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Insulin resistance has been regarded as a hallmark of diabetes heart disease (DHD). Numerous studies have shown that insulin
resistance can affect blood circulation and myocardium, which indirectly cause cardiac hypertrophy and ventricular remodeling,
participating in the pathogenesis of DHD. Meanwhile, hyperinsulinemia, hyperglycemia, and hyperlipidemia associated with in-
sulin resistance can directly impair the metabolism and function of the heart. Targeting insulin resistance is a potential therapeu-
tic strategy for the prevention of DHD. Currently, the role of insulin resistance in the pathogenic development of DHD is still un-
der active research, as the pathological roles involved are complex and not yet fully understood, and the related therapeutic ap-
proaches are not well developed. In this review, we describe insulin resistance and add recent advances in the major pathological
and physiological changes and underlying mechanisms by which insulin resistance leads to myocardial remodeling and dysfunc-
tion in the diabetic heart, including exosomal dysfunction, ferroptosis, and epigenetic factors. In addition, we discuss potential
therapeutic approaches to improve insulin resistance and accelerate the development of cardiovascular protection drugs.
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INTRODUCTION

Diabetes heart disease (DHD) is a structural and functional
heart disease associated with diabetes mellitus (DM) and occurs
in the absence of conventional cardiovascular disease (CVD).
DHD mainly includes coronary artery disease, heart failure
(HF), autonomic heart disease, and diabetes cardiomyopathy.
Specifically, the functional features are dominated by left ven-
tricular diastolic dysfunction, and the structural features include
myocardial fibrosis, cardiac hypertrophy, and impairment of
coronary microvascular perfusion [1]. Recent studies have
shown that DHD is the most common and dangerous compli-
cation of DM, affecting more than half of all DM patients [2].

Despite the fact that glycemia control alone can exacerbate
myocardial injury, CVD is progressing. In contrast, metformin
reduces the incidence of cardiovascular damage [3]. This indi-
cates that enhanced insulin sensitivity, rather than plasma glu-
cose levels, plays an important role in improving DHD out-
comes. Insulin resistance is the pivotal link in metabolic disor-
ders and crucial factor in the progression of DHD [4]. Some
clinical trials suggest that patients with insulin resistance are
twice as likely to develop coronary heart disease as those with-
out insulin resistance [5,6]. The incidence of CVDs in hyperin-
sulinemic patients exceeds three times that of non-hyperinsu-
linemic patients. Improving insulin resistance can reduce the
risk of CVDs in DM patients by about 55% [3].
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The pathophysiology of insulin resistance leading to DHD
has been the topic of research since its first description. Insulin
resistance can exacerbate atherosclerosis, myocardial fibrosis
and ventricular hypertrophy, leading to cardiac diastolic dys-
function and eventual development of HE The aim of this re-
view is to provide a comprehensive and updated overview of
the clinical, pathogenetic, and molecular aspects of DHD. First-
ly, we introduce the pathways of insulin signaling and the devel-
opment of insulin resistance. We also summarize the mecha-
nisms of insulin resistance to DHD, including myocardial ener-
gy metabolism disorders, abnormal calcium cycling, microR-
NAs (miRNAs), cell cycle processes, vascular injury, cardiac au-
tonomic dysfunction, and inflammation. Finally, we outline the
potential targeted therapy for improving insulin resistance dur-
ing DHD.
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INSULIN RESISTANCE

Insulin resistance is a state where the body reduces insulin sen-
sitivity and glucose absorption and processing capacity. Oxida-
tive stress, inflammation, lipid metabolism disorders, epigene-
tic changes, and intestinal microorganisms can contribute to
the development of insulin resistance. Although insulin re-
sponses in different cell types vary, this is largely due to differ-
ent lateral effects, as all insulin-responsive cells have very simi-
lar peripheral components. To date, two major insulin signal
pathways have been identified: the phosphatidylinositol 3-ki-
nase/protein kinase B (PI3K/Akt) pathway and Ras/mitogen-
activated protein kinase (RAS/MAPK) pathway (Fig. 1). The
PI3K/Akt signaling pathway is the most classical insulin sig-
naling pathway. A PI3K enzyme comprises two subunits, the
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Fig. 1. The signaling pathway of insulin action and the selective impairment of insulin receptor substrate (IRS)-protein kinase B
(Akt) signaling pathway in insulin resistance. (A) It shows that insulin binding to the insulin receptor a subunit on the target cell
surface activates the receptor subunit tyrosine kinase, leading to the autophosphorylation and phosphorylation of the IRS1/2,
which activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway and the RAS/mitogen-activated protein kinase (MAPK)
pathway. (B) It shows that in insulin-resistant state, PI3K/Akt signaling is impaired, but the MAPK pathway is preserved, which
may lead to a mitogenic-promoting effect of insulin in endothelial cells involved in vascular injury. GDP, guanosine 5’-diphos-
phate; GTP, guanosine 5’-triphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; GLUT-4, glucose transporter-4; RaF, rap-
idly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase; PDPK1, phosphoinositide dependent protein kinase 1;
ASC16, 6-O-ascorbyl palmitate ester; ERK, extracellular regulated kinase; eNOS, endothelial nitric oxide synthase; NF-«B, nuclear
factor-«B; FoxO1, forkhead transcription factor O1; mTOR, mammalian target of rapamycin; GSK-3p, glycogen synthase kinase-
3B; FFA, free fatty acid; CD36, cluster differentiation protein 36; PPAR, peroxisome proliferator-activated receptor.
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catalytic subunit p110 and the regulatory subunit p85. It cata-
lyzes the production of phosphate (3,4,5)-triphosphate (PIP3),
which activates Akt by phosphoinositide-dependent kinase 1
(PDPK1) [7,8]. Phosphorylation of Akt plays an instrumental
role in cell growth and proliferation, glucose and fatty acid me-
tabolism [7,9]. Insulins also phosphorylate proteins containing
SH2 structural domains (SHCs), activate RAS/MAPK signal
pathways, and regulate various physiological processes such as
cell growth, proliferation, differentiation, and apoptosis, with-
out involvement in metabolism [10].

