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Stem cell-mediated modulation of pyroptosis contributes to tissue
repair in noninfective inflammatory-related diseases (Review)
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Abstract. Pyroptosis, a programmed cell death marked by
Iytic and inflammatory characteristics, plays a crucial role
in non-infectious inflammation-related diseases but can lead
to detrimental outcomes when dysregulated. Stem cells have
emerged as key players in modulating pyroptosis through
paracrine signaling, offering a novel avenue for tissue repair
and regeneration. The present review delved into previous
studies elucidating the intricate interplay between stem cells
and pyroptosis, emphasizing the potential of stem cell-based
therapies in regulating pyroptotic pathways. The exploration
of this dynamic interaction holds promise for developing
strategies to harness stem cells for effective tissue repair and
regeneration in the context of inflammation-related diseases.
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1. Introduction

The emergence of systemic chronic inflammation is signifi-
cantly influenced by lifestyle, psychosocial elements and
environmental factors. This intricate interplay fosters a
spectrum of non-infectious inflammation-related maladies,
including but not limited to cardiovascular and cerebro-
vascular diseases, diabetes, autoimmune disorders, chronic
nephritis, chronic liver diseases, and conditions affecting
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NLRP3, NOD-like receptor family, pyrin domain-containing 3;
NPCs, nucleus pulposus cells; NPPCs, nucleus pulposus progenitor
cells; OA, osteoarthritis; PRRs, pattern recognition receptors; SCI,
spinal cord injury; TBI, traumatic brain injury; TLRs, Toll-like
receptors; TNF-a, tumor necrosis factor-alpha
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the osteoarticular and neurodegenerative systems. These
diseases collectively represent substantial contributors to
global morbidity and mortality rates. Addressing the multifac-
eted determinants of chronic inflammation is imperative for
developing comprehensive strategies to mitigate the impact of
these prevalent and debilitating health conditions on a global
scale (1).

Studies have shown that pyroptosis is widely involved in
the occurrence and development of non-infectious inflam-
mation-related diseases and plays an important role (2). The
sterile inflammatory response, devoid of microbial infection,
plays a crucial role in organ development, tissue repair and
host defense mechanisms. Nonetheless, dysregulation of sterile
inflammation can precipitate various inflammatory diseases
such as lung inflammation, type 2 diabetes and sterile liver
diseases. Pyroptosis is a form of programmed cell death that is
distinct from apoptosis and necrosis. It is an inflammatory form
of cell death triggered by certain cellular signals, particularly
inflammasomes, in response to infection or cellular stress (3).
During pyroptosis, the cell undergoes a series of morpho-
logical changes, including cell swelling, membrane rupture,
and release of pro-inflammatory cytokines and intracellular
contents. This process is mediated by gasdermin proteins,
which forms pores in the cell membrane, leading to cell lysis
and the release of inflammatory molecules (3,4). Given the
pivotal influence of pyroptosis on orchestrating inflamma-
tion, there exists a hypothesis postulating that pyroptosis may
serve as a potential contributor in several sterile inflammatory
diseases.

Stem cell therapy, heralded as a groundbreaking approach
to treat diverse diseases and injuries, holds tremendous
promise for tissue repair and regeneration (5). Their therapeutic
prowess lies in their remarkable adaptability to specific tissue
environments, fostering healing through the generation of
functional cells. This adaptability becomes particularly crucial
in scenarios where the body's natural repair mechanisms prove
insufficient, as observed in degenerative diseases, injuries, or
chronic disorders (6-8). Mesenchymal stem cells (MSCs), for
example, exhibit anti-inflammatory and immunomodulatory
properties, contributing to tissue repair by reducing inflam-
mation and promoting the regeneration of damaged cells (9).

Previous studies have indicated that the ability of stem
cells to regulate pyroptosis has significant implications for
tissue repair and regenerative medicine (9,10). Stem cells can
secrete various factors, including anti-inflammatory cyto-
kines, growth factors and paracrine factors (Fig. 1), which can
play a significant role in reducing inflammation and promoting
tissue repair (9,11). These secreted factors carry a cargo of
bioactive molecules, such as microRNAs, proteins and lipids,
which can directly or indirectly target pyroptosis signaling
pathways to influence neighboring cells and modulate their
behavior (12,13). Through intricate signaling pathways, stem
cells modulate pyroptosis to control the inflammatory response
and foster tissue regeneration (14). This regulatory function
is crucial in addressing injuries, degenerative diseases and
other conditions where pyroptosis may contribute to tissue
damage (15).

Understanding the interplay between stem cells and pyrop-
tosis provides insights into innovative therapeutic strategies,
offering the potential for targeted interventions that harness

the regenerative capacities of stem cells to promote tissue
repair while mitigating excessive inflammatory responses. In
the present comprehensive review, it was presented how stem
cells regulate pyroptosis to promote tissue repair in various
diseases.

