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Elamipretide coordinates OMA1/DELE1 signaling to modulate
integrated stress response in cultured nucleus pulposus cells
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ABSTRACT: Intervertebral disc degeneration (IDD) is a major cause of low back pain and disability. A central barrier
is the unclear molecular link between mitochondrial dysfunction and the aberrant cellular stress responses that drive
extracellular matrix breakdown, inflammation, and cell dysfunction in the nucleus pulposus (NP). Here, we identify
the mitochondrial protease OMA1 as a previously unrecognized activator of the integrated stress response (ISR) in this
context. Using LPS-induced inflammatory models, we show that OMA1 overactivation promotes the cleavage of its
substrate DELE1, sustains elF2a phosphorylation, and amplifies ATF4-dependent transcription, thereby exacerbating
catabolic and pro-apoptotic programs. Conversely, the mitochondria-targeted peptide MTP-131 (or elamipretide)
inactivates the OMA1/DELE1 pathway, suppresses ISR signaling, restores collagen and aggrecan synthesis, and reduces
inflammatory cytokine release. These findings suggest the OMA1/DELE] axis as a mechanistic hub that translates
mitochondrial stress into disc pathology. It also reveals MTP-131 as a potential candidate for preserving mitochondrial

homeostasis, offering a potential translational strategy for halting IDD progression.
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INTRODUCTION

Intervertebral disc degeneration (IDD) is the primary
pathological basis of chronic low back pain, with
core mechanisms including extracellular matrix (ECM)
degradation, inflammatory responses, and cell apopto-
sis [1,2]. Recent studies indicate that mitochondrial
dysfunction plays a critical driving role in IDD. Nucleus
pulposus (NP) cells, one of the predominant cell types
in intervertebral discs, heavily rely on mitochondrial
energy supply to maintain cellular homeostasis [3].
Mitochondrial dysfunction leads to insufficient adeno-
sine triphosphate (ATP) synthesis, excessive accumu-
lation of reactive oxygen species (ROS), and oxidative
stress, thereby promoting apoptosis and accelerating
ECM catabolism [4,5]. Mitochondrial dysfunction
may cause cytoplasmic mitochondrial DNA (mtDNA)
accumulation, imbalance in mitochondrial biogenesis,
and defective mitophagy, all of which exacerbate IDD
progression [6,7]. Dysregulation of mitochondrial
quality control mechanisms is likely a key factor in
IDD advancement, and therapeutic strategies targeting
mitochondrial homeostasis repair could be beneficial
for IDD treatment.

The integrated stress response (ISR) is an adaptive
regulatory network activated by cells to counteract
internal or external stressors, such as oxidative stress,
nutrient deprivation, or protein misfolding [8]. Cen-
tral to the ISR mechanism is the phosphorylation of
eukaryotic translation initiation factor 2a (eIF2a) and
the activation of downstream transcription factors like
ATF4 and CHOP [9]. When mitochondrial function is
impaired, the mitochondrial unfolded protein response
is triggered to coordinate cellular adaptation to stress

[10]. OMA1, a mitochondrial inner membrane pro-
tease, participates in mitochondrial unfolded protein
response by cleaving mitochondrial proteins to adapt
to mitochondrial depolarization or oxidative stress
[11]. Under mitochondrial dysfunction, DELE1, a key
substrate of OMA1, is cleaved by OMA1 to generate
the truncated form (c-DELE1) [12]. Accumulation
of ¢-DELE1 in the cytoplasm activates elF2a, thereby
modulating ISR. Targeting ISR holds significance for
maintaining mitochondrial function and cellular home-
ostasis, though its therapeutic potential in IDD remains
unclear.

Elamipretide (MTP-131), a synthetic peptide tar-
geting the mitochondrial inner membrane, stabilizes
mitochondrial membrane structure by selectively bind-
ing to cardiolipin and has been extensively stud-
ied in neurodegenerative and cardiovascular diseases
[13,14]. Research suggests that MTP-131 inhibits
ROS production, preserves mitochondrial membrane
potential, and protects cardiolipin from oxidative dam-
age [15]. Additionally, MTP-131 enhances mitophagy
to maintain mitochondrial quality control [15,16].
However, the relationship between MTP-131 and ISR
remains undefined. Given its close association with
mitochondrial function, it is plausible that MTP-131
may influence cellular ISR by regulating mitochon-
drial proteins or enzymes. Furthermore, there are
no reported studies on MTP-131 in IDD, leaving its
mechanisms and therapeutic efficacy unexplored.

