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Pain mediator NGF improves chondrocyte D
extracellular matrix synthesis via PI3K/AKT
pathway
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Abstract

Objectives Nerve growth factor (NGF) is a key mediator in osteoarthritis pain signaling. Clinical studies revealed
that anti-NGF antibodies are often accompanied by progressively worsening cartilage degeneration, although they
exhibit significant analgesic effects. However, the relationship between NGF expression and cartilage destruction
remains unclear. Our study aimed to investigate the effects of NGF on chondrocytes and to elucidate the underlying
mechanisms involved.

Methods The ATDC5 cells were induced to differentiate into chondrocytes and stimulated with NGF at different
concentrations (0.5-10 ng/mL). The cell counting kit-8 assay (CCK-8) was used to measure the effects of NGF on
chondrocyte proliferation. Chondrocytes were subsequently stimulated with varying doses of NGF to identify the
expression levels of the extracellular matrix. Chondrocytes were pretreated with GNF5837 (a tropomyosin receptor
kinase A inhibitor) or LY294002 (a phosphoinositide 3-kinase inhibitor) before exposure to 5 ng/mL NGF to analyze
associated signaling pathways. Western blotting and immunofluorescence staining were employed to analyze
expression of related proteins.

Results Alcian blue, toluidine blue staining, and type Il collagen immunofluorescence staining demonstrated that
ATDCS5 cells differentiated into functional chondrocytes after 14 days of chondrogenic induction. The CCK-8 assay
confirmed that cell proliferation was unaffected. NGF (0.5-5 ng/mL) was found to enhance chondrocyte matrix
synthesis in a dose-dependent fashion, particularly in the expression of aggrecan, type Il collagen, Sox9, and through
the activation of the PI3K/AKT signaling pathway. The highest promoting effects were exhibited at 5 ng/mL of NGF.
Further analysis indicated that GNF5837 (TRKA inhibitor) or LY294002 (PI3K inhibitor) could reverse the protective
effects of NGF on chondrocyte matrix synthesis.

Conclusion Our study identified a potentially beneficial role of NGF at concentrations of 0.5-5 ng/mL in
chondrocytes, enhancing extracellular matrix synthesis, with significant involvement of the PI3K/AKT signaling
pathway in this process.
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Introduction

Osteoarthritis (OA) is a degenerative disorder primarily
characterized by progressive cartilage destruction, affect-
ing nearly 300 million people globally [1]. Pain is the
characteristic symptom of OA, which significantly affects
daily life and leads to disability [2]. Nerve growth factor
(NGEF) is considered a key modulator in pain perception.
Clinical trials involving individuals with OA demon-
strated that anti-NGF antibodies significantly alleviated
OA-associated pain, potentially offering a better alterna-
tive to non-steroidal anti-inflammatory drugs or opioid
treatments. However, rapidly progressive osteoarthri-
tis (RPOA), particularly the accelerated degeneration of
cartilage, has been observed in a small subset of partici-
pants treated with NGF monoclonal antibodies [3]. This
severe adverse effect was dose-dependent [4—6], signifi-
cantly limiting the clinical use of NGF inhibitors. To date,
the relationship between NGF expression and cartilage
destruction remains unclear.

Chondrocytes, the only cell type of avascular cartilage,
are wrapped in a matrix network of mostly type II col-
lagen (Col-II) and aggrecan (ACAN) that they synthesize
[7, 8]. Although NGF expression in healthy knee chon-
drocytes appears to be minimal, multiple studies have
indicated that structurally damaged cartilage exhibits
increased NGF expression at both the mRNA and protein
levels [9-13]. Lannone et al. found that NGF levels gradu-
ally increased depending on the severity of osteoarthritic
cartilage damage [9]. Mechanical injury, transforming
growth factor-beta (TGF-f), and the inflammatory cyto-
kine interleukin-1 beta (IL-1p) have been demonstrated
to promote the expression of chondrogenic NGF in both
human and animal cartilage [12, 14—16]. Furthermore,
NGF receptors were highly expressed in OA cartilage [9,
17]. NGF and its receptors are closely linked to degener-
ated cartilage, suggesting that NGF signaling may play a
crucial role in the pathophysiology of cartilaginous tissue.

