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Abstract 

Diabetic cardiomyopathy (DCM) is a serious cardiovascular complication and the leading cause of death in diabetic 
patients. Patients typically do not experience any symptoms and have normal systolic and diastolic cardiac functions 
in the early stages of DCM. Because the majority of cardiac tissue has already been destroyed by the time DCM is 
detected, research must be conducted on biomarkers for early DCM, early diagnosis of DCM patients, and early symp-
tomatic management to minimize mortality rates among DCM patients. Most of the existing implemented clinical 
markers are not very specific for DCM, especially in the early stages of DCM. Recent studies have shown that a number 
of new novel markers, such as galactin-3 (Gal-3), adiponectin (APN), and irisin, have significant changes in the clinical 
course of the various stages of DCM, suggesting that we may have a positive effect on the identification of DCM. As 
a summary of the current state of knowledge regarding DCM biomarkers, this review aims to inspire new ideas for 
identifying clinical markers and related pathophysiologic mechanisms that could be used in the early diagnosis and 
treatment of DCM.
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Introduction
Diabetes is a metabolic disease characterized primarily 
by hyperglycemia. In the twenty-first century, diabetes 
and its complications have risen to prominence as the 
most rapidly expanding major public health issue world-
wide. It is estimated that the number of adults diagnosed 
with diabetes has tripled in the last 20 years due to fac-
tors such as rising incomes, shifting dietary habits, and 
an aging population. According to the latest International 
Diabetes Federation (IDF) projections, the prevalence 
of diabetes in adults is currently around 10.2%, and the 
global diabetes population is expected to reach 578 mil-
lion by 2035, the global diabetes population is expected 
to reach 700 million by 2045 [1]. The prevalence of dia-
betes in adults is currently around 10.2 percent. The cost 
of diabetes care and complications is high for the indi-
vidual, their loved ones, and the community as a whole. 
Major complications in diabetic patients include car-
diovascular events like diabetic cardiomyopathy (DCM), 
which is the leading cause of death among diabetics [2]. 
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Rubler et al. proposed the concept of DCM in 1972, after 
describing the occurrence of heart failure symptoms in 
diabetic patients who did not have coronary or valvular 
disease. According to the European Society of Cardiol-
ogy and the European Diabetes Association (ESCEDA), 
DCM is defined as left ventricular diastolic dysfunction 
(tissue Doppler, E/E’ ratio ≥ 15) in diabetic patients with-
out hypertension (HT), ischemic heart disease, or other 
structural heart diseases [3]. DCM develops gradually 
from asymptomatic myocardial diastolic dysfunction 
to symptomatic congestive heart failure (HF), putting 
patients’ lives in jeopardy.

Epidemiology of DCM
It is estimated that between 70 and 80% of all deaths from 
diabetes are caused by cardiovascular problems. Exclud-
ing confounding variables like age, the Framingham 
Heart Study indicated that the risk of final cardiovascular 
morbidity showed that the risk of cardiovascular mor-
bidity increased two-fold in men with diabetes and up to 
three times in women compared to non-diabetic patients 
[4]. Patients with diabetes are at a greater risk of develop-
ing heart failure (prevalence between 19 and 23%), and 
vice versa [5–7]. According to echocardiographic stud-
ies, 40–60% of asymptomatic diabetic patients have dias-
tolic dysfunction. Patients with diabetes and subclinical 
diastolic dysfunction had a higher 5-year death risk than 
those without diabetes and diastolic dysfunction (30.8% 
vs 12.1%) [8, 9]. In addition, patients with diabetes or 

HF are mutually reinforcing, people with diabetes being 
more likely to develop HF and patients with HF being 
more likely to develop diabetes [10–12]. Diabetic patients 
often present with diastolic and systolic dysfunction due 
to left ventricular hypertrophy and wall thickness [13]. 
The damage to the coronary arteries is also more severe 
in diabetics, and the risk of damage to numerous vessels 
at once is higher in diabetics. HF risk is closely correlated 
with how well glucose levels are maintained over time. 
The risk of HF increases by 8% for people with type 2 
diabetes mellitus (T2DM) for every 1% increase in hemo-
globin A1c and 30% for those with type 1 diabetes for 
every 1% increase in glycosylated hemoglobin [14].

Mechanisms contributing to the development 
of DCM
DCM pathogenesis is complex, with multiple mecha-
nisms involved, including myocardial metabolic disor-
ders, cardiac oxidative stress, inflammatory responses, 
abnormal  Ca2+ regulation, and abnormal mitochondrial 
function (Fig. 1). In brief, (1) hyperglycemia disrupts the 
metabolism of cardiac cells and damages the heart by 
increasing reactive oxygen species (ROS), advanced gly-
cosylation end products (AGEs), activating the hexosa-
mine pathway, the polyol pathway, protein kinase C, etc. 
Increased lipid beta-oxidation, accumulation of triglycer-
ides and free fatty acids in cardiac cells, and subsequent 
free fatty acid synthesis and ROS production can all 
contribute to myocardial injury in people with diabetes 

Fig. 1 Diabetic cardiomyopathy pathophysiological mechanisms
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mellitus. Insulin resistance (IR) is a major risk factor for 
diabetic cardiovascular problems and is influenced by the 
activation of the phosphatidylinositol 3-kinase (PI3K)/
adenylate kinase (AKT) and mitogen-activated protein 
kinase (MAPK) signaling pathways. (2) Renin–angioten-
sin–aldosterone system (RAAS) activation matrix metal-
loproteinases (MMPs) play a critical role in maintaining 
extracellular matrix collagen homeostasis for myocar-
dial fibrosis in DCM, and RAAS activation is intimately 
linked to the progression of HF in diabetes. (3) the major 
promoters of the exogenous and endogenous apoptotic 
pathway, caspase-8 and caspase-9, are activated in car-
diomyocytes by high glucose (HG) levels. However, the 
death of cardiomyocytes, caused by caspases-8 and cas-
pases-9, also contributes to the onset of diabetic car-
diomyopathy. (4) Abnormal microvascular diastoles, 
increased permeability of the vessel wall, thickening of 
the basement membrane, and the progression to DCM; 
(5) are all effects of vascular endothelial dysfunction. 
DCM is caused in part by an overreaction to oxidative 
stress and inflammation. In conclusion, DCM is associ-
ated with metabolic abnormalities, cardiac fibrosis, car-
diomyocyte apoptosis, microangiopathy, oxidative stress, 
an inflammatory response, and changes in mitochondrial 
structure and function.

