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Irisin alleviates oxidative stress and osteoblast apoptosis in
glucocorticoid-induced rat osteonecrosis of the femoral
head via the integrin aVf5/Bach1/Nrf2 signaling pathway
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Abstract. Glucocorticoid (GC)-induced osteonecrosis of the
femoral head (ONFH) is associated with oxidative stress and
osteoblast apoptosis. Irisin, the cleaved form of fibronectin
type III domain-containing protein 5, attenuates oxidative
stress and apoptosis in numerous types of cells, including
osteoblasts, osteocytes and cardiomyocytes. The present study
aimed to investigate the role of irisin and the mechanism behind
GC-induced ONFH in vivo, as well as oxidative stress and
osteoblast apoptosis in vitro. In the present study, GC-induced
ONFH was established in rats by intramuscular injection
of methylprednisolone, with irisin administered by intra-
peritoneal injection; the FHs were then assessed by micro-CT,
histology, immunohistochemistry and TUNEL staining.
In vitro, murine osteoblastic MC3T3-E1 cells were treated
with dexamethasone (DEX), and oxidative stress, apoptosis
and Nrf2 signaling were evaluated by dihydroethidium/JC-1
staining, flow cytometry, reverse transcription-quantitative
PCR and western blotting. Irisin prevented the development of
GC-induced ONFH in rats, and alleviated oxidative stress and
apoptosis in DEX-treated osteoblasts. To determine the under-
lying mechanisms by which irisin exerted beneficial effects on
DEX-treated osteoblasts, the present study investigated Nrf2
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signaling cascades. Irisin induced Nrf2 signaling cascade
activation in MC3T3-El cells and Nrf2 silencing by targeted
short hairpin RNA reversed the beneficial effects of irisin
on DEX-treated osteoblasts. Further mechanistic analysis
revealed that irisin physically interacted with integrin (ITG)
aVPS5 on osteoblasts, activating Erk1 signaling. This activation
promoted nuclear export of Bachl, a competitive suppressor
of Nrf2, thereby relieving Bachl-mediated suppression of
antioxidant response elements. Consequently, irisin enhanced
Nrf2 nuclear accumulation and upregulated its target genes
[heme oxygenase, NAD(P)H quinone oxidoreductase 1,
glutamate-cysteine ligase catalytic subunit], reducing reactive
oxygen species and mitochondrial membrane potential loss.
Pharmacological inhibition of ITG aVp5 or Erk1/2 abolished
irisin-induced Bachl export, Nrf2 activation and cytoprotec-
tive effects. Collectively, the present study indicated that irisin
may mitigate GC-induced ONFH and osteoblast apoptosis via
the ITG aVB5/Bachl/Nrf2 signaling pathway, highlighting its
therapeutic potential.

Introduction

Glucocorticoids (GCs) are used as part of the therapeutic
regimen for certain types of autoimmune and allergic diseases
due to their immunosuppressive and anti-inflammatory
effects. However, their prolonged and excessive use can lead
to serious adverse effects, such as GC-induced osteonecrosis
of the femoral head (ONFH). This condition affects 9-40%
of patients receiving long-term GC therapy and is the most
common cause of non-traumatic ON (1,2). ONFH is charac-
terized by progressive joint pain and dysfunction, which may
require hip replacement surgery (3). Despite the association
between GCs and ONFH, the underlying pathophysiological
mechanisms remain elusive.

GC-induced excess reactive oxygen species (ROS) genera-
tion and accumulation, as well as subsequent oxidative stress
and apoptosis in osteoblasts, serve pivotal roles in the develop-
ment of ONFH (4-6). GCs not only stimulate ROS generation
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by activating the NOX isozyme family proteins, but also
impair ROS scavenging by inhibiting antioxidant enzymes (6).
Excessive ROS can oxidize biological macromolecules,
impede protein function and cause cell death (7). Moreover,
ROS can induce apoptosis via both the death receptor- and
mitochondria-mediated pathways (7). Conversely, blocking
ROS and oxidative stress partially prevents GC-induced
ONFH and apoptosis (8,9).

Nrf2 is a key component participating in the endogenous
antioxidant mechanism; under physiological conditions, it
exists in the cytoplasm, binding to Kelch-like ECH-associated
protein 1 (Keapl), withrapid degradation by the ubiquitin-prote-
asome system maintaining relatively low Nrf2 levels (10,11).
Under excessive oxidative stress, Nrf2 plays an antioxidant role
by dissociating from Keapl, translocating from the cytoplasm
to the nucleus and binding to antioxidant response elements
(ARES) to initiate the transcription and expression of antioxi-
dative gene [including heme oxygenase (HO)-1 and NAD(P)H
quinone oxidoreductase (NQO)1] (8,10,12). Notably, Nrf2
activation may attenuate GC-induced oxidative stress injury
and subsequent osteoblast apoptosis (6).

Bachl is a heme-sensitive transcription factor belonging
to the CNC basic leucine zipper family, which serves as a
critical regulator of oxidative stress responses by competitively
binding to AREs in target gene promoters (13). Under physi-
ological conditions, Bachl dimerizes with small Maf proteins
to suppress the expression of antioxidative genes, thereby
amplifying cell susceptibility to oxidative damage (14,15).
The functional interplay between Bachl and Nrf2 is a key
axis in redox homeostasis. While Nrf2 activates ARE-driven
transcription to enhance antioxidant defenses, Bachl antago-
nizes this process by displacing Nrf2 from ARE sites, thereby
suppressing the expression of genes (15,16). This competitive
inhibition establishes a dynamic equilibrium wherein cell
redox status dictates the Bachl/Nrf2 ratio, ultimately deter-
mining oxidative injury outcomes (13). Thus, modulating
Bachl activity offers a promising therapeutic strategy for
mitigating oxidative stress.

Irisin is a peptide hormone derived from the cleavage of
fibronectin type III domain-containing protein 5 (FNDCS5)
in skeletal muscle and myocardium during exercise. Since its
discovery in 2012, irisin has attracted attention for its role in
inducing the browning of white adipose tissue, and its benefi-
cial effects on metabolic disorders such as obesity and insulin
resistance, and on cardiovascular disorders such as atheroscle-
rosis and heart failure (17,18). Irisin is also involved in bone
metabolism, and modulates the proliferation, differentiation
and apoptosis of osteocytes, osteoblasts and osteoclasts (19-25).
Moreover, exogenous irisin has been shown to inhibit the
apoptosis of osteoblasts and osteocytes (19,21,22). Irisin
decreases ROS production and attenuates oxidative stress and
apoptosis in different cell types, including osteoblasts, cardio-
myocytes and endothelial cells (19,26,27). Furthermore, irisin
treatment can increase the nuclear levels of Nrf2 in various
cells (19,28,29).

It was hypothesized that irisin may prevent GC-induced
ONFH, and protect osteoblasts from oxidative stress and
apoptosis through a Nrf2-dependent mechanism. The present
study aimed to investigate the function and mechanism of
irisin in GC-induced ONFH and to evaluate its therapeutic

potential for this condition. The findings of the present study
may provide novel information regarding the pathogenesis and
treatment of GC-induced ONFH.

