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Abstract

Myocardial ischemia is characterised by a restriction in blood flow to the heart, which limits
nutrient and oxygen supply and removal of waste products. In healthy hearts, ischemia
triggers a cardiac metabolic shift from oxidative metabolism to anaerobic glycolysis to limit

the consumption of low oxygen levels.

Previously, the Heather’s group observed that hypoxia causes a significant increase in
fumarate intracellular concentrations within the healthy heart. However, the downstream
effects of fumarate accumulation during cardiac hypoxia and its role in heart metabolic
adaptation remain unclear. Therefore, this thesis used several molecular and omics-based
approaches to investigate the biological and metabolic effects of elevated fumarate
concentrations on human cardiomyocytes. Additionally, hypoxia is associated with
increased reactive oxygen species production, and the fumarate derivatives are FDA-
approved molecules for treating autoimmune diseases due to their role in enhancing
antioxidant defence mechanisms via promoting the nuclear factor erythroid 2 [NF-E2]-
related factor 2 (Nrf2) activation, which also has been reported to modulate metabolic
pathways in other tissues. Therefore, the effect of native fumarate and fumarate derivatives
in activating Nrf2 pathway and their impact on cardiomyocyte metabolism was evaluated in

human cardiomyocytes.

The first results chapter evaluated whether fumarate derivatives activate antioxidant defence
pathways in human cardiomyocytes. The results revealed that the fumarate derivatives
(dimethyl fumarate (DMF), monomethyl fumarate and diroximel fumarate) promoted Nrf2
activation in human-induced Pluripotent Stem Cell-derived Cardiomyocytes (hiPSC-CM),
increasing the expression of several antioxidant enzymes and antioxidant defence pathways,

including glutathione metabolism and pentose phosphate pathway.



The second results chapter determined the impact of the fumarate derivatives on hiPSC-CM
metabolism. Fumarate derivatives induced a metabolic shift within the cardiomyocytes,
decreasing fatty acid -oxidation while increasing glycolytic metabolism. These changes
were accompanied by mitochondrial network fragmentation and reduced mitochondrial
activity. Surprisingly, experiments using a genetic mouse cardiac model with constitutive

Nrf2 activation showed that Nrf2 may not mediate the metabolic changes.

Subsequent studies revealed that DMF was hydrolysed into native fumarate. The third
results chapter studied the impact of elevated fumarate concentrations on cardiomyocyte
biology and metabolism. Fumarate transcriptionally regulated circadian rhythm pathways
and cardiomyocyte metabolism, reducing oxidative metabolism while increasing glycolytic
metabolism. Furthermore, under hypoxic conditions, fumarate was released into the
extracellular space via the monocarboxylate transporter 1, modulating Gi-coupled signalling

pathways to decrease cAMP levels.

The final results chapter evaluated the therapeutic use of DMF in reversing insulin resistance
phenotype. Type 2 diabetes (T2D) rat hearts presented with increased oxidative stress, and
insulin-resistant hiPSC-CM showed dysregulation of the Nrf2 pathway. Supplementation of
insulin-resistant hiPSC-CM with DMF significantly increased Nrf2-target antioxidant genes

and decreased the expression of genes involved in fatty acid B-oxidation.

In conclusion, this work provides a novel role for fumarate under hypoxia, beyond its
energetic role in the Krebs cycle, acting as a signalling intracrine molecule modulating
cardiomyocyte metabolism and, extracellularly, as a paracrine molecule regulating Gi-
coupled signalling molecules in neighbouring cells. Moreover, this thesis shows evidence
for repurposing the use of fumarate derivatives in humans to reverse metabolic dysfunctions

and protect against the oxidative stress induced by cardiac metabolic disorders like T2D.
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Chapter 1

General introduction



1.1 Cardiac metabolism in the healthy heart.

The average resting adult heart beats between 60 and 90 times per minute)). Cardiomyocytes
continuously undergo cycles of contraction and relaxation, which makes the heart a high-
energy demanding organ which utilises around 6 kg of ATP per day®. Under healthy
conditions, this energy is generated predominantly from oxygen-dependent reactions inside
the mitochondria, which produce 95% of the total ATP needed by the heart, whereas the
remaining 5% is generated from oxygen-independent reactions occurring in the cell cytosol
and mitochondria®. Long-chain fatty acids (LCFA) are the preferred substrate for
cardiomyocyte mitochondrial metabolism, contributing to 60% of cardiac ATP production.
To a lesser extent, glucose and lactate oxidation contribute 30% to ATP production, with
ketones and amino acids representing a small contribution of approximately 5% each®

(Figure 1.1).
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Figure 1.1: Cardiac mitochondrial substrate utilisation for oxidative metabolism. The
illustration displays the substrate usage by the heart for mitochondrial oxidative metabolism,
indicating substrate preference (expressed as percentages) and the metabolic pathways
involved in the incorporation of each substrate into the mitochondria®?”. CD36/FAT, cluster
of differentiation 36/fatty acid translocase. GLUT, glucose transporter. MCT,
monocarboxylate transporter. 3-OHB, p-hydroxybutyrate. ETC, electron transport chain.



1.1.1 Fatty acid metabolism within the heart.

To meet its high energy demands, the heart depends on fatty acids present in the
bloodstream. These fatty acids are found in different states: as non-esterified fatty acids (free
fatty acids) bound to albumin, or esterified as triacylglycerols packaged as lipoprotein
chylomicrons, when derived from the diet, or in very-low-density lipoproteins, when
synthesised by the liver® 9. Triacylglycerols are hydrolysed to non-esterified fatty acids by
the endothelial enzyme lipoprotein lipase, previously synthesised in the cardiomyocyte?,
LCFA are transported into the cardiomyocyte by two different mechanisms: a slow-rate
passive transport diffusing directly across the cell membrane via a flip-flop mechanism, and
a rapid facilitated transport mediated by membrane transporters. Three different types of
transporters have been identified expressed within the heart, the plasma membrane-
associated fatty acid binding protein (FABPpm), the fatty acid transport proteins 1 and 6
(FATP1 and 6), and the fatty acid translocase (FAT/CD36), the latter is considered the

primary fatty acid transporter in the cardiomyocyte* 1),

LCFA are esterified to long-chain fatty acyl-CoA (LCFAcyl-CoA) in the cytosol of the
cardiomyocyte by the enzyme long-chain acyl-CoA synthetase (ACSL). LCFAcyl-CoAs are
the substrates for the mitochondrial carnitine shuttle, composed of the outer carnitine
palmitoyltransferase 1 (CPT1), the intermembrane carnitine/acylcarnitine translocase

(CACT), and inner carnitine palmitoyltransferase 2 (CPT2)® %3 as detailed in Figure 1.2.

Inside the mitochondria, saturated LCFAcyl-CoA with an even number of carbons enter
mitochondrial B-oxidation, a cycling four-step process that generates acetyl-CoA, the
primary substrate utilised by the Krebs cycle, and the electron carriers NADH and FADH;,
which support ATP production, via the electron transport chain. In contrast, unsaturated fatty

acids require an additional enzymatic step in which the cis-double bond in the carbon



skeleton is isomerised to the trans configuration by the enzyme enoyl-CoA isomerase, or

reduced by the enzyme 2,4-dienoyl CoA reductase using an NADPH molecule®¥.

......... CytOSOI
——— [ LCFAcyl-CoA | [ Acyl-carnitine |

[£]
CPT1
Outer membrane
Intermembrane Acyl-carnitine

space

Inner membrane
/@\

[ Acetyl- CoA]v\ (Acyl-CoA| [ Acyl-carnitine |

Unsaturated
fatty acids

.ECI
Mitochondrial N\ l-
| trans- i

matrix

Figure 1.2: Fatty acid oxidation. The picture displays the uptake of non-esterified fatty
acid into the cell through fatty acid transporters or diffusion across the membrane. In the
cytosol, fatty acid is conjugated to CoA by the enzyme acyl-CoA synthetase long-chain
family member (ACSL) and incorporated into mitochondria via the carnitine shuttle, where
is utilised to produce acetyl-CoA and electron carriers through the mitochondrial f-oxidation
components. CD36/FAT, cluster of differentiation 36/fatty acid translocase. LCFA, long-
chain fatty acids. LCFAcyl-CoA, long-chain fatty acyl-CoA. CPT1, carnitine
palmitoyltransferase 1. CACT, carnitine/acylcarnitine translocase CPT2, carnitine
palmitoyltransferase 2. ACAD, acyl-CoA dehydrogenase. ECH, enoyl-CoA hydratase.
HADH, hydroxyacyl-CoA dehydrogenase. ACAT, acetyl-CoA acetyltransferase. ECI,
enoyl-CoA delta isomerase.

1.1.2 Glucose metabolism within the heart.

Glucose metabolism has a lower energy production efficiency compared with LCFA
oxidation, as one molecule of glucose generates 31 molecules of ATP, whereas one molecule
of LCFA, palmitate, produces 129 molecules of ATP®®, The heart obtains glucose directly

from the bloodstream or from its intracellular glycogen stores. Glucose uptake into the



cardiomyocyte is mediated mainly by a family of transmembrane transporters known as
glucose transporters (GLUT), with GLUT1 and GLUT4 being the predominant cardiac
isoforms®® 18, Continuous glucose uptake is achieved through the phosphorylation of
glucose by the enzyme hexokinase, producing glucose 6-phosphate, which can subsequently
enter three different pathways: glycolysis, glycogen synthesis, and the pentose phosphate
pathway®. Glycolysis is an oxygen-independent metabolic pathway that occurs in the
cytosol through the activity of ten enzymes, producing pyruvate as the final product. Under
aerobic conditions, pyruvate is transported into the mitochondria and decarboxylated into
acetyl-CoA, which is utilised by Krebs cycle as an energetic molecule. Alternatively, under
anaerobic conditions, pyruvate is reduced to lactate in the cytosol, generating 2 molecules

of ATP (Figure 1.3).

Glucose oxidation involves the uptake of pyruvate by the mitochondria, and once inside the
mitochondrial matrix, pyruvate is decarboxylated by the enzyme pyruvate dehydrogenase
(PDH) into acetyl-CoA. PDH is allosterically modulated by [acetyl-CoA]/[CoA] and
[NADH]/[NAD™] ratios, through phosphorylation and dephosphorylation modifications
mediated by the PDH inhibitor, pyruvate dehydrogenase kinase (PDK) and the PDH

activator, pyruvate dehydrogenase phosphatase (PDP)®".
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Figure 1.3: Glucose metabolism. The illustration represents glucose metabolism into
pyruvate through glycolysis and its subsequent utilisation in oxidative metabolism through
mitochondria incorporation and decarboxylation into acetyl-CoA, or its reduction into
lactate during anaerobic metabolism in the cytosol. GLUT1/4, glucose transporter 1 and 4.
HK, hexokinase. GPI, glucose phosphate isomerase. PFKM, phosphofructokinase muscle
isoform. ALDO, aldolase. TPI, triosephosphate isomerase. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. PGK, phosphoglycerate kinase. PGAM, phosphoglycerate
mutase. ENO, enolase. PK, pyruvate kinase. LDH, lactate dehydrogenase. PDH, pyruvate
dehydrogenase. ETC, electron transport chain.

1.1.3 Regulation of glucose and fatty acid metabolism.

Glucose and fatty acid metabolism are both highly regulated processes where transcription
factors play an essential role. The carbohydrate-responsive element-binding protein
(ChREB) is the principal transcription factor mediating glucose metabolism®®. ChREB is
activated by high concentration of glucose, inducing post-translational modifications that

induce its nuclear translocation resulting in upregulation of several glycolytic genes,



including pyruvate kinase, phosphofructokinase, GLUT2 and GLUT4{® 20), peroxisome-
proliferator activated receptors (PPARSs) are a family of hormone-nuclear receptors known
for their transcriptional activity regulating fatty acid metabolism®?. PPARa is the main
isoform found in the heart tissue@?. It is activated by binding fatty acids, inducing its
heterodimerisation, nuclear translocation and binding to the promoter regions of peroxisome
proliferator response elements. PPARa activity is modulated by its coregulators, the retinoid
X receptor and the peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1A/PPARGC1A)@ 29 PPAR0 promotes fatty acid p-oxidation gene expression,

including CD36, CPT1, CPT2, ACAD, and HADH upregulation®: %),

In 1962, Garland and colleagues observed in rat hearts perfused for just 15 minutes that the
uptake of glucose or pyruvate by the heart was significantly reduced when palmitate and
bovine plasma albumin were added to the perfusion medium®”. This observation suggested
a directed and rapid mechanism of cross-regulation between glucose and fatty acid
metabolism, which was further explored and investigated by Randle and colleagues, who
discovered and published a year later the well-known Glucose-Fatty acid cycle or The
Randle cycle@®®). Fatty acid metabolism inhibits glucose metabolism, as it significantly raises
the [acetyl-CoA]/[CoA] and [NADH]/[NAD?] ratios in the mitochondria, which inhibits
PDH via activation of PDK. This inhibition triggers an accumulation of the metabolite
citrate, which inhibits the glycolytic enzyme phosphofructokinase 1 (PFK1), subsequently
increasing glucose 6-phosphate that can inhibit hexokinase by end-product inhibition@8-39),
On the other hand, glucose metabolism inhibits fatty acid metabolism when high glucose
concentrations are present in the bloodstream. Glucose uptake via GLUT transporters is
subsequently metabolised via glycolysis into pyruvate, which is then decarboxylated into
acetyl-CoA in the mitochondria. A fraction of the citrate generated from glucose exits the

mitochondria into the cytosol, where it is converted back into acetyl-CoA by the enzyme

7



ATP-citrate lyase (ACL) and then into malonyl-CoA by acetyl-CoA carboxylase (ACC).
Malonyl-CoA acts as a potent inhibitor of carnitine palmitoyltransferase 1 (CPT1), hence

reducing the incorporation of long-chain acyl-CoA into the mitochondria®® 2? (Figure 1.4).
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Figure 1.4: Cross-regulation of glucose and fatty acid metabolism via the Randle cycle.
High rates of fatty acid oxidation increase the [acetyl-CoA]/[CoA] and [NADH]/[NAD']
ratios, causing pyruvate dehydrogenase (PDH) inhibition and citrate accumulation, which is
released into the cytosol, inhibiting the glycolytic enzyme phosphofructokinase 1 (PFK1).
This increases glucose 6-phosphate (G6P) which inhibits hexokinase (HK) activity.
Conversely, high rates of glycolysis produce pyruvate (Pyr), which is incorporated into the
mitochondria and decarboxylated to acetyl-CoA. Acetyl-CoA is indirectly exported to the
cytosol and carboxylated by acetyl-CoA carboxylase (ACC) to malonyl-CoA, which is a
potent inhibitor of the carnitine palmitoyltransferase 1 (CPT1), thereby reducing
mitochondrial oxidation of long-chain acyl-CoA (LCFA). F1,6BP, fructose 1,6-
bisphosphate. p-0x, mitochondrial fatty acid p-oxidation®® 29,



1.1.4 Krebs cycle and oxidative phosphorylation.

The Krebs cycle, also known as the citric acid cycle, was described in 1937®%, and it
represents a series of enzymatic reactions and metabolite oxidation processes within the
mitochondria, which are essential for generating the electron carriers necessary for cell
energy production. As the principal function of the Krebs cycle is to mediate energy
production from fuel molecules®?, it acts as an acceptor of the acetyl-CoA molecules
generated through various metabolic pathways. Acetyl-CoA produced during fatty acid -
oxidation directly accesses the Krebs cycle as both processes occur in the mitochondrial
matrix, whereas pyruvate, generated as a final product of the glycolytic, must first enter the
mitochondria and then be decarboxylated into acetyl-CoA before entering the Krebs cycle.
The intermediates involved in the Krebs cycle, as well as the enzymes, and the molecules
generated during these reactions, including the electron carriers NADH and FADHo, are

detailed in Figure 1.5.

The proper functionality of the Krebs cycle is maintained by constant cycling of the carbon
flow into and out of the mitochondria, where the replenishment of the Krebs cycle
metabolites from other pathways is known as anaplerotic reactions, while the utilisation of

the Krebs cycle metabolites by other pathways is known as cataplerotic reactions®3 4.
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Figure 1.5: The Krebs cycle. The Krebs cycle begins with acetyl-CoA combining with
oxaloacetate to form citrate, catalysed by the enzyme citrate synthase (CS). Citrate is
subsequently converted into aconitase and then isocitrate by the enzyme aconitase 2
(ACO2). Isocitrate is oxidised to a-ketoglutarate by the enzyme isocitrate dehydrogenase 3
(IDH3), producing NADH and CO.. a-ketoglutarate is decarboxylated by a-ketoglutarate
dehydrogenase (a-KGDH) to form succinyl-CoA, vyielding another NADH and CO:
molecule. Succinyl-CoA is converted into succinate by the enzyme succinyl-CoA
synthetases (SCS) generating a GTP molecule. Succinate is oxidised to fumarate by
succinate dehydrogenase (SDH) producing the electron carrier FADH,. Fumarate is
hydrated to malate by fumarate hydratase and then oxidised to regenerate oxaloacetate by
the enzyme malate dehydrogenase 2 (MDH2), producing NADH®GL 32),

The electrons from the carriers NADH and FADH> generated in the Krebs cycle enter the
electron transport chain (ETC) via Complex | or Complex 11, respectively. The electrons are
transferred to Complex 11l and Complex IV through their mobile electron carriers
ubiquinone and cytochrome C, with molecular oxygen acting as the final electron acceptor.
The movement of the electrons through the ETC drives the pumping of protons from the
mitochondrial matrix into the intermembrane space, generating a proton gradient essential

for the ATP synthase (Complex V) to produce ATP from ADP 5 36),
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1.2 Krebs cycle metabolites as signalling molecules.

Beyond their energetic role, Krebs cycle metabolites can also act as signalling molecules
regulating several cellular processes, including epigenetic modifications, immune
modulation, regulation of post-translational modifications and the response to hypoxia

(Figure 1.6).

Epigenetic modification involves changes in gene expression without inducing a direct
alteration in the DNA sequence®"). Different epigenetic modifications have been identified,
and DNA and histone demethylation are mainly facilitated by the 2-oxyglutarate-dependet-
dioxygenases (2-OGDO) enzyme family®®. Notable, the Krebs cycle metabolite a-
ketoglutarate is an essential substrate for the 2-OGDO® 39 activity, while succinate and
fumarate act as inhibitors of their enzymatic activity?. Interestingly, a number of Krebs
cycle enzymes have also been reported to localise inside the nucleus, modulating DNA and

chromatin dynamics by altering the acetylation and methylation levels of histone proteins®Y).

The role of the Krebs cycle metabolites regulating the immune system has also been
investigated. Citrate plays an important role as an inflammatory signalling molecule in
monocytes and macrophages®? 43, Succinate has been reported as a novel regulator of the
pro-inflammatory response by enhancing immune cell migration and promoting cytokine
and interleukin production through its binding and interaction with the membrane receptor
succinate receptor 1 (SUCNR1)“+4®)  Similar anti-inflammatory roles, increasing
macrophage activation and responsiveness to pathogens, promoting cytokine, interleukin,
and type | interferon production have also been identified for fumarate®” 4®). For example,
high blood fumarate concentrations were reported to decrease B-cell population and

suppress their ability to produce antibodies®?).
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Metabolites can also modulate post-translation modifications (PTM). Acetyl-CoA serves as
a substrate for protein acetylation by the acetyltransferases enzyme®® 5V, Succinate
accumulation can drive succinylation “® 52 while fumarate targets cysteine residues
inducing protein succination®® %9, Additionally, NAD" regulates protein deacetylation

levels by controlling sirtuin activity®®,

The Krebs cycle metabolites play an important role in regulating the cellular response to
hypoxia, mainly regulating the stabilization of the oxygen-sensitive hypoxia-inducible
factor 1-alpha (HIF1-a). a-ketoglutarate acts as a substrate for the HIF prolyl hydroxylase
domain (PHD) enzyme, promoting HIFla hydroxylation and subsequent proteasomal
degradation®. In contrast, succinate and fumarate promoted HIFla stabilisation by
inhibiting the same PHD enzymes®’-%). Furthermore, under ischemic conditions, malate
derived from the malate-aspartate shuttle is utilised by the mitochondria to produce fumarate
and succinate through reverse Krebs cycle activity, further contributing to HIFla

stabilisation(®8 60,

| Acetyl-CoA |—| Protein acetylation |

| Protein succination | Oxaloacetate —

| Anti-inflammatory | Aconitase

’.'"‘L\ Fumarate | Krebs

f [HIF1a|— PHD| Cycle

- o

activation

Immune cell |

H

H-

f[HIF1a)— PHD| Succinyl CoA I‘/ ¥ !
[ Protein succinylation ] DNA and histone
demethylation

l Anti-inflammatory ]

Figure 1.6: Mitochondrial Krebs Cycle metabolites as signalling molecules. Beyond
their energy role inside the mitochondria, Kreb cycle metabolites can also participate as
signalling molecules in different cell processes, including regulating post-translation
modifications, immune regulators, modulating epigenetics changes, and contributing to the
cellular response to hypoxia. PHD, prolyl hydroxylase domain protein. OGDO,
oxoglutarate-dependent dioxygenases.
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1.3 Hypoxia and its dynamic regulation of cardiac metabolism.

The heart responds rapidly to environmental changes, such as variations in oxygen
concentration, and it can temporarily adapt its metabolism under stress conditions to favour
tissue and cell survival. Myocardial ischemia is a cardiac condition characterised by a
restriction in blood flow, limiting the supply not only of oxygen but additionally the supply

of nutrients and removal of waste products.

In response to hypoxia and ischemia, the heart attempts to conserve the available oxygen by
decreasing its consumption by shifting from oxidative metabolism to anaerobic glycolysis®":
62). This adaptation in the cardiomyocyte is mediated by the AMP-activated protein kinase
(AMPK) and HIF1. Acute hypoxia impairs oxidative metabolism and decreases the
production of ATP by the mitochondria, significantly raising the AMP/ATP ratio®®. This
induces AMPK phosphorylation and activation, which remodels metabolism to acutely

increase its glycolysis and glycogenolysis pathways®* ¢ (Figure 1.7).
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Figure 1.7: Acute hypoxia response mediated by AMPK allosteric phosphorylation.
Increasing AMP/ATP ratio under hypoxic conditions or high intracellular Ca*? levels induces
AMPK activation through its phosphorylation on threonine 172 by the serine/threonine
kinase 11 (LKB1) or the calcium/calmodulin-dependent protein kinase kinase (CaMKK),
respectively. Once activated, AMPK promotes glucose transporter 4 (GLUT4) and cluster
of differentiation 36/fatty acid translocase (CD36) membrane translocation by
phosphorylating and inhibiting the Rab-GTPase activity of the TBC1 domain Family
Member 1 (TBC1D1), and then promoting Rab-GTP active form. AMPK enhances
glycolysis by phosphorylating and activating the phosphofructokinase 2 (PFK?2), increasing
the concentration of the allosteric activator of phosphofructokinase 1 (PFK1), fructose-2,6-
biphosphate (F2,6BP), and favouring pyruvate production. Furthermore, AMPK
phosphorylates and inhibits acetyl-CoA carboxylase (ACC), decreasing malonyl-CoA
levels, which facilitates long-chain fatty acid translocation into the mitochondria and
subsequent mitochondrial B-oxidation®% 67,

Chronic hypoxia promotes transcriptional regulation of cardiac metabolism by activating
HIF1®®. HIF1 is a heterodimer composed of an oxygen-sensitive subunit, HIFlo, and a
constitutively expressed non-oxygen-sensitive subunit, HIF1®®. Under normoxia, HIF I a
is hydroxylated by a prolyl hydroxylase domain enzymes (PHD) and recognised by the VVon
Hippel-Lindau protein (VHL), which is part of the E3 ubiquitin ligase complex, inducing

HIF la polyubiquitination and its proteasomal degradation'’?. HIF la inactivation is further
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guaranteed by an additional hydroxylation at a critical asparagine residue (Asn803) by the
factor inhibiting HIF (FIH), which inhibits HIF1 binding to its transcriptional activator
(p300/CBP)"* 7. PHD and FIH are part of the 2-OGDO family, meaning that their
enzymatic activity depends on molecular oxygen, and therefore, under hypoxic conditions
PHD enzymes are inhibited. As a consequence, HIF1a protein levels increase, dimerise with
HIF1B and translocate to the cell nucleus where HIF1 recognises and binds to a specific
promotor sequence the hypoxia response element (HRE)(® 7. Metabolically, HIF1
upregulates the glycolytic genes GLUT1, HK, ALDO, PGK, GAPDH, ENO, and PK("476),
as well as LDH that increases pyruvate reduction into lactate”. These changes are also
accompanied by a reduction in oxidative metabolism, where HIF1 upregulates PDK1,
promoting PDH inhibition and decreasing pyruvate decarboxylation to acetyl-CoA(7: 78),
HIF1 also reduces mitochondrial density by increasing the expression of BCL2 Interacting
Protein 3 (BNIP3)7®, inducing mitophagy. Additionally, HIF1 suppresses mitochondrial
activity by directly affecting the ETC by modifying cytochrome c¢ oxidase (COX)
components, specifically, inducing COX4-1 proteasomal degradation and increasing the

level of the hypoxic isoform COX4-2(% 8% (Figure 1.8).
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Figure 1.8: Chronic hypoxia and HIF1 transcriptional regulation of cardiac
metabolism. Under normoxic conditions, HIFla is hydroxylated (OH) at proline (P)
residues P402 and P564 by prolyl hydroxylase domain (PHD) enzymes. This modification
is recognised by the von Hippel-Lindau protein (VHL), inducing HIF 1a polyubiquitination
(Ub) and proteasomal degradation. HIF1a is also hydroxylated at asparagine (N) 803 by the
factor-inhibiting HIF (FIH), preventing HIF 1o interaction with its transcriptional activator
p300/CBP. Under hypoxic conditions, low oxygen levels impair PHD and FIH activities,
allowing HIF 1 a stabilisation, nuclear translocation, and binding with HIF1f and p300/CBP.
Activated HIF1 regulates several cell processes, including metabolism, angiogenesis,
erythropoiesis, cell survival and apoptosis. Metabolically, HIF promotes glycolytic
metabolism and reduces oxidative metabolism by inducing mitophagy and promoting the
degradation of the complex IV cytochrome ¢ oxidase subunit 4 (COX4) isoform 1 (COX4-
1) by the mitochondrial ATP-dependent protease Lon (LON), while increasing the levels
COX4 isoform 2 (COX4-2)®1-84),

1.4  Nrf2 and antioxidant enzymes: Allies against hypoxia-induced ROS production.
Acute ischemia and hypoxia also lead to alterations in non-metabolic pathways. The lack of
sufficient oxygen during hypoxia generates an imbalance between the flow of electrons

through the ETC and their final acceptor, resulting in the generation and accumulation of
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reactive oxygen species (ROS)®. When intracellular concentrations of ROS exceed the
antioxidant defence mechanisms, these molecules trigger oxidative stress and oxidative
damage, inducing deleterious effects on various cellular compartments and biomolecules,
including lipids, proteins and DNA®8 89, To protect against oxidative stress, cells rely on
multiple enzymes to defend cells against oxidative damage, and interestingly, most of these
are regulated by a single transcription factor, the nuclear factor erythroid 2 [NF-E2]-related
factor 2 (Nrf2). Nrf2 expression and activity increase in response to oxidative stress,
upregulating the expression of genes coding for antioxidant defence enzymes and anti-
inflammatory regulators®® 8). Nrf2 activation has been described as essential for cell
protection against ROS during hypoxia® °Y and cardioprotective during ischemia-

reperfusion injury through its antioxidant role(®2-%).

1.5 Beyond the Krebs cycle: Investigating the role of fumarate in hypoxia.

The metabolic changes induced by hypoxia and ischemia also alter the Krebs cycle
metabolite content. Succinate is the most studied metabolite during ischemia. Succinate
accumulation has been reported in several models of cardiac ischemia-reperfusion injury®®-
102) " and it is considered a beneficial metabolite for ischaemic conditions by supporting
cardiac energetics, but detrimental during reperfusion due to increased production of

reactive oxygen species(®® 103,

In a metabolomics study performed by Prof Lisa Heather's group using healthy and diabetic
hearts exposed to normoxia, hypoxia or hypoxia-reoxygenation®, it was observed that
hypoxia significantly increased intracellular levels of succinate and fumarate within the
healthy heart. However, in diabetic hearts, the increase in succinate levels under hypoxia
was much lower, while the increase in fumarate levels was completely blunted in diabetes

(Figure 1.9).
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Figure 1.9: Succinate and fumarate levels in response to hypoxia in healthy and
diabetic rat hearts. Myocardial levels of succinate and fumarate in healthy (Control) and
diabetic rat hearts exposed to normoxia (Nx) or acute hypoxia (Hx). * p <0.05 vs. Control
under same oxygen condition, # p<0.05 vs. normoxia within same disease state. Data is
expres(sct)ac)i as peak area ratio. Figure extracted from a previous publication of the Heather
group®¥,

Diabetic patients do not respond or recover in the same way following a myocardial
infarction, considerably increasing their mortality® 1%)  However, the mechanism
underlying why this metabolic disorder causes this increased mortality after a heart attack is
not fully understood. It remains unclear whether changes in metabolite concentrations
contribute to this impaired response in diabetes. Interestingly, the observation that among
the metabolites within the diabetic heart, fumarate showed a complete blunted elevation in
response to hypoxia indicates a potential connection between cardiac metabolic diseases and
altered fumarate concentrations. However, this relationship has not been studied, and

whether this fumarate increase is critical for the cardiac response to hypoxia is unknown.

Therefore, the key questions are: what is the role of fumarate in cardiac hypoxia/ ischaemia?
Does fumarate elevation modulate specific molecular mechanisms and/or signalling
pathways that facilitate the heart's response and survival to low oxygen concentrations?

Could fumarate be a potential therapeutic tool to amend the impaired response of type 2
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diabetes patients to myocardial ischaemia? Or is fumarate elevation just a metabolic stress

consequence of hypoxia, which has no effect on the heart?

Understanding the downstream effects of fumarate accumulation on cellular signalling
pathways will provide new insight into how the heart adapts to low oxygen levels and
determine whether fumarate itself or its signalling targets could be beneficial as a clinical

therapeutic tool in myocardial ischaemia and cardiovascular metabolic disorders.

1.6 Thesis aims.

The work described in this thesis aims to understand the molecular mechanisms and
signalling pathways modulated by increased intracellular fumarate concentrations within the
heart in response to hypoxia. This work will determine whether exogenous administration
of fumarate and fumarate derivatives could impact human cardiomyocyte biology and
metabolism, as well as investigate the potential therapeutic use of fumarate derivatives in
insulin-resistant cardiomyocytes. This will be achieved across four chapters (numbered in

this thesis from three to six), focusing on:

Hypothesis: Fumarate is an intracellular metabolite that selectively accumulates during
hypoxia and can act as a signalling molecule reprogramming cardiomyocyte biology and

metabolism.

Chapter 3: Investigate whether human-induced pluripotent stem cell-derived
cardiomyocytes respond to exogenous fumarate derivatives, by evaluating their effect on

antioxidant defence pathways.

Chapter 4: Determinate the impact of fumarate derivatives on fatty acid and glucose
metabolism, and their effect on mitochondrial dynamics and respiratory capacity in human

cardiomyocytes.
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Chapter 5: Study the effect of increased fumarate levels on intracellular and extracellular

signalling events in human cardiomyocytes.

Chapter 6: Evaluate the role of exogenous fumarate derivatives as a therapeutic tool in

insulin-resistant human cardiomyocytes.
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Chapter 2

General methods
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2.1 Cell culture.

2.1.1 Human-induced Pluripotent Stem Cell-derived Cardiomyocytes.

IMR90, a healthy human-induced pluripotent stem cell (hiPSC) line prepared from
fibroblast extracted from lung tissue from a 16-week-old female, was cultured as described
previously!97- 19 Before differentiation, hiPSCs were grown in TeSR-E8 media (StemCell
Technologies) on reduced growth factor matrigel-coated plates (Corning). At full
confluency, cells were differentiated into hiPSC-derived cardiomyocytes (hiPSC-CM) using
a 17-day protocol (Figure 2.1). For days zero and one, differentiation was started with RPMI
media (Gibco) supplemented with 1% B27 minus insulin (ThermoFisher) and 6 uM
CHIR99201 (Wnt pathway activator) (Tocris). On day 2, the media was changed to fresh
RPMI media supplemented with 1% B27 minus insulin. On day 3, cells were cultured in
RPMI media supplemented with 1% B27 minus insulin containing 2.5 uM Wnt-C59 (Wnt
pathway inhibitor) (Tocris). On days 5, 7, and 9, the media was changed for RPMI media
supplemented with 1% B27 minus insulin only. On days 11 and 13, the media was switched
to no-glucose RPMI with 1% B27 without insulin. On day 15, the media was changed to
RPMI supplemented with 1% B27 complete supplement (ThermoFisher). From day 17, cells
were cultured for 1 week in maturation media (DMEM (Sigma Aldrich, 1 g/L glucose)
supplemented with 10% heat-inactivated horse serum, 5 pg/mL vitamin B12 (Merck), 0.5
mM ascorbic acid (Merck), 0.84 uM biotin (Merck), 1.7 uM insulin, 80 uM oleic acid: BSA
(2:1, Sigma Aldrich), 1x MEM non-essential amino acids, and 0.1X penicillin-
streptomycin), replenishing the media every two days. During the cell differentiation and
maturation processes, cells were kept at 37°C, 5% CO- and atmospheric O (unless otherwise

specified).
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Figure 2.1: Protocol for generating mature human-induced pluripotent stem cell-
derived cardiomyocytes. The diagram illustrates the protocol for generating and
differentiating hiPSC derived from the IMR90 cell into mature hiPSC-derived
cardiomyocytes. The protocol involves the use of the Wnt pathway activator, CHIR99201,
to decrease cell pluripotency and initiate mesodermal differentiation!®®, and the inhibitor,
Wnt-C59, to promote cardiac differentiation!?,

2.1.2 Cardiomyoblasts derived from embryonic rat heart (H9c2) and Human

embryonic kidney 293 (HEK293) cell lines.

HO9c2 and HEK?293 cell lines were purchased from ATCC. Cells were cultured in DMEM
(Gibco) high glucose (25 mM) and pyruvate (1 mM), supplemented with 2 mM L-glutamine
(Thermo Scientific), 100 U/mL Penicillin-Streptomycin (Gibco) and 10% fetal bovine

serum (Gibco).
2.1.3 Molecule administration.

Fumaric acid (Fluka Analytical), dimethyl fumarate (Sigma), monomethyl fumarate
(Sigma), Vumerity (Chemistry Department at the University of Oxford), sulforaphane
(Sigma), and AZD3965 (MedChemExpress) were prepared in DMSO (Sigma), whereas
hydrogen peroxide was dissolved in molecular-grade water. DMSO stocks were diluted in
DMEM medium, filtered with a 0.22 pum filter, and added to the same media as the cells.

The concentrations tested for fumaric acid were 150 uM, 300 uM, 500 uM and 2 mM. For
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dimethyl fumarate, the concentrations were 50 uM, 100 uM, 150 uM, and 200 uM. For
monomethyl fumarate and Vumerity, the concentration was 150 uM and 25uM, respectively.
For sulforaphane, the tested concentration was 5 uM. For hydrogen peroxide, the

concentration was 100uM. For AZD3965, the concentration was 100 nM.

2.2 RNA extraction, cDNA conversion and qPCR.

Cells were lysed using TRIzol reagent (ThermoFisher), and the RNA was purified using
RNeasy mini kit (QIAGEN) following the manufacturer’s protocol. For frozen tissue, RNA
extraction was performed using the RNeasy Fibrous Tissue Mini Kit (QIAGEN). Tissue
samples (< 30 mg) were weighed into Precellys Lysing kit tubes (Precellys) and
homogenised in Buffer RLT (lysis buffer) supplemented with 1% p-mercaptoethanol

(Sigma) using a Precellys 24 homogeniser. The manufacturer's protocol was then followed.

RNA concentrations were measured spectrophotometrically using a Nanodrop at 260 nm,
where 1 absorbance unit was equal to an RNA concentration of 40 ng/uL. RNA was then
reverse-transcribed into cDNA using the High-capacity RNA-to-cDNA kit (Applied
Biosystems). For real-time PCR, the StepOnePlus Real-Time PCR System machine and
Power SYBR Green PCR Master Mix were used, following the manufacturer’s protocol.
Each qPCR plate well contained 10 pL Power SYBR Green PCR Master Mix (2X), 0.5 pL
of each primer (final concentration of 150 nM), 7 uL molecular-grade water, and 2 pL of
cDNA (containing 20 ng of template). Negative control was also carried out without adding
a cDNA template into the well. The qPCR thermal cycling condition included an initial
holding stage at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and the
specific annealing temperature of the primers (determined through primer validation) for 1
minute. The final melt curve stage consisted of three steps: 95°C for 15 seconds, 60°C for 1

minute, and 95° for 15 seconds. Gene expression was determined using the 242 method®®),
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and the results were normalised to the housekeeping gene. Primer sequences are listed in

Table 2.1 (Human), Table 2.2 (Mouse), and Table 2.3 (Rat).

