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Abstract
Diabetic neuropathic pain (DNP) is a highly prevalent complication of diabetes mellitus (DM) without
effective treatments. The present study aimed to explore the effects of ferrostatin-1 (Fer-1) on mechanical
hypersensitivity and spinal ferroptosis in rats with DM induced with streptozotocin (STZ). One week after
STZ injection, the DM rats intraperitoneally received Fer-1 (2 μmol/kg) or a vehicle (1% DMSO) once daily
for consecutive two weeks. The paw mechanical withdrawal thresholds (PMWT) were assessed weekly to
investigate the nociceptive threshold. Biochemical and morphological alterations associated with spinal
ferroptosis, including iron content, lipid peroxidation assays, the activities of anti-acyl-CoA synthetase
long-chain family member 4 (ACSL4) and glutathione peroxidase 4 (GPX4), and mitochondrial
morphology, were also evaluated. Decreased PMWT and signi�cant changes in ferroptosis-associated
markers, such as iron overload, lipid peroxidation, increased expression levels of ACSL4 and decreased
expression levels of GPX4, and disrupted morphological features in mitochondria were found in rats with
STZ-induced DM. These effects were signi�cantly attenuated via intraperitoneal administration of the
ferroptosis inhibitor Fer-1. Our �ndings indicated the involvement of iron-dependent ferroptosis in the
spinal cords of rats with STZ-induced DM, and highlighted the effect of continuous administration of
ferroptosis inhibitors such as Fer-1 on hypersensitivity in DM rats. These results suggest that inhibition of
ferroptosis might be a potential therapeutic strategy in DNP treatment. 

Introduction
Diabetic neuropathic pain (DNP) is a highly prevalent complication of both type I and II diabetes mellitus
(DM) (Feldman et al., 2019). It has been reported that approximately one-third of individuals with DM are
a�icted with DNP over their disease course (Wang et al., 2014). Clinically, the predominant features of
DNP include spontaneous pain, allodynia, and hyperalgesia (Jensen et al., 2021). More importantly, DNP
has been well-regarded as a crucial risk factor that exerts an impact on the quality of life and life
expectancy among DM patients (Selvarajah et al., 2019). Disappointingly, however, owing to the complex
pathological processes, effective therapeutic interventions against DNP remain limited. There is,
therefore, an urgent need to propose additional pharmacotherapy strategies that treat DNP by targeting
new pathogenesis processes.

Neuronal death plays a vital role in the establishment of hyperalgesia during DNP progression, probably
by generating vacant synapses and subsequently inducing nociceptive system sensitivity (Coccurello et
al., 2018). However, published treatment strategies based on the inhibition of apoptosis or autophagy do
not fully relieve DNP symptoms, and previous studies have not yet elucidated whether excessive forms of
cell death play a role in DNP. Ferroptosis is a newly identi�ed form of non-apoptotic cell death, which is
characterized by two principal biochemical features: intracellular iron overload and overwhelming
accumulation of lipid peroxidation products (Dixon et al., 2012). Glutathione peroxidase 4 (GPX4) is a key
factor in the execution of ferroptosis, partly due to its ability to regulate the oxidation of membrane
polyunsaturated fatty acids, while acyl-CoA synthetase long-chain family member 4 (ACSL4) may
positively regulate ferroptosis by facilitating the esteri�cation of arachidonoyl (AA) and adrenoyl into
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phosphatidylethanolamine (PE) (Jiang et al., 2021). The proposal of ferroptosis-like cell death has
contributed to illustrating many potential mechanisms underlying diseases of the nervous system. Some
newly discovered ferroptotic therapies have shown promising therapeutic effects for various neurologic
disorders, including spinal cord injury (Chen et al., 2020b), morphine tolerance (Chen et al., 2019), and
iso�urane neurotoxicity (Liu et al., 2021).

