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TNF-a induces premature senescence in tendon stem cells via
the NF-kB and p53/p21/cyclin E/CDK2 signaling pathways
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Abstract. Achilles tendinitis (AT) is a complex disorder that
affects tendon tissue and often responds poorly to non-steroidal
anti-inflammatory drugs. Tumor necrosis factor-a (TNF-a),
a proinflammatory cytokine involved in cell death and
immune regulation, serves a central role in AT progression.
The present study investigated the effects of TNF-a on
tendon stem cells (TSCs) and evaluated potential therapeutic
strategies for AT. TNF-a-induced changes in TSCs were
determined by investigating markers of cellular senescence,
reactive oxygen species (ROS) activity, DNA damage and
the expression of key transcription factors, including NF-kB
(phosphorylated-p65, p65), p53, p21, cyclin E and CDK2.
To determine whether TNF-a-induced senescence could be
reversed, TSCs were treated with etanercept, a TNF-a-specific
inhibitor. TNF-a stimulation induced significant senescence
in TSCs, as evidenced by increased ROS production, DNA
damage and altered expression of senescence-associated
transcription factors. TNF-a activated the NF-xB and
p53/p21/cyclin E/CDK?2 signaling pathways, promoting TSC
senescence. Etanercept treatment effectively reversed these
effects, decreasing TSC senescence, suppressing inflamma-
tory cell infiltration, decreasing TNF-a protein expression and
mitigating collagen fiber degradation. TNF-a promotes TSCs
senescence through specific signaling pathways and etanercept
can counteract these deleterious effects. These results provide
insights into the pathogenesis of AT and highlight TNF-a
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inhibition as a promising therapeutic approach. Targeting
TNF-a may offer a novel treatment strategy for individuals
with AT.

Introduction

Achilles tendinitis (AT) commonly arises from trauma,
iatrogenic factors and inflammatory conditions, particularly
spondyloarthritis (1). Tendon ruptures have been reported in
patients with systemic lupus erythematosus, often linked to
corticosteroid therapy (2). In rheumatoid arthritis, tendinitis
may involve the tendon, the surrounding synovium or both.
Tendon involvement occurs in up to 64% of patients with
rheumatoid arthritis, although some studies report lower
prevalence rates (3,4). Typical symptoms of tendinitis include
localized pain and tenderness along the affected tendon,
particularly near joints, and symptoms often worsen with
exercise or physical exertion (5). In AT, patients experience
persistent pain and swelling accompanied by a sustained
inflammatory response. Several inflammatory mediators
contribute to the disease pathology, including tumor necrosis
factor (TNF)-a, IL-1B, MMP and metabolic enzymes such as
cyclooxygenase-2 (6-10).

Serum TNF-a levels are significantly higher in patients
with rotator cuff tears accompanied by sleep disturbance
compared with those with rotator cuff tears and normal sleep,
as well as patients in a control group with chronic shoulder
instability (11). The expression level of TNF-a is frequently
upregulated in the subscapular sac tissue and degenerated
tendon tissue of patients with rotator cuff injury (12,13). The
overexpression of TNF-a in tendon sheath injuries can exac-
erbate the inflammatory response, thereby leading to more
severe tissue damage and increased pain (12,13). Etanercept
is a soluble fusion protein composed of two human tumor
necrosis factor receptor II (TNFR II, molecular weight
75 kDa) subunits linked to the Fc portion of human IgGl. It
is administered via subcutaneous injection and displays slow
systemic absorption, reaching peak concentration 2-3 days
post-injection (14). Acting as a decoy receptor, etanercept
binds TNF-a and TNF-f3 with greater affinity than endog-
enous soluble TNFRs, thereby blocking their interaction with
native receptors and preventing downstream proinflammatory
signaling (15). By competitively inhibiting TNF-a binding
to its natural receptors, etanercept disrupts inflammatory,
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apoptotic and immune-associated signaling pathways. This
blockade effectively reduces inflammation in a range of patho-
logical conditions (15-17). Experimental results demonstrated
that etanercept treatment alleviated stress-shielding-induced
structural and morphological changes in tendon collagen
tissue (18). Etanercept suppressed the upregulation of MMP-13
and MMP-3, as well as collagen III expression levels (18).

Most adult human organs contain regenerative stem cells
(SCs) that reside within specialized microenvironments, or
niches, which are key for maintaining tissue homeostasis
and facilitating repair following injury (19). The function
of SCs depends primarily on their dynamic interaction with
the surrounding microenvironment. Tendon SCs (TSCs) are
undifferentiated cells within tendon tissue, characterized by
their ability to self-renew and differentiate into tenocytes (20).
Although studies suggest that TSCs contribute to tendon repair
and regeneration during disease progression, the underlying
molecular mechanisms remain poorly understood (20-22).

TNF-a is a key cytokine involved in inflammation.
TNF-a not only activates proinflammatory genes but also
exacerbates inflammatory responses by promoting apoptosis,
modulating immune activity and facilitating disease progres-
sion (23). Elevated TNF-a levels are commonly observed in
inflammatory diseases, where they influence the develop-
ment, senescence and functional properties of mesenchymal
SCs (MSCs) under specific physiological and pathological
conditions (24). Howeyver, the role of TNF-a in the onset and
progression of tendon disorders remains insufficiently defined.
While anti-TNF-a biological agents have proven highly
effective in treating chronic inflammation and autoimmune
disease, their effects on TSCs are still unclear (25). Therefore,
investigating the influence of TNF-a and TNF-a inhibitors on
TSCs is key.

