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Abstract

Sepsis has undergone a paradigm shift from isolated cytokine-driven models to integrated cellular fate
decisions. A key clinical hallmark is the transition from early hyperinflammation to late
immunosuppression, which is fundamentally linked to the functional exhaustion and massive depletion of
CD4"* T cells. Here, we propose a testable two-hit model for sepsis-induced CD4* T cell death and
immune failure. In this model, the combined failure of mitochondrial quality control (MQC) and
dysregulated iron/copper homeostasis constitutes the first hit — a catastrophic intracellular priming
event characterized by oxidative stress and activation of metal-dependent death pathways (ferroptosis,
cuproptosis) — which lowers the threshold for subsequent activation of the cell death network. The
second hit is provided by aberrant cytosolic nucleic acid sensing via Z-DNA binding protein 1 (ZBP1),
amplified by interferon signaling and the septic cytokine milieu, which directly drives PANoptosome
assembly and execution of PANoptosis — an integrated cell death program encompassing pyroptosis,
apoptosis, and necroptosis. Recent direct in vivo evidence demonstrates that Nuclear FMR1 Interacting
Protein 1 (NUFIP1)-mediated ribophagy alleviates ZBP1-driven PANoptosome assembly in septic CD4*
T cells via the cGAS-STING pathway. However, the role of the IL-6/JAK/STAT3 axis remains
contentious: although it can promote RIPKI-dependent PANoptosome assembly under certain
experimental conditions, its blockade shows divergent outcomes across sepsis models, suggesting
context-dependent rather than universal pro-death activity. We hypothesize that IL-6/JAK/STAT3
signaling functions as a context-dependent amplifier rather than a universal trigger, shifting from
homeostatic protection to pro-death priming under conditions of MQC failure and NAD* depletion.
Importantly, throughout this review we explicitly distinguish mechanisms that have been directly
validated in primary septic CD4* T cells (Level A evidence) from those extrapolated from parenchymal
or myeloid cell systems (Levels B-D), with the IL-6/JAK/STAT3-RIPK1 axis in T cells representing a
testable hypothesis (Level D) that requires dedicated experimental validation. Finally, we outline a
precision medicine roadmap guided by multidimensional biomarkers and phase-specific, combination
regimens targeting distinct components of the MQC-Metal-PANoptosis axis. This model provides a
rationale for biomarker-guided, phase-specific therapy in sepsis and highlights key experimental questions
that must be addressed before clinical translation.
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1. Introduction: The Evolution from Single Mediators to an Integrated Network
Paradigm
Sepsis is defined as life-threatening organ  remains unacceptably high, ranging from 15% to 30%

dysfunction caused by a dysregulated host responseto  in high-income countries and even higher in low-
infectionl!l. Despite decades of research, mortality = resource settingsl?l. The failure of over 100 clinical
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trials targeting single inflammatory mediators (e.g.,
TNEF-a, IL-1p, IL-6) has compelled a fundamental re-
evaluation of the disease model®4, particularly
questioning whether mediators like IL-6 act as direct
death triggers or as part of a permissive, amplifying
milieu. Sepsis is not a linearly driven
hyperinflammatory state but a dynamic syndrome
involving widespread dysregulation of immune,
metabolic,  coagulation, and  neuroendocrine
systems/56l.

Consequently, research focus has shifted from
cytokines themselves to the functional state and fate
decisions of immune cells. The exhaustion and
massive death of innate and adaptive populations —
notably CD4" T cells — together with parenchymal
organ injury constitute the cellular basis of immune
paralysis and multi-organ dysfunctionl”3l.
Mitochondria have emerged as central integrators of
stress signals (pathogen-associated molecular patterns

(PAMPs), damage-associated molecular patterns
(DAMPs), hypoxia, nutrient deprivation). Their
functional status critically determines cellular

metabolic adaptability and survival.

Maintaining mitochondrial health relies on a
sophisticated Mitochondrial Quality Control (MQC)
system encompassing dynamics (fusion/fission),
mitophagy, biogenesis, and intra-mitochondrial
proteostasis. In sepsis, MQC is globally dysregulated:
excessive dynamin-related protein 1 (Drpl)-mediated
fission leads to fragmentation, PTEN-induced putative
kinase 1 (PINK1)/Parkin mitophagy is often impaired
in later stages, and biogenesis is suppressed[®10. This
failure prevents clearance of damaged mitochondria,
transforming them into persistent sources of reactive
oxygen species (ROS) and pro-death signals.

Intricately linked to MQC disruption is the
collapse of intracellular metal ion homeostasis,
particularly iron and copper. Inflammatory signals

(e.g., IL-6/STAT3) drive hepcidin upregulation,
causing intracellular iron overload in tissue
macrophages and parenchymal cells(1112],

Concurrently, copper transport is perturbed, leading
to abnormal mitochondrial copper accumulation.
These abnormalities trigger metabolic cell death
forms: ferroptosis (iron-dependent lipid
peroxidation)314,  cuproptosis  (copper-induced
aggregation of lipoylated mitochondrial proteins)3],
disulfidptosis (NADPH depletion)['?], parthanatos
(PARP overactivation)['”], and pyroptosis
(inflammasome-mediated)!'8l. These programs are not
isolated — they dynamically crosstalk with classical
apoptosis and necroptosis, culminating in an
integrated death network. A pivotal manifestation is
PANoptosis, a coordinated cell death pathway driven

by multifaceted molecular platforms known as
PANoptosomesl19-211,

A key unresolved question is how the IL-
6/JAK/STATS3 axis, a hallmark of the septic cytokine
storm, contributes to cell death. We hypothesize that it
acts not as a direct pro-death trigger but as a
permissive and amplifying inflammatory milieul?>241,
Specifically, the combination of MQC failure and
metal-induced stress represents a catastrophic
intracellular priming event (Hit 1) that lowers the
threshold for death network activation. A second,
independent triggering event (Hit 2) would then be
required: the sensing of cytosolic nucleic acids
(mtDNA, Z-RNA) by master sensors such as ZBP1,
amplified by interferon signaling. In this model,
sustained IL-6/JAK/STAT3 signaling does not
directly execute cell death but amplifies mitochondrial
ROS production and NLR family pyrin domain
containing 3 (NLRP3) inflammasome activity, thereby
facilitating PANoptosome assembly when ribophagy-
mediated clearance is impaired.

