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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 
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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.

FTH1 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.

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℃ for later experiment.

Mice
We purchased 8-week-old male C57BL/6J 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 µL PBS (vehi-
cle)/mouse 4µL Ad-FTH1/mouse (Han heng Biology, 
Wuhan, 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 
FTH1 si-RNA.

Cells
Primary murine chondrocytes were derived from tibial 
plateaus and ribcage of 6-day-old C57BL/6J 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 20 × 104 cells 
per well. After 48  h, FTH1 si-RNA(100  nM) and FTH1 
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si-control(100  nM) were transfected into chondro-
cytes with lipofectamine 3000 (2μL/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 (2μL/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:

FTH1:Forward5’-GCC​GAG​AAA​CTG​ATG​AAG​
CTGC-3’,Reverse5’-GCA​CAC​TCC​ATT​GCA​TTC​
AGCC-3’;GPX4:Forward5’-CCT​CTG​CTG​CAA​GAG​
CCT​CCC-3’,Reverse5’CTT​ATC​CAG​GCA​GAC​CAT​
GTGC-3’;GAPDH:Forward5’-AGG​TCG​GTG​TGA​ACG​
GAT​TTG-3’,Reverse5’-TGT​AGA​CCA​TGT​AGT​TGA​
GGTCA-3’;SOX9:Forward5’-GAG​CCG​GAT​CTG​AAG​
AGG​GA-3’,Reverse5’-GCT​TGA​CGT​GTG​GCT​TGT​
TC-3’; Aggrecan:Forward5’-TCC​ACA​TCA​GAA​GAG​CCA 
​TAC-3’,Reverse5’-AGT​CAA​GGT​CGC​CAG​AGG​
-3’;col2a1:Forward5’-CTT​AGG​ACA​GAG​AGA​GAA​
G G-3’,Re verse5 ’ -AC T​C TG ​G GT​G G C ​AGA​GT T​
TC-3’;P16:Forward5’-ACA​TCA​AGA​CAT​CGT​GCG​
ATATT-3’,Reverse5’-CCA​GCG​GTA​CAC​AAA​GAC​CA-
3’;P21:Forward5’-CCT​GGT​GAT​GTC​CGA​CCT​G-3’, 
Reverse5’-CCA​TGA​GCG​CAT​CGC​AAT​C -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 
200μL of radioimmunoprecipitation assay (RIPA) buffer, 
and then added protease inhibitor and phosphatase 
inhibitor 2μL. Heating at 100 degrees for 15 min after 
additionally add 40μL 5 × 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 

then membranes incubated for 16 h at 4℃ 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℃ 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℃ 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-1β and Ad-
FTH1(109PFU/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 FTH1 in the cartilage of OA 
patients and the relationship of FTH 1 expression to OA 

were determined. Immunohistochemistry (IHC) dem-
onstrated FTH1 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-1β 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 

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 µm(upper row) and 200 µm(lower row); B Safranin O and Fast Green staining (upper row) 
and immunostaining of FTH1 (lower row) of DMM mice cartilage. Scale bar: 200 µm; C Percentage of positive cells of FTH1 in human OA cartilage. 
n = 5 per group; D Percentage of positive cells of FTH1 in DMM mice cartilage n = 5 per group; E Immunoblotting of FTH1 in primary murine 
chondrocytes which treated with 5 ng/ml IL-1βfor 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 

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 

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 II (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 µm
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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 FTH1-deficient 
chondrocytes (Fig.  2 G). These data demonstrate that 
loss of FTH1 promotes chondrocytes senescence and 
ECM degradation.

