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1  |  INTRODUC TION

Schwann cells (SCs), the myelin-forming cells of the peripheral 
nerve, play an important role in the repair process of nerve injury.1 
Currently, it is generally believed that SCs can reprogram to pro-
duce a cellular phenotype that promotes regeneration and repair 
after nerve injury, thus clearing excess myelin sheath, attracting 
macrophages, supporting the survival of damaged neurons, secret-
ing various cytokines and guiding the growth of axons.2

However, the normal performance of these roles needs enough 
SCs, especially when the peripheral nerve is seriously damaged. 
The facial nerve is one of the key mixed nerves, which shares the 
motor and sensory functions. Clinically, facial nerve injury is not 
only difficult to treat but also causes serious psychological and so-
cial loads to patients and their families.3 Early studies suggested 
that nerve injury triggers the proliferation of SCs, but recent stud-
ies have differed from this view. Wagstaff found the number of 
SCs increased approximately 2.5-fold after sciatic nerve injury 
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Abstract
Myelin undergoes various changes after nerve injury, and c-Jun has a close relation-
ship with Schwann cells (SCs). However, it remains unclear whether c-Jun can be 
involved in nerve repair by regulating ferroptosis. To explore this, we first set up a 
facial nerve injury model and detected the changes of ferroptosis-related proteins 
and c-Jun by immunofluorescence and Western blot. Then, we cultured RSC 96 and 
pSCs, and studied the potential regulatory relationships by a combination of experi-
mental methods such as CCK-8, ELISA, immunofluorescence, qRT-PCR, Western blot 
and viral transfection. Finally, we corroborated the role of c-Jun through animal ex-
periments. Our experiments revealed that ferroptosis occurs after facial nerve injury. 
Erastin decreased GPX4, c-Jun proteins and GSH content, while PTGS2, NRF2, HO-1 
proteins, MDA, Fe2+ and ROS contents increased. This effect was inhibited after c-
Jun overexpression but was reversed after the addition of c-Jun siRNA. Besides, we 
proved in vivo that c-Jun could inhibit ferroptosis and promote the recovery of facial 
nerve function. In conclusion, our study identified the relationship between c-Jun and 
ferroptosis during peripheral nerve injury repair, which provides new ideas for study-
ing peripheral nerve injury and repair.
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and was essentially flat at 1 and 1.5  months but decreased by 
about 30% between 2 weeks and 2.5 months.4 Siironen found a 
threefold to fourfold increase at 1–2 weeks, with a sharp decline 
between 1.5 and 2  months.5 Salonen found the number of SCs 
after nerve injury was still 2–3 times higher than normal nerves 
at 2.5 months.6 While Jonsson found the number of SCs isolated 
from nerves was only 10–15% of that at 4 weeks after 6 months of 
chronic denervation.7 These studies collectively identified insuffi-
cient SCs as an important reason for the unsatisfactory restoration 
results. Therefore, inhibiting the death of SCs is a promising strat-
egy for nervous diseases.

Ferroptosis is the latest cell death which differs from gener-
ally regulated cell death modes such as necrosis and apoptosis. It 
is characterized by iron-dependent, lipid peroxidation and glutathi-
one peroxidase depletion.8 When ferroptosis occurs, the nucleus is 
generally unchanged, intracellular mitochondrial volume decreases, 
and membrane density increases accompanied by intracellular ROS 
aggregation.

Many studies have reported the important role of ferropto-
sis in developing central nervous system diseases, such as stroke, 
Parkinson's disease, Alzheimer's disease and Huntington's dis-
ease.9–12  Markers of ferroptosis, including increased lipid peroxi-
dation, decreased GSH, reduced GPX4 activity and upregulation of 
PTGS2, are closely associated with neuronal cell death. Human dif-
ferentiated neurons are sensitive to the occurrence of ferroptosis. 
Both ferrostatin-1 and the iron chelator deferiprone reduced neu-
ronal degeneration in animal models and improved function in these 
patients. Literature has reported that inhibiting the process of ferro-
ptosis can improve the pain threshold of rats in the pathological pain 
model.13 Apart from this, there are still few studies on ferroptosis in 
peripheral nerve diseases.

