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Abstract: Type 2 diabetes mellitus (T2DM) is a critical health problem, with 700 million diagnoses ex-
pected worldwide by 2045. Uncontrolled high blood glucose levels can lead to serious complications,
including diabetic cardiomyopathy (DCM). Diabetes induces cardiovascular aging and inflammation,
increasing cardiomyopathy risk. DCM is characterized by structural and functional abnormalities
in the heart. Growing evidence suggests that cellular senescence and macrophage-mediated inflam-
mation participate in the pathogenesis and progression of DCM. Evidence indicates that growth
differentiation factor-15 (GDF-15), a protein that belongs to the transforming growth factor-beta
(TGF-β) superfamily, is associated with age-related diseases and exerts an anti-inflammatory role
in various disease models. Although further evidence suggests that GDF-15 can preserve Klotho,
a transmembrane antiaging protein, emerging research has elucidated the potential involvement
of GDF-15 and Klotho in the interplay between macrophages-induced inflammation and cellular
senescence in the context of DCM. This review explores the intricate relationship between senescence
and macrophages in DCM while highlighting the possible contributions of GDF-15 and Klotho.
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1. Introduction

Diabetes mellitus is a metabolic condition defined by elevated blood glucose levels
resulting from impaired insulin production or action. Type 2 diabetes mellitus (T2DM) is
a critical health issue that greatly impacts human quality of life and healthcare costs [1].
Over the past four decades, the prevalence of T2DM has increased globally, particularly in
countries undergoing rapid epidemiological transitions, such as those in Asia, the Middle
East, and North Africa. In 2019, approximately 6.0% of men and 5.0% of women were
affected by T2DM, according to Global Burden of Disease data, representing a substantial
increase from 3.9% in men and 3.5% in women in 1990 [2].

According to the International Diabetes Federation, 537 million adults worldwide
had diabetes in 2021, which is expected to rise to 643 million and 783 million by 2030 and
2045, respectively. In the Middle East, one in six adults (73 million) had diabetes in 2021,
which is predicted to increase to 95 million by 2030 and 136 million by 2045. Diabetes
caused 796,000 deaths in 2021, notably while one in three adults living with diabetes was
undiagnosed [3]. Various risk factors contribute to T2DM, including genetics, lifestyle,
and environmental factors, such as physical activity and obesity. Dietary factors, such
as the consumption of red and processed meat, sugary beverages, refined grains, and
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low-quality carbohydrates, contribute greatly to the T2DM epidemic. The risk of T2DM is
also determined by age, family history, and ethnic background [4].

Individuals with uncontrolled and untreated elevated blood glucose levels may de-
velop various cardiovascular complications, including blood clotting, diabetic cardiomy-
opathy (DCM), and hypertension. These complications can potentially lead to severe
outcomes, such as diabetes-induced heart failure (HF) [5]. Notably, diabetes is one of the
seven major risk factors for cardiovascular disease (CVD), according to the American Heart
Association [6]. Indeed, diabetic patients face a higher risk of HF than individuals of the
same age without diabetes: According to the Framingham Heart Study conducted by the
University of Massachusetts Medical School, men and women with diabetes had a two- to
five-times greater chance of developing HF than those without diabetes [7,8]. Furthermore,
CVD, particularly coronary artery disease and ischemic cardiomyopathy, is the leading
cause of death in diabetic patients [9]. Elevated blood glucose levels damage the small
blood vessels in the heart muscle, impairing its ability to contract and pump blood. This
chronic impairment can weaken heart muscles, thereby establishing DCM, and exacerbate
the symptoms of diastolic and systolic cardiac failure [8]. Therefore, DCM represents a
microvascular complication characterized by structural and functional abnormalities in the
heart muscle. These abnormalities encompass left ventricular hypertrophy, fibrosis, lipid
accumulation within cardiomyocytes, and contractile and diastolic dysfunction [10]. Shirley
Rubler first identified DCM in four patients with diabetic glomerulosclerosis and HF in
1972. These patients exhibited myocardial hypertrophy, fibrosis, and cardiac dysfunction in
the absence of coronary artery disease, hypertension, and valvular disease [11], consistent
with the European Society of Cardiology’s definition of cardiomyopathy [12].

Numerous etiological factors contributing to the development and progression of
DCM have been identified, including hyperglycemia, hyperinsulinemia, insulin resistance,
mitochondrial dysfunction, altered calcium homeostasis, increased production and accu-
mulation of advanced glycation end products (AGEs) in cardiac cells as a consequence
of prolonged hyperglycemia, and inflammation [13]. Senescence, a state of irreversible
cell cycle arrest, and macrophage-mediated inflammation have emerged as key processes
in the development and progression of diabetic cardiomyopathy [14,15]. Recent studies
have implicated growth differentiation factor-15 (GDF-15) and Klotho, two factors involved
in stress responses and aging, as potential regulators in this complex interplay of pro-
cesses [16,17] (Figure 1). However, the interplay between these factors and processes in
the development of DCM remains largely unclear but retards the development of effective
clinical treatments. Accordingly, this review aims to provide a concise overview of the latest
findings in this field, elucidate the potential roles and interactions of relevant processes
and molecular markers, and identify essential gaps in knowledge that inhibit progress in
pre-clinical and clinical research.
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Figure 1. Etiological factors contribute to the development and progression of diabetic cardiomyo-
pathy (DCM). AGEs: advanced glycation end products, ECM: extracellular matrix, ER: endoplasmic 
reticulum, and FA: fatty Acids. Modified from Borghetti et al., 2018 [18]. Created with bioren-
der.com. 

2. Pathophysiological Mechanisms of DCM 
The pathophysiological mechanisms of DCM are multifactorial, encompassing met-

abolic alteration, AGE accumulation, mitochondrial dysfunction, lipotoxicity, glucotoxi-
city, inflammation, and oxidative stress (Figure 2) [19–21]. 

Persistent hyperglycemia in diabetic patients leads to metabolic dysregulation in car-
diomyocytes, including insulin resistance, increased fatty acid (FA) uptake, and impaired 
glucose utilization. Typically, 70% of myocardial energy comes from FA oxidation, with 
the remaining 30% derived from glucose metabolism through mitochondrial oxidative 
phosphorylation [22]. Insulin-impaired action on adipose tissue and the liver contributes 
to increased lipolysis, thereby elevating blood FA contents and promoting the overexpres-
sion of a cluster of differentiation 36, essential for FA uptake, eventually leading to in-
creased FA oxidation. Additionally, insulin resistance causes hyperinsulinemia and im-
paired insulin signaling, inhibiting glucose transporter 4-mediated glucose uptake. This 
triggers the overproduction of reactive oxygen species (ROS) in the mitochondrial respir-
atory chain, reducing myocardial contractility and promoting myocardial fibrosis—a hall-
mark of DCM. Elevated ROS production leads to oxidative stress and myocyte inflamma-
tion, causing lipid accumulation and lipotoxicity [23,24]. Excessive FA can metabolize 
through non-oxidative pathways, forming lipotoxic intermediates, such as ceramides and 
diacylglycerol. These intermediates lead to endoplasmic reticulum stress and 

Figure 1. Etiological factors contribute to the development and progression of diabetic cardiomyopa-
thy (DCM). AGEs: advanced glycation end products, ECM: extracellular matrix, ER: endoplasmic
reticulum, and FA: fatty Acids. Modified from Borghetti et al., 2018 [18]. Created with biorender.com.

2. Pathophysiological Mechanisms of DCM

The pathophysiological mechanisms of DCM are multifactorial, encompassing metabolic
alteration, AGE accumulation, mitochondrial dysfunction, lipotoxicity, glucotoxicity, in-
flammation, and oxidative stress (Figure 2) [19–21].

Persistent hyperglycemia in diabetic patients leads to metabolic dysregulation in car-
diomyocytes, including insulin resistance, increased fatty acid (FA) uptake, and impaired
glucose utilization. Typically, 70% of myocardial energy comes from FA oxidation, with
the remaining 30% derived from glucose metabolism through mitochondrial oxidative
phosphorylation [22]. Insulin-impaired action on adipose tissue and the liver contributes to
increased lipolysis, thereby elevating blood FA contents and promoting the overexpression
of a cluster of differentiation 36, essential for FA uptake, eventually leading to increased FA
oxidation. Additionally, insulin resistance causes hyperinsulinemia and impaired insulin
signaling, inhibiting glucose transporter 4-mediated glucose uptake. This triggers the
overproduction of reactive oxygen species (ROS) in the mitochondrial respiratory chain,
reducing myocardial contractility and promoting myocardial fibrosis—a hallmark of DCM.
Elevated ROS production leads to oxidative stress and myocyte inflammation, causing
lipid accumulation and lipotoxicity [23,24]. Excessive FA can metabolize through non-
oxidative pathways, forming lipotoxic intermediates, such as ceramides and diacylglycerol.
These intermediates lead to endoplasmic reticulum stress and cardiomyocyte apoptosis,
ultimately progressing to DCM. Prolonged hyperglycemia promotes AGE formation and
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protein kinase-C activation, which initiates oxidative stress by stimulating ROS produc-
tion, ultimately causing oxidative damage to cardiomyocytes and impaired myocardial
contractility [25,26]. A significant increase in AGEs triggers nuclear factor kappa-B (NF-κB)
signaling pathways, thereby inducing inflammation, cytokine and chemokine production,
and profibrotic factor activation, such as matrix metalloproteinase (MMP) and transforming
growth factor-beta (TGF-β), as well as myocyte apoptosis. These pathways can induce
functional and structural damage, leading to cardiomyocyte death, left ventricular remod-
eling, and systolic dysfunction [23]. Elevated FA accumulation activates the peroxisome
proliferator-activated receptors-α and -γ (PPARα/PPARγ) cofactor-1α pathway, enhancing
the transcription of genes for FA uptake and oxidation regulation. The overexpression of
PPARα in the heart increases FA absorption and oxidation, leading to reduced mitochon-
drial function, the loss of metabolic flexibility, and ROS production by the mitochondria [21].
In diabetes mellitus, coronary microvascular dysfunction is an important characteristic
of diabetes mellitus-related complications. It is linked to various other risk factors that
significantly affect cardiovascular disease morbidity and mortality. Chronic uncontrolled
high blood glucose contributes significantly to the dysfunction of microcirculation as a
common chronic feature. The pathogenesis of this microvascular complication is complex
and not completely understood [27]. However, hyperglycemia contributes to the activation
of various signaling pathways at microvascular levels, resulting in the remodeling of the
microvessels as well as myocardial tissue, with possible impairment of the microvascular
supply to the myocardium [28]. Microvascular remodeling includes the thickening of
the arteriole wall, the narrowing of the lumen, fibrosis, and capillary rarefaction. Simi-
larly, hypertension is another risk factor that leads to coronary microvascular alterations
and promotes the progression of endothelial dysfunction and capillary rarefaction [29].
Hypertension-induced changes in myocardial morphology and function also contribute to
left ventricular hypertrophy and myocardial fibrosis [29]; indeed, hypertension and type 2
diabetes are common comorbidities. Accordingly, uncontrolled blood glucose levels and
blood pressure are interlinked because of diabetes-related or hypertension-related cardio-
vascular complications associated primarily with microvascular function deterioration.
Both diseases can stimulate a mutual molecular mechanism, such as oxidative stress, inflam-
matory and immune system activation, and others. All of these are linked to microvascular
dysfunctions that possibly contribute to the relationship between diabetes, hypertension,
and coronary microvascular disorders [30]. Furthermore, overactivated macrophages
contribute to oxidative stress and mitochondrial damage through ROS overexpression,
resulting in progressive cardiac dysfunction and cardiomyopathy.
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inflammatory cytokines (interleukin (IL)-6, IL-18, pro-IL-1ß, and tumor necrosis factor-
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model exhibits fibrosis and tissue damage, features of chronic inflammation [32,35]. More-
over, both in vitro and animal research have revealed that elevated blood glucose levels 
are a substantial factor in diabetes-induced myocardial fibrosis. Moreover, when cardiac 
fibroblasts are cultivated in an environment with a high concentration of glucose, the cells 
tend to produce an excessive quantity of ECM proteins, including collagen, fibronectin, 
and matricellular macromolecules [36,37]. The development of diabetic cardiomyopathy 
using the STZ-induced T2DM animal model was associated with an increase in cardiac 
immune cell invasion, specifically T lymphocytes and macrophages, indicating cardiac 
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Figure 2. Pathophysiological mechanisms of DCM. CD36, a cluster of differentiation 36; CPT1,
carnitine palmitoyl-transferase 1; DAG, diacylglycerol; ER, endoplasmic reticulum; FA, fatty acid;
Glut4, glucose transporter 4; MMP, matrix metalloproteinase; NF-κB, nuclear factor kappa-B; PGC-1α,
PPAR gamma cofactor-1α; PKC, protein kinase C; PPAR, peroxisome proliferator-activated receptor;
ROS, reactive oxygen species; SASP, senescence-associated secretory phenotype; TGF-β, transforming
growth factor-β. Modified from Sharma et al., 2022 [19]. Created with biorender.com.