DCM is a distinct pathophysiological state, and it is 
challenging to detect DCM patients by routine clini-
cal examination because there are no clinical symptoms 
or signs in the early stages. Consequently, DCM is typi-
cally diagnosed only when some kind of cardiac dysfunc-
tion occurs, which can have devastating effects on the 
treatment of DCM patients. Studies are showing that 
cytokines (including aggregated serum biomarkers, etc.) 
change significantly in the beginning stages of DCM 
development, and these alterations are anticipated to be 
used for early DCM diagnosis. Therefore, it is crucial to 
identify high specificity and sensitivity biomarkers for 
DCM to develop a practical method for early diagnosis. 
By reviewing the progress of recently studied potential 
biomarkers, this article aims to provide ideas for the clin-
ical exploration of early diagnostic biomarkers screening 
for DCM.

Facators associated with disorders of metabolism
Adiponectin (APN)
APN, also known as lipocalin, is an insulin-sensitizing 
hormone. APN is an adipocyte-secreted endogenous bio-
active peptide or protein. Previous research has shown 
that APN can improve IR and atherosclerosis in mice; 
in a clinical trial study, APN was found to have anti-dia-
betic, anti-atherogenic, and inflammatory potential, pro-
posing that lipocalin levels predicted the development 
of T2DM and coronary artery disease. Furthermore, 

lipocalin regulates glucose utilization and fatty acid oxi-
dation, as well as the inflammatory response and anti-
atherosclerotic processes [15]. Shaver et  al. discovered 
that serum APN levels in DCM patients were lower than 
in diabetic patients alone and significantly lower than in 
normal controls, implying that clinical APN levels can 
be used to monitor early cardiomyopathy in diabetic 
patients [16]. A decrease in serum APN levels was also 
observed in the DCM rat model and was negatively cor-
related with the IR index, implying that APN may be 
involved in the development and progression of DCM 
via IR. Serum APN levels have been found to be highly 
correlated with other biochemical indicators in clinical 
studies. Serum APN levels, for example, were negatively 
correlated with FPG, triglyceride, total cholesterol, fast-
ing insulin levels, and the homeostasis model assess-
ment (HOMA)-IR index in the T2DM group. Myocardial 
adipoR1 protein expression was found to be positively 
related to APN levels and negatively related to fasting 
insulin (FINS) and HOMA-IR. Low APN levels were 
associated with metabolic disturbances in blood glucose 
and lipid levels, as well as IR. Furthermore, low levels of 
myocardial Adipo1R mRNA and protein expression were 
linked to decreased insulin sensitivity [17]. Leffler et  al. 
proposed a key role of reduced serum APN concentra-
tions and cardiac APN-Cx43 signaling dysfunction in this 
gender/E2-specific clinical problem in a study of female 
diabetic patients, linking ovarian hormone/E2 to wors-
ening myocardial dysfunction in female diabetic patients 
for the first time [18].

Myocardial  hypertrophy is one of the independent 
risk factors that contribute to a significantly higher inci-
dence of cardiovascular disease and mortality, and it also 
plays a role in the pathogenesis of DCM. According to 
epidemiological studies, serum APN levels are inversely 
related to left ventricular hypertrophy [19].  APN−/− mice 
were found to exacerbate myocardial hypertrophy caused 
by a high-fat diet (HFD) in adult C57 WT and  APN−/− 
mice fed with HFD [20]. Cardiac remodeling is severe in 
 APN−/− mice compared to wild-type mice, whereas car-
diomyocyte hypertrophy and myocardial fibrosis are both 
reduced in wild-type mice after APN adenoviral overex-
pression [21]. APN protects the cardiomyocyte primarily 
by inhibiting extracellular signal-related kinases, activat-
ing adenosine monophosphate-activated protein kinase 
signaling in the myocardium, inhibiting cardiomyocyte 
hypertrophy or activating macrophage autophagy, and 
reducing cellular inflammation in the DCM rat model 
[22]. Meng et al. found that APN-modified bone marrow 
mesenchymal stem cells (BMSCs) could reduce TGF-β1/
smad expression and thus suppress myocardial fibrosis 
in diabetic rats and HG-induced H9C2 cells [23]. Fur-
thermore, by simultaneously activating nuclear factor 
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erythroid 2-related factor 2 (NRF2) and Brahma-related 
gene 1 (BRG1), APN promotes HO-1 induction, reducing 
cardiac oxidative stress, improving cardiomyocyte hyper-
trophy, and preventing left ventricular dysfunction in dia-
betic patients [24]. In a diabetic rat model of myocardial 
ischemia–reperfusion injury, plasma APN and cardiac 
p-Akt expression were decreased, and the myocardium 
showed severe myocardial infarction and oxidative stress 
injury. In non-diabetic rats, postischemic treatment and 
increased plasma APN levels and cardiac p-Akt expres-
sion reduced myocardial injury [25]. Thus, it is clear that 
APN plays an important role in DCM, primarily through 
changes in protein expression or by mediating the corre-
sponding regulation of signaling.

The evidence presented above suggests that low lipoca-
lin  levels in diabetic patients predispose them to the 
development of DCM. Could the increase in the expres-
sion of APN in the treatment of DCM still be unknown? 
APN supplementation may activate the adenylate-acti-
vated protein kinase signaling pathway and prevent the 
development of myocardial hypertrophy [22]. Exenatide 
treatment increased APN and HMW-APN (High molec-
ular weight adiponectin) and the APPL1-AMPK-PPAR 
axis, decreased NF-κB and apoptosis, and improved car-
diac function in diabetic rats, and these effects were con-
trolled independently of glucose. These  effects inversely 
confirmed that elevated APN levels contribute to protec-
tion against DCM [26].

Irisin
IR is a major contributor to the development of metabolic 
syndrome and T2DM, as well as DCM. Researchers have 
identified another class of brown fat and a new hormone 
that converts fat types, according to an article published 
in the journal Nature in January 2012, giving new hope to 
of clinical treatment of obesity [27]. Irisin is novel actin 
that is primarily expressed in the heart, skeletal muscle, 
liver, and kidney and is cleaved by its precursor fibronec-
tin type III structural domain protein 5 (FNDC5). It has 
received considerable attention as an important cardio-
protective factor and glucose metabolism regulator. Irisin 
is involved in many aspects of cardiovascular physiology 
and pathophysiology, and its expression is higher in car-
diac muscle tissue than in skeletal muscle [27].

