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ÖZ

Amaç: İskelet kasında inflamasyon cevabı ve sitokin aktivasyonu, çeşitli şartlarda belirgin şekilde uyarılır. İnterlökin-6 (IL-6), iskelet kasında pleitropik 
etkilere sahip inflamasyon öncüsü bir sitokindir. Tüm hücre tiplerinden salınan adenozin, iskelet kasında çeşitli etkileri başlatmak üzere G protein 
eşleşmiş reseptör sınıfına bağlanır. Bu çalışmanın amacı, adenozin reseptörlerinin, özellikle de adenozin A2B reseptörlerinin aktivasyonunun, sıçan 
L6 iskelet kas hücrelerinde IL-6 gen ifadesini arttırmaya yönelik etkisi olup olmadığını araştırmaktır. 
Gereç ve Yöntemler: Sıçan L6 iskelet kas hücreleri 25 cm2’lik flasklarda kültür edilmiştir. Bu farklılaşmış hücreler, temas ettirilmiş ve ardından 
farklı temas koşullarında IL-6 gen ifade düzeylerini analiz etmek için nicel ters transkripsiyon-polimeraz zincir reaksiyonu (Prob temelli) yöntemi 
kullanılmıştır.
Bulgular: Adenozin-5′-N-etilüronamide (NECA), dayanıklı adenozin analoğudur, iskelet kas hücrelerinde IL-6 gen ifadesini konsantrasyon ve zamana 
bağlı arttırır. NECA’nın etkisi, seçici A2B reseptör antagonistleri, PSB 603 tarafından inhibe edilir. Siklik adenozin monofosfattan kaynaklanan 
belirteç forskolin kullanılarak, cAMP’nin IL-6 indükleyen reseptör artışı ile ilişkili olduğu bulunmuştur. 
Sonuç: Bu çalışmada, adenozin ve IL-6 reseptör artışı arasındaki yeni bir ilişki ilk kez gösterilmiştir, şöyle ki NECA tarafından indüklenen IL-6 
reseptör artışı, iskelet kasında adenozin A2B reseptör aktivasyonu aracılıklıdır ve ağırlıklı olarak cAMP yolağına bağımlıdır. Bu nedenle, adenozin 
A2B reseptörleri, iskelet kas dokusunda inflamasyon ve inflamasyon ile ilişkili hastalıkların tedavisinde potansiyel olarak önemli farmakolojik 
hedeflerdir.
Anahtar kelimeler: Adenozin A2B reseptörleri, iskelet kası, interlökin 6, cAMP, inflamasyon

Objectives: Inflammatory response and cytokine activation are markedly stimulated in skeletal muscle during various conditions. Interleukin-6 
(IL-6), a pro-inflammatory cytokine, has pleiotropic effects on skeletal muscle. Adenosine, released by all cell types, binds to a class of G protein-
coupled receptors to induce various skeletal muscle effects. The aim of this work was to investigate whether activation of adenosine receptors, 
particularly adenosine A2B receptors, could stimulate IL-6 gene expression in rat L6 skeletal muscle cells. 
Materials and Methods: The rat L6 skeletal muscle cells were cultured in 25 cm2 flasks. These differentiated cells were treated and then quantitative 
reverse transcription-polymerase chain reaction (Probe-based) was used to analyze IL-6 gene expression level among different treatment conditions. 
Results: Adenosine-5′-N-ethyluronamide (NECA), a stable adenosine analogue, concentration- and time-dependently stimulates IL-6 gene 
expression in skeletal muscle cells. The effect of NECA is inhibited by a selective adenosine A2B receptor antagonist, PSB 603. By using cyclic 
adenosine monophosphate (cAMP)-arising reagent forskolin, cAMP is found to be involved in the up-regulation of IL-6 induction. 
Conclusion: Here, a novel relationship between adenosine and IL-6 up-regulation has been demonstrated for the first time; IL-6 up-regulation 
induced by NECA is mediated by adenosine A2B receptor activation in skeletal muscle and is dependent on mainly a cAMP pathway. Adenosine 
A2B receptors are, thus, potentially important pharmacological targets in treating inflammation and related diseases in skeletal muscle tissues. 
Key words: Adenosine A2B receptors, skeletal muscle, interleukin 6, cAMP, inflammation
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INTRODUCTION
Adenosine is a key endogenous signalling molecule produced 
by all types of cells, and documented as a major local regulator 
of tissue function. Adenosine can modulate cellular functions 
via binding to the four members that belong to the cell surface 
G protein-coupled receptor superfamily (P1 receptors), 
including adenosine A1, A2A, A2B and A3 receptor subtypes.1 
The adenosine A2A and A2B receptors share a relatively high 
homology and are coupled to Gs,2 leading to increased levels 
of cyclic adenosine monophosphate (cAMP). In addition, the 
adenosine A2B receptors has been shown to couple to Gq,3 
thereby regulating intracellular calcium levels. In general, the 
adenosine A2B receptors have a lower affinity for adenosine.4 
Among adenosine receptors, adenosine A2B receptor requires 
higher concentrations of adenosine in many different cellular 
types for activation than the adenosine A1, A2, and A3 
receptors subtypes.1 Thus, adenosine A2B receptor can mostly 
be activated when interstitial adenosine concentrations are 
increased as a result of tissue hypoxia, injury, inflammation and 
cell stress,5 even though adenosine A2B receptors are likely to 
remain silent under normal physiological conditions.5