3. Macrophages and Inflammation in DCM

Inflammatory processes significantly contribute to the pathogenesis of DCM [31].
T2DM induces chronic low-grade inflammation in the heart tissue, leading to severe
structural and functional alterations [32]. Elevated glucose levels lead to the release of
pro-inflammatory cytokines (interleukin (IL)-6, IL-18, pro-IL-1ß, and tumor necrosis factor-
alpha (TNF-α) [25,33,34]. Recent studies have shown that the STZ-induced T2DM animal
model exhibits fibrosis and tissue damage, features of chronic inflammation [32,35]. More-
over, both in vitro and animal research have revealed that elevated blood glucose levels
are a substantial factor in diabetes-induced myocardial fibrosis. Moreover, when cardiac
fibroblasts are cultivated in an environment with a high concentration of glucose, the cells
tend to produce an excessive quantity of ECM proteins, including collagen, fibronectin, and
matricellular macromolecules [36,37]. The development of diabetic cardiomyopathy using
the STZ-induced T2DM animal model was associated with an increase in cardiac immune
cell invasion, specifically T lymphocytes and macrophages, indicating cardiac chronic
inflammation [20,38–40]. These findings suggest the presence of chronic inflammation in
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the myocardial interstitium, potentially leading to cardiac dysfunction and an increased
risk of cardiac events, such as DCM.

Macrophages, pivotal immune cells, play multiple roles in the pathogenesis and
progression of DCM. Reflecting their remarkable plasticity, macrophages can undergo
polarization (a phenotypic shift) in response to microenvironmental cues, with two dis-
tinct activation states: M1 and M2. M1 macrophages promote inflammation and pro-
inflammatory cytokine production, while M2 macrophages participate in tissue repair,
exhibiting anti-inflammatory properties [23,31].

DCM is associated with an imbalanced M1-to-M2-macrophage ratio [15]. Multiple
studies have reported a predominantly M1 phenotype in DCM, contributing to cardiac
fibrosis and impaired cardiac function [15,41]. M1 macrophage-activated pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and
IL-6, promote inflammation, oxidative stress, and cardiomyocyte apoptosis. Additionally,
M1 macrophages intensify the inflammatory response by recruiting other immune cells.
Conversely, the lower levels of M2 macrophages, which regulate tissue repair by releasing
anti-inflammatory cytokines, such as IL-10 and TGF-β, and promote tissue remodeling and
angiogenesis, may impede cardiac healing mechanisms and exacerbate the progression of
DCM [42,43].

Several factors contribute to the dysregulation of macrophage polarization in DCM.
Chronic hyperglycemia and insulin resistance in diabetic patients initiate an inflammatory
response marked by increased pro-inflammatory cytokine production [25]. Macrophages
infiltrate cardiac tissue in response to chemokine activation, propagating the inflammatory
response. Additionally, hyperglycemia and insulin resistance contribute to macrophage
polarization toward the pro-inflammatory M1 phenotype [41]. Hyperglycemia induces
oxidative stress through increased ROS production, which activates various signaling
pathways involved in M1 polarization [43]. Diabetes-associated metabolic disturbances,
such as dyslipidemia and AGEs, further contribute to macrophage polarization. Dyslipi-
demia promotes the production of pro-inflammatory lipid mediators, such as oxidized
low-density lipoprotein, leading to M1 polarization. AGEs, formed by non-enzymatic
protein glycation, activate receptors that promote pro-inflammatory responses, thereby
impairing M2 macrophage polarization and function [15]. Lipids have a substantial ef-
fect on macrophage polarization and influence macrophage functions. Previous studies
have shown that oxidized low-density lipoproteins (oxLDLs) induced M1 polarization,
thereby contributing to the inflammatory process of atherosclerosis [44,45]. For example,
oxLDL induced the production of pro-inflammatory cytokines, the expression of HLA-
DR and CD86, and T-cell proliferation [46]. Another study reported that the exposure
of monocytes to a low concentration of oxLDL induced epigenetic histone modifications
that resulted in a long-lasting proatherogenic macrophage phenotype characterized by
increased pro-inflammatory cytokine production and foam cell formation [47]. Peroxisome
proliferator-activated receptors (PPARs) and liver X receptors (LXRs) are other well-known
lipid-binding factors with known effects on macrophage polarization [48]. Additionally,
senescent cardiomyocytes can promote M1-biased macrophage polarization by releasing
senescence-associated secretory phenotype (SASP) components [49].

4. Senescence and DCM

Cellular senescence refers to a state of irreversible growth arrest characterized by
changes in cell morphology, gene expression, and the secretion of pro-inflammatory SASP
molecules—enriched in pro-inflammatory cytokines, growth factors, and profibrotic pro-
teins [49]. Leonard Hayflick and Paul Moorhead discovered cell senescence in 1961 by
observing that human fibroblast cells stopped proliferating in vitro after 40 to 60 pas-
sages [50]. Senescence was later described as irreversible cell cycle arrest in the G1 phase,
a non-proliferative but viable state [51]. Cellular senescence may be harmful or advan-
tageous, depending on the biological setting and timing. SASP molecules induce a local
inflammatory response that promotes the phagocytosis of senescent cells and the remodel-
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ing of damaged tissue [52]. However, chronic senescence-mediated inflammation can lead
to abnormal tissue remodeling and fibrosis [53].

Various factors induce cellular senescence, including oxidative stress, DNA damage,
telomere dysfunction, and chronic inflammation. Cellular senescence is considered a hall-
mark of aging since it reduces the capacities of numerous cell pools, including progenitor
and stem cells, needed to replace damaged tissue [51]. Evidence indicates that T2DM-
induced pathological changes stimulate cellular senescence [54,55]. Various studies in
diabetic adults have also reported a strong association between T2DM and cardiovascular
or early vascular aging [14,56,57]. Diabetes affects cardiac stem cells, inhibiting their repar-
ative potential and triggering cellular senescence and the SASP, irrespective of biological
aging [14].

In diabetes, hyperglycemia and insulin resistance are significant drivers of cell senes-
cence, including cardiomyocytes [58]. Senescence mechanisms in diabetic hearts include
telomere dysfunction and attrition caused by increased oxidative stress and chronic hy-
perglycemia [59]. Dysfunctional telomeres activate the p53–p21 pathway, leading to cell
cycle arrest and cellular senescence. This causes phenotypic changes in cardiomyocytes,
resulting in an abnormal SASP enriched in pro-inflammatory and profibrotic substances,
leading to the development of DCM [59]. The kinases adenosine monophosphate-activated
protein kinase (AMPK) and mammalian target of rapamycin (mTOR) participate in var-
ious senescence mechanisms. In DCM, impaired AMPK activity and enhanced mTOR
signaling disrupt cellular homeostasis, promoting cell cycle progression and premature
senescence [60,61]. Inhibiting mTOR with rapamycin reduces cellular senescence in various
cultured cells [61]. The transcription factor NF-κB also regulates inflammation, apopto-
sis, and senescence [62]. NF-κB signaling is activated in response to pro-inflammatory
cytokines, including IL-1β and TNF-α, promoting cellular senescence through the upregu-
lation of cyclin-dependent kinase inhibitors, such as p16INK4a and p21, and the secretion
of SASP factors [62]. This can cause chronic low-grade inflammation or inflammaging—a
characteristic feature of DCM.

Increased oxidative stress, a hallmark of DCM, promotes cellular senescence [63,64].
Oxidative stress-induced ROS generation can directly damage DNA, activate p53, and
upregulate cyclin-dependent kinase (CDK) inhibitor expression, leading to cell cycle ar-
rest and senescence [60]. ROS can also activate various protein kinases, including the
mitogen-activated protein kinase and protein kinase-C pathways, further exacerbating
senescence-promoting signaling [65]. Senescent cells further secrete extracellular matrix
(ECM) proteins that promote fibrosis. In DCM, senescent cardiomyocytes and other cells
contribute to cardiac fibrosis, leading to heart stiffness and impaired ventricular func-
tion [66]. Additionally, senescent cardiomyocytes can reduce regenerative capacity and
cannot adequately replace damaged cells, resulting in cardiac function decline and com-
promised tissue repair in DCM. Senescent cardiomyocytes exhibit disrupted metabolism,
including impaired mitochondrial function and altered stress response pathways, further
contributing to cardiac dysfunction and increasing susceptibility to cellular damage [14].

5. Relationship between Macrophages and Senescence in DCM

The interplay between senescence and macrophages is a critical mechanism under-
lying DCM progression. Under hyperglycemic conditions, cardiomyocytes in diabetic
patients undergo stress-induced premature senescence. Senescent cardiomyocytes release
inflammatory cytokines that recruit monocytes, which differentiate into macrophages and
infiltrate the myocardium. Senescent cardiomyocytes can directly modulate macrophage
polarization toward the M1 phenotype by releasing SASP components. These macrophages
sustain the senescence phenotype by amplifying the pro-inflammatory response [49]. No-
tably, macrophages regulated cellular senescence by influencing their microenvironment in
a p16INK4a/Luc mouse model [67].