Imbalances in insulin signaling consists of two main aspects:
on the one hand, inactivation of insulin receptor substrate (IRS)
proteins, including down-regulation of receptor structure, num-
ber and binding affinity, and on the other hand, dysfunction of
insulin signaling pathways and impairment of their signaling ca-
pacity. Any abnormal insulin signaling site can cause insulin re-
sistance, for example, IRS degradation, phosphorylation, distri-
bution, blockade, and odd expression of PI3K, Akt, and down-
stream proteins. Additionally, the effects of insulin resistance on
intracellular signaling appear to be pathway-specific [11]. PI3K/
Akt signaling is impaired in individuals in a state of insulin resis-
tance, but insulin-activated MAPK pathways are often preserved
and are involved in atherosclerotic (AS) lesions [12].

IMPACT OF INSULIN RESISTANCE ON
DIABETES HEART DISEASE

Potential contributory mechanisms to insulin resistance-in-
duced DHD are gradually expanding. Currently, maturation
mediators identified include myocardial metabolic substrates,
impaired calcium handling, miRNAs, cell cycle processes, vas-
cular damage, autonomic nervous system of the heart, and in-
flammation [8,13,14]. Fig. 2 provides a more comprehensive
illustration of these contributing mechanisms and the places
where they may overlap.

Insulin resistance affects DHD through myocardial
metabolic substrates

The heart derives approximately two-thirds of its energy re-
quirements from fatty acid oxidation and one-third from glu-
cose oxidation, maintaining a relative balance between the two.
As DHD advances, cardiac energy substrate metabolism is al-
tered: cardiomyocytes shift from using both glucose and fatty
acid oxidation to relying almost exclusively on fatty acid p-
oxidation for energy, resulting in impaired synthesis of high-
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energy phosphate compounds in cardiac muscle tissue [15].
Insulin resistance plays a role in this change. Depending on
the daytime indoor lighting environment, insulin-resistant pa-
tients affect the metabolism of the body’s substrate and energy
consumption in a time-dependent manner, including an in-
crease in fatty acid oxidation, a reduction in glucose oxidation
and glycolysis [16].

Free fatty acid

Free fatty acid (FFA) is the primary energy source of the myo-
cardium. Increased expression of peroxisome proliferator-acti-
vated receptor a (PPARa) in cardiomyocytes from diabetic pa-
tients is associated with intake of FFA, accumulation of triacylg-
lycerol and reduced use of glucose [15]. Furthermore, increased
FFA release from fat tissue in turn affects FFA transport in heart
cells. Cluster differentiation protein 36 (CD36) promotes the
absorption of FFA in cardiomyocytes and increases cardiac li-
potoxicity. It was found that insulin resistance induces CD36
upregulation in H9C2 cells and promotes inflammation and
lipid accumulation, exacerbating diabetic myocardial metabolic
disorders [17,18]. An AMP-activated kinase (AMPK) is an en-
ergy-sensing enzyme that is compensatively increased during
low cellular energy levels [15]. Insulin resistance status stimu-
lates AMPK, which increases FFA uptake by the heart via Fat
-CD36 and increases DHD burden [19]. Abnormalities in lipid
metabolism tend to accelerate the development of DHD. Insu-
lin resistance makes insulin ineffective in inhibiting adipocyte
lipolysis and increase FFA in the liver, which further stimulates
the accumulation and secretion of low-density lipoproteins,
leading to disorders of lipid metabolism, lipotoxicity, cardiac
steatosis and even myocardial cell necrosis, resulting in diabetic
myocardial damage [20].

Glucose

The oxidation of glucose and pyruvate is an important factor in
the formation and storage of myocardial energy. Pyruvate de-
hydrogenase (PDH) is an important enzyme that regulates the
balance of heart carbohydrates and lipid metabolism. In pa-
tients with DHD, PDH activity is reduced and pyruvate oxida-
tion is impaired, which seems to be associated with insulin re-
sistance [21]. The dissociation of glycolysis and pyruvate oxi-
dation in the diabetic heart leads to the accumulation of glyco-
Iytic intermediates, which activates specific glucose-sensitive
transcription factors. Glucose enters cardiomyocytes through
glucose transporters 1 and 4, where GLUT1 is located on the
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Fig. 2. Mechanisms of insulin resistance-induced diabetes heart disease (DHD). Insulin resistance affects the progression of DHD
by altering cardiovascular risk factors and reducing the insulin signaling pathway, causing a number of cardiovascular diseases
such as myocardial fibrosis, ventricular hypertrophy, atherosclerosis, impaired myocardial systolic and diastolic function, and hy-
pertension. INS, insulinase-like proteases; NF-kB, nuclear factor-kB; NET, neutrophil extracellular trap; VSMC, vascular smooth
muscle cells; GLUT-4, glucose transporter-4; CD36, cluster differentiation protein 36; FFA, free fatty acid; ROS, reactive oxygen
species; ATP, adenosine triphosphate.
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cell membrane, and GLUT4 is transferred to the cell membrane
under the activation of Akt, and regulates genes such as glyco-
gen synthase kinase-3 (GSK-3) and forkhead box protein O1
(FoxO1) which promote glucose uptake in cardiomyocytes and
inhibit glycogen synthesis [22]. Under conditions of hypergly-
cemia and insulin resistance, the PI3K/Akt signaling pathway
that stimulates the GLUT4 recruitment to plasma membrane is
impaired, causing the production of advanced glycation end
products (AGEs) and the activation of the chronic hexosamine
biosynthesis pathway, leading to heart glucotoxicity and myo-
cardial dysfunction [23,24].