C-Jun is a key regulator of the response of SCs to peripheral 
nerve injury.14 The expression of c-Jun is low or even absent in nor-
mal nerves, but rises rapidly after nerve injury, initiating a myelin 
repair program that includes increased trophic support for neurons, 
accelerated autophagy and breakdown of unwanted myelin, promot-
ing Schwann cell elongation and formation of Bungner bands.15

The axonal regeneration and survival of neurons are severely 
impaired in the presence of c-Jun inactivation. In addition, the ex-
pression of various neurotrophic factors was also significantly de-
creased.16 In contrast, c-Jun overexpression in SCs significantly 
promotes axonal regeneration during the process of nerve injury re-
pairing.17 Given that c-Jun plays a vital role in peripheral nerve injury 
and repair, its role with ferroptosis remains unclear. It is necessary to 
study the relationship between c-Jun and ferroptosis in SCs.

Here, we first investigated the changes expressions of c-Jun and 
ferroptosis-related proteins after facial nerve injury and then treated 
SCs with different concentrations of erastin to find a suitable con-
centration for subsequent experiments. After that, we further over-
expressed and reduced c-Jun expression to investigate changes in 
cellular ferroptosis-related markers and the NRF2/HO-1 pathway to 
demonstrate the role of c-Jun in this process. Finally, we again vali-
dated the effect of c-Jun on the ferroptosis of the facial nerve at the 

animal level. In a word, our observations provide a molecular basis 
for understanding the role of ferroptosis during facial nerve injury, 
and further support for the concept of glial repair of the peripheral 
nerve injury.

2  |  MATERIAL S AND METHODS

2.1  |  Cell Culture, experimental animals and 
Reagents

RSC 96 were purchased from the Cell Bank of the Chinese Academy 
of Sciences. Primary Schwann cells (pSCs) were extracted from rats 
within 3  days of birth, as described in the previous publication.18 
High-glucose DMEM (Hyclone, USA) and DMEM/F-12 (Hyclone, 
USA) medium containing10% foetal bovine serum (Gibco, USA) were 
used to culture RSC 96 and pSCs respectively. Cells were grown in 
a constant temperature incubator at 37 ℃ with 5% CO2. The ani-
mals used in this experiment were Sprague-Dawley rats, weighing 
between 180 and 200g. The animals lived 12  h a day and 12  h a 
night, with sufficient water and food. All animal procedures were 
performed according to a protocol approved by the Institutional 
Animal Care and Use Committee of Shanghai Jiao Tong University 
School of Medicine.

The S-100 antibody was purchased from Cell Signaling 
Technology (Beverly, MA, USA). CCK8, reactive oxygen species (ROS) 
kit, PI staining kit, RIPA, BCA kit and HRP-labelled secondary anti-
bodies were purchased from Beyotime (Shanghai, China). Hoechst 
33342/PI cell staining kit was purchased from X-Y Biotechnology 
(Shanghai, China). TRIzol reagents were purchased from Takara 
(Invitrogen, Carlsbad, CA, USA). C-Jun, GPX4, PTGS2, NRF2 and 
HO-1 antibodies were purchased from Abclonal (Wuhan, China), and 
β-actin antibody was purchased from Beyotime (Shanghai, China). 
Erastin was purchased from Selleck Chemicals (Shanghai, China). 
Lentivirus, AAV and siRNA were provided by Hanheng Biological Co 
(Hangzhou, China).

2.2  |  Immunofluorescence

RSC 96 and pSCs were inoculated in 6-well plates at a density of 
20,000 cells/well and given different treatments after overnight 
adhesion. The cells were fixed at room temperature with 4% para-
formaldehyde for 15  min, and the nerve tissue was fixed directly 
by soaking in paraformaldehyde. Cells can be directly incubated 
with antibodies after closure, but neural tissue requires additional 
embedding, sectioning, gradient alcohol dehydration and antigen 
repair before antibody incubation. Primary antibodies were added 
at 4℃ overnight, followed by the addition of secondary antibodies 
for 2 h at room temperature the next day. Then, DAPI was added 
to stain the nuclei for 5  min. After washing again, cell crawls and 
tissue sections were observed under a fluorescent microscope and 
photographed.
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2.3  |  Cell viability experiment

RSC 96 and pSCs were inoculated in 96-well plates at a density 
of 5000 cells/well. The next day the medium was replaced with a 
new one containing different concentrations of erastin (0, 0.2, 0.5, 
1, 1.5, 2 and 2.5 μM). After 24 h, 10 μL CCK8 reagent was added 
and incubated at 37 degrees for 1 h. The absorbance at 490 nm was 
measured by a microplate reader. The survival rate of cells under the 
effect of different concentrations of erastin was calculated based on 
the measured OD values.

