
Review Article Journal of Scientific Enquiry
Vol: 6, Pages: 78-102

The pyroptosis–hypoxia axis in autoimmune and chronic inflam-
matory diseases: Emerging mechanisms and therapeutic oppor-
tunities

Maniprabha Mahato, Pallabi Mondal and Sankar Bhattacharyya⋆

Immunology and translational medicine laboratory, Department of Zoology, Sidho-Kanho-Birsha University, Pu-
rulia 723104, West Bengal, India.
⋆Corresponding Author. E-mail address: sankar-bhattacharyya@skbu.ac.in

Received: 08.06.2026; Accepted: 23.07.2026; Published online: 31.08.2026
DOI: https://doi.org/10.54280/jse.260808

Abstract: Pyroptosis, a pro-inflammatory form of programmed cell death, mediated by inflammasome activa-
tion, inflammatory caspase signalling and gasdermin mediated pore formation, performs as a critical mediator
in the progression of several autoimmune and chronic inflammatory conditions. Recent researches indicate
about an existing link between hypoxia and pyroptosis, where hypoxic microenvironment can trigger a series
of events, including reactive oxygen species (ROS) generation, increased hypoxia-inducible factor 1α (HIF-1α)
expression and inflammasome assembly and activation, leading to the pyroptotic cell death. Subsequently,
pyroptosis can amplify inflammatory signaling through the release of pro-inflammatory mediators, promoting
the activation of immune-cell, tissue injury, and persistence of the hypoxic microenvironment. The followed
inflammatory response by pyroptotic cell death leads to immune cells recruitment which further gets activated
and can elevate an autoimmune response. This review focuses on targeting the axis between pyroptosis and
hypoxia in autoimmune diseases through discussing its relevance to disease progression with particular emphasis
on emerging therapeutic strategies. Accumulating evidence emphasizes this pyroptosis-hypoxia axis as a vital
mediator of autoimmune disorders and a promising therapeutic target for alleviating inflammation and tissue
damage.

Key words: Pyroptosis, hypoxia, inflammation, autoimmune disorders, gasdermins, HIF-1α, immune system,
therapeutics.

1 Introduction

‘Programmed cell death’ is widely defined
as a broad spectrum of intrinsic genet-
ically regulated pathways through which
cells undergo its own termination. [1]
Apart from apoptosis, the widely studied
and recognized form of programmed cell
death, pyroptosis, is a comparatively re-
cently uncovered pathway has drawn a lot
of attention due to its ability to act as a
double-edged sword in tumor microenvi-
ronment (TME) modulation. [2] Pyrop-
tosis can exert tumor growth promotion
as well as metastasis; in contrast, it also
promotes the immune cell mediated tumor
cell killing in the TME. Usually, pyropto-
sis induction in TME could be validated

as a newly emerging therapeutic approach
against cancer. [3,4] In-contrast to mod-
erately elevated pyroptosis that supports
the immune mediated host defence against
invasive pathogens, unrestricted pyropto-
sis results in excessive inflammatory out-
comes, massive cell destruction and severe
tissue impairment. [5]

Pyroptosis has always been thoroughly
studied as a pro-inflammatory form of pro-
grammed cell death, and existing reviews
have provided elaborate insights into the
molecular sequence of events underlying
pyroptosis, including inflammasome acti-
vation, inflammatory caspase activation,
gasdermin mediated pore formation, and
role of pyroptosis in inflammatory disor-
ders and cancer. [6,7] In the same way, hy-

78



Mahato et al. 2026

poxia and hypoxia- inducible factor (HIF)
signalling has extensively been studied in
cancer and inflammatory disorders. [8,9]
Hypoxia is a saliant feature of tumor mi-
croenvironment and shows its influence
on immune cell function, metabolic repro-
gramming, angiogenesis and therapeutic
resistance through the both HIF depen-
dent as well as independent mechanisms.
[8,10] The role of hypoxia in autoimmune
disorders has been covered in more re-
cent reviews, showing that the alteration
in oxygen availability and HIF signalling
can modulate immune cell activation and
inflammatory responses in these autoim-
mune disorders. [10] Notably, accumulat-
ing evidence has identified a direct connec-
tion between pyroptosis and hypoxia; and
these findings suggest their interconnected
mechanisms have the ability to strengthen
the inflammatory responses. [11,12] Our
previous work on pyroptosis, primarily fo-
cused on the existing gaps in molecu-
lar mechanism of pyroptosis, its implica-
tions within the TME, while emphasizing
the potential intervention points in can-
cer therapeutics. [13] Whereas that work
established the relevance of pyroptosis in
mainly the tumor microenvironment, the
present review extends this in a different
direction through focusing on the com-
bined interplay between pyroptosis and hy-
poxia in chronic inflammatory diseases.

Despite of the fact that both of the hy-
poxia and pyroptosis mechanism have
thoroughly been linked to different au-
toimmune disorders but their com-
bined involvement following the hypoxia-
pyroptosis axis in autoimmune pathogen-
esis has gone through limited exploration.
Recent findings in both autoimmune and
non-autoimmune context have proposed
that hypoxia mediate HIF-1α signaling
might trigger inflammasome activation as
well as pyroptosis mediated cell death,
suggesting a potential yet underexplored
mechanism in autoimmune disease pro-
gression.