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 
FTH1 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 SLC7A11expression significantly decreased with 

Fig. 3  Down-regulation of FTH1 results in articular cartilage loss and the sensitive of ferroptosis increased. A Safranin O and Fast Green staining 
of cartilage explants from 3-week-old c57 mice which treated with si-NC and si-FTH1 for 72 h. Scale bar: 400 µm; Immunohistochemical staining 
and quantification of FTH1 (B, C) and GPX4 (D, E)and SLC7A11 (F, G) in cartilage explants from 3-week-old c57 mice which treated with si-NC 
and si-FTH1 for 72 h. n = 5 per group; Immunohistochemical staining and quantification of aggrecan(H,I) and SOX9(J, K) and ADAMTS5(L,M) 
and MMP13(N,O) in cartilage explants from 3-week-old c57 mice which treated with si-NC and si-FTH1 for 72 h. n = 5 per group *P < 0.05; Scale bar: 
200 µm;
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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 FTH1. Mice that received 
the FTH1 adenovirus vector had considerably higher 
OA scores than negative controls. Over expression 
of FTH1 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 FTH1. Significantly, after DMM sur-
gery, FTH1, 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 FTH1 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 

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 FTH1 expression 
(Fig.  5 A-F). Treatment with adenovirus expressing 
FTH1 rescued decreased FTH1 expression (Fig.  5 G) 
and inhibited the phosphorylation of ERK (Fig.  5 H) 
in chondrocytes treated with IL-1β 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 µm; 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 µm; Immunohistochemical 
staining and quantification of FTH1 (E, F), GPX4 (G,H), SLC7A11 (I, J) aggrecan (L, L) and SOX9 (M, N); n = 5 per group; *P < 0.05, **P < 0.01, 
***P < 0.001,****P < 0.0001; Scale bars: 200 µm (first row) and 100 µm (second row)

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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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 

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-1β, vehicle and adenovirus- expressing 
FTH1. Scale bars: 100 µm. H Immunofluorescence images of phospho-ERK in primary chondrocytes, stimulated with IL-1β, vehicle 
and adenovirus- expressing FTH1. Scale bars: 100 µm



Page 10 of 12Yuan et al. BMC Musculoskeletal Disorders          (2024) 25:282 

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 FTH1 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, 

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 FTH1, 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 
FTH1 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 FTH1 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.

Abbreviations
FTH1	� Ferritin heavy chain 1
GPX4	� Glutathione Peroxidase 4
DMM	� Destabilization of the medial meniscus
SLC7A11	� Solute Carrier Family 7 Member 11
ROS	� Reactive oxygen species
ECM	� Extracellular matrix
MMP13	� Matrix Metallopeptidase 13
ADAMTS5	� ADAM Metallopeptidase with Thrombospondin Type 1 Motif 5
SOX9	� SRY-Box Transcription Factor 9
Col2a1	� Collagen Type II Alpha 1 Chain

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12891-​024-​07411-3.

Supplementary Material 1. 

Supplementary Material 2. 

Acknowledgements
Thanks to the Department of Joint Surgery of the Third Affiliated Hospital of 
Southern Medical University for the cartilage specimen.

https://doi.org/10.1186/s12891-024-07411-3
https://doi.org/10.1186/s12891-024-07411-3


Page 11 of 12Yuan et al. BMC Musculoskeletal Disorders          (2024) 25:282 	

Authors’ contributions
ZY, LY and JP conceived the ideas for experimental designs, analysed data and 
wrote the manuscript. ZY and LY conducted the majority of the experiments 
and helped with manuscript preparation. JP conducted the majority of the 
experiments and analysed data during the revision of the article. YL, XL and CP 
conducted cell cultures and western blot experiments and collected human 
tissue samples. JP and DC developed the concept, supervised the project 
and conceived the experiments. All authors approved the final version of the 
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(82172491) and Dongguan Science and Technology of Social Development 
Program(20231800940422). 

Availability of data and materials
The dataset supporting the conclusions of this article is available at our institu-
tion contacting the corresponding author.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics Committee of the Third Affifiliated 
Hospital of Southern Medical University and human samples were collected 
after obtaining informed consent.
Animal experiments were performed in accordance with the guidelines of the 
Guide for the Care and Use of Laboratory Animals. And it was approved by the 
Institutional Animal Care and Use Committee of Southern Medical University 
(Guangzhou, China). Moreover, the study was performed in accordance with 
the Basel Declaration and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 26 July 2023   Accepted: 3 April 2024

References
	1.	 Centers for Disease Control and Prevention (CDC). Prevalence of 

doctor-diagnosed arthritis and arthritis-attributable activity limita-
tion–United States, 2010–2012. MMWR Morb Mortal Wkly Rep. 
2013;62(44):869–73.

