Ye et al. Journal of Orthopaedic Surgery and Research ~ (2025) 20:477 Journal of Ortho paed ic
https://doi.org/10.1186/513018-025-05912-y Su rgery a nd Research

Decreased serum and local GPX4 and SLC7A11 @
expression correlates with disease severity

in non-traumatic osteonecrosis of the femoral
head
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Abstract

Background Ferroptosis is implicated in various musculoskeletal conditions, including non-traumatic osteonecrosis
of the femoral head (NT-ONFH).

Objective The objective of this study was to explore the levels of two crucial proteins associated with ferroptosis,
namely Glutathione peroxidase 4 (GPX4) and Solute Carrier Family 7 Member 11 (SLC7A11), in both serum and
femoral head samples, and to correlate their expression levels with the clinical severity of NT-ONFH.

Methods The study included 136 NT-ONFH patients and an equal number of healthy controls. In addition, 68
subjects suffering from femoral neck fractures (FNF) were included in the study. The serum concentrations of GPX4
and SLC7A11 were quantified using the enzyme-linked immunosorbent assay. The GPX4 and SLC7A11 levels among
tissue samples were identified through immunohistochemical staining, western blot analysis, and quantitative real-
time polymerase chain reaction (qRT-PCR). The radiographic severity of the condition was evaluated utilizing the
Association Research Circulation Osseous (ARCO) classification system, while the symptomatic severity was assessed
utilizing the Visual Analogue Scale (VAS) alongside the Harris Hip Score (HHS).

Results Patients diagnosed with NT-ONFH had considerably reduced serum concentrations of GPX4 and SLC7AT1

in comparison to individuals in the healthy control group. Negative correlations of serum GPX4 and SLC7A11 levels
with the ARCO stages were observed. A total of 73 ONFH and 68 FNF patients underwent total hip replacement. The
mRNA and protein levels of GPX4 and SLC7A11 were lower in the necrotic areas compared to the non-necrotic areas
and FNF femoral head tissues. Subsequent Receiver operating characteristic (ROC) curve analysis suggested that the
decreased levels of both serum and local GPX4 and SLC7A11 could serve as potential biomarkers for the progression
of ONFH. Furthermore, serum and local GPX4 and SLC7A11 levels were found to be negatively linked to the VAS score
but positively related to the HHS score.
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Conclusion The levels of GPX4 and SLC7AT11, both in serum and at the local site, were inversely correlated with the
progression of NT-ONFH. Targeting ferroptosis and its associated proteins through potential therapeutic interventions
could be a viable strategy to mitigate the severity of NT-ONFH.
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Introduction

As a debilitating bone disorder, non-traumatic osteone-
crosis of the femoral head (NT-ONFH) is marked by the
malfunctioning of the femoral head’s microvasculature
as well as disruptions in bone metabolism [1, 2]. Among
various NT-ONFH cases, those caused by steroids are
the most frequent, with alcohol-induced cases com-
ing next, and then those linked to other factors such as
blood disorders, genetic predispositions, or of unknown
causes [3, 4]. It is predicted that the worldwide count of
ONFH patients could hit 20 million within ten years.This
condition often leads to profound functional limitations
and can cause disability, placing a considerable financial
strain on the affected individuals, their households, and
society in general [5]. The misuse of steroids and exces-
sive alcohol consumption are established risk factors for
ONFH, as they can trigger issues with lipid metabolism,
diminish the capacity for bone formation, hinder blood
circulation, incite inflammation, and induce cell death, all
of which could contribute to ONFH [6, 7]. Moreover, ste-
riods and alcohol are known to encourage the transfor-
mation of mesenchymal stem cells into fat cells [8].

Ferroptosis differs from other forms of programmed
cell death in the context of morphology, genetic mecha-
nisms, as well as biochemical processes [9]. It is marked
by the accumulation of iron and reactive oxygen species
(ROS) within the cells, inhibition of the cystine-glutamate
antiporter system X_~, reduction in glutathione levels,
oxidation of nicotinamide adenine dinucleotide phos-
phate (NADPH), and lipid peroxidation [9]. Research has
demonstrated that ferroptosis has a substantial impact
on the pathology of a wide range of illnesses, including
but not limited to cancer [10], cardiovascular diseases
[11], neurological disorders [12], rheumatic diseases [13],
musculoskeletal conditions [14], and diabetes [15].