Within the skeletal muscle tissue, adenosine potentially plays 
important roles in a large number of physiological processes 
(such as glucose homeostasis and insulin sensitivity).6,7,8 
Adenosine A2B receptor, in particular, has recently been 
proposed to act as a potentially functional adenosine receptor 
in skeletal muscle,9 however, its pharmacology and biological 
function(s) remain largely unexplored. Recently, evidence has 
been accumulated, suggesting that adenosine is a significant 
modulator of inflammation in response to various stimuli.10 
There is growing evidence that the adenosine system plays 
an important role in regulating inflammation. Indeed, specific 
targeting of its components such as the adenosine A2B 
receptor continues to provide avenues towards the development 
of potential treatments for at least inflammatory diseases 
and related disorders, including insulin resistance and type 2 
diabetes.

Inflammation is an important contributor to the pathophysiology 
of diseases related to skeletal muscle dysfunction.11 Pro-
inflammatory cytokines are important contributors to 
chronic inflammation found in many diseases.12 One of these 
inflammatory cytokines is interleukin-6 (IL-6). IL-6, a mediator 
of inflammation, is a pleiotropic cytokine that has been proposed 
to be involved in both immune- and nonimmuno-regulation 
in most cell types and tissues outside the immune system, 
including skeletal muscle tissue.13 Indeed, IL-6 is a biologically 
active cytokine which has a broad range of activities regulating 
not only inflammatory responses but also in cell proliferation, 
differentiation, growth and metabolism in skeletal muscle 
cells.14,15,16 

Elevated levels of cytokines, such as IL-6 also seems to be the 
main pro-inflammatory cytokine involved in the pathophysiology 
of insulin resistance and type 2 diabetes and obesity.17,18,19,20 
Elevated circulating IL-6 levels have been observed in obese 
individuals and type 2 diabetic patients.21 Several association 
studies and numerous clinical studies have suggested that IL-6 
plasma concentration are associated with insulin resistance 
and increased with weight gain.20 Moreover, some reports 
provide evidences for high circulating IL-6 levels, as a risk 
factor for the manifestation of type 2 diabetes.22 Hence, high 
circulating IL-6 levels might contribute to the progression of 
skeletal muscle damage and dysfunction in chronic diseases 
and might exert pathogenic effects in these diseases. Recent 
evidence has demonstrated that significant levels of IL-6 is 
produced in and released from skeletal muscle cells per se in the 
absence of inflammation and stimulated by complex signalling 
cascades.23,24 IL-6 is therefore considered as a myokine and its 
IL-6 signalling in skeletal muscle tissue has been suggested to 
be associated with skeletal muscle growth, myogenesis, and 
regulation of energy metabolism.13 

Adenosine modulates the functions of many inflammatory 
cells such as macrophage.25,26 Moreover, increasing evidence 
suggests that adenosine signalling plays a role in regulating 
cytokine network processes. In addition, adenosine increases 
the release of IL-6 from various cells.27 In previous studies, it 
has been reported that skeletal muscle tissue is a source of 
IL-6 production.23 As discussed above, increasing evidence 
indicates that skeletal muscle plays an active role in the 
inflammatory process by secreting cytokines. However, the 
effect of adenosine or adenosine analogue on inflammatory 
cytokine expression by skeletal muscle cells has not been 
determined. At the same time, adenosine-based approaches are 
currently being developed for the treatment of various diseases 
where inflammatory modulation is a key component.28 Generally, 
adenosine receptors, in particular adenosine A2B receptors, 
are increasingly recognized as important orchestrators of 
inflammation. In fact, adenosine A2B receptor activation 
enhances the inflammatory responses of mast cells, fibroblasts, 
epithelial cells and smooth muscle cells.29 However, the role of 
this receptor in skeletal muscle cells is yet unexplored.

