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Spinal cord injury (SCI) causes extensive neuronal loss, in which ferroptosis is critically involved. Although 
lipid transport at endoplasmic reticulum-mitochondria contact sites (ERMCSs) has been implicated in 
facilitating ferroptosis, the neuron-specific regulatory mechanisms remain elusive. Here, we show that 
neuronal ferroptosis is characterized by excessive ERMCS formation. Mechanistically, a systematic 
screening revealed the down-regulation of stearoyl-CoA desaturase 1 (SCD1), a critical enzyme in the 
synthesis of monounsaturated fatty acids (MUFAs) in neurons, following SCI (in vivo) or erastin treatment 
(in vitro). We demonstrated that SCD1 deficiency is the driving force behind aberrant ERMCS expansion, 
leading to increased lipid peroxidation and neuronal ferroptosis. Conversely, SCD1 overexpression could 
reverse these effects. Furthermore, we identified liver X receptor alpha (LXRα) as a direct transcriptional 
activator of SCD1. Pharmacological activation of LXRα with T0901317 upregulated SCD1 expression, which 
in turn restrained ERMCS formation, elevated MUFA levels, and ultimately inhibited neuronal ferroptosis. 
In murine SCI models, both adeno-associated virus-mediated neuronal SCD1 overexpression and LXRα 
agonist treatment effectively mitigated excessive ERMCS, reduced lesion size, preserved neuronal 
architecture, and improved functional recovery. Collectively, our study establishes the LXRα–SCD1 
axis as a novel and druggable pathway for reducing neuronal loss and improving functional recovery by 
modulating ERMCS-dependent lipid exchange dynamics, revealing promising therapeutic targets after 
central nervous system trauma.

Introduction
   Spinal cord injury (SCI) is a severe neurological disorder that 
leads to massive damage to spinal cord tissue [  1 ]. Each year, 
approximately 700,000 new cases are reported worldwide, 
mostly resulting from traumatic incidents such as traffic acci-
dents [  2 ]. Currently, there are no safe and effective repair strate-
gies available, making the resulting functional impairments and 
growing socioeconomic burden a global health challenge [  3 ]. 
This underscores the urgent need to elucidate the molecular 
mechanisms underlying SCI and to identify potential thera-
peutic targets.

   In recent years, ferroptosis, a form of regulated cell death 
driven by iron dependency and lipid peroxidation, has become 
a central focus of SCI research [  4 ]. During the early stage of 

SCI, the intricate injury microenvironment triggers a series of 
pathological events, such as inflammatory activation, lipid per-
oxidation, and an overproduction of reactive oxygen species 
(ROS), ultimately resulting in neuronal and glial cell death via 
necrosis or programmed pathways [  5 ]. In particular, vascular 
disruption and erythrocyte lysis after SCI result in iron over-
load, thereby providing a permissive environment for ferrop-
tosis. Growing evidence indicates that ferroptosis plays a crucial 
role in the early neuronal loss following SCI [  6 –  8 ].

   Recent studies by Sassano et al. [  9 ] demonstrated that endo-
plasmic reticulum-mitochondria contact sites (ERMCSs) act 
as essential platforms for the initiation of phospholipid peroxide 
formation, which subsequently diffuse to mitochondria, causing 
oxidative injury and triggering ferroptosis. These organelles 
communicate through ERMCSs, which mediate the exchange 

Citation: Jiang P, Luo Y, Huang D, 
He J, Li H, Xiao L, Yao S, Pang M, 
Rong L, Liu B. LXRα/SCD1-Mediated 
Endoplasmic Reticulum-Mitochondria 
Crosstalk in Inhibiting Neuronal 
Ferroptosis after Spinal Cord Injury. 
Research 2026;9:Article 1077. https://
doi.org/10.34133/research.1077

Submitted 31 October 2025  
Revised 14 December 2025  
Accepted 15 December 2025  
Published 10 February 2026

Copyright © 2026 Pan Jiang et al.  
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License  
(CC BY 4.0).

mailto:yaosy27@mail.sysu.edu.cn
mailto:pangmao6@mail.sysu.edu.cn
mailto:ronglm@mail.sysu.edu.cn
mailto:liubin6@mail.sysu.edu.cn
https://doi.org/10.34133/research.1077
https://doi.org/10.34133/research.1077
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Jiang et al. 2026 | https://doi.org/10.34133/research.1077 2

of metabolites and signals. While the endoplasmic reticulum 
(ER) is the principal site of lipid synthesis and processing, mito-
chondria are the primary hubs of energy metabolism and ROS 
generation. Following SCI, excessive production of ROS and 
pronounced mitochondrial dysfunction have been observed, 
accompanied by an abnormal increase in ERMCSs [  10 ,  11 ]. 
However, whether these pathophysiological factors act syner-
gistically to exacerbate secondary neuronal damage after SCI 
remains unclear.

   Lipid metabolism dysfunction is an important contributor to 
ferroptosis in SCI. It is noteworthy that neurons contain a high 
proportion of polyunsaturated fatty acids (PUFAs), a feature that 
contributes to their heightened susceptibility to membrane lipid 
peroxidation and ferroptosis [  12 –  15 ]. For instance, the upregu-
lation of acyl-CoA synthetase long-chain family member 4 
(ACSL4) facilitates PUFA enrichment, markedly increasing fer-
roptosis sensitivity [  16 ]. In contrast, monounsaturated fatty acids 
(MUFAs) exhibit stronger antioxidative properties and confer 
resistance against oxidative stress [  17 ]. These results underscore 
the crucial role of maintaining PUFA–MUFA homeostasis in 
regulating neuronal ferroptosis susceptibility.