Previous studies have indicated that the development of neuropathic pain secondary to peripheral nerve
trauma appeared to occur alongside ferroptosis in the spinal dorsal horn neurons (Guo et al., 2021; Wang
et al., 2021). Importantly, accumulating evidence has highlighted the role of iron-dependent ferroptosis in
DM as well as a variety of diabetic complications, and the application of ferroptosis antagonists,
including liproxstatin-1 (Lip-1) and ferrostatin-1 (Fer-1), demonstrated obvious curative effects against
these hyperglycemia-induced complications (Kim et al., 2021; Li et al., 2020; Ma et al., 2020). Moreover, it
was reported that a high glucose concentration results in DNP hypersensitivity, probably by disrupting the
functions of cell mitochondria and subsequent generation of reactive oxygen species (ROS) (Sasson,
2017; Shokrzadeh et al., 2018). However, the evidence of a link between the occurrence of DNP and
ferroptosis remains limited. Therefore, we performed this study to investigate the possible contribution of
spinal ferroptosis in the pathogenesis of DNP and whether the inhibition of ferroptosis by Fer-1 could be
conducive to relieve DM-induced tactile allodynia. 

Materials And Methods
Animals 

Male Sprague–Dawley rats (weighing 200–250 g) were purchased from the Experimental Animal Center
of Guangdong Province (production license number: SCXK [Yue] 20180002), and housed in cages under
conditions of a temperature of 23±2°C, 55±5% relative humidity, regular 12-h light/dark cycle, and ad
libitum availability of food and water. All experimental protocols designed for the diabetes pain model
were approved by the Animal Care and Ethics Committee of Sun Yat-Sen University. The experiments were
performed following the guidelines of the National Institutes of Health Guidelines for the Care and Use of
Experimental Animals. All procedures were designed to minimize animal suffering.

Preparation of diabetic rats

DM was induced among rats as previously described (Tan et al., 2019). Brie�y, a single dose of 65 mg/kg
streptozotocin (STZ; Sigma, St. Louis, MO, United States) diluted in sodium citrate buffer (0.1 M, pH 4.5)
was intraperitoneally administered to rats that had been subjected to an overnight fast. Age-matched rats
in the nondiabetic group received the corresponding volume of 0.01 M sodium citrate buffer (pH 4.5).
Three days after STZ injection, the blood glucose level was measured from the tail tip using an electronic
glucometer (Roche, Fermoy, Ireland), and a diabetic condition was regarded as a blood glucose
level ≥16.7 mmol/L. In both DM and nondiabetic rats, body weight and food and water intake were
recorded per week.



Page 4/19

Drug administration

One week after STZ injection, the DM rats received no treatment (DM-Non group, n = 10), Fer-1 (2
μmol/kg, dissolved in 1% DMSO; Sigma–Aldrich, St Louis, MO, USA; DM-Fer group, n = 10), or a vehicle
(1% DMSO; DM-Veh group, n = 10). The Fer-1 or vehicle was injected intraperitoneally once daily for two
consecutive weeks (Fig. 1). Rats in the nondiabetic group (Con group, n = 10) received no drugs.

Behavioral tests

After STZ injection, the behavioral test for paw mechanical withdrawal thresholds (PMWT) was
performed weekly among diabetic rats and age-matched nondiabetic controls. The tests were performed
between 9:00 and 12:00 am, and on the �rst day of every week. Before the test, each rat was placed
individually on a wire mesh grid and allowed to adapt to the surrounding environment for 30 min. Data
from behavioral tests were collected by an independent staff member who was blinded to the group
assignment details of the animals. The procedures in the PMWT assessment were carried out as
described previously (Guo et al., 2021). In brief, a series of von Frey hair �laments (North Coast Medical,
San Jose, CA, USA), with target forces ranging from 1.0 to 15 g, were used to stimulate the plantar
surfaces of the rats’ hind-paws in an ascending manner. Each von Frey �lament was used �ve times at
4–6 s intervals. Withdrawal, along with shaking or licking of the paw at least three times over the course
of �ve applications was considered as a positive response. The smallest bending force of the �lament
eliciting a positive response was expressed as the PMWT. 