The present study aimed to clarify the role of TNF-a in
tendon pathology by examining its effects on TSC senescence
and inflammation at cellular and animal levels, and to assess
whether TNF-a inhibition with Etanercept could mitigate
these pathological processes. This work seeks to provide
mechanistic insights into tendon disorders and validate poten-
tial therapeutic strategies.

Materials and methods

Cell isolation and culture. All animal procedures strictly
followed institutional regulations for animal research and
were approved by the Animal Care Committee of Nantong
University (Nantong, China; approval no. S20230522-005).
TSCs were isolated from the flexor digitorum profundus
(FDP) tendons of female C57BL/6 mice (n=6, weight 16-18 g,
provided by Nantong University Experimental Animal
Center, Nantong, China; age, 4 weeks). The mice were eutha-
nized humanely via cervical dislocation. FDP tendons were
dissected from the index, middle and ring digits of the hind
limbs, washed in sterile phosphate-buffered saline (PBS)
and finely minced into small fragments. Tissue was digested
using a solution containing 3 mg/ml type I collagenase and
4 mg/ml dispase (Gibco, Thermo Fisher Scientific, Inc.) for
2 h at 37°C. The cell suspension was filtered through a 70-ym
cell strainer to obtain a single-cell suspension, which was
seeded onto 25-cm? culture plates. Cells were cultured in

DMEM supplemented with 10% FBS (both Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml
streptomycin. Cultures were maintained at 37°C in a humidi-
fied atmosphere containing 5% CO,. Medium was replaced
every 3 days to support optimal cell proliferation. Cells at
85-90% confluence were sub-cultured at a ratio of 1:3 (one
part cells was split into three new culture vessels). Cells were
detached using 0.25% trypsin and transferred to new flasks for
continued expansion and downstream analyses.

Cells were grouped as follows (all treatments were
performed at 37°C): i) TSCs treated with PBS served as
the control; TSCs stimulated with TNF-a at ii) 20 and
iii) 40 ng/ml for 6 h, repeated three times at 48-h intervals and
TSCs were stimulated with TNF-a at iv) 20 and v) 40 ng/ml
for 6 h, repeated six times at 24-h intervals. To investigate
the potential therapeutic effect of TNF-a inhibition, TSCs
stimulated three times with 20 ng/ml TNF-a-were co-cultured
with a TNF-a antagonist (Etanercept) for 48 h at 37°C. For
the therapeutic co-culture assay, TSCs pre-stimulated three
times with 20 ng/ml TNF-a (37°C, 6 h per stimulation, 48-h
intervals) were treated with the TNF-a antagonist etanercept
(recombinant human TNF-a receptor I1:1gG Fc fusion protein,
20 ng/ml, supplied by Sunshine Guojian Pharmaceutical)
at 37°C for 48 h. Untreated TSCs served as controls.

Differentiation assay. TSCs were seeded at a density of
1x10* cells/cm? to initiate differentiation. Mouse TSCs
were induced to undergo osteogenic and adipogenic differ-
entiation using a commercial differentiation medium kit
(cat. no. RASTA-90021; cat. no. RASTA-90031, Cyagen
Biosciences, Inc.). Cells were cultured in differentiation
media at 37°C with 5% CO, for 28 days. Following washing
with PBS, cells were fixed in 4% PFA) at room temperature
for 15 min. To assess osteogenic differentiation, cells were
stained with Alizarin Red S and underwent an alkaline phos-
phatase assay (cat. no. C0148S, cat. no. C3250S, Beyotime
Institute of Biotechnology) at room temperature for 20 min
to evaluate matrix calcification. 0.5% Oil Red O staining (cat.
no. CO157M, Beyotime Institute of Biotechnology) at room
temperature for 20 min was performed to detect intracellular
neutral lipid vacuoles, indicating adipogenic differentiation.

To initiate chondrogenic differentiation, TSCs were
centrifuged in 15 ml conical tubes at 160 x g at room tempera-
ture for 5 min to form cell pellets. Pellets were cultured in
chondrogenic differentiation medium (cat. no. RASTA-90041,
Cyagen Biosciences, Inc.) at 37°C with 5% CO,, replacing the
medium every 3 days for a total of 4 weeks. Pellets were fixed
in 4% PFA at room temperature for 24 h, dehydrated through
a graded sucrose series 4°C, 4 h per step, embedded in optimal
cutting temperature compound, and sectioned into 5-um slices.
Sections were stained with toluidine blue (cat. no. C0637,
Beyotime Institute of Biotechnology) at room temperature for
10 min for histological evaluation. Images were captured using
a light microscope (Leica).

Senescence associated 3-galactosidase (SA-f3-gal) assay.
TSC senescence was assessed using the Senescence
p-Galactosidase Staining kit (SA-p-gal assay kit) (cat.
no. C0602, Beyotime Institute of Biotechnology), according
to the manufacturer's instructions. TSCs were cultured at a
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density of 1x10° cells/well in 6-well plates and fixed with 4%
PFA at room temperature for 10 min following treatment as
aforementioned. Cells were incubated at 37°C overnight with
the SA-B-gal staining solution. Following thorough washing by
PBS, cells were examined under a light microscope (Olympus)
at x10 magnification. Senescent cells exhibited blue staining.
To quantify senescence, 1,000 cells were counted across
20 randomly selected fields of view/slide and the percentage of
SA-B-gal-positive cells was calculated (26).

