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levels and m6A‑related proteins expression 
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Abstract 

Background:  Acetaminophen is commonly recommended for the early analgesia of osteoarthritis. However, the 
molecular mechanism by which it acts remains unknown. The aim of this study is to investigate the effect of acetami-
nophen on inflammation and extracellular matrix degradation in human chondrocytes, and the possible molecular 
mechanisms involved in its effect.

Methods:  The normal chondrocyte cell line C28/I2 was treated with interleukin-1β to mimic the inflammatory state. 
Acetaminophen and the methylation inhibitor (cycloleucine) were used to treat interleukin-1β-induced C28/I2 cells. 
The expression of RNA N6-methyladenosine -related proteins was detected by RT-qPCR and western blot. The total 
RNA N6-methyladenosine level was measured by dot blot analysis and enzyme linked immunosorbent assay. The lev-
els of interleukin-6, interleukin-8 and anti-tumor necrosis factor-α were measured by enzyme linked immunosorbent 
assay. The extracellular matrix synthesis and degradation were examined by western blot.

Results:  After interleukin-1β stimulated C28/I2 cells, the intracellular RNA N6-methyladenosine level increased, and 
the expression of regulatory proteins also changed, mainly including the increased expression of methyltransferase 
like 3 and the downregulated expression of AlkB family member 5. The use of cycloleucine inhibited interleukin-1β-
induced inflammation and extracellular matrix degradation by inhibiting RNA N6-methyladenosine modification. In 
contrast, acetaminophen treatment counteracted interleukin-1β-induced changes in RNA N6-methyladenosine levels 
and regulatory protein expression. Furthermore, acetaminophen treatment of interleukin-1β-induced C28/I2 cells 
inhibited the secretion of interleukin-6, interleukin-8 and anti-tumor necrosis factor-α, down-regulated the expression 
of matrix metalloproteinase-13 and Collagen X, and up-regulated the expression of collagen II and aggrecan. In addi-
tion, AlkB family member 5 overexpression activated interleukin-1β-induced chondrocyte viability and suppressed 
inflammation and extracellular matrix degradation.

Conclusion:  Acetaminophen affects inflammatory factors secretion and extracellular matrix synthesis of human 
chondrocytes by regulating RNA N6-methyladenosine level and N6-methyladenosine-related protein expression.

Keywords:  Acetaminophen, Chondrocyte cell, Interleukin-1β, RNA N6-methyladenosine modification, ALKBH5, 
Inflammatory factors, Extracellular matrix

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

BMC Molecular and
Cell Biology

*Correspondence:  zhanghuawu100@126.com

Department of Joint Surgery, Shandong Second Provincial General Hospital, 
No.4 Duanxing West Road, Huaiyin District, Jinan 250022, Shandong, People’s 
Republic of China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12860-022-00444-3&domain=pdf


Page 2 of 8Gao et al. BMC Molecular and Cell Biology           (2022) 23:45 

Background
Osteoarthritis (OA) is a pervasive degenerative and 
chronic inflammatory joint disease, and one of the top 
three causes of disability worldwide, affecting more than 
250 million people worldwide [1, 2]. Due to aging and 
an increase in the obese/overweight population, OA will 
become more prevalent. The United Nations estimates 
that by 2050, approximately 15–20% of the population 
will suffer from OA, of which one third will be unable to 
perform daily activities [3]. Research on OA needs more 
attention.

At present, the clinical therapy of OA includes non-
pharmacological, pharmacological and surgical treat-
ments, which are used in combination when necessary. 
But these approaches are designed to relieve pain and 
slow disease progression, and do not reverse or actually 
treat OA. Non-drug therapy refers to lifestyle changes 
that promote healthy body composition through 
changes in diet, exercise, weight loss, and more. Non-
pharmacological options are often underutilized. Phar-
macological options have not improved significantly 
over the past few decades. Pharmacological treatment in 

the initial stage of the disease mainly includes acetami-
nophen (Ace, paracetamol), non-steroidal anti-inflam-
matory drugs (NSAIDs), and opioids. However, NSAIDs 
may cause gastrointestinal and cardiovascular com-
plications. Opioids have addictive limitations. As OA 
worsens, intra-articular corticosteroids can be adminis-
tered to suppress pain and inflammation, although their 
effects are often short-term. Most corticosteroids are 
hydrophobic, have short half-lives, and have insufficient 
retention time in joints. However, long-term use of 
corticosteroids should be avoided, with adverse effects 
including immunosuppression, osteoporosis, and dia-
betes. Furthermore, the role of nutritional supplements 
such as chondroitin sulfate in improving OA pain and 
inflammation is controversial [4]. Joint replacement sur-
gery is the last option and is more expensive. In addi-
tion, the new development directions of pharmaceutical 
companies mainly include disease-modifying OA drugs, 
nano-drugs, etc., which have not yet shown good effi-
cacy [5]. In general, the clinical treatment of OA has not 
progressed significantly in the past few decades, and a 
breakthrough is urgently needed.

