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ABSTRACT: Nerve injury-induced protein 1 (NINJ1) was originally identified in 1996 as a homophilic
adhesion molecule upregulated following nerve injury. For over two decades thereafter, research on NINJ1
primarily focused on areas such as nerve regeneration, immune cell migration, and inflammation regulation.
In 2021, the discovery by Kayagaki’s group completely transformed the understanding of NINJ1—the
protein was demonstrated to be a key executor of plasma membrane rupture (PMR) during lytic cell death,
overturning the long-held view that PMR is a passive osmotic event. This finding rapidly sparked intensive
research efforts in structural biology, cell death regulation, and therapeutic target development. This review
is organized around the central scientific questions in NINJ1 research, systematically tracing the trajectory
from molecular discovery, structural elucidation, and activation regulation to disease associations and
therapeutic targeting. We critically analyze the logical relationships among different research avenues,
discuss the underlying assumptions and limitations of current findings, and highlight the key knowledge
gaps that remain in the field.
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1. Introduction

Cell death is a fundamental biological process for multicellular organisms to maintain tissue
homeostasis, defend against pathogen invasion, and eliminate aberrant cells. Among the various forms of
programmed cell death, lytic cell death is characterized by terminal features of plasma membrane rupture
and release of intracellular contents. The released damage-associated molecular patterns (DAMPs) can
activate innate immune responses, driving the amplification and propagation of inflammatory reactions
[1,2]. Pyroptosis, necroptosis, and ferroptosis all fall within the category of lytic cell death, playing dual-
edged roles in infection defense and disease pathogenesis [3,4]. For a long time, PMR was generally
considered a passive event caused by osmotic imbalance during cell death. For example, in studies of
pyroptosis, the classic model includes two steps: first, Gasdermin D (GSDMD) forms small pores in the
plasma membrane, leading to IL-1p release and non-selective ion flow; subsequently, osmotic swelling
triggers PMR, releasing large-molecular-weight DAMPs such as HMGB1 and LDH [5], where the second
step of PMR was thought not to require specialized molecular executors.
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NINJ1 was first identified by Araki and Milbrandt in 1996 through differential hybridization screening
from a rat sciatic nerve injury model. This protein is a 16 kDa cell surface molecule with two transmembrane
regions, both the N-terminus and C-terminus, located extracellularly. Its extracellular domain contains an
evolutionarily conserved region of approximately 26 amino acids that mediates homophilic adhesion and
promotes axonal extension of dorsal root ganglion neurons in vitro [6]. In the two decades following its initial
discovery, functional studies of NINJ1 gradually expanded to multiple fields including neuroinflammation,
immune cell migration, and tumor biology: Ifergan et al. found that NINJ1 mediates monocyte transmigration
across the blood-brain barrier, closely associated with multiple sclerosis and experimental autoimmune
encephalomyelitis (EAE) [7]; Yang et al. revealed the dual function of NINJ1 in p53-dependent tumorigenesis
[8]; additionally, roles of NINJ1 in Toll-like receptor 4 signaling [9], atherosclerosis [10], endothelial cell
protection [11], osteoclast development [12], and cellular senescence [13,14] have been successively reported.
However, during this period, NINJ1 was always regarded as a relatively marginal adhesion/inflammation-
related molecule and did not attract widespread attention.

In 2021, Kayagaki et al. identified NINJ1 as an active executor of PMR through a forward genetic
screen, a discovery that fundamentally altered the core paradigm of cell death biology [15]. They first
demonstrated that PMR is an active, protein-mediated process rather than a passive osmotic lysis event,
changing the understanding of terminal membrane rupture in cell death biology. Second, they redefined
NINJ1’s function from a simple adhesion molecule to a terminal executor of cell death, expanding research
on this molecule from adhesion, migration, and inflammation-related functions to cell death. This review
mainly summarizes the current research status of NINJ1’s structure, activation regulation, disease
association, and therapeutic targeting, and analyzes key gaps remaining in the current research field.

2. Structural Basis of NINJ1-Mediated Plasma Membrane Rupture
2.1. NINJI Forms an Auto-Inhibited Dimer Under Steady-State Conditions

As a protein residing on the plasma membrane, how is NINJ1’s PMR activity inhibited under steady-
state conditions? In 2025, Pourmal et al. used cryo-electron microscopy (cryo-EM) to resolve the three-
dimensional structure of inactive NINJ1 [16], revealing an elegant “auto-inhibition” mechanism. In the
resting state, NINJ1 forms a face-to-face homodimer with a three-helix conformation, where
transmembrane helix 1 (TM1) does not undergo kinking. The inactive dimer sequesters the membrane
rupture-inducing hydrophilic surface of NINJ1 within the dimer interface while masking the binding site
for TM1 kinking in adjacent activated NINJ1 molecules. To validate this mechanism, researchers performed
mutational experiments: mutations that disrupt dimer stability led to spontaneous NINJ1 activation and cell
death, whereas mutations that enhance dimer stability inhibited NINJ1 activity. Mutations that disrupt
stability also promoted spontaneous TM1 kinking, a structural hallmark of NINJ1 activation. Thus, NINJ1
mutually inhibits itself in a trans-dimeric form to prevent unplanned PMR and cell death (Figure 1A).
Activation requires a series of structural changes: dimer dissociation, TM1 kinking, and rearrangement of
amphipathic helices—acting like a molecular switch to transition NINJ1 from a steady state to an active state.