Irisin has previously been linked to increased insulin 
sensitivity, which has been linked to a reduction in DCM. 
Following palmitic acid (PA) treatment of H9C2 cells 
in rat cardiomyocytes to induce IR, irisin alleviated IR 
in H9C2 cells by inhibiting autophagy via the PI3K/Akt 
pathway, thereby providing cardiovascular protection 
[28]. It has also been demonstrated that irisin can reduce 
78-kDa glucose-regulated protein (GRP78) and p-PERK/
PERK protein expression levels, inhibits HG-induced 

oxidative stress in the endoplasmic reticulum, reduces 
myocardial hypertrophy, and thus have a cardioprotec-
tive effect [29]. Furthermore, through the mammalian 
target of the AMPK/rapamycin signaling pathway, irisin 
may play an important role in anti-apoptotic, anti-inflam-
matory, and anti-oxidative stress in HG-induced DCM 
[30]. Liu et  al. reported that recombinant r-irisin (0.5 
or 1.5  g/g body weight/day, I.P.) treatment did not alter 
blood glucose levels in diabetic mice, but inhibited HG-
induced endothelial-mesenchymal transition (EndMT), 
thereby reducing cardiac fibrosis and left ventricular dys-
function in diabetic mice, whereas high-dose irisin failed 
to reduce myocardial fibrosis and ventricular dysfunction 
[31]. Lin et  al. reduced DCM in type 2 diabetic mouse 
model by activating integrin αVβ5/AKT signaling and 
reducing oxidative & nitrosative stress in db/db mice and 
inhibited cardiomyocyte apoptosis, myocardial fibrosis, 
and cardiac hypertrophy in db/db mice by exogenous iri-
sin supplementation, thereby reducing diastolic dysfunc-
tion and cardiac [32]. Thus, irisin plays an important role 
in DCM and has the potential to be used as an early clini-
cal marker.

IGFBP7 (Insulin‑like growth factor‑binding protein 7)
IGFBP7 is an insulin-like growth factor regulator that 
binds competitively to insulin, preventing insulin from 
binding to the insulin receptor and causing IR. Further-
more, IGFBP7 regulates apoptosis, proliferation, and 
fibrosis in an autocrine and paracrine fashion. In a study 
of 271 acute dyspnoeic patients with and without acute 
HF, Kalayci et al. demonstrated the potential of IGFBP7 
in improving the diagnosis of acute HF [33]. Serum 
IGFBP7 levels are highly correlated with echocardio-
graphic abnormalities in cardiac hypertrophy, myocyte 
fibrosis, and diastolic dysfunction associated with vas-
cular remodeling [16, 34]. Gandhi et  al. discovered that 
patients with elevated baseline IGFBP7 concentrations 
were more likely to have an abnormal diastolic function 
in a 10-month follow-up of 124 patients with reduced 
ejection fraction heart failure, indicating the early predic-
tive value of IGFBP7 in DCM [35].

Immunoinflammatory response‑related factors 
and oxidative stress‑related indicators
TGF‑β (Transforming growth factor‑β)
TGF-β is a key mediator of inflammatory and immune 
responses, as well as a regulator of many biological pro-
cesses including cell proliferation, differentiation, and 
apoptosis. TGF-β primarily activates the classical Smad 
signaling pathway, stimulates increased expression of 
extracellular matrix proteins, and inhibits the expres-
sion of extracellular matrix protein degrading enzymes, 
resulting in myocardial fibrosis and hypertrophy. Shaver 
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et al. showed that plasma TGF-β levels in DCM patients 
were higher than in diabetic patients, and TGF-β plays a 
role in DCM [16]. Tan et al. discovered that TGF inhibi-
tors improved ventricular diastolic disturbances in a 
T2DM mouse model [36]. Melatonin inhibited TGF-β/
Smads signaling and LncRNA-MALAT1/miR-141-me-
diated NOD-like receptor thermal protein domain asso-
ciated protein 3 (NLRP3) inflammasome activation, 
downregulated TGF-β, p-Smad2, p-Smad3, NLRP3, 
ASC expression, and reduced collagen to produce antifi-
brotic effects, ultimately improving cardiac dysfunction, 
according to Che et al. [37]. Furthermore, follicle inhibi-
tors reduce the cardioprotective effects of DCM by inhib-
iting the TGF-β1-Smad3 pathway’s antifibrotic effects. 
TGF-β has been shown in more animal models [38–42] 
to reduce myocardial fibrosis by inhibiting collagen pro-
duction and deposition. Inhibiting the TGF-β/Smads 
signaling pathway can significantly reduce cardiac insuf-
ficiency in DM rats, thereby alleviating DCM. As a result, 
TGF-β is expected to be an important marker for DCM 
diagnosis and treatment.

Activin A
Activin A is a member of the TGF-β family and is found 
in a variety of tissues. Inflammation, tissue remodeling, 
and cytoprotection are all linked to activin A. Blumen-
satt et  al. demonstrated that activin A released from 
T2DM patients’ epicardial adipose tissue inhibited insu-
lin-induced phosphorylation of protein kinase B and its 
substrate by upregulating miR-143 levels, elucidating the 
role of activin A in metabolic disorders [43]. Activin A 
produced by epicardial adipose tissue (EAT) T2D inhibits 
insulin action by inducing miR-143 in cardiomyocytes via 
the insulin regulator oxysterol-binding protein-related 
protein 8 (ORP8) to inhibit the Akt pathway, thereby 
slowing the progression of cardiac insufficiency [43]. 
Activin A levels are strongly correlated with impaired 
myocardial glucose metabolism and high left ventricular 
mass/volume (LVMV) ratios in patients with T2DM early 
in the development of DCM; thus, increasing and main-
taining high levels of activin A is a potentially deleterious 
effect on cardiomyocytes. Metformin treatment lowers 
activin A levels, and there is a critical and significant link 
between changes in plasma activin A levels and changes 
in LVMV ratios [44]. As a result, elevated activin A levels 
are more likely to result in DCM.

