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Abstract: Diabetic cardiomyopathy (DCM), a serious diabetic complication, is a kind of low-grade
inflammatory cardiovascular disorder. Due to the high risk of morbidity and mortality, DCM has
demanded the attention of medical researchers worldwide. The pathophysiological nature of DCM is
intricate, and the genesis and development of which are a consequence of the coaction of many factors.
However, the exact pathogenesis mechanism of DCM remains unclear. Pyroptosis is a newly identi-
fied programmed cell death (PCD) that is directly related to gasdermin D(GSDMD). It is characterized
by pore formation on the cell plasma membrane, the release of inflammatory mediators, and cell
lysis. The initiation of pyroptosis is closely correlated with NOD-like receptor 3 (NLRP3) activation,
which activates caspase-1 and promotes the cleaving of GSDMD. In addition to adjusting the host’s
immune defense, NLRP3 inflammasome/pyroptosis plays a critical role in controlling the systemic
inflammatory response. Recent evidence has indicated that NLRP3 inflammasome/pyroptosis has
a strong link with DCM. Targeting the activation of NLRP3 inflammasome or pyroptosis may be a
hopeful therapeutic strategy for DCM. The focus of this review is to summarize the relevant mecha-
nisms of pyroptosis and the relative contributions in DCM, highlighting the potential therapeutic
targets in this field.
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1. Introduction

Diabetic cardiomyopathy is characterized by the cardiac insufficiency that exists in
diabetic individuals, and which is distinguished from other common heart diseases. DCM
has been regarded as a severe complication of diabetes, which is closely related to poor
prognoses. Previous data have shown that the incidence of heart failure in diabetic individu-
als increases independent of accompanied hypertension and myocardial infraction [1]. The
definition of DCM was originally proposed to describe ventricular dysfunction in diabetics
without comorbid coronary heart disease and hypertensive disease [2]. However, currently,
it is used more widely to describe increased susceptibility to myocardial injury and dys-
function in diabetic individuals. The clinical features of DCM are generally considered to
include four stages, and each stage represents different points of disease progression [3]. In
the first stage, the patients are often asymptomatic, except cardiac diastolic dysfunction. In
stages 2 and 3, the affected individuals are characterized by significant systolic and diastolic
dysfunction. In the final stage, patients present with typical heart-failure symptoms, as
well as structural changes featured with cardiac dilatation and fibrosis, which can often be
confirmed by late gadolinium enhancement (LGE) imaging in cardiac magnetic resonance
(CMR) [4,5]. Additionally, in this stage, coronary artery disease is easily combined. Given
the diversity of its clinical manifestations, the early diagnosis and management of DCM
is challenging. The molecular mechanism of DCM is complicated, which is composed of
multiple factors combined [6]. Lately, the underlying mechanism of programmed cell death
caused by the inflammation in DCM has been drawing growing attention.
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The concept of cell death was first put forward in the 1960s. It is indispensable for
sustaining the host’s homeostasis and regulating the development of diseases. Programmed
cell death (PCD) drives the clearance of nonfunctional, infected, and even neoplastic cells.
In the past few decades, apoptosis was regarded as the only pathway for PCD; however,
recently, several new-style pathways have been identified, such as pyroptosis, necroptosis,
and ferroptosis, which have been demonstrated to play a critical part in both physiological
and pathological conditions. Pyroptotic cell death was first observed in macrophages
in 1992, after studies showed its rapid lysis after being infected with Shigella flexneri [7].
Until 2001, the term “pyroptosis” was proposed for the first time and recognized as a new
type of PCD depending on caspase-1 [8]. The trigger of pyroptosis is strongly linked to
NLRP3 inflammasome, which activates downstream molecules to prompt the rupture of
membranes and the production of mature pro-inflammatory cytokines. An accumulating
body of studies indicates that pyroptosis participates in the pathogenesis of diversified
cardiovascular diseases (CVDs), including atherosclerosis, ischemia–reperfusion injury,
and diabetic cardiomyopathy [9–14]. Numerous pre-clinical research has illuminated that
pyroptosis is highly linked with the genesis and progression of DCM, whether in vivo or
in vitro. Consequently, designing therapeutic strategies that target pyroptosis may give
new avenues of treatment of DCM.

Herein, we summarize the present state of progress and development trends in py-
roptosis and related inflammasome research and especially highlight its role in diabetic
cardiomyopathy. Furthermore, we highlight the emerging pharmacological approaches
of DCM that target the pyroptosis and related inflammasomes, which might be helpful
options in clinical therapeutics.

2. NLRP3 Inflammasome

The primary function of innate immunity is to defend against pathogen aggression and
maintain homeostasis. Inflammasomes are macromolecular complexes, which belong to the
pattern-recognition receptor (PRR) family, constituting a vital part of innate immunity. In-
flammasomes are assembled by inflammatory caspases and various inflammasome sensors
including NLRs (NOD-like receptors) and pyrin, as well as AIM2 (absent in melanoma2-
like receptors) [15–17]. The NLRs family members all have a central nucleotide-binding
and oligomerization (NACHT) domain and a C-terminal leucine-rich repeat (LRR) domain,
as well as a respective N-terminal domain [15]. The NLR family has many members, con-
taining NLRP1, NLRP3, NLRP6, and NLRC4 [18,19]. The best characterized inflammasome
is the NLRP3 inflammasome.

