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Ninjurin1 (NINJ1) is initially identified as a nerve injury-induced adhesion

molecule that facilitates axon growth. It is initially characterized to promote

nerve regeneration and mediate the transendothelial transport of monocytes/

macrophages associated with neuroinflammation. Recent evidence indicates

that NINJ1 mediates plasma membrane rupture (PMR) in lytic cell death. The

absence or inhibition of NINJ1 can delay PMR, thereby mitigating the spread of

inflammation resulting from cell lysis and preventing the progression of various

cell death-related pathologies, suggesting a conserved regulatory mechanism

across these processes. Further research elucidated the structural basis and

mechanism of NINJ1-mediated PMR. Although the role of NINJ1 in PMR is

established, the identity of its activating factors and its implications in diseases

remain to be fully explored. This review synthesizes current knowledge regarding

the structural basis and mechanism of NINJ1-mediated PMR and discusses its

significance and therapeutic targeting potential in inflammatory diseases,

neurological disorders, cancer, and vascular injuries.
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Nerve injury-induced protein 1 (NINJ1) was initially identified as a novel adhesion

molecule in the central nervous system (CNS), facilitating cell adhesion through

homophilic binding (1). Following axotomy, NINJ1 is upregulated in neurons and

Schwann cells at the distal nerve segment, promoting neurite outgrowth. Subsequently,

further studies demonstrated that NINJ1 also participates in neuroinflammation (2, 3),

angiogenesis (4), and repetitive and anxiety behaviors of neuropsychiatric disorders (5) in

CNS. Meanwhile, the crucial role of NINJ1 in cardiovascular diseases, diabetes,

inflammation, and cancer has also been elucidated. Despite these findings, NINJ1 did

not attract significant attention until 2021, when Kayagaki et al. revealed its role in

mediating plasma membrane rupture (PMR) during lytic cell death, thus thrusting NINJ1

into the realm of cell death (6). Subsequent investigations have delineated the structural

basis and mechanisms underlying NINJ1-mediated PMR (7). Consequently, the novel role

of NINJ1 in cell death has propelled it into a pivotal position, yet its precise contributions to
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cell death and disease remain partially unclear. Hence, this review

aims to shed light on the characteristics of NINJ1 and its

connections to cell death and disease, laying a foundation for

future comprehensive studies on NINJ1.
1 The expression and distribution
of NINJ1

NINJ1 was originally discovered in the CNS and is predominantly

expressed in neurons and Schwann cells surrounding the distal nerve

segment (1). Additionally, Ahn et al. and Ifergan et al. observed that

NINJ1 is mainly expressed in the meninges, the choroid plexus, and

the parenchymal perivascular region of normal rat brains, while

weakly expressed in the cerebral cortex and hippocampal regions,

and is absent in lymphoid and astrocytes (8, 9). Subsequently, Lee

et al. expanded on the expression and distribution of NINJ1 in CNS

(10). They examined the expression profile and cell distribution of

NINJ1 in the brain of rats with transient focal cerebral ischemia and

found that the expression of NINJ1 was significantly induced in the

cortical penumbral area and the cerebral infarction nucleus area on

the 1st day after middle cerebral artery occlusion (MCAO). The

expression of NINJ1 in the former was high and then decreased after

8 days, while the expression in the latter was maintained for 10 days.

On day 1 after MCAO, NINJ1 was detected mainly in the infarct

center and penumbral area neutrophils and endothelial cells, but on

day 4 after MCAO, reactive macrophages were the primary

expression cells of NINJ1. At 12 days after MCAO, expression

induction of reactive macrophages was maintained in the infarct

center but not in the penumbral area. NINJ1 exhibited dynamic

expression patterns in different immune cells at different times after

MCAO, suggesting that the function of NINJ1 may also be similarly

dynamic. In 2019, Shin et al. investigated the localization of NINJ1 in

various tissues using immunohistochemical analysis and Western

Blot analysis. They detected the weakest expression of NINJ1 in the

brain, which was only detected in a few glial cells, while it was

abundant in skin and ileum, and moderately expressed in the sciatic

nerve, spleen, lung, stomach, colon, liver, pancreas, kidney, testis and

other tissues (11). Besides, according to the data of NIH-NCBI-Gene

database (Gene ID: 4814), INJ1 is most abundantly expressed in the

kidney, followed by the adrenal gland, thyroid gland, lung, heart,

spleen, and liver. Other commonly expressed tissues include the

brain, placenta, prostate, salivary gland, small intestine, stomach,

thymus, uterus, trachea, and skeletal muscle. It is worth noting that

although low expression of NINJ1 still exerts an important role in the

CNS, its role in other organs withmedium or high expression remains

unclear. Hence, more experiments are necessary to uncover the

specific molecular mechanisms involving NINJ1 in each organ

system. Additionally, NINJ1 was also expressed in epithelial cells,

blood cells (1), and myeloid cells (8). According to the data of the

scRNASeqDB (https://bioinfo.uth.edu), NINJ1 is most expressed in

macrophages, followed by HepG2 cell line, DG-75, liver cancer cell,

pancreatic islet duct and so on. Immunofluorescence imaging has

demonstrated that NINJ1 is specifically localized within the Golgi

apparatus (7). In another study, it was observed that NINJ1
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expression encircles both the cell membrane and the nucleus,

resembling either the endoplasmic reticulum or the Golgi

apparatus in morphology (12). However, it remains to be clarified

whether the presence of NINJ1 in these membrane-bound

organelles is its original site of expression or a consequence of its

activation and subsequent secretion pathway.
2 The structural basis and
modification of NINJ1

NINJ1 is a 16-kDa plasma membrane protein that is

evolutionarily conserved not only between rodents and humans

(with an identity of 89.5% and a homology of 95.4%), but also in

vertebrates and can even be found in all higher eukaryotes (7, 13).

The human NINJ1 gene harbors an open reading frame that

encodes a polypeptide consisting of 152 amino acids, comprising

two transmembrane regions, one intracellular region, and two

extracellular regions located at the N-terminus and C-terminus,

respectively (13). NINJ1 features two hydrophobic transmembrane

domains, positioned at amino acids 72 to 100 and 118 to 139, as

documented by Butcher and Picker (14). Moreover, the pivotal

homophilic and heterophilic adhesion domain of NINJ1 is situated

within a 12-residue segment spanning from Pro26 to Asn37 in the

Extracellular N-Terminal (ENT) domain. This region is

characterized by the presence of tryptophan and a contiguous

cluster of arginine residues, as identified by Araki et al. (15). The

ENT domain, equipped with this crucial adhesion domain, plays a

pivotal role in cell-cell interactions and is hypothesized to function

as an intrinsic negative regulator of the immune response,

potentially via homophilic binding mechanisms (16).

As a cell surface protein belonging to the isotropic adhesion

molecule family, NINJ1 exhibits cross-interaction between immune

cells and endothelial cells. Importantly, this interaction is intricately

associated with the modification and structural attributes of NINJ1

(13). Specifically, NINJ1 assembles into a homocomplex comprising

2 to 6 NINJ1 monomers through a cis-facilitated interaction

between its intracellular domain and the N-glycosylation of

Asn60. This intricate assembly process is further enabled by

intracellular fragments spanning Leu101 to Ala110, which play a

pivotal role in the aggregation of NINJ1 homologs. Notably, N-

glycosylation is indispensable for the cis-interaction of NINJ1, and

any disruption of this glycosylation site, such as through Asn

substitution, impedes the formation of NINJ1 homocomplexes.

The conserved sequences within NINJ1 include both an N-

glycosylation motif and an intracellular region crucial for cis-

interaction, and both are essential for the successful assembly of

NINJ1 homologs. These findings highlight the critical role of N-

glycosylation in the structural integrity and assembly of NINJ1 into

homologous protein complexes.

The novel role of NINJ1 in mediating cell death has prompted

researchers to delve into the structural basis of NINJ1-mediated

PMR during this process, thus shedding new light on the intricate

mechanisms of cell death (7). The initial 38 amino acids of the

hNINJ1 protein retain a disordered conformation. However, the
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subsequent 103 amino acids, spanning positions 39 to 141, are

distinctly depicted in the structural maps, enabling their

unambiguous modeling into four distinct a-helices, designated a1
through a4. In viable, quiescent cells, NINJ1 exists as a monomer

anchored to the cell membrane, with a1 and a2 helices protruding
towards the extracellular milieu, while the a3 and a4 helices are

integral components embedded within the membrane. Upon

activation of the inflammasome, triggering a process termed

pyroptosis, there is a sequential aggregation of NINJ1 (7). The

emergence of NINJ1 dimers and trimers within 10 minutes after

inflammasome activation heralds a cascade of aggregation leading

to the formation of larger, more complex polymers at subsequent

time intervals. NINJ1 congregates on the cell membrane and

subsequently polymerizes to form filaments. These aggregates

take on various configurations, such as large, branching clusters

and elongated filaments of diverse shapes, often extending to the

micron scale. During the process of lytic cell death, the extracellular

a-helices of NINJ1 insert into the plasma membrane, facilitating the

polymerization of NINJ1 monomers into amphipathic filaments.

