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p-Coumaric acid suppresses reactive oxygen
species-induced senescence in nucleus pulposus cells
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Abstract. p-Coumaric acid (PCA) is a phenolic acid that is
widely present in numerous plants and human diets. Studies
have demonstrated the antioxidant and anti-senescence effects
of PCA in different cell types. However, the anti-senes-
cence effects of PCA in nucleus pulposus (NP) cells have
remained to be determined. In the present study, reverse
transcription-quantitative PCR was used to measure the gene
expression of Cyclooxygenase-2 (Cox-2), inducible nitric
oxide synthase (iNOS), p53, pl16, aggrecan and collagen-2 in
NP cells. Immunofluorescence staining was used to evaluate
the protein expression of p53, pl6 and collagen-2 in NP cells.
In addition, cell cycle of NP cells was measured by flow
cytometry. B-galactosidase staining were used to investigate
the senescence of NP cells. Preliminary results indicated that
PCA suppressed ROS-induced senescence in NP cells via
both the pl6 and p53 pathways. NP cells were pretreated with
PCA at a concentration of 10 or 50 pg/ml prior to stimulation
with 200 #M hydrogen peroxide (H,O,). Pretreatment with
PCA significantly inhibited H,0,-induced cell cycle arrest
in a dose-dependent manner. PCA also reduced the gene
expression of Cox-2, iNOS, p53 and pl6 induced by H,O,.
By contrast, aggrecan and collagen-2 expression in NP cells
was upregulated after PCA treatment. Furthermore, PCA
suppressed H,0,-induced changes in the protein expression
of pl6, p53 and collagen-2. H,O, stimulation of NP cells
increased senescence-associated -galactosidase (SA-p-gal)
activities, while PCA treatment markedly reversed these
SA-B-gal activities. Collectively, the present results indicated
that PCA attenuated H,0,-induced oxidative stress and cellular
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senescence, suggesting a potential therapeutic utility of PCA
in intervertebral disc degeneration.

Introduction

The incidence of low back pain (LBP) caused by intervertebral
disc degeneration (IDD) has exhibited an increasing trend
across the world (1,2). It was previously reported that the total
number of years lived by individuals with disability caused
by low back pain increased by 54% worldwide between 1990
and 2015 (1). The condition impairs the quality of life of the
affected individuals and imposes substantial socioeconomic
and medical costs (1,2). The estimated indirect and direct cost
of LBP in the United States can reach 100 billion dollars per
year (3.4).

Senescence of the nucleus pulposus (NP) cells is one of the
most important features of IDD (5). Collagen-2 is the major
component of the extracellular matrix (ECM), which aids in
the maintenance of the disc height and responds to external
mechanical stress (5,6). NP cells ensure long-term matrix
renewal to maintain the homeostasis of ECM. Decreased
content of collagen-2 in senescent NP cells has been indicated
to eventually lead to IDD (5). Previous studies have reported a
positive association of the degree of cellular senescence with the
IDD grade (6,7). IDD has long been considered an age-related
disease. However, recent studies have documented a trend of
occurrence of IDD in increasingly younger individuals (8).
This phenomenon may be related to stress-induced premature
senescence (SIPS) of NP cells (6).

Production of reactive oxygen species (ROS) is a normal
physiological phenomenon in the intervertebral disc due to the
oxygen-utilizing metabolism of disc cells (9). ROS is a key
factor, which increases survival stress and triggers SIPS at
the cellular level (10,11). It has been indicated that excessive
ROS may induce senescence and apoptosis of NP cells (10).
Antioxidant therapies have also produced good results in the
treatment of IDD (12).

p-Coumaric acid (PCA) is a phenolic acid, which is
widely distributed in numerous plants, as well as human
diets (13,14). Previous studies have demonstrated the anti-
oxidant, cardioprotective, anti-melanogenic, anti-mutagenic,
anti-platelet and anti-inflammatory effects of PCA (15-18).
In addition, in a recent study, PCA was indicated to attenuate
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IL-1p-induced inflammatory response and cellular senescence
in rat chondrocytes (19). Although potential antioxidant
effects have been suggested for PCA, an in-depth investigation
of its antioxidant and anti-senescence potential in NP cells
has so far not been performed, to the best of our knowledge.
Thus, the present study used an in vitro model to investigate
the inhibitory effect of PCA on ROS-induced senescence in
NP cells.

Materials and methods

Reagents. PCA was purchased from Sigma-Aldrich (Merck
KGaA). It was dissolved in DMSO and the final concentration
of DMSO in the medium was <0.05%. The same volume
of DMSO was added to the control and H,O, groups in all
experiments. The concentration of PCA used in the present
study was based on a previous study (19).