2.4  |  PI staining

After RSC 96 and pSCs have adhered in 6-well plates, 1 μM erastin 
was added to the culture medium for 24 h. Then, the medium was 
discarded and 5ul of Hoechst 33342 and 5ul of PI staining solution 
were added directly. The cells were gently mixed and incubated for 
30 min at 4°C. After staining, the cells were washed with PBS and 
then observed under a fluorescent microscope.

2.5  |  Reactive Oxygen Species (ROS) experiment

After treatment of RSC 96 and pSCs with 1  μM erastin, the cell 
culture medium was removed and DCFH-DA diluted 1:1000 with 
serum-free culture medium (final concentration of 10 µmol/L) was 
added to fully cover the cells and then incubated for 20  min in a 
37°C incubator. The cells were washed three times with a serum-
free cell culture medium to fully remove the DCFH-DA that had not 
entered the cells. Finally, the cells were observed under a fluores-
cence microscope.

2.6  |  Enzyme-linked immunosorbent experiment

After RSC 96 and pSCs were cultured in 6-well plates and treated 
accordingly, the supernatant was discarded and the cells were added 
to liquid nitrogen and frozen repeatedly for 3 times, and the dissoci-
ated solution was taken and the MDA, GSH and Fe2+ contents were 
determined by Enzyme-linked immunosorbent experiment (ELISA) 
kit (MDA, GSH kits purchased by MEIMIAN, Jiangsu, China; Fe2+ 
kit purchased by Abcam, Cambridge, UK) according to the manufac-
turer's instructions.

2.7  |  Lentivirus transfection

For lentivirus construction, the c-Jun-gene cDNA cloned by PCR has 
been inserted into CMV-MCS-IRES-puromycin lentiviral vectors. 
The recombinant lentivirus with c-Jun-gene coding sequence was 
produced by co-transfection of 293T cells with plasmids PSPAX2 
and PMD2G with LipoFiter TM. Lentivirus-containing supernatant 

was harvested 48 h after transfection and filtered through 0.22-μm 
cellulose acetate filters (Millipore, USA). Recombinant lentiviruses 
were concentrated by ultracentrifugation (2 h at 50,000 × g). To es-
tablish stable c-Jun-gene-overexpressing cell lines, RSC 96 and pSCs 
were transduced with a lentiviral vector at an MOI of approximately 
10 in the presence of 5  μg/ml polybrene. After 24  h, the culture 
medium was removed and a fresh medium was added to the RSC 
96 and pSCs. 72 h after transduction, puromycin was added to the 
medium at the concentration of 5 mg/ml for stable cell line selec-
tion. The empty lentivector lenti-puromycin was used as a negative 
control. After antibiotic selection for 3 weeks, stable overexpress-
ing c-Jun-gene cells were obtained. After the cell was harvested, the 
expression level of c-Jun-gene was determined by Western blot and 
real-time PCR.

2.8  |  Knockdown of c-Jun

The small interfering RNAs (siRNAs) were transfected into 
RSC 96 and pSCs by polybrene following the manual in-
structions precisely. For gene silence, the sequences of  c-
Jun  siRNA are GAAAGCUGAUUACUGUCUAUA (siRNA-1); 
GUGGCACAGCUUAAACAGAAA (siRNA-2); and GCUACA​
GUAACCCUAAGAU (siRNA-3). Cells transfected with negative con-
trol siRNA (UUCUCCGAACGUGUCACGU) were treated as a control.

2.9  |  Western Blot experiment

The treated cells were washed with PBS three times, then 200 μL 
RIPA lysate containing protease inhibitors PMSF and cocktail was 
added and incubated on ice for 15  min, and then, the lysate was 
collected and centrifuged at 12000  rpm for 15 min. The superna-
tant was collected and centrifuged for 15 min at 12000  rpm. The 
concentration of the supernatant was determined by the BCA kit, 
and 5X loading buffer was added to the remaining supernatant and 
boiled at 100 ℃ for 10  min to denature the protein. A protein of 
20 μg was loaded on polyacrylamide gel for electrophoresis and then 
transferred to PVDF membranes (Thermo Fisher, USA). After block-
ing with 5% non-fat milk in TBST, the membranes were incubated 
with anti-c-Jun, PTGS2, anti-GPX4 and anti-β-actin at 4°C overnight, 
followed by incubating with HRP-conjugated secondary antibody at 
room temperature for 1 hour, washed with TBST, added enhanced 
chemiluminescent substrates (Millipore, Billerica, MA) and lumines-
cent on Image Lab System (Bio-Rad, USA).