Previous studies have indicated that NGF affects chon-
drocytes. Human chondrocytes co-cultured with 10 ng/
mL NGF enhanced fibroblast growth factor 2 (FGF2)
expression, resulting in angiogenesis [18]. Wei et al. found
that 10 ng/mL NGF elevated the expression of acid-sens-
ing ion channel la (ASICla), which subsequently trig-
gered acid-induced chondrocyte apoptosis [19]. Jiang et
al. observed that human OA cartilage exhibited increased
sulfated glycosaminoglycan loss and cartilage matrix deg-
radation after 14 days of co-culture with 10 ng/mL NGF
[17]. In this study, we utilized ATDC5 chondrocytes to
preliminarily examine how varying concentrations of
NGF (0.5, 2.5, 5, and 10 ng/mL) affect chondrocyte pro-
liferation and matrix synthesis, along with the underlying
molecular mechanisms.

NGF has two receptors: the high-affinity tropomyosin-
receptor kinase A (TRKA) and the p75 neurotrophin
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receptor (p75NTR). Phosphatidylinositol ~ 3-kinase
(PI3K)/protein kinase B (AKT) signaling is a classic reg-
ulatory pathway and can be activated by NGF binding
to TRKA. The PI3BK/AKT pathway plays a crucial role
in the physiological effects of NGF and chondrogenic
differentiation [20-23]. Yu et al. revealed that NGF-
activated PI3K/AKT signaling induces angiogenesis in
chondrocytes in vitro [18]. Furthermore, NGF-mediated
activation of the PI3K/AKT pathway has been found to
stimulate chondrogenic differentiation of mesenchymal
stem cells [24]. Therefore, it would be valuable to investi-
gate whether PI3BK/AKT signaling is involved in regulat-
ing chondrocyte matrix components by NGF.

Materials and methods

Cell culture and chondrogenic differentiation

ATDCS5 cells were sourced from Shanghai Shycbio
Technology Co., Ltd. and maintained in Dulbecco’s
modified Eagle’s medium/ Ham’s F-12 Nutrient mixture
(DMEM/F-12, Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, USA) and 1% penicillin/streptomycin (LAISI,
Shanghai, China). After reaching approximately 80% con-
fluence, 1% insulin, transferrin, and selenite (ITS, Sigma,
Germany) were added to the medium to induce the dif-
ferentiation of ATDC5 cells at 37 °C in a humidified
incubator with 5% CO, for 21 days. The differentiation
medium was then replaced daily. The cells were passaged
at a ratio of 1:3-1:4 using 0.25% trypsin-ethylenediami-
netetraacetic acid solution (Thermo Fisher Scientific,
USA) once they reached 90% confluence. The ATDC5
cells of 14 days of chondrogenic induction were used for
the cell counting Kit-8 (CCK-8), western blotting, and
immunofluorescence staining.

Alcian blue and toluidine blue staining

The ATDCS5 cells on days 0, 7, 14, and 21 of induced dif-
ferentiation were seeded at a density of 2.5 x 10° cells/mL
per 6-cm dish and left overnight. Subsequently, cells were
incubated with 4% paraformaldehyde (MKBio, Shanghai,
China) for 20 min at room temperature. The cells were
then rinsed with phosphate-buffered saline (PBS) and
blotted. Alcian blue staining (Abcam, UK) was applied
for 30 min, and toluidine blue (Bioss, Beijing, China) for
5 min. After staining, an equal volume of distilled water
was added for an additional 15 min. The cells were then
washed three times with PBS for 5 min each to remove
non-specific staining and subsequently photographed
under a light microscope. The staining intensity of Alcian
blue and toluidine blue was quantified using Image]
software.
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Cell proliferation assay

The effect of NGF on chondrocyte proliferation was mea-
sured using the CCK-8 assay (Abcam, Cambridge, UK).
Chondrocytes were seeded in a 96-well plate at a den-
sity of 8 x10° cells/mL and incubated for 12 h. The old
medium was then discarded, and the cells were incubated
in a fresh medium with NGF (ProteinTech, Shanghai,
China) at 0-10 ng/mL for 24—48 h. Subsequently, 10 pL
of the CCK-8 solution was added to a 96-well plate. After
incubation at 37 °C for 2 h, the optical density (OD) val-
ues at a wavelength of 460 nm were read by a microplate
reader (Thermo Fisher Scientific, Inc.).