Cell isolation and culture. NP tissue was isolated from
patients with lumbar fracture who had undergone lumbar
interbody fusion surgery. NP tissues used in the present study
were obtained from a total of five patients (three male and two
female; age, 31.5+6.5 years old). The nucleus pulposus (NP)
tissue was collected between January 2020 and December
2020 through surgery from The Second Affiliated Hospital of
Zhejiang University School of Medicine (Hangzhou, China).
The inclusion criterion was that patients underwent lumbar
interbody fusion or discectomy. The exclusion criteria were:
Systemic immune diseases; malignant tumor of the spine; or
infection of intervertebral disc (IVD). The degeneration grade
was evaluated based on modified Pfirrmann grading (20). The
degeneration grade was grade 2 in 3 patients and grade 1 in
2 patients. NP tissue was digested with 0.2% collagenase 11
(Sigma-Aldrich; Merck KGaA) for 4 h at 37°C and 0.25%
trypsin (Sigma-Aldrich; Merck KGaA) for 15 min at 37°C. NP
cells were collected by centrifugation at 300 x g for 5 min at
room temperature. Subsequently, NP cells were cultured in
high-glucose DMEM (Hyclone; Cytiva) mixed with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) and antibiotics
(100 U/ml penicillin, 100 pg/ml streptomycin; Sigma-Aldrich;
Merck KGaA). Cells were cultured at 37°C with 5% CO, in
fully humidified air.

Cell proliferation assay. A commercial kit [Cell Counting
Kit-8 (CCK-8); Dojindo Laboratories, Inc.] was used to
evaluate the proliferation of NP cells. NP cells were seeded
in 96-well plates at a density of 3x10° cells per well. NP cells
were pretreated with different concentrations of PCA (10 or
50 pug/ml) for 2 h at 37°C and then stimulated with 200 xM
H,0,, based on a previous study (21), for 2 h at 37°C in the
presence or absence of PCA (10 or 50 pg/ml). After being
cultured for 0, 1, 3,5, 7 or 9 days, the medium was replaced
with fresh culture medium, 10 ul CCK-8 solution was added
and the cells were incubated for an additional 2 h. The optical
density (OD) of each well was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, Inc.). Culture
medium only was used as a blank control. Cell proliferation
(day x) was calculated using the following equation: Cell
proliferation=[OD (day x)-OD (blank)]/[OD (day 0)-OD
(blank)].

Cell cycle assay. Cell cycle analysis was performed using a cell
cycle measurement kit (Beyotime Institute of Biotechnology).
NP cells were seeded at a density of 1x10%/well in a six-well
plate, pretreated with different concentrations of PCA
(10 or 50 pg/ml) for 2 h and then stimulated with 200 xM H,0,
for 2 h in the presence or absence of PCA (10 or 50 pg/ml)
at 37°C. The medium was replaced with fresh culture medium,
and cells were cultured for 72 h. Subsequently, the cells were
washed with cold PBS and fixed with 70% ethanol at 4°C
overnight. In total, 1x10° cells were resuspended with RNase
A solution (100 ul, Sigma-Aldrich; Merck KGaA) and PI
(400 ul; Sigma-Aldrich; Merck KGaA) and incubated for
30 min at 37°C. Finally, the DNA content was detected via
flow cytometry (BD LSRFortessa; BD Biosciences) and the
percentage of cells in each phase was analyzed by ModFit LT
5.1 (Verity Software House).

Reverse transcription-quantitative (RT-g)PCR assay. After
treating the cells with H,0, and different concentrations of
PCA as aforementioned, total RNA of NP cells was isolated
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) following the manufacturer's instructions. RT was
performed using the PrimeScript™ II 1st Strand cDNA
Synthesis Kit (cat. no. 6210A; Takara Bio, Inc.), using the
temperature protocol of 37°C for 15 min and 85°C for 5 sec.
DNA amplification was performed using SYBR Premix Ex Taq
kit (Takara Bio, Inc.) followed by qPCR. The thermocycling
conditions were set as follows: Initial denaturation at 95°C
for 3 min; followed by 40 cycles of 95°C for 30 sec, 55°C for
20 sec and 72°C for 20 sec. The primers were designed and
checked using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). Relative gene expression was calculated using the 2-44¢4
method and GAPDH as the internal reference (22). The primer
sequences are presented in Table I.