NLRP3 inflammatory
The expression of NLRP3 is increased in the hearts of 
diabetic mice. It has been shown that NLRP3 inflamma-
tory vesicles are widely expressed in cardiac myocytes 
and that NLRP3 inflammasomes are activated in DCM. 
All of these findings support the hypothesis that NLRP3 

inflammasomes are involved in the pathogenesis of DCM 
[45]. Metformin delays the onset of DCM in streptozo-
cin (STZ)-induced C57BL/6 mice and neonatal mouse 
cardiomyocytes treated with HG. This effect is achieved 
by inhibiting the mTOR pathway and reducing cellu-
lar scorching in DCM [46]. Sirtuin 3 (SIRT3) deficiency 
exacerbated hyperglycemia-induced mitochondrial dam-
age, increased ROS accumulation, promoted necropto-
sis, activated the NLRP3 inflammasome, and ultimately 
worsened DCM in mice, as shown by Song et  al. in an 
STZ-induced diabetic mouse model [47]. Myocardial 
injury is induced in a cellular model of diabetes when 
HG stimulation activates the NLRP3 inflammasome and 
promotes IL-1β secretion in H9C2 cells and neonatal rat 
ventricular myocytes (NRVM) [48]. Does inhibition of 
NLRP3 activation improve DCM? Tilianin and syringin 
were used together by Yao et  al. to improve cardiac 
function in diabetic rats by lowering levels of diabetes/
hyperglycemia-induced oxidative stress and regulating 
the TLR4/NF-κB/NLRP3 and PGC1/SIRT3/mitochon-
drial pathways [49]. Folic acid slows the development of 
DCM by blocking NLRP3-mediated inflammatory vesi-
cle-mediated cellular scorching through downregulation 
of the Hippo signaling pathway [50]. Inhibiting TGF-β1/
Smad signaling and lowering NLRP3 inflammasome 
activation, the extract of Coriolus Versicolor protects 
against DCM in rats by decreasing myocardial fibrosis 
and inflammation [51]. Cardiovascular inflammation and 
fibrosis were reduced in  NLRP3−/− mice, and significant 
improvement in cardiac function. Meanwhile, inhibiting 
NLRP3 expression reduces caspase-1 and IL-1 protein 
expression under HG conditions, effectively reducing 
cell mortality in H9C2 cells [52]. Similarly, rosuvastatin 
was found to reduce cardiac dysfunction in DCM rats by 
inhibiting NLRP3 inflammasomes [53]. All of the above 
shreds of evidence suggest that targeting the NLRP3 
inflammasome pathway may be an appropriate strategy 
for reducing DCM and cardiovascular disease in diabetic 
patients.

GDF‑15 (growth differentiation factor‑15)
Macrophages and cardiomyocytes produce GDF-15 as 
a response to oxidative stress and inflammation within 
the cell. Some diseases, such as cancer, heart disease, and 
heart failure, have been linked to increased GDF-15 lev-
els [54]. According to Dominguez-Rodriguez et al., GDF-
15 serum levels were significantly higher in patients with 
DCM compared to those without cardiomyopathy [55]. 
Changes in cardiac function (mitral isovolumic systolic 
time, systolic time, and isovolumic diastolic time values, 
all of which reflect diastolic function, were statistically 
significant compared with controls) as reflected by tis-
sue doppler imaging were correlated with GDF-15 in a 
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follow-up study of cardiomyopathy in patients with type 
1 diabetes [56]. In conclusion, GDF-15 can be a reliable 
indicator for screening diabetic patients for DCM.

GRK2 (G protein‑coupled receptor kinase 2)
A class of kinases known as G protein-coupled receptor 
kinases is responsible for the rapid desensitization of G 
protein-coupled receptors (GPCRs). The rapid attenua-
tion of transduction signals in response to agonist stim-
ulation seen in many GPCRs, such as opioid receptors, 
thromboxane receptors, 5-hydroxytryptamine receptors, 
and adrenergic receptors, is primarily caused by GRKs. 
Since the levels of GRK2 in the myocardium are similar 
to those found in the mononuclear cells of the peripheral 
blood, this suggests that GRK2 is an important regulator 
of the function of the heart.

The left ventricular wall thickness and systolic function 
of a DCM mouse model showed that GRK2 mRNA levels 
and expression were significantly higher in 12-week-old 
diabetic mice than in 8-week-old diabetic mice, as were 
collagen volume fraction (CVF), collagen-3 expression, 
P53 expression, and apoptosis in the myocardium. In 
the earliest stages of DCM, GRK2 expression is elevated 
in monocytes and myocardial tissue [57]. Clinically 
approved for the treatment of DCM, the GRK2 inhibitor 
paroxetine improves cardiac function in mouse models 
of the disease by restoring circulating Treg cell popula-
tions via targeting of the GRK2-PI3K-Akt pathway [58]. 
Treatment of diabetic mice with a GRK2 inhibitor for 
2  weeks improved skeletal muscle glucose uptake and 
insulin signaling, as well as glucose tolerance (IGTT) and 
insulin sensitivity (ITT), confirming the effect of GRK2 
inhibition on glucose extraction and insulin signaling. 
Attenuation of the inflammatory response and cytokine 
production, reduction of oxidative stress, and correc-
tion of the fetal gene expression pattern characteristic of 
DCM were all results of GRK2 inhibition in cardiac tissue 
[59].

Treatment with the β-blocker carvedilol or GRK2 
inhibitors attenuates insulin-induced phosphorylation 
of extracellular regulated protein kinases and phospho-
diesterase 4D (PDE4D) induction in 2-adrenergic recep-
tor (β2AR) or β-arrestin2 knockout mice fed with HFD, 
thereby reducing systolic dysfunction in DCM [60]. 
Increased levels of macrophage migration inhibitory fac-
tor (MIF) are associated with hyperglycemia and have 
been linked to the pathogenesis of cardiomyopathy in 
people with T2DM. Clinical research revealed that both 
diabetic patients and those with left ventricular diastolic 
dysfunction had significantly increased plasma MIF lev-
els. The expression of MIF and GRK2 was significantly 
upregulated in H9C2 cardiomyocytes as a function of 
glucose concentration, and GRK2-mediated increases in 

MIF levels were linked to cardiac insufficiency in diabetic 
patients [61].

In summary, given GRK2’s proven involvement in both 
IR and systolic heart failure, it’s clear that this protein 
is worth further investigation as a therapeutic target. 
Because of its role as a clinical biomarker for early DCM, 
GRK2 has the potential to be a game-changing applica-
tion in the treatment of diabetes and its cardiovascular 
complications.