This study aims to investigate the pivotal role of
OMA1 in ISR. Using LPS-induced inflammatory models
of NP cells with OMA1 knockdown or overexpression,
we examined the impact of OMA1 on inflammatory
cytokine release and ECM metabolism. Our results
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demonstrate that OMA1 promotes DELE1 cleavage,
activating downstream ISR, a critical regulatory mech-
anism in NP cell degeneration. Further studies reveal
that MTP-131 modulates OMA1 activation and DELE1
cleavage, thereby influencing ISR. These findings sug-
gest that MTP-131 may serve as a promising therapeu-
tic agent for mitigating NP cell inflammation and have
potential for treating IDD.

MATERIALS AND METHODS
Isolation and culture of NP cells

All experiments have been approved by the Ethics
Committee of Dangyang People’s Hospital (No. 162).

Sprague-Dawley rats were provided by Hubei
BIONT Biological Technology, China. Lumbar discs
from 8-week-old Sprague-Dawley rats were surface-
disinfected (75% ethanol), and nucleus pulposus (NP)
tissues were excised. The tissue was washed three
times with PBS and minced into small fragments.
These fragments were digested with 0.25% type II
collagenase (Sigma, Germany) for 6 h, then filtered
through a 100 um cell strainer to obtain a single-cell
suspension. After centrifugation (1,200 rpm, 5 min),
the cell pellet was resuspended in DMEM/F12 medium
supplemented with 15% fetal bovine serum (Gibco,
USA) and 1% penicillin/streptomycin.  Cells were
cultured in flasks at 37 °C with 5% CO,, with medium
changes every 3 days. Upon reaching 80% confluence,
cells were passaged using 0.25% trypsin, and the
second or longer passages were used for subsequent
experiments.

Western blot analysis

After treatment, cells were washed three times with
ice-cold PBS and lysed in RIPA buffer (containing 1%
protease inhibitors) for 30 min. Lysates were cen-
trifuged (12,000 rpm, 15 min, 4 °C), and total protein
supernatants were quantified using a BCA assay kit
(BioSharp, China). Equal protein amounts (30 ng)
were separated via SDS-PAGE (4%-20% SurePAGE,
GenScript, China) and transferred to a PVDF mem-
brane (Millipore, USA) using wet transfer. Mem-
branes were blocked for 15 min at room tempera-
ture with QuickBlock buffer (Beyotime, China) and
incubated overnight at 4°C with primary antibod-
ies: anti-OMA1, anti-DELE1, anti-eIF2a, anti-p-elF2a
(1:2000); anti-ATF4 (1:1000); anti-Col2al, anti-Acan,
anti-Sox9 (1:1500). After washing with TBST, mem-
branes were probed with HRP-conjugated secondary
antibodies (rabbit or mouse, 1:10,000) for 1 h. All
the primary and secondary antibodies were purchased
from Proteintech company (Wuhan, China). Signals
were visualized using ECL substrate (BioSharp) on a
ChemiDoc system (Bio-Rad, USA), and band intensities
were quantified by ImageJ with GAPDH as the loading
control.
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Flow cytometry for apoptosis

Treated cells were trypsinized, washed twice with PBS,
and stained with 5 pl Annexin V-FITC and 10 ul PI using
an Apoptosis Detection Kit (Beyotime) per the manu-
facturer’s protocol. After 15 min of incubation in the
dark, fluorescence was measured via flow cytometry
(BD FACSCalibur, USA). FITC and ECD channels de-
tected Annexin V' /PI” (early apoptosis) and Annexin
V*/PI™ (late apoptosis) populations, respectively. Data
were analyzed using FlowJo software, with untreated
cells as negative controls.

ELISA for cytokine quantification

Clarified supernatants (3,000 rpm x 10 min) were
assayed for IL-1p/IL-6/TNF-a using commercial Kits
(BioSharp) according to protocols. Standards and
samples were added to antibody-coated 96-well plates,
incubated for 1 h at 37°C, then reacted with bi-
otinylated detection antibody and TMB substrate for
15 min. Absorbance (450 nm) was measured on a
microplate reader (BioTek,USA), and cytokine concen-
trations were calculated from standard curves.