These filaments can encircle the membrane edges in various

configurations, ultimately resulting in the rupture of the plasma

membrane. Meanwhile, the cryogenic electron microscopy (cryo-

EM) structure of NINJ1 reveals another unique way of mediating

PMR, namely that NINJ1 dissolves liposomes and forms ring-like

structures in activated macrophages to cut and shed membrane

disks to mediate PMR (17). Later, Sahoo et al. used cryo-EM to

resolve the structures of NINJ1 and its close paralog NINJ2, which is

unable to mediate PMR, in order to determine and compare the

structures of NINJ1 and NINJ2 (18). This provided mechanistic

insights into NINJ1-mediated PMR. They showed that both NINJ1

and NINJ2 assemble into linear filaments that are hydrophobic on

one side and hydrophilic on the other. This structural characteristic,

along with other evidence, suggests a PMR mechanism where

NINJ1 filaments wrap around and solubilize membrane

fragments and, less commonly, form pores in the plasma

membrane. In contrast to the straight NINJ1 filament, the NINJ2

filament curves towards the intracellular space. This curvature

prevents its circularization or even assembly on a relatively flat

membrane, thus precluding it from mediating PMR. Mutagenesis

studies further demonstrated that the curvature of the NINJ2

filament is induced by its strong association with lipids,

particularly a cholesterol molecule, at the cytoplasmic leaflet of

the lipid bilayer (18). These researches have enhanced our

understanding of the molecular processes by which the role of

NINJ1 governs programmed cell death.
3 NINJ1 mediates plasma membrane
rupture during lytic cell death

Although report emerged as early as 2009 suggesting that NINJ1

mediates macrophage-induced programmed cell death during the

early stages of ocular development by enhancing cell-cell and cell-

matrix adhesions of macrophages (19), this does not appear to be the

core mechanism underlying NINJ1-mediated cell death. In a
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groundbreaking study published in 2021, Kayagaki et al.

demonstrated that NINJ1 plays a crucial role in PMR during lytic

cell death (6). PMR is the ultimate catastrophic event of lytic cell

death (20, 21). PMR releases intracellular molecules and cellular

contents to trigger local inflammation (22). The mechanism of PMR

has long been unknown and is generally regarded as a passive event

following cell death. Kayagaki et al. discovered that PMR is mediated

by NINJ1 (6), adding a novel regulatory step that is conserved across

different types of lytic cell death, such as pyroptosis, necroptosis, and

apoptosis, as well as ferroptosis, parthanatos, cuproptosis and H2O2-

induced necrosis (23). These findings significantly expand our

understanding of inflammatory cell death, indicating that the

ultimate stages of membrane rupture are not simply passive

processes but are actively governed. This revelation paves the way

for the development of novel targeted therapeutics in clinical settings.

The control of PMR by NINJ1 was initially identified in

pyroptosis (6). Pyroptosis is typical lytic cell death, a potent

inflammatory mode of lytic cell death triggered by a variety of

infectious and sterile insults, known as pathogen-associated

molecular patterns (PAMPs) and damage-associated molecular

patterns (DAMPs) (21, 22, 24). PAMPs and DAMPs are recognized

by pattern recognition receptors, which assemble into caspase-1-

activating protein complexes known as canonical inflammasomes

(25). In humans, caspase-4/5, and in mice, caspase-11, can directly

interact with intracellular lipopolysaccharide (LPS) to form

“noncanonical inflammasomes,” leading to their activation. Once

activated, caspase-1, -4, -5, and -11 cleave a pore-forming protein

called gasdermin D (GSDMD) (26). The pore-forming fragment of

GSDMD drives the process, ultimately releasing two key proteins: the

pro-inflammatory cytokine interleukin-1b (IL-1b) and lactate

dehydrogenase (LDH), which serves as a standard marker of PMR

and lytic cell death (27–30). A seminal study proposed a two-step

mechanism for pyroptosis: the initial formation of a small plasma

membrane pore that facilitates the release of IL-1b and allows non-

selective ionic fluxes, and the subsequent PMR, which is characterized

by oncotic cell swelling (31). Although the estimated size of

gasdermin pores, approximately 18 nanometers in inner diameter,

is sufficient to permit the release of IL-1b (17 kDa, with a diameter of

about 4.5 nm), the mechanism behind the subsequent PMR has

traditionally been regarded as a passive osmotic lysis event, resulting

in the release of LDH (140 kDa) and large DAMPs (32). The first step

is generally believed to be regulated by GSDMD, while the second

step has recently been confirmed to be controlled by NINJ1 (6).

Kayagaki et al. found that upon pyroptosis signal stimulation, the

release of LDH and large dextran dyes (150 or 70 kDa) was reduced

when NINJ1 was deficient, without affecting the GSDMD-dependent

release of a smaller dye (DD-3) or the intake of the 1.2 kDa cell-

impermeable dye YOYO-1. Additionally, the deficiency of NINJ1 was

dispensable for the production of the N-terminal pore-forming

fragment of GSDMD caused by pyroptosis signals and the release

of IL-1b, IL-18, IL-6, and TNF-a through the GSDMD pore.

Morphologically, distinct morphological transformations are

observable during the process of pyroptosis. Affected cells cease

their movement, undergo swelling, and exhibit bubble-like

protrusions that suddenly disintegrate, leading to the formation of

a shrunken cell corpse (21, 31, 33). The absence of NINJ1 protein
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impedes the rupture of these vesicles while leaving the upstream

events unaffected. Consequently, processes such as PMR and

associated phenomena, including LDH release and vesicle lysis, are

genetically distinct from GSDMD-mediated cell death and IL-1b
secretion. This regulatorymechanism has been confirmed to be under

the control of NINJ1.

Not only is pyroptosis confirmed to have a global role in plasma

membrane rupture (PMR) induced by other types of lytic cell death

such as necrosis, post-apoptosis, necroptosis (6), PANoptosis (34),

ferroptosis, parthanatos, cuproptosis and H2O2-induced necrosis

(23), but NINJ1 has also been so established. In response to necrotic

stimuli (such as bacterial pore-forming toxins) or apoptotic stimuli

(like chemotherapeutic agents), NINJ1 deficiency attenuates the

release of LDH, HMGB1, and other proteins, although it is

ineffective in freeze/thaw-induced necrosis. Meanwhile, the

absence of NINJ1 does not prevent the typical bubble formation

of apoptotic cells but rather leads to the dead cells forming a durable

balloon-like form without bursting (6). The role of NINJ1 in PMR

in necroptosis currently seems ambiguous. Kayagaki et al.

demonstrated that the deficiency of NINJ1 only partially

mitigated the release of LDH and DNA degradation product DD-

150 from BMDMs undergoing MLKL-dependent necroptosis (35,

36) following treatment with TNF plus the pan-caspase inhibitor

zVAD (6). Furthermore, Dondelinger et al. found that NINJ1 did

not contribute to the PMR during necroptosis in mouse embryonic

fibroblasts (MEFs) or RAW264.7 cells (23). These findings

collectively suggest that NINJ1 is unlikely to be the sole mediator

of PMR. It is plausible that the oligomerization of MLKL itself

directly disrupts the plasma membrane to trigger PMR, thereby

obviating the requirement for NINJ1, or the PMR in necroptosis is

controlled by other molecules. In PANoptosis induced by LPS plus

heat shock, the mRNA and protein expressions of NINJ1 were

significantly elevated. The deficiency of NINJ1 led to reduced cell

death and a diminished release of inflammatory DAMPs, such as

HMGB1 and LDH. Notably, the effect of NINJ1 on this process

operates independently of the conventional lytic cell death

executors, GSDMD, GSDME, or MLKL (23, 34). In ferroptosis,

lipid peroxidation increases membrane tension and leads to cell

rupture (37). NINJ1 oligomerization was observed during

ferroptosis (38). After ferroptosis induction by the GPX4

inhibitors ML162 and RSL3, NINJ1 deficiency inhibited both

Sytox Green positivity and LDH release. Ramos et al. also

confirmed that NINJ1 controls ferroptosis-induced membrane

permeabilization and cell lysis, as well as the release of DAMPs

from ferroptotic cells (38). These findings indicated that NINJ1

controls the PMR and the release of both small and larger molecules

in ferroptosis (23). Additionally, NINJ1-dependent PMR was also

observed during parthanatos, cuproptosis, and H2O2-induced

necrosis. Together, NINJ1 promotes PMR during almost all forms

of lytic cell death, thereby broadening its significance in cell death.