2 Literature search and syn-
thesis

A targeted literature search was executed
in order to find relevant evidences on
the interactions between hypoxia, HIF-
1α signaling, inflammasome activation,
and pyroptosis, with particular atten-
tion to their contributions to autoimmune
and chronic inflammatory diseases. The
search was carried out in the PubMed,
Google Scholar, Scopus and Web of sci-
ence databases. Key search terms were
used in combination, including “pyropto-
sis,” “hypoxia,” “hypoxia-inducible factor-
1α (HIF-1α),” “inflammasome,” “NLRP3
(NOD-like receptor family pyrin domain
containing 3),” “gasdermin,” “autoim-
mune diseases,” “chronic inflammatory
diseases,” “inflammation,” and “therapeu-
tic targeting.” The review was limited
to English-language publications. Because
this article is a narrative synthesis rather
than a systematic review, the purpose of
the literature search was to identify and
critically synthesize relevant, representa-
tive evidence, not to deliver an exhaustive
or quantitative appraisal of all available
studies.

3 Basic mechanism of pyrop-
tosis

The basic mechanism of pyroptosis follows
4 different pathways, the canonical path-
way, the non-canonical pathway, caspase-
3/8 mediated pathway and granzyme me-
diated pathway.
In case of canonical pathway, various
bacterial and viral signalling molecules
stimulate the cell, cause pattern recog-
nition receptors (PRRs) to assemble
with apoptosis-associated speck-like pro-
tein containing a CARD (ASC) and conse-
quently pro-caspase-1 forms the inflamma-
some. [14-23] Once the inflammasome gets
assembled, caspase-1 gets activated and
hydrolysed into two separate fragments
that gets dimerized later forming mature
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and cleaved caspase-1. [24] Caspase-1
cleaves the gasdermin D (GSDMD) at
the aspartic acid residue at position 275
(Asp275) resulting in the 31kDa N- termi-
nal fragment (N-GSDMD) and 22kDa C
terminal fragment (C-GSDMD) formation.
N-GSDMD causes the cell membrane rup-
ture forming non-selective pores and leads
to cellular swelling and ultimately pyrop-
tosis. [25,56]
The non canonical pyroptosis pathway, hu-
man caspase-4/5 along with their murine
ortholog caspase-11 directly interact with
intracellular lipopolysaccharide through
their N-terminal caspase activation and
recruitment domain (CARD), leading to
their activation. [27] Activated caspase-
4/5/11 can cleave GSDMD forming the
N-terminal fragment, which gets oligomer-
ized and translocated to
the plasma membrane where it causes pore
formation. [28] These caspase-4/5/11 do
not efficiently process pro-interleukin-1β
(pro-IL-1β) and pro interleukin 18 (pro-
IL-18), however in some cells these cy-

tokines attain maturity by following the
NLRP3/caspase-1 mediated pathway. [29]
In addition, the GSDMD cleavage leads to
K+ efflux, induces the assemble of NLRP3
inflammasome and ultimately results in
pyroptosis. [30-32]
In addition to these canonical and non-
canonical pathways, there are caspase
3/8 mediated and granzyme mediated
pathways. Caspase-3/8 mediated path-
way has been demonstrated to work
through chemotherapeutic drugs, promot-
ing caspase-3 regulated gasdermin E (GS-
DME) cleavage and forming N-terminal
GSDME and subsequent pyroptosis me-
diated tumor cell death. [33] In mouse
macrophages, there’s an expression of ef-
fector protein YopJ under Yersinia infec-
tion and this protein promote caspase-8
mediated GSDMD cleavage while inhibit-
ing TAK1 or TGF-β-activated kinase and
eventually leading to pyroptosis. [34,35]
Common pathways of pyroptosis and their
interlinked nature is represented in figure
1.

Figure 1: Mechanism of pyroptosis, following the canonical, non-canonical, caspase3/8 mediated and
granzyme mediated pathway. Modified from Mahato et al. (2027) [13].
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4 Hypoxia a potential inducer of pyroptosis

Hypoxic condition occurs when the oxygen supply is not sufficient in order to maintain
the basic cellular functionality. [36] The adenosine triphosphate (ATP) molecules play
a crucial role in maintaining the viability of brain tissue, cellular integrity and the elec-
trophysiological activity; to form these ATP molecules, brain uses up around 20 percent
of the entire oxygen supply of the body. [37] Under aerobic condition in mitochondria,
ATP is synthesized following the oxidative phosphorylation pathway. [38] A hypoxic en-
vironment disrupts the mitochondrial ATP generation and consequently it affects the ion
channel homeostasis, the mitochondrial metabolism, and causes membrane damage and
reactive oxygen species (ROS) production. [39,40]

Figure 2: Major molecular mechanisms through which hypoxia promotes pyroptosis in different cellular
conditions.

Numerous emerging evidence showed hy-
poxia has the ability to induce pyropto-
sis. [41,42] [Figure: 2] In neuronal cells,
hypoxia driven ROS production can ac-
tivate the caspase dependent gasdermins
and promote pyroptosis. [43] Following
the NLRP3 inflammasome and caspase-1
activation, chronic hypoxia triggers Gas-
dermin D (GSDMD) mediated pyropto-
sis in renal tubular epithelial cells. [44]
In CoCl2 myoblasts ROS overgeneration
caused by hypoxia, elevates NF-κB/HIF-
1α signaling pathways and results in py-
roptosis following caspase-1/GSDMD acti-
vation. [45] In intracerebral hemorrhage
(ICH) model, hypoxia preconditioning ele-
vates the functionality of olfactory mucosa
mesenchymal stem cells (OM-MSCs) and