Materials and methods

Animal experiments. Animal experimental and care proce-
dures were approved by the Laboratory Animal Ethics
Committee of Xi'an Jiaotong University (Xi'an, China; approval
no. XJTUAE2025-1953) and were performed following
the Animal Research: Reporting of In Vivo Experiments
guidelines (30) and National Research Council's Guide for
the Care and Use of Laboratory Animals guidelines (31). In
total, 60 male Sprague-Dawley rats (age, 10 weeks; weight,
280-360 g) were obtained from the Experimental Animal
Center of Xi'an Jiaotong University. Rats were housed under
controlled conditions (22+2°C, 50+10% relative humidity,
12-h light/dark cycle) with ad libitum access to standard chow
and water. All animals were acclimated for 7 days prior to
the experiments. Rats were randomly assigned into three
groups (n=20/group) using a random number table, as follows:
i) Control, rats received an equal volume of saline by intramus-
cular injection; ii) Model, rats received methylprednisolone
(MPS; 20 mg/kg/day; Pfizer, Inc.) by intramuscular injection
for the first 3 days of each week for 3 weeks; iii) Irisin, rats
received the same MPS regimen and, immediately after each
MPS injection, irisin (100 pg/kg; cat. no. 067-29A; Phoenix
Pharmaceuticals, Inc.) by intraperitoneal injection. Rats in
the Control and Model groups received an equal volume of
saline. All animals were monitored daily throughout the
experimental period for general condition, body weight, and
food and water intake. Pre-defined humane endpoints were as
follows: Loss of =20% of initial body weight; sustained loss of
appetite or inability to access food or water for >24 h; severe
lethargy, hunched posture or ruffled fur; inability to right
itself or to ambulate; labored or rapid respiration; persistent
hypothermia (rectal temperature <35°C); or any other sign of
severe, unrelieved pain or distress. Any animal meeting one
or more of these criteria would have been euthanized imme-
diately by intraperitoneal injection of sodium pentobarbital
(200 mg/kg body weight), followed by cervical dislocation
to confirm death. No animal reached any of the humane
endpoints during the present study. During the experimental
period, two rats in the Control group died unexpectedly.
Although these animals received only saline injection without
MPS, their deaths may be attributable to complications associ-
ated with the injection procedure (cervical spine injury during
handling or individual sensitivity to the stress of repeated
intraperitoneal injection). In the Model group, five rats died
before the endpoint, likely due to MPS injection-associated
complications such as gastrointestinal bleeding, severe infec-
tion or multi-organ failure, which are known adverse effects of
high-dose GC administration (32). In the Irisin group, four rats
died, potentially due to similar MPS-related toxicities, as irisin
was administered concurrently and may not have fully rescued
the acute systemic toxicity of MPS. These 11 rats were all
found dead during routine daily inspections and none of them
had exhibited any of the pre-defined humane endpoints prior
to death. Ultimately, 18 rats in the Control, 15 in the Model and
16 in the Irisin group were included in the analysis.
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Sample size was calculated for pairwise comparisons using
the formula for two-sample proportions as follows:

a2 + Zg)* % [p1(1 = p1) + p(1 = py)]
n=
(1 — p2)?

where n is the required sample size per group; Z,, is
the critical value of the standard normal distribution corre-
sponding to the Bonferroni-adjusted two-tailed significance
level; Z; is the standard normal value corresponding to 80%
power; and p, and p, are the expected proportions of ONFH
incidence in the two groups being compared.

To account for multiple comparisons, the significance level
was adjusted using Bonferroni's correction (a'=0.05/3=0.0167),
giving a two-tailed critical value of Z,=2.39. Power was set at
0.80 (Z;=0.84). Based on pilot experiments, the expected ONFH
incidence was ~0% in the Control group, 80% in the Model group
and 20% in the Irisin group. The largest required sample size
was obtained for the comparison between the Model and Irisin
groups (p;=0.80, p,=0.20). According to the aforementioned
formula, a minimum of 10 rats/group was required. Considering
potential attrition, 20 rats were initially assigned to each group.

All histological and micro-computed tomography (CT)
analyses were performed by investigators blinded to group
allocation. The GC-induced ONFH model was established
according to a previous study (33). For the ONFH model induc-
tion, rats received daily intramuscular injection with MPS
(20 mg/kg/day; Pfizer, Inc.) for the first 3 days of each week for
3 weeks, while the rats in the Control group received equivalent
saline. After each MPS injection, the Irisin group was adminis-
tered with irisin (0.1 ml; 100 pg/kg) and the remaining groups
received an equal volume of saline. The dose of irisin used in
the present study has been used in previous studies (25,34).

All rats were euthanized by intraperitoneal injection of
sodium pentobarbital at a dose of 200 mg/kg body weight
3 weeks after the last MPS injection, at the end of week 6.
Animals were placed in a quiet area and monitored until
complete cessation of vital signs. Death was confirmed by the
absence of chest wall movement, lack of palpable heartbeat,
absence of corneal and toe pinch reflexes and fixed/dilated
pupils, sustained for =5 min. Subsequently, a secondary phys-
ical method (cervical dislocation) was performed to ensure
death before tissue harvesting. All procedures were conducted
in accordance with the approved animal care protocol and
AVMA Guidelines for the Euthanasia of Animals (2020
Edition) (35). Micro-CT, immunohistochemical (IHC) and
histomorphological analyses were performed on the collected
FH of sacrificed rats at the end of week 6.

Micro-CT scans. Rat FHs were collected, preserved in 4%
paraformaldehyde at room temperature for 48 h, and scanned
with high-resolution micro-CT (Y. Cheetah) at 9 pm/pixel
resolution. DataViewer software (version 1.5.6.2, Bruker
Corporation) was used to reconstruct the three-dimensional
image of representative samples. Within the subchondral
region of interest, the trabecular (Tb) bone parameters were
calculated, including bone volume/total volume fraction
(BVI/TV), Tb separation (Tb.Sp) and thickness (Tb.Th) (36).

Hematoxylin and eosin (H&E) staining. The rat FHs were
fixed with 4% paraformaldehyde at room temperature for 48 h.
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After decalcification in 10% EDTA (pH 7.4) at room tempera-
ture for 4 weeks (the solution being refreshed every 3 days), the
specimens were dehydrated through a graded ethanol series
and embedded in paraffin. The specimens were sectioned to
a thickness of 5 ym, stained with hematoxylin for 5 min and
eosin for 2 min at room temperature, and examined under a
light microscope (Olympus Corporation). All histological and
immunohistochemical procedures, including H&E, IHC and
TUNEL staining, were performed on separate serial sections
(5 um) cut from the same paraffin-embedded FH blocks.
Dihydroethidium (DHE) staining was performed on separate
fresh-frozen sections (5 ym) prepared from the same FHs.

DHE staining. Fresh-frozen FH sections (5 pm) were prepared
at -20°C and incubated with DHE (10 M, cat. no. D7008;
Sigma-Aldrich; Merck KGaA) for 30 min at 37°C in the dark.
The sections were then rinsed three times with PBS and the
nuclei were counterstained with DAPI (1:1,000) for 5 min at
room temperature. Images were captured under a fluorescence
microscope (BX53; Olympus Corporation) using the red
channel (excitation, ~535 nm; emission, ~610 nm), and the
fluorescence intensity in the subchondral bone was quantified
using ImagelJ (version 1.53t; National Institutes of Health) by
two researchers blinded to the treatment groups.

