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Objective: Pain is the main symptom of osteoarthritis (OA). Nerve growth factor (NGF) 
plays a crucial role in the generation of OA pain. And estrogen-alone used resulted in 
a sustained joint pain reduction in postmenopausal women. So we aim to find whether 
estrogen alters chondrocytes’ NGF level, affecting OA pain.
Methods: Primary chondrocytes and cartilage explants isolated from Sprague Dawley rat 
knees were cultured with physiological concentrations of estrogen (17β-Estradiol ≥ 98%, 
E2), Estrogen Receptor α (ERα) inhibitor and stimulants. Then, chondrocytes NGF mRNA 
expression and protein release were analyzed by a quantitative real-time polymerase chain 
reaction (qPCR) and enzyme-linked immunosorbent assay (ELISA) respectively. 
Additionally, cultures were pre-incubated with MEK-ERK inhibitor to identify the signaling 
pathway that estrogen alters NGF mRNA and protein levels.
Results: We found that chondrocytes NGF expression and release were decreased by E2. E2 
also reduced chondrocytes IL-1β-stimulated or TGF-β1-stimulated NGF expression. 
Phosphorylated extracellular signal-regulated kinasep1/2 (p-ERK1/2) signals were detected 
stronger than the control group by Western Blotting (WB). When we cultured chondrocytes 
with PD98059 (MEK-ERK inhibitor, PD), NGF mRNA expression was added to 1.41Ct 
(2.07±0.1 fold).
Conclusion: We showed that E2 reduces chondrocytes NGF expression significantly, even 
after stimulation by TGF-β1 or IL-1β. MEK-ERK signaling is involved in this process.
Keywords: osteoarthritis, pain, estrogens, nerve growth factor

Introduction
Osteoarthritis (OA) is a degenerative joint disease, characterized by articular 
cartilage loss, subchondral bone remodeling, and osteophyte formation with or 
without synovitis.1 Pain is the main symptom of OA resulting in low life quality 
and even disability. Global Burden of Disease Study 2017 told us the years lived 
with disability (YLD) rate of OA was 118.8 per 100,000, increased by 9.6% since 
1990.2 And treatments limited to Non-steroidal anti-inflammatory drugs(NSAIDs), 
physical therapy, steroid, and ultimately, surgery when developing into severe 
disability.3 In recent years, NGF’s role in mediating pain has been identified. 
Inhibitors targeting NGF to relieve OA pain were developed, applied to clinical 
trials and obtained clinically significant effect.4–6

Nerve growth factor (NGF) is a member of the neurotrophic factors family, 
which was regarded as a promoter of sensory neuron survival, axonal growth and 
neurotransmission initially.7 But later, its crucial role in nociceptor development 
and pain generation was made out. Exposure to NGF leads to hyperalgesia and 
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expression of substance P and pain receptor TRPV1.5,8 

NGF concentration of synovial fluid not only increased 
in animal models9 but also in OA patients.10 More impor
tantly, NGF expression of chondrocytes11 and synovial 
tissue12 was discovered. Stimulation of TGF-β1,13 IL- 
111,13 and damaged cartilage14 would enhance chondro
cytes NGF expression, which made us think that articular 
cartilage is one of the main sources of NGF in OA. And 
inhibiting NGF in clinical Phase III trials is efficient in 
relieving OA joint pain.15,16 Based on the efficiency of 
blocking NGF,17 down-regulating chondrocytes NGF 
expression may be another new method to block pain.

In addition, a randomized trial suggested that postme
nopausal women using estrogen alone obtained a modest 
but sustained reduction in OA joint pain.18 By reviewing 
previous articles,19–21 we found there are sex differences 
from prevalence to interventional results of OA or rheu
matoid arthritis. And the correlation between estrogen and 
OA symptoms was reported.22–24 However, the mechan
ism by which estrogen reduces OA pain is undiscovered. 
Actually, estrogen down-regulated NGF or trkA 
(a transmembrane tyrosine kinase, high-affinity NGF 
receptor) in nerve tissue and its target organ have been 
reported early. So we hypothesize that estrogen can reduce 
chondrocytes NGF expression leading to OA pain relief.