SiRNA synthesis and transfection

Gene-specific siRNAs and scrambled controls (si-scr)
were designed and transfected using Lipo3000 (In-
vitrogen, USA). NP cells (50%-60% confluency in 6-
well plates) were transfected with 50 nM siRNA in
Opti-MEM for 6 h, followed by medium replacement.
Knockdown efficiency was validated at 48 h post-
transfection by quantitative polymerase chain reaction
(PCR) or Western blot.

Plasmid construction and transfection

The CDS region of OMA1 was PCR-amplified, cloned
into the pcDNA3.1(+) vector, and verified by se-
quencing. Recombinant plasmids (over-OMA1) and
empty vectors (over-NC) were transfected into NP cells
(2 pg/ml) using Lipo3000. After 48 h, transfection
efficiency was assessed via fluorescence microscopy,
quantitative PCR, or Western blot.

Co-immunoprecipitation (Co-IP)

For protein-protein interaction validation, cells were
lysed in NP-40 buffer (with protease inhibitors).
Cleared lysates (1 mg protein) were incubated with
5 ng anti-OMA1 overnight at 4°C, followed by 4 h
incubation with Protein A/G magnetic beads (Med-
ChemExpress, China). Beads were washed three times,
boiled in SDS-loading buffer, and subjected to Western
blot (probed for DELE1). IgG served as a negative
control.

Statistical analysis

All experiments were repeated at least 3 times (n =
3, biological replicates). Data are presented as
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mean £ SD. Statistical analyses were performed using
GraphPad Prism 8.0. Two-group comparisons were as-
sessed with two-tailed unpaired t-tests, and multiple-
group comparisons were evaluated by one-way or two-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. Significance was set at * p < 0.05, **p <
0.01, or ***p < 0.001; “ns” denotes no significance
(p > 0.05).

RESULTS
The ISR is activated in LPS-stimulated NP cells

LPS is a commonly used agent to induce cellular in-
flammation. We treated NP cells with different con-
centrations of LPS, and the results revealed that the
expression levels of OMAL1 and c-DELE] increased with
rising LPS concentrations (Fig. 1A). Phosphorylation of
elF2a is a critical step in initiating the ISR. LPS treat-
ment dose-dependently enhanced the expression of
phosphorylated elF2a (p-eIF2a) and its downstream
transcription factor ATF4 (Fig. 1B). Additionally, LPS
significantly reduced ECM synthesis in NP cells, as
evidenced by decreased levels of aggrecan, type II
collagen, and the transcription factor Sox9 (Fig. 1C).
LPS also markedly elevated the secretion of inflamma-
tory cytokines such as IL-1f, IL-6, and TNF-a by NP
cells (Fig. 1D). Furthermore, LPS induced apoptosis in
NP cells, with the proportion of apoptotic cells pro-
gressively increasing with LPS concentration (Fig. 1E).
Taken together, these results demonstrate that LPS
activates the ISR and promotes ECM degradation, in-
flammatory activation, and apoptosis in NP cells.

OMA1 knockdown ameliorates the ISR and NP cell
degeneration

To investigate the regulatory role of OMA1 in the
ISR, we suppressed OMA1 gene expression using spe-
cific siRNA. The results showed that OMA1 expression
was significantly reduced in the OMA1 knockdown
group compared to the control group, accompanied
by a decrease in ¢-DELE1 levels (Fig. 2A). Following
OMA1 knockdown, the expression of ISR-associated
molecules p-eIF2a and ATF4 was also markedly down-
regulated (Fig. 2B). Additionally, OMA1 knockdown
ameliorated LPS-induced ECM degradation. Com-
pared to the siRNA control group, protein expression
levels of Acan, Col2al, and Sox9 were significantly
elevated in the OMA1 knockdown group (Fig. 2C).
OMA1 suppression inhibited LPS-induced apoptosis
in NP cells (Fig. 2D,E). Moreover, OMA1 knockdown
significantly reduced the secretion of inflammatory
cytokines IL-1f, IL-6, and TNF-a in NP cells compared
to the siRNA control group (Fig. 2F). These findings
collectively demonstrate that OMA1 knockdown allevi-
ates ISR activation and NP cell inflammation and ECM
degradation.