Immunofluorescent staining. TSCs were fixed in 4% PFA
at 4°C for 1 h, then washed with 0.1% Triton X-100 in PBS
(PBST). Cells were blocked in PBST containing 10% FBS
at room temperature for 30 min and incubated overnight
at 4°C with primary antibodies (1:100) targeting y-H2A.X
(cat. no. ab81299, anti-rabbit, Abcam), p65 (cat. no. sc-8008,
anti-mouse, Santa Cruz Biotechnology, Inc.), p53 (cat.
no. ab246550, anti-rabbit, Abcam), p21 (cat. no. ab188224,
anti-rabbit, Abcam), Oct4 (cat. no. ab200834, anti-rabbit,
Abcam) and Nanog (cat. no. ab109250, anti-rabbit, Abcam).
Following washing with PBS, secondary antibodies [goat
Anti-Mouse IgG H&L (Alexa Fluor® 488) (ab150113), Goat
Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077), goat
Anti-Rabbit IgG H&L (Alexa Fluor® 568) (ab175471), Abcam]
at 1:250 were added for 2 h at room temperature. Nuclei were
counterstained with DAPI (cat. no. ab228549, Abcam) at 1:500
at room temperature for 30 min and cells were examined using
a fluorescence microscope at x20 magnification.

Filamentous (F-)actin staining. The Cell Navigator™ F-Actin
Labeling kit (cat. no. 22661, AAT Bioquest) was used to visu-
alize F-actin) in fixed cells, according to the manufacturer's
instructions. TSCs were fixed in 4% PFA at 4°C for 30 min,
followed by washing with PBS at room temperature. Cells
were permeabilized with 0.1% PBST at room temperature for
5 min and incubated with iFluor™ 488-Phalloidin working
solution at room temperature for 30 min. After washing with
PBS, nuclei were counterstained with DAPI (cat. no. ab228549,
Abcam) at 1:500 at room temperature for 30 min and cells
were examined using a fluorescence microscope at x20
magnification.

Reactive oxygen species (ROS) staining. ROS staining kit
(cat. no. S0033S, Beyotime Institute of Biotechnology) was
used according to the manufacturer's instructions. After
washing three times with PBS, TSCs were incubated with
ROS-sensitive dye DCFH-DA at room temperature for 30 min.
Following another PBS wash, nuclei were counterstained with
DAPI (cat. no. ab228549, Abcam) at 1:500 at room tempera-
ture for 30 min and cells were examined using a fluorescence
microscope at x20 magnification.

EdU cell proliferation assay. TSC proliferation was assessed
using the Cell-Light™ EdU Apollo In Vitro kit (Guangzhou
RiboBio Co., Ltd.), following the manufacturer's protocol.
TSCs in the logarithmic growth phase were seeded into 24-well
plates at a density of 2x10* cells/well and cultured to 70%
confluency). Then, 25 yM EdU medium was added to each well
at 37°C for 24 h. Cells were washed twice with PBS and fixed
with 4% PFA at room temperature for 30 min, treated with
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2 mg/1 glycine at room temperature for 5 min, washed twice
with PBS for 5 min and permeabilized with Triton X-100 (cat.
no. P0096, Beyotime Institute of Biotechnology) for 10 min
at room temperature. Apollo® reaction mixture was added at
room temperature for 30 min and cells were washed twice with
PBS at room temperature. Finally, nuclei were stained with
DAPI (cat. no. ab228549, Abcam) at 1:500 at room tempera-
ture for 10 min before washing with PBS and imaging the cells
by fluorescence microscopy at x10 magnification.

Cell cycle detection. Cell cycle distribution was assessed
using the Cell Cycle Assay kit (Beijing Solarbio Science &
Technology Co., Ltd.) according to the manufacturer's instruc-
tions. Cells were fixed in pre-chilled 95% ethanol at 4°C for
24 h, washed with PBS and stained with propidium iodide at
37°C for 30 min. DNA content was analyzed by flow cytom-
etry using a FACSCalibur system (BD Biosciences) and cell
cycle distribution was quantified using ModFit LT software
(version 5.0, Verity Software House, vsh.com/).

Western blotting. TSCs were lysed for 30 min using RIPA
buffer containing protease inhibitors (cat. no. POO13B,
Beyotime Institute of Biotechnology). Supernatant was
collected following centrifugation at 12,800 x g 4°C for
20 min. Protein concentration was quantified use BCA assay,
samples were mixed with loading buffer and protein was
denatured by heating at 100°C for 10 min. Protein (20 pg/lane)
was separated by 10% or 12% SDS-PAGE and transferred
onto PVDF membranes using a BIO-RAD transfer system at
300 mA. Membranes were blocked with 5% skimmed milk at
room temperature for 2 h, then incubated overnight at 4°C with
primary antibodies (1:1,000). After washing by Tris-Buffered
Saline with Tween 20 (TBST), membranes were incubated with
secondary antibodies (1:10,000) (cat. no. D110087, D110058,
Sangon Biotech) at room temperature for 2 h. Primary anti-
bodies included GAPDH (cat. no. 10494-1-AP, anti-rabbit,
Proteintech Group, Inc.), p65 (cat. no. sc-8008, anti-mouse,
Santa Cruz Biotechnology), p53 (cat. no. ab26, anti-mouse,
Abcam), p21 (cat. no. abl188224, anti-rabbit, Abcam), phos-
phorylated p65 (p-p65; cat. no. sc-136548, anti-mouse, Santa
Cruz Biotechnology), y-H2A.X (cat. no. ab81299, anti-rabbit,
Abcam), CDK2 (cat. no. ab32147, anti-rabbit, Abcam) and
cyclin E (cat. no. 11554-1-AP, anti-rabbit, Proteintech Group,
Inc.), H2A.X (cat. no. 10856-1-AP, anti-rabbit, Proteintech
Group, Inc.). The membranes were incubated with anti-IgG
secondary antibodies conjugated to horseradish peroxidase
(HRP). Detection of specific bands was performed using an
ECL Detection kit (Bio-Rad), and visualization was carried
out with the ChemiDoc XRS + System (Bio-Rad). The densi-
tometry was performed using ImageJ software (version 1.53t,
National Institutes of Health).