In this study, our goals were to determine whether 
estrogen can reduce chondrocytes NGF expression, even 
when exposed to stimulants TGF-β1 and IL-1β, then to 
identify potential mechanisms involved.

Materials and Methods
All animal experiments in this study have been approved 
and monitored by the Animal Care Committee of Shanghai 
Jiao Tong University School of Medicine. All experiments 
were conducted based on the state guidelines from the 
Ministry of Science and Technology of China.

Rat Primary Chondrocytes and Cartilage 
Explants
Non-calcified cartilage layers were obtained by scalpel 
from 8-week old female rats’ (Silaike, Shanghai, China) 
knees joints within one hour after Euthanasia. Then, the 
cartilage was cut into approximately 1 mm pieces and 
treated with 0.25% trypsin (Gibco, China) for 10 min, 
followed by treatment with 0.2% collagenase II (Sigma- 
Aldrich-Aldrich, China), in DMEM/F12 (GE Healthcare 
Life Sciences, China) for 5 h. The suspension was filtered 

through a 70-µm cell strainer (Sigma-Aldrich-Aldrich, 
China), washed in DMEM/F12, counted, and seeded at 
a density of 1×105 cells per cm2. Chondrocytes would be 
cultured for 1 week in DMEM/F12 medium with 10% 
FCS (Gibco, China) under 37°C and 5% CO2. After that, 
chondrocytes’ phenotype was confirmed by toluidine blue 
staining of glycosaminoglycan and type II collagen’s 
immunocytochemical staining. For cartilage explants, 
3 mm punches were used for the purpose of generating 
equal size, and then explants were randomly distributed 
over the different conditions, three explants per condition 
per rat.

Experiments
According to the methods described in Ref. 13, cells or 
explants were serum-starved overnight prior to stimula
tion. Chondrocyte cultures were supplemented with phy
siological concentrations estrogen (synthetic; 0.1nM; 
Sigma-Aldrich, shanghai, China), and with or without 
estrogen receptor inhibitors-ERαinhibitor MPP25 (20uM; 
Sigma-Aldrich, shanghai, China) and ERβ inhibitor 
PHTPP26,27 (20uM; Sigma-Aldrich, shanghai, China). 
Later, recombinant human TGF-β1 (10 ng/mL; 
Peprotech, shanghai, China) and IL-1β (1 ng/mL; 
Peprotech, shanghai, China) were added into the culture 
medium, respectively. Then, E2 (1 nM) was added into the 
training systems including TGF-β1 or IL-1β. DMSO 
(Sigma-Aldrich, shanghai, China) was used as vehicle 
control in the experiments. And chondrocytes were pre- 
incubated with inhibitors for 0.5 h prior to the addition of 
E2. Estrogen was added 30 min prior to TGF-β1 and IL- 
1β. Cultures were maintained for 24 h, at which point 
medium was harvested for ELISA, chondrocytes were 
harvested for qPCR or WB.

RNA Isolation and qPCR
Total RNA was isolated from chondrocytes and cartilage 
explants as previously described11,13 using TRI Reagent 
(Thermo Fisher Scientific, China) according to the manu
facturer’s protocol. RNA concentration was measured 
using a Nanodrop 2000 (Thermo Fisher Scientific, USA), 
and cDNA was prepared with an RNA reverse transcrip
tion kit (Roche, China) according to the manufacturer’s 
protocol.

Gene expression was measured by validated cDNA- 
specific primers (Table 1; Shenggong, Shanghai, China) 
in a quantitative real-time polymerase chain reaction 
(qPCR) using SYBR green master mix (Roche, China), 
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with machine LC480 (Roche, China). The cDNA was 
diluted 10 ng/µL in DEPC water (Thermo Fisher 
Scientific, China), and 2 µL was used in each 20 µL 
reaction system. The protocol was: pre-incubation 10 min 
at 95°C, followed by 40 cycles of: 15 s at 95°C and 1 min 
at 60°C. Data is expressed as -ΔΔ Ct values corrected for 
GAPDH and controls with 2 -ΔΔ Ct methods.

