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Inhibition of MST1 ameliorates neuronal apoptosis via GSK3p/3-TrCP/
NRF2 pathway in spinal cord injury accompanied by diabetes
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ARTICLE INFO ABSTRACT
Keywords: Aims: Spinal cord injury (SCI) is a devastating neurological disease that often results in tremendous loss of motor
Spinal cord injury (SCT) function. Increasing evidence demonstrates that diabetes worsens outcomes for patients with SCI due to the
Diabetes

higher levels of neuronal oxidative stress. Mammalian sterile 20-like kinase (MST1) is a key mediator of oxidative
o stress in the central nervous system; however, the mechanism of its action in SCI is still not clear. Here, we
Oxidative stress . . . o s . . .
Nuclear factor erythroid 2-related factor 2 investigated the role of MST1 activation in induced neuronal oxidative stress in patients with both SCI and
(NRF2) diabetes.
Methods: Diabetes was established in mice by diet induction combined with intraperitoneal injection of strep-
tozotocin (STZ). SCI was performed at T10 level through weight dropping. Advanced glycation end products
(AGEs) were applied to mimic diabetic conditions in PC12 cell line in vitro. We employed HE, Nissl staining,
footprint assessment and Basso mouse scale to evaluate functional recovery after SCI. Moreover, immunoblot-
ting, qPCR, immunofluorescence and protein-protein docking analysis were used to detect the mechanism.
Results: Regarding in vivo experiments, diabetes resulted in up-regulation of MST1, excessive neuronal apoptosis
and weakened motor function in SCI mice. Furthermore, diabetes impeded NRF2-mediated antioxidant defense
of neurons in the damaged spinal cord. Treatment with AAV-siMST1 could restore antioxidant properties of
neurons to facilitate reactive oxygen species (ROS) clearance, which subsequently promoted neuronal survival to
improve locomotor function recovery. In vitro model found that AGEs worsened mitochondrial dysfunction and
increased cellular oxidative stress. While MST1 inhibition through the chemical inhibitor XMU-MP-1 or MST1-
shRNA infection restored NRF2 nuclear accumulation and its transcription of downstream antioxidant en-
zymes, therefore preventing ROS generation. However, these antioxidant effects were reversed by NRF2
knockdown. Our in-depth studies showed that over-activation of MST1 in diabetes directly hindered the neu-
roprotective AKT1, and subsequently fostered NRF2 ubiquitination and degradation via the GSK3p/f-TrCP
pathway.
Conclusion: MST1 inhibition significantly restores neurological function in SCI mice with preexisting diabetes,
which is largely attributed to the activation of antioxidant properties via the GSK3p(Ser 9)/p-TrCP/NRF2
pathway. MST1 may be a promising pharmacological target for the effective treatment of spinal cord injury
patients with diabetes.

Mammalian sterile20-like kinase (MST1)

sensory, and autonomic dysfunction [1,2]. The pathophysiology of SCI is
divided into acute, sub-acute and chronic phases. The acute phase of SCI
is characterized by ion imbalance, generation of free radicals, lipid
peroxidation, and inflammation. When acute injury persists, the sub-
acute phase begins, marked by neuronal apoptosis, axonal

1. Introduction

Spinal cord injury (SCI) can disrupt the pathways projecting from the
brain and brainstem to the lumbar spinal cord, causing severe motor,
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Abbreviations STZ streptozotocin
AAV adeno-associated virus
SCI spinal cord injury TUNEL terminal deoxynucleotidyl transferase-mediated dUTP
DM diabetes mellitus nick end labeling
MST1 mammalian sterile20-like kinase 1 NEUN  neuron-specific nuclear protein
NRF2 nuclear factor erythroid 2-related factor 2 NF200 neurofilament protein 200

ROS Reactive oxygen species

GSK3p  glycogen synthase kinase 3p

B-TrCP  B-transducin repeat-containing protein
SOD2 superoxide Dismutase 2

NQO1  NADPH quinone dehydrogenase 1

HO1 heme oxygenase 1

Keapl  kelch-like ECH associated protein 1
ROS reactive oxygen species

RNS reactive nitrogen species

GSR glutathione reductase

Tomm20 mitochondrial 20 kDa outer membrane protein
Drpl dynamin-related protein 1

MDA malondialdehyde

GSH glutathione

AGEs advanced glycation end products

DHE dihydroethidium

NOX2 NADPH oxidase 2

NOX4  NADPH oxidase 4

CytoC  cytochrome c

ARE antioxidant response elements

demyelination, and the formation of glial scars. Besides, the chronic
phase is manifested by features including the formation of cystic cavities
and the maturation of neural glial scars [3]. Co-existing conditions, such
as diabetes mellitus (DM) or high blood glucose levels, are prognostic
factors for the poor outcomes of neurological disorders in humans [4-7].
Diabetes is a common and insidious metabolic disorder [8]. In cases of
acute trauma, It is not rare to discover that patients have concurrent
diabetes [9]. Spinal cord injury patients, experiencing prolonged
bedridden, often exhibit an increased susceptibility to overweight and
metabolic disturbances, thus they have also been reported to be at a
higher risk of diabetes and hyperlipidemia [10]. In turn, increasing
evidence has shown that DM plays a role in accelerating functional
impairment in SCI, which could be attributed to neuroinflammation [4,
11], autophagy [12], oxidative stress [13], and endoplasmic reticulum
stress [14,15]. However, a comprehensive understanding of how dia-
betes exacerbates the pathological changes in SCI remains elusive.

Oxidative stress is a central process in SCI and represents an imbal-
ance between ROS and RNS production and the capacity of the antiox-
idant defense system [16]. Previous studies have shown that
mammalian sterile20-like kinase (MST1) mediates neuronal cell death
and confers inflammatory impairment initiated by oxidative stress [17,
18]. Furthermore, MST1 knockdown inhibits oxidative stress and
neuronal damage during intracerebral haemorrhage [19]. A previous
study demonstrated that the apoptosis-promoting kinase MST1 plays a
crucial role in both neuronal cell death and microglial activation upon
oxidative stress in mammalian primary neurons [17]. Based on the
above evidence, MST1 may participate in the neural cell apoptosis
caused by oxidative stress. In particular, MST1 is significantly upregu-
lated in the nervous system under diabetogenic conditions, which aug-
ments oxidative stress and cognitive decline [20,21]. It was thus
speculated that diabetes might exacerbate the pathological process of
SCI by regulating MST1 expression.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key tran-
scription factor involved in the cellular oxidative stress response [22]. In
the cascade of oxidative stress reactions, NRF2 controls the expression of
multiple endogenous antioxidant genes and phase II detoxifying en-
zymes, including NADPH quinone dehydrogenase 1 (NQO1), superoxide
dismutase (SOD), heme oxygenase-1 (HO-1), glutathione reductase
(GSR), glutathione S-transferase alpha (GSTA), and catalase (CAT) [23].
Numerous researchers have shown that NRF2 activation results in
cytoprotection against various neurodegenerative diseases, such as
amyotrophic lateral sclerosis (ALS), Alzheimer’s, and Parkinson’s dis-
eases [24,25]. Moreover, strategies aimed at addressing SCI may involve
the modulation of NRF2-regulatory pathways [26,27]. The expression of
NRF2 and HO-1 is reportedly significantly upregulated in the early
stages of SCI, thus increasing antioxidant levels [26]. Nevertheless,

higher levels of oxidative stress markers and lower antioxidant marker
activities have been observed in patients with diabetes [28]. Recently,
NRF2 was recognized as a downstream mediator of MST1 in several
disease models. For example, MST1 induces the progression of nasal
inflammatory injury by repressing NRF2 [29]. Conversely, the sup-
pression of MST1 activity could trigger autophagy and help stem cells
survive HpO-induced injury via the Keapl/NRF2 pathway [30].
Nevertheless, the precise mechanism has not been thoroughly investi-
gated. It was thus hypothesized that the co-existence of diabetes im-
pedes the adaptive antioxidant response of neurons in spinal cord
injuries, and further investigation is required to determine whether this
adverse effect is associated with diabetes-induced MST1 activation.