2.2. Active State: Amphipathic Filaments and Three PMR Models

How does activated NINJ1 assemble into a membrane-rupturing structure? Several independent
structural studies in recent years have provided three complementary yet distinct models. Degen et al.
combined ultra-high-resolution microscopy, cryo-EM, mutational analysis, and molecular dynamics
simulations to propose an atomic model of NINJ1-mediated membrane rupture [17]. In living cells, NINJ1
exists as a monomer on the cell membrane, with a1 and o2 helices in the extracellular region and a3 and
a4 helices inserted into the membrane. Upon cell death, the amphipathic al and a2 helices insert into the
membrane to form a knotted conformation, connecting adjacent protomers to form large oligomers (Figure
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1B). Cryo-electron microscopy structures reveal that these NINJ1 fibers adopt a tightly packed, fence-like
array of transmembrane o-helices. The assembled larger oligomers stabilize the size and shape of damaged
membranes by covering their edges, facilitating the release of DAMPs and other intracellular contents into
the extracellular environment (Figure 1C). David et al., through a series of structural biology experiments
and cell imaging, demonstrated that NINJ1 monomers can oligomerize and insert into the cell membrane
to excise a corresponding membrane fragment, proposing a “cookie-cutting” mechanism for cell lysis—
where NINJ1 oligomerization punches holes in the plasma membrane and releases cookie-shaped disk-like
membrane structures [18] (Figure 1D). Sahoo et al., using cryo-EM to study the structural properties of
NINJ1 and NINJ2, proposed a different model: when cells initiate lytic death, they begin to swell, stretching
the plasma membrane. This promotes NINJ1 dimer formation, and a series of dimers aggregate into long
chains that bind to the membrane like a zipper. The lateral tension of the swollen membrane pulls on both
sides of the zipper, weakening interactions along the central line. When tension exceeds a threshold, the
zipper splits open, forming pores in the membrane. If NINJ1 subunits fully cross-link during zipper
formation, a NINJ1 ring structure with a central pore forms on the plasma membrane; if not fully cross-
linked, NINJ1 subunits continue extending to form filaments that wrap around membrane fragments due to
hydrophobic interactions between NINJ1’s hydrophobic side and the membrane fragments. The entire PMR
mechanism depends on the physical strength of plasma membrane expansion [19] (Figure 1E). Although
these models differ in detail, they converge on a consensus: the active state of NINJ1 is an amphipathic
linear polymer whose hydrophilic surface repels lipids and stabilizes membrane edges, ultimately achieving
membrane rupture. These models help understand NINJ1-mediated PMR to varying degrees. Currently, the
conditions triggering NINJ1’s transition from inactive to active states remain to be further explored.

A Autoinhibited State B Activation and Oligomerization
/) (\ o TMEM16F lipid dimer % §§ TM1 kink %@@W@&)
1 "— G == activation _>scrambling_’dissociation_’ S e formation_’
) S0 (PS exposure NINJ1 monomers oligomerization
T on outer leaflet) with exposed assembly into
Plasma | \/ amphipathic surface chain
membrane DAMPs
lipid bllayer ~ A \7:/ ~ ‘>,\)' ke e
Hydrophobic gosglen (" ) Lesion opening & s %/' oo O McEl
- ° face buried “\ i '_( ) membranerupture © o 6 5> ©LPH
No PMR activity L P B /\ ( %&%
Face-to-face dimer sequesters membrane- Mechanical strain :
disrupting amphipathic surface Two-step model: oligomerization + mechanical lesion opening
& Fence Model D  Cookie-Cutter Model E Zipper Model
Living cell During cell death ; Cookie-shaped  sooococto Cell swelling e
. ¢ Large branched oligomers my{:(’;‘%lers et e TReReeee : poeRERD

assemble
K )

%’l § oligomerizy / ,‘.": :

Lateral tension pulls threshold

a3 W >
d Swollen dying cell
Amphipathic filament ! e @ DAMPs 2 i N
Hydrophitiic side ! / HMGBL), ¢ ¢ \ /= £77% f )
repell lipids § © [ "/ LDH aha3/ah4 &5’! ¥, %
‘ i kink s
() D0e‘e @ NINJ1 filaments stabilizing membrane A : *
Hydrophobic side openings of various sizes. Fully crosslinked Partially crosslinked
Alpha1/alpha2 insert into membrane forming knot-like NINJ1 rings cut and release Membrane tension splits NINJ1 zipper,
oligomers covering membrane edges membrane disks forming pores or wrapping fragments