   Among lipid metabolic regulators, stearoyl-CoA desaturase 
1 (SCD1) is a multifunctional enzyme family with distinct iso-
forms that exert diverse roles across different pathological con-
texts. Of particular significance, SCD1 is an essential ER-localized 
enzyme that catalyzes the conversion of saturated fatty acids into 
MUFAs [  18 ,  19 ]. As the rate-limiting enzyme for MUFA biosyn-
thesis, SCD1 mitigates lipid peroxidation by elevating MUFA 
levels, and its overexpression has been shown to substantially 
enhance cellular resistance to ferroptosis [  20 ,  21 ]. Experimental 
evidence indicates that suppression of SCD1 expression strength-
ens ERMCSs, promotes ERMCS formation, and aggravates mito-
chondrial lipid radical accumulation and dysfunction [  22 ,  23 ]. 
Nevertheless, the precise role of SCD1 in SCI pathophysiology, 
particularly in coordinating lipid metabolism between the ER 
and mitochondria in neurons, remains poorly understood. 
Furthermore, the upstream regulatory mechanisms controlling 
SCD1 expression and activity have yet to be fully elucidated.

   This study demonstrates that SCI results in the down-
regulation of SCD1, a crucial enzyme involved in MUFA syn-
thesis. This reduction drives the aberrant expansion of ERMCSs, 
which leads to enhanced lipid peroxidation and neuronal fer-
roptosis. Mechanistically, the transcription factor liver X recep-
tor alpha (LXRα) directly activates SCD1 transcription. This 
activation enhances cellular antioxidant capacity by enriching 
MUFAs within membrane phospholipids. Moreover, by coor-
dinating lipid exchange between mitochondria and the ER, 
LXRα–SCD1 signaling promotes mitochondrial lipid renewal 
and optimizes the lipid composition at ERMCSs, thereby 
enhancing mitochondrial resilience to ROS. Collectively, our 
study establishes the LXRα–SCD1 axis as a novel and druggable 
pathway for reducing neuronal loss and improving functional 
recovery by modulating ERMCS-dependent lipid exchange 
dynamics, revealing promising therapeutic targets after central 
nervous system trauma.   

Results
SCI induces aberrant ERMCS expansion, ER stress, 
mitochondrial oxidative stress, and ferroptosis
   In a mouse SCI model, immunofluorescence analysis revealed 
persistent dysregulation of ferroptosis-associated markers. 

COX2 expression was markedly increased, while GPX4 was 
significantly reduced at the lesion epicenter (Fig.  1 A and B), 
consistent with enhanced oxidative stress. Previous studies have 
suggested that excessive contact between mitochondria and the 
ER is a critical trigger of lipid peroxidation [ 9 ]. In line with this, 
we observed that oxidative stress after SCI was accompanied 
by a pronounced increase in ER-mitochondria contacts within 
neurons (Fig.  1 C and D). Immunofluorescence of SCI spinal 
cords also showed a marked increase in CHOP-positive neu-
rons in the peri-lesion region, confirming sustained ER stress 
in vivo (Fig.  1 E and F). Similar changes were reproduced 
in vitro. HT22 cells exposed to erastin (1 μM, 24 h) exhibited 
enhanced ER-mitochondria colocalization, which was corrobo-
rated by transmission electron microscopy showing abnormal 
mitochondrial morphology and a shortened ER-mitochondria 
distance (Fig.  1 G and H). Consistently, mitochondrial lipid 
peroxidation was elevated, as confirmed by C11-BODIPY/
MitoTracker co-staining and MitoPeDPP fluorescence (Fig.  1 I 
to N). At the molecular level, western blot analysis demon-
strated robust activation of ER stress, indicated by upregulation 
of PERK and CHOP (Fig.  1 O and P). Mitochondrial dynamics 
were also disrupted, with FIS1 upregulation and MFN2 down-
regulation, reflecting enhanced mitochondrial fission (Fig.  1 M 
and N). In parallel, increased COX2 and decreased GPX4 
expression further supported the occurrence of ferroptosis (Fig. 
 1 S and T). Together, these findings demonstrate that SCI 
induces persistent ER-mitochondria dysregulation, oxidative 
stress, and ferroptosis, providing mechanistic insight into neu-
ronal vulnerability following injury.           

SCD1 overexpression alleviates erastin-induced 
excessive ERMCS formation and  
neuronal ferroptosis
   In HT22 cells, erastin treatment robustly reduced MUFAs and 
down-regulated cardiolipin and phosphatidylethanolamine, 
indicating impaired mitochondrial lipid homeostasis (Fig.  2 A 
and B). Consistently, transcriptomic analysis of SCI datasets 
(GSE45006 and GSE166009) revealed marked suppression of 
fatty acid metabolism and unsaturated fatty acid synthesis, 
accompanied by the activation of oxidative stress pathways 
including ROS, unfolded protein response, and p53 signaling, 
together with reduced expression of SCD1 (Fig.  2 C to E and 
Fig.  S1 A and B).        

   In vitro experiments verified that erastin inhibited both 
SCD1 transcription and protein expression in HT22 cells (Fig. 
 2 F to H). Functional rescue assays demonstrated that SCD1 
overexpression alleviated excessive ER-mitochondria contacts 
and reduced mitochondrial lipid peroxidation (Fig.  2 I and J 
and Fig.  S1 C to G). Moreover, SCD1 overexpression reversed 
the erastin-induced markers of ferroptosis and functional 
abnormalities, including increased LDH release, elevated malo-
ndialdehyde (MDA) and ROS levels, mitochondrial depolariza-
tion (JC-1), and mitochondrial ROS accumulation (MitoSOX) 
(Fig.  2 O to V and Fig.  S1 H to K). Notably, treatment with the 
ferroptosis inhibitor ferrostatin-1 (Fer-1) produced comparable 
protective effects.

   Together, these findings identify SCD1 down-regulation 
as a central link between lipid metabolic imbalance and fer-
roptosis. Conversely, restoring SCD1 expression effectively 
preserved mitochondrial function and alleviated neuronal 
ferroptosis.   
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Loss of SCD1 exacerbates ferroptosis, ER stress, and 
mitochondrial dysfunction in neurons
   In HT22 cells, siRNA-mediated knockdown of SCD1 (Fig. S2A 
and B) markedly increased ER-mitochondria interactions (Fig. 