Tendinopathy rat model. Rats were housed in a specific
pathogen-free (SPF) facility at temperature 20-26°C, humidity
30-70%, with a 12-h light/dark cycle and provided ad libitum
access to standard rodent chow and tap water. A total of 30
male Sprague-Dawley rats (age, 8 weeks; weight, 22049 g,
Nantong University Experimental Animal Center, Nantong,
China) were randomly assigned to three treatment groups
(n=10/group), each receiving injections in the Achilles tendon:
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i) PBS control; ii) PBS + collagenase type I (5 mg/ml) and
iii) collagenase type I (5 mg/ml)+ etanercept (0.5 mg/kg). At
20 days after collagenase type I (5 mg/ml) treatment twice,
administered 7 days apart, etanercept (0.5 mg/kg) was
administered seven times over 2 weeks. Achilles tendons were
harvested for histopathological analysis to evaluate collage-
nase-induced tendinopathy severity and the therapeutic effects
of etanercept (27). The dose of etanercept (0.5 mg/kg) was
selected based on Chen et al (18), who investigated that in a rat
model of stress-shielded tendons, etanercept at 0.5 mg/kg/week
for 2 weeks significantly attenuated early tendon degeneration
by reducing collagen fibril disorganization and suppressing
matrix metalloproteinase (MMP)-13, MMP-3, and collagen 111
expression. This dosing strategy was adopted to target tumor
necrosis factor-o. (TNF-a)-mediated inflammation, the key
pathway identified in both stress-shielding and collage-
nase-induced tendinopathy models (18).

Rats were anesthetized with isoflurane (3.0-3.5% in oxygen,
500-700 ml/min) until completely unresponsive to paw pinch.
Following anesthesia, death was induced by CO, asphyxia
(40% vol/min for 5 min) followed by cervical dislocation,
consistent with the AVMA Guidelines for the Euthanasia of
Animals (28). Death was verified by the absence of corneal
reflex, breathing and heartbeat.

Histological analyses. Tendon specimens were fixed in
4% PFA at 4°C for 24 h. Samples were dehydrated through
graded ethanol, embedded in paraffin and cut into longitu-
dinal sections of 4.5 ym thickness. Sections were stained at
room temperature with hematoxylin and eosin (H&E) and
Masson's Trichrome to assess tendon morphology. For H&E
staining, tissue sections were dewaxed and rehydrated. Nuclei
were stained with hematoxylin for 5 min. Differentiation was
performed in acid alcohol for 30 sec. Cytoplasmic counter-
staining was achieved using eosin for 1 min, and sections
were rapidly dehydrated through ascending ethanol gradients.
Sections were assed using a light microscope x20 and x40
magnification. For Masson's Trichrome staining, the sections
were mordanted by immersion in mordant solution at 60°C
for 1 h. Sections were then stained with celestin blue solu-
tion for 3 min, stained with Mayer's hematoxylin for 3 min.
Differentiation was performed in acid solution, followed by
a 10-min tap water rinse for bluing. Sections were stained
with Ponceau-fuchsin for 10 min. Phosphomolybdic acid
treatment for 10 min was followed by direct application of
aniline blue solution for 5 min without intermediate washing.
Excess aniline blue was removed with weak acid solution, and
sections were further treated with weak acid for 2 min. Rapid
dehydration was performed in ethanol. Sections were assed
using a light microscope x10 and x20 magnification.

For immunohistochemistry, paraffin-embedded sections
were treated with primary antibodies against TNF-a (1:200,
ab183218, Abcam) at 4°C overnight, then incubated with
secondary antibodies enzyme-labeled goat anti-mouse/rabbit
IgG polymer (PV-6000, ZSGB-BIO) for 20 min at room
temperature. Tendon specimens were rapidly frozen in liquid
nitrogen and sectioned into 4.5 ym slices. Thawed sections
were washed three times with PBS and fixed in -galactosidase
staining fixing solution (cat. no. R0757, Shifeng Biological) at
room temperature overnight. After rinsing with PBS, p-Gal

Staining A Solution 1 ul, f-Gal Staining B Solution 1 ul,
B-Gal Staining C Solution 93 ul and X-Gal Solution 5 pl)
was added for 24 h at 37°C. Sections were assed using a light
microscope (29).

