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Butorphanol tartrate mitigates cellular senescence against tumor necrosis 
factor –α (TNF-α) in human HC-A chondrocytes
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ABSTRACT
Aging is an important risk factor for osteoarthritis (OA). Butorphanol is a preoperative sedative 
and analgesic that possesses anti-inflammatory activity. However, the effect of butorphanol on OA 
has not been reported. Here we aimed to explore the effect of butorphanol tartrate on the cellular 
senescence of human chondrocyte-articular (HC-A) cells in response to tumor necrosis factor-α 
(TNF-α) stimulation. Butorphanol tartrate attenuated the TNF-α-caused cellular senescence of HC- 
A cells, with decreased positive senescence-associated-β-galactosidase (SA-β-gal) staining and 
elevated telomerase activity. Butorphanol tartrate prevented TNF-α-caused cell cycle arrest in 
the G0/G1 phase in HC-A cells and decreased p21 expression. The TNF-α-induced production of 
interleukin (IL)-6 and IL-8 in HC-A cells were mitigated by butorphanol tartrate. In addition, 
butorphanol tartrate reduced p-NF-κB p65/total p65 and p-STAT3/STAT3 ratios in HC-A cells 
cultured with TNF-α. Taken together, butorphanol tartrate protected HC-A cells from TNF-α- 
caused cellular senescence through inactivation of NF-κB and STAT3. These results imply that 
butorphanol tartrate might be used as a potential agent for the treatment of aging-related OA.
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1. Introduction

Osteoarthritis (OA) represents the most ordinary 
joint disease mainly occurring in aging individuals 
[1]. OA prevalently affects joints and causes 
impaired mobility, resulting in heavy socioeco-
nomic costs worldwide [2]. Current treatments 
and suggestions for OA patients include acupunc-
ture, total joint replacement surgery, low-impact 
aerobic exercise, and weight loss. These 
approaches are attempted to reduce stiffness, alle-
viate pain, as well as maintain the fundamental 
function capacity and improve life quality [3]. 
However, there are no effective intervention 
approaches to prevent the progression of OA. 
Recently, nonsteroidal anti-inflammatory drugs 
(NSAIDs) such as celecoxib, etoricoxib, and nime-
sulide have been widely used as a second-line 
treatment for OA. However, the side effects of 
NSAIDs are noticeable. Headaches, heart failure, 
stroke, and hypertension are common side effects 
during treatment with NSAIDs, which might be 

caused by their inhibition of cyclooxygenase-2 
(COX-2) [4]. Therefore, drugs with fewer side 
effects are still necessary for the treatment of OA

Several risk factors including joint malalign-
ment, obesity, genetics, and aging are associated 
with OA. Amongst these factors, increasing age 
is considered the primary risk factor of OA. 
Age-associated mitochondrial dysfunction and 
oxidative stress might induce cell senescence in 
both articular cartilage and bone [5]. 
Chondrocytes are the sole cell type present 
within articular cartilage and play a central role 
in senescence. During OA, a rise in the number 
of senescent chondrocytes and the senescence- 
associated secretory phenotype (SASP) have been 
found in joint tissues, which are associated with 
cartilage degradation [6–8]. Thus, preventing the 
senescence of chondrocytes may enhance the 
effectiveness of current therapeutic approaches 
for patients with OA.
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Butorphanol is a preoperative sedative and 
analgesic which has been used as a supplement 
to balanced anesthesia and to alleviate post- 
anesthesia shaking [9]. Currently, butorphanol 
was found to possess anti-inflammatory and 
antioxidant functions and exert a potential ther-
apeutic property for inflammation-related dis-
eases such as hypoxia neural injury [10], sepsis- 
caused brain and myocardial dysfunction, and 
edema [11]. Interestingly, it has been reported 
that butorphanol tartrate is effective for the alle-
viation of pain in microcrystalline sodium urate- 
induced arthritis in green-cheeked conures [12]. 
Hardie et al. [13] proved that butorphanol is 
effective for the treatment of chronic painful 
OA in cats. However, the effect of butorphanol 
on cartilage degradation in OA has not been 
reported. Here, we aimed to explore the effect 
of butorphanol tartrate on the cellular senes-
cence of chondrocytes in response to inflamma-
tory cytokine TNF-α stimulation.