2. Canonical and non-canonical pathways of pyroptosis

Stem cells influence pyroptosis by modulating the pyroptosis
signaling pathway, thereby further promoting tissue repair or
slowing the pathological process (16). Pyroptosis is activated
through distinct pathways, the canonical and non-canonical
pathways (Fig. 2) (17). Damage-associated molecular patterns
(DAMPs), which selectively bind to their complementary
membrane protein receptors, including Toll-like receptors
(TLRs) and nucleotide-binding oligomerization domain-like
receptors, collectively termed pattern recognition receptors
(PRRs). Upon binding to PRRs, DAMPs orchestrate the acti-
vation of nuclear factor kappa B (NF-«kB), culminating in the
transcriptional upregulation of numerous pro-inflammatory
genes,among which are the essential components of the inflam-
masome pathways (18). The assembly of the NOD-like receptor
family, pyrin domain-containing 3 (NLRP3) inflammasome
facilitates the self-cleavage of pro-caspase-1, transforming it
into its enzymatically active form, caspase-1 (19). Subsequently,
active caspase-1 cleaves pro-interleukin into its biologically
active counterparts, IL-1p and IL-18 (20). Simultaneously,
caspase-1 also cleaves gasdermin D (GSDMD), resulting in
the formation of two fragments: GSDMD-N and GSDMD-C.
GSDMD-N subsequently assembles into pores within the
plasma membrane, initiating pyroptotic cell death and the
release of IL-1f and IL-18 to induce more inflammation (21).

In addition to the canonical pathway, emerging evidence
has demonstrated the involvement of caspase-4, caspase-5
and caspase-11 in pyroptosis, particularly in scenarios
involving conventional or unconventional inflammasome
signaling (22-24). These caspases play a dual role in initiating
pyroptotic cell death. Firstly, caspase-4/5/11 can directly cleave
GSDMD (25). This direct cleavage leads to the formation of
GSDMD-N, which assembles into membrane pores, resulting
in pyroptotic cell death (25). Secondly, caspase-4/5/11 can
also stimulate the NLRP3 inflammasome/caspase-1 signaling
pathway, eventually leading to pyroptosis. In this context,
caspase-4/5/11 serves as an upstream activator, triggering the
assembly of the NLRP3 inflammasome. This, in turn, leads
to the activation of caspase-1, which subsequently cleaves
GSDMD, ultimately culminating in the execution of pyrop-
totic cell death (26).

3. The modulation of pyroptosis by stem cells for alleviating
progression in degenerative diseases

Osteoarthritis (OA). (OA) is a chronic joint disease marked
by the gradual degradation of articular cartilage (AC), along
with subchondral bone sclerosis, synovial hyperplasia, and the
formation of osteophytes (27). Emerging evidence suggests
that pyroptosis may play a crucial role in the pathogenesis of
OA (6). Recent research has revealed that inhibiting pyroptosis
in chondrocytes can attenuate the development of OA (28).
Excessive inflammation within chondrocytes is a key factor
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Figure 1. Stem cells inhibit pyroptosis through secrete anti-inflammatory factors and cytokines and paracrine factors, including exosomes and microvesicles.
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contributing to chondrocyte survival and is implicated in the
progression of OA. In an adjuvant-induced arthritis model,
acid-sensitive ion channel 1a has been identified as a mediator
of chondrocyte pyroptosis, shedding light on the underlying
mechanisms of OA pathology (29). Furthermore, in knee OA,
fibroblast-like synoviocytes have been recognized as the main
effector cells responsible for synovial fibrosis. Pyroptosis in
these cells has been linked to NOD-like receptor family, pyrin
domain-containing 1 and NLRP3 inflammasomes, under-
scoring the significance of pyroptosis in driving fibroblast-like
synoviocyte dysfunction in knee OA (30). An increase in
hypoxia-inducible factor-1a levels has been found to exacer-
bate synovial fibrosis by promoting fibroblast-like synoviocyte
pyroptosis (31). These studies elucidate the critical role of
pyroptosis in the pathophysiological processes of OA.

Recently, adipose-derived MSCs (adMSCs) have been
demonstrated to exert a protective effect by delaying the
development of rat OA. This safeguarding mechanism hinges
on the secretion of STNFR1 by adMSCs, which possesses
highly specific neutralizing activity against tumor necrosis
factor-alpha (TNF-a). This inhibition of TNF-a serves to
curtail chondrocyte pyroptosis, a pivotal contributor to OA
progression (32). In a similar vein, exosomes derived from bone
marrow MSCs (BMSC-Exos) have demonstrated the ability to
mitigate OA by delivering microRNA (miR)-326 to chondro-
cytes and cartilage. Through this delivery, BMSC-Exos target
HDAC3 and the STAT1/NF-«xB p65 axis, effectively inhib-
iting chondrocyte and cartilage pyroptosis (15). Likewise,
extracellular vesicles derived from human umbilical cord
MSCs (hucMSC-EVs) have emerged as a promising avenue
for alleviating OA and maintaining chondrocyte homeostasis.
A novel therapeutic mechanism was revealed, centered
around the pivotal miR-223. This miR directly binds to the
3'-untranslated region of NLRP3 mRNA, exerting profound
anti-inflammatory and cartilage-protective effects through
hucMSC-EVs (33).

Intervertebral disc degeneration (IVDD). IVDD represents a
chronic and degenerative disease characterized by dysregu-
lation of the catabolic and anabolic processes within the
extracellular matrix (ECM) and alterations in the microenvi-
ronment of the intervertebral disc (IVD) (34,35). The healthy
intervertebral disc is a complex tissue composed of a soft
inner nucleus pulposus (NP) surrounded by the fibrocarti-
laginous ring annulus fibrosus and cartilage endplates (36,37).
However, during IVDD, there is an aberrant expression of
matrix metalloproteinases and a reduction in collagen II
secretion from NP cells (NPCs), which disrupts the delicate
balance of the ECM (38,39). Consequently, remodeling of the
IVDD microenvironment occurs, leading to the accumula-
tion of inflammatory factors and inducing NLRP3-mediated
pyroptosis of NPCs (40,41). This cascade of events initiates a
series of worsening reactions, contributing to the progression
and severity of the disease.