The above has been visualized as Figure 1.

The precise mechanism through which NINJ1 mediates the

PMR remains elusive; however, it is likely intricately linked to its

distinctive structural attributes. Although NINJ1 is widely

recognized as an adhesion molecule, its adhesive segment appears

dispensable for PMR. NINJ1 is an approximately 16 kDa monomer,
Frontiers in Immunology 04
but in response to nigericin or cytoplasmic LPS, it undergoes a

transition from approximately 40 to 900 kDa, suggesting that

NINJ1 exists as a dimer or trimer in unstimulated BMDMs and

further oligomerizes upon exposure to death stimuli (6). Degen

et al. have subsequently elucidated the detailed structural basis of

NINJ1 and the mechanism by which it ruptures membranes (7).

They noted that following inflammasome activation, NINJ1 dimers,

and trimers began to form within 10 minutes, which was followed

by a significant aggregation of NINJ1, resulting in the creation of

larger polymers at subsequent time intervals and aggregation at the

plasma membrane. Utilizing stochastic optical reconstruction

microscopy, they explored the nanoscale arrangement of NINJ1

aggregates within live cells. These cells exhibited a uniform

distribution of minute NINJ1 dots and a few compact, generally

circular clusters (7). In contrast, cells undergoing pyroptosis

exhibited more prominent NINJ1 clusters. In pyroptotic cells,

NINJ1 undergoes polymerization, giving rise to large clusters with

various shapes, including branched, filamentous structures, as well

as elongated filaments reaching into the micrometer scale. These

filaments can be distinctly modeled as consisting of four a-helices
designated a1–a4 (7). In viable cells, NINJ1 exists as a monomer

embedded in the cellular membrane, with helices a1 and a2 located
on the extracellular surface, while the a3 and a4 pair is integral to

the membrane. During the process of cell death, the amphipathic

helices a1 and a2 insert into the membrane, adopting a kinked

conformation that facilitates the bridging of adjacent protomers,

thereby creating larger polymer structures. These higher-order

polymeric formations contribute to membrane disruption by

effectively sealing the membrane edges (7). Subsequently, David

et al. employed a combination of structural biology and cellular

imaging to present a different model regarding NINJ1-mediated

PMR (17). In contrast to the conclusions of Degen et al., David et al.

observed that a3 and a4 are both kinked rather than straight (17).

They further discovered that recombinant NINJ1 alone is sufficient

to dissolve liposomes into heterogeneous, ring-like NINJ1-

containing assemblies. Live-cell imaging of NINJ1 KO human

THP-1 cells reconstituted with NINJ1-GFP revealed the release of

NINJ1 rings into the culture media during NLRP3 inflammasome

activation, and western blot analysis showed the abundance of

NINJ1 oligomers in the culture supernatant but not in the cell

pellets. Thus, these data suggest the rather surprising possibility that

NINJ1 ruptures membranes by cutting them into small pieces,

leading to lytic cell death and a more complete release of DAMPs.

Glycine has historically been known for its ability to safeguard cells

against PMR caused by a variety of harmful stimuli, including lytic

cell death (39, 40). However, the molecular target and the

underlying mechanism by which glycine confers this cellular

protection have remained elusive. Borges et al. demonstrated that

the knockout or silencing of NINJ1 in both mouse and human

primary macrophages replicates the cytoprotective effects of glycine,

both functionally and morphologically, when cells are stimulated to

undergo different forms of lytic cell death (41). Moreover, they

showed that treatment with glycine inhibits the clustering of NINJ1

within the plasma membrane, thereby maintaining membrane

integrity. The results indicated that NINJ1-dependent PMR is a

target of glycine. Similarly, muscimol, a small molecule that
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prevents PMR during pyroptosis, whose mechanism was previously

unidentified, has been shown to block oligomerization of NINJ1,

which is essential for PMR, and thus reduces lethality during LPS-

induced septic shock (42). Together, these findings demonstrate

that NINJ1-mediated PMR can be pharmacologically manipulated

and lay the groundwork for the identification of therapeutic

strategies for pathologic conditions.

As PMR represents the terminal event in lytic cell death, it is

believed that NINJ1 plays a crucial role in the final stages of cell death.

The deficiency of NINJ1 does not affect metabolic cell death induced

by executors such as GSDMD, GSDME, MIKL, and Caspase 3,

suggesting that NINJ1 functions downstream of these molecules

(23). Additionally, NINJ1 has also been demonstrated to be located

downstream of lipid peroxidation in the process of ferroptosis (23).

These findings imply that NINJ1 regulates plasma membrane

permeabilization downstream following metabolic cell death. The

signaling cascade triggering NINJ1 was once shrouded in mystery.

Pourmal et al. identified NINJ1 autoinhibition as the mechanism that

prevents unprovoked PMR through structure–function findings (43).

They illustrated that dimeric NINJ1 sequesters the hydrophilic face

and that the dissociation of face-to-face dimers is essential for NINJ1

activation. They proposed a possibility of a two-step activation model

for NINJ1: In the first step, the inactive-state N-out NINJ1 inserts its

transmembrane domain 1 (TM1) into the membrane to form

intermediate-state N-in face-to-face dimers; in the second step, the

N-in face-to-face dimers dissociate, and TM1 kinks to stabilize the
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active-state NINJ1 multimers (43). Kayagaki et al. hypothesized that

an increase in cell size or cell swelling could be a pivotal factor, but

there was a lack of direct evidence at that time (6). This conjecture has

since been validated by Dondelinger et al. They exposed wild-type

and NINJ1-deficient MEFs to a hypotonic shock by reducing

the medium’s osmolarity from 360 mOsm to 76 mOsm. Notably,

this hypotonic environment was sufficient to induce NINJ1

oligomerization and NINJ1-dependent PMR without affecting

metabolic cell death (23). These results indicate that NINJ1

oligomerization does not necessarily lead to NINJ1-dependent

PMR; rather, it is associated with cell swelling. Furthermore, Zhou

et al. revealed that Ca2+ may be an activator of NINJ1. They observed

that the presence of Ca2+ chelators (BAPTA-AM) almost completely

inhibited the oligomerization of NINJ1 and thus stabilized platelet

morphology (44).

The role of NINJ1-mediated PMR in disease remains virtually

unknown, with only a few studies initially exploring it. After

discovering NINJ1-mediated PMR, Kayagaki et al. subsequently

constructed an anti-NINJ1 monoclonal clonal antibody that

specifically targets mouse NINJ1 and blocks the oligomerization

of NINJ1, thereby preventing PMR. Through the use of these

antibodies to inhibit NINJ1, hepatocellular PMR induced by TNF

plus D-galactosamine, concanavalin A, Jo2 anti-Fas agonist

antibody, or ischemia-reperfusion injury was alleviated (45).

Moreover, NINJ1 plays an important role in inflammation and

lethality downstream of PMR. Inhibiting NINJ1-dependent PMR
FIGURE 1

NINJ1 oligomerizes to induce PMR during lytic cell death. The signals of lytic cell death including pyroptosis, necroptosis, and apoptosis, as well as
ferroptosis, parthanatos, cuproptosis, and H2O2-induced necrosis, drive a cell swelling, then induced monomer NINJ1 oligomerizes on the cell
membrane resulting in PMR.
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protects against LPS-induced sepsis and inflammasome-induced

blood coagulation and inflammation (42, 46), as well as platelet

activation and PANoptosis in septic disseminated intravascular

coagulation (44). Similar effects of NINJ1 have been confirmed in

infection conditions and heat stress (34). These results suggest a

crucial role for NINJ1-dependent PMR in cell death and disease.

Despite the significant advancements made in understanding

NINJ1-mediated PMR in lytic cell death, the relatively brief history

of research in this area has left ample room for further exploration.

For instance, the precise mechanism by which NINJ1 is activated in

the context of cell death remains to be elucidated. Additionally, the

ambiguous role of NINJ1 in necroptosis calls for a closer

examination of both the similarities and differences in NINJ1’s

regulation of PMR across various cell death modalities. Crucially,

the implications of NINJ1 in disease-related PMR regulation are yet

to be fully grasped, and the viability of therapeutic strategies

targeting NINJ1 requires validation.
4 NINJ1 regulated immune response
in inflammatory diseases

NINJ1 is initially identified as an adhesion molecule in the CNS

that is crucial for cell-to-cell interactions. Subsequently, it has been

observed to be highly expressed in various types of immune cells

such as macrophages/monocytes and neutrophils, suggesting the

regulatory potential of NINJ1 for immune and inflammatory

diseases (19, 47–49). Owing to the adhesion activity of NINJ1,

NINJ1 enhances the adhesion between immune cells and vascular

endothelial cells, thereby playing a key role in nervous system

inflammation (8, 9, 50, 51) and peripheral inflammatory diseases

like pulmonary fibrosis and atherosclerosis (52, 53). Notably, NINJ1

has been found by Jennewein et al.” and “Shin et al. to directly target

toll-like receptor 4 (TLR4) to regulate immunity in sepsis (54, 55).