IHC staining. To detect apoptosis and oxidative stress-
associated protein expression in rat FH tissue, IHC staining
was performed. The FH tissues were fixed in 4% paraformal-
dehyde at room temperature for 48 h, decalcified in 10% EDTA
(pH 7.4) at room temperature for 4 weeks, dehydrated in a
descending alcohol series, cleared in xylene and embedded in
paraffin. Sections (5 ym) were deparaffinized in xylene, rehy-
drated through a descending ethanol series, and subjected to
antigen retrieval in 10 mM citrate buffer (pH 6.0) at 95-100°C
for 15 min. After which, endogenous peroxidase was quenched
with 3% hydrogen peroxide for 10 min and the sections were
blocked with 10% normal goat serum (cat. no. SL038; Beijing
Solarbio Science & Technology Co., Ltd.) for 30 min at 37°C.
Sections were then incubated overnight at 4°C with primary
antibodies against total caspase-3, cleaved caspase-3, HO-1
and NQOI, followed by incubation with HRP-conjugated goat
anti-rabbit IgG for 1 h at room temperature. Sections were
treated with DAB for 10 min; brown staining was considered
positive expression, and the sections were counterstained
with hematoxylin for 5 min at room temperature. Images
were captured using a light microscope (BX53; Olympus
Corporation). The numbers of HO-1-, NQOI-, total caspase-3-
and cleaved caspase-3-positive cells were counted in five
randomly selected fields of view per section by two researchers
blinded to the experimental groups, and were expressed as the
number of positive cells per field.

TUNEL staining. Apoptosisinrat FH sections andin MC3T3-El
cells was detected by TUNEL staining using the /n Situ Cell
Death Detection kit (Fluorescein; cat. no. 11684795910; Roche
Diagnostics GmbH) for tissue sections and the In Situ Cell
Death Detection kit (TMR red; cat. no. 12156792910; Roche
Diagnostics GmbH) for cultured cells, in accordance with
the manufacturer's protocols. Adjacent serial sections (5 ym)
obtained from the same paraffin-embedded FH blocks used
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for H&E and IHC staining were deparaffinized in xylene
and rehydrated, permeabilized with proteinase K (20 pg/ml)
for 15 min at room temperature, rinsed three times with
PBS and incubated with 50 ul TUNEL reaction mixture
for 60 min at 37°C in the dark. MC3T3-El cells grown on
coverslips were fixed in 4% paraformaldehyde for 15 min at
room temperature, permeabilized with 0.1% Triton X-100 for
10 min and incubated with 50 ul TUNEL reaction mixture
under the same conditions. In both cases, nuclei were coun-
terstained with DAPI (1:1,000) for 5 min at room temperature,
rinsed three times with PBS and mounted with an anti-fade
mounting medium; TUNEL-positive nuclei appeared green
in tissue sections and red in cultured cells, whereas all nuclei
were stained blue with DAPI. Sections and coverslips were
examined under a fluorescence microscope (BX53; Olympus
Corporation). For tissue sections, five randomly selected fields
of view per section were analyzed, and the apoptotic rate was
calculated as the percentage of TUNEL-positive cells among
DAPI-stained cells by two researchers who were blinded to
the experimental groups. For MC3T3-El cells, five randomly
selected fields of view per sample were analyzed and the
percentage of TUNEL-positive cells among DAPI-stained
cells was calculated by two researchers blinded to the treat-
ment groups (saline control, DEX 10 uM and DEX 10 yM plus
irisin 100 ng/ml).

Western blot analysis. Western blotting of rat FH tissue and
MC3T3-El cells was performed using a unified protocol.
FH tissue was harvested, washed with ice-cold PBS, and
homogenized in RIPA lysis buffer (Beyotime Biotechnology)
containing protease and phosphatase inhibitors (Roche
Diagnostics GmbH) using a tissue grinder. MC3T3-El cells
treated with DEX (10 M) with or without irisin (100 ng/ml)
for 48 h were lysed in the same RIPA buffer. Lysates were
centrifuged at 12,000 x g for 15 min at 4°C and the superna-
tants were collected. Protein concentrations were quantified
using a BCA Protein Assay kit (Beyotime Biotechnology)
according to the manufacturer's instructions. Equal amounts
of protein (30 pg/lane) were separated by 10% SDS-PAGE
and transferred onto PVDF membranes (MilliporeSigma).
The membranes were blocked with 5% non-fat dried milk
in TBS-0.1% Tween-20 (TBST) for 1 h at room tempera-
ture, and then incubated overnight at 4°C with the following
primary antibodies against HO-1, NQOI1, SODI1, BCL-2,
BAX, cleaved caspase-3, total caspase-3 and GAPDH. After
three washes with TBST, the membranes were incubated
with HRP-conjugated goat anti-rabbit or anti-mouse IgG
secondary antibodies for 1 h at room temperature. Protein
bands were visualized using an enhanced chemiluminescence
(ECL) reagent (Tiangen Biotech Co., Ltd.) and the blots were
semi-quantified using ImageJ. GAPDH served as the loading
control. Comprehensive antibody information (dilution, cat.
no. and supplier) is provided in Table SI.

Cell culture. Murine osteoblastic MC3T3-El cells obtained
from the China Center for Type Culture Collection
were cultured at 37°C in 5% humidified CO, in a-MEM
(Sigma-Aldrich; Merck KGaA) supplemented with 10% FBS
(cat. no. F2442; Sigma-Aldrich; Merck KGaA) and 100 U/ml
penicillin/streptomycin for 3 days. To identify the roles of irisin

on dexamethasone (DEX)-treated MC3T3-El cells, cells were
treated with DEX (10 yM; cat. no. D4902; Sigma-Aldrich;
Merck KGaA) alone or in combination with irisin at 37°C in
a humidified atmosphere of 5% CO,. Irisin was used at a low
dose (10 ng/ml) or a high dose (100 ng/ml), unless otherwise
indicated; the dose-response was first established across a
range of 1, 10 and 100 ng/ml in the Cell Counting Kit (CCK)-8
assay. The duration of treatment was assay-dependent: 24 h
for DHE and JC-1 staining, 48 h for flow cytometric analysis
and western blotting, and 72 h for the CCK-8 and lactate
dehydrogenase (LDH) assays.

Cell proliferation and toxicity assay. MC3T3-El cell prolif-
eration was assessed using a CCK-8 kit (Dojindo Laboratories,
Inc.). The cells were seeded at a density of 5,000 cells/well into
a 96-well plate, and then administered saline (vehicle control),
DEX (10 pM) or DEX (10 #M) plus irisin (1, 10 or 100 ng/ml),
as previously described (22,37). The cells were cultured for
72 h at 37°C and 5% CO, in an incubator. After adding 10 ul
CCK-8 reagent to each well and incubating for 2 h, absorbance
was recorded at 450 nm.

The cytotoxicity of DEX and irisin was tested using an
LDH Cytotoxicity Detection kit (cat. no. MK401; Takara Bio,
Inc.) according to the manufacturer's instructions. Briefly, cells
were seeded at a density of 5x10* cells/well in 12-well plates.
Following 72 h administration of DEX (10 M) and irisin
(1, 10 or 100 ng/ml) at 37°C, the LDH activity released into the
culture supernatant was detected and normalized to total LDH
activity (supernatant + cell lysate). The absorbance was read
at 490 nm using a microplate reader (Multiskan FC; Thermo
Fisher Scientific, Inc.). All experiments were performed with
five replicates.

Annexin V assay. MC3T3-El cell apoptosis was assessed by
flow cytometry using an Annexin V FITC apoptosis detection
kit (cat. no. 556547; BD Biosciences) according to the manu-
facturer's instructions. Briefly, following 48 h DEX (10 xM)
treatment in the presence or absence of irisin (100 ng/ml) at
37°C, cells were resuspended in 500 ul binding buffer, incu-
bated with 5 pl each Annexin V-FITC and propidium iodide
(PD) for 15 min in the dark at room temperature, then analyzed
using a BD FACSAria III flow cytometer (BD Biosciences).
Data were analyzed using FlowJo version 10 (BD Biosciences).
Total cell death was defined as the sum of PI- and Annexin
V-positivity.