The NLRP3 inflammasome consists of NLRP3, adaptor ASC (apoptosis-associated
speck-like protein containing a caspase activation and recruitment domain), and pro-
caspase-1. ASC contains a two-structure domain, pyrin and CARD (caspase activation and
recruitment domain). Through CARD-CARD interaction, ASC can couple upstream PRRs
to caspase-1 [20]. Then, pro-caspase-1 can generate caspase-1p10/p20 subunits through
a series of self-cleavage [21]. For one thing, caspase-1 can cleave proIL- 1β and proIL-18
into their activated forms [22,23]. Meanwhile, caspase-1 promotes GSDMD to translate
into GSDMD-CT (C-terminal domain) and GSDMD-NT (GSDMD N-terminal domain),
causing membrane lysis to trigger pyroptosis [24]. Two phases are contained in the process
of NLRP3 inflammasome activation. The mechanisms of action related to the two phases
of the NLRP3 inflammasome are shown in Figure 1. In the priming phase, through the
activation of nuclear factors-κB (NF-κB), agonists activate the TLR4 receptors and augment
the gene production of NLRP3 and pro-inflammatory mediators. On the basis of recogniz-
ing dangerous signals, once the inflammasome assembly is completed, pro-caspase-1 is
encouraged to cleave into its active form and initiates consequent reactions [20,25–27]. In
the activating phase, several distinct stimulus signals are required. Numerous stimuli that
can activate NLRP3 inflammasomes have been identified, including pathogens, endoge-
nous stimulus, and environmental particular matter [28–31]. Up to the present moment,
three theories of NLRP3 inflammasome activation have been accepted. The first theory is
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that extracellular ATP irritates the cytomembrane-based P2X7 (purinergic receptor P2X,
ligand-gated ion channel 7) and causes the potassium efflux. The low level of K+ can
directly result in the activation of the NLRP3 inflammasome [32,33]. The second theory
is the lysosome rupture model. Under this circumstance, crystalline materials such as
cholesterol crystal, silica crystals, and aluminum salts can induce lysosomal damage via
crystal absorption and the release of cathepsin B. Subsequently, this results in NLRP3
inflammasome activation [34–36]. In the third theory, mitochondrial injury and an increase
in reactive oxygen species (ROS) can activate the NLRP3 inflammasome [37–39]. However,
it is worth noting that, after being infected by RNA viruses, the production of IL-1β can be
reduced by a reduction in mitochondrial membrane potential (∆Ψ(m)). This suggests that
the NLRP3 inflammasome can be excited in a ∆Ψ(m)-dependent manner [40]. Therefore,
the correlation of mitochondrial dysfunction and NLRP3 inflammasome needs further
in-depth exploration.

Int. J. Mol. Sci. 2022, 23, 10632  3  of  21 
 

 

the activating phase, several distinct stimulus signals are required. Numerous stimuli that 

can  activate  NLRP3  inflammasomes  have  been  identified,  including  pathogens, 

endogenous  stimulus,  and  environmental particular matter  [28–31]. Up  to  the present 

moment, three theories of NLRP3 inflammasome activation have been accepted. The first 

theory  is  that  extracellular  ATP  irritates  the  cytomembrane‐based  P2X7  (purinergic 

receptor P2X, ligand‐gated ion channel 7) and causes the potassium efflux. The low level 

of K+ can directly result in the activation of the NLRP3 inflammasome [32,33]. The second 

theory is the lysosome rupture model. Under this circumstance, crystalline materials such 

as cholesterol crystal, silica crystals, and aluminum salts can induce lysosomal damage via 

crystal absorption and  the  release of cathepsin B. Subsequently,  this  results  in NLRP3 

inflammasome activation [34–36]. In the third theory, mitochondrial injury and an increase 

in reactive oxygen species (ROS) can activate the NLRP3 inflammasome [37–39]. However, 

it is worth noting that, after being infected by RNA viruses, the production of IL‐1β can 

be reduced by a reduction in mitochondrial membrane potential (ΔΨ(m)). This suggests 

that  the  NLRP3  inflammasome  can  be  excited  in  a  ΔΨ(m)‐dependent  manner  [40]. 

Therefore, the correlation of mitochondrial dysfunction and NLRP3 inflammasome needs 

further in‐depth exploration. 

Moreover, NEK7 is a crucial requirement during NLRP3 inflammasome activation. 

NIMA‐related kinase 7 (NEK7) is a mitotic Ser/Thr kinase belonging to the NERKs family. 

In addition to a N‐terminal end, the structure of NERK7 is characterized as a central kinase 

domain [41]. As described previously, the K+ efflux is a committed step for activating the 

NLRP3 inflammasome [33,42]. NEK7 can directly act with downstream potassium efflux 

and can regulate NLRP3 activation, which further elucidates the mode of action between 

NLRP3 inflammasome activation and K+ efflux [43]. 

 

Figure 1. The mechanism of NLRP3 inflammasome activation. The process of activation contains 

two phases: priming and activating. In the priming phase, DAMP or PAMP induces the activation 

of  NF‐κB  signal  and  triggers  an  increase  in  NLRP3  expression.  Additionally,  NLRP3 

deubiquitnation, the adaptor molecule ASC, and procaspase‐1 together accomplish the assembly of 

inflammasome.  In  the  activating  phase,  several distinct  stimuli  signals  are  required  to  activate 

NLRP3 inflammasomes, such as mitochondrial ROS, K+ efflux, and cathepsins released by lysosome. 

Figure 1. The mechanism of NLRP3 inflammasome activation. The process of activation contains
two phases: priming and activating. In the priming phase, DAMP or PAMP induces the activation of
NF-κB signal and triggers an increase in NLRP3 expression. Additionally, NLRP3 deubiquitnation,
the adaptor molecule ASC, and procaspase-1 together accomplish the assembly of inflammasome. In
the activating phase, several distinct stimuli signals are required to activate NLRP3 inflammasomes,
such as mitochondrial ROS, K+ efflux, and cathepsins released by lysosome.

Moreover, NEK7 is a crucial requirement during NLRP3 inflammasome activation.
NIMA-related kinase 7 (NEK7) is a mitotic Ser/Thr kinase belonging to the NERKs family.
In addition to a N-terminal end, the structure of NERK7 is characterized as a central kinase
domain [41]. As described previously, the K+ efflux is a committed step for activating the
NLRP3 inflammasome [33,42]. NEK7 can directly act with downstream potassium efflux
and can regulate NLRP3 activation, which further elucidates the mode of action between
NLRP3 inflammasome activation and K+ efflux [43].