reduce microglial pyroptosis. [46] In hy-
poxic environment, PD-L1 shows its phys-
ical interaction with p-Stat3, gets translo-
cated to nucleus and increases expression
of gasdermin C (GSDMC). Macrophage-
derived TNFα leads to GSDMC cleav-
age and caspase-8 activation, this leads to
apoptosis to pyroptosis switch of cancer
cells. [47] NLRP3 gets activated through
the direct binding of HIF-1α to the pro-
moter region of the gene, increasing avail-
ability of components needed for inflam-
masome assembly. This sensitized state
gets influenced by bacterial components
or ROS and promotes caspase-1 medi-
ated GSDMD cleavage, enhancing pyrop-
tosis mechanism. [11] Moreover, through
the modulation of caspase-8/GSDMD reg-
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ulated pathway and inflammatory media-
tors HIF-1α can trigger pyroptosis, func-
tioning simultaneously with the classical
caspase-1 regulated pathway of pyropto-
sis and exacerbating inflammation as well
as tissue damage. Pulpitis, a disease that
displays common pathological characteris-
tics with osteomyelitis like hypoxia, bacte-
rial colonization and inflammation. Here
NLRP3 activation has been demonstrated
by HIF-1α via NF-κB-signalling pathway,
therefore triggering activation of caspase-
1 and secretion of IL-1β. [48] Knocking
down of HIF-1α resulted a significant re-
duction of mRNA as well as the protein ex-
pression of pyroptosis associated molecules
like GSDMD, caspase-1, NLRP3, IL-18
and IL-1β. On the other hand, activation
of HIF-1α works in expression enhance-
ment of these proteins, aggravating the in-
flammation. [49] Considerably, salidroside
(Sa) mitigates inflammation and pyrop-
tosis of macrophage through ROS-HIF-1a
positive feedback loop disruption. By elim-
inating excess intracellular ROS, Sa shows
the antioxidant effects. This mechanism
leads to the restoration of prolyl hydrolase
(PHDs) activity and triggering the degra-
dation of HIF-1α, interrupting the posi-
tive feedback circuit and eventually limits
the downstream pyroptotic pathways acti-
vation. [50]

4.1 Oxygen as a critical regulator of
wound healing

Chronic wounds are described as wounds,
not having a usual explicit step by step
procedure of healing but are stuck in a
disorganized and self-sustaining inflamma-
tory phase. [49] Even though there can
be numerous underline reasons for chronic
wounds but majority of them follow the
same behavioural and progress pattern.
This homogeneity comes from the inte-
gral components of predominant chronic
wounds, including local hypoxic condition
in tissue, microbial colonization, the re-
peated ischaemia–reperfusion cycles cou-
pled with age-related cellular and systemic

changes etc. [51-54] Protracted wounds of-
fer a significant example of how persistent
hypoxic environment can take part in com-
promised tissue repair and chronic inflam-
mation. [55] Sustained deficiency of oxy-
gen can promote inflammasome activation
through ROS generation and thus sustain-
ing inflammatory cell death pathways. [56]
Hence, for better understanding the inter-
play between pyroptosis, hypoxia and in-
flammation, wound healing offers a rele-
vant pathological context.

Role of oxygen has been extensively doc-
umented in case of wound healing mech-
anism. Under hypoxic condition, the al-
teration in oxygen gradient elevates the
hypoxia responding pathways attempting
to restore the sufficient oxygen supply to
cells. [57] In the initial inflammatory stage,
the disrupted vascular structures neigh-
bouring the wound causes compromised
oxygen delivery and makes the wound sites
hypoxic. The situation further gets in-
tensified with the accumulating inflamma-
tory cells engaged in the healing process
having a high metabolic oxygen require-
ment. Through their localization in the
hypoxic areas, these inflammatory cells
take part in re-epithelialization, granula-
tion and various other healing mechanisms.
[58] The functionality of stromal cells also
gets affected due to this hypoxic gradi-
ent, as human dermal fibroblasts have been
shown significantly more proliferation un-
der acute hypoxic condition. [59] The se-
cretion of transforming growth factor -β1
(TGF-β1) from the stromal cells have been
increased by 9-fold once they got exposed
to hypoxic environment. [60]

This oxygen insufficiency not only trig-
ger the hypoxia- associated pathways but
also impair tissue repair mechanism, which
usually alleviate inflammatory injuries.
Compromised wound healing would accu-
mulate the damaged cells and danger asso-
ciated molecular patterns (DAMPs), which
in turn leads to inflammasome activation
and pyroptosis induction. Further ampli-
fication of local inflammation is influenced
by secretion of pro-inflammatory cytokines
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like IL-1β and IL-18, thereby sustain-
ing the hypoxia and establishing a feed-
forward loop of hypoxia, pro-inflammatory
programmed cell death and autoimmune
tissue impairment.

5 Interplay between hypoxia
and pyroptotic axis in au-
toimmune disorders

Whereas pyroptosis and hypoxia have con-
ventionally been explored as separate bi-
ological processes, according to numerous
recent researches these two distinct mech-
anisms are intertwined with each other
within the autoimmune microenvironment.
[Figure: 3] The early onset and devel-
opment of autoimmune disorders (AIDs)
have closely been linked to the hypoxic mi-
croenvironment. [61,62]
Continuous interaction between numerous

factors results in hypoxic microenviron-
ment formation. Infiltration and activa-
tion of various immune cells start includ-
ing T and B lymphocytes, macrophages,
neutrophils, myeloid derived suppressor
cells (MDSCs), once the target tissue un-
dergo destruction. These infiltrated im-
mune cells take part in hypoxic environ-
ment formation. The continuation of in-
flammatory reactions and unusual activa-
tion of immunity give rise to enhanced
oxygen uptake, ultimately aggravating hy-
poxia in local tissue. [63-65] A handful
of researches have targeted the link be-
tween hypoxia-inducible factor 1- α (HIF-
1α) and B, T lymphocytes in case of adap-
tive immunity. However existing reports
exhibited that the secretion of inflamma-
tory cytokines is modulated by HIF-1α, re-
sulting in an imbalance of Th1, Th2, Th17,
Treg cells, and CD8+ T cells, involved in
different autoimmune disorders. [61].

