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Abstract 

Background  Reduction of inflammatory damage and inhibition of nucleus pulposus (NP) apoptosis are considered 
to be the main effective therapy idea to reverse the intervertebral disc degeneration (IDD) and alleviate the chronic 
low back pain. The adenosine A2A receptor (A2AR), as a member of G protein-coupled receptor families, plays 
an important role in the anti-inflammation and relieving pain. So far, the impact of A2AR on IDD therapy is unclear. 
The aim of this study was to explore the role of Adenosine A2A receptor (A2AR) in the intervertebral disc degeneration 
(IDD) and clarify potential mechanism.

Materials and methods  IL-1β and acupuncture was used to establish IDD model rats. A2AR agonist CGS-21680 
and A2AR antagonist SCH442416 were used to investigate the therapeutical effects for IDD. Histological examination, 
western blotting analysis and RT-PCR were employed to evaluate the the association between A2AR and cyclic adeno-
sine monophosphate (cAMP)/protein kinase A (PKA) pathway.

Results  A2AR activity of the intervertebral disc tissues was up-regulated in feedback way, and cAMP, PKA and CREB 
expression were also increased. But in general, IL-1β-induced IDD promoted the significant up-regulation the expres-
sion of inflammatory factors. The nucleus pulposus (NP) inflammation was exacerbated in result of MMP3 and Col-II 
decline through activating NF-κB signaling pathway. A2AR agonist CGS-21680 exhibited a disc protective effect 
through significantly increasing A2AR activity, then further activated cAMP/PKA signaling pathway with attenuating 
the release of TNF-α and IL-6 via down-regulating NF-κB. In contrast, SCH442416 inhibited A2AR activation, consistent 
with lower expression levels of cAMP and PKA, further leading to the acceleration of IDD.

Conclusions  The activation of A2AR can prevent inflammatory responses and mitigates degradation of IDD thus sug-
gest a potential novel therapeutic strategy of IDD.

Keywords  Intervertebral disc degeneration, Nucleus pulposus, A2AR, CAMP/PKA, NF-κB signaling pathway, 
Inflammatory damage

Introduction
Low back pain, as one of the most prevalent clinical dis-
orders of the musculoskeletal system, is characterized by 
a range of chronic and progressively debilitating symp-
toms, significantly impairing the quality of human life [1]. 
Degenerative spinal disease resulting from intervertebral 
disc degeneration (IDD) is one of the primary causative 
factors for low back pain [2]. IDD is characterized by the 
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necrosis of endplate chondrocytes, the rupture of the 
annulus fibrosis (AF), and apoptosis of nucleus pulposus 
(NP) cells [3]. Recent studies indicate that inflammatory 
hyperactivation is a significant factor contributing to 
apoptosis in NP cells [4]. During the degeneration pro-
cess, inflammatory cells, such as macrophages, neutro-
phils, and monocytes, release significant quantities of 
tumor necrosis factor-α (TNF-α) and interleukin (IL), 
which would infiltrate intervertebral disc lesions, result-
ing in alterations to the local micro-environment. Studies 
have demonstrated that IL-1β directly induces aberrant 
prostaglandin metabolism in intervertebral disc cartilage 
and mediates the degradation of matrix proteins, ulti-
mately resulting in cartilage endplate calcification and 
NP apoptosis [5]. Simultaneously, TNF-α stimulates the 
production of the matrix metalloproteinases (MMPs) in 
NP cells. The increased expression of MMP-3 leads to 
Collagen-II (Col-II) degradation, inducing AF disrup-
tion and NP cell apoptosis, thereby exacerbating IDD [6]. 
Inflammation plays a central role throughout the entire 
pathological process. Therefore, the identification of new 
targets that mitigate inflammation is crucial for reducing 
NP cell apoptosis in IDD. It is important to elucidate the 
precise pathogenesis of IDD linked to inflammatory sign-
aling pathways [4].

Adenosine, an endogenous signal transduction mol-
ecule, binds to adenosine receptors (ARs) on the cell 
membrane surface to modulate inflammation. ARs, 
belonging to the family of G protein-coupled receptors 
(GPCRs), are widely expressed in various tissues, includ-
ing A1R, A2AR, A2BR, and A3R [7]. A1R and A3R down-
regulate cAMP expression through coupling to GiPCR, 
whereas A2AR and A2BR upregulate cAMP expression 
through coupling to GsPCR. Among them, A1R and A2AR 
exhibit high affinity for adenosine, whereas A2BR and 
A3R display low affinity. A2AR plays an important role in 
the regulation of inflammation in various diseases. Ohta 
et al. suggested A2AR is a critical part of the physiological 
negative feedback mechanism for limitation and termi-
nation of both tissue-specifc and systemic inflammatory 
responses, and demonstrated that A2AR attenuates Con-
canavalin A-induced liver injury by up-regulating cAMP 
expression and reducing the secretion of TNF-α, IL-12, 
and IFN-γ [8]. This suggests that A2AR plays a distinct 
role in modulating inflammation and tissue damage 
in  vivo. Wu et  al. founded that A2AR expression in spi-
nal nerve ligation rats is up-regulated after administra-
tion of an A2AR agonist [9], and activated A2AR is coupled 
to membrane stimulatory GsPCR to activate the down-
stream signaling pathway, inhibiting the phosphorylation 
of nuclear factor kappa-B (NF-κB), and thereby reducing 
inflammatory infiltration damage [10]. In addition, acti-
vated A2AR also improves neuronal plasticity and reduces 

neuropathic pain in rats in model of spinal nerve ligation 
[9]. Above reports demonstrate that A2AR plays a critical 
role in relieving pain and attenuating inflammatory envi-
ronment. Nevertheless, the roles of A2AR in IDD haven’t 
been studied, and the relationship between A2AR and 
IDD process is also unclear.

