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SUMMARY Diabetes-induced neuropathy represents a major etiology of dementia, highlighting an urgent need
for the development of effective therapeutic interventions. In this study, we explored the role of
fibronectin type III domain containing 5 (FNDCS5)/Irisin in mitigating hyperglycemia-induced
neurotoxicity in HT22 cells and investigated the underlying mechanisms. Our findings reveal that
high glucose conditions are neurotoxic, leading to reduced viability of HT22 cells and increased
apoptosis. Furthermore, the elevated expression of the intracellular ferroptosis marker Acyl-CoA
Synthetase Long Chain Family Member 4 (ACSL4), along with increased levels of ferrous ions and
malondialdehyde (MDA), suggests that high glucose conditions may induce ferroptosis in HT22 cells.
FNDC5/Irisin treatment effectively mitigates high glucose-induced neurotoxicity and ferroptosis in
HT22 cells. Mechanistically, FNDC5/Irisin enhances cellular antioxidant capacity, regulates ACSL4
expression, and improves intracellular redox status, thereby inhibiting ferroptosis and increasing HT22
cell survival under high-glucose conditions. These results highlight the neuroprotective potential of
FNDC5/Irisin in high glucose environments, offering a promising avenue for developing treatments

for diabetes-related neurodegenerative diseases.

Keywords

1. Introduction

Type 2 diabetes mellitus (T2DM) comprises
approximately 96% of all diabetes cases (/-4). Notably,
the prevalence of mild cognitive impairment among
individuals with T2DM reaches as high as 45% (5),
a major contributor to dementia and a potentially
modifiable risk factor (6). As such, diabetes-induced
brain aging and cognitive decline are significant
complications, underscoring the importance of
investigating the mechanisms underlying hyperglycemia-
driven cognitive dysfunction for the prevention and
amelioration of diabetic brain injury.

Studies have identified ferroptosis as a key driver
of diabetic cognitive dysfunction, with increased iron
deposition observed in the brains of patients with T2DM
and cognitive impairment (7). Excess iron catalyzes
the Fenton reaction, resulting in the overproduction of
reactive oxygen species (ROS), which subsequently
depletes glutathione, triggers lipid peroxidation, and

high-glucose environment, neurotoxicity, FNDC5/Irisin, ferroptosis

exhausts endogenous antioxidant defenses, ultimately
leading to neuronal ferroptosis, synaptic dysfunction, and
cognitive decline (8). Inhibition of ferroptosis has been
shown to mitigate hippocampal neuronal damage and
synaptic plasticity impairments, effectively improving
cognitive function (9-17). These findings suggest that
high-glucose-induced neurotoxicity is closely associated
with ferroptosis, highlighting the inhibition of ferroptosis
as a promising therapeutic strategy for alleviating
cognitive deficits in T2DM.

The FNDCS5 gene is highly expressed in the
hippocampus and cortex of C57BL/6 mice (/2).
Its cleaved form, irisin, has been detected in the
cerebrospinal fluid (/3,74). Studies suggest that FNDCS5/
irisin plays a critical role in cognitive and memory
functions (/4,15). Furthermore, FNDC5/irisin attenuates
high-glucose-induced cytotoxicity via the AMPK-
insulin receptor signaling pathway (/6-18). In addition,
irisin has been implicated in ferroptosis regulation in a
mouse model of sepsis-associated encephalopathy, where
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FNDCS5/irisin reduced Fe2", ROS, malondialdehyde
(MDA), and acyl-CoA synthetase long-chain family
member 4 (ACSL4) levels, thereby inhibiting ferroptosis
and improving learning and memory functions (/9).
However, whether FNDC5/irisin can mitigate high-
glucose-induced neurotoxicity by inhibiting ferroptosis
remains unclear and warrants further investigation.

In this study, we observed that high glucose
conditions induced neurotoxicity and triggered
ferroptosis in HT22 cells. Irisin treatment effectively
mitigated high glucose-induced neurotoxicity and
ferroptosis. Additionally, we found that high glucose
reduced the expression of FNDCS5 in HT22 cells.
Overexpression of FNDCS attenuated high glucose-
induced neurotoxicity, enhanced synaptic plasticity, and
inhibited ferroptosis. Exogenous irisin supplementation
also effectively alleviated hyperglycemic neurotoxicity
and ferroptosis in the context of reduced FNDCS5
expression. In summary, our data suggest that FNDC5/
irisin exerts neuroprotective effects through the inhibition
of ferroptosis under high glucose conditions, providing
new insights into diabetes-induced cognitive impairment.