For immunofluorescence staining, tendon samples were
incubated with 0.1% PBS-Triton X at room temperature for
15 min to permeabilize the tissue, followed by blocking (cat.
no. P0260, Beyotime Institute of Biotechnology, Shanghai,
China) to prevent non-specific antibody binding at room
temperature for 20 min. Sections were incubated overnight at
4°C with primary antibodies against CD44 (cat. no. 15675-1-AP,
Proteintech, 1:100) and p53 (cat. no. 60283-2-Ig, Proteintech,
1:100). The samples were incubated with secondary antibodies
[Goat Anti-Mouse IgG H&L (Alexa Fluor® 568) (ab175473),
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077),
Abcam] at 1:250 for 2 h, followed by nuclear staining with
DAPI (cat. no. ab228549, Abcam) at 1:500 at room tempera-
ture. Sections were analyzed using a fluorescence microscope
(BX41, Olympus Corporation).

Statistical analysis. All data are presented as the mean + SEM
from =3 independent experiments, each performed in triplicate.
Statistical analyses were conducted using SPSS 16.0 (SPSS,
Inc.). For comparisons involving three or more groups, data
were evaluated by one-way ANOVA followed by Tukey's post
hoc test for pairwise comparisons. For two-group comparisons,
Student's unpaired t-test was used, as all samples were derived
from independent experimental units. P<0.05 was considered
to indicate a statistically significant difference.

Results

TSCs exhibit SC-like properties and TNF-a induces senes-
cence in TSCs. TSCs displayed a spindle-shaped, fibroblast-like
morphology and multipotent differentiation capacity toward
osteogenic, adipogenic and chondrogenic lineages (Fig. 1A-D).
The cells also showed positive expression of stemness markers
Oct4 and Nanog (Fig. 1E). TNF-a intensified SA-B-gal
staining, caused progressive cell enlargement and reduced the
typical spindle-shaped morphology. Following treatment with
TNF-a, TSCs exhibited an expanded and flattened phenotype
(Fig. 2A). The proportion of SA-3-gal-positive TSCs increased
with higher TNF-a concentrations and longer stimulation
durations (Fig. 2A and B). Immunofluorescence revealed
disrupted F-actin organization and elevated expression
(Fig. 2C). EdU staining showed a significant decrease in prolif-
erative capacity in TSCs treated with TNF-o compared with
controls (Fig. 2D and E). Since cell cycle arrest is a hallmark
of cellular senescence (30), flow cytometry was performed on
TNF-a-stimulated TSCs, which revealed an increased propor-
tion of cells in the GO/G1 phase (Fig. 2F and G). Collectively,
these findings indicate that TSC senescence increased with
higher TNF-a concentration and stimulation duration.

TNF-a promotes ROS production and DNA damage in TSCs.
As ROS are inducers of cellular senescence (31), intracellular
ROS levels were measured in TSCs treated with TNF-a.. TNF-a
significantly elevated ROS production in TSCs (Fig. 3A and B).
To evaluate the effect of increased ROS on the DNA damage
response, expression of y-H2A.X, a specific marker of DNA
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Figure 1. Identification of TSCs. (A) Alizarin red S, (B) ALP and (C) Oil red O staining of TSCs. (D) Chondrogenic differentiation of TSCs as detected by
toluidine blue staining. (E) Immunofluorescence staining of Oct4 and Nanog in TSCs. Scale bar=100 gm. TSCs, tendon stem cells; ALP, alkaline phosphatase.

damage foci, was assessed. Immunofluorescence showed
that y-H2A.X levels increased following TNF-a stimulation
(Fig. 3C and D). The y-H2A.X expression increased after
TNF-a stimulation, indicating enhanced DNA damage.
H2A X expression did not differ significantly between the two
groups, as confirmed by western blot analysis (Fig. 3E and F).
These results suggested that TNF-a treatment enhances ROS
generation, which is associated with increased DNA damage
in TSCs.

TNF-a promotes expression of NF-kB and p53/p21/cyclin
E/CDK?2 signaling pathway components during senescence
in TSCs. Following TNF-a stimulation, TSCs exhibited
increased expression of p-p65, while total p65 proteins levels
showed no significant difference (Fig. 3E and F). The ratio
of p-p65 to total p65 demonstrated a significant upregulation
(Fig. 3E and F). Compared with the control group, TNF-a at
concentrations of 20 and 40 ng/ml, elevated the expression of
p53 and p21. TNF-a (20 ng/ml, three or six times) all elevated
the expression of p53; however, these changes did not follow
frequency-dependent pattern. TNF-a at 20 ng/ml, administered
either three or six times, significantly elevated p21 expression.
Notably, six administrations induced a higher p21 expression
than three administrations (Fig. 3G and H). TNF-a suppressed
the expression of cyclin E and CDK?2 in TSCs (Fig. 3G and H).
Immunofluorescence staining demonstrated nuclear transloca-
tion of p65 following TNF-a exposure (Fig. 3I). Additionally,
immunofluorescence revealed a marked increase in the
number of p53- and p21-positive cells in TNF-a-treated TSCs
(Fig. 3I). These results indicated that TNF-o promoted TSC
senescence by modulating NF-«B signaling and altering the
p53/p21/cyclin E/CDK?2 regulatory pathway.