3. Pyroptosis

Pyroptosis is distinguished from any other PCD, regardless of the morphology and
mechanism. The major difference between pyroptosis and apoptosis is the involvement
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of caspases. The caspases involved in apoptosis include the initiation caspases and the
executioner caspases. The former contains caspase-2,8,9,10, and caspase-3,6,7 belong to the
latter. None of them exist in the process of pyroptosis [44,45]. In addition, the phenomenon
of plasma membrane pore-formation caused by GSDMD-NT is absent in apoptosis [46].

It has been confirmed that there are two signal pathways for pyroptosis, caspase-1
dependent and independent pathway (Figure 2). In humans, caspase-4/5 are required in
the pyroptotic non-canonical pathway, whereas caspase-11 is essential for mice [47,48]. It is
vital to activate the respective caspases for different pathways. The canonical pathway of
pyroptosis relies on the activation of caspase-1 (Figure 2) [49].
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Figure 2. The mechanism of caspase-1 dependent and independent pathway. In the caspase-1-
dependent pathway, DAMP and PAMP act by cleaving GSDMD, whilst GSDMD-NT directly mediates
the pore formation of cell membranes. In the caspase-1-independent pathway, caspase-11/4/5
are activated by LPS released from Grams-negative bacteria to mediate pyroptosis. GSDMD-NT
generated from this process can also boost NLRP3 inflammasome activation and further induction
of pyroptosis.

3.1. Caspase-1-Dependent Pathway

As noted before, once NLRP3 inflammasome is activated, the NLRs oligomerize and
subsequently recruit adopt-proteins ASC. After that, a huge speck-like structure is made up
of ASC and recruits pro-caspase-1 via CARD-CARD interplay. Pro-caspase-1 can self-cleave
into its active form and then regulate the process of proinflammatory cytokines [50,51].
Meanwhile, active caspase-1 transforms GSDMD into GSDMD-NT, inducing the formation
of cell membrane pores [52,53]. GSDMD is a downstream molecule of inflammatory cas-
pases. The ultrastructure of GSDMD was confirmed in 2019 in both humans and mice [54].
As a final executor of downstream inflammasome activation, the cleavage of GSDMD
induced by caspases occurs at the N-terminal and C-terminal junction [55]. The integrity
of the cell membranes, containing cardiolipin and phosphatidylinositol phosphates, will
be disrupted and followed by pyroptosis when combined with GSDMD-NT [52,53,56]. By
means of single-cell analysis technology, Nathalia M.de Vasconcelos and his colleagues
revealed that subcellular events induced by GSDMD occur prior to the disruption of plasma
membranes during the process of pyroptosis [57].
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3.2. Caspase-1-Independent Pathway

In the non-canonical pathway, caspase-11 or caspase-4/5 are required for initiating
pyroptosis, respectively (Figure 2). In this pathway, pyroptosis and the production of inflam-
matory cytokines are induced by several Gram-negative bacteria [58,59]. Lipopolysaccha-
ride (LPS) is a endotoxin, belonging to prototypic pathogen-associated molecular patterns
(PAMP), which mainly exist in the outer walls of cell membranes in major Gram-negative
bacteria [60]. The host’s guanylate-binding protein (GBP) recruitment to Gram-negative
bacterial out membranes is driven by LPS, which is a crucial step in the initiation of caspase-
11 activation [61]. Kayagaki et al. revealed that the deletion of caspase-11 saved mice from
the damage caused by a lethal dose of LPS, which is absent in caspase-1. It is highlighted
that caspase-11 makes a significant impact in severe inflammatory response [62]. Being
a specific substrate for the above inflammatory caspases, GSDMD is usually cleaved at
D276/G277 sites, generating GSDMD-NT and GSDMD- CT, and resulting in pyroptosis [63].
Meanwhile, pannexin-1 and GSDMD are considered to mediate K+ efflux for activating
NLRP3 inflammasome in this pyroptotic pathway [64,65].

4. NLRP3 Inflammasome/Pyroptosis in Diabetic Cardiomyopathy

Over the last several decades, the morbidity of diabetes has been surging continuously,
and this disorder has become the most prevalent disease worldwide. Cardiovascular
disorder is the primary reason of death in affected individuals. In advanced type 2 diabetic
mellitus, cardiac dysfunction is the pervasive clinical manifestation. This phenomenon was
termed as diabetic cardiomyopathy (DCM), described in a small cohort of four patients
for the first time in 1972, which is not associated with other common cardiovascular
diseases [2]. Structural impairment and cardiac dysfunction are both hallmarks of DCM;
however, affected individuals do not manifest with many symptoms in the early stage [66].
Diastolic dysfunction is the major feature of DCM in the early stages, which has been
well-established by clinicians and scholars [6,67,68]. In the later stage, cardiac hypertrophy
and fibrosis are the prototypical properties of DCM [68,69].