Ketone bodies

Ketone bodies are easily oxidized by the heart. Therefore, when
the metabolism of other energy substrates is dilated, the ketone
body may represent an additional source of energy for the dia-
betic heart. In fact, increased regulation of enzymes involved
in ketone metabolism has been reported in both patients with
DHD and advanced HF mice models. Increasing circulating
ketone bodies by intravenous infusion of ketone bodies signifi-
cantly improves cardiac function in patients with DHD [25]. A
ketogenic diet extends the lifespan in mice with insulin resis-
tance and improves memory in aged mice [26,27]. In addition,
some researchers found that the concentration of ketone bod-
ies was negatively correlated with insulin resistance and tri-
glycerides [28]. Consequently, insulin resistance can affect en-
ergy metabolism in the diabetic heart by regulating ketones
metabolism.

Insulin resistance affects DHD through impaired calcium
handling

In cardiomyocytes, the calcium cycle maintains physiological
excitation-contraction couplings. The sarcoplasmic reticulum
(SR) is the main site of the cardiac calcium cycle. Many Ca**
enter the cardiomyocytes through L-type calcium channels,
induces SR calcium release through the ryanodine receptor
(Ryr), and regulates myocardial contractility. Additionally, the
SR reuptake of cardiomyocyte Ca* is mediated by increased
activity of the sarcoplasmic reticulum Ca** pump (SERCA), the
Na'/Ca’* exchanger (NCX), and the Ca** ATPase [23,29]. In di-
abetes cardiomyopathy, abnormal expressions or activities of
Ryr receptors, SERCA2a and NCX allows impaired Ca*" tran-
sients as well as Ca’* uptake by the SR, affecting myocardial
contractile function. At the same time, impaired Ca’ efflux from
the extracellular matrix, impaired relaxation of cardiomyocytes,
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and sustained increase in action potential time can lead to dia-
stolic dysfunction [15,23,30]. These data indicate that weakened
Ca’* treatment in the cardiovascular cells plays an important
role in the development of diastolic dysfunction characteristics
of early diabetes cardiomyopathy.

Insulin can enhance the function of the calcium channel
through the PI3K/Akt signaling pathway, activate SERCA2a
and improve myocardial contraction [8]. On the other hand, a
state of cardiac insulin resistance attenuates PI3K/Akt signal-
ing, and decreased glucose uptake can reduce Ca** ATPase ac-
tivity, making it challenging to move Ca* back into the SR, re-
sulting in impaired calcium handling [23,29]. A study finds that
heart insulin resistance can impair Ca** homeostasis through
the protein kinase B/striated muscle preferentially expressed
protein kinase/SERCA2a (PKB/SPEG/SERCA2a) pathway and
promote the development of diabetes cardiomyopathy [31].
The state of insulin resistance also significantly promotes calci-
um ion and calcium/calmodulin-dependent protein kinase II
phosphorylation, thereby affecting calcium metabolism [32].
In addition, reduced nitric oxide (NO) bioavailability can af-
fect T-type Ca** channels through the cyclic guanosine mono-
phosphate/protein kinase G (cGMP/PKG) signaling pathway,
aggravate myocardial fibrosis caused by hyperglycemia, and
lead to contraction deformation of myocytes [33,34].

Insulin resistance affects DHD through MiRNAs

MiRNAs are small single-stranded RNA molecules of the non-
coding RNA family, which interfere with the repression of
mRNA and degradation of protein production by target genes
at the posttranscriptional level.

Diabetes cardiomyopathy is highly correlated with dysregu-
lated expression of miRNAs. Some miRNAs, such as miR-1
and miR-133a, which are abundantly expressed in cardiomyo-
cytes, are significantly reduced in DM patients, thus contribut-
ing to the development of diabetes cardiomyopathy [35]. In
streptozotocin-induced DM rats, the overexpression of miR-
133a improved myocardial contractility and mitigated myo-
cardial injury by upregulating tyrosine aminotransferase [36].
In addition, insulin resistance affects the expression levels of
miR-155-5p and miR-143-3p, exacerbating diabetes-related
vascular disease. MiR-155-5p was overexpressed and miR-143-
3p was weakened in atherosclerosis in mice and humans, caus-
ing plaque instability and accelerating the progression of ath-
erosclerosis [37]. Insulin resistance is clearly responsible for
affecting epigenetics and contributing to DHD development.
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MiR-690 is an exosome-derived miRNA from M2-polarized
macrophages. Recent studies have shown that miR-690 im-
proves glucose tolerance and insulin in obese mice, and it can
be a novel insulin sensitizer for metabolic heart disease [38].

Insulin resistance affects DHD through cell cycle processes
Mature cardiomyocytes are non-regenerative. Cell death is the
main form of cardiomyocyte reduction and is a fundamental
cause of cardiac hypertrophy, myocardial fibrosis and ventric-
ular remodeling, leading to progressive HE.

Apoptosis

Apoptosis is a programmatic death process regulated by vari-
ous genes and proteases. The researchers found that elevated
levels of apoptosis markers such as TNF receptor 1 (TNFR-1),
TRAIL receptor 2 (TRAILR-2), and Fas increased the risk of
myocardial infarction and stroke in patients with DHD [39].
In the PI3K/Akt signaling pathway, in addition to the phos-
phorylation of mammalian target of rapamycin (mTOR) pro-
tein, the GSK-3[/fB-catenin signaling pathway can also im-
prove cardiomyocyte apoptosis and improve myocardial injury
in rats with myocardial ischemia-reperfusion [40,41]. Howev-
er, in insulin resistance, the PI3K/Akt signaling pathway is in-
hibited, but the RAS/MAPK signaling pathway still functions,
inducing apoptosis and necrosis in cardiac myocytes and ac-
celerating the progression of diabetes cardiomyopathy [42]. It
has been confirmed that the apoptosis of cardiomyocytes in-
duced by insulin resistance depends on dose [43]. In addition,
lipotoxicity due to insulin resistance may also lead to increased
apoptosis [44]. Endoplasmic reticulum stress (ERS) is involved
in apoptosis. In mice fed a high-fat diet, down-regulating ERS-
related proteins and inhibiting the pathways that regulate ERS
and sterol regulatory element-binding protein (SREBP)-1c/
SREBP-2 improved insulin resistance [45]. Therefore, insulin
resistance can play an important role in activating the apopto-
sis pathway of the ERS cell, which could become an essential
path for studying the DHD apoptosis mechanism.

