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Abstract: Accumulating evidence shows that Schwann cells’
(SCs) death caused by high glucose (HG) is involved in the
pathological process of diabetic peripheral neuropathy
(DPN). Ferroptosis is a novel form of regulatory cell death
driven by iron-dependent lipid peroxidation. However, it is
not clear whether ferroptosis is involved in the death pro-
cess of SCs induced by HG. The expression of ferroptosis-
related indicators in the serum of DPN patients was detected
by ELISA. Subsequently, using cell counting kit-8, western
blot, real-time PCR, and Ki-67 staining, we investigated the
effects of HG on the ferroptosis of SCs and initially explored
the underlying mechanism. The results showed that the
serum levels of glutathione peroxidase 4 (GPX4) and gluta-
thione in patients with DPN decreased, while malondialde-
hyde levels increased significantly. Then, we observed that
erastin and HG induced ferroptosis in SCs, resulting in the
decrease in cell activity and the expression level of GPX4
and SLC7A11, which could be effectively reversed by the
ferroptosis inhibitor Fer-1. Mechanistically, HG induced fer-
roptosis in SCs by inhibiting the NRF2 signaling pathway.
Our results showed that ferroptosis was involved in the
death process of SCs induced by HG. Inhibition of ferroptosis
in SCs might create a new avenue for the treatment of DPN.
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1 Introduction

Diabetic peripheral neuropathy (DPN), one of the most
common chronic complications of diabetes, affects up to
50% of diabetic patients [1]. Nowadays, clinical treatment
for DPN mainly focuses on strict hypoglycemic therapy and
pain management, while a restricted number of patients
benefit from it, which means more culprits besides hyper-
glycemia may participate in the process of DPN [2]. Accu-
mulating evidence indicates that the death of Schwann
cells (SCs) induced by hyperglycemia is involved in the
pathogenesis of DPN, including oxidative stress, inflamma-
tory response, autophagy dysfunction, ERS, and other patho-
logical processes [3]. In particular, during DPN, the death of
SCs will lead to myelin destruction, demyelination, axonal
conduction abnormalities, and impaired neuronal regenera-
tion, thus accelerating the progress of DPN [4]. Therefore,
understanding the death mechanism of SCs under hypergly-
cemia may be an important entry point for the treatment
of DPN.

Programmed cell death is strictly regulated by complex
intracellular and extracellular signals, which is very impor-
tant for diverse various biological processes, including
mammalian development, homeostasis, and disease [5]. Fer-
roptosis is a novel form of programmed cell death, which is
different from the traditional cognitive cell death modes [6].
The key mediators of ferroptosis are glutathione peroxidase
4 (GPX4) and SLC7A11, a functional subunit of cystine/gluta-
mate reverse transport system Xc . Low levels of SLC7A11
and GPX4 inactivation reduce glutathione (GSH) synthesis
and lipid peroxide degradation, respectively. Both of these
changes cause the accumulation of lipid peroxides, which in
turn leads to the occurrence of cell ferroptosis [7-9]. Recent
studies revealed that HG can induce ferroptosis in osteo-
blasts via increased intracellular ROS and the accumulation
of lipid oxides and GSH depletion in diabetic osteoporosis
[10]. During DPN, the enhancement of oxidative stress and
reactive oxygen species (ROS) are dominant features that lead
to SCs’ death, while ferroptosis is a cell death mode closely
related to ROS [11-13]. Therefore, we speculate that ferrop-
tosis may be involved in the death of SCs induced by HG.
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In this study, the aim was to explore the role of fer-
roptosis in HG-induced SCs’ death. To test our hypothesis, we
used HG-stimulated cultured SCs in vitro. Furthermore, we
sought to determine the possible associated mechanism.

2 Materials and methods

2.1 Baseline data

From January 2021 to August 2021, DPN patients (n = 65)
who underwent treatment and healthy volunteers (n = 23) who
underwent physical examination in the Jintan Hospital
affiliated to Jiangsu University were recruited for our research.
Healthy volunteers were selected as a control group. Clinical
data were recorded for all participants including gender, age,
and diabetes mellitus (DM) duration. Inclusion criteria for DPN
were as follows: (1) met the diagnostic criteria for DM and (2)
the symptoms of DPN met the diagnostic criteria in the Chinese
Guidelines for the Prevention and Treatment of Type 2 DM
(2020 edition) [14]. Exclusion criteria were as follows: (1)
patients with other forms of neuropathy, including neuropathy
caused by drugs, cervical and lumbar spine lesions, Guillain—
Barré syndrome, and other causes; (2) those with gestational
diabetes; (3) those with tumor; (4) those with serious diseases of
other organ systems in combination; and (5) those with mental
disorders, hearing impairment, and cognitive dysfunction. This
study was approved by the Ethics Review Committee of Jintan
Hospital affiliated to Jiangsu University (no. LS2021009). All
participants were informed of the study details and provided
informed consent.