Graphical abstract
Stimulation of the normal chondrocyte cell line C28/I2 with the cytokine IL-1β (10 μM) mimics the inflammatory state 
in vitro. Acetaminophen (Ace, 50 μg/mL) changes the m6A related proteins expression and the total RNA m6A levels in 
IL-1β-treated chondrocyte cells. Furthermore, regulation of RNA m6A levels (by methylation inhibitor Cyc and/or Ace) 
affects IL-1β-induced inflammatory cytokines secretion and extracellular matrix synthesis in C28/I2 cells.
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Ace was first synthesized in 1878 from its precursor 
phenacetin. In the 1950s, Ace was marketed as a safer 
alternative to phenacetin, which was found to be nephro-
toxic and potentially carcinogenic. In the 1980s, Ace 
began to gradually replace aspirin as the most widely 
used over-the-counter analgesic. At present, Ace is still 
one of the most commonly used analgesics and antipy-
retics in the world, and is included in the World Health 
Organization’s Essential Medicine List [2, 6]. Due to the 
belief in its relative safety and the lack of suitable alter-
natives, especially considering the safety of NSAIDs and 
opioids, Ace is recommended as first-line therapy for 
chronic diseases such as OA and low back pain [7, 8]. 
At present, the mechanism of action of Ace is not fully 
understood, but may involve cyclooxygenase-2 inhibition 
[9]. Therefore, it is necessary to explore the molecular 
mechanism of Ace’s effect on OA.

RNA methylation is necessary to maintain RNA 
metabolism and function, and participates in the 
entire process of human development and disease [10]. 
N6-methyladenosine (m6A) accounts for 80% of RNA 
methylation modifications, and is a common RNA modi-
fication in eukaryotes. m6A is installed by the m6A meth-
yltransferase complex (METTL3 and METTL14) and its 
cofactors (WTAP, RBM15/15B, ZC3H13 and VIRMA), 
removed by FTO and ALKBH5 [11], and recognized 
by RNA binding proteins to perform specific biologi-
cal functions, including YTHDC1/2, YTHDF1/2/3, 
HNRNPA2/B1, IGF2BP1/2/3 and Prrc2a [12–14]. Recent 
study shows that m6A methylation levels and METTL3 
expression are significantly elevated in degenerative 
human cartilage tissue [15]. Changes in RNA m6A modi-
fication of various genes regulate their expression lev-
els and participate in the biological processes involved 
in OA such as extracellular matrix (ECM) synthesis by 
chondrocytes [15–18].

In this study, the human chondrocyte cell line C28/I2 
treated with interleukin (IL)-1β was used as the research 
object, to analyze the effect of Ace on the RNA m6A mod-
ification in C28/I2 cells treated with IL-1β, and whether it 
affects inflammatory factors secretion and ECM synthe-
sis by regulating RNA m6A modification. However, this 
study did not reveal the specific molecular mechanism by 
which Ace regulates the differential expression of RNA 
m6A modification-related proteins.

Methods
Cell culture and treatment
Human normal chondrocyte cell line C28/I2 was pur-
chased from Beijing Beina Chuanglian biotechnology 
institute (Beijing, China) and maintained in DMEM/F12 
medium (1:1 ratio) supplemented with 10% (v/v) FBS 
(A31608, GIBCO) at 37 °C and 5% CO2. IL-1β (10 μM) 

(SRP3083), Ace (50 μg/mL) and cycloleucine (A48105) 
(Cyc, 20 μM) were purchased from Sigma Aldrich and 
used for treat cells for 12 h. The coding sequence of 
ALKBH5 was synthesized by Genechem (Shanghai, 
China), cloned into pcDNA3.1 expression vector, and 
transfected into the cells using Lipofectamine 2000 rea-
gent (11668–019, Invitrogen).

Quantitative RT‑PCR
The cells were extracted with Trizol reagent for total 
RNA. After quantification by spectrophotometer, the 
equal amount of RNA was reverse transcribed into cDNA 
using PrimeScript RT Master Mix (CW2569M, CWBIO, 
China). The target genes were amplified using SYBR 
Green Real-time PCR Master Mix (CW0957H, CWBIO). 
The relative levels of gene expression (METTL3, 
METTL14, WTAP, RBM15/15B, ZC3H13, VIRMA, 
FTO, ALKBH5, YTHDC1/2, YTHDF1/2, HNRNPA2/
B1, IGF2BP1/2/3 and Prrc2a) were calculated by the 
2-△Ct method, and the relative level of GADPH was as a 
control.