2. Materials and methods

2.1. Human chondrocytes culture and treatment

Human Chondrocyte-articular (HC-A) cells 
were commercially purchased from Sciencell, 
USA. Cells were identified using alcian blue 
staining. HC-A cells were seeded in DMEM/ 
F-12, supplemented with 10% FCS and 1% 
penicillin-streptomycin (Sigma-Aldrich, USA) 
and cultured for 2–3 days after plating. HC-A 
cells were serum-starved overnight and cultured 
with different concentrations (2 or 4 μM) of 
butorphanol tartrate and TNF-α (20 ng/ml) 
for 14 days.

2.2. MTT assay

Cells were treated with 0.5, 1, 2, 4, 20, 40 μM 
butorphanol tartrate for 24 hours. Cell viability 
of HC-A was assessed by incubating with 5 mg/ 
ml MTT solution for 4 hours at 37°C. Then for-
mazan dye was dissolved by incubation with 
DMSO for 10 minutes with gentle shaking after 
removal of the medium. The absorbance values at 
570 nm were measured using a Microplate Reader 
(Bio-Rad, USA) [14].

2.3. Senescence associated-β-galactosidase (SA- 
β-gal) staining

After the indicated treatments, HC-A cells were 
taken for SA-β-gal staining using the previous 
method [15]. Briefly, HC-A cells were fixed with 
2% formaldehyde and 0.2% glutaraldehyde for 
15 minutes and then incubated with SA-β-gal 
(Sigma, USA) overnight at 37°C. Thereafter, cells 
were observed under an inverted microscope 
(×100 magnification) and the number of SA-β- 
gal-positive cells was calculated.

2.4. Telomerase activity detection

Protein lysates of HC-A cells were prepared from 
RIPA lysis buffer and quantified using the 
Bradford method. To detect telomerase activity, 
equal amounts of cell extracts were used for telo-
meric repeat amplification protocol (TRAP) reac-
tion with a PCR-based TRAP ELISA kit 
(Boehringer Mannheim, Mannheim, Germany) 
following the manufacturer’s instructions.

2.5. Cell cycle analysis

HC-A cells were plated at 1.8 × 104 cells per well in 
a 24-well plate and fixed in 70% ethanol overnight 
at 4°C and cell cycle distribution was analyzed using 
propidium iodide (PI) staining as previously 
described [16]. Finally, the ratios of the cells in the 
G0/G1, G2/M, and S phases were analyzed using 
a FACS Calibur flow cytometer (Becton, USA) 
and FlowJo software (Treestar, USA).

2.6. Real-time PCR (RT-PCR)

Total RNA was isolated from HC-A cells using 
Trizol reagent (Invitrogen, USA) and used for the 
synthesis of first-strand cDNA with a high- 
capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, USA). RT-PCR was then 
performed with an SYBR Green qPCR Master 
Mix (Applied Biosystems, USA). The expression 
levels of IL-6, IL-8, and p21 were calculated using 
the 2−ΔΔCt method [17]. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as the 
reference gene [18].
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2.7. Western blot analysis

HC-A cells were lysed in RIPA lysis buffer, followed 
by the quantification of protein content using the 
Bradford method. The same amounts of protein 
were subjected to 10% SDS-PAGE and then trans-
ferred to PVDF membranes for further Western blot 
analysis (Millipore, USA). Briefly, the primary anti-
bodies (1:1000; Abcam, UK) of p21, p65, p-p65, 
STAT3, and p-STAT3 were incubated with the mem-
branes for 12 hours at 4°C. Then the Goat anti Rabbit 
IgG (1:3000; Abcam, UK) was added to the mem-
branes for 1 hour incubation at 37°C. Lastly, the 
membranes were exposed to an ECL chromogenic 
agent (Abcam, UK). β-actin was used as an internal 
control.

2.8. ELISA

The contents of IL-6 and IL-8 in the superna-
tants of HC-A cells were assessed with ELISA 
kits (R&D Systems, USA) as described in the 
instructions. Finally, the absorbance at 450 nm 
was measured.

2.9. Statistical analysis

Results were expressed as mean± standard error of 
the mean (S.E.M.). The statistical analyses of 
experimental data were performed using the SPSS 
software version 13.0 (SPSS, USA) with the analy-
sis of variance (ANOVA), followed by 
Bonferroni’s post-hoc test. P< 0.05 was used to 
indicate a statistically significant difference.