2.2 Detection of biochemical parameters

Whole blood was collected from the elbow vein of the
participants who fasted overnight using a vacuum blood
collection tube with anticoagulant or without anticoagu-
lant. The whole blood containing anticoagulant was used
to detect hemoglobin Alc (HbAlc) using a Lifotronic H9
(Lifotronic Technology Co., Ltd, Shenzhen, China). When
whole blood without anticoagulants coagulated, the serum
was separated by centrifugation at 3,000 rpm for 5 min.
Serum levels of glucose were estimated using a LABOSP-
ECT 008AS Automatic Chemical Analyzer (Hitachi, Tokyo,
Japan). Human ELISA kit (Bios-wamp, Wuhan, China) was
used to quantify serum levels of GPX4, GSH, and malon-
dialdehyde (MDA) in patients with DPN and volunteers. All
analysis steps were performed according to the manufac-
turer’s instructions.
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2.3 Vibration perception threshold
measurement

Vibration perception threshold (VPT) was assessed using a
Sensiometer A100 (Laxons Technology Co., Ltd, Beijing, China).
The patient was informed and familiar with the vibration
sensation, and then, the professional performed the operation
according to the manufacturer’s instructions. Each foot of the
patient was repeated for 3 times, and the average VPT of both
feet was recorded. In addition, according to the test value, the
risk of diabetic foot is predicted. 0-10, 10-15, 15-25, and more
than 25V are considered normal, light risk, middle risk and
severe risk, respectively.

2.4 Cell culture and treatment

SC line RSC96 was purchased from the cell bank of the
China Academy of Sciences (Shanghai, China). The cell
line was cultured in DMEM (Gibco, Grand Island, USA)
supplemented with 10% fetal bovine serum (Gibco) and
1% pen/strep (Gibco), and incubated at 5% CO, and 37°C.

To establish an HG cell model RSC96 was treated with
DMEM containing 100 mM glucose for 48 h as previously
described [15]. Cells were cultured to logarithmic phase
and grouped as follows: normal control group (DMEM con-
taining 25 mM glucose), high-glucose group (DMEM con-
taining 100 mM glucose), Erastin (Selleckchem, Houston,
USA) group (DMEM containing 25 mM glucose and 2 yM
Erastin), and the ferroptosis inhibitor ferrostatin-1 (Fer-1)
(Selleckchem) group (DMEM containing 100 mM glucose
and 10 uM Fer-1). Erastin, as an inducer of cell ferroptosis,
was used as a positive control.

2.5 Cell viability assay

Cell viability was analyzed using the cell counting kit-8
(CCK-8) (Biosharp, Beijing, China). RSC96 cells under dif-
ferent treatment conditions were seeded in 96-well plates
(5 x 10° cells per well) and cultured for 48 h. Then, 10 pL of
CCK-8 solution was added to RSC96 cells for incubation for
1.5h. The absorbance of the cells in each well at 450 nm
was measured on a microplate reader (Multiskan FC,
Thermoscientific, Waltham, USA).

2.6 Cell transfection

NRF2 gene expression was knocked down by transfecting
RSC96 cells with siRNA-NRF2 or siRNA control (GenePharma
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Co,, Ltd., Shanghai, China). Transient siRNA transfection was
performed using Lipofectamine 2000 (Invitrogen, Carlshad,
CA, USA), according to the manufacturer’s instructions. After
24 h of transfection, SCs were treated with HG and Fer-1. The
transfection efficiency was verified by real-time PCR and
western blotting.

2.7 Immunofluorescence staining

Briefly, RSC96 cells under different treatment conditions
were fixed with 4% paraformaldehyde at 4°C for 30 min.
Subsequently, paraformaldehyde was removed and cells
were permeabilized with 0.5% Triton X-100 and blocked
with 5% BSA in PBS. Then, the cells were incubated with
Ki-67 rabbit monoclonal antibody (1:200 dilution, Servicebio,
Wuhan, China) at 4°C overnight, followed by washing and
incubation with Cy3-conjugated secondary antibody (1:200
dilution, Servicebio) at 37 °C for 1h. The cells were stained
with DAPI nuclear stain (5 ug/mL) for 5-10 min. The images
were taken using a CK-X53 fluorescent microscope (Olympus,
Tokyo, Japan).