In this study, using both normal and diabetic mouse SCI models, a
direct link was confirmed between the physiological changes in diabetes
and the exacerbation of SCI outcomes and the treatment effects of MST1
depletion in terms of alleviating oxidative stress were explored.
Furthermore, the underlying mechanisms of MST1 modulating antioxi-
dants were investigated and a novel therapeutic target for impaired
motor function following traumatic SCI exacerbated by prevalent
metabolic disorders was identified.

2. Material and methods
2.1. Animals and treatments

All surgical procedures and postoperative care protocols were
approved by the Animal Care and Use Committee of the Third Affiliated
Hospital of Sun Yat-sen University (approval number: IACUC-F3-22-
0720). The animals were housed in a specific pathogen-free facility
under a 12:12-h light-dark cycle. Every possible measure was taken to
minimize the number of animals used and alleviate any potential
discomfort.

Six-week-old female C57BL/6 J mice, were allocated randomly to
two distinct groups: the control group (n = 37) and the diabetes mellitus
group (n = 66). The induction of type 2 diabetes was initiated with a 6-
week high-fat, high-sucrose diet (HFD) regimen to induce insulin resis-
tance. Subsequently, intraperitoneal injections of STZ (50 mg/kg body
weight, dissolved in 0.1 mol/L citrate buffer [pH 4.5]) were adminis-
tered daily for three consecutive days [31]. Two weeks after STZ in-
jection, hyperglycaemia (defined as fasting blood glucose levels >250
mg/dL) was successfully induced. Mice in the control group were
injected with an equivalent volume of vehicle solution. Subsequently,
the control group mice were subdivided into sham (n = 17) or SCI
groups (n = 20), and the diabetic mice were randomly allocated into
three subgroups: DM + SCI, DM + SCI + Adeno-associated virus
(AAV)-vehicle, and DM + SCI + AAV-shMST1 (n = 20 each). The
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surgical procedure for inducing SCI was conducted two weeks after the
STZ injection. First, the mice were anaesthetised by an intraperitoneal
injection of sodium pentobarbital (40 mg/kg). Subsequently, lam-
inectomy was performed at the T7-T9 level, and the exposed spinal cord
was lesioned using an Infinite Horizon Impactor (Precision Systems and
Instrumentation, LLC) to induce a moderate (70 kD) contusion. During
the surgery, 1 pL of viral solution carrying AAV-vehicle or AAV-shMST1
was injected into the lesion site in the DM + SCI + AAV-vehicle and DM
+ SCI + AAV-shMST1 group, respectively. Following SCI, bladders were
manually emptied twice daily until spontaneous voiding resumed. In the
sham group, laminectomy was performed, but no SCI contusion was
induced. Furthermore, an additional 12 female 6-week-old C57BL/6 J
mice were purchased, and divided into two subgroups: one group was
fed a normal diet for 6 weeks (control group, n = 6), and the other group
was induced with type 2 diabetes using the aforementioned method
(diabetes group, n = 6). These mice did not undergo any surgical pro-
cedures and were sacrificed to compare the physiological parameters
between normal and diabetic mice. The experimental animal model
procedures and group information are presented in Fig. 8A and Table S1.

2.2. AAV injection

AAV-siRNA-MST1, purchased from Obio Technology, was used to
knock down MST1 in mice, with the AAV vehicle serving as a control.
The target sequence for MST1-siRNA was CCAGGAATGTAA-
CACGAAGTA. The AAV (1 pL) was administered into the lesion site
(approximately 300 pm in vertical depth) using a 10-pL Hamilton sy-
ringe (Hamilton Co, USA) at a flow rate of 200 nL/min. Following in-
jection, the needle was kept in place for 2 min before being slowly
withdrawn.

2.3. Functional outcome measurement

The Basso Mouse Scale (BMS) score was assessed 0, 3, 7, 14, 21, and
28 days postoperation to evaluate hindlimb locomotor function. For the
angle of the inclination test, the highest angle at which a rat could
maintain its position on a rubber mat-covered board for 5 s without
falling was recorded. Footprint analysis was conducted 28 days after
injury. The front limbs were marked with blue dye, and the rear limbs
with red dye. The movement of the mice was confined and they were
encouraged to walk linearly to enable their stride length to be recorded.

2.4. Histology and immunohistochemistry staining

Coronal sections of spinal cord segments were fixed using 4% para-
formaldehyde and subsequently embedded in paraffin. Paraffin-
embedded sections were sliced (5 pm thick) and subjected to haema-
toxylin and eosin (H&E) and Nissl staining.

For immunohistochemical preparation, the sections were incubated
with primary antibodies targeting pMST1 (phospho T183; 1:50;
Ab79199; Abcam), NRF2(1:100; PA588084; Thermo), and SOD2 (1:200;
66474-1-1G; Proteintech) at 4 °C over-night. Subsequently, the sections
were washed thrice with PBS and incubated with the respective sec-
ondary antibodies. The resulting reaction was visualized using DAB
solution. After counterstaining with haematoxylin, the sections were
examined under a light microscope (400 x magnification; Nikon, Tokyo,
Japan).

2.5. Immunofluorescence and TUNEL staining

The spinal cord sections and PC12 cells fixed with 4% para-
formaldehyde (PFA) were subjected to three washes with PBS. Subse-
quently, the sections were blocked with 10% goat serum in PBS for 1 h at
room temperature and then incubated with the following antibodies
overnight at 4 °C: NEUN (1:500; ab104224; Abcam), NRF2 (1:100; MA5-
42371; Invitrogen), SOD2 (1:200; 66474-1-IG; Proteintech), NF200
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(1:200; ab254348; Abcam), Tomm20 (1:200; 42,406; Cell Signaling
Technology), Drpl (1:100; 8570; Cell Signaling Technology), and HO1
(1:200; 66743-1-1G; Proteintech). Secondary antibodies, including goat
anti-mouse IgG H&L (Alexa Fluor 488, ab6785, Abcam, USA), goat anti-
mouse IgG H&L (Alexa Fluor 594, A32727, Thermo, USA), goat anti-
rabbit IgG H&L (Alexa Fluor 488, A11070, Thermo, USA), and goat
anti-rabbit IgG H&L (Alexa Fluor 594, #8889, CST, USA), were applied
for 2 h at room temperature. Finally, the nuclei were stained with
Hoechst 33,258 (Beyotime) at room temperature for 15 min. For TUNEL
staining, the sections were cultured in a dark and humid environment at
37 °C for 2 h using the TUNEL Apoptosis Assay Kit (C1088, Beyotime) in
accordance with the manufacturer’s instructions. Images were captured
using a Leica SP8 Lightning confocal microscope and light microscope
(400x magnification; Nikon, Japan), and eight randomly chosen fields
of view were selected for each sample.

2.6. Measurements of antioxidants and oxidative biomarkers

Spinal cord samples were collected and lysed with RIPA buffer 0, 14,
and 28 days after the SCI. Following the protocols provided by the ELISA
kits, the enzymatic activity of the catalase (S0051; Beyotime, China),
and the levels of glutathione (GSH) (A006; Jiancheng Bioengineering
Institute, China) and malondialdehyde (MDA) (S0131S; Beyotime,
China) were evaluated.

2.7. Cell culture and drug application

The rat PC12 cell line was cultured in DMEM (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco, USA) and 1% peni-
cillin/streptomycin (Life Technologies, USA). Advanced glycation end
products (AGEs), which are toxic compounds proposed as risk factors in
the pathogenesis of diabetes, were applied to mimic the effects of dia-
betic conditions on the cells [32]. Tert-butyl hydroperoxide (TBHP) so-
lution was used (Sigma-Aldrich, 458,139) as a mediator of oxidative
damage. XMU-MP-1 (Y-100526, MedChemExpress) was dissolved in
DMSO and applied at 5 pM for 6 h in PC12 to inhibit MST1 activity.

