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Abstract: Diabetic cardiomyopathy (DCM] is characterized by structural and functional
abnormalities in the myocardium affecting people with diabetes. Treatment of DCM focuses
on glucose control, blood pressure management, lipid-lowering, and lifestyle changes. Due
to limited therapeutic options, DCM remains a significant cause of morbidity and mortality
in patients with diabetes, thus emphasizing the need to develop new therapeutic strategies.
Ongoing research is aimed at understanding the underlying molecular mechanism(s) involved
in the development and progression of DCM, including oxidative stress, inflammation, and
metabolic dysregulation. The goal is to develope innovative pharmaceutical therapeutics,
offering significant improvements in the clinical management of DCM. Some of these
approaches include the effective targeting of impaired insulin signaling, cardiac stiffness,
glucotoxicity, lipotoxicity, inflammation, oxidative stress, cardiac hypertrophy, and fibrosis.
This review focuses on the latest developments in understanding the underlying causes of
DCM and the therapeutic landscape of DCM treatment.
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Introduction

Diabetes mellitus (DM) is a medical condition
characterized by fasting blood glucose levels of
=126 mg/dL than those within the normal fast-
ing range of 72-99 mg/dL. If left untreated, dia-
betes can lead to life-threatening complications
resulting in adverse effects on vital organs, such
as brain, liver, heart, and kidneys. Diabetes is
one of the leading causes of cardiovascular dis-
ease (CVD), with diabetic cardiomyopathy
(DCM) regarded as a leading cause of diabetes-
associated morbidity and mortality. Patients suf-
fering from diabetes have a two- to fourfold
increased risk of developing heart failure (HF)
and other CVDs.12 Although ischemic events
are predominant among the cardiac conse-
quences of diabetes, the risk of developing HF is
elevated in diabetic patients even in the absence

of an overt myocardial ischemia and hyperten-
sion.?> Moreover, in patients without a clinical
diagnosis of DM, a correlation between fasting
blood glucose levels of >200mg/dL and long-
term mortality due to HF has been observed.!>*
Diabetic patients are more likely to experience
severe outcomes after ischemia or hypoxic dam-
age due to reduced glycolytic activity in the heart
muscles, which may potentially be a significant
contributing factor.?

DCM is a serious pathological condition of the
heart and is clinically associated with systolic or
diastolic cardiac dysfunctions that are independ-
ent of any other CVD risk factor(s), such as
hypertension, coronary artery disease, or valvular
diseases. The condition usually remains asympto-
matic during initial stages, with functional and
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structural changes caused of the heart including
hypertrophy, stiffness, diastolic and systolic dys-
function, and interstitial fibrosis of the tissue, cul-
minating in clinical HF syndrome.%? Cardiac
energy impairment is significant and likely
responsible for many of the deficits seen in experi-
mental models of HF.8 Reduced cardiac phos-
phocreatine/adenosine triphosphate (ATP) ratios
have been reported using 3P magnetic resonance
spectroscopy in patients with systolic HF, regard-
less of pathophysiology, with disruption of energy
generation and increased reactive oxygen species
(ROS) production.8-1! Also, structural and func-
tional modifications of coronary pre-arterioles
and arterioles due to hypertension, increased free
fatty acids (FFAs), and aging contribute to coro-
nary microvascular dysfunction (CMD). These
alterations markedly increase the risk of severe
cardiovascular events like exertional angina or
myocardial ischemia.l? Additionally, DM also
increases the risk of HF with preserved ejection
fraction (HFpEF), a condition in which heart fill-
ing deficits are noted.!> Meta-analysis has shown
that 50% of diabetic patients are at heightened
risk of developing HFpEF compared to non-dia-
betic patients.!* Systemic metabolic problems,
abnormalities in subcellular components, inap-
propriate activation of the renin-angiotensin sys-
tem, inflammation, and improper immunological
regulation are some of the pathophysiological
aspects of diabetes that contribute to the develop-
ment of DCM (Figure 1). There is also growing
evidence supporting that DCM results from fac-
tors other than the typical diabetes-associated
coronary atherosclerosis and that the cause of
heart muscle damage must be due to some other
aspects of diabetes.!»?15 In this article, we have
reviewed the latest advances made to unravel the
underlying mechanism of DCM and the various
potential targets that are being or could be inves-
tigated to treat DCM.

Impaired insulin signaling

Insulin signaling in cardiac cells is essential for
cellular homeostasis, controlling protein synthe-
sis, substrate use, and cell survival. Under normal
physiological conditions, insulin binds to the cor-
responding receptor on the cardiac cells, leading
to the activation of insulin receptor substrate
(IRS-1/2) and the downstream phosphatidylino-
sitol 3-kinase/protein kinase B (PI3K/Akt) path-
way (Figure 2). This activation induces the

