cardio-

vascular disease in adulthood [112], which argues that infantile cardiomyopathy

is a distinct disease entity to adult-onset cardiomyopathy. The role of ALMS1 in

the heart is poorly understood. A gene trap mouse model with a KO of Alms1

showed higher proliferation rates of cardiomyocytes in early postnatal hearts and

impaired cell cycle arrest, resulting in cardiac hypertrophy at two weeks of age

[329]. However, a more recent Alms1 mouse model failed to recapitulate these

findings and young postnatal hearts were found to be structurally and functionally

normal at the same age [330].

Understanding the role of ALMS1 in cardiomyocytes will enhance our knowl-

edge of the pathophysiological mechanisms driving infantile cardiomyopathy in

AS. Our aim was therefore to develop a ‘disease in a dish model’ of AS using

ALMS1 KO induced pluripotent stem cells (iPSC) and differentiating them into

cardiomyocytes (iPSC-CMs). The immature nature of iPSC-CMs [149] makes

them a suitable model to study the infantile heart. We subsequently charac-

terised these cardiomyocytes lacking ALMS1 compared to WT counterparts in
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terms of their contractile behaviour, Ca2+ handling, metabolic capacity and cell

senescence, at various stages of cardiac maturation.

In this study, we have validated the successful generation of a cellular model

system for AS. Our experiments indicate striking differences in the AS cellular

model, potentially providing insights into the pathogenesis of infantile cardiomy-

opathy in AS.

7.5 Materials and Methods

7.5.1 Generation of ALMS1 knockout iPSC cells

iPSCs were generated with the support from the Genome Engineering Core

Facility at the Wellcome Trust Centre for Human Genetics at the University of

Oxford. Human induced pluripotent stem cell line KOLF2-C1 (HipSci, https:

//www.hipsci.org/#/lines/HPSI0114i-kolf_2) was used for genetic engineer-

ing. CRISPR/Cas9-mediated genome engineering was used to delete approxi-

mately 60kb of the ALMS1 gene, spanning exons 10-13 (Figure Supplementary

7.11), referred to as ALMS1 KO subsequently. Pluripotency was confirmed by

fluorescence-activated cell sorting analysis for expression of stem cell markers

OCT4, SOX2, NANOG and SSEA4 and karyotyping carried out by Chromosome

Dynamics Core Facility at the Wellcome Centre for Human Genetics, UK. Clones

of homozygous KO cells with confirmed deletion of the gene were selected and

used for differentiation. The parental KOLF2 line served as WT control.
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7.5.2 Differentiation of ventricular induced pluripotent stem cell-derived cardiomy-

ocytes

iPSC cells, WT and ALMS1 KO were differentiated into ventricular cardiomy-

ocytes using an established and published protocol [179]. Briefly, iPSCs were

plated and cultured in 6-well dishes, with initiation of differentiation at 70-80% con-

fluency. The details can be found in the Supplementary Method section. Beating

CMs were established on days 8-10. WT and ALMS1 KO iPSC-CMs were differ-

entiated in parallel. iPSC-CMs were differentiated for 20, 25, or 30 days. Using

three different lengths of differentiation, we mimicked various stages of cardiac

maturation.

7.5.3 Immunofluorescence

WT and ALMS1 KO iPSC were immunostained for ALMS1 protein. iPSCs were

plated at 1,000 cells per mm2 onto coverslips and fixed with 4% paraformalde-

hyde in PBS for 15 minutes at room temperature, followed by PBS washes. Cells

were permeabilised with blocking buffer consisting of 0.5% Triton-X-100 in PBS,

5% Fetal Bovine Serum and 1% Bovine Serum Albumin for 1 hour at room tem-

perature. Primary antibodies, (Supplementary Table 7.1) were added in blocking

buffer overnight at 4°C. Secondary antibodies (Supplementary Table 7.1) were di-

luted in blocking buffer and incubated at room temperature for 1 hour in the dark,

followed by PBS washes and imaged using the EVOS M500 system.

At day 30, iPSC-CMs on coverslips were fixed and stained for p16 and p21 as

above. They were imaged on a Zeiss LSM 880 using a C-Apochromat 63x/1.2
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W Korr M27. Four images were taken per coverslip, with two to three coverslips

imaged per condition, across three batches of iPSC-CM differentiations. Analysis

of cytoplasmic and nuclear p16 and p21 staining were quantified using an Image

J custom script. Briefly, DAPI and α-actinin images were thresholded and used

to generate binary masks. The DAPI mask was used for quantifying nuclear ex-

pression of p16 and p21, whereas for cytoplasmic expression, a new mask was

generated from the α-actinin mask by taking away the nuclear mask. The mean

fluorescence intensity was then taken from within the masked areas in the original

p16 and p21 fluorescence images.

7.5.4 Optical mapping

Day 15 iPSC-CMs were split into 35mm dishes at approximately 57,000 cells

per mm2 forming a beating confluent monolayer of iPSC-CMs. Between days

22-25, optical mapping was conducted using a fluorescent Ca2+ dye. Medium

was removed from the dishes, and iPSC-CMs were incubated at 37°C with 5µM

Fura-2 AM Ca2+ dye in 1ml RPMI B27 + Insulin media for 20 minutes, followed by

incubation with 2ml Tyrode’s solution (129mM NaCl, 5.4mM KCl, 10mM HEPES,

48mM MgCl2, 1.8mM CaCl2, and 9.99mM Glucose) pH 7.44-7.48 for a further

20 minutes. The monolayer was excited at wavelength 380nm, with emission

captured at 510/40nm. Ca2+ signals were recorded from dishes on a heating plate

set to maintain the temperature at 37°C under a 10x objective with the following

settings: exposure interval 1.7ms, pixel size 8µm, 51x51 pixel resolution and 40%

gain using Winfluor software. Files were converted to .MAT files and analysed
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ALSTRÖM SYNDROME USING ALMS1 KNOCKOUT INDUCED PLURIPOTENT
STEM CELL DERIVED CARDIOMYOCYTE MODEL

using optical mapping software Electromap [181]. Outputs such as Ca2+ transient

durations (CTD) at 30%, 50% and 80% reuptake, time to peak, Ca2+ amplitude,

and beat rate were produced. Files were analysed at peak-transient, focusing on

Ca2+ extrusion.

7.5.5 MuscleMotion contraction analysis

Contraction of WT and ALMS1 KO iPSC-CMs was assessed between days 20-30

of differentiation. WT and ALMS1 KO iPSC-CM monolayers were recorded using

a GoPro H6 camera attached to a microscope using a 10X objective for a dura-

tion of 20-25 seconds. Three videos per well were taken, with two to six wells per

condition, across three batches of WT and ALMS1 KO iPSC-CM differentiations.

The videos were converted to TIF sequence files at a 59.94 frames per second

using Davinci Resolve software (v18.0.3). TIF files were converted into a stacked

TIF file, which was processed using a MuscleMotion macro in FIJI/ImageJ soft-

ware (v2.9.0) [182]. MuscleMotion outputs included contraction amplitude, time

to peak, relaxation time and peak-to-peak time. Each parameter from Muscle-

Motion was normalised to WT day 30 iPSC-CMs and portrayed as a percentage

difference to ALMS1 KO iPSC-CMs. To mitigate external factors such as room

temperature, cells were only taken out of the incubator for up to 2 minutes at a

time for recordings and returned to temperature-controlled incubators to maintain

contractility.
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7.5.6 Senescence associated β-galactosidase staining

Day 15 iPSC-CMs were plated at 1,000 cells per mm2 onto coverslips and cul-

tured to day 30 of differentiation. Senescence β-galactosidase Cell Staining kit

(Cell Signalling Technology, cat no. 9860) was used for these experiments. Cell

media was removed from coverslips and washed twice with 1X PBS. Cells were

then fixed with 1X fixative solution for 15 minutes at room temperature. Cells

were washed twice with PBS before addition of β-galactosidase staining solution

and incubated overnight at 37°C. Following nuclear counterstaining, coverslips

with incubated with DAPI (1:400) in PBS for 15 minutes and imaged using an

EVOS M500 Imaging system at 20x magnification using the Cy5 channel for the

β-galactosidase signal. The percentage of β-Galactosidase positive cells were

quantified from each image, using two to four coverslips per condition across two

to three differentiation batches.