The IL-6/JAK/STAT3 axis: divergent evidence
across sepsis models. A critical unresolved question is
whether IL-6/JAK/STAT3 signaling acts as a direct
trigger or a permissive amplifier of PANoptosis. A
recent study by Kang!®! et al. provided direct evidence
that elevated IL-6 activates the JAKs/STAT3 pathway,
promoting RIPK1 phosphorylation and
PANoptosome formation in CD4* T cells from sepsis
patients. Treatment with the STAT3 inhibitor Stattic
reduced p-RIPK1 levels, and the RIPK1 inhibitor Nec-
1 downregulated PANoptosis-related proteins and
disrupted ASC/Caspase-8/RIPK3 co-localization,
confirming that IL-6/JAKs/STAT3 drives CD4" T cell
PANoptosis through RIPK1-PANoptosome assembly.
However, IL-6 blockade has yielded divergent
outcomes across sepsis models: in CLP models, IL-6
neutralization partially rescued CD4* T cell depletion
and reduced lymphocyte apoptosis, whereas in
endotoxemia models, IL-6 inhibition showed limited
efficacy. Moreover, IL-6/PD-1 dual blockade in CLP
models reduced neutrophil infiltration and
lymphocyte apoptosis but did not achieve statistically
significant survival improvement (75.0% vs. 91.7%, p
= 0.164)[2]. These discrepancies suggest that while IL-
6/JAK/STAT3 signaling can directly promote
PANoptosome assembly under certain conditions, its
net pro-death effect may require a permissive
intracellular context — specifically, MQC failure and
metabolic stress that lower the threshold for RIPK1
activation. We  therefore propose that IL-
6/JAK/STAT3 signaling functions as a context-
dependent amplifier and trigger rather than a
universal driver, and its net effect is determined by the
baseline metabolic and redox state of the target cell.
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Recent direct evidence supports the occurrence of
PANoptosis in septic T cells: CD4* T lymphocyte
PANoptosis has been demonstrated in both CLP mice
and septic patients, identifying NUFIP1-mediated
ribophagy as a protective mechanism that restrains
ZBP1-PANoptosome formation via the cGAS-STING
pathway™®l. This finding confirms PANoptosis in
septic T cells but does not yet elucidate whether the IL-
6/JAK/STAT3-RIPK1 axis is the principal trigger;
therefore, this specific mechanistic link requires
dedicated testing.

Search strategy and evidence grading. This
review is based on a systematic literature search of
PubMed, Web of Science, and Scopus databases up to
March 2026, using keywords including 'sepsis',
'mitochondrial quality control', 'ferroptosis’,
'cuproptosis’, 'PANoptosis', 'ZBP1', ' CD4* T cell,
ribophagy', and 'NUFIP1. Only peer-reviewed
original research and review articles in English were
included. Throughout this review, we adopt the
following evidence grading to help readers
distinguish  established facts from speculative
extrapolations: (Level A) direct in vivo evidence in
septic models (human or animal); (Level B) in vitro
evidence in sepsis-relevant cell systems; (Level C)
evidence from non-sepsis models with plausible
relevance; (Level D) theoretical inference/hypothesis.
This grading is applied explicitly in Tables 1 and 2 and
signaled in the text by terms such as 'demonstrated'
(Level A), 'suggested' (Level B), 'inferred' (Level C),
and 'hypothesized' (Level D).

2. Mitochondrial Quality Control in
Sepsis: The Priming Platform for Death
Networks

2.1 Dynamics Imbalance: From
Fragmentation to Functional Collapse

Mitochondria exist in a dynamic network
undergoing fission (Drpl, Mff, Fisl) and fusion
(Mfn1/2, OPA1)[?2I. In sepsis, this balance is severely
tipped toward excessive fission. Inflammatory signals
such as TNF-a and ROS activate kinases that
phosphorylate Drpl at Ser616, promoting its
translocation to the outer mitochondrial membranel®l,
Concurrently, fusion protein expression is
downregulated®ll. The resulting fragmentation leads
to impaired oxidative phosphorylation, ATP
depletion, and increased ROS productionl®l.
Fragmented mitochondria are more prone to outer
membrane permeabilization (MOMP), releasing pro-
death factors (cytochrome c, apoptosis-inducing factor
(AIF))B3l. Moreover, Drpl-mediated fission actively
promotes ferroptosis by facilitating lipid peroxidation

aggregation®!, and fragmented mitochondria readily
release DAMPs like mtDNA, which activate cGAS-
STING and NLRP3 inflammasomesl®3¢l. Recent
studies have established that mtDNA release from
fragmented mitochondria is a key driver of NLRP3
inflammasome activation in septic macrophages!3>3l.

2.2 Mitophagy: From Protective Clearance to
Flux Arrest

Mitophagy is primarily regulated by the
PINK1/Parkin pathway and receptor-mediated
pathways (BCL2 interacting protein 3 (BNIP3), FUN14
domain containing 1 (FUNDC1), BCL2 interacting
protein 3 like (NIX))®71. In sepsis, mitophagy exhibits a
biphasic dynamic. During early compensation, PINK1
accumulates on depolarized mitochondria, recruits
Parkin, and promotes autophagic clearance —
considered protective. However, as sepsis progresses,
lysosomal function becomes impaired due to
inadequate acidification or lysosomal membrane
permeabilizationl®®], blocking autophagic flux. The
persistent presence of severely damaged mitochondria
turns them into chronic sources of ROS and pro-death
factors. Furthermore, clearing iron-laden
mitochondria via mitophagy is an important anti-
ferroptotic mechanism; conversely, during ferroptosis
execution, lipid peroxidation can damage lysosomal
membranes, exacerbating flux arrest and forming a
vicious cyclel3%40],

2.3 Biogenesis and Proteostasis: Failure of
Repair Capacity

Normally, cells initiate biogenesis via the PGC-
la/NRF-1/Tfam network to replenish healthy
mitochondrial®ll. In sepsis, persistent inflammation
and oxidative stress suppress biogenesis, leading to a
net decline in mitochondrial massi2l. The
mitochondrial unfolded protein response (UPRmt) is
overwhelmed, resulting in accumulation of misfolded
proteins and further functional impairment*3l. This
failure of repair capacity renders cells unable to
recover from even minor additional insults.

2.4 MQC as the Integrator: The “Two-Hit”
Model for PANoptosis

MQC does not operate in isolation. A well-fused
network favors efficient oxidative phosphorylation,
whereas fragmentation coincides with a shift toward
glycolysisi*4l. Mitophagy regulates the intracellular
labile iron pool, and biogenesis determines ATP
maintenance potential. We propose that MQC
collapse, acting in concert with metal-induced
oxidative and proteotoxic stress (Section 3), creates a
state of profound metabolic vulnerability — the
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priming hit (Hit 1). This primed state lowers the
bioenergetic and redox threshold for death network
activation without necessarily committing the cell to
execution. The sustained IL-6/JAK/STAT3-driven
cytokine storm further amplifies this primed state by
exacerbating mitochondrial ROS production and
NLRP3  inflammasome priming. A  second,
qualitatively distinct triggering hit — aberrant sensing
of cytosolic nucleic acids (mtDNA, Z-RNA) by ZBP1
— directly nucleates PANoptosome assembly. Recent
evidence suggests that intact ribophagy serves as a
buffer against this transition, whereas its failure is a
prerequisite for full-blown PANoptosome
activation(?l.

We propose that MQC failure and metal
dyshomeostasis represent parallel but synergistic
responses to the same initial septic insult, rather than
a strictly sequential cascade. Both are triggered
concurrently by the inflammatory cytokine storm

(particularly IL-6/STAT3-driven hepcidin
upregulation and ROS-mediated mitochondrial
damage). However, their kinetics may differ:

mitochondrial fragmentation and ROS production
occur within hours of sepsis onset, whereas iron
accumulation via hepcidin-ferroportin dysregulation
may require 12-24 hours to reach pathological levels.
This temporal offset creates a widening window of
vulnerability during which the cell is progressively
primed for death. The critical point at which priming
becomes irreversible — the 'tipping point' — remains
to be defined and likely varies across cell types and
organs.