Primers were designed using the Primer-Blast online tool from the National Center for
Biotechnology Information (NCBI), with primer parameters set to a product size between
70 and 200 bp and requiring that primers must span an exon-exon junction to prevent
genomic DNA amplification. Primer validation was performed using the previously
described qPCR reagent volumes and thermal cycling conditions, with an additional 10-fold
serial dilution of the template. Three different annealing temperatures (60°C, 62°C and
64°C) were tested for each pair of primers. The optimal annealing temperature was
determined based on the primer efficiency at each temperature, calculated using the slope of

a curve plotting the log of the cDNA concentration against Ct values, and according to the

1
equation Ef ficiency = —1 + 10(_ W). Ideally, the used annealing temperature presented

a primer efficiency between 90% and 110%.

Table 2.1: Primer sequences for human genes.

Gene 5’ to 3’ Forward sequence | 5’ to 3’ Reverse sequence
Ubiquitin C CCTGGTGCTCCGTCTTA | TTTCCCAGCAAAGATC
(UBC) GAG AACC
(housekeeping gene)

NAD(P)H quinone GCTGGTTTGAGCGAGT | CTGCCTTCTTACTCCG
dehydrogenase 1 GTTC GAAGG

(NQO1)

Heme oxygenase 1 CAGCAACAAAGTGCAA | GCTGAGTGTAAGGAC
(HMOX1) GATTCTG CCATCG
Thioredoxin reductase 1 CGATCTGCCCGTTGTGT | CTGCCCTCCTGATAAG
(TXNRD1) TTG CCTTC
Sulfiredoxin 1 GACACGATCCGGGAGG | CAGCCCCCAAAGGAG
(SRXN1) AC TAGAAG
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Superoxide Dismutase 1 CCTAGCGAGTTATGGC | CTGGTCCATTACTTTC
(SOD1) GACG CTTCTGC
Glutamate-Cysteine GCACCCTCGCTTCAGTA | TGGAGATGGTGTATTC
Ligase Catalytic Subunit CcC TTGTCC
(GCLC)

Methylene CCTGGTTGGCGAGAAT | GTCTCACTGTTGATTC
tetrahydrofolate CCTG CCACAAC
dehydrogenase 2

(MTHFD2)

BCL2 apoptosis regulator | TCGCCCTGTGGATGACT | CAGAGACAGCCAGGA
(BCL2) GA GAAATCA

BCL2 associated X, TCATGGGCTGGACATT | GCGTCCCAAAGTAGG
apoptosis regulator GGAC AGAGG

(BAX)

Acyl-CoA synthetase CTTCTGGTACGCCACGA | GTCGCTGTCAAGTAGT
long-chain family member GAC GCG

1

(ACSL1)

Cluster of differentiation TTGCAAAACGGCTGCA | TCACCAATGGTCCCA
36/fatty acid translocase GGTC GTCTCAT
(CD36)

Carnitine-acylcarnitine CTCGATTCCAGACTGCA | AAGGCTCGGATCATC
translocase ceT ACTGC
(CACT/SLC25A20)

Carnitine ACTGCTACAACAGGTG | TCTGCATTGAGACCCA
palmitoyltransferase 1B GTT ACTG

(CPT1B)

Enoyl-CoA delta TGAGCCTGGAGTTTCTG | ACACATCTCCGTCAG
isomerase 1 ACGGA GTCCAGG
(ECI1)

Peroxisome proliferator- TCTCAGTAAGGGGCTG | ACCAGAGCAGCACAC
activated receptor gamma GTTG TCGAT

coactivator 1-alpha
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(PGC14)

Glucose transporter 1 AAGCTGACGGGTCGCC | CTCTCCCCATAGCGGT
(GLUT1/SLC2A1) TCATG GGACC
Enolase 1 GCCCTGGTTAGCAAGA | GAATGGCGTTCGCAC
(ENO1) AACT CAAAC
Hexokinase 2 GACCAAGGGATTCAAG | CGATATCAAAGTCCC
(HK2) TCCAGT CTCTCC
Phosphoglycerate Kinase 1 | GAATGGGAAGCTTTTG | GCAGTGTCTCCACCAC
(PGK1) CCCG CTATG
NADH:ubiquinone TGAGACGGTGCTGATG | AGGCGGGCGATGGCT
. GACTTC TTC
oxidoreductase core
subunit v1
(NDUFV1)
Succinate dehydrogenase | TGCCATCCACTACATGA | GCTCTGTCCACCAAAT
: CGG GCAC
complex flavoprotein
subunit A
(SDHA)
Cytochrome C1 GAGCACGACCATCGAA | CGATATGCCAGCTTCC
(CYC1) AACG GACT
Cytochrome c oxidase CTGAGATGAACAGGGG | AGGGGGCCGTACACA
e CTCG TAGT
subunit 4il
(COX4-1)
ATP synthase F1 subunit | TGCTCCCATTCATGCTG | CTCCAGCACCACCAA
AGG AAAGC
beta
(ATP5B)
Citrate synthase GGGGTGCTGCTCCAGT | CTAAGGCTCGGCTCC
ATTA AGATG
(CS)
Malate dehydrogenase 2 AAGAACAGCCCCTTGG | GGTCCGAGGTAGCCT
(MDH2) TGAG TTCAC
Hydroxycarboxylic acid GGCCCAACCTCTCCTTA | GAAACCTTAGGCCGA
AAT GTCCA

receptor 2
(HCA2)
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Table 2.2: Primer sequences for mouse genes.

Gene 5’ to 3° Forward sequence | 5’ to 3° Reverse sequence
Actin Beta CTGTCGAGTCGCGTCCA | ATGCCGGAGCCGTTGT
(Actb) CCC CGAC
(housekeeping gene)
NAD(P)H quinone GGTAGCGGCTCCATGT | CGCAGGATGCCACTCT
ACTC GAAT
dehydrogenase 1
(Ngo1)
Heme oxygenase 1 GCCCCACCAAGTTCAA | CAGCTCCTCAAACAG
ACAG CTCAATG
(Hmox1)
Thioredoxin reductase 1 CCCTGGGTCCTATGACT | CGTTCCTCCGAGACCC
TCG CATC
(Txnrdl)
Sulfiredoxin 1 GTGCACAACGTACCAA | GCCCCCAAAGGAATA
TCG GTAGTAG
(Srxnl)
Glucose transporter 1 GCAGAGGCTTGCTTGT | GGCCCGTCACCTTCTT
(Glut1) AGAGT GCT
Phosphofructokinase CCTGGTGCTGAGGAAT | TCAAAGGGAGTTGGG
. GAGA CTTCC
muscle isoform
(Pfkm)
Pyruvate kinase muscle CATTTGTACCATTGGGC | CAGCCGAGCCACATT
. CTGC CATTC
isoform
(Pkm)
Carnitine CACGGGTGGATGTTCG | GGAGACGGACACAGA
. AGAT TAGCC
palmitoyltransferase 1B
(Cptlb)
Acyl-CoA synthetase GTGGAACTACAGGCAA | ACGGTCTCAAACATAT
. : CCcCC GGGCG
long-chain family member
1
(Acsl1)
Enoyl-CoA delta AGCTGGGGACCCTTTTC | CTGCCGAGAATGGTCT
. TCA GGGATA
isomerase 1
(Ecil)
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Peroxisome proliferator-
activated receptor gamma
coactivator 1-alpha
(Pgcla)

CTGCGGGATGATGGAG
ACAG

TCGTTCGACCTGCGTA
AAGT

Table 2.3: Primer sequences for rat genes.

Gene 5’to3’ Forward sequence 5’to3’ Reverse sequence

Ribosomal Protein L32 TCTGGTGAAGCCCAAG | GTTTCCGCCAGTTTCG
ATCG CTTAAT

(Rpl32)

(housekeeping gene)

NAD(P)H quinone AAACGACATCACAGGG | GGGCACCCCAAACCA
GAGC ATACA

dehydrogenase 1

(Ngol)

Heme oxygenase 1 GTCAGGTGTCCAGGGA | CTCTTCCAGGGCCGTA
AGG TAGA

(Hmox1)

Thioredoxin reductase 1 CTCTCTTTATCCTCAGT | CGCCGCCCTATGAGC

GTGCTT AA

(Txnrdl)

Hydroxycarboxylic acid ACAAGATCTCCAACCG | ATCGTGCCACCTGAA
GACG AGTGT

receptor 2

(Hca2)

2.3 Western blotting.

2.3.1 Protein lysis.

For cell protein lysates, cell media was discarded, and cells were washed with 1x PBS. Then,
150 pL lysis buffer (75 mM Tris-HCI pH 6.8, 3.8% SDS, 4 M Urea, and 20% glycerol) was
added directly to each well of a 6-well plate containing approximately 2 million cells. Cells
were scraped using a cell scraper, and lysates were homogenised using a 23G needle and

collected into Eppendorf tubes.
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For tissue protein lysates, 40 mg of tissue was added to an Eppendorf tube containing 400
uL of lysis buffer and homogenised using a Polytron homogeniser at max speed. The

homogenate was boiled at 95°C for 5 minutes.

Protein lysates were centrifuged at 13000 rpm for 5 minutes at 4°C, and the supernatant was
transferred to a new Eppendorf tube. The protein concentration was determined
spectrophotometrically using the Pierce bicinchoninic acid (BCA) protein assay kit
(ThermoFisher) and Pierce bovine serum albumin (BSA) standard (ThermoFisher). Samples
were prepared using 20 pg of cell protein or 30 ug of tissue protein, 5% B-mercaptoethanol
and Laemmli blue loading dye. Finally, samples were denatured by boiling at 95°C for 5

minutes.

2.3.2 Electrophoresis.

Protein samples were loaded onto an SDS-PAGE gel (NuPAGE™ 4-129% Bis-Tris Midi
Protein Gels) and separated using electrophoresis at constant voltage in electrophoresis
buffer (NuPAGE™ MOPS SDS running buffer (Thermofisher)). The separated proteins
were then transferred onto a nitrocellulose membrane at constant voltage (100V) for 1 hour
in transfer buffer (25 mM Tris-Base, 192 mM glycine, and 20% methanol). Equal protein
loading was confirmed using Ponceau staining. Membranes were blocked with 5% skimmed
milk or 5% BSA (prepared in TBS-Tween) for 1 hour at room temperature, and incubated
with the primary antibody overnight at 4°C. The next day, membranes were washed for 30
minutes with TBS-Tween and incubated with the secondary antibody for 1 hour at room
temperature, using a solution with the same composition as that used for the primary
antibody. Then the membranes were washed for 30 minutes with TBS-Tween. Blot images

were visualised using the ECL Prime Western Blotting Detection Reagent (Cytiva), detected

30



with the Chemidoc XRS+ imaging system (Bio-Rad) and quantified using Image Studio

Software version 5.2.5. Antibodies are listed in Table 2.4.

Table 2.4: Western blot antibodies.

Protein Antibody details Dilution
Nuclear factor erythroid 2 ab62352 (Abcam) 1:1000
[NF-E2]-related factor 2 5% Milk
(Nrf2)
Lactate dehydrogenase ab52488 (Abcam) 1:3000
(LDH) 5% Milk
Total Histone 3 ab10799 (Abcam) 1:1000
(Total H3) 5% Milk
Thioredoxin reductase 1 11117-1-AP (Proteintech) 1:6000
(TXNRD1) 5% Milk
Heme oxygenase 1 10701-1-AP (Proteintech) 1:3000
(HMOX1) 5% Milk
NAD(P)H quinone ab80588(Abcam) 1:25000
dehydrogenase 1 5% Milk
(NQO1)
Glyceraldehyde-3-phosphate 60004-1-1g (Proteintech) 1:40000
dehydrogenase 5% Milk
(GAPDH)
Total Oxidative ab110411 (Abcam) 1:1000
phosphorylation (OXPHQS) 5% Milk
Human WB Antibody Cocktail
S-(2-succinyl)-cysteine Crb2005017d/6773 1:1000
(Discovery antibodies) 5% BSA
Histone deacetylase 1 5356 (Cell Signaling) 1:2000
(HDAC1) 5% Milk
Beta 11l Tubulin ab7751 (Abcam) 1:1000
5% Milk
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Mitochondrial phosphate ab67121 (Abcam) 1:1000
carrier protein 5% Milk
(SLC25A3/PHC)
Glutamate dehydrogenase 1 ab166618 (Abcam) 1:1000
(GLUD1) 5% Milk
Medium-chain acyl-CoA ab92461 (Abcam) 1:10000
dehydrogenase 5% Milk
(MCAD)
Aconitase 2 ab71440 (Abcam) 1:500
(ACO2) 5% Milk
Cyclophilin B ab178397 (Abcam) 1:1000
(CYPB) 5% Milk
Phosphorylated (serine 473) ab81283 (Abcam) 1:1000
Akt serine/threonine kinase 1 5% Milk
(PAKt)
Total Akt serine/threonine ab32505 (Abcam) 1:1000
kinase 1 5% Milk
(Total Akt)
2,4-dinitrophenylhydrazone OxyBlot Protein Oxidation 1:150
(DNP) Detection Kit (Oxyblot kit Blocking
(Millipore S7150) solution)
Goat Anti-Rabbit IgG ab6721 (Abcam) 1:2000
(horseradish peroxidase
(HRP)-conjugated))
Goat Anti-mouse IgG (HRP- ab205719 (Abcam) 1:2000
conjugated)
Goat Anti-Rabbit IgG (HRP- OxyBlot Protein Oxidation 1:300

conjugated) (Oxyblot kit)

Detection Kit
(Millipore S7150)

(Oxyblot kit Blocking

solution)
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2.4 Subcellular fractionation.
A subcellular fractionation protocol was used to isolate the cell nucleus from the cytosol in
hiPSC-CM and frozen heart tissue. The concentrations of reagents used in this protocol were

obtained from the previous experimental protocol!!!" and are detailed in Table 2.5.

Table 2.5: Buffer composition for subcellular fractionation protocol.

Buffer Composition
10 mM HEPES pH 7.9
Buffer 1 1.5 mM MgCl»

10 mM KCI

20 MM HEPES pH 7.9

420 mM KCI

Buffer 2 1.5 mM MgCl;

25% Glycerol

0.2 mM MgCl>

Buffer 1 and Buffer 2 were supplemented with 1 mM DTT, 1X protease inhibitor cocktail
tablet (Roche), and phosphatase inhibitors cocktail tablet (Roche). HIPSC-CM, previously
grown on matrigel-coated plates, were dissociated by adding TrypLE (Gibco) directly to the
plate well and incubated at 37°C for 12-15 minutes. Cells were collected in an Eppendorf
tube and centrifuged at 1500 rpm for 5 minutes. After centrifugation, the supernatant was
discarded, and the cell pellet was washed twice with 1X DPBS, centrifuging each time at

1500 rpm for 5 minutes.

The pellet was resuspended in 100 puL supplemented Buffer 1, mixed thoroughly, and
incubated on ice for 10 min. The homogenate was centrifuged at 6000 rpm for 15 min at
4°C. The supernatant (cytoplasmic fraction) was transferred to a new Eppendorf tube, while

the remaining pellet was washed twice with the same supplemented Buftfer 1 and centrifuged
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under the same conditions. The pellet was resuspended with 50 puL supplemented Buffer 2
and incubated on ice for 1 hour, homogenising every 5 minutes using a vortex mixer. Then,
the homogenate was centrifuged at 12000 rpm for 15 minutes at 4°C, and the supernatant
(nuclear fraction) was transferred to a new Eppendorf tube. The resulting pellet was
resuspended in 50 pL supplemented Buffer 2, obtaining the pellet fraction. To each one of
the fractions, 20 pL of protein lysis buffer was added, and further homogenisation was
carried out using a 23G needle and syringe. Protein concentration was determined using a
nanodrop spectrophotometer, mode 1 ABS = 1 mg/mL (280 nm). Samples were then used

for western blotting (Section 2.3).

For tissue, 20-30 mg of frozen tissue was homogenised in 200 puL supplemented Buffer 1
using the TissueRuptor 2 (QIAGEN). Then, the same described protocol was followed with
the exception that 100 pL was used for supplemented Buffer 2 and 80 pL for protein lysis

buffer.

2.5 Metabolic fluxes measurements.

2.5.1 Palmitate oxidation rates.

Fatty acid oxidation was directly quantified by measuring the rate of conversion of [9,10-
SH]-palmitate into *H>O!!!?. During the last 6 hours of the dimethyl fumarate or fumarate
treatment experiments, cells were incubated in radioactive media composed of DMEM 1X
supplemented with dimethyl fumarate, fumarate, or control condition, 300 uM palmitate,
and 0.0037 mBg/mL [9,10->H]-palmitate (Revvity). Both non-radioactive and radioactive
palmitate were conjugated in the same media to BSA at a ratio 6:1 (palmitate:BSA). When
the experiment was finished, the radioactive media was collected, and *H>O was isolated
using the Folch extraction method. Specifically, 0.5 mL of the radioactive media was added

to a falcon tube containing 1.88 mL chloroform:methanol (1:2) solution, 0.625 mL
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chloroform and 0.625 mL KCI:HCI solution (2M KCl prepared in 0.4M HCI). Samples were
mixed on a rotator for 20 min and left to stand on a rack for 1 hour to separate the aqueous
from the organic phase. Next, the aqueous phase was transferred to a new falcon tube
containing 1 mL chloroform, 1 mL methanol and 0.9 mL KCI:HCI solution. Samples were
mixed on a rotator for 20 min and left to stand on a rack for 1 hour. Finally, the upper aqueous
phase was transferred to a new falcon tube and 0.5 mL was added to a scintillation vial
containing 10 ml of Ecolite scintillation cocktail (BP Medical, USA) and counted for *H

using a scintillation counter.
2.5.2 Glycolytic rates.

For glycolytic measurements, Dowex 1X4-200 chloride form ion exchange resin (Sigma)
was prepared in advance. Prior to the experiment, the resin was activated by mixing 250g of
Dowex 1-X4 anion exchange resin with 1.25 M NaOH and 1.62 M boric acid prepared in 1
L of distilled water. The resin was carefully rinsed with distilled water until the pH was

between 7 and 8.

Radioactive glycolysis was directly quantified by measuring the rate of conversion of [*H]-
glucose metabolised into *H,O"!?). During the last 6 hours of the dimethyl fumarate or
fumarate treatment experiment, cells were incubated in radioactive media composed of
DMEM 1X supplemented with dimethyl fumarate, fumarate, control condition, 300 uM
palmitate conjugated to BSA, and 0.0074 mBg/mL [*H]-glucose (Revvity). When the
experiment was finished, the radioactive media was collected and *H>O was isolated by
adding 200 pL of the radioactive media into a column (glass Pasteur pipette) containing
activated Dowex resin in the top and a small piece of glass wool in the bottom to prevent
Dowex from leaking out. After an incubation of 15 minutes, the column was washed twice

with distilled water, the eluate was collected in a scintillation vial, and 10 ml of Ecolite
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scintillation cocktail was added. The solution was mixed, and the radioactivity was counted

for *H using a scintillation counter.

2.6. Mitochondrial respiration.

Mitochondrial respiration was assessed using a Seahorse analyser under the guidance of Dr
Thomas Nicol. HIPSC-CM were seeded onto Seahorse XF96 plates pre-coated with reduced
growth factor Matrigel. Cells were seeded at a density of 125,000 cells per well in 100 pL
of maturation media. The following day, media was refreshed with 200 pL of maturation
media, and cells were incubated for the next 4-5 days until the morphology and beating
normalised (media was replaced every two days). The day before the experiment, the sensor
cartridge was hydrated in Seahorse XF Calibrant (Agilent) at 37°C in a non-CO> incubator

overnight.

On the day of the experiment, the culture media (unless otherwise specified) was replaced
with 180 uL of Seahorse assay media (Seahorse DMEM, pH 7.4) supplemented with 5.5
mM glucose, | mM pyruvate, 4 mM glutamine, 5 pg/mL vitamin B12, 0.5 mM ascorbic
acid, 0.84 uM biotin, 1.7 uM insulin, 80 uM oleic acid: BSA (2:1), Ix MEM non-essential
amino acids, and 0.1X penicillin-streptomycin. The cells were then incubated for 90 minutes

at 37°C in a non-CQO; incubator.

The oxygen consumption rate was measured using the Mito Stress test (Agilent). The final
concentrations used in the assay were 1 uM oligomycin (Oligo), 2 uM FCCP (carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone), and 0.5 uM rotenone/antimycin A
(ROT/AA), all prepared in the same Seahorse media. The running programme utilised for

the Seahorse experiments is detailed in Table 2.6.
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Table 2.6: Seahorse running protocol.
Step Action Time Details Step Action Time Details
(Min) (Min)
1 Calibrate 31 Mix 3 Repeat
5 - - three
Mix 3 Repeat 32 Wait 0 times
. three
3 Wait 0 . 33 Measure |3
times
4 Measure |3 40 Inject ROT/AA
17 Inject Oligo 41 Mix 3 Repeat
- - three
18 Mix 3 Repeat 42 Wait 0 times
- three
19 Wait 0 . 43 Measure |3
times
20 Measure |3 50 End
30 Inject FCCP
Min: Minutes. Oligo: Oligomycin. FCCP: carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone. ROT/AA: Rotenone/Antimycin A.

2.7 Transcriptomics Data quantification.

2.7.1 Sequencing and Library Construction.

RNA was extracted from hiPSC-CM, mouse and rat heart following the protocol set out in
Section 2.2. During the extraction process, RNAse-free DNase (QIAGEN) was added to
ensure complete DNA removal. Samples were processed and sequenced by Novogene using
an Illumina sequencing PE150. Based on Novogene method section!'¥), transcripts were
purified from total RNA using poly-T oligo, and mRNA was subsequently fragmented. First-
strand CDNA synthesis was performed using random hexamer primers, and second-strand
cDNA synthesis was carried out using dTTP. The library was made using poly A enrichment.

For gene mapping, Hisat2 v2.0.5""'¥ was used, and the genome references were:

- Homo Sapiens (GRCh38/hg38) for hiPSC-CM.

- Ensembl rattus norvegicus rmor 6 0 gca 000001895 4 for rat heart.
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- GRCm39/mm39 for mouse heart.
2.7.2 Differential Expression Analysis.

Differential expression analysis and normalisation of gene counts were carried out using the
DESEQ?2 pipeline!!'®. Genes with fewer than ten counts in half of the samples were
classified as lowly expressed genes and removed from the analysis. For visualisation,
exploratory analysis, and mean-variance removal, counts were normalised using the
variance stabilising transformation (VST)!'®. Each sample and group distribution was
observed using principal components via the plotPCA function. Differential gene expression
(DEG) between treatments was performed using the raw counts. Accurate differences
between treatments were achieved by shrinking the Log»fold changes using the apeglm
method!!”). Significance was defined as a Benjamini-Hochberg corrected alpha of less than
0.05. All the analysis and coding were conducted in R and R Studio v4.3.2. For all the
analyses, results with a p-adjusted value < 0.05 or p-value < 0.05 were considered

significant.
2.7.3 Enrichment analysis.

The impact of the DEG results on biological pathways and cell processes was determined
using different Bioconductor packages. The cluster Profiler package 1129 was employed
to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of

a gene set. KEGG pathways were visualised using the Pathview package !*!. Heatmaps and

(122) (123)

volcano plots were designed using the ggplot2 EnhancedVolcano or

ComplexHeatmap!?* 125 packages.

Enrichment analyses were also performed using the online tool metascape'*®, which in
addition facilitates the study of transcription factors, through the transcriptional regulatory

relationships unravelled by sentence-based text mining (TRRUST) database'>”. Gene set
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enrichment analysis (GSEA) and gene set variation analysis (GSVA) were conducted using

FGSEA package!"?® and GSVA algorithm'?”, respectively.

2.8 Glutathione concentration.

Glutathione levels were measured using the Glutathione Colorimetric Detection Kit
(Invitrogen), following the manufacturer's instructions. Cells were dissociated from the cell
plate by adding TrypLE and incubating at 37°C for 12-15 minutes. Cells were collected in
an Eppendorf tube and centrifuged at 1400 rpm for 10 minutes. After centrifugation, the
supernatant was discarded, and the cell pellet was resuspended in DPBS 1X and frozen. On
the day of the assay, cells were thawed, centrifuged at 1400 rpm for 10 minutes, and the
supernatant was discarded. The pellet was resuspended in 5% aqueous 5-sulfo-salicylic acid
dehydrate solution (Sigma), disrupted using a 23G needle and syringe, and centrifuged at
14000 rpm for 10 min at 4°C. The supernatant was split into two equal fractions. One
fraction was used directly to measure total glutathione, while the other was treated with 2-
vinylpyridine (Sigma) to block free glutathione, allowing for the detection of specifically
oxidised glutathione. Samples were diluted in the kit-provided Assay Buffer, transferred to
a clear 96-well half-area plate, and mixed with the Colorimetric Detection Reagent and
Reaction Mixture. The reaction was incubated for 20 minutes at room temperature, and the
absorbance was read at 405 nm using a plate reader. Glutathione concentrations were
calculated based on specific standards for total and oxidised glutathione prepared in the same

Assay Buffer.

For frozen tissue, 10 mg of tissue was homogenised in 250 pL ice-cold DPBS 1X using the
TissueRaptor 2, and centrifuged at 14000 rpm for 10 min at 4°C. The solution was mixed

thoroughly with 1 volume of cold 5% aqueous 5 -sulfo-salicylic acid and incubated at 4°C
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for 10 minutes. Finally, the samples were centrifuged at 14000 for 10 min at 4°C and the

supernatants were used for analysis following the previously described protocol.

2.9 Cardiomyocyte-specific Keap1l knockout mouse model.

Heart tissue from wild-type and cardiomyocyte-specific Keapl knockout mice was
generously provided by Prof Ajay Shah and Dr Anna Zoccarato from King’s College
London. Based on their publication*”), mice were generated on a C57BL/6 background
using the Cre-LoxP system. The gene Keapl was flanked by loxP sites, and the
cardiomyocyte-specific Cre recombinase expression was driven using the a-myosin heavy
chain promoter (aMHC-Cre). During the breeding process, aMHC-Cre positive/Keap1
floxed heterozygous mice (aMHC-Cre"/Keapl™*) were crossed with aMHC-Cre

1%). From the offspring,

negative/Keapl floxed heterozygous mice (aMHC-Cre/Keap
wild-type mice (aMHC-Cre/Keapl™") were compared to cardiomyocyte-specific Keapl

knockout mice (aMHC-Cre"/Keap1™™) (Figure 2.2).

aMHC-Cre”
Keap1**

WT

Figure 2.2. Cardiomyocyte-specific Keapl knockout mouse model generation. The
figure illustrates the breeding method used to generate a cardiomyocyte-specific Keapl
knockout. For the purposes of this thesis, tMHC-Cre"/Keap1*'* mice were referred to as wild
type (WT) and aMHC-Cre*/Keap1™™ mice were identified as KOKeap1.
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2.10 Metabolomics.

For metabolite extraction a previously established protocol was followed (%% 13D ysing tissue
from perfused hearts previously exposed to acute hypoxia in Prof Lisa Heather’s group
generated Dr Latt Mansor!!®. Briefly, 50 mg of tissue was weighed directly into Precellys
tubes and homogenised in chloroform:methanol solution (1:2) using the Precellys 24
homogeniser at a speed of 6000 rpm for two cycles of 30 seconds each. HPLC-grade water
was added, the solution was thoroughly mixed for 20 seconds and centrifuged at 13200 g
for 15 minutes at room temperature. The aqueous and organic fractions were each transferred
to separate tubes, and the remaining pellet was re-extracted using half the original volume
of chloroform:methanol solution and HPLC-grade water, and the new aqueous and organic
fractions combined with the initial corresponding fractions. The aqueous fraction was frozen
under liquid nitrogen and freeze-dried using an EC vacuum apparatus (Modulyo). Sample
mass spectrometry was subsequently performed for Prof Jules Griffin and Dr Areesha
Nazeer at the University of Aberdeen. For fumarate determination, '*C- fumarate was used
as an internal standard. Data was normalised to tissue weight, analysed in R and R Studio

v4.3.2, and presented as the area ratio of the metabolite peak to the internal standard.

2.11 Statistics.

For statistical analysis, GraphPad Prism version 10 was used. Results, reported as means =+
standard error of the mean (SEM), were considered significant at p-value < 0.05. For data
sets comparing only two groups, unpaired t-test with Welch’s correction was performed. For
comparisons involving multiple groups but just one factor, one-way ANOVA was used with
Dunnet post hoc adjustment for multiple comparisons and hypothesis testing. For analysis
involving two factors, two-way ANOVA was used with the Tukey test for post-hoc

comparisons.
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Chapter 3

Fumarate derivatives and their

cardiac antioxidant role in hiPSC-

CM
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3.1 Abstract

Fumarate derivatives are FDA-approved pharmacological molecules used for treating
autoimmune diseases. These molecules activate the nuclear factor erythroid 2 [NF-E2]-
related factor 2 (Nrf2), one of the most important transcription factors regulating antioxidant
enzyme expression. While fumarate has low cell permeability, fumarate derivatives showed
enhanced permeability, but there is limited information about the effect of fumarate
derivatives on human cardiomyocytes. Therefore, this chapter evaluated whether mature
human-induced pluripotent stem cells (hiPSC-CM) can respond to exogenous fumarate

derivatives by studying their impact on the Nrf2 pathway.

Subcellular fractionation of hiPSC-CM showed that the fumarate derivative, dimethyl
fumarate (DMF), significantly increased Nrf2 nuclear translocation. DMF upregulated
several antioxidant enzyme genes in a dose- and time-dependent manner, including NOOI,
TXNRDI, HMOXI and SRXNI evaluated by qPCR. Transcriptomics analysis of DMF-
treated hiPSC-CM revealed that the antioxidant genes were among the most significantly
upregulated genes and identified Nrf2 as one of the most enriched transcription factors. Nrf2
activation was also observed in hiPSC-CM treated with the fumarate derivatives
monomethyl fumarate and diroximel fumarate but not with the succinate derivative,
dimethyl succinate, indicating that the upregulation of Nrf2 in hiPSC-CM is specifically
induced by fumarate but no other Krebs cycle metabolites. Sulforaphane, a well-known Nrf2
activator, showed similar antioxidant gene regulation to the fumarate derivatives.
Furthermore, a genetic mouse cardiac model with constitutive Nrf2 activation confirmed

that Nrf2 mediated the fumarate derivative antioxidant effects in hiPSC-CM.

In conclusion, fumarate derivatives upregulated antioxidant defence pathways in human

cardiomyocytes primarily by inducing Nrf2 nuclear translocation and increasing its activity.
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3.2 Introduction

Fumarate derivatives are synthetic compounds with electrophilic properties derived from
fumarate!!*?. These molecules have been approved by the FDA for the treatment of
autoimmune diseases, specifically multiple sclerosis and psoriasis, and they are in clinical
trials for the treatment of different types of cancer, respiratory and digestive pathologies,
and neurological disorders!¥-13) Autoimmune diseases are characterised by aberrant
immune responses to the host’s cellular components, triggering cellular damage and tissue
dysfunction, which lead to increased production of reactive oxygen species (ROS) and
oxidative stress, exacerbating these negative effects''*”1**). However, fumarate derivatives
activate Nrf2 transcription factor®> 3% 140 ypregulating the expression of antioxidant
defence enzymes, decreasing ROS deleterious effects, as well as promoting anti-
inflammatory regulators®® #”. Among the different fumarate derivates, dimethyl fumarate

(DMF) has been the most extensively studied>?.

Under control conditions, Nrf2 is located in the cytosol, and its activity is suppressed by the
Kelch-like erythroid cell-derived protein with CNC homology [ECH]-associated protein 1
(KEAP1). KEAPI acts as a protein adaptor composed of three different domains: the BTB
domain, which mediates KEAP1 homodimer formation; the intervening region (IVR); and
the Kelch domain, required for binding with Nrf2 (Figure 3.1). In contrast, Nrf2 is
composed of six different domains, among them, Neh2, critical for KEAP1 binding through
the motif DLG and ETGE, and Nehl domain, which is essential for Nrf2 transcriptional
binding to antioxidant response element (ARE) promoter regions'*! 142 The KEAPI
homodimer binds to DLF and ETGE motifs in Nrf2 and recruits the protein Cullin3 through
its BTB domain, which is an E3 ubiquitin ligase complex component which induces the

polyubiquitination of Nrf2 and its proteasomal degradation'*®. However, KEAP1 has
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critical cysteine residues which react with electrophiles, where the most reactive are Cys151,
located in the BTB domain, and Cys273 and Cys288 in the IVR domain. Under stressed
conditions, these cysteine residues are oxidised by electrophiles produced by ROS, inducing
a conformational change that impairs the ability of the KEAP1 to interact with Nrf2. This
allows Nrf2’s translocation to the nucleus, accumulation and induction of transcription of
antioxidant genes("*!"143) Mechanistically, the fumarate derivatives also modify these

cysteine residues to promote Nrf2 activation via the irreversible PTM succination3?.

Unstressed Stressed
condition condition
ROS
Fumarate
derivatives

Proteosomal
degradation

o~

)
[ o
af”

6-/

CAntioxidant genes)

Figure 3.1: Nrf2 pathway activation. Under unstressed conditions, KEAP1 homodimer
and Cullin3 induce Nrf2 degradation by the proteasome through the interaction of KEAP1’s
Kelch domain with Nrf2 motifs DLG and ETGE. However, under stress conditions or in
response to fumarate derivatives treatment, cysteine residues (C) in the BTB and IVR
domains of KEAP1 are modified, reducing the ability of KEAP1 to interact with Nrf2,
allowing its nuclear translocation and the transcription of antioxidant genes. Nrf2, nuclear
factor erythroid 2 [NF-E2]-related factor 2. KEAP1, Kelch-like erythroid cell-derived protein
with CNC homology [ECH]-associated protein 1
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3.3 Chapter aims

During hypoxia, intramyocardial metabolite concentrations are changed, with Krebs cycle
intermediates being modified significantly. Fumarate derivatives are well-known molecules
that enhance antioxidant defence mechanisms to treat autoimmune diseases. However,
whether mature hiPSC-CM can respond to exogenous fumarate derivatives remains unclear.
Therefore, this chapter aimed to investigate the response of mature hiPSC-CM to fumarate
derivatives, focusing on Nrf2 pathway activation and its antioxidant defence targets. This

chapter investigated:

1. Intracellular metabolite concentrations in perfused rat hearts exposed to acute
hypoxia compared with normoxia conditions.

2. The effect of fumarate derivatives on Nrf2 pathway activation in hiPSC-CM,
including the role of these molecules in inducing Nrf2 nuclear translocation and upregulation
of the antioxidant enzyme gene and protein levels.

3. The impact of fumarate derivatives on global gene expression in hiPSC-CM via
transcriptomic analysis.

4. The specificity of the fumarate derivatives in regulating the Nrf2 pathway in mature
hiPSC-CM using a well-established Nrf2 molecular activator, and a genetic mouse model

with constitutive cardiac Nrf2 activation.
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3.4 Results

3.4.1 Acute hypoxia increases fumarate intracellular levels within rat hearts.

In order to understand how hypoxia affects intracellular metabolites in the heart, an in-depth
metabolomics screening was carried out using heart samples previously perfused in Prof
Lisa Heather's group, where isolated rat hearts were exposed to acute hypoxia condition (Po>
=90 + 10 mmHg for 32 minutes) or normoxia conditions (Po2 = 413 £ 15 mmHg). It was
observed that hypoxia significantly modified the intracellular content of 30 of the 77
analysed metabolites (approximately 39% of the total metabolites) (Figure 3.2). Succinate
(Suc) and fumarate (Fum) were the most significantly increased metabolites, rising by 5.4
and 3.3-fold, respectively, compared with normoxic hearts. In contrast, the metabolites that
decreased most following hypoxia were succinyl-CoA (sucCoA) and cytidine triphosphate

(CTP), whose levels were reduced by 70% and 66%, respectively.

The effect of acute hypoxia was specifically evaluated for Krebs cycle metabolites,
observing that in response to hypoxia, the metabolites in the first half of Krebs cycle, citrate
(Cit), aconitase (Aco) and succinyl CoA (sucCoA) were significantly reduced by 42%, 44%,
and 70%, respectively, compared with normoxic hearts. On the other hand, the metabolites
from the second half of the Krebs cycle, fumarate (Fum), succinate (Suc), and malate (Mal),
were significantly increased by 229%, 440%, and 108%, respectively, compared with

normoxic hearts (Figure 3.3).