2. Materials and Methods
2.1. Cell culture and glucose treatment

HT22 murine hippocampal cells was kindly provided
by the Chongqing Key Laboratory of Translational
Medicine for Cognitive Development and Learning and
Memory Disorders, Institute of Pediatrics, Children's
Hospital of Chongqging Medical University. The cells
were cultured in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum, 100 U/
mL penicillin and 100 pg/mL streptomycin. For high
glucose treatment, 750 mM stock solution of high
glucose was prepared with D-(+)-glucose and glucose-
free medium and diluted to different concentrations
with glucose-free complete medium. 25 pg of Irisin
lyophilized powder was added with 250 uL of glucose-
free medium and mixed slowly up and down to make
a stock solution of Irisin at a concentration of 100 ng/
mL, and then diluted to gradient dilution with the
corresponding glucose-concentrated medium according
to the need of the experiments. All cells were cultured
in a humidified cell culture incubator (Thermo Fisher)
at 37°C with 5% CO,.

2.2. Cell transfection

Plasmid transfection sequences were designed by
Shanghai Genechem Co., For gene overexpression,
the FNDCS5 overexpression plasmid (CMV enhancer-
MCS-3flag-polyA-EF1A-zsGreen-sv40-puromycin)
was constructed by cloning the corresponding coding
sequence into the GV657 vector. For knockdown, the
FNDCS5 knockdown plasmid (hU6-MCS-CBh-gcGFP-

IRES-puromycin) was constructed by cloning the
corresponding coding sequence into the GV493 vector.
lipofectamine 3000 reagent (Invitrogen, cat # L3000015,
USA) was used for cell transfection according to the
manufacturer's instructions. 48 hours after transfection,
cells were used for further experiments.

2.3. Chemicals

Irisin(# 8880) purchased from R&D, fetal bovine
serum(#10099141C), penicillin-streptomycin(#15140122),
0.25%Trypsin-EDTA(1x) (#25200056), basic DMEM
(#C11995500BT), DMEM, glucose free (#11966025)
, Opti-MEM™ [ serum reduced media (#31985062)
purchased from Gibco, bovine serum albumin ( #A8020),
D-(+)-glucose(#G6152), D-Mannitol(#M4125), ferroptosis
inhibitor ferrostatin-1 (fer-1) (#SML0583) purchased from
sigma, ferroptosis inducer Erastin (#HY-15763) purchased
from MCE.

2.4. CCK-8 assay

The CCK-8 (MCE, #HY-K0301, USA) assay kit was
used to assess cell viability precisely according to the
instructions. HT22 cells were intervened as required
for the experiment, and the medium was replaced with
CCK-8 working solution containing 10% CCK-8 reagent
after treatment. Cells were incubated at 37°C for 1 hour.
A microplate reader measured the absorbance (450 nm)
of each well.

2.5. FerroOrange staining

Intracellular Fe** was detected using a FerroOrange probe
(DOJINDO, #F374, Japan). After treatment according
to the experimental protocol, the culture medium was
discarded, HT22 cells were washed three times with PBS
solution, and the FerroOrange working solution with a
final concentration of 1 pmol/L was diluted with DMEM
and processed for 30 minutes at 37°C in a 5% CO,
incubator, nuclei were stained by adding 5 ul of Hoechst
33342 (Beyotime, # C1025, China) staining solution,
incubated for 5 min at room temperature and protected
from light. Finally, the stained cells were observed using
a fluorescence microscope.

2.6. Iron measurement

Intracellular ferrous iron levels were assessed using an
iron assay kit (Elabscience, #E-BC-K881-M, China).
Prior to the experiment, the standard protectant was
mixed with the buffer as required. After the indicated
treatments, HT22 cells were harvested to lysed cells by
adding 0.2 mL of buffer per 1x10° cells, centrifuged at
15,000xg for 10 min, and the supernatant was taken for
ferrous iron measurement assay. Experimental procedures
strictly followed the manufacturer's instructions.
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2.7. MDA measurement

Intracellular MDA concentration was assessed using a
Lipid Peroxidation MDA Assay Kit (Beyotime, #S0131,
China). After the indicated treatments, HT22 cells
were harvested and lysed in RIPA lysate. Cell lysates
were centrifuged at 15,000 rpm for 10 min, and the
supernatant was collected for subsequent experiments.
The MDA measurement procedure strictly followed the
manufacturer's instructions.

