Yuan et al. BMC Musculoskeletal Disorders
https://doi.org/10.1186/512891-024-07411-3

(2024) 25:282 BMC Musculoskeletal

Disorders

: .. ®
FTH1 protects against osteoarthritis ety

by MAPK pathway inhibition of extracellular
matrix degradation
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Abstract

Objective Ferritin heavy chain 1 (FTH1) is an important subunit of ferro-storing proteins and is indispensable for iron
metabolism. Though it has been extensively studied in numerous organs and diseases, the relationship between FTH1
and osteoarthritis (OA) is unclear.

Design Primary murine chondrocytes and cartilage explants were treated with FTH1 siRNA for 72 h. Mice were
injected with adenovirus expressing FTH1 after destabilized medial meniscus (DMM) surgery. These approaches were
used to determine the effect of FTH1 expression on the pathophysiology of OA.

Results FTH1 expression was down regulated in OA patients and mice after DMM surgery. Knock down of FTH1
induced articular cartilage damage and extracellular matrix degradation in cartilage explants. Further, over expression
of FTH1 reduced the susceptibility of chondrocytes to ferroptosis and reversed decrements in SOX9 and aggrecan
after DMM surgery. Moreover, FTH1 relieved OA by inhibition of the chondrocyte MAPK pathway.

Conclusion This study found FTH1 to play an essential role in extracellular matrix degradation, ferroptosis, and chon-
drocytes senescence during OA progression. Further, injection of adenovirus expressing FTH1 may be a potential

strategy for OA prevention and therapy.
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Introduction

Osteoarthritis (OA) is a common degenerative disease
of individuals over 50 years of age. OA usually leads to
degeneration of the knee joint and progressive loss of
motion as the condition progresses [1]. Based on con-
servative estimates, OA affects up to 240 million indi-
viduals worldwide [2], placing serious financial burden
on individuals and governments [3]. Numerous research
investigations have been carried out to clarify the specific
mechanistic basis for OA pathogenesis. Chondrocytes
are mature articular cartilage cells and their dysfunc-
tion is crucial to the pathogenesis of OA, with restora-
tion of normal chondrocyte function essential to OA
treatment [4]. Empty cartilage lacunae are a histologi-
cal characteristic of OA, indicating that the physiologi-
cal status of chondrocytes is intimately connected to the

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-024-07411-3&domain=pdf

Yuan et al. BMC Musculoskeletal Disorders (2024) 25:282

OA pathological process [5, 6]. Iron is the most abun-
dant trace element in the human body, and is necessary
for maintenance of normal growth and development [7].
However, excessive free cellular iron participates in the
Fenton reaction, forming reactive oxygen species (ROS)
such as hydroxyl radicals. Accumulated ROS peroxidizes
membrane lipids, by a process known as ferroptosis,
which causes loss of cell function and cell death [8]. Fer-
roptosis is a novel form of iron-dependent cell death due
to iron accumulation within cells and as such is differ-
ent from other known forms of regulated cell death [7].
Increased lipid hydroperoxide levels and iron overload
are defining characteristics of ferroptosis, whch induce
caspase-independent and necrosome-independent cell
death [9]. SLC7A11 and GPX4, as important defense
factors of ferroptosis, have been demonstrated in an
increasing number of studies for their ability to delay the
development of ferroptosis, and as important markers for
assessing the susceptibility of cells to ferroptosis [10, 11].

Ferritin heavy chain 1 (FTH1), a subunit of ferritin,
is a spherical heteropolymer that can store excess cel-
lular iron to maintain intracellular iron homeostasis
[12]. FTH1 exhibits ferroxidase activity, which catalyzes
transformation of cytoplasmic Fe2 +into the ferric form
(Fe3+) [13]. Ferritin FTH1 reduces the formation of lipid
peroxides by storage of excess free intracellular iron,
which decreases ROS production, reduces impaired cel-
lular function, and mitigates ferroptosis [14]. Ferroptosis
occurs in chondrocytes during OA, resulting in extracel-
lular matrix (ECM) degradation and chondrocytes senes-
cence [15]. Each of which contribute to OA development.
It is important to note that the relationship between
FTH1 and the development of OA is unknown.