3. Results

In this study, we attempted to determine the 
protective effects of butorphanol tartrate against 
TNF-α–induced cellular senescence in HC-A 
cells. Firstly, we tested the cytotoxicity of butor-
phanol tartrate in HC-A cells to choose the 
suitable concentrations of butorphanol tartrate 
for this study. Then we examined the telomerase 
and SA-β-gal activities to confirm the effect of 
butorphanol tartrate on cellular senescence. We 
further detected the effects of butorphanol tar-
trate on cell cycle arrest in the G0/G1 phase and 
the expression of p21. To clarify the underlying 

mechanism, we investigated the effect of butor-
phanol tartrate on the NF-κB and STAT3 signal-
ing pathways.

3.1. Cytotoxicity of butorphanol tartrate in 
HC-A cells

The cytotoxicity of butorphanol tartrate (molecu-
lar structure in Figure 1a) in HC-A cells was 
evaluated after exposure to 0, 0.5, 1, 2, 4, 20, 
40 μM butorphanol tartrate for 24 hours. MTT 
assay proved that cell viability of HC-A cells was 
decreased by 8% and 15% after treatment with 20 
and 40 μM butorphanol tartrate, whereas there 
was no significant change in cell viability after 
treatment with 0.5, 1, 2, 4 μM butorphanol tartrate 
(Figure 1b). Thus, the concentrations of 0.5, 1, 2, 
4 μM were considered safe, and 2 and 4 μM were 
applied in the following experiments.

3.2. The effects of butorphanol tartrate on 
cellular senescence induced by TNF-α in HC-A 
cells

Cellular senescence evaluated using SA-β-gal 
staining is shown in Figure 2a. The percentage of 
SA-β-gal-positive cells in TNF-α-treated HC-A 
cells was significantly increased to 29.6%±3.32%, 
as compared to control cells (5.4%±0.5%). 
Treatment with 2 or 4 μM butorphanol tartrate 
respectively reduced the percentage of SA-β-gal- 
positive cells to 18.3 ± 1.95% and 9.5%±1.25% 
(Figure 2b).

Telomerase activity of HC-A cells was examined 
using a TRAP reaction. In the TNF-α-induced 
HC-A cells, the telomerase activity (21.3 ± 2.3 
IU/L) was significantly lower than that in control 
HC-A cells (38.4 ± 3.6 IU/L). In contrast to this, 
butorphanol tartrate (2, 4 μM) treatment elevated 
the telomerase activity to 29.5 ± 2.9 and 34.6 ± 3.6 
IU/L, respectively (Figure 2c).

3.3. The effects of butorphanol tartrate on cell 
cycle arrest in the G0/G1 phase in TNF-α-treated 
HC-A cells

As compared to control cells, TNF-α stimulation 
was found to induce G0/G1 arrest in HC-A cells, 
as evidenced by an obviously increased percentage 
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of G0/G1-phase cells (62.5 ± 6.1% vs. 41.5 ± 4.3%; 
Figure 3). In cells treated with butorphanol tartrate 
(2, 4 μM), the percentage of those in the G0/G1- 
phase was decreased to 54.5 ± 5.6% and 
45.2 ± 4.6%, respectively, implying that butorpha-
nol tartrate reversed the TNF-α-induced G0/ 
G1arrest in HC-A cells (Figure 3).

3.4. The effect of butorphanol tartrate on the 
expression of p21 in HC-A cells against TNF-α

The expression of the senescence-associated 
protein, p21 was subsequently detected. RT- 
PCR demonstrated that the p21 mRNA level 
was increased by 2.8-fold in HC-A cells cul-
tured with TNF-α (20 ng/ml), whereas HC-A 
cells expressed lower mRNA levels of p21 in 
the presence of 2 or 4 μM butorphanol tartrate 
(Figure 4a). Western blot analysis showed that 
the protein level of p21 was significantly higher 
in HC-A cells cultured with TNF-α (20 ng/ml), 

which was attenuated by 2 or 4 μM butorpha-
nol tartrate (Figure 4b).