2.8. ROS level detection

Dilute DCFH-DA (Beyotime, #S0033S, China). with
serum-free culture medium according to 1:1,000 to give a
final concentration of 10 umol/L. An appropriate amount
was added to the well plate, covered with the sample, and
incubated for 20 min at 37°C in a cell culture incubator.
Using a flow cytometric analyzer, set the excitation
wavelength of 488 nm and the emission wavelength
of 525 nm to detect the intensity of fluorescence after
stimulation. All experimental operations were performed
in strict accordance with the reagent instructions.

2.9. Annexin V-FITC PI apoptosis

HT22 cell death was assessed using the Annexin V
- FITC PI Apoptosis Kit (Lianke, #AT101, China),
which has strict instructions for use. According to the
experimental design, digested with matching trypsin for
5-10 minutes at room temperature after intervention,
added pre-cooled PBS, mixed by gentle blowing,
collected into tubes and centrifuged, resuspended by
adding 500 pL of Apoptosis Positive Control Reagent,
incubated on ice for 30 minutes, resuspended by adding
an appropriate amount of pre-cooled 1x Binding
Solution, and added the same number of untreated live
cells to mix with it. Added 1x Binding Solution to reach
a total volume of 1.5 mL, the suspension was divided
equally into three tubes: a blank control tube, a PI single-
stained tube, and an Annexin V-FITC single-stained
tube. Annexin V-FITC (5 pL) or PI (10 pL) was added to
the single-stained tubes, while both Annexin V-FITC (5
pL) and PI (10 pL) were added to the tubes containing
samples to be examined. Incubate the tubes for 5 min at
room temperature and avoiding light, and then turn on
the flow cytometer, and detect the samples through the
FITC (Ex = 488 nm, Em = 530 nm) and PI (Ex = 535
nm, Em = 615 nm) channels.

2.10. Immunofluorescence

Cell culture plates used for immunofluorescence
experiments were previously coated with 1%
gelatin aqueous solution. After cell intervention, 4%
paraformaldehyde was added to fix it for 15 min,
0.3% Triton X-100 was added, treated for 15 min,
blocked with 5% goat serum, and incubated for 1 hour

at 37°C. Finally, the samples were incubated with
the primary antibody against microtubule-associated
protein 2 (MAP2) (Abcam, #ab183830, dilution 1:500)
at 4°C overnight. The next day, samples were washed
three times with PBST and incubated with anti-rabbit
IgG (Invitrogen, #A21207, USA, Alexa Fluor 594,
dilution 1:100) secondary antibody for 60 min at room
temperature. The nuclei were then stained with DAPI
(Beyotime, #C1005, China) solution for 5 minutes.
Images were acquired using an orthogonal fluorescence
microscope.

2.11. Western blot assays

Total cellular proteins were extracted using SDS lysis
buffer supplemented with protease and phosphatase
inhibitors, followed by protein electrophoresis. ACSL4
antibody (Santa Cruz Biotechnology, #sc-365230,
diluted at 1:100), postsynaptic density protein 95
(PSD95) antibody (Invitrogen, #MA1-046, diluted at
1:500), FNDC5 antibody (Abcam, #ab174833, diluted at
1:1,000), B-actin antibody (Abcam, #ab115777, diluted at
1:1,000), were all shaken overnight and incubated. Next
day, the samples were washed 5 times with PBST and
incubated with goat anti-mouse HRP coupled secondary
antibody (Proteintech, #20000838, dilution ratio
1:10,000) or goat anti-rabbit HRP coupled secondary
antibody (zsbio, #ZB-2301, dilution ratio 1:5,000) for 1
hour at room temperature.