ELISA
NGF concentration in the medium was measured using an 
ELISA kit (Sigma-Aldrich, USA) according to the manu
facturer’s instructions. The detection limit of NGF was 7.8 
pg/mL and the intra-assay coefficient of variation was 
4.1%. NGF concentrations were analyzed in duplicate at 
serial dilution (neat, 1:2, and 1:4, linearity of dilution is 
good) and were read against a standard curve.

Western Blotting
Cells were placed on ice and washed twice using ice- 
cold saline. Cells were then lysed using lysis buffer (Cell 
Signaling Technology, shanghai, China) containing pro
tease inhibitor cocktail (Complete MINI, Roche, China). 
Cell lysates were rotated on ice for 4 cycles of 30 
s rotating and 5 min rest, using a vortex. Samples were 
then centrifuged at 4°C at 12,500 rpm for 15 min and 
pellets were discarded. Protein concentration was mea
sured using the BCA assay (Beyotime Biotechnology, 
shanghai, China). An equal amount of protein was 
loaded into the wells on an 8% bis-acrylamide gel, for 
SDS-PAGE. After electrophoresis, proteins were trans
ferred to a polyvinylidene fluoride using the wet transfer 
(2.5 h at 275 mA). After overnight incubation at 4°C 
with 1:1000 anti-p-ERK (T202/Y204) (Cell signaling, 
USA), membranes were incubated with 1:10000 HRP- 
linked anti-Rabbit IgG (Cell Signaling Technology, 
shanghai, China) for 1 h. Hereafter, enhanced chemilu
minescence (ECL) using ECL plus kit (Beyotime 
Biotechnology, shanghai, China) was used to visualize 
the proteins. As a loading control, 1:10000 HRP-linked 
GAPDH (KANGCHEN) was used.

Statistical Analysis
Every experiment within this paper was independently 
repeated three times in order to verify the credibility of 
the results. Data are expressed as mean ± standard error of 
the mean (SEM). For the experiments, statistical analysis 
was performed using Graphpad6 Prism software. 
Intergroup comparisons were performed with unpaired 
Student’s t-test. Values with p<0.05 were considered 
significant.

Results
Estrogen Down-Regulates Rat Knee 
Cartilage Chondrocytes NGF Expression 
and Release via ERα
To investigate whether estrogen altered NGF expression in 
chondrocytes, we exposed rat primary chondrocytes to 
estrogen (0.1 nM to 0.1µM, data not shown) for 12, 24, 
48 or 72 hours. After 24 hours with 1 nM estrogen, 
expression of NGF mRNA was significantly down- 
regulated about 0.7Ct (0.55±0.13 fold) compared to con
trols (Figure 1A) as well as protein release (Figure 1B). To 
investigate whether estrogen acts through ERα alter NGF 
expression, we used a specific ERα inhibitor MPP (20µM) 
and a specific ERβ inhibitor PHTPP (20µM). In the ERα 
inhibitor-treated group, the downregulation was prevented, 
while in PHTPP-treated group not. Our data clearly 
showed that estrogen down-regulated expression of NGF 
(Figure 1C) and protein release (Figure 1D) by ERα in rat 
chondrocytes.

Estrogen Decreases NGF Expression and 
Release in Rat Cartilage Explants via ERα
Known from experience, intact cartilage responds differ
ently from isolated chondrocytes. In order to mimic 
in vivo conditions, we utilized freshly isolated cartilage 
explants from healthy rat joints and exposed these to E2. 
Isolated explants were left untreated for 24 h to reach a state 
of equilibrium. Estrogen treatment down-regulated NGF 
expression and protein release through ERα (Figure 2).