EVs, specifically exosomes, from stem cells play a critical
role in paracrine signaling, effectively protecting NPCs
from apoptosis, promoting ECM synthesis, and mitigating
inflammatory responses in intervertebral discs (42,43). A ther-
mosensitive acellular ECM hydrogel coupled with adMSCs
exosomes has shown promise. This approach helps maintain

early IVDD microenvironment homeostasis and ameliorates
IVDD (44).

In several studies, the mechanism by which EVs from stem
cells inhibit pyroptosis of NPCs has been reported. In IVDD
patients, methyltransferase like 14 (METTLI14) expression
is significantly elevated in NPCs (45). METTLI14 stabilizes
NLRP3 mRNA in a manner dependent on insulin-like growth
factor-binding protein 2 (46,47). Consequently, the increased
NLRP3 levels lead to elevated production of IL-1p and IL-18,
triggering pyroptotic cell death in NPCs. However, hope lies
in the therapeutic potential of miRs derived from exosomes
of different stem cell sources. For instance, miR-26a-5p,
found in hucMSCs exosomes, directly degrades METTLI14,
effectively improving NP cell viability and protecting them
from pyroptosis (47). Similarly, MSCs-derived exosomal
miR-410 plays an essential role in counteracting pyroptosis by
directly binding to NLRP3 mRNA, thereby suppressing the
NLRP3 pathway (9). Furthermore, exosomal miR-302c, which
originates from ESCs, exhibits anti-pyroptotic properties by
inhibiting NLRP3 and consequently alleviating pyroptosis in
NPCs (48).

Cartilage regeneration and reconstruction. The regeneration
and reconstruction of AC after a defect, including OA and
IVDD, pose significant challenges, owing to its inherently
restricted intrinsic reparative capabilities (49,50). When AC
sustains injury, the afflicted tissue releases damage-associated
DAMPs (51), subsequently provoking the neighboring cells
and circulating immune cells to secrete pro-inflammatory
chemokines (52). These inflammatory cytokines, notably
IL-1 and TNF-q, exert a profound inhibitory influence on the
proliferation and differentiation of MSCs and chondrocytes.
Notably, studies have documented that IL-1 and TNF-a
impede the differentiation of growth plate chondrocytes
and suppress the expression of chondrogenic-related genes
in MSCs (53,54). The crux of addressing AC defects lies in
effectively promoting regeneration at the site and controlling
the inflammatory response (55).

In recent years, there has been a growing interest in
employing an endogenous regenerative approach that mobilizes
resident MSCs to the sites of injury-a promising alternative
strategy. Research has unveiled a bioactive multifunctional
scaffold designed with the aptamer Aptl9S as a mediator
for the targeted recruitment of MSCs. This scaffold not only
enhances cellular chondrogenesis but also exerts effective
regulation over the inflammatory response through the incor-
poration of Mg?* (56). Another noteworthy study has reported
that the incorporation of magnesium hydroxide nanoparticles
within a poly (lactic-co-glycolic acid) scaffold enhances chon-
drogenesis by inducing the chondrogenic differentiation of
human BMSCs. Furthermore, it diminishes pyroptosis during
the early stages of chondrogenic differentiation and curtails
the release of inflammatory cytokines (57).

Stem cell-based transplantation holds immense promise
as a therapeutic approach for IVDD (58). MSCs transplanta-
tion, in particular, has gained traction as a representative
cell therapy for IVDD (59). However, the intra-discal injec-
tion of ‘naked” MSCs faces challenges due to the harsh
IVDD microenvironment, resulting in poor survival rates
and altered activity (60,61). To address this, a novel strategy
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involving the use of embryo-derived long-term expandable NP
progenitor cells (NPPCs) and esterase-responsive ibuprofen
nano-micelles (PEG-PIB) was devised for synergistic trans-
plantation. The PEG-PIB micelles were endocytosed to
pre-modify the NPPCs, rendering them adaptable to the harsh
IVDD microenvironment by inhibiting pyroptosis of NPPCs
through the COX2/NF-kB/Caspase-1 signaling pathway. This
synergistic transplantation approach demonstrated effective
functional recovery, histological regeneration, and inhibition
of pyroptosis during the process of [IVDD regeneration (62).

Pyroptosis plays a pivotal role in degenerative diseases,
with a specific emphasis on its impact on OA and IVDD (41,63).
Stem cells exhibit dual functionality in mitigating degenerative
diseases. Firstly, they impede pyroptosis at lesion sites through
paracrine pathways, thereby decelerating the pathological
progression. Secondly, the hostile microenvironment at lesion
sites induces pyroptosis in transplanted stem cells. Several
innovative designs are required to inhibit stem cell pyroptosis,
enhancing the efficacy of lesion repair.

4. Stem cell-mediated modulation of pyroptosis for tissue
repair in ischemia/reperfusion (I/R) injury

Myocardial I/R injury. Myocardial I/R injury is a complex
pathological process that occurs when blood flow to the heart
muscle (myocardium) is temporarily reduced or interrupted
(ischemia), followed by the restoration of blood flow (reperfu-
sion) (64). This intricate phenomenon is observed in various
cardiac conditions, such as acute myocardial infarction
(heart attack) and coronary artery bypass grafting (65).