Figure 1. Structural mechanism of NINJ1-mediated plasma membrane rupture: (A) Autoinhibited State. In the resting state,
NINJ1 forms face-to-face homodimers, adopting a triple-helical conformation, with the transmembrane helix 1 (TM1) remaining
in a straight state. The dimer seals the exposed hydrophobic surface induced by membrane rupture at the interface, while masking
the binding sites of adjacent activated NINJ1 molecules that have kinked TM1, thereby achieving self-inhibition. In this state,
the cell has no PMR activity. Mutations that disrupt the stability of the dimer lead to spontaneous activation of NINJ1 and cell
death, while mutations that enhance the stability of the dimer inhibit NINJ1 activity. (B) Activation and Oligomerization. The
activation of NINJ1 follows a two-step model. Step 1 (oligomerization): Ca" influx and other signals destabilize and dissociate
the autoinhibited dimer, causing NINJ1 monomers to expose the amphiphilic surface, forming a kink (kink) through TM1 to
undergo oligomerization assembly. Step 2 (lesion opening): Cell expansion and external mechanical strain drive the final opening
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of membrane damage, resulting in plasma membrane rupture and release of cytoplasmic contents. (C) “Fence” Model. In living
cells, NINJ1 exists as monomers on the cell membrane, with the al and a2 helices located on the extracellular side, and the o3
and a4 helices inserted into the membrane. Upon cell death, these helices insert into the membrane, driving oligomerization into
branched fibrils. These fibrils form a tightly packed, fence-like array that stabilizes the edges of membrane lesions. The
amphipathic architecture of the fibril (hydrophobic faces inward, hydrophilic faces outward) creates a conduit for the release of
DAMPs and cytosolic components. (D) “Cookie-Cutter” Model. The NINJ1 monomer undergoes oligomerization and inserts
into the cell membrane, forming a ring-like oligomer, “cutting” out corresponding disc-shaped membrane sheets on the plasma
membrane, and the released NINJ1 ring wraps the lipid components and releases them to the extracellular environment, leading
to loss of membrane area and PMR. Each subunit’s a3/a4 transmembrane helix has crucial kinks that are essential for the
formation of the ring structure and the membrane cutting activity. (E) “Zipper” Model. When the cell initiates lytic cell death
and begins to expand, the plasma membrane is stretched, promoting NINJ1 to form dimers, and a series of dimers polymerize to
form a long chain, binding to the membrane to form a structure similar to a zipper. The lateral tension of the expanded plasma
membrane pulls from both sides of the zipper, and when the tension exceeds a certain threshold, the zipper splits and opens, forming
holes in the membrane. If all NINJ1 subunits are cross-linked when forming the zipper structure, a NINJ1 ring with a hole in the
middle is formed on the plasma membrane; if not fully cross-linked, the NINJ1 subunits continue to extend to form filaments.

3. Activation Signals and Regulatory Mechanisms of NINJ1

The activation trigger mechanism of NINJ1 is one of the most active research directions. Dondelinger
et al. found that NINJ1 is a key regulator of PMR and DAMPs release in various forms of regulated necrosis
(ferroptosis, parthanatos, H202-induced necrosis, and secondary necrosis), and its function is independent
of pore-forming molecules such as MLKL, GSDMD, and GSDME [20]. NINJ1 oligomerization is induced
by cell swelling, but reactive oxygen species (ROS) are neither sufficient nor necessary, indicating an
additional unknown activation mechanism upstream of cell swelling-induced oligomerization. Addressing
this gap, a recent preprint by the Borges team proposes a critical role for calcium influx: calcium activates
the phospholipid scramblase TMEM16F, driving membrane lipid rearrangement and thereby triggering
NINJI activation [21]. Lipid rearrangement refers to the translocation of phosphatidylserine (PS) from the
inner to the outer leaflet of the membrane, altering membrane lipid asymmetry and local mechanical
properties. The same team further demonstrated that extracellular ATP-induced NINJ1-mediated cell lysis via
the P2X7R receptor similarly depends on calcium influx and TMEMI1G6F lipid rearrangement, and that this
process is independent of inflammasomes, pannexin, and GSDMD. Notably, the sources and regulation of
calcium signaling in macrophages are highly complex, involving multiple levels, including epigenetics and
calcium channel expression regulation [22], suggesting that NINJ1 activation thresholds may differ significantly
across different inflammatory contexts. Based on these findings, a separate preprint has hypothesized a “two-
step activation” model: Signal 1 (calcium influx, lipid rearrangement) triggers NINJ1 auto-inhibited dimer
dissociation and oligomerization; Signal 2 (cell swelling) drives membrane damage [23]. Importantly, although
NINJ2 can oligomerize with kinetics similar to NINJ1, it fails to execute PMR upon cell swelling—a contrast
that, as demonstrated by Sahoo et al., supports the specificity of Step 2 in the two-step model [19] (Figure 1B).
This model decomposes PMR execution into two regulatable steps, providing multiple potential targets for
therapeutic intervention: blocking oligomerization in Step 1 or inhibiting membrane damage in Step 2.