2.8. Transfection in PC12 cells

A lentivirus vector containing sequences encoding the rat MST1 gene
(Lv-MST1) was generated by Cyagen Biosciences Inc. (USA) to over-
express MST1, and an empty lentivirus vector was used as a control (Lv-
Ctrl). To knockdown MST1 expression in PC12 cells, the cells were
transfected with lentiviruses containing shRNA against MST1 (MST1-
shRNA) and scrambled shRNA. In addition, to silence NRF2 expression,
PC12 cells were transiently transfected with NRF2 siRNA (Obio Tech-
nology, China) using the Lipofectamine™ 2000 Transfection Reagent
(11668019, Thermo). The target sequences for the MST1 and NRF2
knockdown were as follows:

ShRNA-MST1: 5-GGTATGGTTGGGTACAATTAACTCGAGTTAATTG
TACCCAACCATACC-3';

RNAI-NRF2: 5- GGAUGAAGAGACCGGAGAAUUTT-3.

2.9. Measurements of ROS

To detect the ROS levels in PC12, the cells were stained with dihy-
droethidium (DHE; CA1420; Solarbio, China) probe which was dis-
solved in serum-free medium (1:1000 dilution) to a final concentration
of 5 pmol/L. Cells were then incubated with DHE for 30 min at 37 °C.
The MitoSOX probe (M36008; Thermo Fisher Scientific) was used to
detect mitochondria-specific ROS. After dilution at a ratio of 1:1000, it
was added to the cell culture medium to assess oxidative stress levels
within the mitochondria. MitoTracker Green (C1048, Beyotime
Biotechnology, Shanghai, China) was used to label the mitochondria.
After being washed with the PBS 3 times, the cells were co-incubated
with both MitoTracker Green and MitoSOX for 30 min at 37 °C.
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Fig. 1. Histological and protein expression analysis of spinal cord sections from the sham, SCI, and DM + SCI groups. (A, C) H&E staining of the spinal cord tissue
sections to assess the pathological changes, and the area of cavities for each group is illustrated in a columnar chart. n = 5 mice/group. (B, D) Nissl staining was
performed to evaluate neuronal survival. Arrows indicate Nissl-positive cells. The column chart illustrates the comparison of Nissl-positive cell numbers among the
three groups. n = 8 mice/group. (E, F) Double staining for NEUN (red)/TUNEL (green) reveals the proportion of apoptotic (Nissl-positive) cells relative to the NEUN-
positive cells. n = 8 mice/group. (G, H) Western blots for theMST1, pMST1, Bax, and caspase-3 cleavage, and densitometry analyses are shown. n = 3 mice/group. (I)

Immunohistochemistry (for pMST1) was used to assess MST1 activation in the three groups. n = 3 mice/group. *P < 0.05 and **P < 0.01.
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Fluorescent images were obtained using a fluorescence microscope (400
x magnification; Nikon, Tokyo, Japan).

2.10. Measurements of mitochondrial membrane potential

The mitochondrial membrane potential was measured using a JC-1
staining assay kit (HY-K0601; Mid Columbia Engineering, USA)
following the manufacturer’s protocol. After intervention, 2 uM of JC-1
was added to the cells and the cells were incubated for 30 min at 37 °C.
After washing three times with PBS, images were visualized using a
fluorescence microscope.

2.11. Measurements of cell viability

The PC12 cells were prepared in 96-well plates (5 x 10° cells and
100 pL per well) and cultured in a cell incubator for 24 h. Following the
respective treatments, 10 pL of CCK-8 (CK04; DOJINDO, Japan) solution
was added to each well, and further incubated within the cell culture
incubator for 1 h. Finally, the absorbance was measured at 450 nm using
a microplate reader (MK3; Thermo Fisher Scientific). Comprehensive
information regarding the CCK-8 assay is provided in the Supplementary
Material (Fig. S2).

2.12. Apoptosis assay

Annexin V (5 pL) and propidium iodide (PI; 5 pL; BD556547; BD
Biosciences, USA) were both added to the cell suspension. After incu-
bation at 37 °C for 10 min, the labeled cells were quantified using a flow
cytometry (Beckman Coulter, USA) and at least 10,000 events per
sample were recorded.

2.13. Western blot analysis and co-immunoprecipitation

Fresh spinal cord tissues and PC12 cells were lysed using RIPA lysis
buffer (Beyotime, China) containing protease and phosphatase in-
hibitors (Thermo, USA) for 20 min. The protein concentrations were
estimated by BCA method (Thermo, USA), and 40 pg of protein extracts
were loaded onto an 8% SDS-polyacrylamide gel for electrophoresis and
subsequently transferred onto a PVDF membrane (Millipore, USA). The
membrane was then blocked with 5% skim milk for 1 h, followed by
overnight incubation with primary antibodies at 4 °C. Finally, the cells
were thoroughly washed, and incubated with an appropriate HRP-
conjugated secondary antibody for 1 h at 37 °C. The primary anti-
bodies against Tujl, Tomm20, Gap43, HO1, NEUN, NF200, MST1,
pMST1, Bax, Bcl2, CytoC, and Caspase 9 were from Abcam (Cambridge,
UK), and antibodies against Caspase3, Cleaved Caspase3, Drpl, AKT1
and pGSK3p were from Cell Signaling Technology (USA); anti-p-actin,
anti-B-TrCP, and anti-NRF2 were acquired from GeneTex (San Antonio,
USA), Santa Cruz Biotechnology (Santa Cruz, CA), and Thermo (Mas-
sachusetts, USA), respectively. Those against Cleaved Caspase9, GSK3p,
and p-AKT1 were from Affinity Bioscience, and those against Ubiquitin,
a-tubulin, NOX2, NOX4, SOD2, and NQO1 were purchased from pro-
teintech (Wuhan, China).

For immunoprecipitation, the prepared cells were washed with cold
phosphate-buffered saline (PBS) and lysed with RIPA lysis buffer con-
taining protease and phosphatase inhibitors for 20 min. The lysates were
incubated with 2 pg desired antibodies overnight at 4 °C along with 20
pL protein A/G-beads. The beads were rinsed seven times with the lysis
buffer and boiled in the loading buffer. Subsequent steps were carried
out following the procedure described above for western blotting.

2.14. RNA extraction and qPCR
Total RNA was extracted from spinal cord samples using a TRIzol

reagent (Thermo Scientific, USA) and from PC12 cells using a total RNA
extraction kit (Omega, USA). Subsequently, single-stranded cDNA was
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synthesized from RNA using PrimeScript RT Master Mix (Takara Bio,
Japan). Primers used are listed in Supplementary Table S2. Quantitative
PCR was performed using the SYBR Green PCR mix (Takara, Japan) on a
LightCycler 480 instrument (Roche, Germany).

2.15. Statistical analysis

The results were presented as means (+SEM) and analyzed using
GraphPad Prism software (version 8.3; GraphPad Software Inc., San
Diego, CA, USA). The n represented the number of independent exper-
iments or animals per group in each experiment, with its value shown in
the figure legend for statistical tests. Normality of data distribution was
assessed using the Shapiro-Wilk normality test, and homogeneity of
variance was evaluated using the Brown-Forsythe test for multiple
groups. Comparisons within groups were made using the unpaired
Student’s t-test between two groups or one-way analysis of variance
(ANOVA) for multiple groups. Statistical significance was set at P <
0.05.

3. Results

3.1. Neuronal apoptosis and MST1 phosphorylation were increased after
SCI in a DM mouse model

Here, we have confirmed the role of diabetes on neuronal apoptosis
after SCI. Histological changes were assessed in the three experimental
groups (sham, SCI, and DM + SCI) using light microscopy. There was a
progressive deterioration in the lesions of the SCI mice when compared
to the sham group. For the DM + SCI group, the tissue exhibited larger
cavities and greater cellular contraction. The survival of neurons near
the lesion site was visualized using Nissl staining of the spinal cord
sections that were obtained 28 days after injury. In the SCI group, the
Nissl-positive cells were significantly decreased when compared to those
in the sham group, while the DM + SCI group showed the lowest number
of surviving cells overall (Fig. 1B). Double staining for NEUN (red) and
TUNEL (green) was performed to assess neuronal apoptosis around the
lesions (Fig. 1E). The proportion of TUNEL-positive cells significantly
increased from 2.6% in the Sham group to 28.1% in the SCI group, and
51.9% in the DM + SCI group. The increases were accompanied by
increased caspase3 cleavage and Bax expression in the injured spinal
cord, and DM further increased the expression of pro-apoptotic proteins.