Autophagy

Autophagy is a highly preserved catabolic process, which plays
a key role in maintaining cell homeostasis by degrading and
recycling the cytoplasmic content, but this process is often im-
paired in diabetic hearts [46]. In preclinical tests, dysregulation
of autophagy was observed in the diabetic heart [47]. Insulin
is an essential regulator of myocardial autophagy, and the unc-
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51-like kinase 1 (ULK1) dot is an early marker of autophagy
formation. It was found that insulin can regulate autophagy
by altering ULK1 phosphorylation and FoxO1/3 activation
through the Akt/mTOR signaling pathway [48]. Insulin resis-
tance exacerbates diabetes-related cardiac injury by affecting
ULK]1 expression and altering the expression levels of p62 and
light chain 3I (LC3I)/LC3II proteins, leading to dysregulation
of cardiomyocyte autophagy [49]. The mTOR mediates au-
tophagy inhibition, and its inhibitor rapamycin improves insu-
lin resistance, alleviates glucose and lipid metabolism disor-
ders, reduces inflammatory reactions, and promotes autopha-
gy [50]. Thus, rapamycin may be a potential treatment for dia-
betes-related myocardial autophagy. In addition, autophagy
can also adversely affect insulin resistance, and a lack of the
autophagy related 16-like 1 (ATG16L1) autophagy gene can
cause insulin resistance by destroying insulin receptor sub-
strates-1 (IRS1) through Kelch-like 9/Kelch-like 13/complex
with cullin 3 (KLHL9/KLHL13/CUL3) mechanisms [51]. Vis-
ceral adipose tissue-derived serine protease inhibitor (vaspin)
reduces insulin resistance, metabolic disorders and hepatic ste-
atosis [52]. Vaspin was found to protect against myocardial
ischemia/reperfusion by upregulating the autophagy flux de-
pendent on AMPK-mTOR and the recovery of lysosomal func-
tions [53]. Vaspin also increased the level of myocardial au-
tophagy and decreased the rate of apoptosis and fibrosis of car-
diomyocytes in diabetic rats [54]. Vaspin may be a potential
target of autophagy in DHD patients.

Ferroptosis

Ferroptosis is caused by the accumulation of lipid peroxides
dependent on iron. A study found that the ferroptosis is an im-
portant pathogen for the development of diabetes cardiomyop-
athy, using transmission electron microscopy to study the ex-
pression of key regulated ferroptosis in mice, and to observe
typical morphological changes in ferroptosis in cardiomyocytes
[55]. Glutathione (GSH) and glutathione peroxidase 4 (GPX4)
are involved in ferroptosis. Targeting the guanine-rich se-
quence binding factor 1 (Grsfl)/GPX4 axis improves insulin
resistance, inhibits oxidative stress and iron reduction, and pro-
tects damaged myocardium [56,57]. GSH formation is depen-
dent on solute carrier family 7 member 11 (SLC7A11), which is
an important molecule for the mitigation of lipid peroxidation
and ferroptosis. In the hearts of mice with insulin resistance,
SLC7A11 and GSH levels were significantly downregulated,
leading to ferroptosis in cardiomyocytes [58]. These confirm
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that insulin resistance disrupts normal cellular function and
enhances lipid peroxidation, leading to iron overload in cardio-
myocytes and participating in the progression of DHD mecha-
nisms. Nuclear factor erythroid 2-related factor 2 (Nrf2) plays
an important role in maintaining the cell redox through the
regulation of multiple antioxidants. Recent studies suggest that
activation of Nrf2 to inhibit ferroptosis can be a potential thera-
peutic target for DHD [59]. However, it is not yet clear how
Nrf2 activation alters DHD pathogenesis and ferroptosis dur-
ing development.

In addition to myocardial cell death pathways, insulin resis-
tance hampers the ability of adult heart stem cells and progeni-
tor cells to expand and differentiate, thereby further deteriorat-
ing their senescence phenomena and accelerating the develop-
ment of DHD [60,61]. Eliminating adipocytes in mice with
high-fat diets improves insulin sensitivity, inflammation and
glycemic status [62]. It is clear that the senescent cells accumu-
late in the process of insulin resistance that causes DHD. An-
other feature of senescent cells is the activation of the senes-
cence-associated secretory phenotype (SASP). Removal of se-
nescent cells using senolytics could decrease cardiac fibrosis
and hypertrophy [63]. Therefore, the removal of senolytic-me-
diated senescent cells can be a means of improving insulin re-
sistance, reducing cardiac remodeling, and preventing DHD
progression.