Overexpression of OMA1 aggravates the ISR and
NP cell degeneration

To further validate the role of OMA1, we constructed
an OMA1l-overexpressed plasmid and transfected into
NP cells. The results demonstrated that both OMA1
and c-DELE1 protein levels were significantly ele-
vated in the OMA1 overexpression group compared
to the control (Fig. 3A). OMA1 overexpression led
to marked increases in ISR-associated molecules p-
elF2a and ATF4 (Fig. 3B). Furthermore, OMA1 overex-
pression exacerbated LPS-induced ECM degradation,
with protein levels of Acan, Col2al, and Sox9 signifi-
cantly reduced compared to the overexpression control
group (Fig. 3C). OMA1 overexpression promoted LPS-
induced apoptosis in NP cells (Fig. 3D,E). Additionally,
OMAL1 overexpression significantly increased the se-
cretion of IL-1p, IL-6, and TNF-a in NP cells relative
to the overexpression control (Fig. 3F). These findings
collectively indicate that OMA1 overexpression accel-
erates ISR activation and NP cell inflammation and
ECM degradation.

OMAL1 regulates the ISR via the eIF2a/ATF4 axis

To further elucidate the regulatory mechanism of
OMAL1 in ISR, we suppressed elF2a expression using
specific siRNA. Results revealed that OMA1 overex-
pression promoted DELE1 cleavage, whereas elF2a
knockdown did not significantly alter the c-DELE1 level
(Fig. 4A). While OMA1 overexpression increased p-
elF2a and ATF4 expression, this effect was markedly
attenuated following eIF2a knockdown (Fig. 4B).
elF2a suppression enhanced ECM anabolism in NP
cells, with elevated protein levels of Acan, Col2al,
and Sox9 (Fig. 4C). Compared to the siRNA con-
trol group, elF2a knockdown significantly reduced
the secretion of IL-1B, IL-6, and TNF-a in NP
cells (Fig. 4D). Moreover, elF2a suppression inhibited
OMAL1 overexpression-induced apoptosis (Fig. 4E,F).
These results demonstrate that OMA1 regulates ISR
and NP cell degeneration through the elF2a/ATF4
axis, driving ECM degradation, inflammatory activa-
tion, and apoptosis.