Western blot
The cells were extracted with ice-cold RIPA lysis buffer 
(CW2333S, CWBIO) for total protein. After quantifica-
tion with the BCA kit (CW0014S, CWBIO), the equal 
amount of total protein was separated by SDS-PAGE 
gel electrophoresis, and transferred to a PVDF mem-
brane (ISEQ00010, Millipore, USA). After blocking 
with 5% skim milk, the membrane was incubated with 
primary antibody against ALKBH5 (1:2000, ab195377, 
Abcam), FTO (1:1000, ab126605, Abcam), Aggrecan 
(1:2000, ab36861, Abcam), Collagen X (1:2000, ab58632, 
Abcam), MMP13 (1:1000, ab39012, Abcam), or Collagen 
II (1:2000, ab188570, Abcam) at 4 °C overnight, and then 
incubated with horseradish-labeled secondary antibody 
(SA00001, PTG) at room temperature for 2 h. The mem-
brane was treated with ECL (PK10002, PTG) for the band 
visualization.

Total m6A level detection
For dot blot analysis, TRIzol reagent was used to iso-
late and purify total RNA. The total RNA was denatured 
under UV light and cross-linked with the optimized 
Amersham Hybond-N+ membrane. After cross-link-
ing, the membrane was blocked with 5% skim milk, and 
incubated with anti-m6A antibody at 4 °C overnight. 
Immobilon Western Chemilum HRP substrate (Merck 
Millipore) was used for visualization. For ELISA, the 
EpiQuik m6A RNA Methylation Quantitative ELISA Kit 
(P-9005-96, Epigentek) was used according to the manu-
facturer’s instructions.
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ELISA for inflammatory factors detection
Levels of cytokines (IL-6, IL-8 and TNF-α) were 
assayed by ELISA (EH2IL6, KHC0081, KHC3011; Inv-
itrogen) according to the manufacturer’s instructions.

CCK‑8 assay for cell viability analysis
After cells were transfected with pcDNA 3.1-ALKBH5 
expression plasmid and treated with IL-1β for 12 h, 
10 μL of CCK-8 reagent was added into each well and 
incubation for 2 h at 37 °C. The light absorbance value 
at 450 nm was measured with a microplate reader 
(BioTek Instruments, USA).

Statistical analysis
Data was statistically analyzed by SPSS 20.0 and 
presented as mean ± SD. The significant difference 
between groups was analyzed by one way variance or 
Student’s t test. P < 0.05 was considerable significance.

Results
Ace changes the m6A levels and m6A related proteins 
expression in IL‑1β‑treated chondrocyte cells
The CTD database (http://​ctdba​se.​org/) presumed that Ace 
application in OA would interact with these m6A-related 
proteins (Table 1). Stimulation of the normal chondrocyte 
cell line C28/I2 with the cytokine IL-1β (10 μM) mimics 
the inflammatory state in  vitro. The inflammatory state 
was confirmed by ELISA detection of matrix metallo-
peptidase (MMP)-13 levels in the medium (Supplemen-
tary Fig. 1). IL-1β-induced C28/I2 cells were treated with 
Ace (50 μg/mL) (IL-1β + Ace). After 12 h of incubation, the 
mRNA levels of m6A-related proteins and the total m6A 
level of each group were detected (Fig. 1A-C). As shown 
in Fig. 1A, compared into NC group, the mRNA levels of 
METTL3, WTAP, RBM15, RBM15B, ZC3H13, YTHDC1, 
YTHDC2, YTHDF1, YTHDF2, HNRNPA2, HNRNPB1, 
IGF2BP1, IGF2BP2 and PRRC2A significantly increased in 
the IL-1β group, while the mRNA levels of those proteins 
in the IL-1β + Ace group obviously decreased compared 
with the IL-1β group. In addition, the mRNA and protein 
levels of ALKBH5 was reduced in IL-1β group compared 
into NC group, while it was recovered in IL-1β + Ace 
group (Fig. 1A and B). However, there was no significant 
change in the mRNA levels of METTL14, VIRMA and 
FTO (Fig.  1A and B). Furthermore, compared with NC 
group, the total m6A level increased in IL-1β group, and it 
was rescued by Ace treatment (Fig. 1C and D).