At the molecular level, ferroptosis is triggered by the
inhibition of glutathione peroxidase 4 (GPX4), a key
enzyme involved in maintaining cellular redox homeo-
stasis. GPX4 plays an essential role in neutralizing ROS
by reducing lipid hydroperoxides to their correspond-
ing alcohols [16]. A decrease in GPX4 activity can stem
from either direct inhibition of its enzymatic function or
from enhanced degradation by certain inducers [17]. The
impairment or absence of GPX4 activity directly activates
ferroptosis due to the subsequent buildup of lipid perox-
ides [18]. Solute Carrier Family 7 Member 11 (SLC7A11)
constitutes the light chain of the cystine/glutamate

antiporter system X_~, and it plays an essential role in
maintaining the redox equilibrium within cells [19].
When system X_~ is compromised, the cellular levels of
cysteine are diminished, which subsequently hinders the
production of glutathione (GSH) alongside GPX4’s activ-
ity, ultimately initiating ferroptosis [20].

Ferroptosis has been demonstrated to be involved in
the progression of NT-ONFH. Dexamethasone is capa-
ble of inhibiting the expression of SLC7A11 and GPX4,
which results in a decrease in the intracellular levels of
GSH and a concurrent rise in the levels of malondial-
dehyde and ROS [21]. This suppression also results in a
decrease in mitochondrial size and cristae, which are
hallmark features of ferroptosis. Elevating the SLC7A11
level or employing a ferroptosis inhibitor like Ferro-
statin-1 could mitigate ferroptosis triggered by dexa-
methasone in MC3T3-E1 cells. This indicates that
dexamethasone triggers ferroptosis in MC3T3-E1 cells
through the activation of the p53/SLC7A11/GPX4 signal-
ing pathway [21].

Steriods and alcohol has been proved to facilitate fer-
roptosis from different aspects.For example, Dexa-
methasone could sensitize ferroptosis by glucocorticoid
receptor—induced dipeptidase-1 expression and glutathi-
one depletion [22]. Dexamethasone -induced osteoporo-
sis is tightly related to the ferroptosis and deceased GPX/
SLC7A11 expressions [23].0n the other hand, alcohol
could induced hepatocyte iron death, accompanied by
accumulation of lipid peroxidation and decreased expres-
sion of SLC7A11 and GPX4 [24].In another study, alvo-
hol could induce rat liver injury model, and inhibition of
p62/Nrf2/Keapl/SLC7A11 pathway by fucoidan could
protect hepatocytes from ferroptosis and inhibit iron
overload [25].

The objective of this study was to establish a link
between the concentrations of GPX4 and SLC7A11, in
both serum and local tissues, and the advancement of
NT-ONFH patients.

Patients and methods

Study patients

The study enrolled a total of 136 patients with NT-ONFH
at Linyi People’s Hospital in Shandong Province, China,
from October 2023 to September 2024. Out of these 136
patients, 70 had NT-ONFH due to steroid use and 66 due
to alcohol consumption, as determined by their medi-
cal histories. The inclusion criteria for steroid-related
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ONFH were: (1) patients with a record of corticoste-
roid consumption exceeding cumulative dose of 2 g of
prednisolone or an equivalent dose within 3 months;
(2) patients diagnosed with osteonecrosis within 2 years
post-corticosteroid treatment; and (3) patients without
other risk factors besides corticosteroid use [26]. The
inclusion criteria for alcohol-related ONFH were: (1)
patients with documented weekly alcohol consumption
exceeding 400 mL, equivalent to 320 g of pure ethanol,
for a period exceeding six months; (2) patients with diag-
nosis of ONFH within one year following the specified
alcohol intake; and (3) patients with no other risk factors
present apart from alcohol misuse [27]. Individuals were
excluded from the study in case that they had a medi-
cal history of metabolic or endocrine disorders, chronic
diseases, cancer, prior glucocorticoid or chemotherapy
treatments, or if they were taking medications known to
affect bone metabolism. Concurrently, 136 healthy indi-
viduals were recruited as controls, who were selected
based on the absence of hip pain and normal findings on
anteroposterior and frog leg lateral pelvic radiographs,
with no signs of sclerotic margins or subchondral col-
lapse indicative of ONFH.