2.8 Western blotting

Western blot analysis was performed as previously described
[16]. Briefly, the collected cells were lysed with RIPA to extract
protein. Afterwards, the samples were transferred to nitro-
cellulose filter membranes and 5% skim milk powder solu-
tion, and then, the primary antibody (GPX4, SLC7A11, NQO1,
HO-1, 1:1,000 dilution, Abcam, Cambridge, USA; NRF2, 1:1,000
dilution, Beyotime, China) was incubated at 4°C overnight.
The membranes were then washed and incubated with the
secondary antibody. B-Actin (1:2,000 dilution, CST, Danvers,
USA) was used as an internal control.

2.9 RNA isolation and quantitative real-
time PCR

Total RNA was extracted from cells. cDNA was synthesized
using All-in-One™ First-Strand cDNA Synthesis Kit (Genecopoeia,
Germantown, USA) according to the manufacturer’s proto-
cols. qRT-PCR analysis was performed with All-in-One™
gqPCR Mix (Genecopoeia). The primers were purchased from
Genecopoeia. Real-time PCR was performed using a Quant
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Gene 9600 system (Bioer, Hangzhou, China). The relative
expression of mRNA was evaluated by the 27 method
and normalized to GAPDH.

2.10 Statistical analysis

Statistical analyses were performed using the GraphPad
Prism software (Version 5.0, GraphPad, San Diego, CA,
USA). Data were presented as mean + standard error of
the mean. The groups were compared using the Student’s ¢
test and one-way analysis of variance. Results were con-
sidered statistically significant for P values less than 0.05.

3 Results

3.1 Characteristics of baseline data

The baseline characteristics of the DPN group and the con-
trol group are shown in Table 1. The age of the DPN and
control groups was 62.25 + 11.48 (median age 59 (34-85))
and 26.30 £ 13.90 (median age 21 (15-75) years, respectively.
The mean DM duration of the DPN group was 9.60 + 6.49
years. When comparing the control group, GLU and HbAlc
in the DPN group tended to have higher levels.

3.2 The level of ferroptosis elevated in DPN
patients

We first measured the indicators directly related to ferrop-
tosis in the serum of DPN patients and healthy volunteers.
The results showed that GPX4 and GSH were decreased sig-
nificantly, and lipid peroxide MDA was markedly increased
in the serum of patients with DPN compared with those in
the serum of healthy volunteers, (Figure la—c). Given that
the detection results of VPT can not only be used to diagnose
DPN, but also predict the risk of diabetic foot, we further
evaluated the differences in these related indicators of fer-
roptosis under different risk stratification. The data showed
that GSH, GPX4 and MDA in different risk stratification were
statistically significant compared with the control group, but
there was no statistical difference between risk stratification
groups (Figure 1d-f). These results suggest that the level of
ferroptosis is increased in the serum of DPN patients, which
is not directly related to the degree of risk of diabetic foot
predicted by VPT.
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Table 1: Clinical characteristics

Characteristics Control group (n = 23) DPN group (n = 65)

Gender, n (%)

Male 17 (73.91) 40 (61.54)
Female 6 (26.09) 25 (38.46)
Age (years) 26.30 £13.90 62.25 + 11.48
GLU (mmol/L) 4.95+0.34 9.37+3.39
HbA1c (%) 4.90 + 0.20 9.47 + 2.16

GLU, glucose; HbA1C, hemoglobin Alc.

3.3 HG induced the ferroptosis of SCs

We constructed an in vitro model of SCs induced by HG.
Consistent with previously reported [15], HG effectively
inhibited the proliferation activity of SCs (Figure 2a). To
determine whether the decrease of the proliferation activity
of SCs induced by HG was due to ferroptosis. Erastin, a
classic activator of ferroptosis, was used to treat SCs. We
found that the trend of erastin inhibiting SCs’ proliferation
activity was similar to that induced by HG, while Fer-1 (a
specific inhibitor of ferroptosis) reversed the effect of HG-
induced decrease in the proliferation activity of SCs (Figure
2a). Importantly, treatment of HG-induced SCs with Fer-1

(a)
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significantly increased the expression of GPX4 and SLC7A1],
which resisted the key regulatory components of cell ferrop-
tosis (Figure 2b and Figure S1). Moreover, qRT-PCR analysis
showed that the level of GPX4 in SCs exposed to erastin and
glucose decreased; whereas Fer-1 increased the level of GPX4
in HG-treated SCs (Figure 2c). Taken together, these results
suggest that HG could induce ferroptosis in SCs.