Zhu et al. identified NINJ1 as the key mediator of mechanostrain-induced plasma membrane rupture
(PMR), demonstrating that its expression level inversely correlates with membrane rupture thresholds [24].
However, NINJ1 alone is insufficient to achieve complete membrane disintegration during pyroptosis and
requires additional mechanical force. This reveals a synergistic regulatory model where chemical cues and
biophysical forces converge on NINJ1 to fine-tune PMR sensitivity. Beyond this direct mechanism,
mechanical tension also sensitizes cells to ferroptosis via iron metabolism reprogramming [25]. Thus, in high-
stress microenvironments, mechanical forces may coordinately drive lytic cell death by concurrently lowering
the threshold for NINJ1-mediated PMR and activating ferroptosis pathways. Moreover, mechanical signals
broadly influence transcriptional regulation [26-29], suggesting that the mechanical microenvironment may
indirectly modulate NINJ1 expression, thereby dictating tissue-specific PMR susceptibility.
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4. Role of NINJ1 in Different Cell Death Pathways
4.1. Pyroptosis

Pyroptosis is a form of programmed cell death mediated by the Gasdermin family of proteins (e.g.,
GSDMD, GSDME) [30]. Upon inflammasome activation, caspases-1/4/5/11 cleave GSDMD to release its
N-terminal domain (GSDMD-NT), which forms pores on the cell membrane, releasing pro-inflammatory
cytokines such as interleukin-1p (IL-1B) and triggering inflammatory responses [31]. After GSDMD pore
formation, NINJ1 is activated: its N-terminal helix inserts into the plasma membrane and oligomerizes,
leading to complete plasma membrane rupture and promoting the release of large-molecular-weight
DAMPs (e.g., HMGBI1, LDH) [5]. NINJ1 deletion does not affect GSDMD pore formation or IL-1p release
but significantly reduces leakage of HMGB1 and other large molecules, alleviating inflammatory damage
[9]. Moreover, NINJ1 deletion only blocks PMR rather than cell death, indicating that NINJ1-mediated
PMR is a downstream event after GSDMD executes pyroptosis, with its core role being to promote the
release of inflammatory contents. This functional division has been validated by multiple studies (Figure
2A). Septins have been confirmed to promote macrophage pyroptosis by regulating GSDMD cleavage and
NINJ1-mediated PMR [32]; studies on how pore diameter dynamics control cell volume expansion during
pyroptosis further suggest precise spatiotemporal coordination between GSDMD pores and NINJ1-mediated
PMR [33]. Importantly, GSDMD pore formation does not always lead to PMR—under sub-lethal stimulation,
GSDMD can form pores to release cytokines without triggering NINJ1-dependent PMR, allowing cells to
repair membrane pores and survive. Only under sustained or strong stimulation do downstream signals
(osmotic swelling, calcium influx, etc.) reach the threshold for triggering NINJ1 oligomerization. This
threshold effect may be an important mechanism for the body to finely regulate inflammation intensity.

4.2. Post-Apoptotic Lysis

Apoptosis is a caspase-mediated programmed cell death executed via extrinsic (death receptor/caspase-
8) and intrinsic (BAK/BAX-MOMP-caspase-9) pathways, resulting in characteristic morphological
changes and the formation of apoptotic bodies [1]. When clearance is blocked, uncleared apoptotic cells
can undergo secondary necrosis, releasing DAMPs and LDH via NINJ1-dependent PMR [34]. In GSDME-
positive cells, caspase-3-activated GSDME can synergize with NINJ1 to promote PMR. NINJ1 executes
PMR by sensing membrane curvature changes and exposed phosphatidylserine caused by post-apoptotic
cell swelling, without affecting early membrane blebbing during apoptosis—a mechanism conserved across
multiple cell death pathways [35].

4.3. PANoptosis

PANoptosis is a novel inflammatory programmed cell death pathway characterized by the synergistic
action of pyroptosis, apoptosis, and necroptosis [36]. Its core is the assembly of a PANoptosome complex,
which integrates key components of multiple cell death pathways, including ASC, caspases-1, RIPK1,
RIPK3, and caspase-8. Recent studies show that NINJ1 plays a unique and critical role in PANoptosis: it
independently mediates plasma membrane rupture and the release of inflammatory content via
oligomerization, a process that is independent of traditional effector molecules (GSDMD, GSDME,
MLKL). Experiments confirm that individual inhibition of MLKL, caspase-1, or caspase-3 has limited
effects on NINJ1 oligomerization, but combined inhibition significantly blocks this process, indicating that
PANoptosis regulates NINJ1 by integrating multiple signaling pathways [37]. Han et al. found that under
infection and heat stress conditions, NINJ1 is a key executor of PANoptosis, independently releasing
inflammatory molecules and DAMPs without GSDMD, GSDME, or MLKL. In a heat stress mouse model,
NINIJ1 deletion significantly reduced mortality [38]. Xu et al. found that influenza A virus (IAV) infection
upregulates NINJ1 expression and mediates PANoptosis-induced cell lysis; NINJ1 deletion alleviated IAV-
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induced lung injury and mortality [39]. Additionally, the ZBP1-NINJ1 axis has been confirmed to play a
key role in ethanol-induced PANoptosis and alcohol-related liver disease [40,41] (Figure 2B). These studies
collectively indicate that NINJ1 may be a shared terminal PMR executor across pathways, making it an
ideal target for limiting PANoptosis-related inflammatory damage.