2.10  |  Reverse transcription-polymerase 
chain reaction

Trizol was added to the cells and tissues washed with pre-cold PBS, 
which were lysed on ice for 10 min, and then, 1/5 volume of chloro-
form was added. After blending, the mixture was centrifuged at 4℃ 
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for 15 min at 12000 rpm. The supernatant was added to an equal 
volume of isopropanol and centrifuged at 4 ℃ for 15  min again. 
Wash the precipitate twice with 75% alcohol and finally dissolve the 
precipitate with DEPC water. The reverse transcription kit was used 
to synthesize cDNA. Reverse transcription-polymerase chain reac-
tion (RT-PCR) on-machine operation (ABI7500) was performed ac-
cording to the instructions of the SYBR Green quantitative PCR kit. 
The primers were as follows:

c-Jun Forward GCTGAGTGTCTGTATGCTGGG.
c-Jun Reverse GGCGTGCTTGAGCAGAAGTT.
β-actin Forward CCCATCTATGAGGGTTACGC.
β-actin Reverse TTTAATGTCACGCACGATTTC.
Reaction conditions were as follows: 5 min at 95°C, followed by 

40 cycles of 30 s. at 95°C, 30 s. at 57°C and 30 s. at 72°C. The ex-
pression level of the target gene was calculated by 2−ΔΔCT.

2.11  |  Facial nerve injury model and AAV injection

The rat model was established, and the facial nerve function was 
evaluated based on published article.18 Briefly, rats were anaesthe-
tized by intraperitoneal injection of 1% pentobarbital sodium at a 
dose of 40 mg/kg. After successful anaesthesia, the right posterior 
auricular incision was made, and the main facial nerve and its three 
branches were dissected and exposed, and we then used a microin-
jector to inject the AAV into the neural tissue at this time and tested 
the effect of virus expression after 3 weeks. As for the nerve injury 
model, the facial nerve trunk was clamped with a vascular clamp for 
50 seconds.

2.12  |  Facial nerve scoring

The rat model was established, and the facial nerve function was 
evaluated based on the published article.18 The facial nerve func-
tion contains two aspects: Vibrissae observation, eye closing 
and blinking reflex observation. The specific scoring criteria are 
as follows: The absence of eye blinking and closure scored 1; the 
presence of orbicular muscle contraction without blinking reflex 
scored 2; 50% of eye closure through blinking reflex scored 3; 75% 
of closure scored 4. The presence of complete eye closure and 
blinking reflex scored 5. The absence of movement and posterior 
position of the vibrissae scored 1; slight shivering and posterior 
position scored 2; greater shivering and posterior position scored 
3; normal movement with a posterior position scored 4; and the 
symmetrical movement of the vibrissae, with an anterior position, 
scored 5.

2.13  |  Statistical analysis

Data were presented as mean ± standard deviation (SD). Graphpad 
Prism 8.0  software is used for statistical analysis of the obtained 

data. All data were obtained by at least three independent experi-
ments. Two-tailed, unpaired Student's t-tests were used to deter-
mine statistical significance when comparing two groups. One-way 
ANOVA followed by a Dunnett multiple comparisons test was used 
when comparing more than two groups. p  <  0.05 was considered 
statistically significant.

3  |  RESULTS

3.1  |  Ferroptosis occurs after facial nerve injury 
and dynamic changes in c-Jun expression

The changes of ferroptosis after facial nerve injury are unclear. 
To investigate whether ferroptosis occurs after facial nerve injury 
and its relationship with c-Jun, Western blot and immunofluores-
cence experiments were used to detect changes in PTGS2, GPX4 
and c-Jun expressions at Days 3, 7 and 14 after facial nerve in-
jury. We found that PTGS2 protein kept increasing and GPX4 pro-
tein kept decreasing after facial nerve injury, while c-Jun protein 
started decreasing at 14  days after the first 7  days of increase 
(Figure 1A-D). These results suggest that ferroptosis does occur, 
and c-Jun may play an important role in the process of facial nerve 
injury and repair.

3.2  |  Erastin increases the death of RSC 96 and 
pSCs and the accumulation of intracellular ROS level

We first extracted pSCs from rats at 3 days of neonatal and identi-
fied the RSC 96 and pSCs as SCs with a purity of >99% by immuno-
fluorescence (Figure 2A). Then, we investigated the effect of erastin 
on the viability of RSC 96 and pSCs. We cultured RSC 96 and pSCs in 
a medium containing different concentrations of erastin (0, 0.2, 0.5, 
1, 1.5, 2 and 2.5 μM) for 24 h and found that erastin concentration-
dependently reduced the viability of RSC 96 and pSCs, where 1uM 
erastin reduced the viability of cells to approximately half of normal 
(Figure  2B). PI staining was also performed to confirm the role of 
1 uM erastin in RSC 96 and pSCs (Figure 2C). In addition, the ROS 
content was detected by the ROS kit and we found ROS level was 
extremely low but increased significantly after adding erastin for 
24 h (Figure 2D, E).

