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Aims
To examine how eukaryotic translation initiation factor 5A (eIF5A) regulates osteoarthritis
(OA) during mechanical overload and the specific mechanism.

Methods
Histological experiments used human bone samples and C57BL/6J mice knee samples. All
cell experiments were performed using mice primary chondrocytes. Messenger RNA (mRNA)
sequencing was performed on chondrocytes treated with 20% cyclic tensile strain for
24 hours. Western blot (WB) and quantitative polymerase chain reaction were employed to
detect relevant indicators of cartilage function in chondrocytes. We created the destabiliza-
tion of the medial meniscus (DMM) model and the mechanical overload-induced OA model
and injected with overexpressing eIF5A adenovirus (eIF5A-ADV). Cartilage degeneration was
evaluated using Safranin O/Fast Green staining. Relative protein levels were ascertained by
immunohistochemistry (IHC) and immunofluorescence (IF) staining.

Results
After OA initiation, eIF5A caused an upregulation of type II collagen (COL2) and a down-
regulation of matrix metalloproteinase 13 (MMP13), P16, and P21, which postponed the
aggravation of OA. Further sequencing and experimental findings revealed that eIF5A
knockdown accelerated the progression of OA by boosting the expression of histone
acetyltransferase cyclic-adenosine monophosphate response element binding protein
(CREB)-binding protein (CREBBP) to mediate activation of the Notch pathway.

Conclusion
Our findings identified a crucial functional mechanism for the onset of OA, and suggest that
intra-articular eIF5A injections might be a useful therapeutic strategy for OA treatment.

Article focus
• Our study focused on the effects of

mechanical stress and eukaryotic
translation initiation factor 5A (eIF5A) on
osteoarthritis (OA).

• We investigated the protective effect of
eIF5A on chondrocytes in two different
animal models.
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Key messages
• Excessive mechanical stress can aggravate inflammation

and senescence of chondrocytes.
• eIF5A is downregulated in OA chondrocytes induced by

excessive mechanical stress, and affects intra-articular
homeostasis mainly through cyclic-adenosine monophos-
phate response element binding protein (CREB)-binding
protein (CREBBP) and Notch pathway.

Strengths and limitations
• The function of the eIF5A/CREBBP/Notch pathway axis in

OA was revealed for the first time.
• We validated eIF5A in destabilization of the medial menis-

cus and the mechanical overload models.
• The specific mechanism between eIF5A and the Notch

pathway remains to be investigated.

Introduction
Osteoarthritis (OA) is a chronic degenerative disease causing
chronic pain and long-term disability in middle-aged and
older people.1-3 The pathogenesis of OA is related to many
factors.4 Degeneration of the cartilage extracellular matrix
(ECM) is one of the hallmarks of OA, manifested by reduced
type II collagen content.5,6 Furthermore, a significant amount
of matrix metalloproteinase (MMP), an essential enzyme for
the degradation of type II collagen, is generated during
the development of OA.7,8 Articular cartilage breakdown is
primarily caused by an imbalance resulting from a considera-
bly greater increase in catabolic factors than anabolic factors.9

The main pathological change in OA is the degeneration
of cartilage. Therefore, it is particularly important to study
chondrocyte senescence. Senescent cells exhibit positive
senescence-associated β-galactosidase (SA-β Gal) staining and
release factors related to secretory phenotypes associated
with senescence.10,11

Appropriate mechanical loading may maintain the
dynamic balance of the internal environment of the articular
cartilage.12,13 However, excessive mechanical loading is also an
important risk factor for the development of OA.14 Obesity,
joint instability, and aberrant movement patterns can all
contribute to excessive mechanical loading, which damages
cartilage and alters the structural makeup of joints.15 Two
recent studies discovered that excessive mechanical loading
leads to chondrocyte senescence and cartilage degeneration
in mice, exacerbating the course of OA.11,16

Eukaryotic translation initiation factor 5A (eIF5A) is
a highly evolutionarily conserved translation factor that is
necessary for sustaining cell activity.17 The primary function
of eIF5A is to promote the elongation of messenger RNA
(mRNA) encoding a specific peptide motif sequence.18 It can
also enhance translation termination by promoting the release
of the peptide chain.19,20 Nevertheless, it remains unclear how
eIF5A and OA are related.