4.4. Ferroptosis

Ferroptosis is an iron-dependent regulated cell death characterized by abnormally increased lipid
peroxidation in cell membranes, regulated by multiple metabolic pathways including antioxidant systems
(defects in GPX4 and FSP1 function), iron metabolism (Fe** promoting lipid peroxidation via Fenton
reaction), and cysteine metabolism (system Xc~ transporter inhibition reducing GSH synthesis) [42]. The
role of NINJ1 in ferroptosis is controversial: on one hand, studies show that NINJI regulates PMR
downstream of phospholipid peroxidation in GPX4 inhibitor-induced ferroptosis, promoting DAMPs
release from ferroptotic cells [20]. For example, Ramos et al. reported that NINJ1 oligomerizes during
ferroptosis, and Ninjl deficiency protects macrophages and fibroblasts from ferroptosis-related PMR.
NINIJ1 is not essential for upstream steps of ferroptosis but is critical for early loss of membrane integrity,
and DAMPs release [43]. Recently, some studies have found that cell mechanical state may be an important
factor in determining ferroptosis sensitivity. Mechanical stress increases free iron and sensitizes ferroptosis
through NCOA4-mediated ferritinophagy [25,44]. Considering that NINJ1 is also affected by mechanical
forces, mechanical stress may represent a candidate convergence point between upstream iron-metabolic
drivers and downstream PMR execution—though this linkage requires direct testing. On the other hand,
some studies found that NINJ1 knockout increases xCT expression and stability, promoting cystine uptake
and elevating CoA and GSH concentrations, thereby protecting cancer cells from xCT inhibitor-induced
ferroptosis. Notably, glycine—known to inhibit classical NINJ1-mediated membrane rupture—has no
effect on ferroptosis [45] (Figure 2C). This phenomenon implies that NINJ1 has two functional roles in
ferroptosis: classical PMR execution and non-classical metabolic regulation, possibly mediated by different
molecular interfaces or regulatory circuits. This discovery expands the understanding of NINJ1°’s functional
diversity, but the structural basis and relative contributions of these two roles in vivo remain to be explored.
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Figure 2. The role of NINJ1 in cell death. (A) Pyroptosis. The PMR mediated by NINJ1 is the downstream event after GSDMD
performs pyroptosis. After the activation of the inflammasome, Caspase-1/4/5/11 cleaves GSDMD, and its N-terminal fragment
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forms small pores on the plasma membrane, mediating the release of small molecule cytokines such as IL-1p and IL-18 and non-
selective ionic flow. NINJ1 then oligomerizes to execute the final plasma membrane rupture, resulting in the release of large
molecule DAMPs (HMGBI1, LDH) to the extracellular space. (B) PANoptosis. Pyroptosis, necroptosis, and apoptotic pathways
are simultaneously activated under conditions such as infection (bacteria, viruses) and heat stress. NINJ1 acts as the final executor
to release inflammatory molecules and DAMPs. (C) Ferroptosis. Ferroptosis is a form of iron-dependent regulated cell death,
with its core feature being the abnormal increase in lipid peroxidation of the cell membrane, regulated by multiple metabolic
pathways. NINJ1 can regulate the PMR downstream of phospholipid peroxidation in ferroptosis induced by GPX4 inhibitors,
promoting the release of DAMPs by ferroptotic cells. NINJ1 is not essential for the upstream steps of ferroptosis, but is crucial
for the early loss of membrane integrity and the release of DAMPs. NINJ1 knockout can increase the expression and stability of
xCT, thereby promoting cystine input and increasing CoA and GSH concentrations, protecting cancer cells from ferroptosis
induced by xCT inhibitors.

5. Role of NINJ1 in Various Diseases
5.1. Inflammatory Diseases and Targeted Therapy

Since NINJ1-mediated PMR is a key step in DAMPs release and inflammation amplification, inhibiting
NINJ1 may be a critical strategy to alleviate cell death-related inflammation. In 2023, Kayagaki et al.
reported the development of an anti-NINJ1 monoclonal antibody in Nature. This antibody blocks NINJ1
oligomerization and PMR. In multiple liver cell PMR models induced by TNF plus d-galactosamine,
concanavalin A, Jo2 anti-Fas agonist antibody, or ischemia-reperfusion injury, NINJ1 inhibition or Ninj1
deletion improved tissue damage, reduced serum LDH, transaminases, and DAMPs levels, and decreased
neutrophil infiltration [46]. This was the first demonstration in animal models that targeting the PMR
execution step can produce clear therapeutic benefits.