Co-immunoprecipitation (Co-IP) assay. MC3T3-El cells
were treated with DEX (10 M) with or without irisin
(100 ng/ml) at 37°C for 48 h, washed with ice-cold PBS, and
lysed in ice-cold RIPA lysis buffer (Beyotime Biotechnology)
containing protease and phosphatase inhibitors (Roche
Diagnostics GmbH) for 30 min on ice. Lysates were centri-
fuged at 12,000 x g for 15 min at 4°C, the supernatants were
collected and protein concentrations were quantified using a
BCA Protein Assay kit. An aliquot of the lysate was reserved
as the input control. Equal amounts of protein (500 pg/reac-
tion) were pre-cleared with 20 pul Protein A/G-agarose bead
slurry per reaction (cat. no. sc-2003; Santa Cruz Biotechnology,
Inc.) for 1 h at 4°C with gentle rotation; the pre-cleared lysates
were then divided equally and incubated overnight at 4°C with
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anti-ITGBS (2 pg) or normal mouse IgG (2 ug) as a negative
control. The immune complexes were captured with a further
20 ul of the same bead slurry for 4 h at 4°C with gentle rotation,
washed five times with ice-cold PBS and eluted by boiling in
SDS-PAGE sample buffer for 10 min. The eluates and the input
samples were separated by 10% SDS-PAGE, transferred onto
PVDF membranes (MilliporeSigma) and subjected to western
blotting for ITGBS and irisin as aforementioned.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted from MC3T3-El cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), and first-strand
cDNA was synthesized using a RevertAid First Strand cDNA
Synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions (65°C for 5 min,
42°C for 60 min and 70°C for 5 min). PCR was performed
using TransStart® Tip Green qPCR SuperMix (TransGen
Biotech Co., Ltd.) with the following thermocycling conditions:
Initial denaturation at 94°C for 30 sec, followed by 40 cycles
of 94°C for 5 sec and 60°C for 30 sec, followed by melt-curve
analysis. Primer sequences are listed in Table SII. Relative
gene expression was calculated using the 2244 method (38)
and normalized to Gapdh expression.

ROS assay and oxidative stress detection. MC3T3-El intracel-
lular ROS levels were measured using dihydroethidium (DHE)
staining, as previously described (39). Briefly, following 24 h
treatment with DEX (10 M) in the presence or absence of
irisin (100 ng/ml) at 37°C, the cells were fixed in 4% para-
formaldehyde for 15 min at room temperature and stained
with DHE (10 M) for 30 min at 37°C in the dark. Images
of the cells were then captured under a fluorescence micro-
scope (BX53; Olympus Corporation). Fluorescence intensity
was calculated with ImageJ by two researchers blinded to the
treatment groups.

Malondialdehyde (MDA; cat. no. SO131S), glutathione
(GSH; cat. no. S0052) and total superoxide dismutase (SOD;
cat. no. S0101S) levels in MC3T3-El cells were measured
using commercial kits (Beyotime Biotechnology) according
to the manufacturer's protocols. NADPH oxidase activity was
measured using a commercial kit (cat. no. A127-1-1; Nanjing
Jiancheng Bioengineering Institute) according to the manufac-
turer's instructions, as previously described (26).

Detection of apoptosis by ELISA. Cell apoptosis was
quantified by a Cell Death Detection ELISAPLUS kit (cat.
no. 11774425001; Roche Diagnostics GmbH) according to
the manufacturer's instructions. This photometric sandwich
immunoassay detects cytoplasmic histone-associated DNA
fragments (mono- and oligonucleosomes). Briefly, cells
were lysed and the cytoplasmic fraction was incubated with
anti-histone-biotin and anti-DNA-peroxidase in streptav-
idin-coated wells for 2 h at room temperature; after washing,
ABTS substrate was added and the absorbance was measured
at 405 nm (reference, 490 nm) using a microplate reader
(Multiskan FC; Thermo Fisher Scientific, Inc.). Values were
normalized to the untreated control.

Lentivirus transduction. To knock down the expression of
Nrf2, Bachl and integrin (Itg)b5, short hairpin (sh)RNAs
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targeting Nrf2, Bachl and Itgb5, together with a scrambled
control ShRNA (referred to hereafter as sh-C), were cloned
into the lentiviral vector LV3 (H1/GFP&Puro) (Shanghai
GenePharma Co., Ltd.). Lentiviral particles were generated
by co-transfecting 293T cells (cat. no. CRL-3216; American
Type Culture Collection) with the transfer (10 ug), packaging
(psPAX2; 7.5 ug) and envelope (pMD2.G; 5 ug) plasmids
at a ratio of 4:3:2 using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C for 6 h. Subsequently,
the supernatants were harvested at 48 and 72 h, centrifuged
and filtered (0.45 um). MC3T3-El cells were seeded in
6-well plates at a density of 1x10° cells/well and, at ~50%
confluence, were transduced with the viral supernatant at a
multiplicity of infection of 50 in the presence of polybrene
(5 ug/ml) for 24 h at 37°C. Stable clones were then selected
with puromycin (2 ug/ml) for 10 days and maintained in
1 pg/ml puromycin. The targeting sequences of the sShRNA
constructs were as follows: sh-C, 5'-CAACAAGATGAA
GAGCACCAA-3"; Nrf2 shl, 5'-CCAAAGCTAGTATAG
CAATAA-3'"; Nrf2 sh2, 5'-GCCTTACTCTCCCAGTGA
ATA-3'; Bachl shRNA, 5'-GCGTACACAATATCGAGG
AAT-3'; and Itgb5 shRNA, 5'-CGCCTTCAACAAGTTCAA
CAA-3'. Knockdown efficiency was confirmed by RT-qPCR
for all targets and by western blotting for Nrf2, demonstrating
~95% reduction in Nrf2 expression, 70% reduction in Bachl
and 95% reduction in Itgb5 in the stable cell lines. Stable cell
lines were used for all subsequent experiments.

Detection of mitochondrial membrane potential (MMP). MMP
was measured using JC-1 MMP Assay Kit (cat. no. C2006;
Beyotime Biotechnology) according to the manufacturer's
protocols. Briefly, MC3T3-E1 cells were seeded in 12-well
tissue culture plates at 5x10* cells/well. Following 24 h treat-
ment with DEX (10 M) in the presence or absence of irisin
(100 ng/ml) at 37°C, the cells were stained with JC-1 working
solution (2 #M) for 20 min at 37°C in the dark, washed twice
with JC-1 staining buffer, and images were captured under a
fluorescence microscope (BX53; Olympus Corporation). The
JC-1 aggregate/monomer (red/green) fluorescence ratio was
quantified using ImagelJ.

Leptomycin B (LMB) treatment. To inhibit chromo-
some region maintenance 1 (CRMI1)-dependent nuclear
export, cells were pretreated with LMB (cat. no. L2913;
Sigma-Aldrich; Merck KGaA) at 20 nM in serum-containing
medium for 1 h at 37°C, after which the cells were incubated
with DEX (10 xM) with or without irisin (100 ng/ml) for the
indicated times (24 h for immunofluorescence, DHE and JC-1
staining; 48 h for western blotting) in the continued presence
of LMB. Control cells received an equal volume of vehicle
(methanol:water, 7:3).