In this study, we tested the hypothesis that excessive
mechanical stress affects  eIF5A expression in chondro-
cytes. Additionally, we discovered that eIF5A regulates the
Notch signalling pathway via cyclic-adenosine monophos-
phate (AMP) response element binding protein (CREB)-bind-
ing protein (CREBBP), which in turn affects  chondrocyte
function.

Methods
Human cartilage sample
The tibial plateau of five patients undergoing knee arthro-
plasty surgery (all with OA) was chosen. The OA group had
substantial cartilage deterioration on the medial tibial plateau,
whereas the control group had modest cartilage destruction
on the lateral tibial plateau. After gaining informed consent,
this study was carried out with approval from the Ethics
Committee of the Third Affiliated Hospital of Southern Medical
University. Histological analysis of the human cartilage sample
is shown in the Results section.

Primary chondrocytes extract and culture
Primary chondrocytes from five-day-old mice were cultured in
a complete medium containing Dulbecco’s modified Eagle’s
medium F12 (DMEM-F12) (Gibco; Thermo Fisher Scientific,
USA) with 10% fetal bovine serum (Gibco) and 1% penicil-
lin-streptomycin. To create an in vitro cellular OA model,
chondrocytes were seeded in silicone films and cultured using
a Flexell-5000 mechanical tensile system with 20% cyclic
tensile stress at 0.5 Hz. The controls on the same plate were
given no stress stimulation.

Cell transfection
Related small interfering RNA (siRNA) and overexpression
plasmids (Tsingke Biotechnology, China) were used under the
reagent instructions. We transferred siRNA/plasmids and a
negative control (NC) into chondrocytes using lipofectamine
3000 (Thermo Fisher Scientific), changing the medium with
a fresh one after eight hours. Following 48 hours of incuba-
tion in a cell incubator, the protein and RNA were retrieved
for further analysis. The siRNA sequences used are listed in
Supplementary Table i.

Total RNA extraction and qPCR analysis
Total RNA was extracted from the primary chondrocytes by
TRIzol reagent (Takara Bio, Japan). Next, 1 mg of total RNA was
purified with a genomic DNA remover, and reverse transcrip-
tion was performed with 5 HiScrip II qRT SuperMix II (Vazyme
Biotech, China). Amplification of total RNA using specific target
gene primers and quantitative polymerase chain reaction
(qPCR) was performed on LightCycler 96 (Roche, Switzerland).
The primers used are listed in Supplementary Table ii.

Western blot analysis
The treated chondrocytes were lysed by radioimmunopre-
cipitation assay (RIPA) buffer (Jiangsu Beidase Institute of
Biotechnology, China). The quantified proteins were separa-
ted by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and then transferred to a polyvinylidene
difluoride (PVDF) membrane (Beyotime Biotechnology, China).
Blocking was performed with 5% skim milk in 50 mM Tris-
buffered saline (TBS) (pH 7.4) containing 0.1% Tween-20
(TBST) buffer configuration, followed by overnight blot
incubation at 4°C using specific primary antibodies. The
next day, it was incubated with horseradish peroxidase-con-
jugated secondary antibodies (1:4,000) at room tempera-
ture and visualized in the chemiluminescence apparatus.
The following primary antibodies were used for this West-
ern blot (WB) analysis: glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (1:10,000, HA721136; HUABIO, USA), eIF5A
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(1:1,000, A2016; ABclonal, Germany), MMP13 (1:1,000, A11148;
ABclonal), type II collagen (COL2) (1:1,000, A1560; ABclonal),
P21 (1:1,000, ab109199; Abcam, UK), P16 (1:2,000, ab211542;
Abcam), Notch intracellular domain (NICD) (1:1,000, 20687-1;
Proteintech, USA), and CREBBP (1:1,000, A14237, ABclonal).