Western blotting

Total cell proteins were extracted from chondrocytes
using radioimmunoprecipitation assay lysis buffer on
ice. The bicinchoninic acid protein assay kit (Beyotime,
Shanghai, China) was used to measure the protein con-
centration of whole cell lysates. Proteins from different
samples were loaded onto 8—12% gels of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane (Millipore Corpora-
tion, Billerica, MA, USA). After blocking with 10 mL of
5% non-fat milk at room temperature for 2 h, the mem-
branes were incubated overnight with anti-Col-II (1:500,
AF0135, Affinity, OH, USA), anti-Sox9 (1:500, AF6330,
Affinity), anti-ACAN (1:1000, DF7561, Affinity), anti-
p-PI3K (1:1000, ab278545, Abcam), anti-PI3K (1:1000,
cstd292, Cell Signaling Technology), and anti-p-actin
(1:1000, cst4970, Cell Signaling Technology) antibod-
ies on a rocker. Subsequently, primary antibodies were
removed, washed, and incubated with the appropriate
horseradish peroxidase-conjugated secondary antibod-
ies at 1:5000 dilution for 2 h at room temperature. Finally,
the reactive protein bands were developed with the ECL
reagent.

Immunofluorescence

Chondrocytes grown on coverslips were rinsed three
times with PBS before being fixed with 4% paraformal-
dehyde for 15 min at room temperature. The cells were
permeabilized with 0.5% Triton X-100 for 20 min and
blocked with goat serum for 30 min. Subsequently, the
slides were incubated with primary antibodies against
Col-1I (1:50; AF1035, Affinity) and ACAN (1:50; DF7561,
Affinity) overnight at 4 °C. On the second day, the sam-
ples were incubated with the corresponding secondary
antibodies for 1 h at 37 °C. After being washed with PBS,
the coverslips were labeled with DAPI for 5 min to visu-
alize the nuclei and finally imaged with a fluorescence
microscope (Olympus Inc. Tokyo, Japan).
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism
software (version 9, GraphPad Software Inc., San Diego,
CA, USA). Data are presented as the mean * standard
deviation (SD) of three independent experiments. Stu-
dent’s ¢- test was performed between the two groups.
For experiments with more than two groups, a one-way
analysis of variance followed by Tukey’s post-hoc test was
conducted. *P<0.05, **P<0.01, and ***P<0.001 were con-
sidered statistically significant.

Results

Chondrocytes identification and effects of NGF on
chondrocyte proliferation

ATDCS5 cells were cultured in a chondrogenic differentia-
tion medium for three weeks. Alcian blue and toluidine
blue staining were conducted to assess the synthesis of
sulfated proteoglycans, demonstrating successful chon-
drogenesis. The results revealed that the accumulation of
proteoglycans in ATDC5 cells gradually increased from
day O, reached its highest point on day 14 (P=0.0135,
Alcian blue staining; P<0.0001, Toluidine blue stain-
ing, Fig. 1A-C), and significantly decreased on day 21
(P=0.430, Alcian blue staining; P=0.0244, Toluidine blue
staining, Fig. 1A-C). Morphological analysis of ATDC5
cells revealed that they initially appeared as long spindles
or polygons (day 0) but transformed into closely rounded
or pavement-like shapes by day 14 (Fig. 1D). On day 14
of ITS induction, ATDCS5 cells quickly proliferated, con-
densed, and converged, ultimately forming cartilage-like
nodule structures indicative of chondrogenesis (Fig. 1E)
[25]. ATDCS5 cells, after 14 days of induction, displayed
increased levels of Col-II compared with undifferenti-
ated cells (P=0.0012, Fig. 1F-G). After 14 days of culture
with ITS, ATDC5 chondrocytes, which displayed charac-
teristics of mature chondrocytes, were selected for sub-
sequent exploration. The CCK8 assay demonstrated that
NGF at concentrations of 0.5-10 ng/mL was not cyto-
toxic towards ATDC5 chondrocytes. Furthermore, the
proliferation rate of these cells was not affected between
24 and 48 h (Fig. 1H).