 3 A and B), which was accompanied by elevated mitochondrial 
lipid peroxidation, as demonstrated by C11-BODIPY and 
MitoPeDPP assays (Fig.  3 C and D). Molecularly, SCD1 defi-
ciency intensified ER stress, with PERK and CHOP expression 

Fig. 1. Enhanced endoplasmic reticulum (ER)-mitochondria contact is associated with oxidative stress and ferroptosis after spinal cord injury (SCI). (A and B) Immunofluorescence 
of COX2 and GPX4 expression at indicated time points post-SCI (7 d post-SCI). (C and D) Confocal microscopy showing increased ER-mitochondria contacts in neurons. 
(E and F) CHOP immunofluorescence in spinal cord neurons (7 d post-SCI). (G and H) Transmission electron microscopy (TEM) images quantifying mitochondrial ultrastructure 
and ER-mitochondria distance. (I and J) ER-Tracker/MitoTracker co-staining in HT22 cells after erastin (1 μM, 24 h). (K to N) C11-BODIPY and MitoPeDPP staining showing 
elevated mitochondrial lipid peroxidation. (O to T) Western blot analysis of PERK, CHOP, FIS1, MFN2, COX2, and GPX4 with densitometric quantification. Data are presented 
as mean ± SD from 3 independent biological replicates per group. Statistical significance was set at P < 0.05; ns, not significant. BF, bright field; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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significantly upregulated (Fig.  3 G and H). Mitochondrial 
dynamics were also disrupted, as indicated by decreased MFN2 
and increased FIS1, suggesting enhanced mitochondrial fission 

(Fig.  3 I and J). Functionally, SCD1 depletion aggravated erastin-
induced injury. This was reflected by elevated LDH release 
and MDA accumulation, increased ROS production, loss of 
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mitochondrial membrane potential (JC-1), and enhanced oxi-
dative signals detected by MitoSOX and C11-BODIPY staining 
(Fig.  3 K and N to R and Fig.  S2 D to H). Western blot analysis 

further confirmed ferroptotic progression, with COX2 mark-
edly upregulated and GPX4 down-regulated (Fig.  3 L and M). 
Importantly, treatment with Fer-1 (5 μM) partially reversed 
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these pathological changes, mitigating oxidative stress, restoring 
mitochondrial function, and reducing ferroptosis. Collectively, 
these findings demonstrate that SCD1 deficiency considerably 
exacerbates oxidative injury, mitochondrial dysfunction, and 
ferroptosis, highlighting its essential protective role in main-
taining neuronal homeostasis.           

Transcriptional regulation of SCD1 by an LXRα 
agonist maintains lipid homeostasis and protects 
against ferroptosis in neurons
   Transcription factor prediction integrated with SCI transcrip-
tomic datasets (GSE45006 and GSE166009) identified 11 can-
didate regulators of SCD1 (Fig.  4 A and B and Tables  S1  and 
 S2 ). Among these, bioinformatics analysis suggested that LXRα 
could directly bind the SCD1 promoter (Fig.  4 C). Quantitative 
real-time polymerase chain reaction (qRT-PCR) screening fur-
ther demonstrated that most candidates were weakly expressed 
in neurons, whereas only LXRα showed a strong positive cor-
relation with SCD1 expression (Fig.  4 F and Fig.  S3 B to D). 
Assays validated this regulatory relationship. Overexpression 
of LXRα notably increased both SCD1 messenger RNA and 
protein levels (Fig.  4 G and H). Dual-luciferase reporter assays 
and chromatin immunoprecipitation-quantitative polymerase 
chain reaction (ChIP-qPCR) further verified direct binding of 
LXRα to the SCD1 promoter (Fig.  4 D and E and Fig.  S3 A). 
Consistently, pharmacological activation with the LXRα ago-
nist T0901317 (500 nM) [  24 ] induced robust SCD1 upregula-
tion (Fig.  4 I and Fig.  S3 E and F). In contrast, erastin treatment 
(1 μM, 24 h) suppressed LXRα transcription and protein expres-
sion (Fig.  4 J to L).        

   Importantly, T0901317 treatment alleviated ferroptosis by 
normalizing the erastin-induced increase in COX2 and decrease 
in GPX4 (Fig.  4 M and N). It also substantially improved mul-
tiple functional parameters, including reduced LDH release, 
MDA accumulation, total and mitochondrial ROS (MitoSOX), 
lipid peroxidation (C11-BODIPY), and recovery of mitochon-
drial membrane potential (JC-1) (Fig.  4 O to R and Fig.  S3 G to 
L). Moreover, we demonstrated that LXRα knockdown in erastin-
induced HT22 cells exacerbated ferroptosis (Fig.  S3 M to P), 
as evidenced by increased lipid peroxidation and diminished 
mitochondrial membrane potential (Fig.  S3 Q to T). Notably, 
the LXRα agonist T0901317 reversed these effects, and this pro-
tection was abolished when LXRα was knocked down, further 
confirming that T0901317 functions through LXRα.

   Collectively, these findings establish LXRα as a direct tran-
scriptional activator of SCD1. Moreover, these demonstrate that 
the LXRα–SCD1 axis plays a pivotal protective role in maintain-
ing lipid homeostasis and conferring resistance to ferroptosis.   

LXRα protects against neuronal ferroptosis by 
preserving ER-mitochondria homeostasis in an 
SCD1-dependent manner
   In HT22 cells, treatment with the LXRα agonist T0901317 mark-
edly alleviated erastin-induced stress responses. Specifically, 
T0901317 reduced ER stress by suppressing PERK and CHOP 
upregulation (Fig.  5 A and B), corrected mitochondrial dynamics 
by restoring MFN2 and lowering FIS1 expression (Fig.  5 C and D), 
and diminished excessive ER-mitochondria contacts and lipid per-
oxidation (Fig.  5 E to G and Fig.  S4 A and B). Ultrastructural analy-
sis further confirmed improvements in mitochondrial morphology 
and normalization of ER-mitochondria proximity (Fig.  5 H and I).        