Factors associated with myocardial injury and remodeling.
Apelin
Canadian researchers reported the presence of an angio-
tensin receptor AT1-related receptor protein in 1993; in 
1998, Japanese researchers identified and isolated the 
natural ligand of APJ from the bovine stomach; they 
named this ligand apelin [62]. The normal level of apelin 
in vivo is between 3–4 ng/mL, and it can form heterodi-
mers with other cellular receptors to help it achieve its 
richer biological functions [63]. Apelin/APJ is highly con-
served across species and has been shown to have crucial 
roles in the cardiovascular system. Through mechanisms 
including regulation of hormone secretion (for example, 
by interfering with insulin synthesis), Apelin plays a role 
in controlling the progression of DCM. The amino acid 
apelin raises intracellular  Ca2+ concentration, which in 
turn boosts cardiac output, in heart failure patients [64], 
and has a remarkable inotropic effect that is beneficial to 
the heart [65–67]. In both humans and animals, research-
ers have found inverse relationships between plasma ape-
lin levels and LV mass index and between apelin and APJ 
myocardial expression. In conditions of pressure over-
load or DCM, where muscle force and cardiac output 
would otherwise decline, an increase in plasma apelin 
levels may serve as a compensatory mechanism [68]. Fur-
thermore, apelin suppresses cell growth and migration by 
dephosphorylating specific extracellular signaling kinases 
and blocking amidated cyclase. Effects of vasodilation 
and hypotension caused by increased exogenous apelin 
are achieved by increasing NO production [69]. In addi-
tion, apelin is also involved in the angiogenic process.

Endothelial cell dysfunction and microcirculatory 
damage contribute to the development of DCM. Apelin 
increases insulin-stimulated vasodilation and decreases 
AT-II-induced vasoconstriction in subjects with central 
obesity in an endothelium-dependent and non-inde-
pendent fashion [70]. In endothelial cell-specific  APJ−/− 
mice and endothelial cell studies, Li et  al. reported that 
apelin improved endothelial cell dysfunction to allevi-
ate diabetic cardiopathy by improving the NFB pathway 
dependent on APJ activation, reducing the expression of 
apoptotic and adhesion molecules, and increasing prolif-
eration, angiogenesis, and the expression of E-cadherin, 
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VEGFR 2, and Tie-2 [71]. A paracrine role for the 
endothelial sirt3-apelin axis in the regulation of glucose 
transport proteins in cardiomyocytes was suggested by 
the observation by Zeng et al. that apelin-induced glucose 
uptake was diminished in endothelial cells of sirt3-defi-
cient mice [72]. Apelin treatment effectively decreased 
HFD-induced cardiac hypertrophy and systolic dysfunc-
tion in  Apelin−/− mice and alleviated the ensuing systolic 
dysfunction [73].

Apelin’s biological effects are bolstered by its ability 
to indirectly influence the expression of other proteins, 
which has both direct and additional protective effects. 
SIRT3, a mitochondria-localized protein with deacetylase 
activity, is involved in hypertrophy through the Apelin/
Sirt3 signaling pathway. To prevent cardiac hypertro-
phy from occurring during development, inhibiting the 
Apelin/Sirt3 signaling pathway reduces ROS-producing 
enzymes [74]. Epimedoside suppressed DCM progres-
sion in db/db mice by enhancing Apelin/Sirt3-mediated 
mitochondrial function [75]. Increased vessel density and 
decreased DCM can be achieved through overexpression 
of apelin due to its activation of Sirt3 and upregulation 
of vascular endothelial growth factor/VEGF receptor 2 
(VEGFR2) and angiogenesis/tissue interconnectivity fac-
tor 2 (Ang-1/Tie-2) expression [72]. Increased cardiac 
sirt3 expression and decreased ROS formation have been 
shown in multiple studies to be effective treatments for 
DCM [72, 76]. Sirt3 is also necessary for the angiogen-
esis and autophagy of the heart that is induced by apelin 
in diabetics [77, 78]. The PAI-1 inhibitor apelin prevents 
AT-II-induced fibrosis in mice by activating the TGF-β 
pathway [79]. Obese mice treated with Fc-apelin for an 
extended period of time have improved cardiac output 
and lessened cardiac fibrosis [80]. In rats with myocardial 
infarction-induced heart failure, apelin inhibits fibrosis 
and PI3K/Akt activity via the TGF-β1/smad 2 pathway 
to reduce oxidative stress [81, 82]. It is therefore evident 
that apelin has cardioprotective effects via activating sirt3 
and other mechanisms.

Heart‑type fatty acid binding protein (hFABP)
High cardiac specificity and high expression levels char-
acterize a novel small cytoplasmic protein called heart-
type fatty acid binding protein (hFABP). The molecular 
weight of the cytoplasmic protein that binds fatty acids 
in the heart is 15 kDa, and it contains 132 amino acids. 
It gets fat molecules from the bloodstream to the mito-
chondria. The main biological effect of FABP is to par-
ticipate in fatty acid metabolism, which was discovered 
by R.K. Okner et al. in 1972. FABP is primarily expressed 
in cardiac muscle, skeletal muscle, small intestine, kid-
ney, liver, and other tissues. The hFABP has been linked 
to a number of health problems, including heart attacks, 

cardiac abnormalities, strokes, and sleep apnea. One of 
the earliest diagnostic markers of acute coronary syn-
drome (ACS) is an elevation of hFABP in the blood after 
myocardial ischemic injury; this elevation occurs as early 
as 1–3 h after the onset of chest pain, peaks at 6–8 h, and 
plasma levels return to normal within 24–30 h [83]. Sig-
nificantly increased hFABP levels were observed in type 
2 diabetic patients with new-onset myocardial injury, as 
determined by the work of Akbal et al. [84]. Shearer et al. 
show that hFABP is linked to IR and glucose uptake in 
diabetic mice [85]. Patients with spinal cord injuries have 
higher serum levels of the hFABP, and this is strongly 
correlated with carotid intima-media thickness. Patients 
with impaired fasting glucose (IFG) and impaired glucose 
tolerance (IGT) may find serum hFABP levels to be an 
informative indicator of myocardial function [86, 87]. An 
additional clinical study involving 50 prediabetic patients 
confirmed the utility of hFABP serum levels in prodro-
mal diabetes and their close relationship with IR. IR is 
the most important factor in explaining why prediabetic 
patients have a higher risk of cardiovascular disease com-
pared to normoglycemic patients. Serum hFABP levels 
are an early indicator of subclinical cardiovascular dis-
ease, and they are increased in patients with pre-diabetes 
(CVD) [86].