M1 macrophages promote senescence by secreting inflammatory cytokines, such as
TNF-α and IL-6 [49,68]. The presence of senescent cells and macrophages further con-
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tributes to cardiac remodeling, fibrosis, and impaired contractility. The interplay between
senescence and macrophages facilitates cardiac fibrosis, as senescent cells produce MMPs
that degrade the ECM, while macrophages enhance fibrotic tissue deposition [49]. In
support of this, chemotherapy in breast cancer cells with a mutated TP53 gene promotes
senescent cells and cellular survival via phagocytosis and macrophages [69], indicating a
functional correlation between senescence and macrophages.

In a streptozotocin-diabetic mouse model, pathological features of cardiomyopathy
were attenuated by the in vivo administration of Klotho for a period of 12 weeks. In
addition, Klotho was found to reduce inflammatory and stress-related features in H9C2
cardiomyoblasts exposed to high levels of glucose [70]. In individuals with acute heart
failure, the soluble alpha-Klotho circulatory level was significantly correlated to patients’
responsiveness to intensive treatment [71]. In line with this, the genetic mutation of Klotho
accelerated aging in mice in different physiological systems and organs, including cardiac
muscle [72]. A previous review showed that the preanalytic characteristics of GDF-15 in
clinical settings indicate that a reduced level of circulatory GDF-15 is linked to longevity [73].
In support of this, the level of GDF-15 in aged and healthy individuals was found to be
correlated to age. Furthermore, in chronic heart failure patients, the GDF-15 serum level
was elevated and associated with the severity of the disease [74].

In cardiomyocytes, the functional alterations of replicative senescence are associated
with chronic inflammation and cell death [75]. In a study that recruited twenty heart
failure patients, it was found that compared to normal controls, inflammation contributes
to the extracellular matrix of the endomyocardium and affects cardiac remodeling [76]. A
proteomic study conducted on serum samples isolated from cardiomyopathy patients has
shown that dysregulation in extracellular matrix protein is associated with DCM [77]. In
addition, pathological changes in myocardial remodeling were found to be modulated by
senescent cardiomyocytes [78]. Additionally, the genetic profiling of macrophages was
found to be correlated with changes associated with myocardial infarction healing and
modeling [79]. Immunohistochemical studies conducted on biopsy samples isolated from
DCM patients have shown significant immunoreactivity of macrophage markers, including
whole and M2 macrophages [80]. This evidence supports the cross-talk between senescence
and macrophages and their contribution to DCM and cardiac remodeling as we age.

6. Role of Klotho in DCM

Klotho, a transmembrane protein with an intracellular tail and extracellular do-
main, belongs to the mitochondrial protein family (Figure 3). Discovered in 1997 by
Kuro-o et al. [72] as an aging suppressor gene, Klotho exists in two forms: α-Klotho and
β-Klotho. While α-Klotho is expressed in various organs, including the kidney, parathyroid
gland, brain, adipose tissue, small intestine, and heart, β-Klotho is found in adipose tissue,
the pancreas, and liver. Both forms may have their extracellular domains cleaved, releasing
soluble Klotho into the blood, cerebrospinal fluid, and urine [81].

Klotho plays a protective role against CVDs by maintaining proper cardiac and vas-
cular function [17]. It is implicated in defense mechanisms against heart hypertrophy
and remodeling [17] and exhibits a protective effect in diabetic heart tissue by reducing
oxidative stress [82]. Klotho exerts anti-inflammatory effects by inhibiting the expression
of pro-inflammatory cytokines, such as IL-6 and TNF-α, thereby preserving the structural
and functional integrity of the diabetic heart. Additionally, Klotho regulates the expression
of profibrotic factors, such as TGF-β and connective tissue growth factor, thereby inhibiting
fibrosis. It also promotes MMP activation, which degrades collagen and prevents fibrotic
remodeling [82,83].

Klotho inhibits oxidative stress by reducing ROS production and enhancing antioxi-
dant enzyme activity, thereby preventing apoptosis [84–86]. In a mouse model of T2DM,
Klotho overexpression alleviated insulin sensitivity and metabolic disruption, ultimately
attenuating DCM [87]. Furthermore, increased Klotho protein expression and function in
renal tubular cells induced by GDF-15 suggest additional DCM-specific protective mecha-
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nisms [88]. In a recent study by Donate-Correa et al., in adults with T2DM and preserved
kidney function, reduced Klotho levels were observed. Furthermore, reduced Klotho levels
were associated with increased levels of inflammatory markers and a higher incidence of
vascular disease and subclinical atherosclerosis [89]. This suggests that Klotho may be
involved in the development and progression of diabetes-related vascular complications.
Lower levels of Klotho were also found in adults with a higher risk of cardiovascular
disease, such as obesity, smoking, diabetes, and higher levels of total cholesterol and
triglycerides [90]. In both in vitro and in vivo experiments, Klotho treatment effectively
suppressed high glucose-induced inflammation, ROS generation, and cardiac cell death,
leading to improved cardiac function [91]. The antioxidative, anti-inflammatory, antiaging,
and antiapoptotic effects of Klotho highlight its potential as a novel protective protein
against DCM.
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7. Role of GDF-15 in DCM

GDF-15, a member of the TGF-β family, acts as a stress-responsive cytokine and is
expressed by macrophages, epithelial cells, and adipocytes. It exerts anti-inflammatory
effects by inhibiting macrophage activation, enhancing insulin sensitivity, and preventing
diabetic complications [88]. Under normal conditions, human serum GDF-15 levels are
low but are significantly elevated in various diseases, including malignancies, CVDs,
renal disorders, and diabetes [92]. GDF-15 levels are notably high during pregnancy
and can further be exacerbated by smoking, psychological states, and environmental
stressors, making GDF-15 an attractive candidate for diagnostic and prognostic biomarkers,
including in all-cause mortality [92–94]. Glial-derived neurotrophic factor family receptor
α-like (GFRAL) is the receptor for GDF-15 and is only detected in the brain. Upon binding
to GFRAL, GDF-15 promotes the activation of the coreceptor tyrosine kinase RET. This
GDF-15/GFRAL/RET complex plays a critical role in weight regulation, as indicated by
the promotion of weight loss in obese mice by recombinant GDF-15, which triggered a
reduction in food intake. This anti-obesity action of GDF-15 was abrogated in GFRAL
gene-deleted mice [95,96], while diet-induced obesity was exacerbated in GFRAL-deficient
mice [96]. Remarkably, transgenic mice that overexpressed GDF-15 exhibited enhanced insulin
sensitivity and glucose tolerance along with a marked reduction in body weight [95,97]. These
beneficial metabolic effects provide new insights into GDF-15 as a potential target for
diabetes treatment. Moreover, GDF-15 expression has a protective effect, as the absence
of GDF15 is associated with increased damage in various tissues. For example, GDF-

biorender.com
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15 knockout mice demonstrated cardiac rupture after myocardial infarction [98]. It is
noteworthy that GDF-15 plays a vital role in mitigating the inflammatory environment in
diabetic hearts by suppressing the release of pro-inflammatory cytokines [16], regulating
mitochondrial function, and reducing oxidative stress—the crucial factors driving DCM
progression [99]. In DCM, excessive deposition of ECM proteins, such as collagen, leads to
myocardial fibrosis. GDF-15 inhibits collagen synthesis, prevents fibrotic remodeling, and
activates MMPs, which degrade and remodel the ECM, preventing excessive fibrosis [99].
Furthermore, GDF-15 exhibits potent antiapoptotic effects in the myocardium, thereby
inhibiting cell death and preserving cardiac function. It has been observed that GDF-15 is
induced in response to conditions that promote hypertrophy and dilated cardiomyopathy.
Transgenic mice with cardiac-specific overexpression of GDF15 showed partial resistance
to pressure overload-induced hypertrophy [73]. It also activates the intracellular PI3K/Akt
and ERK1/2 signaling pathways to promote cell survival and inhibit apoptosis in diabetic
hearts [16,99].

Despite all the protective effects of GDF-15, clinical studies in patients with DCM
have shown that elevated GDF-15 levels correlate with adverse cardiovascular outcomes,
including HF, myocardial infarction, and mortality [99,100]. Furthermore, GDF-15 levels
have been found to be positively associated with markers of poor glycemic control, such as
higher HbA1c levels [16,101–103]. Additionally, elevated GDF-15 levels have been associ-
ated with an increased risk of diabetic complications, such as DCM, chronic kidney disease,
and diabetic retinopathy [101,103,104]. Jurczyluk et al. found that GDF-15 levels were
highly increased in cardiomyocytes following an ischemic event and post-reperfusion [105].
In addition, GDF-15 levels were higher in patients with diabetic nephropathy than in
diabetic patients without diabetic nephropathy and were associated with impaired kidney
function [106]. Similar patterns were observed in diabetic retinopathy patients [107]. Cur-
rently, there are limited studies highlighting the link between GDF-15 and Klotho protein in
the context of DCM. In different disease models, only one study investigated the correlation
between GDF-15 and Klotho protein in acute kidney injury and kidney fibrosis and found
that GDF-15 and Klotho protein levels have a strong correlation. GDF-15 enhanced Klotho
expression in healthy mice and cultured tubular cells [108], whereas Klotho expression
was reduced in GDF-15-deficient mice and conserved after GDF-15 administration [108].
Furthermore, GDF-15 and Klotho protein are both involved in the development and pro-
gression of fibrosis, a hallmark of DCM [109,110]. One study found that GDF-15 expression
and accumulation are increased in the extracellular matrix of idiopathic pulmonary fibro-
sis. The study suggested that increased expression and accumulation of GDF-15 in the
extracellular matrix contribute to the fibrotic process in idiopathic pulmonary fibrosis. This
finding highlights the potential role of GDF-15 in promoting fibrosis in the lungs [110]. One
study used a mouse model of myocardial infarction and found that treatment with Klotho
improved cardiac function and reduced cardiac fibrosis [111]. Another investigated the role
of Klotho in the development of cardiac fibrosis in a long-term rat model resembling type 1
diabetes mellitus and found that serum levels of Klotho were reduced in diabetic rats, possi-
bly promoting the fibrotic process [112]. The exact mechanisms underlying this relationship
remain unclear, though two hypotheses have been proposed: Chronic exposure to high
GDF-15 levels may desensitize GDF-15 receptors, affecting the cardiomyocyte response.
The desensitization of GDF-15 receptors can compromise its anti-inflammatory effects,
apoptosis regulation, oxidative stress modulation, and cell survival promotion, thus im-
pairing its cardioprotective effects and potentially contributing to DCM progression [113].
Furthermore, impaired GDF-15 signaling due to receptor desensitization may disrupt the
balance between profibrotic and anti-fibrotic factors, leading to adverse remodeling in
the diabetic heart. Second, GDF-15 upregulation may be a compensatory mechanism to
counterbalance the inflammatory state in DCM [114]. However, no study has specifically
assessed the roles and interactions of GDF-15 and Klotho in DCM or how macrophages
mediate this relationship.
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8. Conclusions and Future Directions

This review explored the interplay between senescence and macrophages in diabetic
cardiomyopathy, specifically focusing on the potential role of GDF-15 and Klotho. The inter-
play between senescence and macrophages in diabetic cardiomyopathy involves complex
mechanisms associated with inflammation, fibrosis, and cardiac dysfunction. However,
the underlying molecular mechanisms remain largely unclear. Further research is needed
to elucidate the exact mechanisms by which GDF-15 and Klotho influence senescence
and macrophage function in DCM, the mechanisms of GDF-15 receptor desensitization in
DCM, and the impact of receptor desensitization on GDF-15 signaling and DCM patho-
genesis. The review also highlighted the potential of other factors, such as alterations in
ligand–receptor interactions or downstream signaling components, in the dysregulation
of GDF-15 signaling in DCM. In addition, since DCM is characterized by structural and
functional changes in the heart, the precise impact of the interplay between senescence and
macrophages on cardiac remodeling is an important topic in future clinical research.