Figure 3: Schematic representation of interplay between Pyroptosis, hypoxia and autoimmune response..

In hypoxic microenvironment, HIF-1α in-
duced mTOR signalling pathway activa-
tion might work on the Warburg effect en-
hancement, that facilitates the upregula-
tion of glycolysis involved genes Which, in

turn promotes increased uptake and usage
of glucose by cells, coupled with the exist-
ing elevation in lactate production. [66-68]

For enhancing their ability to adapt in hy-
poxic environment, the rapidly proliferat-
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ing immune and tumor cells utilize this
metabolic reprogramming as a vital en-
ergy source. As a consequence, it might
worsen the closely linked hypoxia and un-
derlying autoimmune mechanism. [66,69]
In autoimmune disorders, angiogenesis me-
diated by HIF-1α might results in blood
perfusion enhancement within affected tis-
sue, alleviating the local hypoxia, while si-
multaneously inducing inflammatory cells
infiltration and aggravating autoimmune
responses. [70] Additionally, through the
interaction with TCR, HIF-1α-responsive
genes undergo activation, making an im-
pact on differentiation and regulation of
Th1, Th2, Th17, and Treg subsets, thus
modulating the inflammation while main-
taining immune equilibrium, and mitigat-
ing autoimmune responses.

A study showed an increase expres-
sion of BCL2/adenovirus e1B 19kDa pro-
tein interacting protein 3 (BNIP3) and
Microtubule-Associated Protein 1 Light
Chain 3 Beta was found in synovial tissue
of individual suffering from Rheumatoid
arthritis (RA). In hypoxic microenviron-
ment, fibroblast-like synoviocytes (FLS)
of RA underwent NLRP3 mediated py-
roptosis and BNIP3 mediated mitophagy.
It came across as the entire expression
of NLRP3 and BNIP3 is modulated by
hypoxia via transcription factor HIF-1.
Through reduction in intracellular ROS,
mitophagy activation efficiently showed in-
hibition of hypoxia mediated pyroptosis.
[71] Another independent research demon-
strated that by following the ROS/ G
protein-coupled receptor kinase 2 (GRK2)
/HIF-1α/NLRP3 mediated pathway, hy-
poxia triggered pyroptosis and monomeric
derivatives of paeoniflorin (MDP) showed
a successful reduction in FLS pyroptosis
through suppressing the GRK2/ HIF-1α
axis. [72] Through a dual modulation
of HIF-1α/BNIP3 regulated mitophagy
and HIF-1α/NLRP3-mediated pyroptosis,
emodin ameliorates RA progression. [73]

6 Therapeutic Targets of the
Hypoxia-Pyroptosis Axis in
Autoimmune and Chronic
Inflammatory Diseases

Accumulating reports indicate about a
close association of chronic inflammation
in autoimmune diseases and tissue hypoxia
and hypoxia-mediated signalling pathway
activation.
Uncontrolled pyroptosis might result a
chronic inflammatory response, which may
exacerbate the autoimmune disease devel-
opment. Tumor necrosis factor (TNF)
and NLRP3 tend to enhance pyroptosis
in rheumatoid arthritis (RA), aggravating
the disease. Nuclear antigen secretion in
systemic lupus erythematosus (SLE) in-
duce the disease development. Activation
of caspase-11 in primary astrocyte trigger
pyroptosis of oligodendrocytes, promoting
the multiple sclerosis (MS).

a. Rheumatoid arthritis

Hypoxia represents as a significant mi-
croenvironmental trait associated with
rheumatoid arthritis (RA). Within the RA
synovium hypoxia-inducible factors (HIF),
serving as key transcriptional regulators
exhibit their elevated expression in order
to modulate adaptive responses to this hy-
poxic environment. Numerous reports fa-
cilitate the role of hypoxia and HIFs in
modulating several significant pathophys-
iological features of RA, that covers an-
giogenesis, synovial inflammation and de-
struction to cartilage. The enhanced ex-
pression of both HIF-1α and HIF-2α in the
context of RA have been reported in both
experimental and clinical results. [74]
Accumulating evidence exhibited that dif-
ferent immune cells release various types
of immunomodulatory cytokines and infil-
trate, as well as migrate into the joints
resulting to pyroptosis elicited chronic
synovitis and degradation of cartilage.
[75,76] So, if the imbalanced “immune-
inflammation” system can be reversed,
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particularly through supressing pyropto-
sis, might be a future therapeutic strat-
egy against RA. According to a research
work, mangiferin (MG) and cinnamic acid
(CA), a combination from Baihu-Guizhi
decoction (BHGZD) which is a traditional
Chinese medicine, might show interaction
with TLR4/PI3K/AKT/NF-κB signalling
pathway in order to suppress the activa-
tion of NLRP3 inflammasome and eventu-
ally regulate pyroptosis. [77]

b. Systemic Lupus Erythematosus
(SLE)