Increased oxidative stress is a major contributor to the 
development of chronic inflammation and a major cause 
of DCM induction. Evidence suggests that Anchomanes 
difformis may have antioxidant and anti-inflammatory 
effects. By decreasing levels of hFABP in the hearts of 
diabetic-treated animals, Anchomanes difformis reduces 
pro-inflammatory cytokines, increases anti-inflammatory 
markers, enhances antioxidant defense, and mitigates the 
progression of DCM [88]. To ameliorate streptozotocin-
induced cardiomyopathy in diabetic rats, an aqueous 
extract of the leaves of Fructus Lindl was found to reduce 
hyperlipidemia as well as oxidative stress. This was 
accomplished by lowering the expression of urotensin 
II and FABP3 [89]. Researchers investigating the role of 
lipotoxicity in DCM found that elevated FABP3 expres-
sion in the diabetic heart combined with elevated expres-
sion of other lipid metabolites causes mitochondrial 
damage, phosphorylation uncoupling, and ATP defi-
ciency, ultimately leading to diabetic cardiac insufficiency 
[90]. Akbal et  al. found that elevated FABP3 expression 
in the diabetic heart contributed to mitochondrial dam-
age, phosphorylation uncoupling, and ATP deficiency, 
all of which contributed to diabetic cardiac insufficiency 
[84]. Therefore, hFABP is preferable as a marker of myo-
cardial injury. These results provide further evidence that 
this factor may aid in the detection of DCM at an earlier 
stage.
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Galactin‑3 (Gal‑3)
Cardiac fibrosis and inflammation are both strongly 
linked to Gal-3, the only chimeric galactose lectin fam-
ily protein in spinal animals [91]. By directly or indirectly 
activating fibroblasts and promoting the expression of 
other related factors that affect collagen synthesis in 
fibroblasts, Gal-3 promotes myocardial fibrosis by inter-
acting with the renin–angiotensin–aldosterone system 
and mediated by TGF-β and Hippo pathways [92, 93]. 
Cardiac fibrosis plays a key role in the development of 
DCM, Gal-3 can be involved in the progression of DCM 
through a number of different mechanisms. Hypergly-
cemia leads to the accumulation of advanced glycation 
end products (AGEs), oxidative stress products, and pro-
apoptotic pathways [94]. Gal-3 promotes oxidative stress 
and mediates the pro-fibrotic effects of (angiotensin II) 
AT-II and aldosterone [95, 96]. Chronic heart failure is a 
common manifestation of DCM, and sodium-glucose co-
transporter protein 2 inhibitor (SGLT2i) improves out-
comes in patients with diabetes and HF. After 3 years of 
follow-up, T2DM patients who were treated with SLGT2i 
were very likely to develop HFpEF if their Gal-3 levels 
were higher than 10 ng/ml. In recent clinical trials, Gal-3 
levels were a good predictor of HFpEF [97]. Another 
clinical study found that 155 HF patients with a reduced 
ejection fraction had low-dose dobutamine echocardi-
ography and blood sampling for biomarker measure-
ments. Increased levels of Galectin-3 were observed in 
those with impaired glucose metabolism and HF. How-
ever, there was no independent effect on plasma Gal-3 
levels due to reduced LV systolic reserve in patients with 
DM HF (on the other hand, in patients with HF, plasma 
levels of Gal-3 were higher in patients with impaired 
glucose metabolism) [98]. An increased level of Gal-3 
is associated with reduced global longitudinal strain in 
animal models of HF, and this association is strength-
ened in diabetic patients with a mildly low ejection frac-
tion. Gal-3 may be useful for diagnosing left ventricular 
dysfunction and DCM at an early stage [99]. Predicting 
long-term cardiovascular mortality in patients with sys-
tolic HF and contributing to risk stratification in patients 
with HF, Gal-3 levels were measured using the  VIDAS® 
assay [100]. Based on this evidence, the Food and Drug 
Administration (FDA) has authorized the use of Gal-3 
as a novel biomarker for predicting adverse cardiovas-
cular events, such as HF [101]. Furthermore, Gal-3 was 
associated with left ventricular diastolic dysfunction and 
elevated pulmonary artery systolic pressure in young, 
obese patients with no history of cardiovascular disease, 
suggesting a role in preclinical screening for metabolic 
heart disease [102]. Recently, Flores-Ramirez et  al. ana-
lyzed Gal-3’s potential impact on DCM diagnosis [99]. 
A simple and reproducible echocardiographic tool for 

the assessment and follow-up of DCM, reduced overall 
longitudinal strain, is shown in this study to be associ-
ated with elevated Gal-3 levels in diabetic patients with 
mildly reduced ejection fraction [103]. Gal-3 levels were 
linked to higher body mass index (BMI), waist circumfer-
ence, obesity, and triglycerides in a cross-sectional study 
of 2946 patients [104]. Decreased Gal-3 levels are benefi-
cial for DCM. Glibenclamide has been shown to prevent 
and alleviate DM atrial structural remodeling by activat-
ing the NLRP3-inflammasome/caspase-1/Gal-3 signaling 
pathway, thereby decreasing NLRP3 and Gal-3 expres-
sion that is induced by DM [105].

A clinical trial conducted by Jelena et al. on 189 patients 
with T2DM and/or arterial HT reported a positive corre-
lation between Gal-3 levels and T2DM and HT, as well 
as a positive correlation with left ventricular weight, sug-
gesting a potential role of Gal-3 for the early detection 
of structural and functional changes in the myocardium 
[106]. Myocardial inflammation and fibrosis are accom-
panied by changes in Gal-3 concentrations [107]. Further 
studies have confirmed its mechanism of inducing car-
diomyocyte changes, including hypertrophy, increased 
fibrosis, stiffness, and impaired relaxation triggered by a 
pro-inflammatory environment through adipose tissue 
dysfunction, which can use Gal-3 as a biomarker of myo-
cardial functional changes in high calorie-induced fibro-
sis [108]. Reducing ventricular dilation, congestion, and 
fibrosis through the suppression of Gal-3 mRNA expres-
sion in Mst1-TG mice, which model DCM with high lev-
els of cardiac Gal-3, is a promising therapeutic approach 
[109]. Silencing Gal-3 reduces myocardial dysfunction in 
DCM animals by downregulation of macrophage infiltra-
tion and inflammatory cytokine release triggered by HG 
via the Gal-3/NF-κB p65 regulatory network in STZ-
induced DCM in mice [110]. Taking into account the 
foregoing, it seems reasonable to conclude that Gal-3 can 
be used as a prognostic marker for heart failure and is 
also well indicated in diabetic myocardium and that inhi-
bition of Gal-3 to reduce inflammation and fibrosis is a 
potential therapeutic approach to prevent heart disease.