FTHI is down regulated in the chondrocytes of OA
patients. We hypothesized that FTH1 is involved in the
development of OA. To support this hypothesis, we dem-
onstrated that FTH1 deficiency decreased the expression
of anabolic markers and lead to cartilage loss in primary
murine chondrocytes and 3-week-old mouse explants.
Further, over expression of FTH1 reduced chondrocyte
sensitivity to ferroptosis and protected articular cartilage
from destabilized medial meniscus surgery (DMM). Fur-
thermore, FTH1 was shown to contribute to OA by mod-
ulation of the MAPK signaling pathway. These results
suggest that FTH1 may be an alternative and effective
therapeutic target for OA treatment.

Materials and methods

Human samples

The Third Affiliated Hospital Ethics Committee of South-
ern Medical University approved the study. Human sam-
ples were collected after obtaining informed consent.
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Five tibial plateaus from OA patients who underwent
total knee replacement surgery were collected. Damaged
joint surfaces of tibial plateau are classified as the OA
group. In contrast, the smooth surface is ranked as the
negative control group. Furthermore, all these specimens
were stored at -80°C for later experiment.

Mice

We purchased 8-week-old male C57BL/6] mice from Bei-
jing Vital River Laboratory Animal Technology (Beijing,
China), and C57 male mice were raised to 12-week-old
before right knee joint destabilized medial meniscus
surgery (DMM). All mice were cared for under the insti-
tution’s policies on animal use and care. To medically
establish a OA mouse model, firstly we intraperitoneal
injection of 60 mg/kg pentobarbital to anesthesia mice,
and then cut open the skin and joint cavity of the mice
and cut off the ligament between the medial meniscus
and tibial plateau. The sham surgery group had a pro-
cedure that opened and exposed the right knee’s tissues
after intraperitoneal injection of 60 mg/kg pentobarbital.
After DMM surgery and sham surgery, 4 pL PBS (vehi-
cle)/mouse 4pL Ad-FTH1/mouse (Han heng Biology,
Wouhan, China) was administered by intra-articular injec-
tion twice per week. The right knee joint were collected
4 weeks after DMM and sham surgery (n=5 per group).
Then samples were fixed with 4%paraformaldehyde for
24 h, decalcified for a month, dehydrated, embedded and
sectioned.

Cartilage explants

We euthanize Three-week-old male C57 mice and col-
lected tibial plateaus cartilage explants from them. Micro
tweezers were used to cut off tibial plateaus from proxi-
mal tibia. Cartilage explants were grown in 12-well plates
for 3 days in DMEM/F12 with 10% fetal bovine serum
and 1% penicillin and streptomycin after treated with
FTHI1 si-RNA.

Cells

Primary murine chondrocytes were derived from tibial
plateaus and ribcage of 6-day-old C57BL/6] mice and
were cultured in DMEM/F12 containing 10% fetal bovine
serum added with 1% Penicillin-Streptomycin in the 6cm
petri dishes for later study. An in vitro OA chondrocyte
model was produced by treating primary murine chon-
drocytes with 5 ng/mL interleukin-1 (IL-1) (R&D sys-
tems) for 48 h.

siRNA transfection

Primary murine chondrocytes were seeded in 6-well
plates before siRNA transfection, about 20x10* cells
per well. After 48 h, FTHI si-RNA(100 nM) and FTH1
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si-control(100 nM) were transfected into chondro-
cytes with lipofectamine 3000 (2uL/mL) (Thermo
Fisher Scientific) for 24 h, and change the medium on
the following day. FTH1 si-RNA(100 nM) and FTH1 si-
control(100 nM) were transfected into cartilage explants
with lipofectamine 3000 (2uL/mL) (Thermo Fisher Scien-
tific) for 72 h.