3.3  |  Erastin induces the ferroptosis of RSC 
96 and pSCs

To further clarify the relationship between the death caused by 
erastin and ferroptosis, Western blot and immunofluorescence 
experiments were used to detect changes in the expressions of 
GPX4 and PTGS2 proteins. In addition, the ELISA experiment was 
also used to detect intracellular contents of MDA, GSH and Fe2+. 
The experimental results revealed that erastin dose-dependently 
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F I G U R E  1  Ferroptosis occurs after facial nerve injury. (A) The expressions of GPX4, PTGS2 and c-Jun proteins after facial nerve injury 
by Western blot. (B) Densitometric analysis of GPX4, PTGS2 and c-Jun proteins relative expression. (C) The expression of GPX4, PTGS2 
and c-Jun after facial nerve injury by immunofluorescence. (D) Fluorescence intensity analysis of GPX4, PTGS2 and c-Jun proteins relative 
expression. Data are presented as mean ± SD, and one-way ANOVA was performed for statistical differences. All experiments were 
performed at least 3 times independently, *p < 0.05, **p < 0.01, compared to the Day 0
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reduced the expression of GPX4 protein while increasing the ex-
pression of PTGS2 protein (Figure 3A-F). In addition to this, eras-
tin significantly increased the content of MDA and Fe2+ while 

decreasing the content of GSH (Figure 3G). Together, these results 
demonstrated that RSC 96 and pSCs undergo ferroptosis in re-
sponse to erastin.

F I G U R E  2  Erastin increases the death 
of Schwann cells and the accumulation of 
ROS. (A) The expression of the molecular 
marker S-100 in RSC 96 and pSCs (scale 
bar =100 μm). (B) The viability of RSC 
96 and pSCs decreased after incubation 
with erastin for 24 h by CCK-8 assay. 
(C) Cell death was confirmed by PI and 
Hoechst 33342 staining for 24 h (scale 
bar =200 μm). (D) The effect of erastin on 
intracellular ROS accumulation in RSC 96 
and pSCs by immunofluorescence (Scale 
bar =200 μm). (E) Fluorescence intensity 
analysis of intracellular ROS accumulation 
in RSC 96 and pSCs. Data are presented as 
mean ± SD. T-test and one-way ANOVA 
were performed for statistical differences. 
All experiments were performed at 
least 3 times independently, **p < 0.01, 
***p < 0.001, ****p < 0.0001 compared to 
the control group

F I G U R E  3  Erastin induces ferroptosis in RSC 96 and pSCs. (A, D) The expressions of GPX4 and PTGS2 proteins were induced by 0–2 μM 
erastin in RSC 96 and pSCs by Western blot. (B, E) Densitometric analysis of GPX4 and PTGS2 proteins relative expression in RSC 96 and 
pSCs. (C, F) The expression of GPX4 and PTGS2 induced by 1 μM erastin in RSC 96 and pSCs by immunofluorescence (scale bar =50 μm). 
(G) 1 μM Erastin decreased the GSH level and increased the MDA and Fe2+ level in RSC 96 and pSCs by ELISA. Data are presented as 
mean ±SD, and one-way ANOVA and t-test were performed for statistical differences. All experiments were performed at least 3 times 
independently, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the control group
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3.4  |  The NRF2/HO-1 pathway and c-Jun are 
involved in the ferroptosis of RSC 96 and pSCs

NRF2/HO-1 pathway is a classical pathway during the occurrence of 
ferroptosis. We detected the expressions of NRF2, HO-1 and c-Jun 
proteins in erastin-treated RSC 96 and pSCs by Western blot and im-
munofluorescence experiments. The experimental results revealed 
that erastin dose-dependently reduced the expression of the c-Jun 
protein while increasing the expressions of NRF2 and HO-1 proteins 
(Figure 4A-F), which means that NRF2/HO-1 pathway and c-Jun is 
involved in the ferroptosis.