During myocardial I/R, the activation of inflammasomes
and the subsequent release of pro-inflammatory cytokines can
trigger pyroptosis, a highly regulated form of cell death (66).
This cascade of events contributes to the progression of tissue
damage and inflammation, exacerbating the consequences of
myocardial I/R injury. Understanding the mechanisms under-
lying pyroptosis in the context of myocardial I/R injury is of
utmost importance for devising novel therapeutic interventions
and mitigating the impact of cardiovascular diseases (67).

Recent evidence highlights the significant role of exosomes
derived from MSCs in conferring protective effects against
myocardial I/R injury by inhibiting myocardial pyroptosis (7).
These exosomes act as carriers of endogenous molecules,
including non-coding RNA, which play a crucial role in
suppressing pyroptosis following I/R (68). Specifically,
exosomal miR-320b targets NLRP3 (69), miR-100-5p targets
FOXO3 (16), and miR-182-5p targets GSDMD (7), leading
to downregulation of these target proteins and subsequent
inhibition of pyroptosis. Additionally, the IncRNA KLF3-AS1,
competes with miR-138-5p toregulate Sirt] expression, contrib-
uting to the attenuation of pyroptosis (70). Another IncRNA,
XIST, serves as a competing endogenous RNA of miR-214-3p,
leading to upregulation of its target gene Arl2, which in turn
attenuates myocardial pyroptosis (71). Moreover, MSC-derived
exosomes exhibit their protective role in preventing ischemic
injury through the release of circHIPK3, a circular non-coding
RNA. CircHIPK3 downregulates miR-421, resulting in
increased expression of FOXO3a, which effectively inhibits
pyroptosis and the release of pro-inflammatory cytokines such
as IL-1P and IL-18 (72).

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 53: 46, 2024 5

Neuronal I/R injury. Cerebral ischemic stroke stands as the
most prevalent cause of death and disability among central
nervous system (CNS) diseases (73). This ischemic insult is
often accompanied by a robust inflammatory response. In
the face of cerebral I/R injury, various forms of programmed
cell death, including apoptosis and pyroptosis, emerge as
prominent contributors to the ensuing tissue damage (74).
Microglia, as the resident immune cells in the central nervous
system, play a pivotal role in the initiation and progression of
I/R injury (75). Notably, prior investigations have shown that
inhibiting microglial pyroptosis in neonatal mice subjected
to cerebral I/R promotes neuronal survival and ultimately
ameliorates brain injury (76).

In the realm of neuroprotection, a distinct class of MSCs
called olfactory mucosa MSCs demonstrate their capacity to
confer neuroprotection by mitigating apoptosis and pyroptosis
in microglial cells, employing an oxygen-glucose depriva-
tion/reperfusion model that closely mimics I/R conditions (77).
Moreover, emerging research highlights the significance of
MSC-derived exosomes in inhibiting microglial pyroptosis.
These exosomes facilitate FOXO3a-dependent mitophagy, a
cellular process responsible for clearing damaged mitochon-
dria, thereby mediating neuroprotection (78). Additionally,
MSC-derived exosomes modulate microglial polarization,
shifting them from an M1 phenotype (pro-inflammatory) to
an M2 phenotype (anti-inflammatory), further contributing
to the amelioration of cerebral I/R injury (79). Another
noteworthy finding pertains to BMSCs-derived exosomal
miR193b-5p, which plays a pivotal role in reducing microglia
pyroptosis post-ischemic stroke. The miR targets the absent
in melanoma 2 (AIM2) pathway, effectively suppressing
AIM2-mediated pyroptosis (12).

A recent study suggested that retinal I/R injury may
initiate pyroptosis in retinal neurons (80). Throughout retinal
I/R injury, various cellular processes, including oxidative
stress, mitochondrial dysfunction and activation of inflam-
masomes, contribute to the induction of pyroptosis in retinal
neurons. Interventions targeting pyroptosis could prove to be
an effective strategy in preventing I/R-induced retinal damage
and subsequent visual impairment (81). The neuroprotective
effects of intravitreal injection of MSCs and MSC-conditioned
medium in rats during retinal ischemia are noteworthy (82,83).
These effects are primarily mediated by EVs (84). While both
MSCs and MSC-derived EVs have demonstrated neuropro-
tective effects following retinal I/R injury, direct evidence
confirming this protective effect's association with the
modulation of pyroptosis is currently lacking.

Cardiac and cerebral injuries after cardiopulmonary resus-
citation (CPR). After CPR, cardiac and cerebral injuries
often lead to unfavorable outcomes in cardiac arrest (CA)
victims (85). The pathogenesis of these injuries may involve
cell pyroptosis and ferroptosis. However, promisingly, MSCs
have also emerged as a potential therapeutic strategy for
providing cardiac and cerebral protection for I/R injury. MSCs
have been identified to effectively reduce post-resuscitation
cardiac and cerebral pyroptosis and ferroptosis, offering
hope for improving the prognosis and overall outcome of
CA patients (10). Although the mechanism by which MSCs
reduce pyroptosis in post-resuscitation cardiac and brain cells
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is unclear, there is evidence that MSCs downregulate the level
of M1 macrophages and upregulate the level of M2 macro-
phages after CA (86). Given the link between pyroptosis and
inflammation, the modulation of post-resuscitation cardiac
and cerebral pyroptosis by MSCs may involve the regulation
of the inflammatory microenvironment.