MTP-131 modulates the ISR in LPS-induced NP
cells

MTP-131, known to stabilize mitochondrial membrane
integrity, was investigated for its role in ISR regula-
tion. Results showed that MTP-131 inhibited LPS-
induced increases in OMA1 and c-DELE1 expression
(Fig. 5A). MTP-131 treatment significantly suppressed
elF2a phosphorylation and reduced ATF4 expression
(Fig. 5B). Additionally, MTP-131 enhanced ECM syn-
thesis, increasing Acan, Col2al, and Sox9 protein
levels compared to the LPS-treated group (Fig. 5C).
MTP-131 markedly attenuated the secretion of IL-1p,
IL-6, and TNF-a in NP cells (Fig. 5D). Besides, the
treatment of MTP-131 significantly suppressed LPS-
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Fig. 1 LPS induces the ISR in NP cells. (A) Western blot and quantitative analysis of OMA1, DELE1, and ¢-DELE1 in NP cells treated
with different doses of LPS (0.5, 1, 2 pg/ml). (B) Western blot and quantitative analysis of el[F2a, p-elF2a, and ATF4 in NP cells
treated with LPS. (C) Western blot and quantitative analysis of Acan, Col2al, and Sox9 in NP cells treated with LPS. (D) ELISA results
of secreted IL-1p, TNF-a, and IL-6 in NP cells treated with LPS. (E) Flow cytometry of Annexin V/PI in NP cells treated with LPS.
(F) Apoptotic cell rate of flow cytometry. Data are presented as the mean+ SD (n = 3, biological replicates).
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Fig. 2 OMA1 knockdown reduces the ISR in NP cells. (A) Western blot and quantitative analysis of OMA1, DELE1, and ¢-DELE1 in
NP cells transfected with si-OMA1 or si-scr (50 nM). (B) Western blot and quantitative analysis of elF2a, p-elF2a, and ATF4 in NP
cells transfected with si-OMAL or si-scr. (C) Western blot and quantitative analysis of Acan, Col2al, and Sox9 in NP cells transfected
with si-OMA1 or si-scr. (D) Flow cytometry of Annexin V/PI in NP cells transfected with si-OMA1 or si-scr. (E) Apoptotic cell rate of
flow cytometry. (F) ELISA results of secreted IL-1f3, TNF-a, and IL-6 in NP cells transfected with si-OMA1 or si-scr. Data are presented
as the mean=+SD (n = 3, biological replicates).
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Fig. 3 OMALI overexpression promotes the ISR in NP cells. (A) Western blot and quantitative analysis of OMA1, DELE], and c-DELE1
in NP cells transfected with over-OMA1 or over-NC (2 pg/ml). (B) Western blot and quantitative analysis of eIF2a, p-eIF2a, and ATF4
in NP cells transfected with over-OMA1 or over-NC. (C) Western blot and quantitative analysis of Acan, Col2al, and Sox9 in NP cells
transfected with over-OMA1 or over-NC. (D) Flow cytometry of Annexin V/PI in NP cells transfected with over-OMA1 or over-NC.
(E) Apoptotic cell rate of flow cytometry. (F) ELISA results of secreted IL-1f, TNF-a, and IL-6 in NP cells transfected with over-OMA1
or over-NC. Data are presented as the mean+ SD (n = 3, biological replicates).
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Fig. 4 OMAL regulates the elF2a/ATF4 signaling during the ISR. (A) Western blot and quantitative analysis of OMA1, DELE1, and
¢-DELEL in NP cells transfected with over-OMA1 (2 pg/ml). and si-e[F2a (50 nM). (B) Western blot and quantitative analysis of
elF2a, p-elF2a, and ATF4 in NP cells transfected with over-OMA1 and si-e[F2a. (C) Western blot and quantitative analysis of Acan,
Col2al, and Sox9 in NP cells transfected with over-OMA1 and si-eIF2a. (D) ELISA results of secreted IL-1p, TNF-a, and IL-6 in NP
cells transfected with over-OMA1 and si-elF2a. (E) Flow cytometry of Annexin V/PI in NP cells transfected with over-OMA1 and
si-elF2a. (F) Apoptotic cell rate of flow cytometry. Data are presented as the mean £ SD (n = 3, biological replicates).
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Fig. 5 MTP-131 coordinates the ISR in NP cells. (A) Western blot and quantitative analysis of OMA1, DELE1, and c-DELE1 in NP
cells treated with LPS (1 pg/ml) and MTP-131 (1 pM). (B) Western blot and quantitative analysis of el[F2a, p-elF2a, and ATF4 in
NP cells treated with LPS and MTP-131. (C) Western blot and quantitative analysis of Acan, Col2al, and Sox9 in NP cells treated
with LPS and MTP-131. (D) ELISA results of secreted IL-13, TNF-a, and IL-6 in NP cells treated with LPS and MTP-131. (E) Flow
cytometry of Annexin V/PI in NP cells treated with LPS and MTP-131. (F) Apoptotic cell rate of flow cytometry. Data are presented
as the mean £ SD (n = 3, biological replicates).
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mediated apoptosis in NP cells (Fig. 5E,F). These data
indicate that MTP-131 inhibits OMA1/DELE1 signal-
ing and modulates ISR, thereby counteracting LPS-
induced NP cell inflammation and apoptosis.

MTP-131 inhibits the OMA1 activation and affects
the OMA1/DELE1 binding

To explore the mechanism by which MTP-131 reg-
ulates OMA1, we treated OMAIl-overexpressed NP
cells with MTP-131. OMA1 overexpression increased
cytoplasmic c-DELE1 levels, while MTP-131 reduced
its expression (Fig. 6A). Although OMAL1 overexpres-
sion activated ISR, the treatment of MTP-131 signif-
icantly suppressed elF2a phosphorylation and ATF4
expression (Fig. 6B). Co-immunoprecipitation assays
revealed that MTP-131 had no significant effect
on OMAI1-DELE1 binding under normal conditions
(Fig. 6C). However, under LPS-induced inflammatory
conditions, MTP-131 inhibited OMA1-DELE1 interac-
tion (Fig. 6D). Collectively, MTP-131 exerts protective
effects on NP cells by modulating OMA1 activity to
inhibit downstream ISR signaling.

DISCUSSION

This study supports the role of OMA1 in the integrated
stress response and the potential of MTP-131 in mit-
igating NP cell degeneration (Fig. 7). Our findings
demonstrate that silencing OMA1 expression allevi-
ates LPS-induced inflammatory responses and ECM
catabolism in NP cells under pathological conditions.
Conversely, OMA1 overexpression exacerbates ISR ac-
tivation, aggravating apoptosis, inflammation, and
ECM degradation in NP cells. MTP-131 inhibits OMA1
activation and DELE1 cleavage, thereby attenuating
ISR. Specifically, MTP-131 suppresses OMA1-DELE1
interaction under inflammatory conditions, reducing
the generation and cytoplasmic translocation of DELE1
cleavage products. These findings may suggest MTP-
131 as a promising mitochondria-targeted therapeutic
agent with potential for IDD treatment.