The qRT-PCR
TRIzol reagent was used to extract total RNA from pri-
mary mouse chondrocytes and was reverse transcrip-
tion into complementary cDNA with the aid of a Reverse
Transcription Master Mix. (Vazyme Biotech, Nanjing,
China) LightCycler® 96 Instrument—Roche was used to
performing qPCR assay. Here is a list of mouse primer
sequences:
FTHI1:Forward5’-GCCGAGAAACTGATGAAG
CTGC-3Reverse5’-GCACACTCCATTGCATTC
AGCC-3’;GPX4:Forward5’-CCTCTGCTGCAAGAG
CCTCCC-3’Reverse5’CTTATCCAGGCAGACCAT
GTGC-3;GAPDH:Forward5-AGGTCGGTGTGAACG
GATTTG-3,Reverse5’-TGTAGACCATGTAGTTGA
GGTCA-3;SOX9:Forward5’-GAGCCGGATCTGAAG
AGGGA-3 Reverse5-GCTTGACGTGTGGCTTGT
TC-3’; Aggrecan:Forward5-TCCACATCAGAAGAGCCA
TAC-3,Reverse5’- AGTCAAGGTCGCCAGAGG
-3’;col2al:Forward5’-CTTAGGACAGAGAGAGAA
GG-3,Reverse5’-ACTCTGGGTGGCAGAGTT
TC-3;P16:Forward5’-ACATCAAGACATCGTGCG
ATATT-3,Reverse5’-CCAGCGGTACACAAAGACCA-
3’;P21:Forward5’-CCTGGTGATGTCCGACCTG-3,
Reverse5-CCATGAGCGCATCGCAATC -3}

Reactive oxygen species assay

After the chondrocytes were treated with FTH1 siRNA,
they were removed from the medium and added to the
DCFH-DA (Beyotime, S0033S) working solution and
incubated for 30 min at 37 °C, protected from light. And
then the cells were washed three times with serum-free
medium. The images were captured and analyzed by fluo-
rescence microscopy (OLYMPUS BX51).

Western blot analysis

Cells cultured in 6-well dishes were, after lysed with
200puL of radioimmunoprecipitation assay (RIPA) buffer,
and then added protease inhibitor and phosphatase
inhibitor 2uL. Heating at 100 degrees for 15 min after
additionally add 40pL 5X Loding buffer(Vazyme Biotech,
Nanjing, China). And then the protein samples addition-
ally addgel electrophoresis (SDS-PAGE), and then were
transferred to polyvinylidene difluoride (PVDF) mem-
branes. Membranes were incubated for 1 h at room tem-
perature in shaking bed with 5% skim milk solution. And
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then membranes incubated for 16 h at 4°C in shaking bed
with primary antibodies. And then washed the mem-
branes three times with TBST solution, 5 min per time.
Finally the membranes were incubated for 1 h at room
temperature in shaking bed with 5% skim milk solution
and secondary antibodies diluted in it. Protein bands
were exposed by FDbio-Dura ECL(FDbio science, Hang-
zhou, China). Antibodies used for western blotting were:
Ferritin Heavy Chain Rabbit mAb( ABclonal, 1:1000,
A19544), rabbit anti-P21 (Abcam, 1:2000, ab109520),
SOX9 Rabbit mAb (ABclonal, 1:1000, A19710), ERK1/2
Polyclonal antibody (Proteintech 1:1000, 11257-1-AP),
Phospho-ERK1/2 Polyclonal antibody (Proteintech 1:1000,
28733-1-AP).

Histology staining

Slides were deparaffinized and rehydrated after heated at
65°C for 2 h. And then slides were washed with PBS solu-
tion for three times, 5 min per time. And then we used
Safranin O-fast green dye solution and hematoxylin and
eosin dye solution for staining.

Immunohistochemical (IHC) staining

Slides were deparaffinized and rehydrated after heated at
65°C for 2 h. And then Put slides in the box filled with
TE9.0, heated them with microwave for 2 min and cool
naturally to room temperature. After slides were washed
with PBS solution for three times, 5 min per time, cov-
ered with hydrogen peroxide solution for 10 min, and
then washed them three times again. After that, slides
were incubated with primary antibodies for 16 h at 4 °C.
After cooling naturally to room temperature, slides were
washed with PBS solution for three times, 5 min per time.
And then slides were incubated with second antibodies
for 1 h at room temperature. After slides were washed
with PBS solution for three times, 5 min per time, the
slides for IHC were stained with hematoxylin and diam-
inobenzidine. Finally, took pictures and analyzed them.

