Left Ventricular Hypertrophy Pathophysiology
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Left ventricular hypertrophy (LVH) can be adaptive, as arising from exercise, or pathological, most commonly when driven
by hypertension. The pathophysiology of LVH is consistently associated with an increase in cytochrome P450 (CYP)1B1
and mitogen-activated protein kinases (MAPKs) and a decrease in sirtuins and mitochondria functioning. The
pathoetiology of LVH is intimately associated with increased blood pressure and therefore with the array of different
factors associated with hypertension, including the various manifestations and consequences of stress, obesity and
diabetes.
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| 1. Mitogen-Activated Protein Kinase (MAPK) Pathways

Numerous intracellular pathways have been associated with LVH, as with many proliferative conditions @, including
activation of the MAPK pathways, which are strongly associated with both exercise-induced and pathophysiological
cardiac hypertrophy [BIRBI4EI6  The MAPK pathways are important regulators of many physiological and
pathophysiological processes, with roles in cell proliferation and stress responses. The protein 38 (p38) MAPK branch of
the MAPK pathways can be activated under pressure load, including hypertension @. A wide array of studies using
different experimental paradigms show pathological cardiac hypertrophy to be significantly attenuated by p38MAPK
pathway inhibition 468 p38MAPK pathway activity leads to the downstream activation of cyclic adenosine 3',5'-
monophosphate (CAMP)-response element binding protein (CREB), with CREB interacting with DNA and regulating a
plethora of gene transcriptions strongly associated with LVH . Brain-derived neurotrophic factor (BDNF) is also
increased in LVH [ and can contribute to LVH pathophysiology via two-way activation interactions with CREB, with
increased BDNF also being induced by p38MAPK I,

A number of studies indicate a role for Src homology-2 domain-containing phosphatase2 (Shp2) in cardiac hypertrophy
(201, shp2 is an ERK signalling mediator, with Shp2 interactions with tyrosine receptor kinase (Trk)B being necessary for
BDNF to activate extracellular signal-regulated kinases (ERK) signalling 1. It is via the ERK activation pathways and the
small GTPases, RhoA and Racl, that Shp2 acts to regulate the cellular morphology changes occurring in LVH 19, Shp2
can then act to regulate TrkB-linked MAPK pathway activation by BDNF and other TrkB ligands, including N-
acetylserotonin (NAS) 12, NAS is the immediate precursor of melatonin in the melatonergic pathway (see Figure 1).



Tryptophan

Cytokines | Tryptophan hydroxylase
Oxidative Stress ™4 po
- ) miR-7 S5-hydroxytryptophan
Stress miR-375
Depressmn : miR-451
----- M e - Serotonin
Kynurenic Acid
N\ 144 3 l
CRF =
Gut-Liver N -acetylserotonin
Mast Ax G“J’t-Cardlalc A
Cells | p— \ :
CYP1B1 5 ASMT
HETEs
Gut Permeability
?Gut Dy5b|°.5|5 Bﬁ HT Meiaton"‘

BDNF
IB”W““ ? NAS/Melatonin
TrkB
! % Ratio
CREB
/ - \ P2RY1

Altered Mitochondria CYP2C19

driven Plasticity: mGIuRS
Left Ventricular .
Hypertrophy AMPK-mTOR, PGC-1a
S1P-small GTPases
PARF, MAPKs