Lung I/R injury (LIRI). LIRI represents a pathological phenom-
enon triggered by various clinical conditions, including lung
transplantation, hemorrhagic shock and pulmonary embo-
lism (87). A key contributing factor to LIRI is the heightened
release of IL-1p and IL-6, leading to pyroptosis in lung epithe-
lial cells (88). Remarkably, treatment with human BMSCs
has shown significant efficacy in alleviating hypoxia-induced
pulmonary epithelial injury, offering promise for LIRI inter-
vention (89). Recent investigations have identified a crucial
mechanism by which BMSC-derived exosomes exert their
protective effects against LIRI. Specifically, the exosomal
miR-202-5p plays a central role in repressing pulmonary
epithelial pyroptosis, thereby inhibiting the progression of
LIRI (90). The targeted molecule of miR-202-5p is CMPK2,
a mitochondrial nucleotide monophosphate kinase known for
its regulatory role in macrophage activation and inflammatory
responses (91).

Hepatic I/R injury (HIRI). HIRI is a significant contributor to
liver injury and failure following liver surgery. This condition
is characterized by massive cell death, severe inflamma-
tion and oxidative stress (92). adMSCs and their exosomes
have been demonstrated to reduce pyroptosis in the injured
liver and promote the expression of factors associated with
liver regeneration. Additionally, they can inhibit the NF-kB
pathway while activating the Wnt/f3-catenin pathway, both of
which play crucial roles in inflammation and tissue repair (93).

These elucidate the crucial role of pyroptosis in I/R injuries,
particularly focusing on cardiac and cerebral injuries, lung I/R
injury, and hepatic I/R injury (85,87,92,94). In summary, stem
cell-based therapies, particularly involving MSCs and their
exosomes, showcase promising outcomes in alleviating I/R
injuries.

5. Stem cell-mediated modulation of pyroptosis for tissue
repair in drugs-induced injury

Doxorubicin (Dox)-induced cardiotoxicity. Dox is a potent
antineoplastic agent widely used for cancer treatment.
However, its use can lead to cardiotoxicity and muscle
toxicity due to the escalation of oxidative stress and inflam-
mation, ultimately culminating in pyroptosis. Encouragingly,
the protective effects of exosomes derived from ESCs on
Dox-induced myocardial pyroptosis have been previously
demonstrated (95). At a mechanistic level, Dox treatment
significantly upregulates the expression of inflammasome
markers, such as TLR4 and NOD-like receptor protein 3
(NLRP?3), as well as pyroptotic markers, including caspase-1,
IL-1B and IL-18 (96). Additionally, Dox treatment leads to
an increase in cell signaling proteins, such as myeloid differ-
entiation primary response 88 (MyD88), phosphorylated
(p-)P38, and p-JUN N-terminal kinase, which play pivotal
roles in inflammation and cell signaling (96,97). Moreover,

the treatment with Dox promotes the pro-inflammatory M1
macrophages and the secretion of TNF-a cytokine, further
contributing to the pro-inflammatory environment and
pyroptotic response (96,97).

However, the adverse effects induced by Dox, including
pyroptosis, inflammation and cell signaling protein expres-
sion, are effectively counteracted by the application of
ESCs-exosomes or ESCs themselves (97). These protective
interventions demonstrate promising potential in mitigating
Dox-induced cardiac and muscle damage by attenuating
the pyroptotic response and dampening the inflammatory
signaling (96,98).

Drugs-induced liver injury (DILI). DILI involves liver damage
resulting from the use of certain medications. Some drugs may
trigger the activation of inflammasomes, leading to the release
of pro-inflammatory cytokines and initiating pyroptotic path-
ways in liver cells. This process can exacerbate liver damage
and contribute to the progression of DILI.

Stem cell-based therapy has exhibited promise in treating
liver diseases due to the regenerative and paracrine secre-
tion properties of stem cells (99). Notably, MSCs have
anti-inflammatory effects and have been investigated for
their therapeutic potential in various liver diseases. For
instance, the injection of interleukin-10 or transplantation
of MSCs has been found to ameliorate liver injury induced
by D-galactosamine, as evidenced by reduced levels of liver
injury markers, inflammatory cytokines and NH3 (100).
Moreover, when adMSCs are preincubated with green tea
theanine, they demonstrate an enhanced therapeutic effect
in rats with liver injury induced by N-nitrosodiethylamine,
significantly suppressing pyroptosis markers, such as
caspase-1 and IL-1§ (101).

Various drugs can activate inflammasomes, triggering
the release of pro-inflammatory cytokines and initiating
pyroptotic pathways in affected cells. This process exac-
erbates tissue damage and contributes to the progression of
drug-induced injuries. These findings highlight the potential
of stem cell-based interventions in mitigating drug-induced
injuries by suppressing pyroptosis.

6. Stem cell-mediated modulation of pyroptosis for tissue
repair in diabetes complications

Diabetes is a chronic metabolic disorder characterized by
elevated blood sugar levels, which can result from inadequate
insulin production or ineffective insulin utilization. This
condition can lead to various complications, including cardio-
vascular diseases, kidney damage, nerve damage, and issues
with the skin and eyes (102).