translocation of glucose transporter type 4
(GLUT4) from the cytoplasm to the cell mem-
brane to facilitate glucose uptake.!® The crucial
element of the insulin signaling pathway neces-
sary for the activation of Akt/PKB is 3-phosphoi-
nositide-dependent kinase-1.!17 Impaired insulin
signaling in DCM has been reported in various
animal models, mainly due to reduced GLUT4
translocation to the plasma membrane.!81°
Moreover, insulin resistance leads to ROS gener-
ation. ROS-mediated PI3K/Akt impairment
deteriorates PI3K/Akt signaling, affecting
GLUT4 expression and myocardial function.20-21
Besides, the signaling also influences endothelial
nitric oxide synthase (eNOS), triggering the bio-
available nitric oxide (NO) for proper microvas-
cular flow and myocardial function.2%22 Several
epidemiological studies have reported a connec-
tion between abnormal insulin signaling and
HF.?324 Insulin resistance has also been corre-
lated with increased serum concentrations of pro-
inflammatory cytokines, catecholamines, and
growth hormones in HF.25-27 Impaired insulin
signaling can activate pathways such as AMP-
activated protein kinase (AMPK), protein kinase
C (PKC), mitogen-activated protein kinase
(MAPK), and mammalian target of rapamycin
(mTOR), which can alleviate DCM.17:28-31
Oxidative stress is a well-accepted cause of car-
diac dysfunction in the insulin resistant state,
which can be partially reversed with antioxidant
therapy.3? Overexpression of G-protein receptor
kinase 2 (GRK2) has been shown to inhibit myo-
cardial insulin signaling?3; therefore, GRK2 rep-
resents an attractive target that would directly
modulate insulin signaling pathways in cardio-
myocytes. Insulin signaling and anomalies in car-
diac excitation—contraction coupling are emerging
as useful targets for the treatment of HF. The
rapidly evolving gene therapy technology offers
another powerful tool to rectify genetic anomalies
by using vector-based gene transfer methods.
Currently, such approaches, primarily designed
to stop the underlying remodeling mechanisms
that cause pathological alterations in the myocar-
dium during HF,3* are under development. Other
potential alterations useful in the treatment of
DCM can be generated through the expression
of sarcoplasmic/endoplasmic reticulum Ca2*
ATPase 2a (SERCA2a) and Na*—Ca?* exchanger
(NCX), inhibition of calmodulin-dependent pro-
tein kinase II (CaMKII), stabilization of ryano-
dine receptors (RyRs), all mainly focusing on the
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Figure 1. Schematic diagram showing different causes of diabetes-associated cardiomyopathy.
AGEs, advanced glycation end products; NO, nitric oxide; RAAS, renin angiotensin aldosterone system; RAGE, receptor for
advanced glycation end product; TGF-B, transforming growth factor-p.

regulation of calcium handling and prevention of
abnormalities in the activation of PI3K and glu-
cose oxidation.?438 Inhibition of CaMKII has a
protective role in the maladaptive remodeling of
imprudent expression of beta-arrestin and myo-
cardial infarction and a cardioprotective action as
well (Table 1).3% In addition, calcium plays a vital
role in the contraction—relaxation of cardiac mus-
cle, receptor activation, glucose transport, and
glycogen metabolism.?° Calcium signaling dys-
regulation may thus hinder insulin action and
lead to insulin resistance. RyRs in the sarcoplas-
mic reticulum (SR) of cardiac cells cause cardiac
muscles to contract by releasing Ca2* ions from
SR into the cytoplasm.¥® Conversely, SERCA

pumps Ca?" ions back from the cytoplasm into
SR, allowing the heart muscle to relax.4!
Therefore, any diabetes-mediated impairment in
the RyR or SERCA activity can lead to calcium
dysregulation and inappropriate heart function.*!
The activity of SERCA is regulated by the phos-
pholamban (PLN) protein*? such that phospho-
rylation of PLN relieves SERCA inhibition and
promotes calcium reuptake by the SR. Mutation(s)
in the PLN gene or change in the phosphoryla-
tion/dephosphorylation pattern of PLN can dis-
rupt Ca2* reuptake during the relaxation cycle of
cardiac muscle.*3** Another calcium influx sys-
tem of cardiac muscle cells involves the voltage-
gated L-type calcium channels (LTCCs) are
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Figure 2. Mechanism contributing to impaired insulin signaling, glucotoxicity, and lipotoxicity in DCM.

AGE, advanced glycation end product; Akt, protein kinase B; AP-1, activator protein 1; AS160, Akt substrate of 160kDa;
cGMP, cyclic guanosine monophosphate; DAG, diacylglycerol; DCM, diabetic cardiomyopathy; FA, fatty acid; FFA, free fatty
acids; GLUTA4, glucose transporter 4; GSV, GLUT4 storage vesicle; IRS, insulin receptor substrate; NF-kB, nuclear factor-xB;
NO, nitric oxide; PDK1, 3-phosphoinositide-dependent kinase 1; PI3K, phosphoinositide-3-kinase; PIP2, phosphatidylinositol
4,5-bisphosphate; PIP3, phosphatidylinositol 4,5-bisphosphate; PKG, protein kinase G; PPAR, peroxisome proliferators
activated receptors; ROS, reactive oxygen species; TGF-f, transforming growth factor-f.

voltage-gated calcium channels#> which allow the
intake of Ca2* ions during the cardiac action
potential, resulting in muscle contraction. This
calcium influx if dysregulated through aberrant
expression of LTCCs, results in excess calcium
influx and potentially in DCM.46

Targeting oxidative stress in the cardiac

cells

Oxidative stress is one of the major contributing
factors to DCM pathogenesis.*” Upregulation of
ROS in cardiomyocytes creates a highly oxidized
intracellular environment that triggers the cardi-
oprotection membrane repair protein mitsugu-
min-53 (MG-53) to undergo oxidation-induced
oligomerization to eventually forms a complex
with phosphatidylserine domains in intracellular
vesicles.48:49 ROS upregulation occurs due to car-
diac mitochondrial dysfunction, calcium mishan-
dling, and activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, and
xanthine oxidase (X0).5° Under normal physio-
logical conditions, cardiac mitochondrial phos-
phorylation and citric acid cycle use FFA,
glucose, lactate, ketone bodies, and amino acids
for ATP production.!»> However, in the case of