7.5.7 Real-time quantitative polymerase chain reaction (RT-qPCR) transcription

levels

RT-qPCR was conducted to assess transcriptional levels of Ca2+ channels in WT

and ALMS1 KO iPSC-CMs involved in contractility. KiCqStartTM SYBR primers

were used (Supplementary Table 7.2) in combination with PowerUP SYBR Green

Master Mix (Applied Biosystems, cat no. A25742). TaqMan probes were used

with TaqMan Fast Advanced MasterMix 2X (Applied Biosystems, cat no.4444557).

qPCR assays were conducted on the QuantStudioTM 5 Real-Time PCR System

(Applied Biosystems). The following genes were investigated; SLC8A1 (NCX1,
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sodium-calcium exchanger), SLC8A2 (NCX2, sodium-calcium exchanger) and

SLC8A3 (NCX3, sodium-calcium exchanger) responsible for exit of Ca2+ from the

cell. ATP2A2 encoding for SERCA, acting as a pump to transport Ca2+ from the

cytosol back to the sarcoplasmic reticulum and RYR2, encoding for ryanodine

receptor 2, acting as a Ca2+ activated channel releasing Ca2+ from the sarcoplas-

mic reticulum into the cytosol. PLN, coding for phospholamban was also studied,

as depending on the state of phosphorylation, PLN can impact SERCA activity.

L-type voltage gated calcium channels, Cav1.2, encoded by CACNA1C is the

most predominant in the heart, Cav2.1, encoded by CACNA1A, Cav1.3, encoded

by CACNA1D and Cav1.4 encoded by CACNA1F mediate the entry of Ca2+ into

the cell. Fold changes in gene transcript expression were calculated using the

∆∆Ct method, with 2-∆(∆Ct) using GAPDH as the housekeeping gene. Data

was made relative to WT D30 expression levels. CDKN1A and CDKN2A tran-

script expression, encoding for p16 and p21 respectively, were also investigated

and normalised to GAPDH expression.

7.5.8 Cellular Bioenergetics

At day 15, WT and ALMS1 KO iPSC-CMs were passaged and cultured into Sea-

horse Extracellular Flux (XF) 96-well microplates (Agilent Technologies), coated

with Geltrex at a density of 20,000 cells per well. Wells A1, H1, A12 and H12 were

kept empty and used for background correction. On day 25, cells were washed

into XF DMEM containing HEPES (pH 7.4) (Agilent Technologies) supplemented

with 10mM glucose, 2mM glutamine and 1mM pyruvate. After calibration of the
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XF sensor cartridge, the microwell plate containing cells was placed into the XF

analyser and assessed using a metabolic profiling assay. In brief, following 3

baseline measurement cycles consisting of a 3-minute wait and 3-minute mea-

sure period, oligomycin (2µg/ml), BAM15 (3µM), rotenone plus antimycin A (2µM)

and monensin (20µM) were added sequentially to probe ATP-coupled respiration,

maximum respiratory capacity, non-mitochondrial oxygen consumption and max-

imal glycolysis, respectively.

After the assay, cell plates were centrifuged at 1000rpm for 5 minutes to pellet

iPSC-CMs. Spent assay media was removed from each well and cell pellets were

lysed in RIPA buffer (10µl) and protein concentrations determined using a Pierce

Rapid Gold BCA Protein Assay Kit (ThermoFisher Scientific, A53225). Protein

concentrations were measured using a SpectraMAX ABS plate reader (Molec-

ular Devices, cat no. 736-0916) on Softmax Pro software (v 7.1.2). Data was

normalised to protein concentrations. Following baseline correction and normali-

sation, multiple parameters were calculated from the data, including oxygen con-

sumption rate (OCR), proton efflux rate (PER) and ATP synthesis rates. PER was

corrected for mitochondrial contributions using pre-determined values of 0.38 for

H+:O2 [19]. ATP synthesis rates were determined from OCR and corrected PERs

using P/O2 ratios 5.45 (oxidative ATP), 1.53 (glycolytic ATP) and 0.334 (glycolytic

ATP when glucose is completely oxidised), we therefore assume glucose is the

only substrate being oxidised for these experiments [19].
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7.5.9 Statistical Analysis

When comparing two groups, data was assessed for normality using the Shapiro-

Wilk Test. Data that was not normally distributed underwent Mann Whitney sta-

tistical tests, whereas data normally distributed underwent an unpaired t-test. For

more than 2 variables, data not normally distributed underwent a Kruskal-Wallis

test with Dunn’s multiple comparisons test. When comparing across multiple

groups, data normally distributed underwent one-way ANOVA with šidák post hoc

test. Significance was determined as p < 0.05 (*), < 0.01 (**), < 0.001 (***),

< 0.0001 (****). Data was analysed and presented in GraphPad Prism version

(v9.5.1).

7.6 Results

7.6.1 Validation of ALMS1 KO in the cellular model

To confirm absence of the ALMS1 protein, immunostaining was conducted. A

reduction of ALMS1 protein in ALMS1 KO iPSCs compared to WT iPSCs was

documented using microscopy (Figure 7.1). In WT cells, ALMS1 was found as

one or two puncta per cell, in proximity to the nucleus. This agrees with its cen-

trosomal localisation [113].
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Figure 7.1: ALMS1 Immunostaining images of WT and ALMS1 KO iPSC
(A) Representative immunostaining of ALMS1 protein (red) highlighted by arrows and
DAPI nucleus stain (blue) in WT iPSCs (B) Immunostaining of ALMS1 in ALMS1 KO
iPSC cells (red) and DAPI nucleus stain (blue).

ALMS1 KO and WT iPSCs were successfully differentiated into iPSC-CMs

with similar efficiency and producing comparable numbers. Onset of beating was

similar for both genotypes (starting between day 8 and 10). Compared to WT,

ALMS1 KO iPSC-CMs showed increased expression of TNNT2 at day 20 (p <

0.0001), with similar trends also at day 25 and day 30 (Figure 7.2 C). However,

they had a reduced ratio of myosin light chain 2 (ventricular) to myosin light chain

7 (atrial) at day 30 (MYH2:MYH7 ) (p < 0.01), with a similar trend at day 25 (Figure

7.2 B). In contrast, the myosin heavy chain 7 to 6 ratio (MYH7:MYH6) was similar

between both genotypes (Figure 7.2 A). Taken together, this suggests there is no

delay of ALMS1 KO iPSC to differentiate into iPSC-CMs.
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Figure 7.2: qPCR of cardiac markers in WT and ALMS1 KO iPSC-CMs between Days
20-30 of differentiation
(A) MYH7:MYH6 ratios indicating maturity (B) MYL2:MYL7 ratio (C) TNNT2 relative ex-
pression. Data normalised to GAPDH and made relative to WT day 30 conditions. Values
are presented as mean ± SD. Each data point refers to 1 well of cells, plated as 3 tech-
nical replicates per condition. A total of n=3 batches of iPSC-CM differentiations were
used. Statistical significance was assessed with a Kruskal-Wallis test as data was not
normally distributed, with p values determined as <0.05 (*), < 0.0001 (****).

7.6.2 Contraction analysis

MuscleMotion analysis of videos of spontaneously beating iPSC-CMs was em-

ployed to investigate potential contractile changes in ALMS1 KO cardiomyocytes.