Overall, these results show that acute hypoxia triggers a significant remodelling in the
metabolite content within the heart. For the interest of this thesis, the consequences of

elevating fumarate were explored.
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Metabolomics healthy heart: Hypoxia vs Normoxia
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Figure 3.2: Hypoxia remodels metabolite content within the heart. The volcano plot and
tables represent only the significant regulated metabolites under hypoxia in the healthy heart.
Fold change is represented as the ratio between mean hypoxia to mean normoxia for each
metabolite. Metabolites were considered significant with p-value < 0.05. Decreased
metabolites are presented in blue and increased metabolites in red.
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Figure 3.3: Hypoxia differentially modulates Krebs Cycle metabolites within the heart.
Krebs cycle metabolite levels following normoxia and acute hypoxia within the rat heart.
Data was expressed as peak area ratio. Data was normalised to tissue weight. * p <0.05 vs.
normoxia group. a.u., arbitrary units. Each data point represents a biological replicate.

3.4.2 Dimethyl fumarate increases Nrf2 antioxidant target gene expression in hiPSC-

CM in a dose-dependent manner.

We were interested in understanding the effects of increased intracellular fumarate on
cellular processes. However, as fumarate itself has always been considered a very low or
noncell-permeable molecule!!** 43 its effect in human cardiomyocytes was investigated
instead using the fumarate derivative, dimethyl fumarate (DMF). DMF has a higher cell

membrane permeability than fumarate due to the esterification of the negatively charged
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carboxylic groups in the fumarate structure, making this molecule neutrally charged and

more lipophilic to cross the cell membrane (144 146 147),

To study whether DMF could regulate Nrf2 pathways in hiPSC-CM, the expression of
different antioxidant genes that play an essential role in the antioxidant defence within the
heart was evaluated by qPCR. HiPSC-CM were cultured with different concentrations of
DMF for 24 hours, observing that DMF significantly upregulated the expression of most of
the Nrf2 antioxidant targets studied. The expression of the genes NAD(P) dehydrogenase
quinone 1 (NQOI) (Figure 3.4A), thioredoxin reductase 1 (TXNRDI) (Figure 3.4B), heme
oxygenase 1 (HMOXI) (Figure 3.4C), and sulfiredoxin 1 (SRXN!) (Figure 3.4D), showed
a dose-dependent increase as the concentration of DMF was increased. The greatest increase
in the expression of the antioxidant genes was observed following 150 uM DMF, where the
genes NOOI, TXNRD, HMOX]I, SRXN1, and superoxide dismutase 1 (SOD/) (Figure 3.4E)
were upregulated by 16, 4.1, 2.6, 3.7 and 1.4-fold, respectively, compared with control cells.
These results show that DMF treatment was able to upregulate the expression of several

Nrf2 antioxidant defence target genes in our human cardiomyocytes model.

Glutamate-Cysteine ligase Catalytic Subunit (GCLC) (Figure 3.4F) showed a significant
effect between all the conditions using a one-way ANOVA, but there was not a significant
difference between individual groups (did not reach significance at post hoc analyses).
Unexpectedly, the expression of the gene methylene tetrahydrofolate dehydrogenase 2

(MTHFD?2) (Figure 3.4G) decreased by 40% following DMF treatment.
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Figure 3.4: Dimethyl fumarate upregulates the expression of most of the Nrf2
antioxidant target genes in hiPSC-CM. Antioxidant gene expression in hiPSC-CM
exposed to dimethyl fumarate treatment (50, 100, and 150 uM) (DMF) for 24 hours and
compared with untreated cells (Ctl). The evaluated genes were: (A) NAD(P) dehydrogenase
quinone 1 (NQOI), (B) Thioredoxin reductase 1 (TXNRDI), (C) Heme oxygenase 1
(HMOXI), (D) Sulfiredoxin 1 (SRXNI), (E) Superoxide dismutase 1 (SODI). (F)
Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) and (G) Methylene tetrahydrofolate
dehydrogenase 2 (MTHFD?2). * p <0.05 vs. respective control group. a.u., arbitrary units.
Each data point represents a biological replicate.
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3.4.3 Dimethyl fumarate induces upregulation of the Nrf2 antioxidant target genes and

modulates apoptotic genes after short exposure times in hiPSC-CM.

Given the significant increase in antioxidant gene expression that DMF induced in hiPSC-
CM after 24 hours of treatment, the response of these cells to DMF over shorter (3 and 6
hours) and longer intervals (12 and 24 hours) was evaluated (Figure 3.5). Surprisingly, three
of the four assessed genes (NQOI, TXNRDI1 AND SRXNI) were significantly upregulated

after just 3 hours of treatment, indicating that the hiPSC-CM presented a rapid response to

DMF.
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Figure 3.5: Dimethyl fumarate increases Nrf2 antioxidant target gene levels at early
time points of treatment in hiPSC-CM. Antioxidant gene expression in hiPSC-CM
exposed to dimethyl fumarate treatment (150 uM) (DMF) for 3, 6, 12 or 24 hours and
compared with untreated cells (Ctl). The evaluated genes were: NAD(P) dehydrogenase
quinone 1 (NQOI), thioredoxin reductase 1 (TXNRDI), heme oxygenase 1 (HMOX]I), and
sulfiredoxin 1 (SRXNI). * p < 0.05 vs. respective control group. a.u., arbitrary units. Each
data point represents a biological replicate.
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The increase in antioxidant gene expression was accompanied by a significant and rapid
decrease in the expression of the pro-apoptotic gene BCL2 associated X (BAX) at 3, 6 and
24 hours following DMF treatment (Figure 3.6), where the most dramatic reduction by 41%
compared with the control condition was observed at 6 hours. Even though no significant
differences were observed in the anti-apoptotic B-cell leukaemia/lymphoma 2 (BCL?2) gene
expression comparing DMF-treated with untreated cells, the BAX/BCL?2 ratio, a marker of
apoptosis propensity showed a significant decrease at 6 and 12 hours, with a 66% significant
reduction at 6 hours compared with the control condition. These data demonstrated that
DMEF promoted the upregulation of antioxidant genes at the early treatment stage, and
contributed to anti-apoptotic regulation by decreasing the apoptosis propensity maker

BAX/BCL?2 ratio at the gene level in human cardiomyocytes.
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Figure 3.6: Dimethyl fumarate decreases the apoptosis propensity maker BAX/BCL2
ratio at the gene level in hiPSC-CM. Apoptotic gene expression in hiPSC-CM exposed
to dimethyl fumarate treatment (150 uM) (DMF) for 3, 6, 12 or 24 hours and compared with
untreated cells (Ctl). The evaluated genes were: B-cell leukaemia/lymphoma 2 associated X
(BAX) and B-cell leukaemia/lymphoma 2 (BCL2) were evaluated. The ratio BAX/BCL2 was
utilised as a marker of apoptosis propensity. * p < 0.05 vs. respective control group. a.u.,
arbitrary units. Each data point represents a biological replicate.
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3.4.4 Dimethyl fumarate promotes Nrf2 nuclear translocation in hiPSC-CM.

Given the early response times to DMF treatment and Nrf2’s role as the main transcription
factor regulating the expression of these genes, we investigated whether DMF was mediating
Nrf2 nuclear translocation. For this, we developed a subcellular fractionation protocol to
isolate the nucleus from the cytosol, a protocol that was validated using several cytoplasmic,
nuclear, mitochondrial and endoplasmic reticulum markers. When the subcellular
fractionation protocol was tested in frozen heart tissue (Figure 3.7), it was observed that the
nuclear proteins, total histone H3 (Total H3) and histone deacetylase 1 (HDACI1) were
detected in the nuclear (Nucl) and pellet (Pellet) fractions, whereas, the cytosolic proteins
tubulin (Beta III Tubulin), lactate dehydrogenase (LDH), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were identified in the cytosolic (Cyt) fraction. Unexpectedly, the
mitochondrial markers, mitochondrial phosphate carrier (SLC25A3/PHC), glutamate
dehydrogenase 1 (GLUD1), and the endoplasmic reticulum marker, cyclophilin B (CYPB),
were predominantly enriched in the nuclear and pellet fractions, while, the mitochondrial
marker, medium-chain acyl-CoA dehydrogenase (MCAD), was detected in the cytosolic
fraction. Therefore, using frozen tissue, the subcellular fractionation protocol successfully
isolated nuclear from cytosolic proteins, but was sub-optimal for other organelles.
Advantageously, Nrf2 translocates exclusively from the cytosol to the nucleus, allowing the

use of this protocol for Nrf2 translocation study.
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Figure 3.7: Subcellular fractionation protocol validation in rat heart. Subcellular
fractionation was performed in frozen rat heart tissue. Total histone H3 (Total H3) and
histone deacetylase 1 (HDAC1) were used as nuclear markers for protocol validation.
Tubulin (Beta III Tubulin), lactate dehydrogenase (LDH), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were employed as cytoplasmic markers. Mitochondrial phosphate
carrier (SLC25A3/PHC), glutamate dehydrogenase 1 (GLUDI), and medium-chain acyl-
CoA dehydrogenase (MCAD) were used as mitochondrial markers. Cyclophilin B (CYPB)
was utilised as an endoplasmic reticulum marker.

Similarly, when the protocol was tested in hiPSC-CM (Figure 3.8), the nuclear markers total
H3 and HDACI1 were detected in both nuclear and pellet fractions, whereas, the cytoplasmic
markers, LDH and GAPDH, were identified in the cytosolic fraction. These results indicated
that a significant amount of the nuclear protein remained in the pellet fraction, therefore, for

further experiments, the nuclear and pellet fractions were combined into a single fraction.
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Figure 3.8: Subcellular fractionation protocol validation in hiPSC-CM. Subcellular
fractionation protocol tested in hiPSC-CM. Total histone H3 (Total H3) and histone
deacetylase 1 (HDAC1) were used as nuclear markers for protocol validation. Lactate
dehydrogenase (LDH) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
selected as cytoplasmic markers.

To investigate the ability of DMF to induce Nrf2 activation, the previously validated
subcellular fractionation protocol was performed in hiPSC-CM treated with 150 uM DMF
for 6 hours (Figure 3.9). DMF promoted Nrf2 nuclear translocation in hiPSC-CM by
increasing nuclear Nrf2 protein levels by 29%, compared with the control hiPSC-CM.
Overall, these data demonstrate that DMF can increase the activity of the Nrf2 pathway by
increasing Nrf2 nuclear translocation and upregulating Nrf2 target gene expression at early

treatment times in human cardiomyocytes.
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Figure 3.9: Dimethyl fumarate promotes Nrf2 nuclear translocation in hiPSC-CM.
Representative subcellular fractionation western blot from hiPSC-CM exposed to dimethyl
fumarate treatment (150 uM) (DMF) for 6 hours and compared with untreated cells
(Control). For western blotting 20 ng of protein was used and lactate dehydrogenase (LDH)
and total histone (Total H3) were used as cytoplasmic and nuclear markers, respectively. *
p < 0.05 vs. respective control group. a.u., arbitrary units. Each data point represents a
biological replicate.

3.4.5 Transcriptomics analyses confirm Nrf2 pathway upregulation under dimethyl

fumarate treatment in hiPSC-CM.

Transcriptomics analyses were performed in hiPSC-CM treated with 150 uM DMF for 6
hours to reinforce these findings, and the DMF effect on global gene expression was
visualised by comparing DMF and control samples using principal component analysis
(PCA). PCA showed a pronounced separation between both conditions, driven by the high
variation in the first principal component (PC1), with a 91% variance, occasioned by the
distribution of the samples through the x-axis and representing the differences in cell
treatments, confirming a strong DMF effect on the cells. On the other hand, the second
principal component (PC2) represented variations not associated with the treatment,
accounting for a small 6%, suggesting that the main difference between control and DMF
treatment is due to the PC1 component (DMF treatment) (Figure 3.10A). Additionally, an
inter-sample correlation heatmap using Pearson correlation confirmed similarities between

sample members of the same biological group (biological replicates), as the closer the
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coefficient is to 1, the higher the similarity between samples, and also showed specific

clusters between control and DMF samples (Figure 3.10B).
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Figure 3.10: Dimethyl fumarate induces a prominent effect on hiPSC-CM
transcriptomics. Transcriptomics analyses were performed on hiPSC-CM exposed
to dimethyl fumarate treatment (150 uM) (DMF) for 6 hours and compared with untreated
cells (Ctl). (A) Principal component analyses between control and DMF groups. (B) Inter-
sample correlation between samples of each condition.

To study which biological pathways were being modulated by DMF, differential gene
expression (DEG) analysis using a p-adjusted value < 0.05 and Log>Fold change equal to 0
was performed in a total of 16069 genes comparing DMF-treated with control hiPSC-CM.

DEG identified that 6056 genes were being significantly modulated by DMF (38% of the
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total genes), however, to determine which genes were specifically more sensitive to the DMF
treatment, the p-adjusted value < 0.05 was kept, but the fold change was set as 1. Under
these conditions, the DEG identified 824 significant changes (5%), where 377 genes were
significantly upregulated while 447 significantly downregulated, and interestingly, when the
DEG was visualised by generating a volcano plot (Figure 3.11), among the top most
changed genes the antioxidant genes NOQOI, TXYNRD1, HMOX]I, and SRXNI were observed

in the upregulated genes.
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Figure 3.11: Antioxidant genes represent the topmost enriched genes in differential
gene expression analysis following DMF treatment in hiPSC-CM. Transcriptomics
analyses were performed on hiPSC-CM exposed to dimethyl fumarate treatment (150 uM)
(DMF) for 6 hours and compared with untreated cells (Control). DEG was performed using
a LogoFold change equal to 1 and a p-adjusted value <0.05. Upregulated and downregulated
genes are coloured in red and blue, respectively.

Enrichment analysis was carried out to identify specific pathways for the upregulated genes,
and the most enriched pathways were the Nrf2 pathways and ferroptosis (Figure 3.12A).

Additionally, another two cell processes regulated by the Nrf2 pathway, glutathione
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metabolism, a key molecule required for oxidative stress protection, and the pentose
phosphate pathway, an essential metabolic pathway necessary for NADPH production
(an important cofactor in antioxidants processes), were also upregulated. Several other
processes associated with cellular responses, such as response to hormones, amino acid
transport, ABC transporters, small molecules transporter, and the NADPH regeneration
pathway itself, were also observed to increase. In contrast, the most downregulated
processes were heart, vasculature, and muscle development (Figure 3.12B), and
interestingly, DMF, which is clinically used to treat autoimmune diseases, downregulated
several pathways linked to the immune system regulation, such as interferon-gamma
signalling, cellular response to cytokine stimulus and interaction. Furthermore, DMF also
suppresses the regulation of signalling pathways and cell membrane receptors like

serine/threonine receptors and class A/1 (GPCRs) receptors.
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Figure 3.12: Enrichment analysis of differential gene expression comparing dimethyl
fumarate-treated hiPSC-CM with untreated cells. Transcriptomics analyses were
performed on hiPSC-CM exposed to dimethyl fumarate treatment (150 uM) (DMF) for 6
hours and compared with untreated cells (Control). DEG was performed using a Log> Fold
change equal to 1 and p-adjusted value < 0.05. Enrichment analysis was conducted using
metascape, and the graph of enriched terms represents the 377 upregulated (A) or 447
downregulated genes (B).

A direct comparison between the conditions and the cellular pathways was conducted using

gene set variation analysis (GSVA), and aligning the resulting gene data with different



biological pathways extracted from the open science platforms Wikipathway, KEGG and
Hallmark gene annotation. GSVA analysis showed an increase in the Nrf2 pathway in the
DMF-treated group, and moreover, pathways involved in oxidative stress, ferroptosis and
mTOC were also upregulated, whereas GPCRs and heart development pathways were

downregulated (Figure 3.13).

Figure 3.13: Gene set variation analysis comparing dimethyl fumarate-treated hiPSC-
CM with untreated cells. Transcriptomics analyses were performed on hiPSC-CM exposed

to dimethyl fumarate treatment (150 uM) (DMF) for 6 hours and compared with untreated
cells (Control). Each column represents a biological replicate.
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Based on the DEG, it was also possible to extrapolate transcription factors involved in each
direction of the gene enrichment (Figure 3.14). It was detected that the most enriched
transcription factor in the upregulated genes was the DNA damage-inducible transcript 3
(DDIT3), which has been reported to play an essential role in the cell cycle!® and
apoptosis'*”) regulation and cellular stress response!'>* 1V (Figure 3.14A). Furthermore,
among the list of upregulated transcription factors, NFE2L2 (Nrf2) was also observed,

confirming that a critical population of the upregulated genes under DMF treatment was, in
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fact, regulated by Nrf2. In contrast, among the most enriched transcription factors in the
downregulated genes, homeobox A10 (HOXA10) was identified, which plays a role in

cardiogenesis and heart development (%159 (Figure 3.14B).
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Figure 3.14: Transcription factors involve in the enrichment analysis of differential
gene expression comparing dimethyl fumarate-treated hiPSC-CM with untreated cells.
Transcriptomics analyses were performed on hiPSC-CM exposed to dimethyl fumarate
treatment (150 uM) (DMF) for 6 hours and compared with untreated cells (Control). DEG
was performed using a Log» Fold change equal to 1 and p-adjusted value < 0.05.
Transcription factor enrichment analysis was conducted using metascape, using the
transcriptional regulatory relationships unravelled by sentence-based text mining
(TRRUST) database.

To evaluate the specific effect of DMF on the antioxidant component of the Nrf2 pathway,
a heatmap was created using as a reference the antioxidant genes established in the online
tool WikiPathways for Nrf2 pathway in Homo sapiens (WP2884) (Figure 3.15). DMF
induced an evident upregulation of the whole pathway when DMF-treated hiPSC-CM were

compared with control cells, and surprisingly, the transcripts BACHI and KEAPI, known as
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Nrf2 suppressors, were also upregulated, suggesting a negative feedback loop due to Nrf2

overstimulation with DMF.
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Figure 3.15: Dimethyl fumarate upregulates Nrf2 antioxidant pathway at
transcriptomics level in hiPSC-CM. Nrf2 pathway heatmap was generated using
normalised counts from the transcriptomics analyses on hiPSC-CM exposed to dimethyl
fumarate treatment (150 uM) (DMF) for 6 hours and compared with untreated cells
(Control). Significantly upregulated genes are shown in red. * Fold change set as 0 and

adjusted p-value < 0.05 vs. respective control group adjusted p-value < 0.05 vs. respective
control group. Each column represents a biological replicate.

Overall, these transcriptomics results confirm that DMF can modulate the Nrf2 pathway in
human cardiomyocytes at the genetic level, showing that 6 hours of treatment was enough
to induce a large transcript change, with the antioxidant genes ranking among the top
modulated genes. These findings were further confirmed by identifying the Nrf2 pathway in
both the enriched terms and the GSVA analysis, as well as the discovery of Nrf2 as one of

the main transcription factors involved in DEG.
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3.4.6 Dimethyl fumarate increases Nrf2 antioxidant protein levels in hiPSC-CM.

The next step was to evaluate by western blotting if the observed upregulation of Nrf2
antioxidant genes at both qPCR and transcriptomic levels was also translated into an increase
in the protein content of the same antioxidant enzymes. Human cardiomyocytes treated with
DMEF for 24 hours showed a significant increase in NQO1, TXNRD1 and HMOXI1 protein
levels by approximately 23-, 1.2-, and 11-fold, respectively, compared with the control
condition (Figure 3.16). These results indicated that the genetic effect of DMF on the Nrf2
pathway was also associated with an increase in the translation of the same antioxidant

enzymes, suggesting a modulation at a more functional and cellular level.
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Figure 3.16: Dimethyl fumarate increases the antioxidant protein content in hiPSC-
CM. Nrf2 antioxidant targets in hiPSC-CM exposed to dimethyl fumarate treatment (150
uM) (DMF) for 24 hours and compared with untreated cells (Control). The targets evaluated
were NAD(P) dehydrogenase quinone 1 (NQOT1), thioredoxin reductase 1 (TXNRD1), and
heme oxygenase 1 (HMOX1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as loading control. * p < 0.05 vs. respective control group. a.u., arbitrary units. Each
data point represents a biological replicate.
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3.4.7 Monomethyl fumarate and Vumerity upregulate Nrf2 antioxidant gene

expression similar to dimethyl fumarate in hiPSC-CM.

To further investigate whether other fumarate derivatives could also modulate the Nrf2
pathway, the effect of monomethyl fumarate (MMF) (proposed to be the active form of
DMF) on the antioxidant gene expression was studied in hiPSC-CM. MMF, at the same dose
used previously for DMF, induced an upregulation of the genes NQO1, TXNRD1, HMOX1,
and SRXN1 by 9-, 3-, 3-, and 4-fold, respectively, and no significant differences were
observed between DMF and MMF treatment, suggesting that MMF produced a similar effect

to DMF on Nrf2 targets at the same concentration (Figure 3.17).
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Figure 3.17: Monomethyl fumarate increases Nrf2 antioxidant target gene expression
similar to dimethyl fumarate in hiPSC-CM. Expression of Nrf2 antioxidant target genes
in hiPSC-CM exposed to dimethyl fumarate (150 uM) (DMF) or monomethyl fumarate (150
uM) (MMF) treatment for 24 hours and compared with untreated cells (Ctl). The targets
evaluated were NAD(P) dehydrogenase quinone 1 (NQOI), thioredoxin reductase 1
(TXNRD1), heme oxygenase 1 (HMOX]I), sulfiredoxin 1 (SRXNI).* p <0.05 vs. respective
control group. a.u., arbitrary units. Each data point represents a biological replicate.
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Diroximel fumarate, also known commercially as Vumerity (VM), is another fumarate
derivative currently used to treat multiple sclerosis, and similar to DMF, VM’s active
pharmacological molecule is MMF. Therefore, the effect of VM on the antioxidant gene
expression in hiPSC-CM was also studied. Cell death and detachment from the plate were
caused when human cardiomyocytes were treated with VM at the same concentration used
previously for DMF (150 uM) (data not shown). Therefore, a lower dose (25 uM) was used,
observing that VM at this concentration significantly increased NQOI and SRXNI by 16-

and 2-fold, respectively, compared with control cells (Figure 3.18).

To evaluate fumarate’s specificity on Nrf2 pathway regulation, dimethyl succinate (DMS),
a non-fumarate derivative that increases succinate concentration, was used. No significant
Nrf2 target gene expression changes were observed for DMS compared with the control
condition. These data suggest that the upregulation of Nrf2 targets in human cardiomyocytes
is a specific effect of the fumarate derivatives and not for other Krebs cycle metabolites.
Additionally, hiPSC-CM treated with MMF at the same concentration as DMF and VM at a

lower concentration presented a similar effect on Nrf2 antioxidant target regulation.
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Figure 3.18: Vumerity, at a lower concentration, upregulates Nrf2 antioxidant target
gene expression similar to dimethyl fumarate in hiPSC-CM. Expression of Nrf2
antioxidant target genes in hiPSC-CM exposed to vumerity (25 uM) (VM), dimethyl
fumarate (150 uM) (DMF), or dimethyl succinate (150 pM) (DMS) for 24 hours and
compared with untreated cells (Ctl). The targets evaluated were NAD(P) dehydrogenase
quinone 1 (NQOI), thioredoxin reductase 1 (7XNRDI), heme oxygenase 1 (HMOXI),
sulfiredoxin 1 (SRXNI). * p < 0.05 vs. respective control group. Each data point represents
a biological replicate.

3.4.8 Sulforaphane and cardiomyocyte-specific Keapl mouse models show similar
antioxidant regulation to dimethyl fumarate.

Two different additional approaches were carried out to confirm that the antioxidant gene
upregulation was driven by Nrf2 activation and not because the fumarate derivatives were

targeting other related pathways. Firstly, a molecular approach was carried out using
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sulforaphane (SFN), a natural plant compound found mainly in broccoli and broccoli
sprouts, which has been historically used as an Nrf2 activator. HIPSC-CM under SFN
treatment showed a significant increase in the expression of the antioxidant genes TXNRD1
and SRXNI by 4- and 5-fold compared with the control cells (Figure 3.19). Similarly, an
increase in HMOXI gene expression bordering significance with a p-value equal to 0.0501

was observed, meanwhile, NOOI expression was trending upwards but did not reach

significance.
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Figure 3.19: Sulforaphane increases Nrf2 antioxidant target gene expression in hiPSC-
CM. Expression of Nrf2 antioxidant target genes in hiPSC-CM exposed to sulforaphane (5
uM) (SFN) for 6 hours and compared with untreated cells (Ctl). The targets evaluated were
thioredoxin reductase 1 (TXNRD1), sulfiredoxin 1 (SRXNI), heme oxygenase 1 (HMOXI),
and NAD(P) dehydrogenase quinone 1 (NQOI). * p <0.05 vs. respective control group. a.u.,
arbitrary units. Each data point represents a biological replicate.

Secondly, tissue from mouse hearts with a cardiomyocyte-specific knockout for the Nrf2
suppressor Keapl (KOKeapl), which leads to increased Nrf2 activity, was utilised, and the
expression of the different antioxidant genes was measured by qPCR (Figure 3.20).
KOKeap]1 hearts had significantly upregulated gene expression of Ngol, Txnrdl, and Srxnl
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by 9-, 6-, and 11-fold, respectively, compared with the wild-type hearts (WT), while no

significant differences were observed for Hmox1.
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Figure 3.20: Cardiomyocyte-specific Keapl knockout upregulated Nrf2 antioxidant
target gene expression in mouse heart. Expression of Nrf2 antioxidant target genes in
cardiomyocyte-specific Keapl knockout (KOKeapl) compared with wild-type (WT) mouse
hearts. The targets evaluated were NAD(P) dehydrogenase quinone 1 (Ngol), thioredoxin
reductase 1 (Txnrdl), sulfiredoxin 1 (Srxnl), and heme oxygenase 1 (HmoxI). * p <0.05 vs.
respective WT group. a.u., arbitrary units. Each data point represents a biological replicate.

These findings were studied in-depth by performing RNA-Seq transcriptomics analysis on
KOKeapl hearts and by comparing with wild-type mouse hearts using a principal
component analysis test (PCA) (Figure 3.21A). PC1 presented a 64% variance, occasioned
by the distribution of the samples through the x-axis, where, on one of the graph ends
(between x = -20 and x = 0), two of the WT samples were close to two samples of the
KOKeapl group, whereas, on the other end (between x = 10 and x = 30), one sample of the
KOKeapl group was clustered with two samples of the WT group. This arrangement was

further confirmed by observing a similar sample distribution when an inter-sample
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correlation heatmap was generated (Figure 3.21B). This may be due to incomplete
penetrance of the knockout allele, individual biological variation, or rescue of the knockout
phenotype by alternative transcripts or genes in some samples of the KOKeapl group.
However, when the PC2 was studied, it was identified a 22% variance, and on the y-axis, a
clear separation between both groups was observed, therefore, to understand the impact of

KOKeapl on cardiomyocyte biological pathways, a DEG analysis was performed.
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Figure 3.21: Keapl cardiac-specific knockout and wild-type mouse heart samples are
not clustering separately for each group under principal component PC1, but a clear
distribution is observed under PC2. Transcriptomics analyses were performed in
cardiomyocyte-specific Keap! knockout (KOKeapl1/KO) compared with wild-type (WT)
mouse hearts. (A) Principal component analyses between WT and KOKeapl. (B) Inter-
sample correlation between samples of each condition.
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To determine the magnitude of Keap! knockout on the mouse cardiomyocyte global gene
profile, differential gene expression (DEG) was performed in a total of 14901 genes
comparing KOKeap1 with WT samples using the strict parameters p-adjusted value < 0.05,
and Log>Fold change > 1. DEG identified that 498 genes were significantly modulated by
Keap1 cardiac-specific knockout (approximately 3.4% of the total genes), where 126 genes
were significantly upregulated while 372 were significantly downregulated. Interestingly,
when the DEG was visualised by generating a volcano plot (Figure 3.22), among the

upregulated genes Nqgol, Txnrdl, and Srxnl were observed.

Volcano plot of differential gene expression

KOKeapl vs WT ' .
200 : l A
! '+ NQO1
E ! |
« | 1
1 ' !
& 150 ! : SRXN1
2 | : .
2 | L
= 100 KOKeap1¥ [ @ TXNRD1 KOKeap14
S 372 genes X : 126 genes
) : e %
S 1 1 d [ ]
50 : :. %% ° ¢
: :0 ¢ °
o o °e : 2'.... .. ® -
obotoe o lemiibdind o AUV S S
-5 -1I 0 i 5

Log 2 Fold change

Figure 3.22: Antioxidant genes represent the top most enriched genes in the volcano
plot of differential gene expression comparing Keapl cardiac-specific knockout and
wild-type mouse heart. Transcriptomics analyses were performed in cardiomyocyte-
specific Keapl knockout (KOKeapl1/KO) compared with wild-type (WT) mouse hearts.
DEG was performed using a Log> Fold change equal to 1 and p-adjusted value < 0.05.
Upregulated and downregulated genes are coloured in red and blue, respectively.
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To identify the specific biological pathways that were modulated by Keapl knockout in
mouse cardiomyocytes, enrichment analysis was carried out using the previous significant
gene set data from DEG. Among the upregulated genes, the most enriched pathways were
glutathione conjugation, oxidative stress and redox pathway, and the NADP metabolic
process (Figure 3.23A). These processes play a critical role in the antioxidant defence
mechanism and are similar to the pathways observed for DMF enrichment analysis.
Surprisingly, practically all the enrichment terms observed for the downregulated genes were
associated with the immune system (Figure 3.23B), highlighting the role of the Nrf2
pathway in regulating autoimmune processes. Additionally, three cell processes, GPCR
signalling pathways, elongation of very long fatty acids, and cell interactions were also

observed to be reduced.
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Figure 3.23: Enrichment analysis of differential gene expression comparing Keapl
cardiac-specific knockout and wild-type mouse heart. Transcriptomics analyses were
performed in cardiomyocyte-specific Keap knockout (KOKeap1/KO) compared with wild-
type (WT) mouse hearts. DEG was performed using a Log> Fold change equal to 1 and p-
adjusted value < 0.05. Enrichment analysis was conducted using metascape, and the graph
of enriched terms represents the 126 upregulated (A) or 372 downregulated genes (B).

Based on the significantly regulated genes detected by the DEG and using the TRRUST
database, we identified the transcription factors involved with this genetic modulation,
observing that Nfe212 (Nrf2) was the most enriched transcription factor for the upregulated

74



genes (Figure 3.24A). Along with Nrf2, the tumour suppressor p53 (Trp53), which regulated
essential genes to maintain cardiac physiological structure and bioenergetics!!>* 15, and the
peroxisome proliferator-activated receptor gamma (Pparg), a member of the PPAR family
well known as metabolic master regulators!'>® were also detected. In contrast, the most
enriched transcription factor for the downregulated genes was the sterol regulatory element
binding transcription factor 1 (Srebfl), a master regulator of cholesterol and lipid synthesis
and homeostasis''*” 1*® and surprisingly, the Pparg transcription factor, showing that the

same transcription factor can enhance or repress specific genes (Figure 3.24B).
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Figure 3.24: Transcription factor enrichment analysis of differential gene expression
comparing Keapl cardiac-specific knockout and wild-type mouse heart.
Transcriptomics analyses were performed in cardiomyocyte-specific Keapl knockout
(KOKeap1/KO) compared with wild-type (WT) mouse hearts. DEG was performed using a
Log> Fold change equal to 1 and p-adjusted value < 0.05. Transcription factor enrichment
analysis was conducted using metascape, using the transcriptional regulatory relationships
unravelled by sentence-based text mining (TRRUST) database.

75



Lastly, the effect of the cardiomyocyte-specific Keap! knockout on the Nrf2 pathways was
studied by generating a heatmap of the antioxidant genes regulated by Nrf2 (Figure 3.25),
which revealed that KOKeap1 upregulated only specific antioxidant genes, contrasting our
previous findings where DMF treatment upregulated nearly all the genes of this pathway in
hiPSC-CM. Additionally, to visualise the magnitude of expression change, boxplots were
created using mRNA levels, observing that KOKeap1 significantly increased the expression
of the genes Nqgol, Txnrdl, and Srxnl compared with the WT condition, while no changes

were observed for Hmox1 gene expression.
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Figure 3.25: Keapl cardiac-specific knockout upregulates Nrf2 antioxidant genes in
mouse hearts. Nrf2 pathway heatmap and boxplots were generated using normalised counts
from the transcriptomics analyses performed in cardiomyocyte-specific Keapl knockout
(KOKeap1/KO) compared with wild-type (WT) mouse hearts. Significantly upregulated
genes are shown in red, whereas significantly downregulated genes are shown in blue. *
Fold change set as 0 and adjusted p-value < 0.05 vs. respective control group. Each column
in the heatmap represents a biological replicate. Each data point in the graphs represents a
biological replicate.
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In summary, these results show that both SFN, as a pharmacological approach, and the
KOKeapl model, as a genetic model, regulate the Nrf2 antioxidant pathway similarly to the
fumarate derivatives, confirming that the effects observed for the fumarate derivates were

driven by Nrf2 activation.

3.5 Discussion

3.5.1 Fumarate derivatives enhance the Nrf2 antioxidant pathway in human
cardiomyocytes.

Our results show that when the heart is exposed to acute hypoxia, the intracellular
concentration of metabolites dramatically changes. We observed a dual regulation of Krebs
cycle metabolites, where hypoxia has both, a cataplerotic effect on the first half of the cycle
and an anaplerotic effect on the second half (including fumarate levels). Similar increases in
fumarate concentrations have also been reported before in a cardiac ischemia model*”,
however, the consequences or cellular processes affected by this fumarate elevation are

unknown within the human cardiomyocyte.

Overall, the results of this chapter demonstrate that supplementation of exogenous fumarate
derivatives activates the Nrf2 antioxidant pathway in hiPSC-CM. Interestingly, although the
role of fumarate derivates on Nrf2 activation to improve antioxidant defences has not been
shown before in human cardiomyocytes, a similar antioxidant effect has been observed
in various models, including both cellular models, such as nervous system cells (132 160-162),
immune system cell!®* 1% hepatocytes!!*> 199 non-human cardiomyocytes'’- 198 as well
as animal models"'"'?) where fumarate derivatives have been described as cardiac
protector agents®> 198179 Here, we also demonstrated that the very rapid increase of the

antioxidant defences following fumarate derivatives treatment in human cardiomyocytes

was associated with decreasing the apoptosis propensity maker BAX/BCL2 ratio at the gene
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level. These results suggest that these compounds emerge not only as possible molecules to
improve defence against reactive oxygen species but also may have a role in preventing

apoptosis susceptibility in cardiomyocytes.

Sulforaphane (SFN) and the cardiac-specific Keap! knockout (KOKeapl) mouse model
confirmed that Nrf2 drove the effects observed for the fumarate derivatives. Sulforaphane,
as the molecular approach, presents a similar mechanism of action to fumarate derivatives
by decreasing Nrf2-Keap1 interaction!’®, and it has been reported to reverse the ageing-
induced cardiac muscle dysfunction in old mice by improving Nrf2 activity'’®. However,
we observed a distinct antioxidant gene regulation between DMF-treated hiPSC-CM and
mouse cardiomyocytes from the KOKeapl model. This discrepancy is likely due to
differences between the acute treatments with fumarate derivatives and SFN compared
with the chronic effects of the KOKeap model, which constitutively upregulated Nrf2
pathway within the mouse cardiomyocyte. Hence, potentially a greater negative feedback
regulation may be occurring in response to this overactivation. As the elevated fumarate
concentration under hypoxia may represent a transient effect induced by this condition, the
expected molecular mechanism more closely resembles the acute response of fumarate
derivatives and SFN treatments rather than the chronically stable Nrf2 activation seen in the

KOKeap1 model.

3.5.2 Fumarate derivatives promoted Nrf2 nuclear translocation and upregulation of

complementary antioxidant pathways in human cardiomyocytes.

Using subcellular fractionation, we observed that fumarate derivatives drive Nrf2 nuclear
translocation, a process which is triggered by Nrf2 dissociation from its cytosolic repressor
KEAPI1 and allows Nrf2 nuclear binding to the antioxidant response element sequence

present in the antioxidant genes!*¥). Interestingly, different molecular mechanisms have
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been associated with Nrf2 activation, including post-translation modification (PTM) of Nrf2
protein, such as phosphorylation!””, acetylation'’® and SUMOylation'’®, or PTM on
KEAP1 that decreases its ability to interact with Nrf2, including glycosylation!!3?
alkylation'®) and succinylation!®?, among several other!®*®. However, when we focus on
fumarate derivatives, they act by modifying cysteine residues in KEAP1 through a PTM
known as succination®* 13> (which was further studied in Chapter 5). In a comparative
study investigating the effect of dimethyl fumarate (DMF) and monoethyl fumarate (MEF)
on Nrf2 activation, it was detected that succination of cysteine 151, 257, 288 and 273 in
KEAP1 were critical to decrease KEAP1-Nrf2 binding!!*?. Furthermore, the same study
showed that while MEF induced specific succination of cysteine 151, DMF modified all the
critical cysteines in KEAP1, inducing a higher translocation and activation of the Nrf2
pathway. Additionally, in vitro experiments have shown that fumarate and its derivatives
DMF and MEF can interact directly with the Nrf2-binding site at the KEAP1 domain and
displace Nrf2 from this site'®¥). These results suggest that fumarate derivatives can modulate
Nrf2 nuclear translocation and activation indirectly by modifying KEAP1 cysteine residues,
decreasing its Nrf2 suppression, and directly by competing with the Nrf2 binding site in

KEAPI.