2.12. Statistical analysis

Data were presented as mean + standard deviation
(mean = SD). All data were assessed for normality
using appropriate statistical tests. Unpaired two-tailed t
tests were used for comparing two independent groups,
and one-way ANOVA was used for multiple group
comparisons. Differences were considered statistically
significant at *(P < 0.05), **(P < 0.01), and ***(P <
0.001).

3. Results

3.1. High-glucose microenvironment induced
neurotoxicity in HT22 cells

To investigate the effect of high glucose on HT22 cell
viability, we treated cells with glucose concentrations
of 25 mM (control group), 50 mM, and 75 mM (high
glucose groups). Cell viability was assessed at 12, 24,
36, and 48 hours. High glucose treatments (50 mM and
75 mM) significantly inhibited HT22 cell proliferation
and reduced cell viability at 36 hours (Figure 1A). Flow
cytometry analysis revealed an apoptosis rate of 16.88%
in HT22 cells at 36 hours with 75 mM glucose treatment,
compared to 5.03% in the control group (Figure 1B).
MAP2 immunofluorescent staining showed that 75
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Figure 1. High-glucose microenvironment induced neurotoxicity in HT22 cells. (A) Cellular viability of HT22 cells was assessed at 12, 24, 36,
48, 72 hour after interventions with 25mM, 50mM, 75mM glucose . (B) Apoptosis rate analysis of HT22 cells was conducted using flow cytometry
after high glucose (HG) interventions (C) Representative images of immunofluorescence staining of MAP2 (red) and DAPI (blue) were obtained
after 36 hours of exposure to 75 mM high glucose. Scale bar = 50 um. The mean neurite length, as indicated by MAP2 staining, was quantified. (D)
Volcano plot displaying differentially expressed genes in the cerebral cortex of control mice and mice with impaired glucose tolerance in dataset
GSE179711; (E) Analysis of the KEGG signaling pathway differential expression genes; (F) Analysis of the GO signaling pathway differential
expression genes. Each experiment was conducted in triplicate. Statistical analyses were performed including unpaired Student's #-tests and one-way

ANOVA. *(P < 0.05), **(P < 0.01), and ***(P < 0.001).

mM glucose treatment for 36 hours reduced the length
of neurite in HT22 cells (Figure 1C). Additionally,
we analyzed RNA sequencing data from the cerebral
cortex of mice with impaired glucose tolerance using
the GSE179711 dataset (20) from the GEO database.
Differential gene screening was performed with a fold
change cutoff of 1.5 (Figure 1D). KEGG (Figure 1E) and
GO pathway enrichment analyses (Figure 1F) indicated
that the differential genes were primarily involved
in the regulation of neural synapses and behavioral
performance. These results are consistent with our
findings that high glucose affects synaptic function and
exerts neurotoxic effects.

3.2. High glucose triggers ferroptosis in HT22 cells

Based on the latest research, high glucose induces
ferroptosis in mouse brain neurons (27). To investigate
whether high glucose-induced neurotoxicity in HT22
cells is mediated by ferroptosis, we assessed intracellular
Fe’' and MDA levels at various time points following 75
mM high glucose intervention. We found a significant

increase in ferrous ion levels at 36 hours (Figure 2A).
Correspondingly, MDA levels increased progressively,
peaking at 36 hours (Figure 2B). The occurrence of
ferroptosis was further supported by a significant rise
in ROS levels at 36 hours (Figure 2C). These results
suggest that 75 mM high glucose intervention for 36
hours may induce ferroptosis in HT22 cells.