Out of the 136 patients diagnosed with NT-ONFH, 33
who were at Association Research Circulation Osseous
(ARCO) stage 4 as well as 35 patients at ARCO stage 3
received total hip replacement (THR). Concurrently, 36
patients with femoral neck fracture (FNF) who under-
went THR were incorporated as a control group. All
femoral head tissues from FNF patients did not show
necrotic manifestations.Tissue samples from the femoral
head were collected for subsequent analysis.

The study was approved by the Regional Committee
for Science and Research Ethics at Linyi People’s Hospital
(Approval No. 20230030). All participants involved in the
study signed written informed consent.

Western blotting

Briefly, the bone tissue samples were first placed into a
mortar containing liquid nitrogen and crushed into a
fine powder. The powdered bone tissue was then trans-
ferred to an Eppendorf (EP) tube (1.5 mL) and mixed
with protein lysate. The samples were lysed using risto-
cetin-induced platelet aggregation (RIPA) buffer (Beyo-
time, China). The protein samples, once denatured (20 pg
per lane), were subjected to separation via a 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and
subsequently transferred onto polyvinylidene fluoride
(PVDF) membranes from EMD Millipore, USA. The pri-
mary antibodies applied were as follows: GPX4 (1:1000,
ab125066; Abcam, UK), SLC7A11 (1:1000, ab307601;
Abcam, UK), together with GAPDH (1:3000, ab8226;
Abcam, UK). To detect protein bands, horseradish per-
oxidase-conjugated secondary antibodies were used, and
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the visualization of blots were achieved through the Clar-
ity Western ECL Substrate Kit (Bio-Rad, USA).

Immunohistochemistry (IHC)

The ITHC assay was performed following standard pro-
cedures. Tissues from patients with NT-ONFH and FNF
were sectioned into paraffin-embedded slices approxi-
mately 5 micrometers thick. The sections underwent
a series of preparatory steps including the removal of
paraffin, rehydration, and blocking. Subsequently, they
were incubated with primary antibodies against GPX4
(1:1000, Abcam, UK) as well as human SLC7A11 (1:1000,
Abcam, UK), followed by an incubation at the tempera-
ture of 37 °C for one hour. Subsequently, a secondary
antibody, Rabbit anti-human IgG (1:1000), was applied
for a 20-minute blocking period. The expression of the
proteins in the tissues was then examined using a fluo-
rescence microscope (Olympus, Tokyo, Japan). The his-
tochemical score for each tissue sample was determined
by multiplying the percentage of positively stained area
by the intensity of the staining, with the calculation facili-
tated by Image]J software.

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

The mRNA levels of GPX4 and SLC7A11 were deter-
mined through RT-qPCR, utilizing SYBR Green as a fluo-
rescent marker. Each sample was subjected to RT-qPCR
three times to ensure accuracy. The relative gene expres-
sion levels were computed utilizing the 2724¢T method.
The specific primer sequences used for amplification are
as follows: (1) GPX4: Forward: 5-AGAGATCAAAGAGT
TCGCCGC-3; Reverse: 5-TCTTCATCCACTTCCACA
GCG-3’; (2) SLC7A11: Forward: 5-GCTGTGATATCCC
TGGCATT-3; Reverse: 5-GGCGTCTTTAAAGTTCTG
CG-3%; (3) GAPDH: Forward: 5-TGTGTCCGTCGTGG
ATCTGA-3; Reverse: 5-CCTGCTTCACCACCTTCTT
GA-3'.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood samples were drawn from the elbow vein in the
morning while subjects were fasting, and the samples
were collected into tubes with an procoagulant. Follow-
ing a 2-hour incubation period, the blood samples under-
went centrifugation at 3,000 g for a period of 15 min at
the temperature of 4°C to facilitate the separation of
serum from the cellular components. Subsequently, the
levels of SLC7A11 (item number: SEE410Hu, supplied
by Cloud-clone Inc., based in Katy, Texas) and GPX4 (
item number: SEE994Hu, also from Cloud-clone Inc.)
in the serum were quantified utilizing ELISA kits (R&D
Systems, Inc., Minneapolis, Minnesota ), strictly in accor-
dance with the guidelines supplied by the manufacturer.
Next, their absorbance was quantified at the wavelength
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of 450 nm utilizing a microplate reader. The assays are
capable of detecting SLC7A11 at concentrations rang-
ing from 0.156 to 10 ng/mL, while GPX4 can be detected
within a range of 3.12 to 200 ng/mL. Each dataset was
derived from three separate experiments to ensure reli-
ability. The intra-assay variation coefficients were 6.8%
for SLC7A11 and 8.8% for GPX4, while the inter-assay
variation coefficients were 7.5% for SLC7A11 and 9.3%
for GPX4.