The 'two-hit' concept in sepsis: independent
experimental validation. The 'two-hit' model has been
increasingly recognized in sepsis research. Endothelial
cells have been shown to retain inflammatory memory
through chromatin remodeling in a two-hit model of
infection-induced inflammation, where an initial
inflammatory exposure primes the endothelium for
exaggerated responses to future inflammation3l. A
clinically relevant two-hit mouse model — cecal
ligation and puncture (CLP) followed by mild
Streptococcus pneumoniae infection in CLP survivors
— has been established to study endothelial
inflammatory memoryl. Additionally, a two-hit
murine model of sepsis-induced lung injury has been
developed  that  effectively  replicates  the
pathophysiological features of clinical sepsisl*l. These
findings provide independent validation for the
conceptual framework of our proposed two-hit model
— wherein an initial priming insult (MQC failure and
metal dyshomeostasis) establishes a state of enhanced
vulnerability, and a subsequent triggering event
(ZBP1-mediated nucleic acid sensing) drives the
execution of PANoptosis.

3. Disruption of Metal Homeostasis:
Catalysts of Metabolic Cell Death

3.1 Iron Dysregulation and Ferroptosis

Systemic iron redistribution is a hallmark of
sepsis. Hepatic synthesis of hepcidin increases
dramatically, driven largely by IL-6/STAT3
signalingl'l. Hepcidin binds to ferroportin on
enterocytes and macrophages, inducing its
internalization and degradation. This creates “anemia
with low serum iron, but iron accumulation within
tissue macrophages.” Inflammatory cytokines (TNF-a,
IL-6) increase expression of transferrin receptor 1

(TfR1) on parenchymal cells and activated
lymphocytes, enhancing iron uptakel#’l.
Intracellularly, Nuclear Receptor Coactivator 4

(NCOA4) acts as a cargo receptor for ferritinophagy,
releasing stored iron into the labile iron pool (LIP)“0.
Additionally, heme oxygenase-1 (HO-1) releases iron
from heme. Excess free Fe?* catalyzes the Fenton
reaction, generating hydroxyl radicals, and serves as
an essential cofactor for lipoxygenase enzymes (e.g.,
arachidonate 15-lipoxygenase (ALOX15)) that catalyze
lipid peroxidation — the biochemical core of
ferroptosisi*sl. The NCOA4-ferritinophagy-ferroptosis
axis has now been directly validated in multiple septic
organ injury models, including sepsis-induced liver
injury, septic ARDS, and septic lung injury*-511.

3.2 Copper Dysregulation and Cuproptosis

Until recently, direct in wvivo evidence for
cuproptosis in sepsis was limited. Recent studies have
provided organ-specific evidence: ferredoxin 1 (FDX1)
and dihydrolipoamide S-acetyltransferase (DLAT)
have been identified as key cuproptosis-related
biomarkers in septic cardiomyopathy, and myocardial
copper accumulation with cuproptosis regulator
dysregulation has been confirmed in CLP models[5254l.
Cuproptosis has also been implicated in sepsis-
associated acute kidney injury and
encephalopathyl®>5l.  These findings establish
cuproptosis as a genuine contributor to sepsis-induced
organ damage, although comprehensive validation
across all organ systems and prospective clinical
confirmation are still needed.

The execution mechanism of cuproptosis
depends on reduction of Cu?* to Cu' by the
mitochondrial ferredoxin FDX157. FDX1 also
regulates protein lipoylation. Excess mitochondrial
Cu* binds lipoylated dihydrolipoamide moieties of
TCA cycle enzymes (DLAT, dihydrolipoamide S-
succinyltransferase  (DLST)), inducing aberrant
oligomerization and aggregation. Concurrently,
copper accumulation interferes with Fe-S cluster
proteins, disrupting electron transport chain
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complexes®l. For highly metabolically active cells
such as memory T cells, this dual disruption
(proteotoxic stress and ETC collapse) would equate to
metabolic paralysis — a hypothesis that remains to be
tested in sepsis models[>601.

Expression of cuproptosis-related genes in CD4*
T cells: emerging evidence. While cuproptosis has
been confirmed in septic cardiomyopathy and acute
kidney injury, its relevance to CD4* T cells has
remained speculative until recently. A 2024 study in
septic patients demonstrated that diminished
expression of glutaminase (GLS) in CD4" T cells serves
as a prognostic indicator associated with
cuproptosisl®l. Importantly, the reversible nature of
alterations in FDX1 and LIAS was demonstrated
through copper chelation. Furthermore, single-cell
RNA-seq analysis identified LIPT1-CD4* memory
resting T cells as the most positively correlated
cuproptosis-related gene-immunocyte pair, and key
cuproptosis-related genes showed major distribution
in T cells at the single-cell RNA levell®l. However,
direct evidence for FDX1 protein expression and
lipoylated TCA cycle enzyme activity in septic CD4* T
cells — particularly in comparison to highly metabolic
organs such as the myocardium — is currently lacking.
Notably, tetrathiomolybdate-mediated =~ copper
chelation could not rescue the reduction in GLS and O-
GlcNAc levels, and immoderate copper chelation was
detrimental to mitochondrial function, cell viability,
and cell proliferation®l, underscoring the need for
cautious interpretation of copper-targeting strategies.
This represents a critical knowledge gap that must be
addressed before cuproptosis can be mechanistically
linked to T cell exhaustion in sepsis.

Critical distinction: organ-level evidence versus T
cell-specific mechanisms. The cuproptosis pathway
has been validated in septic cardiomyopathy
(FDX1/DLAT expression and myocardial copper
accumulation in CLP models) 5254 and implicated in
sepsis-associated acute kidney injuryl®>50. However,
the extrapolation of this pathway to CD4* T cells
requires caution. While single-cell RNA-seq analysis
has identified LIPT1-CD4" memory resting T cells as
the most positively correlated cuproptosis-related
gene-immunocyte pairl®, and diminished GLS
expression in CD4* T cells from septic patients has
been associated with cuproptosis-related gene
signatures!®l, direct biochemical evidence for FDX1
protein  expression, copper accumulation, or
lipoylated TCA cycle enzyme aggregation in primary
septic CD4* T cells remains absent. The observation
that tetrathiomolybdate-mediated copper chelation
could not rescue the reduction in GLS and O-GIcNAc
levels, and that immoderate copper chelation was
detrimental to mitochondrial function and cell

viability, further underscores that cuproptosis
mechanisms validated in highly metabolic organs
such as the myocardium cannot be automatically
generalized to T lymphocytes. This represents a critical
knowledge gap that must be addressed before
cuproptosis can be mechanistically linked to T cell
exhaustion in sepsis.

3.3 The MQC-Metal Crosstalk: A Synergistic
Priming Platform

A tight bidirectional dialogue exists between
metal homeostasis and MQC. On one hand,
mitophagy is crucial for clearing excess metals,
particularly iron; dysfunctional mitophagy leads to
pathological metal retention within mitochondrial®.
On the other hand, ROS from iron overload damages
mitochondrial DNA and promotes fission, while
copper toxicity directly damages mitochondrial
proteins, triggering compensatory (often
overwhelmed) mitophagy. Together, MQC failure,
iron-induced lipid peroxidation, and copper-induced
proteotoxicity create an overwhelmingly hostile
intracellular environment. We postulate that this
metabolic crisis constitutes the critical priming event
(Hit 1) for death network activation. The sustained
cytokine storm (e.g., hyperactive 1L-6/JAK/STAT3
signaling) amplifies this primed state by exacerbating
mitochondrial ROS production and NLRP3
inflammasome activity. A subsequent triggering event
— sensing of cytosolic nucleic acids by ZBP1 — pushes
stressed kinase networks past their tipping point,
initiating PANoptosis execution (Figure 1).