Activation of A2AR induces adenylyl cyclase activation, 
subsequently leading to the production of cyclic adeno-
sine monophosphate (cAMP) [11]. cAMP, a second mes-
senger, subsequently activates cAMP-dependent protein 
kinase A (PKA), which catalyzes AMP-response ele-
ment protein (CREB) [9], thereby regulating target gene 
expression. Intrathecal injection of A2AR agonist resulted 
in a decrease in TNF-α expression in rat glial cells in vitro 
[12]. These findings suggest that A2AR might serve as a 
crucial target for attenuating inflammation in IDD by 
modulating the NF-κB pathway. Therefore, we hypoth-
esized that the administration of the A2AR agonist CGS-
21680 could inhibit the synthesis and secretion of TNF-α, 
IL-6, and MMP-3 in IDD rats by modulating the PKA/
NF-κB signaling pathway, leading to a reduction in the 
inflammatory infiltration of endplate chondrocytes and 
NP cells. Furthermore, we employed the A2AR antago-
nist SCH442416 to inhibit A2AR activation and dis-
rupt cAMP/PKA signal transduction. Subsequently, we 
assessed the impact of NF-κB activation on inflammatory 
infiltration in IDD.

To elucidate the role of A2AR in  vivo, we established 
the IDD model following the previously described 
method by Kim and Yu et al., which is involved with lum-
bar disc puncture and intradiscal injection of IL-1β [5] to 
result in the inflammation and NP cells apoptosis. This 
study aimed to investigate the alterations of A2AR activ-
ity and its downstream molecular components in IDD, 
elucidate the potential mechanisms of A2AR regulating 
inflammatory responses, and then confirm the protective 
effects of CGS-21680 in decelerate IDD progression. The 
findings of this study may offer a new insight and thera-
peutic strategies for impeding IDD progression.

Materials and methods
Animals
A total of 32 male Sprague–Dawley (SD) rats (8  weeks, 
200–220 g) were obtained from the Experimental Animal 
Center of Tongji Medical College, Huazhong University 
of Science and Technology. All experimental procedures 
were complied with the Guide for the Care and Use 
of Laboratory Animals published by the US National 
Institute of Health (NIH Publication), and which were 
approved by the laboratory Animal Welfare & Ethics 
Committee at Bestcell Model Biological Center ( BSMS 
2023–09-27A). All animals were in the same specific 
pathogen-free (SPF) standard environmental conditions 
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(25 °C, light/dark cycle for 12 h) with free access to food, 
and allowed to move freely. The rats were randomly 
divided into four groups: the sham group (n = 8, S group), 
the IDD model group (n = 8, M group), the A2AR agonist 
group (n = 8, CGS-21680 group) and the A2AR antagonist 
group (n = 8, SCH442416 group).

Puncture and injection of drugs
The IDD model was established as previously described 
by Kim and Yu et  al [5]. Briefly, rats were anesthetized 
with 0.3% sodium pentobarbital, and the vertebral bod-
ies of L5-6 were confirmed by palpation. Next, a longitu-
dinal incision was performed on the back skin of all rats 
and the surgical field of L5-6 disc was exposed to punc-
ture with a 30-G needle (parallel to the endplate). First, 
the rats in S group received 25 μl saline injection into the 
NP center of L5-6 disc. The rats in M group, CGS group 
and SCH group all received 25 μl (4000 ng/ml, 400-01B, 
PeproTech, USA) IL-1β injection to establish IDD model 
as described. Then, rats in CGS group received 50 μl (0.1 
mg/kg, HY-13201A, Med Chem Express, Beijing, China) 
CGS-21680 injection [13], and the rats in SCH group 
also received 50 μl (0.35 mg/kg, HY-103169, Med Chem 
Express, Beijing, China) SCH442416 injection [14]. 
Meanwhile, S group and M group were given the same 
amount (50  μl) of saline injection. Then the needle was 
kept still for about 30 s. The injection time was defined as 
the starting time (0 week).

Functional assessment
The gross locomotor function of IDD rats was scored 
according to the 21-point Bresnahan (BBB) locomo-
tor rating scale that ranks complete paralysis as 0 points 
and normal locomotion as 21 points [15]. Put rats into 
an open basin, tap basin wall to make them move, and 
observe the movement of rats. Lifting, whipping, lick-
ing, or running of the paw during stimulation would be 
determined as positive avoidance response. The behavior 
tests were performed in the morning between 09:00 and 
12:00 of the day of injection and 1, 4, and 8 weeks after-
wards. All scoring tests were done in an open field by two 
observers blinded to the treatment.

Samples collection and biochemical analysis
After 8  weeks, all mice were sacrificed by receiving 
intraperitoneal injection of 10% sodium pentobarbital. 
The intervertebral disc tissue and blood samples were 
obtained. The lumbar spine containing L5-6 disk were 
collected and washed with PBS buffer for three times, 
then fixed overnight with 4% PFA. After decalcified in 
10% EDTA solution for 4  weeks, tissue samples were 

embedded into paraffin blocks and sectioned into 4 μm 
thicknesses.