Extensive in vitro and in vivo studies have identified potent 
pro-inflammatory or/and anti-inflammatory functions for all 
adenosine processes. Recent interest in the endocrine skeletal 
muscle has potentially revealed the presence of a functional 
adenosine system in skeletal muscle, however, the effects of 
adenosine and adenosine receptors modulation on downstream 
inflammatory signalling, in particular IL-6, still remains unclear. 
In the current study, an adenosine receptors, in particular 
adenosine A2B receptors, agonist and antagonist were 
evaluated for their effects on IL-6 messenger RNA (mRNA) 
expression level.
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MATERIALS AND METHODS

Materials
N-ethylcarboxamidoadenosine (NECA), forskolin, 
8-[4-[4-(4-chlorophenzyl)piperazide-1-sulfonyl) phenyl]]-
1-propylxanthine (PSB 603) and 2-(4-[2-carboxyethyl]-
phenethylamino) adenosine-52 -nethyluronamide (CGS21680) 
were obtained from Tocris Bioscience, UK; dimethyl sulphoxide 
reagent was sourced from Santa Cruz, USA; and Trizol and 
charcoal stripped serum were brought from Applied Biosystem, 
USA. Maxima Probe quantitative polymerase chain reaction 
(qPCR) Master Mix (2X) and Thermo Scientific RevertAid 
First Strand complementary DNA (cDNA) Synthesis were 
obtained from Thermo Scientific Company, USA. RNeasy Mini 
Total RNA Purification kits and RNase-Free DNase Set were 
brought from Qiagen, Germany. Fetal bovine serum (FBS) was 
supplied by Capricorn Scientific, USA. Horse serum was from 
Sigma company, Germany. Ham-F 10 was sourced from PAA 
Company, USA. Dulbecco’s modified essential medium (DMEM) 
was from Caisson, USA.

Cell culture
Rat L6 skeletal muscle cell line and myoblast cell line were 
originally obtained from the American Type Culture Collection 
(USA). Cells were maintained as an attached monolayer culture 
in DMEM with high glucose (4500 mg/L) and L-glutamate 
supplemented with 10% (v/v) heat-inactivated FBS and 100 
μg/mL penicillin-streptomycin. Cells were incubated at 37°C 
in a 90% humidified atmosphere of 5% CO2. The cells were 
passaged upon reaching a state of approximately 60%-70% 
confluency, and the medium was changed three times per week 
(Figure 1).

Confluent cells in 25 cm2 flasks were cultured for a further 14 
days (to allow myotube formation), according to the protocol 
mentioned in30 with slight modifications (Figure 2). 70%-90% 
confluent myotubes (approximately 2 weeks in culture) were 
serum-starved (incubated in Ham-F 10 medium alone) for 19 
hours or 7 days. Then, cells (Figure 2) were treated for 1 hour 
with vehicle (0.1% dimethyl sulphoxide), NECA 100 nM and 10 
μM, PSB 603 100 nM, 1 μM and 10 μM, forskolin 100 nM, NECA 
and PSB 603 (cells were pre-treated with PSB 603 for 10 min 
prior to the addition of NECA). Following treatment, cells were 
washed with ice cold PBS, then lysed with TRIzol (Invitrogen 
product name) (2 mL per flask).

RNA extraction and cDNA synthesis
Rat L6 skeletal muscle cells (in 25 cm2 flasks) were scraped 
in 2 mL of ice cold TRIzol (Applied Biosystems, USA) and RNA 
was then isolated according to the manufacturer’s instructions. 
Total RNA clean-up and on-column DNAse digestion was 
performed using RNeasy purification columns (Qiagen, 
Germany). RNA concentration and purity was determined 
using a spectrophotometer (JENWAY Genova Nano). For cDNA 
synthesis, 500 ng of total RNA was reverse-transcribed using 
RevertAid First Strand cDNA Synthesis (Thermo Scientific, 
USA) in a total volume of 20 μL for 5 min at 25°C, followed by 1 
hour at 42°C, and the reaction was terminated at 70°C for 5 min.