3.4 Molecular Mediators Linking MQC-Metal
Stress to PANoptosome Activation

The transition from cellular stress (Hit 1) to death
execution (Hit 2) is mediated by specific molecular
signals that physically interact with and activate
PANoptosome pattern recognition receptors. We
propose the following mediators as key nodes
connecting the priming and triggering phases:

(i) Oxidized mtDNA fragments: Mitochondrial
dysfunction and iron-induced ROS lead to oxidative
damage of mtDNA. Oxidized mtDNA fragments
released into the cytosol serve as DAMPs that activate
the cGAS-STING pathway, which in turn promotes
ZBP1-PANoptosome assembly(?’1.

(if) Lipid peroxidation-derived electrophiles:
Products of ferroptotic lipid peroxidation, such as 4-
HNE and malondialdehyde, can directly modify and
activate NLRP3 inflammasome components, lowering
the threshold for caspase-1 activation and GSDMD
cleavage. ICU patients with simultaneous pyroptosis-
and ferroptosis-positive signatures — defined by
elevated IL-1Ra, IL-18, GDF15 (pyroptosis) and MDA,
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catalytic iron (ferroptosis) — have the lowest survival
probabilityl®?, providing clinical evidence for this
crosstalk.

(iif) Z-RNA species: Ribosomal dysfunction and
impaired ribophagy lead to accumulation of aberrant
ribosomal RNA species with Z-conformation (Z-
RNA), which are directly sensed by ZBP1, nucleating
PANoptosome formation. NUFIP1-mediated
ribophagy effectively clears aberrant ribosomes,
thereby suppressing ZBP1l-driven PANoptosome
formation?1.

(iv) Mitochondrial ROS: ROS generated from
dysfunctional mitochondria oxidize critical cysteine

residues on RIPK1 and other PANoptosome
components, promoting their activation and
oligomerizationl®3l.

(v) Itaconate: A landmark 2026 studyl®
demonstrated that pathophysiologically relevant high
concentrations of itaconate covalently alkylate the
absent in melanoma 2 (AIM2) protein at the cysteine
113 (C113) residue. Itaconate-mediated C113
alkylation structurally stabilizes the AIM2 protein and

triggers a conformational change, enabling it to drive
ASC oligomerization, PANoptosome assembly, and
subsequent macrophage PANoptosis. In vivo models
further corroborated the pathogenic contribution of
this axis to systemic sepsis. The AIM2 C113A mutation
completely  abolishes itaconate-induced AIM2
stabilization and PANoptosis. This reveals a novel
pro-inflammatory mechanism of itaconate — an
immunometabolite traditionally considered anti-
inflammatory —  via the post-translational
modification of AIM2. This suggests that metabolic
intermediates themselves may serve as PANoptosis
triggers, and that the itaconate-AIM2 alkylation axis
provides crucial mechanistic insights into macrophage
depletion and systemic inflammation, highlighting a
potential therapeutic target for severe sepsis.

These mediators collectively provide the
molecular bridge between the metabolic priming
environment and the nucleic acid-sensing triggering
machinery. Their relative contributions may vary
across cell types and sepsis phases, a question that
warrants systematic investigation.
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Figure 1. Convergence of MQC failure and metal dysregulation on severe intracellular stress. During sepsis, mitochondrial quality control (MQC) collapse triggers
excessive Drpl-mediated mitochondrial fragmentation and impaired PINK1/Parkin-dependent mitophagy, leading to ROS overproduction and mtDNA (DAMP) release.
Concurrently, NCOA4-driven ferritinophagy liberates free Fe?*, fueling iron-dependent lipid peroxidation (ferroptosis), while FDXI-mediated reduction of Cu?* to Cu*
promotes copper-induced aggregation of lipoylated TCA cycle proteins (cuproptosis). The synergistic stress from these three pathways converges to generate a hostile
intracellular environment, serving as the critical priming platform (Hit 1) for the cell death network in sepsis.
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4. Metabolic Cell Death Programs: From
Individual Pathways to the PANoptosis
Hub

4.1 Ferroptosis: Iron-Dependent Lipid
Peroxidation Amplification Loop

The core defense axis against ferroptosis is the
System Xc™-GSH-GPX4 pathway. System Xc~ imports
cystine for glutathione (GSH) synthesis; glutathione
peroxidase 4 (GPX4) uses GSH to reduce phospholipid
hydroperoxidesl®l. In sepsis, inflammatory cytokines
suppress SLC7A11, metabolic derangements limit
GSH regeneration, and ROS inactivate GPX4. Acyl-
CoA synthetase long-chain family member 4 (ACSL4)
and lysophosphatidylcholine acyltransferase 3
(LPCAT3) incorporate PUFAs into membranes,
shaping ~a  ferroptosis-sensitive  lipidomelé0l.
Alternative defenses (FSP1-CoQ10, GCH1-BH4) also
existlt76%.  Lipid peroxidation not only destroys
membrane integrity but also primes cells for broader
death networks.

4.2 Cuproptosis: Mitochondrial Protein
Aggregation Catastrophe

As introduced in Section 3.2, cuproptosis is
characterized by FDXIl-dependent aggregation of
lipoylated TCA proteins (DLAT, DLST) and Fe-S
cluster disruption. It is independent of other death
pathways. In sepsis, the heart and kidney are
particularly vulnerable2%]. For memory T cells,
copper-induced proteotoxic stress may cause
metabolic paralysis — a hypothesis that remains to be
tested.

4.3 Disulfidptosis and Parthanatos:
Complementary Metabolic Death Routes

Two additional metabolic death pathways have
been proposed in sepsis’07l. Disulfidptosis is
triggered by glucose deprivation-induced NADPH
depletion, leading to abnormal disulfide crosslinking
of actin cytoskeleton proteins/”l. Parthanatos is
initiated by severe DNA damage: hyperactivated poly
(ADP-ribose) polymerase 1 (PARP1) consumes NAD",
depletes ATP, and triggers AIF release, causing large-
scale DNA fragmentation’ll. While conceptually
attractive given sepsis-induced metabolic
disturbances and ischemia-reperfusion injury, direct
in vivo evidence for these pathways in sepsis remains
absent; they are currently classified as speculative
mechanisms requiring dedicated investigation.