Mitochondrial dysfunction is a key driver of IDD.
Declines in mitochondrial membrane potential and
impaired electron transport chain activity reduce ATP
production efficiency, leading to metabolic distur-
bances and ROS accumulation, which exacerbate cel-
lular damage [17]. Mitochondrial dysfunction often
activates inflammatory pathways, promoting cytokine
release, and accelerating ECM degradation [18]. For
instance, mitochondrial DNA leakage activates the
cGAS-STING pathway, amplifying immune responses
and inducing cellular inflammation and senescence
[19]. Zhang et al [20] discovered that oxidative
stress can induce mitochondrial dysfunction, which
is characterized by the opening of the mitochondrial
permeability transition pore. This resulted in the
release of mitochondrial DNA into the cytosol and,
ultimately, the death of NP cells. Kang et al [21]

discovered that mechanical stress promoted oxidative
stress and mitochondrial dysfunction. This resulted
in the accumulation of damaged mitochondria and
impaired mitophagy, which in turn caused persistent
oxidative damage to NP cells. In the present study,
it was found that LPS induced mitochondrial stress,
accompanied by the activation of OMA1 and the re-
lease of c-DELE1. The sustained activation of OMA1
has been demonstrated to promote the ISR activation,
resulting in NP cell apoptosis.

The ISR is closely linked to organelle (e.g., mi-
tochondrial, endoplasmic reticulum, and lysosome)
damage [22,23]. Mitochondrial and ER stress acti-
vate the ATF4/CHOP axis via elF2a phosphorylation,
triggering the unfolded protein response to mitigate
stress [9]. Simultaneously, stress-induced activation
of pro-apoptotic factors like BAX/BAK drives apopto-
sis [24]. While ISR initially promotes mitochondrial
homeostasis, persistent stress disrupts cellular equilib-
rium, accelerating apoptosis [8,25]. Xu et al [27] dis-
covered that the expression of ATF4 and the integrated
stress response pathway is elevated in mouse airways
following influenza infection [26]. This elevation is
associated with compromised mitochondrial function
and cell apoptosis. Furthermore, the present study re-
vealed that the ISR activated the elF20/ATF4 signaling
and promoted cell apoptosis under the LPS treatment
in NP cells. However, the potential dual role of ISR in
the degeneration of NP cells remains to be elucidated
through further investigation.

The phosphorylation of elF2a serves as a conver-
gence point for diverse stress signals [9]. The PRKR-
like endoplasmic reticulum kinase, activated by mito-
chondrial damage, oxidative stress, or nutrient depri-
vation, phosphorylates elF2a, driving ATF4 activation
[28]. The elF2a./ATF4 axis acts as a critical effector
in ISR, balancing cellular adaptation and injury [29].
ATF4 regulates stress-adaptive gene transcription but
may also exacerbate inflammatory damage. As demon-
strated in the research, the activation of ATF4 has been
shown to induce the ISR, thereby enhancing purine
and pyrimidine biosynthesis [30]. Furthermore, it
has been demonstrated that this process contributes to
transcriptional and metabolic remodeling in renal cell
carcinoma. In their study, Ahola et al [31] discovered
that the deletion of ATF4 for the purpose of ISR in-
hibition resulted in impaired glutathione metabolism,
particularly with regard to the activity of glutathione
peroxidase (GPX4). This, in turn, led to an increase in
lipid peroxidation, ultimately resulting in ferroptosis
in cardiac cells. Similarly, the present study demon-
strated that elF2a knockdown significantly decreased
the activation of eIlF2a/ATF4 signaling and ISR, con-
sequently inhibiting LPS-induced NP cell apoptosis.