Diabetic skin wounds. In diabetes, skin wounds become
a major medical concern. High blood sugar levels and
impaired wound healing mechanisms can lead to chronic
wounds that heal slowly and are prone to infections (103).
Pyroptosis, a type of cell death triggered by inflammation,
can exacerbate the inflammatory response at the wound
site and hinder tissue repair, further delaying the healing
process (104). Hair follicle MSCs (hfMSCs) have shown
promise in promoting skin wound healing in diabetic mice.
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Exosomes from hfMSCs containing long non-coding RNA
(IncRNA) H19 have been found to enhance the proliferation
and migration of HaCaT cells (a human keratinocyte cell
line) and inhibit pyroptosis by reversing the stimulation
of the NLRP3 inflammasome (105). Moreover, the use of
BMSCs-conditioned medium (BMSC-CM) has revealed
positive effects in diabetic foot ulcers. MSC-CM accelerates
wound closure, promotes cell proliferation and angiogenesis
(formation of new blood vessels), enhances cell autophagy (a
process that supports cell survival and renewal), and reduces
cell pyroptosis. By modulating these cellular processes,
MSC-CM facilitates a more efficient wound healing process
in diabetic foot ulcers (13).

In regenerative therapy, providing a conducive microenvi-
ronment is crucial to increasing the survival of transplanted
stem cells. However, hyperglycemia can lead to stem cell death,
hindering the effectiveness of stem cell therapy. A previous
study reported that hyperglycemia-induced oxidative stress
contributes to apoptosis and pyroptosis in human cardiac stem
cells (106). Downregulation of NLRP3 in adipose-derived
stem cells has been found to improve the effects of stem
cell therapy under hyperglycemic conditions by suppressing
pyroptosis (107).

Diabetic kidney disease (DKD). DKD is a serious complica-
tion of diabetes characterized by kidney damage and impaired
function resulting from prolonged high blood sugar levels. It
stands as a leading cause of chronic kidney disease and kidney
failure worldwide (108). Promisingly, research has revealed that
BMSCs-derived exosomal miR-30e-5p can effectively inhibit
caspase-1-mediated pyroptosis in HK-2 cells induced by high
glucose. The discovery of this regulatory mechanism opens
up new possibilities for treating DKD (109). By attenuating
pyroptosis, which is known to contribute to kidney damage
and dysfunction, BMSCs-derived exosomal miR-30e-5p offers
a promising new strategy for the management and treatment of
diabetic kidney disease.

Diabetes poses various complications, including skin
wounds with impaired healing mechanisms. Pyroptosis, an
inflammation-triggered cell death, exacerbates inflammatory
responses in diabetic skin wounds. In conclusion, stem cells,
including hfMSCs and BMSCs, along with their secreted
factors and exosomes, play pivotal roles in mitigating these
complications by inhibiting pyroptosis.

7. Stem cell-mediated modulation of pyroptosis for tissue
repair in inflammation-related diseases

Inflammatory bowel disease (IBD). IBD comprises chronic
inflammatory disorders primarily affecting the gastrointestinal
tract, including Crohn's disease and ulcerative colitis (110).
Pyroptosis plays a significant role in contributing to the patho-
genesis of IBD (111). In the context of IBD, immune cells in
the gut, such as macrophages and epithelial cells, undergo
pyroptosis, releasing pro-inflammatory molecules that lead
to intestinal inflammation and tissue damage. This process
exacerbates the symptoms of IBD, including abdominal pain,
diarrhea and ulcers, emphasizing the importance of under-
standing and targeting pyroptosis as a potential therapeutic
approach for managing IBD (112).
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hucMSCs-derived exosomes have emerged as novel
cell-free therapeutic agents for IBD. These exosomes have
demonstrated the ability to inhibit the activation of macro-
phage NLRP3 inflammasomes, thereby suppressing the
secretion of IL-18, IL-1f and cleaved caspase-1, resulting in
reduced cell pyroptosis. Furthermore, miR-378a-5p, highly
expressed in hucMSCs-derived exosomes, plays a vital role
in promoting colitis repair (113). Additionally, miR-203a-3p.2
in hucMSC-derived exosomes, acts as an effective mediator
in the interaction with caspase-4 in THP-1 macrophage
pyroptosis (114).

Lung injury. Acute lung injury (ALI) and its more severe
form, acute respiratory distress syndrome (ARDS), are
characterized by widespread inflammation and injury to
the lungs, often leading to respiratory failure. Pyroptosis
is implicated in various factors-induced ALI/ARDS, such
as lipopolysaccharide and sepsis (115). Emerging evidence
suggests that pyroptosis is involved in the pathogenesis of
ALI/ARDS, contributing to the amplification of the inflam-
matory response in the lungs (116). Influenza A virus infection
triggers an exaggerated immune response in the host, leading
to caspase-3-GSDME-mediated pyroptosis of lung alveolar
epithelial cells. This process contributes to the onset of
a cytokine storm, ultimately resulting in ALI or ARDS.
Notably, BMSCs exhibit a therapeutic effect by mitigating
ALI through the inhibition of caspase-3-GSDME-mediated
pyroptosis in lung alveolar epithelial cells (117). Furthermore,
MSCs-derived exosomes play a crucial role in inhibiting
pyroptosis. This inhibition is achieved through miRNAs
targeting the caspase-1-mediated pathway and proteins with
immunoregulatory functions, thereby suppressing alveolar
macrophage pyroptosis and alleviating ALI (118). Specifically,
exosomes derived from BMSCs act as carriers for delivering
miR-125b-5p, which downregulates STAT3. This, in turn,
inhibits macrophage pyroptosis, demonstrating a potential
therapeutic avenue for alleviating sepsis-associated ALI (119).
Besides, cardiopulmonary bypass (CPB) has been widely
used to support the heart and lung during cardiac surgery. It
has been reported that BMSCs-derived exosomes ameliorate
macrophage infiltration and oxidative stress, and downregu-
late expression of pyroptosis-related proteins in CPB-ALI
model, as well as promote YAP interaction with 3-catenin and
regulate its transcription activity (120).