As a typical inflammatory autoimmune
disease, Systemic Lupus Erythematosus
(SLE) is marked by antibodies produc-
tion and various tissues and organs im-
pairment, like joints, skin and kidneys.
Lupus nephritis (LN) serves as the most
complex disease in SLE and also as the
leading cause of death in lupus patients.
[78] Level of the urinary HIF-1α were el-
evated in patients with LN in compari-
son to the healthy ones and displayed its
association with estimated glomerular fil-
tration rate (eGFR) and histopathological
chronicity indexes. Another study demon-
strated HIF-1α showed higher expression
in both tubulointerstitial and glomerular
areas of LN patients and MRL/lpr lu-
pus mice. Additionally, a major enhance-
ment in intraglomerular HIF-1α+ cells
were also found. [61] If HIF-1α gene is si-
lenced in MRL/lpr mice, it can show in-
hibition in IL-17 serum, proteinuria and
anti-nucleosome antibody levels and de-
positions of IgG and C3 in kidney. In
MRL/lpr mice, inhibiting glutaminase in-
fluences the glycolysis pathway via lower-
ing the expression of HIF-1α and lowers
the CD3+CD4−CD8− T cells percentage as
well as decrease the glomerular pathology
scores. [61]
Recent studies have established a link
between pyroptosis and SLE. According
to a latest report, the SLE patients
increased expression of NLRP3 inflam-
masome related components, like mono-

cytes/macrophages, bone marrow derived
mesenchymal stem cells. In addition, ac-
tive caspase-1 content in monocytes dis-
played a positive correlation with the
anti-double-stranded DNA antibody (anti-
dsDNA Ab) titers. [79,80] These anti-
dsDNA Abs serve as hallmark antibod-
ies of SLE. The activation of NLRP3 in-
flammasome in monocyte/macrophages of
SLE patients can be induced by these anti-
dsDNA Abs antibodies; this works through
the TLR4-NF-κB signalling pathway and
production of mitochondrial ROS. [81] The
epithelial stem cells (EpSCs) having the
storage of inflammatory memories can trig-
ger the wound tissue healing. As a path-
way analysis, it showed the participation of
AIM2 inflammasome along with its down-
stream effectors IL-1β. [82] From an al-
ternative perspective, the foundation of
frequent recurrence of autoimmune der-
matological disorder like SLE might be
established by EpSCs. AIM2 inflamma-
some might have a significant role here.
Elevated P2X7 receptor (P2X7R) expres-
sion in Th17 cells from patients with SLE
has been reported and a positive corre-
lation was found with the Systemic Lu-
pus Erythematosus Disease Activity Index
(SLEDAI). [83] Apart from the pyroptotic
cell death damage, the immune mediated
inflammation in case of SLE can be en-
hanced by the intracellular components se-
creted from the pyroptotic cells. The nu-
cleus of the pyroptotic cells display chro-
matin condensation only, keeping the nu-
cleus intact without any rupture. This
may facilitate the vital pathogenic factora
antinuclear antibodies (ANA) generation
in SLE. [84,85]

c. Multiple sclerosis

Multiple sclerosis, a persistent inflamma-
tory demyelinating nervous system disor-
der, distinguished by degradation of myelin
sheath, inflammation, gliosis and axonal
injury, collectively result permanent func-
tional impairments. [86] At a very begin-
ning stage in the pathogenesis of MS, ac-
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cumulation of HIF-1α and hypoxia like tis-
sue alterations take place. [87-90] In pre-
demyelinating lesions, the HIF-1α showed
upregulated expression without any ac-
companying alterations in the normal-
appearing white matter (NAWM) of indi-
viduals with MS. [90,91] Within the spinal
cord of mice, subjected to experimental
autoimmune encephalomyelitis (EAE), ex-
pression of HIF-1α is stimulated in mi-
croglia/macrophages and astrocytes at the
peak of the disease. In alliance with this
observation, the transcriptional activity
of HIF-1α target genes, specifically iNOS
and EPO showed involvement in neuronal
damage and neuroprotection was markedly
elevated. In nervous system the function-
ality of HIF-1α can either provide protec-
tion through a survival increase in neu-
rons and oligodendrocytes, or make dam-
age through triggering BBB disruption.
[89] In astrocytes and other myeloid lin-
eages, genetic ablation of HIF-1α has no
effect on the neuroinflammatory disease
development. [92] Based on the various
sources of cells, HIF-1αmight be positively
or negatively effective in inflammatory de-
myelination. Through amplifying the in-
flammatory infiltration and BBB opening
HIF-1α can promote the disease pathogen-
esis; on the other hand, HIF-1α might also
provide protection to neuronal as well as
oligodendrocyte survival. Advanced stud-
ies that would target HIF-1α in different
glial cell types is required at this point in
order to establish the functionality of HIF-
1α in inflammatory demyelinating disease.
[93]

In case of both murine model and indi-
viduals with MS, there has been an en-
hanced expression of GSDMs, caspase-1,
NLRP3, NLRC4, ASC, IL-1β, and IL-18 in
both brain tissue and serum. [94,95] Ther-
apeutically, caspase-1 inhibition eventually
led to reduced neurodegeneration and de-
myelination and eventually pyroptosis in-
hibition in MS model. [96] Through ac-
tivating toll-like receptor (TLR4)/NF-κB
signaling pathway, high mobility group box
1 (HMGB1) can promote MS and trig-

ger pyroptosis in microglial and other cell
types. [97] Within the neuroinflammatory
microenvironment, caspase 3/7, the key
regulator of apoptosis takes part in GS-
DMD mediated microglial pyroptosis. [98]

d. Inflammatory bowel disease (IBD)