Figure 1. Stress and depression drive an increase in corticotropin releasing factor (CRF) that activates mucosal mast
cells and leads to an increase in gut permeability, coupled to gut dysbiosis and decreased butyrate production. This drives
alterations in the gut-liver and gut-cardiac axes, with a decrease in butyrate’'s histone deacetylase (HDAC) inhibitory
activity regulating CYP1B1. Increased gut permeability also drives an increase in oxidative stress and pro-inflammatory
cytokines, which activate tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO), leading to a driving
of tryptophan down the kynurenine pathway, with a resultant decrease in serotonin, N-acetylserotonin (NAS) and
melatonin synthesis. An increase in the NAS/melatonin ratio from CYP1B1 and probably mGIuRgpl, P2Y1 receptor,
CYP2C19 and O-demethylation leads to NAS activation of TrkB, as well as brain-derived neurotropic factor (BDNF)
induction, in turn increasing cyclic adenosine 3',5-monophosphate (CAMP)-response element binding protein (CREB) and
the mitogen-activated protein kinase (MAPK) pathways, which all contribute to left ventricular hypertrophy (LVH). The
suppression of melatonin drives alterations in mitochondria, including via melatonin’s interactions with the sirtuins and
PGC-1a, with consequences for IDH2 and AMPK-mTOR regulation of mitochondria. Alterations in the gut drive changes in
the gut-liver and gut-cardiac axes that, along with kynurenine activation of the AhR raises CYP1B1 levels. CYP1B1 may
also contribute to LVH via the hydroxyeicosatetraenoic acids (HETEs) and 6B-HT. A number of microRNAs known to be
altered in LVH, including miR-7, miR-375 and miR-451, all act to regulate 14-3-3 and therefore the stabilization of AANAT
at the start of the melatonergic pathway. Similar processes can underpin hypertension, which is the major driver of LVH.
6B-HT: 6B-hydroxytestosterone; AANAT: aralkylamine N-acetyltransferase; AhR; aryl hydrocarbon receptor; AMPK: AMP-
activated protein kinase; ASMT: acetylserotonin O-methyltransferase; BDNF: brain derived neurotrophic factor; CREB:
cyclic adenosine 3',5-monophosphate (cAMP)-response element binding protein; CRF: corticotrophin releasing factor;
CYP: Cytochrome P450; E2: estrogen; GLUT1: glucose transporter 1; HDAC: histone deacetylase; HETES:
hydroxyeicosatetraenoic acids; IDO: indoleamine 2,3-dioxygenase; KAT: kynurenine aminotransferase; LVH: left
ventricular hypertrophy; MAPK: mitogen activated protein kinases; mGIuR: metabotropic glutamate receptor; Mito:
mitochondria; NAS: N-acetylserotonin; P2Y1: purinergic receptor; PARP: poly-(ADP-ribose) polymerase; PGC-1a:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; S1P: sphingosine-1-phosphate; TDO: tryptophan
2,3-dioxygenase; TrkB: tyrosine receptor kinase B. Arrows indicate activation; T-bar indicates inhibition.

Overall, the MAPK pathways, including p38 MAPK and the ERKSs, are strongly associated with cardiac hypertrophy.
Notably, MAPK pathway activation can be driven by raised levels of CYP1B1 12!,

| 2. cYPi1B1

Increased CYP1BL1 is evident in cardiac hypertrophy, including when induced by dasatinib 24!, The increase in CYP1B1
may not necessarily be mediated via its classical induction by the AhR 24, Rather its relevance to cardiac hypertrophy
has been attributed to the mid-chain hydroxyeicosatetraenoic acids (HETEs) 23], These authors showed that the inhibition
of CYP1BL1 significantly attenuates isoprenol-induced cardiac hypertrophy, with protection afforded by the modulation of
superoxide anion, MAPKs, and nuclear factor-kB (NF-kB) 23], whilst the overexpression of CYP1B1 significantly induces



cellular hypertrophy and mid-chain HETE metabolites. Other CYP1B1 metabolites have been shown to contribute to
cardiac hypertrophy, including 6B-hydroxytestosterone 121,

Increased CYP1BL1 is also relevant to the hypertensive pathoetiology of LVH, with CYP1B1 inhibition attenuating the blood
pressure increase in spontaneously hypertensive rats (SHR), but not in control rodents, as well as dramatically limiting
increases in vascular reactivity, cardiovascular hypertrophy, endothelial dysfunction and renal dysfunction, as well as
cardiac and renal fibrosis in SHR 1€, CYP1B1 inhibition also significantly attenuates ROS production and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity in SHR, as well as the heightened plasma levels of pro-
inflammatory cytokines and catecholamines 1€, These authors also showed CYP1B1 inhibition to modulate the cardiac
activity of p38 MAPK, ERK, c-Src tyrosine kinase, and Akt in SHR 18, Such data clearly highlight a role for CYP1B1
inhibition in the management of hypertension and its associated disorders, including LVH. As such, raised CYP1B1 levels
would seem relevant to both the pathoetiology and pathophysiology of LVH. CYP1B1 also ‘backward’ converts melatonin
to NAS, thereby increasing TrkB activation, BDNF, CREB and the MAPKs (Figure 1). CYP1BL1 levels are most commonly
raised following AhR activity.