Insulin resistance affects DHD through vascular damage
Vascular damage is a major link between insulin resistance and
DHD. Vascular endothelial dysfunction (VED), including re-
duced bioavailability of NO, higher intracellular adhesion mol-
ecule-1 (ICAM-1) and endothelin-1 (ET-1), results in reduced
vasodilator activity and instability of lipid plaques, which se-
verely affects vascular function and structure. Insulin resis-
tance is positively correlated with VED and can exacerbate
vascular damage related to diabetes [64]. In insulin-resistant
states, aldosterone and insulin activate glucocorticoid kinase-
lintheserum by the corticoid salt receptor and insulin receptor,
triggering synergistic activity of the sodium channel of the en-
dothelial vascular endothelium, reducing NO production and
exacerbating vascular sclerosis [65]. By modeling the dynam-
ics of insulin signaling in the vascular endothelium, insulin re-
sistance is further confirmed to affect PI3K/NO and MAPK/
ET-1 pathways, thereby inhibiting endothelial nitric oxide syn-
thase (eNOS) and increasing ET-1 and adhesion molecules
[66].
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Exosomes

Exosomes are nano-scale vesicles released by cells. They consist
of a lipid bilayer and contain several biomolecules that act as
intercellular communication by focusing on receptor cells to
release their content. Exosomes secreted by endothelial cells
and vascular smooth muscle cells (VSMC) are important in
maintaining vessel wall homeostasis. Exosomes secreted by
oxidized LDL-treated human arteries (human umbilical vein
endothelial cells [HUVECs]) cause hyperlipidemia and in-
crease the expression of the transcripts of metastatic lung ade-
nocarcinoma 1, which increases local inflammation and causes
the formation and progression of AS plaques [67]. The exo-
some plays a role in the mechanisms of insulin resistance caus-
ing DHD. The expression of arginase 1 in serum exosomes of
diabetic mice and diabetic patients increased, and it was found
that it was captured by endothelial cells, inhibiting endothelial
NO production and thus promoting DHD-related endothelial
functional impairment [68]. Furthermore, circRNA-0077930,
delivered by HUVEC exosomes in insulin-resistant states, in-
duces VSMC senescence by lowering the expression of miR-
622 and regulating Kras, p21, p53, and p16, which can acceler-
ate the pathological progression of diabetic vascular dysfunc-
tion [69]. Exosomes are clearly involved in pathology of vascu-
lar damage associated with insulin resistance.

Endothelial progenitor cells

An endogenous repair process can alleviate vascular endothe-
lial injury. Circulated endothelial progenitor cells (EPCs) are
mediators of endothelial repair and contribute to angiogenesis
and functional recovery in ischemic tissues in DHD patients
[70,71]. Insulin resistance can disrupt EPC function and in-
crease cardiovascular and metabolic risk [71]. The number and
location of EPCs is inversely linked to insulin resistance [72].
The use of insulin sensitive metformin and rosiglitazone in-
hibitors prevents the activation of nuclear factor-kB (NF-kB)
and inflammation in the local concentration of PM2.5, im-
proves insulin resistance, and restores the circulating EPC level
[73]. Additionally, Nrf2 regulates the survival and angiogenesis
functions of EPC. It was found that the expression level of Nrf2
and its downstream genes decreased in the EPCs of DHD pa-
tients and db/db mice, and that the increase in the expression
of NRF2 increased the resistance of EPCs to the oxidative
damage caused by diabetes [74]. Therefore, Nrf2 is a potential
therapeutic target to improve insulin resistance, restore EPC
function, and inhibit the progression of DHD.
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Vasa vasorum

Vasa vasorum (VV) surrounds the middle and outer layers of
the walls of large and medium blood vessels, providing oxygen
and nutrients to the walls of blood vessels and surrounding tis-
sues, and expelling cellular metabolic waste. Patients with
DHD have impaired VV, resulting in coronary microcircula-
tion disturbances and consequently impaired coronary flow re-
serve. Several researchers have analyzed cardiac capillary den-
sity in patients with end-stage HF and found reduced capillary
diameter and higher vascular permeability in patients with
combined DM [75]. Insulin resistance states can damage the
VV and rare microvasculature, thereby causing vasospasm
[76]. Studies have shown that in insulin-resistant environ-
ments, factors such as tumor necrosis factor (TNF) and vascu-
lar endothelial growth factor (VEGF) can impair vascular mat-
uration and result in smaller, weaker, potentially fracturing ves-
sels, thrombosis and cardiovascular events [77,78]. Another
study showed that insulin resistance adipocyte-derived exo-
somes (IRADEs) exacerbated the insulin resistance status of di-
abetic ApoE”" mice, promoted VV production, and increased
plaque burden and AS plaque susceptibility index [79]. More
research is still needed to demonstrate the relationship between
VV and diabetic vascular dysfunction.

Insulin resistance affects DHD through cardiac autonomic
nerves

Cardiac adipose tissue possesses rich neural distribution. Au-
tonomic dysregulation in patients with DHD may induce ar-
rhythmias, such as ventricular fibrillation and atrial fibrilla-
tion. Insulin resistance is closely related to the function of the
autonomous nervous system. This was confirmed in a study by
using electrophysiological methods to observe autonomic tone
in rats fed a high-fat diet [80]. Heart rate variability (HRV) is
currently the most common non-invasive index for evaluating
autonomic function. Patients with insulin resistance have im-
paired cardiac autonomic function and reduced HRV indica-
tors [81]. The reason may be that insulin resistance increases
the level of insulin and the abnormal increase in catecholamine
levels, which affects the four phase depolarization of the heart
and electrical activity of the heart, causing the decrease in vagal
activity and the increase in sympathetic activity.