Radiological evaluation

The radiographic assessments were conducted using the
ARCO classification system for ONFH, which is based on
the characteristics observed through X-ray and MRI [8].
The ACRO classification system, is outlined below: (1)
Stage 0 indicates that there are no abnormalities observed
in diagnostic imaging; (2) Stage 1 signifies that conven-
tional radiography and CT scans appear normal, but MRI
or scintigraphy, or a combination of both, detect osteo-
necrosis; (3) Stage 2 is characterized by radiographic evi-
dence of irregularities such as mottling, osteolysis, and
sclerosis, but the femoral head retains a spherical appear-
ance on anteroposterior and lateral projections; (4) Stage
3 is marked by the presence of the “crescent sign” on
radiographs, a thin radiolucent line suggesting subchon-
dral fracture, coinciding with mechanical collapse of the
femoral head; (5) Stage 4 is identified by the obvious flat-
tening of the femoral head, a reduction in the joint space,
and alterations in the acetabulum. The study enrolled
patients with ONFH who were classified at ARCO stages
2 or higher. When both hips were influenced, the more
severely impacted side was chosen for study evaluation.

Assessment of clinical severity

Clinical severity of the patients was evaluated utilizing
the Visual Analogue Scale (VAS) together with Harris
Hip Score (HHS). As a pain measurement instrument,
the VAS employed a 10 cm long line, with one end
marked “0” indicating the absence of pain and the oppo-
site end marked “10” representing the most severe pain
that can be imagined, allowing patients to mark their
own pain level [28].VAS scores of 0-3, 4—6, and 7-10
points were indicative of mild, moderate, and severe pain,
respectively. The HHS, introduced by Harris in 1969,
could evaluate the functional outcomes and surgical effi-
cacy for patients who have undergone hip replacement
surgery [29]. This scoring system had a maximum pos-
sible score of 100 points, with assessment criteria focus-
ing on pain, functionality, deformities, as well as mobility.
The HHS categorized results into four performance levels
based on the total score. Specifically, scores of 90-100,
80-89, 70-79, and <69 corresponded to excellent, good,
fair, and poor levels, respectively.
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Statistical analysis

Data followed normal distribution based on Shapiro-
Wilk test, and were described with the mean + standard
deviation (SD) derived from separate experimental trials.
For comparison between two groups, Student’s t-test was
employed to compare the mean expressions of gene or
proteins. When comparing parameters across >3 groups,
one-way analysis of variance (ANOVA) was conducted,
which was then supplemented by the Bonferroni post-
hoc test for multiple comparisons to analyze specific dif-
ferences between groups. GraphPad Prism 8.0 was used
for data analysis. The diagnostic efficacy of GPX4 along-
side SLC7A11 within the ARCO grading system was
assessed utilizing receiver operating characteristic (ROC)
curves. The possible associations of GPX4 and SLC7A11
with various other factors were assessed utilizing either
Spearman’s or Pearson’s correlation methods. The statis-
tical significance threshold was established at a p-value
threshold of less than 0.05.

Results

Demographic information

Patients with NT-ONFH included 71 male and 65
female individuals, with the average age of 53.1+7.1
years (range:38—66 years); while the control group com-
prised 69 males together with 67 females, and the mean
age was 52.4+6.8 years old (range:37-65 years old).
Regarding of the body mass index (BMI), the average
value for individuals with NT-ONFH was 23.5+2.2 kg/
m?, while for healthy controls (HCs), it was 23.0 +2.6 kg/
m?m The gender (P=0.703), age (P=0.242), alongside
BMI (P=0.327) did not show any significant difference
between groups, as summarized in Table 1.