Although pre-clinical studies have elucidated some of the interplay between senes-
cence and macrophages [113,115], further clinical studies are needed to validate these find-
ings. Clinical trials investigating the diagnostic and prognostic value of GDF-15 and Klotho
in DCM and exploring the therapeutic potential of targeting senescence and macrophages,
including the modulation of GDF-15 and Klotho, are warranted to translate the research
findings into clinical practice. Further studies are needed to determine how senescent
cells and macrophages contribute to cardiac remodeling, such as fibrosis, hypertrophy,
and angiogenesis, and to learn the specific effects of GDF-15 and Klotho on cardiac func-
tion in DCM. This should include studying their impact on cardiomyocyte senescence,
macrophage polarization, and the overall cardiac remodeling process. Additionally, ex-
ploring the potential cross-talk between GDF-15, Klotho, and other signaling pathways
implicated in DCM may provide valuable insights into disease development.

Author Contributions: Writing—original draft preparation, G.M.A.; writing—review & editing,
A.S.A., A.F.B.D., T.K.A., H.K.A., M.A.A. and A.R.A.; supervision and project administration, N.M.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tinajero, M.G.; Malik, V.S. An Update on the Epidemiology of Type 2 Diabetes: A Global Perspective. Endocrinol. Metab. Clin. N.

Am. 2021, 50, 337–355. [CrossRef] [PubMed]
2. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,

K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef] [PubMed]

3. Federation, I.D.; Atlas, I.D. International Diabetes Federation, 10th ed.; IDF: Brussels, Belgium, 2021.
4. Hu, F.B. Globalization of diabetes: The role of diet, lifestyle, and genes. Diabetes Care 2011, 34, 1249–1257. [CrossRef] [PubMed]
5. Pham, T.B.; Nguyen, T.T.; Truong, H.T.; Trinh, C.H.; Du, H.N.T.; Ngo, T.T.; Nguyen, L.H. Effects of Diabetic Complications on

Health-Related Quality of Life Impairment in Vietnamese Patients with Type 2 Diabetes. J. Diabetes Res. 2020, 2020, 4360804.
[CrossRef] [PubMed]

6. Joseph, J.J.; Deedwania, P.; Acharya, T.; Aguilar, D.; Bhatt, D.L.; Chyun, D.A.; Di Palo, K.E.; Golden, S.H.; Sperling, L.S.
Comprehensive Management of Cardiovascular Risk Factors for Adults with Type 2 Diabetes: A Scientific Statement From the
American Heart Association. Circulation 2022, 145, e722–e759. [CrossRef] [PubMed]

7. Karwi, Q.G.; Ho, K.L.; Pherwani, S.; Ketema, E.B.; Sun, Q.; Lopaschuk, G.D. Concurrent diabetes and heart failure: Interplay and
novel therapeutic approaches. Cardiovasc. Res. 2022, 118, 686–715. [CrossRef] [PubMed]

8. Lee, W.S.; Kim, J. Diabetic cardiomyopathy: Where we are and where we are going. Korean J. Intern. Med. 2017, 32, 404–421.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.ecl.2021.05.013
https://www.ncbi.nlm.nih.gov/pubmed/34399949
https://doi.org/10.1016/j.diabres.2019.107843
https://www.ncbi.nlm.nih.gov/pubmed/31518657
https://doi.org/10.2337/dc11-0442
https://www.ncbi.nlm.nih.gov/pubmed/21617109
https://doi.org/10.1155/2020/4360804
https://www.ncbi.nlm.nih.gov/pubmed/32047823
https://doi.org/10.1161/CIR.0000000000001040
https://www.ncbi.nlm.nih.gov/pubmed/35000404
https://doi.org/10.1093/cvr/cvab120
https://www.ncbi.nlm.nih.gov/pubmed/33783483
https://doi.org/10.3904/kjim.2016.208
https://www.ncbi.nlm.nih.gov/pubmed/28415836


Biomedicines 2024, 12, 759 12 of 16

9. Dillmann, W.H. Diabetic Cardiomyopathy. Circ. Res. 2019, 124, 1160–1162. [CrossRef] [PubMed]
10. Wang, Z.V.; Hill, J.A. Diabetic cardiomyopathy: Catabolism driving metabolism. Circulation 2015, 131, 771–773. [CrossRef]

[PubMed]
11. Rubler, S.; Dlugash, J.; Yuceoglu, Y.Z.; Kumral, T.; Branwood, A.W.; Grishman, A. New type of cardiomyopathy associated with

diabetic glomerulosclerosis. Am. J. Cardiol. 1972, 30, 595–602. [CrossRef] [PubMed]
12. Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kühl, U.; Maisch, B.; McKenna, W.J.;

et al. Classification of the cardiomyopathies: A position statement from the European Society of Cardiology Working Group on
Myocardial and Pericardial Diseases. Eur. Heart J. 2008, 29, 270–276. [CrossRef] [PubMed]

13. Okoshi, K.; Guimarães, J.F.; Di Muzio, B.P.; Fernandes, A.A.; Okoshi, M.P. [Diabetic cardiomyopathy]. Arq. Bras. Endocrinol.
Metabol. 2007, 51, 160–167. [CrossRef] [PubMed]

14. Marino, F.; Scalise, M.; Salerno, N.; Salerno, L.; Molinaro, C.; Cappetta, D.; Torella, M.; Greco, M.; Foti, D.; Sasso, F.C.; et al.
Diabetes-Induced Cellular Senescence and Senescence-Associated Secretory Phenotype Impair Cardiac Regeneration and Function
Independently of Age. Diabetes 2022, 71, 1081–1098. [CrossRef] [PubMed]

15. Chen, G.; Jiang, H.; Yao, Y.; Tao, Z.; Chen, W.; Huang, F.; Chen, X. Macrophage, a potential targeted therapeutic immune cell for
cardiomyopathy. Front. Cell Dev. Biol. 2022, 10, 908790. [CrossRef] [PubMed]

16. Adela, R.; Banerjee, S.K. GDF-15 as a Target and Biomarker for Diabetes and Cardiovascular Diseases: A Translational Prospective.
J. Diabetes Res. 2015, 2015, 490842. [CrossRef] [PubMed]

17. Olejnik, A.; Franczak, A.; Krzywonos-Zawadzka, A.; Kałużna-Oleksy, M.; Bil-Lula, I. The Biological Role of Klotho Protein in the
Development of Cardiovascular Diseases. Biomed Res. Int. 2018, 2018, 5171945. [CrossRef] [PubMed]

18. Borghetti, G.; von Lewinski, D.; Eaton, D.M.; Sourij, H.; Houser, S.R.; Wallner, M. Diabetic Cardiomyopathy: Current and Future
Therapies. Beyond Glycemic Control. Front. Physiol. 2018, 9, 1514. [CrossRef] [PubMed]

19. Sharma, U.; Chakraborty, M.; Chutia, D.; Bhuyan, N.R. Cellular and molecular mechanisms, genetic predisposition and treatment
of diabetes-induced cardiomyopathy. Curr. Res. Pharmacol. Drug Discov. 2022, 3, 100126. [CrossRef] [PubMed]

20. Bugger, H.; Abel, E.D. Molecular mechanisms of diabetic cardiomyopathy. Diabetologia 2014, 57, 660–671. [CrossRef] [PubMed]
21. Palomer, X.; Pizarro-Delgado, J.; Vázquez-Carrera, M. Emerging Actors in Diabetic Cardiomyopathy: Heartbreaker Biomarkers

or Therapeutic Targets? Trends Pharmacol. Sci. 2018, 39, 452–467. [CrossRef] [PubMed]
22. Maack, C.; Lehrke, M.; Backs, J.; Heinzel, F.R.; Hulot, J.S.; Marx, N.; Paulus, W.J.; Rossignol, P.; Taegtmeyer, H.; Bauersachs, J.; et al.

Heart failure and diabetes: Metabolic alterations and therapeutic interventions: A state-of-the-art review from the Translational
Research Committee of the Heart Failure Association-European Society of Cardiology. Eur. Heart J. 2018, 39, 4243–4254. [CrossRef]
[PubMed]

23. Salvatore, T.; Pafundi, P.C.; Galiero, R.; Albanese, G.; Di Martino, A.; Caturano, A.; Vetrano, E.; Rinaldi, L.; Sasso, F.C. The Diabetic
Cardiomyopathy: The Contributing Pathophysiological Mechanisms. Front. Med. 2021, 8, 695792. [CrossRef] [PubMed]

24. Gulsin, G.S.; Athithan, L.; McCann, G.P. Diabetic cardiomyopathy: Prevalence, determinants and potential treatments. Ther. Adv.
Endocrinol. Metab. 2019, 10, 2042018819834869. [CrossRef] [PubMed]

25. Jia, G.; Whaley-Connell, A.; Sowers, J.R. Diabetic cardiomyopathy: A hyperglycaemia- and insulin-resistance-induced heart
disease. Diabetologia 2018, 61, 21–28. [CrossRef] [PubMed]

26. Ritchie, R.H.; Zerenturk, E.J.; Prakoso, D.; Calkin, A.C. Lipid metabolism and its implications for type 1 diabetes-associated
cardiomyopathy. J. Mol. Endocrinol. 2017, 58, R225–R240. [CrossRef] [PubMed]

27. Salvatore, T.; Galiero, R.; Caturano, A.; Vetrano, E.; Loffredo, G.; Rinaldi, L.; Catalini, C.; Gjeloshi, K.; Albanese, G.; Di Martino, A.;
et al. Coronary Microvascular Dysfunction in Diabetes Mellitus: Pathogenetic Mechanisms and Potential Therapeutic Options.
Biomedicines 2022, 10, 2274. [CrossRef] [PubMed]

28. Sezer, M.; Kocaaga, M.; Aslanger, E.; Atici, A.; Demirkiran, A.; Bugra, Z.; Umman, S.; Umman, B. Bimodal Pattern of Coronary
Microvascular Involvement in Diabetes Mellitus. J. Am. Heart Assoc. 2016, 5, e003995. [CrossRef] [PubMed]