Senescence-associated β-galactosidase staining
We configured the dyeing working solution according to the
SA-βGal (G1580; Solarbio, China) reagent instructions. The
chondrocytes were treated with the fixation solution in the
kit for 15 minutes at room temperature, then rinsed with
phopshate-buffered saline and left exposed to the dyeing
working solution overnight.

Animal model
All animal experiments were approved by the Southern
Medical University Committee Animal Care and Use Com-
mittee (SMUL2021014) and followed the ARRIVE guidelines
(36 mice in total). An ARRIVE checklist is included in the
Supplementary Material. Animals were randomly divided into
six groups, and eight-week-old male C57BL/6J mice were
purchased and then maintained in a new experimental
environment until ten to 12 weeks, followed by each of the
two OA models. Before the destabilization of the medial
meniscus model (DMM) surgery, we anaesthetized ten-week-
old male C57BL/6J mice with sodium 1% pentobarbital
(50 mg/kg weight) intraperitoneal injection. The connecting
ligament of the medial meniscus and the tibia were cut
open to destabilize the medial meniscus. Sham-operated mice
only cut and closed the joint cavity. To achieve mechanical
overload-induced OA, 60 cycles of 13.5 N axial compressive
loads (twice per week) were applied to the knee joints of the
anaesthetized mice. Sham-operated mice were subjected to a
0.5 N static axial compressive load on their knees using the
same method.

Intra-articular adenovirus injection
We randomly allocated mice to three groups: sham surgery,
injection with NC adenovirus, and injection with overexpress-
ing eIF5A adenovirus (n = 6 per group). Adenovirus-mediated
overexpression of eIF5A (ADV-eIF5A), sourced from Tsingke
Biotechnology, was injected after surgery in both DMM and
mechanical overload-induced OA models until four weeks
later. Adenovirus injections of 5 nmol were given weekly, while
the control group was given the same dose of NC.

Dynamic weightbearing test
In modelled mice (DMM and 13.5 N modelling groups),
spontaneous pain was measured weekly using the static
weightbearing weakness test (Bioseb, France). Measurement
of pain is based on a previously published article.21

Supplementary Figure c contains specific  measurement
schematics.

Histological analysis
Joint tissues were fixed with 4% Paraformaldehyde Fix Solution
for 24 hours and decalcified in 0.5 M EDTA decalcified solution
in a 37°C shaker for 14 days. After paraffin embedding,
4 μm thick serial mid-sagittal sections were continuously
cut. Deparaffinization, rehydration, and Safranin O/Fast Green
staining were performed. The Safranin O/Fast Green staining

was scored according to the Osteoarthritis Research Society
International (OARSI) grading system.22

Immunohistochemistry and immunofluorescence staining
Paraffin-sectioned  specimens were processed as described
in the previous paragraph. Antigen repair was performed
with Tris-EDTA (TE9.0) at pH 9.0 for three hours at
65°C. To inactivate the endogenous peroxidase activity, a
3% concentration of hydrogen peroxide was added and
reacted for ten minutes. Non-specific  binding sites were
blocked with 1% goat serum at room temperature for
one hour and incubated with relevant primary antibodies
overnight at 4°C. The next day, for immunohistochemis-
try (IHC), the sections were incubated with horseradish
peroxidase-labelled secondary antibody (Jackson ImmunoR-
esearch Laboratories, USA) for one hour at room tem-
perature, then stained with 3,3-diaminobenzidine (DAB)
and haematoxylin, dehydrated, and sealed. For immuno-
fluorescence  (IF),  secondary antibodies were incubated
with matched Alexa 594 dye (Life Technologies, Thermo
Fisher Scientific)  at room temperature for one hour, and
then nuclei were labelled with 4,6-diamidino-2-phenylindole
(DAPI).  The primary antibodies used were: eIF5A (1:200,
A2016; ABclonal),  MMP13 (1:100, A11148; ABclonal),  COL2
(1:1,000, A1560; ABclonal),  P21 (1:1,000, ab109199; Abcam),
P16 (1:200, ab211542; Abcam), NICD (1:200, 20687-1;
Proteintech), and CREBBP (1:200, A14237; ABclonal).