   Lipidomic profiling demonstrated that T0901317 restored 
mitochondrial lipid homeostasis, reversing the erastin-induced 
depletion of MUFAs and key phospholipids (Fig.  5 L and M). 
Functionally, T0901317 reduced mitochondrial ROS accumula-
tion (Fig.  5 J and K), normalized ferroptosis markers by lower-
ing COX2 and restoring GPX4 expression (Fig.  5 N and O), and 
improved cellular outcomes including reduced LDH release, 
decreased MDA and ROS levels, and recovery of mitochondrial 
membrane potential (JC-1) (Fig.  5 P to S and Fig.  S4 E).

   Importantly, all of these protective effects were abolished by 
SCD1 knockdown. In the absence of SCD1, T0901317 failed 
to enhance SCD1 expression or activity (Fig.  S4 G and H), and 
its protective capacity against ER stress, mitochondrial dysfunc-
tion, and ferroptosis was lost.

   Together, these findings demonstrate that the neuroprotec-
tive effects of T0901317 are mediated by SCD1. By preserving 
ER-mitochondria homeostasis, restoring lipid metabolism, and 
suppressing ferroptotic signaling, the LXRα–SCD1 axis emerges 
as a critical regulator of neuronal resilience under oxidative 
stress.   

The LXRα–SCD1 axis attenuates ERMCS and 
protects against neuronal ferroptosis after SCI
   In vivo studies demonstrated that both neuron-specific SCD1 
overexpression and pharmacological activation of LXRα with 
T0901317 markedly alleviated SCI-induced ER-mitochondria 
dysfunction. Immunofluorescence analysis showed that the 
injury-associated increase in ER-mitochondria colocalization 
and ER stress was markedly reduced following either interven-
tion. Consistently, electron microscopy confirmed that both 
treatments improved mitochondrial morphology and restored 
ER-mitochondria spacing, reversing the shortened distance 
observed after SCI (Fig.  6 A to D and Fig.  S5 A and B).        

   Molecularly, these interventions suppressed neuronal ER 
stress, reducing CHOP upregulation (Fig.  6 E and F and Fig. 
 S5 C) while also normalizing ferroptosis markers by decreasing 
COX2 expression and restoring GPX4 levels. However, when 
SCD1 was silenced, the protective effects of T0901317 were 
largely abolished, with ER-mitochondria contacts and COX2/
GPX4 ratios remaining comparable to those of untreated SCI 
(Fig.  6 G to I and Fig.  S5 D).

   Together, these results indicate that the neuroprotective 
effects of T0901317 are critically dependent on SCD1. By pre-
serving ER-mitochondria homeostasis, reducing oxidative 
stress, and limiting ferroptotic signaling, the LXRα–SCD1 axis 
safeguards neuronal integrity following SCI.   

The LXRα–SCD1 axis promotes neuroprotection and 
functional locomotor recovery after SCI
   In SCI mice, both neuron-specific SCD1 overexpression and 
pharmacological activation of LXRα with T0901317 significantly 
enhanced motor recovery at 4 weeks post-injury. Improvements 
were evident across multiple functional measures, including 
hind limb footprints, gait trajectories, Basso Mouse Scale scores, 
and sciatic-nerve-evoked potentials (Fig.  7 A to E and Fig.  S6 A 
to E). In contrast, SCD1 knockdown markedly attenuated the 
beneficial effects of T0901317. Verification assays confirmed that 
neuronal SCD1 expression was robustly increased following 
overexpression (Fig.  S6 F and G).        

   Histological analyses revealed that both SCD1 overex-
pression and T0901317 treatment restored the expression of 
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synaptic (Syn) and myelin (MBP) markers and substantially 
reduced lesion size (Fig.  7 F to I and Fig.  S6 H to K). Moreover, 
serotonergic fibers (5-HT) and axonal markers (NF200) were 
preserved, indicating improved axon and myelin integrity 

(Fig.  7 J to L and Fig.  S6 L to N). These protective effects, how-
ever, were abolished in the context of SCD1 knockdown, fur-
ther underscoring the necessity of SCD1 for LXRα-mediated 
neuroprotection.
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   Taken together, these results demonstrate that the neuro-
protective effect of T0901317 depends on SCD1. By maintain-
ing neuronal structural integrity and promoting axonal and 
myelin repair, the LXRα–SCD1 axis plays a pivotal role in driv-
ing the recovery of function following SCI.    

Discussion

   SCI is characterized by excessive mitochondrial oxidative stress, 
lipid metabolic dysregulation [  25 ], and neuronal ER stress [  26 ]. 
Ferroptosis is increasingly acknowledged as a key contributor 
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to neuronal death following SCI [  27 ]. The increased ERMCSs 
and enhanced lipid peroxidation drive ferroptosis [ 9 ]. The bal-
ance between MUFAs and PUFAs is particularly critical for 

cellular responses to oxidative stress [  28 ]. Herein, we demon-
strated that LXRα activation transcriptionally upregulates SCD1, 
thereby promoting MUFA synthesis (Fig.  8 ). This remodeling 

Fig. 6. Neuron-specific SCD1 overexpression and LXRα activation preserve ER-mitochondria homeostasis after SCI. (A and B) Triple immunofluorescence (NeuN, calreticulin, 
and TOMM20) showing restored ER-mitochondria contacts post-SCI, enhanced by AAV-SCD1 or T0901317, abolished by SCD1 knockdown. AAV, adeno-associated virus. (C and 
D) TEM quantification confirming improved ER-mitochondria spacing, crista integrity, and ER continuity. (E and F) CHOP immunofluorescence showing reduced ER stress in 
NeuN+ neurons. (G to I) immunofluorescence showing the normalization of the neuronal COX2/GPX4 ratio in peri-lesion neurons following SCD1 overexpression or T0901317. 
Data are mean ± SD (n = 5 mice/group). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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of mitochondrial lipid composition enhances antioxidant capacity 
and reduces ERMCSs, ultimately attenuating ferroptosis in neu-
rons. SCD1, an ER-localized enzyme, serves as a key regulator 

of lipid metabolism by synthesizing MUFAs [  29 ]. Transcriptomic 
analysis of spinal cord tissue revealed a pronounced down-
regulation of SCD1 following SCI, which may exacerbate neuronal 