Inflammatory bowel disease (IBD), cover-
ing Crohn’s disease (CD), ulcerative colitis
are classified as chronic intestinal inflam-
mation mediated disease, distinguished by
intestinal mucosal hypoxia and compro-
mised intestinal barrier function. Elevated
HIF-1α expression was reported in M1-
type macrophages and the cells of intestine
of CD patients in comparison to healthy
controls. [99,100] The balance between
M1 and M2 macrophages and secretory
function of neutrophil is considerably im-
paired by HIF-1α/glycolytic pathway, con-
sequently affecting the colitis pathological
condition. [101-103] HIF-1α mediated IL-
1β production is facilitated by an interme-
diate metabolite of tricarboxylic acid cycle,
succinate. This mechanism also promotes
the aerobic glycolysis in M1 macrophages
preferentially support the M1 phenotype.
On the contrary, M2 macrophages pre-
dominantly adequate their energy from
oxidative phosphorylation and fatty acid
metabolism. [104]
Epithelial derived GSDMD showed ele-
vated expression in patients with IBD and
experimental colitis, indicating GSDMD
might have a vital role in IBD. [105] In
case of DSS induced colitis GSDMD per-
forms a protective role. [106] GSDMD
mediated cell pyroptosis results in form-
ing pores in cell membrane, which leads
to ionic fluxes. [31] Potassium (K+) efflux
from cells results in inhibition of cytosolic
DNA (DAMP)-mediated cGAS signalling.
[107] In dextran sulfate sodium (DSS) in-
duced model of colitis, damaged caused in
the epithelial lining permits the intestinal
pathogens to get through mucosa and in-
ducing acute inflammation in lamina pro-
pria. [108] Moreover, cyclic dinucleotides
or CDNs can be secreted from both ex-
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tracellular bacteria and cells undergoing
death. These CDNs further induces cGAS-
STING signalling mediated activation of
NF- κB, and transcription factors IRF3;
resulting in cytokine production and ulti-
mately promoting inflammatory responses.
[109]

e. Tumor microenvironment

Though the primary focus of the review is
the interplay between hypoxia, inflamma-
tion, and pyroptosis in autoimmune and
chronic inflammatory diseases, cancer is
discussed as a comparative model to pro-
vide mechanistic and therapeutic insights.
The TME is an extensively studied en-
vironment, where hypoxia, inflammatory
signalling, tumor and immune cell inter-
actions tend to modulate pyroptotic re-
sponses. Many of these mechanisms may
also be relevant when considering autoim-
mune and chronic inflammatory diseases,
where prolonged inflammation, disrupted
tissue oxygenation, and impaired immune
responses may also modulate cell death
pathways. Accordingly, the discussion of
cancer-related mechanisms is added with
the intention of complementing the un-
derstanding of hypoxia-associated pyrop-
tosis in autoimmune and chronic inflam-
matory diseases while highlighting con-
served mechanisms and potential thera-
peutic strategies.
As hypoxia facilitates tumor growth and
cancer progression, the enhancement of
TME oxygen concentration is crucial.
Generally, the blood vessels formed in can-
cers are impaired and non-functional, yet
the increased vessels formation in cancer
leads to increased oxygen supply in the
TME. [110] Oxygen delivery to tumor, fol-
lowing the intravenous route is not practi-
cal due to the less solubility of oxygen in
blood and the associated risk of systemic
ROS exposure. [111] Pharmacological va-
sodilation has been proposed in order to
increase the supply of oxygen via enhanc-
ing blood flow, however this precise modu-
lation of blood flow to tumor tissue is dif-

ficult to accomplish. [112]

In numerous targeted cancers, such as col-
orectal cancer, pancreatic ductal adenocar-
cinoma, melanoma, fibrosarcoma, usage of
nano and bio-based approaches have been
established in order to transport oxygen
generators to produce sufficient oxygen.
This facilitates drug delivery and shows
a considerable improvement in therapeu-
tic efficacy of chemotherapy, radiotherapy
and immunotherapy. [113-116]] However,
due to excessive generation of ROS, follow-
ing the reoxygenation leads to DNA dam-
age and eventually cell death. Though the
damage faced by neighbouring normal cells
is worth concerning. Inhibiting the hy-
poxia regulated HIF as well as its down-
stream targeted genes has

come out as a successful approach. Such
as, in HCC cells, HIF-1/2-regulated gene
expression is inhibited by 32-134D; also
resulted enhancement in HCC elimination
rate (from 25% to 67%), when combined
with anti-PD1 in murine model. [117] In-
hibition of HIF-1/2α mechanism as well
as expression of their downstream tar-
get genes are accomplished by both HIF-
1α inhibitors, including bortezomib (PS-
341), topotecan and HIF-2α inhibitors,
including PT2399, PT2385 and PT2977.
[118,119] The level of VEGF in circulat-
ing cancer cells are decreased by these
inhibitors; resulting in inhibition of tu-
mor angiogenesis and enhancement of
chemotherapeutic drug effectiveness, act-
ing as a barrier in cell proliferation in col-
orectal cancer. [120-122] In case of in vivo
studies, reduced hypoxia in TME leads
to immune checkpoint blockade (ICB) ef-
ficacy against cancer progression. In can-
cer cells MHC-1 expression is upregulated
by hyperoxia, inducing anticancer effects of
NK cells, elevating the T-cell mediated cy-
totoxicity, [116] and inhibiting the release
of MDSC-derived exosomes, thereby atten-
uating cancer cell stemness. [113,123] Re-
stricting the HIF pathway regulated PD-
L1 acts as a vital measure for increas-
ing immune cancer responses. Inhibiting
the HIF-1α synthesis contributes to sup-
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pressed expression of PD-L1 and induc-
tion of its lysosomal degradation, elevat-
ing CTLs mediated tumor cell killing. An
improvement in survival of patients was
accomplished by HIF-1α deletion in NK
cells via triggering the NF-κB mediated
pathway, followed by elevating the effector
molecules (IL-18) expression. [124,125]
As a double-edged sword, pyroptosis is as-
sociated with inducing tumor growth and
metastasis; on the other hand, it works in
enhancing the immune cell mediated tu-
mor cell killing. Usually, pyroptosis induc-
tion in TME might act as a future thera-
peutic strategy against cancer. [3,4]
The TME establishes a multiplex of sys-
tem, where tumor cells show significant in-
teraction with both immune cells and stro-
mal cells. [126] Simultaneously the in-
teraction between immune infiltrated cells
and the existing immune cells of the TME
is also significant because it can influ-
ence the fate of tumor progression. [127]
The inflammatory TME has complex re-
sponse to the immune checkpoint inhi-
bition therapy. Through pyroptosis in-
duction, ‘cold’ tumors can convert into
‘hot’ tumor, resulting in microenvironment
alteration and tumor-infiltrating lympho-
cytes (TILs) infiltration. [128,129] Pyrop-
tosis mediated immune response includes
a lengthy mechanism, starting from the
secretion of damage associated molecular
patterns (DAMPs) and other inflamma-
tory modulators which shows direct regu-
lation of immune response, elevating adap-
tive immune cell
recruitment with escalated antigen presen-