3.4 HG-induced ferroptosis in SCs by
inhibiting NRF2 signaling pathway

The typical characteristic of ferroptosis is the overproduc-
tion of lipid ROS. However, Previous research has estab-
lished that HG can induce SCs’ oxidative stress, that is, ROS
production increase and antioxidant protein decrease [17].
NRF?2 signaling pathway is the direct downstream pathway
of ROS, which regulates the transcription of ARE-depen-
dent genes to balance the oxidation medium and maintain
the redox homeostasis of cells [18]. The levels of NRF2,
NQO1, and HO-1 were inhibited during HG or erastin-
induced ferroptosis, as shown by western blotting. However,
these proteins’ expression was significantly increased by
treatment with Fer-1 (Figure 3a and Figure S2), suggesting
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Figure 1: The level of ferroptosis elevated in DPN patients. (a-c) ELISA was used to detect the serum level of ferroptosis-related index, including GPX4,
GSH, and MDA. (d-f) Expression level of GPX4, GSH, and MDA in different risk stratification. ***P < 0.001.
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Figure 2: High glucose-induced ferroptosis in SCs. SCs were cultured and treated with eratin and fer-1 combined with high glucose. (a) CCK-8 assay
was performed to estimate the cell proliferation viability of SCs. (b) The Ferroptosis-related protein levels of GPX4 and SLC7A11 were determined by
western blotting. (c) Real-time PCR analysis of the expression of GPX4. **P < 0.001, ***P < 0.0001.
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Figure 3: High glucose-induced ferroptosis via inhibiting NRF2 signaling pathway. (a) The protein levels of NRF2, NQO1, and HO-1 were determined
using western blot assays. (b) Expression of NRF2 level in SCs with NRF2 knock-down was assessed by real-time PCR and Western blot (c). (d and e)
Representative images and quantification data of Ki67 staining. Scale bar: 50 pm. (f) Real-time PCR analysis of NRF2 expression in SCs after treatments.
(g) GPX4 and SLC7A11 protein levels were determined by western blot in each group. *P < 0.05, **P < 0.001.
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that the NRF2 signaling pathway is involved in the process of
ferroptosis in SCs induced by HG. To further determine the
role of the NRF2 pathway in HG-induced ferroptosis, SCs
were transiently transfected with NRF2-siRNA or NC-siRNA,
which led to a decrease in NRF2 expression in the SCs
Figure 3b and c and Figure S3. Due to NRF2-siRNA1 having
the best knock-down efficiency, we chose it for SCs’ transfec-
tion and then stimulated with HG. As shown in Figure 3d
and e, HG significantly inhibited the proliferation of SCs
transfected with NRF2-siRNA, but this detrimental effect
could be strongly reversed by Fer-1. The beneficial effect
of Fer-1 may be achieved by improving the expression of
NRF2 (Figure 3f). Additionally, HG-treated SCs with NRF2-
siRNA transfected aggravated the down-regulation of GPX4
and SLCA711 compared with the HG group, whereas this was
alleviated in the Fer-1 treatment group Figure 3g and Figure $4,
suggesting that the mechanism of HG-induced ferroptosis in
SCs may be through inhibiting NRF2 signal pathway.

4 Discussion

DPN, as the most common complication of diabetes, is
characterized by the impaired nerve fibers undergoing
segmental demyelination [1,19]. As supporting cells in the per-
ipheral nervous system, the death of SCs under hyperglycemia
has been considered the underlying cause of demyelination
[20,21]. Therefore, understanding the death of SCs may help to
reveal their mechanism in the associated loss of the myelin
sheath in DPN. However, most previous studies on SCs’ death
under diabetic conditions mainly focused on apoptotic cell
death [17,22,23]. In recent years, some emerging cell death
modes, including necroptosis [24], pyroptosis [25], and autop-
hagy [26], have made contributions to the cognition of SCs
death. In this study, we further demonstrated that ferroptosis
involves in SCs’ death in DPN.