Effects of NGF on extracellular matrix-related proteins of
chondrocytes

Chondrocytes were subjected to overnight starvation
prior to being treated with varying doses of NGF (0-10
ng/mL) for 24 h. As shown in Fig. 2A-D, the NGF (0.5,
2.5 and 5 ng/mL) upregulated ACAN, Col-II, and Sox9
in a dose-dependent manner, indicative of its promoted
anabolism effect. The 5 ng/mL concentration of NGF
demonstrated the most pronounced promoting effects
(P=0.0011, 0.0001 and 0.0002, respectively, Fig. 2A-
D) and was, therefore, chosen for further experiments.
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Fig. 1 Chondrocytes identification and the effects of NGF on chondrocyte proliferation (A-H). Alcian blue staining and toluidine blue staining were per-
formed to visualize the secretion of proteoglycans on days 0, 7, 14, and 21. (A) Observed on culture plates of alcian blue and toluidine blue staining. (B)
Observed under the light microscope of alcian blue and toluidine blue staining. Scale bars=20 um. (C) Quantification of (B). (D) Morphological analysis
of chondrocytes induced differentiation at day 0 and day 14. Scale bar=50 um. (E) Arrowhead cartilage nodules. Scale bars=100 pm. (F-G) Chondro-
cytes were identified by the immunocytochemistry staining of Col-Il. (F) Representative images of immunofluorescence staining. Green represents Col-Il
(fluorescein isothiocyanate-conjugated). Blue indicates the nucleus using 4;6-diamidino-2- phenylindole staining. Scale bar =50 um. (G) Quantitative
analysis of Col-Il expression. (H) Chondrocytes were stimulated with NGF at 0, 0.5, 2.5, 5, and 10 ng/mL for 24 or 48 h by CCK-8 assay. Data are presented
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Fig. 2 Effects of NGF on extracellular matrix-related proteins of chondrocytes. Chondrocytes were subjected to starvation in a serum-free medium over-
night and subsequently stimulated with NGF at varying concentrations (0.5, 2.5, 5,and 10 ng/mL) for 24 h. (A) Representative images of Western blotting.
(B-D) Quantitative analysis of the expression levels of ACAN (B), Col-Il (C), and Sox9 (D). All data are presented as mean+SD from three experiments.
*p<0.05 and ***p <0.001

In contrast, 10 ng/mL NGF inhibited the synthesis with 5 ng/mL NGF in the presence or absence of a TRKA
(P=0.0429, 0.0006, and 0.0004, respectively, Fig. 2A-D). inhibitor (GNF5837). Western blot analysis revealed

that GNF5837 significantly reversed the upregulation
NGF facilitated matrix synthesis via TRKA in chondrocytes of ACAN, Col-II, and Sox9 proteins compared to the
To further explore the functional role of TRKA in NGF- 5 ng/mL NGF group (P=0.0002, 0.0005, and 0.0004,
induced matrix synthesis, chondrocytes were stimulated  respectively, Fig. 3A-D). Consistent with these findings,
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Fig. 3 NGF facilitated matrix synthesis via TRKA in chondrocytes. The expressions of ACAN, Col-ll, and Sox9 in the control, NGF, GNF5837, and
NGF +GNF5837 groups were analyzed by Western blotting and immunofluorescence. (A) Representative images of Western blotting. (B-D) The expres-
sion levels of ACAN (B), Col-Il (C), and Sox9 (D). (E) Representative images of immunofluorescence. Scale bar =20 um. Green represents ACAN (fluorescein
isothiocyanate-conjugated). Blue indicates the nucleus using 4,6-diamidino-2-phenylindole staining. (F) Quantitative analysis of the expression levels of
ACAN. All data are presented as mean + SD from three independent experiments. *p < 0.05, **p <0.01, ***p <0.001

NGF+GNF5837

immunofluorescence results showed that when NGF was
combined with GNF5837 in chondrocytes, the NGE-
induced increase in ACAN expression was reversed
(P=0.0022, Fig. 3E-F). These results suggested that chon-
drocyte anabolic metabolism was significantly mediated
by NGF interaction with its high-affinity TRKA receptor.