Additionally, NINJ1 has recently been discovered to mediate PMR

in lytic cell death and thus may regulate immunity and related

diseases by regulating the release of DAMPs and inflammatory

factors (34, 56, 57). In summary, the regulatory mechanisms of

NINJ1 on immune and inflammatory diseases may be multifaceted.

Since NINJ1 was initially discovered in the central nervous

system, its role in immune and inflammatory diseases was initially

revealed in neuroinflammation. Ahn et al. and Ifergan et al. noted

that NINJ1 is predominantly expressed in the meninges, the

choroid plexus, and the parenchymal perivascular region of

normal rat brains, while being strongly expressed in myeloid cells

and partially expressed in endothelial cells (ECs), but not

lymphocytes or astrocytes (8, 9). Functionally, NINJ1 mediates

adhesion between monocyte lineage cells and ECs, suggesting that

NINJ1 might enhance myeloid cell trafficking into the brain across

the blood-brain barrier (BBB). NINJ1 neutralization specifically

abolished the adhesion and migration of human monocytes across

BBB-ECs without affecting lymphocyte recruitment. NINJ1

blockade or deficiency attenuated the susceptibility to EAE by

reducing leukocyte recruitment, macrophage infiltration, dendritic

cells, and antigen-presenting cells into the CNS (9, 50).
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Mechanistically, the ability of NINJ1 to enhance the basal motility

and transendothelial migration of immune cells is achieved

by inducing protrusive membrane dynamics (51). Additionally,

the ability of NINJ1 to regulate inflammation has also

been demonstrated in inflammatory diseases outside the

central nervous system. During the development of intestinal

inflammation, the increased NINJ1 induces the activation of

macrophages or aberrant M1/M2 macrophage polarization, and

dysbiosis contributes to the pathogenesis of inflammatory bowel

disease (58, 59). NINJ1 may contribute to the activation of

macrophages by enhancing their interaction with epithelial cells,

thereby facilitating neutrophil infiltration, inducing local

inflammation, and promoting apoptosis in pulmonary fibrosis

and liver ischemia-reperfusion injury (52, 60). The regulatory

mechanism of NINJ1 in systemic inflammation appears to

be somewhat distinct. In sepsis, Jennewein et al. discovered

that inhibiting NINJ1 can alleviate systemic and pulmonary

inflammation and organ damage, and enhance the survival rate at

24 hours. Its mechanism not only inhibits leukocyte migration but

also potentially reduces the expression of TLR4-dependent

inflammatory mediators. Subsequently, Shin et al. further

confirmed that NINJ1 regulates LPS-induced inflammatory

responses by directly binding to LPS, thus suggesting a new

mechanism and potential for NINJ1 as a hypothetical target for

treating inflammatory diseases.

PMR and cell death play a critical role in inflammatory

responses, which control the release and diffusion of various

DAMPs, including pro-inflammatory cytoplasmic molecules (6).

NINJ1 has been reported to regulate the immune response by

mediating the PMR in dying cells. During Yersinia infection, the

loss of NINJ1 leads to susceptibility, disrupting the macrophages’

ability to undergo PMR downstream of gasdermin cleavage and

affecting host survival and bacterial control (56). In severe acute

pancreatitis (SAP), Ca2+ overload induces mitochondrial stress,

thereby upregulating the P53/NINJ1 pathway and inducing PMR

of acinar cells to exacerbate the severity of SAP (12). During severe

infections such as sepsis and COVID-19, NINJ1 regulates the

activation and PMR of platelets and the release of procoagulant

microvesicles to promote the formation of thrombosis and

disseminated intravascular coagulation (44, 46). After Kayagaki

et al. first demonstrated that NINJ1 mediates PMR in lytic cells,

they generated NINJ1-blocking antibodies that can block the

oligomerization of NINJ1 to prevent PMR (6). They further

confirmed that the NINJ1 antibody can ameliorate TNF + D-

galactosamine, legumin A, Jo2 anti-FAS agonist antibody, or

ischemia-reperfusion injury-induced PMR in hepatocytes,

suggesting that NINJ1 mediates PMR and inflammation in

diseases driven by abnormal liver cell death (45).
5 Role of NINJ1 in
neurological diseases

In 1996, NINJ1 was initially identified as a gene regulated in

Schwann cells following nerve injury and was named NINJ1 (for
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nerve injury-induced protein) by Araki et al. (1). Subsequently,

more roles of NINJ1 in the nervous system were gradually unveiled,

mainly encompassing mediating nerve and cerebrovascular repair

and regeneration as well as neuroinflammation. NINJ1 was initially

identified by Araki et al. as a novel adhesion molecule induced by

nerve injury that can facilitate axonal growth (1). To identify the

genes promoting nerve regeneration, Araki et al. employed

differential screening strategies to screen the genes regulated in

Schwann cells from the distal stump of sciatic nerves. They observed

that NINJ1 was upregulated after axotomy in neurons and Schwann

cells surrounding the distal nerve segment. NINJ1 is located on the

cell surface and is capable of mediating homophilic adhesion and

promoting the neurite extension of dorsal root ganglion neurons in

vitro. In cavernous nerve injury, high-dose NINJ1-Ab induced a

profound restoration of erectile function while low-dose NINJ1-Ab

elicited partial improvement, indicating the dual neurotrophic and

angiogenic effects of NINJ1 blockade in treating cavernous nerve

injury (61). Similarly, following sciatic nerve crush injury, a

substantial increase in NINJ1 promotes the expression of the

myelin binding protein and also increases the number of

myelinated axons. In the postischemic brain, the NINJ1 N-

terminal adhesion motif stimulates the proliferation, migration,

and tube formation of HUVECs by activating the Angiopoietin-1

(Ang1)-Tie2 and AKT signaling pathways. In a rat MCAO model,

N-NAM augmented angiogenesis in the penumbra of the ipsilateral

hemisphere of the brain and significantly enhanced total vessel

lengths, vessel densities, and pro-angiogenic marker expression.

This confers the pro-angiogenic effects of NINJ1 and implies that

these effects might contribute to its neuroprotective effects in the

postischemic brain (4). Additionally, in the previous part, we also

elaborated on the regulatory effect and mechanism of NINJ1 on

neuroinflammation. In conclusion, NINJ1 can fulfill its role in the

nervous system by mediating the repair and regeneration of nerves

and blood vessels as well as neuroinflammation, suggesting its

potential as a potent therapeutic target for neurological diseases.
6 Role of NINJ1 in cancer

NINJ1 expression is induced in response to various stresses within

the tumor microenvironment (62, 63) and it plays an important role in

macrophage-mediated inflammation and vascular remodeling (19, 64),

both of which are closely associated with cancer development and

progression (65). Additionally, NINJ1 is overexpressed in various

cancers, such as hepatocellular carcinoma (49), acute lymphoblastic

B-cell leukemia (48), urothelial bladder cancer (66), and circulating

prostate cancer cells (67). Furthermore, NINJ1 has been identified as a

novel prognostic and severity predictor in human hepatocellular

carcinoma (49, 68), serous ovarian cancer (69), and retroperitoneal

liposarcoma (70). However, the mechanism by which NINJ1 functions

in tumorigenesis, metastasis, and cancer progression remains not fully

understood. p53, a crucial tumor suppressor protein, contributes to the

regulation of NINJ1 in cancer (63, 71). Mechanically, during the

process of tumorigenesis, DNA damage transcriptionally regulates
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NINJ1 in a p53-dependent manner. The deficiency of NINJ1