No significant differences were observed in contraction duration, referring to the

time taken for contraction to occur (Figure 7.3 A). Contraction amplitude refers

to the peak contraction force. Contraction amplitude was significantly higher in

day 20 ALMS1 KO iPSC-CMs compared to WT (p<=0.05) and showed an in-

creased trend of amplitude at later time points, although not significant (Figure

7.3B). Similarly, peak amplitude portrayed an increased trend ALMS1 KO iPSC-

CMs compared to WT (Figure 7.3C).
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Figure 7.3: Contractile parameters of WT and ALMS1 KO iPSC-CMs assessed by
MuscleMotion software
Contractility parameters analysed from GoPro videos of WT and ALMS1 KO iPSC-CMs
over days 20-30 of differentiation, analysed using MuscleMotion. (A) Contraction dura-
tion, (B) Contraction amplitude, (C) Peak amplitude, (D) Relaxation time, (E) Time to peak
and (F) Peak to peak time. Data presented as mean ± SD. Each data point refers to an
average value per batch of cells, calculated from 3 areas per well across 2-3 wells of
cells per condition. This was conducted with a total of n=3 batches of iPSC-CM differen-
tiations. Statistical significance was assessed with a Kruskal-Wallis test as data was not
normally distributed, with p values determined as < 0.05 (*)
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7.6.3 Altered Ca2+ handling in ALMS1 KO cardiomyocytes

Optical mapping of cells was conducted between days 22 and 25 of differenti-

ation. ALMS1 KO iPSC-CMs demonstrated shorter calcium transient durations

(CTD)(at CTD30%, CTD50% and CTD80%) compared to control WT iPSC-CMs;

CTD30 (p<=0.05), CTD50 (p<= 0.01), CTD80 (p<=0.01) (Figure 7.4 A-F). Fur-

thermore, a significant decrease in the peak CTD30:80 ratio (Figure 7.4 J) was

observed in ALMS1 KO iPSC-CMs compared to WT iPSC-CMs (p<=0.01). No

significant differences were observed in beat rate (frequency of contractions), cal-

cium amplitude, time to peak or cycle length (Figure 7.4 G,H,I & K).
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Figure 7.4: Calcium optical mapping of WT and ALMS1 KO iPSC-CMs using Elec-
troMap software
Ca2+ optical mapping on days 22-25 iPSC-CMs analysed using ElectroMap software. (A)
Ca2+ fluorescence heatmap of WT iPSC-CM monolayer (B) Ca2+ fluorescence heatmap
of ALMS1 KO iPSC-CM monolayer (C) Ca2+ transient schematics of WT and ALMS1
KO iPSC-CMs (D) Ca2+ transient durations at 80% reuptake, (E) 50% reuptake and (F)
30% reuptake. (G) Ca2+ peak amplitude, (H) Beat rate calculated using cycle lengths, (I)
Time taken to reach peak of Ca2+ transient, (J) CTD30:80 ratio and (K) Cycle lengths.
Data presented as mean ± SD. Each data point refers to an area recorded per dish of
cells, with 1-3 dishes recorded per condition. This was conducted across a total of n=6
batches of iPSC-CM differentiations, to account for batch to batch variability of cells. A
Mann-Whitney test of significance was conducted on all parameters as data was not nor-
mally distributed. Significance was determined as p < 0.05 (*), < 0.01 (**), < 0.001 (***).197
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7.6.4 Changes in calcium handling genes in ALMS1 KO cardiomyocytes

As changes in Ca2+ transients were observed, the expression of Ca2+ ion chan-

nels was investigated (Figure 7.5). Expression of L-type calcium channels were

assessed, as they play a key role in the entry of Ca2+ into the CM. No significant

changes were found in CACNA1A or CACNA1C (Figure 7.5 A & B). A significant

reduction in CACNA1D expression was identified at day 30 in ALMS1 KO cells

compared to WT (p<=0.0005) (Figure 7.5 C). A significant reduction in CACNA1F

was observed at an early timepoint (p < 0.01), with no significant differences be-

tween ALMS1 KO and WT CMs at later points (Figure 7.5 D).

SLC8A1, encoding for the sodium-calcium exchanger, NCX1 plays a crucial

role in Ca2+ homeostasis. Expression of SLC8A1 was significantly reduced at

day 25 in KO CMs compared to WT (Figure 7.5 G). SLC8A2 showed significantly

increased expression in ALMS1 KO cells compared to WT at days 20 and 25 (p<

=0.05) (Figure 7.5 H). Similar trends of increased expression of SLC8A3 were

seen in ALMS1 KO iPSC-CMs compared to WT between days 20-30, although

not significant (Figure 7.5 I).

No significant changes were seen in RYR2 expression between WT and ALMS1

KO iPSC-CMs (Figure 7.5 F). Expression levels of ATP2A2 were significantly de-

creased in ALMS1 KO iPSC-CMs compared to WT (p<= 0.01) at day 25, but

showed no significant differences after this timepoint (Figure 7.5 E). Significant

decreases in PLN expression were identified at days 25 and 30 in ALMS1 KO

cells compared to WT (p <= 0.01).
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Figure 7.5: qPCR of Ion channels involved in Ca2+ handling in WT and ALMS1 KO
iPSC-CMs
WT and ALMS1 KO iPSC-CMs between days 20-30 of differentiation. Ion channel
gene expression of (A) CACNA1A (B) CACNA1C (C) CACNA1D (D) CACNA1F (E)
ATP2A2/SERCA (F) RYR2 (G) SLC8A1 (H) SLC8A2 (I) SLC8A3 (J) PLN. Data were
normalised to GAPDH and made relative to WT D30. Data plotted as mean ± SD. Each
data point refers to 1 well of cells plated as 3 technical replicates per condition, across
a total of n=3 batches of iPSC-CM differentiations. Statistical significance was assessed
with a Kruskal-Wallis test for data not normally distributed, excluding SERCA, PLN and
CACNA1D, which were normally distributed and thus underwent a one-way ANOVA. Sig-
nificance determined as p < 0.05 (*), < 0.01(**).199
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7.6.5 Real-time metabolic profiling of ALMS1 KO cardiomyocytes

To assess metabolic characteristics of ALMS1 KO iPSC-CMs, metabolic profiles

were determined from real-time cellular bioenergetics measurements using Sea-

horse XF analysis. These data show that ALMS1 KO iPSC-CMs had significantly

higher oxidative and glycolytic flux compared to WT iPSC-CMs (p <= 0.0001)

(Figure 7.6 A-D). Specifically, ALMS1 KO iPSC-CMs had significantly higher lev-

els of basal mitochondrial respiration, mitochondrial ATP-coupled respiration and

maximal mitochondrial respiration than WT (p <= 0.0001) (Figure 7.6 E-H). Sim-

ilarly, basal glycolytic rates and maximal glycolytic rates were significantly in-

creased in ALMS1 KO iPSC-CMs compared to WT (p <= 0.0001) (Figure 7.6

D and 7.6 F). Consistently, total ATP synthesis rates were significantly higher in

ALMS1 KO iPSC-CMs compared to WT (p <= 0.0001) (Figure 7.6 H).
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Figure 7.6: OCR and ECAR assessed by Cell Mito-Stress Test Seahorse assay of
WT and ALMS1 KO iPSC-CMs on day 25 iPSC-CMs
(A) Oxygen consumption rate (OCR) of WT and ALMS1 KO iPSC-CMs using Seahorse
assay. (B) Quantification of Basal OCR (C) Proton efflux rate (PER) of WT and ALMS1
KO iPSC-CMs (D) Quantification of PER Glycolytic Basal ECAR. (E) Maximal OCR. (F)
Maximum Glycolytic rates (G) ATP coupled synthesis. (H) Total ATP synthesis. Data
normalised to protein levels of cells. Values are presented as mean ± SD. Each data
point refers to an average of 24 wells of cells per condition, across a total of n=2 batches
of iPSC-CM differentiations. Statistical significance was assessed with a Mann-Whitney
test as data was not normally distributed, with p values determined as < 0.0001 (****).
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7.6.6 Cell Senescence