Given the close association between MST1 signaling, diabetes, and
neuronal oxidative damage [20,21], its activity in the spinal cord of the
DM and SCI mouse models was determined. Western blot analysis
showed that the levels of MST1 phosphorylation (T183) were not
significantly different between the sham and SCI mice 14 days after
injury, whereas a dramatic increase in pMST1 was observed in the DM +
SCI mice when compared to the sham mice (Fig. 1G). MST1 was also
activated in the type 2 diabetes mouse model (without SCI)
(Figs. S1A-B). To confirm the neuron-specific upregulation of MST1,
immunohistochemistry was conducted for pMST1 in the coronal sec-
tions of the spinal cord from the three groups of mice. There was
distinctive pMST1 staining of the gray matter region neurons of the DM
+ SCI group, whereas cells from the other two groups exhibited almost
no staining (Fig. 1I). Taken together, these results reveal a parallel
relationship between neural apoptosis and MST1 activation, suggesting
that aggravated neuronal dysfunction in diabetic mice after SCI may be
related to the upregulation of MST1.

3.2. AGE;s exacerbate oxidative stress and apoptosis in the in vitro SCI
model

Spinal cord injuries result in ROS accumulations at the lesion sites,
leading to an inevitable oxidative response and neuronal cell death. To
further demonstrate the role of DM in exacerbating SCI, TBHP was used
as a mediator of oxidative damage. Appropriate drug concentrations
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Fig. 2. AGEs increase mitochondrial dysfunction and oxidative stress in PC12 cells. (A and B) Western blot and densitometry analysis of apoptosis-related proteins
and the NOX family in the control, AGEs, TBHP, and AGEs + TBHP groups (n = 3 independent experiments for A-B). (C and D) Representative fluorescence images of
DHE (red) staining in cells and quantification of fluorescence intensity (n = 5 independent experiments for C-D). (E and F) Protein levels of MST1 and p-MST1 in each
group and quantitative analyses are shown (n = 3 independent experiments for E-F). (G and H) Flow cytometry analysis of apoptosis and the proportion of apoptotic
cells (n = 6 independent experiments for G-H). (I and J) Western blot and densitometric analyses of (Cleaved) caspase9, CytoC, and Drpl (n = 3 independent
experiments for I-J). (K) Representative fluorescence images with MitoSOX (red) and MitoTracker (green) double staining. (L) Representative MMP detected using
{C—l staining (n = 3 independent experiments for K-L). *p < 0.05 compared with the control group and #p < 0.05 compared with the AGEs + TBHP.

were selected to mimic the internal environmental changes in PC12 cells
under oxidative and diabetic conditions (Figs. S2A-D). It was shown that
the combined treatment with AGEs and TBHP resulted in a more sub-
stantial reduction in cellular viability, in contrast to the single applica-
tion of TBHP. When the PC12 were treated with 25 pg/mL for 24 h, AGE
mildly induced proapoptotic Bax protein expression, but this effect was
more notable in the TBHP group (10 pM, 6 h). Furthermore, AGEs
significantly exacerbated the pro-apoptotic damage induced by TBHP.
The NOX family of NADPH oxidases is a crucial enzymatic source of
superoxide [33]. The results of immunoblotting and fluorescence in-
tensity measurements indicated that AGEs enhanced the accumulation
of superoxide initiated by peroxides, which manifested as an increase in
the expression of the NOX family as well as the dihydroethidium (DHE)
signal (Fig. 2A-D). The proportion of apoptotic cells in each group was
analyzed (Fig. 2G-H) and the AGEs were found result in slight cellular
apoptosis (4.15%), which was less pronounced than that observed in the
TBHP group (10.27%). However, the most significant increase was
observed in the AGEs + TBHP group (18.95%). To elucidate the mech-
anism underlying the oxidative stress changes caused by AGEs, the
activation of MST1 in cells from each group was assessed. As expected,
cells treated with AGEs exhibited a greater degree of phosphorylation
than the non-AGE groups, while 6-h of TBHP stimulation did not yield
such effects.

Apoptosis in neuronal cells is often characterized by the incomplete
clearance of ROS and intense destruction of mitochondrial function.
ROS disrupts the mitochondrial respiratory chain, causing disturbances
in cellular energy metabolism. This, in turn, renders the cell less capable
of maintaining redox homeostasis, inevitably resulting in a vicious cir-
cle, considering that mitochondria are important organelles involved in
the generation of peroxides and the elimination of excess ROS [34]. In
this study, we first examined the effects of AGEs and TBHP on mito-
chondrial function using western blotting. The combination of AGEs and
TBHP induced further cleavage of caspase-9 and increased the release of
cytochrome ¢ and Drpl when compared with the TBHP treatment alone
(Fig. 2I-J). Given that ROS primarily originate from the mitochondria
and that decreased mitochondrial membrane potential (MMP) is closely
linked to poor mitochondrial function, mitochondrial ROS were detec-
ted using MitoSOX assays and MMP with JC-1 staining. There were no
obvious fluorescence signal alterations observed between the control
and AGEs groups (Fig. 2K-L). However, when subjected to intense
oxidative damage by TBHP, the AGEs + TBHP group exhibited increased
mitochondrial ROS production when compared with the TBHP group.
Furthermore, the fluorescence of the MitoTracker Green decreased with
increasing ROS levels, and the red/green fluorescence ratio from the
JC-1 staining was much smaller in the AGEs + TBHP group. Taken
together, these results indicate that AGEs treatment augmented MST1
activity in the in vitro SCI model. In addition, AGEs promoted the pro-
duction of cellular ROS, reduced mitochondrial membrane potential,
and promoted PC12 apoptosis. It is thus important that the relationship
between MST1 and adverse effects induced by AGEs is further
investigated.

3.3. Downregulation of MST1 significantly alleviated AGEs-induced
neuronal apoptosis and mitochondrial ROS in the in vitro SCI model

To clarify the role of MST1 in AGEs aggravated oxidative injury and
mitochondrial dysfunction in SCI, lentiviruses containing shRNA against
MST1 (MST1-shRNA) and XMU-MP-1 (MST-1 selective inhibitor) were

used to suppress MST1 activity. The knockdown efficiency of MST1 was
determined using western blotting. Both MST1 and pMST1expression
were notably inhibited by lentivirus transfection, and XMU-MP-1
decreased the phosphorylation of MST1 (Fig. 3A-B). The levels of
apoptosis markers, mitochondrial ROS production, and MMP were
assessed as previously described. The results showed that knocking
down MST1 and inhibiting its phosphorylation significantly enhanced
the expression of anti-apoptotic Bcl2 and decreased the expression of
pro-apoptotic Bax when compared to the AGEs + TBHP group, implying
that MST1 mediated the neuronal damage induced by AGEs (Fig. 3C-D),
and these results were consistent with those from the flow cytometry
analysis (Fig. 3E-F). Furthermore, the percentage of apoptotic PC12
cells drastically increased from 9.3% with the TBHP to 20.63% with the
AGEs + TBHP; however, treatment with an MST1 inhibitor and the
knockdown of MST1 significantly decreased the proportion (8.16% and
7.33%, respectively). Corresponding changes in mitochondrial homeo-
stasis following the downregulation of MST1 were also detected. It was
evident that both XMU-MP-1 and the silencing of MST1 could effectively
prevent the increase in mitochondrial pro-apoptotic proteins when
compared to the AGE + TBHP group (Fig. 3G-H). This observation was
corroborated by the findings of the MitoSOX assays and MMP staining
(Fig. 3I-J), which validated that the above-mentioned interventions
were able to eliminate excess ROS and maintain a relatively higher
membrane potential. In summary, MST1 depletion and chemical inac-
tivation of MST1 suppressed the cellular apoptosis caused by TBHP and
AGEs.