4.4 Pyroptosis: The Inflammatory Amplifier

Pyroptosis is tightly coupled to cellular
metabolism. Inflammasome activation (e.g., NLRP3)

triggers caspase-1, which cleaves gasdermin D
(GSDMD); the N-terminal fragment forms membrane
pores, releasing IL-13 and IL-18 and causing osmotic
lysis['8]. NLRP3 activation is closely associated with a
shift to aerobic glycolysis and relies heavily on
mitochondrial ROS and released DAMPs (e.g.,
mtDNA)[72731. Pyroptosis and ferroptosis engage in
feed-forward crosstalk: pyroptotic cells release factors
that exacerbate oxidative stress, promoting
ferroptosis, and lipid peroxidation products (e.g., 4-
HNE) can directly activate the NLRP3 inflammasome,
creating a self-amplifying inflammatory loop!747l. This
synergy is particularly evident in sepsis-induced
ARDS and acute kidney injury. In sepsis-associated
encephalopathy (SAE), microglial pyroptosis has been
identified as a key pathogenic mechanism. Wang["! et
al. demonstrated that activation of the a7 nicotinic
acetylcholine receptor (a7 nAChR) reduces pyroptosis
by enhancing microglial mitophagy, thereby
mitigating cognitive deficits in mice with SAE.
Similarly, pharmacological targeting of macrophage
pyroptosis has emerged as a promising strategy in
sepsis-induced ALI Liul””l et al. showed that BRD3308
suppresses macrophage oxidative stress and
pyroptosis via upregulating H3K27 acetylation,
thereby attenuating sepsis-induced lung injury.
Limitations of current biomarkers for
distinguishing cell death modalities in vivo. A major
challenge in validating the pyroptosis-ferroptosis
crosstalk in sepsis is the lack of definitive biomarkers
to distinguish these death pathways in tissue
homogenates. Reliance on single markers — such as 4-
hydroxynonenal (4-HNE) or malondialdehyde (MDA)
for ferroptosis, or cleaved GSDMD for pyroptosis — is
fraught with limitations: (i) lipid peroxidation
products like 4-HNE and MDA are not specific to
ferroptosis and can arise from general oxidative stress;
(ii) cleaved GSDMD in tissue lysates may derive from
non-pyroptotic caspase activation; and (iii) these
markers do not provide spatial information about
whether both death programs occur in the same cell or
microenvironment. Notably, ICU patients with
simultaneous pyroptosis- and ferroptosis-positive
signatures — defined by elevated IL-1Ra, IL-18,
GDF15 (pyroptosis) and MDA, catalytic iron
(ferroptosis) — have the lowest survival probability!®2,
suggesting that combined biomarker panels, rather
than single markers, offer superior prognostic value.
Recent advances in pyroptosis biomarkers for
sepsis. Despite these limitations, significant progress
has been made in developing more specific pyroptosis
biomarkers. A recent study demonstrated that plasma
Gasdermin D C-terminal fragment (GSDMD-CT)
levels were significantly elevated in sepsis patients
(23.02 pg/mL) compared to SIRS patients (16.52
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pg/mL) and healthy controls (7.02 pg/mL), with an
AUC of 0.881 (95% CI: 0.833-0.929), sensitivity of
85.0%, and specificity of 84.5% for sepsis diagnosis!”l.
Another study reported an AUC of 0.870 with 91.0%
sensitivity for GSDMD-CT in distinguishing sepsis
from healthy controlsl”l. These findings demonstrate
that GSDMD-CT exhibits significant clinical value and
holds great potential as a biomarker. These advances
suggest that next-generation pyroptosis biomarkers —
particularly those targeting specific GSDMD cleavage
fragments — may overcome the limitations of
traditional single-marker approaches and enable more
precise endotyping of septic patients. To definitively
establish pyroptosis-ferroptosis crosstalk in sepsis,
future  studies  should employ  multiplex
immunohistochemistry or imaging mass cytometry to
co-localize ferroptosis markers (e.g., ACSL4, 4-HNE-
modified proteins) and pyroptosis markers (e.g.,
GSDMD N-terminus, NLRP3) at the single-cell level
within the same tissue section. Single-cell RNA-seq or
spatial transcriptomics could further resolve whether
individual cells co-express signatures of both death
pathways.

4.5 PANoptosis: A Master Hub Integrating
Metabolic Priming and Nucleic Acid Sensing
in Immune Exhaustion

4.5.1 The PANoptosome as an Integrated Death
Platform

PANoptosis represents a conceptual leap in
understanding sepsis-induced cell death. It is a
coordinated, pro-inflammatory cell death pathway
driven by a multifaceted molecular complex — the
PANoptosome — which simultaneously integrates
and executes pyroptosis, apoptosis, and necroptosis>-
2], We propose a “Two-Hit” model:

Hit 1 (priming): MQC failure and iron/copper
dyshomeostasis generate ROS and mtDNA leakage,
lowering the cell’s bioenergetic threshold for death
network activation without committing it to execution.
Critically, this primed state is not yet lethal on its own.

Hit 2 (triggering): Aberrant sensing of cytosolic
nucleic acids by ZBP1, amplified by interferon
signaling, nucleates PANoptosome assembly.

Within this framework, hyperactive IL-
6/JAK/STAT3 signaling may synergize with
intracellular metabolic stress not by directly activating
RIPK1, but by creating a permissive inflammatory
milieu that amplifies mitochondrial ROS production
and NLRP3 inflammasome priming. Metabolic
stress —particularly NAD* depletion resulting from
PARP1 hyperactivation—may indirectly lower the
threshold for PANoptosome assembly by
compromising the activity of key deubiquitinating

enzymes that restrain RIPK1. The precise biochemical
cascade linking NAD* depletion to PANoptosome
stabilization is detailed in Section 4.5.2. These
hypotheses warrant direct biochemical validation in
primary septic T cells.

4.5.2 Direct Evidence and Remaining Hypotheses

A recent study has provided direct evidence
(Level A) of CD4* T cell PANoptosis in sepsis,
demonstrating that ZBP1 senses metabolic stress and
assembles the PANoptosome, while NUFIP1-
mediated ribophagy clears damaged ribosomes to
restrain this process via cGAS-STINGI?’1. This confirms
that PANoptosis is operative in septic T cells.
Critically, however, the mechanistic connection
between IL-6/JAK/STAT3 signaling and RIPK1-
dependent PANoptosome assembly in CD4* T cells
remain a hypothesis (Level D) that has not been
directly tested in primary septic T cells. While Kang!?]
et al. provided evidence that IL-6 activates
JAKs/STAT3 promoting RIPK1 phosphorylation and
PANoptosome formation in CD4" T cells from sepsis
patients, this finding represents a single study
requiring independent replication. Moreover, IL-6
blockade has yielded divergent outcomes across sepsis
modelsl?6], and the biochemical details of how STAT3
phosphorylation directly or indirectly modulates
RIPK1 activity in the T cell context have not been
elucidated. We therefore explicitly classify the IL-
6/JAK/STAT3-RIPK1-PANoptosome axis in CD4* T
cells as a testable hypothesis requiring dedicated
investigation using T cell-specific conditional
knockouts and biochemical validation in primary cells,
rather than an established mechanism.

Mechanistically, multiple layers of regulation
link metabolic stress to PANoptosome assembly. First,
ROS and lipid peroxides from MQC failure and
ferroptosis may promote RIPK1 activation through
cysteine oxidation or other post-translational
modifications!®®], though these have not been validated
on specific residues in septic T cells. Second, NAD*
depletion—driven by PARP1 hyperactivation in the
setting of severe DNA damage—reduces SIRT1
activity, an NAD"-dependent deacetylasel®l. Given
that deubiquitinating enzymes such as CYLD and A20
are known to restrain RIPK1 activation by removing
K63-linked polyubiquitin chains®l, it is hypothesized
that NAD" depletion may compromise deubiquitinase
function and thereby lower the threshold for
PANoptosome assembly. This indirect regulatory
cascade (NAD* depletion — SIRT1 inactivation —
impaired deubiquitinase function — RIPK1
hyperubiquitination — PANoptosome stabilization)
provides a testable biochemical hypothesis linking
metabolic stress to PANoptosis execution, but requires
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direct validation in primary septic T cells. Notably,
NAD? precursor supplementation has been shown to
increase NAD* and SIRT1 levels, attenuate T cell
exhaustion, and improve survival in preclinical sepsis
models®l. Third, recent evidence demonstrates that
Zn?* inhibits AIM2-mediated PANoptosome assembly
via regulating mtDNA efflux®?]; fourth, inhibition of
cIAP1/2 reduces RIPK1 phosphorylation in septic
lung injury!®3; and fifth, itaconate covalently alkylates
AIM2 at C113, driving macrophage PANoptosis
during sepsisl®l — further expanding the repertoire of
PANoptosome regulatory inputs that intersect with
metabolic stress.