ALMS1 KO cells showed increased SA-β gal activity compared to WT iPSC-CM

cells, (p <= 0.0001), suggesting ALMS1 KO cells were more senescent (Figure

7.7). This is further reflected by a trend of increased p16 expression, a marker

for cell senescence, using immunofluorescence in the cytoplasm of ALMS1 KO

cells (Figure 7.8). A trend towards increased transcript expression of CDKN2A,

the gene coding for p16, was identified in ALMS1 KO iPSC-CMs compared to

WT iPSC-CMs at all time points (Figure 7.10 B), although not significantly differ-

ent due to variability. Unlike p16, senescence marker p21 encoded by CDKN1A

portrayed no trends or significant differences between WT and ALMS1 KO iPSC-

CMs (Figure 7.9). Taken together, these data suggest increased cell senescence

in ALMS1 KO cardiomyocytes.
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Figure 7.7: Senescence associated-β-galactosidase staining in WT and ALMS1 KO
iPSC-CMs
Microscopy images of β-galactosidase (green) and nuclei (blue) on day 30 iPSC-CMs. (A)
WT iPSC-CMs (B) ALMS1 KO iPSC-CMs. (C) Quantification of β-galactosidase positive
cells across conditions. Each data point refers to an average of 3 different images per
coverslip of iPSC-CMs, with data obtained from 4-6 coverslips per condition to capture
well to well variability. This was conducted across a total of n=3 batches of iPSC-CM
differentiations. Data normalised to cell number. Scale bars representative of 100µm.
Statistical significance was assessed with a Mann Whitney test as data was not normally
distributed, with p values determined as p < 0.0001 (****).
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Figure 7.8: Immunostaining of p16 in WT and ALMS1 KO iPSC-CMs
Confocal microscopy images of p16 (green), sarcomeric α-actinin stain (red) and DAPI
nucleus stain (blue) in (A) WT iPSC-CMs (B) ALMS1 KO iPSC-CMs (C) Quantification of
p16 in nucleus of cells across conditions (D) Quantification of p16 in cytoplasm of cells
across conditions. Each data point refers to an area of a coverslip, with 4 different areas
captured per well, 2-3 wells per condition captured. A total of n=3 batches of iPSC-CM
differentiations were used. Scale bar representative of 20µm. Statistical significance was
assessed with a Mann Whitney test as data was not normally distributed.
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Figure 7.9: Immunostaining of p21 in WT and ALMS1 KO iPSC-CMs
Confocal microscopy images of p21 (green), sarcomeric α-actinin stain (red) and DAPI
nucleus stain (blue) in (A) WT iPSC-CMs (B) ALMS1 KO iPSC-CMs (C) Quantification of
p21 in nucleus of cells across conditions (D) Quantification of p21 in cytoplasm of cells
across conditions. Each data point refers to an area of a coverslip, with 4 different areas
captured per well, 2-3 wells per condition captured. A total of n=3 batches of iPSC-CM
differentiations were used. Scale bar representative of 20µm. Statistical significance was
assessed with a Mann Whitney test as data was not normally distributed.205
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Figure 7.10: qPCR of CDKN1A and CDKN2A in WT and ALMS1 KO iPSC-CMs be-
tween Days 20-30 of differentiation
(A) CDKN1A, encoding for p21 transcript expression (B) CDKN2A, encoding for p16 tran-
script expression. Data normalised to GAPDH and made relative to day 30 WT iPSC-
CMs. Values are presented as mean ± SD. Each data point refers to 1 well of cells,
plated as 3 technical replicates per condition. This was conducted using a total of n=3
batches of iPSC-CM differentiations. A Kruskal-Wallis statistical test was conducted as
data was not normally distributed.

7.7 Discussion

The model of ALMS1 KO iPSC-CMs enabled molecular characterisation of the

lack of functional ALMS1 protein, mirroring the situation in AS patients. In car-

diomyocytes, changes in calcium dynamics, contractility, senescence and metabolism

were observed, reflecting the multi-faceted nature of AS.

7.7.1 Altered calcium dynamics and contractility in ALMS1 KO iPSC-CMs

Optical mapping identified shorter CTDs in ALMS1 KO iPSC-CMs, independent

of calcium amplitude or cycle length (Figure 7.4), indicating alterations in calcium

removal from the cytosol. The mechanisms driving these are unclear but are likely

to have a role in the underlying pathogenesis of infantile cardiomyopathy in AS.

Our data are suggestive of downregulation of NCX1 expression and increase
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in NCX2, the effects of which on calcium transient are difficult to predict. Signifi-

cant downregulation of PLN expression in ALMS1 KO iPSC-CMs on days 25 and

30 may also affect the calcium transients, as PLN alters the calcium affinity of

SERCA dependent on its phosphorylation state [23]. Indeed, PLN KO iPSC-CMs

displayed increased SR calcium uptake and increased contractility [331], which

is consistent with the ALMS1 KO iPSC-CMs phenotype. The decreased PLN ex-

pression in ALMS1 KO iPSC-CMs compared to WT may therefore alter calcium

dynamics and contractility. However, it is important to note that PLN regulation

occurs also at posttranslational level and that the phosphorylation status of PLN

and its equilibrium between monomer and pentamere are crucial for its inhibitory

action on SERCA [332]. These levels of regulation have not been assessed in

the current study.

Calcium flux changes, directly affect calcium contractility, though our contrac-

tility data do not display significantly shorter relaxation times in ALMS1 KO iPSC-

CMs (Figure 7.3 D). We did however observe a clear increase in contraction am-

plitude in ALMS1 KO iPSC-CMs. Mechanisms driving these may relate to faster

calcium reuptake into the SR, though we have not quantified SR calcium con-

tent. Whilst no significant changes were detected in calcium amplitude, the use

of non-ratiometric dyes does not allow direct comparisons in systolic and dias-

tolic calcium concentrations in our experiments. Furthermore, post-translational

modifications of myofilament proteins, which can modulate calcium sensitivity,

are known to influence the force of contraction and could be responsible for the

differences observed between ALMS1 KO and WT iPSC-CMs [333].
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The observed reduction in SERCA transcript expression is consistent with lit-

erature, suggesting age-related impairment of the SR to sequester calcium ions

could be linked to a reduction in SERCA levels or alterations in SERCA: PLN ra-

tios [86]. Studies have also demonstrated a reduction in transcript and protein

levels of SERCA in aged CMs [20], which could be reflected by the accelerated

ageing phenotype observed in AS. Furthermore, decreased SERCA levels with

ageing have also been associated with decreased CTD’s in myocytes [99], con-

sistent with the significantly shorter CTD’s identified in ALMS1 KO CMs. Ageing

has also been proposed to affect action potentials and diastole thus implicating

changes in NCX activity. NCX channel expression has been proposed to de-

crease in the hearts of aged rats and mice [20], with other literature also suggest-

ing a reduction of mRNA levels, protein expression and activity of NCX channels

in male hearts [222], which are consistent with the observed reduction in NCX1

and NCX2 in KO CMs. The lack of changes in RYR2 transcript levels is also

reflected in literature, with a number of studies suggesting that ageing does not

alter the expression of RYR2 protein [222], [101].

7.7.2 Increased metabolic capacity of ALMS1 KO iPSC-CMs

The transition from foetal to early postnatal heart is associated with wide-ranging

changes in metabolism, to adjust from a hypoxic to normoxic environment and

to meet the increasing energy demands of cardiac contractility and growth [334].

Cardiomyocytes have remarkable metabolic flexibility, allowing them to utilise a

range of substrates such as glucose and fatty acids [335]. Foetal CMs display
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a preference for glucose utilisation, associated with increased glycolytic activity

and a lower capacity for oxidative phosphorylation [263].

In keeping with published literature, the increased glycolytic rates in ALMS1

KO iPSC-CMs compared to WT counterparts, highlight their infantile metabolic

nature and indicating higher glycolytic activity [336], [123]. The increased gly-

colysis in ALMS1 KO iPSC-CMs correlates with the metabolic patterns seen in

neonatal and foetal hearts [337].

In addition, oxidative phosphorylation is also significantly upregulated in ALMS1

KO cells, alongside total ATP synthesis, portraying higher mitochondrial activity

compared to WT cells. The increased metabolic rates coupled with an increased

contraction amplitude and shorter calcium transients indicates ALMS1 KO iPSC-

CMs have a higher energetic demand, thus require an upregulation in both energy

producing pathways to meet cellular demand. Furthermore, independent of cellu-

lar demand and total ATP synthesis, the maximum metabolic capacity of ALMS1

KO cells was also shown to be significantly higher than WT cells.