Iron assay

The iron content was estimated as described in our previous study (Guo et al., 2021). In brief, spinal cord
samples were chopped into small masses (0.1–0.2 g) and dried at 60°C for 12 h. Following digestion
with 1 ml nitric acid (60%) at 100°C in a water bath for 2 h, the completely dissolved residues were diluted
to 10 ml with double distilled water. Atomic iron levels were calculated in terms of micrograms per gram
wet weight of tissue, which was assessed by comparing the absorbance assessed via �ame atomic
absorption spectrophotometry (AA-6800; Shimadzu Corporation, Kyoto, Japan) at 248 nm. 

Lipid peroxidation assays

ROS activity was determined based on its reaction with 2′,7′-dichlorodihydro�uorescein diacetate
(H2DCFDA) (Chung et al., 2015). In brief, the enlarged lumbar (L4–6) regions of the spinal cords were
minced and homogenized in 200 μl phosphate-buffered saline (PBS) at 37°C for 30 min, after which
H2DCFDA (Invitrogen, CA, USA) was added to the homogenate. After incubation for 30 min at 37°C, the
�uorescence of the reaction medium containing H2DCFDA was assessed and the values of fold changes
in each group compared to those in the Con group were calculated.

Also, commercially available kits were applied to assess the concentrations of glutathione peroxidase
(GSH-PX, A005-1; Jiancheng Biology, Jiangsu, China), malondialdehyde (MDA, A003-1; Jiancheng
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Biology), and superoxide dismutase (SOD, A001-1; Jiancheng Biology), according to the manufacturer’s
protocols.

Western blot analysis

We performed western blot analyses in line with previously reported protocols (Cheng et al., 2019) with
the following primary rabbit antibodies against ACSL4 (1:2000, ab155282; Abcam, Cambridge, United
Kingdom), GPX4 (1:2000, ab125066; Abcam), transferrin receptor (TFR; 1:1000, NB200-585; Novus, CA,
USA), ferroportin 1 (FPN1; 1:1000, NBP1-21502; Novus), and β-actin (1:2000; 4970; Cell Signaling
Technology, NY, USA). Images were obtained using the Tanon 5500 chemiluminescent imaging system
(Tanon, Shanghai, China) and analyzed using Image J version 1.52 (National Institutes of Health,
Bethesda, Maryland, USA). The optical densities of bands of interest were measured and normalized to
those of the β-actin band. 

Immuno�uorescence staining

The enlarged lumbar regions of the rat spinal cord samples were sliced into 10 μm transverse sections
using a freezing microtome (CM1900; Leica, Munich, Germany). After dewaxing, dehydration, antigen
retrieval, and blocking, the spinal cord sections were incubated overnight in a humid chamber at 4℃ with
rabbit anti-ACSL4 (1:200, ab155282; Abcam) conjugated with one of the following antibodies: mouse
anti-Neuronal nuclei (NeuN, a neuronal marker; 1:400, ab104224; Abcam), mouse anti-glial �brillary acidic
protein (GFAP, an astrocytic marker; 1:300, 3670; Cell Signaling Technology, MA., USA), or mouse anti-
ionized calcium-binding adaptor molecule 1 (Iba1, a microglial marker; 1:200, ab15690; Abcam). Then,
the sections were rinsed with PBS thrice, followed by incubation with goat anti-mouse (Alexa 594; 1:500,
ab150120; Abcam) and goat anti-rabbit (Alexa 488; 1:500, ab150081; Abcam) antibodies and
counterstained with 4,6-diamidino-2-phenylindole (DAPI) (2 μg/ml, KGA215-10; KeyGen Biotech Co. Ltd.,
China). Double-stained sections were observed via �uorescence microscopy (EVOS FL Auto; Thermo
Fisher Scienti�c, MA, USA).