The nerve growth factor (NGF) is a nutritional factor for
sympathetic nerve survival and is vital for sympathetic nerve
damage repair. Starting from day 3 after myocardial infarction,
the level of intramyocardial NGF increased significantly, and
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the level of sympathetic regeneration was consistent with the
level of intramyocardial NGE NGF reduces insulin resistance,
activates IRS1, and improves glucose metabolism and c-Fos
expression [82]. It was shown that NGF levels in diabetic mice
have decreased and sirtuin 1 (SIRT1) and NGF expression in
neuronal tissues have increased, protecting diabetic animals
from neuronal damage caused by hyperglycemia [83]. Puriner-
gic ligand-gated ion channel 3 (P2X3) receptors are mainly ex-
pressed in primary sensory neurons and are associated with
various pathological pains, especially inflammatory pain. P2X3
was found to be involved in the desensitization of afferent neu-
rons in chronic HF and the expression of P2X3 receptors in the
L4/5 dorsal root ganglion of rats with HF was 2.8-fold higher
than in controls [84]. P2X3 shRNA can reduce sympathetic ac-
tivity by interfering with P2X3 receptor expression in stellate
ganglia, thereby alleviating diabetic cardiac autonomic neurop-
athy [85]. In addition, a study has found that hyperglycemia
can be involved in autonomic injury in DM patients by regulat-
ing the activation of the metabolism and/or oxidative states of
neuronal cells, such as increased production of the polyol path-
way, hexosamine pathway, and AGE [86]. Additionally, renin-
angiotensin-aldosterone system (RAAS) activity in the para-
ventricular nucleus of the hypothalamus raises the signaling
of extracellular signal-regulated kinase 1/2 (ERK1/2) MAPK
and plays an important role in mediating the sympathetic
movement of HF mice [87]. These studies initially suggest that
in insulin resistance, autonomic dysfunction is an important
part of diabetic cardiac autonomic neuropathy.

Insulin resistance affects DHD through inflammation

The role of inflammation in insulin resistance-induced CVDs
has been investigated. DHD is often accompanied by high lev-
els of circulating proinflammatory cytokines, such as TNFa,
interleukin 6 (IL-6), and IL-18, and cytokine receptors [88]. In-
sulin resistance is a chronic low-level inflammation state that
activates the NF-kB in flammatory pathway, induces NLR fam-
ily pyrin domain containing 3 (NLRP3) inflammasome expres-
sion, and improves chronic inflammatory responses in the sys-
tem [89]. Furthermore, activation of the NLRP3 inflamma-
some can exacerbate caspase-1 recruitment, promote cystatin-1
activation, and cleave IL-1f and IL-18 precursors, thereby en-
hancing the proinflammatory cascade [90,91]. In the type 2 di-
abetes mellitus (T2DM) rat model, activated NLRP3 inflam-
masome leads to inflammatory cell expansion and infiltration,
which plays a crucial role in the pathogenesis of HF, and re-
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duced NLRP3 inflammasome causes cardiomyopathy in T2DM
rats [92]. Moreover, insulin resistance can also induce the c-Jun
N-terminal kinases (JNKs) inflammatory pathway.

An important feature of the inflammatory response is the
migration and aggregation of neutrophils. NETosis is a specific
neutrophil cell death process in which neutrons release their
nucleiin the form of neutron extracellular traps (NETs) [93].
NETosis plays a role in insulin resistance-induced inflammato-
ry heart disease, including myocardial injury and vascular dis-
ease. An animal model established by Wnt5a-mediated infil-
tration of neutrophils into the heart confirmed that NETs lead
to excessive inflammation and cardiac insufficiency [94]. An-
other study has also confirmed the potential role of excess or
dysregulated NETosis in atherosclerosis development [95].
NETs release products are significantly increased in insulin-re-
sistant patients [96]. Therefore, NETs may mediate the inflam-
matory response between insulin resistance and DHD. Fur-
thermore, insulin resistance leads to a switch from a proin-
flammatory M2 to an anti-inflammatory M1 macrophage po-
larity, thereby escalating inflammatory responses [91]. Early
anti-inflammatory or insulin sensitization treatment strategies
have potential benefits in individuals with features of insulin
resistance syndrome.

In the state of insulin resistance, reactive oxygen species in-
creased dramatically, and endogenous antioxidant factors such
as superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) were decreased in cardiomyocytes, exacerbating the
high oxidative stress state [97]. The family protein nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase 1
(Nox1) is involved in the oxidative stress process. This protein
is up-regulated in diabetic mice, and knocking down it can de-
lay the progression of atherosclerosis [98]. Therefore, Nox1
could be a potential target for improving insulin resistance and
delaying the progression of DHD.

TARGETING INSULIN RESISTANCE IN DHD

Here, we mainly aimed to identify agents that both improve in-
sulin resistance and have cardiovascular benefits. These agents
can directly or indirectly target IRS1 and IRS2 and their associ-
ated protein kinases and gene expression to activate insulin sig-
naling pathways, which may provide potential therapeutic op-
tions for the prevention and treatment of insulin resistance and
its cardiovascular complications (Table 1).

Hypoglycemic agents are currently the first choice of drugs
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for clinical improvement of insulin resistance. Biguanides is
currently the first-line drug for the treatment of DM with HF
[99-101]. A 49-year prospective open randomized study of pa-
tients with metabolic syndrome and diabetes showed that the
use of metformin (1,000 mg two times a day) in addition to an
improvement in lifestyle significantly reduced insulin resistance
and improved diabetes [102]. Thiazolidinediones are PPARy
agonists that increase tissue sensitivity to insulin, enhance glu-
cose utilization, and reduce blood FFA concentrations to im-
prove myocardial energy metabolism [103-105]. However, ede-
ma is a potential side effect and should be used with caution in
subjects at risk for HE and the degree of edema should be mon-
itored regularly. Exenatide, a glucagon-like peptide 1 receptor
(GLP-1R) agonist, improves calcium circulation, cardiac systol-
ic function and endothelial function, and has the potential to
treat T2DM combined with HF [106,107]. However, this class
of drugs may directly affect sinus node myocytes and enhance
sympathetic nervous system activity, and the therapeutic effect
in HF clinical treatment is unstable. Dipeptide-IV inhibitors in-
hibit the MAPK and NF-«B signal pathways, reduce inflamma-
tory responses and improve insulin resistance [108]. However,
in the EXAMINE trial, alogliptin increased the incidence of
HF in patients who had signs of HF at the time of randomiza-
tion grouping [109]. Further evidence is needed to draw reli-
able conclusions about the cardiovascular safety of alogliptin in
patients with T2DM. Sodium glucose co-transporter 2 inhibi-
tor (SGLT-2i) are novel glucose-lowering agents that promise to
break the vicious cycle of insulin resistance and HE Englestrin
improves {3-cell function and insulin sensitivity, regulates mito-
chondrial function, reduces plasma volume and osmotic diure-
sis, attenuates ventricular remodeling, myocardial energy me-
tabolism, and adipokine kinetics, and mediates cardioprotec-
tive and renoprotective effects [110-113]. Further clinical trials
are needed to verify long-term safety and effectiveness.