Effects of etanercept on the NF-kB and p53/p21/cyclin E/CDK2
signaling pathways in TNF-a-Induced TSCs Senescence. To
investigate the role of the NF-xB and p53/p21/cyclin E/CDK2
signaling in TNF-a—induced senescence, TSCs were treated
with the TNF-o antagonist etanercept. TNF-a increased
ROS fluorescence, while etanercept significantly reduced
this effect (Fig. 4A and B). These results indicated that etan-
ercept possesses antioxidant activity capable of attenuating
TNF-a-induced oxidative stress. Etanercept also decreased
v-H2A.X expression and DNA damage in TSCs (Fig. 4C-E).
H2A X expression did not differ significantly between the two
groups, as confirmed by Western blot analysis (Fig. 4C and D).
Western blot analysis confirmed that etanercept reversed
TNF-a-induced senescence, as evidenced by decreased
expression of p53, p21 and p-p65 (Fig. 4C and D). By contrast,
total p65 levels remained unchanged (Fig. 4C and D).
Etanercept inhibited the nuclear translocation of p65 in
response to TNF-a (Fig. 4E). Immunofluorescence staining
also revealed decreased nuclear accumulation of p53 and p21
in the TNF-a + etanercept group (Fig. 4F). Etanercept, a TNF
inhibitor (recombinant Human TNF-a Receptor II: IgG Fc
Fusion Protein) effectively reversed TNF-a-induced senes-
cence in TSCs. Together, these findings suggest that etanercept
attenuates TNF-a-induced senescence in TSCs by modulating
oxidative stress and inhibiting key components of the NF-xB
and p53/p21 signaling pathways.

TNF-a antagonists reverse TNF-a-induced senescence in
TSCs. To evaluate the therapeutic potential of TNF-a inhibition,
TSCs pre-treated with TNF-a (20 ng/ml, three cycles) were
co-cultured with Etanercept (20 ng/ml). Etanercept significantly
decreased the number of SA-B-gal-positive cells (Fig. 5A and B).
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Figure 2. Effects of TNF-a on senescence in TSCs. (A) SA-f3-gal staining following stimulation with TNF-a in TSCs. Scale bar=200 pm. (B) Quantitative analysis
of SA-B-gal-positive cells in TSCs treated with TNF-a. (C) Immunofluorescence revealed aberrant distribution of F-actin in TSCs subjected to TNF-a treatment
(20 ng/ml). Scale bar=100 gm. (D) Proliferation of TSCs decreased following stimulation with TNF-q., as assessed using the EdU staining assay. Scale bar=200 pm.
(E) Quantitative analysis of EdU-positive cells indicating decreased proliferation in TNF-a-treated TSCs. (F) Cell cycle analysis with flow cytometry. Proportion
of cells in the GO/G1 phase increased in TSCs exposed to TNF-a. (G) Quantitative summary showing an increased proportion of cells in the GO/G1 phase in
TNF-o-treated TSCs. “P<0.01, “*P<0.001,"P<0.0001. TSCs, tendon stem cells; SA-B-gal, senescence-associated -galactosidase; F-actin, filamentous-actin.
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treatment. (E) Expression of y-H2A.X, H2A X, p-p65 and p65 following TNF-a stimulation as assessed by western blot. GAPDH was used as a control.
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TSCs, tendon stem cells; p-, phosphorylation; ns, not significant.

Etanercept markedly restored F-actin cytoskeleton integrity
disrupted by TNF-a, normalizing F-actin morphology (Fig. 5C).
EdU staining confirmed that etanercept rescued the prolifera-
tive capacity of TSCs (Fig. 5D and E). Etanercept normalized
the ratio of cells in the G1/GO phase, indicating restoration of
normal cell cycle progression (Fig. SF and G).

Histological changes in AT rats. To evaluate the therapeutic
effects of local etanercept injection in AT, a rat model was
established by administering collagenase I (Fig. 6A). H&E
staining of tendons revealed notable inflammatory cell infil-
tration (Fig. 6B). To assess tendon repair, Masson's trichrome
staining was performed 2 weeks after local injection with either
PBS or etanercept (Fig. 6B). Tendons in the collagenase I +
PBS group showed disrupted and disorganized collagen fiber
architecture, while etanercept treatment mitigated collagen
degradation and improved fiber alignment (Fig. 6B).

Immunohistochemistry revealed that collagenase I
increased TNF-a protein levels, whereas etanercept signifi-
cantly suppressed TNF-a expression (Fig. 6C and D). Moreover,
the proportion of SA-f3-gal-positive cells was significantly
elevated in the collagenase I + PBS group compared with PBS
controls, but etanercept treatment decreased levels of this senes-
cence marker (Fig. 6E and F). Finally, double immunostaining
demonstrated increased p53 expression in CD44-positive TSCs
within tendon tissue, confirming cellular senescence in TSCs
(Fig. 6G).