| 3. Aryl Hydrocarbon Receptor (AhR)

AhR activation can drive hypertrophic effects in the cardiomyocyte cell line, H9c2, concurrent to its induction of CYP1B1 in
these cells 7. Work in another cardiomyocyte cell line, AC 16 cells, shows AhR ligands to gradually raise the mRNA and
protein levels of the AhR and CYP1(A1/Bl), in association with attenuated mitochondrial activity, altered mitochondria
membranes and heightened mitochondrial ROS levels 8. AhR activation is associated with the development of
hypertension and LVH 2. Such data clearly shows the relevance of the AhR and CYP1B1 to the cellular and
mitochondria changes occurring in LVH. The AhR induces its own repressor, the AhRR. However, not all genes activated
by the AhR are inactivated by the AhRR 29, indicating that AhR activation can have longer term consequences for gene
expression patterning.

It should be noted that the AhR has regulatory physiological as well as pathophysiological roles. The AhR can be activated
by endogenous ligands, as well as by induced and exogenous ligands 1. The induction of the kynurenine pathway can
increase levels of kynurenine and kynurenic acid, although most work has investigated these changes in preclinical
models. Both kynurenine and kynurenic acid activate the AhR and therefore CYP1B1. Heightened activation of the
kynurenine pathway is evident in LVH 22, The inclusion of the kynurenine pathways in the pathophysiology of LVH,
readily allows for the inclusion of stress and affective dysregulation in the etiology of both hypertension and LVH
(see Figure 1).

| 4. Oxidative Stress, Immune-Inflammation and Kynurenine Pathways

Heightened levels of oxidative stress and immune-inflammatory activity are evident in LVH, both systemically in clinical
samples 28 and in preclinical cardiomyocytes 24, as well as in hypertension patients [25. Consequently, the induction of
oxidative stress is a preclinical model of cardiac hypertrophy 28, Pro-inflammatory cytokines are similarly increased in
hypertension 24 as well as in LVH serum and cardiomyocytes 28129 | ow-grade inflammation, as indicated by C-reactive
protein, and kynurenine pathway activation are linked to adverse cardiac remodelling 22, with raised kynurenine levels
long appreciated to modulate the efficacy of antihypertensives 9. Such systemic and local markers of oxidative stress
and immune inflammatory activity are therefore likely to indicate AhR and CYP1B1 activation, as shown in preclinical
models, as well as modulate the effects of medications.

The heightened levels of pro-inflammatory cytokines and oxidative stress/ROS in LVH increases the activation of
indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), respectively B, IDO and TDO induction
drives tryptophan along the kynurenine pathway and away from serotonin and melatonin synthesis 2. Interleukin (IL)-1B,
IL-6, IL-18, tumor necrosis factor (TNF)-a and interferon (IFN)-y are increased in LVH and hypertension 2], with all these
pro-inflammatory cytokines activating IDO. Likewise, oxidative stress, ROS and pro-inflammatory cytokines can induce
TDO. Although IDO can regulate blood pressure B4, it has been relatively little investigated in cardiac hypertrophy. This is
surprising given the increase in both IDO inducers and kynurenine pathway products in hypertension and cardiovascular
disorders more widely. TDO is predominantly expressed in the liver and brain, with effects therefore more likely to be
indirect B2, This is of some importance to the role of the AhR and CYP1B1 in cardiac hypertrophy, as both kynurenine and
kynurenic acid activate the AhR to increase CYP1B1.



| 5. Gut Dysbiosis and Gut Permeability

A plethora of recent studies have highlighted a role for alterations in the gut microbiome, in association with increased gut
permeability, in driving hypertension, cardiovascular disorders, and metabolic syndrome more widely [2€l. The association
of psychological stress with hypertension and LVH BZ may be mediated by stress-induced corticotropin releasing factor
(CRF), which acts on mucosal mast cells to increase gut permeability 8. Gut dysbiosis and increased gut permeability
are associated with the transfer of gut bacteria or tiny fragments of partially digested food over the gut barrier, leading to
raised levels of circulating lipopolysaccharide (LPS), that acts on the immune system to heighten pro-inflammatory
cytokines and ROS B2l |PS activation of the toll-like receptor (TLR)4 is sufficient to drive LVH 2%, The association of
chronic and repetitive stress with anxiety and depression seems at least partially mediated by gut dysbiosis and increased
gut permeability 21, Alterations in gut regulation are therefore an important aspect of how stress and affect dysregulation
link to hypertension and LVH 2, Under conditions of gut dyshiosis, there is a decrease in the microbiome-derived short-
chain fatty acid, butyrate. This leads to the loss of butyrate’s protective effects on the maintenance of the gut barrier as
well as on the optimization of systemic mitochondria functioning and immune dampening B2. The latter effects are
mediated by the crossing of butyrate over the gut barrier, with butyrate having optimizing effects on mitochondria
regulation, at least in part via its induction of melatonin 431,