29. Zdravkovic, M.; Popadic, V.; Klasnja, S.; Klasnja, A.; Ivankovic, T.; Lasica, R.; Lovic, D.; Gostiljac, D.; Vasiljevic, Z. Coronary
Microvascular Dysfunction and Hypertension: A Bond More Important than We Think. Medicina 2023, 59, 2149. [CrossRef]
[PubMed]

30. Petrie, J.R.; Guzik, T.J.; Touyz, R.M. Diabetes, Hypertension, and Cardiovascular Disease: Clinical Insights and Vascular
Mechanisms. Can. J. Cardiol. 2018, 34, 575–584. [CrossRef]

31. Frati, G.; Schirone, L.; Chimenti, I.; Yee, D.; Biondi-Zoccai, G.; Volpe, M.; Sciarretta, S. An overview of the inflammatory signalling
mechanisms in the myocardium underlying the development of diabetic cardiomyopathy. Cardiovasc. Res. 2017, 113, 378–388.
[CrossRef] [PubMed]

32. Tsai, T.-H.; Lin, C.-J.; Chua, S.; Chung, S.-Y.; Chen, S.-M.; Lee, C.-H.; Hang, C.-L. Deletion of RasGRF1 Attenuated Interstitial
Fibrosis in Streptozotocin-Induced Diabetic Cardiomyopathy in Mice through Affecting Inflammation and Oxidative Stress. Int. J.
Mol. Sci. 2018, 19, 3094. [CrossRef] [PubMed]

33. Li, J.; Ma, W.; Yue, G.; Tang, Y.; Kim, I.M.; Weintraub, N.L.; Wang, X.; Su, H. Cardiac proteasome functional insufficiency plays a
pathogenic role in diabetic cardiomyopathy. J. Mol. Cell. Cardiol. 2017, 102, 53–60. [CrossRef] [PubMed]

34. Parim, B.; Sathibabu Uddandrao, V.V.; Saravanan, G. Diabetic cardiomyopathy: Molecular mechanisms, detrimental effects of
conventional treatment, and beneficial effects of natural therapy. Heart Fail. Rev. 2019, 24, 279–299. [CrossRef] [PubMed]

https://doi.org/10.1161/CIRCRESAHA.118.314665
https://www.ncbi.nlm.nih.gov/pubmed/30973809
https://doi.org/10.1161/CIRCULATIONAHA.115.015357
https://www.ncbi.nlm.nih.gov/pubmed/25637626
https://doi.org/10.1016/0002-9149(72)90595-4
https://www.ncbi.nlm.nih.gov/pubmed/4263660
https://doi.org/10.1093/eurheartj/ehm342
https://www.ncbi.nlm.nih.gov/pubmed/17916581
https://doi.org/10.1590/S0004-27302007000200004
https://www.ncbi.nlm.nih.gov/pubmed/17505622
https://doi.org/10.2337/db21-0536
https://www.ncbi.nlm.nih.gov/pubmed/35108360
https://doi.org/10.3389/fcell.2022.908790
https://www.ncbi.nlm.nih.gov/pubmed/36247005
https://doi.org/10.1155/2015/490842
https://www.ncbi.nlm.nih.gov/pubmed/26273671
https://doi.org/10.1155/2018/5171945
https://www.ncbi.nlm.nih.gov/pubmed/30671457
https://doi.org/10.3389/fphys.2018.01514
https://www.ncbi.nlm.nih.gov/pubmed/30425649
https://doi.org/10.1016/j.crphar.2022.100126
https://www.ncbi.nlm.nih.gov/pubmed/36568261
https://doi.org/10.1007/s00125-014-3171-6
https://www.ncbi.nlm.nih.gov/pubmed/24477973
https://doi.org/10.1016/j.tips.2018.02.010
https://www.ncbi.nlm.nih.gov/pubmed/29605388
https://doi.org/10.1093/eurheartj/ehy596
https://www.ncbi.nlm.nih.gov/pubmed/30295797
https://doi.org/10.3389/fmed.2021.695792
https://www.ncbi.nlm.nih.gov/pubmed/34277669
https://doi.org/10.1177/2042018819834869
https://www.ncbi.nlm.nih.gov/pubmed/30944723
https://doi.org/10.1007/s00125-017-4390-4
https://www.ncbi.nlm.nih.gov/pubmed/28776083
https://doi.org/10.1530/JME-16-0249
https://www.ncbi.nlm.nih.gov/pubmed/28373293
https://doi.org/10.3390/biomedicines10092274
https://www.ncbi.nlm.nih.gov/pubmed/36140374
https://doi.org/10.1161/JAHA.116.003995
https://www.ncbi.nlm.nih.gov/pubmed/27930353
https://doi.org/10.3390/medicina59122149
https://www.ncbi.nlm.nih.gov/pubmed/38138252
https://doi.org/10.1016/j.cjca.2017.12.005
https://doi.org/10.1093/cvr/cvx011
https://www.ncbi.nlm.nih.gov/pubmed/28395009
https://doi.org/10.3390/ijms19103094
https://www.ncbi.nlm.nih.gov/pubmed/30308936
https://doi.org/10.1016/j.yjmcc.2016.11.013
https://www.ncbi.nlm.nih.gov/pubmed/27913284
https://doi.org/10.1007/s10741-018-9749-1
https://www.ncbi.nlm.nih.gov/pubmed/30349977


Biomedicines 2024, 12, 759 13 of 16

35. Udumula, M.P.; Mangali, S.; Kalra, J.; Dasari, D.; Goyal, S.; Krishna, V.; Bollareddy, S.R.; Sriram, D.; Dhar, A.; Bhat, A. High
fructose and streptozotocin induced diabetic impairments are mitigated by Indirubin-3-hydrazone via downregulation of PKR
pathway in Wistar rats. Sci. Rep. 2021, 11, 12924. [CrossRef] [PubMed]

36. Muona, P.; Peltonen, J.; Jaakkola, S.; Uitto, J. Increased matrix gene expression by glucose in rat neural connective tissue cells in
culture. Diabetes 1991, 40, 605–611. [CrossRef] [PubMed]

37. Singh, V.P.; Baker, K.M.; Kumar, R. Activation of the intracellular renin-angiotensin system in cardiac fibroblasts by high glucose:
Role in extracellular matrix production. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H1675–H1684. [CrossRef] [PubMed]

38. Becher, P.M.; Lindner, D.; Fröhlich, M.; Savvatis, K.; Westermann, D.; Tschöpe, C. Assessment of cardiac inflammation and
remodeling during the development of streptozotocin-induced diabetic cardiomyopathy in vivo: A time course analysis. Int. J.
Mol. Med. 2013, 32, 158–164. [CrossRef] [PubMed]

39. Hu, X.; Bai, T.; Xu, Z.; Liu, Q.; Zheng, Y.; Cai, L. Pathophysiological Fundamentals of Diabetic Cardiomyopathy. Compr. Physiol.
2017, 7, 693–711. [CrossRef] [PubMed]

40. Kanamori, H.; Naruse, G.; Yoshida, A.; Minatoguchi, S.; Watanabe, T.; Kawaguchi, T.; Tanaka, T.; Yamada, Y.; Takasugi, H.;
Mikami, A.; et al. Morphological characteristics in diabetic cardiomyopathy associated with autophagy. J. Cardiol. 2021, 77, 30–40.
[CrossRef] [PubMed]

41. Westermann, D.; Van Linthout, S.; Dhayat, S.; Dhayat, N.; Schmidt, A.; Noutsias, M.; Song, X.Y.; Spillmann, F.; Riad, A.; Schultheiss,
H.P.; et al. Tumor necrosis factor-alpha antagonism protects from myocardial inflammation and fibrosis in experimental diabetic
cardiomyopathy. Basic Res. Cardiol. 2007, 102, 500–507. [CrossRef] [PubMed]

42. Jia, G.; Habibi, J.; Bostick, B.P.; Ma, L.; DeMarco, V.G.; Aroor, A.R.; Hayden, M.R.; Whaley-Connell, A.T.; Sowers, J.R. Uric acid
promotes left ventricular diastolic dysfunction in mice fed a Western diet. Hypertension 2015, 65, 531–539. [CrossRef] [PubMed]

43. Jadhav, A.; Tiwari, S.; Lee, P.; Ndisang, J.F. The heme oxygenase system selectively enhances the anti-inflammatory macrophage-
M2 phenotype, reduces pericardial adiposity, and ameliorated cardiac injury in diabetic cardiomyopathy in Zucker diabetic fatty
rats. J. Pharmacol. Exp. Ther. 2013, 345, 239–249. [CrossRef] [PubMed]

44. Pireaux, V.; Sauvage, A.; Bihin, B.; Van Steenbrugge, M.; Rousseau, A.; Van Antwerpen, P.; Zouaoui Boudjeltia, K.; Raes, M.
Myeloperoxidase-Oxidized LDLs Enhance an Anti-Inflammatory M2 and Antioxidant Phenotype in Murine Macrophages. Mediat.
Inflamm. 2016, 2016, 8249476. [CrossRef] [PubMed]

45. de la Paz Sánchez-Martínez, M.; Blanco-Favela, F.; Mora-Ruiz, M.D.; Chávez-Rueda, A.K.; Bernabe-García, M.; Chávez-Sánchez,
L. IL-17-differentiated macrophages secrete pro-inflammatory cytokines in response to oxidized low-density lipoprotein. Lipids
Health Dis. 2017, 16, 196. [CrossRef] [PubMed]

46. Chávez-Sánchez, L.; Garza-Reyes, M.G.; Espinosa-Luna, J.E.; Chávez-Rueda, K.; Legorreta-Haquet, M.V.; Blanco-Favela, F. The
role of TLR2, TLR4 and CD36 in macrophage activation and foam cell formation in response to oxLDL in humans. Hum. Immunol.
2014, 75, 322–329. [CrossRef] [PubMed]

47. Bekkering, S.; Quintin, J.; Joosten, L.A.; van der Meer, J.W.; Netea, M.G.; Riksen, N.P. Oxidized low-density lipoprotein induces
long-term proinflammatory cytokine production and foam cell formation via epigenetic reprogramming of monocytes. Arter.
Thromb. Vasc. Biol. 2014, 34, 1731–1738. [CrossRef] [PubMed]

48. Zizzo, G.; Cohen, P.L. The PPAR-γ antagonist GW9662 elicits differentiation of M2c-like cells and upregulation of the MerTK/Gas6
axis: A key role for PPAR-γ in human macrophage polarization. J. Inflamm. 2015, 12, 36. [CrossRef] [PubMed]

49. Elder, S.S.; Emmerson, E. Senescent cells and macrophages: Key players for regeneration? Open Biol. 2020, 10, 200309. [CrossRef]
[PubMed]

50. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell. Res. 1961, 25, 585–621. [CrossRef]
[PubMed]

51. Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre,
G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813–827. [CrossRef] [PubMed]