Fig. 7. SCD1 overexpression and LXRα activation promote functional recovery after SCI. (A) Hind limb footprint analysis showing improved stride patterns with SCD1 
overexpression or T0901317, abolished by SCD1 knockdown. (B and C) Electrophysiological recordings demonstrating the recovery of compound muscle action potentials. 
(D and E) Basso Mouse Scale (BMS) scores and gait kinematics confirming locomotor improvement. (F to I) Immunofluorescence showing increased synaptic density (Syn) 
and remyelination (myelin basic protein [MBP]) in the lesion epicenter. (J to L) Axonal preservation evidenced by 5-hydroxytryptamine-positive (5-HT+) fibers, NF200+ axons, 
and reduced lesion size. Data are mean ± SD (n = 5 mice/group). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. MEP, motor evoked potential.
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loss. Functional studies showed that SCD1 overexpression, 
together with the activation of the transcription factor LXRα, 
enhanced MUFA synthesis, increased mitochondrial MUFAs, 
suppressed mitochondrial lipid peroxidation, and decreased 
ERMCSs. Furthermore, the pronounced erastin-induced altera-
tions in neuronal ferroptosis markers observed in vitro were 
successfully recapitulated in our in vivo models, confirming 
the consistency of ferroptotic responses across experimental 
systems and reinforcing our previous findings [  30 ]. In vivo, this 
intervention promoted neuronal survival after SCI, thereby 
providing a histological basis for neural repair. These findings 
establish SCD1 as a critical neuroprotective factor in maintain-
ing neuronal homeostasis.        

   ERMCSs are essential structural platforms that mediate com-
munication between the ER and mitochondria [  31 ,  32 ]. Increasing 
evidence implicates ERMCSs in the pathogenesis of diverse dis-
eases. Physiologically, these contacts provide a structural basis 
for lipid exchange, calcium transfer, and other forms of interor-
ganelle communication [  33 ]. Under pathological stress, however, 
ERMCSs exhibit a dual function: they facilitate mitochondrial 
support in alleviating ER stress through direct physical interac-
tion while also enabling the transfer of peroxidized lipids from 
mitochondria to the ER for clearance [ 22 , 33 ]. Excessive contact 
under conditions of elevated oxidative stress, in turn, amplifies 
phospholipid peroxidation and contributes to the initiation and 
progression of ferroptosis [ 9 ]. In our study, oxidative stress 
enhanced ER-mitochondria contacts, increased mitochondrial 
lipid peroxidation, altered ferroptosis marker expression, and 
reduced mitochondrial MUFA levels. Conversely, overexpression 
of LXRα/SCD1 alleviated mitochondrial lipid peroxidation and 
restored MUFA proportions in mitochondrial membranes and 
ERMCS formation. These findings suggest that MUFAs synthe-
sized by SCD1 may be transported to mitochondria via ERMCS 
lipid transfer, where they enhance antioxidant capacity and miti-
gate lipid peroxidation. This provides novel mechanistic insights 
into SCD1’s neuroprotective role in SCI.

   Despite progress, the regulatory network linking ferroptosis 
and lipid peroxidation in neurons remains incompletely under-
stood. Using differential gene expression analysis and JASPAR-
based transcription factor prediction, we identified potential 
binding sites for LXRα at the SCD1 promoter. Mechanistic stud-
ies further confirmed the importance of the LXRα–SCD1 axis 
in SCI. Both LXRα and SCD1 showed parallel down-regulation 
under neuronal oxidative stress. While earlier studies suggested 
an antioxidant role for LXRα [  34 ], its contribution to ferroptosis 
had not been clarified. Our results demonstrate that LXRα spe-
cifically binds to and activates the SCD1 promoter, thereby 
transcriptionally upregulating SCD1 to reinforce neuronal anti-
oxidant defenses. Pharmacological activation of LXRα markedly 
increased SCD1 expression, improved neuronal survival, and 
facilitated motor function recovery in vivo. Conversely, these neu-
roprotective effects were notably diminished in SCD1-knockdown 
mice, indicating that LXRα-mediated protection is dependent 
on SCD1. Thus, SCD1 emerges as the central molecular hub 
mediating LXRα’s neuroprotective effects.

   Although SCD1’s involvement in ferroptosis has been reported 
[  35 –  37 ], its precise MUFA-mediated antioxidant mechanisms 
remain to be fully elucidated. Here, we demonstrate that LXRα 
transcriptionally regulates SCD1 expression. Functionally, SCD1 
simultaneously alleviates neuronal ER stress and modulates 
mitochondrial lipid composition through interorganelle lipid 
exchange, thereby enriching MUFAs at ERMCSs to prevent lipid 

peroxidation initiation. This dual regulation suppresses ferrop-
tosis both in vitro and in vivo. Analogous to the SREBP1–SCD1 
axis, which regulates organelle contacts via lipid composition 
[ 23 ], the LXRα–SCD1 axis reduces ER-mitochondria contacts, 
highlighting SCD1 as a core lipid metabolic regulator that confers 
resistance to ferroptosis by modifying organelle membrane com-
position. These results are consistent with the well-established 
lipid metabolic functions of LXRα [  38 ], thereby reinforcing the 
importance of the LXRα–SCD1 axis in ferroptosis suppression.