Taqman quantitative real-time polymerase chain reaction
The relative standard curve method based on Taqman 
quantitative real-time PCR (qRT-PCR) was used to quantify 
gene expression. Samples were prepared in a total reaction 
volume of 25 μL [13 μL Maxima Probe qPCR Master Mix 2X 
reagent, 1.5 μL forward primer (10 μM), 1.5 μL reverse primer 
(10 mM), 2.5 μL Probe (2 μM), 5 μL water, and 5 μL cDNA]. 
The qRT-PCR analysis was performed using a RT-PCR system 
(Applied Biosystems, USA). Gene expression was determined 
relative to reference gene, TATA. Primers and probes for all 
genes (Table 1) were designed using Primer Express software 
(Applied Biosystems, USA) and synthesised by Integrated DNA 
Technologies, Inc., USA. The standard curve method was used, 
with a slope between -3.2 and -3.6 and R2 values of more than 
99%, indicating that amplification efficiency was nearly 100%.

Data analysis
Data are expressed as means ± standard error of mean of 
triplicate or quadruplicate wells generated from at least three 
independent experimental group. All mRNA data were analysed 
using one-way ANOVA with a Tukey test. Analysis was performed 
using GraphPad Prism, version 5.03 (GraphPad Software Inc). 
The level of statistical significance was set at p<0.05.

RESULTS

N-ethylcarboxamidoadenosine stimulates IL-6 mRNA gene 
expression in skeletal muscle cells
To assess whether stimulation of adenosine A2 receptors could 
induce IL-6 mRNA gene expression in rat L6 skeletal muscle 

Figure 1. Representative myoblasts derived from passage number 7 
myoblasts taken after 1 day seeding into 25 cm2 (10X)
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Figure 2. Representative myoblasts/myotubes derived from passage number 7 (a) myoblasts taken at (Ham-F10, 10% fetal bovine serum, 1% P/S) during 
3-4 days of tissue culture (10X) (b) myoblasts taken at (Ham-F10, 6% hoarse serum, 1% P/S) during 4-5 days of tissue culture (10X) (c) myoblasts taken at 
(Ham-F10, 2% hoarse serum, 1% P/S) during 6-7 days of tissue culture (10X) (d) myotubes taken at (Ham-F10, 2% charcoal serum, 1% P/S) during 11-12 days 
of tissue culture (10X) (e) myotubes taken at (Ham-F10, 1% P/S) after 16 hours starvation (10X)

Table 1. List of gene primer and probe sequences

Gene Sequences (5’→3’) Amplicon size (bp)

IL-6
Probe: 5’-CTCTCCGCAAGAGACTTCCAGCCAGTT-3’
Forward primer: 5’-GCCCTTCAGGAACAGCTATGA-3’ 
Reverse primer: 5’-TGTCAACAACATCAGTCCCAAGA-3’

80

TATA-BOX
Probe 5’-TCCCAAGCGGTTTGCTGCAGTCA-3’
Forward primer 5’-TTCGTGCCAGAAATGCTGAA-3’
Reverse primer 5’-GTTCGTGGCTCTCTTATTCTCATG-3’

73

IL-6: Interleukin-6
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cells, the effects of NECA were relatively quantified using a 
non-selective adenosine receptor agonist on IL-6 mRNA 
gene expression by qRT-PCR (probe-based). Starved skeletal 
muscle cells were incubated with NECA (10 μM) for one hour, 
3 hours and 24 hours, and mRNA gene expression of IL-6 was 
subsequently quantified.

Incubation of one week starved L6 skeletal muscle cells with 10 
μM of the non-selective adenosine analogue NECA for one hour 
increases significantly (p<0.001) mRNA gene expression of IL-6 
(an average around 2.3-fold change compared to vehicle) (Figure 
3). Moreover, incubation of 19 hours starved L6 skeletal muscle 
cells with 10 μM (but, not 100 nM) of the non-selective adenosine 
analogue NECA for 3 hours (but, not for either one hour or 24 
hours) increases significantly (p<0.05) mRNA gene expression 
of IL-6 (an average around 2.2-fold change compared to vehicle) 
(Figure 4). 