increases p53 expression potentially by enhancing p53 mRNA

translation to suppress cell proliferation but enhances apoptosis and

premature senescence (63). Interestingly, the loss of NINJ1 led to an

increase in mutant p53 expression and subsequently enhanced cell

growth and migration in cells carrying a mutant p53. Conversely, loss

of NINJ1 inhibited cell growth and migration in cells with a WT p53

(71). Taken together, NINJ1 may exhibit two opposing functions in

tumorigenesis depending on the p53 genetic status. Moreover, due to

its adhesion properties, NINJ1 is effective in facilitating tumor

metastasis in multiple tumor types. In irradiated xenograft tumors,

NINJ1 contributes to the recruitment of monocytes in the tumor and

the adhesion of endothelial cells and monocytes (72), and this process

is still transcriptionally regulated by p53. Similarly, in the colitis-

mediated colon cancer mouse model, NINJ1 decreases macrophage

migration into the tumor sites, thereby reducing macrophage

infiltration and suppressing angiogenesis in the tumor mass,

resulting in the development of fewer and smaller tumors (73). In

lung cancer, inhibiting NINJ1 significantly increased the expression

and secretion of IL-6, enhanced cell migration, and ultimately induced

a significant increase in the incidence of lung metastasis, as well as the

sizes and number of tumor nodules, without affecting tumor growth

(74). In summary, NINJ1 may promote monocyte/macrophage

migration to tumor sites in a p53-dependent manner, thereby

exacerbating tumorigenesis and metastasis.
7 Role of NINJ1 in vascular diseases

Multiple studies have unveiled the crucial role of NINJ1 in

inflammatory response and angiogenesis in vascular diseases. The

soluble form of NINJ1 is an antiatherogenic protein, and its plasma

levels are elevated in patients with coronary artery disease (CAD) and

are associated with the occurrence of CAD and the severity of coronary

stenosis (75). NINJ1-deficient macrophages promoted the expression

of proinflammatory genes by activating the mitogen-activated protein

kinase and inhibiting the phosphoinositide 3-kinase/Akt signaling

pathway. Whole-body and bone marrow-specific NINJ1 deficiencies

significantly increased the recruitment of monocytes and the

accumulation of macrophages in atherosclerotic lesions through

enhanced macrophage-mediated inflammation. As a substrate of

matrix metalloproteinase 9, macrophage NINJ1 is directly cleaved by

matrix metalloproteinase 9 to generate a soluble form, which reduces

the expression of proinflammatory genes in human and mouse

classically activated macrophages, thereby attenuating monocyte

transendothelial migration and alleviating atherosclerosis (76).

Pericyte-derived NINJ1 plays an important role in angiogenesis.

Matsuki et al. identified NINJ1 as a candidate factor for angiogenesis

regulation through a microarray screen. They observed that NINJ1 is

expressed in capillary cells, including endothelial cells (ECs), and is

expressed at a higher level in capillary pericytes (cPCs), which can be

further induced by hypoxia. The downregulation of NINJ1 enhanced

the production of angiogenic growth factors such as VEGF and

angiopoietin 1, and the angiogenic effects mediated by cPCs (62).
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Similarly, in response to ischemia, NINJ1 enhanced the

formation of functional matured vessels through the association

between pericytes and ECs, resulting in blood flow recovery from

ischemia (77). After a traumatic vascular injury, the deletion of NINJ1

in pericytes induces the formation of immature vasa vasorum in the

injured vasculature and exacerbates adventitial inflammation and

intimal hyperplasia (78). In diabetes-induced vascular degeneration

and endothelial dysfunction, the administration of a NINJ1-

neutralizing antibody reversed the downregulation of Ang1

expression and the upregulation of angiopoietin-2 expression,

successfully restoring erectile function through enhanced penile

angiogenesis and neural regeneration (79, 80). Additionally, the

functional blocking of NINJ1 exerts protective effects on diabetic

endothelial cells by inhibiting the caspase 3-dependent apoptosis

pathway (81). In conclusion, inhibiting NINJ1 may be a novel

therapeutic strategy for treating vascular diseases by regulating the

endothelial inflammatory response, angiogenesis, and apoptosis.
8 Conclusions and prospects

NINJ1 was originally identified as an adhesion molecule induced

by nerve injury to promote axon growth (1). Subsequent studies have

shown that NINJ1 is the least expressed in the CNS but abundant in

the skin and ileum and is moderately expressed in the sciatic nerve,

spleen, lung, stomach, colon, liver, pancreas, kidney, testis, and other

tissues in mice (11). Researchers have therefore attempted to

investigate NINJ1’s role outside the CNS. Owing to its adhesion

properties, NINJ1 also plays an important role in inflammatory

diseases (16), cancer (70), and vascular injuries (75). However,

these discoveries are not sufficient to truly highlight NINJ1’s

significance. In 2021, Kayagaki et al. screened for PMR in which

NINJ1 could mediate lytic cell death (6) and transformed the

previously uncontrollable PMR process into a procedural stage

regulated by NINJ1. Subsequent studies further unveiled the

structural basis and mechanism of NINJ1’s regulation of PMR (7).

NINJ1’s four a-helical structures mediate the oligomerization of

NINJ1 following stimulation by lytic cell death signals, a modified

form that causes NINJ1 to induce PMR. Additionally, the NINJ1

antibody has been proven to reduce PMR by inhibiting the

oligomerization of NINJ1 (45), ultimately alleviating a variety of

liver injury diseases, indicating the potential of inhibiting NINJ1-

mediated PMR as a therapeutic target for diseases. Nevertheless, there

are still numerous unanswered questions waiting to be revealed in

future research. NINJ1 is believed to play a role in the final stage of

cell death, but the signal of NINJ1 activation is still unclear, and cell

swelling and Ca2+ are considered to be possible factors, but more

direct and sufficient evidence is still needed to prove it. NINJ1 is

believed to be involved in the final stage of cell death, yet the signal for

its activation remains unclear. Cell swelling and Ca2+ are considered

possible factors, but more direct and sufficient evidence is still

required to substantiate this. Although Kayagaki et al. have

established a NINJ1-neutralizing antibody and demonstrated its

positive role in liver injury diseases (6), the role of NINJ1-mediated
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PMR in other diseases still requires further exploration, and the

development of NINJ1-targeted therapeutic approaches holds great

clinical translational value. Notably, in addition to the more

commonly studied areas such as neurological diseases, tumors,

inflammatory diseases, and vascular damage, the role of NINJ1-

mediated PMR in infection is difficult to determine. NINJ1-mediated

PMR leads to the release of intracellular substances, which may either

amplify the inflammatory response or actively promote an adaptive

protective response. This could be a point that NINJ1 cannot

overlook in its clinical transformation. In addition to cell

membranes (6), NINJ1 localization has also been detected on

intracellular organelle membranes such as mitochondria,

lysosomes, and the endoplasmic reticulum (7, 12). Therefore,

whether NINJ1 has a similar regulatory effect on the breakdown of

organelle membranes is worthy of determination in future studies,

and it may play an important role in mitochondrial, lysosome

damage, and other cellular processes. In conclusion, in addition to

its known adhesion properties, the PMR in NINJ1-mediated lytic cell

death unfolds a new and broader realm for NINJ1 research, which is

bound to thrive, making NINJ1 a potential therapeutic target for an

even greater number of diseases in the future.
Author contributions

LZ: Writing – original draft. YX: Conceptualization, Funding

acquisition, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the Fundamental Research Funds for the Central

Universities of Central South University (2020zzts222).
Acknowledgments

The authors acknowledge the BioRender (http://www.biorender.com),

as figures in this review were created with BioRender platform.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
frontiersin.org

http://www.biorender.com
https://doi.org/10.3389/fimmu.2025.1519519
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhu and Xu 10.3389/fimmu.2025.1519519
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 09
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Araki T, Milbrandt J. Ninjurin, a novel adhesion molecule, is induced by nerve
injury and promotes axonal growth. Neuron. (1996) 17:353–61. doi: 10.1016/S0896-
6273(00)80166-X

2. Shi Y, Liu Y, Wu C, Liu X, Hu W, Yang Z, et al. N,N-Dimethyl-3b-
hydroxycholenamide attenuates neuronal death and retinal inflammation in retinal
ischemia/reperfusion injury by inhibiting Ninjurin 1. J Neuroinflamm. (2023) 20:91.
doi: 10.1186/s12974-023-02754-5

3. Weerasinghe-Mudiyanselage PDE, Kim J, Choi Y, Moon C, Shin T, Ahn M.
Ninjurin-1: a biomarker for reflecting the process of neuroinflammation after spinal
cord injury. Neural Regener Res. (2021) 16:1331–5. doi: 10.4103/1673-5374.301033

4. Kim SW, Lee HK, Seol SI, Davaanyam D, Lee H, Lee JK. Ninjurin 1 dodecamer
peptide containing the N-terminal adhesion motif (N-NAM) exerts proangiogenic
effects in HUVECs and in the postischemic brain. Sci Rep. (2020) 10:16656.
doi: 10.1038/s41598-020-73340-5

5. Le H, Ahn BJ, Lee HS, Shin A, Chae S, Lee SY, et al. Disruption of ninjurin1 leads
to repetitive and anxiety-like behaviors in mice. Mol Neurobiol. (2017) 54:7353–68.
doi: 10.1007/s12035-016-0207-6