NGF regulated PI3K/AKT signaling in chondrocytes

To investigate whether NGF could activate PI3K/AKT
signaling in chondrocytes, we exposed these cells to NGF
at 0.5-5 ng/mL for 2 h. The results demonstrated that
PI3K/AKT signaling activity increased with increasing
NGF concentrations (0.5, 2.5, and 5 ng/mL) (P=0.0493,
0.0031 and 0.0001, respectively; Fig. 4A-B). The chondro-
cytes were then pretreated with GNF5837 (1 umol/mL),
a TRKA inhibitor, or LY294002 (2 umol/mL), a specific
PI3K/AKT inhibitor, respectively, followed by treatment
with or without NGF (5 ng/mL) for 2 h. As antici-
pated, GNF5837 or LY294002 suppressed the activation
(P<0.0001 and P<0.0001, respectively; Fig. 4C-D), dem-
onstrating minimal phosphorylation of PI3K. Our results
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demonstrated that NGF could bind to its high-affinity
receptor TRKA, subsequently activating downstream
PI3K/AKT signaling in chondrocytes.

PI3K/AKT signaling was involved in NGF-mediated matrix
synthesis

To explore the link between PI3K/AKT signaling and
NGEF-stimulated matrix production, chondrocytes were
incubated with 5 ng/mL NGF with or without the PI3K
inhibitor LY294002. After 24 h of stimulation, western
blot results indicated that NGF increased the expres-
sion of ACAN, Col-II, and Sox9 (P=0.0073, 0.0005, and
0.0112, respectively, Fig. 5A-D), which was significantly
reversed by LY294002 (P=0.0269, 0.0044, and 0.0490,
respectively; Fig. 5A-D). Immunofluorescence results
also showed a significant downregulation of ACAN
expression in the NGF+LY294002 group compared to
the NGF group (P=0.0002, Fig. 5E-F). These findings
revealed that PI3BK/AKT signaling exhibited significant
effects on NGF-mediated ECM-related protein synthesis.
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Fig. 5 PI3K/AKT signaling was involved in NGF-mediated matrix synthesis. The expressions of ACAN, Col-ll, and Sox9 in the control, NGF, LY294002,
NGF +LY294002 groups were analyzed by Western blotting and immunofluorescence. (A) Representative images of Western blotting. (B-D) Quantitative
analysis of the expression levels of ACAN (B), Col-Il (C), and Sox9 (D). (E) Representative images of immunofluorescence. Scale bar =20 um. Blue indicates
the nucleus using 4,6-diamidino-2-phenylindole staining. Green represents ACAN (fluorescein isothiocyanate-conjugated). (F) Quantitative analysis of
the expression levels of ACAN. All data are presented as mean + SD from three independent experiments. 'p<0.05, “p<0.01, “p<0.001

Discussion

Earlier studies primarily focused on the analgesic efficacy
and mechanism of NGF inhibition, whereas the mecha-
nism of cartilage damage linked to anti-NGF treatment
remains unclear. Our study investigated the effects of

NGF on ATDC5 chondrocyte proliferation and anabo-

lism. We found that NGF had no obvious effect on chon-
drocyte proliferation. NGF concentrations ranging from
0.5 to 5 ng/mL facilitated matrix secretion by chondro-
cytes in a dose-dependent manner, and the PI3K/AKT
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Chondrocyte

Fig. 6 Schematic of the proposed mechanism by which NGF stimulated the synthesis of matrix in chondrocytes. NGF and its high-affinity receptor TRKA
interaction activated PI3K/AKT pathway, ulteriorly led to Sox9 expression. Sox9 further activated ECM-related proteins Col-Il and ACAN. Additionally,

GNF5837 and LY294002 reversed this process

pathway was involved in this process (Fig. 6). These
results suggest a potentially beneficial role of NGF at
0.5-5 ng/mL of chondrocytes.