Immunocytochemistry (ICC)

Primary murine chondrocytes were seeded on cover
slips in a 12-well plate, and were treated with si-
FTH1(100 nM,TSINGKE), 5 ng/ml IL-1f and Ad-
FTH1(10°PFU/ml, HANBIO, Wuhan, China) for 48 h.
After washed 3 times with PBS, cells were fixed with 4%
paraformaldehyde for 15 min. After three washed with
PBS for 3 min each, cells were treated with 0.2% Triton
X-100 (MACKLIN, Shanghai, China) for 20 min. The
cells were then covered with 10% normal bovine serum
(Solarbio, Beijing, China) for 1 h at room temperature.
The cells were then treated with primary antibodies for
16 h at 4 °C. The fluorescent secondary antibody for
ICC were applied for 1 h at room temperature. Then the
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cells were stained with DAPI (Invitrogen, USA). Finally,
images were took by fluorescence microscope(OLYMPUS
BX51). Adobe Photoshop 2021 was used to to eliminate
fluorescence bleed-through and analyse the images. Anti-
bodies used for ICC were: Ferritin Heavy Chain Rabbit
mAb (ABclonal, 1:100, A19544), Phospho-ERK1/2 Rab-
bit Polyclonal antibody (Proteintech 1:200, 28733-1-
AP), Goat anti-Rabbit IgG Secondary Antibody, Alexa
Fluor 594 (Invitrogen, 1:500, A-11012).

Statistical analyses

Data are displayed as mean SD. Unpaired Student’s t-tests
were used in experiments comparing two groups of data.
P-values<0.05 were regarded as significant. GraphPad
Prism 8 was used to analyze all of the data.

Results

FTH1 is down-regulated in chondrocytes of OA patients
and OA mice

Initially, the expression of FTHI in the cartilage of OA
patients and the relationship of FTH 1 expression to OA
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were determined. Immunohistochemistry (IHC) dem-
onstrated FTHI levels to be lower in severely damaged
OA patient cartilage (derived from total knee replace-
ment tissue) compared to smooth and only slightly dam-
aged cartilage (Fig. 1A, B). A DMM-induced OA animal
model was used to assess FTH1 expression throughout
OA development. FTH1 was significantly down regulated
in DMM-induced OA mice with severe cartilage destruc-
tion compared to normal cartilage of control mice (Fig. 1
C, D). Western blot analysis demonstrated FTH1 to be
significantly down regulated in in vitro primary murine
chondrocytes treated with IL-1f for 48 h. (Fig. 1 E) Col-
lectively, FTH1 expression was found to be decreased
in OA cartilage, suggesting that FTH1 plays an essential
role in the etiology of OA.

FTH1 deficiency results in a chondrocyte senescence
phenotype

To evaluate the contribution of FTH1 to OA, FTH1
si-RNA was used to knock down FTH1 expression in
primary murine chondrocytes. FTH1 expression was

NC
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Fig. 1 Loss of chondrocytes expressing FTH1 in OA patients and DMM mice. A Safranin O and Fast Green staining (upper row) and immunostaining
of FTH1 (lower row) of OA cartilage. Scale bar: 400 um(upper row) and 200 um(lower row); B Safranin O and Fast Green staining (upper row)

and immunostaining of FTH1 (lower row) of DMM mice cartilage. Scale bar: 200 um; C Percentage of positive cells of FTH1T in human OA cartilage.
n=5 per group; D Percentage of positive cells of FTHT in DMM mice cartilage n=5 per group; E Immunoblotting of FTH1 in primary murine

chondrocytes which treated with 5 ng/ml IL-1(3for 48 h
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significantly decreased after transfection of chon-
drocytes with FTH1 siRNA (Fig. 2 A). Quantitative
reverse transcription PCR (qRT-PCR) of chondro-
cytes after knock down of FTH1 demonstrated down
regulation of cartilage synthesis markers, aggrecan
(ACAN) and collagen type II (Fig. 2 B, C). Indicators of
chondrocyte senescence, P16 and P21, were markedly
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elevated (Fig. 2 D, E). Western blot analysis demon-
strated that defective FTH1 expression resulted in a
chondrocyte senescence phenotype, which is known
to exacerbate ECM degradation and to be character-
ized by increased P21 and decreased SOX9 expres-
sion (Fig. 2 F). Reactive oxygen species(ROS) is closely
related to chondrocyte senescence. Accumulation of
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Fig. 2 FTH1 deficiency leads to chondrocytes senescence and ECM degradation. A Relative mRNA expression level of FTH1 in primary murine
chondrocytes which treated with FTH1 siRNA for 48 h; Relative mRNA expression level of aggrecan (B), collagen type Il (C), P16 (D) and P21 (E)
in primary murine chondrocytes which treated with FTH1 siRNA for 48 h; n=5%P <0.05, **P <0.01, ***P<0.001,****P <0.0001; (F) Immunoblotting
of FTH1, SOX9 and P21 in primary murine chondrocytes which treated with FTH1 siRNA for 48 h; (G) ROS level of chondrocytes, after transfection