Statistical analysis
All experiments were performed in duplicate or triplicate,
with the data presented as the mean (SD). The data were
analyzed with GraphPad Prism 9.0.0 (GraphPad Software, USA).
An independent-samples t-test was used to analyze the two
independent groups. For the comparison of the three datasets,
one-way analysis of variance (ANOVA) was used. Statistical
significance was set at p < 0.05.

Results
eIF5A is reduced in articular cartilage in OA patients and OA
mice
To identify the potential mechanism of excessive mechanical
stress with OA, we analyzed the mRNA expression profiles
of control chondrocytes and cyclic tensile stretched chon-
drocytes. Differential expression analysis revealed that eIF5A
was identified as the most upregulated gene (Figure 1a and
Supplementary Figure aa). Next, we used 20% cyclic tensile
strain to stretch mouse primary chondrocytes. Using qPCR and
WB, it was found that the expression of eIF5A was significantly
downregulated in overstressed chondrocytes. Additionally,
stretched chondrocytes exhibited a decrease in the synthesis
indicator COL2, an upregulation of the catabolic indicator
MMP13, and upregulated P21 and P16, indicators of senes-
cence (Figures 1b and 1c, Supplementary Figure ab).

To confirm the expression of eIF5A in the OA carti-
lage, we used OA cartilage from both humans and mice
as material to perform eIF5A Safranin O/Fast Green staining
and IHC staining. The results showed that compared with
the NC group, the expression of eIF5A from OA patients
was decreased (Figures 1d and 1f). Similarly, eIF5A expression
was also downregulated with increasing cartilage damage in
DMM-OA mice (Figures 1e and 1g).
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Knockdown/overexpression of eIF5A can aggravate or
rescue the injury of chondrocytes in OA
To further determine the effects of eIF5A on chondrocytes and
OA, eIF5A was silenced using siRNA (Supplementary Figure
ac). Therefore, the two most effective knockdown siRNAs were
selected for further investigation. The results of qPCR and WB
showed that knockdown of eIF5A resulted in downregulation
of COL2 expression and upregulation of MMP13, P16, and
P21 expression (Figures 2a and 2c). We also used plasmids to
overexpress the level of eIF5A in chondrocytes, as determined
by qPCR (Supplementary Figure ad). Subsequently, we used
20% cyclic tensile strain to stimulate chondrocytes to induce
OA and overexpress eIF5A in the culture environment. qPCR
results revealed that after 20% cyclic tensile strain stimula-
tions, eIF5A decreased in primary chondrocytes, as did the
expression of COL2. However, the level of MMP13, P16, and

P21 increased. Interestingly, the chondrocyte damage caused
by 20% cyclic tensile strain can be rescued after OE-eIF5A
(Figures 2b and 2d).

Cell IF staining of eIF5A and SA-βGal showed that the
degree of chondrocyte senescence was slightly aggravated
after eIF5A knockout. Similarly, eIF5A overexpression could
rescue SA-βGal staining enhanced by 20%-tensile in primary
chondrocytes (Figures 2a to 2h). This result indicates that
eIF5A may play a role in delaying chondrocyte ageing.

eIF5A can inhibit cartilage degeneration and delay OA
progression in DMM-OA mice
In order to determine the delaying effect of eIF5A on OA, we
established a mouse model of DMM and injected adenovirus
weekly (Figure 3a). Measuring the mice’s pain weekly, we
observed that mice showed knee pain after DMM, but the