Furthermore, the ATP index also portrayed ALMS1 KO iPSC-CMs as predom-

inantly glycolytic, with a higher baseline of glycolytic ATP synthesis compared to

WT iPSC-CMs. The glycolytic behaviour of ALMS1 KO iPSC-CMs could reflect a

lack of ability to effectively switch substrates for energy utilisation, thus indicating

issues with early myocardial metabolism issues in AS.

Additionally to the increased energy demand of ALMS1 KO iPSC-CMs, they

also displayed an increased ATP capacity, with increased total ATP production.

The ability to distinguish different metabolic capacities of iPSC-CMs further high-
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lights the benefit of this model for capturing changes in metabolism, and repre-

senting the metabolic dysregulation in AS.

7.7.3 Increased senescence in ALMS1 KO iPSC-CMs

Previous published literature demonstrates that premature senescence of car-

diomyocytes drives cardiomyopathy phenotypes by releasing senescence asso-

ciated secretory phenotypes, contributing to myocardial remodelling [89], which

led to the investigation of whether ALMS1 KO iPSC-CMs portrayed features of

cell senescence. A significant increase in the percentage of SA β-gal positive

cells (Figure 7.7) in ALMS1 KO iPSC-CMs compared to WT suggested an in-

creased senescent state. Senescence of cardiomyocytes have been shown to

be key players in myocardial remodelling, contributing to the progression of my-

ocardial infarction and heart failure [338], [339]. This highlights another aspect of

disease state of ALMS1 KO iPSC-CMs.

Cell senescence is a programme whereby cells exit the cell cycle. It involves

the activation of p16 as an inhibitor of CDK4/CDK6, thus leading to an upregula-

tion of p21 and preventing progression through the cell cycle [340]. An increased

trend of p16 and p21 expression in the cytoplasm of ALMS1 KO CMs compared

to WT cells was identified (Figure Supplementary 7.9, Figure 7.10), consistent

with literature portraying activation of p16 in senescent cells [338], [341]. The

trend of increased p16 transcript expression in ALMS1 KO cells (Supplementary

Figure 7.10) further supports findings, indicating senescence states of ALMS1

KO iPSC-CMs.
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7.7.4 Limitations

There are several limitations which need to be considered when interpreting this

data. A limitation of iPSC-CMs as a cell model is the variation in data due to

batch variability [342]. Due to the differentiation process for ventricular iPSC-CMs

featuring several steps, this may alter the quality of differentiation and introduce

variability, potentially affecting the reliability of the data. In order to overcome

this, high quality control thresholds were put into place, with multiple biological

and technical replicates conducted for each experiment. Ca2+ dynamics of iPSC-

CMs may also differ from cardiomyocytes in vivo. This is because iPSC-CMs lack

t-tubule structures [343], which play a key role in the excitation-contraction cou-

pling process and Ca2+ release. This may affect the accuracy of Ca2+ handling

experiments conducted in this study. Furthermore, limitations with optical map-

ping techniques, such as Ca2+ dye loading and heterogenous illumination may

not accurately reflect changes in Ca2+ amplitude.

7.8 Conclusions

This novel cardiac characterisation of ALMS1 KO iPSC-CMs in a cellular model

reflecting the lack of functional cardiac ALMS1 protein in AS patients has identi-

fied several disturbances of normal cardiomyocyte function. These disturbances

include altered Ca2+ extrusion in cells and increased contractility in ALMS1 KO

iPSC-CMs. These may be relevant in the context of driving infantile cardiomyopa-

thy in AS. Furthermore, a switch towards glycolytic metabolism with increased

respiratory capacity was observed. Finally, ALMS1 KO iPSC-CMs portrayed
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signs of increased senescence. The molecular alterations identified in ALMS1

KO iPSC-CMs provide insights into cardiovascular changes in AS patients, by

identifying changes that occur with ALMS1 depletion. Utilisation of iPSC-CMs

served as a beneficial model for understanding the mechanisms underpinning in-

fantile cardiomyopathy in AS, by allowing investigation into molecular changes at

early time points, which can reflect early cardiac changes in AS. Further research

is required to understand the molecular mechanisms of altered Ca2+ handling,

changes in senescence and metabolism in ALMS1 KO iPSC-CMs, identifying

specific pathways or genes for developing targeted therapeutic approaches.
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7.9 Supplementary material

7.9.1 Generation of ALMS1 KO iPSC cells

The aim was to delete approximately 60kb of genomic sequence of ALMS1 us-

ing single guide RNAs (sgRNA), which created double stranded breaks in the

target region, exon 10 and exon 13, which could be repaired using nonhomol-

ogous end joining, thus deleting the intervening sequence. CRISPR/Cas9 site

specific sgRNAs were designed with the following sequences; ALMS1-Cr1 (5’-

GGCTTGCATCCCATTCCCCGTGG-3’) and ALMS1-Cr2 (5’- TTGTGCCTAGCAC-

CTGAGCTGGG -3’).

Site-specific CRISPR/Cas9 nuclease as a riboprotein complex with Cr1 and

Cr2 sgRNAs were electroporated into early passage KOLFC-C1 cells using the

Neon Electroporation System (Thermo Fisher Scientific, 1200V, 30ms,2 pulses).

Monoclonal expansion and PCR based genotyping of individual clones lead to

the identification of putative knock-out clones. Sanger sequencing of the clones

confirmed homozygous deletion in 3 independent clones (Clone-23, 26 and 40).

These clones were validated as pluripotent by FACS analysis for expression of

stem cell markers OCT4, SOX2, NANOG and SSEA4 (Human Pluripotent Stem

Cell transcription factor Analysis kit (BD Biosciences 560589). A normal kary-

otype was confirmed and perfomed by Chromosome Dynamics Core Facility at

the Wellcome Centre for Human Genetics, UK. Clone 23 with confirmed deletion

of the gene was selected and used for differentiation. The parental KOLF2 line

served as WT control.
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7.9.2 Human iPSC-CM differentiation protocol

iPSC-CMs were seeded onto six-well plates coated with Geltrex, cultured in mTESR

Plus media (StemCell Technologies). Media was changed every 48 hours until

cells had reached 70-80% confluency. Media was then changed to StemPro-34

SFM (1X) supplemented with 2mM L-Glutamine, 1ng/mL Recombinant Human

BMP4 and 1:100 Geltrex. After 24 hours, cells were changed to day 0 media,

consisting of StemPro media supplemented with 10 ng/mL Recombinant Human

BMP4, 8 ng/mL Activin A and 2mM L-Glutamine and incubated for 48 hours.

On day 2, cells were changed to RPMI 1640 media with B27 supplement minus

Insulin (50X), 10µM XAV939 and 10µM KY02111 and incubated for 48 hours.

On day 4, cells were changed to RPMI 1640 media with B27 supplement (50X),

10µM XAV939 and 10µM KY02111 for 48 hours. The media on the cells were

changed with RPMI 1640 media with B27 supplement (50X) every other day. Af-

ter the initiation of differentiation on day 10, glucose starvation was conducted,

with cells changed to RPMI 1640 media supplemented with no glucose B27 sup-

plement (50X) for 24 hours. Cells were dissociated at day 15 into appropriate

formats for experiments. iPSC-CMs were incubated with 1mL per well of TryplE

Express (Gibco) for 8 minutes, followed by addition of plating media, consisting

of RPMI 1640 media supplemented with B27, 10% Knockout Serum replacement

(Gibco) and 2µM Thiazovivin to wash off cells. iPSC-CMs were centrifuged for

4 minutes at 215G at room temperature. iPSC-CM pellets were resuspended

in plating media and seeded onto Geltrex-coated plates. After incubation for 24

hours, iPSC-CMs were changed back to RPMI 1640 media supplemented with
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B27 every other day until experiment was conducted.