Silicosis is induced by prolonged inhalation of silica
particles, resulting in lung cell injury and disruptions to the
intracellular environment. It is characterized by collagen
deposition and the development of pulmonary fibrosis (121).
Pyroptosis and apoptosis play vital roles in the pathogenesis
of silicosis (122). Recently, it has been revealed that BMSCs
possess the ability to mitigate silica-induced pulmonary
fibrosis by inhibiting both apoptosis and pyroptosis (123).

Kidney injury. Acute kidney injury (AKI) is characterized by
a sudden and rapid deterioration in kidney function, leading
to an impaired ability to filter waste and fluid from the
blood (124). The involvement of pyroptosis has been recog-
nized in regulating homeostasis in kidney tissues, thus playing
a significant role in the development of AKI (125). It has been
reported that EVs released by BMSCs might carry a specific
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miR, miR-223-3p, to mitigate inflammation and pyroptosis
induced by AKI through the modulation of the HDAC2/SNRK
axis (126). Furthermore, another study has demonstrated the
beneficial effects of BMSCs in sepsis-induced AKI. These
stem cells promote mitophagy and inhibit apoptosis and
pyroptosis of renal tubular epithelial cells within kidney
tissues. This therapeutic action is attributed to the upregula-
tion of SIRT1/Parkin, which plays a crucial role in protecting
against AKI in the context of sepsis (127).

Traumatic injury. The CNS is particularly vulnerable to
external mechanical damage. Traumatic brain injury (TBI)
can result from direct impacts or blows to the head, often
caused by factors such as motor vehicle accidents, crush inju-
ries, or assaults (128). The pathophysiology of TBI involves
both primary and secondary injury mechanisms. The primary
injury occurs at the time of impact and involves mechanical
damage to brain tissue. Secondary injury mechanisms follow
the primary injury and involve processes such as inflammation,
oxidative stress and excitotoxicity. In recent developments,
exosomes derived from hucMSCs have shown significant
potential in suppressing neuron cell apoptosis, pyroptosis and
ferroptosis in cases of TBI. This therapeutic effect is mediated
through the PINK1/Parkin pathway, facilitating mitophagy,
a process that removes damaged mitochondria and aids in
cellular recovery (129).

Spinal cord injury (SCI) involves damage to the spinal
cord, leading to functional impairment. The trauma induces
a cascade of events, activating pyroptosis-related molecules
and triggering an inflammatory response. Excessive pyrop-
tosis exacerbates secondary injury processes, contributing
to tissue damage and neurological deficits. Inhibiting the
pyroptosis-regulated cell death and inflammasome compo-
nents is a promising therapeutic approach for the treatment of
SCI (130). BMSCs have been previously reported to exhibit
a promising therapeutic effect in treating SCI by mitigating
inflammasome-related pyroptosis. The underlying mechanism
involves BMSCs' exosome-derived circ_003564, a circular
RNA, which has been identified to decrease the expression of
inflammasome-related pyroptosis markers, including cleaved
caspase-1, GSDMD, NLRP3, IL-1f and IL-18 in neurons (14).
This reduction in pyroptosis markers indicates a potential
protective effect of BMSC-derived exosomal circ_003564 on
neurons in the context of SCI.

Intracerebral hemorrhage (ICH). Another cerebrovascular
disease with high morbidity and mortality is ICH, often
resulting from the rupture of blood vessels (131). Hemoglobin
and its breakdown products released from erythrocytes
during hemorrhage can activate inflammasomes, initiating the
pyroptotic pathway. Pyroptosis is strongly related to neuroin-
flammation, which plays a crucial role in the pathophysiological
processes of secondary brain injury after ICH. Pyroptosis
causes the releases of inflammatory cytokines and DAMPs
can exacerbate neuronal injury and affect surrounding tissue.
It has been reported that stem cell-derived exosomes have
demonstrated a protective effect in ICH by inhibiting pyrop-
tosis. Specifically, exosomal miR-23b from BMSCs exhibits
antioxidant properties through the inhibition of PTEN, thereby
alleviating NLRP3 inflammasome-mediated pyroptosis. This

process promotes neurologic function recovery in rats with
ICH (132).

Extensive research demonstrates their effectiveness in
treating diverse inflammation-related diseases by targeting
signals associated with inflammation and pyroptosis (Table I).
There is a basis for optimism that stem cells and the factors
they release may exert favorable effects in various other
inflammatory diseases.

8. Prospect

Stem cells are unique cells with the ability to differentiate
into various cell types and self-renew, making them an attrac-
tive option for repairing damaged or diseased tissues (133).
However, its clinical application also faces numerous chal-
lenges and risks (134). On the one hand, the potential for
tumorigenesis, particularly teratoma formation, is a signifi-
cant concern associated with the clinical use of ESCs (135).
Teratomas are tumors that contain a mixture of differentiated
tissues from all three germ layers (ectoderm, mesoderm
and endoderm). They can be benign, but they represent a
significant risk associated with the transplantation of undif-
ferentiated pluripotent cells, including ESCs (136). While ESC
therapy has immense potential, the risk of teratoma formation
underscores the importance of rigorous safety and quality
control measures in the development and application of these
therapies. Researchers and clinicians are actively working
to address these challenges to make ESC-based treatments
safer and more effective (137). On the other hand, autologous
transplantation offers the advantage of using a patient's own
cells, thereby eliminating the risk of immune rejection, but
allogeneic stem cell treatments involve donor cells and carry
a distinct set of potential risks and complications (138). These
must be carefully considered due to the inherent differences
between the donor and recipient, which include factors such
as genetic disparities, tissue compatibility and immunological
variations. Overall, ensuring the safety and efficacy of stem
cell treatments, as well as addressing issues related to immune
rejection and ethical considerations, remain important areas of
research (139).