Table 1 Primers for NGF

Gene Forward 5ʹ–>3’ Reverse 5ʹ–>3’

Rat GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
Rat NGF GAGCCCCGAATCCTGTAGA AGCCTGTTTGTCTGTTGT

Abbreviation: NGF, nerve growth factor.
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Estrogen Down-Regulate TGF- 
β1-Stimulated and IL-1β-Stimulated Rat 
Chondrocytes NGF mRNA Expression 
and Protein Release
To identify whether TGF-β1 induced NGF expression in 
chondrocytes, we exposed rat primary knee chondrocytes to 

different doses of TGF-β1 (1, 10 or 20 ng/mL) for 24 h. This 
treatment led to a 1.1Ct, 2.13Ct, 2.19Ct (1.21±0.1 fold, 4.56 
±0.4 fold, 4.83±0.1 fold) increase, respectively, in mRNA 
expression compared to control (Figure 3A). The release of 
NGF from rat chondrocytes into the media was measured 
after TGF-β1 stimulation (Figure 3B). A significant 
increase in mRNA and protein was seen after treatment 

Figure 1 Estrogen downregulated rat chondrocytes NGF expression and release via ERα. (A) Rat primary chondrocytes were exposed to estrogen at a dose of 1 nM for 0, 
12, 24, 48 or 72 hours. At 24 hours with 1 nM estrogen, expression of NGF mRNA was downregulated (0.7Ct, 0.55±0.13 fold) compared to the control. (B) Decrease in 
NGF protein levels were observed similarly to gene expression. (C) Rat primary chondrocytes were exposed to estrogen with or without ER inhibitors (MPP, PHTPP). Co- 
incubation with MPP, thereby preventing estrogen-ERα signaling could prevent estrogen-decreased NGF mRNA expression, while with PHTPP was not. (D) Co-incubation 
with MPP prevented estrogen-decreased NGF protein release. All data were shown as mean ± SEM from three independent experiments. 
Notes: *P <0.05, **P <0.01. 
Abbreviations: ELISA, enzyme-linked immunosorbent assay; NGF, nerve growth factor; MPP, a specific estrogen receptorα antagonist; PHTPP, a selective estrogen 
receptorβ antagonist.
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with 10 ng/mL TGF-β1 as compared to unstimulated chon
drocytes. Similarly, stimulation with IL-1β (0.1, 1 or 10 ng/ 
mL) increased NGF mRNA expression (Figure 3C) and 
protein release (Figure 3D); 1 and 10 ng/mL induced an 
approximate increase (42.67±4.31 versus 25.72±2.59, 
45.58±2.28 versus 25.72±2.59).

Next, we investigated the effect of estrogen on TGF- 
β1-stimulated and IL-1β-stimulated NGF expression in 
chondrocytes. Once again, TGF-β1 and IL-1β elevated 
NGF expression and release as before. Estrogen com
bined with TGF-β1 group, TGF-β1 stimulation was partly 
inhibited (Figure 3E and F) by E2; the same phenomenon 
was observed in estrogen combined with IL-1β group 
(Figure 3E and F).

ERK1/2 Was Involved in Chondrocytes 
NGF Metabolism Process
Western blotting was used to determine whether p-ERK1/ 
2 expression was altered in estrogen-treated group. The 
signal of p-ERK1/2 was stronger than the non-treated 
group. The results of this analysis showed that the 
expression of p-ERK1/2 was 1.6 fold in the control 
group. It indicated that the quantity of p-ERK1/2 from 
E2 group was significantly greater than from control 
group (P=0.0084, Figure 4B). When MEK-ERK signaling 

was inhibited by 20 µM PD98059 (PD), we found 
a difference in p-ERK expression between the estrogen 
group and control group (Figure 4A and B). NGF mRNA 
estrogen-dependent downregulation was partly inhibited 
when exposed to PD. Chondrocytes NGF expression in 
cultured with PD increased 1.41Ct (2.07±0.1 fold) than 
non-treated (Figure 4C and D).

Discussion
Pain is one of the main symptoms of OA. Evidence sug
gests that NGF is a potential target for controlling OA 
pain.4,17 Favorable effects18,28,29 on relationships between 
estrogen and OA symptoms have been reported. In this 
paper, we showed that E2 reduces chondrocytes NGF 
expression significantly, even after stimulation by TGF- 
β1 or IL-1β. MEK-ERK signaling is involved in this 
process.