Cilengitide treatment. To inhibit ITG aVf5, cells were
pretreated with 10 uM cilengitide (cat. no. HY-16141;
MedChemExpress) in serum-containing medium for 1 h at
37°C, after which the cells were incubated with DEX (10 xM)
with or without irisin (100 ng/ml) for 24 h (immunofluores-
cence) or 48 h (western blotting) in the continued presence of
cilengitide. Control cells received an equal volume of vehicle
(DMSO; final concentration <0.1%).
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Immunofluorescence assay. Immunofluorescence staining
was performed as previously described (40). Briefly,
MC3T3-El cells grown on coverslips were treated with
DEX (10 M) with or without irisin (100 ng/ml) for 24 h at
37°C, in the presence or absence of cilengitide or LMB as
indicated. The cells were then fixed in 4% paraformaldehyde
for 15 min at room temperature, permeabilized with 0.1%
Triton X-100 for 10 min and blocked with 10% normal goat
serum for 30 min at 37°C. For the co-localization of irisin
and ITG aVp5, the cells were incubated overnight at 4°C
with rabbit anti-irisin and mouse anti-ITG aV/p5 antibodies,
followed by incubation with Alexa Fluor® 488-conjugated
goat anti-rabbit IgG and Alexa Fluor 594-conjugated goat
anti-mouse IgG for 1 h at room temperature in the dark. For
the detection of Bachl and F-actin, the cells were incubated
overnight at 4°C with rabbit anti-Bach1 antibody, followed by
incubation with Alexa Fluor 488-conjugated goat anti-rabbit
IgG for 1 h at room temperature in the dark; F-actin was
stained with Alexa Fluor 594-conjugated phalloidin for
30 min at room temperature in the dark. In both cases,
nuclei were counterstained with DAPI and the cells were
mounted with an anti-fade mounting medium. Images were
acquired using a confocal microscope (TCS SP8 STED 3X;
Leica Microsystems GmbH) with LAS X software (Leica
Microsystems GmbH); co-localization and nuclear Bachl
fluorescence intensity were analyzed using Imagel.

Subcellular fractionation. Nuclear and cytoplasmic protein
fractions were prepared using the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (cat. no. 78833; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Briefly, MC3T3-El cells were washed twice with ice-cold
PBS and lysed in ice-cold CER I buffer supplemented with
protease and phosphatase inhibitors. Following the addition
of CER II buffer and centrifugation at 16,000 x g for 5 min at
4°C, the supernatant was collected as the cytoplasmic fraction.
The pellet was resuspended in ice-cold NER buffer, vortexed
for 15 sec every 10 min over 40 min at 4°C, and centrifuged
at 16,000 x g for 10 min at 4°C; the resulting supernatant
was collected as the nuclear fraction. Protein concentrations
were determined using a BCA Protein Assay kit, and equal
amounts of nuclear protein were separated by 10% SDS-PAGE
and subjected to western blotting as aforementioned. Nrf2
and Bachl levels in the nuclear fractions were normalized to
PCNA, which served as the nuclear loading control.

U0126 treatment. To inhibit MEK/Erk signaling, cells were
pretreated with 10 xM UO0126 (cat. no. 9903; Cell Signaling
Technology, Inc.) in serum-containing medium for 1 h at 37°C,
after which the cells were incubated with DEX (10 xM) with
or without irisin (100 ng/ml) for 48 h in the continued presence
of U0126. Control cells received an equal volume of vehicle
(DMSO; final concentration <0.1%).

Statistical analysis. All tests were conducted =3 times, and
the results are presented as the mean + SD. Multiple groups
were compared using one-way ANOVA followed by Tukey's
post hoc test for pairwise comparisons. Comparisons between
two groups were performed using independent-sample t-tests.
P<0.05 was considered to indicate a statistically significant

difference. All statistical analyses were performed using
SPSS 20.0 (IBM Corp.).

Results

Irisin inhibits MPS-induced ONFH in rats. To evaluate
the effect of irisin on GC-induced ONFH, a rat model was
established by intramuscular injection of MPS (Fig. 1A). The
incidence rates of ONFH were 0.0 (0/18) in the Control group,
80.0 (12/15) in the Model and 12.5% (2/16) in the Irisin group.
Histomorphometric analysis of H&E-stained FH sections
(Fig. 1B) revealed marked ON in the Model group, character-
ized by sparse and disorganized Tb bone, as well as abundant
empty osteocyte lacunae within the subchondral region. By
contrast, irisin-treated animals exhibited well-preserved Tb
architecture and a notable decrease in the number of empty
lacunae. To evaluate the subchondral Tb architecture of FHs,
micro-CT was used. The Model group exhibited notable
structural changes in subchondral trabeculae, including bone
mass loss and cystic degeneration, compared with the Control
(Fig. 1C). In the Irisin group subchondral trabeculae were
relatively intact and well distributed. Quantitative analysis of
microstructural parameters (Fig. 1D-G) confirmed that MPS
significantly decreased BV, BV/TV and Tb.Th, while increasing
Tb.Sp. Conversely, irisin significantly reversed these delete-
rious changes, restoring BV, BV/TV and Tb.Th, and decreasing
Tb.Sp relative to the Model group. Collectively, these results
indicated that irisin effectively attenuated MPS-induced ON
and Tb bone loss in the FH.

The present study examined the protective mechanisms of
irisin by assessing oxidative stress and apoptosis in the FH.
Compared with the Control group, the Model group exhibited
significantly elevated levels of ROS, as detected by DHE
fluorescence staining, however, irisin treatment significantly
decreased ROS accumulation (Fig. 2A and C). Consistently,
IHC analyses revealed that irisin upregulated the expression
of the antioxidant enzymes HO-1 and NQOI in FH sections
(Fig. 2B, D and E). TUNEL staining demonstrated that irisin
significantly attenuated MPS-induced apoptosis in osteocytes
and osteoblasts in the FH (Fig. 2F and H). Concurrently, IHC
analysis of total and cleaved caspase-3 in FH sections showed
that MPS increased the immunoreactivity of both forms,
whereas irisin markedly reduced cleaved caspase-3 without
substantially altering total caspase-3 expression (Fig. 2G,
I and J). Western blot analysis of FH tissue confirmed these
observations at the molecular level, showing that irisin
upregulated the anti-apoptotic protein BCL-2 and downregu-
lated the pro-apoptotic proteins BAX and cleaved caspase-3,
thereby restoring the BAX/BCL-2 ratio toward control levels
and inhibiting the caspase-3 activation pathway (Fig. 2K-P).
Collectively, these results suggested that irisin may protect
against MPS-induced ONFH by simultaneously suppressing
oxidative stress and apoptosis in the FH.

Irisin suppresses DEX-induced oxidative stress in vitro in a
Nrf2-dependent manner. It has been shown in previous studies
that DEX induces intracellular ROS production, leading to
oxidative stress injury and cell death in osteoblasts (41,42).
To determine the role of Nrf2, shRNA-mediated knockdown
was performed, Nrf2 mRNA levels were markedly reduced in
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Figure 1. Irisin attenuates MPS-induced ONFH in rats. (A) Schematic diagram of the establishment of MPS-induced rat ONFH model and irisin administra-
tion. (B) Representative H&E staining of FH. (C) Micro-CT analysis of FH morphology. Representative 3D reconstructions from axial, coronal and sagittal
views are presented. Quantitative analysis of (D) BV, (E) BV/TV, (F) Tb.Sp and (G) Tb.Th. Data are presented as the mean + SD. "P<0.05. BV, bone volume;
CT, computed tomography; H&E, hematoxylin and eosin; i.m., intramuscular; MPS, methylprednisolone; ONFH, osteonecrosis of the femoral head; Sp,

separation; Tb, trabecular; Th, thickness; TV, total volume.