DCM, diversion of mitochondrial glucose oxida-
tion to FFA oxidation leads to increased free
electron formation due to less ATP generation
causing mitochondrial proton leak and ROS
upregulation. The higher levels of ROS in the
cardiac cells significantly decrease the eNOS
expression and eNOS uncoupling, leading to a
significant decrease of NO in endothelial cells,
contributing to endothelial dysfunction.’? DM
also decreases endothelial prostacyclin secretion,
impairs fibrinolytic ability, alters endothelium-
dependent  hyperpolarizing factor-mediated
responses, increases procoagulant activity,
increases production of growth factors and extra-
cellular matrix (ECM) proteins, and increases
endothelial permeability, all contributing factor
for CMD.12:52-55 Simultaneously, due to altered
calcium transport and accumulation, the mito-
chondrial transition pores open, causing cardio-
myocyte apoptosis.’® The elevated level of Ca2*
plays a role in the activation of NADPH oxidase
and ROS overproduction. Therefore, NADPH
oxidase regulation can help in the treatment of
DCM.47 Molecular proteins such as peroxisome
proliferator-activated receptors (PPAR), MAPK,
c-Jun N-terminal Kinase (JNK), nuclear factor-
kB (NF-xB), necrosis-related factor-2 (Nrf-2)
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Table 1. Mechanisms contributing to various pathophysiological roles in DCM.

S. no Cause Mechanism of action = Effect on the development and progression Available drugs
of DCM
1. Impaired - GRK2 Inhibits myocardial insulin signaling Thiazolidinediones have been reported to
insulin overexpression Remodels imprudent expression of beta-AR increase insulin sensitivity which also influenced
signaling - CaMKIl activation and myocardial infarction the cardioprotective effect positively.
2. Oxidative - JNK activation Inflammation and apoptosis - C66 - potent antioxidant JNK inhibitor
stress - NF-xB stimulation in  ROS and AGEs influence NF-kB to express - Pyrrolidine dithiocarbamate - potent
the presence of ROS  pro-inflammatory cytokines and profibrotic NF-xB inhibitor reducing oxidative stress,
and AGEs genes mitochondrial structure integrity improvement,
ATP synthesis, improve the bioavailability of NO
3. Glucotoxicity SGLT2 Reabsorption of glucose from glomerular Dapagliflozin, canagliflozin, empagliflozin -
filtrate causing hyperglycemia SGLT2 inhibitor with cardioprotective effects
4. Lipotoxicity Protein Kinase R Induces cardiomyopathy via lipotoxicity Imoxin - PKR inhibitor
6. Inflammatory ~ TNF-a and related Pro-inflammatory activities due to Ursolic acid - Anti-inflammatory activities and
Responses cytokines and hyperglycemic effects cardioprotective
increased proteasome Diabetes induces proteasomal activities MG132 - Proteasome inhibitor causing
activity NF-xB and JNK/p38MAPK phosphorylation  proteasomal degradation of Nrf-2 and IkB-a
Inflammation in are important players of inflammation in LCZ696 - Angiotensin receptor-neprilysin
general hyperglycemic cardiomyocytes inhibitor, reduced inflammation, and death
ERK and NF-xB Causes inflammation, cardiac fibrosis, and by inhibiting the transfer of NF-xB and JNK/
hypertrophy p38MAPK phosphorylation
Isosteviol sodium - Inhibits ERK and NF-«xB
7. Cardiac TNF-o Fibrosis, inflammation Anti-TNF-a monoclonal antibody - Reduced
hypertrophy Angiotensin Hypertension, myocardial interstitial cardiac fibrosis in DCM rat model
and cardiac Dipeptidyl peptidase-4 fibrosis Losartan - Angiotensin receptor blocker, blocks
fibrosis Induces hyperglycemia by damaging GLP-1  JAK/STAT pathway and TGF- expression
reduces fibrosis
DPP-4 inhibitors - Prevent heart hypertrophy
and cardiac diastolic dysfunction by inhibiting
oxidative stress and fibrosis
8. Cardiac cell GLP-1 Positively affects cardiomyopathy by Dulaglutide GLP-1 analog - Cardioprotective and
death enforcing cardioprotective effect via anti-diabetic in nature

antiapoptotic and antioxidant

AGE, advanced glycation end product; ATP, adenosine triphosphate; GRK2, G-protein receptor kinase 2; GLP-1, Glucagon like protein-1; CaMKII,
calmodulin-dependent protein kinase II; JNK, c-Jun N-terminal Kinase; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor-kB; NO,
nitric oxide; PKR, protein kinase R; ROS, reactive oxygen species; SGLT2, sodium-glucose cotransporter-2; STAT, signal transducer of activation
pathway; TNF-o, tumor necrosis factor alpha; TGF-p, transforming growth factor-f.

also have a major role to play in inducing oxida-
tive stress in the cardiomyocytes (Table 1).1:16:57
Moreover, overexpression of PPAR-a switches
mitochondrial oxidation from glucose to FFA
and decreases Ca?" uptake. PPAR-B/8 mostly
regulates FFA metabolism and gene expression
(Figure 2). PPAR-y acts as an agonist and
improves insulin sensitivity and glucose uptake.
Other important targets that need exploration are
the micro RNAs (miRNAs). miRNAs are small,
single-stranded, non-coding RNAs. The exact
mechanism through which miRNAs plays a role
in DCM is not fully understood, but available
evidence suggests that a correlation exists.>® For