4.1. Mechanism of NLRP3 Inflammasome/Pyroptosis in DCM

The pathophysiological mechanisms of DCM are very intricate, which is the outcome
of the joint action of multiple factors and mechanisms such as inflammation, oxidative stress,
mitochondria dysfunction, the information of AGEs (advanced glycation end products), and
cell death [70–74]. At present, the cell death associated with DCM, especially pyroptosis,
has aroused widespread concern among scholars [75,76]. Observed under an electron
microscope, dying myocardium cells, both in diabetic rats and mice, exerted features of
mitochondrial and fibrous swelling, which similarly occur in pyroptosis [77]. As a main
contributor, the NLRP3 inflammasome drove the progression of DCM in rat models as
well as the secretion of proinflammatory cytokines [78]. NF-κB, a principle mediator of
inflammation, would be activated when the myocardium is exposed to high glucose or
fatty acid, which can induce NLRP3 inflammasome activation as well as the secretion
of pro-inflammatory mediators [75]. Surprisingly, inhibiting NF-κB can exacerbate the
inflammation mediated by NLRP3 [79]. Thus, in-depth research targeting the interworking
of NF-κB and NLRP3 is still indispensable. Thioredoxin-interacting protein (TXNIP), a
specific inhibitor of thioredoxin (TRX), exerts a critical effect on regulating the intracellular
redox reaction. In the hyperglycemic context, TXNIP expression is increased. Increased ROS
generation due to high glucose can cause the TXNIP to separate from the TRX and combine
with the NLRP3 [80]. The expressions of TXNIP and NLRP3 are both increased in type 2
diabetic patients’ circulating immune cells [81]. The mechanism of NLRP3 inflammasome
activation induced by high glucose is detailed in Figure 3.
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Figure 3. Mechanisms of NLRP3 inflammasome and pyroptosis in DCM. Taking cardiomyocytes as
an example, hyperglycemia increases the generation of intracellular ROS, induced by mitochondrial
dysfunction, which causes the separation of TXNIP from TRX and binds to NLRP3. This process
results in NLRP3 inflammasome activation and pro-caspase-1 autocleavage. Additionally, ROS
activates NF-κB, promoting the construction of molecular platform for NLRP3 inflammasome and
self-cleavage of caspase-1, then facilitates the procession of IL-1β and IL-18. Activated caspase-1 also
promotes GSDMD cleavage into its active form, subsequently inducing membrane pore formation
and leading to cellular swelling and pyroptosis. CY-09 and MCC950 are the special inhibitors of
NLRP3, which can exert an inhibitory effect by combining directly into ATP-binding motif of NACHT
domain and restraining the ATPase activity of NLRP3. DMF can respond to GSDMD at a pivotal
cysteine residue to promote GSDMD succination, then affects the interaction between GSDMD
and caspases and consequent reactions. Disulfiram, a potent inhibitor of GSDMD, can abolish the
formation of plasma membranes pore induced by GSDMD.

4.2. NLRP3 Inflammasome/Pyroptosis Activation in Different Cells in Diabetic Heart

Pyroptosis can occur in multiple types of cells, including cardiac fibroblasts, cardiomy-
ocyte, and macrophages, in the heart once under hyperglycemic stress or hyperlipidemia,
which further contributes to the genesis and development of DCM (Figure 4). Cardiac
fibroblasts (CFs) can be activated to convert into myofibroblasts when encountering vari-
ous stimuli, which occurs in diabetic cardiomyopathy [82,83]. Published data show that
pyroptosis partook in the process of cardiac fibrosis. Inflammasome in CFs can be activated
when ROS production increases or potassium efflux occurs, then facilitating the production
of IL-1β and IL-18 [84]. In primary myocardial fibroblasts extracted from neonatal SD rats,
NLRP3 and its downstream proteins can be activated when treated with a high glucose
concentration [85]. Similarly, pyroptosis also occurs in cardiomyocytes. A recent publica-
tion explained that NLRP3 inflammasome activation increased after H9C2 cardiomyocytes
were stimulated with high glucose (HG) and hypoxia/reoxygenation (H/R); moreover,
pyroptotic cell injury can be alleviated by ROS scavengers, inflammasomes, and caspase-1
inhibitors [86]. Under this condition, pyroptosis can be aggravated by LPS [87].
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Figure 4. Hyperglycemia can cause NLRP3 inflammasome activation in different types of cells in
the heart. Consequently, NLRP3 inflammasome activation and subsequent pyroptosis result in the
occurrence of diabetic cardiomyopathy (DCM).

It is worth mentioning that macrophage pyroptosis participates in the pathogenesis
of DCM. Macrophages are central regulators in the immune system; they can recognize,
phagocytose and remove apoptotic cells, thereby initiating the immune response. Pre-
viously, clinical studies have shown that the levels of monocytes and proinflammatory
cytokines increased in the peripheral blood of prediabetic cardiomyopathy patients [88,89].
Similar findings have been observed in preclinical studies. The infiltration of monocytes
and macrophages existed in the myocardium in a model of diabetes, regardless of being
type 1 or type 2 [90,91]. According to one recent study, M1 macrophage infiltration and
NLRP3 inflammasomes both increased in cardiac ventricular muscles in mice models of
type 2 diabetes after stroke. Even more interesting is that the NLRP3 inhibitor CY-09 can
improve the cardiac function of diabetic mice [92]. This indicates that M1-macrophage
polarization and NLRP3 inflammasome activation may have a significant impact on the
brain-heart interaction in diabetes stroke. Bruton’s tyrosine kinase (BTK), a key receptor
in B cell signal transduction, usually play a crucial part in the genesis of hematological
tumors [93]. BTK also possesses the function of regulating inflammation and highly ex-
presses in monocytes/macrophages. More recently, a new study presented that BKT took
part in the regulation of the NLRP3 inflammasome and the production of proinflamma-
tory cytokines, regardless of high-fat-diet chronic-inflammation mice models or human
macrophages processed by LPS and ATP [94]. This means that NLRP3 inflammasome acti-
vation and the generation of correlative inflammatory factors in macrophages are closely
associated with metabolic condition inflammation, especially in diabetes. To sum up, the
NLRP3 inflammasome and its induced pyroptosis have a high correlation with the genesis
and development of DCM. However, these studies related to DCM are still in their infancy,
and there are many questions that need to be explored in depth.

4.3. The Role of NLRP3 Inflammasome/Pyroptosis on Cardiac Vasculature in DM/DCM

Macro- and micro-vessel injuries induced by diabetes are the primary cause of mor-
bidity and mortality in diabetic individuals [95]. Diabetes mellitus is established as an
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independent risk factor for coronary artery diseases. Some studies have found that NLRP3
inflammasome/pyroptosis participated in the occurrence and development of coronary
artery diseases [96,97]. NF-κB is highly expressed in many inflammatory diseases, in-
cluding atherosclerosis (AS), which can induce endothelial dysfunction by promoting the
production of inflammatory mediators [36]. Cyclooxygenase 2(COX-2), a downstream
molecule of NF-κB, is also involved in the genesis and progression of atherosclerosis [98].
Intriguingly, COX-2 can positively regulate the activation of NLRP3 inflammasome and
maturation of proinflammatory cytokines [99]. Cholesterol crystals play an important role
in atherosclerotic plaque formation, which can directly activate the NLRP3 inflammasome
by inducing the lysosome rupture and subsequent release of cathepsin B [100]. Other
scholars have found that oxidized low-density lipoprotein (oxLDL) can induce NLRP3
inflammasome activation and inflammatory cytokines released in vascular endothelial cells
via miR-125a-5p/TET2 pathway, promoting the development of AS [9]. However, there are
few studies on the mechanism of NLRP3 inflammasome/pyroptosis in AS combined with
diabetic cardiomyopathy.