Some lipid lowering agents have shown have shown numer-
ous effects beyond the ability to control blood lipids and im-
proved insulin resistance. Statins can increase AMPK activation
and inhibit FoxO1 to counteract cardiac hypertrophy. However,
some studies have found that statins can cause insulin resistance,
possibly due to differences in statin doses [114,115]. Fibrates
downregulates phosphokinase and phosphatase-1 activity in
mitochondria and improves insulin sensitivity [116]. However,
such drugs have the disadvantages of low bioavailability, poor
patient compliance, and individual differences. There is no clini-
cal study of fibrates in the treatment of T2DM complicated by
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Table 1. A review of the main efficacy of different drugs for insulin resistance and DHD
Category Mechanisms of action Effects on cardiac function Reference
Biguanide 1 Glu uptake and FA oxidation | Exacerbation of diabetes cardiomyopathy [99-102]
| NF-kB and inflammatory factors
| Cardiomyocytes and fibroblast LV remodeling
Thiazolidinedione 1 The sensitivity to insulin and the utilization of | The risk of recurrent MACE, stroke, or [103-105]
glucose myocardial infarction in DHD patients
1 Myocardial energy metabolism
| Inflammation, lipid and protein metabolism
| Atherosclerotic plaque volume
GLP-1 receptor agonist | Inflammatory myocardial remodeling 1 LVEF and 6-minute walk test [106,107]
1 Calcium and cardiac systolic | HF worsening hospitalization rate
1 Microcirculation perfusion and angiogenesis Renal protective effect
Dipeptidyl peptidase-IV. 1 IRS2 mRNA and IRS2/PI3K | The occurrence of MACE [108,109]
inhibitor | NF-«xB Use of alogliptin and saxagliptin in patients
=/1 diastolic function with pre-existing HF is controversial
SGLT-2 inhibitor 1 B-Cell and insulin sensitivity | Risk of hospitalization for HF [110-113]
1 Osmotic diuresis and natriuresis Renal protective effect
| Sodium-hydrogen exchanger
| The reabsorption of glucose
1 Urinary glucose excretion
Statin 1 PI3K/Akt/eNOS | The occurrence of adverse cardiovascular [114,115]
1T AMPK events
1 LVEF and HR
| Myocardial inflammatory factors
Fibrate 1 The cardiac PPARa and FoxO1 1 Cardiac function [116]
1 Myocardial energy metabolism
| Ventricular remodeling
Antiplatelet agent 1 Islet survival and function | The incidence of CVD and all-cause [117-120]
1 Islet transplantation outcomes and insulin gene ~ mortality in DM patients
expression
| Lipid oxidation
Trimetazidine 1 P38MAPK and Akt; 1 LVEF [121]
| Cardiomyocytes apoptosis | The occurrence of adverse cardiovascular
1 Anti-inflammatory and antioxidant capacity events
Angiotensin-converting | MAPK and oxidative stress | The incidence of CVD and all-cause [122-124]
enzyme inhibitor 1 Anti-islet fibrosis, islet p-cell function mortality in DM patients
Renal protective effect | Hospitalization rate of HF patients with DM
| Proteinuria
Angiotensin receptor 1 PI3K/Akt/eNOS | Proteinuria [122,123]
blocker | Oxidative stress Weaker cardioprotective effect than ACEI
Renal protective effect
Non-steroidal | Inflammation | The occurrence of MACE [126-128]
mineralocorticoid | Specific pro-fibrotic cardiac genes | Risk of hospitalization for HF
receptor antagonist | Hypertrophy of cardiomyocytes Renal protective effect

Symbol 1 indicates that the activation of pathways or effects and symbol | indicates that the inhibition of pathways or effects.
DHD, diabetes heart disease; Glu, glucose; FA, fatty acid; NF-«B, nuclear factor-kB; LV, left ventricular; IRS2, insulin receptor substrate 2; PI3K,
phosphatidylinositol 3-kinase; MACE, major adverse cardiovascular events; GLP-1, glucagon-like peptide 1; LVEE left ventricular ejection frac-
tion; HE, heart failure; SGLT-2, sodium glucose co-transporter 2; Akt, protein kinase B; eNOS, endothelial nitric oxide synthase; AMPK, AMP-
activated kinase; HR, heart rate; PPARa, peroxisome proliferator-activated receptor o; FoxO1, forkhead box protein O1; CVD, cardiovascular
disease; DM, diabetes mellitus; MAPK, mitogen-activated protein kinase; ACEI, angiotensin-converting enzyme inhibitor.
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HE Antiplatelet agents help to improve islet survival and func-
tion, islet graft outcome, and insulin gene expression [117-120].
However, platelet reactivity is enhanced in patients with insulin
resistance, and the risk of thrombosis and bleeding should be
taken into account. Trimetazidine is an anti-anginal drug. Stud-
ies have shown that trimetazidine activates insulin signaling
pathways, reduces cardiomyocyte apoptosis and enhances anti-
inflammatory and antioxidant capacity, significantly improving
glycated hemoglobin, blood glucose, myocardial velocity and
other indices [121]. RAAS inhibitors RAAS inhibitors can resist
islet fibrosis, improve islet -cell function and protect the kidney
[122]. Early intervention can prevent the development of micro-
albuminuria in patients with T2DM. Angiotensin-converting
enzyme inhibitors (ACEIs) have a more advantageous cardio-
protective effect than angiotensin receptor blockers (ARBs)
[123]. New compounds of angiotens inreceptor enkephalinase
inhibitors (ARNis) improve cardiac function, promote energy
expenditure, and reduce hospitalization rates of HF patients
with DM [124,125].