instance, expression of miRNA-22 may amelio-
rate oxidative damage by upregulating Sirtuin-1
(Sirt-1).  Additionally, miR-200c  reduces
endothelium-dependent relaxation by decreasing
zinc finger E-box-binding homeobox 1 (ZEB-1)
expression and increases prostaglandin E2 syn-
thesis, which in turn increases cyclooxygenase 2
(COX-2) expression in endothelial cells.>® These
changes are reported to have an anti-hyper-
trophic, anti-inflammatory effect.! MAPK,
including extracellular signal-regulated kinase
(ERK) 1/2, p38 MAPK, and JNK activation are
key players in pathological cardiac remode-
ling.10-00:61 TNK signaling is mainly activated due
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to oxidative stress and inflammation. This path-
way equally contributes to the development of
DCM and its inhibition prevents inflammation
and apoptosis. The novel curcumin analog C66
[(2E,6E)—2,6-bis(2-(trifluoromethyl)ben-
zylidene) cyclohexanone] is a potent antioxidant
JNK inhibitor. C66 may dysregulate JNK levels
and prevent cardiac fibrosis, oxidative stress, and
apoptosis.?2 NF-kB is a transcription factor that
remains unstimulated under normal conditions.
However, in the presence of ROS and advanced
glycation end products (AGEs), is activated and
affects the expression of pro-inflammatory
cytokine, profibrotic genes, and cell survival.
Pyrrolidine dithiocarbamate is a potent NF-xB
inhibitor reported to reduce oxidative stress,
restore mitochondrial structural integrity,
improve ATDP synthesis, and the bioavailability of
NO to restore cardiac function.®® In endothelial
cells, sphingosine-1-phosphate (S1P), which
binds to S1P receptors (S1PRs), also controls a
variety of physiologic processes. Recent research
has shown that the increased ROS and decreased
NO seen in endothelial cells exposed to high glu-
cose (HQG) levels can be reversed either by induc-
ing S1PR1 or decreasing S1PR2.%¢ Another
important player of oxidative stress is Nrf-2, a
leucine zipper protein that helps to neutralize
oxidative stress by regulating the production of
antioxidant proteins, such as heme oxygenase.%
Thus, MG-53, PPAR, MAPK, NF-«kB, and
Nrf-2 are good targets for the treatment of DCM
which merit further investigation.

Abnormal metabolite associated toxicity

Glucotoxicity

Hyperglycemia is a potential cause for increased
mortality in HF patients, as shown both in clini-
cal trials and population-based studies.%0-70
Hyperglycemia damages in cardiomyocytes by
oxidative stress, apoptosis, and by reducing
autophagy. It also negatively impacts cardiomyo-
cyte contractility by perturbation of calcium sign-
aling leading to impairment of action potential
and apoptosis.”!  Moreover, hyperglycemia
increases the expression of profibrotic genes and
inflammatory cytokines, which in turn may con-
tribute to cardiac fibrosis in DCM.7? Several
mechanisms, such as flux of glucose in the polyol
pathway, increased formation of AGEs, PKC
activation and increased flux of hexosamine path-
way have been proposed as possible molecular

mechanism of glucotoxicity in DCM.%30 The
acceleration of the polyol pathway reduces
NADPH availability, a cofactor required for the
glutathione-dependent antioxidant system. The
reduction of this system contributes to oxidative
stress, which in turn leads to tissue damage. AGE
formation irreversibly alters the structure and
function of proteins. Moreover, the interaction of
AGE with its corresponding receptor for advanced
glycation end product (RAGE) increases NADPH
oxidase-mediated ROS production.’3:74

Traditional therapies focused on reducing blood
glucose levels have shown very limited efficacy in
reducing CVD. The new class of drugs recently
approved for diabetes treatment target sodium-
glucose cotransporter-2 (SGLT2), the main iso-
form expressed in the kidneys. SGLT2 facilitates
the reabsorption of glucose from the glomerular
filtrate and its inhibition increases urinary glu-
cose excretion, thereby reducing hyperglycemia
with considerably reduced risk of hypoglyce-
mia.”> Dapagliflozin, canagliflozin, and empagli-
flozin are the recently approved SGLT2
inhibitors for the treatment of type 2 DM. These
pharmacologic agents have shown cardioprotec-
tive effects in diabetic patients.”’® Canagliflozin
in CANVAS Program,’” empagliflozin in EMPA-
REG Outcome trial,’® and dapagliflozin in
DECLARE-TIMI 58 trial”® have been shown to
reduce mortality caused by cardiac complica-
tions.”® Although the underlying mechanism
through which SGLT?2 inhibitors reduce car-
diac-associated mortality is not fully understood,
these inhibitors change cardiac energy metabo-
lism by decreasing myocardial glucose absorp-
tion, which may enhance heart function and
minimize myocardial damage.8® Additionally,
SGLT2 inhibitors reduce pro-inflammatory
markers such as C-reactive protein, tumor
necrosis factor alpha (TNF-a), and interleukin 6
(IL-6),80-82 oxidative stress markers such as
ROS, thereby, protecting the heart from the neg-
ative impact.82:83 Several studies have reported
that anti-hyperglycemic medications provide
cardioprotection via the activation of the AMPK
pathway. The activation of AMPK in cardio-
myocytes and diabetic heart has a beneficial
effect on cardiomyocytes via autophagy repair
and helps in the preservation of cardiac struc-
ture and function.8* Currently, several AMPK
activators are under evaluation for their cardio-
protective efficacy.8> We have recently shown
that oxidative stress and apoptosis induced by
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glucolipotoxicity in cardiomyocytes can be
reversed with canagliflozin and dapagliflozin, the
SGLT1 inhibitors.8¢