Exosomes derived from stem cells in therapy is their
potential to overcome the limitations associated with stem cell
transplantation, such as potential immune rejection and ethical
concerns. Exosomes can be delivered directly to the target
site, and they have a lower risk of immune response compared
with whole cells. While exosomes hold great promise, further
research is needed to optimize their isolation, characterization
and therapeutic application (8). Additionally, understanding
the precise mechanisms of exosome-mediated effects will help
enhance their efficacy in stem cell-based therapy and pave the
way for more effective regenerative treatments.

The protective mechanisms employed by stem cells
are remarkably complex, and current understanding only
provides a glimpse of their full potential. In addition to
inhibiting apoptosis, stem cells have been found to suppress
pyroptosis and regulate autophagy (140,141). While they hold
great promise in therapeutic applications, stem cell therapy
is still in its nascent stages and requires extensive research
and clinical practice before it can be fully realized in clinical
settings. Creating an environment that maximizes stem cell
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Table I. Stem cells inhibit pyroptosis in inflammation-related diseases.
Pyroptotic
Classification signaling
Disease types of stem cells Targeted cells molecules Effectors (Refs.)
Osteoarthritis adMSCs Chondrocyte TNF-a sTNFR1 (32)
BMSCs Chondrocyte HDAC3 miR-326 (exosomes) (15)
hucMSCs Chondrocyte NLRP3 miR-223 (exosomes) 33)
Intervertebral MSCs Nucleus pulposus METTL14 miR-26a-5p (exosomes) 47)
disc degeneration
hucMSCs Nucleus pulposus  NLRP3 miR-410 (exosomes) ©)]
ESCs Nucleus pulposus  NLRP3 miR-302¢ (exosomes) (48)
Myocardial ischemia/ MSCs Myocardial cell NLRP3 miR-320b (exosomes) (69)
reperfusion injury Myocardial cell GSDMD miR-182-5p (exosomes) @)
hucMSCs Myocardial cell FOXO3 miR-100-5p (exosomes) (16)
Myocardial cell FOXO3a Circular non-coding RNA, (72)
circhipk3 (exosomes)
hMSCs Myocardial cell Sirtl Long non-coding RNA, (70)
KLF3-AS1 (exosomes)
adMSCs Myocardial cell Arl2 Long non-coding RNA, 71)
XIST (exosomes)
Cerebral ischemic omMSCs Microglial cells Exosomes (77,78)
stroke BMSCs PC12 cells AIM?2 miR193b-5p (exosomes) (12)
Lung ischemia- BMSCs Pulmonary CMPK?2 miR-202-5p (exosomes) (90)
reperfusion injury epithelial cells
Hepatic ischemia- adMSCs Hepatocyte NF-«B pathway Exosomes (93)
reperfusion injury and Wnt/B-catenin
pathway*
Doxorubicin-induced ESCs Myocardial cell Exosomes o7
cardiotoxicity
Drugs-induced liver ADSCs Hepatocyte Caspase-1 and (101)
injury IL-1p*
Diabetic skin wounds hfMSCs HaCaT cells NLRP3 Long non-coding RNA, (105)
H19 (exosomes)
BMSCs Bone marrow-derived (13)
mesenchymal stem
cell-conditioned medium
Diabetic kidney BMSCs Renal proximal ELAVLI miR-30e-5p (exosomes) (109)
disease tubular cells
Inflammatory bowel hucMSCs THP-1 cells and NLRP3 miR-378a-5p (exosomes) (113)
disease mouse peritoneal
macrophages
Macrophage Caspase-4 miR-203a-3p.2 (exosomes)  (114)
Acute lung injury BMSCs Lung cells YAP/B-catenin axis®  Exosomes (120)
Silicosis BMSCs Lung cells (123)
Acute kidney injury BMSCs HK-2 cells HDAC2/SNRK miR-223-3p (extracellular (126)
vesicles)
Renal tubular SIRT1/Parkin® (127)
epithelial cells
Traumatic brain injury hucMSCs Neuron PINK1/Parkin Exosomes (129)
Spinal cord injury BMSCs Neuron pathway*caspase-1,  Circular non-coding RNA,
GSDMD, NLRP3, circ_003564 (exosomes) (14)
IL-1p and IL-18*
Intracerebral BMSCs Microglial cells PTEN miR-23b (exosomes) (132)
hemorrhage

“represents an indirect effect. MSCs, mesenchymal stem cells; BMSCs, bone marrow MSCs; adMSCs, adipose-derived MSCs; hucMSCs,
human umbilical cord MSCs; hfMSCs, hair follicle MSCs; NLRP3, NOD-like receptor family, pyrin domain-containing 3; GSDMD,
gasdermin D; miR, microRNA.
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protection and harnessing their potential for therapeutic
benefits necessitate a rigorous and comprehensive approach
to furthering understanding and advancing stem cell-based
treatments.
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