In the cardiovascular field, NINJ1 plays a multifaceted role. Wu et al. found that NINJ1 enhances
macrophage infiltration and promotes abdominal aortic aneurysm (AAA) development by blocking the
TLR4-ANXAZ2 interaction in AAA formation [47]. Consistent with its pathogenic role in AAA, NINJI1 has
also been identified as a potential anti-inflammatory target for thoracic aortic dissection [48]. Jeon et al.
reported that soluble NINJ1 (the shed extracellular segment from the cell surface) has anti-inflammatory
activity, ameliorating atherosclerosis by competitively inhibiting the adhesive function of membrane-bound
NINJI [10]. This seemingly contradictory phenomenon suggests that the membrane-bound and soluble
forms of NINJ1 may have opposite biological effects, which is important for designing therapeutic
strategies—simply blocking NINJ1 function may have different or even opposite effects in different
cardiovascular pathologies.

During organ ischemia/reperfusion (I/R) injury, NINJ1 is governed by tissue-specific post-translational
modifications. In the kidney, TRIM72-mediated ubiquitination at K111 normally targets NINJ1 for
degradation; however, AKI downregulates TRIM72, thereby stabilizing NINJ1 and driving PMR, HMGB1
release, and fibrosis via MMT and NETs [49]. In the liver, Ubc9-mediated SUMOylation at K103 inhibits
NINJ1 membrane localization, while hepatic I/R reduces Ubc9 levels, permitting NINJ1 translocation and
DAMP-driven NF-kB activation [50]. Notably, NINJ1 also interacts with Duspl in the liver to regulate
macrophage and neutrophil recruitment during I/R [51]. These parallel yet distinct pathways establish NINJ1
as a convergent effector of I/R injury, with its precise impact dictated by tissue-specific regulatory networks.

In traumatic brain injury, NINJ1-mediated PMR of pyroptotic endothelial cells exacerbates blood-brain
barrier disruption caused by neutrophil extracellular traps (NETs) [52]. In acute pancreatitis, the calcium-
p53-NINJ1 signaling axis mediates acinar cell PMR [53]. These findings indicate that the NINJ1-PMR axis
is a key link in tissue damage in various inflammatory diseases (Figure 3). Consequently, targeting NINJ1
represents a promising therapeutic avenue. Emerging therapeutic strategies include anti-NINJ1 antibodies
[46], sNINJ1-mimetic peptides (ML56/PN12) that suppress macrophage pro-inflammatory gene expression
[54], and muscimol (a GABA-A agonist) that blocks NINJ1 oligomerization [55].
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Figure 3. The multifaceted roles and therapeutic potential of NINJ1 in various diseases. The NINJ1 protein possesses the dual
identities of a PMR executor and an adhesion molecule. It plays a role in various disease types such as inflammatory diseases,
cardiovascular diseases, neurological diseases, metabolic and vascular diseases, infectious diseases, tumors and radiation injuries.
Anti-NINJ1 monoclonal antibodies can prevent NINJ1 oligomerization and PMR, and alleviate tissue damage in various animal
models. In the future, NINJ1 may serve as a therapeutic target for multiple diseases, but the key lies in how to inhibit pathological
PMR while retaining its defensive function.

5.2. Neurological Diseases

NINJ1 also plays dual roles as an adhesion molecule and PMR executor in the nervous system. In
multiple sclerosis and EAE models, NINJ1 is considered a key molecule for myeloid cell transmigration
across the blood-brain barrier [7], and Ninjl deficiency attenuates EAE clinical symptoms and
susceptibility [56]. This function is mainly mediated by NINJ1’s homophilic adhesion activity, which
parallels ICAM-1/Src signaling: ICAM-1 ligation activates Src kinases that phosphorylate ICAM-1 at
Tyr518, promoting clustering and leukocyte transmigration [57]. Although no study has directly
demonstrated NINJ1-ICAM-1/Src signaling cross-talk, the co-involvement of both molecules in leukocyte
recruitment raises the hypothesis that they may function cooperatively, which warrants future investigation.
However, under traumatic brain injury and neuroinflammation conditions, NINJ1’s PMR function may also
participate: pyroptotic endothelial cells release DAMPs via NINJ1-mediated PMR, further exacerbating
blood-brain barrier disruption and inflammatory infiltration [52]. Thus, in neurological diseases, NINJ1
may participate in pathology through both adhesion and PMR mechanisms, with the relative contribution
of each mechanism varying by disease type and stage.