Transmission electron microscopy

A Hitachi HT-7700 transmission electron microscope (Hitachi, Tokyo, Japan) was used to visualize and
capture the ultrastructure of mitochondria as described in a previous paper (Guo et al., 2021). Brie�y, after
�xation with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate at 4°C overnight,
the tissues of enlarged spinal lumbar regions were cut into 1 mm3 clumps. Next, the tissue clump cuttings
were dehydrated in a graded acetone series, following by embedding in Eponate 812 medium (90529-77-
4; Structure Probe, Inc., PA, USA). In every �fth section for each group, we counted the total number of
mitochondria, calculated the proportion of mitochondria with abnormal morphologic features, and
assessed the mitochondrial planar areas. 

Statistical analysis
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Quantitative data, including the results of PMWT, iron content assay, lipid peroxidation assay, Western
blot assay, and planar areas of mitochondria, are expressed as the mean ± standard deviation. Two-way
analysis of variance with repeated measures was performed to assess intergroup variations followed by
Bonferroni post hoc comparisons. All statistical analyses were performed using SPSS version 20.0 (IBM
Corp., NY, USA). Analysis items with P values <0.05 were considered statistically signi�cant.

Results
Fer-1 alleviates mechanical hypersensitivity induced by STZ 

Three days after intraperitoneal injection of STZ, 80% of the rats developed hyperglycemia (glucose
level >16.7 mmol/L), which was sustained throughout the experimental period. The hypersensitivity
response to innocuous mechanical stimuli on the hind paw was induced among DM rats two weeks after
the injection of STZ (P <0.01) and maintained until the endpoint of the experiment (P <0.001 for each
time point) (Fig. 2). 

More speci�cally, the PMWT results of rats in the DM-Fer group were signi�cantly increased when
compared to those recorded in the DM-Veh (P <0.01) and DM-Non (P <0.01) groups three days after the
administration of Fer-1 (Fig. 2). These results indicated that constantly administering 2 mg/kg Fer-1 over
one week could increase the mechanical threshold among STZ-treated rats.

Iron accumulation induced by streptozotocin was abolished by intraperitoneal administration of Fer-1

Intraperitoneal STZ administration induced a signi�cant increase in iron levels in DM-Non and DM-Veh
rats in contrast to Con groups (P <0.05) (Fig. 3a). Intraperitoneal Fer-1 injection among DM rats
pronouncedly reduced the increased iron concentration in the spinal cord (P <0.05) (Fig. 3a). 

In addition, as TFR and FPN1 were considered important players in the transmembrane process of
transporting iron (Zhang et al., 2019), we subsequently determined their expressions in the spinal cord.
When compared to rats in the Con group, the protein levels of TFR were up-regulated and FPN1 was
downregulated in DM-Non and DM-Veh rats (P <0.05) (Fig. 3b–d). Of note, following a continuous
intraperitoneal injection of STZ, there were signi�cant alterations in TFR (P <0.05) (Fig. 3b, c) and FPN1
(P <0.05) (Fig. 3b, d) expression in STZ-treated rats. 

Spinal lipid peroxidation was alleviated via Fer-1 in the DM mouse model

Compared with rats in the Con group, rats in the DM-Non group experienced a signi�cant upregulation in
ROS activity (P <0.001) (Fig. 4a) and MDA concentration (P <0.05) (Fig. 4a), as well as a downregulation
in GSH-PX (P <0.001) (Fig. 4b) and SOD levels (P <0.01) (Fig. 4d). Continuous injection of Fer-1 exerted
signi�cant effects against spinal lipid peroxidation in DM rats when compared with the administration of
Veh, which manifested as an increase in ROS activity (P <0.05) (Fig. 4a) and MDA concentrations (P
<0.05) (Fig. 4c), as well as a decrease in GSH-PX activity (P <0.05) (Fig. 4b) and SOD levels (P <0.05)
(Figure 4d).
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Fer-1 inhibited the activation of ACSL4 and increased the GPX4 level