Regulation of RNA m6A levels affects IL‑1β‑induced 
inflammatory cytokines secretion and ECM synthesis 
in C28/I2 cells
In view of the effect of IL-1β and/or Ace treatment on the 
m6A modification of C28/I2 cells, we performed validation 

Table 1  Targets of Acetaminophen action related to m6A in 
Osteoarthritis

Drugs Disease Targets

Acetaminophen Osteoarthritis METTL3; WTAP; RBM15; RBM15B; 
ZC3H13

ALKBH5

YTHDC1; YTHDC2; YTHDF1; YTHDF2; 
HNRNPA2; HNRNPB1; IGF2BP1; IGF2BP2; 
PRRC2A

Fig. 1  Ace changes the m6A levels and m6A related proteins expression in IL-1β-treated chondrocyte cells. The cytokine IL-1β (10 μM) and Ace 
(50 μg/mL) was used to treat C28/I2 cells. After incubating for 12 h, the mRNA expression levels of m6A-related proteins were detected by RT-qPCR 
(A), the protein levels of ALKBH5 and FTO were examined by western blot (B), the total m6A level of each group were measured by dot blot analysis 
(C) and ELISA (D)

http://ctdbase.org/
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experiments using the methylation inhibitor Cyc. As shown 
in Fig. 2A and B, Cyc (10 μM) treatment reduced the total 
m6A level of IL-1β-induced C28/I2 cells, and Cyc and Ace 
had a synergistic effect. Moreover, Cyc and Ace treatment 
alone reduced the inflammatory cytokines (IL-6, IL-8 and 
TNF-α) secretion, down-regulated MMP-13 and Collagen 
X expression, and up-regulated the expression of Collagen 
II and Aggrecan, which all regulated by IL-1β (Fig. 2C-E). 
These results suggest that regulation of RNA m6A levels 
affects IL-1β-induced inflammatory cytokines secretion 
and ECM synthesis in C28/I2 cells.

Overexpression of ALKBH5 affects the viability, 
inflammatory factors secretion and ECM synthesis 
of IL‑1β‑induced C28/I2 cells
In view of the unique role of ALKBH5 in the Ace treat-
ment of IL-1β-induced C28/I2 cells, we tested the role of 
ALKBH5 overexpression on the viability, inflammatory 
factors secretion and ECM synthesis of IL-1β-induced 
C28/I2 cells. As shown in Fig. 3A and B, the transfection of 
pcDNA 3.1-ALKBH5 expression plasmid up-regulated the 
protein expression of ALKBH5 in NC and IL-1β-induced 
C28/I2 cells. Overexpression of ALKBH5 improved the 

viability of IL-1β-induced C28/I2 cells, and had no sig-
nificant effect on the viability of NC cells (Fig.  3C). Fur-
thermore, overexpression of ALKBH5 suppressed the 
secretion of inflammatory factors (IL-6, IL-8 and TNF-α), 
down-regulated the expression of MMP-13 and Collagen 
X, and up-regulated the expression of Collagen II and 
Aggrecan in IL-1β-induced C28/I2 cells (Fig. 3D-F).

Discussion
In recent years, the benefits of Ace in chronic diseases 
have been questioned. Several randomized controlled tri-
als found a statistically significant difference between Ace 
and placebo for OA pain, but moderate analgesic efficacy 
[19]. Concerns about the adverse effects of long-term use 
of Ace also increased during the same period, with major 
adverse effects including an increased risk of gastroin-
testinal bleeding and a small increase in systolic blood 
pressure [8, 20, 21]. However, in the face of no suitable 
alternative medicines, Ace is still widely recommended 
for the early analgesic treatment of OA, and is often pre-
scribed [7, 22, 23]. In addition, the molecular mechanism 
of Ace’s application in OA treatment is still unknown. 
Therefore, it is necessary to explore the molecular and 

Fig. 2  Cyc affects the secretion of inflammatory factors and the synthesis of ECM on the IL-1β-induced C28/I2 cells. Cyc (10 μM) treated the 
IL-1β-induced C28/I2 cells. After incubating for 12 h, the total m6A level of each group were measured by dot blot analysis (A) and ELISA (B), the 
levels of inflammatory factors (IL-6, IL-8 and TNF-α) were measured by ELISA (C), the protein levels of collagen were examined by western blot (D 
and E)
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pharmacological mechanism of Ace’s effect on OA, which 
can provide a certain basis for the application guide of 
Ace.