6. Kayagaki N, Kornfeld OS, Lee BL, Stowe IB, O’Rourke K, Li Q, et al. NINJ1
mediates plasma membrane rupture during lytic cell death. Nature. (2021) 591:131–6.
doi: 10.1038/s41586-021-03218-7

7. Degen M, Santos JC, Pluhackova K, Cebrero G, Ramos S, Jankevicius G, et al.
Structural basis of NINJ1-mediated plasma membrane rupture in cell death. Nature.
(2023) 618:1065–71. doi: 10.1038/s41586-023-05991-z

8. Ahn BJ, Lee HJ, ShinMW, Choi JH, Jeong JW, Kim KW. Ninjurin1 is expressed in
myeloid cells and mediates endothelium adhesion in the brains of EAE rats. Biochem
Biophys Res Commun. (2009) 387:321–5. doi: 10.1016/j.bbrc.2009.07.019

9. Ifergan I, Kebir H, Terouz S, Alvarez JI, Lécuyer MA, Gendron S, et al. Role of
Ninjurin-1 in the migration of myeloid cells to central nervous system inflammatory
lesions. Ann Neurol. (2011) 70:751–63. doi: 10.1002/ana.22519

10. Lee HK, Lee H, Luo L, Lee JK. Induction of nerve injury-induced protein 1
(Ninjurin 1) in myeloid cells in rat brain after transient focal cerebral ischemia. Exp
Neurobiol. (2016) 25:64–74. doi: 10.5607/en.2016.25.2.64

11. Ekanayake P, Ahn M, Kim J, Choi Y, Shin T. Immunohistochemical localization
of nerve injury-induced protein-1 in mouse tissues. Anat Cell Biol. (2019) 52:455–61.
doi: 10.5115/acb.19.144

12. Lee C, Xin G, Li F, Wan C, Yu X, Feng L, et al. Calcium/P53/ninjurin 1 signaling
mediates plasma membrane rupture of acinar cells in severe acute pancreatitis. Int J
Mol Sci. (2023) 24. doi: 10.3390/ijms241411554

13. Bae SJ, Shin MW, Kim RH, Shin D, Son T, Wee HJ, et al. Ninjurin1 assembles
into a homomeric protein complex maintained by N-linked glycosylation. J Cell
Biochem. (2017) 118:2219–30. doi: 10.1002/jcb.25872

14. Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science. (1996)
272:60–6. doi: 10.1126/science.272.5258.60

15. Araki T, Zimonjic DB, Popescu NC, Milbrandt J. Mechanism of homophilic
binding mediated by ninjurin, a novel widely expressed adhesion molecule. J Biol
Chem. (1997) 272:21373–80. doi: 10.1074/jbc.272.34.21373

16. Lee HJ, Ahn BJ, Shin MW, Choi JH, Kim KW. Ninjurin1: a potential adhesion
molecule and its role in inflammation and tissue remodeling.Mol Cells. (2010) 29:223–
7. doi: 10.1007/s10059-010-0043-x

17. David L, Borges JP, Hollingsworth LR, Volchuk A, Jansen I, Garlick E, et al.
NINJ1 mediates plasma membrane rupture by cutting and releasing membrane disks.
Cell. (2024) 187:2224–35.e16. doi: 10.1016/j.cell.2024.03.008

18. Sahoo B, Mou Z, Liu W, Dubyak G, Dai X. How NINJ1 mediates plasma
membrane rupture and why NINJ2 cannot. Cell . (2024). doi: 10.1101/
2023.05.31.543175

19. Lee HJ, Ahn BJ, Shin MW, Jeong JW, Kim JH, Kim KW. Ninjurin1 mediates
macrophage-induced programmed cell death during early ocular development. Cell
Death Differ. (2009) 16:1395–407. doi: 10.1038/cdd.2009.78

20. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infect Immun. (2005) 73:1907–16.
doi: 10.1128/IAI.73.4.1907-1916.2005

21. Gaidt MM, Hornung V. Pore formation by GSDMD is the effector mechanism of
pyroptosis. EMBO J. (2016) 35:2167–9. doi: 10.15252/embj.201695415

22. Kayagaki N, Dixit VM. Rescue from a fiery death: A therapeutic endeavor.
Science. (2019) 366:688–9. doi: 10.1126/science.aaw1177
23. Dondelinger Y, Priem D, Huyghe J, Delanghe T, Vandenabeele P, Bertrand
MJM. NINJ1 is activated by cell swelling to regulate plasma membrane
permeabilization during regulated necrosis. Cell Death Dis. (2023) 14:755.
doi: 10.1038/s41419-023-06284-z

24. Cookson BT, Brennan MA. Pro-inflammatory programmed cell death. Trends
Microbiol. (2001) 9:113–4. doi: 10.1016/S0966-842X(00)01936-3

25. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of proIL-beta. Mol Cell.
(2002) 10:417–26. doi: 10.1016/S1097-2765(02)00599-3

26. Ai Y, Meng Y, Yan B, Zhou Q, Wang X. The biochemical pathways of apoptotic,
necroptotic, pyroptotic, and ferroptotic cell death. Mol Cell. (2024) 84:170–9.
doi: 10.1016/j.molcel.2023.11.040

27. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660–5.
doi: 10.1038/nature15514

28. Kayagaki N, Stowe IB, Lee BL, O’Rourke K, Anderson K, Warming S, et al.
Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature.
(2015) 526:666–71. doi: 10.1038/nature15541

29. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535:111–6.
doi: 10.1038/nature18590

30. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature. (2016)
535:153–8. doi: 10.1038/nature18629

31. Fink SL, Cookson BT. Caspase-1-dependent pore formation during pyroptosis
leads to osmotic lysis of infected host macrophages. Cell Microbiol. (2006) 8:1812–25.
doi: 10.1111/j.1462-5822.2006.00751.x

32. Ruan J, Xia S, Liu X, Lieberman J, Wu H. Cryo-EM structure of the gasdermin
A3 membrane pore. Nature. (2018) 557:62–7. doi: 10.1038/s41586-018-0058-6

33. de Vasconcelos NM, Van Opdenbosch N, Van Gorp H, Parthoens E, Lamkanfi
M. Single-cell analysis of pyroptosis dynamics reveals conserved GSDMD-mediated
subcellular events that precede plasma membrane rupture. Cell Death Differ. (2019)
26:146–61. doi: 10.1038/s41418-018-0106-7

34. Han JH, Karki R, Malireddi RKS, Mall R, Sarkar R, Sharma BR, et al. NINJ1
mediates inflammatory cell death, PANoptosis, and lethality during infection
conditions and heat stress. Nat Commun. (2024) 15:1739. doi: 10.1038/s41467-024-
45466-x

35. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase
domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell.
(2012) 148:213–27. doi: 10.1016/j.cell.2011.11.031

36. Grootjans S, Vanden Berghe T, Vandenabeele P. Initiation and execution
mechanisms of necroptosis: an overview. Cell Death Differ. (2017) 24:1184–95.
doi: 10.1038/cdd.2017.65

37. Hirata Y, Cai R, Volchuk A, Steinberg BE, Saito Y, Matsuzawa A, et al. Lipid
peroxidation increases membrane tension, Piezo1 gating, and cation permeability to
execute ferroptosis. Curr Biol. (2023) 33:1282–94.e5. doi: 10.1016/j.cub.2023.02.060

38. Ramos S, Hartenian E, Santos JC, Walch P, Broz P. NINJ1 induces
plasma membrane rupture and release of damage-associated molecular pattern
molecules during ferroptosis. EMBO J. (2024) 43:1164–86. doi: 10.1038/s44318-024-
00055-y

39. Loomis WP, den Hartigh AB, Cookson BT, Fink SL. Diverse small molecules
prevent macrophage lysis during pyroptosis. Cell Death Dis. (2019) 10:326.
doi: 10.1038/s41419-019-1559-4

40. Volchuk A, Ye A, Chi L, Steinberg BE, Goldenberg NM. Indirect regulation of
HMGB1 release by gasdermin D. Nat Commun. (2020) 11:4561. doi: 10.1038/s41467-
020-18443-3

41. Borges JP, Sætra RSR, Volchuk A, Bugge M, Devant P, Sporsheim B, et al.
Glycine inhibits NINJ1 membrane clustering to suppress plasma membrane rupture in
cell death. Elife. (2022) 11. doi: 10.7554/eLife.78609.sa2

42. den Hartigh AB, Loomis WP, Anderson MJ, Frølund B, Fink SL. Muscimol
inhibits plasma membrane rupture and ninjurin-1 oligomerization during pyroptosis.
Commun Biol. (2023) 6:1010. doi: 10.1038/s42003-023-05354-4