Western blot analysis displayed changes in the protein levels of ACSL4 and GPX4. Compared to the Con
group, the protein levels of ACSL4 were increased (P <0.01) (Fig. 5a, b), while the GPX4 levels decreased
(P <0.01) (Fig. 5a, c) in the DM-Non group. The administration of Fer-1 markedly attenuated the STZ-
induced elevation in ACSL4 and reduction in GPX4 levels in the spinal cord (Fig. 5). 

Moreover, immuno�uorescence staining was performed to detect the cellular localization and distribution
of ACSL4 in the rat spinal dorsal horn. The representative images revealed that ACSL4 expressions in the
spinal dorsal horn neurons, astrocytes, and microglia were increased in the DM-Non rats versus the Con
rats (Fig. 6). In addition, we noted that intraperitoneal Fer-1 injection eliminated ACSL4 immunoreactivity
in the aforementioned three cell types in the spinal dorsal horn (Fig. 6).

Fer-1 contributes to the amelioration of abnormal characteristic alterations in mitochondria

In response to STZ administration, typical morphological alterations of mitochondria in ferroptosis, such
as ruptured mitochondrial cristae and membranes, were observed in spinal neurons in DM-Non and DM-
Veh rats, while the administration of a ferroptosis-speci�c inhibitor Fer-1 in DM-Fer rats could reverse
these abnormal characteristic changes of mitochondria (Fig. 7a–d). Furthermore, Fer-1 injection was able
to reduce the proportion of mitochondria with morphological alterations and increased the planar areas
of mitochondria in DM rats (Fig. 7e, f). 

Discussion
Several pieces of evidence have demonstrated that tactile hypersensitivities in DNP result from diverse
forms of cell death in spinal cord neurons, e.g., apoptosis and autophagy (Inam et al., 2019; Liu et al.,
2020). Although the accumulation of iron has been implicated in the risks of altered glucose metabolism
and diabetic comorbidities (Aregbesola et al., 2017), the role of iron-dependent ferroptosis in DM-induced
neuropathic pain remains uncertain. The present study showed that spinal iron overload was appeared to
induce ferroptosis in STZ-treated rats, which highlighted the involvement of ferroptosis in rat tactile
allodynia. Moreover, in line with the results published by Wang et al. (Wang et al., 2021), we found that
the application of Fer-1 after STZ administration could suppress spinal ferroptosis and ameliorate
mechanical hypersensitivity in rats.

It is widely known that iron acts as one of the most essential mediators in distinct metabolic and
physiological processes in organisms, and iron overload would produce excessive free radicals, resulting
in the alteration of biomolecules, such as DNA and proteins (Fernandez-Real and Manco, 2014). Although
iron overload negatively impacts the occurrence and development of DM status, the mechanism
underlying DNP remains unclear. Remarkably, the discovery of ferroptosis in peripheral chronic
constriction injury rodent models provided a new explanation of the pathogenic mechanism underlying
the role of iron overload in neuropathic pain (Guo et al., 2021; Wang et al., 2021). However, few reports
focused on the association between DNP and ferroptosis. Herein, we proposed that the levels of iron and
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ferroptosis activity were signi�cantly elevated in the spinal cord, which promoted tactile allodynia in DM
rats. Similar results were obtained for other DM complications, such as diabetic nephropathy (Kim et al.,
2021) and cardiomyopathy (Chen et al., 2020a), which indicated that the elevation of iron levels as well
as the induction of cell ferroptosis in target organs was closely involved in the occurrence of DM
complications.