52. Hoenicke, L.; Zender, L. Immune surveillance of senescent cells--biological significance in cancer- and non-cancer pathologies.
Carcinogenesis 2012, 33, 1123–1126. [CrossRef] [PubMed]

53. Valentijn, F.A.; Falke, L.L.; Nguyen, T.Q.; Goldschmeding, R. Cellular senescence in the aging and diseased kidney. J. Cell Commun.
Signal. 2018, 12, 69–82. [CrossRef] [PubMed]

54. Palmer, A.K.; Tchkonia, T.; LeBrasseur, N.K.; Chini, E.N.; Xu, M.; Kirkland, J.L. Cellular Senescence in Type 2 Diabetes: A
Therapeutic Opportunity. Diabetes 2015, 64, 2289–2298. [CrossRef] [PubMed]

55. Di Pietrantonio, N.; Di Tomo, P.; Mandatori, D.; Formoso, G.; Pandolfi, A. Diabetes and Its Cardiovascular Complications:
Potential Role of the Acetyltransferase p300. Cells 2023, 12, 431. [CrossRef] [PubMed]

56. Ryder, J.R.; Northrop, E.; Rudser, K.D.; Kelly, A.S.; Gao, Z.; Khoury, P.R.; Kimball, T.R.; Dolan, L.M.; Urbina, E.M. Accelerated
Early Vascular Aging Among Adolescents with Obesity and/or Type 2 Diabetes Mellitus. J. Am. Heart Assoc. 2020, 9, e014891.
[CrossRef] [PubMed]

57. Varga, Z.V.; Giricz, Z.; Liaudet, L.; Haskó, G.; Ferdinandy, P.; Pacher, P. Interplay of oxidative, nitrosative/nitrative stress,
inflammation, cell death and autophagy in diabetic cardiomyopathy. Biochim. Biophys. Acta 2015, 1852, 232–242. [CrossRef]
[PubMed]

58. Shakeri, H.; Lemmens, K.; Gevaert, A.B.; De Meyer, G.R.Y.; Segers, V.F.M. Cellular senescence links aging and diabetes in
cardiovascular disease. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H448–H462. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-021-92345-2
https://www.ncbi.nlm.nih.gov/pubmed/34155273
https://doi.org/10.2337/diab.40.5.605
https://www.ncbi.nlm.nih.gov/pubmed/2022305
https://doi.org/10.1152/ajpheart.91493.2007
https://www.ncbi.nlm.nih.gov/pubmed/18296558
https://doi.org/10.3892/ijmm.2013.1368
https://www.ncbi.nlm.nih.gov/pubmed/23652584
https://doi.org/10.1002/cphy.c160021
https://www.ncbi.nlm.nih.gov/pubmed/28333387
https://doi.org/10.1016/j.jjcc.2020.05.009
https://www.ncbi.nlm.nih.gov/pubmed/32907780
https://doi.org/10.1007/s00395-007-0673-0
https://www.ncbi.nlm.nih.gov/pubmed/17909696
https://doi.org/10.1161/HYPERTENSIONAHA.114.04737
https://www.ncbi.nlm.nih.gov/pubmed/25489061
https://doi.org/10.1124/jpet.112.200808
https://www.ncbi.nlm.nih.gov/pubmed/23442249
https://doi.org/10.1155/2016/8249476
https://www.ncbi.nlm.nih.gov/pubmed/27656049
https://doi.org/10.1186/s12944-017-0588-1
https://www.ncbi.nlm.nih.gov/pubmed/29017604
https://doi.org/10.1016/j.humimm.2014.01.012
https://www.ncbi.nlm.nih.gov/pubmed/24486576
https://doi.org/10.1161/ATVBAHA.114.303887
https://www.ncbi.nlm.nih.gov/pubmed/24903093
https://doi.org/10.1186/s12950-015-0081-4
https://www.ncbi.nlm.nih.gov/pubmed/25972766
https://doi.org/10.1098/rsob.200309
https://www.ncbi.nlm.nih.gov/pubmed/33352064
https://doi.org/10.1016/0014-4827(61)90192-6
https://www.ncbi.nlm.nih.gov/pubmed/13905658
https://doi.org/10.1016/j.cell.2019.10.005
https://www.ncbi.nlm.nih.gov/pubmed/31675495
https://doi.org/10.1093/carcin/bgs124
https://www.ncbi.nlm.nih.gov/pubmed/22470164
https://doi.org/10.1007/s12079-017-0434-2
https://www.ncbi.nlm.nih.gov/pubmed/29260442
https://doi.org/10.2337/db14-1820
https://www.ncbi.nlm.nih.gov/pubmed/26106186
https://doi.org/10.3390/cells12030431
https://www.ncbi.nlm.nih.gov/pubmed/36766773
https://doi.org/10.1161/JAHA.119.014891
https://www.ncbi.nlm.nih.gov/pubmed/32370578
https://doi.org/10.1016/j.bbadis.2014.06.030
https://www.ncbi.nlm.nih.gov/pubmed/24997452
https://doi.org/10.1152/ajpheart.00287.2018
https://www.ncbi.nlm.nih.gov/pubmed/29750567


Biomedicines 2024, 12, 759 14 of 16

59. Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Peeper, D.S. The essence of senescence. Genes Dev. 2010, 24, 2463–2479. [CrossRef]
[PubMed]

60. Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.
Cell Dev. Biol. 2021, 9, 645593. [CrossRef] [PubMed]

61. Xu, S.; Cai, Y.; Wei, Y. mTOR Signaling from Cellular Senescence to Organismal Aging. Aging Dis. 2014, 5, 263–273. [CrossRef]
[PubMed]

62. Salminen, A.; Kauppinen, A.; Kaarniranta, K. Emerging role of NF-κB signaling in the induction of senescence-associated
secretory phenotype (SASP). Cell Signal. 2012, 24, 835–845. [CrossRef] [PubMed]

63. Kröller-Schön, S.; Jansen, T.; Schüler, A.; Oelze, M.; Wenzel, P.; Hausding, M.; Kerahrodi, J.G.; Beisele, M.; Lackner, K.J.; Daiber, A.;
et al. Peroxisome proliferator-activated receptor γ, coactivator 1α deletion induces angiotensin II-associated vascular dysfunction
by increasing mitochondrial oxidative stress and vascular inflammation. Arter. Thromb. Vasc. Biol. 2013, 33, 1928–1935. [CrossRef]
[PubMed]

64. Kayama, Y.; Raaz, U.; Jagger, A.; Adam, M.; Schellinger, I.N.; Sakamoto, M.; Suzuki, H.; Toyama, K.; Spin, J.M.; Tsao, P.S. Diabetic
Cardiovascular Disease Induced by Oxidative Stress. Int. J. Mol. Sci. 2015, 16, 25234–25263. [CrossRef] [PubMed]

65. Banerjee, P.; Kotla, S.; Reddy Velatooru, L.; Abe, R.J.; Davis, E.A.; Cooke, J.P.; Schadler, K.; Deswal, A.; Herrmann, J.; Lin, S.H.;
et al. Senescence-Associated Secretory Phenotype as a Hinge Between Cardiovascular Diseases and Cancer. Front. Cardiovasc.
Med. 2021, 8, 763930. [CrossRef] [PubMed]

66. Ungvari, Z.; Valcarcel-Ares, M.N.; Tarantini, S.; Yabluchanskiy, A.; Fülöp, G.A.; Kiss, T.; Csiszar, A. Connective tissue growth
factor (CTGF) in age-related vascular pathologies. Geroscience 2017, 39, 491–498. [CrossRef] [PubMed]

67. Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P.; Virtuoso, L.P.; Rydkina, E.; Vujcic, S.; Balan, K.; Gitlin, I.; et al.
Aging of mice is associated with p16(Ink4a)- and β-galactosidase-positive macrophage accumulation that can be induced in
young mice by senescent cells. Aging 2016, 8, 1294–1315. [CrossRef] [PubMed]

68. Henson, S.M.; Aksentijevic, D. Senescence and Type 2 Diabetic Cardiomyopathy: How Young Can You Die of Old Age? Front.
Pharmacol. 2021, 12, 716517. [CrossRef] [PubMed]

69. Tonnessen-Murray, C.A.; Frey, W.D.; Rao, S.G.; Shahbandi, A.; Ungerleider, N.A.; Olayiwola, J.O.; Murray, L.B.; Vinson, B.T.;
Chrisey, D.B.; Lord, C.J.; et al. Chemotherapy-induced senescent cancer cells engulf other cells to enhance their survival. J. Cell
Biol. 2019, 218, 3827–3844. [CrossRef]

70. Li, X.; Li, Z.; Li, B.; Zhu, X.; Lai, X. Klotho improves diabetic cardiomyopathy by suppressing the NLRP3 inflammasome pathway.
Life Sci. 2019, 234, 116773. [CrossRef] [PubMed]

71. Taneike, M.; Nishida, M.; Nakanishi, K.; Sera, F.; Kioka, H.; Yamamoto, R.; Ohtani, T.; Hikoso, S.; Moriyama, T.; Sakata, Y.; et al.
Alpha-Klotho is a novel predictor of treatment responsiveness in patients with heart failure. Sci. Rep. 2021, 11, 2058. [CrossRef]

72. Kuro-o, M.; Matsumura, Y.; Aizawa, H.; Kawaguchi, H.; Suga, T.; Utsugi, T.; Ohyama, Y.; Kurabayashi, M.; Kaname, T.; Kume, E.;
et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 1997, 390, 45–51. [CrossRef] [PubMed]

73. Wollert, K.C.; Kempf, T.; Wallentin, L. Growth Differentiation Factor 15 as a Biomarker in Cardiovascular Disease. Clinical. Chem.
2017, 63, 140–151. [CrossRef] [PubMed]

74. Kempf, T.; Horn-Wichmann, R.d.; Brabant, G.; Peter, T.; Allhoff, T.; Klein, G.; Drexler, H.; Johnston, N.; Wallentin, L.; Wollert, K.C.
Circulating Concentrations of Growth-Differentiation Factor 15 in Apparently Healthy Elderly Individuals and Patients with
Chronic Heart Failure as Assessed by a New Immunoradiometric Sandwich Assay. Clinical. Chem. 2007, 53, 284–291. [CrossRef]
[PubMed]

75. Gude, N.A.; Broughton, K.M.; Firouzi, F.; Sussman, M.A. Cardiac ageing: Extrinsic and intrinsic factors in cellular renewal and
senescence. Nat. Rev. Cardiol. 2018, 15, 523–542. [CrossRef]

76. Westermann, D.; Lindner, D.; Kasner, M.; Zietsch, C.; Savvatis, K.; Escher, F.; Schlippenbach, J.v.; Skurk, C.; Steendijk, P.; Riad,
A.; et al. Cardiac Inflammation Contributes to Changes in the Extracellular Matrix in Patients With Heart Failure and Normal
Ejection Fraction. Circ. Heart Fail. 2011, 4, 44–52. [CrossRef] [PubMed]