Our transcriptomics analyses confirmed that fumarate derivatives not only enhanced
the Nrf2 antioxidant pathway but also regulated other antioxidant pathways and metabolic
processes, including glutathione metabolism and the pentose phosphate pathway. The
pentose phosphate pathway rate-limiting step is mediated by glucose-6-phosphate
dehydrogenase (G6PD), which has been previously reported to be modulated by Nrf2 in
other studies"*> ¥ including a recent heart model study'!*?). This pathway, in addition to
redirecting glucose utilisation, generates NADPH, a cofactor that is required for the activity

of multiple antioxidant enzymes, including Nqol!®”, Txnrd1"%®, and glutathione
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reductase!'®”, which is part of glutathione metabolism. Furthermore, among the enriched
transcription factors, DDIT3 was the most upregulated in DMF treatment differential gene
expression, DDIT3 has been reported to be able to promote glycolysis and inhibit oxidative
phosphorylation, decreasing oxidative stress under specific cell stress conditions!!®).
Similarly, oxidative stress suppression has also been described as an effect of Trp53(1°?, a
transcription factor observed to be enriched in the KOKeapl data, suggesting that Nrf2

activation can boost different redox systems within human cardiomyocytes, which position

fumarate as a key protective metabolite.

In this chapter, the role of three different fumarate derivatives, DMF, monomethyl fumarate
(MMF) and diroximel fumarate (VM) in Nrf2 activation was evaluated, observing that all
of them increase antioxidant gene expression in human cardiomyocytes. Notably, all three
molecules have been approved by the FDA for multiple sclerosis treatment® ¢” and have
been reported to modulate the Nrf2 pathway?!: 192 Clinically, DMF and VM hydrolysis by
esterase generates MMF, which is the active molecule of these prodrugs and explains why
both molecules have similar effects on the cardiomyocyte. However, in addition to MMF,
DMF hydrolysis generates methanol in a 1:1 ratio with MMF, contributing to the adverse
gastrointestinal events commonly reported with DMF treatment!> 1 This adversity has
been prevented with VM, in which the ratio MMF to methanol is 9:1, significantly reducing
the gastrointestinal side effects in patients!®?. Curiously, in patients, nearly twice the dose
of VM is required to produce an equivalent amount of MMF compared with DMF(°D.
However, in our data, we observed that a lower dose of VM was required because when we
tested the same concentration as DMF, cell cytotoxicity was observed. This result suggests
that despite DMF’s hydrolysis producing methanol as a secondary product, human

cardiomyocytes can tolerate DMF better than VM.
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We used SFN as a pharmacological molecule to activate the Nrf2 pathway, which, despite
disrupting KEAP1-Nrf2 interaction similarly to the fumarate derivatives, modifies cysteine
residues differently. Fumarate derivatives induce KEAPI succination, which is an
irreversible PTM{!%%, whereas SFN structure contains an isothiocyanate electrophilic
carbon, which interacts with KEAP1’s cysteine residues in a more dynamic (reversible)
reaction!?®). Curiously, our data showed that a much lower dose of SFN (5 uM) was required
to induce similar changes in the antioxidant genes compared with DMF (150 uM), similar
results have been observed in other studies'*”> 1°®). However, it is important to note that SFN
is a highly reactive molecule!’®® that is metabolised into various sub-products®®”, which
play a role in several other pathways, including the cell cycle®) and epigenetic
modifications®*?. Suggesting that SFN may activate additional pathways or cell processes

that contribute to the upregulation of Nrf2 antioxidant genes.

3.6 Conclusion

Our data demonstrated that fumarate derivatives robustly upregulated critical antioxidant
defence pathways in human cardiomyocytes, including the Nrf2 pathway, pentose phosphate
pathway and glutathione metabolism. Notably, our findings confirmed that this enhanced
antioxidant defence is primarily mediated by promoting Nrf2 nuclear translocation and
increasing antioxidant gene expression even at early time points of treatment, which was
also accompanied by increased protein levels of the same antioxidant enzymes. This reveals
a potential use for fumarate derivatives as a therapeutic tool to improve the antioxidant

defence mechanisms within the heart.
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Chapter 4

Fumarate derivatives as cardiac

metabolic regulators in hiPSC-CM
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4.1 Abstract

One of the greatest challenges in studying cardiomyocyte metabolism in vitro is that
commercially available cell lines are immature, and unlike the adult human heart, their
metabolism is primarily glycolytic rather than oxidative. Therefore, this chapter evaluated
the mitochondrial oxidative profile and substrate preferences of mature hiPSC-CM.
Mitochondrial oxygen consumption rate, showed that mitochondria from our hiPSC-CM
preferentially oxidase long-chain fatty acid. They also present metabolic flexibility by
activating alternative oxidative pathways when specific substrate pathways were inhibited
or shifting to glycolytic metabolism when mitochondria oxidation was impaired,

reassembling the metabolic profile of the adult heart.

Previously, fumarate derivatives were shown to influence cardiomyocyte biology, however,
their role in hiPSC-CM metabolism is unknown. Hence, this chapter investigated the effect
of fumarate derivatives on fatty acid and glucose metabolism. Dimethyl fumarate (DMF)
decreased fatty acid oxidation gene expression and fatty acid oxidation rates while
increasing glycolytic genes, lactate release, and glycolytic rates. These changes were
accompanied by a transient mitochondrial network fragmentation and reduced
mitochondrial oxygen consumption. Similar effects were observed with other fumarate
derivatives or the well-known Nrf2 activators sulforaphane and hydrogen peroxide.
However, cardiomyocyte-specific Keap! mouse knockout revealed that Nrf2 may not induce
these changes. Interestingly, DMF was hydrolysed to fumarate when the metabolic changes

occurred, suggesting that fumarate itself could be mediating these changes.

In conclusion, our hiPSC-CM model resembled the metabolic profile of the adult heart.
Furthermore, fumarate derivatives induced a metabolic shift from fatty acid oxidation to

glycolytic metabolism in hiPSC-CM, which may not be mediated by the Nrf2 pathway.
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4.2 Introduction

4.2.1 Commercial cardiomyocyte models do not mimic adult heart metabolism.

Currently, it remains challenging to find physiologically relevant cardiomyocyte models that
resemble the adult heart metabolic profile, which has consequently led to the use of
metabolically immature cardiac models, where most commercially available models are
fetal and animal-derived cardiomyocytes. However, fetal cardiomyocytes have been
reported to present an immature metabolic profile because they generate most of their energy
from glycolysis and have underdeveloped mitochondrial morphology and limited oxidative
capacity®®. Cardiomyocytes isolated from rats and mice have been described to be very
fragile and tend to shift from oxidative to glycolytic metabolism®®?, and in addition, it has
been reported that their long-term culture is impossible as they lose their contractility%).
Furthermore, the use of animal models in research is declining due to ethical concerns about
animal welfare, however, in vitro and in silico models are emerging as promising
alternatives®®®. Therefore, part of this chapter focused on evaluating the metabolic profile
of our mature hiPSC-CM model, specifically at the mitochondrial oxidative level, to study

mitochondrial substrate flexibility and preference.
4.2.2 [Exploring the role of fumarate derivatives in cardiomyocyte metabolism.

In response to hypoxia and ischemia, cardiomyocytes limit the use of the available oxygen
by shifting from oxidative metabolism to anaerobic glycolysis®" ®». Notably, fumarate
intracellular accumulation occurred rapidly in response to hypoxia (as observed in Chapter
3) and under ischemia conditions"*” prior to cardiomyocyte metabolic reprogramming.
However, there is no evidence about whether fumarate accumulation is involved in this

metabolic reprogramming.
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Interestingly, findings from the previous chapter revealed that fumarate derivatives can
regulate biological processes within the cardiomyocyte. Additionally, the primary molecular
target of fumarate derivatives, Nrf2, has been reported to interact with different transcription
factors involved in metabolic processes, including glycolysis and fatty acid oxidation?%7-2%%),
Therefore, a major portion of this chapter focused on investigating whether fumarate
derivatives could modulate hiPSC-CM metabolism, especially fatty acid oxidation and

glycolytic metabolism.

4.3 Chapter aims

Commercially available cardiomyocytes present an immature metabolic profile, meaning
these models do not resemble the adult heart metabolic profile. In contrast, our hiPSC-CM
are exposed to a maturation process in which they are incubated in media containing fatty
acid and low glucose concentration. Hence, part of this chapter focused on evaluating our
cell model's mitochondrial oxidative capacity. Furthermore, there is limited information
about the effect of fumarate derivatives on human cardiomyocyte metabolism. Therefore,
this chapter explored the role of the fumarate derivatives in hiPSC-CM metabolism. This

chapter investigated:

1. The metabolic flexibility, mitochondrial substrate preference, and mitochondrial
oxidative capacity and dependency in hiPSC-CM.

2. The effect of fumarate derivatives on fatty acid oxidation and glycolytic metabolism
in hiPSC-CM and their impact on mitochondrial network morphology, mitochondrial
components, and mitochondrial oxygen consumption rate.

3. The specific role of Nrf2 in hiPSC-CM metabolism using a well-established Nrf2
activator and transcriptomics analysis of a genetic mouse cardiac model with constitutive

Nrf2 activation.
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4. Alternative mechanisms modulated by fumarate derivates involved in hiPSC-CM

metabolic regulation.
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4.4 Methods

4.4.1 Metabolic fluxes and mitochondrial respiration.

Mitochondrial respiration was carried out following the protocol in Section 2.6.
Additionally, mitochondrial fuel oxidation rates were measured using the Seahorse Mito
Fuel Flex Test Kit (Agilent) in collaboration with Dr Thomas Nicol to determine
mitochondrial fuel dependency and capacity for using glutamine, long-chain fatty acid, and
glucose. This analysis involved the use of 3 uM BPTES to inhibit the glutamine oxidation
pathway, 4 uM Etomoxir to inhibit the long-chain fatty acid oxidation pathway, and 2 uM

UKS5099 to inhibit the glucose oxidation pathway.

Dependency and capacity were calculated based on the kit protocol.

Baseline OCR—Target inhibitor OCR
Baseline OCR—All inhibitors OCR

Dependency % = ( ) x 100

Baseline OCR—Other two inhibitors OCR

itv % = (1-
Capac ty /o ( ( Baseline OCR—All inhibitors OCR

)) x 100

4.4.4 Extracellular lactate.

Cell media was diluted in distilled water in a ratio of 1 to 4, and 5 pL of the dilution was
transferred into a 96-well plate, where 100 pL of the reaction mix (prepared by combining
3.5 mL glycine buffer (0.6 M glycine (Sigma), 0.42 M hydrazine hydrate 50-60% purity
(Sigma), and 0.06 M KOH (Fisher chemical), adjusted to pH 7.2), 10 mg B-Nicotinamide
adenine dinucleotide hydrate (NAD™) (Sigma), 427 units of L-Lactic Dehydrogenase from
bovine heart (Sigma), and 6.5 mL in distilled water) was added and mixed well using a
multichannel pipette. The reaction was incubated for 15 minutes at 37°C, and the absorbance
was measured at 340 nm using a microplate reader, with the lactate concentration determined

by comparing with an L-lactate (Sigma) standard curve.
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4.4.6 Mitotracker and Mitochondrial Network Morphology.

After maturation, hiPSC-CM were dissociated from a 6-well plate using TrypleE Express,
and 50,000 cells were seeded onto coverslips and placed in a 24-well plate pre-coated with
reduced grown factor Matrigel. The cells were incubated for 3-4 days until they recovered
their morphology and resumed beating. Subsequently, the cell media was replaced with
DMEM 1X media containing 150 pM dimethyl fumarate. After 12 or 24 hours of treatment,
the cell media was removed, and the cells were washed twice with DPBS 1x. Mitotracker
Red CMXRos (ThermoFisher Scientific), previously diluted in pre-warmed DMEM 1X
media (37°C) to a final concentration of 100 nM, was added to the cells and incubated for
25 minutes at 37°C. The cells were washed three times with DPBS 1X (37°C) and fixed
using 4% paraformaldehyde (PFA) for 15 minutes at room temperature. Following fixation,
PFA was removed, and the cells were rinsed several times with DPBS 1X. The cells were
then permeabilised using 0.5% Triton X-100 for 10 minutes at room temperature, followed

by three washes with DPBS 1X.

DAPI (4',6-diamidino-2-phenylindole) was added to stain the cell DNA and incubated for
10 minutes at room temperature. The cells were washed with DPBS 1X, and the coverslips
were removed from the plate and mounted onto glass slides using a solution of 50% glycerol
and 50% DPBS 1X. Imaging was performed using a Leica TCS SP5 II microscope with a
Leica CTR6500 controller. DAPI was excited at 405 nm using a UV laser at 21% intensity,
with maximum emission detected at 460 nm. Mitotracker Red CMXRos was excited by a
visible laser at 543 nm at 27% intensity, with maximum emission detected at 617 nm. Images
were analysed, processed and quantified using Imagel's Fiji image processing package®!®
21D and the plugins Mitochondrial Network Analysis (MiNA)?'? and Mitochondria
Analyzer®'®, where mitochondrial network morphology was studied following plugins
description (Figure 4.1).
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Figure 4.1: Mitochondrial network morphology parameters quantification. This figure
was created based on the MiNA®?!? publication and illustrates how the mitochondrial
network was analysed using the MiNA®'? and Mitochondria Analyzer®'® plugins. The
mitochondrial network is skeletonised and quantified, determining different morphological
parameters, including mitochondrial density, abundance and length of mitochondrial
branches and junctions. Additionally, mitochondrial interconnectivity was calculated by
diving the mitochondria area by the mitochondria perimeter'?,

4.4.9 Dimethyl fumarate hydrolysis.

Dimethyl fumarate was prepared in DMSO and directly diluted in DMEM 1X. Samples were
then incubated at room temperature for 1, 3, 6, and 24 hours and transferred to glass mass
spectrometry vials. Dr John Walsby-Tickle at Oxford University processed and analysed the
samples using ion chromatography-mass spectrometry. The results were compared with a

fumarate standard, and DMEM 1X was used as a blank.
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4.5 Results

4.5.6 hiPSC-CM show metabolic flexibility and preferential use of long-chain fatty

acids as energy substrate.

The mitochondrial metabolic profile of the hiPSC-CM was studied by using a Seahorse
Analyser. For this, mature hiPSC-CM were incubated in Seahorse media containing either 1
g/L (5.56 mM) glucose or in media mimicking maturation media, containing all the
substrates described in Section 2.1.1, including 5.56 mM glucose, 100 uM non-essential
amino acids and 80 uM oleic acid: BSA. A significant increase in mitochondrial oxygen
consumption rate (OCR) was observed in the cells incubated in the maturation media
compared with the cells incubated in just glucose, with basal respiration in the OCR
measurement 1.7-fold higher in maturation media. This result was accompanied by a 57%
decrease in basal levels of extracellular acidification rate (ECAR), measured as a marker of
anaerobic glycolytic activity in cells incubated in maturation media compared with cells

incubated in glucose alone (Figure 4.2).

Interestingly, when the mitochondrial ATP synthase inhibitor oligomycin (Oligo) was added,
cells incubated in maturation media showed increased extracellular pH, reaching values
similar to those incubated in just glucose. The maximal respiratory capacity was measured
using the uncoupler cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), which induced
a 2.4-fold increase in the OCR in hiPSC-CM incubated in maturation media compared with
cells incubated in just glucose. Additionally, the non-mitochondria respiration, determined
using the Complex I and Complex III inhibitors rotenone and antimycin A (ROT/AA), was
3.1-fold higher in maturation media than in glucose-only media cells. No differences
between the media conditions were detected in the ECAR following FCCP or ROT/AA

addition.
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Figure 4.2: hiPSC-CM present metabolic ﬂexnblhty Oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) in hiPSC-CM incubated in glucose or maturation
media. OCR and ECAR data are represented as the mean + SEM of the biological replicates.
Each data point in the graphs represents a biological replicate.
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These results confirm that the hiPSC-CM are metabolically flexible, showing that when fatty
acids are available in the cell media, they show an oxidative metabolic profile. However, if
glucose is the predominant substrate in the cell media or if oxidative phosphorylation is

inhibited, they become more glycolytic.

The capacity of the hiPSC-CM to oxidise different substrates was evaluated by replacing the
maturation media in hiPSC-CM with Seahorse media containing a single specific metabolic
substrate for 1.5 hours. The hiPSC-CM showed robust mitochondrial oxidative activity with
glutamine (Figure 4.3A), palmitate (Figure 4.3B) and pyruvate (Figure 4.3C), responding
additionally to all the Mito stress test kit compounds. These observations led us to
hypothesise that our model of human cardiomyocytes has the ability to oxidise different
metabolic substrates to produce energy, which complemented the previous results showing
that hiPSC-CM were able to shift between oxidative and glycolytic metabolism, but also
raised the question of whether our human cardiomyocyte model preferentially uses one

specific substrate over others.
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Figure 4.3: hiPSC-CM oxygen consumption rates under different substrates
exposition. Oxygen consumption rate (OCR) in hiPSC-CM incubated in Seahorse media
containing just one specific substrate. (A) 4 mM L-glutamine. (B) 300 uM palmitate:BSA.
(C) SmM pyruvate. Data represent the mean + SEM of 4 biological replicates.

To test this hypothesis and determine which substrates were mainly oxidised by hiPSC-CM,

a Mito Fuel Flex test was carried out to measure mitochondrial usage of glutamine, long-

chain fatty acids, and glucose. The cells were treated with three different inhibitors. BPTES

was used to inhibit glutamine metabolism to glutamate through the enzyme glutaminase, as
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under physiological conditions, glutamate is incorporated into the Krebs cycle as o-
ketoglutarate. Etomoxir was used to inhibit CPT1B, and therefore, long-chain fatty acid
uptake into the mitochondria. Finally, UK5099 was used to block the mitochondrial pyruvate

carrier and measure glucose oxidation.

Mitochondria substrate utilisation was determined by measuring two parameters: fuel
dependency and fuel capacity. Fuel dependency represented mitochondrial reliance on a
specific substrate to maintain minimal baseline respiration. Fuel capacity indicates
mitochondria’s reliance on a specific substrate under high energy demand and, hence,
represents the maximum amount of a particular fuel that the mitochondria could oxidise to

meet energy demand and compensate for inhibiting other metabolic pathways.

In our hiPSC-CM model, glutamine oxidation showed no significant differences between
dependency and capacity, with both parameters reaching a mean percentage of
approximately 20% (Figure 4.4). This indicates a low reliance on glutamine metabolism to
support respiration. Long-chain fatty acid oxidation dependency was approximately 40%,
significantly increasing under energy demand conditions to a capacity of 91%. These results
indicated that hiPSC-CM were highly dependent on long-chain fatty acid oxidation to
maintain baseline mitochondrial respiration levels, and when other pathways were inhibited
hiPSC-CM mitochondria had the capacity to increase the use of long-chain fatty acid further.
Glucose oxidation dependency was approximately 8%, and its capacity significantly
increased to 54% under energy demand conditions. This indicated a minimal contribution of
glucose and pyruvate to maintain baseline mitochondrial respiration levels but a high

reliance on these substrates under high energy.
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Figure 4.4: Glutamine, long-chain fatty acid and glucose oxidation dependency and
capacity in hiPSC-CM. Percentage (%) of fuel oxidation for glutamine, long-chain fatty
acid, and glucose in hiPSC-CM. * p < 0.05 vs. respective dependency group. # p < 0.05 vs.
between groups. Each data point represents a biological replicate.

4.5.2 Dimethyl fumarate decreases fatty acid oxidation gene expression and fatty acid

oxidation rates.

Having demonstrated that our hiPSC-CM model recapitulated the preference for fatty acids
as the main source of energy within the adult heart, we returned to the fumarate derivatives
to ask if they modulated cardiac fatty acid metabolism. The expression of genes involved in
fatty acid B-oxidation was first investigated. Cells were incubated with dimethyl fumarate
(DMF) treatment over shorter (3 and 6 hours) and longer intervals (12 and 24 hours), and
the changes in gene expression were determined by qPCR. The results showed that genes
involved in fatty acid B-oxidation decreased rapidly following DMF treatment (Figure 4.5),
with the expression of acyl-CoA synthetase long-chain family member 1 (ACSLI)
significantly decreased at 3 and 6 hours by approximately 47% and 34%, respectively,
compared with control cells (Figure 4.5A). Similarly, the expression of mitochondrial
carnitine palmitoyltransferase 1B (CPT1B) was significantly reduced by 61%, 47%, and

37% at 3, 6 and 12 hours, respectively (Figure 4.5B). The expression of enoyl-CoA delta
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1somerase 1 (ECII) was decreased by 29%, 25%, and 30% at 3, 6, and 24 hours, respectively,
following DMF treatment (Figure 4.5C). Additionally, a similar effect was reported when
the gene levels of the transcriptional regulator of fatty acid P-oxidation genes, the
peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGCIA), was
evaluated, observing that PGCIA gene expression decreased significantly by 46%, 57%,

43%, and 35% at 3, 6, 12, and 24 hours, respectively, compared with control hiPSC-CM

(Figure 4.5D).
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Figure 4.5: Dimethyl fumarate decreases genes involved in fatty acid p-oxidation at
early times. Fatty acid p-oxidation gene expression in hiPSC-CM exposed to dimethyl
fumarate treatment (150 pM) (DMF) for 3, 6, 12, and 24 hours and compared with untreated
cells (Ctl). The targets evaluated were: (A) Acyl-CoA synthetase long-chain family member
1 (ACSL1I) (B) Carnitine palmitoyltransferase 1B (CPT1B) (C) Enoyl-CoA delta isomerase
1 (ECII) (D) Peroxisome proliferator-activated receptor gamma coactivator-1 alpha
(PGCIA). * p < 0.05 vs. respective control group. a.u., arbitrary units. Each data point
represents a biological replicate.
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To further investigate whether the changes at the gene level were also associated with a
reduction in the use of fatty acid within the cardiomyocyte, fatty acid oxidation rates were
measured by supplementing the cell media with radioactive palmitate. HIPSC-CM exposed
to DMF presented a significant decrease in the fatty acid oxidation rates by 47% following
24 hours of treatment (Figure 4.6). These findings indicated that DMF rapidly reduced fatty

acid oxidation gene expression and fatty acid oxidation rates in human cardiomyocytes.
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Figure 4.6: Dimethyl fumarate decreases fatty acid oxidation rates. Fatty acid oxidation
of [9,10-*H]-palmitate in hiPSC-CM exposed to dimethyl fumarate treatment (150 uM)
(DMF) for 24 hours and compared with untreated cells (Control). * p < 0.05 vs. respective
control group. Each data point represents a biological replicate.

4.5.2 Dimethyl fumarate increases glycolytic gene expression, lactate production, and

glycolytic rates.

Glucose metabolism represents the second most used pathway by the heart to supply cell
energy, therefore, whether DMF also modified glucose metabolism was subsequently
investigated. We identified that DMF increased the expression of glycolytic genes at
the latest time points of DMF treatment (Figure 4.7). Glucose transporter 1 (GLUTI)
expression was significantly increased by 3-fold following 24 hours of DMF treatment
compared with control cells (Figure 4.7A). Phosphoglycerate kinase 1 (PGK1) expression
also rose 2-fold (Figure 4.7B), and the enolase 1 (ENOI) gene was upregulated 1.5- and 2-

fold at 12 and 24 hours, respectively (Figure 4.7C). Additionally, the final product of the
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glycolytic metabolism, lactate, was measured in the cell media, observing that lactate release
was significantly increased following DMF treatment by 2-, 2.3-, and 1.7-fold at 3, 6, and

24 hours, respectively, compared with control cell media (Figure 4.7D).
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Figure 4.7: Dimethyl fumarate upregulates glycolytic genes and increases lactate
release into the cell media. Glucose metabolism gene expression in hiPSC-CM exposed
to dimethyl fumarate treatment (150 uM) (DMF) for 3, 6, 12, and 24 hours and compared
with untreated cells (Ctl). The targets evaluated were (A) Glucose transporter 1 (GLUT1I),
(B) Phosphoglycerate kinase 1 (PGK1), and (C) Enolase 1 (ENOI). (D) Lactate release into
the cell media at 3, 6, 12, and 24 hours following DMF treatment. * p < 0.05 vs. respective
control group. a.u. Each data point represents a biological replicate.

Moreover, to evaluate whether the changes in gene expression and lactate release were also

associated with an increase in glycolytic rates within the cardiomyocytes, the effect of DMF
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on glycolytic rates was measured using radioactive glucose. DMF treatment significantly
increased the glycolytic rates by 70% compared with control hiPSC-CM following 24 hours
of treatment. Furthermore, a time-dependent effect was observed as the glycolytic rates
significantly increased by 121% compared with control cells following 48 hours of treatment
(Figure 4.8). Overall, these findings indicate that DMF can regulate human cardiomyocyte
metabolism, inducing a metabolic shift from fatty acid to glucose metabolism, reducing fatty
acid oxidation genes and oxidation rates followed by upregulating glucose metabolism genes

and increasing lactate production and glycolytic rates.
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Figure 4.8: Dimethyl fumarate increases glycolytic rates. Glycolysis of [°H]-glucose in
hiPSC-CM exposed to dimethyl fumarate treatment (150 pM) (DMF) for 24 hours or 48
hours and compared with untreated cells (Ctl). * p <0.05 vs. respective control group. Each
data point represents a biological replicate.

4.5.3 Monomethyl fumarate and Vumerity decrease fatty acid gene expression

similarly to dimethyl fumarate in hiPSC-CM.

To further identify whether other fumarate derivatives could also modulate fatty acid
oxidation gene expression, the effect of the active form of DMF, monomethyl fumarate
(MMF) on the expression of these genes was studied in hiPSC-CM using gPCR. MMF

significantly decreased CPT1B, ECI, and PGC1A gene expression at the same DMF
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concentration by 25%, 21%, and 48% following 24 hours of treatment, compared with

control cells (Figure 4.9).
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Figure 4.9: Monomethyl fumarate decreases fatty acid B-oxidation gene expression
similar to dimethyl fumarate in hiPSC-CM. Expression of fatty acid B-oxidation genes in
hiPSC-CM exposed to dimethyl fumarate (150 uM) (DMF) or monomethyl fumarate (150
uM) (MMF) treatment for 24 hours and compared with untreated cells (Ctl). The targets
evaluated were carnitine palmitoyltransferase 1B (CPT1B), enoyl-CoA delta isomerase 1
(ECII), and peroxisome proliferator-activated receptor gamma coactivator-1 alpha
(PGC1A). * p<0.05 vs. respective control group. a.u. Each data point represents a biological
replicate.

Similarly, Vumerity (VM), at a lower concentration (25 pM), significantly reduced the
expression of the same genes CPTIB, ECI, and PGCIA by 52%, 45%, and 34%,
respectively, following 24 hours of treatment compared with untreated cells (Figure 4.10).
Interestingly, the non-fumarate derivate, dimethyl succinate (DMS), which increases
succinate concentrations, did not show any regulatory effect on these genes compared with
the control condition. Overall, these results indicated that both MMF (at the same
concentration as DMF) and VM (at a lower concentration) presented a similar effect on
the fatty acid P-oxidation genes. As no changes in the fatty acid gene expression were
observed following DMS treatment, these results indicate that these metabolic changes were

a specific effect of the fumarate derivatives and not for other Krebs cycle metabolites.
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Figure 4.10: Vumerity, at a lower concentration, decreases fatty acid p-oxidation gene
expression similar to dimethyl fumarate in hiPSC-CM. Expression of fatty acid -
oxidation genes in hiPSC-CM exposed to Vumerity (25 uM) (VM) , dimethyl fumarate (150
uM) (DMF) or dimethyl succinate (150 uM) (DMS) treatment for 24 hours and compared
with untreated cells (Ctl). The targets evaluated were carnitine palmitoyltransferase 1B
(CPTI1B), enoyl-CoA delta isomerase 1 (ECII), and peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC1A4). * p < 0.05 vs. respective control group. a.u.,
arbitrary units. Each data point represents a biological replicate.

4.5.4 Dimethyl fumarate does not affect gene or protein levels of the Krebs cycle or

oxidative phosphorylation enzymes.

Given the role of DMF in modulating fatty acid and glucose metabolism, its effect on the
gene expression of different Krebs cycle and oxidative phosphorylation components was
evaluated by qPCR. The results revealed that DMF did not significantly change the
expression of the Krebs cycle enzymes genes citrate synthase (CS) or malate dehydrogenase
2 (MDH?2) (Figure 4.11). Similarly, no changes were observed in the expression of the genes
related to oxidative phosphorylation, NADH:ubiquinone oxidoreductase core subunit v1
(NDUFV1), succinate dehydrogenase complex flavoprotein subunit A (SDHA), cytochrome
C1 (CYCl), and ATP Synthase F1 Subunit Beta (ATP5B). Although one gene coding for a
component of the cytochrome ¢ oxidase in the complex IV (COX4-1) showed a significant
ANOVA effect between all the conditions, there was not a significant difference between

individual groups (it did not reach significance at post hoc analyses) (Figure 4.12).
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Figure 4.11: Dimethyl fumarate does not affect Krebs cycle gene expression in hiPSC-
CM. Krebs Cycle gene expression in hiPSC-CM exposed to dimethyl fumarate (150 pM)
(DMF) treatment for 3, 6, 12, and 24 hours and compared with untreated cells (Ctl). The
genes evaluated were citrate synthase (CS) and malate dehydrogenase 2 (MDH?2). Each data

point represents a biological replicate.
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Figure 4.12: Dimethyl fumarate does not affect oxidative phosphorylation enzymes
gene expression in hiPSC-CM. Oxidative phosphorylation enzymes gene expression in
hiPSC-CM exposed to dimethyl fumarate (150 pM) (DMF) treatment for 3, 6, 12, and 24
hours and compared with untreated cells (Ctl). The genes evaluated were NADH:ubiquinone
oxidoreductase core subunit vl (NDUFVI), succinate dehydrogenase complex flavoprotein
subunit A (SDHA), Cytochrome C1 (CYCI), cytochrome c oxidase subunit 4i1(COX4-
1) and ATP Synthase F1 Subunit Beta (ATP5B). * p < 0.05 vs. respective control group.
a.u. Each data point represents a biological replicate.
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Similar results were observed for DMF when studied at protein level. No significant
differences were detected in protein levels of the Krebs cycle enzyme aconitase 2 (ACO2)
or the oxidative phosphorylation proteins, ATP synthase subunit alpha (ATP5A), Complex
III subunit Core 2 (UQCRC2), Complex II subunit 30kDa (SDHB), Complex IV subunit II
(COXII), and Complex I subunit NDUFB8 (NDUFBS8) when comparing DMF-treated and
untreated hiPSC-CM using the unpaired t-test with Welch’s correction (Figure 4.13). These
results indicate that the metabolic changes induced by DMF are not associated with changes
in the Krebs cycle or oxidative phosphorylation components. Interestingly, a double band
was unexpectedly observed after DMF treatment for the protein succinate dehydrogenase B
(SDHB), which may suggest a posttranslational modification of that protein induced by
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Figure 4.13: Dimethyl fumarate does not affect protein levels of the Krebs cycle or
oxidative phosphorylation enzymes. Krebs cycle and oxidative phosphorylation protein
levels in hiPSC-CM exposed to dimethyl fumarate (150 uM) (DMF) treatment for 24 hours
compared with untreated cells (Control). The target evaluated were aconitase 2 (ACO?2),
NADH:ubiquinone oxidoreductase subunit B8 (NDUFBS), succinate dehydrogenase
complex iron sulfur subunit B (SDHB), ubiquinol-cytochrome C reductase core protein 2
(UQCRC2), cytochrome ¢ oxidase subunit 2 (COXII), and ATP synthase F1 subunit alpha
(ATPSF1A). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading
control.

4.5.5 Dimethyl fumarate modulates mitochondrial network morphology.
The impact of DMF on the mitochondrial network was studied using mitotracker assay to

visualise mitochondria network morphology. DMF induced alterations in the mitochondrial
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network morphology without affecting mitochondrial density, specifically promoting the
fragmentation of the mitochondria network. This fragmentation was due to a significant
reduction of the abundance and length of mitochondrial branches and junctions, and
diminished mitochondrial interconnectivity following 12 hours of DMF treatment.
However, all the morphological parameters returned to control values following 24 hours of
DMF treatment, demonstrating that DMF transiently reshaped mitochondria network
morphology towards a fragmented phenotype, which may transiently impair mitochondrial

activity (Figure 4.14).
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Figure 4.14: Dimethyl fumarate induces a transient disruption of the mitochondrial
network morphology. Mitochondrial network in hiPSC-CM exposed to dimethyl fumarate
(150 uM) (DMF) for 12 or 24 hours and compared with untreated cells (Ctl). Mitochondria,
on red, were stained with Mitotracker Red CMXRos. Cell nuclei, on blue, were stained with
DAPI. Mitochondrial network images were obtained by in silico modelling using the plugins
MiNAC! and Mitochondria Analyzer®'® for Fiji (ImageJ) @191 * p < (.05 vs. respective
control group. Each data point represents the average of an image containing 7—8 cells. Three
biological replicates were used for each condition, with five images acquired per biological
replicate. Additional images were acquired for the control condition
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4.5.6 Dimethyl fumarate decreases mitochondria respiration.

To study whether DMF affected mitochondrial activity, a Seahorse assay was performed to
measure mitochondrial oxygen consumption in hiPSC-CM exposed to DMF treatment for
6, 12, and 24 hours, compared with untreated cells. DMF did not affect mitochondrial basal
respiration or maximal respiration at 6 (Figure 4.15A) or 12 hours (Figure 4.15B).
However, following 24 hours of DMF treatment, a significantly decreased in OCR was
observed under all the evaluated parameters compared with the control condition, with
mitochondrial basal respiration, ATP-linked respiration, maximal respiration, and non-
mitochondria respiration reduced by 15%, 19%, 15%, and 15%, respectively (Figure 4.16).
These results demonstrate that DMF decreased mitochondria oxygen consumption at the
same time point as when the fatty acid oxidation rates were reduced and the glycolytic rates
were increased, confirming that DMF induces a metabolic shift in the human

cardiomyocytes from oxidative to glycolytic metabolism.
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Figure 4.15: Dimethyl fumarate does not affect mitochondrial oxygen consumption at
6 or 12 hours. Oxygen consumption rates (OCR) in hiPSC-CM exposed to dimethyl
fumarate (150 uM) (DMF) treatment for (A) 6 hours or (B)12 hours and compared with
untreated cells (Control). * p <0.05 vs. respective control group. Each data point represents
a biological replicate.
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Figure 4.16 Dimethyl fumarate decreases mitochondrial oxygen consumption following
24 hours of treatment. Oxygen consumption rates (OCR) in hiPSC-CM exposed
to dimethyl fumarate (150 uM) (DMF) treatment for 24 hours and compared with untreated
cells (Control). * p <0.05 vs. respective control group. OCR data is represented as the mean
+ SEM of the biological replicates. Each data point in the graphs represents a biological
replicate.

4.5.7 Sulforaphane and hydrogen peroxide show similar metabolic regulation to

dimethyl fumarate.

To determine whether this metabolic regulation was mediated by Nrf2 activation, the well-
established Nrf2 activator, sulforaphane (SFN), was used in human cardiomyocytes. SFN
induced a similar metabolic response to DMF at the gene level, significantly decreasing the
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expression of the fatty acid B-oxidation genes ACSLI, CPT1B, and ECI by 45%, 45%, and
53%, respectively, compared with the control cells (Figure 4.17A). Interestingly, just 6
hours of SFN treatment (compared with the 24 hours required for DMF treatment) was

enough to induce the upregulation of the glycolytic gene GLUTI1 by 1.8-fold (Figure

4.17B).
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Figure 4.17: Sulforaphane induces similar metabolic gene changes to dimethyl
fumarate in hiPSC-CM. Expression of fatty acid p-oxidation and glucose metabolism
genes in hiPSC-CM exposed to sulforaphane (5 uM) (SFN) for 6 hours and compared with
untreated cells (Ctl). The targets evaluated were: (A) Acyl-CoA synthetase long-chain
family member 1 (ACSLI), carnitine palmitoyltransferase 1B (CPT1B), enoyl-CoA delta
isomerase 1 (ECII), and (B) Glucose transporter 1 (GLUTI). * p < 0.05 vs. respective
control group. a.u., arbitrary units. Each data point represents a biological replicate.