Clearly, gut dysbiosis and the gut-liver axis are important in mediating the pathophysiological processes associated with
type Il diabetes and the association of this condition with LVH. However, as well as dietary driven changes in the gut
microbiome, the effects of psychological stress and affective dysregulation can also have their biological underpinnings in
gut-mediated changes.

Overall, stress, anxiety and depression may be partly mediating their effects on hypertension and LVH, via increased gut
permeability and decreased microbiome butyrate production. This increases systemic oxidative stress and pro-
inflammatory cytokines that induce IDO and TDO, leading to the production of kynurenine and kynurenic acid, which
activate the AhR and thereby increase CYP1B1 levels and activity that seem crucial to the pathophysiology of LVH in
cardiomyocytes. The classical association of decreased serotonin in depression is strongly determined by such increases
in IDO and TDO activity, including across a diverse range of medical conditions where depression is often comorbid 4],
with the attenuated serotonin availability also driving down levels of melatonin and NAS. Incorporating CYP1B1 and the
NAS/melatonin ratio into these gut-driven changes allows for a more plausible biological modelling of how stress and
depression can link to hypertension and LVH (Figure 1).

| 6. Sirtuins, microRNAs, 14-3-3 and Mitochondria Functioning

CYP1B1 induction can lead to its translocation to mitochondria, where it mediates some of the toxicity associated with
AhR ligands 2!, The importance of alterations in mitochondria functioning in LVH is highlighted by the data on the role of
mitochondria-associated sirtuin-3 in LVH. In rodents, cardiac hypertrophy is attenuated by the inhibition of ROS and the
induction of sirtuin-3 8], The maintenance of mitochondria sirtuin-3 attenuates both stress- and obesity-induced cardiac
hypertrophy B2, highlighting the importance of sirtuin-3 and mitochondria functioning to the changes occurring in LVH.
Cardiomyocyte cellular models also support a role for the loss of mitochondria sirtuin-3 in LVH 28],

Sirtuin-1 also plays a role in LVH, with sirtuin-1 alleles being risk factors for LVH in chronic kidney disease patients 49,
The efficacy of vitamin D3 against diabetes-associated cardiac hypertrophy is mediated by increased sirtuin-1, in
association with attenuated DNA oxidative damage, decreased PARP1 and lower mammalian target of rapamycin (mnTOR)
phosphorylation B2, As PARP1 is NAD+ dependent, it lowers the availability of the NAD+ that is necessary for sirtuin
induction B, Protein kinase C (PKC)-Z leads to cardiac hypertrophy via increased activity of nuclear factor-kappaB (NF-
KB), ERK1/2 and ERKS5, which sirtuin-1 prevents via PKC-{ inhibition, as shown in preclinical models 52 Sirtuin-1 is
therefore a powerful regulator of many of the biological processes associated with LVH. As well as regulating mitochondria
functioning via PGC-1a, which is decreased in LVH cardiomyocytes 23], sirtuin-1 can also positively regulate mitochondria
via sirtuin-3. Sirtuin-1 deacetylases, and therefore positively regulates, mitochondria-associated sirtuin-3 24, Notably,
sirtuin-3 is proposed to have co-evolved with melatonin within mitochondria, leading to their post-translational
collaboration that, among other processes, acts to regulate mitochondria free radical generation and removal 22,