77. Klimentova, J.; Rehulka, P.; Stulik, J.; Vozandychova, V.; Rehulkova, H.; Jurcova, I.; Lazarova, M.; Aiglova, R.; Dokoupil, J.;
Hrecko, J.; et al. Proteomic Profiling of Dilated Cardiomyopathy Plasma Samples-Searching for Biomarkers with Potential to
Predict the Outcome of Therapy. J. Proteome Res. 2024, 23, 971–984. [CrossRef] [PubMed]

78. Redgrave, R.E.; Dookun, E.; Booth, L.K.; Camacho Encina, M.; Folaranmi, O.; Tual-Chalot, S.; Gill, J.H.; Owens, W.A.; Spyridopou-
los, I.; Passos, J.F.; et al. Senescent cardiomyocytes contribute to cardiac dysfunction following myocardial infarction. NPJ Aging
2023, 9, 15. [CrossRef] [PubMed]

79. Mouton, A.J.; DeLeon-Pennell, K.Y.; Rivera Gonzalez, O.J.; Flynn, E.R.; Freeman, T.C.; Saucerman, J.J.; Garrett, M.R.; Ma, Y.;
Harmancey, R.; Lindsey, M.L. Mapping macrophage polarization over the myocardial infarction time continuum. Basic Res.
Cardiol. 2018, 113, 26. [CrossRef] [PubMed]

80. Nakayama, T.; Sugano, Y.; Yokokawa, T.; Nagai, T.; Matsuyama, T.A.; Ohta-Ogo, K.; Ikeda, Y.; Ishibashi-Ueda, H.; Nakatani, T.;
Ohte, N.; et al. Clinical impact of the presence of macrophages in endomyocardial biopsies of patients with dilated cardiomyopathy.
Eur. J. Heart Fail. 2017, 19, 490–498. [CrossRef] [PubMed]

81. Corsetti, G.; Pasini, E.; Scarabelli, T.M.; Romano, C.; Agrawal, P.R.; Chen-Scarabelli, C.; Knight, R.; Saravolatz, L.; Narula,
J.; Ferrari-Vivaldi, M.; et al. Decreased expression of Klotho in cardiac atria biopsy samples from patients at higher risk of
atherosclerotic cardiovascular disease. J. Geriatr. Cardiol. 2016, 13, 701–711. [CrossRef] [PubMed]

https://doi.org/10.1101/gad.1971610
https://www.ncbi.nlm.nih.gov/pubmed/21078816
https://doi.org/10.3389/fcell.2021.645593
https://www.ncbi.nlm.nih.gov/pubmed/33855023
https://doi.org/10.14336/ad.2014.0500263
https://www.ncbi.nlm.nih.gov/pubmed/25110610
https://doi.org/10.1016/j.cellsig.2011.12.006
https://www.ncbi.nlm.nih.gov/pubmed/22182507
https://doi.org/10.1161/ATVBAHA.113.301717
https://www.ncbi.nlm.nih.gov/pubmed/23788763
https://doi.org/10.3390/ijms161025234
https://www.ncbi.nlm.nih.gov/pubmed/26512646
https://doi.org/10.3389/fcvm.2021.763930
https://www.ncbi.nlm.nih.gov/pubmed/34746270
https://doi.org/10.1007/s11357-017-9995-5
https://www.ncbi.nlm.nih.gov/pubmed/28875415
https://doi.org/10.18632/aging.100991
https://www.ncbi.nlm.nih.gov/pubmed/27391570
https://doi.org/10.3389/fphar.2021.716517
https://www.ncbi.nlm.nih.gov/pubmed/34690759
https://doi.org/10.1083/jcb.201904051
https://doi.org/10.1016/j.lfs.2019.116773
https://www.ncbi.nlm.nih.gov/pubmed/31422095
https://doi.org/10.1038/s41598-021-81517-9
https://doi.org/10.1038/36285
https://www.ncbi.nlm.nih.gov/pubmed/9363890
https://doi.org/10.1373/clinchem.2016.255174
https://www.ncbi.nlm.nih.gov/pubmed/28062617
https://doi.org/10.1373/clinchem.2006.076828
https://www.ncbi.nlm.nih.gov/pubmed/17185363
https://doi.org/10.1038/s41569-018-0061-5
https://doi.org/10.1161/CIRCHEARTFAILURE.109.931451
https://www.ncbi.nlm.nih.gov/pubmed/21075869
https://doi.org/10.1021/acs.jproteome.3c00691
https://www.ncbi.nlm.nih.gov/pubmed/38363107
https://doi.org/10.1038/s41514-023-00113-5
https://www.ncbi.nlm.nih.gov/pubmed/37316516
https://doi.org/10.1007/s00395-018-0686-x
https://www.ncbi.nlm.nih.gov/pubmed/29868933
https://doi.org/10.1002/ejhf.767
https://www.ncbi.nlm.nih.gov/pubmed/28217949
https://doi.org/10.11909/j.issn.1671-5411.2016.08.009
https://www.ncbi.nlm.nih.gov/pubmed/27781061


Biomedicines 2024, 12, 759 15 of 16

82. Doi, S.; Zou, Y.; Togao, O.; Pastor, J.V.; John, G.B.; Wang, L.; Shiizaki, K.; Gotschall, R.; Schiavi, S.; Yorioka, N.; et al. Klotho inhibits
transforming growth factor-beta1 (TGF-beta1) signaling and suppresses renal fibrosis and cancer metastasis in mice. J. Biol. Chem.
2011, 286, 8655–8665. [CrossRef] [PubMed]

83. Kuro, O.M. Klotho and endocrine fibroblast growth factors: Markers of chronic kidney disease progression and cardiovascular
complications? Nephrol. Dial. Transpl. 2019, 34, 15–21. [CrossRef] [PubMed]

84. Ikushima, M.; Rakugi, H.; Ishikawa, K.; Maekawa, Y.; Yamamoto, K.; Ohta, J.; Chihara, Y.; Kida, I.; Ogihara, T. Anti-apoptotic and
anti-senescence effects of Klotho on vascular endothelial cells. Biochem. Biophys. Res. Commun. 2006, 339, 827–832. [CrossRef]
[PubMed]

85. Majumdar, V.; Christopher, R. Association of exonic variants of Klotho with metabolic syndrome in Asian Indians. Clin. Chim.
Acta 2011, 412, 1116–1121. [CrossRef]

86. Lorenzi, O.; Veyrat-Durebex, C.; Wollheim, C.B.; Villemin, P.; Rohner-Jeanrenaud, F.; Zanchi, A.; Vischer, U.M. Evidence against a
direct role of klotho in insulin resistance. Pflug. Arch. 2010, 459, 465–473. [CrossRef] [PubMed]

87. Li, J.M.; Chen, F.F.; Li, G.H.; Zhu, J.L.; Zhou, Y.; Wei, X.Y.; Zheng, F.; Wang, L.L.; Zhang, W.; Zhong, M.; et al. Soluble Klotho-
integrin β1/ERK1/2 pathway ameliorates myocardial fibrosis in diabetic cardiomyopathy. FASEB J. 2021, 35, e21960. [CrossRef]
[PubMed]

88. Yu, L.; Zhou, Y.; Wang, L.; Zhou, X.; Sun, J.; Xiao, J.; Xu, X.; Larsson, S.C.; Yuan, S.; Li, X. GDF-15 as a Therapeutic Target of
Diabetic Complications Increases the Risk of Gallstone Disease: Mendelian Randomization and Polygenic Risk Score Analysis.
Front. Genet. 2022, 13, 814457. [CrossRef] [PubMed]

89. Donate-Correa, J.; Martín-Núñez, E.; Mora-Fernández, C.; González-Luis, A.; Martín-Olivera, A.; Navarro-González, J.F. Asso-
ciation of Klotho with Coronary Artery Disease in Subjects with Type 2 Diabetes Mellitus and Preserved Kidney Function: A
Case-Control Study. Int. J. Mol. Sci. 2023, 24, 13456. [CrossRef] [PubMed]

90. Lee, J.; Kim, D.; Lee, H.-j.; Choi, J.-Y.; Min, J.-Y.; Min, K.-B. Association between serum klotho levels and cardiovascular disease
risk factors in older adults. BMC Cardiovasc. Disord. 2022, 22, 442. [CrossRef] [PubMed]

91. Guo, Y.; Zhuang, X.; Huang, Z.; Zou, J.; Yang, D.; Hu, X.; Du, Z.; Wang, L.; Liao, X. Klotho protects the heart from hyperglycemia-
induced injury by inactivating ROS and NF-κB-mediated inflammation both in vitro and in vivo. Biochim. Biophys. Acta Mol.
Basis Dis. 2018, 1864, 238–251. [CrossRef] [PubMed]

92. Wiklund, F.E.; Bennet, A.M.; Magnusson, P.K.; Eriksson, U.K.; Lindmark, F.; Wu, L.; Yaghoutyfam, N.; Marquis, C.P.; Stattin, P.;
Pedersen, N.L.; et al. Macrophage inhibitory cytokine-1 (MIC-1/GDF15): A new marker of all-cause mortality. Aging Cell 2010, 9,
1057–1064. [CrossRef] [PubMed]

93. Baek, S.J.; Eling, T. Growth differentiation factor 15 (GDF15): A survival protein with therapeutic potential in metabolic diseases.
Pharmacol. Ther. 2019, 198, 46–58. [CrossRef] [PubMed]

94. Yang, L.; Chang, C.-C.; Sun, Z.; Madsen, D.; Zhu, H.; Padkjær, S.B.; Wu, X.; Huang, T.; Hultman, K.; Paulsen, S.J.; et al. GFRAL
is the receptor for GDF15 and is required for the anti-obesity effects of the ligand. Nat. Med. 2017, 23, 1158–1166. [CrossRef]
[PubMed]

95. Macia, L.; Tsai, V.W.; Nguyen, A.D.; Johnen, H.; Kuffner, T.; Shi, Y.C.; Lin, S.; Herzog, H.; Brown, D.A.; Breit, S.N.; et al.
Macrophage inhibitory cytokine 1 (MIC-1/GDF15) decreases food intake, body weight and improves glucose tolerance in mice
on normal & obesogenic diets. PLoS ONE 2012, 7, e34868. [CrossRef]

96. Mullican, S.E.; Lin-Schmidt, X.; Chin, C.N.; Chavez, J.A.; Furman, J.L.; Armstrong, A.A.; Beck, S.C.; South, V.J.; Dinh, T.Q.;
Cash-Mason, T.D.; et al. GFRAL is the receptor for GDF15 and the ligand promotes weight loss in mice and nonhuman primates.
Nat. Med. 2017, 23, 1150–1157. [CrossRef] [PubMed]

97. Tsai, V.W.; Zhang, H.P.; Manandhar, R.; Lee-Ng, K.K.M.; Lebhar, H.; Marquis, C.P.; Husaini, Y.; Sainsbury, A.; Brown, D.A.; Breit,
S.N. Treatment with the TGF-b superfamily cytokine MIC-1/GDF15 reduces the adiposity and corrects the metabolic dysfunction
of mice with diet-induced obesity. Int. J. Obes. 2018, 42, 561–571. [CrossRef] [PubMed]