OA is considered to be the degeneration of cartilage. 
One of its major pathogenesis is that pro-inflammatory 
cytokines activate catabolic enzymes (such as MMP13), 
which in turn damage cartilage and other intra-articular 
structures [24]. IL-1β plays a key role in OA progression. 
It can activate different signaling pathways, and induce 
the production of other inflammatory cytokines (such as 
IL-6, IL-8 and TNF-α) and MMPs, and induce cartilage 
degradation [25]. The combination leads to the progres-
sion of OA. The extracellular skeleton of adult articu-
lar cartilage is aggregated collagen, and collagen II is its 
major molecular component [26]. Collagen X is usually 
confined to the thin layer of calcified cartilage connect-
ing articular cartilage and bone, and is expressed and 
deposited in OA lesions [27]. This study found that Ace 
treatment of IL-1β-induced C28/I2 cells can inhibit the 
secretion of IL-6, IL-8 and TNF-α, down-regulated the 
expression of MMP-13 and Collagen X, and up-regulated 
the expression of Collagen II and Aggrecan (Fig. 2). These 
results of these in vitro cell experiments demonstrate that 
Ace treatment can inhibit the inflammation response and 
ECM degradation of human chondrocytes, appear to sug-
gest the pharmacological role of Ace in OA progression, 
but convincing animal and/or human studies are lacking.

Furthermore, recent reports indicate that the RNA m6A 
modification process is involved in the OA progression by 

regulating the mRNA stability and expression of multiple 
target genes [28, 29]. The results of this study showed that 
IL-1β stimulated C28/I2 cells with increased RNA m6A 
levels and changes in the expression of regulatory pro-
teins, mainly including increased expression of METTL3 
and down-regulated expression of ALKBH5 (Fig.  1). 
The use of the RNA m6A inhibitor Cyc also suggested a 
critical role of the RNA m6A modification process in the 
inflammation and ECM degradation of OA progression 
(Fig. 2). Consistent with our study, it has been reported 
that intracellular RNA m6A levels and METTL3 expres-
sion are increased after IL-1β stimulation of the chondro-
genic progenitor cell line ATDC5 cells [30]. Significant 
increases in METTL3 expression and RNA m6A levels 
have also been reported in degenerative cartilage tissue 
[15]. In contrast, one study analyzes the expression pat-
terns of 18 RNA m6A -modified proteins included in this 
study in 18 normal cartilage and 20 OA cartilage tissues 
[31]. The results of this study are not the same as ours. 
However, there are significant differences in the gen-
der and age of the patients from which the samples are 
derived between the two groups [32]. Normal cartilages 
are obtained from 5 women and 13 men, with a mean age 
of 38 years (18–61 years), and samples are taken 24 hours 
after the death of the patients. The OA cartilage samples 
are obtained from 12 women and 8 men with a mean age 
of 66 years (52–82 years). As we all know, OA is a dis-
ease closely related to age and gender. This may be the 
main reason for the different results of the two studies. 

Fig. 3  Overexpression of ALKBH5 affects the viability, inflammatory factors secretion and ECM synthesis of IL-1β-induced C28/I2 cells. After 
transfection of pcDNA 3.1-ALKBH5 expression plasmid, the protein expression of ALKBH5 in NC and IL-1β-induced C28/I2 cells were examined by 
western blot (A and B), the viability was detected by CCK-8 assay (C), the levels of inflammatory factors (IL-6, IL-8 and TNF-α) were measured by 
ELISA (D), the protein levels of collagen were examined by western blot (E and F)
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Crucially, the present study found that Ace treatment 
counteracted IL-1β-induced changes in RNA m6A levels 
and regulatory protein expression (Fig. 1).

Finally, as a methylase, METTL3 has certain studies 
in OA progression. However, as a major demethylase, 
the role of ALKBH5 in OA progression is understudied. 
This study demonstrates for the first time that ALKBH5 
overexpression activates IL-1β-induced chondrocyte 
viability and inhibits inflammation and ECM degrada-
tion. However, also as a demethylase, FTO showed no 
significant changes under neither IL-1β nor Ace treat-
ment. We lack research and explanation for this.

Conclusions
First, the data from this study, as well as other research 
reports, suggest that differential expression of RNA 
m6A-related proteins and elevated levels of total RNA 
m6A are involved in OA progression. The total RNA m6A 
modification changes regulated the expression of down-
stream target genes, and their involvement in OA progres-
sion still requires further study. Whether it is possible to 
design drugs based on RNA m6A -related proteins and/
or total RNA m6A levels to delay the OA progression also 
requires more basic research as data support. Further-
more, Ace treatment was able to affect the expression 
of RNA m6A-related proteins in chondrocytes as well as 
total RNA m6A levels. However, this study did not reveal 
the specific mechanism of Ace’s effect. Finally, Ace can 
inhibit the inflammatory response and ECM degradation 
in IL-1β-treated human chondrocytes in vitro, indicating 
the pharmacological effects of Ace. However, more con-
vincing animal and/or human studies are needed.
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