3.4. AGE;s exacerbated oxidative stress by inhibiting the NRF2-mediated
defensive antioxidant response

Previous studies have identified the potential involvement of NRF2-
mediated antioxidant transcriptional responses in the pathogenesis of
SCI [27,35]. During the early stages of SCI, characterized by severe
oxidative stress, the NRF2/ARE system is immediately activated, and
this is the primary driver for the transcription of numerous antioxidant
enzymes which help to alleviate neuronal death at the epicenter of SCIs
[26]. We first analyzed the effect of TBHP on the antioxidant capacity in
vitro, and both the mRNA and protein levels of the NRF2 and down-
stream antioxidant enzymes increased in a time-dependent manner after
the PC12 cells were treated with 10 pM TBHP (Fig. S3), indicating that
hydrogen peroxide triggered a defense response against excessive ROS.

However, NRF2 has repeatedly been shown to be inhibited in DM
models [36,37]. To verify this, NRF2 expression in the injured spinal
cord was determined by western blotting 14 d after the SCI (Fig. 4A).
The results showed that the level of NRF2 increased when compared to
that in the sham group, while the SCI-induced antioxidant responses
were suppressed by DM. To explore the underlying mechanisms, the
transcriptional differences in antioxidant-related genes in the PC12 cells
exposed or unexposed to AGEs were examined (Fig. 4C). Interestingly,
the mRNA level of the NRF2 was enhanced, while the expression of
downstream genes such as NQO-1, Catalase, HO-1, and SOD2 were all
significantly decreased. Subsequently, we performed immunoblotting
and densitometric analysis (Fig. 4D-E) for NRF2, NQO-1, HO-1, and
SOD2 in PC12 cells from the control, AGEs, TBHP, and AGEs + TBHP
groups. The application of AGEs for 24 h was found to decrease anti-
oxidant enzyme expression. It was thus hypothesized that NRF2 might
not be hindered at the transcriptional level but at the
post-transcriptional level. Conversely, these proteins were amplified
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Fig. 3. Downregulation of MST1 attenuates AGEs aggravated mitochondrial dysfunction and apoptosis in vitro. (A and B) Western blot and densitometric analysis of
MST1 and p-MST1 in six cell lines (n = 3 independent experiments for A-B). (C and D) Western blot and densitometric analysis of apoptosis-related proteins and the
NOX family in the six groups (n = 3 independent experiments for C-D). (E and F) Analysis of apoptotic ratio in injured cells with or without MST1 inhibition (n = 3
independent experiments for E-F). (G and H) Western blotting and densitometry analyses of CytoC, Drp1, and Caspase9 cleavage (n = 3 independent experiments for
G-H). (K) Representative fluorescence images with MitoSOX (red) and MitoTracker (green) double staining. (L) Representative MMP detected using JC-1 staining (n
= 3 independent experiments for K-L). *p < 0.05 compared with the control group and #p < 0.05 compared with the AGEs + TBHP.
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Fig. 4. Neuoronal antioxidant capacity was diminished in vivo and in vitro with the diabetes SCI model. (A and B) Representative immunoblot analyses of the Sham,
SCIL, and DM —+ SCI spinal cord samples (n = 3 independent experiments for A-B). (C) The mRNA levels of NRF2, NQO1, HO1, and SOD2 in control and AGEs PC12
cells (n = 3 independent experiments for C). (D and E) Western blot and densitometric analysis of antioxidant elements in cells from the control, AGEs, TBHP, and
AGEs + TBHP groups (n = 3 independent experiments for D-E). (F) Representative fluorescence images of NRF2 (red) and SOD2 (green) double-staining in PC12 cells
(n = 3 independent experiments for F). *p < 0.05 compared with the control and #p < 0.05 compared with the AGEs + TBHP.
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Fig. 5. MST1 inhibition improved the antioxidant capacity suppressed by AGEs in PC12. (A) NRF2, NQO1, HO1, and SOD2 expression levels in PC12 cells treated
with different AGEs concentrations for 24 h were evaluated using a Western blot analysis. (B and C) Representative immunoblot bands for p-MST1 (T 183), MST1 in
PC12 cells treated with different AGEs concentrations for 24 h (n = 3 independent experiments for A-C). (D and E) Western blot and densitometric analysis of
antioxidant elements in cells from each group (n = 3 independent experiments for D-E). (F) Representative fluorescence images of NRF2 (red) and SOD2 (green)
double-staining in PC12 cells (n = 3 independent experiments for F). *p < 0.05 compared with the control, #p < 0.05 compared with the TBHP, and A p < 0.05

compared with the AGEs + TBHP.

when PC12 cells were treated with TBHP for 6 h, but this increase
interfered with the supplementary AGEs. These results were consistent
with immunofluorescence staining, as this showed that the expression of

NRF2(Red) and SOD2(Green) in the TBHP group was higher than that in
the control group, and augmented NRF2 nuclear accumulation was also
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observed, while their expression was lower in the AGEs + TBHP group
(Fig. 4F). Collectively, these results suggest that DM inhibits the anti-
oxidant system activated by sudden oxidative stress.
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3.5. Downregulation of MST1 confers antioxidant protection by
activating NRF2

Previous studies have reported that the kinase MST1 modulates the
cellular redox balance via the stability of the antioxidant transcription
factor NRF2 [29,38]; however, the relationship between MST1 and
NRF2 in the nervous system is not yet fully understood. This study thus
investigated whether the downregulation of MST1 ameliorated neuronal
oxidative damage through the NRF2 pathway. Immunoblotting mea-
surements of PC12 lysates revealed that NRF2, HO1, SOD2, and NQO1
expression levels were all significantly reduced by AGE supplementa-
tion, whereas both XMU-MMP-1 and lentivirus containing shMST1
significantly reversed these changes (Fig. 5D). In other words, antioxi-
dant enzymes were restored, and NQO1 and SOD2 surpassed the levels
observed in cells treated with TBHP, providing effective cellular pro-
tection. NRF2 is a core transcription factor primarily active within the
nucleus, and the immunofluorescence analysis showed that it exhibits
remarkably higher nuclear translocation in MST1-inhibited cells when
compared with the AGEs + TBHP-treated cells (Fig. 5F). Furthermore,
there was significant enhancement in the fluorescence intensity of
downstream SOD2 which is located on the mitochondrial inner mem-
brane, thereby struggling to maintain mitochondrial function. Overall,
these results suggest that MST1 inhibition improves the cellular anti-
oxidant capacity suppressed by AGEs.

3.6. Silencing NRF2 reversed the protective effect of MST1 inhibition on
apoptosis via a mitochondrial-dependent pathway

To further confirm that NRF2 plays a causative role in mitigating
mitochondrial apoptosis, NRF2 was knocked down with siRNA in TBHP
+ AGEs cells that were or were not pretreated with shMST. Indeed,
compared to the AGEs + TBHP and AGEs + TBHP + shMST1 groups, the
reduction in NRF2 triggered greater cleavage of caspase-9 and increased
Drpl and Bax (Fig. 6A). The knockdown of NRF2 rendered the antiox-
idant system less capable of defending against oxidative stress,
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overshadowing the rescue effect of the sh-MST1 on mitochondrial
function. Dual-label staining for the mitochondrial fission protein Drpl
and Mitochondrial 20 kDa outer membrane protein (Tomm20) was then
conducted. Knocking down MST1 resulted in the Drpl being less
dispersed without any specific localization within the mitochondria.
However, in the NRF2 knockdown group, it exhibited significant co-
localization with Tomm20 (Fig. 6B). The results indicate that the
MST1 inhibition likely exerts its protective effect against AGE-
exacerbated mitochondrial dysfunction by restoring NRF2 levels.