Fig. 1
Eukaryotic translation initiation factor 5A (eIF5A) is reduced in articular cartilage in osteoarthritis (OA) patients and OA mice. a) Volcano plots of
differentially expressed genes after stretching. b) Quantitative polymerase chain reaction (qPCR) analysis of eIF5A, type II collagen (COL2), matrix
metalloproteinase 13 (MMP13), P21, and P16 in primary chondrocytes treated with 20% cyclic tensile strain for 24 hours; n = 6 per group. c)
Western blot (WB) analysis of eIF5A, COL2, and MMP13 in primary chondrocytes treated with 20% cyclic tensile strain for 24 hours. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the loading control. d) Safranin O/Fast Green staining (upper) and immunohistochemistry (IHC)
staining of eIF5A (lower) of human knee cartilage from the medial (OA) and lateral (controls) tibial plateau of OA patients. Scale bar: 100 µm. e)
Safranin O/Fast Green staining (upper) and IHC of eIF5A (lower) of control group (CON) and destabilization of the medial meniscus (DMM) knee
cartilage of C57 mouse. Knee tissue was obtained at four and eight weeks (4W and 8W) after the DMM procedure. Scale bars: 100 µm, 50 µm.
f ) Osteoarthritis Research Society International (OARSI) grades for human articular cartilage of the medial and lateral tibial plateau in Fig. 1c and
quantification of eIF5A in each group; n = 6 per group. g) OARSI grades for the joints described in Fig. 1e and quantification of eIF5A in each group; n
= 6 per group. An independent-samples t-test and one-way analysis of variance were used for statistical analyses (*p < 0.05, **p < 0.01, ***p < 0.001).
FC, fold change; NC, negative control; ns, not significant.
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pain was partially relieved by adenovirus injection (Figure
3b). The mice were euthanized after four weeks, and the
knees were fixed and stained with Safranin O/Fast Green. The
results show that articular cartilage injury in the exogenous
adenovirus injection group was obviously less than in the
OA control group (Figures 3c and 3i). Compared with the
OA control group, eIF5A and COL2 were elevated (Figures 3d,
3e, 3j, and 3k). Simultaneously, the IF results indicate that

MMP13 expression was downregulated (Figures 3f and 3l). In
addition, the senescence-related hallmarks P16 and P21 were
significantly downregulated after eIF5A injections (Figures 3g,
3h, 3m, and 3n).

Fig. 2
Knockdown/overexpression of eukaryotic translation initiation factor 5A (eIF5A) can aggravate or rescue the injury of chondrocytes in osteoarthritis
(OA). a) Quantitative polymerase chain reaction (qPCR) analysis of eIF5A, type II collagen (COL2), martrix metalloproteinase 13 (MMP13), P21, and
P16 in primary chondrocytes transfected with si-eIF5A; n = 6 per group. b) qPCR analysis of eIF5A, COL2, MMP13, P21, and P16 in mouse primary
chondrocytes treated with or without OE-eIF5A under 20% cyclic tensile strain; n = 6 per group. c) Western blot (WB) analysis and quantification
of eIF5A, COL2, MMP13, P21, and P16 in si-eIF5A-transfected primary chondrocytes; n = 3 per group. d) WB analysis and quantification of eIF5A,
COL2, MMP13, P21, and P16 in mouse primary chondrocytes treated with or without OE-eIF5A at 20% cyclic tensile strain; n = 3 per group. e)
and f ) Immunofluorescence (IF) and senescence-associated β-galactosidase (SA-βGal) staining of eIF5A after transfection of primary chondrocytes
with si-eIF5A and corresponding quantitative plots; n = 3 per group. g) and h) IF and SA-βGal staining of primary mouse chondrocytes treated
with or without OE-eIF5A at 20% cyclic tensile strain and corresponding quantification plots; n = 3 per group. An independent-samples t-test and
one-way analysis of variance were used for statistical analyses (*p < 0.05, **p < 0.01, ***p < 0.001). CON, control; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NC, negative control; ns, not significant; OE, over-expression.
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Intra-articular injection of eIF5A partially relieved the
progression of 13.5 N overload-induced OA
A previous study showed that the articular cartilage of mouse
knee joints experienced proteoglycan loss and impairment
after being subjected to multiple load fragments at a peak
load of 13.5 N.11 Thus, we developed a model of excessive
mechanical loading of 13.5 N. eIF5A adenovirus was injec-
ted weekly for four weeks (Figure 4a). Pain was measured
weekly, and we found that after mechanical overloading, mice
also showed knee pain that was partially relieved by adenovi-
rus injection (Figure 4b). Remarkably, mice with OA induced
by 13.5 N overload also experienced cartilage degeneration
and joint fibrillation. The expression of eIF5A and COL2 was
downregulated, while MMP13 and senescence markers P16
and P21 were upregulated (Figures 4c to 4n). Similarly, the
eIF5A adenovirus could reverse this alteration. The above
experimental results demonstrate the benign role of eIF5A in
experimental OA.