The concentration of cAMP, TNF-α and IL-6 in the 
intervertebral disc tissues and blood were measured 
using ELISA kits (ELK8207, ELK1396, ELK1158, ELK 
Biotechnology, Wuhan, China) according to the manu-
facturer instructions.

Histological examination
Hematoxylin–eosin (H&E) staining (AS1055B, Aspen, 
USA) and Safranin-O/Fast Green staining (G1053, Ser-
vicebio, Wuhan, China) were performed to analyze 
pathology according to the manufacturer instructions on 
the L5-6 disk site to inspect the damage of the punctured 
disk in each group. The grade of damage in interverte-
bral disks was evaluated according to the histological 
grading scale based on the cellularity and morphology of 
intervertebral discs [16].

Immunohistochemical and immunofluorescence stain-
ing were made on intervertebral disc tissue sections for 
analyzing expression with following antibodies: A2AR 
(1:100, Proteintech, Wuhan, China), PKA (1:200, abcam, 
Cambridge, Massachusetts), MMP3 (1:200, abcam, Cam-
bridge, Massachusetts, USA), Collagen II (1:200, Pro-
teintech, Wuhan, China). The immunoreactivity was 
quantified using commercial software (Image Pro Plus, 
Media Cybernetics, Inc., Rockville, Maryland, USA) to 
assess the percent of positive area in the pictures.

Western blotting analysis
Total protein was extracted from NP tissues with radio 
immunoprecipitation assay (RIPA) buffer contain-
ing phosphatase and protease inhibitors. Then, bicin-
choninic acid (BCA) protein assay kit (AS1086, Aspen, 
USA) was used to determine the protein concentra-
tions. Thirty micrograms of total protein were separated 
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), and then electro-transferred to 
the transmembrane PVDF (Millipore, Billerica, MA, 
USA), blocked with 5% milk protein for 1 h. After that, 
the target membranes were incubated with following 
primary antibodies overnight at 4  °C: anti-A2AR (1:500, 
Proteintech, Wuhan, China), anti-PKA(1:1000, abcam, 
Cambridge, Massachusetts), anti-CREB (1:1000,Protei
ntech,Wuhan,China), NF-κB (1:1000, Gene Tex, China), 
anti-MMP3(1:1000, abcam, Cambridge, Massachusetts, 
USA), anti-IL-6(1:1–000, Gene Tex, China), anti-TNF-α 
(1:1000, Gene Tex, China) and anti-Collagen II (1:500, 
Proteintech, Wuhan, China) polyclonal antibodies and 
β-actin (1:2000, Antgene, Wuhan, China). The membrane 
was immunoblotted with the corresponding second-
ary antibody (Goat-anti-rabbit, Goat-anti-mouse, KPL, 
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USA). The chemiluminescence method was performed to 
obtain the immunoreactive bands. The images were cap-
tured and semi-quantitatively analyzed by Quantity One 
(Bio-Rad, USA).

Measurement of pro‑Inflammatory cytokines mRNA levels 
by RT‑PCR
Total RNA was extracted from the L5-6 disk tissues using 
RNA Tissue Mini Kit (Novoprotein, Shanghai, China) 
according to the manufacturer instructions. Reverse tran-
scription and cDNA synthesis were accomplished using 
Prime Script RT Master Mix Perfect Real Time (Takara, 
RR037A, Kusatsu, Shiga, Japan). Real-time polymerase 
chain reaction was performed to detect the expression of 
various cytokines by Quanti Fast SYBR Green PCR Kit 
(Qiagen, 204,057, Hilden, Germany) and Bio-Rad CFX96 
(Bio-Rad, Hercules, CA, USA) according to the manufac-
turer instructions. The PCR processes were as follows: 
94 °C for 3 min and 45 cycles of 94 °C for 30 s, 60 °C for 
30 s, 72 °C for 30 s. Then, PCR was terminated by incu-
bation at 72  °C for 5  min. PCR primers were shown in 
Table 1. Relative gene expression was calculated using the 
2−ΔΔCT method.

Statistical analysis
All statistic data were expressed as mean ± SD, and 
firstly evaluated for normal distribution using Shapiro–
Wilk test. Then, the results were compared by one-way 
ANOVA followed with Tukey’s or Games-Howell’s post 
hoc test. The Kruskal-Wallisnon-parametric test was also 
used to evaluate non-normal distribution variables. The 
mortality rate in four groups were compared by log rank 
test of Kaplan–Meier curves. The value of P < 0.05 was 

considered statistically significant. The Graph Pad Prism 
5.0 software (San Diego, CA, USA) was employed to per-
form the statistical analysis.

Results
Experimental procedure and survival
Schematic diagram of the experimental procedure was 
performed according to Fig. 1A. As depicted in Fig. 1B, 
all rats in the S group survived until the end of the study, 
along with 7 rats in the M group, 7 rats in the CGS-
21680 group, and 4 rats in the SCH442416 group. In the 
M group, one rat died on the 3rd day after the successful 
model establishment, while in the CGS-21680 group, one 
rat died on the 7th day. In the SCH442416 group, four 
rats died on the 4th, 6th, 7th, and 9th days, respectively. 
The survival rate of CGS-21680 group was higher than 
SCH442416 group (P > 0.05).