Adenosine A2B receptors mediates N-ethylcarboxamidoa-
denosine-induced IL-6 mRNA gene expression in skeletal 
muscle cells
To determine which subtype of adenosine A2 receptors mediate 
the increase IL-6 mRNA gene expression level, the adenosine 
receptor agonist CGS21680 (subtype A2A selective) was used. 
The concentration applied for CGS21680 could selectively 
activate the indicated subtype (Ki=27 nM).31

Furthermore, since no selective agonist exists for adenosine 
A2B receptors, the effect of a selective antagonist to the 
adenosine A2B receptors (PSB 603) was investigated. PSB 
603 exhibits a strong affinity to adenosine A2B receptors and 
very weak affinity to three other adenosine receptors subtypes. 
Adenosine A2B receptors display >17000-fold selectivity 
over other adenosine receptors (Ki values: 0.553, >10000, 
>10000, and >10000 nM for A2B, A1, A2A, and A3 receptors, 
respectively).32

As shown in Figure 3 and Figure 4a, 4b, NECA (10 μM) increases 
the mRNA gene expression level of IL-6 significantly. In contrast, 
the adenosine A2A receptor selective agonist CGS21680 (100 
nM) does not cause a significant increase in the mRNA gene 
expression level of IL-6.

To investigate the effect of a selective adenosine A2B receptor 
antagonist, PSB 603, rat L6 skeletal muscle cells were incubated 
with 10 μM NECA in combination with PSB 603 (which was 
added to cells 10 min prior to adding NECA) in concentrations of 
100 nM, 1 μM or 10 μM, which blocks IL-6 mRNA gene expression 
significantly (p<0.01, p<0.05 and p<0.05, respectively) (Figure 
3, 4a, 4b). 

It is interesting to note that treatment the 19 hours starved cells 
for 24 hours with PSB 603 and NECA up-regulates IL-6 mRNA 
expression level. However, treatment the 19 hours starved 
cells for 24 hours with either PSB 603 or NECA alone does not 
modulate the IL-6 mRNA expression level.

Collectively, these results indicate that adenosine A2B receptors 
are the functionally expressed receptors of adenosine A2 
receptors in skeletal muscle, whereas no functional expression 
of the adenosine A2A receptors was detected using mRNA 
gene expression levels for IL-6 as a functional readout.

It is worth to mention that the adenosine A2B receptors 
antagonists/inverse agonists, PSB 603 (at 100 nM, 1 μM and 
10 μM), does not mediate a significant change in baseline IL-6 
mRNA gene expression levels in skeletal muscle cells (Figure 
3, 4). However, even though treatment the 19 hours starved 
skeletal muscle cells with 100 nM NECA does not up-regulates 
the IL-6 mRNA expression, incubation that cells with 100 nM 
NECA in combination with PSB 603 (which was added to cells 
10 min prior to adding NECA) decrease baseline IL-6 mRNA 
gene expression level significantly (p<0.01) (Figure 4a, 4b). 

Role of cyclic adenosine monophosphate pathway in the mRNA 
gene expression of IL-6
In previous studies, activation of adenosine A2B receptors in 
skeletal muscle by NECA increased cAMP accumulation,33,34 and 
the NR4A mRNA gene expression.9

Experiments were conducted to investigate if the adenylyl 
cyclase pathway is involved in the activation of IL-6 
transcription profile in skeletal muscle cells. In rat skeletal 
muscle cells, transcripts of adenosine A1, A2, and A3 receptors 

Figure 3. Effects of 5’-N-ethylcarboxamidoadenosine (NECA), 
2-(4-[2-carboxyethyl]-phenethylamino) adenosine-52-nethyluronamide 
(CGS21680), and 8-[4-[4-(4-chlorophenzyl) piperazide-1-sulfonyl) phenyl]]-
1-propylxanthine (PSB 603) on interleukin 6 (IL-6) messenger RNA (mRNA) 
gene expression in rat L6 skeletal muscle myotubes using charcoal serum 
rat L6 skeletal muscle myotubes (70-90% confluent) were serum starved 
for 7 days and then stimulated for 1 hour IL-6 mRNA levels were measured 
relative to TATA-BOX using real-time quantitative polymerase chain reaction; 
stimulation was performed with vehicle (0.1% dimethyl sulphoxide), NECA 
(10 μM), PSB 603 (100 nM and 1 μM), CGS21680 (100 nM), and forskolin (100 
nM), data were represented as means ± standard error of mean of at least 
three independent experimental groups *denotes p<0.05, **denotes p<0.01 
and ***denotes p<0.001, data were analysed using a one-way ANOVA test 
followed by a Tukey test
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were detected.33,34 In addition to gene expression, using cAMP 
accumulation as a functional readout, it has been confirmed 
the presence of functional adenosine A2B receptors in skeletal 
muscle cells,33,34 whereas the presence of functional adenosine 
A1, A2A, and A3 receptors were not detected. Furthermore, 
using NR4A expression as a functional downstream signalling 
readout, it has been confirmed the presence of functional 
adenosine A2B receptors in skeletal muscle cells,9 whereas 
the presence of functional adenosine A2A receptors were not 
detected.