sh-Nrf2 cells compared with in sh-C cells (Fig. 3A). To inves-
tigate the cellular mechanisms underlying irisin-mediated
protection against oxidative stress, MC3T3-El osteoblasts
were exposed to DEX with or without irisin. DEX signifi-
cantly increased intracellular ROS levels, as evidenced by
intensified DHE fluorescence, which was effectively attenu-
ated by irisin co-treatment (Fig. 3B and C). Notably, Nrf2
silencing largely abolished the antioxidant effect of irisin,
with ROS levels comparable to those in the DEX group
(Fig. 3B and C). Furthermore, DEX induced notable MMP
dissipation, indicated by the loss of JC-1 aggregates (red
fluorescence) and increased green monomer fluorescence,
whereas irisin preserved MMP; this protection was abrogated
by Nrf2 knockdown (Fig. 3D and E). Biochemically, DEX
resulted in elevated MDA levels and NADPH oxidase activity,
alongside depletion of GSH and SOD; irisin co-administra-
tion reversed these alterations (Fig. 3F-I). At the molecular
level, western blot analysis revealed that DEX significantly
increased the expression of p67phox, and decreased the

expression levels of SODI and SOD?2; irisin co-treatment
reversed these DEX-induced alterations, restoring SODI1
and SOD?2 expression, and reducing p67phox expression.
These effects were blocked by Nrf2 silencing (Fig. 3J-M).
Collectively, these findings indicated that irisin may mitigate
DEX-induced oxidative stress in a Nrf2-dependent manner,
thereby preserving mitochondrial integrity and enhancing
cellular antioxidant defenses.

Irisin alleviates DEX-induced osteoblast apoptosis in vitro
in a Nrf2-dependent manner. To evaluate the cytoprotective
effect of irisin on GC-injured osteoblasts, cell viability and
membrane integrity were assessed. Irisin dose-dependently
restored the cell viability compromised by DEX, as deter-
mined by CCK-8 assay (Fig. 4A) and significantly decreased
DEX-induced LDH release (Fig. 4B). These results indicated
that irisin can improve cell survival under GC stress.

The present study also examined apoptosis. ELISA quan-
tification of cytoplasmic histone-associated DNA fragments
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Figure 2. Irisin suppresses oxidative stress and attenuates apoptosis in methylprednisolone-induced osteonecrosis of the femoral head. (A) Representative
images of DHE staining for the detection of reactive oxygen species. (B) Immunohistochemical staining for antioxidant enzymes HO-1 and NQOI (brown,
positive signal; blue, hematoxylin-counterstained nuclei). (C) Quantitative analysis of the DHE fluorescence intensity. Numbers of (D) HO-1-positive cells
and (E) NQO1-positive cells. (F) Representative images of TUNEL staining for the detection of apoptotic cells. (G) Immunohistochemical staining for
caspase-3 and C-caspase-3; brown staining indicates positive immunoreactivity and nuclei were counterstained with hematoxylin (blue). (H) Quantification of
TUNEL-positive cells. Numbers of (I) T-caspase-3-positive cells and (J) C-caspase-3-positive cells. (K) Western blot analysis of oxidative stress- and apop-
tosis-associated proteins in femoral head tissue. Semi-quantitative analysis of (L) SOD1, (M) HO-1, (N) BAX, (O) BCL-2 and (P) ratio of C- to T-caspase-3.
Data are presented as the mean + SD. “P<0.05. C, cleaved; HO, heme oxygenase; NQO, NAD(P)H quinone oxidoreductase; T, total.

(mono- and oligonucleosomes) showed that irisin co-treatment  confirmed that irisin reduced the proportion of apoptotic cells,
markedly attenuated DEX-induced apoptosis in a dose-depen- ~ with greater protection observed at the high compared with the
dent manner (Fig. 4C). Furthermore, TUNEL staining low dose (Fig. 4D and E).
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Figure 3. Irisin suppresses DEX-induced oxidative stress in vitro in a Nrf2-dependent manner. (A) Validation of Nrf2 knockdown. Relative Nrf2 mRNA
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sh-C, control shRNA; SOD, superoxide dismutase.

To substantiate the anti-apoptotic effect of irisin, flow
cytometry with Annexin V/PI double staining and western
blot analysis were performed. DEX significantly increased
the population of apoptotic cells, which was significantly
suppressed by irisin co-treatment. Notably, this protective
effect was largely reversed following Nrf2 silencing by shRNA
(Fig. 4F-J). Consistently, western blot analysis revealed that
DEX markedly increased BAX expression and decreased
BCL-2 expression, thereby elevating the BAX/BCL-2 ratio,
and increased the cleaved caspase-3/total caspase-3 ratio;

irisin co-treatment reversed these alterations, restoring
BCL-2 expression, and reducing BAX and cleaved caspase-3
toward control levels. These regulatory effects were also
inhibited by Nrf2 knockdown (Fig. 4K-N). Collectively, these
findings demonstrated that irisin protects osteoblasts from
DEX-induced apoptosis in a Nrf2-dependent manner.

Irisin activates the Nrf2 signaling pathway to counteract
oxidative stress. As Nrf2 is a master regulator of the cellular
antioxidant response and its activation has been implicated in
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Figure 4. Irisin alleviates DEX-induced osteoblast apoptosis in a Nrf2-dependent manner. (A) Cell Counting Kit 8 assay for cell viability. (B) LDH release
assay. (C) ELISA detection of early apoptosis. (D) Representative TUNEL staining images. (E) Quantification of TUNEL-positive cells. (F) Quantification
of apoptotic cells. Representative flow cytometry plots of Annexin V/PI double staining in the (G) Control, (H) DEX, (I) DEX + irisin and (J) DEX + irisin +
sh-Nrf2 groups. (K) Western blot analysis of BAX, BCL-2 and C-caspase-3. Semi-quantification of (L) BAX, (M) BCL-2 and (N) the ratio of C- to T-caspase-3.
Data are presented as the mean + SD. "P<0.05. C, cleaved; DEX, dexamethasone; LDH, lactate dehydrogenase; OD, optical density; sh, short hairpin; T, total.

cytoprotection (6,8,43), the present study aimed to elucidate  of irisin. It was hypothesized that irisin mitigates oxidative
the molecular mechanism underlying the protective effect stress by modulating the Nrf2 pathway. DEX significantly
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Figure 5. Irisin activates the Nrf2 signaling pathway to counteract oxidative stress. (A) Western blot analysis and semi-quantification of (B) Nrf2, (C) HO-1,
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decreased the protein expression of Nrf2 in MC3T3-El cells
(Fig. 5A and B), whereas co-treatment with irisin reversed this
DEX-induced downregulation, restoring Nrf2 protein levels.
As Nrf2 functions primarily as a transcription factor (10,11),
the present study examined its downstream targets. Consistent
with the DEX-induced decrease and the irisin-induced restora-
tion of Nrf2 protein, DEX significantly reduced the protein
levels of HO-1, NQOI and GCLC, whereas co-treatment with
irisin significantly upregulated all three relative to the DEX
group, restoring them toward control levels (Fig. 5A and C-E).
To determine whether this upregulation occurred at the
transcriptional level, the present study quantified the mRNA
expression levels of these genes. Irisin markedly elevated the
mRNA levels of Hmox1, Nqol and Gclc in the presence of
DEX (Fig. SF-I). Notably, irisin co-treatment did not signifi-
cantly restore the DEX-induced reduction in Nrf2 mRNA
levels (Fig. 5F), which remained significantly lower than in
the control group, whereas Nrf2 protein expression was fully
restored by irisin (Fig. 5B). This dissociation between Nrf2
mRNA and protein levels suggests that irisin acts post-trans-
lationally, most likely by stabilizing the Nrf2 protein. To
confirm the role of Nrf2 in mediating irisin-induced anti-
oxidant effects, shRNA-mediated knockdown was performed
(Fig. 5J-L). Knockdown of Nrf2 markedly decreased Nrf2

protein and mRNA levels and, consequently, reduced the
expression of both NQO1 and HO-1 at the protein and mRNA
levels (Fig. 5J-L), confirming that the expression of these anti-
oxidant enzymes requires Nrf2. Collectively, these findings
demonstrated that irisin may alleviate DEX-induced oxidative
injury by activating the Nrf2 signaling pathway, primarily via
a post-translational mechanism that stabilizes the Nrf2 protein
and enhances the transcription of antioxidant genes.