with FTH1 siRNA or si-NC. Scale bar: 400 um
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ROS resulted in mitochondrial dysfunction and sig-
nificant chondrocyte senescence. Our results showed
the fluorescence intensity of the experimental group
was significantly higher than the control group, which
indicated that ROS accumulation in FTHI1-deficient
chondrocytes (Fig. 2 G). These data demonstrate that
loss of FTH1 promotes chondrocytes senescence and
ECM degradation.

>
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Down regulation of FTH1 expression results in articular
cartilage erosion, increasing sensitivity to ferroptosis

The effect of FTH1 deficiency on OA was evaluated in
cartilage explants from 3-week-old male C57BL/6 mice
treated with FTH1 siRNA for 72 h. Safranin O and Fast
Green staining demonstrated fewer chondrocytes and
more proteoglycan loss in cartilage explants treated with
FTHI siRNA for 72 h, compared to controls (Fig. 3 A).
IHC demonstrated FTH1 to be decreased after treat-
ment with FTH1 siRNA (Fig. 3 B, C). Moreover, GPX4
and SLC7Allexpression significantly decreased with
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decreased FTH1 (Fig. 3 D-G). Previously, GPX4 and
SLC7A11 were shown to be critical regulators of fer-
roptosis [10]. Ferroptosis and the expression of GPX4
are closely related to OA development, with knockdown
of FTH1 decreasing GPX4 expression. Further, markers
of chondrogenic matrix synthesis, SOX9 and aggrecan
were slightly reduced while ADAMTS5 and MMP-13
increased obviously, as judged by IHC (Fig. 3 H-O).
These results demonstrate FTH1 deficiency to result in
cartilage loss and ECM degradation, inducing chondro-
cyte sensitivity to oxidative stress. Hence, down regula-
tion of FTH1 promotes OA development by increasing
the sensitivity of chondrocytes to ferroptosis, which dis-
rupts ECM homeostasis.

Over expression of FTH1 reduces cartilage loss

and protects chondrocytes from DMM surgery

We have shown that FTH1 is associated with OA
ECM degradation and ferroptosis. To assess a protec-
tive effect for FTH1, DMM male C57 mice that were
12 weeks of age were given intra-articular injections
of adenovirus expressing FTHI1. Mice that received
the FTH1 adenovirus vector had considerably higher
OA scores than negative controls. Over expression
of FTHI1 was characterized by a loss of proteoglycan,
fewer chondrocytes, more hypertrophy chondrocytes,
and increased cartilage erosion, which was lower than
controls as judged by the OARSI scale and hematoxy-
lin-eosin(HE) staining (Fig. 4 A-D). Previously, articu-
lar cartilage loss and erosion were demonstrated after
knock down of FTHI1. Significantly, after DMM sur-
gery, FTHI1, SLC7A11 and GPX4 levels were reduced
in articular cartilage (Fig. 4 E- J). Markers of chon-
drogenic matrix synthesis, SOX9 and aggrecan, were
also decreased after DMM surgery (Fig. 4 K, M). Fur-
ther, decrements in FTH1,GPX4, SLC7A11, SOX9, and
aggrecan were reversed by intra-articular injection of
adenovirus expressing FTH1 (Fig. 4 E-N). These in vivo
experiments demonstrated FTHI1 to increase expres-
sion of anabolic markers and decrease chondrocyte
sensitivity to ferroptosis after DMM surgery, suggest-
ing decreased chondrocytes sensitivity and increased
anabolism as the means by which to regulate cartilage

(See figure on next page.)
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homeostasis. As such, over expression of FTH1 reduces
cartilage loss and maintains cartilage homeostasis by
decreasing chondrocyte sensitivity to ferroptosis.