Local GPX4 and SLC7A11 expressions in femoral head
tissues

GPX4 and SLC7A11 levels within tissues from the fem-
oral heads of individuals with NT-ONFH were inves-
tigated. The mRNA and protein levels of GPX4 and
SLC7A11 were considerably lower within the necrotic
areas (NA) of the femoral head in contrast with those
within the non-necrotic areas (NNA) and the FNF con-
trol group (Figs. 1A-B and 2A-D). IHC analysis revealed
significantly lower levels of GPX4 and SLC7A11 proteins
in the NA group compared to both the NNA group and
the FNF control group, as depicted in Fig. 3A and B. For
the semi-quantitative evaluation of GPX4 and SLC7A11
expression, the integrated optical density (IOD) val-
ues were measured utilizing Image-Pro Plus software.
The average IOD values for GPX4 and SLC7A11 were
0.13+0.02 and 0.14+0.02 for the NA group, 0.62+0.02
and 0.63+0.02 for the NNA group, and 0.63+0.02
and 0.65+0.02 for the FNF control group, respectively
(Fig. 4A, B).These results indicated significant differences
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NT-ONFH patients (n=136) Healthy controls (n=136) Pvalue
Age (Y) 531471 51.2+62 0.242
Gender (F/M) 65/71 67/69 0.703
BMI 235+22 230+26 0.327
VAS score 47+15 /
HHS score 61.0+7.8 /
ARCO stage (2/3/4) 45/47/44 /
Etiology
Steriod/Alcoholic 70/66 /
Serum GPX4 Levels (ng/mL) 13.02+235 18.05+3.30 <0.001
Serum SLC7AT11 Levels (ng/mL) 3.57£1.15 552+161 <0.001
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Fig. 1 (A) Comparison of GPX4 mRNA expression among the NA, NNA, alongside FNF groups. (B) Comparison of SLC7A11 expression among the NA,
NNA, alongside FNF groups. NA: Necrotic Area; NNA: Non-necrotic Area; FNF: Femoral Neck Fracture***P<0.001 vs. NNA, ###p <0001 vs. FNF

in GPX4 and SLC7A11 protein expression in the compar-
ison of the NA group with either the NNA group or the
ENF control group.

Serum GPX4 and SLC7A11 levels in NT-ONFH patients

Figure 4 illustrates that in contrast with HCs, indi-
viduals with NT-ONFH had lower concentrations
of GPX4 (13.02+2.35 ng/mL versus 18.05+3.30 ng/
mL) and SLC7A11 (SLC7A11: 3.57+1.15 ng/mL ver-
sus 5.52+1.61 ng/mL) (both P<0.001), as depicted in
Fig. 4A and B. Based on the etiology of NT-ONFH, par-
ticipants in the study were classified into two groups:
those with NT-ONFH due to steroid use (70 cases) and
those with NT-ONFH due to alcohol consumption (66
cases). Nevertheless, the serum concentrations of GPX4
(13.025+2.37 ng/mL versus 12.78+2.32 ng/mL) and
SLC7A11 (3.50+1.17 ng/mL versus 3.64+1.14 ng/mL)
did not show any significant differences between the

ONFH patients induced by steroid and alcohol (both
P>0.05), as illustrated in Fig. 4C and D.

Serum GPX4 and SLC7A11 levels among different ARCO
stages in ONFH patients

Table 1 details the serum levels of GPX4 and SLC7A11
for patients with NT-ONFH across various ARCO stages.
The 136 ONFH patients were categorized according to
their ARCO stages into 45 patients in grade 2, 47 in grade
3, and 44 in grade 4.

Compared to those at ARCO stage 3, individuals with
NT-ONFH at ARCO stage 2 exhibited significantly
higher serum levels of GPX4 (14.26+1.90 ng/mL versus
13.05+2.41 ng/mL, P=0.009) and SLC7A11 (4.22+0.93
ng/mL versus 3.66+1.19 ng/mL, P=0.013), as illus-
trated in Fig. 5A and B. Furthermore, patients with NT-
ONFH at ARCO stage 3 had considerably higher serum
GPX4 level (13.05+£2.41 ng/mL versus 11.72+2.02 ng/
mL, P=0.005) and serum SLC7A11 (3.66+1.19 ng/mL
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Fig. 2 (A) Representative Western blots of GPX4 protein bands among the NA, NNA and FNF groups. (B) Representative Western blots of SLC7A11 pro-
tein bands among the NA, NNA and FNF groups. (C) Analysis of GPX4 protein expression among the NA, NNA and FNF groups. (D) Analysis of SLC7A11
protein expression among the NA, NNA and FNF groups. NA: Necrotic Area; NNA: Non-necrotic Area; FNF: Femoral Neck Fracture. ***P<0.001 vs. NNA;

##p <0.001 vs. FNF

versus 2.81+0.84 ng/mL, P<0.001) level than those at
ARCO stage 4, as shown in Fig. 5A and B. Figure 5C and
D demonstrate negative correlations of serum GPX4 level
(r = -0.439) and serum SLC7A11 level (r = -0.498) with
ARCO stages (both P<0.001).