3.5. The effect of butorphanol tartrate on TNF-α- 
induced inflammation in HC-A cells

As shown in Figure 5a, the mRNA levels of IL-6 
and IL-8 in HC-A cells were significantly induced 
by 3.6- and 4.1-fold, respectively, after stimulation 
with TNF-α. The upregulated mRNA levels of IL-6 
and IL-8 were neutralized by pretreatment with 
butorphanol tartrate (2, 4 μM). In a parallel 
experiment, we also used ELISA to determine the 
secretion levels of IL-6 and IL-8. In control cells, 
the secretion levels of IL-6 and IL-8 were 
155.2 ± 5.7 pg/ml and 107.6 ± 15.3 pg/ml, while 
after TNF-α stimulation, the secretion levels of IL- 
6 and IL-8 were markedly increased to 
651.7 ± 77.8 pg/ml and 410.9 ± 54.6 pg/ml, respec-
tively, both of which were neutralized by 2 and 
4 μM butorphanol tartrate (Figure 5b).

Figure 1. Cytotoxicity of Butorphanol tartrate in human HC-A chondrocytes. (a) Molecular structure of Butorphanol tartrate; (b). Cells 
were treated with Butorphanol tartrate at varying concentrations (0, 0.5, 1, 2, 4, 20, 40 μM) for 24 hours, the cell viability was 
determined (†, ††, P < 0.05, 0.01 vs. Control group).

BIOENGINEERED 5437



3.6. The effect of butorphanol tartrate on NF-κB 
and STAT3 in HC-A cells against TNF-α

Western blot analysis showed that TNF-α stimu-
lation upregulated the p-NF-κB p65/total p65 in 
HC-A cells with a 3.6-fold change. Treatment 
with butorphanol tartrate (2, 4 μM) markedly 
reduced the p-NF-κB p65/total p65 ratio 
(Figure 6). In addition, the TNF-α-induced 

increase in p-STAT3/STAT3 ratio (2.6-fold 
change) was mitigated by butorphanol tartrate 
(2, 4 μM).

4. Discussion

Articular cartilage is a flexible connective tissue 
located on the surfaces of synovial joints, 

Figure 2. The effects of Butorphanol tartrate on cellular senescence induced by TNF-α in HC-A chondrocytes. The cells were treated 
with Butorphanol tartrate (2, 4 μM) and TNF-α (20 ng/ml) for 14 days. (a). Representative pictures of the SA-β-gal staining results in 
the sham group and experimental groups; (b). Quantification of the SA-β-gal staining; (c). Telomerase activity (‡‡, P < 0.01 vs. 
Control group; †, ††, P < 0.05, 0.01 vs. TNF-α group).
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mainly composed of chondrocytes, proteogly-
cans, and collagen. Amongst these components, 
chondrocytes are the primary cellular compo-
nents responsible for the production of extra-
cellular matrix, thereby maintaining cartilage 
structure and function. Currently increasing 
evidence has shown that aging is the most 
important risk factor for OA. Aging-associated 
changes in chondrocytes such as cellular senes-
cence, epigenetic alterations, genomic instabil-
ity, mitochondrial dysfunction, oxidative stress, 
protein imbalance, inflammation, altered inter-
cellular and intracellular signaling, and telo-
mere attrition, promote the development of 
OA. In this study, we focused on the contribu-
tions of butorphanol tartrate on the following 
factors: cellular senescence, telomere attrition, 
cell cycle arrest, inflammation, and alternations 
in cell signalings.

Several phenotypic transformations occur in 
chondrocytes during cellular senescence. Various 
senescence markers including SA-β-Gal, telomer-
ase, as well as p53, p21, and p16 proteins are found 
to be dysregulated in senescent chondrocytes [6]. 
The cytochemical staining of SA-β-Gal activity is 
a frequently used technique to detect senescent 
cells [19]. Here, the SA-β-gal staining showed 
that treatment with butorphanol tartrate reduced 
the percentage of SA-β-gal-positive cells in HC-A 

cells cultured with TNF-α. We also found that 
butorphanol tartrate elevated the telomerase activ-
ity in TNF-α-induced HC-A cells, which might 
contribute to alleviating the telomere dysfunction. 
The aging-associated DNA damage accumulation 
and detrimental oxidative stress in the OA tissue 
microenvironment alter gene profiles in chondro-
cytes. One common consequence is increased 
expression levels of various cell cycle inhibitors, 
for instance, p21 and p16. These proteins are 
found to mediate the senescence-related cell cycle 
arrest [20,21]. We demonstrated that butorphanol 

Figure 3. The effects of Butorphanol tartrate on cell cycle arrest 
in the G0/G1 phase in TNF-α-treated HC-A chondrocytes. The 
cells were treated with Butorphanol tartrate (2, 4 μM) and TNF- 
α (20 ng/ml) for 14 days. The percentage of G0/G1-phase was 
shown in the results (‡‡, P < 0.01 vs. Control group; †, ††, 
P < 0.05, 0.01 vs. TNF-α group).