At the behavioral level, Ninjl-knockout mice exhibit repetitive and anxiety-like behaviors [58],
suggesting that NINJ1 may have undefined roles in neural development or synaptic function. In HIV-
associated neurocognitive disorders, caspase-cleaved Gasdermin E-induced neuronal pyroptosis is also
associated with NINJ1-related PMR mechanisms [59]. These findings indicate that NINJ1’s function in the
nervous system is far more complex than initially thought and warrants further in-depth study.
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5.3. Infectious Diseases

NINJ1’s role in infection defense was noted when it was found to be involved in lytic cell death. Ninj1-
deficient mice are more susceptible to Citrobacter rodentium infection, indicating the important function
of PMR in antibacterial host defense. Mechanistically, NINJ1 utilizes its evolutionarily conserved
extracellular domain for oligomerization, thereby executing PMR. This result was also validated in a study
by Elisabet Bjanes et al.: targeted mutations in the Cardl9locus were found to be associated with impaired
NINJ1 expression, defective cell lysis, and increased susceptibility to Yersinia infection [60]. With
deepening research, new roles of NINJ1 in infectious diseases have been gradually discovered. In 2025,
Song et al. reported that murine norovirus (MNoV) uses NINJ1 to selectively secrete its intracellular viral
protein NS1 [61]. During infection, NINJ1 is recruited to viral replication sites, forming oligomerized
punctate structures that directly interact with NS1, enabling selective binding and secretion of NS1. This
discovery reveals a new role for NINJ1 in protein secretion. Additionally, NINJ1 has been reported as a
restriction factor for HSV-1 in mouse macrophages [62], indicating its important function in host antiviral
defense. These findings suggest that NINJ1’s biological functions extend beyond PMR execution—it may
regulate multiple aspects of membrane dynamics: from pore formation to membrane fragment release and
selective protein secretion.

5.4. Metabolic, Vascular-Related Diseases, and Radiation Injury

Beyond the major diseases mentioned above, NINJ1 is also implicated in other pathologies. In diabetes,
NINJ1 function blockade protects endothelial cells from high-glucose-induced damage [11]. In hindlimb
ischemia models, pericyte-specific NINJ1 deletion weakens vessel maturation and blood flow recovery
[63]. In retinal diseases, ganglion cell-derived LysoPS induces retinal neovascularization by activating the
microglial GPR34-PI3K-AKT-NINJ1 axis [64]. In hemorrhagic and hemolytic conditions, hemolysis
releases free heme as a potent DAMP that activates TLR4 on monocytes and endothelial cells [65]. Heme
oxygenase degrades heme into biliverdin, carbon monoxide, and iron; biliverdin has been linked to cerebral
vasospasm, microthrombus, and neuronal apoptosis after subarachnoid hemorrhage [66]. Whether NINJ1-
PMR synergizes with heme-driven pathology to exacerbate vasospasm remains to be determined. In
radiation injury, ionizing radiation upregulates endothelial cell NINJ1 expression via the p53 pathway,
promoting monocyte adhesion and tumor infiltration [14,67]; whether NINJ1 further amplifies post-
radiation inflammation via PMR-mediated DAMPs release remains to be determined.

5.5. Tumors

NINJ1 exhibits dual functions (tumor-suppressive and tumor-promoting) in tumors. In 2017, Yang et
al. found that NINJ1 has dual functions in p53-dependent tumorigenesis: in cells with wild-type p53, NINJ1
deletion inhibits cell proliferation; in cells with mutant p53, NINJ1 deletion promotes tumor progression
by increasing mutant p53 expression [8]. In lung cancer, NINJ1’s role is also contradictory: Hyun et al.
found that NINJ1 drives lung tumor formation and progression via the Wnt/B-catenin signaling pathway
[68], whereas Jang et al. reported that NINJ1 suppresses metastatic properties in lung cancer cells by
inhibiting intracellular signaling pathways [69]. In colorectal cancer, Ninjl deficiency differentially
mitigates chemically induced tumorigenesis with sex differences [70,71]. AP-1 has been identified as an
upstream regulator of NINJ1 in TNFa-mediated triple-negative breast cancer progression [72]. A recent
study found that FGD3 enhances chemotherapy efficacy and immunogenicity in breast cancer by mediating
lytic cell death, revealing the potential of cell death and NINJ1-related pathways in tumor immunity [73].
Overall, NINJ1’s function in tumors highly depends on genetic background, tumor type, and
microenvironmental conditions, and it cannot be simply classified as a tumor promoter or suppressor.
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6. Summary and Outlook

Research on NINJ1 has made significant progress in recent years, but many limitations and gaps remain.
Currently, most experiments on NINJ1-mediated PMR use macrophages, and NINJ1’s expression levels,
activation thresholds, and functional dependencies may vary significantly among different cell types. Little
is known about NINJ1’s activation thresholds and functional roles in non-immune cells (epithelial cells,
endothelial cells, neurons, cardiomyocytes, etc.). The discovery of SIGLECI2 in necroptosis further
indicates that PMR execution mechanisms are more diverse than initially thought [74]. Whether NINJ1,
SIGLEC12, and other potential PMR executors coordinate, compete, or complement each other is an urgent
question to address.