3.7. MST1 downregulation attenuated the ubiquitination of NRF2 via
AKT1/GSK3p/B-TrCP axis

As a result of the notable decrease in the transcription of genes
encoding antioxidant enzymes in AGE-treated PC12 cells and the crucial
role of NRF2 in the MST1 knockdown, the mechanism by which MST1
modulates NRF2 expression was explored. Non-significant changes were
found in the mRNA levels of NRF2 using the in vivo diabetic model
(Fig. 7A); however, NRF2 and SOD2 protein levels were significantly
reduced in DM mice when compared to those in the control, suggesting
that diabetic conditions might interfere with NRF2 protein stability
(Fig. 7B and S4). NRF2 is primarily degraded via the ubiquitin-mediated
proteasomal pathway. In essence, the stabilization and nuclear locali-
zation of NRF2 are regulated by Keapl and p-TrCP, which are two E3
ubiquitin ligase adaptors [39]. To investigate the molecular mechanisms
of MST1 and NRF2, the predicted target genes including NFE2L2 and
STK4, were uploaded into the STRING and GeneMANIA databases to
create protein-protein interaction networks. Both studies suggested that
MST1 can interact with NRF2 via these two E3 ubiquitin ligases, influ-
encing protein stability and apoptosis mediated by oxidative stress.
Under non-stress conditions, the NRF2 protein within the cell is main-
tained at very low levels because of its inhibitor, Keap1 [40]. In immune
cells, MST1/2 disrupts the dimerization and polymerization of Keapl,
thereby blocking the ubiquitination and degradation of NRF2 and pro-
tecting cells from oxidative stress-induced aging [38]. Nonetheless,
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Fig. 7. MST1 knockdown decreases ubiquitination of NRF2 via AKT1/GSK3p/p-TrCP axis. (A) RT-qPCR analysis of the NRF2 mRNA levels in vivo (n = 3 independent
experiments for A). (B) Western blot analysis of NRF2 in the spinal cord lysates of control and diabetic mice. (C) PPI network analysis revealed a relationship between
MST1 and NRF2. The graph on the left shows the STRING analysis, and that on the right shows the GeneMANIA analysis. (D) Western blot analysis of Keapl. (E)
Western blot analysis of MST1, AKT1, GSK3p phosphorylation, p-TrCP, and NRF2 (n = 3 independent experiments for B, D and E). (F) Surface diagram of the docking
model and the interfacing residues between MST1 and AKT1 (MST1, yellow; AKT1, blue; hydrogen bond interaction, dotted line). (G) Phosphorylation in AKT1 with
different concentrations of AGEs in the PC12 cells. (H) Immunoprecipitation analysis of the interactions between MST1 and AKT1. (I) Western blot analysis of AKT1
phosphorylation in PC12 cells treated with lentiviral vectors overexpressing MST1 or XMU-MP-1. (J) Western blot analysis of pMST1, p-GSK3p/total GSK3, and p-
AKT1/total AKT1 in vitro. (K) Representative fluorescence images of NRF2 (Red) in PC12 cells (n = 3 independent experiments for G-K). (L) Western blots of pMST1,
PAKT1, and pGSK3p from PC12 cells exposed to the AKT inhibitor triciribine (AKTi, 10 pM for 6 h). (M) Immunoblot showing the ubiquitination of NRF2 in treated

cells (n = 3 independent experiments for L-M).

<

immunoblotting showed that there were no significant changes in Keapl
expression between the spinal cords of hyperglycaemic mice and con-
trols, indicating that MST1 activation affects NRF2 stability in a
Keapl-independent manner in the DM model.

Moreover, evidence suggested that p-TrCP forms a complex with
Cullin-1 to create a complete E3 ligase, which facilitates the glycogen
synthase kinase 3 (GSK3)-dependent degradation of NRF2 in liver
inflammation or nephropathy [41,42]. Although the mechanism
responsible for this phenomenon, especially in the nervous system, re-
mains unclear, and consequently, the effects of MST1 over-expression
and deletion in PC12 cells were investigated. These results indicate
that over-expressing MST1 activates B-TrCP and this results in the
downregulation of pAKT1 and pGSK3p(Ser 9). Conversely, p-TrCP levels
were lower in the MST1-depleted PC12 cells. The phosphatidylinositol
3-kinase (PI3K)/AKT pathway is a key pro-survival cellular pathway in
various disease models [43]. AKT1 reduces the levels of oxygen free
radicals and protects cells against toxins and cell death, and GSK3p is a
characteristic substrate [43]. Gradually increasing concentrations of
AGEs reduced AKT1 phosphorylation (Fig. 7G). It was previously re-
ported that MST1 and its caspase cleavage products can directly
antagonize AKT1 activity in mammalian cells [44]. It was thus hy-
pothesized that MST1 is directly linked to AKT1 in diabetic animals. To
confirm this association, a rigorous protein-protein docking analysis of
MST1 and AKT1 was conducted. MST1 and AKT1 formed hydrogen
bonds at specific amino acid residue locations including GLU 149-GLU
461, and LYS 183-ASP 315 (Fig. 7F and Table S3). This observation
indicated the formation of a robust protein docking model between
MST1 and AKT1. Furthermore, the co-IP experiment confirmed that the
products of glycemic metabolism, AGEs, markedly affected pAK-
T1/AKT1 (Fig. 7H), while treatment with XMU-MP-1 could reverse this
inhibitory effect on AKT1 (Fig. 71). It was subsequently confirmed that
6-h of TBHP stimulation and the knockdown of MST1 could enhance the
phosphorylation of AKT1 and the stability of NRF2, while being exposed
to the AGEs (25 pg/mL for 24 h) or AKT inhibitor triciribine (AKTi, 10
uM for 6 h) had the opposite effect (Fig. 7J). Immunofluorescence assays
also showed that the knockdown of MST1 increased the fluorescence
intensity and nuclear accumulation of NRF2 (red), suggesting that MST1
mediates NRF2 degradation and nuclear exclusion via AKT1 inactivation
(Fig. 7K). Interestingly, MST1 signaling was moderately upregulated by
AKT1 inhibition (Fig. 7L), and it was thus speculated that this might
enhance MST1 activation. Furthermore, there may have been some de-
gree of activation of the MST1 in response to the oxidative damage, but
compensatory AKT1 phosphorylation suppressed this change. Finally,
co-immunoprecipitation and immunoblot assays showed that the poly-
ubiquitination of NRF2 was significantly enhanced in the AGEs + TBHP
group when compared to the TBHP group, whereas the knockdown of
MST1 decreased the ubiquitination levels of NRF2. Additionally, NRF2
was ubiquitinated and degraded in the absence of stress (Fig. 7M). Taken
together, these results reveal that the MST1 knockdown was involved in
NRF2 nuclear accumulation and stabilization via the AKT1/GSK3p
(Ser9)/B-TrCP pathway.
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3.8. AAV-siMST1 increased NRF2-mediated antioxidant activity in vivo
and promoted the functional recovery of diabetic mice with SCI

To further determine whether MST1 inhibition could enhance the
stability of NRF2 in stressed neurons, adenoviruses carrying siMST1
were injected into the spinal cord of mice with the onset of SCI, and the
in vivo experimental design is shown in Fig. 8A. Blood glucose con-
centrations and body weights were measured before and 2 weeks after
STZ injection, and alterations in naive and STZ-treated mice are sum-
marised in Fig. 8B-C. The blood glucose concentrations in the diabetic
mice were significantly elevated, with a decrease in body weight prior to
surgery, when compared to the control group. On the 7th day post-SCI,
there was abundant NRF2 staining in neurons within the spinal cords of
both SCI-operated and DM + SCI + AAV-siMST1 animals compared with
the sham mice (Fig. 8D-E). Conversely, following the induction of
hyperglycaemia, the fluorescence intensity of NRF2 was much lower in
the DM + SCI and AAV vehicle-treated groups. Furthermore, a moderate
increase in NRF2 signaling was observed in all mice, except for the sham
group, 2 weeks after surgery. This may be due to the limited adaptive
ability of the antioxidant enzymes, as a mild reduction in positive signals
was observed at 4 weeks post-SCI, but the fluorescence of neurons
infected with AAV-siMST1 remained at the highest level. Given that the
subacute phase (48 h-2 weeks) is the peak period for the generation of
ROS and RNS following SCI [3]. HO1 levels were examined on day 14,
and the changes were similar to those of NRF2. Furthermore, the
administration of AAV-siMST1 increased the expression of HO1.
Although diabetes induced excessive oxidative stress, preventing the
negative regulation of MST1 toward NRF2 increased the activity of
catalase and GSH, thereby inhibiting the production of the oxidative
product, MDA (Fig. 8J-L).