Similar results were obtained when the physiological activator of the Nrf2 pathway,
oxidative stress, was induced in the hiPSC-CM using hydrogen peroxide (H202). In the
presence of reactive oxygen species in the cell environment, glutathione is rapidly oxidised
to glutathione disulfide (GSSG), therefore, to evaluate the response of these cells to H>O»,

the ratio of oxidised glutathione (GSSG) to total glutathione (GSH) was measured. H>O>
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significantly increased GSSG/GSH ratio by 2-fold compared with control cells (Figure
4.18A). Interestingly, when the effect of H,O» on fatty acid B-oxidation genes was evaluated
by qPCR, a significant decrease in CPT1B and ECII gene expression by 52% and 26% was
observed, respectively, while no significant differences were detected for PGC1A4 (Figure
4.18B). Additionally, lactate release into the cell media was significantly increased by 7-fold

following H,O, treatment compared with untreated cells (Figure 4.18C).

Both approaches, SFN, as a molecular inductor, and H>O», as the physiological stimulator of
the Nrf2 pathway, showed a similar regulation at the gene level to DMF. Therefore, these

results suggested that the metabolic changes induced by DMF may be mediated via Nrf2

activation.
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Figure 4.18: Oxidative stress induces similar metabolic gene changes to dimethyl
fumarate in hiPSC-CM. hiPSC-CM were exposed to hydrogen peroxide (100 uM) (H202)
for 3 hours and compared with untreated cells (Ctl) (A) Oxidised glutathione (GSSG) to
total glutathione (GSH) ratio per million cells, as an earlier oxidative stress marker (B)
Expression of fatty acid P-oxidation genes carnitine palmitoyltransferase 1B (CPTIB),
enoyl-CoA delta isomerase 1 (ECI!), and peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGCIA). (C) Lactate release into the cell media following H>O»
treatment * p < 0.05 vs. respective control group. a.u., arbitrary units. Each data point

represents a biological replicate.

108



4.5.8 Cardiomyocyte-specific Keapl mouse model does not regulate metabolic genes

in the same way as dimethyl fumarate.

To validate the previous findings, the constitutively activated Nrf2 mouse model
(cardiomyocyte-specific Keapl knockout mouse) was used, and the expression of the
metabolic genes was determined by qPCR. Contrary to expectations, no significant changes
in the expression of the fatty acid B-oxidation genes Cptlb, Acsll, Ecil or Pgcla (Figure
4.19A) or the expression of the glycolytic genes Glutl, Pkm, or Pfkm (Figure 4.19B) were

observed, with Glutl closest to reaching significance with a p-value = 0.0606.
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Figure 4.19: Cardiomyocyte-specific Keapl knockout does not regulate fatty acid -
oxidation or glycolytic genes in mouse heart. Expression of fatty acid -oxidation and
glucose metabolism genes in cardiomyocyte-specific Keapl knockout (KOKeapl) and
compared with wild-type (WT) mouse heart. A) The targets evaluated from the fatty acid
oxidation pathway were acyl-CoA synthetase long-chain family member 1 (4cs/]), carnitine
palmitoyltransferase 1B (Cptlb), enoyl-CoA delta isomerase 1 (Ecil), and peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (Pgcla). (B) The targets
evaluated from the glycolytic pathway were glucose transporter 1 (Glutl), pyruvate kinase
muscle isoform (Pkm), and phosphofructokinase muscle isoform (Pfkm). a.u., arbitrary
units. Each data point represents a biological replicate.
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To investigate whether metabolic pathways were regulated in the KOKeap1 model, a direct
comparison between the cardiomyocyte-specific Keapl knockout and wild-type mouse
hearts was conducted using gene set variation analysis (GSVA) from the previous
transcriptomics dataset. The results of this analysis were aligned with different biological
pathways extracted from the open science platforms Wikipathway, KEGG and Hallmark
gene annotation. Surprisingly, the analysis showed that several metabolic pathways were
upregulated in the KOKeap1 model, including glutathione metabolism, glycolysis, fatty acid
B-oxidation, amino acid metabolism, pyruvate metabolism, the Krebs cycle, and oxidative
phosphorylation (Figure 4.20). On the other hand, the downregulated pathways were mainly

involved in the immune system, like the results observed in the previous chapter for DMF.
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Figure 4.20: Gene set variation analysis comparing cardiomyocyte-specific Keapl
knockout with wild-type mouse hearts. Transcriptomics analyses were performed in
cardiomyocyte-specific Keapl knockout (KOKeapl/KO) compared with wild-type (WT)
mouse hearts. Each column represents a biological replicate.
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It is worth noting that during GSVA, low-count genes were also included in the analysis, the
shrinking method in the Logzfold changes was not applied, and the Log2 Fold change was
set to 0. Therefore, even small gene changes were detected and influenced the resulting
pathways of this analysis. This effect of different fold changes on gene expression can be
visualised in Figure 4.21, where, after extracting significant genes with an adjusted p-value
<0.05, we observed that when a Log2 Fold cutoff of 1 was applied, differential gene
expression (DEG) identified 973 significantly regulated genes in KOKeapl compared with
wild-type mouse hearts (Figure 4.21A). In contrast, when a cutoff of 0 for Log2 Fold change
was used, DEG detected 2879 significant regulated genes in the KOKeapl compared with

wild-type mouse hearts (Figure 4.21B).

The impact of different fold change thresholds was further studied by analysing the
expression changes of the same genes previously evaluated by qPCR (Cpt1b, Acsll, Ecil,
Pgcla, Glutl, Pkm, Pfkm) (Figure 4.21C). We observed that the fold change for these genes
was below 1 (except for Pgcla, which was identified as non-significant, similar to the gPCR
results), which may explain why fatty acid B-oxidation and glycolysis were upregulated in

the GSVA, even though no changes were detected by qPCR.

111



Fold change effect on gene identification prior to GSVA in KOKeap1
cardiomyocytes

A Fold change=1 B

Fold change =0

200 s 200 s
816 | P 157 4 1309 | i 1570 4
v | v .
2150 gemes © genes 2150 genes * | genes
2 L :
o PKm - o
100 R 2100
5 5
5 ECH SLC2A1 -
< . <
o 50 o 50
i -
& PT1B )
- A -
I P, S iyl
5
Log2 Fold Change Log2 Fold Change
C
Gene Log2FoldChange
CPT1B 0.93
ACSL1 0.37
ECI1 0.31
PGC1A No significant
GLUT1(SLC2A1) 0.99
PKM 0.45
PFKM 0.25

Figure 4.21: Effect of fold change threshold on gene detection prior to gene set
variation analysis. The volcano plots illustrate the impact of different thresholds on the
number of significantly regulated genes in cardiomyocyte-specific Keap! knockout
compared with wild-type mouse hearts. (A) Using a p-adjusted value <0.05, and fold change
equal to 1, a total of 973 genes were significantly regulated. (B) In contrast, using p-adjusted
value < 0.05, and fold change equal to 0, a total of 2879 genes were significantly regulated.
Significantly upregulated genes are shown in red, and significantly downregulated genes are
shown in blue. (C) Differential gene expression fold change for carnitine
palmitoyltransferase 1B (CPTIB), acyl-CoA synthetase long-chain family member 1
(ACSL1I), enoyl-CoA delta isomerase 1 (ECII), peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGCIA), glucose transporter 1 (GLUTI), pyruvate kinase
muscle isoform (PKM), and phosphofructokinase muscle isoform (PFKM).

Unexpectedly, some of these metabolic processes, especially glycolysis and fatty acid -
oxidation, would be expected to be inversely regulated in the adult heart. However, the
increased expression of both these pathways was confirmed by observing an evident
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upregulation of fatty acid oxidation and glycolysis genes by generating specific heatmaps

for these pathways (Figure 4.22).
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Figure 4.22: Keap1 cardiac-specific knockout upregulates fatty acid oxidation genes in
mouse hearts. Fatty acid oxidation and glycolytic pathway heatmaps were generated using
normalised counts from the transcriptomics analyses performed in cardiomyocyte-specific
Keapl knockout (KOKeapl/KO) compared with wild-type (WT) mouse hearts.
Significantly upregulated genes are shown in red, whereas significantly downregulated
genes are shown in blue. * Fold change set as 0 and adjusted p-value < 0.05 vs. respective
control group. Each column represents a biological replicate.

The discrepancies observed in the expression of the genes involved in fatty acid B-oxidation,

which were decreased in the qPCR data from DMF, SFN and H,O; treatments in hiPSC-CM

but slightly increased in the KOKeap! hearts transcriptomics data, led me to check for the

fatty acid oxidation pathway using the previous DMF-treated hiPSC-CM transcriptomics
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data. Surprisingly, single sample enrichment scores extracted from GSVA analysis for all the
genes involved in the fatty acid B-oxidation pathway, as represented in the open science
platform Wikipathway, revealed no significant differences between untreated and DMF-
treated hiPSC-CM (Figure 4.23A). Additionally, the fatty acid oxidation heatmap did not
show the expected downregulation following DMF treatment (Figure 4.23B). Even more,
among the same genes previously measured by qPCR (CPTIB, ACSLI1, ECI1, and PGCIA),

only PGCI1A4 (PPARGC1A) presented a significant reduction.
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Figure 4.23: Dimethyl fumarate does not modulate fatty acid oxidation genes at the
transcriptomics level. HIPSC-CM were exposed to dimethyl fumarate treatment (150 pM)
(DMF) for 6 hours and compared with untreated cells (Control). (A) Boxplots represent the
GSVA scores for all genes in the fatty acid B-oxidation pathway, as defined in Wikipathway
(WP). (B) Fatty acid oxidation pathway heatmap was generated using normalised counts
from the transcriptomics analyses. Significantly upregulated genes are shown in red,
whereas significantly downregulated genes are shown in blue. * Fold change set as 0 and
adjusted p-value < 0.05 vs. respective control group. Each data point in the graph represents

a biological replicate. Each column in the heatmap represents a biological replicate.

Contro DMF
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In summary, the KOKeap1 model represented a constitutively activated Nrf2 pathway model
which was expected to show gene changes in metabolic pathways similar to those observed
for DMF treatment. However, contradictory results were shown between the qPCR data
from DMF, SFN, and H,O; treatments and transcriptomics results from the KOKeap1 model.
These findings suggest that the changes in the metabolic pathway and mitochondria activity
following DMF treatment may not be mediated by the Nrf2 pathway, and led me to

investigate additional mechanisms involved in these changes.

4.5.9 Dimethyl fumarate is hydrolysed to fumarate in cell media.

Given that metabolic changes at functional levels occurred at the later time points following
DMF treatment, we studied the possibility that DMF was being metabolised to another
molecule that induced these metabolic changes. Since DMF is a fumarate derivative, and
fumarate was the initial focus of this thesis, the hydrolysis of DMF into fumarate was
measured. DMF was directly added into cell-free DMEM media for 1, 3, 6, and 24 hours,
and the amount of fumarate was semi-quantified relative to a standard using
chromatography-mass spectrometry. We observed that after 24 hours, DMF was almost
completely hydrolysed into fumarate in the DMEM media, and interestingly, even at time
zero, when the DMF was just added to DMEM media, and at earlier time points of
incubation, small levels of fumarate were detected. These findings suggested that fumarate

could be the molecule inducing the previously observed metabolic changes (Figure 4.24).
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Figure 4.24: Dimethyl fumarate is hydrolysed to fumarate in DMEM media. DMF
hydrolysis was studied by adding DMF (150 uM) directly in DMEM media for 1, 3, 6, and
24 hours, and the fumarate levels were measured using chromatography-mass spectrometry.
A fumarate standard (150 uM) was used as an internal control.

4.5.10 Fumarate regulates gene expression differently from dimethyl fumarate in

hiPSC-CM.

Given that DMF was hydrolysed into fumarate, a transcriptomics analysis was performed in
hiPSC-CM, which were treated with fumarate or DMF for 6 hours, to understand whether
fumarate induced similar changes to DMF. Principal component analysis (PCA) was used
to compare the effect of both molecules with control samples, revealing an evident
difference in the effects of both treatments. PC1 accounted for 63% variance and explained
the differences observed between conditions along the x-axis, showing that DMF and
fumarate were the conditions that were more separated. Both molecules were located at
opposite ends of the graph, suggesting that these conditions presented the most prominent
differences in gene expression, while the control samples were in the middle, closer to DMF
than fumarate samples. On the y-axis, PC2 showed a lower variation of 31% and revealed
that DMF and fumarate samples are more likely on this axis than control samples (Figure

4.25A). This sample distribution between both axes, indicated that the three conditions
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present unique gene expression profiles. To visualise how the samples were distributed, an
inter-sample correlation heatmap using Pearson correlation was generated (Figure 4.25B).
The correlation heatmap confirmed similarities between sample members of the same
biological group (biological replicates), and similar to the x-axis in the PCA plot, fumarate
and DMF conditions were clustered at different ends of the control condition which showed

more similitudes with DMF than fumarate.
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Figure 4.25: Dimethyl fumarate and fumarate induce different effects on hiPSC-CM
transcriptomics. Transcriptomics analyses were performed on hiPSC-CM exposed
to dimethyl fumarate (150 uM) (DMF) or fumarate (500 uM) (Fum) treatment for 6 hours
and compared with untreated cells (Ctl). (A) Principal component analyses between control,
DMEF, and fumarate groups. (B) Inter-sample correlation between samples of each condition.
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A differential gene expression (DEG) analysis using a p-adjusted value < 0.05 and a strict
cutoff of 1 for the Log2 Fold change was performed in a total of 16069 genes comparing
fumarate-treated cells and DMF-treated cells with control hiPSC-CM. DEG revealed that
fumarate significantly regulated 1327 genes (8% of the total genes), while DMF was
significantly modulating 854 genes (5% of the total genes). Venn diagrams were generated
for the upregulated and downregulated genes to visualise differences and similarities
between both molecules. For the upregulated genes, fumarate increased the expression of
670 genes, while DMF upregulated 377 genes, and between them, there were only 133
common upregulated genes (Figure 4.26). For downregulated genes, fumarate decreased
the expression of 657 genes, while DMF downregulated 447 genes, and between them, there
were 200 common downregulated genes (Figure 4.27). These results demonstrated that
although fumarate and DMF are structurally similar molecules, they regulate gene

expression differently and will be explored in the following thesis chapter.
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Figure 4.26: Fumarate and dimethyl fumarate induce distinct gene upregulation in
hiPSC-CM. Transcriptomics analyses were performed on hiPSC-CM exposed to fumarate
(500 uM) (Fum) or dimethyl fumarate (150 uM) (DMF) treatment for 6 hours and compared
with untreated cells. Differential gene expression was performed using a Log> Fold change
equal to 1 and a p-adjusted value < 0.05. The tables represent the top 20 most upregulated
genes for fumarate or DMF treatment and the top 20 genes commonly increased by both
molecules.
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Figure 4.27: Fumarate and dimethyl fumarate induce distinct gene downregulation in
hiPSC-CM. Transcriptomics analyses were performed on hiPSC-CM exposed to fumarate
(500 uM) (Fum) or dimethyl fumarate (150 uM) (DMF) treatment for 6 hours and compared
with untreated cells. Differential gene expression was performed using a Log> Fold change
equal to 1 and a p-adjusted value < 0.05. The tables represent the top 20 most downregulated
genes for fumarate or DMF treatment and the top 20 genes commonly decreased by both
molecules.

4.6 Discussion

4.6.1 Mature hiPSC-CM are metabolically flexible, like the adult human heart.

One of the biggest limitations in studying cardiomyocyte metabolism in vitro is that
commercially available cardiomyocyte cell lines are metabolically immature and do not
resemble the adult heart metabolic profile. To address this limitation, an important aspect
studied in this chapter was the metabolic profile and flexibility of our human cardiomyocyte
model. We observed that, unlike commercial models, our human cardiomyocyte model had
the ability to oxidize various substrates, showing metabolic flexibility when a specific
metabolic pathway was inhibited. Additionally, we demonstrated that like the adult heart,

our hiPSC-CM model also preferentially oxidases long-chain fatty acids, and when this
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pathway was impaired, our human cardiomyocyte model rapidly shifted to glycolysis or

glucose oxidation to meet the energy demands.

The increased oxidative capacity of our model could be explained by the higher
mitochondrial number alongside a more efficient mitochondrial network which results from
the maturation process to which our model was exposed, enhancing several fatty acid
oxidation components!”-1%)_Conventional cardiomyocyte cell lines are typically incubated
in media containing high glucose concentrations, therefore, metabolically, these cells are
reliant on glycolysis, and genes involved in fatty acid oxidation are very lowly expressed.
In contrast, our model of human cardiomyocytes was exposed to low glucose concentration
and long-chain fatty acids, resulting in the upregulation of the genes and protein involved in
the fatty acid oxidation pathway, including increased activity of the fatty acid oxidation
transcriptional coactivator PGC1A!%)_ Therefore, despite the significant limitation of this
model, which is that it is a 2D cardiomyocyte model, it appears reliable for studying
metabolic mechanisms involved in metabolic diseases and testing pharmacological
interventions, as it is metabolically closer to the adult heart than the commercially available

cardiomyocytes.

4.6.2 Fumarate derivatives induce a shift from oxidative to glycolytic metabolism in

hiPSC-CM.

In this chapter, we identified that the fumarate derivatives, in addition to promoting
antioxidant defence mechanisms in human cardiomyocytes, also modulate cardiac
metabolism by decreasing fatty acid oxidation and increasing glycolysis. These changes
were associated with mitochondrial network fragmentation and accompanied by a reduction
in mitochondrial oxygen consumption, indicating that the fumarate derivatives suppress

oxidative metabolism and promote glycolysis in our cell model. Interestingly, the metabolic
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effect of fumarate derivatives has been reported before in several cell types, which presented
a similar or different response to our model, for example, a similar shift toward glycolysis
and a decrease in the mitochondria maximal respiration has been reported in human
microvascular endothelial cells treated with dimethyl fumarate (DMF)?!. Furthermore, a
decrease in mitochondrial activity and respiration due to a disruption in mitochondrial
morphology has been shown in T cells following DMF incubation®!®. Conversely, some
studies reported opposite results, for example, peripheral blood mononuclear cells from mice
treated with DMF or MMF showed a decrease in the activity of glycolytic enzyme GAPDH,
which led to a decrease in glycolysis and ECAR measurements®!”). Moreover, DMF
promotes mitochondrial biogenesis in human fibroblasts, increasing mitochondria oxygen
consumption®'®. Although the metabolic regulation could differ between different cell
types, all these observations indicate that the fumarate derivatives are molecules that can
modulate metabolism, especially fatty acid and glucose metabolic pathways, highlighting

new insights as potential therapeutic tools in metabolic diseases.

Curiously, when we evaluated the effect of DMF on the fatty acid oxidation genes via qPCR
and transcriptomics, we observed a significant decrease in gene expression by qPCR but no
changes by RNA-Seq analysis. This discrepancy could be explained by the smaller fold
change detected for the fatty acid oxidation genes, and because these small differences can
be identified by qPCR and not RNA-seq, it indicates differences in the level of gene
detection between both methods. It has been reported that qPCR has higher sensitivity than
RNA-seq, detecting small changes between conditions, whereas RNA-seq cannot detect
genes with low copy numbers and requires a sufficient number of biological replicates to be
reliable®'® 229, This difference in sensitivity was also verified in our data, where PGCIA4
was the only gene detected as significantly reduced by both methods, probably because it

was the gene which presented the more dramatic decrease. Furthermore, another important

121



difference between both techniques is the normalisation method, while qPCR gene
expression is normalised to a stable reference gene, transcriptomic data can be normalised
using different computational models, and it has been shown that variations in the
normalisation methods can significantly impact transcriptomics results®?"> 222, However,
independent of the differences observed at the genetic level with qPCR and transcriptomics
analysis, functional measurement revealed that DMF significantly decreased fatty acid
oxidation rates and mitochondria oxidative activity and also induced mitochondrial
fragmentation. Therefore, we can conclude that at the physiological level, the fumarate

derivatives were reducing oxidative metabolism in hiPSC-CM.
4.6.3 Nrf2 may not mediate metabolic changes induced by fumarate derivatives.

In our previous chapter, we determined, using sulforaphane (SFN) as a pharmacological
approach and the cardiomyocyte-specific Keap! knockout mouse (KOKeapl) as a genetic
model, that the upregulation of the antioxidant defence mechanism following fumarate
derivatives treatment could be mediated by Nrf2 activation. However, the KOKeapl data
indicate that the overactivation of Nrf2 enhances various metabolic pathways, including
glycolysis, fatty acid B-oxidation and oxidative phosphorylation at the gene level, which is
contradictory with the decreased fatty acid B-oxidation and mitochondrial oxidative activity
observed in the human cardiomyocytes treated with fumarate derivatives, suggesting the
possibility that these metabolic changes were not mediated by Nrf2 pathway. This dual effect
observed from our cardiomyocyte-specific KOKeap1 model, increasing glycolysis and fatty
acid oxidation, has been shown by other researchers using similar Keap! knockout mouse
approaches in different tissues, where it has been reported that constitutive activation of Nrf2
in fibroblasts increases fatty acid oxidation and mitochondrial maximal respiration®?®, and
also promoted glycolysis in neurons and astrocytes®**). Furthermore, other studies have also
reported that the Nrf2 pathway upregulates genes involved in both pathways in different cell
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models®?* 2*» and that Nrf2 activation promotes fatty acid oxidation transport and
translocase genes in chronic liver disease to metabolise accumulated lipids and prevent

lipotoxicity??).

The contradictory finding of Nrf2 activation increasing both metabolic pathways in the
KOKeapl model, which are expected to be inversely regulated in the adult heart, could be
potentially explained by two different hypotheses: Firstly, Nrf2 may increase fatty acid
oxidation and oxidative metabolism as a mechanism to supply cell energy, while the increase
in the glycolytic pathway may be for non-energy generation purposes. Instead, glycolysis
may be activated alternatively to produce glucose intermediates for other metabolic
pathways, such as the pentose phosphate pathway, due to Nrf2 antioxidant role, and amino
acids pathway, both significantly upregulated in our KOKeapl data. Secondly, the
constitutive overactivation of Nrf2 in this genetic model may impair the feedback regulation
of several cellular mechanisms, including the negative cross-regulation of glucose and fatty

acid metabolism through the Randle cycle.

Although KOKeap1 results suggest that the observed metabolic shift in cardiomyocytes may
not be mediated by Nrf2, hiPSC-CM treated with the pharmacological activators of Nrf2,
SFN and hydrogen peroxide, showed similar metabolic changes to those induced by
fumarate derivatives. These findings indicate that Nrf2 activation could still contribute to
these metabolic changes. However, as a limitation of this thesis, without more specific
experiments, such as genetic Nrf2 silencing in hiPSC-CM or pharmacological inhibitors of
this pathway;, it is not possible to definitively conclude whether Nrf2 had a role in modulating

cardiomyocyte metabolism.
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4.6.4 Dimethyl fumarate hydrolysis into fumarate as a potential metabolic regulator.

When we explored other mechanisms that could explain the metabolic changes induced by
fumarate derivatives, we found that DMF was hydrolysed into fumarate in free-cell media.
This spontaneous hydrolysis of di-esterified metabolites into their mono- and then the non-
esterified form has been reported previously for dimethyl-a-ketoglutarate and dimethyl
fumarate®®®. These findings position fumarate as the potential molecule that induces the
metabolic changes observed for fatty acid oxidation and glycolysis instead of DMF in our
human cardiomyocyte model. Both molecules showed a different gene regulation profile,
with DMF treatment clustering closer to the control condition than fumarate, indicating that
even though the molecular structures between them are very similar, the effect on gene
regulation is different. Moreover, we observed the magnitude of the changes induced by
fumarate was more considerable than DMF. In-depth studies of the possible mechanisms

that fumarate could regulate in human cardiomyocytes were studied in the next chapter.

4.7 Conclusion

This chapter demonstrates that beyond their role in improving antioxidant defence
mechanisms, fumarate derivatives also regulate human cardiomyocyte metabolism. These
molecules induce a metabolic shift from fatty acid to glucose metabolism by decreasing the
expression of genes involved in fatty acid B-oxidation, as well as reducing fatty acid
oxidation rates and decreasing mitochondria respiration while upregulating glycolytic genes
and increasing lactate production and glycolytic rates. Our results also confirm that Nrf2
may not mediate this metabolic alteration, and the observation of dimethyl fumarate being
hydrolysed into fumarate, along with its significant effect on transcriptomics regulation,

propose fumarate as a potential regulator of the metabolic profiles observed in this chapter.
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Chapter 5

Fumarate as a signalling molecule

within the heart
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5.1 Abstract

Fumarate has traditionally been studied as a molecule required for energy generation,
however, its role beyond the Krebs cycle and the mitochondria is not fully understood. In
this chapter, we investigated whether fumarate plays a role in regulating cardiomyocyte
biology and metabolism, and we identified novel intracrine and paracrine signalling roles

for fumarate.

Elevating fumarate in mature hiPSC-derived cardiomyocytes reprogrammed cardiac
metabolism, decreasing genes involved in fatty acid B-oxidation and reducing fatty acid
oxidation rates while upregulating genes involved in glucose metabolism and increasing
glycolysis rates, measured using radioactive isotopes. Additionally, fumarate decreased
mitochondrial respiration in human cardiomyocytes. Using subcellular fractionation and
gPCR, we observed that fumarate did not promote Nrf2 nuclear translocation or activation
when the metabolic changes occurred, but instead, using transcriptomics analysis, we
identified non-metabolic pathways regulated by fumarate, including circadian rhythms and
signalling by G protein-coupled receptors (GPCRs). Furthermore, in response to chronic
hypoxia, fumarate was released from the cell, which could be blunted by inhibiting the
monocarboxylate transporter 1 (MCT1). FRET experiments and in silico modelling showed
that extracellular fumarate acutely activates the sarcolemmal Gi-coupled hydroxycarboxylic
acid receptor 2 (HCA2), decreasing intracellular cAMP levels. Furthermore, prolonged

incubation with fumarate also decreased HCA2 gene expression.

In conclusion, fumarate selectively accumulated under hypoxia, acting both intracellularly
as a signalling molecule regulating metabolism and circadian rhythm and extracellularly as

a paracrine signal via G-protein-coupled receptors, reprogramming neighbouring cells.
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5.2 Introduction

In Chapter 4, it was determined that DMF was hydrolysed into fumarate at the same time
point that the metabolic changes were observed, suggesting that fumarate may regulate
substrate metabolism in its own right. However, traditionally, fumarate uptake has been
believed to be minimal or very low!!** 43 making fumarate’s effects on cardiomyocyte
biology unexpected and novel. Therefore, this chapter mainly focused on investigating the
molecular mechanism and signalling pathway modulated by exogenous fumarate and their
relationship with cardiac metabolism. To provide context, a brief introduction of the

pathways studied in this chapter was incorporated in this introduction:
5.2.1 Circadian rhythm.

Cellular processes are regulated by the oscillation of a 24-hour internal clock, which allows
the organism to adapt precisely to external signals like light, temperature and food
availability by inducing a specific molecular or hormonal physiological response?’> 22%),
This circadian clock relies on many molecular mechanisms where the transcription factors
circadian locomoter output cycles protein kaput (CLOCK) and basic helix-loop-helix ARNT
like 1 (BMAL1) act as essential core regulators. These two transcription factors, during the
early light period heterodimerise, translocate to the nucleus and recognise specific
sequences, known as E-boxes, inducing the transcription of plenty of circadian rhythm
components, including Period (PER1, PER2, and PER3) and Cryptochrome (CRY1 and
CRY2). These components regulate cell processes and, over time, reduce CLOCK:BMALI
activity by translocating to the nucleus and using a negative feedback mechanism®??, At
night, the PER/CRY heterocomplexes are degraded, reducing their inhibitory effect over the
CLOCK:BMALI1 complex, which is activated and translocates to the nucleus and starts a

new cycle, a process that repeats rhythmically daily**?).
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Circadian rhythm modulates various parameters of the cardiovascular system, including
blood pressure, heart rate and metabolism®", and alteration in the circadian oscillations
increase dramatically the risk of arrhythmia and acute myocardial infarction®? 233
indicating a connection between circadian rhythm and cardiac functionality. Metabolically,
the circadian rhythm modulates mitochondrial activity by controlling the oxygen
consumption rates and ATP production and regulating the mitochondrial network dynamics
via fission and fusion cycles®*. Circadian rhythm also influences various metabolic
pathways via hormone regulation, such as coordinating insulin and glucagon production in
B-cells'®** 239 Disruption of the circadian system significantly impairs glucose and lipid
metabolism, increasing the risk of developing a metabolic disorder, including obesity and

s(36. 23D _This critical role of the circadian rhythm in supporting cardiac and

type 2 diabete
metabolic function suggests that identifying molecules capable of regulating circadian

rhythm could be a potential therapeutic tool, even more so when this pathway is

dysregulated.
5.2.2 G protein-coupled signalling receptors.

The G protein-coupled receptors (GPCRs) are a family of membrane receptors characterised
by seven transmembrane domains, which actively participate in cell-to-cell communication
and regulate different biological functions, including hormone release, immune response
and heart contractility®*®. According to their role and structure, GPCRs are classified into
five classes, with class A, also known as rhodopsin-like receptors, involved in the
cardiovascular system®?. Class A GPCRs can bind various ligands, including peptides,
amines, nucleotides, melatonin and lipids®*®> 249, Signalling via G proteins involves three
different subunits Goa, GB, Gy, which, upon the receptor activation, the subunit Ga
dissociates from the other subunits modulating different cellular pathways, where its effect
depends on the Ga subtype: Gas stimulates adenylate cyclases (ACs), Gai inhibits ACs, Goq
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regulates phospholipase C, and Ga12/13 interacts with Rho nucleotide exchange factors®*!"

242)

Among the GPCRs that have an inhibitory effect on AC, a subgroup of these is activated by
metabolites, including the hydroxycarboxylic acid receptors (HCA), consisting of HCAI,
which is activated by lactate, HCA2, which responds to hydroxy-butyrate and butyrate, and
HCA3 whose ligand is hydroxy-octanoic acid®*®. The response to the external stimuli of
these receptors begins when a ligand binds to its receptor, inducing subunit Gai activation
by exchanging GDP for GTP. Once activated, Gai inhibits AC, leading to a decrease in
intracellular cAMP levels, and because cAMP is required for PKA activation, this reduction
prevents PKA regulation of other targets®*®. The inhibitory effect of Gi protein-coupled
receptors positions them as potential therapeutic targets, as is the case for HCA2, where
drugs targeting this receptor have been approved for treating cardiovascular and
neurological diseases®*®. Furthermore, HCA2 has a potential role in regulating metabolic
disorders as its activation inhibits lipolysis in adipocytes®*®2*") by reducing protein kinase
A activity and subsequently lowering hormone-lipase activation®*®, thereby decreasing
serum fatty acid concentrations. Therefore, the potential modulation of these receptors
positions the Gi-coupled signalling pathway as a promising candidate to address altered

cardiac metabolism.

5.3 Chapter aims

Given the transcriptomics findings from Chapter 4, which demonstrated fumarate's impact
on the hiPSC-CM gene profile was greater than the DMF effect, this chapter focused on

determining the effects of fumarate in mature hiPSC-CM. This chapter investigated:
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1. The effect of fumarate on fatty acid oxidation and glycolytic metabolism in hiPSC-
CM and its impact on mitochondrial oxygen consumption rates.

2. The capacity of fumarate to activate the Nrf2 pathway in hiPSC-CM.

3. The role of fumarate on modulating intracellular signalling pathway at
transcriptomics level in hiPSC-CM.

4. The role of hypoxia in hiPSC-CM and its relationship with fumarate.

5. The impact of fumarate regulating extracellular signalling pathways in hiPSC-CM.
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5.4 Methods

5.4.1 Luciferase reporter for the antioxidant response element.

The generation of viral particles and the stable cell lines expressing the antioxidant response

element luciferase reporter vector was performed by Dr Sara Falcone at Oxford University.
5.4.1.1 Viral particle generation.

To generate the antioxidant response element (ARE) luciferase reporter vector (pGF2-ARE),
four copies of the ARE sequence were cloned into the pGreenFire2.0 (SBI System
Biosciences) vector using Xhol and Bmtl restriction enzymes, which allowed the

transcription of the luciferase reporter gene rFluc.

Lentiviral particles containing the reporter vector were generated by cotransfecting
HEK293T cells with the pGF2-ARE vector and pPACKH1 plasmids (SBI System
Biosciences) using the PureFection reagent (SBI System Biosciences). Between 18 to 24
hours before transfection, 3x 10 HEK93T cells were seeded in a 10 cm dish containing 9 mL
DMEM high glucose (25 mM), pyruvate (1 mM) supplemented with 2 mM L-glutamine,
and 10% fetal bovine serum. On the day of transfection, the transfection mixture was
prepared by first adding 20 pL of pPACKH1 and 3.5 pg of pGF2-ARE into 800 pL of serum-
free DMEM, followed by the addition of 24 puL of PureFection. The solution was mixed by
vortexing for 10 seconds, incubated at room temperature for 15 minutes, and then 850 uL
added dropwise to the HEK293T dish. The cell media was collected 48 hours and 72 hours
post-transfection and centrifuged at 3000 x g for 15 minutes to pellet cell debris. The
supernatant was moved to a clean tube, where to concentrate the viral particles, three
volumes of medium were incubated with one volume Lenti-X Concentrator (Clontech) for

1 hour at 4°C. The mixture was centrifuged at 1,500 x g for 45 min at 4°C, the pellet was
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resuspended in 120 uL of cold PBS, and viral particles were aliquoted in 30 pL aliquots and

stored at -80°C until needed.

5.4.1.2 Stable cell lines expressing the antioxidant response element luciferase reporter

vector.

For the generation of stable HEK293 and H9c¢2 cell lines expressing the ARE reporter vector,
a total of 10° cells were plated in a T75 flask and incubated for 24 hours. Next, 30 uL of
viral particles were diluted in 7 mL of DMEM medium containing 8 pg/mL of Polybrene
(Santa Cruz) and added to the cells for 24 hours. The cell media was changed for virus-
Polybrene-free DMEM and incubated until the cells showed GFP expression. Successfully

transduced cells were selected with 1 ug/mL of Puromycin (Sigma) for 14 days.
5.4.1.3 Nrf2 activity quantification using the luciferase reporter vector.

To measure Nrf2 activity, HEK293-ARE and H9c2-ARE cells were seeded into a 96-well
plate the day before the drug treatment. The following day, cells were incubated with 80 pL
of DMEM high glucose (25 mM) and pyruvate (I mM) supplemented with 2 mM L-
glutamine, 100 U/mL Penicillin-Streptomycin and 10% fetal bovine serum, containing the
drugs dimethyl fumarate, sulforaphane, fumarate or none (Control). At the end of drug
treatment (6, 12 or 24 hours), cells and ONE-Glo Luciferase Assay System reagent
(Promega) were equilibrated to room temperature for 15 minutes. Then 80 puL of ONE-Glo
Luciferase Assay System reagent was added to each well, and the plate was mixed on an
orbital shaker for 15 minutes. Luminescence, directly proportional to Nrf2 activity (Figure
5.1), was measured using a firefly luciferase luminescence detection protocol with a central

wavelength of 580 nm and bandwidth of 80 nm.
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Figure 5.1: Antioxidant response element luciferase reporter. Antioxidant response
element sequence is recognised by the Nrf2 transcription factor and induces luciferase gene
expression, therefore, the amount of luminescence detected as relative light units (RLU) is
directly proportional to Nrf2 activity.

5.4.2 Fumarate release.
Quantification of fumarate in the cell media was performed using two different approaches:
5.4.2.1 Fumarate spectrophotometric Kkit.

Fumarate levels were measured spectrophotometrically using the Fumarate detection kit
(Abcam), following the manufacturer's instructions. Cell media was directly diluted in Assay
Buffer, and a 50 pL aliquot was transferred to a 96-well plate where 100 pl of the reaction
mix (composed of Assay Buffer, Developer Solution, and Fumarate Enzyme Mix) was
added, and solutions were mixed. Finally, the reaction was incubated for 60 minutes at 37°C,
the absorbance was measured at 450 nm using a microplate reader, and the fumarate

concentration was calculated relative to the standard curve after subtracting the background.
5.4.2.2 Fumarate detection by mass spectrometry.

After cell treatment, cell media was collected, frozen, and sent to Prof Lee Robers at the
University of Leeds. The fumarate concentration in the media was determined using their
well-established liquid chromatography-triple quadrupole-mass spectrometry targeted

metabolomics platform®4”.
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5.4.3 Lactate dehydrogenase (LDH) release.

LDH content in the cell media was measured using an ABX Pentra 400 system (Horiba ABX

diagnostics).
5.4.4 In silico target prediction and molecular modelling.

In silico target prediction for fumarate and fumarate derivatives was conducted using the
SwissTargetPrediction®® 2°V online tool for small bioactive molecules. Molecular
modelling was performed by Dr Pinqi Wang from the Russell group using the Molecular
Operating Environment (MOE) docking software®*?). The structure of the human niacin
receptor HCA2-Gi protein complex was obtained from the Protein Data Bank under ID
7XK2®3, Molecular visualisation of fumarate and HCA?2 interaction was generated using

the PyMOL molecular graphics system.
5.4.5 Neonatal rat ventricular myocytes (NRVMs) isolation and culture.