The existing evidence con�rms that the intracellular iron content is tightly regulated by a variety of ion
transport proteins, typi�ed by TFR and FPN1. TFR can recognize bound iron and absorb iron by
internalizing the transferrin-iron complex through receptor-mediated endocytosis (Fillebeen et al., 2019),
while intracellular iron would be transferred into plasma via the action of only exporter FPN1 in mammals
(Drakesmith et al., 2015). The existing evidence con�rmed that imbalances in the activities of TFR and
FPN1 in DM were linked to the occurrence of ferroptosis in DM-related complications. For example, it has
been demonstrated that the FPN1 encoding gene, namely solute carrier family 40 member 1 (SLC40A1),
was signi�cantly downregulated in the hippocampi of STZ-induced DM rats, which was associated with
iron overload dependent ferroptosis and diabetic cognitive dysfunction (Hao et al., 2021). In the present
study, we did not only �nd a remarkable activation of TFR and inhibition of FPN1 in DNP rats, but also
observed that Fer-1 was able to reverse abnormal alterations in TFR and FPN1 and reduce the spinal iron
contents in STZ-treated rats. Thus, it is justi�able to presume that the suppression of iron importation as
well as upregulation of iron exportation could inhibit spinal ferroptosis in DNP rats.

Iron overload triggered the accumulation of lipid ROS and resulted in excessive lipid peroxidation. An
enhanced lipid peroxidation level, such as a higher MDA level, was detected in the sciatic nerves, dorsal
root ganglia, and spinal cords of diabetic rats, which might damage motor and sensory nerve functions
and thus cause DM-associated neural dysfunction (Kajal and Singh, 2020). Compared to the Con group,
abundant alterations in the levels of lipid peroxidation and oxidative stress biomarkers were observed in
DM rats, including the inhibition of MDA and GSH-PX and the activation of ROS and MDA. As lipid
peroxidation is an essential component of ferroptosis-like cell death, we administered the ferroptosis
inhibitor Fer-1 among DM rats, and found that lipid peroxidation and tactile allodynia induced by STZ
may be alleviated by the administration of Fer-1. 

The activities of GPX4 and ACSL4 have been proven to play vital roles in the regulation of lipid
peroxidation during ferroptosis. GPX4 is a speci�c lipid repair enzyme that is crucial to inhibiting
detrimental phospholipid oxidation (Zhang et al., 2021). It was observed that the lessened GPX4 activity
in response to iron overload during ferroptosis would lead to an accumulation of lipid-based ROS and a
reduction in GSH levels (Ingold et al., 2018). Besides GPX4, ACSL4 was regarded as another important
mediator in lipid peroxidation in the progression of ferroptosis. It has been reported that the activation of
ACSL4 promotes the generation of phospholipids (PL), and oxidized-phosphatidylethanolamine (PE)
ultimately reacts with the overloaded iron, triggering iron-dependent lipid peroxidation (Xu et al., 2020). A
prior in vitro experiment based on Acsl4 knockout cells elaborated a signi�cant reduction in the
substrates for oxidation, including arachidonic acid (AA)- and adrenic acid (AdA)-containing PE species
(Doll et al., 2017). Speci�cally, the present study revealed that ACSL4 overexpression occurred alongside
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GPX4 inhibition in the spinal cords of diabetic rats, which implied that the spinal lipid oxidation process
upon GPX4 inhibition during STZ induced ferroptosis might depend on the activation of ACSL4.
Moreover, intraperitoneal injection of Fer-1 could upregulate the inactivated GPX4 levels and attenuate
spinal lipid peroxidation induced by STZ, thus elucidating a crucial mechanism that controls GPX4
de�ciency-induced lipid peroxidation and oxidative stress by suppressing ferroptosis in the context of
mechanical hypersensitivities in DNP rodents. 