	2.	 Van Spil WE, Kubassova O, Boesen M, Bay-Jensen AC, Mobasheri A. Osteo-
arthritis phenotypes and novel therapeutic targets. Biochem Pharmacol. 
2019;165:41–8. https://​doi.​org/​10.​1016/j.​bcp.​2019.​02.​037.

	3.	 Felson DT. An update on the pathogenesis and epidemiology of osteo-
arthritis. Radiol Clin North Am. 2004;42(1):1–v. https://​doi.​org/​10.​1016/​
S0033-​8389(03)​00161-1.

	4.	 Loeser RF, Collins JA, Diekman BO. Ageing and the pathogenesis of osteo-
arthritis. Nat Rev Rheumatol. 2016;12(7):412–20. https://​doi.​org/​10.​1038/​
nrrhe​um.​2016.​65.

	5.	 Charlier E, Relic B, Deroyer C, et al. Insights on molecular mechanisms 
of chondrocytes death in osteoarthritis. Int J Mol Sci. 2016;17(12):2146. 
https://​doi.​org/​10.​3390/​ijms1​71221​46. Published 2016 Dec 20.

	6.	 Jeon J, Noh HJ, Lee H, et al. TRIM24-RIP3 axis perturbation accelerates 
osteoarthritis pathogenesis. Ann Rheum Dis. 2020;79(12):1635–43. 
https://​doi.​org/​10.​1136/​annrh​eumdis-​2020-​217904.

	7.	 Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms 
and health implications. Cell Res. 2021;31(2):107–25. https://​doi.​org/​10.​
1038/​s41422-​020-​00441-1.

	8.	 Stockwell BR, Friedmann Angeli JP, Bayir H, et al. Ferroptosis: a regulated 
cell death nexus linking metabolism, redox biology, and disease. Cell. 
2017;171(2):273–85. https://​doi.​org/​10.​1016/j.​cell.​2017.​09.​021.

	9.	 Friedmann Angeli JP, Schneider M, Proneth B, et al. Inactivation of the fer-
roptosis regulator Gpx4 triggers acute renal failure in mice. Nat Cell Biol. 
2014;16(12):1180–91. https://​doi.​org/​10.​1038/​ncb30​64.

	10.	 Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, Roberts MA, 
Tong B, Maimone TJ, Zoncu R, Bassik MC, Nomura DK, Dixon SJ, Olzmann 
JA. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. 
Nature. 2019;575(7784):688–92. https://​doi.​org/​10.​1038/​s41586-​019-​1705-2.

	11.	 Lei G, Zhang Y, Koppula P, et al. The role of ferroptosis in ionizing radia-
tion-induced cell death and tumor suppression. Cell Res. 2020;30(2):146–
62. https://​doi.​org/​10.​1038/​s41422-​019-​0263-3.

	12.	 Fang X, Cai Z, Wang H, et al. Loss of cardiac ferritin H facilitates cardiomy-
opathy via Slc7a11-mediated ferroptosis. Circ Res. 2020;127(4):486–501.

	13.	 Gozzelino R, Soares MP. Coupling heme and iron metabolism via ferritin 
H chain. Antioxid Redox Signal. 2014;20(11):1754–69. https://​doi.​org/​10.​
1089/​ars.​2013.​5666.

	14.	 Pham CG, Bubici C, Zazzeroni F, et al. Ferritin heavy chain upregulation by 
NF-kappaB inhibits TNFalpha-induced apoptosis by suppressing reactive 
oxygen species. Cell. 2004;119(4):529–42. https://​doi.​org/​10.​1016/j.​cell.​
2004.​10.​017.