ROC curve analysis

The area under the curve (AUC) values for serum lev-
els of GPX4 were significant different when comparing
ARCO stage 2 to stage 3 (AUC=0.645, P=0.017) and
when comparing ARCO stage 3 to stage 4 (AUC=0.659,
P=0.009) (Fig. 6A, B). Similarly, the serum levels of
SLC7A11 had significant AUC values for the compari-
son between ARCO stage 2 and stage 3 (AUC=0.637,
P=0.024), as well as between ARCO stage 3 and stage 4

(AUC=0.713, P<0.001) (Fig. 6C, D). Our findings sug-
gest that reduced levels of serum GPX4 and SLC7A11
could potentially be used as diagnostic indicators for NT-
ONFH across its varying stages.

Correlation of serum GPX4 and SLC7A11 concentrations
with clinical outcomes

The study investigated the correlation of serum GPX4
and SLC7A11 levels with the clinical severity of patients
suffering from NT-ONFH. Serum GPX4 level (r = -0.422)
and serum SLC7A11 level (r = -0.437) were negatively
correlated with VAS scores, indicating an inverse rela-
tionship with pain severity (both P<0.001), as depicted in
Fig. 7A and B. Additionally, serum GPX4 level (r=0.450),
and serum SLC7A1l level (r=0.454) were positively
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Fig. 3 (A) Comparison of local protein expression among the NA, NNA and FNF groups. (B) Comparison of local SLC7A11 protein expression among the
NA, NNA and FNF groups. NA: Necrotic Area; NNA: Non-necrotic Area; FNF: Femoral Neck Fracture***P<0.001 vs. NNA; ##P<0.001 vs. FNF

linked to the HHS (both P<0.001), suggesting a direct
relationship with better functional outcomes, as shown in
Fig. 7C and D.

Discussion

Ferroptosis is linked to the advancement of ONFH. In a
study [30], thirty samples of osteonecrosis triggered by
steroid use and ten samples of osteonecrosis not related
to steroids were collected from the Gene Expression
Omnibus (GEO) database. Differentially expressed genes
(DEGs) between groups were identified. Genes related to
ferroptosis were acquired from the Ferroptosis Database
(FerrDb). By intersecting the ferroptosis-related genes
with the DEGs, ferroptosis-related DEGs were identi-
fied. Subsequently, KEGG and GO enrichment analyses
were carried out to investigate the ferroptosis-related
DEGs. This approach validated the ferroptosis-associated
genes and pathways in the progression of steroid-induced
osteonecrosis, shedding light on ferroptosis’s impact on
femoral head necrosis.

Our study initially revealed decreased expressions of
GPX4 and SLC7A11 among patients with NT-ONFH.
This finding aligned with the findings from various stud-
ies that have documented lower levels of these proteins in
a range of bone and rheumatic diseases, including osteo-
arthritis [31, 32], rheumatoid arthritis [13], and osteopo-
rosis [33, 34]. Furthermore, we discovered a correlation
between the downregulation of GPX4 and SLC7A11 and
the progression of ONFH. This is supported by evidence
showing that the suppression of the SLC7A11/GPX4
pathway can induce ferroptosis in osteoblasts, exerting
a pivotal impact on the occurrence of osteoblastic death,
resulting in ONFH [35]. Additionally, we found that ele-
vated serum levels of SLC7A11 and GPX4 were linked to
reduced pain and improved functionality, showing a pos-
itive correlation. This relationship is particularly evident
in neuropathic, inflammatory, and cancer-related pain,
where the disruption of ferroptosis and the associated
changes in GPX4 and SLC7A11 levels are key contribu-
tors [36]. We also noticed that GPX4 and SLC7A11 lev-
els did not differ between steriod and alcoholic induced



Ye et al. Journal of Orthopaedic Surgery and Research (2025) 20:477

A

P<0.001

——

T

- - N N
o (3] o 3]
1 1 1 ]

Serum GPX4 Levels (ng/mL)
0
]

o

1
ONFH Control

(n=136) (n=136)