Diabetes-specific factors can accelerate atherosclerotic plaque rupture and thrombosis,
leading to myocardial infarction [101]. It is now well recognized that NLRP3 inflamma-
some/pyroptosis is implicated in the pathological process of acute myocardial infarction
(AMI). Kawaguchi et al. demonstrated that ASC and caspase-1 were markedly expressed
in infiltrated inflammatory cells of the ischemic myocardium [84]. Furthermore, they also
reported that inflammasome activation induced by H/R existed in cardiac fibroblasts but
not cardiomyocytes. Additional data show that the infarct size and inflammatory response
were reduced in myocardial infarction models by using pharmacological and genetic in-
hibitions of NLRP3 [102,103]. Glucose variability (GV) means a measure of fluctuations
in glucose or other homeostasis-related parameters of glucose over a given time interval,
which has drawn much attention from scholars [104]. More recently, an observational
study confirmed that high GV is an independent predictor of recurrent acute myocardial
infarction (RAMI) [105]. The authors further found that high GV was closely linked to in-
creased NLRP3 expression and the decreased expression of autophagy marker LC3B as well
as stress-related proteins and GTPase-activating protein (SH3 domain)-binding-protein 1
(G3BP1). This indicates that GV can affect atherosclerotic development and rupture by
mediating autophagy and the G3BP1/NLRP3 inflammasome pathway. However, to date,
studies on AMI under the context of diabetic cardiomyopathy are scarce. Therefore, more
attention is required in this area.

5. Potential Therapeutic Strategies for Targeting NLRP3 Inflammasome/Pyroptosis
in DCM

Diabetic cardiomyopathy has been identified for several decades, but targeted thera-
peutic measures are still limited, relying mainly on hypoglycemic drugs. Although these
drugs offer some cardiovascular protection, morbidity and mortality from DCM continue to
climb. Therefore, there is an urgent need to develop specialized drugs for DCM to change
this situation. As research continues, some substances were found to have good potential
for the treatment of DCM by targeting the NLRP3 inflammasome or pyroptosis. This
certainly brings new hope to clinicians and patients. These include classical antidiabetic
drugs, phytochemicals, inhibitory compounds, and non-coding RNAs (ncRNAs) as well as
some special proteins.

5.1. Hypoglycemic Agents

Accumulating evidence suggests that a variety of hypoglycemic agents possess the fa-
vorable properties of inhibiting the NLRP3 inflammasome activation or pyroptosis, thereby
realizing the improvement of diabetic cardiomyopathy. These kinds of hypoglycemic drugs
include metformin, peroxisome proliferator-activated receptors (PPARs) agonist, sodium-
glucose cotransporter 2(SGLT2) inhibitors, and dipeptidyl peptidase-4 (DPP4) inhibitor.
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Metformin is a kind of biguanide, a drug derived from herbs, applied as a first-
line therapy for type 2 diabetes [106]. Metformin can downregulate the expressions of
NLRP3, caspase-1, and proinflammatory cytokines in diabetic mice models by the AMPK
(AMP-activated protein kinase) signal, thus achieving the improvement of DCM [107]. In
STZ (streptozotocin)-induced hyperglycemia and hyperlipidemia in apoE −/− mice, met-
formin can suppress the development of diabetes-accelerated atherosclerosis and NLRP3
inflammasome activation, and this inhibitory effect can be abolished by AMPK inhibitor
compound C [108]. Furthermore, metformin can protect against ischemic myocardial injury
by mitigating the autophagy-ROS-NLRP3-signalling inflammation in macrophages [109].
These represent the direct proof that metformin can be used for the therapy of DCM through
the suppression of NLRP3 inflammasome and pyroptosis.

SGLT2 inhibitor is a new type of antidiabetic agent, that reduces serum glucose
by increasing urinary glucose excretion [110]. Dapagliflozin, a representative drug of
sodium-glucose cotransporter-2 inhibitor (SGLT2i), has been widely applied to T2D pa-
tients. Recently, many clinical trials have verified that dapagliflozin can lower cardiovas-
cular mortality and the heart failure hospitalization rate [111,112]. It can also reduce left
ventricular masses and ameliorate the insulin resistance in the left ventricular hypertrophy
that is accompanied with T2D [113]. Contemporaneous studies in animal models demon-
strated that dapagliflozin, combined with ticagrelor, a P2Y12 antagonist, had a synergistic
effect on attenuating the activation of NLRP3 inflammasome through the AMPK/mTOR
axis for improving the progression of DCM [114]. Another investigation revealed that
dapagliflozin alleviated cardiac fibrosis and left ventricular systolic function in ob/ob mice,
as well as pyroptosis in high-glucose-treated CFs by inhibiting NLRP3 inflammasome
activation. In addition, dapagliflozin and saxagliptin, a dipeptidyl peptidase-4 (DPP4)
inhibitor, both have an additive effect on the above-mentioned models [115]. As shown
above, we can draw a conclusion that dapagliflozin could diminish the progression of
DCM by suppressing the NLRP3 inflammasome activation and subsequent pyroptosis.
This protective action could be amplified by other antidiabetic agents, for example, DPP4
inhibitors. Empagliflozin, another kind of SGLT2 inhibitor, has been confirmed to have an
association with the reduction in cardiovascular-related mortality and hospitalizations in
type 2 diabetic patients [116]. Moreover, empagliflozin can also exert a cardioprotective
effect in the absence of diabetes. In heart failure (HF) rodent models, induced by transverse
aortic constriction surgery, empagliflozin can suppress NLRP3 inflammasome and the
expression of associated inflammatory markers [117]. This beneficial effect of empagliflozin
can be weakened by Ca2+ ignophore. Moreover, empagliflozin can reduce the cardiac
fibrosis and inflammation in doxorubicin-induced cardiotoxicity mouse models through
the NLRP3 and MyD88 signal pathway [118]. Of note, there are different points of view
on this subject. Some researchers found that neither empagliflozin nor liraglutide exerted
inhibitory effects on the activation of NLRP3 and downstream proinflammatory cytokines,
despite the level of HbAc1 being attenuated [119]. Therefore, the concrete relationship of
the interaction between empagliflozin and NLRP3 inflammasome activation is still vague,
which needs more attention in future, especially under a hyperglycemic background.