Previous studies have shown that demyelination is a
significant feature of DPN pathological changes [27]. In the
peripheral nervous system, axon demyelination is closely
related to the abnormality of SCs, because the formation of
myelin sheath depends on the development and maturity
of SC to wrap the axon [28]. In addition, SCs can provide
abundant neurotrophic factors and oxygen support for
axons [28]. Under the condition of hyperglycemia, the pro-
duction of ROS is higher than that of the formation of
antioxidants, which will lead to the imbalance of redox
homeostasis. The imbalance of redox homeostasis elicits
the peroxidation of protein, lipid, and nucleic acid and
further triggers the over-activation of oxidative stress,
resulting in metabolic dysfunction and death of SCs [17].
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Consistent with this, our results showed that antioxidants
GPX4 and GSH were significantly reduced in the serum of
DPN patients, while MDA, an indicator closely related to
lipid peroxidation, was significantly increased. Lipid per-
oxidation is considered to induce ferroptosis, a new type of
programmed cell death, which is characterized by the
increase in iron content in cells and the increase in ROS
production caused by GSH depletion, leading to lipid per-
oxidation and eventually cell death [7,29,30]. This implies
that the increase in ROS concentration in SCs may induce
ferroptosis, leading to myelin damage, even demyelination.
In this study, we observed that the decrease in SCs’ viabi-
lity induced by HG exhibited the similar effects to erastin,
while Fer-1 could reverse this harmful effect. Moreover,
Fer-1 also increased the expression of GPX4 and SLC7A11
in SCs induced by HG. These results confirmed the occur-
rence of ferroptosis in SCs induced by HG which may help
us understand the mechanism of axonal demyelination in
DPN. A recent study is similar to our results, that is, human
herpesvirus 7 mediates the increase of ROS production by
up-regulating Cox4i2, which results in SCs ferroptosis and
the myelin sheath damage of facial nerve, while inhibit-
ing the ferroptosis can promote the maturity of SCs and
allow the nerve to form a more morphological myelin
sheath [31,32]. Therefore, we speculate that reversing the
ferroptosis of SCs may contribute to myelin regeneration
during DPN.NRF2, a well-known transcription factor, has
been identified as the main regulator of the defensive
response to oxidative stress [33]. During oxidative stress,

Glutamate Cystine

High Glucose

High Glucose

Nucleus

~
\ NRF2

Schwann cell death

Figure 4: A schematic diagram of proposed molecular mechanisms of
ferroptosis induced by high glucose in SCs. HG may induce ferroptosis in
SCs by inhibiting NRF2 pathway and downstream ferroptosis-related
proteins (SLC7A11, GSH, and GPX4).
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NRF2 dissociates from the heterodimer of Keapl in the
cytosol, allowing NRF2 to translocate to the nucleus, where
NRF?2 interacts with ARE to induce the expression of the
downstream antioxidant gene (including HO-1, NQO1, etc.)
to maintain oxidative stress homeostasis in the cell [18,34].
In fact, HG can induce the excessive production of ROS in
cells, which leads to peroxidation and the collapse of NRF2
antioxidant system [35,36]. It is worth noting that many
protein enzymes responsible for preventing lipid peroxida-
tion and causing ferroptosis are NRF2 target genes [18,37].
It is reminiscent that HG by inhibiting the NRF2 signaling
pathway may initiate the cellular suicide procedure, espe-
cially ferroptosis. Therefore, we put forward a reasonable
hypothesis that HG-induced ferroptosis in SCs may be
achieved by inhibiting the NRF2 signaling pathway. As pre-
dicted, HG-treated SCs exhibited decreased NRF2 as well as
its downstream targets including HO-1 and NQO1. More-
over, when NRF2 was knocked down, HG aggravated the
inhibition effect of SCs proliferation and decreased the
expression of GPX4 and SLC7A11 in SCs, whereas Fer-1 alle-
viated these outcomes. Overall, these findings reveal that
HG induced ferroptosis in SCs by inhibiting NRF2 pathway.

There are still some limitations of this study which are
as follows: (1) only the indicators directly related to ferrop-
tosis in the serum of DPN patients and healthy volunteers
were detected in this experiment, and the serum of dia-
betic patients needs to be detected and further evaluated.
(2) In vivo experiments have not been carried out, and
animal experiments need to be further verified to enrich
our findings.

5 Conclusion

In summary, the results of the present study provide evi-
dence that HG induced ferroptosis in SCs by inhibiting the
NRF2 pathway. From the perspective of ferroptosis, we
describe a new mechanism of SCs death during DPN
(Figure 4). More importantly and practically, targeting
SCs ferroptosis may be a promising treatment strategy
for DPN.
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