	15.	 Miao Y, Chen Y, Xue F, Liu K, Zhu B, Gao J, Yin J, Zhang C, Li G. Contribution 
of ferroptosis and GPX4’s dual functions to osteoarthritis progression. 
EBioMedicine. 2022;76:103847. https://​doi.​org/​10.​1016/j.​ebiom.​2022.​
103847. Epub 2022 Feb 2. PMID: 35101656; PMCID: PMC8822178.

	16.	 Matsuhashi T, Iwasaki N, Nakagawa H, et al. Alteration of N-glycans 
related to articular cartilage deterioration after anterior cruciate ligament 
transection in rabbits. Osteoarthritis Cartil. 2008;16(7):772–8.

	17.	 Pandey MS, Weigel PH. A hyaluronan receptor for endocytosis (HARE) 
link domain N-glycan is required for extracellular signal-regulated kinase 
(ERK) and nuclear factor-κB (NF-κB) signaling in response to the uptake of 
hyaluronan but not heparin, dermatan sulfate, or acetylated low density 
lipoprotein (LDL). J Biol Chem. 2014;289(32):21807-17.

	18.	 Zhou F, Mei J, Han X, et al. Kinsenoside attenuates osteoarthritis by repo-
larizing macrophages through inactivating NF-κB/MAPK signaling and 
protecting chondrocytes. Acta Pharm Sin B. 2019;9(5):973–85. https://​doi.​
org/​10.​1016/j.​apsb.​2019.​01.​015.

	19.	 Li J, Zhang B, Liu WX, et al. Metformin limits osteoarthritis development 
and progression through activation of AMPK signalling [published cor-
rection appears in Ann Rheum Dis. 2020 Sep;79(9):e119]. Ann Rheum Dis. 
2020;79(5):635–45. https://​doi.​org/​10.​1136/​annrh​eumdis-​2019-​216713.

	20.	 Sun K, Luo J, Jing X, et al. Astaxanthin protects against osteoarthri-
tis via Nrf2: a guardian of cartilage homeostasis. Aging (Albany NY). 
2019;11(22):10513–31. https://​doi.​org/​10.​18632/​aging.​102474.

	21.	 Sun Y, Chen P, Zhai B, et al. The emerging role of ferroptosis in inflamma-
tion. Biomed Pharmacother. 2020;127:110108. https://​doi.​org/​10.​1016/j.​
biopha.​2020.​110108.

	22.	 Yao X, Sun K, Yu S, et al. Chondrocyte ferroptosis contribute to the pro-
gression of osteoarthritis. J Orthop Translat. 2020;27:33–43. https://​doi.​
org/​10.​1016/j.​jot.​2020.​09.​006. Published 2020 Dec 17.

	23.	 Yang J, Hu S, Bian Y, et al. Targeting cell death: pyroptosis, ferropto-
sis, apoptosis and necroptosis in osteoarthritis. Front Cell Dev Biol. 
2022;9:789948. https://​doi.​org/​10.​3389/​fcell.​2021.​789948.

	24.	 Sun K, Guo Z, Hou L, et al. Iron homeostasis in arthropathies: From patho-
genesis to therapeutic potential. Ageing Res Rev. 2021;72:101481. https://​
doi.​org/​10.​1016/j.​arr.​2021.​101481.

	25.	 Lu R, Jiang Y, Lai X, Liu S, Sun L, Zhou ZW. A shortage of FTH induces ROS 
and sensitizes RAS-proficient neuroblastoma N2A cells to ferroptosis. Int J 
Mol Sci. 2021;22(16):8898. https://​doi.​org/​10.​3390/​ijms2​21688​98.

	26.	 Du J, Wang T, Li Y, et al. DHA inhibits proliferation and induces ferroptosis 
of leukemia cells through autophagy dependent degradation of ferritin. 
Free Radic Biol Med. 2019;131:356–69. https://​doi.​org/​10.​1016/j.​freer​
adbio​med.​2018.​12.​011.