OMA1, a mitochondrial inner membrane metal-
loprotease, plays a pivotal role in mitochondrial dy-
namics and ISR [32]. Activated OMA1 cleaves OPA1
to regulate mitochondrial fusion and processes DELE1
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Fig. 6 MTP-131 affects the OMA1/DELE1 binding during the ISR. (A) Western blot and quantitative analysis of OMA1, DELE1, and
c-DELE1 in NP cells treated with over-OMA1 and MTP-131. (B) Western blot and quantitative analysis of elF2a, p-elF2a, and ATF4
in NP cells treated with over-OMA1 and MTP-131. (C) co-IP results of OMA1 and DELE1 in normal NP cells treated with or without
MTP-131. (D) co-IP results of OMA1 and DELE1 in LPS-treated NP cells treated with or without MTP-131. IgG serves as a negative
control. Data are presented as the mean & SD (n = 3, biological replicates).

to promote elF2a phosphorylation and HRI kinase
activation, thereby modulating ISR [31]. Beyond mi-
tochondrial dynamics, OMA1 determines cell fate via
protease-dependent signaling pathways [33]. Sham-
mas et al [34] discovered that OMA1 is associated
with the mitochondrial fragmentation, and that it de-
livers a signal outside the mitochondria to activate
the integrated stress response through the cleavage of
DELE1. A further study has indicated that the OMA1-
OPA1 axis is activated under conditions of hypoxia,
thereby increasing mitochondrial ROS accumulation
and thereby inhibiting mitochondrial oxidative phos-
phorylation [35]. This, in turn, promotes glycolysis
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and metabolic reprogramming in cancer cells. The
results of the present study demonstrate that OMA1
induces the cleavage of DELE1, thereby activating the
ISR and promoting NP cell degeneration.

The mitochondria-targeted peptide MTP-131 en-
hances mitochondrial function by stabilizing electron
transport chains via cardiolipin binding, thereby im-
proving ATP synthesis and suppressing ROS [15].
It stabilizes mitochondrial membrane potential, mit-
igates mitochondrial damage, and inhibits apoptosis
[13]. Additionally, MTP-131 promotes Parkin/PINK1-
dependent mitophagy, maintaining mitochondrial
quality control [36]. It has been demonstrated that
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Fig. 7 The schematic diagram depicts the OMA1/DELE1l-mediated activation of the ISR in NP cells.
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MTP-131 regulates the

OMA1/DELE1 binding and restore cell function to protect against NP cell degeneration.

MTP-131 activates the PINK1-mediated process of mi-
tophagy, thereby mitigating oxidative stress and restor-
ing mitochondrial function in oral epithelial cells [37].
The protective properties of MTP-131 suggest its poten-
tial application in the treatment of neurodegenerative
diseases, cardiovascular ischemia-reperfusion injury,
and chronic inflammatory disorders. Furthermore,
our results demonstrated that MTP-131 suppresses
OMA1-DELE]1 interaction under inflammatory condi-
tions, thereby reducing the generation and cytoplasmic
translocation of DELE1 cleavage. Treatment with MTP-
131 could inhibit the OMA1 activation and DELE1
cleavage. This, in turn, has been shown to attenuate
ISR and ameliorate NP cell degeneration. The present
findings suggest that MTP-131 may be a promising
candidate for IDD treatment.

While this study provides novel insights into the
OMA1-ISR axis in IDD, several limitations must be
acknowledged. First, the use of LPS-induced inflam-
mation in vitro does not fully replicate the complex
microenvironment of human degenerative discs. Sec-
ond, OMA1’s broader roles in mitochondrial dynamics,
mitochondrial ROS production, ATP levels, or mito-
chondrial morphology were not explored. Third, the
reliance on genetic modulation may introduce off-
target effects, necessitating validation using tissue-
specific conditional knockout models. Finally, the
addition of cytosolic and mitochondrial fractionation
experiments would provide more rigorous scientific
validation of the relationship between OMAL1 activity,
ISR signaling activation, and mitochondrial function.

This study suggests a previously unrecognized
pathway that may link mitochondrial dysfunction to
ISR activation in IDD. Our findings indicate that
OMA1-mediated DELE] cleavage may serve as a mi-
tochondrial stress sensor, potentially triggering elF2a
phosphorylation and downstream ISR signaling. The
therapeutic efficacy of MTP-131 observed in this study

supports a possible role in stabilizing mitochondrial
membranes and suppressing ISR hyperactivation. No-
tably, its regulation of OMA1-DELE1 binding under
inflammatory conditions may help address a key mech-
anistic gap in ISR regulation. These findings are in line
with prior work on mitochondrial-targeted therapies in
IDD, and they suggest the therapeutic potential of MTP-
131 for disc degeneration.
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