Histological staining and grading scores
We assessed the histological structure of the L5-6 
intervertebral disc using HE staining and Safranin-O/
Fast Green staining (Fig. 1C). Additionally, we presented 
the histological grading scores for the various groups 
(Fig. 1D).

The morphological structure of the disk in S group 
was remained intact and regular, and the corresponding 
histological grading score was about 5. In contrast, the 
concentric circle structures of AF were disrupted in both 
the M group and the SCH442416 group, and fewer chon-
drocytes were observed in the NP tissue compared to 
the S group. This observation indicates structural dam-
age at grade II or III, with a histological grading score 
of approximately 10. The degenerated disc sites were 
additionally characterized by the presence of fibrocarti-
lage tissue, scar tissue, and various morphological cells. 
However, the aggravation of fibrosis in NP significantly 
decreased and NP cells increased after CGS-21680 injec-
tion. In CGS-21680 group, the structure destruction 
in grade I or II was much milder and the histological 
grading score was higher than that in the M group and 
SCH442416 group (P < 0.05).

Locomotor function assessment with BBB score
The locomotor function of IDD rats was assessed by BBB 
score which was shown in Fig.  1E. One week later, the 
BBB scores in all groups showed a significant decrease. 
Nevertheless, the BBB scores of the M group and the 
SCH442416 group were significantly much lower than 
those of the S group (P < 0.05). In the CGS-21680 group, 
the average BBB score was 16 points, representing an 
approximately 5-point increase compared to both the 
M group and the SCH442416 group (P < 0.05). After 
four weeks, the BBB scores in all groups increased. The 

Table 1  PCR primers

F, forward; R, reverse

Sequence (5′–3′)

GAPDH F: 5′-CGC​TAA​CAT​CAA​ATG​GGG​TG -3′
R: 5′-TTG​CTG​ACA​ATC​TTG​AGG​GAG -3′

A2AR F: 5′-GCT​GAC​ATT​GCA​GTG​GGT​GT -3′
R: 5′-CTA​AAG​ATG​GAA​CTC​TGC​GTGAG -3′

PKA F: 5′-GAT​TGG​GAG​GTT​CAG​TGA​GCC-3′
R: 5′-GTC​CAC​AGC​TTT​GTT​GTA​GCCTT-3′

CREB F: 5′-TGA​CTT​ATC​TTC​TGA​TGC​ACCAG-3′
R: 5′-GCA​TTG​GTC​ATG​GTT​AAT​GTCT-3′

IL-6 F: 5′-GGT​TTG​GAG​AAT​CTA​TGA​ATG​GTG​G-3′
R: 5′-GCT​GGA​AAG​AAG​TCT​GAG​GAAGG-3′

TNF-α F: 5′-CAG​GCG​GTG​CCT​ATG​TCT​C-3′
R: 5′-CGA​TCA​CCC​CGA​AGT​TCA​GTAG-3′

NF-κB F: 5′ -CAA​CCT​GTG​CCT​ACA​CTT​CAAC-3′
R: 5′-CGT​CTG​GCA​GCT​TGA​TGG​T-3′

NLRP3 F: 5′-AAC​CAG​AGC​CTC​ACT​GAA​CTGG-3′
R: 5′-AGA​GCA​GAT​GCT​TCA​GTC​CCAC-3′



Page 5 of 13Liu et al. European Journal of Medical Research          (2024) 29:433 	

average scores in the M group and the SCH442416 group 
were approximately 12 and 13, respectively, significantly 
lower than those in the S group (P < 0.05). In the CGS-
21680 group, the average score was 17 points, which was 
significantly higher than that in both the M group and 
the SCH442416 group (P < 0.05). After eight weeks, the 
BBB scores continued to increase, but there was no sig-
nificant difference between the S group and the M group. 
The BBB scores in the CGS-21680 group still remained 
higher than that in the SCH442416 group (P < 0.05).

A2AR level changes in IDD model and CGS‑21680 activated 
the expression of A2AR activation
A2AR expression was assessed through immunofluo-
rescence staining, RT-PCR, and Western blotting, as 
illustrated in Fig.  2A–C. Positive A2AR expression in 
intervertebral disc tissues, as revealed by immunofluores-
cence staining, indicated with yellow arrows in drawing 

of partial enlargement. Furthermore, a significant upreg-
ulation in A2AR mRNA and protein levels was detected 
through RT-PCR and Western blotting (Fig. 2B, C). In the 
CGS-21680 group, A2AR mRNA expression was signifi-
cantly higher than in the M group (P < 0.05), and similar 
trends were observed for A2AR protein levels. Compared 
with the M group and CGS-21680 group, the SCH442416 
group appeared to a great decrease in the expression lev-
els of A2AR with significant difference (P < 0.05).