To verify the therapeutic effects of the MST1 knockdown in vivo, a
series of experiments were conducted to assess both histological and
functional recovery. Initially, we assessed protein expression related to
mitochondrial dysfunction and apoptosis, such as cleaved caspase-9 and
Bax, 14 days post-SCI (Fig. 9A). The cleaved Caspase-9 and Bax
expression levels were both suppressed in the mice from the DM + SCI +
AAV-siMST1 group, whereas the presence of DM exacerbated the out-
comes of SCI. Administration of AAV-siMST1 prevented the SCI out-
comes from worsening in the STZ-induced hyperglycaemic mice. These
findings were consistent with the results of haematoxylin and eosin
(H&E) staining, where the DM + SCI group exhibited a larger lesion
volume than the sham and SCI-only groups. Furthermore, DM + SCI +
AAV-siMST1 mice displayed a smaller lesion volume and a more intact
tissue structure than the DM + SCI and DM + SCI + AAV-vehicle groups
(Fig. 9B-C). Nissl staining and immunofluorescence were used to
analyze the therapeutic effects. Both Nissl staining and dual staining for
the neuronal cytoskeletal protein neurofilament 200 (NF200, Green)
and NEUN (red) revealed that AAV-siMST1 better preserved the integ-
rity of neural tissue when compared to the DM + SCI group and even
showed superior therapeutic outcomes in terms of neuronal preservation
when compared to the SCI-only mice (Fig. 9D-F). Western blot assays of
neuronal structural and synaptic components confirmed the corre-
sponding changes in these groups. Moreover, the performance of the
DM -+ SCI and DM + SCI + AAV-vehicle groups was worse than that of
the SCI mice according to the BMS score (Fig. 8H), incline angle test
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Fig. 8. MST1 knockdown increased neuronal NRF2-mediated antioxidant activity in vivo. (A) Schematic showing the experimental design involving the animal. (B
and C) Blood glucose concentrations and body weights of naive and diabetic mice before and two weeks after STZ injection. n = 3 mice/group. (D and E) Immu-
nofluorescence assay of spinal cord sections under different conditions 7, 14, and 28 days after the operation and quantification of staining fluorescence intensity for
NRF2. (F and G) Western blot analysis for MST1, pMST1, NRF2, NQO1, and SOD2. n = 3 mice/group. (H and I) Representative fluorescence images of NEUN (red)
and HO1(Green) in neurons 14 days after surgery. n = 3 mice/group. Quantification of GSH (J), catalase (K), and MDA (L) in the spinal cord 14 and 28 days after sci
administration. *p < 0.05 compared with the Sham group. n = 3 mice/group. #p < 0.05 compared with the SCI group. & p < 0.05 compared with the DM +

SCI group.

(Fig. 8I), and footprint analysis (Fig. 8J), and the MST1-knockdown
mice exhibited greater functional outcomes than the SCl-only group
21 days after injury. Taken together, these data indicate that the MST1
deletion increases NRF2-mediated antioxidant capacity in neurons and
reduces neuronal apoptosis in diabetic animals after SCI (see Fig. 10).

4. Discussion

Spinal cord injury (SCI) causes devastating damage to the motor and
sensory functions of patients. Furthermore, for patients with preexisting
diabetes, which is a prevalent metabolic disorder, the difficulties expe-
rienced during the functional recovery from a SCI are even greater [4,
11]. However, the underlying mechanism by which diabetes mellitus
aggravates SCI is unclear. This study has aimed to address this and
produced several key findings. First, is that in a SCI animal model,
diabetes was found to induce excessive activation of MST1, which
further impaired motor function and neuronal apoptosis. While an MST1
knockdown was found to alleviate mitochondrial dysfunction and
reduce oxidative damage. Second, in cultured PC12 cells and a spinal
cord mouse model, MST1 silencing facilitated the NRF2-mediated
antioxidant defense system against oxidative stress after SCI. Third, is
that the protective effect against diabetes-aggravated SCI was mediated
by the GSK3p/p-TrCP/NRF2 pathway. Collectively, this study has
revealed that MST1 inhibition may be a key target for the treatment of
diabetes when combined with SCI.

Neurons, the fundamental units of the nervous system, are rich in
mitochondria and rely heavily on mitochondrial ATP production for
growth, function, and regeneration. Mitochondria serve as ATP factories
and are the main sources of free radicals. However, the overproduction
of free radicals is detrimental to normal mitochondrial function. Recent
experimental studies have shown that the spinal cord exhibits high
mitochondrial oxidative metabolism and is extremely sensitive to hyp-
oxic injury [45-47]. It is thus vital that a dynamic balance is maintained
in terms of cellular oxygen content to facilitate neuronal energy meta-
bolism in patients with SCI. The increasing prevalence of diabetes has
subsequently resulted in an increased incidence of emergency trauma
cases, especially in relation to SCI, which is accompanied by hyper-
glycaemia [9]. Oxidative stress is a key factor in diabetes-related com-
plications, and consequently, the oxidative level changes in patients
with DM after SCI are monitored and considered. The impact of diabetes
on the neural system has been extensively studied, however, most
studies have focused on the association between long-term hyper-
glycaemia and chronic neurodegenerative diseases [6]. Consequently,
our understanding of the effects of diabetes on acute traumatic nervous
system injuries is limited. Exploring the role of glucose metabolism
disorders in exacerbating SCI and seeking effective treatment methods
are both critical issues in this field. This work has shown that diabetes
affects acute neural injury by increasing ROS and disrupting mito-
chondrial functioning, and that the microenvironment of the diabetic
spinal cord also accumulates increasing levels ROS derivatives, such as
MDA.

MST1 promotes cell death, and a study has reported that a high-fat
diet and treatment with palmitic acid induced activation of the MST1/
JNK/Caspase-3 (Casp-3) signaling pathway, resulting in neuronal cell
apoptosis [48]. Additionally, decreased MST1 phosphorylation protects
the brain from neurobehavioral impairments following intracerebral
haemorrhage [19]. Surprisingly, in the present study, neither the spinal
cord tissue 14 days post-injury nor the PC12 cells under short-term
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oxidative stress exhibited significant MST1 activation, whereas AKT1
phosphorylation was increased (Fig. 7J). AKT1 is the most prevalent
AKT subtype. Several studies have indicated a potential negative feed-
back mechanism that links MST1 to p-AKT. MST1 and its cleaved form
act as direct AKT1 inhibitors [44]. On one hand, activated AKT could
suppress the activity of MST1 [43]. Consistent with these results, our
data also showed that as MST1 (T183) phosphorylation increased, the
direct inhibition of p-AKT1 became stronger. Conversely, AKT1 inhibi-
tion in triciribine-treated cells increased MST1 activity. Taken together,
the results indicate that during the subacute phase, the pro-survival
PI3K/AKT1 pathway serves as a crucial suppressor of MST1, thus pre-
venting its activation.

The PI3K/AKT pathway is critical for the regulation of the expression
of cytoprotective genes, particularly those involved in antioxidant de-
fense [49]. In a cellular model of oxidative stress-induced cell death,
short-term exposure to hydrogen peroxide triggered AKT activation
[50]. Additionally, a range of NRF2-regulated antioxidant enzymes was
increased in the SCI model in vitro, whereas treatment with triciribine, a
specific AKT inhibitor, suppressed NRF2 expression. This strongly sug-
gests that the activation of the PI3K/AKT axis is the molecular basis of
the neuroprotective effect. NRF2 regulates genes possessing a common
cis-acting enhancer known as the antioxidant response element (ARE),
and this has been suggested to be a central coordinator in protecting
against oxidative and inflammatory threats. Numerous reports have
confirmed that an increase in the levels of antioxidant enzymes,
including SOD2 and HO1, is common during the initial phases of disease
progression. Notably, the NRF2/ARE system is immediately activated
after SCI to maintain redox homeostasis [26]. This phenomenon may be
linked to the early compensatory mobilization of antioxidant capabil-
ities via the PI3K/AKT pathway. The results of this study have also
revealed that, in neurons 14 days after SCI, the amount of NRF2 protein
was increased when compared to the sham group. In TBHP-treated
PC12 cells, both NRF2 and its associated antioxidant components
showed time-dependent increases in mRNA and protein levels. Howev-
er, the experiments showed that diabetes impaired NRF2 antioxidant
defense, leading to reduced NRF2 nuclear accumulation and weakened
downstream target antioxidant enzymes in both the SCI animal model
and PC12 cells. In patients with diabetes and in animals, various vital
organs, such as the heart [51], pancreas [43], and brain [48], may
trigger MST1 phosphorylation. Diabetes alone has little impact on lo-
comotor function [52]; however, concurrent metabolic disorders can
negatively affect the PI3K/AKT signaling pathway, which is activated to
rescue surviving neurons. This highlights the importance of paying
clinical attention to metabolic regulation in spinal cord injury patients
with SCIL