eIF5A suppresses OA by inhibiting the Notch pathways
Next, we sought to determine which molecules and signalling
pathways are responsible for chondrocyte degeneration after
eIF5A knockdown. We analyzed transcript genes and path-
ways after treating mouse primary chondrocytes with si-eIF5A.
The data demonstrated that the Notch pathway was consid-
erably active following si-eIF5A (Figure 5a). Subsequently,
we verified gene expression changes in the Notch pathway-
related genes by qPCR and found the expression changes
in CREBBP to be most associated with eIF5A (Figure 5b).
To confirm the association between downstream molecules
and OA, we performed immunohistochemical staining of
OA cartilage for Notch pathway markers NICD and CREBBP.
Interestingly, NICD and CREBBP expression was significantly
upregulated after DMM. Nevertheless, in OA cartilage injected
with eIF5A-ADV, NICD and CREBBP expression started to
decline (Figures 5c and 5d). Moreover, through qPCR we
discovered that overexpressing eIF5A in chondrocytes might
somewhat mitigate the stretch-induced elevation of NICD and
CREBBP (Figures 5f and 5g).

Fig. 3
Eukaryotic translation initiation factor 5A (eIF5A) can inhibit cartilage degeneration and delay osteoarthritis (OA) progression in destabilization of
the medial meniscus (DMM)-OA mice. a) Protocol for intra-articular injection of ADV-NC or ADV-eIF5A in medial meniscus instability (DMM) mice. b)
Analysis of weekly weightbearing asymmetry in mice. c) Safranin O/Fast Green staining of knee cartilage from control, DMM, and post-DMM eIF5A
adenovirus-injected mice. Scale bar: 100 µm. d) and e) Immunohistochemistry (IHC) staining of eIF5A and type II collagen (COL2) in knee cartilage of
control, DMM, and post-DMM eIF5A adenovirus-injected mice. Scale bar: 50 µm. f ) to h) Immunofluorescence (IF) staining of matrix metalloproteinase
(MMP13), P16, and P21 in knee cartilage of control, DMM, and post-DMM eIF5A adenovirus-injected mice. Scale bar: 50 µm. i) to n) Quantitative
analysis of the Osteoarthritis Research Society International (OARSI) scoring scale in mice in Fig. 3a and the number of positive particles in Fig. 3d to
3h of articular cartilage; n = 6 per group. One-way analysis of variance was used for statistical analyses (*p < 0.05, **p < 0.01, ***p < 0.001). 4W, four
weeks; ADV, adenovirus; NC, negative control; ns, not significant.
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eIF5A delays OA through inhibiting CREBBP expression
To further substantiate the connection between eIF5A and
downstream CREBBP, we designed and validated siRNA and
overexpression plasmids for CREBBP (Supplementary Figures
ba and bb). We demonstrated that following 20% stretched
chondrocytes, there was a significant rise in NICD and CREBBP,
a decrease in the expression of COL2, and an upregula-
tion of the expression of MMP13, P16, and P21. The ten-
sile that caused chondrocyte injury could be rescued by
si-CREBBP (Figures 6a and 6c). In the interim, we also veri-
fied the therapeutic effect of eIF5A on CREBBP. First, we
used the CREBBP overexpression plasmid to stimulate primary
chondrocytes and applied eIF5A overexpression to the group

at the same time. Unexpectedly, chondrocytes with CREBBP
overexpression showed a phenotype similar to that of stretch,
with a notable rise in NICD and CREBBP expression. Overex-
pression of eIF5A concurrently mitigated the impact caused by
CREBBP (Figures 6b and 6d). In addition, we also performed
SA-βGal staining, which strongly verified CREBBP involvement
in chondrocyte ageing (Figures 6e to 6h).