FTH1 suppresses OA progression by inhibition of the MAPK
pathway

Although the association of FTH1 with OA has been
established, the potential mechanism of FTH1 involve-
ment in OA remains unclear. Proteomics analysis was
performed on primary murine chondrocytes, both with
and without FTH1 knockdown. Knockdown of FTH1
resulted in the upregulation of 1440 genes and the
downregulation of 451 genes in chondrocytes. (Sup-
plemental Fig. 2.A) KEGG pathway analysis revealed
that FTH1 deficiency led to the promotion of N-Glycan
biosynthesis, Parkinson’s disease, and Huntington’s
disease, while inhibiting selenocompound metabolism
and glycosaminoglycan biosynthesis. (Supplemental
Fig. 2.B-D) Previous studies have demonstrated a cor-
relation between changes in N-glycan expression and
structure and the progression of osteoarthritis (OA).
Additionally, N-glycan has been associated with the
activation of gene expression of ERK1/2 [16, 17]. It’s
widely accepted that the MAPK/ERK pathway plays an
important role in many physiological processes includ-
ing chondrocyte matrix degradation and macrophage
M1 polarization [18]. In this study, we used western
blotting to explore the effect of FTH1 deficiency on
the MAPK pathway. We demonstrated the phospho-
rylation levels of P38, JNK and ERK, to be increased
significantly after knockdown of FTHI1 expression
(Fig. 5 A-F). Treatment with adenovirus expressing
FTHI rescued decreased FTH1 expression (Fig. 5 Q)
and inhibited the phosphorylation of ERK (Fig. 5 H)
in chondrocytes treated with IL-1p for 48 h. These
results suggest that FTH1 deficiency induced chondro-
cyte senescence and ECM degradation, which resulted
in articular cartilage erosion and OA exacerbation. As
well, over expression of FTH1 reduced OA progression
and inhibited phosphorylation of P38, JNK and ERK.
Therefore, FTH1 suppress OA progression, at least in
part by inhibition of the MAPK pathway.

Fig. 4 Overexpress FTH1 reduces cartilage loss and protect chondrocytes from DMM surgery. A Safranin O and Fast Green staining

and quantification of sham-operated mice and mice treated with vehicle and Ad-FTH1 for 4 weeks after DMM surgery. n=5 per group; Scale
bar: 100 um; B Osteoarthritis Research Society International (OARSI) grades of the joints described in A.n=5 per group; C-D H&E staining

of sham-operated mice and mice treated with vehicle and Ad-FTH1 for 4 weeks after DMM surgery; Scale bar: 200 um; Immunohistochemical
staining and quantification of FTH1 (E, F), GPX4 (G,H), SLC7A11 (1, J) aggrecan (L, L) and SOX9 (M, N); n=5 per group; *P<0.05, **P<0.01,
***P<0.001,4**P<0.0001; Scale bars: 200 um (first row) and 100 um (second row)
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Fig.5 FTH1 suppress OA progression through inhibition of the MAPK pathway. Immunoblotting show that MAPK signal-related proteins p-P38/
P38, p-JNK/JNK and p-ERK/ERK expression after knock down FTH1. A-C Gray scale analysis of p-P38/P38, p-JNK/JNK and p-ERK/ERK. n=3 per group,
*P<0.05**P<0.01. D-F G Immunofluorescence images of FTH1 in primary chondrocytes, stimulated with IL-1(3, vehicle and adenovirus- expressing
FTH1. Scale bars: 100 um. H Immunofluorescence images of phospho-ERK in primary chondrocytes, stimulated with IL-13, vehicle

and adenovirus- expressing FTH1. Scale bars: 100 um

Discussion

OA is the most frequent type of arthritis and the
major cause of persistent disability in individuals over
65 years of age [19, 20]. In this investigation, we pro-
vide evidence that FTH1 plays a critical role in modula-
tion of chondrocyte senescence, ECM degradation, and
ferroptosis during the development and progression of
OA. We demonstrated that FTH1 deficiency activates

the MAPK signaling pathway and thus exacerbates
cartilage degeneration, chondrocyte senescence, ECM
degradation, and ferroptosis during OA. Moreover,
over expression of FTH1 reduced chondrocyte sensitiv-
ity to ferroptosis and increased markers of chondrocyte
synthesis after DMM. Ferroptosis is a new form of cell
death that was first discovered and confirmed in 2012.
Understanding of its physiological mechanisms and
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potential as a therapeutic target are of continued sci-
entific interest [7, 21]. Ferroptosis is a unique mode of
cell death that has been extensively studied in cancer,
inflammation, and degenerative diseases. Growing evi-
dence suggests that ferroptosis drives the progression
of degenerative diseases and inflammation. Some inhib-
itors of ferroptosis, such as antioxidants and iron chela-
tors, lower cellular sensitivity to ferroptosis and reduce
the release of inflammatory factors, further inhibiting
ferroptosis [22].