98. Kempf, T.; Zarbock, A.; Widera, C.; Butz, S.; Stadtmann, A.; Rossaint, J.; Bolomini-Vittori, M.; Korf-Klingebiel, M.; Napp, L.C.;
Hansen, B.; et al. GDF-15 is an inhibitor of leukocyte integrin activation required for survival after myocardial infarction in mice.
Nat. Med. 2011, 17, 581–588. [CrossRef] [PubMed]

99. Eddy, A.C.; Trask, A.J. Growth differentiation factor-15 and its role in diabetes and cardiovascular disease. Cytokine Growth Factor
Rev. 2021, 57, 11–18. [CrossRef] [PubMed]

100. Carlsson, A.C.; Nowak, C.; Lind, L.; Östgren, C.J.; Nyström, F.H.; Sundström, J.; Carrero, J.J.; Riserus, U.; Ingelsson, E.; Fall, T.;
et al. Growth differentiation factor 15 (GDF-15) is a potential biomarker of both diabetic kidney disease and future cardiovascular
events in cohorts of individuals with type 2 diabetes: A proteomics approach. Upsala J. Med. Sci. 2020, 125, 37–43. [CrossRef]
[PubMed]

101. Echouffo-Tcheugui, J.B.; Daya, N.; Ndumele, C.E.; Matsushita, K.; Hoogeveen, R.C.; Ballantyne, C.M.; Coresh, J.; Shah, A.M.;
Selvin, E. Diabetes, GDF-15 and incident heart failure: The atherosclerosis risk in communities study. Diabetologia 2022, 65,
955–963. [CrossRef] [PubMed]

102. Lindahl, B. The story of growth differentiation factor 15: Another piece of the puzzle. Clin. Chem. 2013, 59, 1550–1552. [CrossRef]
103. Ding, Q.; Mracek, T.; Gonzalez-Muniesa, P.; Kos, K.; Wilding, J.; Trayhurn, P.; Bing, C. Identification of macrophage inhibitory

cytokine-1 in adipose tissue and its secretion as an adipokine by human adipocytes. Endocrinology 2009, 150, 1688–1696. [CrossRef]
[PubMed]

https://doi.org/10.1074/jbc.M110.174037
https://www.ncbi.nlm.nih.gov/pubmed/21209102
https://doi.org/10.1093/ndt/gfy126
https://www.ncbi.nlm.nih.gov/pubmed/29800324
https://doi.org/10.1016/j.bbrc.2005.11.094
https://www.ncbi.nlm.nih.gov/pubmed/16325773
https://doi.org/10.1016/j.cca.2011.02.034
https://doi.org/10.1007/s00424-009-0735-2
https://www.ncbi.nlm.nih.gov/pubmed/19756714
https://doi.org/10.1096/fj.202100952R
https://www.ncbi.nlm.nih.gov/pubmed/34694637
https://doi.org/10.3389/fgene.2022.814457
https://www.ncbi.nlm.nih.gov/pubmed/35769993
https://doi.org/10.3390/ijms241713456
https://www.ncbi.nlm.nih.gov/pubmed/37686263
https://doi.org/10.1186/s12872-022-02885-2
https://www.ncbi.nlm.nih.gov/pubmed/36221064
https://doi.org/10.1016/j.bbadis.2017.09.029
https://www.ncbi.nlm.nih.gov/pubmed/28982613
https://doi.org/10.1111/j.1474-9726.2010.00629.x
https://www.ncbi.nlm.nih.gov/pubmed/20854422
https://doi.org/10.1016/j.pharmthera.2019.02.008
https://www.ncbi.nlm.nih.gov/pubmed/30790643
https://doi.org/10.1038/nm.4394
https://www.ncbi.nlm.nih.gov/pubmed/28846099
https://doi.org/10.1371/journal.pone.0034868
https://doi.org/10.1038/nm.4392
https://www.ncbi.nlm.nih.gov/pubmed/28846097
https://doi.org/10.1038/ijo.2017.258
https://www.ncbi.nlm.nih.gov/pubmed/29026214
https://doi.org/10.1038/nm.2354
https://www.ncbi.nlm.nih.gov/pubmed/21516086
https://doi.org/10.1016/j.cytogfr.2020.11.002
https://www.ncbi.nlm.nih.gov/pubmed/33317942
https://doi.org/10.1080/03009734.2019.1696430
https://www.ncbi.nlm.nih.gov/pubmed/31805809
https://doi.org/10.1007/s00125-022-05678-6
https://www.ncbi.nlm.nih.gov/pubmed/35275240
https://doi.org/10.1373/clinchem.2013.212811
https://doi.org/10.1210/en.2008-0952
https://www.ncbi.nlm.nih.gov/pubmed/19074584


Biomedicines 2024, 12, 759 16 of 16

104. Hoshide, S.; Kario, K. Elevated growth and differentiation factor 15 (GDF-15) levels amplifies the association between home
blood pressure variability and cardiovascular outcome. J. Hypertens. 2023, 41 (Suppl. S3), e131. [CrossRef]

105. Jurczyluk, J.; Brown, D.; Stanley, K.K. Polarised secretion of cytokines in primary human microvascular endothelial cells is not
dependent on N-linked glycosylation. Cell Biol. Int. 2003, 27, 997–1003. [CrossRef]

106. Alorabi, M.; Cavalu, S.; Al-Kuraishy, H.M.; Al-Gareeb, A.I.; Mostafa-Hedeab, G.; Negm, W.A.; Youssef, A.; El-Kadem, A.H.; Saad,
H.M.; Batiha, G.E. Pentoxifylline and berberine mitigate diclofenac-induced acute nephrotoxicity in male rats via modulation of
inflammation and oxidative stress. Biomed. Pharmacother. 2022, 152, 113225. [CrossRef] [PubMed]

107. Chung, J.O.; Park, S.Y.; Chung, D.J.; Chung, M.Y. Relationship between anemia, serum bilirubin concentrations, and diabetic
retinopathy in individuals with type 2 diabetes. Medicine 2019, 98, e17693. [CrossRef] [PubMed]

108. Valiño-Rivas, L.; Cuarental, L.; Ceballos, M.I.; Pintor-Chocano, A.; Perez-Gomez, M.V.; Sanz, A.B.; Ortiz, A.; Sanchez-Niño, M.D.
Growth differentiation factor-15 preserves Klotho expression in acute kidney injury and kidney fibrosis. Kidney Int. 2022, 101,
1200–1215. [CrossRef] [PubMed]

109. Mencke, R.; Olauson, H.; Hillebrands, J.-L. Effects of Klotho on fibrosis and cancer: A renal focus on mechanisms and therapeutic
strategies. Adv. Drug Deliv. Rev. 2017, 121, 85–100. [CrossRef] [PubMed]

110. Radwanska, A.; Cottage, C.T.; Piras, A.; Overed-Sayer, C.; Sihlbom, C.; Budida, R.; Wrench, C.; Connor, J.; Monkley, S.; Hazon,
P.; et al. Increased expression and accumulation of GDF15 in IPF extracellular matrix contribute to fibrosis. JCI Insight 2022, 7,
e153058. [CrossRef] [PubMed]

111. Wang, K.; Li, Z.; Ding, Y.; Liu, Z.; Li, Y.; Liu, X.; Sun, Y.; Hong, J.; Zheng, W.; Qian, L.; et al. Klotho improves cardiac fibrosis,
inflammatory cytokines, ferroptosis, and oxidative stress in mice with myocardial infarction. J. Physiol. Biochem. 2023, 79, 341–353.
[CrossRef] [PubMed]

112. Martín-Carro, B.; Martín-Vírgala, J.; Fernández-Villabrille, S.; Fernández-Fernández, A.; Pérez-Basterrechea, M.; Navarro-
González, J.F.; Donate-Correa, J.; Mora-Fernández, C.; Dusso, A.S.; Carrillo-López, N.; et al. Role of Klotho and AGE/RAGE-
Wnt/β-Catenin Signalling Pathway on the Development of Cardiac and Renal Fibrosis in Diabetes. Int. J. Mol. Sci. 2023, 24, 5241.
[CrossRef] [PubMed]

113. Irvine, K.M.; Skoien, R.; Bokil, N.J.; Melino, M.; Thomas, G.P.; Loo, D.; Gabrielli, B.; Hill, M.M.; Sweet, M.J.; Clouston, A.D.; et al.
Senescent human hepatocytes express a unique secretory phenotype and promote macrophage migration. World J. Gastroenterol.
2014, 20, 17851–17862. [CrossRef] [PubMed]

114. Al-Kuraishy, H.M.; Al-Gareeb, A.I.; Alexiou, A.; Papadakis, M.; Nadwa, E.H.; Albogami, S.M.; Alorabi, M.; Saad, H.M.; Batiha,
G.E. Metformin and growth differentiation factor 15 (GDF15) in type 2 diabetes mellitus: A hidden treasure. J. Diabetes 2022, 14,
806–814. [CrossRef] [PubMed]

115. Ovadya, Y.; Landsberger, T.; Leins, H.; Vadai, E.; Gal, H.; Biran, A.; Yosef, R.; Sagiv, A.; Agrawal, A.; Shapira, A.; et al. Impaired
immune surveillance accelerates accumulation of senescent cells and aging. Nat. Commun. 2018, 9, 5435. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/01.hjh.0000940108.15249.ad
https://doi.org/10.1016/j.cellbi.2003.09.002
https://doi.org/10.1016/j.biopha.2022.113225
https://www.ncbi.nlm.nih.gov/pubmed/35671584
https://doi.org/10.1097/MD.0000000000017693
https://www.ncbi.nlm.nih.gov/pubmed/31651899
https://doi.org/10.1016/j.kint.2022.02.028
https://www.ncbi.nlm.nih.gov/pubmed/35337892
https://doi.org/10.1016/j.addr.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28709936
https://doi.org/10.1172/jci.insight.153058
https://www.ncbi.nlm.nih.gov/pubmed/35993367
https://doi.org/10.1007/s13105-023-00945-5
https://www.ncbi.nlm.nih.gov/pubmed/36701072
https://doi.org/10.3390/ijms24065241
https://www.ncbi.nlm.nih.gov/pubmed/36982322
https://doi.org/10.3748/wjg.v20.i47.17851
https://www.ncbi.nlm.nih.gov/pubmed/25548483
https://doi.org/10.1111/1753-0407.13334
https://www.ncbi.nlm.nih.gov/pubmed/36444166
https://doi.org/10.1038/s41467-018-07825-3
https://www.ncbi.nlm.nih.gov/pubmed/30575733

	Introduction 
	Pathophysiological Mechanisms of DCM 
	Macrophages and Inflammation in DCM 
	Senescence and DCM 
	Relationship between Macrophages and Senescence in DCM 
	Role of Klotho in DCM 
	Role of GDF-15 in DCM 
	Conclusions and Future Directions 
	References