	27.	 Tao W, Wang N, Ruan J, et al. Enhanced ROS-boosted phototherapy 
against pancreatic cancer via Nrf2-mediated stress-defense pathway 
suppression and ferroptosis induction. ACS Appl Mater Interfaces. 
2022;14(5):6404–16.

	28.	 Fang Y, Chen X, Tan Q, Zhou H, Xu J, Gu Q. Inhibiting ferroptosis through 
disrupting the NCOA4-FTH1 interaction: a new mechanism of action. ACS 
Cent Sci. 2021;7(6):980–9.

	29.	 Yang WS, SriRamaratnam R, Welsch ME, et al. Regulation of ferroptotic 
cancer cell death by GPX4. Cell. 2014;156(1–2):317–31.

https://doi.org/10.1016/j.bcp.2019.02.037
https://doi.org/10.1016/S0033-8389(03)00161-1
https://doi.org/10.1016/S0033-8389(03)00161-1
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.3390/ijms17122146
https://doi.org/10.1136/annrheumdis-2020-217904
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1038/ncb3064
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1089/ars.2013.5666
https://doi.org/10.1089/ars.2013.5666
https://doi.org/10.1016/j.cell.2004.10.017
https://doi.org/10.1016/j.cell.2004.10.017
https://doi.org/10.1016/j.ebiom.2022.103847
https://doi.org/10.1016/j.ebiom.2022.103847
https://doi.org/10.1016/j.apsb.2019.01.015
https://doi.org/10.1016/j.apsb.2019.01.015
https://doi.org/10.1136/annrheumdis-2019-216713
https://doi.org/10.18632/aging.102474
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.jot.2020.09.006
https://doi.org/10.1016/j.jot.2020.09.006
https://doi.org/10.3389/fcell.2021.789948
https://doi.org/10.1016/j.arr.2021.101481
https://doi.org/10.1016/j.arr.2021.101481
https://doi.org/10.3390/ijms22168898
https://doi.org/10.1016/j.freeradbiomed.2018.12.011
https://doi.org/10.1016/j.freeradbiomed.2018.12.011


Page 12 of 12Yuan et al. BMC Musculoskeletal Disorders          (2024) 25:282 

	30.	 Hodgkinson T, Kelly DC, Curtin CM, O’Brien FJ. Mechanosignalling in 
cartilage: an emerging target for the treatment of osteoarthritis. Nat Rev 
Rheumatol. 2022;18(2):67–84.

	31.	 Zhou F, Mei J, Han X, et al. Kinsenoside attenuates osteoarthritis by repo-
larizing macrophages through inactivating NF-κB/MAPK signaling and 
protecting chondrocytes. Acta Pharm Sin B. 2019;9(5):973-85.

	32.	 Granick S. Structure and physiological functions of ferritin. Physiol Rev. 
1951;31(4):489–511. https://​doi.​org/​10.​1152/​physr​ev.​1951.​31.4.​489.

	33.	 Kong N, Chen X, Feng J, et al. Baicalin induces ferroptosis in bladder can-
cer cells by downregulating FTH1. Acta Pharm Sin B. 2021;11(12):4045–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1152/physrev.1951.31.4.489

	FTH1 protects against osteoarthritis by MAPK pathway inhibition of extracellular matrix degradation
	Abstract 
	Objective 
	Design 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Human samples
	Mice
	Cartilage explants
	Cells
	siRNA transfection
	The qRT-PCR
	Reactive oxygen species assay
	Western blot analysis
	Histology staining
	Immunohistochemical (IHC) staining
	Immunocytochemistry (ICC)
	Statistical analyses

	Results
	FTH1 is down-regulated in chondrocytes of OA patients and OA mice
	FTH1 deficiency results in a chondrocyte senescence phenotype
	Down regulation of FTH1 expression results in articular cartilage erosion, increasing sensitivity to ferroptosis
	Over expression of FTH1 reduces cartilage loss and protects chondrocytes from DMM surgery
	FTH1 suppresses OA progression by inhibition of the MAPK pathway

	Discussion
	Acknowledgements
	References