Sirtuin-3 also regulates mitochondria functioning and cardiac hypertrophy via the deacetylation of isocitrate
dehydrogenase (IDH2). The IDH2 dimer links glucose metabolism to mitochondria oxidative phosphorylation 28, A
decrease in IDH2 activity leads to hypertrophy in cardiomyocyte cell lines in rodent LVH models BAB8] with the loss of
IDH2 activity long appreciated to precede cardiac hypertrophy B9, Sirtuin-3 is also a significant regulator of mitophagy,
with dysregulated mitophagy being an important aspect of the biological underpinnings of LVH 9. Such data highlight not



only the importance of sirtuin regulation of IDH2, but also the crucial role that changes in mitochondria functioning play in
the pathoetiology and pathophysiology of cardiac hypertrophy. There is a growing appreciation that mitochondria are an
important hub for co-ordinating the receptor, ECM and intracellular signalling changes occurring in cells, with mitochondria
driving the patterned responses and adaptations to such signalling, including in LvH B8],

A number of microRNAs show alterations in cardiac hypertrophy, including miR-7, miR-375 and miR-451 [B2I631[64] A
three of these microRNAs can be increased in LVH and act to suppress 14-3-3 851 with decreased 14-3-3 contributing to
LVH pathophysiology [88l. It is of note that 14-3-3, miR-7, miR-375 and miR-451 can all act to regulate mitochondria
functioning via alterations in the mitochondria melatonergic pathway B9, This is mediated by 14-3-3 being necessary for
the stabilization of arylalkylamine n-acetyltransferase (AANAT), which catalyses serotonin to NAS at the start of the
melatonergic pathway. As such, the suppression of 14-3-3 by these miRNAs will significantly lower melatonergic pathway
activity, which when coupled to increased CYP1B1 will dramatically lower melatonin availability (see Figure 1). However,
it should be noted that not all studies show these three microRNAs to be increased in cardiac hypertrophy €4, This may
be a reflection on the wider dynamic and adaptive biological changes occurring in LVH, which rather than being a ‘static’
medical state may be better viewed as a series of plasticity adaptations.

| 7. Melatonin and LVH

A role for the melatonergic pathways in LVH is indicated by the data showing increased serotonin degradation by
monoamine oxidase (MAO)A/B to be associated with LVH and wider cardiac dysregulation 8. Serotonin is the necessary
precursor of the melatonergic pathways, providing a substrate for AANAT to synthesize NAS, which is then enzymatically
converted to melatonin by acetylserotonin methyltransferase (ASMT) 82 Raised ROS and suboptimal mitochondria
functioning are thought to increase MAO-A/B L9, However, by decreasing the availability of serotonin as a substrate for
the melatonergic pathways, the effects of raised MAO-A/B levels are likely to be, at least partly, mediated by the
suppression of the mitochondria melatonergic pathways. Consequently, the lowered melatonin synthesis will contribute to
an increase in ROS levels and suboptimal mitochondria functioning.

Given the plethora of studies showing the antioxidant, anti-inflammatory and mitochondria-optimizing effects of melatonin
(43155161711 5 humber of studies have investigated the utility of melatonin in LVH 2. These authors showed melatonin to
exert cardioprotective effects, reduce LVH remodelling and improve survival outcomes in the isoproterenol model of LVH
[72 Melatonin has clinical utility in the management of cardiac hypertrophy and affords protection in an array of different
preclinical models, with effects variously attributed, including to an increase in PGC-1b 28l cyclophilin A/ICD147 [74],
antioxidant effects (8, retinoic acid receptor-related orphan receptor-a (RORa) 8, autophagy and AMPK 4 or a
decrease in mTOR 8 and TNF-a (2. Melatonin receptor regulating pharmaceuticals, such as ramelteon, have also
shown utility in the management of LVH, suggesting a protective role for melatonin receptor activation (2.

However, it is important to note that a growing body of data shows melatonin to be produced by all mitochondria-
containing cells so far investigated, usually within the mitochondria matrix 81, indicating that local melatonin synthesis
and regulation may be an overlooked factor in many medical conditions B2, including glioblastoma 3, endometriosis 2!
and neurodegenerative conditions [4. The inclusion of the mitochondria melatonergic pathways in the pathophysiology of
LVH allows the previously disparate bodies of data highlighted above to be integrated into a model of LVH that
emphasizes the role of the mitochondria melatonergic pathways. The targeting of increased melatonin production in
cardiomyocyte mitochondria may prove of far greater clinical utility than the administration of adjunctive melatonin.
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