Discussion

Previous studies have established TNF-a as a key mediator in
the pathogenesis of AT (18,32-34). Elevated TNF-a levels are
consistently reported in tendon injury models and in the serum
and tissue samples of patients with tendinopathy (18,32-34).
Beyond its role in promoting inflammation, TNF-a. is a target for
regenerative therapies (18). Gulotta et al (35) demonstrated that
polyethylene glycol-conjugated soluble TNF receptor I enhances
collagen deposition and improves biomechanical properties
of healing tendons in a rat rotator cuff repair model, high-
lighting its potential to support tendon regeneration. Similarly,
Chen et al (18) showed that etanercept decreases inflammation
and promotes the proliferation of tendon-associated cells,
contributing to improved tendon healing outcomes. Despite
these findings, the specific effects of TNF-a on TSCs remain
poorly defined. While previous studies have broadly character-
ized the role of TNF-a in tendon pathophysiology (36,37), they
have not fully explored how TNF-a influences TSC stemness,
proliferation or differentiation at the molecular level. The
present study aimed to systematically investigate the cellular
and molecular responses of TSCs to TNF-a exposure. The
present study assessed TNF-a-induced cellular senescence,
ROS accumulation, DNA damage and the activation of key
signaling cascades, including the NF-xB and p53/p21/cyclin
E/CDK2 pathways, and evaluated the therapeutic potential of
etanercept in reversing TNF-a-induced senescence in TSCs.
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Figure 5. Effects of etanercept on senescence in TSCs. (A) Senescence of TSCs was analyzed by SA-3-gal staining. Scale bar=200 pm. (B) Quantitative analysis
of SA-B-gal-positive cells in TSCs. (C) Aberrant distribution of F-actin in TSCs subjected to TNF-a treatment as revealed by immunofluorescence. Effects
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The present findings provide new mechanistic insight into the
role of TNF-a in TSCs dysfunction and suggest a promising
avenue for targeting AT through TNF-a inhibition.

TSCs exhibit a spindle-shaped, fibroblast-like morphology
and possess the capacity to differentiate into cartilage,

adipose tissue and bone (38). Emerging evidence suggests that
pro-inflammatory cytokines promote cell senescence (39). For
example, IL-6 induces senescence in telomerase-inhibited
growth 3 (TIG3) fibroblasts by activating the STAT3/ IGF
binding protein 5 (IGFBP5) signaling pathway, increasing
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Figure 6. Histological changes in rats with tendinitis. (A) Injection schedule of PBS, collagenase I and etanercept in Sprague-Dawley rats. (B) H&E and
Masson's trichrome staining 2 weeks post-injection of PBS, collagenase I + PBS and collagenase I + etanercept into tendon tissues. Red denotes collagen
fibers; blue denotes the collapse of the collagen matrix. (C) Immunostaining for TNF-a on PBS-treated tendon tissue sections revealed negligible staining.
Collagenase I-treated tendon tissue sections exhibited substantial positive staining (brown). (D) The percentages of TNF-a positive cells in tendon tissue.
(E) SA-p-gal staining reveals little positive staining in PBS and collagenase I + etanercept groups, but substantial staining in collagenase I + PBS tendon tissues.
(F) SA-B-gal-positive area (%) of tendon tissues. (G) Co-localization of CD44 (green) with p53 (red) in tendon tissues. The nucleus inside the tendon tissues
is labeled with DAPI (blue). Scale bar=50, 100, 200 zm. "P<0.05, ““P<0.001. H&E, hematoxylin and eosin, SA--gal, senescence-associated 3-galactosidase.
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Figure 7. Impact of TNF-a on TSCs in normal tendon tissues. Under physiological conditions, TSCs exhibit typical functionality, characterized by regular cell
cycles, intact F-actin structures, low levels of ROS and normal expressions of transcription factors. Following stimulation by TNF-a, TSCs experience increased
ROS production and DNA damage, activation of the NF-kB signaling pathway (resulting in elevated levels of p-p65 and p65, leading to p65 translocation to
the nucleus) and modulation of the p53/p21/cyclin E/CDK2 signaling pathways (resulting in upregulation of p53 and p21 and downregulation of cyclin E and
CDK?2). These changes induce senescence in TSCs, characterized by alterations such as enlarged cell volume and disrupted F-actin structures. Etanercept, a
TNF-o inhibitor, mitigates these effects by binding to TNF-a, thereby inhibiting the activation of signaling pathways. This inhibition leads to reduced ROS
levels, mitigates DNA damage, decreases expression of p53, p21 and p-p65, normalizes cyclin E and CDK2 expression and ultimately reverses senescence in
TSCs, thereby restoring normal cellular functions. Figure created using BioRender (app.biorender.com/illustrations). TSC, tendon stem cells; ROS, reactive
oxygen species; F-actin, filamentous-actin; p-, phosphorylation; TNFR, tumor necrosis factor receptor; SA-f3-gal, senescence-associated -galactosidase.

ROS levels and promoting a senescent phenotype (40).
Similarly, TNF-a drives senescence in proliferative endothelial
progenitor cells via activation of the p38 MAPK pathway (41).
Previous studies have demonstrated that TNF-a not only
amplifies inflammation by upregulating inflammatory gene
expression but also contributes to disease onset and progres-
sion by inducing apoptosis and activating immune responses
in target cells (42,43). The present study used TNF-a concen-
trations of 20 and 40 ng/ml based on previous reports and
preliminary experiments (44,45). Research involving MSCs
exposed to inflammatory cytokines has shown that TNF-a
concentrations within this range effectively induce inflam-
mation-associated cell responses (46). For example, studies
investigating the role of TNF-a in MSCs under inflammatory
conditions used similar concentrations (10-40 ng/ml) to elicit
significant changes in senescence-associated markers, such as
p21 and SA-p-galactosidase activity (47,48). Here, increasing
the concentration and frequency (3 vs. 6 times) of TNF-a
stimulation led to a progressive rise in the number of senescent
TSCs. This increase was associated with reduced stemness,
enlarged cell morphology, intensified SA-B-gal staining,
impaired proliferative capacity and an elevated proportion of
cells in the G1/GO phase (49-51). Moreover, TNF-a disrupted
cell cycle progression in TSCs. Notably, treatment with a

TNF-a inhibitor restored both the proliferative ability and SC
characteristics of TSCs, highlighting the potential of TNF-a
inhibition as a therapeutic strategy.