Immunofluorescence. NP cells were seeded at a density of
3x10*/well in a 24-well plate, pretreated with different concen-
trations of PCA (10 or 50 ug/ml) for 2 h and then stimulated
with 200 uM H,O, for 2 h in the presence or absence of
PCA (10 or 50 pg/ml)at 37°C. The medium was replaced
with fresh culture medium, and cells were cultured for 72 h.
Subsequently, cells were fixed with 4% paraformaldehyde for
20 min at room temperature, treated with 0.1% Triton X-100 for
10 min and blocked with 5% bovine serum albumin (Beyotime
Institute of Biotechnology) for 1 h at room temperature. After
washing with PBS three times, NP cells were incubated with
primary antibodies against collagen-2 (cat. no. ab34712;
1:100 dilution; Abcam), p53 (cat. no. 2527; 1:100 dilution;
Cell Signaling Technology, Inc.) and pl6 (cat. no. 18769S;
1:100 dilution; Cell Signaling Technology, Inc.) overnight
at 4°C, before being exposed to Alexa Fluor® 488-conjugated
secondary antibodies (cat. no. 4412; 1:1,000 dilution; Cell
Signaling Technology, Inc.) for 60 min at room temperature.
After washing with PBS three times, NP cells were counter-
stained with DAPI (cat. no. 40728ES03; 5 mg/ml; 5 min) and
phalloidin conjugated with iFluor™ 555 (cat. no. 40737ES75;
1:10,000 dilution; 30 min) at room temperature (Shanghai
Yeasen Biotechnology Co., Ltd.). A fluorescence microscope
(Olympus Corporation) was used for observation and imaging
(x200 magnification). Integrated optical density or positive
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Table I. Primer sequences used for reverse transcription-quantitative PCR.

Gene Direction Primer sequence (5'-3")

Cox-2 Forward ACCCGTGGAGCTCACATTAACTAT
Reverse ATACTGTTCTCCGTACCTTCACCC

iNOS Forward CACTTCCAACGCAACATGGG
Reverse CTTTGACCCAGTAGCTGCCA

pS3 Forward GAGGATTCACAGTCGGAT
Reverse ATCATCTGGAGGAAGAAGTT

pl6 Forward GCTGCCCAACGCACCGAATA
Reverse ACCACCAGCGTGTCCAGGAA

Aggrecan Forward TGAGCGGCAGCACTTTGAC
Reverse TGAGTACAGGAGGCTTGAGG

Collagen-2 Forward GAACTGGTGGAGCAGCAAGA
Reverse AGCAGGCGTAGGAAGGTCAT

GAPDH Forward CCACCAACTGCTTAGCCCCC
Reverse GCAGTGATGGCATGGACTGTGG

Cox-2, cyclooxygenase 2; iNOS, inducible nitric oxide synthase.

cell numbers in each image were measured using Image-Pro
Plus 6.0 software (Media Cybernetics, Inc.). For every sample,
six fields of view were taken before they were averaged.

Senescence-associated f3-galactosidase (SA-f-gal) staining.
SA-pB-gal staining was performed using the p-galactosidase
senescence staining kit by following the manufac-
turer's instructions (cat. no. C0602; Beyotime Institute of
Biotechnology). NP cells were seeded at a density of 1x10%/
well in a six-well plate, then washed with PBS and fixed
with 4% paraformaldehyde for 15 min at room tempera-
ture. Subsequently, NP cells were incubated overnight with
the SA-f-gal staining solution at 37°C. Subsequently, cells
with positive staining were observed and counted under an
inverted light microscope (x200 magnification, Olympus
Corporation). For every sample, six fields of view were taken
before they were averaged.

Statistical analysis. All experiments were performed = three
times before the results are presented as the mean + standard
deviation. Statistical analysis was performed using one-way
analysis of variance followed by Student-Newman-Keuls
post-hoc analysis using SPSS 21.0 (IBM Corp.) and GraphPad
Prism 9.0 (GraphPad Software, Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

PCA reduces H,0,-induced anti-proliferative effects and
cell cycle arrest in NP cells. The results of the cell viability
assay indicated anti-proliferative effects of H,O, on NP
cells. However, pre-treatment with PCA reduced the anti-
proliferative effects of H,O,, where only the 50 xg/ml group
exhibited significantly greater proliferative capability on
days 7 and 9 compared with that in the H,O, group (Fig. 1A).
To explore whether the ROS-induced anti-proliferative effects

were associated with cell cycle arrest, the cell cycle distribu-
tion of NP cells was detected using flow cytometry. It was
indicated that the percentage of NP cells in S and G, phases
was notably decreased after treatment with H,0, compared
with that in the control group (Fig. 1B and C). Treatment
with 50 ug/ml PCA reversed the cell cycle arrest induced
by H,0, (Fig. 1B and C). Furthermore, 10 pg/ml PCA also
partly increased the percentage of NP cells in S and G, phases
compared with that in the H,O, group, although the difference
between 10 ug/ml PCA and H,O, groups in this respect was
not statistically significant (Fig. 1B and C).