Thus, the direct demonstration of CD4" T cell
PANoptosis in sepsis has been achieved, but the IL-
6/JAK/STAT3-RIPK1 linkage remains a hypothesis
requiring separate testing using conditional knockout
models (Figure 2).

5. Organ and Cell-Type Specificity of the
Death Network

The metabolic death network exhibits marked
heterogeneity across organs and immune cell subsets.
Table 1 summarizes the dominant death programs,
key mechanisms, and therapeutic implications for
each major site.

Several key patterns emerge. First, the
pyroptosis-ferroptosis cycle represents a common
amplification loop in multiple organs, particularly the
lung and kidney. Second, the role of cuproptosis is
only beginning to be defined, with the strongest
evidence currently in the heart. Third, the massive
depletion of CD4" T cells via PANoptosis represents a
systemic event that may underpin the transition from
hyperinflammation to immunosuppression — a
hypothesis that warrants further investigation with T

cell-specific genetic models.

Table 1. Organ- and cell-type specificity of the metabolic cell death network in sepsis

Organ/Cell Dominant Death Programs Key Mechanisms Evidence in CD4* T Cells Therapeutic Implication Evidence Level
Type
Lung (ARDS) Pyroptosis—Ferroptosis Alveolar macrophage pyroptosis Not established (derived Combined NLRP3 + ferroptosis A
cycle — IL-1B/IL-18 — AEC2 from macrophage/epithelial inhibition; lung-targeted delivery
ferroptosis; NETs promote lipid ~ data) recommended to avoid systemic
peroxidation immunosuppression
Heart (Septic Ferroptosis, MQC High fatty acid oxidation; lipid Not established; cuproptosis Mitochondrial antioxidants + anti- A (ferroptosis);
cardiomyopathy) imbalance peroxidation damages markers in T cells remain ferroptosis; caution: systemic copper B-C
mitochondria and contractile speculative (extrapolated chelation risks deficiency and (cuproptosis)
proteins; Drpl-mediated from cardiomyocyte data) worsening anemia; T-cell relevance
fragmentation; Cuproptosis of cuproptosis unproven
(FDX1/DLAT)
Kidney (SA-AKI) Ferroptosis (PTECs) Hypoxia — HIF-1a — TfR1 Not applicable Kidney-targeted ferroptosis A
upregulation; PTEC necrosis inhibitors (nanocarriers) to avoid
releases DAMPs systemic iron depletion
Liver Cuproptosis (bioinformatic Hepatocyte copper dysregulation Not established Caution with systemic copper C-D
inference in septic liver (ATP7B|); Kupffer cell pyroptosis chelation; modulate copper
injury; direct in vivo drives systemic cytokine storm chaperones; direct hepatocyte
validation in hepatocytes validation lacking
remains absent — current
evidence is limited to
transcriptomic correlations)
Intestine Apoptosis, pyroptosis, Ischemia-reperfusion; barrier Not applicable Early enteral nutrition A-B
ferroptosis failure — bacterial translocation (glutamine); local death modulators
preferred over systemic agents
Immune system PANoptosis (directly IL-6/JAK/STAT3 + metabolic Directly demonstrated: Target ZBP1-PANoptosome to A (PANoptosis);
(CD4*T cells) demonstrated in CLP mice stress — RIPK1 — PANoptosome ZBP1-PANoptosis in CLP preserve adaptive immunity; caution: D (IL-6

and septic patients) (proposed)

mice and septic patients;
Hypothetical /untested: IL-
6/JAK/STAT3-RIPK1
linkage (requires T cell-
specific conditional knockout
validation)

broad RIPK1 inhibition may impair
pathogen clearance in myeloid cells;
T-cell-specific delivery strategies are
crucial to avoid off-target
immunosuppression

mechanism)

Hypothesis status indicated where direct in vivo validation in sepsis is lacking. Evidence Level: A = direct in vivo evidence in septic models; B = in vitro evidence in sepsis-

relevant cells; C = evidence from non-sepsis models with plausible relevance; D = theoretical inference/hypothesis.

Abbreviations: ARDS, acute respiratory distress syndrome; AEC2, alveolar epithelial type 2 cells; NETs, neutrophil extracellular traps; FDX1, ferredoxin 1; DLAT,
dihydrolipoamide S-acetyltransferase; Drpl, dynamin-related protein 1; SA-AKI, sepsis-associated acute kidney injury; PTECs, proximal tubular epithelial cells; HIF-1a,
hypoxia-inducible factor 1-alpha; TfR1, transferrin receptor 1, DAMPs, damage-associated molecular patterns; ATP7B, copper-transporting ATPase 2; ZBP1, Z-DNA
binding protein 1; NUFIP1, nuclear FMR1 interacting protein 1; RIPK1, receptor-interacting protein kinase 1; CLP, cecal ligation and puncture; MQC, mitochondrial quality

control; NCOA4, nuclear receptor coactivator 4.
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Figure 2. The PANoptosis hub: integration of extrinsic cytokine signaling and intrinsic metabolic stress driving CD4* T cell exhaustion. The collapse of
mitochondrial quality control (MQC) and iron/copper dyshomeostasis generates a state of severe intracellular metabolic and oxidative stress — the priming hit (Hit 1) —
characterized by ROS overproduction, lipid peroxidation, and mitochondrial DNA (mtDNA) leakage. This primed state lowers the bioenergetic and redox threshold for cell
death but does not commit the cell to execution. The critical triggering hit (Hit 2) is provided by the aberrant sensing of cytosolic nucleic acids (mtDNA, Z-RNA) by the master
sensor ZBP1, amplified by interferon signaling. In this model, the sustained IL-6/JAK/STAT3 cytokine storm may function as a context-dependent amplifier rather than a universal
direct trigger, but creates a permissive and amplifying inflammatory environment that exacerbates mitochondrial ROS production, primes the NLRP3 inflammasome, and may
impair STAT3-mediated pro-survival signaling. However, the direct contribution of IL-6/JAK/STAT3 to RIPKI activation and PANoptosome nucleation in CD4* T cells remains
a testable hypothesis (Level D evidence) that requires dedicated experimental validation. Activated ZBP1 and redox-modified RIPK1 nucleate the assembly of the PANoptosome.
Solid lines (e.g., ZBP1—PANoptosome, PANoptosome— Caspase-1/3/8/MLKL, and downstream effector pathways) indicate pathways with direct experimental validation (Level
A-B evidence). Dashed lines with question marks (?) (e.g., IL-6/JAK/STAT3—RIPKI and ROS—RIPK1) indicate hypothetical or contentious connections (Level D evidence) that
require further validation in primary septic CD4* T cells. Through the adaptor proteins FADD and ASC, this multimolecular complex simultaneously recruits and activates
RIPK3, Caspase-8, and Caspase-1. This platform coordinately executes pyroptosis (via Caspase-1-mediated GSDMD cleavage and IL-1p/IL-18 release), apoptosis (via Caspase-
3/7 activation), and necroptosis (via MLKL phosphorylation). This integrated, multimodal death program results in the massive depletion and functional exhaustion of CD4* T

cells, marking the fatal transition from hyperinflammation to immunosuppression in sepsis.