To further investigate high glucose-induced
neurodegeneration in HT22 cells via ferroptosis,
we selected Fer-1, a ferroptosis inhibitor known to
effectively counter the ferroptosis cascade by interfering
with lipid peroxidation and reducing oxidative stress.
We treated high glucose-cultured HT22 cells with
1 uM Fer-1 (22) and observed that Fer-1 treatment
significantly reduced intracellular MDA levels (Figure
2D) and decreased the accumulation of intracellular
ferrous ions (Figure 2E). Additionally, Fer-1 treatment
notably suppressed the expression of the ferroptosis
marker protein ACSL4 induced by high glucose
(Figure 2F). Using CCKS assays, we found that Fer-1
treatment increased the viability of high glucose-treated
cells (Figure 2G) and elevated the protein expression
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Figure 2. High glucose triggers ferroptosis in HT22 cells. Assessment of intracellular ferrous ion levels in HT22 cells following 75 mM glucose
treatment at various time points (n = 3). (B) Assessment of MDA levels in HT22 cells following 75 mM glucose treatment at various time points (n
= 3). (C) Measurement of ROS levels in HT22 cells after 36 hours of 75 mM glucose treatment using flow cytometry (n = 3). (D) Assessment of
intracellular MDA levels in HT22 cells under high glucose conditions following treatment with iron death inhibitor Fer-1 (n = 3). (E) Intracellular
ferrous ion levels in HT22 cells under high glucose conditions following treatment with Fer-1. Intracellular ferrous ions (FerroOrange, red) and
nuclei (Hoechst, blue) was performed. Scale bar = 50 um. (F) ACSL4 protein levels in HT22 cells under high glucose conditions following treatment
with Fer-1. (G) Assessment of cellular activity in HT22 cells under high glucose conditions using CCKS following treatment with Fer-1. (H) PSD95
protein levels in HT22 cells under high glucose conditions following treatment with Fer-1. Data are expressed as mean + SD, each experiment was
conducted in triplicate. Statistical analyses were performed including unpaired Student's #-tests. *(P < 0.05), **(P < 0.01), and ***(P < 0.001).

of the synaptic marker PSD95 (Figure 2H). These
results indicate that Fer-1 inhibit high glucose-induced
ferroptosis and neurotoxicity, highlighting ferroptosis as
a critical mechanism underlying high glucose-induced
cytotoxicity in HT22 cells.

3.3. Exogenous irisin ameliorated high glucose-induced
neurotoxicity and ferroptosis

Studies have reported that irisin can effectively improve
insulin resistance and regulate glucose homeostasis
(23), highlighting its positive role in ameliorating
hyperglycaemic toxicity. However, whether irisin
can exert neuroprotective effects by mitigating
hyperglycaemia-induced ferroptosis remains unclear.
Therefore, we explored the effects of irisin on HT22 cells
in a hyperglycaemic environment. We first determined
the effective concentration and safe dosage of irisin.
Figure 3A illustrates a decline in cell activity in the high
glucose environment, while no significant changes were
noted in the mannitol osmolality control group. Notably,

treatment with irisin from 0.1 to 10 nM significantly
enhanced cell activity under high glucose conditions,
with the most pronounced therapeutic effect observed at
5 nM irisin (P < 0.05). Therefore, 5 nM irisin was chosen
for subsequent experiments (Figure 3A).

To validate the effect of irisin on HT22 cells in a
high glucose environment, we examined cell activity
and neurite length. We found that irisin significantly
reduced the cell apoptosis rate (Figure 3B), increased
neurite length (Figure 3C), and elevated PSD95 protein
expression (Figure 3D), indicating that irisin exerts
neuroprotective effects on HT22 cells under high glucose
conditions. Subsequently, we investigated whether irisin
could alleviate high glucose-induced ferroptosis in HT22
cells. We observed that irisin significantly decreased
MDA levels (Figure 3E), intracellular ROS levels (Figure
3F), and intracellular ferrous ion levels (Figure 3G-H).
In conclusion, irisin exerts neuroprotective effects in a
high glucose environment by effectively inhibiting high
glucose-induced intracellular iron overload, oxidative
stress, and ferroptosis.
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Figure 3. Exogenous irisin ameliorated high glucose-induced neurotoxicity and ferroptosis. (A) Assessment of cellular activity in HT22 cells
treated with varying concentrations of irisin under high glucose conditions, using 50 nM mannitol as an osmotic control. (B) Assessment of apoptosis
rate in HT22 cells treated with 5 nM irisin under high glucose conditions by flow cytometry. (C) Representative images of immunofluorescence
staining of MAP2 (red) and DAPI (blue). Scale bar = 50 pm. The mean neurite length, as indicated by MAP?2 staining, was quantified. (D) Protein
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treated with 5 nM irisin under high glucose conditions. (F) Flow cytometry detection of intracellular ROS levels in HT22 cells after treated with 5 nM
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conditions. Intracellular ferrous ions (FerroOrange, red) and nuclei (Hoechst, blue) was performed to count the average fluorescence intensity. Scale
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one-way ANOVA. *(P <0.05), ** (P <0.01), and ***(P < 0.001).