The isolation of a culture of NRVMs was made possible through collaboration with Prof
Manuela Zaccolo's group at Oxford University. Based on their well-established protocol®*),
ventricular tissue from 1 to 3-day Wistar rats was enzymatically separated and plated onto
24-mm glass coverslips (previously coated with laminin). Cells were initially cultured in
DMEM supplemented with 10% horse serum and 5% newborn calf serum for 24 hours.

Subsequently, the media was replaced with DMEM supplemented with 5% horse serum and

0.5% newborn calf serum.
5.4.6 Fluorescence resonance energy transfer (FRET).

FRET experiments were performed by Mr Alexander Demby from the Zaccolo group. Based
on their protocol®32%) NRVMs were infected with EPAC-S-H187 cytosolic FRET

sensor®® using an adenovirus for 24-48 hours. Cells were maintained at room temperature
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in Ringer-modified saline solution containing 140 mM NaCl, 3 mM KCl, 10 mM HEPES,
15 mM Glucose, 1 mM CaCl,, and adjusted to pH 7.2), and treated with the adenylyl cyclase
activator, forskolin and monomethyl fumarate or fumarate. For imaging, an inverted
microscope (Olympus IX71) equipped with an oil immersion objective PlanApoN 60X (NA
1.42, 0.17/FN 26.5) (Olympus) was used with a CoolSNAP HQ2 monochrome camera
(Photometrics) and a DV2 beam-splitter (Photometrics). FRET changes were quantified as
the ratio of acceptor fluorescence emission (YFP) at 545 nm to donor emission (CFP) at 480
nm, represented as 545 nm/480 nm (YFP/CFP ratio) in the region of interests (ROIs). Images
were acquired and analysed using MetaFluor 7.1 software, and values were expressed as a

percentage increase over the maximal FRET change.
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5.5 Result

5.5.1 Fumarate decreases fatty acid oxidation transporter, transferase and translocase

genes while increasing glycolytic genes.

To study which biological pathways were being modulated by fumarate, differential gene
expression (DEG) analysis using a p-adjusted value < 0.05 and Log>Fold change of >1 was
performed on a total of 16069 genes comparing fumarate-treated (500 uM fumarate for 6
hours) with control hiPSC-CM. Fumarate significantly upregulated 670 genes and decreased
significantly the expression of 657 genes. Enrichment analysis showed that the most
enriched pathways associated with the upregulated genes were the HIF pathway, ion
transport, response to hormones and nutrients, and circadian clock pathway (Figure 5.2A).
Additionally, carbohydrate transport, glucose import, and the solute carrier (SLC) family
transporter, which includes various glucose transporters, were also upregulated. In contrast,
the main downregulated pathways were involved in heart and muscle development and

morphogenesis and signalling by G protein-coupled receptors (GPCR) (Figure 5.2B).
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Figure 5.2: Enrichment analysis of differential gene expression in hiPSC-CM exposed
to fumarate. Transcriptomics analyses on hiPSC-CM exposed to fumarate treatment (500
uM) for 6 hours and compared with untreated cells. DEG was performed using a Log> Fold
change equal to 1 and p-adjusted value < 0.05. Enrichment analysis was conducted using
metascape, and the graph of enriched terms represents the 670 upregulated (A) or 657
downregulated genes (B).

Based on the DEG, the enriched transcription factors modulating the upregulated and
downregulated genes following fumarate treatment were visualised using the TRRUST

database. Complementing the enriched terms results where the HIF pathway was the most
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upregulated pathway, the hypoxia-inducible factor 1 subunit alpha (HIF1A) and the
hypoxia-inducible factor 1-beta (ARNT) were detected as upregulated transcription factors
(Figure 5.3A). Additionally, CLOCK, neuronal pas domain protein 2 (NPAS2), BMALI1
(ARNTL), and activating transcription factor 4 (ATF4), all implicated in the circadian clock
pathway, were also observed. In contrast, the most enriched transcription factors detected
for the downregulated genes were the specificity protein 1 (SP1), which plays a role in
regulating the cell cycle and specific gene expression during tissue development®>), and the
histone deacetylase 1 (HDACI1), which is involved in regulating several epigenetic
modifications, and also can bind to SP1 to modulate gene expression?%® 2D (Figure 5.3B).
Furthermore, several transcription factors involved in fatty acid oxidation regulation,

including the FOXO family (FOXO3, FOXO1, and FOXM1) and the PPAR family (PPARG

and PPARA), were also detected downregulated. — sp1
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Figure 5.3: Transcription factor enrichment analysis of differential gene expression in
hiPSC-CM exposed to fumarate. Transcriptomics analyses on hiPSC-CM exposed
to fumarate treatment (500 uM) for 6 hours and compared with untreated cells. DEG was
performed using a Log> Fold change equal to 1 and p-adjusted value < 0.05. Transcription
factor enrichment analysis was conducted using metascape, using the transcriptional
regulatory relationships unravelled by sentence-based text mining (TRRUST) database.
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Previously, a Log> Fold change > 1 was used to identify the genes that presented a
considerable difference between conditions, giving us robust results in the biological
pathway in which fumarate had a critical impact. However, this approach excluded other
potential and important pathways, which also exhibited statistical significance but presented
a small-fold change compared with the control condition. The previous enriched terms and
transcription factors suggested that fumarate was targeting genes involved in glucose and
fatty acid metabolism, therefore, a new DEG was performed using the same p-adjusted value
< 0.05 but a LogoFold equal to 0 (Figure 5.4). Interestingly, genes involved in fatty acid -
oxidation and glycolysis were identified between the fold changes -1 and 1. When a volcano
plot was generated focusing on these metabolic genes, it was possible to observe that

fumarate decreased genes involved in fatty acid B-oxidation and increased glycolytic genes.
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Figure 5.4: Fumarate decreases fatty acid oxidation genes and increases glycolytic
genes in hiPSC-CM. Transcriptomics analyses on hiPSC-CM exposed to fumarate
treatment (500 uM) for 6 hours and compared with untreated cells. DEG was performed
using a Log> Fold change equal to 0 and p-adjusted value < 0.05. Significantly upregulated
genes are shown in red, and significantly downregulated are shown in blue.
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The transcriptional effect of fumarate over the glycolytic pathway was confirmed using a
heatmap, which revealed that fumarate significantly upregulated the expression of nearly all
the evaluated glycolytic genes. Notably, fumarate also decreased the expression of the
glucose metabolism negative regulators pyruvate dehydrogenase kinase (PDK), including

the specific cardiac isoform PDK4 (Figure 5.5).
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Figure 5.5: Fumarate upregulates glycolytic pathway at the transcriptomics level.
Glycolysis pathway heatmap was generated using normalised counts from the
transcriptomics analyses on hiPSC-CM exposed to fumarate treatment (500 uM) for 6 hours
and compared with untreated cells. Significantly upregulated genes are shown in red, and
significantly downregulated genes are shown in blue. *p-adjusted value < 0.05. Each column
represents a biological replicate.

On the other hand, when the transcriptional effect of fumarate on the fatty acid oxidation
pathway was visualised by generating a heatmap, a divergent regulation profile was
observed. Some genes, such as the fatty acid oxidation transcriptional coactivator PGCIA

(PPARGC14), along with genes involved in lipid biosynthesis, acyl-CoA synthetase short-
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chain family member 2 (4CSS2) and malonyl-CoA decarboxylase (MLYCD), were
upregulated, while other genes, including all the genes coding for membrane transporters,
transferases or translocases involved in fatty acid B-oxidation (CD36, CPTIA, CPTIB,
SLC25420/CACT, and CPT2) were significantly downregulated (Figure 5.6). Additionally,
the magnitude of the changes for the fatty acid B-oxidation membrane targets was visualised
using boxplots of the normalised counts comparing fumarate-treated with untreated hiPSC-

CM, observing that all the represented genes were significantly downregulated.
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Figure 5.6: Fumarate decreases fatty acid membrane transporters, transferases and
translocases genes at transcriptomics level. Fatty acid oxidation pathway heatmap was
generated using the normalised counts from the transcriptomics analyses on hiPSC-CM
exposed to fumarate treatment (500 pM) for 6 hours and compared with untreated cells.
Significantly upregulated genes are shown in red, and significantly downregulated genes are
shown in blue. Boxplots of the normalised counts for the genes cluster of differentiation
36/fatty acid translocase (CD36), carnitine palmitoyltransferase 1B (CPTIB), carnitine-
acylcarnitine translocase (SLC25420/CACT), and carnitine palmitoyltransferase 2 (CPT2).
* p < 0.05 adjusted p-value vs. respective control group. Each column in the heatmap
represents a biological replicate. Each data point in the graphs represents a biological
replicate.
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The effect of fumarate on these metabolic pathways was further validated by qPCR,
measuring the expression of key genes identified in the transcriptomics data for both fatty
acid B-oxidation and glycolysis. Fumarate significantly downregulated all the evaluated fatty
acid B-oxidation genes. The expression of the membrane transporter CD36 was reduced by
51%, the mitochondrial outer membrane acetyltransferase CPT1B expression decreased by
24%, and the mitochondrial inner membrane translocase CACT expression was reduced by
16% compared with control cells (Figure 5.7A). In addition, when the effect of fumarate on
the glycolytic genes was evaluated, a significant increase in the expression of the cell
membrane glucose transporter GLUT by 3-fold was observed and, similarly, the glycolytic

gene HK?2 was upregulated by 3-fold compared with control cells (Figure 5.7B).
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Figure 5.7: Fumarate decreases fatty acid B-oxidation transporters and translocases
genes and increases glycolytic genes. Fatty acid B-oxidation and glycolytic gene expression
in hiPSC-CM exposed to fumarate treatment (500 uM) for 6 hours (Fum) compared with
untreated cells (Ctl). (A) The targets evaluated for fatty acid B-oxidation were cluster of
differentiation 36/fatty acid translocase (CD36), carnitine palmitoyltransferase 1B (CPT1B),
and carnitine-acylcarnitine translocase (CACT/SLC25A420). The targets evaluated for
glycolysis were glucose transporter 1 (GLUT!) and hexokinase 2 (HK2). * p < 0.05 vs.
respective control group. a.u., arbitrary units. Each data point represents a biological
replicate.
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In summary, the transcriptomics data revealed that fumarate significantly upregulated the
genes involved in glucose transport and glycolytic metabolism while enriching HIF1 and
circadian clock pathways. Moreover, fumarate reduced the expression of genes involved in
fatty acid B-oxidation, particularly those that code for cell and mitochondrial membrane
transporters, transferases and translocases, as well as genes associated with muscle

development and GPCR signalling.

5.5.2 Fumarate reduces fatty acid oxidation rates and mitochondrial respiration while

increasing glycolytic rates.

The role of fumarate in modulating fatty acid oxidation and glycolysis was further studied
at the functional level using radioactive palmitate and glucose. Fumarate treatment rapidly
decreased fatty acid oxidation rates by 57% after 6 hours. This effect also persisted after 12
hours of treatment, where fatty acid oxidation rates were significantly reduced by 56%
compared with control cells (Figure 5.8A). On the other hand, fumarate treatment
significantly increased the glycolytic rate by 26% after 6 hours, but no changes were

observed after 12 hours of treatment compared with control cells (Figure 5.8B).
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Figure 5.8: Fumarate decreases fatty acid oxidation rates and increases glycolytic rates.
Metabolic fluxes in hiPSC-CM exposed to fumarate treatment (500 uM) for 6 or 12 hours
(Fum) compared with untreated cells (Control). (A) Fatty acid oxidation rates were
measured using [9,10-*H]-palmitate. (B) Glycolytic rates were measured using [*H]-
glucose. * p < 0.05 vs. the respective control group. Each data point represents a biological
replicate.
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To further investigate whether the shift from oxidative to glycolytic metabolism was
associated with changes in mitochondrial function, fumarate’s impact on mitochondrial
activity was assessed using a Seahorse analyser. Given that the observed changes at the
transcriptomics level and in the metabolic rates occurred at 6 and 12 hours, the effect of
fumarate on mitochondrial respiration was also studied at these time points. No significant
differences were detected following 6 hours of fumarate treatment, although a decreasing
trend in mitochondria basal respiration was observed (Figure 5.9A). After 12 hours,
fumarate treatment significantly decreased mitochondrial basal respiration by 11%, without
affecting mitochondrial maximal respiration (Figure 5.9B). Additionally, the effect of
fumarate treatment for 24 hours was evaluated, observing that basal respiration, ATP-linked
respiration, maximal respiration, and non-mitochondria respiration were significantly

reduced by 21%, 30%, 14%, and 14%, respectively compared with the control condition

(Figure 5.10).
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Figure 5.9: Fumarate decreases mitochondria basal respiration following 12 hours of
treatment. Oxygen consumption rates (OCR) in hiPSC-CM exposed to fumarate treatment
(500 uM) (Fum) for (A) 6 hours or (B)12 hours * p <0.05 vs. respective control group (Ctl).
Each data point represents a biological replicate.
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Figure 5.10: Fumarate decreases mitochondria oxygen consumption following 24 hours
of treatment. Oxygen consumption rates (OCR) in hiPSC-CM exposed to fumarate
treatment (500 uM) (Fum) for 24 hours. * p < 0.05 vs. respective control group (Ctl). OCR
data is represented as the mean £ SEM of the biological replicates. Each data point in the
graphs represents a biological replicate.

Overall, these results indicate that fumarate induced a metabolic reprogramming from
oxidative to glycolytic metabolism within the human cardiomyocyte. Fumarate decreased
free fatty acid utilisation as an energy source by reducing fatty acid oxidation rates and
decreasing mitochondrial activity while increasing the use of glucose as substrate, indicated

by the elevated glycolytic rates.
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5.5.3 The Nrf2 pathway does not mediate fumarate-induced metabolic changes in fatty

acid oxidation and glycolysis.

The next step was to investigate the molecular mechanisms by which fumarate was
modulating human cardiomyocyte metabolism. Initially, as studied in the previous chapters
for the fumarate derivatives, the potential role of fumarate itself in regulating the Nrf2
pathway was investigated using subcellular fractionation to evaluate Nrf2 nuclear
translocation, and qPCR to measure the expression of the Nrf2 antioxidant target genes. The
results showed that fumarate neither induced Nrf2 nuclear translocation (Figure 5.11A) nor
induced significant changes in the expression of the NOQOI, TXNRDI1, and HMOXI genes

compared with the control condition (Figure 5.11B).
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Figure 5.11: Fumarate does not promote Nrf2 nuclear translocation or increase Nrf2
antioxidant target gene expression in hiPSC-CM. Cells were exposed to fumarate
treatment (500 puM) (Fum) for 6 hours and compared with untreated cells (Ctl). (A)
Representative western blot of Nrf2 nuclear translocation (B) The evaluated antioxidant
genes were NAD(P) dehydrogenase quinone 1 (NQO1), thioredoxin reductase 1 (TXNRDI),
and heme oxygenase 1 (HMOXI). a.u., arbitrary units. Each data point represents a
biological replicate.
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To evaluate whether a different fumarate dose could activate the Nrf2 pathway in human
cardiomyocytes, the expression of the antioxidant genes NOQOI, TXNRDI, HMOX]I, and
SRXNI in hiPSC-CM treated with 150 uM, 300 uM, 500 uM and 2 mM fumarate for 6 hours
was evaluated by qPCR (Figure 5.12). Consistent with the previous qPCR findings, no
significant changes were detected for TXNRD 1, HMOX]I, and SRXNI genes at any fumarate
concentration. NOO! showed a significant ANOVA effect between all the conditions, but
there was not a significant difference between individual groups (did not reach significance

at post hoc analyses).
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Figure 5.12: Fumarate does not regulate Nrf2 antioxidant target genes in hiPSC-CM,
even at different concentrations. hiPSC-CM were exposed to fumarate treatment (150 uM,
300 uM, 500 uM or 2 mM) for 6 hours and compared with untreated cells (Control). The
evaluated Nrf2 antioxidant target genes were thioredoxin reductase 1 (7XNRDI), heme
oxygenase 1 (HMOX]I), sulfiredoxin 1 (SRXNI), and NAD(P) dehydrogenase quinone 1
(NQOI). a.u., arbitrary units. * p < 0.05 vs. respective control group. Each data point
represents a biological replicate.
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To further evaluate Nrf2’s transcriptional activation, stable HEK293 and H9c2 cell lines
constitutively expressing a luciferase reporter vector containing the antioxidant response
element (ARE), recognised by nuclear Nrf2, were generated. The effect of dimethyl
fumarate (DMF), sulforaphane (SFN), and fumarate in Nrf2 activation was measured using
luminescence. HEK293-ARE cells treated with DMF, SEN or fumarate for 6 hours revealed
that DMF and SFN rapidly induced a significant increase in Nrf2 activity, while no changes
were observed with fumarate treatment at the same time. After 12 hours of treatment, DMF
and SFN showed an even more robust Nrf2 activation, whereas fumarate showed a modest
significant increase compared with control cells. Following 24 hours of treatment, DMF and
SFN massively increased Nrf2 activity by 8- and 5-fold, respectively, compared with control

condition, while fumarate significantly increased Nrf2 activity by approximately 2-fold

(Figure 5.13A).

The cardiomyocytes H9c2-ARE treated with the same molecules showed that DMF and SFN
significantly increased Nrf2 activity after 12 and 24 hours, with the greatest increase
observed at 24 hours with a fold change of 3-fold for both molecules compared with the
control condition. However fumarate effect on Nrf2 activation was only significantly

increased by 16% following 24 hours of treatment compared with the control condition

(Figure 5.13B).

These results indicate that DMF, SFN, and fumarate showed a time-dependent effect on Nrf2
activation, with DMF and SFN showing a rapid and increasing impact on Nrf2 activity as
the treatment duration was increased. In contrast, fumarate only slightly increased Nrf2
activity at later time points, showing that fumarate did not activate the Nrf2 pathway at the
time that the metabolic changes and reduced mitochondria respiration were observed,

suggesting that Nrf2 was not the molecular mechanism mediating these changes.
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Figure 5.13: Fumarate does not activate Nrf2 at the same time as the metabolic changes
were observed in hiPSC-CM. Luciferase reporter vector containing the antioxidant
response element (ARE) recognise by Nrf2. Stabe HEK-ARE and H9¢2-ARE were exposed
to dimethyl fumarate (DMF) (150 uM), sulforaphane (SFN) (5 uM) or fumarate (Fum) (500
uM) treatment for 6, 12 and 24 hours and compared with untreated cells (Ctl). RLU, relative
light units. * p < 0.05 vs. respective control group. Each data point represents a biological
replicate.

5.5.4 Gene set variation analysis shows that fumarate regulates circadian rhythm,

hypoxia and G-protein coupled receptor signalling pathway.

Since Nrf2 was not the mechanism by which fumarate modulated the human cardiomyocyte
metabolism, gene set variation analysis (GSVA) was performed on the transcriptomics data
from fumarate-treated hiPSC-CM to identify possible cellular pathways associated with

these changes. GSVA showed that fumarate regulated multiple pathways, including
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upregulation of ribosomal proteins, unfolded protein response, mTORCI1 signalling,

circadian rhythm and hypoxia, as well as the downregulation of GPCRs (Figure 5.14).
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Figure 5.14: Gene set variation analysis comparing fumarate-treated hiPSC-CM with
untreated cells. Transcriptomics analyses were performed on hiPSC-CM exposed
to fumarate treatment (500 uM) for 6 hours and compared with untreated cells (Control).
Arrows indicate the enriched terms that are more relevant to this thesis. Each column
represents a biological replicate.

5.5.5 Early fumarate treatment shows that fumarate mainly modulates cell membrane
receptor pathways, including the G-protein coupled receptor (GPCR) signalling

pathway.

The HIF1 pathway regulates not only metabolic but also several other cellular processes,
including apoptotic pathways?®?, angiogenesis®®® and cellular survival mechanisms®@%¥,
among others. Therefore, to investigate the role of fumarate treatment in upregulating
various HIF1-dependent processes, genes from these different pathways were analysed
using a heatmap. The results revealed that glycolysis was the only pathway in which all

evaluated genes were significantly increased, while “HIF genes™ involved in apoptosis,
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angiogenesis and survival mechanism were mostly significantly downregulated, or no
changes were detected in their expression compared with control cells (Figure 5.15). This
selective upregulation of the glycolytic pathway suggested that these genes were
misleadingly driving the HIF1 pathway as an upregulated pathway in the fumarate-treated
hiPSC-CM transcriptomics data rather than indicating a global increase in the gene
expression of the entire pathway. This indicates that a different mechanism may be

responsible for the upregulation of the glycolytic metabolism.
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Figure 5.15: Fumarate-induced HIF1 pathway upregulation in hiPSC-CM is
specifically driven by the glycolytic genes. Transcriptomics analyses were performed on
hiPSC-CM exposed to fumarate treatment (500 uM) for 6 hours and compared with
untreated cells (Control). Heatmap representing HIF1 pathway, where the significantly
upregulated genes are shown in red, and significantly downregulated genes are shown in
blue. *p-adjusted value < 0.05. Each column represents a biological replicate.
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The impact of 6 hours fumarate treatment on the circadian rhythm pathway was also
evaluated by generating a heatmap of genes involved in this pathway. Fumarate significantly
increased the expression of multiple circadian genes compared with the control condition
(Figure 5.16). This observation was further corroborated by aligning the list of the
significantly regulated genes with the Kyoto Encyclopaedia of Genes and Genomes (KEEG)
online database for the circadian rhythm pathway, showing that fumarate was upregulated

several genes of this pathway (Figure 5.17).
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Figure 5.17: Fumarate upregulates circadian rhythm KEGG pathway in hiPSC-CM.
Transcriptomics analyses were performed on hiPSC-CM exposed to fumarate treatment
(500 uM) for 6 hours and compared with untreated cells (Control). KEGG pathway id
hsa04710 was used for circadian rhythm.

If the circadian rhythm pathway were indeed the mechanism driving the metabolic changes
observed in the human cardiomyocytes following fumarate treatment, it would be expected
that fumarate upregulated the genetic expression of this pathway at a very early time of
treatment, prior to the observed metabolic shift. Therefore, to further investigate whether
fumarate modulated the circadian rhythm pathway at early times, a new RNA-sequencing

experiment was carried out in hiPSC-CM treated with fumarate for only one hour and

153



compared with untreated cells. Single sample enrichment scores extracted from GSVA
analysis for all the circadian rhythm mammal pathway genes, as represented in the open
science platform KEGG pathways, revealed no significant differences between untreated

and fumarate-treated hiPSC-CM (Figure 5.18).
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Figure 5.18: One-hour fumarate treatment does not regulate circadian rhythm
pathway genes in hiPSC-CM. Transcriptomics analyses were performed on hiPSC-CM
exposed to fumarate treatment (500 uM) (Fum) for 1 hour and compared with untreated cells
(Ctl). Boxplots represent the GSVA scores for all genes in genes in the circadian rhythm
mammal pathway, as defined in KEGG pathways. Each data point represents a biological
replicate.

Interestingly, when the effect of one-hour fumarate treatment was studied in the fatty acid
oxidation and glycolytic pathways, it was observed that fumarate significantly decreased the
expression of the fatty acid oxidation transcriptional coactivator peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGCIA/PPARGCIA), as well as the
expression of the glucose metabolism inhibitors pyruvate dehydrogenase kinase (PDK),
including the cardiac isoform PDK4 (Figure 5.19). Additionally, fumarate treatment

reduced the expression of the free fatty acid transporter CD36 while increasing the
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expression of the glucose transporter GLUTI (SLC2A41), suggesting that early fumarate
treatment modulated the key regulators that may drive the metabolic changes observed at

six hours of fumarate treatment.
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Figure 5.19: One-hour fumarate treatment decreases the expression of the fatty acid
transporter CD36, fatty acid oxidation transcriptional coactivator proliferator-
activated receptor gamma coactivator-1 alpha, pyruvate dehydrogenase kinase cardiac
isoform, and upregulates the glucose transporter 1. Fatty acid oxidation and glycolysis
pathway heatmaps were generated using normalised counts from the transcriptomics
analyses on hiPSC-CM exposed to fumarate treatment (500 uM) (Fum) for 1 hour and
compared with untreated cells (Ctl). Significantly upregulated genes are shown in red, and
significantly downregulated genes are shown in blue. *p-adjusted value <0.05. Each column
represents a biological replicate.

GSVA showed that hiPSC-CM exposed to fumarate for one hour presented a significant
downregulation of the GPCRs receptor pathway, complemented by a significant reduction
of the small ligand GPCRs pathway and other receptor-ligan pathways, such as cytokine

receptor interaction, androgen receptor, and glucocorticoid receptor (Figure 5.20A). These
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results suggest that early fumarate treatment was modulating various receptor pathways
located at the cell membrane. The effect of one-hour fumarate treatment on GPCRs receptor
signalling pathway was further measured by generating an enrichment plot using gene set
enrichment analysis (GSEA). GSEA showed that just one hour of fumarate treatment
significantly reduced GPCRs class A rhodopsin-like pathway with a strong negative
normalised enrichment score (NES) of -1.9, and with the lower enrichment score (ES)

around -4.6 at the bottom of the ranked genes (Figure 5.20B).
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Figure 5.20: One-hour fumarate treatment decreases G-protein coupled membrane
receptor signalling pathway. Transcriptomics analyses on hiPSC-CM exposed to fumarate
treatment (500 uM) for 1 hour and compared with untreated cells. (A) Significant regulated
pathways in Gene set variation analysis comparing (GSVA). Each column represents a
biological replicate. (B) Enrichment plot for GPCRs class A rhodopsin-like pathway
extracted from Gene set enrichment analysis (GSEA).
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The results of this section suggest that among all the cellular pathways analysed, the GPCRs
receptor signalling pathway was consistently identified as a target following both one hour
and six hours of fumarate treatments. In contrast, the HIF1 pathway appeared to be enriched
just by the expression of the glycolytic genes and not for an overall upregulation of the
pathway, and the circadian rhythm pathway only was activated after six hours of fumarate

treatment.
5.5.6 Fumarate decreases protein succination in human cardiomyocytes.

Another potential intracellular molecular mechanism through which fumarate could induce
metabolic changes was via protein post-translation modifications (PTM). According to the
literature, fumarate has been proposed as a molecule which can oxidize the sulthydryl group
in protein cysteine residues into S-(2-succino) cysteine via a Michael addition reaction!**
265261 PTM known as succination. This PTM has also been reported as the mechanism by
which DMF induces Nrf2 pathway activation®* 132, Therefore, the impact of fumarate and
DMF on protein succination in hiPSC-CM was evaluated using a total S-(2-succino)
cysteine (2SC) antibody and western blotting. Unexpectedly, fumarate significantly reduced
the total 2SC protein content by 35%, while, DMF treatment showed a significant increase
in 2SC protein levels by 45%, with an additional protein band compared with the control

condition (Figure 5.21).
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Figure 5.21: Fumarate decreases succination levels, while dimethyl fumarate increases
them in hiPSC-CM. S-(2-succino) cysteine (2SC) protein level in hiPSC-CM exposed
to fumarate (Fum, 500 uM) or dimethyl fumarate (DMF, 150 pM) for 6 hours and compared
with untreated cells hiPSC-CM control. Western blotting densitometry analysis was
performed in the area selected by the rectangle. * p < 0.05 vs. respective control group. a.u.,
arbitrary units. Each data point represents a biological replicate.

5.5.7 Fumarate is transported across the sarcolemma by the monocarboxylate

transporter 1 in hiPSC-CM.

Previously, we observed in Chapter 3 that fumarate intracellular concentrations within the
rat heart increased under hypoxia, but we also questioned whether fumarate remained
intracellular or could also be released. However, before measuring fumarate release from
the human cardiomyocytes, I evaluated whether our hiPSC-CM model could respond to
hypoxic conditions. HIPSC-CM were exposed to 2% O> for 16 hours, and the hypoxia
response was confirmed by observing an upregulation of glycolytic pathway genes (Figure
5.22A). Additionally, a significant increase in the final product of anaerobic metabolism,
lactate, by 2-fold was detected in the cell media from the hypoxic cells compared with the

cell media of normoxic cells (Figure 5.22B).
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Figure 5.22: Chronic hypoxia upregulates glycolytic metabolism hiPSC-CM.
Transcriptomics analyses were performed on hiPSC-CM exposed to hypoxia (2% O2) (Hx)
for 16 hours and compared with normoxic cells (21% O2) (Nx). (A) Glycolysis pathway
heatmap representation, where the significantly upregulated genes are shown in red, whereas
significantly downregulated genes are shown in blue. *p-adjusted value < 0.05. (B) Lactate
release into the cell media. * p < 0.05 vs. normoxia group. GLUT, glucose transporter. LDH,
lactate dehydrogenase. MCT, monocarboxylate transporter. Each column in the heatmap
represents a biological replicate. Each data point in the graph represents a biological
replicate.

To evaluate whether hiPSC-CM released fumarate under hypoxic conditions, fumarate
levels in the cell media were quantified. Hypoxia caused a 54% increase in the fumarate
released into the cell media compared with media from normoxia cells. There was no
significant difference in the concentration of the cytoplasmatic enzyme lactate

dehydrogenase (LDH) in the media, suggesting that the increased extracellular fumarate was
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not caused by cell membrane damage but instead exported by a specific membrane

transporter (Figure 5.23).

Fumarate release Cell membrane damage
*
% 40- I_‘ v 10- U] °
—_ o~ . 2 e .
g £ 30- 8 - 8 ES —
[} nE — 4 o

2O 201 st SE ©
5 a — T2 41
g ~ 101 ° e 2
~ O T T o T T

NX Hx NX Hx

Figure 5.23: Hypoxia causes an increase in fumarate release from hiPSC-CM. hiPSC-
CM were exposed to hypoxia (2% 0O.) (Hx) for 16 hours, and fumarate levels in the cell
media were measured after 16 hours of hypoxic conditions. Media lactate dehydrogenase
(LDH) levels were determined after 24 hours of hypoxia and compared with media from
normoxic cells (21% O2) (Nx). * p < 0.05 vs. normoxia group. Each data point represents a
biological replicate.

The monocarboxylate transporter 1 (MCT1) facilitates the sarcolemmal transport of
metabolites structurally similar to fumarate within the heart, including lactate®6®),
malonate®®” and succinate!!%?). Therefore, its role in fumarate release under hypoxia was
evaluated using the MCT]1 inhibitor AZD396, and fumarate levels in the cell media were
quantified using the liquid chromatography-triple quadrupole-mass spectrometry targeted
metabolomics (Figure 5.24). Similar to our previous result, hypoxia caused a significant
71% increase in fumarate release into the media compared with normoxia. However, this
elevation was dramatically suppressed after MCT1 inhibitor treatment, reducing fumarate
extracellular levels by 33% compared with untreated hiPSC-CM under hypoxic conditions.
This result demonstrated that under hypoxic conditions, human cardiomyocytes released

fumarate into the extracellular space via MCT]1.
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Figure 5.24: Fumarate release into the cell media is mediated by the monocarboxylate
transporter 1 in human cardiomyocytes. hiPSC-CM were exposed to the
monocarboxylate transporter 1 inhibitor AZD3965 (MCT1i) (100 nM), incubated under
hypoxia (2% O2) or normoxia for 16 hours, and compared with untreated cells. * p < 0.05
vs. respective control group. Each data point represents a biological replicate.

5.5.8 In silico analysis shows the hydroxycarboxylic acid receptor 2 to be a fumarate

target.

Given that fumarate is released in the media and that the transcriptomics data showed
fumarate regulating genes from various receptor pathways, we questioned whether fumarate
could directly modulate membrane receptors. Since both fumarate and DMF transcriptomic
analysis showed that G-protein coupled receptor (GPCR) signalling pathways were
significantly downregulated, their effect on this pathway was further investigated. To
visualise the extent of these molecules modulating membrane receptors, as a first approach,
GPCRs pathway genes were extracted from the metascape data of both DMF and fumarate
transcriptomics data, and their effect was compared by generating a cnetplot of these genes.

This comparison revealed that both molecules downregulated common and unique genes
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involved in GPCR signalling pathways, but fumarate significantly regulated a larger

population of these genes compared with DMF treatment (Figure 5.25).
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Figure 5.25: Fumarate downregulates a more extensive set of G protein-coupled
receptors (GPCRs) genes than dimethyl fumarate in hiPSC-CM. hiPSC-CM were
exposed to dimethyl fumarate (DMF) (150 uM) or fumarate (Fum) (500 pM) treatment for
6 hours, and a cnetplot plot was generated to compare the GPCR pathway genes
downregulated by fumarate (Fum) and dimethyl fumarate (DMF).

The role of fumarate beyond the genetic regulation of the GPCR pathway was also explored
by investigating its physical interaction with this membrane receptors family. For this, the
SwissTargetPrediction online tool was used to perform in silico target prediction of fumarate
and its derivatives with several cellular components. Surprisingly, dimethyl fumarate
(DMF), monomethyl fumarate (MMF), and fumarate showed potential in silico interaction

with a member of the GPCRs family, the hydroxycarboxylic acid receptor 2 (HCA2) (Figure
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5.26). MMF presented the highest probability of interaction, whereas fumarate the lowest.
Interestingly, indolethylamine N-methyltransferase (INMT) was also a common target
among DMF, MMF and fumarate, however, INMT is a cytoplasmatic enzyme, therefore the

following experiments were focused on HCA2.
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Figure 5.26: Fumarate and fumarate derivates interact in silico with the
hydroxycarboxylic acid receptor 2. Dimethyl fumarate (DMF), monomethyl fumarate
(MMF), and fumarate (Fum) in-silico target prediction using SwissTargetPrediction online
tool.

The interaction between fumarate and its derivatives with the HCA2 membrane receptor was
further studied using molecular docking and utilising the HCA2 crystallised structure

extracted from the protein database online website (PDB ID 7XK2). The HCA2 receptor
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was crystallised bound to the molecule MK-6892, a high-affinity agonist of this receptor,
which, after molecular modelling analysis with the extracellular pocket of the receptor,
revealed that the amino acid residues arginine 111 (Arglll), tyrosine 284 (Tyr284) and

serine 179 (Ser179) were crucial for its interaction with the HCA2 receptor (Figure 5.27).

MK-6892

Figure 5.27: Molecular modelling shows that Argl111, Tyr284, and Ser179 residues in
the hydroxycarboxylic acid receptor 2 are critical for interacting with its MK-6892
agonist. Molecular docking between MK-6892 and the hydroxycarboxylic acid receptor 2
(HCA2) membrane receptor. HCA2 and MK-6892 structures were obtained from the Protein
Data Bank (PDB ID 7XK2).

Molecular docking of monomethyl fumarate (MMF) inside the HCA2 extracellular pocket
using the two more favourable orientations identified that MMF could interact with the
residues Ser179 and Argl11, the same residues observed before for the agonist MK-6892,

suggesting that MMF could act as an agonist of this receptor (Figure 5.28). Similarly,
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molecular modelling of fumarate within the extracellular pocket of HCA2 showed this
metabolite interacting with the residue Argl11, indicating the critical role of this residue in
the fumarate-HCA2 interaction (Figure 5.29). Subsequent structural illustration of this
interaction using pyMol determined that the distance between oxygen from the carboxyl
group of the fumarate molecule and the hydrogen from the guanide group in the side chain
of arginine residue was 2.6 angstroms, a value within the typical range required for a
hydrogen bond®’?, suggesting that the interaction between fumarate and arginine 111 is very

probable.
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Figure 5.28: Molecular modelling shows that monomethyl fumarate interacts with the
hydroxycarboxylic acid receptor 2 similarly to the MK-6892 agonist. Molecular docking
between two different orientations of monomethyl fumarate (MMF) and the
hydroxycarboxylic acid receptor 2 (HCA2) membrane receptor. HCA2 structure was
obtained from the Protein Data Bank (PDB ID 7XK2).
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Figure 5.29: Molecular modelling shows that residue arginine 111 is crucial for
fumarate interaction with the hydroxycarboxylic acid receptor 2. Molecular modelling
between fumarate (Fum) and the hydroxycarboxylic acid receptor 2 (HCA2) membrane
receptor. HCA2 structure was obtained from the Protein Data Bank (PDB ID 7XK2).
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Fumaric acid has two protonated carboxyl groups with pKal =3.03 and pKa2 =4.54C7D,
hence, both carbonyl groups are deprotonated at physiological pH or pH above these values,
generating two carboxylate ions in the fumarate structure (dicarboxylate fumarate). To
evaluate whether the pH and fumarate conformation were necessary for its interaction with
HCA2, molecular docking of the dicarboxylate fumarate was assessed using four different
orientations. The analysis showed that in all the configurations, dicarboxylate fumarate
interacted with Arglll. In two assessed positions, dicarboxylate fumarate additionally
interacted with Ser179 residue, also observed for HCA2 interaction with the agonist MK-
6892, and in one confirmation, fumarate in silico was further interacting with histidine 189

(His189) (Figure 5.30).