The effects of A2AR on the downstream PKA, CREB 
and NF‑κB pathways
The cAMP level was measured using ELISA. There was 
no significant difference in cAMP expression in plasma 
among the four groups, as shown in Fig.  3A. However, 
the cAMP levels in intervertebral disc tissues, as illus-
trated in Fig. 3B, showed a slight increase in the M group 
compared to the S group. Meanwhile, the downstream 

Fig. 1  Schedule of experiment and scoring. A Schematic diagram of the experimental procedure. B Survival curve. C HE staining and Safranin 
O-fast green staining in each group. D Histological score changes in the L5-6 intervertebral disk. Data represented mean ± SD (n = 4). E BBB scores. 
Data represented mean ± SD.*P < 0.05 versus S group, †P < 0.05 versus M group, ‡P < 0.05 versus CGS-21680 group. S, sham operation group; M, 
IL-1β-induced IDD model group; CGS-21680, A2AR agonist CGS-21680 group; SCH442416, A2AR antagonist SCH442416 group
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expression of PKA and CREB, as depicted in Fig. 3C–H, 
was slightly higher than that in the S group. In contrast, 
the cAMP levels in the CGS-21680 group were signifi-
cantly upregulated (P < 0.05), and there was also a notable 
increase in PKA mRNA expression, as shown in Fig. 3C 
(P < 0.05). Meanwhile, more PKA positive expression 
(Fig. 3D, indicated with the yellow arrows in drawing of 
partial enlargement) was also observed in CGS-21680 
group. The mRNA levels of CREB in the CGS-21680 
group were significantly higher than those in both the S 
group and the M group (P < 0.05), as depicted in Fig. 3H. 
Administering SCH442416 resulted in a significant 
reduction in the expression of the aforementioned sub-
stances (P < 0.05). Western blotting results revealed that 
CGS-21680 further elevated the protein levels of PKA 
and CREB compared to the S group (P < 0.05), and these 
levels were subsequently reduced following SCH442416 
treatment, as illustrated in Fig. 3E–G.

Pathological activation of the NF-κB signaling pathway 
has been closely associated with inflammation in IDD. 
We also investigated the impact of A2AR on NF-κB altera-
tions, as shown in Fig. 3E, I, and J. In our study, Western 

blotting and RT-PCR results demonstrated that NF-κB 
expression was increased in the M group compared to 
the S group, which was obviously decreased in the CGS-
21680 group (P < 0.05). However, NF-κB expression 
was significantly upregulated in the SCH442416 group 
(P < 0.05), suggesting the activation of the NF-κB signal-
ing pathway. The NLPR3 mRNA levels were significantly 
decreased in the CGS-21680 group compared to both the 
M group and the SCH442416 group (Fig. 3K, P < 0.05).

Activation of A2AR reduce inflammatory response
To investigate inflammatory changes in IDD, the contents 
of TNF-α and IL-6 was analyzed by ELISA, RT-PCR and 
Western blotting. As shown in Fig. 4A, B, TNF-α levels in 
the plasma and intervertebral disc tissues were elevated 
in the M group and the SCH442416 group compared 
to the S group, respectively. The difference was more 
significant in the intervertebral disc tissues. The CGS-
21680 group exhibited lower TNF-α expression levels 
(P < 0.05). According to the results of RT-PCR (Fig.  4C) 
and Western blotting (Fig. 4G, H), TNF-α expression in 
the intervertebral disc tissues of the M group and the 

Fig. 2  A2AR expression in rat IDD model. A Immunofluorescence staining images of A2AR of NP cells and the drawing of partial enlargement in box 
(positive expression indicated with the yellow arrows). B RT-PCR and C Western blot were used to detect the expression level of A2AR in four groups. 
Data represented mean ± SD. Scale bars = 50 μm. *P < 0.05 versus S group, †P < 0.05 versus M group, ‡P < 0.05 versus CGS-21680 group. S, sham 
operation group; M, IL-1β-induced IDD model group; CGS-21680, A2AR agonist CGS-21680 group; SCH442416, A2AR antagonist SCH442416 group
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SCH442416 group was significantly higher than that in 
the S group (P < 0.05). Conversely, TNF-α mRNA and 
protein levels were markedly reduced following CGS-
21680 injection (P < 0.05).

The IL-6 levels of M group and SCH442416 group 
in both the plasma (Fig.  4D) and intervertebral disc 
tissues (Fig.  4E) were significantly higher than S 

group (P < 0.05).The levels of IL-6 mRNA and pro-
tein were notably increased in both the M group and 
the SCH442416 group in comparison to the S group 
(Fig. 4F, G, I, P < 0.05). After the administration of the 
A2AR agonist CGS-21680, the expression of IL-6 mRNA 
and protein levels was significantly reduced (P < 0.05).

Fig. 3  Effects of A2AR on the PKA/NF-κB pathway. A, B cAMP level was detected in the plasma and intervertebral disc tissues by ELISA. C RT-PCR 
results of PKA mRNA. D Images of PKA in each group with immunofluorescence staining in four groups and the drawing of partial enlargement 
in box (positive expression indicated with the yellow arrows). E–I Western-blot results of PKA, CREB and NF-κB in four groups. (H, J, K) RT-PCR results 
of CREB, NF-κB and NLRP3 mRNA. Scale bars = 50 μm. Data represented mean ± SD. Scale bars = 200 μm.*P < 0.05 versus S group, †P < 0.05 versus M 
group, ‡P < 0.05 versus CGS-21680 group. S, sham operation group; M, IL-1β-induced IDD model group; CGS-21680, A2AR agonist CGS-21680 group; 
SCH442416, A2AR antagonist SCH442416 group
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Effects of A2AR activation on the expression of MMP3 
and Col‑II
The degradation of the extracellular matrix is a primary 
factor contributing to the pathogenesis of IDD. Reduced 
levels of Col-II and increased MMP3 within the NP tis-
sue have been identified as significant contributors to 
NP cell apoptosis and extracellular matrix degradation. 
Immunofluorescence staining revealed the increase of 
MMP3 positive expression in the M group (Fig. 5A), and 
SCH442416 treatment also led to a substantial eleva-
tion in MMP3 expression. Consistent with these results, 
it was observed that the levels of Col-II were markedly 
reduced in both the M group and the SCH442416 group 
compared to the S group (P < 0.05). The CGS-21680 
group exhibited a significant decrease in MMP3 levels 
(Fig.  5B) and a significant increase in Col-II expression 
(Fig. 5B–D). Taken together, this data suggested that the 
up-regulation of A2AR alleviated extracellular matrix and 
NP cell degradation.