of FNDCS5 in HT22 cells under high glucose conditions
and found that high glucose treatment inhibited FNDC5
expression compared to the control (Figure 4A). Based
on this observation, we overexpressed FNDCS5 in HT22

3.4. FNDC5 overexpression mitigated high glucose-
induced neurotoxicity and ferroptosis

Irisin is derived from the FNDCS5 protein through

proteolytic cleavage of its extracellular fragment and
is subsequently secreted into the peripheral circulation.
Our findings demonstrated that exogenous irisin exerts
a neuroprotective effect on HT22 cells in a high glucose
environment. This prompted us to investigate whether
the expression of endogenous FNDCS5 could have a
similar impact. We first examined the protein expression

cells using plasmid transfection (Supplementary Figures
S1. A-C, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=216). Flow cytometry
analysis revealed that FNDC5 overexpression decreased
the apoptosis rate of HT22 cells in a high glucose
environment (Figure 4B), improved the average length of
neurite (Figure 4C), and increased the protein expression
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measured by flow cytometry. (C) Representative images of immunofluorescence staining of MAP2 (red) and DAPI (blue). Scale bar = 50 pm.
The mean neurite length, as indicated by MAP2 staining, was quantified. (D) Protein levels of PSD95 in HT22 cells under high glucose conditions
following FNDCS5 overexpression. (E) Intracellular ferrous fluorescence intensity of HT22 cells under high glucose conditions following FNDCS5
overexpression. Intracellular ferrous ions (FerroOrange, red) and nuclei (Hoechst, blue) was performed to count the average fluorescence intensity.
Scale bar 50 = pm. (F) Quantitative intracellular MDA levels. (G) Intracellular ACSL4 protein expression levels. (H) Intracellular PSD95 protein
expression levels in erastin-treated HT22 cells with FNDCS5 overexpression. (I) Intracellular ACSL4 protein expression levels. (J) Intracellular MDA
levels. (K) Intracellular ferrous fluorescence intensity. Each experiment was conducted in triplicate, data are expressed as mean + SD. Statistical
analyses were performed including unpaired Student's #-tests and one-way ANOVA with Tukey's post hoc tests. *(P < 0.05), **(P < 0.01), and ***(P
<0.001).

of PSD95 (Figure 4D). induced neurotoxicity and ferroptosis. To further validate
In addition, we observed that overexpression of the effect of FNDCS5 on ferroptosis, we tested the impact
FNDCS5 effectively reduced the intracellular ferrous of FNDCS5 overexpression using the ferroptosis inducer

ions (Figure 4E), MDA level (Figure 4F), and protein Erastin, which promotes ferroptosis through multiple
expression of ACSL4 (Figure 4G) in HT22 cells under mechanisms (24). We treated cells with 0.5 uM Erastin
high glucose conditions. These results suggest that to induce ferroptosis and found that Erastin treatment
overexpression of FNDCS5 attenuates high glucose- inhibited the protein expression of PSD95 and increased
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the protein expression of ACSL4, a marker of ferroptosis,
in HT22 cells compared to controls. Overexpression of
FNDCS5 effectively increased PSD95 protein expression
and decreased ACSL4 protein levels (Figure 4H-I).
Additionally, we observed that Erastin-induced MDA
levels and ferrous ion accumulation were alleviated by
FNDCS5 overexpression (Figure 4J-K). Taken together,
these findings suggest that overexpression of FNDCS5
in a high glucose environment attenuates neurotoxicity
through the inhibition of ferroptosis.