Cardiotrophin‑1 (CT‑1)
CT-1 was found for the first in mouse cardiac embryonic 
stem cells in 1995 by Pennica et al. [111]. CT-1 is mainly 
produced by cardiac myocytes and non-cardiac myocytes 
in the heart and is secreted into the peripheral circula-
tion via the coronary sinus [112]. CT-1, a member of the 
glycoprotein 130 families, is a powerful inducer of car-
diomyocyte enlargement in  vitro and is consequently 
also known as a cardiotrophin [113]. Although CT-1 
stimulates cardiomyocyte hypertrophy, it can also exert 
cardioprotective effects by activating three distinct sign-
aling pathways: (1) the Janus kinase/signal transducer 
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and activator of transcription (JAK/STAT) pathway, (2) 
the extracellular receptor kinase-1/2 (ERK1/2) pathway, 
and (3) the phosphatidylinositol 3-OH kinase (PI3K)/
Akt pathway [114]. Studies reveal that hereditary hyper-
tension, coronary artery disease, myocardial infarction, 
dilated cardiomyopathy, and heart failure all have higher 
CT-1 expression, suggesting a link between CT-1 and 
the development of these conditions [115, 116]. It has 
been found that CT-1 correlates with LV mass index and 
severity of LV failure, suggesting that it plays a significant 
role in dilated cardiomyopathy through its involvement 
in myocardial remodeling [115]. Furthermore, Monser-
rat et  al.[117] discovered that CT-1 was connected to 
significantly greater levels of CT-1 expression in hyper-
trophic cardiomyopathy and was directly related to the 
degree of LVH. Cardiotrophin-1 increased sarcoplasmic 
reticulum calcium leak and arrhythmogenesis in adult rat 
ventricular myocytes, as shown by research conducted 
by Ruiz-Hurtado et al. [118]. Inhibition of JAK2, myosin 
light chain kinase, and cardiac fibroblast signaling path-
ways by CT-1 results in changes in intracellular  Ca2+ 
concentrations and cell membrane protein alterations, 
which in turn affect ventricular remodeling (as demon-
strated by Freed et  al. [119]). Controlling the onset and 
progression of diabetic cardiomyopathy, CT-1 regulates 
glucose and lipid metabolism, corrects IR, and is impli-
cated in the development of glucose- and insulin-induced 
cardiac hypertrophy [120]. Results from the study by 
Liu et  al. showed that in neonatal rat cardiomyocytes, 
pioglitazone prevented the increase in CT-l expression 
in high-glucose, high-insulin-induced hypertrophic car-
diomyocytes, indicating that CT-1 is a major regulator of 
fat and glucose metabolism with potential applications in 
the treatment of obesity and IR [121]. 3D speckle-track-
ing echocardiography and tissue Doppler imaging were 
used in a clinical trial by Sonia et al. [122], who compared 
55 children with type 1 diabetes to 55 healthy controls 
and found that diabetic patients exhibited right ventric-
ular and left ventricular systolic-diastolic dysfunction 
compared to controls. The best predictor of left ventricu-
lar systolic dysfunction was CT-1 (sensitivity: 69%).In an 
observational study of 93 patients with T2DM, Gamella-
Pozuelo [123] discovered that diabetic patients had sig-
nificantly higher plasma CT-1 levels and were more 
likely to have ventricular hypertrophy. Tsutamoto et  al. 
[124] discovered increased plasma CT-1 levels in DCM 
patients, as well as a substantial positive connection with 
the left ventricular mass index. Furthermore, Briana et al. 
discovered higher levels of CT-1 in cord blood samples 
from term singleton pregnant women of greater than 
gestational age, implying gigantic fetuses and cardio-
myocyte/diastolic dysfunction [125]. Clinical evidence 
suggests that CT-1 is also involved in the structural 

remodeling of the ventricles in DCM patients. CT-1 may 
perform a protective role in diabetic mice by enhancing 
-cell function and survival, in addition to its influence on 
cardiac remodeling [126]. CT-1 can also stimulate the 
secretion of atrial natriuretic peptide and B-type natriu-
retic peptide by acting as a G protein-coupled receptor 
stimulator [127]. In conclusion, higher CT-1 levels in dia-
betic patients may promote cardiomyocyte hypertrophy 
and increased myocardial collagen content, and detecting 
changes in plasma CT-1 levels in diabetic patients may 
aid in the early diagnosis and prognosis of DCM.

Current clinical biomarkers used to detect DCM
In addition to the aforementioned biomarkers, several 
others have been used in clinical practice that is neither 
particularly specific nor sensitive but are still indicative 
(Table 1). Myocardial injury can be detected at an early 
stage by measuring the levels of troponin T (cTnT), tro-
ponin I (cTnI), and creatinine kinase-MB (CK-MB) in the 
clinic. CTn is a sensitive and highly specific marker of 
myocardial damage for the diagnosis of cardiac disorders 
due to its distinctive amino acid sequence in the clinic. It 
is also commonly utilized clinically for the early detection 
of the acute coronary syndrome and is a good biochemi-
cal biomarker for the diagnosis of myocardial dam-
age and myocardial infarction (ACS). There is currently 
insufficient evidence supporting cTnI as a biological 
diagnostic of DCM, and it is mostly utilized as an auxil-
iary signal, despite the fact that cTnI levels in the blood 
of DCM patients are higher than in the diabetic group. 
Elevated levels of ANP and BNP are a strong indicator 
of heart failure in patients with myocardial hypertrophy. 
Increased inflammation is associated with an increased 
risk of DCM. The serum C-reactive protein (CRP) is a 
sensitive predictor of cardiovascular events and is criti-
cal for predicting cardiovascular events and determining 
treatment prognosis [128]. For several cardiac conditions, 
including congestive heart failure and acute myocardial 
infarction, the level of ANP and BNP reference index is 
crucial. Plasma ANP concentration in DC patients can 
serve as a reference marker for identifying early DCM, 
and ANP levels can represent the presence and degree of 
early cardiac dysfunction, i.e., asymptomatic left ventric-
ular dysfunction. Diastolic insufficiency is a reference cri-
terion for early diabetic cardiomyopathy and is associated 
with significantly higher blood BNP levels in type 2 dia-
betic patients. Predicting the occurrence of cardiovascu-
lar events and estimating the prognosis of treatment are 
both crucial applications of serum CRP, which is a more 
sensitive predictor of cardiovascular events. Increased 
CRP levels are a sensitive serological test for the diag-
nosis of DCM because they represent cardiac injury to 
some extent and indicate the likelihood of co-infection 
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in patients with DCM compared to those with diabetes 
alone. C-reactive protein levels are more than three times 
higher in patients with diabetes and coronary artery dis-
ease than in those with diabetes alone, reflecting some 
extent of myocardial damage and predicting the tendency 
to complicate infection. This is true even in the absence 
of clinical symptoms and cardiac dysfunction. Given its 
central role in regulating angiogenesis, Ang II is a prom-
ising therapeutic target for the prevention and treatment 
of DCM [129]. Hyperplastic hypertrophy of cardiomyo-
cytes and interstitial collagen deposition are reflected in 
increased Ang II levels in cardiac tissue [130]. Since myo-
cardial fibrosis is widespread in DCM and a rise in CTGF 
levels often before clinical indications of cardiac fibrosis, 
the CTGF test is relevant in evaluating myocardial fibro-
sis and its prognosis [131]. Individually, these markers 
aid in the prediction of diabetes and cardiovascular dis-
ease, but taken as a whole, they are insufficient. Still, they 
aren’t adequate as a DCM early warning system. There-
fore, it is essential to discover new biomarkers that can be 
used to predict disease onset and progression.