Next, we examined pMST1 expression in spinal cord injury tissues
with DM and found that it was increased in neurons. Moreover, diabetes
was found to attenuate antioxidant defenses both in vivo and in vitro.
Subsequent experiments revealed that AAV-siMST1 in mice at the onset
of SCI augmented the expression of NRF2, NQO1, HO1, SOD2, catalase,
and GSH, which was suppressed by diabetes, indicating that MST1 may
act upstream of NRF2. Further studies are required to fully elucidate the
signaling mechanisms of AKT1-NRF2. These changes significantly
improved locomotor function and reduced neuronal apoptosis in mice.
Previous reports have suggested that NRF2 regulates the expression of
several key components of mitochondrial biogenesis, mitophagy, auto-
phagy, and mitochondrial function in the peripheral and central nervous
systems [53]. In this study, the fluorescent staining of live cells showed



W. Huang et al.

Redox Biology 71 (2024) 103104

© | 1000um

¢ S
S . &«
o &
> N
o4

SCI DM+SCI
-0~ Sham
o sa
& DM4SCI
¥ DM4+SCI+-AAV-vehicle

DM+SCH-AAV-SIMST1

a B
C-Caspase9 17KD
scI -+ + + +
Diabetes - - + + +
AAV-vehicle - - -+ -
AAV-SiMST1 - w ow e B
C s D
—~ 200 o
«
-]
£ 150 oTe
S
X
F 100
3
5 O
-
£ 50
S
&
o
o
S S N
& L i&e‘ &«
e &
OX» e
& O
) X
S
E F
o
g
£
)
Z 50 o
H =
£ a0 S
£
2 g
230 Z
Z 2
z 20 z
S S
5 10 =
2 [
Z
£
=
P
=
=
Sham
G H
10
Diabetes - - + + +
AAV-vehicle - - - + - T
W'BQ
&
AAV-siMST1 - - - -+ Al
J

T T T
O N
Days post injury

=
-
——

~

{0 ,
\i 1 K K\v
o & >
o« & £ s &
s o
?Y'
<
&
3
st

16

500pm

DM+SCI+AAV-vehicle DM+SCI+AAV-siMST1

I
- Sham
o sCI
80 & DM+SCI
-+ DM+SCI+-AAV-vehicle
DM+SCH-AAV-siMST1
60
2
E
z 40 it i
g e
i
z e £
20
> > > > > >
S o ~ O » B
Days post injury
K
ok
£
<
=
£
S0
=
=2
P
=2
&
2]

v “ & &N
& OO F S
B O
$& S
¥
Rl
& &
9

(caption on next page)



W. Huang et al.

Redox Biology 71 (2024) 103104

Fig. 9. MST1 deletion reduces neuron apoptosis in diabetic mice after SCI. (A) Western blot analysis of Bax and Caspase9 cleavage. n = 3 mice/group. (B and C)
Representative images and cavity area quantification of lesion size (H&E staining) in the five groups of mice 28 days post injury. n = 5 mice/group. (D and E) Nissl
staining was performed to evaluate neuronal survival. Arrows indicate Nissl-positive cells. The column chart illustrates the comparison of Nissl-positive cell numbers
among the five groups. n = 8 mice/group. (F) Representative immunostaining images of NF200 (green) and NEUN (red) in the spinal cord tissues from each group. n
= 3 mice/group. (G) Western blot analysis of Tuj1, NF200, and Gap43. n = 3 mice/group. (H and I) BMS and inclined plane test scores of mice 1, 3, 7, 14, 21, and 28
days after surgery. n = 8 mice/group. (J and K) Footprint analysis was performed 28 days after injury. The front limbs are marked with blue dye, and the rear limbs
are marked with red dye. Stride length was measured. n = 8 mice/group. *p < 0.05 and **p < 0.01.
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Fig. 10. Schematic summarizing the regulatory role of MST1 on neuronal
apoptosis in spinal cord injury accompanied with diabetes. Under SCI condi-
tions, large amounts of ROS are produced, which disrupt mitochondrial func-
tion. Meanwhile, PI3BK/AKT1 was activated immediately to attenuate
mitochondrial dysfunction via the GSK3p(Ser 9)/p-TrCP/NRF2 pathway.
Nonetheless, the diabetes-mediated elevation of MST1 activity prompts NRF2
degradation by directly inhibiting AKT1 phosphorylation, aggravating neuronal
apoptosis, and impeding SCI recovery.

that MST1 silencing reduced mitochondria-specific ROS levels and
elevated the mitochondrial membrane potential. However, the mito-
chondrial protective effects were abolished by siNRF2, suggesting that
NRF2 mediates the inhibition of the mitochondrial apoptotic pathway.
Interestingly, our results showed that 28 days post-surgery, the protein
levels for the antioxidant enzymes in the neurons were lower than those
14 days post-surgery. Two potential reasons for this were considered: (i)
in an oxidative stress environment, the antioxidant components
exhibited fatigue and decompensation during the chronic phase of SCI;
and (ii) as the oxidative stress gradually diminishes during the chronic
stage, it ceases to evoke a pronounced compensatory antioxidant
response.

NRF2 regulation primarily occurs at the protein level [54]. Under
normal conditions, NRF2 remains at a low basal level because of rapid
proteasomal degradation following its synthesis. Emerging evidence has
suggested that the stabilization and nuclear localization of NRF2 are
both primarily regulated by Keapl and p-TrCP, which are both E3
ubiquitin ligase adaptors [39]. A key finding of this study was that MST1
upregulation during hyperglycaemia did not alter the level of Keapl,
indicating that MST1 negatively regulated NRF2 through
Keapl-independent pathways. Previous studies have also suggested that
a high-glucose environment prompts $-TrCP-mediated ubiquitination
and degradation of NRF2 [31,55]; however, they did not examine the
specific physiological procedures that affect neural cells. This study has
also revealed that in diabetes, MST1 hyperactivity coincided with
reduced AKT1 activation (phosphorylation), GSK3p activation
(dephosphorylation), and decreased nuclear NRF2 protein levels. In
contrast, both MST1 depletion and the MST-1 inhibitor XMU-MP-1
restored AKT1 phosphorylation and NRF2 levels. Furthermore, immu-
noprecipitation results indicated that under immediate oxidative con-
ditions, NRF2 ubiquitination and degradation were reduced. The direct
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inhibition of AKT1 phosphorylation by MST1 was also observed in an in
vitro diabetes model. By using the AKT inhibitor triciribine, GSK3p was
maintained on a non-phosphorylated state, thereby facilitating subse-
quent p-TrCP-mediated NRF2 degradation, indicating that AKT1 may
act as upstream of NRF2. In summary, the results provide solid evidence
for the involvement of the AKT1/GSK3p(Ser 9)/p-TrCP signaling
cascade in NRF2-mediated enhancement of antioxidants after the
knockdown of MST1.

There were some limitations in this study that should be noted. The
rat pheochromocytoma cell line PC12 is frequently used to mimic the
neurobiology and neuropharmacology of actual neurons in vitro.
Nonetheless, mature primary neurons are a better choice for studying
the stress conditions in the neuronal system. Furthermore, in our study,
mice with MST1 knockdown exhibited more pronounced motor function
recovery than the SCI-only mice. This may be attributed not only to the
sustained activation of the antioxidant capacity by MST1 knockdown
but also to other relevant regulatory mechanisms that warrant further
exploration.

In summary this study has revealed for the first time that MST1 in-
hibition significantly restores neurological function in SCI mice with
preexisting diabetes, and robustly ameliorates oxidative damage in
neurons, which is largely attributed to the activation of antioxidant
properties via the GSK3p(Ser 9)/p-TrCP/NRF2 pathway. Collectively,
our study provides evidence that MST1 could be a pharmacological
target for the treatment of SCI accompanied by diabetes.
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