Lipotoxicity

Under diabetic conditions, levels of circulating
free FFA increase due to increased hepatic lipid
synthesis and increased lipid breakdown by adi-
pocytes, which then induces lipotoxicity in the
cardiomyocytes.87-8 High levels of oxidized FFA
increase mitochondrial membrane potential and
lead to increased ROS production. The increased
production of ceramide, a long-chain fatty acid
amide derivative of sphingoid bases inhibits the
mitochondrial respiratory chain and induces
apoptosis in  cardiomyocytes.®© Moreover,
increased levels of FFA alter the membrane action
potential, which in turn affects myocardial con-
traction. Excessive accumulation of triacylglyc-
erol contributes to left ventricular dysfunction
and increased diacylglycerol causes impaired
insulin-stimulated glucose uptake in the heart.®!
CD36, a N-linked glycosylated transmembrane
protein, plays an important role in the uptake of
long-chain fatty acids and gets upregulated in
response to HG in beta-cell, resulting in an
increased uptake of fatty acids in beta-cells
(Figure 2) and increased pro-inflammatory
cytokines. Elevated levels of AGEs, oxidative
stress, altered insulin signaling cascade, problems
with calcium handling, and microvascular deficits
are all connected with CD36 signaling.%?
Together, these findings suggest that CD36 is
closely associated with the progression of CVD
and can be a new therapeutic target for lipotoxic-
ity-induced CVD. The role of miRNAs such as
miRNA-320, and miR-344g-5p in cardiac lipo-
toxicity has been highlighted®3%¢; therefore,
advancing our understanding of their underlying
mechanism will help manage lipotoxicity in the
cardiomyocytes. Targeting cardiac lipotoxicity
has been challenging due to a lack of understand-
ing of the type of FFAs being elevated under lipo-
toxic conditions. Nevertheless, recent advances in
the treatment of cardiac lipotoxicity have raised
hopes for treatment. Increasing fatty acid oxida-
tion leads to decreased ceramide, diacylglycerol,
and triacylglycerol which can reduce lipotoxicity.
However, lowering the rate of fatty acid oxidation
may improve carbohydrate metabolism in myo-
cardial cells and improve the contractile efficiency
of the heart.?%°! Evidence shows that several

synthetic and natural compounds have a reverse
effect on lipotoxicity-induced cardiomyopathy.
We have recently shown that glucolipotoxicity-
induced DCM is mediated via the upregulation
of protein kinase R (PKR) and that the inhibition
of PKR reverses DCM phenotypes signifi-
cantly.8%9 Likewise, other groups have demon-
strated beneficial outcomes of canagliflozin%;
exendin-4, a GLP-1 analog; saxagliptin, a dipep-
tidyl peptidase-4 inhibitor®’; metreleptin, a
recombinant leptin®; and extracts from plants
such as Turbina oblongata®® in the treatment of
lipotoxicity-induced cardiomyopathy.

Autophagy eliminates dysfunctional cell orga-
nelles, protein aggregates, and pathogens via lys-
osomal mechanisms. In rat insulinoma cells, it
was reported that palmitate treatment increases
autophagosome numbers and causes their activa-
tion, indicating a protective role against palmi-
tate-induced death. Given that the activation of
autophagy by fatty acids in beta-cells has been
reported to be an apoptotic signal,'% these con-
tradictory findings suggest that induction of
autophagy can either exert harmful or protective
roles. Hence, the role of autophagy in lipotoxic-
ity-associated DCM requires further
investigation.

Cardiac stiffness and impaired contractility

Cardiac stiffness and impaired contractility are
seen during the initial stages of DCM and once
present have only finite chances to repair.
Pathophysiological changes, for instance, inap-
propriate Renin-Angiotensin sytem (RAS) activa-
tion despite water and salt excess, oxidative stress,
increased cardiomyocyte death, impaired cardio-
myocyte autophagy, and maladaptive immune
responses, all contribute to cardiac stiffness/dias-
tolic dysfunction.101:102 The phosphorylation of
eNOS at Serl1177 mediated by activated protein
kinase B (PKB/Akt) is critical for NO genera-
tion.193 Increased bioavailable NO mediates myo-
cardial energy balance and coronary vasodilation.
Diabetic patients have decreased NO-mediated
vascular relaxation and increased cardiac stiff-
ness, both caused by dysregulated cardiac insulin
signaling, which also affects diastolic relaxation.!
Arachidonic acid metabolism pathway, microso-
mal P-450 enzymes, NADPH oxidases, XO, and
NO synthase activity increases upon activation of
PKC following increased electron donor and
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mitochondrial proton gradient by glucose.1%4
Furthermore, eNOS releases NO, which may
combine with the NADPH oxidase generated
superoxide to form peroxynitrite.195 Inhibition of
guanylyl cyclase and lowering of cyclic guanosine
monophosphate (cGMP) levels accompanied by
a decrease in protein kinase G (PKQG) activity are
determined by decreased bioavailability of NO in
cardiac cells. The large cytoskeletal protein titin,
which regulates diastolic cardiac distensibility is
hypophosphorylated in cardiomyocytes when
PKG activity is reduced.!% Diastolic dysfunction
is caused by delayed relaxation, increased dias-
tolic stiffness, and a decrease in cardiomyocyte
elastance. HFpEF diastolic stiffness is influenced
by the activities of the NO, cGMP, and PKG
pathway, regardless of ejection fraction.107-108 The
NO-cGMP-PKG-titin pathway is anticipated to
be a primary predictor of left ventricle (LV) dias-
tolic stiffness in diabetic HFpEF patients given
the findings of severe oxidative stress, vascular
inflammation, endothelial dysfunction, and lower
bioavailability of NO in cardiomyocytes of DCM
patients.10%110  Calcium—calmodulin-dependent
protein kinase II, a Ca2*activated enzyme pro-
motes cardiac adaptation by increasing energy
generation, glucose absorption, SR Ca2* release/
reuptake, sarcolemmal ion fluxes, and myocyte
contraction/relaxation.!'!  CaMKII activation
occurs downstream of the neurohormonal stimu-
lation, involving a variety of posttranslational
modifications such as autophosphorylation, oxi-
dation, S-nitrosylation, O-GIlcNAcylation. This
enzyme also modulates excitation—contraction
and excitation—transcription coupling, mechan-
ics, and energetics in cardiac cells causing
arrhythmogenic changes in Ca2* handling, ion
channels, cell-to-cell communication, and metab-
olism.!11:112 The molecular knowledge of cardiac
remodeling, arrhythmia, and CaMKII signaling
may lead to the discovery of novel therapeutic tar-
gets and, eventually, more effective treatments for
diabetes and heart diseases in particular.11!