Figure 7.11: Sanger sequencing of ALMS1 F1/R2 PCR products from C23, C26 and
C40 confirmed site specific deletion at the CRISPR target site
Control clones (C1, C2 and C3) showed wild type sequence at the target site.
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Table 7.1: Primary and secondary antibodies used for immunostaining
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Table 7.2: TaqMan and SYBR primers used for qPCR
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Chapter 8

Final Discussion

8.1 Summary of results

Figure 8.1: Summary of differences between 20kPa and 130kPa PDMS substrates
Key differences of iPSC-CMs cultured on 20kPa PDMS compared to 130kPa PDMS
substrates. Differences in calcium handling dynamics, cardiomyocyte structure and
metabolic gene and protein expression were identified between soft and stiff substrates

The overall aim of this research was to investigate the effect of cardiovascular

ageing on iPSC-CM morphology, function and metabolism by developing a phys-

iological model reflecting the ageing ECM by manipulating stiffness. Ageing is
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associated with a decline in physiological function and is the dominant risk factor

for cardiac disease, with increased risk of hypertension, atherosclerosis and my-

ocardial infarction [77]. Despite exercise being shown as a method to decrease

age-related cardiac stiffness [344], molecular gene targets are being explored

as therapeutic strategies to prevent ageing of the heart [345]. In order to un-

derstand how to reverse the effects of cardiac ageing, our understanding of how

age-related cardiovascular changes affect heart function, particularly cardiac cell

behaviour is essential for progression in the field.

The stiffening of the ECM and altered architecture are well established as fea-

tures of cardiac ageing and can lead to alterations in the cellular composition of

the heart [84], highlighting the importance of investigating changes in CMs. Cur-

rent cardiac cell models utilise plastics for experiments, which do not recapitulate

physiological stiffnesses of the heart [187]. Developing physiological models of

the ageing cardiac environment can provide insight into how stiffening of the my-

ocardium can impact CM structure, function and metabolism, which are key for

maintaining cardiac homeostasis. Furthermore, exploring the cardiovascular phe-

notypes and changes occurring in age-related cardiac diseases such as AS can

enhance our understanding of dysregulated mechanisms and pathways, provid-

ing novel future therapeutic targets.

The aims of the thesis were as follows:

1. Develop a representative model of the stiffness of a healthy and aged my-

ocardium using biomaterial hydrogels (Chapter 3)

2. Molecular and cellular characterisation of the effect of stiffness of ECM mod-
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els on iPSC-CM morphology, gene expression and contractility (Chapter 4)

3. Investigating the effect of ECM stiffness on iPSC-CM metabolism (Chapter

5)

4. Assessing Alström Syndrome as a model of accelerated ageing using Phe-

noage (Chapter 6)

5. Characterising the cardiovascular role of ALMS1 in Alström Syndrome using

iPSC-CMs models (Chapter 7)

8.2 Chapter 3: Developing a hydrogel model of ECM stiffnesses

Chapter 3 explored the use of PEG and PDMS for hydrogel synthesis, with the

aim of developing hydrogels with stiffnesses of 20kPa (healthy myocardium) and

130kPa (fibrotic myocardium). PEG was initially used for synthesis, due to its

modifiable nature and previous use with cardiac cells [176]. Chemical synthe-

sis of PEG precursors demonstrated successful synthesis and functionalisation,

as shown with NMR. Mechanical characterisation of hydrogels showed specific

combinations of PEG precursors produced hydrogels with Young’s moduli of ap-

proximately 20kPa, thus effectively recapitulating the stiffness of the healthy my-

ocardium. However, when culturing iPSC-CMs onto the PEG hydrogels, all iPSC-

CMs died, indicating toxicity of the gels. Troubleshooting steps to remove toxicity

from precursors, such as remaking PEG precursors with extra wash steps and re-

moval of excess acids with acid-base extraction were unsuccessful, which there-

fore led to the use of PDMS as the preferred biomaterial for hydrogels. PDMS
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had been used in the lab group before, with extensive literature also indicating

compatibility with iPSC-CMs [202]. PDMS hydrogels were able to mimic physio-

logical ECM stiffnesses, by creating hydrogels of 20kPa and 130kPa. They also

displayed biocompatibility with iPSC-CMs and showed no issues with toxicity or

attachment to PDMS hydrogels when coated with Geltrex.

8.2.1 Limitations of Chapter 3

A key limitation of this chapter was the inability to resolve the acid toxicity in PEG

hydrogels. Alternative methods to resolve toxicity of PEG hydrogels could have

been explored. The use of eluents such as hydrochloric acid, sodium hydroxide,

sodium chloride, ascorbic acid and ethylenediaminetetraacetic acid could be used

to desorb and facilitate the removal or elution of excess acids [346]. Despite the

successful attachment of iPSC-CMs to PDMS hydrogels, a significant limitation

of PDMS was the peeling of cell monolayers from the surface with extended cell

culture periods, due to friction between the surfaces caused by contractility of

iPSC-CMs. This prevented the use of PDMS hydrogels with iPSC-CM cultures

beyond day 30, which further added to the major concern of immaturity of iPSC-

CMs.

8.2.2 Chapter 3 Future work

The successful development of PDMS hydrogels and attachment of iPSC-CMs

led to the implementation of this model to mimic the young and aged ECM for

experiments in other chapters. Stiffnesses of PDMS hydrogels can be modified
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by changing the ratio of components used, thus could be utilised for other models

of stiffness with various cell types. Furthermore, 3D models of PDMS could also

be used with iPSC-CMs to further mimic environmental conditions and improve

maturation.

8.3 Chapter 4: Molecular and cellular characterisation of the effect of ECM stiff-

ness on iPSC-CM morphology and contractility

Chapter 4 aimed to investigate how ECM stiffness altered iPSC-CM structure,

contractility and Ca2+ handling dynamics. iPSC-CMs between days 20-30 of dif-

ferentiation showed increased expression of cardiac maturity markers; increased

expression of MYH7/MHY6 ratio and MYL2/MYL7 ratios from day 25 onwards at

transcript level, which validated the use of this timepoint for future experiments.

iPSC-CMs cultured on softer 20kPa PDMS gels exhibited cardiac maturity, with

significantly increased expression of MYH7 and MYL2 compared to stiffer 130kPa

PDMS gels. Improved sarcomeric alignment and significantly greater α-actinin or-

ganisation was observed in iPSC-CMs cultured on 20kPa PDMS gels compared

to stiffer substrates. Contractility of iPSC-CMs did not significantly alter with sub-

strate stiffness, although a slightly increased trend of contraction on softer sub-

strates may be indicative of maturity [246]. Ca2+ handling dynamics of iPSC-CMs

were significantly altered with stiffness, with iPSC-CMs cultured on healthy my-

ocardial stiffness inducing longer CTD’s and higher Ca2+ amplitude compared to

those on 130kPa, indicative of a mature iPSC-CM phenotype [245]. However no

significant changes were identified in Ca2+ channel gene expression with stiff-
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nesses, which may be largely due to batch variability in iPSC-CMs contributing to

the unexpected results.

8.3.1 Limitations of Chapter 4

There are several limitations within the work conducted in this chapter. The data

in this chapter highlights the potential limitation of using 130kPa as the stiffness

representative of a fibrotic ECM state, as the data does not show iPSC-CMs on

130kPa with a fibrotic phenotype in some cases, thus lacking the phenotype as

expected between 20kPa and GPa stiffnesses of plastic/glass. Using a stiffer

substrate to reflect a fibrotic state may demonstrate a greater disease phenotype

and potentially heighten differences between the conditions. In addition, other

factors may also be influencing contractility data, as literature has shown cell

size can alter contractility of iPSC-CMs, with shorter cells having less force of

contraction [240].

8.3.2 Chapter 4 Future work

The work in this chapter was sufficient to show structural and molecular changes

in iPSC-CMs with ECM stiffnesses. Cell size and cell area could be assessed

to further determine whether stiffness of the ECM impacts iPSC-CM morphol-

ogy from other aspects and could correlate with observed changes in sarcomeric

organisation. Optical mapping on iPSC-CM monolayers on stiffnesses with a volt-

age sensitive dye could also be conducted, to assess stiffness related changes in

action potential durations, providing greater detail into contractility of iPSC-CMs.
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Furthermore, transcript expression of genes involved with integrin signalling could

also be explored to determine pathways specifically altered with ECM stiffnesses

in iPSC-CMs.