Figure 4. The effects of Butorphanol tartrate on the expression 
of p21 in HC-A chondrocytes against TNF-α. The cells were 
treated with Butorphanol tartrate (0, 2, 4 μM) and TNF-α 
(20 ng/ml) for 24 hours. (a). mRNA of p21; (b). Protein of p21 
(‡‡, P < 0.01 vs. Control group; †, ††, P < 0.05, 0.01 vs. TNF-α 
group).
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tartrate prevented cell cycle arrest in the G0/G1 
phase and decreased p21 expression in TNF-α- 
induced HC-A cells.

In addition to growth arrest, senescent chon-
drocytes also show features of SASP, which pro-
duces increased levels of matrix-degrading 
enzymes and plenty of pro-inflammatory cyto-
kines, thereby contributing to joint tissue destruc-
tion [22,23]. Mounting evidence has suggested that 
the development of OA is related to low-grade 
systemic and local inflammation. Aging has some-
times been referred to as ‘inflammaging’ since it is 
likewise associated with chronic low-grade inflam-
mation [24]. Thus, an age-related increase in the 
production of pro-inflammatory mediators in joint 
tissues plays causative roles in disrupting cartilage 

homeostasis during OA progression [25]. In this 
study, we found that TNF-α-induced upregulation 
of IL-6 and IL-8 were attenuated by butorphanol 
tartrate in HC-A cells.

Increasing evidence has revealed that transcrip-
tion factors such as NF-κB, RELA, and STAT3 are 
key mediators in OA progression [26]. Their inter-
actions can regulate the cellular metabolism and 
inflammation, and drive the secretion of inflam-
matory cytokines, as well as immune responses in 
the OA microenvironment [26]. NF-κB is 
a collection of inducible transcription factors that 
play critical roles in immune and inflammatory 
responses [27]. Dysregulation of NF-κB activation 
has been frequently observed in many inflamma-
tory diseases, including OA [28]. STAT3 is 

Figure 5. The effects of Butorphanol tartrate on TNF-α-induced inflammation in HC-A chondrocytes. The cells were treated with 
Butorphanol tartrate (0, 2, 4 μM) and TNF-α (20 ng/ml) for 24 hours. (a) The mRNA level of IL-6 and IL-8; (b) secretions of IL-6 and IL- 
8 (‡‡, P < 0.01 vs. Control group; †, ††, P < 0.05, 0.01 vs. TNF-α group).

Figure 6. The effects of Butorphanol tartrate on the activation of NF-κB and STAT3 in HC-A chondrocytes against TNF-α. The cells 
were treated with Butorphanol tartrate (2, 4 μM) and TNF-α (20 ng/ml) for 24 hours. Representative Western blot results of p-NF-κB 
p65/total p65 and p-STAT3/STAT3 (‡‡, P < 0.01 vs. Control group; †, ††, P < 0.05, 0.01 vs. TNF-α group).
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a DNA-binding molecule that has key roles in 
controlling inflammation and immunity [29]. 
Tight regulation of STAT3 function is central to 
health, while inactivation or hyperactivation of 
STAT3 usually results in human diseases. It has 
been documented that STAT3 is a core transcrip-
tion factor that speeds up the progression of OA 
through the NF-κB signaling pathway [26]. Our 
results show that butorphanol tartrate caused the 
inactivation of both NF-κB and STAT3 in TNF-α- 
induced HC-A cells. The main limitation of the 
current study is that we only examined the pro-
tective effects of butorphanol tartrate against TNF- 
α- induced cellular senescence in an in vitro chon-
drocytes model. Animal experiments are one of 
the important ways to explore treatment of OA. 
A future study with ideal OA animal models 
should provide a more complete picture of the 
underlying mechanisms.

Conclusion

In this study, our results reveal the protective 
effects of butorphanol tartrate on the cellular 
senescence of HC-A cells in response to TNF-α 
stimulation. In view of the signaling mechanism, 
we found that butorphanol tartrate caused the 
inactivation of both NF-κB and STAT3 in TNF- 
α-induced HC-A cells. Collectively, butorphanol 
tartrate might be used as a potential agent for 
the treatment of aging-related OA.
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