AGEs accretion triggered by HG, oxidative stress,
and inflammation results in the activation of vari-
ous signaling pathways initiated by AGE-RAGE
interaction (Figure 3), remodeling of the ECM
with collagen—elastin cross-linkage, production of
pro-inflammatory cytokines, TGF-f§, and NF-«B
signaling, increased ROS production and cardiac
oxidative stress decreased SR function with
reduced Ca?" reuptake into SR, and the switch

from the alpha-myosin heavy chain (MHC) to
beta-MHC which causes myocardial stiffness and
myocyte enlargement.!13-115 In patients with type
1 diabetes, correlations have been documented
between AGESs serum levels, isovolumetric relax-
ation time, and L.V diameter during diastole.!1¢

Inflammatory mediators

Multiple pro-inflammatory pathways are upregu-
lated in the heart due to hyperglycemia, hyperin-
sulinemia, and elevated angiotensin II levels. The
PI3K-Akt pathway, which leads to GLUT4-
regulated cellular glucose uptake, is suppressed
under diabetic hyperinsulinemic conditions.
Hyperinsulinemia in turn induces phosphoryla-
tion of MAPK, a hypertrophy regulating pathway
that causes endothelin mediated vasoconstriction
and releases pro-inflammatory cytokines like
TNF-a, IL-6.117 Additionally, damaged endothe-
lial cells or endothelial dysfunction can cause the
production of inflammatory mediators such as
TNF-a and IL-1, which further lead to the expres-
sion of adhesion molecules intercellular adhesion
molecule (ICAM-1), vascular cell adhesion mole-
cule 1 (VCAM-1), E-selectin, and P-selectin on
the surface of the endothelial cells.!18-120
Hyperglycemia leads to the formation of AGEs,
inducing secretion of transcription factor NF-kB,
which in turn releases pro-inflammatory cytokines
TNF-a, and IL-6 and ICAMs, together causing
damage to the cardiac muscle.!!” Multiple other
accessory pathways are involved in the pro-inflam-
matory response fueled by the hyperglycemic
effects, such as the JNK/NF-kB pathway (Table
1).12L122 Additionally, hyperglycemia also sup-
presses the activity of Sirt-1, a protein involved in
blocking NF-«B transcription and inflamma-
tion.123 Increased levels of lipids and fatty acids in
circulation also lead to toll-like receptor (TLR4)
production, a potent NF-«B activator, and PKC
production, a MAPK pathway activator. TLR4
deactivation by siRNA-mediated silencing causes
a significant decrease in triglyceride accumulation
and a reduction in inflammatory responses.88117,124
Naturally occurring ursolic acid (UA) is a penta-
cyclic triterpenoid compound with a wide range of
beneficial effects derived from its anti-tumor to
anti-inflammatory and vasoprotective proper-
ties.!25 UA has shown promising preliminary car-
dioprotective effects in CVD.126 Prolonged
treatment with UA in diabetic rats significantly
reduces TNF-a and related cytokines.3” UA has
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Inflammation High glucose Oxidative stress
Activates AGE RAGE
Receptor complex
Initiates
JAK STAT PI3K AKT signalling  Calcium signaling  MAPK signaling
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| |
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Inflammation
Angiogenesis
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Vascular remodelling

Figure 3. Schematic illustration of the role of AGEs in DCM.
AGE, advanced glycation end product; Akt, protein kinase B; DCM, diabetic cardiomyopathy; JAK-STAT, Janus kinase-signal
transducer and activator of transcription; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositide-3-kinase;

RAGE, receptor for advanced glycation end product.

also been shown to significantly improve diastolic
dysfunction and restore normal cardiac function
in DCM rats.5” The therapeutic significance of
MG-132, a proteasome inhibitor in DCM was
recently reported in a study showing that MG-132
treatment increases the cardiac expression of anti-
oxidant genes wvia the upregulation of Nrf-2,
besides decreasing the levels of IkB-a and nuclear
accumulation of NF-xB in the heart.127 LCZ696,
neprilysin, an angiotensin receptor inhibitor, can
reduce inflammation and death by inhibiting the
nuclear transfer of NF-B and JNK/p38MAPK
phosphorylation in diabetic mice and H9C2 car-
diomyocytes under HG condition.!?® Isosteviol
sodium inhibited ERK and NF-kB reduces car-
diac fibrosis, inflammation, and hypertrophy,
equivalent heart-to-body weight ratio, and anti-
oxidant capabilities nearly identical to the normal
controls. 1?9