Recent research has demonstrated iron chelators and
antioxidants to reduce iron accumulation and cellular
ferroptosis, thus inhibiting OA development [23, 24].
Lu et al [25] therapeutic targeting of ferroptosis may be
a potential strategy for OA treatment. Ruiqing Lu, et al.
found that a shortage of FTH1 induces ROS accumula-
tion and sensitizes neuroblastoma N2A cells to ferrop-
tosis [26]. Such evidence suggests that FTH1 deficiency
induces iron overload and ROS accumulation, and sen-
sitizing cells to ferroptosis [27, 28]. Of particular note,
FTH1 homeostasis maintains intracellular labile Fe2+,
which suppresses ferroptosis [9]. Until now, the interac-
tion of FTH1 with OA had not been reported. However,
numerous issues remain and need to be resolved. There
is no accepted gold standard for the measurement of fer-
roptosis. Further, knock down of GPX4 increases cellular
sensitivity to ferroptosis [29]. Moreover, GPX4 is one of
the three main inhibitors of ferroptosis and the expres-
sion of GPX4 is closely linked to ferroptosis [30]. There-
fore, we chose to assess GPX4 and SLC7A11 expression
as indexes of the presence or absence of ferroptosis in
chondrocytes. We found that over expression of FTH1
reversed the GPX4 reduction observed after DMM sur-
gery. These results suggest that over expression of FTH1
reduces chondrocyte sensitivity to ferroptosis and allevi-
ates OA.

The cartilage microenvironment is important to the
growth and maintenance of chondrocytes. Within the
special environment of articular cartilage, the ECM
provides oxygen and nutrients. With ECM homeosta-
sis disruption, cartilage breaks down and erodes [31].
Therefore, we assessed the expression of collagen type
II, SOX9, aggrecan, and ADAMTS5. Further, we deter-
mined the function of FTHI in the development of
OA. Lower levels of FTH1 were detected in OA carti-
lage, with knock down of FTH1 suppressing cartilage
anabolism and accelerating chondrocyte senescence.
Over expression of FTH1 slowed the progression of
OA in DMM mice. Moreover, MAPK is a serine-thre-
onine kinase family composed of p-JNK/JNK, p-ERK/
ERK, and p-P38/P38, which regulate numerous cellular
activities including: cell proliferation, differentiation,

Page 10 of 12

apoptosis, inflammation, and innate immunity. Activa-
tion of the MAPK signal pathway is highly related to
inflammation and ECM degradation.

This study’s potential limitations include: the use
of an intra-articular adenovirus vector-coated FTH1
rather than transgenic mice, and an incomplete verifi-
cation of the signaling pathway. Ferric oxide-hydrox-
ide accounts for more than 20% of ferritin [32]. In this
experiment, specific levels of ferric oxide-hydroxide
in normal and osteoarthritic cartilage were not tested.
However, a recent study has indicated that the levels of
Fe2 +, Fe3 +, and total iron are higher in osteoarthritic
cartilage compared to normal cartilage [15]. Addition-
ally, it is worth noting that FTHI, a major iron storage
protein, can lead to an increase in free iron when its
expression is reduced or when ferritinophagy is inten-
sified, thereby promoting ferroptosis [28, 33]. Overall,
the role of FTH1 in restoration of joint function and
delay of OA disease progression in OA is worth explor-
ing in future studies. Interestingly, we noticed that both
FTHI1 and GPX4 were down regulated in the cartilage
of OA patients and in the cartilage of mice after DMM.
The expression of FTH paralleled that of GPX4 and it is
widely accepted that GPX4 is one of the crucial mark-
ers of ferroptosis. So FTH1, as a potential marker of
ferroptosis, requires and deserves subsequent in-depth
study.

In summary, this study identified a role for FTHI in
OA and laid the foundation for future studies of the
relationship between FTH1 and OA. Remarkably, the
results indicate that intra-articular supplementation
with FTH1 may be a means by which to delay the devel-
opment of OA.
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