tation and activation of TLR, ultimately
resulting in amplified immune responses.
[130] Resolving the complicated pyrop-
totic mechanism and the exact molecular
mechanism involved in alteration of TME
might contribute to future therapeutics.
[131,132]
In particular contexts, pyroptosis medi-
ated inflammatory cell death (ICD) might
also be pro-tumorigenic. This displays
consistency with complex inflammatory
roles in both triggering as well as inhibit-
ing tumor progression, proposing that the
time, level and pyroptosis induction com-
ponents are in requirement of strict regu-
lation. As a main alarmin HMGB1 are se-
creted by cells undergoing pyroptosis, can
induce the survival of tumor cells, indicat-
ing HMGB1 driven MDSCs accumulation
via triggering autophagy, and consequently
maintaining viability of MDSCs. [133-135]
Additionally, HMGB1 shows immune sup-
pression enhancement of MDSCs via in-
ducing the differentiation from bone mar-
row progenitor cells and suppressive func-
tion on activation of CD4+ and CD8+ T
cells. [136] When combined with other in-
flammatory cytokines, IL-18 shows anti-
tumor activity. In absence of additional
cytokine signals, the induction of Th2 re-
sponses and angiogenesis can also be in-
duced by IL-18, leading to elevated mi-
gration and invasion in tumors. [137] Ta-
ble 1 Summarizes the key regulators of the
pyroptosis-hypoxia axis: mechanisms, dis-
ease associations, and therapeutic implica-
tions.

7 Discussion and conclusion

In our previous review, we pointed out
several unresolved questions regarding the
regulation and context-specific outcomes
of pyroptosis in cancer [13]. Many of
these knowledge gaps remain relevant to
autoimmune diseases as well, particularly
concerning the exact molecular mecha-
nisms through which environmental stres-

sors such as hypoxia modulate inflamma-
some activation, gasdermin-mediated pore
formation, and the downstream inflamma-
tory responses.

As per accumulating evidence there’s a
crucial link between pyroptosis and hy-
poxia and this interconnection shows sig-
nificant contribution in autoimmune dis-
ease progression. [61] Limited oxygen
availability might lead to the induction
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in mitochondrial dysfunction and excessive
ROS production, which may contribute
in HIF-1α stabilization and inflammatory
signalling pathways activation. HIF-1α
further shows its interaction with NF-κB-
dependent signalling pathway and might
promote the activation of inflammasome
components, particularly NLRP3 [61] [Fig-
ure: 2]. This sensitized state gets in-
fluenced by bacterial components or ROS
and promotes caspase-1 mediated GSDMD
cleavage, enhancing pyroptosis mechanism
and subsequent release of pro- inflamma-
tory mediators like IL-1β and IL-18. [173]
Thus, hypoxia, HIF-1α signalling, inflam-
masome activation, and pyroptosis can
be considered as interrelated elements of
an inflammatory signalling network. [72]
Notably, this connection might a self-
reinforcing inflammatory loop within the
TME. Hypoxia-mediated ROS and HIF-
1α- connected inflammatory signalling can
trigger the activation of inflammasome and
pyroptosis, while this pro-inflammatory
form of programmed cell death further
modulates the microenvironment helping
in sustaining the inflammation [72] [Fig-
ure: 3]. HIF signalling, the NLRP3 inflam-
masome, caspase-1, GSDMD might act
as potential therapeutic targets; however,
their precise contributions and therapeutic
windows require further investigation.

Despite of the new emerging researches
linking pyroptosis and hypoxia, numer-
ous limitations like the HIF-1α signalling
might vary in different cellular as well
as disease context, uncontrolled pyropto-
sis might lead to tissue injury, limited evi-
dence supporting the therapeutic targeting
of the complete hypoxia-pyroptosis axis etc
remain unresolved. Further studies are re-
quired at this point to validate these mech-
anisms in clinically relevant models and
patient samples.

Getting more insights into this pyroptosis-
hypoxia axis gives significant perception
into autoimmune disease pathogenesis and
opens door for new targeted therapeutics.
Mechanisms aimed at modulation of this
cycle, through modulation of pyroptotic or

hypoxia signalling might offer promising
future therapeutics.

Authors contribution

MM prepared the original draft, collected all lit-
erature and performed data mining. PM helped
with data mining and visualization of concept.
SB conceived the original concept, supervised
the manuscript preparation and edited the draft
manuscript and prepared final manuscript. This
version of the manuscript is agreed upon by all
authors.