6. Clinical Translation: From Network
Understanding to Precision Intervention

6.1 Multidimensional Biomarker Panels for
Endotyping

An ideal multidimensional biomarker panel for
sepsis endotyping should encompass: (i) death
program activity markers (plasma 4-HNE for
ferroptosis, extracellular N-terminal GSDMD for
pyroptosis, circulating PANoptosome components;
GSDMD-CT as a novel plasma biomarker for
pyroptosisl”)); (i) MQC and mitochondrial function
markers  (plasma  cellfree  mtDNA);  (iii)
immunometabolic signatures (single-cell metabolic
flux, CD4" T cell count with programmed cell death
protein 1 (PD-1)/T-cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3); combined
pyroptosis/ferroptosis biomarker panels — IL-1Ra,

IL-18, GDF15, MDA, catalytic iron — have been shown
to predict survival in ICU patientsl®d); and (iv)
traditional inflammatory markers (PCT, CRP, IL-6).
The identification of reliable sepsis biomarkers is
further complicated in specific patient populations. In
burn injury, for instance, the systemic inflammatory
response triggered by the thermal insult itself
confounds conventional biomarker interpretation.
Palmieril®l et al. provided an updated overview of
sepsis biomarkers specifically in this context,
underscoring the need for population-adapted
biomarker panels.

Integration of these data streams using machine
learning can stratify patients into mechanistically

defined endotypes (e.g., “Hyperinflammatory-
Pyroptosis-Dominant,” “Metabolic Collapse-
Ferroptosis/Cuproptosis-Dominant,” or

“Immunoparalytic-PANoptosis-Dominant”) to guide
trial design and personalized treatment(®>8],
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6.2 Targeted Therapeutic Strategies

Biological risks of systemic cell death inhibition.
Before discussing specific therapeutic strategies, it is
essential to acknowledge the fundamental biological
risks associated with systemically inhibiting cell death
pathways in the context of active infection. First, broad
inhibition of necroptosis or pyroptosis during active
bacterial infection can impair pathogen clearance, as
these death pathways are critical for eliminating
infected cells and exposing intracellular bacteria to
immune surveillancel819], Second, indiscriminate
copper or iron chelation poses risks of systemic
metabolic toxicity, including copper deficiency-
induced neurological and hematopoietic toxicity, and
worsening anemia in patients already suffering from
sepsis-associated anemial®’l. Third, many cell death
inhibitors have off-target effects that may affect
unrelated signaling pathways or cause unintended
immunosuppression.  Fourth, the timing of
intervention is critical — inhibiting cell death too early
may impair the host's ability to control the initial
infection, while inhibiting too late may allow
irreversible organ damage to occur. These risks
underscore the urgent need for targeted delivery
strategies (e.g., cell-specific nanocarriers, organ-
selective formulations) that concentrate therapeutic
agents at sites of pathological cell death while sparing
essential immune functions. The development of such
delivery systems represents a critical priority for
translating cell death-targeting therapies from bench
to bedside.

The imperative for targeted delivery. The risks

outlined above argue strongly for the development of
cell- and organ-specific delivery strategies rather than
systemic administration of cell death inhibitors.
Nanoparticle-based delivery systems offer several
advantages: (i) passive targeting to inflammatory
tissues via enhanced permeability and retention (EPR)
effect; (ii) active targeting using cell-surface markers
(e.g., CD4 for T cells, CD68 for macrophages, ACE2 for
lung epithelial cells); (iii) stimulus-responsive release
triggered by the inflammatory microenvironment
(e.g., ROS-sensitive or pH-sensitive nanocarriers); and
(iv) reduced systemic exposure and off-target toxicity.
Preclinical studies have begun to explore such
approaches in sepsis models, but this remains a
nascent field requiring substantial investment. Until
such targeted delivery systems are developed and
validated, the clinical translation of systemic cell death
inhibitors will remain limited by unacceptable toxicity
profiles.

The following therapeutic strategies are
presented as hypothetical directions based on
preclinical and inferential evidence; none have been
validated in clinical sepsis trials and should not be
construed as clinical recommendations. Table 2
provides a comprehensive list of agents and their
clinical stages. Importantly, the majority of these
strategies remain at preclinical stages (Evidence Level
B-C), and their clinical translation is hindered by off-
target effects, tissue-specific delivery challenges, and
the risk of unintended immunosuppression or
metabolic toxicity (e.g., copper deficiency, impaired
mitochondrial function with excessive chelation).

Table 2. Targeted therapeutic strategies against the metabolic cell death network in sepsis

Target Agents Clinical stage / major limitation Major risks/safety concerns Evidence Level
Ferroptosis  Iron chelators (deferoxamine), NAC, FSP1 ~ Deferoxamine (FDA-approved for iron Worsening anemia; impaired A (preclinical)
agonists, ACSL4 inhibitors overload, off-label use in sepsis); NAC (mixed erythropoiesis; systemic iron
trial results); risk of worsening anemia deficiency; potential pathogen growth
promotion
Cuproptosis  Copper chelators (tetrathiomolybdate); Preclinical organ-specific efficacy shown in SIC Copper deficiency (neurological B-C
metabolic support (alpha-lipoic acid) and SA-AKT; no clinical copper chelation trials  toxicity, anemia, neutropenia);
in sepsis; risk of copper deficiency mitochondrial dysfunction; impaired
cell proliferation; narrow therapeutic
window
Pyroptosis/ GSDMD inhibitors (disulfiram, Disulfiram (repurposing, off-target); RIPK1 Immunosuppression; impaired B-C
PANoptosis necrosulfonamide, SK56); NLRP3 inhibitor  inhibitors (Phase II for other inflammatory pathogen clearance; off-target effects;
MCC950; caspase-1 inhibitor VX-765; RIPK1 diseases; no positive sepsis trial to date; safety hepatotoxicity (MCC950)
inhibitors; ZBP1 inhibition or ribophagy concerns due to immunosuppression);
enhancement (NUFIP1) MCC950; Preclinical (2025)
MQC Drpl1 inhibitor Mdivi-1; mitophagy All preclinical; Mdivi-1 has off-target effects; ~ Off-target mitochondrial effects; B

enhancers (urolithin A, TFEB activators);
biogenesis agonists (PPAR-8, AMPK)

no sepsis-specific PK/PD data

potential cardiotoxicity; uncertain
tissue distribution

Metabolic Thiamine, NAD* precursors (nicotinamide = Thiamine (ICU standard, trials ongoing); NAD* precursor safety profile A (hydrocortisone);
support riboside), hydrocortisone NAD* precursors (Phase I/1I for other favorable; thiamine low risk; B-C (NAD*
diseases); hydrocortisone (guideline- hydrocortisone immunosuppression ~ precursors)