PPARs, belonging to nuclear receptors, are the key executives of regulating glucol-
ipid metabolism [120]. Recently, new research elucidated that rosiglitazone, a PPAR-γ
agonist, can generate an inhibitory effect on the activation of the NLRP3 inflammasome in
mouse peritoneal macrophages exposed in LPS and nigericin [121]. However, it is unclear
whether PPAR-γ can act on NLRP3 inflammasome in macrophages in the context of dia-
betic cardiomyopathy. Hence, there are gaps in the knowledge in this respect that need to
be explored.

5.2. Phytochemicals

In recent years, some phytochemicals extracted from herbaceous plants that possess
anti-inflammatory actions have attained much attention from scholars. Gypenosides
(Gps), a bioactive compound extracted from Gynostemma pentaphylla, possesses multi-
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pharmacological properties. Gps inhibits NLRP3 inflammasome activation and reduces
the production of IL-1β and IL-18, thereby alleviating myocardial injury in DCM animal
models [122]. Other studies found that tilianin exerted a cardioprotective effect by reducing
the associated proteins of pyroptosis, and this effect can be magnified by Syringin [123].
Coriolus versicolor (CV) is a mushroom with edible and medicinal value, which has an
extract that can improve cardiac function in diabetic rats by reducing NF-κB expression
and, subsequently, the NLRP3 inflammasome response [124]. The components of these
compounds are complex, and their actions of targeting NLRP3 and pyroptosis still need to
be further investigated.

Colchicine is an alkaloid derived from Liliaceae plants and is used primarily to treat
autoinflammatory diseases, such as gout, familial Mediterranean fever, and acute or re-
current pericarditis. More recently, researchers found that colchicine can be used for
therapy in coronary artery diseases [125,126]. Colchicine possesses an anti-inflammatory
effect by inhibiting microtubule polymerization, the production of inflammatory mediators
and adhesion molecule aggregation, and neutrophil migration [127]. Moreover, it has
been revealed that colchicine can exert an anti-inflammatory effect by suppressing NLRP3
inflammasome-mediated IL-1β production [128]. As mentioned above, P2X7, a key factor
for the NLRP3 inflammasome response to ATP, can be restrained by colchicine, resulting in
a reduction in downstream molecule generation [129]. In light of the particular effect on
NLRP3 inflammasome, colchicine may be a potential candidate for treating DCM, even
though a relative study in this area is scarce.

5.3. Inhibiting Compounds

It is currently known that there have been several compounds that possess inhibitory
effects on pyroptosis. CY-09, a special and directive inhibitor of NLRP3, has been shown
to exert an inhibitory effect by combining directly into the ATP-binding motif of NACHT
domain and restraining the ATPase activity of NLRP3 [130]. CY-09 can significantly improve
metabolic disorders in rodent models of diabetics. Echoing a previous study, this finding
again proved that the activity of ATPase is a key factor of NLRP3 oligomerization and
activation [131]. Moreover, CY-09 can attenuate insulin resistance and hepatic steatosis
by targeting NLRP3 in diabetic mice [132]. Consequently, CY-09 could be applied to the
therapy for cardiovascular problems caused by diabetes in the future. However, additional
studies regarding CY-09 acting on diabetic cardiomyopathy are a great necessity.

MCC950 is another effective small-molecular inhibitor of NLRP3, and it has been
verified that this compound can exert a remarkable inhibitory effect on NLRP3 by disrupting
ASC oligomerization [133]. It has been demonstrated that MCC950 can slow down the
development of carotid artery plaques in Apolipoprotein E-deficient mice [134]. In addition,
MCC950 improved the aortic plaque stability and vascular function in STZ-induced diabetic
ApoE −/− mice and caused a reduction in NLRP3 and IL-1β protein levels. The same
results were also found in in vitro tests, showing that MCC950 reduced the expression
of NLRP3 downstream proteins in several cell lines, whether under high glucose or LPS
conditions [135]. In acute myocardial infraction (AMI) mouse models, 18F-FDG PET image
showed that MCC950 treatment decreased 18F-FDG inflammatory uptake and infiltration
of the inflammatory cells, as well as the levels of NLRP3 and IL-1β [136]. The results
mentioned above are undoubtedly inspiring; however, the impact of MCC950 in diabetic
cardiomyopathy remains ill-informed. Hence, there is a large amount of work that needs to
be completed before applicating in clinical practice.

Since the activation of GSDMD can directly trigger the occurrence of pyroptosis,
targeting this crucial molecule may be a novel choice of treatment in DCM. Dimethyl
fumarate (DMF), an intermediate product of the citric acid cycle, is regarded as a targeted
inhibitor of GSDMD. DMF can respond to GSDMD at a pivotal cysteine residue to promote
GSDMD succination, it then affects the interaction between GSDMD and caspases, and
consequent reactions [137]. In rodent models, DMF can relieve familial Mediterranean fever
as well as autoimmune encephalitis by inhibiting GSDMD. Disulfiram, a drug approved
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to treat alcoholism, was identified as a potent inhibitor of GSDMD by high-throughput
biochemical screening [55]. The researchers found that disulfiram abolished the formation
of the plasma membrane’s pore; however, the inhibiting actions of GSDMD and IL-1β were
insignificant in cells and mice. Even so, it provides an attractive option for the treatment of
inflammatory diseases, including DCM.