3.5  |  Overexpression of c-Jun reduces erastin-
induced ferroptosis in RSC 96 and pSCs

The expression of c-Jun protein was decreased when erastin induced 
ferroptosis in RSC 96 and pSCs, but the regulatory relationship be-
tween ferroptosis and c-Jun remains unclear. To clarify this issue, 
we overexpressed c-Jun in RSC 96 and pSCs by lentivirus. Western 
blot and RT-qPCR results demonstrated that we successfully overex-
pressed c-Jun protein in RSC 96 and pSCs (Figure 5A, B and C). After 
that, we added 1 uM erastin to c-Jun overexpressing cells (OV) and 
control cells (CON) in RSC 96 and pSCs, respectively, to detect changes 
in the expression of ferroptosis-related proteins and intracellular fac-
tors. The results showed that CON and OV group cells expressed simi-
lar protein levels, but GPX4 protein expression decreased and PTGS2 
protein expression increased after erastin treatment, and the changes 
were significantly less in the OV+E group than in the CON+E group 
(Figure 5D-G). Followed with immunofluorescence, the results were 
the similarity to the Western blot. The fluorescence intensity of GPX4 
and PTGS2 protein was almost the same in the CON group and OV 
group, but the fluorescence intensity of GPX4 protein was signifi-
cantly decreased and PTGS2 protein was significantly increased in the 
CON+E and OV+E groups. The changing trend of immunofluores-
cence intensity in the OV+E group was less than that in the CON+E 
group (Figure 5H, 5I). In addition, the c-Jun OV group expressed higher 
GSH content and lower MDA and Fe2+ contents compared with the 
CON group (Figure 5D-5J), which confirmed the protective effect of 
c-Jun on cellular ferroptosis in RSC 96 and pSCs.

3.6  |  C-Jun inhibits ferroptosis through the NRF2/
HO-1 pathway

To investigate the relationship among c-Jun, NRF2/HO-1 pathway, 
and ferroptosis in RSC 96 and pSCs. We used siRNA to reduce the 

expression of c-Jun to see whether it could rescue the overexpres-
sion effect of c-Jun and its effect on the expressions of NRF2, HO-1, 
PTGS2 and GPX4 proteins. Western blot experiments demonstrated 
that siRNA-1, siRNA-2 and siRNA-3 all reduced the expression of the 
c-Jun protein in RSC 96 and pSCs, with siRNA-2 having a more sig-
nificant effect (Figure 6A-D), so we used siRNA-2 in our subsequent 
experiments. After adding siRNA to c-Jun OV cells, we found that 
the protective effect of c-Jun against ferroptosis in RSC 96 and pSCs 
was reduced and the expressions of NRF2, HO-1 proteins were in-
creased, suggesting that c-Jun could inhibit ferroptosis by suppress-
ing the NRF2/HO-1 pathway (Figure 6E-H).

3.7  |  C-Jun inhibits the ferroptosis of the facial 
nerve and promotes the repair of facial nerve function

At the animal level, we overexpressed c-Jun in the facial nerve to 
observe its effect on ferroptosis and the recovery of facial nerve 
function. By injecting an adeno-associated virus into the facial nerve, 
immunofluorescence experiments after 3  weeks revealed that the 
facial nerve in the experimental group expressed abundant c-Jun 
protein, while the facial nerve in the control group expressed almost 
none (Figure  7A, 7B). After determining that c-Jun was success-
fully overexpressed, we constructed a model of facial nerve injury 
(Figure 7C) and scored the function of the facial nerve at 3, 7 and 
14  days after injury respectively. The scoring results revealed that 
the facial nerve scores in the c-Jun overexpression group were better 
than those in the control group after 7 days, and the scores at 14 days 
were statistically significant (Figure  7D). Immunofluorescence ex-
periments of facial nerve tissues from the experimental and control 
groups were performed after 14 days of facial nerve scoring, and we 
found that GPX-4 and S-100 proteins were significantly increased 
after c-Jun overexpression (Figure 7E, F, I and J), while PTGS2 protein 
expression was significantly decreased (Figure 7G, H). These results 
suggested that overexpression of c-Jun can inhibit nerve ferroptosis 
and promote the repair of facial nerve function.