In silico molecular modelling and docking demonstrated that both MMF and fumarate
potentially interact with the extracellular pocket of the GPCR receptor HCA2. Our data
showed that the residue arginine 111 on HCA2 was critical for receptor-ligand binding, as
was observed comparing these bioactive molecules with the potent HCA2 agonist MK-6892.
Finally, after evaluating the potential effect of fumarate deprotonation in its ability to bind
to HCA2, we observed that the interaction between the Arg111 in the receptor with fumarate

occurred independently of fumarate configuration.
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Decarboxylated fumarate (Fum 2-)
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Figure 5.30: Molecular modelling shows that decarboxylated fumarate interacts with
residue arginine 111 within the hydroxycarboxylic acid receptor 2, similar to fumaric
acid. Molecular modelling of decarboxylated fumarate (Fum 2-) with hydroxycarboxylic
acid receptor 2 (HCA2). HCA2 structure was obtained from a protein database (PDB ID

7XK2).
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5.5.9 Fumarate decreases cAMP response evoked by forskolin.

HCAZ2 is a Gi-coupled protein receptor, which means that its activation inhibits adenylyl
cyclase and decreases cCAMP levels. The role of HCA2 has been mainly studied in adipocytes
and immune cells®*, and because its expression in other cell types has not been well
described, HCA2 expression was studied by qPCR in two different cardiomyocyte models
(Figure 5.31). HCA?2 gene expression was evaluated as ACt ( HCA2 gene expression minus
the housekeeping gene expression) in human (mature hiPSC-CM) and rat (H9c2)
cardiomyocytes. We observed that both models of cardiomyocytes were expressing the gene
that codes for this receptor, and additionally, HCA2 expression in human cardiomyocytes

was significantly higher (lower ACt) than in rat cardiomyocytes.

HCA2
Gi-coupled protein receptor HCA2
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Figure 5.31: Hydroxycarboxylic acid receptor 2 is expressed in both human and rat
cardiomyocytes. Hydroxycarboxylic acid receptor 2 (HCAZ2) genes expression in mature
hiPSC-CM and H9c¢2 rat cardiomyocyte cells. * p < 0.05 vs. hiPSC-CM expression. Each
data point represents a biological replicate.
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To evaluate whether fumarate derivatives and fumarate could acutely activate Gi-coupled
signalling, an EPAC (exchange protein directly activated by cAMP) FRET sensor assay was
used in neonatal rat ventricular cardiomyocytes to quantify the intracellular cAMP
concentration. cAMP formation was stimulated using forskolin, an adenylyl cyclase
activator, and when 150 pM of MMF was added, a decrease of around 30% in cCAMP levels
was detected (Figure 5.32A). Next, the effect of fumarate itself on the intracellular cAMP
levels was evaluated using the same concentration as MMF, but no changes were observed
in intracellular cAMP content (Figure 5.32B). However, when the fumarate concentration
was doubled to 300 uM, a rapid and dramatic decrease of 80% in intracellular cCAMP was
observed (Figure 5.32C), confirming that fumarate extracellular accumulation acutely

activates sarcolemmal Gi-coupled pathways decreasing CAMP levels.
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Figure 5.32: Monomethyl fumarate and fumarate itself acutely decrease cAMP levels.
Fluorescence resonance energy transfer (FRET) in neonatal rat ventricular cardiomyocytes
(NRVMs) expressing EPAC (exchange protein directly activated by cAMP) to quantify
cAMP intracellular levels. (A) 150 uM monomethyl fumarate (MMF). (B) 150 uM fumarate
(Fum). (C) 300 uM fumarate (Fum). Data represent the average of 6 biological replicates.

The chronic effect of fumarate on HCA2 receptor was also observed by detecting a
significant 52% reduction in HCAZ2 receptor gene expression in human cardiomyocytes after

6 hours of fumarate treatment (Figure 5.33).
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Figure 5.33: Fumarate decreases the expression of hydroxycarboxylic acid receptor 2.
Hydroxycarboxylic acid receptor 2 (HCA2) gene expression in hiPSC-CM exposed
to fumarate treatment (500 uM) (Fum) for 6 hours and compared with untreated cells. * p <
0.05 vs. respective control group. Each data point represents a biological replicate.

5.6 Discussion

5.6.1 Fumarate induces a metabolic shift from fatty acid oxidation to glucose

metabolism within the cardiomyocyte.

Our results show that fumarate induces a metabolic shift from fatty acid oxidation to glucose
metabolism within the human cardiomyocyte, reassembling the metabolic phenotype
observed in the heart in response to limited oxygen levels®> 27, These findings suggest that
the elevated intracellular fumarate content detected within the heart in response to acute
hypoxia (as observed in this thesis) and during ischemia’*®, may drive these metabolic
adaptations. Interestingly, our data revealed that the decrease in fatty acid oxidation was also
accompanied by a reduction in mitochondrial oxygen consumption, indicating that fumarate
was suppressing broadly oxidative metabolism. Similar changes have been reported in bone
marrow-derived macrophages in which the Krebs cycle enzyme fumarate hydratase (FH)

was inhibited, leading to increased fumarate levels and suppression of the mitochondria
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respiration®’®. Furthermore, hematopoietic cells extracted from F/ knockout mice also
presented a reduction in mitochondria activity®’®, and human FH null renal cell lines
showed an increased fumarate content, with decreased mitochondrial activity followed by
increased glucose uptake, glycolytic rates and lactate production compared with wild-type

06118(275’ 276).

A possible mechanism associated with this metabolic shift from fatty acid oxidation to
glucose metabolism observed with fumarate treatment may involve the Randle cycle
regulation®®. In our metabolic rate data, the magnitude of the reduction in fatty acid
oxidation was more dramatic than the increase in glycolytic rate, suggesting that fumarate
may initially inhibit the fatty acid oxidation pathway and then, removing the negative

feedback regulation, promote glycolysis.

5.6.2 Fumarate does not modulate the Nrf2 or HIF1 pathway but promotes the

circadian rhythm pathway.

In the search for signalling pathways that could explain the metabolic changes, our data
demonstrates that in human cardiomyocytes, fumarate did not activate the Nrf2 pathway at
the same time point when the metabolic changes were induced. Enriched terms and
transcription factors in the transcriptomics data identified the HIF pathway as a potential
candidate causing these changes. However, we discarded that HIF1 mediated these changes
because we found that other genes from non-metabolic pathways regulated by HIF1 were
not significantly upregulated, such as the angiogenesis pathway, whose expression has been
reported to be enhanced by HIF1a?’7-2"®), Furthermore, in the literature, the evaluated genes
for this pathway, EDN1?7 SERPINE 19 ANGPT1*Y, TGFB3?%?), and IGFBP3?%) are
upregulated by HIF1, whereas with fumarate treatment, their expression was either

downregulated or did not change.
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The circadian rhythm pathway was the next most enriched signalling pathway, with a larger
set of circadian genes upregulated following fumarate treatment. Among these, PER2 has
been identified as a critical gene behind the metabolic adaptations observed during
myocardial ischemia, where it facilitates the shift toward glycolysis®®*®, as well as decreases
fatty acid oxidation components3% 285 and also acts as a PPAR repressor in adipocytes®®®).
Additional studies in a double knockout mouse model for the genes Cryl and Cry2 (genes
also upregulated after fumarate treatment) presented impaired glucose tolerance and were
unable to restore normal blood glucose levels after feeding compared with wild-type
mice®®?), suggesting a relationship between circadian rhythm and glucose metabolism.
Similarly, the circadian rhythm transcription factor NPAS2 (also enriched following
fumarate treatment) promoted glycolytic gene and protein expression while suppressing
mitochondrial biogenesis and oxidative phosphorylation by reducing PGCI1A levels in
human cells®®®. While our study did not determine the exact mechanism by which fumarate
upregulates the circadian rhythm genes, our GSVA data indicate an increase in the mTORCI1
signalling pathway. mTORCI has been described to modulate circadian clock components,
including promoting activation of ATF4?%-2°0_and then PER2?°V-, and increasing CRY1,

CLOCK and BMALI1 @®**2%%)_ which were increased in our transcriptomics data.

5.6.3 Fumarate activates the Gi-coupled signalling pathway and reduces intracellular

cAMP levels.

The interaction between Krebs cycle metabolites and Gi-coupled receptors has been
documented previously for succinate and the SUCNRI receptor®. In this thesis, we
identified, using in silico target prediction, that fumarate and its derivatives can bind to the
hydroxycarboxylic acid receptor 2 (HCA2) in human cardiomyocytes. Moreover, using
molecular docking, we observed that the residue arginine 111 (Argl11) in the extracellular
pocket of HCAZ2 is essential for this interaction. The critical role of this residue in HCA2 for
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binding bioactive molecules was also found indispensable in a recent publication where
researchers tested several HCA2 agonists and observed that all of them interacted with
Argl11@®®_ Furthermore, using molecular visualisation, we determined that, under
physiological pH, the distance between the oxygen from the carboxyl group of the fumarate
molecule and the hydrogen from the guanidine group in the side chain of Argl11 is within
the range to generate a hydrogen bond. Additionally, we discovered that this potential
interaction could be driven not just by a covalent interaction but also by ionic interaction, as
we observed that the dicarboxylate form of fumarate (containing two negative charges)
interacted with Argl11 in all the tested orientations and with histidine 189 (His189) in one
orientation. The pKa of the arginine guanidinium group is around 13.8*?, meaning that at
physiological pH, it is protonated and carries a positive charge, which may explain its
interaction with the negatively charged carboxylate ions. In contrast, the pKa of the histidine
imidazole group is around 6.9%°®, hence, at physiological pH, histidine remains
deprotonated with a neutral charge, making its interaction with decarboxylated fumarate

unlike to occur.

The role of MMF as an agonist of the HCA?2 receptor has been previously documented®**
296 Additionally, it has been demonstrated that MMF competes with the HCA2 endogenous
ligand, nicotinic acid, for the binding site®®. Here, we presented a novel finding for
fumarate decreasing intracellular cAMP content, and there is no literature on the direct
interaction between fumarate itself and the HCA2 receptor or Gi-coupled signalling
pathways, as most studies have focussed on fumarate derivatives. However, one limitation
of this chapter is that we did not measure whether the reduced intracellular cAMP content
following fumarate treatment was specifically mediated by HCA2 in cardiomyocytes, and

this was not studied as there are no HCA2 antagonists currently available®%?. Nevertheless,
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our group recently established a protocol for performing siRNA experiments in hiPSC-CM

and NRVMs, therefore, this is a key experiment for future investigation.

Interestingly, increasing levels of cAMP have been shown to induce PGCla deacetylation
and activation by SIRT1, promoting fatty acid oxidation in mouse fibroblast®". A similar
response mechanism has also been observed in primary hepatocytes®%?, suggesting that
promoting HCA2 activation may inhibit fatty acid oxidation. Additionally, high levels of
cAMP inhibit mTOR complex 1 and 2%3% yia PK A activation. Notably, in our datamTOR
signalling pathway was not observed in the GSVA plot following one-hour fumarate
treatment but appeared at six hours. This may indicate that the increase in the mTOR

pathway observed at six hours is a consequence of fumarate activating HCA?2 at one hour.

5.6.4 Fumarate is released to extracellular space via the monocarboxylate transporter

1 under hypoxic conditions.

Our results showed that under hypoxic conditions, fumarate is not only accumulated
intracellularly but also released extracellularly via the monocarboxylate transporter 1
(MCT1). We noticed that the suppression of fumarate efflux using an MCT1 inhibitor was
specific for hypoxia but not normoxia, suggesting that hypoxia may induce physiological
cell changes that enhanced MCT1’s affinity for fumarate. A similar response has been
reported for MCT1-mediated succinate efflux, where it was determined that a pH gradient
between the intracellular (more acidic) and extracellular spaces was necessary for succinate
release by MCT1!%2), This finding indicates that in our cardiomyocyte model, hypoxia not
only increases fumarate intracellular levels but also likely generates the required acidic

environment necessary for fumarate release via MCT]1.
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5.6.5 Fumarate proposed mechanism of action in human cardiomyocytes.

Based on the results generated in this chapter and the complementary observations from the
literature, we propose the following cellular signalling hypothesis, excluding any additional
PTM or molecular mechanism involved in fumarate-mediated metabolic changes (Figure
5.34): Under hypoxic conditions, intracellular fumarate concentrations rise and the
intracellular pH decreases, which generates a proton gradient between the intra- and
extracellular spaces. This pH gradient enhances MCT1’s affinity for fumarate, increasing
fumarate release into the extracellular space where fumarate binds and activates G-protein
couples signalling pathways via HCAZ2 receptor, on neighbouring normoxic or hypoxic cells,
as well as on the same hypoxic cell from which it was released. HCA2 activation inhibits
adenylyl cyclase, decreasing CAMP intracellular content. Potential mechanisms downstream
of decreased intracellular cAMP concentration (not demonstrated in this thesis) could
include the reduction of fatty acid p-oxidation, which potentially may drive glycolysis by
removing the negative feedback regulation (Randle cycle), and activation of mTOR, which
hypothetically could regulate the circadian rhythm pathway. However, further investigation
is required to determine the precise mechanism involved in fumarate-induced metabolic

reprogramming.
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5.7 Conclusion

Fumarate 1s a Krebs cycle metabolite that selectively accumulates under hypoxia, acting
intracellularly as a signalling molecule, regulating cardiomyocyte metabolism, where
fumarate induces a metabolic shift from fatty acid oxidation to glucose metabolism
impairing mitochondria respiration, and additionally upregulating circadian rhythm
component. Under hypoxic conditions, fumarate is also released from the human
cardiomyocytes via MCT1, where it has an extracellular role as a paracrine signal via G-

protein coupled receptors, reprogramming neighbouring cells.
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Chapter 6

Fumarate derivatives and their
potential therapeutic role in type 2

diabetic hearts
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6.1 Abstract

Type 2 diabetes is a metabolic disorder that significantly disrupts the functionality of various
organs, including the heart, with cardiovascular diseases being the main cause of death
among diabetic patients. Glucose intolerance and insulin resistance lead to fat overload
within the heart, increasing fatty acid -oxidation and lipid accumulation. These alterations
promote reactive oxygen species generation, resulting in oxidative stress and damage that
contribute to the progression of type 2 diabetes complications. Dimethyl fumarate (DMF) is
clinically approved for human use to treat autoimmune diseases and enhances antioxidant
defence enzymes by activating Nrf2. Therefore this chapter was focused on evaluating the
potential therapeutic use of DMF in type 2 diabetes, repurposing the clinical use of this

molecule.

Using type 2 diabetic rat hearts, we observed an impaired hypoxic response in the content
of the Krebs cycle metabolites compared with healthy hearts. Notably, fumarate elevation
was blunted in the diabetic hearts, and it was accompanied by increased oxidative stress.
Using an insulin-resistant hiPSC-CM model, we observed that insulin resistance induced a
large global gene expression change in human cardiomyocytes, increasing the expression of
genes involved in fatty acid B-oxidation while decreasing antioxidant genes regulated by
Nrf2. Both long and short incubation with DMF treatment significantly reversed some
aspects of the diabetic phenotype by upregulating the antioxidant genes regulated by Nrf2,

while short-term incubation also decreased the expression of fatty acid B-oxidation genes.

In conclusion, DMF promoted antioxidant defences and reduced the expression of fatty acid
B-oxidation genes in insulin-resistant cardiomyocytes, reversing key aspects of this
phenotype and repurposing the use of fumarate derivatives for treating metabolic cardiac

disorders in humans.
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6.2 Introduction

Type 2 diabetes (T2D) is the most prevalent form of diabetes mellitus, characterised as a
metabolic disorder marked by persistent hyperglycaemia, insulin resistance, and B-cell
dysfunction®%3%9)_ This metabolic disorder has a projected adult global prevalence of 10.2%
by 20304%7), making diabetes one of the biggest challenges to human health. T2D leads to
dysfunction in several organs and tissues, however, the primary cause of death among T2D
patients is cardiovascular diseases, particularly myocardial infarction, where T2D increases

the risk of developing these diseases by 2- to 4-fold®%: 309,
6.2.1 Cardiac metabolism in type 2 diabetes.

Under healthy conditions, insulin regulates glucose and fatty acid metabolism within the
heart. Glucose metabolism is modulated through various mechanisms that directly enhance
glucose uptake and metabolism. Insulin promotes GLUT4 membrane translocation to the
sarcolemma, enhances glycogen synthesis and increases glycolysis®!% 31D Additionally,
insulin stimulates long-chain fatty acid uptake in the heart by increasing CD36/FAT
sarcolemmal translocation®'? and promotes fatty acid storage in adipose tissue while

decreasing lipolysis and circulating plasma fatty acid®').

In insulin-resistance conditions, the suppression of lipolysis by insulin is reduced,
significantly increasing plasma fatty acids®!#. The increased circulating fatty acids promote
the preference and use of long-fatty acids by the heart for energy generation and leading a
reduction in glucose uptake and oxidation®'>. Furthermore, T2DM and insulin resistance
are associated with the accumulation of ectopic lipids within the heart, and due to the heart's
low capacity to store triglycerides, this increased lipid accumulation contributes to

lipotoxicity and cardiac dysfunction®'% 316317,
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6.2.2 Type 2 diabetes and oxidative stress.

The metabolic changes within the diabetic heart are associated with alteration in reactive
oxygen species (ROS) levels. Increased plasma glucose promotes ROS generation by
different mechanisms, including ¢!3-320): (1) depletion of the antioxidant cofactor NADPH
due to the overactivation of the polyol pathway, where the excessive glucose is converted
into fructose; (2) increased advanced glycation end-products (AGEs) that upon binding their
receptors activate the NADPH-oxidase (NOX) enzymes; (3) and activating protein kinase C
(PKC), which also increases NOX activity. Additionally, under diabetes condition,
antioxidant enzyme activity is decreased®?!), glutathione synthesis is impaired®??, and
cardiac mitochondria become dysfunctional, significantly increasing the endogenous level
of hydrogen peroxide®?. Oxidative stress, resulting from increased ROS accumulation,
has been suggested as an important cause behind the development of insulin resistance, 3-
cell dysfunction, glucose intolerance and T2DM development®?¥. High levels of ROS and
oxidative stress have also been linked to the progression of diabetes complications at the

microvascular and cardiovascular level®29),

As we observed in Chapter 3, fumarate derivatives enhance the antioxidant defence
mechanisms in healthy human cardiomyocytes. Therefore, this chapter focused on
evaluating the potential therapeutic use of the exogenous fumarate derivative dimethyl

fumarate as a protective agent against oxidative stress in the diabetic heart.
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6.3 Chapter aims

Type 2 diabetes impairs cardiac metabolism, increasing reactive oxygen species and
oxidative stress, which significantly exacerbates diabetes complications and causes
oxidative damage in various organs, including the heart. Dimethyl fumarate is a drug already
approved for use in humans for the treatment of autoimmune diseases, which promotes Nrf2
activation and enhances antioxidant defence mechanisms in several cell types, including, as
observed in previous chapters, human cardiomyocytes. However, despite the benefits the
Nrf2 pathway and fumarate derivatives could have on diabetic patients, decreasing oxidative
stress and diabetes complications, it remains unclear whether exogenous fumarate

derivatives could benefit the diabetic heart. Therefore, this chapter investigated:

1. Fumarate intracellular concentration in perfused diabetic rat hearts exposed to acute

hypoxia compared with normoxia.

2. Diabetic heart oxidative stress levels and antioxidant profile.

3. The effect of dimethyl fumarate oral administration in global gene expression on rat
hearts.

4. The effect of insulin-resistance condition on the metabolic and antioxidant gene

profiles in hiPSC-CM.
5. The effect of exogenous dimethyl fumarate on the expression of antioxidant and fatty

acid oxidation genes in insulin-resistant hiPSC-CM.
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6.4 Methods

6.4.1 Type 2 Diabetes rat model.

Heart tissue from the type 2 diabetic rats used for the metabolomics experiment was
generated by Dr Latt Mansor. Heart tissue from the type 2 diabetic rats used for the western
blotting and glutathione experiments was generated by Dr Matthew Kerr. Type 2 diabetes
was induced in rats using a high-fat diet and low-dose streptozotocin!*Y. Male Wistar rats
were fed with a high-fat diet ad libitum, and on day 14, they received a single intraperitoneal
injection of low-dose streptozotocin (25 mg/kg body weight) (prepared in citrate buffer, pH
4). Control (non-diabetic) rats were fed a conventional chow diet and received only a single
intraperitoneal injection of citrate buffer. The corresponding diets were maintained for five
additional weeks. For the metabolomics experiments, five rats were used per condition,
except for the healthy group under normoxia, which included six rats. For western blotting

and glutathione measurement, six rats were used per condition.
6.4.2 Protein carbonylation.

During long-term oxidative stress, proteins are modified, and carbonyl groups are attached
to them, a process known as protein carbonylation. Levels of protein carbonylation were
determined using the OxyBlot Protein Oxidation Detection Kit (Millipore) following the
manufacturer’s instructions. This kit utilises the enzymatic activity of 24-
dinitrophenylhydrazine to modify the attached carbonyl groups into 2,4-
dinitrophenylhydrazone, allowing subsequent detection by western blotting using a specific
2,4-dinitrophenylhydrazone antibody. Protein was extracted from 30 pg of frozen healthy or

diabetic heart tissue, following the protein lysis protocol from Section 2.3.1.
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6.4.3 In vivo dimethyl fumarate administration.

In vivo dimethyl fumarate experiments were performed with the assistance of Ms Claudia
Montes Aparicio and Dr Kaitlyn Dennis. Male Wister rats were purchased from Envigo
(UK) and randomly assigned to Control and DMF-treated groups. Both groups were fed with
a chow diet and water ad libitum. Drug administration was carried out by mixing DMF (in
powder form) with jelly in a weighing boat, while control rats received plain jelly. The
effects of in vivo DMF were evaluated in two different studies: in the first one, rats were
given 25 mg DMF/kg twice daily for 5 days, and in the second one, 80 mg DMF/kg was
given once daily for 12 days. Four rats per condition were used for the first pilot experiment,
while seven rats (four for the Control group and three for the DMF-treated group) were used
for the second pilot experiment. All investigations were conformed to UK Home Office

guidelines under The Animal (Scientific Procedures) Act, 1986.

6.4.4 Insulin-resistance human-induced pluripotent stem cell-derived cardiomyocyte

generation.

Human-induced Pluripotent Stem Cells (hiPSC) (IMR90) were differentiated into
cardiomyocytes and matured following the protocol in Section 2.1.1, then insulin resistance
was induced in hiPSC-CM following a six-day protocol!’”. On day one, mature hiPSC-CM
were changed from maturation media to glucose-free insulin-resistance media, consisting of
DMEM no glucose (Gibco) supplemented 1.7 uM insulin, 10% heat-inactivated horse
serum, 0.2 mM palmitic acid:BSA (bound 6:1, Sigma Aldrich), 5 pg/mL vitamin B12, 0.5
mM vitamin C, 0.84 uM biotin, 0.1X penicillin/Streptomycin , and 1X nonessential amino
acids. On day two, the media was replaced with fresh glucose-free insulin-resistant media
and kept until day three. On day four, hiPSC-CMs media was replaced with the glucose-

enriched insulin-resistant media, identical to the previous media but containing 12 mM
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glucose and 3.4 uM insulin. On day five, the media was replaced with fresh glucose-enriched
insulin-resistance media and was kept for days five and six. Non-insulin-resistant cells were

cultured for six days in maturation media.

Insulin sensitivity was confirmed by measuring the pAkt/Akt ratio. The media from insulin-
resistant and control hiPSC-CM was removed, and the cells were washed with DPBS 1X to
ensure complete removal of the cell media components. Then DMEM 1 g/L glucose
supplemented with 1.7 uM insulin was added, and the cells were incubated for 30 minutes

at 37°C. Protein extraction and western blotting followed the protocol set out in Section 2.3.

After confirming that the hiPSC-CM were insulin-resistant, dimethyl fumarate (DMF)
treatment was conducted for 16 hours to perform transcriptomics analysis in collaboration

with Dr Ryan Carter or for 6 hours to carry out gPCR experiments (Figure 6.1).

Mature hiPSC-CM Insulin-resistant (IR) hiPSC-CM IR hiPSC-CM
n i { No glucose + 1.7 pM 12 mM glucose + 3.4 yM i
Maturation) 1 " insulin +0.2 mM insulin + 0.2 mM palmitic | | tre[a’m";m
.\ palmitic acid:BSA ) | acid:BSA B
] I I I
D1 D3 D4 D6 : v ]
Pl g ;o v— ¥ Glucose-
Glucose-free Glucose-enriched ! enriched insulin-
insulin-resistant media insulin-resistant media | resistant media

Figure 6.1: Protocol for generating the insulin-resistant hiPSC-CM. Insulin-resistant
hiPSC-CM (IR) were generated from mature hiPSC-CM using a six-day protocol involving
glucose-free and glucose-enriched insulin-resistant media. After completing the insulin-
resistant protocol, cells were treated with 200 uM dimethyl fumarate (DMF) for 16 hours
for transcriptomics analysis or 150 uM DMF for 6 hours for evaluating gene expression by
qPCR.
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6.5 Results

6.5.1 Acute hypoxia does not increase intracellular fumarate levels within the diabetic

rat hearts (in contrast to control hearts).

The effect of hypoxia on the diabetic heart was evaluated using in-depth metabolomics
screening in isolated diabetic rat hearts perfused under acute hypoxic conditions (Po> = 90
+ 10 mmHg for 32 minutes) or normoxia conditions (Po2 = 413 + 15 mmHg). Notably, the
impact of hypoxia in the diabetic heart differed from that previously observed in healthy
hearts. While fumarate intracellular levels were significantly increased in hypoxia within the
healthy heart, no differences in fumarate content were observed when hypoxia was
compared with normoxia within the diabetic (Figure 6.2A). Interestingly, the magnitude of
accumulation after hypoxia for the same metabolite differed between healthy and diabetic
hearts, as was the case for succinate intracellular levels. Under normoxia, the average area
peak detected for succinate was 1.7-fold higher in the diabetic heart compared with the
healthy heart. However, after acute hypoxia exposure, the succinate accumulation within the
diabetic heart was half of the increase observed within the healthy heart, suggesting an
impaired metabolic response to hypoxia (Figure 6.2B). On the other hand, the significantly
decreased metabolites from the diabetic heart showed a pronounced reduction compared
with the healthy heart, as exemplified by succinyl-CoA, which decrease was 26% greater in

the diabetic condition (Figure 6.2C).
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Figure 6.2: Myocardia content of fumarate, succinate and succinyl-CoA from healthy
and diabetic hearts under normoxia or hypoxia. Krebs cycle metabolite fumarate (A),
succinate (B) and succinyl-CoA (C) levels following normoxia and acute hypoxia within the
healthy and diabetic rat heart. Data was expressed as peak area ratio. Data was normalised
to tissue weight. FC, fold change represented the ratio between mean hypoxia and mean
normoxia for each metabolite. * p <0.05 vs. respective normoxia group. a.u., arbitrary units.
Each data point represents a biological replicate.

To further understand whether the differences in the metabolite content in response to
hypoxia were dependent on the healthy or diabetic phenotype of the heart, a two-way
ANOVA was performed on the significant metabolites from both studies, using as factors
heart condition (healthy or diabetic) and oxygen levels (normoxia or hypoxia) (Figure 6.3).
The ANOVA analysis revealed that the oxygen levels were the primary or unique source of
variation for most of the significant metabolites. Surprisingly, just three metabolites,
fumarate, malate and succinyl-CoA, showed significant differences depending on the heart

condition factor, oxygen levels factor, and the interaction between these factors, suggesting
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that one factor influenced the other. Fumarate content was significantly elevated in the
healthy heart under hypoxia but not in the diabetic heart, indicating that the oxygen levels
factor depends on the heart condition factor for this metabolite. The quantitative influence
of each factor for each one of the significant regulated metabolites was represented in

Supplementary Table 9.1.

These results show that acute hypoxia induces significant changes in diabetic cardiac
metabolite content. However, key metabolites, like fumarate, remained unchanged,
contrasting with the response observed for hypoxia in healthy hearts. Statistical analysis
further confirmed that the heart condition (healthy or diabetic) influences the elevation of

intracellular fumarate under hypoxia.
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Figure 6.3: Hypoxia-induced fumarate elevation depends on the heart phenotype. To
determine which factors were triggering the changes in metabolite content within the healthy
and diabetic heart exposed to hypoxia, the statistical source of variation in the regulated
metabolites was determined by two-way ANOVA. The analysis used oxygen levels
(normoxia or hypoxia) and heart condition (healthy or diabetic) as dependent factors,
observing that fumarate was influenced by the oxygen levels, heart condition and interaction
between both factors.
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6.5.2 Diabetes increases oxidative stress without affecting antioxidant protein levels

within the heart.

The role of fumarate derivatives in modulating the antioxidant response, previously
observed in Chapter 3, led to the study of how impaired fumarate elevation under hypoxia
affects the diabetic heart by measuring its oxidative state. Oxidative stress was assessed
using two established markers: the glutathione redox content and protein carbonylation.
Under oxidative stress, reactive oxygen species in the cellular environment directly modify
the antioxidant molecule glutathione, which is rapidly oxidised to glutathione disulfide
(GSSG). Similarly, long-term exposure to oxidative stress induces modifications in several
cellular components, including carbonyl groups binding to the proteins, a process called

protein carbonylation.

The ratio of oxidised glutathione (GSSG) to total glutathione (GSH), used as a marker of
oxidative stress, significantly increased by 11% in the diabetic heart (D) compared with the
healthy heart (Control (C)) (Figure 6.4A). In contrast, no significant differences were
observed in the protein carbonylation content between conditions (Figure 6.4B). Notably,
western blot analysis showed that the GSSG/GSH ratio change was not associated with
changes in TXNRDI, HMOXI1, or NQOI1 protein levels (Figure 6.5). These results
indicated that the healthy and diabetic hearts present similar levels of antioxidant
components under basal conditions, however, the elevated GSSG/GSH was an indicator of

increased oxidative stress within the diabetic heart.

191



A 0.4- | 1
| |
T o el
o 0.3 .
Q
G 0.2-
)
)
O 0.1-
0.0‘ T
B C D
C D C D C D
) S 1.5-
— "A = 3 °
: (O]
BN KN ! 2 & 1.0
_ >
R - : S £05-
S 0.0
C D

Figure 6.4: Diabetes increases early oxidative stress response in the heart tissue. (A)
Oxidised glutathione (GSSG) to total glutathione (GSH) ratio per mg of tissue as an earlier
oxidative stress marker. (B) Representative western blot of total protein carbonylation as a
long-term oxidative stress marker. C, control. D, diabetic.* p < 0.05 vs. respective control.
a.u., arbitrary units. Each data point represents a biological replicate.
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Figure 6.5: Diabetic heart shows a similar antioxidant profile to the healthy heart
tissue. Protein levels of the antioxidant enzymes thioredoxin Reductase 1 (TXRND1), heme
oxygenase 1 (HMOX1), and NAD(P) dehydrogenase quinone 1 (NQO1). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading control. C, control. D, diabetic
a.u., arbitrary units. Each data point represents a biological replicate.
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6.5.3 Oral dimethyl fumarate administration shows no effect on antioxidant gene

expression within rat hearts.

To evaluate whether exogenous fumarate derivatives could help revert the oxidative state
within the diabetic heart, a pilot study in rats was carried out to explore the effect of oral
dimethyl fumarate (DMF) administration on antioxidant gene expression within the heart.
Initially, Wister rats were fed 25mg/kg DMF twice daily for 5 days, however, no significant
differences were detected by qPCR in the cardiac expression of the antioxidant genes Ngo,

Txnrdl, or HmoxI compared with the control condition (Figure 6.6A).

Due to the failure of the first pilot study, a second pilot study was carried out using a higher
dose and duration of DMF (80 mg /kg DMF once daily for 12 days). Despite an increased
trend in the gene expression of Ngol, Txnrdl, and HmoxI in the DMF-fed rat hearts was
observed, no significant differences were reached compared with the control condition

(Figure 6.6B).
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Figure 6.6: Dimethyl fumarate does not upregulate antioxidant gene expression in rat
hearts. Gene expression analyses of Nrf2 target genes in control and dimethyl fumarate
(DMF)-treated rats. (A) 25 mg/kg DMF was administered twice daily for 5 days. (B) 80
mg/kg DMF was administrated once daily for 12 days. The evaluated targets were NAD(P)
dehydrogenase quinone 1 (Ngol), thioredoxin reductase 1 (7xnrdl), and heme oxygenase 1
(HmoxlI). a.u., arbitrary units. Each data point represents a biological replicate.

To analyse whether the DMF treatment was affecting specific antioxidant targets, an in-
depth RNA-Seq and transcriptomics analysis were performed on the heart tissue from
Control and DMF-fed rats from the second pilot study. The PCA plot showed a different
profile for each component (Figure 6.7A), where the higher variation was in PCI1, with a
61% variance, occasioned by the distribution of the samples through the x-axis, whereas
PC2 identified a 16% variance through the y-axis. No evident pattern in the sample
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distribution was observed, indicating that samples from both Control and DMF-fed groups
were highly similar, and no apparent differences were detected. This was confirmed by
observing a similar distribution in the inter-sample correlation heatmap (Figure 6.7B),

where components from different groups were clustered together.
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Figure 6.7: Oral dimethyl fumarate administration does not modulate global gene
expression within the rat hearts. Transcriptomics analyses were performed on rat hearts
following in vivo DMF treatment (80 mg/kg DMF once daily) for 12 days and compared
with untreated control. (A) Principal component analyses between control and DMF groups.
(B) Inter-sample correlation between samples of each condition.
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Differential gene expression (DEG) was performed on 13244 genes using a p-adjusted value
< 0.05 and a Log2Fold change equal to 1. However, DEG showed that only 17 genes were
significantly regulated when DMF-fed were compared with control rats. To generate a larger
data set for enriched terms analysis, the DEG was generated again, but using less strict
parameters, the p-adjusted value was changed for p-value < 0.05, and a Log2Fold change
was set as 0. Under these parameters, DEG detected 374 significantly regulated genes, with
109 upregulated genes mainly involved in muscle contraction, development, and membrane
transporter processes (Figure 6.8A). Interestingly, the 265 downregulated genes were
mostly associated with autoimmune processes (Figure 6.8B), supporting the clinical human
use of DMF to treat autoimmune diseases. These findings suggested that although DMF did
not modulate any antioxidant or Nrf2 target gene in the heart tissue, it modified the
autoimmune system. However, since the classic DMF response was not observed, it was
impossible to conclude whether the molecule reached the cardiomyocyte or another cell type

in the heart which was generating these effects.
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Figure 6.8: Enrichment analysis of differential gene expression comparing dimethyl
fumarate-treated with untreated hearts. Transcriptomics analyses were performed on rat
hearts exposed to in vivo DMF treatment (80 mg/kg DMF once daily) for 12 days and
compared with untreated control. DEG was performed using a Log» Fold change equal to 0
and p-value < 0.05. Enrichment analysis was conducted using metascape, and the graph of
enriched terms represents the 109 upregulated (A) or 265 downregulated genes (B).

197



6.5.4 Insulin-resistant hiPSC-CM have impaired insulin sensitivity and increased fatty

acid oxidation genes.

The previous DMF studies were performed using doses reported in the literature!® 326),
however, no canonical or well-known effects of DMF treatment on the heart were observed
using these concentrations and administration times. To understand whether fumarate
derivatives had a potential therapeutic role in modulating antioxidant profiles in diabetic
conditions, a different approach was utilised, and an insulin-resistant model of the hiPSC-

CM was employed??,

The main difference between the maturation (control) and insulin-resistant media
compositions was that insulin-resistant media contained palmitate and twice the insulin
concentration, while maturation media contained oleate. Two different concentrations of
palmitate, 100 and 200 uM, were tested to generate the insulin-resistant (IR) model in the
hiPSC-CM. The protocol's efficacy was evaluated by stimulating both healthy and IR
hiPSC-CM with the same dose of insulin for a short time and measuring the phosphorylation
status of the insulin response marker Akt (Figure 6.9). Healthy hiPSC-CM incubated in
maturation media exhibited an evident and pronounced increase in the p-Akt levels after
insulin stimulation, whereas a blunted response to exogenous insulin was detected in hiPSC-
CM incubated in IR media with either 100 or 200 uM palmitate. Due to 200 uM palmitate
closely reflecting the physiological fatty acid concentration observed in T2D patients©2”,

further IR experiments were performed using this concentration.
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Figure 6.9: Insulin-resistant protocol decreases p-Akt protein levels after exogenous
insulin stimulation. Mature hiPSC-CM were incubated in maturation media (Control) or
insulin-resistant (IR) media for 1 week, and exogenous insulin was added for 30 minutes,
and pAkt was measured as an insulin response marker. Total Akt was used as a loading
control. PA, palmitate conjugated to BSA(6:1). ins, insulin.