Discussion
In this study, we revealed the important role of A2AR in 
the IDD process. The major findings were summarized 
as follows: (1) The A2AR activity of the intervertebral 
disc tissues was up-regulated in feedback way when the 
elevated IL-1β induced inflammatory disc degeneration; 
(2) Although the downstream cAMP/PKA and CREB 
expressions were slightly increased, the IL-1β-caused 
IDD still strongly up-regulated NF-κB signaling pathway 
to up-regulate inflammatory cytokines and exacerbate 
the NP inflammation; and (3) CGS-21680 could signifi-
cantly activate A2AR activity, up-regulate downstream 
cAMP/PKA, and subsequently alleviate inflammation 
by down-regulating the NF-κB signaling pathway. To the 
best of our knowledge, this is the first study to focus on 
the role of A2AR and the related mechanism of CGS-
21680 in reducing inflammatory damage. Overall, A2AR 
might be a promising novel therapeutic target for the 
treatment of IDD.

Fig. 4  Effects of A2AR on the inflammatory cytokines. A, B TNF-α and D, E IL-6 expression in the plasma and intervertebral disc tissues by ELISA. C, 
F RT-PCR results of TNF-α and IL-6 mRNA level. G–I Western-blot results of TNF-α and IL-6 protein in four groups. Data represented mean ± SD. Scale. 
*P < 0.05 versus S group, †P < 0.05 versus M group, ‡P < 0.05 versus CGS-21680 group. S, sham operation group; M, IL-1β-induced IDD model group; 
CGS-21680, A2AR agonist CGS-21680 group; SCH442416, A2AR antagonist SCH442416 group
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IDD is a complex biological process involving a chronic 
inflammatory response. Inflammatory mediators, such as 
TNF-α, IL-1β, and IL-6, have been demonstrated to be 
crucial pro-inflammatory cytokines that directly accel-
erate the degeneration of NP tissue [17]. In this study, 
we found that IL-1β led to a deteriorated histological 
structure, a decrease in histological grading scores, and 
a reduction in locomotor activity (as shown in Fig. 1C). 
Consistent with a previous study, IL-1β exacerbated the 
severity of disc degeneration and inflammation [5].

Currently, the treatment of IDD mainly revolves around 
physiotherapeutic and anti-inflammatory therapies [18, 
19]. However, these conservative treatments have not 

been able to completely reverse or alleviate the progres-
sion of IDD. Meanwhile, surgical interventions still carry 
certain intraoperative risks and postoperative complica-
tions. Therefore, it is important to discover new thera-
peutic targets and develop safe and effective treatment 
strategies. Previous researches have documented that 
A2AR plays a significant role in various diseases, includ-
ing lung injury, myocardial ischemia, and spinal diseases 
[9, 20, 21]. Both A2AR and the downstream cAMP/PKA 
pathway are involved in the inflammatory response [20]. 
Wu et al. also reported that up-regulation of A2AR, cAMP 
and PKA expression could alleviate the pain and tis-
sue damage of spinal cord site in rats with spinal nerve 

Fig. 5  Effect of A2AR up-regulation on the expression of matrix metalloproteinase and type II collagen. A images of MMP3 in each group 
with immunofluorescence staining and and the drawing of partial enlargement in box (positive expression indicated with the yellow arrows) (Scale 
bars = 50 μm). B MMP3 and type II collagen levels were detected by western-blot. C, D Immunohistochemistry results of type II collagen in each 
group (Scale bars = 50 μm). Data represented mean ± SD.*P < 0.05 versus S group, †P < 0.05 versus M group, ‡P < 0.05 versus CGS-21680 group. S, 
sham operation group; M, IL-1β-induced IDD model group; CGS-21680, A2AR agonist CGS-21680 group; SCH442416, A2AR antagonist SCH442416 
group
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ligation [9]. However, the exact effects of A2AR on the 
inflammatory response and NP cells apoptosis in IDD 
were not fully understood.