PCA reduces ROS and senescence-related gene expression
changes in NP cells. Stimulation with H,O, led to notable
upregulation of the expression of ROS and senescence-related
genes in NP cells (Fig. 2A and B). PCA markedly inhibited the
mRNA expression of cyclooxygenase 2, inducible nitric oxide
synthase, p53 and pl6 in a concentration-dependent manner
(Fig. 2C and D). Furthermore, H,O, stimulation also down-
regulated the expression of aggrecan and collagen-2 (Fig. 2E
and F). Only 50 ug/ml PCA treatment was able to counteract
the ROS-induced downregulation of collagen-2 and aggrecan
(Fig. 2E and F).

PCA reduces pl6 and p53 protein expression induced by H,0,
in NP cells. To further investigate the changes in the expres-
sion of senescence-related proteins, immunofluorescence
staining was used to locate and measure the expression of pl6
and p53. Both pl16 and p53 were observed to be expressed in
the nucleus and the expression of pl16 and p53 was markedly
upregulated after stimulation with H,O, (Figs. 3 and 4). PCA
treatment markedly reduced pl6 and p53 expression in NP
cells compared with that in the H,O, group (Figs. 3 and 4).
PCA treatment at a concentration of 10 ug/ml resulted in
significantly less p53 expression compared with that in the
H,0, group (Fig. 4).
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Figure 1. PCA reduces the anti-proliferative effect and cell cycle arrest induced by H,0, in NP cells. NP cells were pretreated with different concentrations of
PCA (10 or 50 ug/ml) for 2 h and then stimulated with 200 xM H,0, for 2 h in the presence or absence of PCA. (A) Cell proliferation rate at days 0, 1, 3, 5,7
and 9 in different groups. (B) Quantification of cells in S+G, phase of the cell cycle in different groups. (C) Cell cycle profiles of NP cells in different groups.
Values are expressed as the mean + standard deviation. "P<0.05 vs. H,O, treatment group. NP, nucleus pulposus; PCA, p-coumaric acid.

PCA inhibits senescence of NP cells induced by H,O,. exhibited increased (-gal staining. Of note, PCA treat-
As presented in Fig. 5, B-gal staining was used to identify  ment (10 and 50 pg/ml) significantly reduced [-gal staining
senescent NP cells. After stimulation with H,0,, NP cells  after H,O, treatment (P<0.05; Fig. 5SA and C). Furthermore,
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Figure 2. PCA reduces ROS- and senescence-related gene expression changes in NP cells. NP cells were treated with H,0, and different concentrations of PCA
and then cultured for 72 h. Subsequently, ROS- and senescence-related gene expression was measured via reverse transcription-quantitative PCR. (A) Cox-2,
(B) iNOS, (C) p53, (D) pl16, (E) aggrecan and (F) collagen-2. Values are expressed as the mean + standard deviation. “P<0.01 vs. H,O, treatment group. NP,
nucleus pulposus; PCA, p-coumaric acid; ROS, reactive oxygen species; Cox-2, cyclooxygenase 2; iNOS, inducible nitric oxide synthase.

immunofluorescence staining for collagen-2 also indicated
that H,0, inhibited collagen-2 expression in NP cells, while
PCA (50 pg/ml) restored collagen-2 expression after H,O,
stimulation (P<0.05; Fig. 5B and C). However, treatment with
10 pg/ml PCA did not result in any significant difference in
collagen-2 expression compared with that in the H,O, group
(P>0.05; Fig. 5B and C).

Discussion

Cell senescence is considered a key factor in the pathogenesis
of IDD. In normal IVDs, NP cells achieve a balance between

ECM anabolism and catabolism, thus maintaining long-term
matrix renewal (6). Senescent NP cells are characterized by
proliferative arrest and physiological function abnormalities.
For example, senescent NP cells exhibit decreased ECM
synthesis and increased secretion of matrix degradation
enzymes, which perturbs the ECM homeostasis (6). Senescent
cells also have the ability to exhibit senescence-associated
secretory phenotype (SASP) (23). SASP was indicated to
contain proinflammatory factors, cytokines, enzymes and
other bioactive factors (24). SASP may trigger senescence of
the surrounding healthy cells, inducing a vicious cycle (24).
Certain SASP components, including matrix-degrading
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Figure 3. PCA reduces pl6 protein expression induced by H,0,in NP cells. NP cells were treated with H,0O, and different concentrations of PCA and then
cultured for 72 h. The protein expression of pl6 was then investigated via immunofluorescence. (A) Representative fluorescence microscopy images for the
different groups (scale bar, 20 ym). (B) Bar graph indicating the p16-positive cell rate per field. Values are expressed as the mean + standard deviation. "P<0.05.