Declaration from Authors

Authors declare no conflict of interest. Authors
also declare that the manuscript is hitherto un-
published and no paper mill service involved in
preparation of the manuscript and LLM AI tools
were not used for generation of the concept, struc-
ture of the manuscript, collection and evaluation
of data.

References

[1] Fink, S. L., & Cookson, B. T. (2005).
Apoptosis, pyroptosis, and necrosis: mech-
anistic description of dead and dying
eukaryotic cells. Infection and immunity,
73(4), 1907–1916. https://doi.org/10.

1128/IAI.73.4.1907-1916.2005

[2] Liu, Z., Wang, C., & Lin, C. (2023). Pyropto-
sis as a double-edged sword: The pathogenic
and therapeutic roles in inflammatory dis-
eases and cancers. Life Sciences, 318, 121498.

[3] You, H. M., Wang, L., Meng, H. W.,
Huang, C., Fang, G. Y., & Li, J.
(2023). Pyroptosis: shedding light on
the mechanisms and links with cancers.
Frontiers in immunology, 14, 1290885.
https://doi.org/10.3389/fimmu.2023.1290885

[4] Wang, L., Qin, X., Liang, J., & Ge,
P. (2021). Induction of Pyroptosis: A
Promising Strategy for Cancer Treat-
ment. Frontiers in oncology, 11, 635774.
https://doi.org/10.3389/fonc.2021.635774

[5] Zhang, Y., Zhao, D., Wang, T., Li, P.,
Yu, D., Gao, H., Zhao, M., Qin, L., &
Zhang, K. (2025). Pyroptosis, a double-
edged sword during pathogen infection: a
review. Cell death discovery, 11(1), 289.
https://doi.org/10.1038/s41420-025-02579-6

91 J. Sci. Enq., 2026, 6(1) DOI: https://doi.org/10.54280/jse.260808 ©2026 Sidho-Kanho-Birsha University

https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1128/IAI.73.4.1907-1916.2005


Mahato et al. 2026

[6] Bai, Y., Pan, Y., & Liu, X. (2025).
Mechanistic insights into gasdermin-
mediated pyroptosis. Nature reviews.
Molecular cell biology, 26(7), 501–521.
https://doi.org/10.1038/s41580-025-00837-0

[7] Liu, Y., Pan, R., Ouyang, Y., Gu, W.,
Xiao, T., Yang, H., Tang, L., Wang, H.,
Xiang, B., & Chen, P. (2024). Pyroptosis
in health and disease: mechanisms, regula-
tion and clinical perspective. Signal trans-
duction and targeted therapy, 9(1), 245.
https://doi.org/10.1038/s41392-024-01958-2

[8] Singleton, D. C., Macann, A., & Wil-
son, W. R. (2021). Therapeutic target-
ing of the hypoxic tumour microenvi-
ronment. Nature reviews. Clinical oncol-
ogy, 18(12), 751-772. https://doi.org/10.
1038/s41571-021-00539-4

[9] Biddlestone, J., Bandarra, D., & Rocha,
S. (2015). The role of hypoxia in inflam-
matory disease (review). International jour-
nal of molecular medicine, 35(4), 859–869.
https://doi.org/10.3892/ijmm.2015.2079]

[10] LaGory, E. L., & Giaccia, A. J. (2016). The
ever-expanding role of HIF in tumour and
stromal biology. Nature cell biology, 18(4),
356–365. https://doi.org/10.1038/ncb3330

[11] Meybodi, S. M., Ejlalidiz, M., Manshadi,
M. R., Raeisi, M., Zarin, M., Kalhor, Z.,
Saberiyan, M., & Hamblin, M. R. (2024).
Crosstalk between hypoxia-induced py-
roptosis and immune escape in cancer:
From mechanisms to therapy. Critical re-
views in oncology/hematology, 197, 104340.
https://doi.org/10.1016/j.critrevonc.2024.104340

[12] Jiang, Q., Geng, X., Warren, J., Eugene Paul
Cosky, E., Kaura, S., Stone, C., Li, F., &
Ding, Y. (2020). Hypoxia Inducible Factor-1α
(HIF-1α) Mediates NLRP3 Inflammasome-
Dependent-Pyroptotic and Apoptotic Cell
Death Following Ischemic Stroke. Neuro-
science, 448, 126–139. https://doi.org/10.
1016/j.neuroscience.2020.09.036

[13] Mahato, M., Mondal, P., & Bhattacharyya,
S. (2026). Critical Insight into the Relation-
ship and Dynamic Complexity of Pyropto-
sis and Inflammation in Cancer Microenvi-
ronment: Potential Multifaceted Intervention
Points in Tumor Immunotherapy. Bratislava
Medical Journal, 1-33

[14] Shi, J., Zhao, Y., Wang, K., Shi, X., Wang,
Y., Huang, H., Zhuang, Y., Cai, T., Wang,
F., & Shao, F. (2015). Cleavage of GSDMD

by inflammatory caspases determines pyrop-
totic cell death. Nature, 526(7575), 660–665.
https://doi.org/10.1038/nature15514

[15] Miao, E. A., Leaf, I. A., Treuting, P. M.,
Mao, D. P., Dors, M., Sarkar, A., Warren,
S. E., Wewers, M. D., & Aderem, A. (2010).
Caspase-1-induced pyroptosis is an innate im-
mune effector mechanism against intracel-
lular bacteria. Nature immunology, 11(12),
1136–1142. https://doi.org/10.1038/ni.1960

[16] Hara, H., Seregin, S. S., Yang, D.,
Fukase, K., Chamaillard, M., Alnemri,
E. S., Inohara, N., Chen, G. Y., &
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