5.4. Non-Coding RNAs

In recent decades, the correlation of the non-coding RNAs(ncRNAs) to cardiovascular
diseases has boasted significant attention. Among these, microRNAs(miRNAs) are the
most-investigated class of ncRNAs. In DCM rat models, the expression of miRNA223 was
clearly increased, and, after adding a miR223 inhibitor, cardiac fibrosis and the activation
of NLRP3 inflammasome were notably relieved [138]. The same results were found in
H9C2 cells treated with high glucose. Another study showed that miRNA9 can improve
hyperglycemia-induced human ventricular cardiomyocyte injury by suppressing the acti-
vation of pyrotosis via the targeting of ELAVL1(ELAV-like protein1). In addition to that, the
over-expression of miRNA30d can up-regulate the expression of key proteins of pyroptosis
by targeting foxo3a and its downstream proteins, known as apoptosis repressors, with
caspase (ARC) [139]. Based on the above, we can infer that miRNAs might be a fine choice
for DCM through its inhibition of pyroptosis; however, there still remains much progress
before its application in clinical practice.

Similarly, other types of ncRNAs also exert a remarkable effect on mediating NLRP3
or pyroptosis activation. LncRNA KCNQ1ot1 was increased in the left ventricular my-
ocardium of DCM, and this gene silencing could suppress CFs pyroptosis and amelio-
rate the cardiac function and fibrosis [140]. Another study found that melatonin could
relieve cardiac fibrosis and repress pyroptosis by inhibiting lncRNA MALAT1/miRNA-
141-mediated pyroptosis [141]. Yang et al. reported that has_circ_0076631, also called
caspase-1-associated circRNA (CACR), was elevated in the peripheral circulation of di-
abetic patients and HG pre-treated AC16 cells. CACR knockdown in cardiomyocytes
can restrain the activation of caspase-1 induced by HG, which could also be regulated by
miRNA-214-3p [142].

Altogether, ncRNAs may be a main factor of the mediation of pyroptosis activation,
and this provides a prospective direction for the development of DCM medication. Despite
a growing body of research focused on this field, an accurate explanation of the underlying
mechanisms remains elusive. There is much progress left before we can consider translating
these findings into clinical practice.

5.5. Protein Molecules

Proteins are vital components of living organisms. They play a part in regulating many
biological processes, from cell growth to cell death, by forming specific complexes with
DNA, as well as small ligands or other proteins. Visceral adipose-tissue-derived serine
protease inhibitor (Vaspin), one kind of adipocytokines, can suppress NLRP3 inflamma-
some activation and the subsequent occurrence of pyroptosis by protecting autophagy in
diabetic rats [143]. Furthermore, this inhibitory effect can be abrogated by an autophagy
inhibitor. This means that Vaspin may be a good candidate for DCM treatment. Another
study indicated that the anti-aging protein Klotho has distinct cardio-protective properties
by restraining the NLRP3 inflammasome, either in in vivo or in vitro experiments [144].
Sirtuin 3 (SIRT3) is one of the class III histone deacetylases located in the mitochondria,
which participates in multiple pathophysiological responses in the body. It has been re-
vealed that SIRT3 silencing promoted the expression of NLRP3, caspase-1p20, and IL-1β,
aggravating mitochondrial injury and necroptosis, which consequently deteriorated DCM
in mice [145]. Beyond these findings, the Chemerin/CMKLR1 signaling pathway can
promote pyroptosis by stimulating NLRP3 inflammasome activation and by worsening
DCM development [134].
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Are there other special substrates existing in interaction between pyroptosis and these
proteins? How do the different protein folding patterns change in this process? Few studies
have attempted to address these issues. Even so, studies concerning the interaction between
pyroptosis and protein molecules provides a wider consideration for the development of
therapy for diabetic cardiomyopathy.

6. Important Gaps in Knowledge in the Field
6.1. The Precise Relationship between Mitochondrial Dysfunction and NLRP3 Inflammasome

Mitochondria are dynamic organelles that perform functions other than energy pro-
duction, such as maintaining calcium homeostasis and regulating cell proliferation and
metabolism. It has been established that there is a strong link between mitochondria and
NLRP3 inflammasome. Mitochondrial ROS can trigger the activation of NLRP3 inflamma-
some [38]. In addition, the single action of mitochondrial ROS is not sufficient to activate
NLRP3 inflammasome; other factors need to be involved, such as mitochondrial membrane
potential [40]. However, the precise relationship between them is still uncertain. Recent
research has shown that the mitochondrial-localized adaptor protein ASC can promote
the formation and activation of NLRP3 inflammasome through hyperacetylation. This
indicates that there is a greater assembly of NLRP3 inflammasome on mitochondria [146].
However, the specific location of NLRP3 inflammasome assembly in mitochondria and
whether it is related to other protein modification processes are yet to be investigated.
Additionally, the causal relationship between NLRP3 inflammasome activation and mito-
chondrial dysfunction is unclear. It was previously thought that increased ROS production
due to mitochondrial damage and Ca 2+-mediated mitochondrial damage can induce
the activation of NLRP3 inflammasome [147]. However, there is also the contrary view
that increased NLRP3 inflammasome activity can induce mitochondrial damage and the
subsequent reduction in mtDNA copy number and ATP synthesis [148].

Therefore, the precise relationship between NLRP3 inflammasome and mitochondrial
dysfunction needs further in-depth study.