43. Pourmal S, Truong ME, Johnson MC, Yang Y, Zhou L, Alegre K, et al.
Autoinhibition of dimeric NINJ1 prevents plasma membrane rupture. Nature.
(2025) 637:446–52. doi: 10.1038/s41586-024-08273-4
frontiersin.org

https://doi.org/10.1016/S0896-6273(00)80166-X
https://doi.org/10.1016/S0896-6273(00)80166-X
https://doi.org/10.1186/s12974-023-02754-5
https://doi.org/10.4103/1673-5374.301033
https://doi.org/10.1038/s41598-020-73340-5
https://doi.org/10.1007/s12035-016-0207-6
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/s41586-023-05991-z
https://doi.org/10.1016/j.bbrc.2009.07.019
https://doi.org/10.1002/ana.22519
https://doi.org/10.5607/en.2016.25.2.64
https://doi.org/10.5115/acb.19.144
https://doi.org/10.3390/ijms241411554
https://doi.org/10.1002/jcb.25872
https://doi.org/10.1126/science.272.5258.60
https://doi.org/10.1074/jbc.272.34.21373
https://doi.org/10.1007/s10059-010-0043-x
https://doi.org/10.1016/j.cell.2024.03.008
https://doi.org/10.1101/2023.05.31.543175
https://doi.org/10.1101/2023.05.31.543175
https://doi.org/10.1038/cdd.2009.78
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.15252/embj.201695415
https://doi.org/10.1126/science.aaw1177
https://doi.org/10.1038/s41419-023-06284-z
https://doi.org/10.1016/S0966-842X(00)01936-3
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1016/j.molcel.2023.11.040
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature18629
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1038/s41586-018-0058-6
https://doi.org/10.1038/s41418-018-0106-7
https://doi.org/10.1038/s41467-024-45466-x
https://doi.org/10.1038/s41467-024-45466-x
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1038/cdd.2017.65
https://doi.org/10.1016/j.cub.2023.02.060
https://doi.org/10.1038/s44318-024-00055-y
https://doi.org/10.1038/s44318-024-00055-y
https://doi.org/10.1038/s41419-019-1559-4
https://doi.org/10.1038/s41467-020-18443-3
https://doi.org/10.1038/s41467-020-18443-3
https://doi.org/10.7554/eLife.78609.sa2
https://doi.org/10.1038/s42003-023-05354-4
https://doi.org/10.1038/s41586-024-08273-4
https://doi.org/10.3389/fimmu.2025.1519519
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhu and Xu 10.3389/fimmu.2025.1519519
44. Zhou X, Yu X, Wan C, Li F, Wang Y, Zhang K, et al. NINJ1 regulates platelet
activation and PANoptosis in septic disseminated intravascular coagulation. Int J Mol
Sci. (2023) 24. doi: 10.3390/ijms24044168

45. Kayagaki N, Stowe IB, Alegre K, Deshpande I, Wu S, Lin Z, et al. Inhibiting
membrane rupture with NINJ1 antibodies limits tissue injury. Nature. (2023)
618:1072–7. doi: 10.1038/s41586-023-06191-5

46. Cui J, Li H, Zhang G, Zhang Y, Yang L, Sim MMS, et al. Inhibiting NINJ1-
dependent plasma membrane rupture protects against inflammasome-induced blood
coagulation and inflammation. bioRxiv. (2023). doi: 10.7554/eLife.91329

47. Cardoso CC, Martinez AN, Guimarães PE, Mendes CT, Pacheco AG, de Oliveira
RB, et al. Ninjurin 1 asp110ala single nucleotide polymorphism is associated with
protection in leprosy nerve damage. J Neuroimmunol. (2007) 190:131–8. doi: 10.1016/
j.jneuroim.2007.07.015

48. Chen JS, Coustan-Smith E, Suzuki T, Neale GA, Mihara K, Pui CH, et al.
Identification of novel markers for monitoring minimal residual disease in acute
lymphoblastic leukemia. Blood. (2001) 97:2115–20. doi: 10.1182/blood.V97.7.2115

49. Kim JW, Moon AR, Kim JH, Yoon SY, Oh GT, Choe YK, et al. Up-Regulation
of ninjurin expression in human hepatocellular carcinoma associated with cirrhosis
and chronic viral hepatitis. Mol Cells. (2001) 11:151–7. doi: 10.1016/S1016-8478(23)
17018-X

50. Ahn BJ, Le H, Shin MW, Bae SJ, Lee EJ, Wee HJ, et al. Ninjurin1 deficiency
attenuates susceptibility of experimental autoimmune encephalomyelitis in mice. J Biol
Chem. (2014) 289:3328–38. doi: 10.1074/jbc.M113.498212

51. Ahn BJ, Le H, Shin MW, Bae SJ, Lee EJ, Lee SY, et al. Ninjurin1 enhances
the basal motility and transendothelial migration of immune cells by inducing
protrusive membrane dynamics. J Biol Chem. (2014) 289:21926–36. doi: 10.1074/
jbc.M113.532358

52. Choi S, Woo JK, Jang YS, Kang JH, Hwang JI, Seong JK, et al. Ninjurin1
plays a crucial role in pulmonary fibrosis by promoting interaction between
macrophages and alveolar epithelial cells. Sci Rep. (2018) 8:17542. doi: 10.1038/
s41598-018-35997-x

53. Toma L, Sanda GM, Raileanu M, Stancu CS, Niculescu LS, Sima AV. Ninjurin-1
upregulated by TNFa receptor 1 stimulates monocyte adhesion to human TNFa-
activated endothelial cells; benefic effects of amlodipine. Life Sci. (2020) 249:117518.
doi: 10.1016/j.lfs.2020.117518

54. Jennewein C, Sowa R, Faber AC, Dildey M, von Knethen A, Meybohm P, et al.
Contribution of Ninjurin1 to Toll-like receptor 4 signaling and systemic inflammation.
Am J Respir Cell Mol Biol. (2015) 53:656–63. doi: 10.1165/rcmb.2014-0354OC

55. Shin MW, Bae SJ, Wee HJ, Lee HJ, Ahn BJ, Le H, et al. Ninjurin1 regulates
lipopolysaccharide-induced inflammation through direct binding. Int J Oncol. (2016)
48:821–8. doi: 10.3892/ijo.2015.3296

56. Bjanes E, Sillas RG, Matsuda R, Demarco B, Fettrelet T, DeLaney AA, et al.
Genetic targeting of Card19 is linked to disrupted NINJ1 expression, impaired cell lysis,
and increased susceptibility to Yersinia infection. PloS Pathog. (2021) 17:e1009967.
doi: 10.1371/journal.ppat.1009967

57. Sheng Y, Wu L, Chang Y, Liu W, Tao M, Chen X, et al. Tomo-seq identifies
NINJ1 as a potential target for anti-inflammatory strategy in thoracic aortic dissection.
BMC Med. (2023) 21:396. doi: 10.1186/s12916-023-03077-1

58. Jung HJ, Kang JH, Pak S, Lee K, Seong JK, Oh SH. Detrimental role of nerve
injury-induced protein 1 in myeloid cells under intestinal inflammatory conditions. Int
J Mol Sci. (2020) 21. doi: 10.3390/ijms21020614

59. Choi H, Bae SJ, Choi G, Lee H, Son T, Kim JG, et al. Ninjurin1 deficiency
aggravates colitis development by promoting M1 macrophage polarization and
inducing microbial imbalance. FASEB J. (2020) 34:8702–20. doi: 10.1096/
fj.201902753R

60. Hu Y, Zhan F, Wang Y, Wang D, Lu H, Wu C, et al. The ninj1/dusp1 axis
contributes to liver ischemia reperfusion injury by regulating macrophage activation
and neutrophil infiltration. Cell Mol Gastroenterol Hepatol. (2023) 15:1071–84.
doi: 10.1016/j.jcmgh.2023.01.008

61. Yin GN, Kim WJ, Jin HR, Kwon MH, Song KM, Choi MJ, et al. Nerve injury-
induced protein 1 (Ninjurin-1) is a novel therapeutic target for cavernous nerve injury-
induced erectile dysfunction in mice. J Sex Med. (2013) 10:1488–501. doi: 10.1111/
jsm.12129
Frontiers in Immunology 10
62. Matsuki M, Kabara M, Saito Y, Shimamura K, Minoshima A, Nishimura M, et al.
Ninjurin1 is a novel factor to regulate angiogenesis through the function of pericytes.
Circ J. (2015) 79:1363–71. doi: 10.1253/circj.CJ-14-1376

63. Cho SJ, Rossi A, Jung YS, YanW, Liu G, Zhang J, et al. Ninjurin1, a target of p53,
regulates p53 expression and p53-dependent cell survival, senescence, and radiation-
induced mortality. Proc Natl Acad Sci U.S.A. (2013) 110:9362–7.