Conclusion and perspectives
Multiple factors, including but not limited to glucose lev-
els, hypertension, hyperlipidemia, and oxidative stress, 
have been related to DCM. DCM should be detected 
before significant heart damage occurs, making early and 
asymptomatic detection of DCM crucial. The clinical 

diagnosis of diabetic heart disease, especially in its early 
stages, still lacks clinical biomarkers with high speci-
ficity and sensitivity, despite major efforts to establish 
adequate diagnostic biomarkers for DCM. As more is 
learned about the causes of DCM, more and better clini-
cal biomarkers are being identified (Table 2). Changes in 
plasma CT-1 levels and hFABP, for instance, may help in 
the early diagnosis and prognosis of DCM; GRK2 levels 
are generally altered early in DCM and can be used for 
early diabetic myocardial prediction. IGFBP-7 levels are 
elevated early in DCM and are the best predictor of right 
ventricular systolic dysfunction. The CTn level, which 
reflects the extent of myocardial injury, is a good predic-
tor of early DCM, although it can’t confirm the diagnosis. 
The severity of the myocardial injury is reflected in the 
levels of apelin and hFABP, while Gal-3 and TGF-β may 
be used as a marker of cardiac fibrosis in the intermedi-
ate and late phases of DCM. HF is more likely to occur 
in patients with cardiac hypertrophy who have excessive 
levels of ANP and BNP, and this risk is further worsened 
in patients with DCM. In addition, the serum CRP is a 
reliable predictor of DCM outcome. To properly evalu-
ate patients with DCM and provide an accurate diagno-
sis, it is not advised to rely on a single biomarker; rather, 
it is recommended that numerous biomarkers be used 
together. Finally, there is an urgent need for deeper study 
of the illness process and the hunt for more reliable bio-
markers. In order to reduce the mortality, it is crucial that 

Table 1 Summary table of common clinical test markers

βARK1, β-adrenergic receptor kinase 1; CTGF,connective tissue growth factor; cTn,cardiac troponin; CK-MB, creatine kinase MB isoenzyme; Hcy, homocysteine; hs-CRP, 
hypersensitive-c-reactive-protein; 8-OHdG, 8-hydroxy-2 deoxyguanosine; MMPs,matrix metalloproteinase. VEGF,vascular endothelial-derived growth factor;TSP-1, 
thrombospondin 1

Name Major mechanism Change References

ANP,BNP 1) Affecting blood pressure through acting on vascular smooth muscle cells
2) Preventing vascular smooth muscle cell growth and
proliferation and vascular fibrosis
3) Acting on the heart itself to suppress cardiac hypertrophy and fibrosis

Up [132, 133]

Ang II 1) Cardiac hypertension and oxidative stress
2) Promoting and suppressing coronary angiogenesis, via VEGF and TSP-1 produced from hypertrophied 
cardiomyocytes under chronic Hypoxia

Up [134, 135]

C peptide Na+,  K+-ATPase and PKC-α Down [136]

cTn Oxidative stress
and inflammatory damage

Up [137] [138] [139]

CK-MB Apoptosis, Myocardial injury, Oxidative Stress and Inflammation Up [57, 140]

CTGF Cardiac fibrosis, Up [131]

hs-CRP Inflammation, oxidative stress Up [128]

Hcy Oxidative stress Up [141]

IL-1β Promoting cardiomyocyte apoptosis by activating the IRAK-2/CHOP pathway of endoplasmic reticulum stress Up [142]

TNF-α Cardiac fibrosis, inflammation Up [143, 144]

IL-6 Cardiac remodeling, fibrosis and cardiomyocyte apoptosis Up [144]

8-OHdG Oxidative stress and DNA oxidation Up [145]

MMPs Cardiac fibrosis Down [146, 147]
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practitioners identify DCM at an early stage and begin 
treatment.
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Table 2 Summary table of potential novel clinical biomarkers

CT-1, Cardiotrophin-1; Gal-3, galactin-3; GRK2, G protein-coupled receptor kinase 2; hFABP, heart-type fatty acid binding protein; HG, high glucose; IGFBP7, insulin-like 
growth factor-binding protein 7; TGF-β,transforming growth factor-β

Name Major mechanism Change References

Irisin 1) Increasing insulin sensitivity
2) Inhibiting autophagy via the PI3K/Akt pathway
3) Inhibiting HG-induced oxidative stress via AMPK/rapamycin signaling pathway
4) Reducing oxidative & nitrosative stress via integrin αVβ5/AKT signaling

Up [28–30, 32]

IGFBP7 Regulating apoptosis, proliferation, and fibrosis Up [33]

TGF-β Inhibiting collagen production and deposition through Smad signaling pathway Up [38–42]

Activin A Inhibiting insulin action through Akt pathway Up [43]

GRK2 improving cardiac function by restoring circulating Treg cell populations via targeting of the 
GRK2-PI3K-Akt pathway

Up [57, 58]

hFABP IR and glucose uptake Up [85]

CT-1 Cardiac fibrosis, ROS
Cardiac hypertension

Up [113]
[148]

Gal-3 Promoting cardiac fibrosis and inflammation through TGF-β and Hippo pathways Up [92, 93]
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