8.4 Chapter 5: Investigating the effect of ECM stiffness on iPSC-CM metabolism

This chapter aimed to assess whether the switch in metabolic substrate utilised

by the heart and CMs with ageing and CVD is linked to the increased stiffness

of the ECM. Metabolic function of iPSC-CMs on PDMS stiffnesses was assessed

using cellular bioenergetics assays, proteomics, gene expression experiments

and isotope labelled mass spectrometry. At the time of writing, no previously

published studies had assessed changes in central carbon metabolism in iPSC-

CMs cultured on PDMS substrates representative of physiological stiffnesses.

iPSC-CMs on plastic substrates demonstrated a significantly higher percentage

of [U-13C]-glucose in pyruvate and lactate compared to iPSC-CMs cultured on

healthy myocardium stiffnesses, suggesting greater levels of glycolysis with stiff-

ness. Consistent with the mass spectrometry data, Seahorse cellular bioener-

getics also showed iPSC-CMs cultured on plastics had a significantly higher level

of lactic acid production compared to iPSC-CMs cultured on both softer PDMS

substrates, indicating a preference for glycolytic metabolism on stiffer substrates.

Proteomics data also revealed iPSC-CMs cultured on plastic display a profile con-

sistent with ageing and disease, with an upregulation of proteins linked to stress,

such as Fis1 and aspartate aminotransferase, and a downregulation of HADH, a

protein linked to fatty acid β-oxidation, reinforcing the glycolytic phenotype. Inter-
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estingly, no significant changes were observed in transcript expression of genes

related to fatty acid oxidation in iPSC-CMs on substrates, which again may be due

to batch variability of iPSC-CMs. Contrary to previously published studies [312],

[313], no changes in PPARα were found in iPSC-CMs on softer substrates. How-

ever, a significant increase in PPARδ in iPSC-CMs on 20kPa PDMS compared

to plastic indicated potential upregulation of fatty acid oxidation and CM maturity

[321].

8.4.1 Limitations of Chapter 5

Several limitations can be identified in this chapter. The Seahorse cellular bioen-

ergetics data should be considered with caution, as the choice of PDMS as a bio-

material used for iPSC-CM culture can influence the level of respiration of cells.

Previous studies have shown rat CMs cultured on PDMS substrates displayed

decreased levels of basal respiration, ATP production and maximal respiration

compared to gelatin-based substrates, independent of substrate rigidity [347].

The variation in substrate material and potential impact in metabolic function thus

needs to be considered. In addition, the assay itself displayed huge variability be-

tween replicates, with some wells displaying expected metabolic profiles whereas

others showing different profiles. This may be due to the hydrogels not consis-

tently being the same thickness in each well, therefore disrupting the working

distance between the injector wells and the sensor plate, thus not effectively in-

jecting across the plate. To overcome this issue, wells that were clearly observed

as not effectively injected with inhibitors were excluded from analysis.
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Limitations can also be found in the proteomics experiments. Few genes were

identified as significantly differentially up or downregulated, which may indicate

substrate stiffnesses only subtly alter iPSC-CMs rather than large fold changes,

highlighting the importance of utilising other methods to confirm metabolic changes.

Data quality from proteomics can also vary largely due to variation in sample

preparation [348], pH conditions and labelling efficiency [349]. Data analysis and

thresholds such as FDR, fold change and p-value significance (p <= 0.05) can

vary with experiments and are typically set to reduce false positives [350]. A

fold change threshold of 1.5 was set for this experiment, as seen in previous

studies conducting proteomics using iPSC-CMs [351]. It can be argued that fold

changes of greater than 2 may further refine proteins of interest that could im-

pact biological function, thus data could be further analysed using more stringent

thresholds. Furthermore, to reduce variability of iPSC-CMs within samples, and

across batches, running multiple samples per condition per batch of iPSC-CMs

would improve the strength of the results. This may provide greater insight into

potential outliers or false positives.

8.4.2 Chapter 5 Future work

Further elucidating the role of PPARδ in ECM stiffness and ageing would be of

interest. PPARδ agonists and antagonists could be used with iPSC-CMs to char-

acterise molecular and metabolic changes and help identify pathways and mech-

anisms through which PPARδ may be having an effect. Repeating the current

set of metabolic experiments with iPSC-CMs in low glucose media levels supple-
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mented with fatty acids may also provide data of greater physiological relevance.

Investigating the phosphorylation state of PDC with western blotting would also

allow insight into the effect of stiffness on PDK and PDC function.

8.5 Chapter 6: Assessing Alström Syndrome as a model of accelerated ageing

and longitudinal cardiovascular changes

Chapter 6 aimed to investigate whether patients with AS displayed an accelerated

ageing phenotype using a biological measure known as Phenoage. Phenoage is

a predictor of biological age calculated using chronological age and nine blood

test parameters representative of the functional state of organs [352]. In addition,

retrospective analysis of echocardiography was performed to assess cardiovas-

cular changes in AS patients over time. A key finding of this research was 85%

of AS patients in the cohort displayed a higher Phenoage compared to chrono-

logical age, indicating multi-organ dysfunction at an earlier age than expected,

thus exhibiting accelerated biological ageing. Elevated serum creatinine levels,

increased alkaline phosphatase levels and reduced serum albumin levels were

identified in AS patients, consistent with renal injury, kidney disease and inflam-

matory states seen in ageing populations [353], [354], [355]. A reduction in left

ventricular size was observed in AS patients, consistent with studies showing a

reduction in left ventricular size with ageing [356]. Furthermore, increased left

ventricular wall thickness was also identified, which has also been associated

with CM hypertrophy, typically observed in ageing hearts [357].
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8.5.1 Limitations of Chapter 6

Limitations of this study need to be considered when analysing the findings. Phe-

noage was calculated for the patients’ final follow-up assessment, as CRP values

were not consistently tested for during the entire study period, thus excluding

some patients from the cohort for Phenoage analysis. The number of scans per

patient also varied due to the COVID-19 pandemic, with a loss of follow-up for

some patients after this period. The small number of patients can also be con-

sidered a limitation, however this is due to the ultra-rare nature of AS; a way to

overcome this issue involves a multi-centre international study, thus increasing

the number of patients.

8.5.2 Chapter 6 Future work

The chapter succeeded in identifying AS a disease model of accelerated ageing,

with patients displaying a higher Phenoage compared to chronological age. Fur-

ther research could investigate whether similar trends in Phenoage are observed

in other cohorts of AS patients outside of the UK, to determine whether location

has any impact on the accelerated ageing phenotype.

8.6 Chapter 7: Understanding the cardiovascular role of ALMS1 in Alström Syn-

drome using iPSC-CMs

Chapter 7 aimed to understand the cardiovascular role of ALMS1 in AS, often

characterised by infantile cardiomyopathy. This chapter utilised a ‘disease in a

dish’ model by differentiating ALMS1 KO iPSC-CMs and characterising their con-
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tractility, Ca2+ handling dynamics, ion channel transcript expression, senescence

state and cellular bioenergetics. KO iPSC-CMs models were used to reflect the

lack of functional ALMS1 protein seen in AS patients. At the time of writing, no

previously published studies had assessed the cardiac role of ALMS1 in iPSC-

CMs. ALMS1 KO iPSC-CMs exhibited shorter CTD’s with potential alterations in

Ca2+ extrusion from the cytosol. A downregulation of NCX1 transcript expression

and significant decrease in PLN expression in ALMS1 KO iPSC-CMs at days 25

and 30 may also contribute to the altered Ca2+ handling dynamics observed. De-

spite changes in Ca2+ handling, no significant changes were detected in contrac-

tility parameters in KO iPSC-CMs, although a clear increase in contraction am-

plitude was identified. KO iPSC-CMs also displayed altered bioenergetics, with

increased glycolytic activity and higher mitochondrial activity as well as increased

oxidative phosphorylation and total ATP production. Furthermore, ALMS1 KO

iPSC-CMs demonstrated an increased senescent state with a higher percentage

of SA-β-gal positive cells compared to WT.

8.6.1 Limitations of Chapter 7

Batch to batch variability of iPSC-CMs can be observed in contractility data and

ion channel transcript expression results, which may be due to the complex steps

of the differentiation process, creating differences in the quality of cells, thus con-

tributing to variability. In order to reduce variability, high quality cells and multiple

biological and technical replicates were used for experiments. Ca2+ handling data

also needs to be considered with caution, as iPSC-CMs do not have t-tubules,
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which play a key role in Ca2+ release and excitation-contraction coupling.