3.5. Exogenous irisin attenuates high glucose-induced
neurotoxicity under conditions of reduced FNDCS5
expression

Due to the decreased expression of FNDCS5 in a high
glucose environment, leading to reduced endogenous
irisin production, we aimed to investigate whether
exogenous irisin could exert neuroprotective effects
when FNDCS5 expression is significantly reduced. We
further knocked down FNDCS expression in HT22 cells
under high glucose conditions (Supplementary Figure
S1. E-F, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=216) and then treated the
cells with exogenous irisin. The results showed that irisin
treatment effectively reduced the apoptosis rate in the
FNDCS5 knockdown group under high glucose conditions
(Figure 5A), prolonged the average neurite length (Figure
5B), and increased the PSD95 protein expression level
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Figure 5. Exogenous Irisin administration after FNDCS5 knockdown ameliorated high glucose-induced neurotoxicity. (A) Apoptosis detection
by flow cytometry in HT22 cells with FNDC5 knockdown following irisin intervention. (B) Representative images of immunofluorescence staining
of MAP2 (red) and DAPI (blue). Scale bar = 50 um. The mean neurite length, as indicated by MAP?2 staining, was quantified. (C) Protein levels of
PSD95. (D) Intracellular ACSL4 protein expression levels. (E) Quantitative intracellular MDA levels. (F) Intracellular ferrous fluorescence intensity
of HT22 cells with FNDCS5 knockdown following irisin intervention. Ferrous ions (FerroOrange, red) and nuclei (Hoechst, blue). Scale bar = 50
um. Each experiment was conducted in triplicate, data are expressed as mean + SD. Statistical analyses were performed including unpaired Student's
t-tests and one-way ANOVA with Tukey's post hoc tests. *(P < 0.05), **(P < 0.01), and ***(P < 0.001).
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(Figure 5C). Similarly, irisin treatment also inhibited
ferroptosis-related markers in FNDCS5 knockdown
HT22 cells under high glucose conditions, including
ACSL4 expression (Figure 5D), MDA levels (Figure
5E), and intracellular ferrous ion levels (Figure S5F). In
conclusion, with endogenous FNDCS5 knockdown, irisin
effectively alleviated high glucose-induced neurotoxicity
and ferroptosis in HT22 cells. These results further
underscore the effectiveness of irisin in mitigating high
glucose-induced neurotoxicity.

4. Discussion

With the aging population, diabetes has emerged as a
major global health concern, particularly in the elderly.
Diabetic neuropathy represents a critical complication of
diabetes, underscoring the importance of elucidating the
mechanisms linking hyperglycemia to nerve damage and
identifying potential therapeutic interventions.

In this study, we demonstrated that high glucose
exerts neurotoxic effects on HT22 cells, as evidenced by
reduced cellular viability, increased apoptosis, shortened
neurite length, and decreased expression of the synaptic
marker protein PSD95. Furthermore, we observed
activation of the ferroptosis pathway in high-glucose-
treated HT22 cells, characterized by iron overload,
oxidative stress, lipid peroxidation, and elevated
expression of the ferroptosis marker ACSL4. Notably,
irisin treatment effectively suppressed high-glucose-
induced neurotoxicity and ferroptosis in these cells.
Additionally, high glucose reduced the expression of
FNDCS, the precursor protein of irisin. Overexpression
of FNDCS increased endogenous irisin levels, resulting
in neuroprotection and inhibition of ferroptosis. To
further explore this mechanism, we knocked down
FNDCS5 expression and treated the cells with exogenous
irisin. Remarkably, exogenous irisin supplementation
attenuated neurotoxicity and inhibited ferroptosis, even in
the context of reduced endogenous FNDCS5 expression.
In conclusion, our findings indicate that FNDCS5/
irisin mitigates high-glucose-induced neurotoxicity
by inhibiting ferroptosis in HT22 cells, offering new
insights and potential therapeutic strategies for diabetic
neuropathy.

The expression of ferroptosis-related markers,
including glutathione peroxidase 4 (GPX4) and the
cystine/glutamate antiporter (SLC7A11), was markedly
downregulated in a high-glucose environment. In
contrast, ferritin levels and lipid peroxidation were
significantly elevated (25,26), indicating that ferroptosis
is a key mechanism underlying high-glucose-induced
cytotoxicity. Our experimental findings demonstrated that
FNDC5/Irisin significantly attenuated lipid peroxidation
and intracellular iron accumulation, thereby inhibiting
ferroptosis. In line with previous studies, FNDC5/Irisin
was also shown to suppress the expression of inducible
nitric oxide synthase (iNOS) and NADPH oxidase 2

(NOX2), reducing ROS production under high-glucose
conditions (27). Moreover, Irisin reduced ferroptosis by
downregulating elevated levels of superoxide dismutase
(SOD), glutathione peroxidase 1 (GPX-1), catalase
(CAT), and Nrf2, thereby mitigating oxidative stress
induced by high glucose (28). These findings suggest
that FNDC5/Irisin may represent a promising therapeutic
target for diabetes-associated neuropathy and other
ferroptosis-related pathologies. Further research is
warranted to elucidate the precise regulatory mechanisms
of FNDC5/Irisin in ferroptosis and explore its potential
clinical applications.