recommended in some settings) risk

For agents with no clinical sepsis trial data, Evidence Level reflects the highest level of preclinical evidence available. Abbreviations: NAC, N-acetylcysteine; FSP1,
ferroptosis suppressor protein 1; ACSL4, acyl-CoA synthetase long-chain family member 4; SIC, sepsis-induced cardiomyopathy; SA-AKI, sepsis-associated acute kidney
injury; GSDMD, gasdermin D; NLRP3, NLR family pyrin domain containing 3; RIPK1, receptor-interacting protein kinase 1; ZBP1, Z-DNA binding protein 1; NUFIP1,
nuclear FMR1 interacting protein 1; MQC, mitochondrial quality control; Drp1, dynamin-related protein 1; PPAR-8, peroxisome proliferator-activated receptor delta;
AMPK, AMP-activated protein kinase; NAD*, nicotinamide adenine dinucleotide; PK/PD, pharmacokinetic/ pharmacodynamic.
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Recent progress highlights several promising
approaches: (i) ferroptosis-targeting agents such as
iron chelators (deferoxamine, best suited for patients
with biochemical evidence of iron overload) and GPX4
stabilizers; (ii) copper-targeting strategies, where
tetrathiomolybdate is now justified for preclinical
testing in organ-specific sepsis models— though
caution is warranted given that immoderate copper
chelation was detrimental to mitochondrial function
and cell viabilityl®; (iii) pyroptosis and PANoptosis
network modulators, including GSDMD inhibitors
(disulfiram!®”l,  necrosulfonamidel®], Al-designed
peptide  SK56[#1),  inflammasome  inhibitors
(MCC95010, VX-7651]), and RIPK1 inhibitors —
including the FDA-approved anti-epileptic drug
phensuximide, which inhibits RIPK1-dependent
immunogenic cell death and protects against LPS- and
TNF-induced systemic inflammation in sepsis
modelsl® — as a master regulatory node to
simultaneously dampen multiple death pathways;
and (iv) MQC modulators and metabolic support
(Drp1 inhibitor Mdivi-11%], mitophagy enhancers like
urolithin Al®4, biogenesis agonists, thiaminel®5l, NAD*
precursors/s).

6.3 Dynamic, Phase-Specific Combination
Regimens: Embracing Temporal
Heterogeneity

The following combination strategies are
presented as hypothetical future directions based on
preclinical and inferential evidence; they have not
been validated in clinical trials and should not be
construed as clinical recommendations. Therapy must
be adapted to the dominant pathophysiology at a
given time. However, the temporal boundaries
between sepsis phases are not rigid and exhibit
substantial inter-patient heterogeneity. Clinical and
immunological evidence demonstrates that sepsis-
induced immunosuppression, lymphocyte apoptosis,
and T-cell exhaustion frequently initiate within the
first 24 to 48 hours, concurrent with the
hyperinflammatory cytokine stormf>”l. Therefore, the
following time windows should be interpreted as
general heuristic guides rather than fixed therapeutic
calendars, and all treatment decisions should be
guided by real-time biomarker monitoring rather than
chronological time alone.

Early phase (typically 0-48 h, but may extend or
contract depending on pathogen, host factors, and
prior  immune  status):  Characterized by
hyperinflammation with cytokine storm. A
hypothetical combination could include an IL-
6/JAK/STAT3 modulator + a GSDMD inhibitor +
broad-spectrum antibiotics. In patients with early-
onset immunosuppression  (biomarker-defined),

immune-stimulatory approaches may need to be
considered earlier than the traditional 7-day threshold.

Middle phase (typically days 3-7, but may
overlap with early or late phases in individual
patients): Therapy should be guided by the primary
failing organ: for ARDS, consider an inhaled anti-
pyroptosis agent plus an anti-ferroptosis compound;
for SA-AKI, a renally targeted ferroptosis inhibitor.
Biomarker panels®? (IL-1Ra, IL-18, GDF15, MDA,
catalytic iron) should be used to determine whether
pyroptosis-dominant, ferroptosis-dominant, or mixed
signatures predominate in the individual patient.

Late phase (typically beyond day 7, but may
occur earlier in patients with rapid progression): The
focus shifts to immune stimulation (e.g., anti-PD-1
trials®l, GM-CSF, thymosin al) and tissue repair,
provided that PANoptosis execution was limited
during the transition. Crucially, the transition to this
phase should be defined by immune monitoring (e.g.,
persistent lymphopenia, HLA-DR expression, PD-
1/TIM-3 upregulation) rather than calendar time.

A critical caveat: The three-phase framework
described above is a heuristic simplification. In clinical
reality, hyperinflammation and immunosuppression
frequently coexist, with some patients exhibiting
predominantly  hyperinflammatory  phenotypes
throughout their ICU course, others showing early
and profound immunosuppression, and still others
oscillating between phenotypes>8l. This inter-patient
heterogeneity mandates a biomarker-guided, adaptive
approach rather than a one-size-fits-all chronological
protocol. Combination regimens should be guided by
real-time biomarker monitoring to avoid unintended
reactivation of inflammation or premature immune
stimulation in the presence of ongoing
hyperinflammation.

7. Conclusion and Future Perspectives

The MQC-Metal-Death Program triad provides a
powerful and cohesive lens through which to
understand sepsis. We propose a testable two-hit
model: MQC failure and metal dyshomeostasis act as
the catastrophic priming event (Hit 1), lowering the
threshold for death network activation, while ZBP1-
mediated sensing of cytosolic nucleic acids serves as
the triggering event (Hit 2) that drives PANoptosome
assembly. Direct experimental testing of this
hypothesis in conditional knockout models and
human tissues is urgently needed before clinical
translation can be considered.

Future research should prioritize four directions.
First, dynamic multi-omics mapping—integrating
single-cell RNA/ATAC profiling, immune-repertoire
assays, and spatial transcriptomics—to resolve
monocyte and T cell states in septic tissues!”’]. Second,
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mechanistic dissection using conditional knockouts
(Ripkl, Zbpl, Gsdmd, Nufipl), complemented by
spatial transcriptomics and single-cell metabolomics
to capture the transient 'primed' state of T cells in vivo.
Third, biomarker-guided adaptive trials leveraging
combined pyroptosis/ferroptosis panels (IL-1Ra, IL-
18, GDF15, MDA, catalytic iron) that predict ICU
survivall®?, alongside GSDMD-CT as a novel early
sepsis biomarker!”. Fourth, resilience strategies
including early metabolic support (NAD* precursors,
nicotinamide riboside) and lymphocyte PANoptosis
prevention via ribophagy enhancement.

Key experiments to test the two-hit model:

(i) Temporal dissection: Longitudinal sampling
of septic CD4" T cells (0-72h post-CLP) to correlate
MQC/metal markers with PANoptosis activation.
Prediction: PANoptosis markers peak after MQC and
metal dysregulation reach threshold.

(i) Genetic epistasis: T cell-specific knockouts of
Hit 1 components (Drpl, ferritin H) should attenuate
Hit 2-induced PANoptosis; Hit 2 knockouts (Zbp1)
should block PANoptosis execution without affecting
priming.

(iii) Rescue experiments: MQC-restoring
interventions (mitophagy enhancers, nicotinamide
riboside) or metal chelation should raise the threshold
for ZBPl-induced PANoptosis, with minimal effect
once PANoptosome assembly is initiated.

(iv) Human validation: Longitudinal analysis of
CD4* T cells from septic patients, correlating
MQC/metal markers with PANoptosis markers and
clinical outcomes, using validated biomarker panels as
a starting point[¢2l.

Ultimately,  conquering  sepsis  requires
abandoning the "one-size-fits-all" paradigm and
embracing precision medicine grounded in deep,
dynamic molecular phenotyping.
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