Cardiac hypertrophy and cardiac fibrosis
Cardiac fibrosis is a strong contributing factor in
the pathogenesis of DCM. Increased expression

of TGF-p in association with cardiac fibrosis has
been reported in DCM.!30 Factors responsible
for TGF-P upregulation in DCM include hyper-
insulinemia, hyperglycemia, renin angiotensin
aldosterone system activation, and AGE-
mediated signaling pathway.?!  Moreover,
increased activity of B1/Suppressor of mothers
against Decapentaplegic (SMAD) signaling path-
way in association with reduced NO availability,
compromised insulin metabolism, and increased
oxidative stress leads to increased deposition of
fibronectin and collagen in the myocardium,
which in turn causes fibrosis.?! Reduced GRK2
signaling is reported to contribute to cardiac
hypertrophy in aged animals.?3 Insulin induces
ventricular hypertrophy through several mecha-
nisms, most notably the activation of Akt and
ERK.23 This potentially contributes to ventricu-
lar hypertrophy in diabetics.?> Enhanced 1-adr-
energic production and signaling brought on by
sympathetic nervous system activation, can lead
to myocyte hypertrophy, interstitial fibrosis, and
decreased contractile performance, along with
an increase in myocyte death.!® Myocardial
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hypertrophy, cardiac fibrosis, poor myocardial-
endothelial signaling, and the death of myocardial
and endothelial cells can be due to impaired signal
transduction through MAPK, Other molecular
pathways may also contribute to the above
conditions.!3!

Patients with diabetes have lower levels of miR-
15a/b in their myocardium, causing transforming
growth factor receptor-1 and connective tissue
growth factor to signal fibrosis.’® It has been
reported that the accumulation of fibroblasts
caused by elevated endothelin 1 (ET-1) levels in
the heart of diabetic patients is linked to cardiac
fibrosis through endothelial-to-mesenchymal
transition.!3? Targeted suppression of the ET-1
gene can prevent this shift from occurring and
delay the onset of cardiac fibrosis.!32 Additionally,
ET-1 receptor inhibition normalizes the excessive
contractile response of mesenteric arteries to
ET-1 and dramatically improves LV developed
pressure, peak rate of LV pressure, and LV rate of
contraction.!3? The use of stem cells in therapeu-
tics has raised new hopes in the treatment of dis-
eases, including DCM and studies have shown
that cardiac hypertrophy and fibrosis can be
reversed through stem cell therapy. By injecting
stem cells into the heart, damaged cardiomyo-
cytes can be replaced or regenerated, thus, restor-
ing cardiac tissue and function.!3%135 Besides, the
paracrine effects of stem cells, such as the produc-
tion of growth factors, cytokines, and anti-inflam-
matory substances stimulate tissue repair,
decreased inflammation, promotion of angiogen-
esis, decreased fibrosis, and improved microenvi-
ronment within of injured heart tissue, can all
thus enhance heart function.!3%137 Various drugs
with promising effects on fibrosis and collagen
deposition, attenuation activity in DCM models
is summarized in Table 2.

Preventing cardiac cell death

Generally, it is believed that cell death during
DCM is the ultimate step. Cell death may be
divided morphologically into four -categories:
apoptosis, autophagy, necrosis, and entosis.!47
Unfolded protein response, also known as endo-
plasmic reticulum (ER) stress is a cell stress
response that has been retained throughout evolu-
tion when ER-associated processes are disrupted.
ER stress is originally intended to repair damage;
however, if the stress is too much or lasts too long,
it might eventually cause cell death.148

Through the AMPK-mTOR-p70S6K signal-
mediated autophagy, activation of the cannabi-
noid receptor 2 with HU308 may impart a
cardioprotective effect in DCM, as well as in car-
diomyocytes after HG stress.!4® Inhibition of
(poly[ADP-ribose]  polymerase-1  (PARP-1)
decreased the inflammatory response brought on
by HG, including the release of TNF-a, IL-1,
and IL-6 as well as the expression of ICAM-1 and
inducible nitric oxide synthase. Additionally,
insulin-like growth factor (IGF)-1R/Akt pathway
activation and downregulation of cleaved cas-
pase-3 and caspase-9 together with PARP-1 sup-
pression reduces HG-induced cardiomyocyte
death.15%:151 Tn mice, the inflammatory response
and cardiomyocyte apoptosis caused by hypergly-
cemia were attenuated by PARP-1 deletion.!0 A
major cardiac phosphatase called protein phos-
phatase 2A controls the activity of various myo-
cytes by binding to its target molecules.!47
Forkhead box protein O (FoxQ), a transcription
factor is abundantly present in the cardiac cells
and is described as an important regulator of sev-
eral cellular processes in the myocardium and as a
potential  therapeutic  target.!>%153  FoxO-
dependent transcriptional activity is reduced by
PI3K-Akt signaling.1>* FoxO factors are involved
in cell cycle regulation, autophagy, apoptosis, oxi-
dative stress responses, cellular remodeling,
besides facilitating response to environmental
changes.!55:156 During insulin resistance in cardi-
omyocytes, downregulation of Akt phosphoryla-
tion increases the expression of FoxO protein,
which in turn activates apoptotic signaling in the
cardiomyocytes (Figure 4).156 Studies have also
shown that the inhibition of FoxO-dependent
transcriptional activity by PI3K-Akt signaling has
an even more complex regulatory feedback mech-
anism, as FoxO protein is a key element of insulin
signaling pathway.!>® However, future studies
using both in vitro and in vivo approaches are
needed to explore its value as a therapeutic target.
Tumor necrosis factor receptor 1 (TNFR1) and
Fas receptors are ligands to death receptors that
drive the process of necroptosis upon HG stimu-
lation. Necroptosis is also induced by PKR com-
plexes, damage-associated molecular patterns,
and nucleotide-binding and oligomerization
domain-like receptors. The route that activates
necroptosis and which has received the highest
attention is the TNFRI1-mediated necroptosis.
There are three distinct activities that TNF-a
may perform after binding to TNFRI; cell sur-
vival, apoptosis, or necroptosis via the formation
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Table 2. Drugs with a protective action on cardiac hypertrophy and fibrosis.