The changes of A2AR activity and its downstream signaling 
pathways
Previous studies have reported that A2AR, as a feedback 
inhibitor of inflammation, is up-regulated in response to 
agents that activate NF-κB during the inflammatory pro-
cess [22, 23]. Additionally, TNF-α or IL-1β can increase 
A2AR expression and enhance function in monocytes 
or peripheral white blood cells by preventing receptor 
desensitization [23]. Wu and Castro also reported that 
A2AR expression and activity were up-regulated in spi-
nal nerve ligation and osteoarthritis (OA) chondrocytes, 
respectively [9, 24]. Consistent with above reports, our 
results demonstrated that the expressions of A2AR in NP 
tissue were up-regulated in response to IL-1β interven-
tion. Given that the signaling of A2AR involves a sequen-
tial process where it couples with GSα to stimulate the 
downstream cAMP/PKA and CREB pathways [11, 25, 
26], we proceeded to measure and observed that IL-1β-
induced IDD resulted in a slight increase in the expres-
sion of cAMP, PKA, and CREB in intervertebral disc 
tissues compared to the S group. Meanwhile, it led to a 
significant increase in the amount of the transcription 
factor NF-κB in the M group compared to the S group 
(Fig.  3). These results indicated that the activation of 
NF-κB, induced by IL-1β, played a predominant role in 
IDD rather than the cAMP/PKA and CREB signaling 
pathways mediated by up-regulated A2AR.

NF-κB plays important role in a multitude of patho-
physiological processes, including inflammation, cell 
apoptosis, and stress responses [27, 28]. It is also associ-
ated with the release of inflammatory cytokines that play 
a role in IDD. Recent published evidence has revealed 
that NF-κB activation promotes the over-expression 
of pro-inflammatory cytokines and matrix-degrading 
enzymes, exacerbating IDD [29]. Consistent with previ-
ous reports [30], the TNF-α and IL-6 contents, as well as 
mRNA and protein expressions in the intervertebral disc 
tissues of the M group, were significantly increased com-
pared to the S group (Fig. 4). These findings further dem-
onstrated that NP inflammation was exacerbated through 
the up-regulation of the NF-κB activation pathway. The 
protein expression of MMPs and Col-II reflects NP cell 
anabolism. The mature NP is rich in proteoglycans and 
Col-II, and the increased expression of MMP3 accelerates 
the degradation of the matrix, including proteoglycan 
and Col-II [31, 32]. Consistent with previous publications 
[31, 32], our results demonstrate a significant increase in 
MMP3 protein expression in the M group due to the acti-
vation of pro-inflammatory factors. This exacerbated the 

degradation of the extracellular matrix, including Col-II, 
and consequently impairs NP function.

The protective effect of A2AR agonist CGS‑21680 on A2AR 
and their downstream signaling pathways in IDD
Previous reports have indicated that CGS-21680, an 
A2AR-specific agonist, exhibits potent and long-lasting 
anti-inflammatory effects [9, 12, 33]. It can suppress pro-
inflammatory cytokines and alleviate neuropathic pain in 
peripheral immune cells and nerve injury models. Loram 
and colleagues assessed the impact of A2AR agonist on 
neuropathic pain using a chronic constriction injury 
model [12, 33]. They discovered that a single intrathe-
cal bolus injection of A2AR agonist reversed neuropathic 
pain by activating the PKA pathway and increasing the 
anti-inflammatory cytokine IL-10. This approach could 
potentially offer a novel therapeutic method for treating 
neuropathic pain. Fozard et al. administered CGS-21680 
(0.1  mg/kg) intratracheally to suppress allergic airway 
inflammation [13]. Their demonstration indicated that 
local administration of CGS-21680 at a dose of 0.1 mg/kg 
was beneficial for treating asthma in a rat model of aller-
gic asthma. Therefore, we evaluated the therapeutic effect 
of a single local administration of CGS-21680 (0.1 mg/kg) 
in our study. We also employed SCH442416 (0.35  mg/
kg) to elucidate the potential mechanism of A2AR in IDD 
[14]. CGS-21680 significantly mitigated the structural 
damage associated with IDD, resulting in a normal mor-
phology and lower histological grading score compared 
to the M group (Fig.  1). Additionally, locomotor behav-
ioral performance was notably improved. Conversely, 
SCH442416 exacerbated the structural damage and led 
to worse histological grading scores and locomotor BBB 
scores compared to the CGS-21680 group.

Previous studies have provided support that the 
expression and function of A2AR were both up-regu-
lated by factors such as TNF-α and IL-1β [22, 23]. The 
expression and activity of A2AR were further enhanced 
following CGS-21680 stimulation (Fig.  2). Simultane-
ously, SCH442416 substantially inhibited the expres-
sion and function of A2AR, consistent with previous 
research [9]. Researchers have demonstrated that A2AR 
agonist increase the expression of cAMP, PKA and 
CREB, whereas A2AR antagonist inhibit A2AR/cAMP/
PKA pathway in neuropathic pain [9, 34]. As antici-
pated, the mRNA and protein levels of cAMP and PKA 
were significantly up-regulated in the CGS-21680 group, 
with a greater magnitude of increase compared to the 
M group (Fig.  3). Transcriptional activation of CREB is 
critically dependent on PKA [26]. Therefore, treatment 
with CGS-21680 induced CREB activation, which fur-
ther downregulated inflammation. In line with previous 
descriptions, the selective A2AR antagonist SCH442416 
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clearly exhibited an inhibitory effect on the activation of 
the PKA pathway, resulting in a significant decrease in 
cAMP, PKA, and CREB expression [34, 35]. The above 
in vivo results suggested that the activation of the cAMP/
PKA/CREB signaling pathway may explain the improve-
ment in the degradation of NP tissues and locomotor 
function.