Discussion
This study demonstrates that eIF5A plays a critical role in
mediating chondrocyte damage and ageing in OA develop-
ment. We observed that eIF5A could postpone OA caused
by high mechanical stress. This impact was probably brought

Fig. 4
Intra-articular injection of eukaryotic translation initiation factor 5A (eIF5A) partially relieved the progression of 13.5 N overload-induced
osteoarthritis (OA). a) Protocol for intra-articular injection of ADV-NC or ADV-eIF5A in mice after stimulation with an excessive mechanical load
of 13.5 N (13.5 N model). b) Analysis of weekly weightbearing asymmetry in mice. c) Safranin O/Fast Green staining of knee cartilage from
control, 13.5 N, and post-13.5 N eIF5A adenovirus injected mice. Scale bar: 100 µm. d) and e) Immunohistochemistry (IHC) staining of eIF5A and
type II collagen (COL2) in knee cartilage of control, 13.5 N group, and post-13.5 N eIF5A adenovirus-injected mice. Scale bar: 50 µm. f ) to h)
Immunofluorescence (IF) staining for matrix metalloproteinase (MMP13), P16, and P21 in knee cartilage of control, 13.5 N group, and post-13.5 N
eIF5A adenovirus-injected mice. Scale bar: 50 µm. i) to n) Quantitative analysis of the Osteoarthritis Research Society International (OARSI) scoring
scale in mice in Fig. 4a and the number of positive particles in Fig. 4d to 4h of articular cartilage; n = 6 per group. One-way analysis of variance was
used for statistical analyses (*p < 0.05, **p < 0.01, ***p < 0.001). ADV, adenovirus; NC, negative control; ns, not significant.
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about by inhibiting the Notch signalling pathway and
downregulating CREBBP (Figure 7). Our findings investigated
the function of the eIF5A/CREBBP/Notch pathway axis in
OA, suggesting that eIF5A overexpression might be a useful
therapeutic strategy for OA.

Recent evidence has revealed that mechanical
overloading greatly contributes to OA and cartilage deterio-
ration.23,24 In a new study, Zhu et al16 discovered that chon-
drocyte catabolism and ageing were exacerbated by 0.5 Hz,
20% cyclic tensile strain stimulation for 24 hours. Alterna-
tively, continuous stimulation of C57 mice with 13.5 N of
mechanical stress exacerbated the loss of cartilage proteo-
glycan. These results imply that excessive mechanical stress
induces cartilage senility and catabolism. eIF5A is one
of the most substantially downregulated genes from our

chondrocyte sequencing results following 20% cyclic tensile
strain stimulation.

eIF5A, a highly conserved protein that is expressed in
humans and many other eukaryotes, is essential for eukaryotic
cell proliferation.25,26 Numerous data point to the connection
between eIF5A and cellular anabolism as well as the preven-
tion of senescence.27,28 Nevertheless, the relationship between
eIF5A and chondrocyte degeneration and OA has not been
reported. In this study, we created both in vitro and in vivo
mechanical OA models to confirm the expression of eIF5A.
Furthermore, we discovered that cartilage destruction was
successfully reversed in both the DMM and mechanical OA
models by intra-articular injection of eIF5A-ADV.

The Notch signalling pathway is critically linked
to articular cartilage function and ageing.29 Research has
demonstrated that chondrocytes with elevated expression of