At first, we showed that E2 down-regulated chondro
cytes endogenous basal NGF expression and release in 
a time-dependent manner by ERα. Evidence that supported 
estrogen had positive pain relief effects on patients18,30 

and animals31 was reported previously. Chondrocytes 
could express NGF,14 and NGF/TrkA-induced axonal out
growth in OA models was also investigated.32,33 Years 
ago, they had found the phenomenon that the regulation 
of NGF by estrogen in the rat. In the rat hippocampus, 

Figure 2 Estrogen decreased NGF expression and release in rat OA cartilage explants via ERα. (A) Rat cartilage explants were stimulated with estrogen (1nM) for 24 h, 
with or without ERα inhibitor (MPP, 20µM), after which mRNA was isolated to measure NGF expression. When exposed explants to estrogen, NGF mRNA expression was 
down-regulated about 0.8Ct (0.62±0.07 fold), similarly to chondrocytes response. Decreased reaction disappeared after estrogen combined with MPP. (B) NGF protein 
measured by ELISA matched mRNA changes. All data were shown as mean ± SEM from three independent experiments. 
Note: *P <0.05. 
Abbreviations: OA, osteoarthritis; MPP, a specific estrogen receptorα antagonist; ELISA, enzyme-linked immunosorbent assay; NGF, nerve growth factor.
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Figure 3 Estrogen down-regulate TGF-β1-stimulated and IL-1β-stimulated rat chondrocytes NGF mRNA expression and protein release. (A) Rat chondrocytes were 
stimulated for 24 hours with increasing concentrations of TGF-β1 (1, 10 and 20 ng/mL), and NGF mRNA expression was measured by quantitative qPCR. (B) NGF protein 
release was measured by ELISA. (C) Rat chondrocytes were stimulated for 24 hours with increasing concentrations of IL-1β (0.1, 1 and 10 ng/mL), and NGF mRNA 
expression was measured by quantitative qPCR. (D) NGF protein release was measured by ELISA. (E) TGF-β1 and IL-1β were added, respectively, into media with estrogen, 
with or without MPP. Estrogen almost suppressed TGF-β1 and IL-1β stimulated NGF mRNA expression. When cultured chondrocytes with estrogen, MPP, and TGF-β1/IL- 
1β, MPP resulted in estrogen-decreased phenomenon disappeared. (F) Co-incubated media were harvested and NGF protein was measured by ELISA. NGF protein levels 
paralleled with mRNA expression. All data were shown as mean ± SEM from three independent experiments. 
Notes: *P <0.05, **P <0.01, ***P <0.001. 
Abbreviations: NGF, nerve growth factor; qPCR, quantitative real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay.
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estrogen replacement resulted in NGF mRNA drop.34 In 
dorsal root ganglion neurons, levels of NGF and TrkA 
were also reduced with long-term estrogen replacement.35

Additionally, estrogen can regulate chondrocytes 
metabolism.36,37 While the results clearly showed that 
NGF level was being down-regulated by E2, it was possi
ble that either synthesis of the transcripts had been atte
nuated or protein degradation had been stimulated, or 
some combination of both. The blockade of the neuro
trophic response to E2 by ERα suggested that gene tran
scriptional activation was involved. Our results matched 
other studies that mentioned above and encouraged us to 
perform further experiments. So far, within our 

knowledge, we may be the first team to describe the 
regulation of NGF by estrogen in chondrocytes. It may 
provide a new therapy for relieving OA pain.

As the chondrocytes in vivo may response differently from 
isolated chondrocytes, we isolated freshly cartilage explants to 
mimic the internal environments of the joint. We observed 
a decrease in NGF mRNA expression and protein release 
when exposed cartilage explants to E2, similar to chondro
cytes’ response. Similar studies have been reported by Pecchi 
et al11 in newborn mouse cartilage and by Blaney Davidson 
et al13 in human OA cartilage. In these studies, parallel results 
of isolated chondrocytes and fresh explants in response to the 
stimulus provided convinced outcomes.