The ATDCS5 cell line, derived from mouse embryonic
carcinoma, is a well-established and widely recognized in
vitro model for studying chondrocyte biology. It retains
chondroprogenitor characteristics and exhibits efficient
chondrogenic differentiation in vitro [26—28]. Previous
studies have demonstrated that supplementing the cul-
ture medium with 1% ITS induced ATDCS5 cells to dif-
ferentiate into chondrocytes and expressed characteristic
cartilage matrix components, such as ACAN and Col-II
[29]. In this study, alcian blue and toluidine blue staining,
along with Col-II immunofluorescence, demonstrated
that ATDCS5 cells stably and abundantly expressed chon-
drocyte ECM on the 14th day of differentiation induced
by 1% ITS. Morphological observation and the forma-
tion of cartilage nodules further confirmed the successful
induction of ATDC5 cells into functional chondrocytes.
NGF at concentrations of 0.5-5 ng/mL promoted ACAN,
Col-II, and Sox9 expression in a dose-response man-
ner, especially at 5 ng/mL. Chondrocytes express the
transcription factor Sox9, which plays a crucial role in
extracellular matrix formation and in maintaining the
chondrocyte phenotype [30—32]. Increased Sox9 expres-
sion facilitates the repair of cartilage degradation [33].
Conversely, Sox9 misexpression in cartilage-induced vas-
cular invasion, resulting in aggravation of OA [34]. Sox9,
together with Sox5 and Sox6, plays a pivotal role in regu-
lating the gene expression of ACAN and Col-II, thereby

enhancing the synthesis of cartilage extracellular matrix
[35]. Sox5 and Sox6 can form a transcriptional complex
in vivo, binding to Sox9 recognition sites on enhancers.
This interaction stabilizes Sox9-DNA binding and signifi-
cantly amplifies Sox9’s transcriptional activity [36]. In our
study, the upregulation of ACAN and Col-II expression
was consistent with the increase of Sox9 in NGF groups
compared with the control.

Further studies have demonstrated that TrkA recogni-
tion and subsequent activation of the downstream PI3K/
AKT pathway are closely linked to NGF-mediated extra-
cellular matrix synthesis. The PI3K/AKT pathway is asso-
ciated with chondrocyte differentiation, proliferation,
survival, and ECM synthesis [20-22]. Increased Sox9
expression facilitates the repair of cartilage degradation
[33]. In our study, the levels of p-PI3K/PI3K and matrix
protein expression displayed a similar trend in chondro-
cytes incubated with NGF. Our findings were substanti-
ated by the observation that TRKA or PI3K inhibitors
suppressed the phosphorylation of the PI3K signaling
pathway, which consequently reduced the expression of
Sox9, ACAN, and Col-II. Sox9, a key regulator of carti-
lage-specific gene expression, is modulated by the PI3K/
AKT signaling pathway. Consistent with current findings,
the expression of specific proteins of chondrogenesis
is suppressed by blocking the PI3BK/AKT pathway and
enhanced by its activation [22, 23]. In chondrocytes, the
transcription factor cAMP Response Element-Binding
Protein (CREB) interacts with Sox9 to synergistically pro-
mote chondrocyte repair and ECM synthesis. Activated
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CREB binds to the promoter region of Sox9, enhanc-
ing its transcriptional activity [37]. The PI3K/Akt path-
way regulates the activation of the transcription factor
CREB. Sun et al. [38] reported that melatonin inhibited
VEGEF-induced chondrocyte degeneration by activating
the AKT/CREB/Sox9 pathway. As an essential transcrip-
tional coactivator, p300 is recruited along with Sox9 to
the promoter regions of target genes, enhancing tran-
scriptional activity [39]. Cheng et al. [20] demonstrated
that PI3K signaling promoted the transactivation activ-
ity of p300 in nucleus pulposus cells, further enhanc-
ing Sox9 activity and regulating the expression of Col-II
and ACAN. However, the precise mechanisms by which
NGF-induced PI3BK/AKT pathway regulates Sox9 expres-
sion in chondrocytes remain to be further explored. The
ERK/MAPK pathway, another critical signaling cascade
activated through the binding of NGF to its TrkA recep-
tor, is closely associated with chondrogenesis. Lu et al.
[24] demonstrated that NGF activated the ERK/MAPK
pathway, promoting chondrogenic differentiation and
enhancing the expression of Sox9, Col-1I, and ACAN.
Therefore, it is crucial for our future research to inves-
tigate whether the ERK/MAPK pathway contributes to
the anabolic metabolism of chondrocytes and whether it
serves an alternative or complementary role.