The metabolic phenotype of the IR cells was studied at the genetic level by performing an
RNA-seq, transcriptomics analysis, and gene set variation analysis (GSVA) on these cells,
and the resulting gene data was aligned with different biological pathways extracted from
the open science platform WikiPathways. Interestingly, among the top significantly
upregulated pathways under IR conditions, fatty acid B-oxidation and roles of ceramides in
the development of insulin resistance, two critical metabolic pathways overactivated in type
2 diabetes, were identified (Figure 6.10). Notable, among the top significant downregulated
pathways, GSVA detected glutathione metabolism and the pentose phosphate pathway, two

essential antioxidant pathways highly regulated by Nrf2.
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Figure 6.10: Gene set variation analysis detected upregulation of fatty acid p-oxidation
metabolism in insulin-resistant compared with healthy hiPSC-CM. Transcriptomics
analyses were performed on healthy (Control) or insulin-resistant (IR) hiPSC-CM. Each
column represents a biological replicate.

The magnitude of the changes in the fatty acid -oxidation pathway genes was visualised by
generating boxplots of the mRNA levels for CD36, ACSL1, CPT1B, and SLC25A20 (CACT),
showing a significant increase of these targets in the IR condition compared with the healthy
condition (Figure 6.11). This genetic upregulation was also accompanied by a significant
increase in the expression of the fatty acid oxidation master regulator PGC1A and the
glucose metabolism negative regulator PDK4. These findings indicate that hiPSC-CM
exposed to insulin-resistance media presented many of the metabolic characteristics
observed in the T2D heart, including an upregulation of the fatty acid B-oxidation pathway
and downregulation of glutathione metabolism®?® 329 which complemented the observed

increased ratio of GSSG/GSH in the diabetic heart.
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Figure 6.11: Insulin-resistant conditions increase genes involved in fatty acid -
oxidation in hiPSC-CM at the transcriptomics level. Boxplots for fatty acid oxidation
genes extracted from the transcriptomics analyses performed on healthy (Ctl) or insulin-
resistant (IR) hiPSC-CM. The evaluated genes were cluster of differentiation 36/fatty acid
translocase (CD36), acyl-CoA synthetase long-chain family member 1 (ACSLI) carnitine
palmitoyltransferase 1B (CPT1B), carnitine-acylcarnitine translocase (SLC25420/CACT),
peroxisome proliferator-activated receptor gamma coactivator-1 alpha
(PPARGCI1A/PGCIA), and pyruvate dehydrogenase kinase 4 (PDK4). * Adjusted p-value <
0.05 vs. respective control group. Each data point represents a biological replicate.

6.5.5 Insulin-resistant hiPSC-CM show a decrease in Nrf2’s antioxidant target genes.

The extent of the genetic changes induced by the IR condition was explored through a
principal component analysis (PCA) that revealed a large separation between healthy and
IR hiPSC-CM (Figure 6.12A). The majority of the differences between samples were due
to the first principal component (PC1), which represented the difference in cell media

composition and showed a 57% variance with an evident separation between the samples of
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each group, confirming the strong effect that the IR media had on the cells. The second
principal component (PC2), which represented differences not associated with the cell
media, accounted for a small 9%, suggesting that this component had almost no impact on
the data distribution. An inter-sample correlation heatmap using Pearson correlation (Figure
6.12B) confirmed similarities between sample members of the same biological group

(biological replicates) when healthy hiPSC-CM were compared with IR cells.
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Figure 6.12: Insulin-resistant condition induces a larger gene expression changes in
hiPSC-CM compared with control cells. Transcriptomics analyses were performed
on healthy (Ctl) and insulin-resistant (IR) hiPSC-CM. (A) Principal component analyses
between Ctl and IR groups. (B) Inter-sample correlation between samples of each condition.
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At the beginning of this chapter, it was observed that type 2 diabetes induced an increase in
the GSSG/GSH ratio within the heart, however, this was not accompanied by changes in the
protein levels of antioxidant enzymes. These findings suggested that while oxidative stress
was elevated in the diabetic heart, its ability to respond by increasing the antioxidant protein
content was impaired. To determine whether this was occurring at the gene level, the impact
of IR condition on the Nrf2 pathway gene expression was visualised by creating a heatmap
that showed that IR condition induced a significant downregulation of specific Nrf2-

regulated genes (Figure 6.13).
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Figure 6.13: Insulin-resistant condition decreases Nrf2’s antioxidant target genes in
hiPSC-CM. Nrf2 pathway heatmap was generated using normalised counts from the
transcriptomics analyses on insulin-resistant (IR) hiPSC-CM compared with healthy cells
(Ctl). Significantly downregulated genes are shown in blue. * Fold change set as 0 and
adjusted p-value vs. respective control group. Each column represents a biological replicate.
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6.5.6 Dimethyl fumarate enhances the Nrf2 pathway and decreases fatty acid oxidation

genes in insulin-resistant hiPSC-CM.

To evaluate whether fumarate derivatives could improve antioxidant mechanisms under
insulin-resistant conditions, IR cells were treated with dimethyl fumarate (DMF)
maintaining all IR reagents in the cell media. PCA analysis between healthy (Ctl), insulin-
resistant (IR), and DMF-treated insulin-resistant (DMF _IR) hiPSC-CM showed a distinctive
separation between groups (Figure 6.14A). The majority of the differences between samples
were due to the first principal component (PC1), which reflected the difference in cell media
composition and revealed a 57% variance, confirming a unique effect of the IR media and
DMF treatment on the cells. The second principal component (PC2) variation was 17%,
suggesting that this component had a lower impact on the data distribution compared with
PC1, however, on this component, DMF IR changes were aligned closer to Ctl than with
IR. Interestingly, DMF long-term treatment (16 hours) did not reverse the IR gene profile

back to a healthy profile, but instead, it generated a unique gene profile.

An inter-sample correlation heatmap using Pearson correlation (Figure 6.14B) confirmed
similarities between sample members of the same biological group (biological replicates)
when Ctl, IR and DMF IR were compared. Notably, this result showed that Ctl and IR
samples are more similar to each other than to DMF IR, but as in the previous case,

DMF IR was more closely related to the Ctl group than IR.
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Figure 6.14: Dimethyl fumarate produces a larger gene change in insulin-resistant
hiPSC-CM. Transcriptomics analyses were performed on healthy (Ctl), insulin-resistant
(IR), or insulin-resistant hiPSC-CM exposed to DMF treatment (200 uM) for 16 hours
(DMF _IR) (A) Principal component analyses between groups. (B) Inter-sample correlation
between samples of each condition.

The impact of DMF treatment on the Nrf2 pathway in IR cells was visualised by generating
a heatmap from the transcriptomics analysis comparing IR with DMF IR hiPSC-CM. This

heatmap showed that DMF induced a larger upregulation of practically all the Nrf2 pathways
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(Figure 6.15), including the genes which were previously observed significantly reduced in

IR cells.
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Figure 6.15: Dimethyl fumarate reverses Nrf2’s antioxidant target genes impairment
in insulin-resistant hiPSC-CM. Nrf2 pathway heatmap was generated using normalised
counts from the transcriptomics analyses on insulin-resistant hiPSC-CM exposed to DMF
treatment (200 uM) for 16 hours (DMF_IR) and compared with untreated insulin-resistant
cells (IR). Significantly upregulated genes are shown in red and significantly downregulated
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To further evaluate which biological processes DMF was regulating in the IR hiPSC-CM,
gene set variation analysis (GSVA) was performed on DMF-treated and untreated insulin-
resistant cells (Figure 6.16). Complementary to the previous results, DMF significantly
upregulates the Nrf2 pathway, as well as the pentose phosphate pathway, suggesting that
DMF not only enhances the Nrf2’s antioxidant target but also improves other critical
pathways required to upregulate the antioxidant defence mechanisms. Interestingly, DMF
also increased pathways involved in the DNA repair mechanism, including the ATR

signalling pathway, which has also been involved in protection against apoptosis®?,
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Notable, among the top significant downregulated pathways, GSVA detected that DMF
decreased Krebs cycle enzyme genes and reduced adipogenesis and cholesterol biosynthesis,

suggesting a potential role in obesity and diabetes.
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Figure 6.16 Gene set variation analysis detected upregulation of Nrf2 and pentose
phosphate pathway metabolism in insulin-resistant hiPSC-CM exposed to dimethyl
fumarate. Transcriptomics analyses were performed on insulin-resistant hiPSC-CM
exposed to DMF treatment (200 uM) for 16 hours (DMF _IR) and compared with untreated
insulin-resistant cells (IR). Each column represents a biological replicate.

In the previous chapters, it was observed that the antioxidant and metabolic changes
occurred with short-term exposure (6 hours) to fumarate or fumarate derivatives treatment.
Therefore, to evaluate whether similar regulation could happen in IR cells, the acute effect
of DMF on the antioxidant genes was evaluated by qPCR. DMF significantly increased the

expression of the genes NOQOI, TXNRDI, HMOXI, and SRXNI by 2, 4, 32, and 6-fold,

respectively, compared with the untreated IR hiPSC-CM (Figure 6.17).
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Figure 6.17: Short-term dimethyl fumarate treatment increases antioxidant genes in
insulin-resistant hiPSC-CM. Insulin-resistant hiPSC-CM were exposed to DMF (150 uM)
for 6 hours (DMF IR) and compared with untreated insulin-resistant cells (IR). The
evaluated genes by qPCR were NAD(P) dehydrogenase quinone 1 (NQOI), thioredoxin
reductase 1 (TXNRDI), heme oxygenase 1 (HMOXI), and sulfiredoxin 1 (SRXN1). * p <
0.05 vs. respective IR group. a.u., arbitrary units. Each data point represents a biological
replicate.

Finally, since fatty acid oxidation upregulation is a metabolic hallmark of T2D heart and
because, in previous chapters, short-term DMF treatment decreased the expression of genes
involved in fatty acid B-oxidation, the impact of DMF on key genes involved in this pathway
was evaluated by qPCR. DMF significantly reduced ACSLI, CPT1B, ECI, and PGCIA gene
expression by 49%, 49%, 51%, and 73%, respectively, compared with untreated IR hiPSC-

CM (Figure 6.18).
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Figure 6.18: Short-term dimethyl fumarate treatment decreases fatty acid p-oxidation
genes in insulin-resistant hiPSC-CM. Insulin-resistant hiPSC-CM were exposed to DMF
(150 uM) for 6 hours (DMF _IR) and compared with untreated insulin-resistant cells (IR).
The evaluated genes by qPCR were acyl-CoA synthetase long-chain family member 1
(ACSL1), carnitine palmitoyltransferase 1B (CPT1B), enoyl-CoA delta isomerase 1 (ECI1),
and peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGCIA). * p <
0.05 vs. respective IR group. a.u., arbitrary units. Each data point represents a biological
replicate.

Overall, these findings indicate that the insulin-resistant condition induced a large number
of genetic changes within the human cardiomyocytes, including the impairment of the
antioxidant enzymes and cellular pathways required for the correct functionality of the
antioxidant defence mechanism. Dimethyl fumarate countered some genetic changes by
enhancing Nrf2’s antioxidant target genes at short- and long-term exposure, promoting other
antioxidant and protective pathways while decreasing genes involved in oxidative

metabolism, including fatty acid B-oxidation and Krebs cycle enzymes.
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6.6 Discussion

6.6.1 Type 2 diabetes impairs metabolic adaptation in response to hypoxia within the

heart.

Our results demonstrate that acute hypoxia significantly changes the intracellular
concentration of metabolites within the diabetic heart but not to the same extent that we
previously observed for the healthy heart. Interestingly, while some metabolites were
significantly increased in both conditions, the magnitude of this increase in response to
hypoxia was different in the healthy and diabetic heart, as was the case of fumarate and
succinate intracellular levels. Notably, succinate levels in normoxia were higher in the
diabetic heart, however after being exposed to acute hypoxia, its accumulation was only half
as much as within the healthy heart. This reduction in the intracellular accumulation of
succinate in diabetes has also been observed in ischemic diabetic rat hearts compared with
non-diabetic hearts®*D. It has been reported that elevated circulating fatty acid in insulin-
resistant cardiomyocytes suppressed succinate accumulation during hypoxia by inhibiting

glycolysis and then succinate generation via the malate-aspartate shuttle®®.

In contrast, the significant reduction in some metabolites from the diabetic heart was more
dramatic than in the healthy heart, as exemplified by succinyl-CoA. This may be a
consequence of well-reported decrease in the activity of the mitochondrial enzyme succinyl-
CoA:3-ketoacid-CoA transferase under type 2 diabetes®*® 333, This enzyme generates
succinyl-CoA by transferring the coenzyme-A from acetoacetyl-CoA to succinate,
suggesting that these differences in the metabolite content may result from the inhibition of

the anaplerotic pathways in diabetes.

The significant hypoxia-induced fumarate elevation within the healthy heart was suppressed

in the diabetic heart, and the precise cellular and molecular mechanism associated with this
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blunted response is unknown and exceeds the scope of this thesis. However, the ANOVA
results indicate that fumarate accumulation depends on both oxygen levels (normoxia or
hypoxia) and the heart condition (healthy or diabetic), given that the hypoxia intensity and
duration were consistent in both experiments, this impairment is likely associated with the
diabetic condition. A potential mechanism for this impairment involves the Krebs cycle
enzyme fumarate hydratase (FH), which under healthy conditions, oxidises fumarate into
malate. Studies have reported that FH depletion in -cells promotes glucose intolerance and
diabetes development, as well as that diabetic islets present decreased FH gene
expression®** 339 These observations suggest a link between diabetes and decreased FH
activity or levels. Notably, under hypoxic conditions, the Krebs cycle operates in reverse,
therefore the impaired FH activity observed in T2D would be expected to reduce fumarate
generation from malate. Furthermore, as mentioned before, inhibition of glycolysis by
elevated fatty acid concentration impaired malate-aspartate shuttle®®, which could also limit

fumarate production.
6.6.2 Nrf2 antioxidant response is blunted in the diabetic heart.

Our results show that type 2 diabetes increases the oxidative marker GSSG/GSH within the
rat heart without altering the antioxidant protein content. Significant increases in GSSG
content and decreases in GSH concentration have been reported in plasma from type 2
diabetic patients*3® and rat ventricular cardiomyocytes®3”. Consistent with these findings,
our IR cell model also showed downregulation in the glutathione metabolism pathway, an
event previously reported under diabetes condition for various cell types, including
hepatocytes®*®), cardiomyocyte models®?® 2% and even for erythrocytes from type 2
diabetic patients®*3%. Notably, we did not detect any difference in the protein content of the
antioxidant protein levels, however, it has been reported that diabetes decreases the activity
of several antioxidant enzymes®**? and this alteration increases oxidative stress and
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cellular dysfunction®** 3*)_ The differences observed regarding the antioxidant enzymes
levels between diabetic patients and our diabetic rat model could be due to the fact that our
model represents a mild and early-stage type 2 diabetic condition®*). While it recapitulates
the cardiac metabolic alteration observed in T2D patients, the rats may not have been
exposed to the T2D condition long enough to develop all the oxidative stress alterations
observed in patients. This could explain why only differences between diabetic and control
hearts for the early oxidative stress marker, GSSG/GSH ratio, were detected but not for

protein carbonylation or antioxidant enzyme levels.

The results observed in our insulin-resistant cardiomyocyte suggest that the increased
oxidative stress may be caused by a decrease in the antioxidant enzyme activity. Our data
showed that the pentose phosphate pathway was downregulated under insulin-resistant
conditions, implying a decrease in the NADPH cofactor pool required for plenty of the
antioxidant enzyme functionality. Similar dysregulation has been described for other
diabetic models, where a downregulation in the activity of the glucose-6-phosphate
dehydrogenase, a key rate-limiting enzyme in the pentose phosphate pathway, was reported

accompanied by a reduction in NADPH production and an increase in oxidative stress4¢-

349)

Our data was focused on the genetic expression in insulin-resistant condition, and we
observed that Nrf2’s antioxidant genes were downregulated. The Nrf2 pathway has been
reported to be impaired in diabetes®® 3 and it has been observed that two critical
hallmarks of type 2 diabetes, insulin resistance and -cell dysfunction, can also prevent Nrf2
pathway activation®?), This disruption involves several altered mechanisms, including the
increase in the protein levels and binding capacity of the Nrf2’s suppressor KEAPI in

diabetic rat primary fibroblasts®>®, as well as upregulation of BACHI and FYN protein
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content, two inhibitors of the nuclear Nrf2 activity as a transcription factor in db/db mouse

heart®>¥),

6.6.3 Dimethyl fumarate as a therapeutical tool to enhance antioxidant defences and

reverse fatty acid metabolism within the diabetic heart.

In our in vivo pilot studies using dimethyl fumarate (DMF), no changes in the cardiac
antioxidant enzymes were observed, an unexpected result that we attribute to the delivery
method rather than the dose or duration used for DMF. While most of the in vivo animal
studies commonly used oral gavage for DMF delivery6% 326 35535%) " \ye considered this
method as invasive and stressful for the animals. To avoid generating variability in the
baseline stress state of the animals, we decided to add the DMF directly to pots containing
jelly. However, to prevent DMF from being hydrolysed into fumarate in an aqueous solution,
(as we aimed to study DMF effect), we did not pre-mix DMF into the jelly, but instead, we
added DMF in the powdered form directly to the jelly just immediately before feeding it to
the animals. Although initially, this method worked, rats gradually stopped consuming the
jelly, likely due to taste and odour alterations caused by DMF, as this issue was not observed

in control animals fed with plain jelly.

Given the dysregulation of Nrf2 under diabetes and insulin-resistant conditions, we explored
the potential use of the fumarate derivative, DMF, as a therapeutic molecule to reverse the
diabetic phenotype using insulin-resistant human cardiomyocytes. Our data showed that
both short- and long-term treatments with DMF significantly upregulate the Nrf2 pathway
at the gene level, demonstrating that DMF can enhance the antioxidant enzyme system in

insulin-resistant condition.

The potential therapeutic use of DMF in diabetes has been studied in different diabetic

models, observing that DMF significantly reduces diabetes onset!’?, accelerate wound
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healing®?, and reverse cardiac dysfunction®®” in diabetic mice. Furthermore, DMF also
increases HDL content and reduces glycated haemoglobin, total cholesterol and advanced
glycation end product (AGEs) in serum from diabetic rats®®". Similarly, the Nrf2 activator
sulforaphane (SFN) has been reported to decrease diabetes alterations by reducing glucose
levels and glucose intolerance in type 2 diabetes patients**?. SFN also decreased oxidative
stress, serum triglycerides, cholesterol, LDL, insulin, and insulin resistance in clinical

studies in type 2 diabetes patients®63 364,

Numerous anti-diabetic drugs directly or indirectly affect fatty acid oxidation. Metformin,
the gold-standard drug for type 2 diabetes treatment, reduces lipid accumulation by
increasing fatty acid oxidation®®> 369 In contrast, the hypoglycaemic drugs glyburide and
tolbutamide have been shown to inhibit carnitine palmitoyl transferase 1, decreasing fatty
acid oxidation®®”- 388 The role of Nrf2 in regulating fatty acid oxidation in diabetic
conditions has not been well documented, and here we observed that short-term treatment
with DMF significantly decreased the gene expression of essential fatty acid B-oxidation
components. However, as demonstrated in previous chapters, this reduction may not result
directly from DMF effect, but rather from fumarate generation and its previously observed
downregulation of this pathway. This represents a limitation of this chapter because the role
of fumarate itself was not studied in our insulin-resistant hiPSC-CM model, indicating that

this is a key experiment for future investigation.

6.7 Conclusion

Type 2 diabetes and insulin resistance conditions altered several cellular processes and
metabolic pathways in the heart, impairing the cellular response to oxidative stress by
inducing a dysregulation of the Nrf2 and its antioxidant-related pathways. Here, we

demonstrate that the FDA-approved drug dimethyl fumarate can reverse this phenotype by
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enhancing the Nrf2 pathway and upregulating other antioxidant cellular components within
the insulin-resistant human cardiomyocyte. Dimethyl fumarate can also decrease the
overactivated fatty acid oxidation metabolic profile of these cells, suggesting that dimethyl

fumarate has potential therapeutic use for the treatment of cardiac metabolic disorders.
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Chapter 7

General discussion
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Hypoxia induces alterations in the intracellular content of several metabolites within the
heart, including an increase in intracellular fumarate concentrations. However, fumarate
elevation is suppressed within the type 2 diabetic heart, and the consequences of this blunted
response are unknown. Whether this limited fumarate accumulation under hypoxia is related
to the detrimental effects on cardiac health and function described for this metabolic
disorder!® remains unclear. Understanding the role of fumarate beyond its energetic
function in the Krebs cycle and identifying signalling pathways that fumarate regulates was
one of the key aims of this thesis. Moreover, given the therapeutic approval of fumarate
derivates for human use, this work also investigated their potential use of fumarate
derivatives in human cardiomyocytes, comparing their effect with fumarate itself, and

furthermore their benefit for insulin-resistant cardiomyocytes.

7.1 Fumarate derivatives modulate cardiomyocyte metabolism, potentially through

their hydrolysis into fumarate.

We observed that fumarate derivatives modulated cardiac metabolism by shifting from
oxidative to anaerobic metabolism, specifically decreasing fatty acid B-oxidation and
mitochondria activity while enhancing the glycolytic pathway. Dimethyl fumarate (DMF)
results (Chapter 4) demonstrated that changes in glycolytic gene expression and rates,
lactate release, mitochondrial respiration, and fatty acid oxidation rates occurred after 24
hours of treatment, whereas fumarate itself (Chapter 5) induced similar metabolic changes
within just 6 hours of treatment. This rapid fumarate effect, combined with our observation
that DMF was hydrolysed into fumarate in cell media following 24 hours, suggests that the
metabolic changes observed with DMF treatment were potentially induced by fumarate
itself. It is important to note that a limitation of our hydrolysis experiment is that it was

performed in cell-free media at 25°C for technical reasons. However, under physiological
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conditions, DMF would be incorporated into the cardiomyocytes, where its hydrolysis into

fumarate would likely occur more rapidly due to the presence of cell esterases.

In the search for intracellular signalling pathways associated with fumarate-induced
metabolic changes, we ruled out HIF1 as the only “HIF1-regulated genes” that we detected
upregulated were the glycolytic genes. In contrast, other non-metabolic genes did not show
the same regulation. This suggests that the glycolytic genes were misleadingly driving the

HIF1 pathway as an upregulated pathway.

Using a genetic cardiac model with constitutive Nrf2 activation, we determined that Nrf2
may not mediate the observed metabolic changes. This finding was further supported by
luciferase assays showing that fumarate did not activate the Nrf2 pathway at the same time
point as the metabolic changes were observed. However, conflicting data showed that the
Nrf2 activators, sulforaphane and hydrogen peroxide, induced similar metabolic changes to
those observed for the fumarate derivatives, potentially implicating that Nrf2 could be
involved in this metabolic reprogramming. Therefore, without additional genetic models or
specific pharmacological inhibitors of Nrf2, it is not possible to determine whether this

transcription factor is involved in these metabolic changes.

The circadian rhythm was another process that was upregulated by fumarate. However, the
specific role of this pathway in modulating cardiomyocyte metabolism was not evaluated in
this thesis. While the upregulation of this pathway was detected at the same time point that
the fumarate-induced metabolic changes occurred (6 hours), no effect on this pathway was
observed after one-hour fumarate treatment. Interestingly, one-hour fumarate treatment
downregulated PGCIA expression, suggesting that fumarate-induced metabolic shift could
be a direct consequence of fumarate modulating fatty acid B-oxidation. However, despite

having identified several molecular and signalling targets of fumarate, the mechanism
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behind fumarate-induced metabolic reprogramming remains unknown, and further

experiments are required to elucidate how this metabolic shift occurs.

7.2 Dimethyl fumarate and fumarate activate distinct signalling pathways and induce

different effects on protein succination.

Fumarate derivatives have historically been used as molecules to study fumarate’s effect
across different models, and in this thesis, we demonstrated that the effect of a metabolite
prodrug could differ from the effect of the metabolite itself. Our data demonstrates that in
human cardiomyocytes, fumarate did not activate Nrf2 pathway at the same time point that
DMF, observing that Nrf2 activation occurs later and with a smaller fold change compared

with DMF.

Furthermore, we detected a differential regulation of PTM mediated by both molecules,
observing that DMF increased protein succination, whereas exogenous fumarate decreased
the total protein succination content compared with the control condition in our human
cardiomyocyte model. Even though human protein succination induced by fumarate has
been reported in vitro previously, this was only observed at extremely high fumarate
concentrations and under specific pH conditions®®”. Similar differences were reported in
adipocytes, in which protein succination was detected to increase following DMF but did
not change following fumarate treatment®’?). Interestingly, one study in activated human
and mouse macrophages and lymphocytes showed that the fumarate derivatives DMF and
monomethyl fumarate (MMF) induce GAPDH succination and inhibition, thereby reducing
aerobic glycolysis®!”. This suggests that fumarate's upregulation of glycolytic metabolism

could be mediated in part by its negative modulation of this PTM in cardiomyocytes.

We identified distinct pathways regulated by each of these molecules: DMF mainly
enhanced the antioxidant defence mechanisms, including the Nrf2 pathway, pentose
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phosphate pathway (including NADPH regeneration), and glutathione metabolism
(Chapter 3), whereas fumarate promoted the circadian rhythm pathway (Chapter 5). The
differences in cellular process regulation between DMF and fumarate are presented in Table

7.1.

Table 7.1. Comparative summary of the effect of dimethyl fumarate (DMF) and

fumarate in cardiomyocytes.

f 6 hours

Cell process DMF Fumarate
Nrf2 Activation f 6, 12 and 24 hours f 24 hours
Succination

‘ 6 hours

Distinct enhanced

Pentose phosphate

Circadian rhythm.

pathways pathway.
NADPH regeneration.

Glutathione metabolism.

Glycolytic rates

f 24 and 48 hours 6 hours

Fatty acid oxidation
rates * 24 hours ‘ 6 and 12 hours

Mitochondria oxygen
consumption * 24 hours

‘ 12 and 24 hours

7.3 Fumarate as a novel Gi-protein-coupled signalling activator.

In contrast with the previous upregulated pathways comparison, we identified common
downregulated pathways for both molecules, including heart development and signalling by
G-coupled signalling receptors (GPCR). Interestingly, GPCR signalling was the only
pathway that was downregulated in the GSVA results for human cardiomyocytes for DMF

and both fumarate treatments (one hour and six hours). Notably, we also detected that the
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number of downregulated genes for GPCR signalling pathway was more dramatic following

fumarate treatment compared with DMF (Chapter 5).

While the role of fumarate derivatives activating the HCA2 receptor has been previously
reported®#>2%6:299) e identified a novel role for fumarate in modulating cAMP levels via
G-coupled signalling pathways. This finding suggests an important paracrine role of the
cardiomyocytes regulating other cells by realising fumarate. Notably, in the diabetic heart,
we detected an impaired ability to elevate fumarate levels in response to hypoxia (Chapter
6), suggesting that this metabolic disorder could also suppress this paracrine signalling role
of the cardiomyocyte. Gi-receptor depletion in mice adipocytes, a cell type that highly
expresses HCA2@*)  increases lipolysis, promotes insulin resistance and disrupts glucose
homeostasis®’). Additionally, high fatty acid levels blunt hypoxia-driven metabolic
adaptation in diabetic heart and insulin-resistant cardiomyocytes, resulting in cardiac
dysfunction®®. These observations suggest that the suppressed ability of the diabetic heart
to elevate fumarate levels in response to hypoxia may be partly responsible for the increased
circulating fatty acid due to the lack of fumarate-mediated paracrine modulation via G-

protein-coupled signalling pathways.

HCAZ2 agonists, including niacin and its derivates acipimox and acifran, are clinically used
to treat dyslipidemia®®® 372 37 However, the use of niacin for treating type 2 diabetes
patients dyslipidemia has been considered as a “double-edged sword”, as it also increases
fasting blood glucose levels®’®. In contrast, our findings show that fumarate acts
extracellularly as an HCA2 agonist and increases glucose uptake and utilisation
intracellularly (Chapter 5). This suggests a potential role of exogenous fumarate as a
therapeutic molecule in type 2 diabetes patients, reversing the lipotoxicity and glucotoxicity

phenotypes characteristic of this disease.
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7.4 Repurposing fumarate derivatives treatment for type 2 diabetes patients.

We identified that fumarate derivatives enhanced Nrf2 pathway activation and upregulated
antioxidant gene expression in both healthy (Chapter 3) and insulin-resistant (Chapter 6)
human cardiomyocytes. Furthermore, fumarate derivatives (likely due to their hydrolysis
intro fumarate) were shown to decrease fatty acid oxidation and mitochondria oxygen

consumption while promoting glycolytic metabolism (Chapter 4).

Interestingly, a rodent study demonstrated that fumarate derivatives have an important
impact on metabolic disorders such as obesity, where these molecules reduce weight gain in
high-fat/high-sucrose diet-inducing obesity, decreasing glucose intolerance and improving
insulin sensitivity®”. Furthermore, patients under DMF treatment showed increased serum
adiponectin levels and reduced fatty acid binding protein FABP4G79. Adiponectin, a
hormone secreted by adipocytes, plays an important role in improving insulin sensitivity and
modulating anti-inflammatory processes®’”, and notable low levels of this hormone are

associated with type 2 diabetes and pre-diabetes®’® 379,

Our findings, along with these observations, indicate a potential therapeutic role for the
fumarate derivatives in the treatment of metabolic disorders. Our data shows the potential
of these molecules to reverse the cardiac metabolic phenotype associated with type 2
diabetes, including its increased oxidative stress resulting from lipotoxicity and
glucotoxicity®!% 317320 380) "mitochondria dysfunction®?* 38!-382) " and reduced antioxidant
activity®7>37 as well as its metabolic alterations characterised by increasing fatty acid B-

oxidation and suppressing glucose metabolism®!® (Figure 7.1).
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Fumarate
derivatives

Figure 7.1: Fumarate derivatives as potential therapeutic molecules for the type 2
diabetic heart. Type 2 diabetes (T2D) promotes preferential fatty acid utilisation, increasing
fatty acid B-oxidation, cardiac lipid accumulation, lipotoxicity and inducing mitochondrial
dysfunction. T2D also decreases glucose metabolism, increasing circulating glucose, and
induces glucotoxicity. These disarrangements, in addition to the reduced antioxidant defence
mechanisms, increase reactive oxygen species and induce oxidative damage. In contrast,
fumarate derivatives induce a metabolic shift from fatty acid to glucose metabolism within
the cardiomyocyte, reducing mitochondrial activity and enhancing the antioxidant defence
pathway, thereby decreasing oxidative stress. These findings suggest a potential therapeutic
role for fumarate derivatives in reversing the cardiac metabolic dysfunction observed in the
T2D heart.

7.5 Conclusion.

The work presented in this thesis has furthered the understanding of physiological processes
and molecular pathways modulated in the heart in response to hypoxia. Specifically, it
showed a novel role for the Krebs cycle metabolite fumarate as a signalling molecule
regulating cardiomyocyte metabolism and Gi-protein-coupled signalling pathway.
Furthermore, this work explored the potential therapeutic role of fumarate derivatives in

addressing insulin-resistant disarrangements in human cardiomyocytes, presenting an
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intriguing capacity to reverse the metabolic alterations and the reduced antioxidant response
characteristic of the type 2 diabetic heart. The summary of this thesis’s findings on signalling
pathways regulated by fumarate and its derivatives in human cardiomyocytes is presented

in Figure 7.2.

Signalling pathways regulated by fumarate and its
derivatives in human cardiomyocytes
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Figure 7.2: Summary of thesis findings on signalling pathways regulated by fumarate
and its derivatives in human cardiomyocytes. Fumarate derivatives promoted Nrf2
nuclear translocation, thereby enhancing antioxidant defence mechanisms, including
glutathione metabolism, antioxidant enzymes and pentose phosphate pathway. Fumarate
derivatives were hydrolysed into fumarate, which induced a metabolic shift within the
cardiomyocyte, decreasing fatty acid oxidation and mitochondrial activity, while increasing
glycolytic metabolism. Additionally, fumarate was shown to activate circadian rhythm.
Finally, under hypoxia condition, fumarate accumulated intracellularly, and it was released
into the extracellular space by the monocarboxylate transporter 1 (MCT1), where it
modulated Gi-couple signalling pathway via the hydroxycarboxylic acid receptor 2 (HCA2),
inducing adenyl cyclase (AC) inactivation, and then decreasing CAMP levels. Nrf2, nuclear
factor erythroid 2 [NF-E2]-related factor 2. KEAP1, Kelch-like erythroid cell-derived
protein with CNC homology [ECH]-associated protein 1. CD36, cluster of differentiation
36/fatty acid translocase. LCFA, long-chain fatty acids. LCFAcyl-CoA, long-chain fatty
acyl-CoA. GLUT, glucose transporter. LDH, lactate dehydrogenase. mTORC1, mammalian
target of rapamycin complex 1.
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9. Supplementary figures

Table 9.1. Fold change between hypoxia and normoxia of the significantly regulated
metabolites and their source of variation, determined by the factors oxygen levels
(normoxia or hypoxia), condition (healthy or diabetes), and interaction between these

factors.

Metabolite Healthy heart [Diabetic heart |% Oxygen levels (% Condition |% Interaction
Succinate 5.40 2.75 79.9 (%) 0.26 (ns) 4.0 (*)
Fumarate 3.29 No change 51.32 (*) 16.63 (*) 18.49 (*)
Isoleucine 2.62 1.75 72.37 (*) 0.090 (ns) |3.77 (ns)
Valine 242 1.77 70.52 (*) 1.21 (ns) 1.66 (ns)
Leucine 2.40 No change 63.98 (*) 0.06 (ns) 4.26 (ns)
Cytidine diphosphate-cholin{2.29 No change 56.22 (*) 3.11 (ns) 0.51 (ns)
S-Adenosylhomocysteine 2.15 No change 33.18 (*) 9.33 (ns) 5.21 (ns)
Malate 2.08 No change 49.73 (*) 22.92 (%) 15.92 (*)
Taurine 2.02 No change 50.06 (*) 0.16 (ns) 0.41 (ns)
Alanine 2.02 No change 50.07 (*) 0.16 (ns) 0.40 (ns)
Guanosine monophosphate |1.98 2.20 49.64 (*) 4.64 (ns) 1.46 (ns)
Cytidine 1.81 No change 9.56 (ns) 3.43 (ns) 4.12 (ns)
Thyptophan 1.72 No change 38.75 (*) 1.80 (ns) 3.14 (ns)
Choline 1.55 No change 34.87 (*) 0.7(ns) 2.59 (ns)
Tyrosine 1.48 1.77 39.81 (*) 12.61 (*) 3.76 (ns)
Methionine 1.25 No change 4.03 (ns) 49.28 (*) 11.93 (*)
Creatine 1.24 1.24 52.34 (*) 0.86 (*) 0.004 (ns)
Adenosine monophosphate |No change |1.77 34.02 (*) 10.58 (ns)  |4.18 (ns)
Serine No change [1.56 43.77 (%) 2.01 (ns) 19.56 (*)
Proline No change [1.56 26.80 (*) 0.53 (ns) 0.001 (ns)
Malonyl-Coa No change [1.52 27.11 (%) 22.26 (*) 0.2403 (ns)
Succinyl-CoA 0.30 0.24 26.15 (*) 26.15 (*) 13.44 (*)
Cytidine triphosphate 0.34 0.34 71.25 (*) 0.69 (ns) 0.13(ns)
Phosphocreatine 0.41 0.42 65.44 (*) 1.89 (ns) 0.50 (ns)
Uridine triphosphate 0.50 0.35 80.87 (*) 0.47 (ns) 1.92 (ns)
Cytidine diphosphate 0.53 0.56 51.16 (*) 0.90 (ns) 0.43 (ns)
Glutamate 0.53 0.67 57.88 (*) 5.53 (ns) 1.38 (ns)
Aconitase 0.56 0.37 51.86 (*) 1.9 (ns) 1.38 (ns)
Glutamine 0.58 0.78 55.67 (*) 8.55 (*) 4.59 (ns)
Citrate 0.58 0.41 59.45 (*) 6.60 (ns) 0.80 (ns)
Adenosine triphosphate 0.61 0.46 67.69 (*) 0.02 (ns) 3.05 (ns)
Histidylmethionine 0.64 No change 25.54 (*) 7.80 (ns) 6.19 (ns)
Glucose-1-phosphate 0.68 No change 22.70 (*) 26.30 (*) 2.51 (ns)
Aspartate 0.77 No change 6.40 (ns) 36.89 (*) 0.03 (ns)
Guanosine triphosphate No change  [0.42 51.71 (*) 0.13 (ns) 10.75 (*)
Acetyl-CoA No change [0.44 28.25 (*) 32.06 (*) 8.42 (ns)
Uridine diphosphate No change  [0.49 47.04 (%) 0.07 (ns) 1.89 (ns)
Isocitrate No change [0.60 43.90 (*) 8.45 (ns) 5.80 (ns)
Glucose-6-phosphate No change [0.61 33.75 (%) 15.72 (%) 0.27 (ns)

Increased metabolites are represented in red whereas reduced metabolites in blue.
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