Figure 4 ERK1/2 was involved in the process of estrogen down-regulating NGF expression and release. (A) Protein was isolated from estrogen-treated chondrocytes, and 
p-ERK content was analyzed by WB, emerging a higher level than non-treated group. (B) WB results were quantified and presented in column graph style. Difference 
between two groups were seen clearly. (C) NGF mRNA expression in cultured with PD increased to 1.41Ct (2.07±0.1 fold) than non-treated. Estrogen-decreased NGF 
level was inhibited by PD. (D) NGF protein release paralleled with mRNA tendency. All data were shown as mean ± SEM from three independent experiments. 
Notes: *P <0.05, **P <0.01. 
Abbreviations: ELISA, enzyme-linked immunosorbent assay; NGF, nerve growth factor; WB, Western blotting; PD, PD98059.
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IL-1β and TGF-β1 can increase NGF expression and 
release in a dose-dependent manner in rat primary knee 
chondrocytes. Elevated TGF-β138 and IL-1β14 were 
detected in OA patients’ joints. IL-1β is well known as 
a pro-degradation cytokine that can enhance matrix metal
loproteinase (MMP) synthesis.39 Now, it is also considered 
as a stimulus with a close relationship to OA pain.12,40 

TGF-β1 is stored in high amounts in articular cartilage and 
is released when the cartilage is damaged.41 Actually, in 
cell experiments, both of them can stimulate chondrocytes 
NGF expression, and TGF-β1 is even more potent than IL- 
1β.11,13 Our results further identified that there were no 
differences among species when compared to Iannone’s 
study, which including murine, bovine and human 
chondrocytes.

When cultured chondrocytes with estrogen combined 
IL-1β or TGF-β1, the IL-1β-stimulated and TGF- 
β1-stimulated were partly decreased. It once again con
vinced us of the regulation of E2 to NGF. We thought that 
partial reduction rather than complete may result from 
stimulus’ more potential up-regulation. This explained 
that estrogen use alone provided a modest but sustained 
joint pain reduction in postmenopausal women.18 As the 
process of NGF transcription was not clear now, we have 
no idea about the regulation that E2 interacted with NGF 
promoter. But we investigated and discussed the possible 
signal path in the regulation.

Estrogen has favorable effects on reducing pain,18,28,29 

but no certain mechanisms have been identified. From 
others’ work, we knew that ERK was involved in the 
NGF upstream42 and downstream33 pathways. So we 
investigated the role of MEK-ERK in chondrocyte NGF 
metabolism. Expectedly, we detected changes in p-ERK 
quantity when treated chondrocytes with estrogen. MEK- 
ERK involvement was identified by qPCR and ELISA 
analysis. This indicates an existing role for ERK1/2 in 
maintaining the basal level of NGF; estrogen may reduce 
NGF level via p-ERK1/2. This is similar to the result that 
estrogen can down-regulate NGF in rat hippocampus and 
sympathetic neurons.43,44 Genistein, a phytoestrogen, can 
affect mast cells through the inhibition of the ERK path
way. Our work indicates that ERK1/2 plays a role in NGF 
expression. The exact role needs to be investigated further 
in the future.

In this study, we confirmed that estrogen reduced NGF 
mRNA expression and protein release in rat primary chon
drocytes via ERα, and down-regulated NGF levels stimu
lated by TGF-β1 and IL-1β. However, we are not sure how 

E2 interacts with the NGF promoter, and the certain 
mechanism remains still unclear. In OA joint, various 
factors, including TGF-β1, IL-1β, TNF-α and adipokines, 
exist simultaneously. The interactions that they interact 
with NGF deserve to be clarified. Finally, estrogen can 
modulate pain, both centrally and peripherally,45 with both 
NGF and trkA expression.35,46 The mechanism is exceed
ingly complex, which may need us to pay more attention 
to the interaction of estrogen and NGF.

In conclusion, we found that estrogen can down-regulate 
NGF levels via ERα in rat primary chondrocytes. TGF-β1 
and IL-1β can induce NGF expression and release in vitro. 
E2 also partly down-regulated TGF-β1/IL-1β-stimulated 
NGF mRNA levels and protein release. In addition, 
p-ERK1/2 may play a role in the mechanism that E2 reg
ulates chondrocytes NGF expression. These may explain 
why estrogen use alone resulted in a modest but sustained 
reduction in the frequency of joint pain in postmenopausal 
women. In the future, NGF down-regulation may be applied 
to clinical to relieve OA joint pain.
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