4  |  DISCUSSION

Facial nerve injury can lead to various complications, including dry 
eyes, keratitis, speech and pronunciation disorders, eating difficul-
ties, and facial expression disorders, severely affecting the patient's 
mental health and social activities.19 The role of SCs in nerve injury 
repair has been gradually recognized in recent years, and their pro-
liferation, migration, diversification and death are closely related to 
the repairing of injured nerves.1

F I G U R E  4  NRF2/HO-1 pathway is involved in erastin-induced ferroptosis in RSC 96 and pSCs. (A, C) The expression of NRF2/HO-1, 
and c-Jun protein in RSC 96 and pSCs by Western blot. (B, D) Densitometric analysis of NRF2/HO-1 and c-Jun proteins relative expression 
in RSC 96 and pSCs. (E, F) Immunofluorescence showed that the expression of c-Jun in RSC 96 and pSCs induced by 1 μM erastin (scale bar 
=50 μm). Data are presented as mean ± SD, and one-way ANOVA was performed for statistical differences. All experiments were performed 
at least 3 times independently, *p < 0.05, **p < 0.01, compared to the control group



    |  2199GAO et al.



2200  |    GAO et al.

Previous studies found, c-Jun and p75NTR, two major genes as-
sociated with the repair of SCs in rodents, were also upregulated 
in acutely injured human nerves, while the expression of these 
two genes decreases during long-term denervation.20 In rodents, 
reduced levels of c-Jun and p75NTR marks stalled nerve repairing, 
which is also considered a major obstacle to effective nerve repair. 
Upregulation of c-Jun is a central factor in the reprogramming process 

that occurs in SCs after nerve injury and is essential for successful 
nerve regeneration.14–16 However, the upregulation of c-Jun does not 
persist during acute injury, lasting only 7–10 days.21 Consistent with 
previous studies, our study found that c-Jun increased consistently 
at 7 days after facial nerve injury, with a decrease at 14 days. We 
also found that c-Jun was downregulated in RSC 96 and pSCs after 
the addition of erastin, a small fractional compound that triggers 

F I G U R E  5  Overexpression of c-Jun inhibits erastin-induced ferroptosis in RSC 96 and pSCs. (A) The expression of c-Jun protein after 
lentivirus transfection by Western blot. (B) Densitometric analysis of c-Jun protein. (C) The expression of c-Jun mRNA after lentivirus 
transfection by real-time quantitative PCR. (D, F) The expression of GPX4 and PTGS2 proteins after overexpression of c-Jun in RSC 96 and 
pSCs by Western blot. (E, G) Densitometric analysis of GPX4 and PTGS2 proteins. (H, I) The expression of GPX4 and PTGS2 proteins after 
overexpression of c-Jun in RSC 96 and pSCs by immunofluorescence. (J) The expression level of GSH, MDA and Fe2+ after overexpression 
of c-Jun by ELISA. Data are presented as mean ± SD, and one-way ANOVA and t-test were performed for statistical differences. All 
experiments were performed at least 3 times independently, *p < 0.05, compared to the control group
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ferroptosis. The inconsistent changes in c-Jun protein expression in 
animal and cellular experiments may be related to the fact that ani-
mal experiments are faced with more complex regulation. One of the 
key factors is the neuron. After peripheral nerve injury, the function 
of neurons shifts mainly from cell–cell communication to activation 
of related genes regulating the function of SCs to promote axonal 
regeneration.22,23 In addition to this, there are invasive macrophages 
and various inflammatory factors that may affect axonal repair and 

regeneration.24 A combination of factors may lead to such differ-
ences, and thus, c-Jun gradually decreases after a short period of 
high expression.

In normal conditions, the reverse glutamate/cystine transporter 
(System Xc-) is responsible for the intracellular transport of glutamate 
and extracellular transport of cystine.25 The cystine transported into 
the cell is used for the synthesis of intracellular GSH, which acts as a 
co-regulator of GPX4, helping convert reduced glutathione disulfide 

F I G U R E  6  C-Jun inhibits erastin-induced ferroptosis via the NRF2/HO-1 pathway. (A, C) The expression of the c-Jun protein in RSC 96 
and pSCs after siRNA transfection by Western blot. (B, D) Densitometric analysis of c-Jun protein. (E, G) The expression of PTGS2, NRF2, 
c-Jun, HO-1 and GPX4 proteins with or without siRNA in c-Jun overexpression and control RSC 96 and pSCs. (F, H) Densitometric analysis 
of G PTGS2, NRF2, c-Jun, HO-1 and GPX4 proteins. Data are presented as mean ± SD, and one-way ANOVA was performed for statistical 
differences between groups. All experiments were performed at least 3 times independently, *p < 0.05, **p < 0.01, compared to the control 
group
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and lipid hydroperoxides or hydrogen peroxide to alcohol or water 
to scavenge lipid peroxides.26 Erastin is a ferroptosis inducer that 
promotes ferroptosis by inhibiting the action of System Xc-. PTGS2, 
a key enzyme in prostaglandin biosynthesis, plays the role of both 
dioxygenase and peroxidase and serves as one of the markers of 
ferroptosis.27 Both animal experiments and erastin-induced cellular 
experiments showed a decrease in GPX4 protein expression and an 
increase in PTGS2 protein expression. This implies that we can use 