Irisin promotes Bachl nuclear export to facilitate Nrf2
nuclear accumulation and exert cytoprotection. To elucidate
how irisin activates Nrf2, the present study examined the
expression of Keapl, the canonical cytoplasmic suppressor
of Nrf2. Western blot analysis showed that irisin did not
significantly alter Keapl protein levels compared with DEX
treatment alone (Fig. 6A and B). Subcellular distribution of
Nrf2 and its competitive suppressor Bachl was subsequently
assessed. Subcellular fractionation revealed that irisin signifi-
cantly increased Nrf2 nuclear accumulation while decreasing
nuclear Bachl levels (Fig. 6C-E). Immunofluorescence
staining confirmed that irisin decreased Bachl nuclear reten-
tion (Fig. 6F and H). Therefore, it was hypothesized that the
promoting effect of irisin on Nrf2 may be associated with its
facilitation of Bachl nuclear export.
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To verify whether Bachl nuclear export is required for ~a CRMI-dependent nuclear export inhibitor. LMB signifi-
irisin-induced protective effects, cells were treated with LMB, cantly blocked the irisin-induced decrease in nuclear Bachl
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(Fig. 6F and H). Functionally, LMB abolished the ability of
irisin to attenuate intracellular ROS generation (Fig. 6G and I),
restore MMP (Fig. 6G and J), upregulate HO-1 and SODI1
(Fig. 6K, M and N) and modulate apoptotic proteins (BCL-2
upregulation; BAX and cleaved caspase-3 downregulation;
Fig. 6K and P-Q). These data indicated that irisin-induced
cytoprotective effects depend on Bachl nuclear export.

To establish the causal role of Bachl, sShRNA-mediated
knockdown of Bachl was performed; Bachl mRNA levels
were markedly reduced in sh-Bachl compared with sh-C cells
(Fig. 6L). Functionally, LMB abolished the ability of irisin to
attenuate intracellular ROS generation and to restore MMP
(Fig. 6G, I and J). In Bachl-knockdown cells, LMB failed to
block the protective effects of irisin, as shown by the restored
expression of SOD1, HO-1 and BCL-2, and the reduced expres-
sion of BAX and cleaved caspase-3 relative to cells treated
with DEX + irisin + LMB (Fig. 6K and M-Q). These results
demonstrated that the inhibitory effect of LMB on irisin may
be dependent on the presence of Bachl. Collectively, these
findings indicated that irisin can promote CRM1-dependent
nuclear export of Bachl, thereby relieving Bachl-mediated
suppression of Nrf2 and enabling Nrf2 nuclear accumulation
to drive antioxidant and anti-apoptotic gene expression.

Irisin activates Erkl signaling via ITG aVB5 to promote
Bachl nuclear export. Having established that irisin promotes
CRM1-dependent nuclear export of Bachl, the present study
investigated the upstream signaling events governing this
process. As Erk1/2 phosphorylation is implicated in Bachl
nuclear translocation (44), the present study examined the
effect of irisin on Erkl activation. Western blot analysis
revealed that irisin significantly increased the phosphorylation
of Erkl in DEX-treated MC3T3-El cells, without altering
total Erkl levels (Fig. 7A and B). To determine whether
Erkl activation is required for irisin-induced Bachl nuclear
export, cells were pretreated with U0126, a specific MEK/Erk
inhibitor. U0126 prevented the irisin-mediated reduction of
nuclear Bachl (Fig. 7C and D) and blocked the irisin-induced
upregulation of Nrf2 target genes, Hmox1, Nqol and Gclc
(Fig. 7E-G). These results are consistent with a requirement
for MEK/Erk signaling in irisin-mediated Bachl nuclear
export and subsequent Nrf2 activation.

Previous studies have identified ITG aVB5 as a functional
receptor for irisin in various cell types, including intestinal
epithelial cells, osteocytes and adipocytes (40,45,46). To
verify this interaction in the present experimental system,
immunofluorescence double staining was performed.
Confocal microscopy revealed prominent colocalization of
irisin with ITG aV5 on the surface of DEX + irisin-treated
osteoblasts (Fig. 7H). To provide biochemical evidence for a
physical interaction, the present study performed co-IP assay.
Immunoprecipitation with an anti-ITGBS antibody followed
by immunoblotting for irisin detected a specific band at
24 kDa, whereas only a faint non-specific signal was observed
in the IgG control (Fig. 7). These data demonstrated that
irisin may physically associate with ITG aVp5 in osteoblasts.
To assess the functional relevance of this interaction, the
present study employed both pharmacological and genetic
approaches. Treatment with cilengitide, an ITG aV inhibitor,
significantly attenuated irisin-induced Erkl phosphorylation
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(Fig. 7K and L) and prevented the irisin-mediated reduction
of nuclear Bachl (Fig. 7M and N). To achieve greater speci-
ficity, ITGBS was silenced using shRNA (sh-Itgb5) (Fig. 7J).
Knockdown of Itgb5 phenocopied the effects of cilengitide:
Irisin failed to induce Erk1 phosphorylation (Fig. 7K and L) and
decrease nuclear Bachl levels (Fig. 7M and N). Collectively,
these results established that irisin may engage ITG aVp5 to
activate Erk1 signaling, which in turn drives CRM1-dependent
Bachl nuclear export, enabling Nrf2 nuclear accumulation and
antioxidant gene expression.

Discussion

GC-induced ONFH is a debilitating orthopedic condition
characterized by progressive bone cell death and articular
collapse (3,43). Although the pathogenesis of ONFH is multi-
factorial, mounting evidence indicates that excessive oxidative
stress and osteoblast apoptosis serve pivotal roles in its devel-
opment (4-6,40). In the present study, irisin, a myokine derived
from FNDCS5, effectively protected against GC-induced
ONFH both in vivo and in vitro, with the underlying molecular
mechanism involving the ITG aVp5/Erk1/Bachl/Nrf2
signaling pathway.

The present in vivo results showed that irisin administra-
tion significantly decreased the incidence of MPS-induced
ONFH in rats, preserved Tb bone microarchitecture and
attenuated oxidative stress and apoptosis in FH tissue,
as evidenced by DHE staining, TUNEL assay and IHC
analysis of HO-1 and NQOI. These findings are consis-
tent with previous reports on the role of irisin in bone
metabolism (25,34,44,45). Colaianni et al (25) reported that
low-dose irisin administration increased cortical bone mass
and modulated osteoblast gene expression in vivo without
inducing adipose tissue browning. Zhang et al (34) demon-
strated that exercise-induced irisin promoted bone formation
and systemic irisin administration revealed new regulatory
mechanisms in bone metabolism. Zhu et al (44) generated
osteoblast-lineage-specific FNDC5/irisin knockout mice and
demonstrated that irisin deficiency led to lower bone density,
delayed bone development and impaired exercise-induced
bone strengthening. In vitro, irisin protected MC3T3-El
osteoblasts from DEX-induced oxidative stress and apoptosis
in a dose-dependent manner. Mechanistically, irisin activated
the Nrf2 signaling pathway, as evidenced by increased nuclear
accumulation of Nrf2 and upregulation of its downstream
target genes, including Hmox1, Nqol and Gclc. This is in line
with the study by Zhang et al (26), which demonstrated that
FNDCS5/irisin alleviated oxidative stress and cardiomyocyte
apoptosis via Nrf2 activation in a doxorubicin-induced cardio-
toxicity model. Notably, shRNA-mediated knockdown of
Nrf2 abolished irisin-induced protective effects against ROS
accumulation, MMP loss and apoptosis, confirming that Nrf2
is essential for irisin-mediated cytoprotection.