8.6.2 Chapter 7 Future work

Chapter 7 succeeded in unveiling the potential cardiac roles ALMS1 may play in

the development of infantile cardiomyopathy in AS but did not determine molec-

ular mechanisms that are responsible. Future work could include identifying the

phosphorylation state of PLN in KO iPSC-CMs, to determine how this could im-

pact SERCA activity and consequently Ca2+ uptake. Expression of key metabolic

genes could be conducted using qPCR to investigate specific changes linked to

the increased metabolic activity observed in KO iPSC-CMs. In addition, ALMS1

KO iPSC-CMs could be cultured on stiffnesses of PDMS, to explore how the fi-

brotic phenotype in AS can impact CM function further.

8.7 General Limitations

A key limitation reflected across experiments in all chapters is the batch-to-batch

variation of iPSC-CMs, which causes the large spread of datapoints, contributing

to the lack of significant differences across conditions. The variability of batches

was typically overcome with increased number of iPSC-CM differentiations for

experiments. Another key limitation which can influence results obtained is the

lack of t-tubules in iPSC-CMs, which are typically present in adult CMs, but are

not present in the iPSC-CM model. Gap junctions and t-tubules are important for

cell excitability and coupling of electrical activity in the myocardium and have been

shown to mediate electrical communication between cells [9]. The limitations of
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iPSC-CM models are therefore highlighted, with iPSC-CMs exhibiting structural

immaturity [343].

8.8 Concluding remarks

Ageing continues to be a major risk factor for CVD, with an increase in the propor-

tion of the population consisting of aged or elderly individuals. As the prevalence

of age-related CVD increases, the significance of understanding age-related dis-

ease mechanisms and pathways could provide the field with novel therapeutic

targets. Current cardiac research using plastic or glass for cell experiments are

not reflective of physiological conditions, as they are far stiffer than the healthy

myocardium. The thesis developed a representative model of the ageing my-

ocardium by mimicking ECM stiffnesses using PDMS hydrogels and investigating

changes in iPSC-CM structure and metabolism with varying stiffnesses. The the-

sis revealed iPSC-CMs cultured on aged or diseased stiffnesses demonstrated

decreased cardiac maturity, disrupted sarcomeric organisation, altered Ca2+ han-

dling dynamics and a switch back to glycolytic metabolism compared to tradi-

tional plastics for cardiac investigations. The work presented therefore highlights

the benefits of using models with physiological stiffnesses, as iPSC-CMs show

different phenotypes with age-related stiffness, displaying the significance of the

environment cardiac cells are in.

The thesis also explored ageing and CVD in a clinical context, by assessing

cardiovascular changes over time in AS, and characterised AS as a model of ac-

celerating ageing using Phenoage. The use of genetically edited iPSC-CMs to
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characterise the cardiac role of ALMS1 in AS demonstrated altered Ca2+ han-

dling dynamics, cellular bioenergetics and increased senescence. Although this

work identified several areas in which ALMS1 may impact the development of AS

and infantile cardiomyopathy, further research is required to determine the exact

disease mechanisms responsible.

The progression of stem cell based technology for modelling cardiovascular

pathologies has enabled researchers to investigate disease mechanisms in de-

tail, particularly with advancements such as genetically edited iPSC-CMs. The

immaturity of iPSC-CMs remains a prominent issue in the field, but is being re-

solved with the use of maturation techniques such as soft substrates, fatty acid

enriched media and co-culture models. The development of 3D self-assembling

organoid models further improves the field of cardiac physiological models.

In conclusion, the work presented highlights the benefits of using iPSC tech-

nology to investigate cardiovascular diseases and emphasises the importance of

physiological model development for the cardiac field. Understanding the molec-

ular mechanisms of ageing and CVD can help enable the development of novel

therapeutic strategies.
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changes in Ca(2+)-ATPase and oxidative damage in sarcoplasmic reticu-
lum of rat heart. Physiol Res. 2012;61(5):453-60. Available from: https:

//www.ncbi.nlm.nih.gov/pubmed/22881224.

[87] López-Otı́n C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks
of aging: An expanding universe. Cell. 2023;186. Available from: https:

//www.sciencedirect.com/science/article/pii/S0092867422013770.

[88] Tang X, Li PH, Chen HZ. Cardiomyocyte Senescence and Cellular
Communications Within Myocardial Microenvironments [Journal Article].
Front Endocrinol (Lausanne). 2020;11:280. Tang, Xiaoqiang Li, Pei-Heng
Chen, Hou-Zao 2020/6/9. Available from: https://www.ncbi.nlm.nih.

gov/pubmed/32508749.

[89] Camacho-Encina M, Booth LK, Redgrave RE, Folaranmi O, Spyridopoulos
I, Richardson GD. Cellular Senescence, Mitochondrial Dysfunction, and
Their Link to Cardiovascular Disease. Cells. 2024;13(4). Available from:
https://www.ncbi.nlm.nih.gov/pubmed/38391966.

[90] Burchfield JS, Xie M, Hill JA. Pathological ventricular remodeling: mech-
anisms: part 1 of 2. Circulation. 2013;128(4):388-400. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/23877061.

[91] Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: novel roles and
mediators. Front Pharmacol. 2014;5:123. Available from: https://www.

ncbi.nlm.nih.gov/pubmed/24904424.

[92] Horn MA, Trafford AW. Aging and the cardiac collagen matrix: Novel medi-
ators of fibrotic remodelling. J Mol Cell Cardiol. 2016;93:175-85. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/26578393.

242

https://www.ncbi.nlm.nih.gov/pubmed/37163425
https://www.ncbi.nlm.nih.gov/pubmed/12538439
https://www.ncbi.nlm.nih.gov/pubmed/12538439
https://www.ncbi.nlm.nih.gov/pubmed/22881224
https://www.ncbi.nlm.nih.gov/pubmed/22881224
https://www.sciencedirect.com/science/article/pii/S0092867422013770
https://www.sciencedirect.com/science/article/pii/S0092867422013770
https://www.ncbi.nlm.nih.gov/pubmed/32508749
https://www.ncbi.nlm.nih.gov/pubmed/32508749
https://www.ncbi.nlm.nih.gov/pubmed/38391966
https://www.ncbi.nlm.nih.gov/pubmed/23877061
https://www.ncbi.nlm.nih.gov/pubmed/24904424
https://www.ncbi.nlm.nih.gov/pubmed/24904424
https://www.ncbi.nlm.nih.gov/pubmed/26578393


BIBLIOGRAPHY

[93] Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in devel-
opment and disease. Nat Rev Mol Cell Biol. 2014;15(12):786-801. Avail-
able from: https://www.ncbi.nlm.nih.gov/pubmed/25415508.

[94] Engler AJ, Carag-Krieger C, Johnson CP, Raab M, Tang HY, Speicher DW,
et al. Embryonic cardiomyocytes beat best on a matrix with heart-like elas-
ticity: scar-like rigidity inhibits beating. J Cell Sci. 2008;121(Pt 22):3794-
802. Available from: https://www.ncbi.nlm.nih.gov/pubmed/18957515.

[95] Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac Fibrosis:
The Fibroblast Awakens. Circ Res. 2016;118(6):1021-40. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/26987915.

[96] Jiang W, Xiong Y, Li X, Yang Y. Cardiac Fibrosis: Cellular Effectors, Molecu-
lar Pathways, and Exosomal Roles. Front Cardiovasc Med. 2021;8:715258.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/34485413.

[97] Cho N, Razipour SE, McCain ML. Featured Article: TGF-1 dominates
extracellular matrix rigidity for inducing differentiation of human cardiac fi-
broblasts to myofibroblasts. Exp Biol Med (Maywood). 2018;243(7):601-12.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/29504479.

[98] Chin IL, Hool L, Choi YS. Interrogating cardiac muscle cell mechanobiol-
ogy on stiffness gradient hydrogels. Biomater Sci. 2021;9(20):6795-806.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/34542112.
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