It is commonly known that the mitochondrion functions as a chief organelle for the generation of free
radicals, speci�cally ROS, via the delivery of electrons from the electron transport chain (ETC) (Angelova
et al., 2021). However, in the presence of ferroptosis, mitochondria with aberrant morphologies and
dynamic characteristics are likely to become a potentially dangerous site in generating intracellular
oxidants, as the dysregulated ETC can create high energy electrons to form superoxide anion radicals as
well as hydrogen peroxide and, in turn, prompt subsequent lipid peroxidation (Angelova et al., 2021; Dixon
et al., 2012; Jiang et al., 2021). In the present study, abnormal alterations in mitochondrial morphology
featured by mitochondrial shrinkage and membrane rupture were visualized by transmission electron
microscopy in STZ-treated rats, along with spinal lipid peroxidation. Meanwhile, the application of Fer-1
reversed these changes, further con�rming the involvement of spinal ferroptosis in DNP. Besides, in
neuropathic pain caused by peripheral nerve trauma, the excessive intracellular ROS generated from
mitochondria might increase excitatory synaptic strength, which is closely correlated with central
sensitization in spinal neurons (Bae et al., 2018). In this respect, we speculated that the mechanism
underlying the induction of DNP by spinal ferroptosis might partly be described in terms of spinal central
sensitization induced by mitochondrial dysfunction and excessive ROS generation. 

Conclusions
DNP is an intractable complication of DM without effective treatments, and there is limited understanding
of speci�c mechanisms underlying DNP. In this study, we provide evidence of the involvement of iron-
dependent ferroptosis in DM rats (Fig. 8). Continuous administration of Fer-1 was able to inhibit spinal
ferroptosis and alleviate the mechanical hypersensitivity induced by STZ. Collectively, these �ndings
indicate the inhibition of ferroptosis as a potential therapeutic strategy for patients with DNP.
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Figure 1

Flowchart diagrams showing the timelines of experimental procedures performed in this study

Figure 2

Mechanical hypersensitivities in DM rats were attenuated by the administration of ferrostatin-1 for 14
consecutive days after STZ administration. **P <0.01, ***P <0.001



Page 15/19

Figure 3

STZ administration induced iron accumulation in the spinal cords of rats, and ferrostatin-1 could inhibit
the overload of iron content. (a) Iron content in the spinal cords across four groups, (b) Representative
immunoblots of TFR and FPN1 protein levels, (c, d) Quanti�cation analyses of TRF and FPN1 protein
levels. *P <0.05
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Figure 4

Administration of ferrostatin-1 alleviated STZ-induced lipid peroxidation in rat spinal cords. (a) ROS, (b)
GSP-PX, (c) MDA, and (d) SOD levels in the spinal cords across four groups. *P <0.05, **P <0.01, ***P
<0.001
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Figure 5

Administration of Ferrostatin-1 to DM rats decreases ACSL4 and increases GPX4 protein levels in spinal
cords. (a) Representative immunoblots of ACSL4 and GPX4 protein levels. (b, c) Quantitative analyses of
ACSL4 and GPX4 protein levels. *P <0.05, **P <0.01

Figure 6

Representative images of ACSL4 distribution among different cell types in the spinal cords of rats.
Arrows indicate ACSL4-immunoreactive cells (green) that colocalized with distinct cell markers (red).
Scale bars, 100 μm
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Figure 7

Administration of Ferrostatin-1 alleviated STZ-induced abnormal changes in mitochondrial morphology
in rat spinal cords. (a–d) Representative electron micrographs of spinal cord neurons across rats in four
groups; (e) Proportions of mitochondria with morphological abnormalities; (f) Mean planar areas of
mitochondria. *P <0.05, **P <0.01, ***P <0.001
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Figure 8

Proposed mechanisms of iron-dependent ferroptosis in spinal cords during DNP processes. STZ
administration caused the accumulation of iron content and ROS production that disturbed the
expression of some factors that regulate lipid oxidation processes (GPX4 de�ciency and ACSL4
activation). These pathological events occurred alongside aberrant changes in morphological and
biological characteristics of mitochondria, which �nally led to ferroptosis-like cell death.