64. Hwang SJ, Ahn BJ, Shin MW, Song YS, Choi Y, Oh GT, et al. miR-125a-5p
attenuates macrophage-mediated vascular dysfunction by targeting Ninjurin1. Cell
Death Differ. (2022) 29:1199–210. doi: 10.1038/s41418-021-00911-y

65. Whiteside TL. The tumor microenvironment and its role in promoting tumor
growth. Oncogene. (2008) 27:5904–12. doi: 10.1038/onc.2008.271

66. Mhawech-Fauceglia P, Ali L, Cheney RT, Groth J, Herrmann FR. Prognostic
significance of neuron-associated protein expression in non-muscle-invasive urothelial
bladder cancer. J Clin Pathol. (2009) 62:710–4. doi: 10.1136/jcp.2009.066159

67. Park J, Joung JY, Hwang JE, Hong D, Park WS, Lee SJ, et al. Ninjurin1 is up-
regulated in circulating prostate tumor cells and plays a critical role in prostate cancer
cell motility. Anticancer Res. (2017) 37:1687–96. doi: 10.21873/anticanres.11500

68. Yan L, Su W, Gan D, Li D, Mai L, Wang B, et al. Circulating sNinj1 as a novel
predictor of prognosis and severity in hepatocellular carcinoma. Clin Chim Acta. (2023)
550:117581. doi: 10.1016/j.cca.2023.117581

69. Berkel C, Cacan E. Lower expression of NINJ1 (Ninjurin 1), a mediator of plasma
membrane rupture, is associated with advanced disease and worse prognosis in serous
ovarian cancer. Immunol Res. (2023) 71:15–28. doi: 10.1007/s12026-022-09323-7

70. Zhao Y, Qin D, Li X, Wang T, Zhang T, Rao X, et al. Identification of NINJ1 as a
novel prognostic predictor for retroperitoneal liposarcoma. Discovery Oncol. (2024)
15:155. doi: 10.1007/s12672-024-01016-x

71. Yang HJ, Zhang J, Yan W, Cho SJ, Lucchesi C, Chen M, et al. Ninjurin 1 has two
opposing functions in tumorigenesis in a p53-dependent manner. Proc Natl Acad Sci
U.S.A. (2017) 114:11500–5.

72. Kang JH, Woo JK, Jang YS, Oh SH. Radiation potentiates monocyte infiltration
into tumors by ninjurin1 expression in endothelial cells. Cells. (2020) 9. doi: 10.3390/
cells9051086

73. Woo JK, Jang YS, Kang JH, Hwang JI, Seong JK, Lee SJ, et al. Ninjurin1 inhibits
colitis-mediated colon cancer development and growth by suppression of macrophage
infiltration through repression of FAK signaling. Oncotarget. (2016) 7:29592–604.
doi: 10.18632/oncotarget.v7i20

74. Jang YS, Kang JH, Woo JK, Kim HM, Hwang JI, Lee SJ, et al. Ninjurin1
suppresses metastatic property of lung cancer cells through inhibition of interleukin 6
signaling pathway. Int J Cancer. (2016) 139:383–95. doi: 10.1002/ijc.v139.2

75. Fang C, Zuo K, Wang H, Zhang W, Zhong J, Xu L, et al. Association of plasma
Ninjurin-1 and SYNTAX score in patients with coronary artery disease. Clin Biochem.
(2022) 108:50–5. doi: 10.1016/j.clinbiochem.2022.06.008

76. Jeon S, Kim TK, Jeong SJ, Jung IH, Kim N, Lee MN, et al. Anti-inflammatory
actions of soluble ninjurin-1 ameliorate atherosclerosis. Circulation. (2020) 142:1736–
51. doi: 10.1161/CIRCULATIONAHA.120.046907

77. Minoshima A, Kabara M, Matsuki M, Yoshida Y, Kano K, Tomita Y, et al.
Pericyte-specific ninjurin1 deletion attenuates vessel maturation and blood flow
recovery in hind limb ischemia. Arterioscler Thromb Vasc Biol. (2018) 38:2358–70.
doi: 10.1161/ATVBAHA.118.311375

78. Horiuchi K, Kano K, Minoshima A, Hayasaka T, Yamauchi A, Tatsukawa T,
et al. Pericyte-specific deletion of ninjurin-1 induces fragile vasa vasorum formation
and enhances intimal hyperplasia of injured vasculature. Am J Physiol Heart Circ
Physiol. (2021) 320:H2438–h47. doi: 10.1152/ajpheart.00931.2020

79. Kim DK, Yin GN, Ryu JK, Suh JK. Differential expression of nerve injury-
induced protein 1 (ninjurin 1) in in vivo and in vitro models for diabetic erectile
dysfunction. Korean J Urol. (2012) 53:636–42. doi: 10.4111/kju.2012.53.9.636

80. Yin GN, Choi MJ, Kim WJ, Kwon MH, Song KM, Park JM, et al. Inhibition of
Ninjurin 1 restores erectile function through dual angiogenic and neurotrophic effects
in the diabetic mouse. Proc Natl Acad Sci U.S.A. (2014) 111:E2731–40. doi: 10.1073/
pnas.1403471111

81. Wang X, Qin J, Zhang X, Peng Z, Ye K, Wu X, et al. Functional blocking of
Ninjurin1 as a strategy for protecting endothelial cells in diabetes mellitus. Clin Sci
(Lond). (2018) 132:213–29. doi: 10.1042/CS20171273
frontiersin.org

https://doi.org/10.3390/ijms24044168
https://doi.org/10.1038/s41586-023-06191-5
https://doi.org/10.7554/eLife.91329
https://doi.org/10.1016/j.jneuroim.2007.07.015
https://doi.org/10.1016/j.jneuroim.2007.07.015
https://doi.org/10.1182/blood.V97.7.2115
https://doi.org/10.1016/S1016-8478(23)17018-X
https://doi.org/10.1016/S1016-8478(23)17018-X
https://doi.org/10.1074/jbc.M113.498212
https://doi.org/10.1074/jbc.M113.532358
https://doi.org/10.1074/jbc.M113.532358
https://doi.org/10.1038/s41598-018-35997-x
https://doi.org/10.1038/s41598-018-35997-x
https://doi.org/10.1016/j.lfs.2020.117518
https://doi.org/10.1165/rcmb.2014-0354OC
https://doi.org/10.3892/ijo.2015.3296
https://doi.org/10.1371/journal.ppat.1009967
https://doi.org/10.1186/s12916-023-03077-1
https://doi.org/10.3390/ijms21020614
https://doi.org/10.1096/fj.201902753R
https://doi.org/10.1096/fj.201902753R
https://doi.org/10.1016/j.jcmgh.2023.01.008
https://doi.org/10.1111/jsm.12129
https://doi.org/10.1111/jsm.12129
https://doi.org/10.1253/circj.CJ-14-1376
https://doi.org/10.1038/s41418-021-00911-y
https://doi.org/10.1038/onc.2008.271
https://doi.org/10.1136/jcp.2009.066159
https://doi.org/10.21873/anticanres.11500
https://doi.org/10.1016/j.cca.2023.117581
https://doi.org/10.1007/s12026-022-09323-7
https://doi.org/10.1007/s12672-024-01016-x
https://doi.org/10.3390/cells9051086
https://doi.org/10.3390/cells9051086
https://doi.org/10.18632/oncotarget.v7i20
https://doi.org/10.1002/ijc.v139.2
https://doi.org/10.1016/j.clinbiochem.2022.06.008
https://doi.org/10.1161/CIRCULATIONAHA.120.046907
https://doi.org/10.1161/ATVBAHA.118.311375
https://doi.org/10.1152/ajpheart.00931.2020
https://doi.org/10.4111/kju.2012.53.9.636
https://doi.org/10.1073/pnas.1403471111
https://doi.org/10.1073/pnas.1403471111
https://doi.org/10.1042/CS20171273
https://doi.org/10.3389/fimmu.2025.1519519
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Multifaceted roles of ninjurin1 in immunity, cell death, and disease
	1 The expression and distribution of NINJ1
	2 The structural basis and modification of NINJ1
	3 NINJ1 mediates plasma membrane rupture during lytic cell death
	4 NINJ1 regulated immune response in inflammatory diseases
	5 Role of NINJ1 in neurological diseases
	6 Role of NINJ1 in cancer
	7 Role of NINJ1 in vascular diseases
	8 Conclusions and prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