   Clinically, functional recovery after SCI remains a formidable 
challenge, with neuronal survival serving as the foundation for 
neural reconstruction. Currently, effective neuroprotective drugs 
for the acute phase of SCI are lacking. Our study highlights the 
central role of the LXRα–SCD1 axis in regulating lipid metabolism, 
mitigating oxidative stress, and suppressing ferroptosis. LXRα 
agonists demonstrate pleiotropic benefits, including the suppres-
sion of inflammatory gene expression, promotion of cholesterol 
efflux from macrophages, and protective effects against cardiovas-
cular diseases such as atherosclerosis [  39 ,  40 ]. These agonists can 
also cross the blood–brain barrier, suggesting therapeutic potential 
in neurodegenerative contexts. In SCI, where robust neuroinflam-
mation occurs, their established anti-inflammatory properties—
combined with the antioxidant and antiferroptotic neuroprotection 
identified in this study—create a multitargeted therapeutic profile 
that enhances their translational promise. Although chronic use 
of LXRα agonists is associated with adverse effects such as elevated 
plasma triglycerides and hepatic lipid deposition [  41 ], their appli-
cation in the acute phase of SCI naturally mitigates this limitation 
by avoiding long-term exposure. Furthermore, future drug devel-
opment efforts could focus on designing improved agonists with 
better safety profiles, thereby further expanding their clinical 
applicability.

   This study has certain limitations. The inability to track 
specific lipid species, including individual MUFAs, remains an 
obstacle [  42 ,  43 ]. Consequently, the spatial dynamics of these 
lipids, despite their well-documented exchange at ERMCSs, can-
not be directly traced. The transfer of ER-synthesized MUFAs 
to mitochondria was inferred indirectly from lipidomic profiling 
rather than directly demonstrated, and further verification would 
be possible in the future when conditions are favorable with 
advancements in technology. The mechanistic analyses relied 
primarily on cell and mouse models, which may not fully reca-
pitulate human SCI pathology. Future studies employing real-
time imaging, tracer-based assays, and clinically relevant models 
are needed to validate and extend these findings.

   To conclude, this study provides a comprehensive demon-
stration of the neuroprotective role of SCD1 in SCI and identi-
fies the LXRα–SCD1 axis as a critical regulatory pathway that 
modulates lipid metabolism and ER-mitochondria interactions. 
By alleviating oxidative stress and ferroptosis, this axis contrib-
utes to improved functional recovery. Collectively, these find-
ings not only enhance our comprehension of SCI pathogenesis 
but also reveal novel therapeutic targets for neuroprotection 
and repair.   

Materials and Methods

SCI model and animal adeno-associated virus-9 
injection and processing
   All animal procedures were conducted following protocols 
authorized by the Ethical Review Board of Sun Yat-Sen University 
(SYSU-IACUC-2025-001375), China. Female C57BL/6J mice, 
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aged 6 weeks, were acquired from Jiangsu GemPharma Tech 
and kept at the Animal Center of Sun Yat-Sen University under 
regulated environmental settings, maintaining a consistent 
temperature of 25 °C, a 12-h light/dark cycle and a relative 
humidity of 70%.

   SCI was induced at the T10 level by compressing for 10 s. 
Briefly, we anesthetized the mice with sodium pentobarbital 
and then made a 2-cm incision along the dorsal thoracic spine. 
We performed a laminectomy at the T9 to T10 level to expose 
the spinal cord, which we clamped for 10 s, causing immediate 

Fig. 8. Illustration of the mechanism of LXRα or SCD1 and its proposed therapeutic mechanism in SCI treatment.
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hemorrhage at the injury site. After the injury, we sutured the 
muscle layers and closed the skin with wound clips. Postoperative 
care included recovery on a warming blanket, analgesia using 
buprenorphine, and cyclosporin. A administration to prevent 
infection. We performed manual bladder expression daily until 
the mice resumed spontaneous urination.

   Two microliters (2 μl) of adeno-associated virus-9-SCD1, 
shSCD1, or control vector (OBIO, China; titer: 1 × 1013 VG/
ml) under the control of a neuron-specific synaptic protein 
promoter was stereotaxically microinjected into the T9 to T10 
spinal cord segment using a 33-gauge Hamilton syringe at a rate 
of 5 μl/min. The injection needle was left in place for an addi-
tional 5 min postinjection to minimize backflow. Compression 
injury was applied at the injection site. Successful overexpres-
sion of SCD1 was confirmed by immunofluorescence. The 
administration of T0901317 was performed according to previ-
ously established methods [  44 ].   

Evaluation of the functional recovery of rats with SCI
   We assessed motor function recovery in mice using the Basso 
Mouse Scale scoring system. The mice were allowed to move 
freely for 5 min within a 90-cm open field, during which 
hind limb movement and interlimb coordination were closely 
observed. Assessments were conducted on postoperative days 1, 
3, 7, 14, 21, and 28. Evaluators were blinded to group assign-
ments, and each assessment was performed 3 times, with scores 
recorded immediately. To further assess limb coordination, the 
hind paws were stained with red ink, and footprints were col-
lected for gait analysis. Meanwhile, bipedal locomotion was 
recorded using a motion capture system. Then, reflective markers 
were placed bilaterally on key anatomical landmarks of the mice, 
including the malleolus (ankle), lateral condyle (knee), greater 
trochanter (hip), iliac crest, and the base of the metatarsopha-
langeal joint. The positions of these markers were then recon-
structed in 2 dimensions to analyze hind limb movement.   

Histological analysis
   Six weeks following SCI, the mice were heavily anesthetized 
using sodium pentobarbital and subsequently euthanized. 
Spinal cord tissues were fixed in 4% (w/v) paraformaldehyde 
for 24 h and then cryosectioned at a thickness of 14 μm using 
a cryostat. For paraffin embedding, tissues underwent a 48-h 
fixation, followed by a 4-h rinse in running water, graded etha-
nol dehydration, and overnight xylene clearing. Samples were 
paraffin-embedded, and 7-μm sections were prepared using a 
microtome. After immersing in water for 5 min, the sections 
were first stained with hematoxylin for 5 min, followed by eosin 
for 2 min (Solarbio). Cellular and extracellular matrix mor-
phology was examined under a light microscope. Additionally, 
neurofilament protein immunostaining and other relevant 
markers were used to assess neuronal integrity and function.   

Motor evoked potential detection
   Motor evoked potentials were assessed to determine the func-
tional status of the lower limb motor neural pathway 6 weeks 
following SCI. Electrophysiological recordings were performed 
using the BL-420A/F Data Acquisition and Analysis System 
(TECHMAN SOFT). Responses were recorded from the sciatic 
nerve on the opposite side, focusing on the latency and ampli-
tude of the initial evoked potential as primary indicators of 
motor neuron conduction and functional recovery.   