The present study identified Bachl as a key mediator linking
irisin to Nrf2 activation. Under physiological conditions, Bachl
competes with Nrf2 for binding AREs, thereby suppressing
the transcription of antioxidant genes (12). Wang et al (13)
recently demonstrated that the Bach1/HO-1 pathway may serve
a crucial role in regulating oxidative stress and ferroptosis,
highlighting the importance of this regulatory axis in cell
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Figure 7. Irisin activates Erk1 signaling via ITG aV5 to promote Bachl nuclear export. (A) Western blot analysis of p- and T-Erk1. (B) Quantification
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oxidoreductase 1; p-, phosphorylation; PCNA, proliferating cell nuclear antigen; sh, short hairpin; sh-C, control shRNA; T-, total.
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redox homeostasis (13). Studies have established that Bachl
inhibition protects osteoblasts against oxidative damage by
enhancing Nrf2/ARE signaling activation, and that pharmaco-
logical Bachl inhibition promotes nuclear export of Bachl and
induces Nrf2 nuclear accumulation (47,48). The present data
demonstrated that irisin promoted nuclear export of Bachl,
leading to decreased nuclear Bachl levels and consequent
relief of Nrf2 suppression. This conclusion is supported by two
complementary lines of evidence: LMB, a CRMI inhibitor,
blocked irisin-induced Bachl nuclear export and abrogated
irisin-mediated protective effects; secondly, shRNA-mediated
knockdown of Bachl rendered LMB ineffective, demonstrating
that the inhibitory effect of LMB was dependent on the pres-
ence of Bachl. These results established a causal role for Bachl
nuclear export in irisin-mediated Nrf2 activation.

The present study investigated the upstream signaling events
governing irisin-induced Bachl nuclear export. Irisin induced
Erkl phosphorylation in DEX-treated osteoblasts, whereas
pharmacological inhibition of Erk1/2 with U0126 blocked
both Bachl nuclear export and irisin-induced cytoprotective
effects, thereby establishing Erk1 as a requisite intermediate in
this cascade. Accordingly, the present study aimed to identify
the upstream receptor responsible for irisin-induced Erk1 acti-
vation. Accumulating evidence has identified ITG aVp5 as a
functional receptor for irisin in various cell contexts, including
osteocytes, hippocampal neurons and vascular endothelial
cells (24,48-50). Specifically, irisin has been shown to bind
ITG aVP5 and activate the Erk1/2 signaling pathway (51,52).
Consistent with this, a recent study demonstrated that irisin
signals via ITG aVf5 to induce Erk1/2 phosphorylation and
that pharmacological inhibition of aVP5 with cilengitide
effectively suppresses this activation (52). In the present study,
co-IP and immunofluorescence co-localization confirmed the
physical interaction between irisin and ITG aVf35 in osteo-
blasts. Functional inhibition of ITG aVpB5 with cilengitide
abrogated irisin-induced Erkl phosphorylation and Bachl
nuclear export, and genetic knockdown of Itgb5 using sShRNA
produced similar effects, indicating that ITG aVB5 may serve
as the upstream receptor for irisin in osteoblasts. Collectively,
these findings demonstrated a complete signaling cascade:
Irisin bound ITG aVf5, activated Erkl phosphorylation,
promoted nuclear export of Bachl, relieved Bachl-mediated
suppression of Nrf2 and ultimately enhanced antioxidant gene
expression to counteract oxidative stress and apoptosis.

The Nrf2 signaling pathway is a central hub in the
protection against GC-induced ON and multiple therapeutic
strategies converge on this axis (6,8,53). For example,
Han et al (8) demonstrated that chlorogenic acid activated
the Nrf2/HO-1 pathway via p21 upregulation to protect
MC3T3-El cells from DEX-induced mitochondrial apoptosis.
Similarly, Chen et al (53) reported that microRNA-3175 acti-
vated Nrf2 signaling by targeting DCAF]I, thereby inhibiting
DEX-induced oxidative injury in osteoblasts. The present
findings extend these observations by identifying a novel
upstream regulatory mechanism: Irisin promoted nuclear
export of Bachl, a competitive suppressor of Nrf2, thereby
relieving Nrf2 from transcriptional inhibition and enhancing
antioxidant gene expression. This Bachl-centric mechanism
distinguishes the present study from those that directly
modulate Nrf2 stability or degradation and underscores the
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therapeutic potential of targeting the Bachl/Nrf2 axis as a
complementary strategy for ONFH treatment.

Several limitations of the present study should be
acknowledged. First, there was a species mismatch between
the in vivo (Sprague-Dawley rats) and in vitro (murine
MC3T3-El cells) experiments. Although this combination is
common in preliminary investigations (54,55), it introduces
potential inconsistencies in cross-species protein expression
and antibody reactivity. Therefore, future studies employing
rat-derived osteoblast cell lines are warranted to confirm the
key findings. Additionally, the pharmacological tools used in
the present study have inherent limitations. LMB is a general
inhibitor of CRM1-mediated nuclear export rather than a
Bachl-specific inhibitor and cilengitide inhibits multiple
aV ITGs including aV(3, aVBS and aVP8 (56). Although
the present study performed sh-Bachl and sh-Itgb5 knock-
down to genetically compensate for these limitations, future
studies using specific inhibitors or blocking antibodies may
validate the specificity of these interactions. Additionally, the
present study did not directly verify whether U0126 alone
affects baseline oxidative stress or apoptosis in control cells;
therefore, future studies should include appropriate control
experiments to exclude potential off-target effects of phar-
macological inhibitors such as U0126. Moreover, the present
study did not directly examine key signaling components of
the proposed aVB5/Erk1/Bach1/Nrf2 pathway, such as p-Erkl1,
nuclear Bachl and nuclear Nrf2, in FH tissue. Future studies
employing more advanced techniques, such as single-cell
RNA sequencing or spatial transcriptomics, are warranted
to delineate the cell type-specific activation of this pathway
in vivo. Finally, the evidence for direct binding between irisin
and ITG aVp5, while strengthened by co-IP and sh-Itgb5 data,
relied on functional and biochemical association rather than
direct biophysical measurement. Future studies using surface
plasmon resonance or biotin-labeled binding assays may
clarify the direct binding kinetics.

Despite the aforementioned limitations, the present study
provided evidence that irisin protected against GC-induced
ONFH through the ITG aVB5/Erk1/Bachl/Nrf2 signaling
pathway. The present findings provide new insights into the
molecular regulation of bone metabolism and redox homeo-
stasis, and highlight the therapeutic potential of irisin for the
prevention and treatment of ONFH. Future studies should focus
on optimizing irisin delivery methods, evaluating its long-term
safety and efficacy in preclinical models and translating these
findings into clinical application.
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