S. no. Drug name DCM prevention mechanism
1. Ursolic acids’ Fibrosis 4
Oxidative stress 4
Hyperglycemic stress
2. Cannabidiol'38 Fibrosis and collagen deposition 4
Inflammation
Apoptosis ¢
3. TNF-a monoclonal antibody's? Fibrosis ¥ by downregulating MAPK and pro-inflammatory
cytokines
4, Relaxin38.140 Mesenchymal differentiation
Collagen deposition ¥
Metalloproteinase-1{
ECM degrading matrix metalloproteinase-13 T
5. Losartan'4! Angiotensin 1 recptor (AT1R] blocker
JAK/STAT pathway
TGF-B { Collagen deposition
6. Free-radical scavenger Szeto- Diastolic dysfunction
Schiller peptide SS31142 Cardiac fibrosis and hypertrophy ¢
7. Dipeptidyl peptidase 4 Fibrosis 4
inhibitors43.144 Oxidative stress
Hypertrophy
8. Coenzyme Q (10)145 Akt phosphorylation and signaling T
Fibrosis 4
Cardiomyocyte hypertrophy ¢
9. Co-administration of hydrogen AMPK/mTOR/Nod-like receptor protein 3
and metformin4 NLRP3 pathway
TGF-B1/SMAD pathway 4
Pyroptosis and fibrosis
10. Mesenchymal stem cell Endogenous regeneration of cardiomyocytes T

therapy'34

Cardiac fibroblast activity 4
Collagen deposition 4

Akt, protein kinase B; AMPK, AMP-activated protein kinase; ECM, extracellular matrix; JAK-STAT, Janus kinase-signal
transducer and activator of transcription; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of
rapamycin; TGF-f, transforming growth factor-f; TNF-o, tumor necrosis factor alpha.

of different complexes. Complex I being prosur-
vival, Complex Ila proapoptotic, and Complex
IIb pronecroptotic.157:158 By enabling the fusion
of autophagosome and lysosome, Mfn2 is essen-
tial for the cardiac autophagic process. Mfn2 loss
hinders this fusion, which eventually increases
cardiac  susceptibility and  dysfunction.!5®
Nicorandil boosts B-cell lymphoma-2 (bcl-2)
expression in the heart of diabetic rats while
decreasing the expression of bcl-2-associated X
(Bax), TdT-mediated dUTP nick end labeling-
positive cells, and cleaved caspase 3.160

Furthermore, when HO9C2 cardiomyocytes were
stimulated with HG levels, the competitive antag-
onist of nicorandil, 5-HD, increased apoptosis
but decreased the phosphorylation of P13K, Akt,
eNOS, and mTOR.1 One of the recently stud-
ied targets is GLP-1, an incretin that is synthe-
sized by intestinal L cells following nutrient
ingestion. GLP-1 analogs are reported to have a
cardioprotective effect via antiapoptotic and anti-
oxidant activity (Table 1).16! Clinical trials have
further demonstrated the cardiovascular benefits
of several GLP-1 analogs in diabetic patients,
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PDK1, 3-phosphoinositide-dependent kinase; PI3K, phosphoinositide-3-kinase.

with liraglutide showing appreciable benefits in
mitigating CVD risk.161:162 A recently approved
GLP-1 analog, dulaglutide is useful for primary
and secondary cardiovascular prevention.!63
Although GLP-1 analogs have shown cardiopro-
tective benefits in preclinical and early clinical tri-
als,1%% studies need to be conducted to identify
the underlying molecular mechanism(s) through
which GLP-1 analogs exert their therapeutic ben-
efits in DCM.

Conclusion

Preclinical as well as clinical studies have reported
multiple mechanisms involved in the pathogene-
sis of DCM. Currently, there are no specific treat-
ments for the management of DCM and most of
the currently available anti-hyperglycemic medi-
cations are not effective in preventing CVD in
diabetic patients. The molecular foundation of
DCM targeted therapy comprises several interre-
lated pathways and processes. Myocardial hyper-
trophy, fibrosis, poor myocardial-endothelial
signaling, and cellular dysfunction are all symp-
toms of DCM. Several important molecular
mechanisms contribute to the formation and pro-
gression of DCM. Regardless of ejection fraction,
impaired signaling via the NO, cGMP, and PKG
pathways might contribute to diastolic stiffness in

DCM. Such dysfunctional signaling can cause
endothelial dysfunction, decreased vasodilation,
and increased fibrosis, all of which contribute to
diastolic dysfunction. Ongoing research and well-
designed clinical trials are required to understand
the molecular basis of DCM better and to develop
targeted therapeutics that can successfully pre-
vent, delay, or reverse the progression of this car-
diac problem. In addition to the treatments
discussed above, which are predominantly tai-
lored toward a specific pathway, stem cell therapy
has proven effective in treating a variety of CVDs.
Although stem cell therapy has not yet been tested
in the treatment of DCM, data from in vivo and
in vitro studies are showing promising results.
Future studies in line with target-specific drug
development like targeting FoxO protein, ET-1,
CaMKII, and others, can potentially offer effec-
tive therapeutic options.
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