NGF—as an important mediator of nerve pain trans-
mission—has been extensively studied as a novel anal-
gesic strategy for osteoarthritis. Phase III clinical trials
of NGF monoclonal antibodies suggested the dose-
dependent relationship between rapidly progressive
osteoarthritis and anti-NGF tanezumab (2.5-10 mg) or
fasinumab (3-9 mg) [4, 5, 40]. Similar side effects were
also observed in a CRISPR/Cas9-based NGF ablation
mouse experiment [41]. However, the role of NGF in car-
tilage remains unclear. In addition to being a pain factor,
NGF has exhibited a therapeutic role in healing damaged
tissues, except for nerve tissues, such as corneal ulcers,
skin ulcers and macular degeneration [42—45]. Matsuda
et al. found that injured skin tissues rapidly released a
significant amount of NGF, which accelerated wound
healing in normal and diabetic mice [46]. Interestingly,
previous studies demonstrated that degenerative carti-
lage secreted NGF and produced more NGF in response
to inflammation and mechanical stimulation [9-14].
Elevated NGE, also found in the OA synovium, synovial
fluid, subchondral bone, and blood [47-50], could be a
potential source of cartilaginous NGF. Huang et al. found
that NGF upregulation slowed chondrocyte hypertro-
phic differentiation, protecting against OA progression
[51]. NGF derived from mouse and snake venom induced
chondrogenesis of mesenchymal stem cells and main-
tained the chondrocyte phenotype [24, 52, 53]. Our study
focused on the effect of NGF on the anabolism of chon-
drocytes and demonstrated dose-dependent stimulation
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of ECM production in ATDC5 chondrocytes. This result
was similar to the findings of Tan and colleagues, who
suggested that NGF isolated from venom of Chinese
cobra effectively promoted anabolism of human chon-
drocytes in vitro [54].

Our study initially explored 10ng/mL NGF inhibited
chondrocyte anabolism and the PI3K/AKT pathway was
inhibited. Jiang et al. found that 10ng/ml NGF treatment
of OA cartilage explants resulted in higher MMPs and
increased cartilage matrix loss [17]. They suggested that
NGF may act through cartilage stem/progenitor cells,
whereas there was a lack of researches on chondrocytes.
At higher concentrations, NGF may exert its effects not
only through the TrkA receptor but also via its low-affin-
ity receptor, p75N'TR. The p75NTR receptor is frequently
associated with negative regulatory effects, such as apop-
tosis, degeneration, or pro-inflammatory responses [55,
56]. Activation of p75NTR under elevated NGF con-
centrations may be a key factor inhibiting ECM synthe-
sis, further exacerbating cartilage degradation. This is a
complex mechanism that requires further investigation
to fully understand. Future therapeutic strategies should
avoid complete inhibition of NGF and focus on optimiz-
ing treatment dosages or combining NGF antagonists
with chondroprotective agents to balance its roles in pain
modulation and cartilage preservation. Further research
is required to elucidate the dose-dependent mechanisms
of NGF to enhance its safety and efficacy as a therapeutic
target for osteoarthritis.

This present study has several limitations. First, we
mainly explored NGF-induced chondrocyte anabolism.
However, the effect of NGF on catabolism requires clari-
fication. Second, our group only used the ATDC5 cell
line for the in vitro experiments, without primary human
OA chondrocytes. Studies indicated that TRKA expres-
sion was up-regulated in damaged knee chondrocytes in
patients with OA, while it was absent in the cartilaginous
tissues of the osteoarthritic lumbar facet joint [9, 13]. The
TRKA was differentially regulated in OA chondrocytes,
which may lead to different cellular behaviors. Finally,
ATDC5 chondrocytes were plate-cultured, in contrast
to real cartilage tissue, where chondrocytes are under a
three-dimensional hypoxic condition with very limited
regenerative capacity. To enhance the clinical relevance
of our research, future studies will utilize human OA
chondrocytes, along with advanced 3D cartilage mod-
els or in vivo models, to further validate these findings.
Future research on NGF’s role in osteoarthritic cartilage
could provide valuable insights for the development of
anti-NGF treatments that minimize adverse joint effects.
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Conclusion

Our study identified a potentially beneficial role of NGF
at concentrations of 0.5-5 ng/mL in chondrocytes,
enhancing extracellular matrix synthesis, with significant
involvement of the PI3K/AKT signaling pathway in this
process.
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