cellular experiments to model the changes in SCs after nerve injury. 
During erastin-induced changes in RSC 96 and pSCs, we found a 
decrease in cell viability, along with a decrease in GSH content and 
an increase in ROS, MDA and Fe2+ contents. These results confirm 
the occurrence of cellular ferroptosis. At the same time, we also 
found that the NRF2/HO-1 pathway was activated. NRF2/HO-1 
pathway is considered the key regulatory pathway of ferroptosis. 
Normally, NRF2 binds to Keap1 and continues to be inactivated by 

F I G U R E  7  Overexpression of c-Jun 
improves facial nerve function and 
inhibits the ferroptosis of the facial 
nerve. (A) The successful construction 
of a facial nerve c-Jun overexpression 
model by immunofluorescence. (B) 
Fluorescence intensity analysis of c-Jun 
protein relative expression. (C) A typical 
model of facial nerve injury in rats. (D) 
Scoring at different time points after 
facial nerve injury. (E, G, and I) The 
expression of GPX4, PTGS2 and S-100 
proteins after facial nerve at 14 days 
by immunofluorescence. (F, H and J) 
Fluorescence intensity analysis of GPX4, 
PTGS2 and S-100 proteins. Data are 
presented as mean ± SD. T-test and 
one-way ANOVA were performed for 
statistical differences between groups. All 
experiments were performed at least 3 
times independently, *p < 0.05, **p < 0.01, 
compared to the control group
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ubiquitination and degradation in the proteasome.28 Once the body 
is in oxidative stress, NRF2 is released from the Keap1 binding site 
and rapidly translocated to the nucleus, subsequently activating 
transcriptional pathways to balance oxidative stress and maintain 
cellular redox homeostasis.29

After overexpression of c-Jun in RSC 96 and pSCs, we found 
no changes in the expressions of GPX4, PTGS2 proteins, and GSH, 
MDA and Fe2+ contents in both control and c-Jun OV groups. A pos-
sible explanation is that exogenous introduction of c-Jun genes for 
overexpression does not change the external environment to which 
the cells are exposed, and thus, these expressions are unchanged. 
In contrast, after the addition of erastin, c-Jun OV group showed a 
significant inhibitory effect on ferroptosis.

Erastin, an exogenous compound, alters the external en-
vironment in which cells are exposed, making them difficult to 
defend against and thus gradually dying under normal circum-
stances, but the cells can resist this damage in the case of c-Jun 
overexpression.

Furthermore, the protective effect of c-Jun against erastin was 
manifested by added siRNA to the c-Jun overexpressed RSC and 
pSCs. The results showed that both ferroptosis-related proteins and 
NRF2/HO-1 pathway proteins were partially reversed. Our study 
revealed that the NRF2/HO-1 pathway was inhibited by c-Jun over-
expression, and thus exerts an anti-ferroptosis effect. Many studies 
have found that NRF2 activation confers resistance to ferroptosis 
in cancer cells.30–32  Adedoyin found that HO-1 inhibited erastin-
induced ferroptosis in proximal tubular epithelial cells in acute 
kidney injury.33  Kwon found that HO-1 inhibitor reduced erastin-
induced ferroptosis in fibrosarcoma.34  These seemingly contradic-
tory results imply a complex relationship between ferroptosis and 
the NRF2/HO-1 pathway. The NRF2/HO-1 pathway activated under 
different conditions has different roles, and the exact relationship 
needs to be further investigated.

In the final animal study, we observed that c-Jun can inhibit the 
ferroptosis of the facial nerve, promote facial nerve function re-
covery and promote S-100 expression, allowing the nerve to form 
a more morphological myelin sheath. This provides a new direc-
tion to explain the neuroprotective role played by c-Jun, and we 
can intervene in neural damage and repair through the pathway of 
ferroptosis.

5  |  CONCLUSION

We found that ferroptosis occurs after facial nerve injury. c-Jun, 
as a key nerve injury repair factor, can inhibit ferroptosis through 
the NRF2/HO-1 pathway, which further refines the mechanism by 
which c-Jun promotes nerve repair and provides a new direction for 
the repair of facial nerve injury.
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