Culture cell line
   HT22 cells, originally isolated from the murine hippocampus, 
were obtained from the American Type Culture Collection 
(Rockville, MD, USA). These cells were cultured in Dulbecco’s 
modified Eagle medium (DMEM; Gibco, New Zealand) supple-
mented with 10% fetal bovine serum (Gibco, New Zealand) 
and 1% penicillin–streptomycin (4 mg/ml; Sigma-Aldrich) at 
37 °C in a humidified incubator with 5% CO2. Experimental 
procedures were carried out when cell confluency reached 
between 60% and 80%. Subsequently, the cells were subjected 
to 1 μM erastin-induced treatment (24 h) [  45 ] or Fer-1 [  46 ]or 
other experimental manipulations, including transfection.   

Transfection
   For overexpression assays, cells were transfected with 1 μg of 
complementary DNA (cDNA) construct per well in a 6-well 
plate using Lipofectamine 3000 (Invitrogen, L3000015). For gene 
knockdown, cells received either a single or double transfection 
of siRNAs at concentrations ranging from 20 to 100 nM, also 
employing Lipofectamine 3000. In single-transfection proto-
cols, cells were incubated with siRNA for 72 h or with cDNA 
constructs for 24 h. For double transfections, an initial dose of 
50 nM siRNA (Sangon, China) was administered, followed by 
a second transfection with 50 nM siRNA after 24 to 48 h.   

Mitochondrial lipidomic and fatty acid profiling  
and analysis
   Mitochondrial lipidomics was conducted to analyze lipid com-
position and oxidative alterations. Mitochondria were isolated 
from HT22 cells using a commercial extraction kit (Solarbio, 
China) and lipids were extracted by a modified Bligh–Dyer 
method. UHPLC–MS/MS analysis was carried out with a 
Vanquish UHPLC system connected to a Q-Exactive HF-X 
mass spectrometer (SCIEX, USA). Lipids were separated on a 
C18 reversed-phase column using a binary gradient, and data 
were acquired in both positive and negative ion modes with 
full MS and data-dependent MS/MS scans. Pooled QC samples 
were analyzed periodically. Differentially expressed lipids were 
identified based on variable importance in projection values 
greater than 1 and a P value of less than 0.05, followed by path-
way enrichment analysis using the Kyoto Encyclopedia of 
Genes and Genomes and LIPID MAPS databases.   

Luciferase assay
   Cells were co-transfected with the LXRα reporter vector and 
pRL control vector using Lipofectamine 3000 (Invitrogen, 
L3000015). After transfection, they were lysed with 1× Passive 
Lysis Buffer for 3 h, followed by centrifugation to collect the 
supernatant. Luciferase activity in the lysate was measured 
using the Dual-Luciferase Reporter Assay System (Promega, 
#E1980), with the sequential addition of LARII and Stop & Glo 
reagents, and luminescence was detected as per the manufac-
turer’s instructions.   

MDA measurement
   Cellular MDA levels were measured using a commercial MDA 
assay kit (Solarbio, BC0025-100T/96S), based on the thiobar-
bituric acid reactive substances method. Following sample col-
lection, the assay was carried out following the manufacturer’s 
protocol, and the MDA content was measured for each experi-
mental group.   
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Cell cytotoxicity assay
   Cell cytotoxicity was measured using the LDH Assay Kit 
(Beyotime, C0017) following the manufacturer’s guidelines. 
Briefly, cells were cultured in 6-well plates and subjected to 
knockdown or overexpression treatments. After a 24-h incuba-
tion, the culture supernatant was collected. The supernatant 
was incubated with the LDH reaction mixture for 30 min, and 
the absorbance at 450 nm (with a reference wavelength of 
650 nm) was recorded. Cytotoxicity was calculated as per the 
kit’s instructions, with cells treated with lysis buffer serving as 
the high (positive) control and untreated cells as the low (nega-
tive) control.   

Measurement of mitochondrial membrane potential
   The mitochondrial membrane potential (Δψm), a key indicator 
of mitochondrial function, was assessed with the JC-1 probe 
(Servicebio, G1515). HT22 cells were collected, counted, and 
resuspended in PBS at a concentration of 1 × 105 cells/ml. The 
JC-1 probe was diluted 1:500 in serum-free medium, following 
the manufacturer’s guidelines. Cells were incubated with the 
probe at 37 °C for 20 min, with gentle mixing every 3 to 5 min 
to ensure uniform dye distribution. After incubation, the cells 
were rinsed 3 times with serum-free medium to eliminate 
excess dye. A fluorescence microscope was then used for fluo-
rescence analysis, following the provided protocol.   

Flow cytometry detection of ROS
   ROS levels inside the cells were assessed using the DCFH-DA 
fluorescent probe (Servicebio, G1706, China). After the desig-
nated treatments, cells were treated with DCFH-DA and incu-
bated at 37 °C for 30 min. Following the staining, the cells were 
trypsinized and subjected to flow cytometry analysis using a 
CytoFLEX system (Beckman Coulter).   

Transmission electron microscopy
   Spinal tissue or HT22 cells were initially fixed with 2% glutar-
aldehyde for 2 h, followed by postfixation in 1% citric acid. 
Subsequently, the cells were stained with uranyl acetate and 
dehydrated through a graded acetone series. The specimens 
were subsequently encased in epoxy resin and sliced into ultra-
thin sections measuring 70 to 90 nm in thickness. Sections were 
mounted onto copper grids, counterstained with lead citrate, 
and examined for mitochondrial ultrastructure using transmis-
sion electron microscopy.   

Lipid peroxidation analysis
   Cells were plated into 12-well plates and allowed to adhere 
overnight, followed by treatment with specific concentrations 
of erastin for 24 h. The cells were then exposed to 5 μM BODIPY 
581/591 C11 (Amgicam, 217075-36-0, China). After a 30-min 
incubation at 37 °C, the cells were rinsed with PBS, and fluo-
rescence images were obtained using an inverted fluorescence 
microscope (Nikon, Ti2-U).   