NP, nucleus pulposus; PCA, p-coumaric acid.

enzymes and proinflammatory factors, were also indicated to
be associated with a decrease in ECM (25). Furthermore, the
avascularity of IVD limits the immune-mediated clearance
of senescent cells (24,26). In a previous study, less senes-
cence-associated changes were observed in the end plate (EP)

than in the annulus fibrosus and NP cells (27). This may be
attributable to the better blood supply in the EP.

Various signaling pathways have been indicated to be
associated with cell senescence and most of these even-
tually regulate cell senescence via interaction with the
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Figure 4. PCA reduces p53 protein expression induced by H,O, in NP cells. NP cells were treated with H,0, and different concentrations of PCA and then
cultured for 72 h. Subsequently, p53 protein expression was investigated by immunofluorescence. (A) Representative fluorescence microscopy images for the
different groups (scale bar, 20 ym). (B) Bar graph indicating the p53-positive cell rate per field. Values are expressed as the mean + standard deviation. 'P<0.05.
NP, nucleus pulposus; PCA, p-coumaric acid.

p53/p21/retinoblastoma (RB) and pl6/RB pathways (28,29).  SIPS: ROS production activates p21 expression, while p21 also
ROS are a key factor that increases cellular survival stress and  induces mitochondrial dysfunction and ROS production (10).
triggers SIPS, and ROS production was indicated to accelerate ~ p21-dependent SIPS is not restricted to proliferative tissues
the onset and progress of senescence via activation of p21 (10).  and the brain neurons also acquire intense DNA damage
The feedback loop between ROS and p21 is also important in  caused by ROS production (30).
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Figure 5. PCA inhibits senescence of NP cells induced by H,0,. NP cells were treated with H,0, and different concentrations of PCA and then cultured
for 72 h. (A) p-Gal staining of NP cells in the different groups. (B) Immunofluorescence staining for collagen-2 in the different groups (scale bars, 10 ym).
Quantification of (C) f-Gal staining and (D) collagen-2 immunofluorescence staining. Values are expressed as the mean + standard deviation. "P<0.05.
NP, nucleus pulposus; PCA, p-coumaric acid; 3-Gal, -galactosidase; IOD, integrated optical density.

pS3 also serves a critical role in cellular response to
stress (31). p53 mainly functions as a transcription factor,
regulating the expression of specific target genes (32). These
genes are involved in the regulation of autophagy, DNA
damage repair, senescence and apoptosis (33). The p53 level
is positively associated with the severity and duration of the
stress stimulus and different levels of p53 may have different
consequences (34). In a study by Chen er al (21), sublethal
doses of H,0, induced senescent-like growth arrest in human
diploid fibroblasts, while higher doses induced apoptosis. At

higher doses of H,0,, the p53 levels were two times higher
compared with those at sublethal doses of H,O, (21). In
the present study, NP cells were treated with 200 M H,0,
for 2 h, which has been reported as a sublethal dose (21).
The results also indicated that after treatment with H,0,,
NP cells exhibited senescent features instead of undergoing
apoptosis.

The anti-inflammatory and anti-oxidative effects of PCA
have been reported in the context of various diseases, including
kidney diseases (35), liver diseases (36) and osteoarthritis (19).
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The dosage of PCA used in different diseases ranged from
100 to 164 pg/ml (37). Huang et al (19) indicated that PCA
attenuated IL-1p-induced inflammatory response and cellular
senescence in chondrocytes. The dosage of PCA used in
their study was 10, 20 and 40 pg/ml, while 40 pg/ml PCA
treatment achieved the best results (19). Considering that the
biological characteristics of NP cells are similar to those of
chondrocytes, 10 and 50 pg/ml PCA were used in the present
study. Treatment with 50 pg/ml PCA significantly inhibited
the cellular senescence of NP cells without affecting cell
proliferation.

The present study was a preliminary study on PCA and
cellular senescence and certain limitations require to be
acknowledged. Firstly, the mechanisms by which PCA regu-
lates cellular senescence in NP cells were not explored and
additional studies are required to investigate the underlying
mechanisms. Furthermore, animal studies are required to
verify the therapeutic effect of PCA in vivo.

In conclusion, in the present in vitro experiments, PCA
suppressed ROS-induced senescence in NP cells via both the
pl16 and p53 pathways. These results suggest that PCA may be
a potential agent for the treatment of IDD.
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