Any signaling pathway that drives inflammation should
also influence inflammation-associated senescence. However,
understanding of the molecular mechanisms underlying
inflammatory senescence remains limited, underscoring the
need for further investigation. NF-«B is a multifaceted nuclear
transcription factor that is broadly expressed in various tissues
and cell types (52). Upon activation, it regulates the expression
of numerous genes involved in immune responses, inflam-
mation, oxidative stress, cell proliferation and apoptosis (53).
NF-«xB also serves a key role in the intracellular signaling
processes frequently activated in senescent SCs (54). The
present in vitro experiments demonstrated that TNF-a acti-
vates NF-kB signaling in TSCs, as evidenced by increased
p-p65 expression. However, the extent to which NF-xB medi-
ates TSC senescence in vivo remains unclear. Wang et al (55)
reported that inhibiting the IxB kinase-f3) /NF-«kB signaling
axis reverses inflammaging (chronic low-grade inflammation
associated with aging)-induced TSC senescence and promotes
tendon healing in a rat model. Consistent with this, the present
findings support a link between TNF-a stimulation and NF-«xB
activation in TSCs. Whether TNF-a drives TSC senescence
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exclusively through NF-«B signaling remains to be deter-
mined. Future studies should use a specific NF-xB inhibitor
to assess the extent of its involvement in TNF-a-induced TSC
senescence. Although prior studies have implicated NF-kB
in tendon degeneration (56,57), the present data suggest that
TNF-a exerts broader effects on the tendon microenviron-
ment, including promotion of inflammation, disruption of
extracellular matrix organization and impairment of SC func-
tion. Future studies should use genetic or pharmacological
strategies to investigate the contributions of NF-«B and other
downstream mediators in TNF-a-driven tendon pathology.

Comparing etanercept with other TNF-a inhibitors reveals
differences in molecular structure, pharmacokinetics and
side-effect profiles. The distinctive fusion-protein design of
etanercept grants it a longer half-life, allowing for less frequent
dosing than some alternatives, such as methotrexate (58,59).
However, choosing a TNF-a inhibitor depends on factors such
as disease type, patient characteristics and treatment response.
Here, etanercept effectively reversed TNF-a-induced senes-
cence in TSCs and improved tendon histology in a rat model.
Future studies should focus on optimizing etanercept dosing
for tendinitis treatment, assessing its long-term effects on
tendon function and regeneration, and investigating potential
synergistic effects when combined with growth factors or
anti-inflammatory agents to enhance therapeutic outcomes.
Translating these preclinical findings into clinical trials will
be critical to establish the practical efficacy of etanercept in
managing AT.

The present in vivo data offer novel insights into the patho-
logical role of TNF-o. in tendonitis and highlight the therapeutic
potential of TNF-a inhibitors. In the rat AT model, histological
analysis showed that etanercept reduced inflammatory cell
infiltration, collagen fiber disarray and matrix degradation.
These results corroborate previous studies demonstrating that
TNF-a inhibitors effectively decrease tendon inflammation
and enhance tissue repair (18,35). Importantly, the decrease in
TNF-a expression following etanercept treatment confirmed
direct modulation of the TNF-a pathway in tendon tissue.
Clinically, TNF-a inhibitors may offer a promising thera-
peutic strategy for AT. While current treatments mainly target
symptom relief, inhibiting TNF-a may address the underlying
inflammatory processes that drive tendon degeneration.
Nevertheless, challenges remain before clinical application.
Determining optimal dosing, treatment duration and long-term
safety require further study. Moreover, the diverse etiologies of
tendinitis, including overuse and systemic inflammation, may
demand personalized therapeutic approaches.

Future studies should investigate the long-term effects of
TNF-a and etanercept on TSCs, with a focus on elucidating
the crosstalk between key signaling pathways. Evaluating
the therapeutic potential of etanercept in patients with AT is
required to translate preclinical findings into clinical applica-
tion. Additionally, combination therapies involving etanercept
and other pharmacological or biological agents to enhance
therapeutic efficacy should be investigated to identify the role
of TNF-a in tendon pathology and support the development of
more effective, targeted treatment strategies.

In conclusion, the present study demonstrated that TNF-a
induced premature senescence in TSCs, as demonstrated by
increased SA-f-gal activity, disrupted F-actin cytoskeleton and

cell cycle arrest in the GO/G1 phase. Mechanistically, TNF-a
activates the NF-«kB signaling pathway, as evidenced by the
significant upregulation of p-p65 and its nuclear translocation
in TSCs. This activation is further linked to the induction of
DNA damage (y-H2A.X expression) and upregulation of the
p53/p21/cyclin E/CDK?2 pathway, which collectively drive
cellular senescence. TNF-o antagonist etanercept reverses the
senescent phenotype, as shown by reduced SA-f3-gal-positive
cells, restored F-actin cytoskeleton organization, and normal-
ized cell cycle progression. These effects are linked to
Etanercept's inhibition of ROS production, DNA damage, and
downregulation of NF-xB/p53 signaling. Collectively, these
findings establish a mechanistic link between TNF-a, NF-xB
activation, and TSCs senescence, with therapeutic implications
for Etanercept in tendon degeneration (Fig. 7).
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