P>0.05

N
o
]

_|

Serum GPX4 Levels (ng/mL)
o )
| 1

o
|

T
Steriod Alcohol

(n=70)  (n=66)

Page 8 of 12

P<0.001
T 8-
E 8
(e)]
<
& 64 ‘
[}
>
Q
-
= B
<
N~
<
» 27
£
e
c?) 0- T
ONFH Control
(n=136) (n=136)
D
P>0.05
6_

_|

N
1

Serum SLC7A11 Levels (ng/mL)

o
|

T
Steriod Alcohol

(n=70)  (n=66)

Fig. 4 (A) Analysis of serum GPX4 levels between ONFH and controls (B) Analysis of serum SLC7A11 levels between ONFH and controls. (C) Analysis of
serum GPX4 levels between individuals with NT-ONFH due to steroid use and those with NT-ONFH due to alcohol consumption. (D) Analysis of serum
SLC7A11 levels between individuals with NT-ONFH due to steroid use and those with NT-ONFH due to alcohol consumption

ONFH patients.Steriod and alcohol may both affect
GPX4 and SLC7A11 expressions through the same path-
way signaling. Steriod and alcohol can both decrease the
expressions of GPX4 and SLC7A11 in different condi-
tions [37, 38].

The family of GPX, especially GPX4, is involved in neu-
tralizing oxidative stress and preserving the cellular redox
equilibrium. GPX4 can prevent ferroptosis and allevi-
ate diverse pain conditions. In the context of inflamma-
tion, the generation of substantial ROS as well as reactive
nitrogen species (RNS) can result in direct tissue damage
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and the activation of inflammatory signaling pathways,
which in turn can increase the sensitivity of pain recep-
tors and enhance the perception of pain [39]. The
SLC7A11/GPX4 signaling pathway, by mitigating oxida-
tive stress, can decrease the generation of inflammatory
mediators like prostaglandins and interleukins, thereby
significantly impacting pain sensation and its intensifi-
cation [39]. The SLC7A11/GPX4 signaling pathway may
offer relief from pain in diverse conditions, including low
back pain, cancer-related pain, and inflammatory pain.
Our study had a few limitations. Firstly, this was a
single-center study with limited sample size, and the

majority of them were of Chinese descent. This limited
the generalizability of our results to different ethnic
groups. Future research should strive for larger, multi-
center studies with diverse ethnic representations to vali-
date the outcomes of this study. Secondly, our study is a
cross-sectional study. Our findings did not reflect tem-
poral changes in molecular markers, and the casual rela-
tionship between GPX4/ SLC7A11 and NT-ONFH was
not clear.Therefore a longitudinal study is needed in the
future. Thirdly, we did not observe the dynamic changes
of GPX4 or SLC7A11 during disease progression and
before or after treatment.Dynamic alternation of GPX4
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or SLC7A11 levels are need to be observed in the future.
Fourthly, the molecular differences between steriod and
alcoholic NT-ONFH were not deeply analyzed.Fifthly,
while we concentrated on serum levels of SLC7A11 and
GPX4, there are other ferroptosis-related markers that
were not investigated, such as nuclear factor E2-related
factor 2 (NRF2), and Ferrostatin-1. Examining these
additional markers could provide further insights into the
role of ferroptosis in osteonecrosis. Fifthly, our study was

only an association study to evaluate SLC7A11 and GPX4
expression levels in the serum and local tissues of NT-
ONFH patients. Deeper mechanistic experiments in vitro
and in vivo including knockout/overexpressing cells or
animal models to verify the specific pathways of GPX4/
SLC7A11 regulating ferroptosis or targeting Iron-depen-
dent cell death to alleviate pain or promote function
activity are warranted in the near future.Further research
is necessary to explore the potential applications and
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mechanisms of these biomarkers in osteonecrosis, which
could lead to a more thorough comprehension of the dis-
ease and possibly uncover new therapeutic approaches.
Lastly, some confounders that may influence the expres-
sions of SLC7A11 and GPX4 including comorbid medi-
cations use and other lifestyles like smoking history or
physical activity were not fully considerated.

In conclusion, our study demonstrated that the reduc-
tion in both local and serum concentrations of SLC7A11
and GPX4 was correlated with the progression and sever-
ity of NT-ONFH, highlighting the significant part that
ferroptosis plays in the evolution of this condition.
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