Measurements of mitochondrial ROS
   Mitochondrial superoxide levels were quantified using the 
MitoSOX fluorescent probe, following the manufacturer’s 
guidelines. HT22 cells were treated with 2 μM MitoSOX-Green 
(SparkJade, SJ-MD0286, China) at 37 °C for 20 min and then 
washed with PBS. Fluorescence intensity was subsequently 
analyzed using flow cytometry.   

ER and mitochondrial morphology analysis by 
confocal microscopy
   For the analysis of ER and mitochondrial morphology, HT22 
cells were plated at a concentration of 5 × 104 cells per 15-mm 
glass-bottom dish (Corning, USA). Following treatment, cells 
were stained with MitoTracker Deep Red (Invitrogen, M22425) 
or ER-Tracker (Invitrogen, E12353) for 15 min at 37 °C. After 
staining, cells were rinsed with PBS and maintained in DMEM 
for imaging. Confocal images were acquired using a ×100 oil 
immersion objective on a Nikon CSU-W1 Spinning Disk 
Confocal microscope, analyzed according to a previously reported 
method [  47 ].   

MitoPeDPP
   Mitochondrial lipid peroxidation was evaluated by detecting 
the oxidation of MitoPeDPP, following the manufacturer’s 
instructions. MitoPeDPP is a cell-permeable, perylene-based 
fluorescent probe that selectively accumulates in mitochondria 
due to the presence of a triphenylphosphonium moiety. 
Mitochondrial localization of the MitoPeDPP signal was con-
firmed by fluorescence microscopy in cells incubated with the 
probe.   

RNA sequencing and bioinformatics analysis
   In addition, publicly available SCI-related transcriptomic data-
sets (GSE45006 and GSE166009) were obtained from the Gene 
Expression Omnibus (GEO) database. Following normaliza-
tion, differential gene expression analysis was performed with 
the limma package in R. Genes showing an adjusted P value 
<0.05 and a |log2 fold change| ≥1 were classified as differentially 
expressed.   

RNA extraction and RT-qPCR
   RNA was isolated with TRIzol reagent (Invitrogen, 15596026CN, 
USA), following the manufacturer’s protocol. Synthesis of 
cDNA was performed with the ReverTra Ace qPCR RT Kit 
(Foregene, RT-01022, China). Quantitative real-time poly-
merase chain reaction (qRT-PCR) was conducted using the 
SYBR Green PCR Kit (Foregene, QP-01012, China). Gene 
expression was normalized to β-tubulin. Relative expression 
was determined with the 2−ΔΔCt method. Primer sequences for 
amplification can be found in Tables  S1  and  S2 .   

ChIP–qPCR
   ChIP was performed using a commercially available ChIP assay 
kit (Beyotime, P2078, China) in accordance with the manu-
facturer’s protocol. Subsequent quantification of immunopre-
cipitated DNA was carried out by qPCR. The enrichment of 
target regions was calculated and expressed as a percentage of 
input DNA.   

Western blotting assay
   To prepare the samples, lysis was performed on ice using radio-
immunoprecipitation assay buffer (EpiZyme, GRF101, China) 
containing a protease inhibitor cocktail, along with 10% sodium 
dodecyl sulfate, 0.1% Triton X-100, 2 mM EDTA, 50 mM 
Tris–HCl (pH 7.4), 10% sodium deoxycholate, and 150 mM 
NaCl. The lysates were separated via sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and subsequently transferred 
to polyvinylidene fluoride membranes (Millipore, Billerica, 
MA, USA). Membranes were then incubated for 1 h at room 
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temperature in 5% nonfat milk for blocking, followed by over-
night incubation with primary antibodies MFN-2 (Proteintech, 
12186-1-AP, China), β-tubulin (Proteintech, 10094-1-AP, 
China), GAPDH (Proteintech, 10494-1-AP, China), CHOP 
(Wanleibio, WL00880, China), PERK (Wanleibio, WL03378, 
China), FIS1 (Proteintech, 10956-1-AP, China), SCD1 (Abcam, 
ab19862, UK), LXRα (Wanleibio, WL05098, China), GPX4 
(Proteintech, 30388-1-AP, China), COX2 (Proteintech, 27308-
1-AP, China), TOMM20 (Abcam, ab186735, UK), EZH2 
(Proteintech, 21800-1-AP, China), and calreticulin (Abcam, 
ab2907, UK) at 4 °C. Fol lowing washing, membranes were 
incubated for 1 h at room temperature with horseradish 
peroxidase-linked secondary antibodies—either anti-mouse 
immunoglobulin G (IgG) (1:5,000, Cell Signaling Technology) 
or anti-rabbit IgG (1:5,000, Sigma-Aldrich)—with gentle agi-
tation. Immunoreactive bands were then detected using an 
enhanced chemiluminescence substrate (Merck KGaA, Darmstadt, 
Germany), and images were captured using the ChemiDoc MP 
Imaging System (Bio-Rad, CA, USA).   

Isolation of mitochondria from cells
   Mitochondria were extracted using the Cell Mitochondria 
Isolation Kit (Solarbio, EX2610, China), according to the man-
ufacturer’s guidelines. After cell collection, they were lysed 
in precooled buffer containing a protease inhibitor cocktail 
(MedChemExpress) and homogenized thoroughly. The lysate 
was first centrifuged at 1,000 × g for 5 min to eliminate cell 
debris, and the supernatant was then spun at 12,000 × g for 
10 min to isolate the mitochondrial pellet. We washed the pel-
lets with mito-wash buffer and resuspended them in storage 
buffer for further use.   

Quantification and statistical analysis
   Data are presented as mean ± standard deviation. Statistical 
evaluations were performed using the GraphPad Prism soft-
ware, with the specific tests outlined in the corresponding figure 
legends. Statistical significance was considered for P values less 
than 0.05. The following significance levels were used: *P < 
0.05, **P < 0.01, and ***P < 0.001.    
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