In addition, we observed a reduction in FNDC5
expression in HT22 cells under high-glucose conditions.
Previous studies have shown that FNDCS5 expression
in subcutaneous adipose tissue of type II diabetic
patients is reduced by 40—45%, while circulating irisin
levels decrease by 40%. Furthermore, circulating
irisin levels are negatively correlated with fasting
blood glucose (27,29,30) and diabetic complications
(29,31). Similarly, an in vitro study demonstrated that
high glucose suppresses FNDC5 mRNA and protein
expression in a concentration-dependent manner (32);
however, the underlying mechanism for this reduction
remains unclear. In a related study, decreased expression
of cystathionine y-lyase in high-glucose mice led to
H2S deficiency, which triggers excessive oxidative
stress and impairs PGC-1a expression (/8). As FNDCS
expression in neurons is heavily dependent on PGC-
la activity (33), it is plausible that downregulation of
PGC-1a in high-glucose environments contributes to
the reduced expression of FNDCS5/irisin. Additionally,
inflammatory factors and oxidative stress have been
shown to influence FNDCS5 expression; for example, IL-
1B and TNFa reduce FNDCS protein synthesis and lower
irisin levels (37,34). Previous research suggests that high
glucose inhibits the ERK/MAPK signaling pathway (35),
which is known to positively regulate PGC-1a/FNDCS5/
irisin expression during neuronal differentiation (36).
Thus, downregulation of the ERK/MAPK pathway may
represent an additional mechanism contributing to the
reduction in FNDCS5/irisin expression.

Given the reduction in FNDCS5/irisin expression
under high-glucose conditions, and its established
neuroprotective effects, restoring FNDC5/irisin levels is
crucial for mitigating high-glucose-induced neurological
damage. Our findings indicate that exogenous irisin
supplementation, despite reduced FNDCS5 expression,
attenuated high-glucose-induced neurotoxicity and
ferroptosis. Previous studies have shown that adenovirus-
mediated delivery of FNDCS to the liver increases
circulating irisin levels, which, in turn, induces the
expression of neuroprotective factors in the hippocampus
(33). Thus, therapeutic strategies centered on injectable
peptides targeting FNDCS5/irisin may represent a
promising approach to mitigate diabetic neurotoxicity.
However, further studies are required to evaluate the
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clinical efficacy of FNDC5/irisin in preventing diabetic
neurotoxicity and cognitive impairment. While this study
focuses on the role of FNDC5/irisin in neuronal cells,
the significance of myogenic FNDC5/irisin should not
be underestimated. FNDC5/irisin, a myokine, is highly
expressed in skeletal muscle, and approximately 70%
of circulating irisin in mice originates from muscle
tissue (/8). Its secretion is significantly elevated in
response to exercise (37), and muscle-derived irisin can
cross the blood-brain barrier, enabling it to influence
the central nervous system. Moreover, exercise has
been shown to upregulate FNDCS5 expression in the
hippocampus, subsequently increasing the levels of
brain-derived neurotrophic factor (BDNF) and providing
neuroprotection (33). These observations suggest that
exercise-induced upregulation of FNDC5/irisin could
represent a promising intervention to mitigate the
cognitive dysfunction associated with diabetes mellitus

Furthermore, although our study provides strong
evidence that FNDCS5/Irisin alleviates high glucose-
induced neurotoxicity in HT22 cells, several limitations
remain. First, our study was conducted primarily at the
cellular level and lacked validation in animal models.
Second, it is unclear whether FNDCS5/Irisin exerts
consistent effects across different types of neuronal cells,
necessitating further investigation. Additionally, other
potential mechanisms, such as the interaction of FNDCS5/
Irisin with other signaling pathways, warrant further
exploration.

In conclusion, our findings highlight the role of
FNDC5/irisin in alleviating high glucose-induced
neurotoxicity and ferroptosis, presenting a novel target for
the treatment of diabetes-associated neurodegenerative
diseases and providing a foundation for future clinical
studies.
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