6.2. The Exact Regulatory Mechanism of NLRP3 Inflammasome/pyroptosis Activation in
Macrophages in the Context of Diabetic Cardiomyopathy

Cardiac-resident macrophages play a critical role in maintaining cardiac homeostasis
through the uptake of subcellular vesicles containing damaged mitochondria and other
waste products to prevent the accumulation of extracellular waste and the activation of
NLRP3 inflammasome [149]. However, the differences in the mode of NLRP3 inflam-
masome activation between different subpopulations of cardiac-resident macrophages
and peritoneal macrophages in the context of diabetes are unclear, this requires further
investigation. Macrophage polarization towards pro-inflammatory M1 cells and anti-
inflammatory M2 cells is essential for the maintenance of the host’s defenses. It has been
reported that NLRP3 can regulate the transition of M1/M2 macrophages [150]. Ubiquitin-
specific protease 19 (USP19) can regulate the activation of the NLRP3 inflammasome and
prompt M2-like macrophage polarization by increasing autophagic flux and modulating
the production of mitochondrial ROS [151]. This suggests that, in macrophages, the NLRP3
inflammasome activation has crosstalk signals with mitochondrial autophagy/autophagy
and mitochondrial dysfunction. Nevertheless, the interaction between these signals is still
elusive, especially in a diabetic heart.

Hence, further clarity is needed on these issues in the future.

7. Conclusions

Diabetic cardiomyopathy has been recognized for several decades, its incidence will
continuously increase with the prevalence of diabetes. Against this grim backdrop, abun-
dant investigations have been committed to explore potential pathogenesis mechanisms
and to develop novel therapeutic approaches for DCM. Despite the production of several
new drugs that target glycemic control and protect cardiovascular function, the morbidity
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of DCM does not show a downward trend. In preclinical studies, many underlying molec-
ular mechanisms have been proposed, and some novel strategies have been confirmed
to possess benefits on DCM animal models. This is undoubtedly encouraging news for
researchers and clinicians, despite the precise mechanism remaining blurred and in need of
further exploration. As cell death is the pivotal form of histopathological change in diabetic
cardiomyopathy, the executors of the cell death pathway are clearly the therapeutic targets
of DCM. As outlined above, pyroptosis is a new type of inflammatory PCD, which has been
established in the genesis and development of DCM. Hence, blocking the pyroptosis signal
pathway (or inflammasome activation) may have a clinical benefit in halting or delaying
the progression of DCM.

To date, many interventions have been discovered to have the potential to inhibit pyropto-
sis, including traditional hypoglycemic agents, phytochemicals, specific inhibitory compounds,
ncRNAs, and some special proteins. Among antidiabetics, metformin and SGLT2i have been
the most extensively studied in relation to NLRP3 inflammasome/pyroptosis. The results of
studies proved that these drugs are effective, but the precise molecular mechanism remains
obscure. Additionally, phytochemicals and specific inhibitory compounds, also presented
good results in the treatment of DCM by targeting NLRP3 inflammasome or pyroptosis
in preclinical research. However, there are still many issues to be resolved before clinical
translation can be applied, such as the exact pharmacological mechanism of these kinds of
interventions and potential toxicities. Apart from these, ncRNAs and some special proteins
also provide a novel insight for the research and development of new drugs for DCM.

Nevertheless, the details relating to the underlying molecular mechanisms of NLRP3
inflammasome/pyroptosis in diabetic heart diseases remain elusive. Moreover, the research
of potential interventions for DCM targeting NLRP3 and pyroptosis is still in its infancy. For
this reason, it is important to further explore the precise pathogenic link between NLRP3
inflammasome/pyroptosis and diabetic cardiomyopathy in the hope that this endeavor
translates into promising therapeutic approaches for the sufferers of DCM.
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Abbreviations

ACR apoptosis repressor with caspase
AMI acute myocardial infarction
AGEs advanced glycation end products
AIM2 absent in melanoma2-like receptors
AMPK AMP-activated protein kinase
AS atherosclerosis
ASC apoptosis-associated speck-like protein containing
BTK Bruton’s tyrosine kinase
CACR caspase-1-associated circ RNA
CARD caspase activation and recruitment domain
CFs cardiac fibroblasts
CLRs C-type lectin receptors
circ RNAs circular RNAs
CMR cardiac magnetic resonance
COX-2 Cyclooxygenase 2 (COX-2)
CV coriolus versicolor
CVDs cardiovascular diseases



Int. J. Mol. Sci. 2022, 23, 10632 14 of 20

DAMP damage- associated molecular patterns
DCM diabetic cardiomyopathy
DPP4 dipeptidyl peptidase4
ELAVL1 ELAV-like RNA-binding protein 1
GBP guanylate-binding protein
Gps Gypenosides
GSDMD Gasdermin D
GSDMD-CT Gasdermin C-terminal domain
GSDMD-NT Gasdermin N-terminal domain
G3BP1 GTPase-activating protein (SH3 domain)-binding-protein 1
GV Glucose variability
HF heart failure
HG high glucose
H/R Hypoxia/Reoxygenation
IL-1β Interleukin-1β

IL-18 Interleukin-18
INF-γ Interferon-γ
LGE late gadolinium enhancement
LPS Lipopolysaccharide
LRR Leucine-rich repeat
ncRNAs non-coding RNAs
NEK7 NIMA-related kinase 7
NF-κB nuclear factors -κB
NLRP3 NOD-like receptor pyrin domain containing 3
oxLDL oxidized low-density lipoprotein
PAMP pathogens-associated molecular patterns
PCD programmed cell death
PRR pattern recognition receptor
PPARs peroxisome proliferator-activated receptors
P2X7 purinergic receptor P2X, ligand-gated ion channel 7
RAMI recurrent acute myocardial infarction
RLRs retinoic acid-inducible gene (RIG)-I-like receptors
ROS reactive oxygen species
SGLT2 sodium-glucose cotransporter 2
SGLT2i sodium-glucose cotransporter 2 inhibitor
SIRT3 sirtuin 3
STZ streptozotocin
T2D type 2 diabetes
TLRs toll-like receptors
TRX thioredoxin
TXNIP thioredoxin-interacting protein
USP19 Ubiquitin-specific protease 19
Vaspin visceral adipose tissue-derived serine protease inhibitor
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