In order to further investigating the molecular mecha-
nisms regulated by CGS-21680, we assessed the expres-
sion of NF-κB downstream. The PKA/CREB signaling 
pathway is well-known for its anti-inflammatory and 
anti-apoptotic effects due to its inhibition of the NF-κB 
pathway [26, 34]. The underlying molecular mechanism 
by which PKA/CREB activation results in NF-κB down-
regulation in IDD remains unclear. As reported by Ali 
Masjedi, A2AR signaling suppresses the anti-tumor func-
tions of T cells in mice through the PKA/CREB signaling 
pathway [35]. It also prevents the secretion of pro-inflam-
matory cytokines by inhibiting the activation and pro-
tein expression of NF-κB. Furthermore, Harbrecht et al. 
reported that the activation of cAMP/PKA under inflam-
matory conditions could inhibit the NF-κB signaling 
pathway and regulate the expression of pro-inflamma-
tory genes, such as TNF-α and intercellular adhesion 
molecule-one [36]. Consistent with the above studies, 
our experimental results demonstrated that CGS-21680 
activated A2AR signaling, and the up-regulation of PKA/
CREB in the CGS-21680 group resulted in a significant 
down-regulation of NF-κB protein and gene expression. 
Conversely, SCH442416 inhibited A2AR expression and 
function, leading to the down-regulation of the PKA/
CREB pathway, which resulted in the activation of NF-κB, 
as measured by RT-PCR and Western blotting (Fig. 3), in 
line with other research [35]. NLRP3, one of the most 
studied inflammasomes, consists of three components: 
the NOD-like receptor, cysteine protease caspase-1, and 
the adaptor protein apoptosis-associated speck-like pro-
tein containing a CARD [37, 38]. NLRP3 inflammasomes 
are activated by the NF-κB signaling pathway [39]. Our 
study found that mRNA expression of NLRP3 in the 
CGS-21680 group was significantly decreased, leading to 
the inhibition of caspase-1 activation. Consequently, the 
inflammation and programmed cell death process were 
blocked. These aforementioned results once again sug-
gest the potential for A2AR to regulate the modulation of 
the NF-κB pathway and NLRP3.

Furthermore, we assessed the impact of A2AR on 
changes in inflammatory cytokines. Both the mRNA and 
protein expressions of TNF-α and IL-6 in NP tissues were 
significantly reduced in the CGS-21680 group compared 
to the M group (Fig.  4). This reduction can be attrib-
uted to the activation of the PKA/CREB pathway, which 
inhibits NF-κB. On the contrary, the down-regulation of 

PKA/CREB in the SCH442416 group led to the release of 
pro-inflammatory TNF-α and IL-6 as a result of NF-κB 
pathway activation. This, in turn, exacerbated extracel-
lular matrix degradation and impaired NP function. In 
summary, the up-regulation of A2AR activated the PKA/
CREB pathway to inhibit NF-κB, thereby mitigating the 
inflammatory response in IDD.

Previous studies have reported that inflammation is one 
of the primary contributing factors to NP degradation 
[31]. This is characterized by a reduction in the inher-
ent collagen content and an increase in matrix-degrading 
enzymes [40]. Therefore, we assessed the expression of 
degeneration-associated factors, such as MMP3 and Col-
II, which are related to IDD. In this study, CGS-21680 
not only decreased the gene and protein levels of MMP3 
but also enhanced Col-II expression, effectively reversing 
IDD. Thus, the activation of A2AR could be a promising 
therapeutic target for slowing down the progression of 
IDD.

Interestingly, caffeine is a natural A2AR antagonist, and 
its detailed mechanism involved in the progression of 
IDD remains unclear [41]. A clinical study from Poland 
including 609 healthcare workers found that excessive 
consumption of coffee (≥ 6 cups per day) significantly 
increased the likelihood of recurring low back pain 
(LBP) (OR = 16.69; 95% CI 8.77–43.36; p < 0.001) [42]. 
Meanwhile, a study conducted in China involving 969 
participants found a positive correlation between coffee 
consumption and LBP risk [43]. Ahn also demonstrated 
a significant association between coffee intake and the 
occurrence of LBP [44]. However, IDD is the cause of 
LBP, above suggested caffeine might block A2AR to regu-
late IDD and induce the the occurrence of LBP. The fur-
ther animal or cell experiment is needed to explore the 
effect and mechanism of drinking coffee on the exacerba-
tion of IDD progression.

Study limitations
There were certain limitations to the present research. (1) 
The effect of CGS-21680 and SCH442416 on the immune 
cell subtypes in NP tissues is unclear, and it is important 
to to uncover the mechanism of treatment in this model. 
The response of different immune cell subtypes to treat-
ments of CGS-21680 and SCH442416 is considered to 
evaluate in IDD model for the further study in the future; 
and (2) We highly acknowledge that the sample size 
is a weak point in our study which may affect the gen-
eralizability of the findings. Although the mortality of 
SCH442416 group was higher than other groups, the sur-
vival rate still presented no statistical difference. It is not 
really known that 50% of the animals died in SCH442416 
group was due to the deleterious action or drug effect. A 
larger sample in future study will be made to investigate 
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the effect of SCH442416 on A2aR and further explore its 
function in the intervertebral disc.

Conclusions
In conclusion, our study showed that CGS-21680 could 
significantly up-regulate A2AR activity and activate the 
cAMP/PKA/CREB pathway to inhibit NF-κB signaling 
pathway, and then further alleviated the inflammation 
in IDD. Overall, activation of A2AR might be a potential 
novel therapeutic strategy for the improvement and pre-
vention of IDD.
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