Recent clinical trials have demonstrated the benefits of non-
steroidal mineralocorticoid receptor antagonists (MRAs) in DM
patients. Finerenone, a non-steroidal highly selective MRA, was
developed based on the structure of dihydropyridine [126]. The
secondary analysis of the FIGARO-DKD Trial on HF has con-
firmed that finerenone can significantly reduce the incidence of
new HE, improve HF-related prognosis, and reduce cardiovas-
cular death or the composite endpoint of hospitalization for HE
for patients with T2DM and chronic kidney disease, regardless
of their history of HF [127]. The HF subgroup analysis of the FI-
DELITY-DKD Trial supports this statement [128]. Finerenone
brings a new therapeutic option for the prevention and treat-
ment of cardiovascular risk management in patients with DHD.
a-1 Adrenergic receptor antagonists can be used alone or in
combination with other drug groups in a broad range of hyper-
tensive patients. They can also improve insulin sensitivity and
adverse blood lipids in many hypertensive patients [129,130].
B-Blockers are crucial to the treatment of patients with HF with
reduced ejection fraction [131]. Currently, the evidence that se-
lective a/p blockers improve insulin sensitivity is still very mini-
mal, and more research is needed to verify this.

In addition to the above agents, some targets strengthen the
link between insulin resistance and CVD, such as O-GIcNA-
case (OGA), SPEG, fibroblast growth factor 2 (FGF2), and exo-
somes like vesicles (ELVs). Researchers have discovered that
DM patients are also at risk for heart disease from the hyper-
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glycemia-related hexosamine biosynthesis pathway and the O-
GlcNAcylation pathway. Chronic elevation of O-GlcNAcyla-
tion induces mitochondrial dysfunction and impaired left ven-
tricular function [132]. Moreover, reducing excess O-GIcNAc-
ylation is beneficial for restoring Ca** handling and cardiac
contractile function in cardiomyocytes [133]. To prevent dia-
betes cardiomyopathy, targeting hexosamine biosynthesis
or O-GlcNAcylation may be a promising approach. SPEG, a
member of the myosin light chain kinase family, can regulate
SERCA2a activation and is a new target for treating diabetes
cardiomyopathy [132,134]. In addition to these new targets,
FGF2 produced by skeletal muscle has similar effects to FGF1
in adipocytes, both promoting lipolysis and acting through
FGF receptors. Studies have found that FGF2 can work directly
on cardiomyocytes to maintain myocardial integrity and func-
tion and prevent damage during oxidative stress [135], which
may serve as a potential target for insulin sensitization and car-
diovascular protection. In addition, ELV dysregulation plays a
functional role in various metabolic, autoimmune, and CVDs.
ELV quantity is positively correlated with insulin resistance,
and macrophages treated with ELV can inhibit the phosphory-
lation of Akt in human adipocytes [136,137]. Targeting ELV
may be a novel mediator and therapeutic target for treating in-
sulin resistance and p-cell exhaustion.

CONCLUSION AND PERSPECTIVE

Insulin resistance and subsequent metabolic disorders are the
main drivers of the pathological processes specific to DHD. Al-
though many current studies are underway, the pathology of
insulin resistance, which affects the structure and function of
the heart, has not yet been fully explained, including mitochon-
drial dysfunction, amino acid transport and metabolism, addi-
tional signaling molecules, hormones, kinases, phosphatases,
and modifications of gene expression [138]. It was found that
the oxidative capacity of mitochondria in T2DM mice was re-
duced by dysregulating mitochondrial fission/fusion proteins,
including dynamin-related protein-1 (DRP1) and optic atro-
phy-1 (OPAL1) [56,139,140]. Insulin resistance is involved in the
dysfunction of the mitochondria in the heart through the Akt-
mTOR-NF-«B signaling pathway, resulting in a reduction in the
potential of the mitochondrial membrane, a decrease in the ac-
tivity of the electron transport chain, and abnormal mitochon-
drial biogenesis [8]. In the future, as a research methodology,
different signaling pathways of physiological effects of insulin
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can be used as mainline modules, and the interrelationships be-
tween each module and the upstream and downstream of dif-
ferent pathways can be analyzed to further clarify the specific
pathological mechanisms of insulin resistance to DHD. In ad-
dition, the link between intestine dysbiosis and insulin resis-
tance has gained attention [141]. Researchers found that the in-
take of probiotics in rats significantly improved insulin resis-
tance caused by high sugar diets, reduced low-level chronic in-
flammation and oxidative stress, and regulated the body’s en-
ergy metabolism [142]. Intestinal flora imbalance is a break-
through in the study of insulin resistance and the DHD mech-
anisms. In addition to medication, regular exercise is an im-
portant modifiable factor in improving cardiac function in pa-
tients with DHD. A nationwide retrospective cohort study in
Korea found an association between sustained active physical
exercise and a reduced risk of major adverse cardiovascular
events in patients with DM, regardless of the type or amount of
exercise [143].

Since subclinical cardiac disorders can be reversible when de-
tected early, insulin replacement therapy and insulin sensitive
chemotherapy are essential to reduce the risk of HF in DHD pa-
tients. Future urgent research is needed to rigorously test this
possibility. Presently, there are still no ideal clinical interven-
tions to combat insulin resistance in childhood [144,145]. Care-
ful stratification or phenotyping of subjects may help to identify
which signaling pathways are disturbed and facilitate the devel-
opment of target-specific therapies. In addition, exosomes as a
breakthrough with corresponding inhibitors will be a new target
for the prevention or treatment of insulin resistance and DHD.
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