Fig. 5
Notch pathway activation was most pronounced as eukaryotic translation initiation factor 5A (eIF5A) was downregulated. a) Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis of differential genes in chondrocytes after si-eIF5A. b) Quantitative polymerase chain
reaction (qPCR) analysis of key molecules of the Notch pathway in chondrocytes after si-eIF5A; n = 6 per group. c) and d) Immunohistochemistry (IHC)
staining of Notch intracellular domain (NICD) and cyclic-AMP response element binding protein (CREB)-binding protein (CREBBP) in knee cartilage of
control, destabilization of the medial meniscus (DMM), and post-DMM eIF5A adenovirus-injected mice, and quantification of positive particles; n = 6
per group. e) and f ) qPCR analysis of NICD and CREBBP in primary mouse chondrocytes treated with or without OE-eIF5A under 20% cyclic tensile
strain; n = 6 per group. An independent-samples t-test and one-way analysis of variance were used for statistical analyses (*p < 0.05, **p < 0.01, ***p <
0.001). CON, control; IgA, immunoglobulin A; ns, not significant.
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NICD upregulate MMP13 levels while exacerbating cellular
senescence.30,31 CREBBP is one of the activating molecules
of the Notch pathway.32,33 Some researchers discovered
that the CREBBP/EP300 mutation caused histone H3 lysine
27 acetylation (H3K27) to become deacetylated in clinical
patients with diffuse large B cell lymphoma (DLBCL), hence
enhancing gene transcription and the Notch signalling
pathway.34 In the present work, after knocking out eIF5A in
primary mouse chondrocytes, we observed that the expres-
sion level of CREBBP was significantly elevated. CREBBP
is most likely to be crucial in establishing a connection

between eIF5A and the Notch signalling pathway.35,36 We
next demonstrated that overexpression of CREBBP promoted
chondrocyte degeneration and senescence and that subse-
quent overexpression of eIF5A slowed this process. Conversely,
the knockdown of CREBBP reduced the activation of NICD
signalling in OA, thereby alleviating OA. These findings imply
that CREBBP may activate the Notch pathway, which in turn
may worsen the pathophysiology of OA.

However, this study has some limitations. We did not
construct transgenic knockout mice to confirm whether a
primary decrease in eIF5A would result in OA. Alternatively,

Fig. 6
Eukaryotic translation initiation factor 5A (eIF5A) delays osteoarthritis (OA) through inhibiting cyclic-adenosine monophosphate (AMP) response
element binding protein (CREB)-binding protein (CREBBP) expression. a) Western blot (WB) analysis of Notch intracellular domain (NICD), CREBBP,
type II collagen (COL2), matrix metalloproteinase (MMP13), P21, and P16 in primary mouse chondrocytes treated with or without si-CREBBP at 20%
cyclic tensile strain. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. b) The WB analysis of NICD, CREBBP,
COL2, MMP13, P21, P16, and eIF5A in mouse primary chondrocytes treated with or without OE-eIF5A after OE-CREBBP. GAPDH was used as the
loading control. c) and d) Quantification of the expression of each indicator in Fig. 6a and 6b; n = 3 per group. e) and f ) Senescence-associated
β-galactosidase (SA-βGal) staining of primary mouse chondrocytes treated with or without si-CREBBP at 20% elongation strain loading and
corresponding quantification plots; n = 3 per group. g) and h) SA-βGal staining of primary mouse chondrocytes treated with or without OE-eIF5A
after OE-CREBBP and corresponding quantification plots; n = 3 per group. One-way analysis of variance was used for statistical analyses (*p < 0.05, **p
< 0.01, ***p < 0.001). CON, control; ns, not significant.
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the role of eIF5A injection in the joint cavity in relieving
joint pain also deserves further exploration. Although CREBBP
induction of histone deacetylation to activate Notch signal-
ling has been widely accepted in recent years, and we have
found it to be a downstream molecule of eIF5A affecting OA,
the precise mechanism of action between eIF5A and CREBBP
remains to be investigated.

In conclusion, our study revealed a substantial
reduction in eIF5A in OA caused by excessive mechani-
cal stress. Conversely, eIF5A partially reversed OA lesions
by delaying cartilage catabolism and chondrocyte ageing.
Moreover, sequencing and experimental outcomes verified
that eIF5A suppressed Notch signalling by interacting with
CREBBP. These findings point to a possible role for eIF5A in the
development of OA, suggesting that intra-articular targeted
eIF5A injections could be a useful strategy for treating the
disease.

Supplementary material
Western blot strips, and all of the primers used for quantitative
polymerase chain reaction. An ARRIVE checklist is also included to
show that the ARRIVE guidelines were adhered to in this study.
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