Since NINJ1 mediates plasma membrane rupture in lytic cell death, a natural follow-up question is:
does NINJ1 participate in other physiological processes dependent on membrane remodeling? Cell division
involves a series of membrane dynamic events, including nuclear envelope breakdown (NEBD) in early
mitosis and plasma membrane constriction/separation during cytokinesis—all essentially involving
membrane disassembly and reconstruction. To explore NINJ1’s potential role in these physiological
membrane remodeling processes, we knocked down NINJ1 expression via RNA interference and
systematically analyzed cell cycle distribution changes using flow cytometry. Results showed that NINJ1
downregulation had no significant effect on cell cycle progression. This preliminary observation suggests
that NINJ1 may not play a key role in plasma membrane remodeling and nuclear envelope
disassembly/reconstruction during cell division, although further validation with more rigorous
experimental approaches is warranted. Mechanistically, NINJ1 activation may require specific pathological
signal cascades, whereas NEBD during mitosis is driven by CDKI1-Cyclin B kinase complex-mediated
lamin phosphorylation, belonging to a completely different molecular regulatory system. Thus, although
NINJI has potent membrane rupture activity, its function is strictly process-specific, activated only in
specific signal environments related to cell death, rather than acting as a universal membrane remodeling
factor in all membrane structure change-related biological processes.

The fence model of Degen et al., the “cookie-cutting” model of David et al., and the “zipper” model of
Sahoo et al. converge on the core mechanism but differ in PMR details. These models have not been fully
unified, possibly because cryo-EM structures primarily derive from in vitro reconstitution systems or
detergent-treated samples, which differ significantly from in sifu membrane environments. Additionally,
the polymorphism of active-state structures suggests that NINJ1 may adopt different assembly strategies
depending on membrane composition and tension. There is currently a lack of real-time dynamic
observation of NINJ1’s entire process (from dimer dissociation to filament formation and membrane
fragment release) on intact cell membranes. Future developments in in situ cryo-electron tomography (cryo-
ET) and live-cell super-resolution imaging may answer this question.

Moreover, the understanding of NINJ1 activation signals remains incomplete. Although calcium
pathways and cell swelling have been proposed as key signals for NINJ1 activation based on preprint
findings [21,23], several critical questions remain: What signal triggers dimer dissociation? Is TM1 kinking
actively driven or passively responsive to membrane environmental changes? How do changes in
membrane lipid composition precisely regulate NINJ1 conformational transitions? Do different forms of
cell death share the same activation mechanism? How mechanical forces affect NINJ1 conformational
transitions and oligomerization, and the synergy between mechanical and chemical signals—all require in-
depth study. Recent studies have revealed that mechanical signals can regulate gene expression through
chromatin remodeling complexes and transcription factor pathways [26], raising the possibility that the
mechanical microenvironment may modulate NINJ1 expression and thereby influence lytic cell death
thresholds. Hemodynamic flow represents one such physiologically relevant signal; disturbed shear stress
upregulates endothelial ICAM-1 to promote atherogenesis [75]. Given that NINJ1 and MMP9 are



iMed 2026, 1(1), 10005. doi:10.70322/iMed.2026.10005 11 of 15

independent predictors of plaque vulnerability [76], it is imperative to investigate whether flow dynamics
further govern NINJ1-mediated PMR by modulating endothelial membrane tension and death thresholds.

Currently, disease research on NINJ1 mainly relies on mouse models, and species-specific discoveries
like SIGLEC12 suggest possible important differences in PMR mechanisms between mice and humans.
Most disease studies use global or myeloid-specific Ninj1-knockout mice, making it difficult to distinguish
NINJ1’s contributions in different cell types.

At the therapeutic translation level, anti-NINJ1 antibodies perform well in acute liver injury models,
but their long-term safety and efficacy in chronic inflammatory diseases remain unclear. Some studies show
that NINJ1-mediated PMR plays protective roles in host defense; thus, how to inhibit pathological PMR
while preserving its physiological functions is a question worth considering. Strategies to address these
issues may include developing tissue-specific delivery systems to limit the scope of NINJ1 inhibitors; using
different targets in the two-step activation model for refined intervention; or developing conditionally
activated NINJ1 modulators that act only in pathological microenvironments. Furthermore, NINJ1 presents
a novel conceptual target for CNS delivery. FUS leverages BBB disruption for drug transport [77,78], and
NINJ1 participates in endothelial barrier disruption through both adhesion and PMR. It is tempting to
speculate that NINJ1 modulation could synergize with FUS to optimize brain tumor penetration, though
this speculative yet intriguing avenue warrants future investigation.

From its initial discovery as a nerve injury-induced adhesion molecule in 1996 to its confirmation as
an active executor of PMR in lytic cell death in 2021, and subsequent significant advances in structural
analysis, activation regulation, cross-pathway functions, and disease associations, NINJ1 research has
established a relatively complete knowledge framework. However, many questions remain: the complete
signaling pathway for NINJ1 activation, functional heterogeneity in different tissues and cell types,
coordination with other PMR executors, and safety windows for therapeutic targeting—all will be key
directions for future research. Deepening NINJ1 research will not only advance understanding of basic
mechanisms of lytic cell death but also provide new therapeutic strategies for inflammatory diseases,
neurodegenerative diseases, tumors, and more. With advances in structural biology, single-cell omics, and
targeted drug development, NINJ1 research will bring more breakthroughs to basic research and clinical
translation in cell death and inflammation biology in the future.
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