Many physiologic roles of adenosine are mediated through cell 
surface adenosine receptors. In this present study, i provided 
evidence that the adenosine A2B receptors subtype mediates 
the effect of the adenosine analogue NECA on IL-6 expression. 
Our results show the following: 

(1) The nonselective agonist NECA increases the expression of 
IL-6, whereas selective agonist for adenosine A2A receptors 
CGS21680 had no effect. This agonist is very potent and, at this 
concentration (100 nM), it fully activates their cognate receptors 
without significant activation of the adenosine A2B receptors.31 

Figure 4. Effects of 5’-N-ethylcarboxamidoadenosine (NECA), 2-(4-[2-carboxyethyl]-phenethylamino) adenosine-52-nethyluronamide (CGS21680) and 
8-[4-[4-(4-chlorophenzyl) piperazide-1-sulfonyl) phenyl]]-1-propylxanthine (PSB 603) on interleukin 6 (IL-6) messenger RNA (mRNA) gene expression in rat L6 
skeletal muscle myotubes using charcoal serum, rat L6 skeletal muscle myotubes were stimulated for the indicated time from 1 hour to 24 hours and interleukin-6 
mRNA levels, relative to TATA-BOX, was measured by quantitative real time polymerase chain reaction; stimulation was performed with vehicle (0.1% dimethyl 
sulphoxide), NECA (100 nM and 10 μM), PSB 603 (10 μM), CGS21680 (100 nM) and forskolin (1 μM) (a) Stimulation was performed up to 1 hour (b) Stimulation was 
performed for up to 3 hours (c) Stimulation was performed for up to 24 hours, data were represented as means ± standard error of mean of three independent 
experimental group (n=3; *denotes p<0.05, **denotes p<0.01 and ***denotes p<0.001), data were analyzed using one way ANOVA test followed by Tukey test
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For this purpose, the adenylyl cyclase activator forskolin was 
used in the present study to understand the potential role of the 
cAMP pathway in NECA induces IL-6 mRNA gene expression in 
skeletal muscle.

Forskolin (100 nM and 1 μM) increases the expression of 
IL-6 significantly (an average around 3.5 and 2.4 fold change 
compared to vehicle, respectively) (Figure 3, 4a, 4b), a result 
similar to that of NECA. These findings support the idea that 
the cAMP pathway plays an important role in NECA-induces 
IL-6 mRNA gene expression. However, treatment the 19 hours 
starved skeletal muscle cells for 24 hours with forskolin (1 μM) 
does not induce the expression of IL-6.

DISCUSSION 
The novel findings of this present study are that stable adenosine 
analogue NECA increases the expression of IL-6 by skeletal 
muscle cells, and that this effect of NECA is mediated by the 
adenosine A2B receptor subtype. To our knowledge, this is the 
first paper on the effect of adenosine analogue and its receptor 
subtype on inflammatory cytokine expression by skeletal 
muscle cells, and it may represent a novel mechanism for the 
role of adenosine analogue in skeletal muscle cytokine network. 
Several reports demonstrated the presence of adenosine 
receptors in skeletal muscle cells from different species.35 This 
is the rationale for determining the effect of this agonist at a 
concentration of 100 nM. 

(2) The effects of NECA on cytokine expression are dependently 
blocked by selective antagonist of the adenosine A2B receptors 
subtype, PSB 603. Collectively, these findings provide strong 
evidence for the role of the adenosine A2B receptors in up-
regulating the expression of IL-6 caused by NECA.

These results are in agreement with those obtained in 
various cell types of different origins, including intestinal36 
and airway epithelial cells,37 macrophages,38,39 pulmonary 
fibroblasts,40 bronchial smooth muscle cells,41 astrocytoma 
cells,42 astroglioma cells,43 astrocytes44 and cardiomyocytes,45 
osteoblasts,46 and pituitary folliculostellate cells,47 that all 
show NECA-induced IL-6 release was via the adenosine A2B 
receptors. Moreover, numerous in vivo studies have also 
demonstrated that adenosine A2B receptors activation can 
stimulate the release of IL-6, an important pro-inflammatory 
cytokine.36,48 Accordingly, adenosine A2B receptors have 
been suggested to mediate the pro-inflammatory actions of 
adenosine. Yet, those results in this current study and above 
studies contradict a gene-knockout study in which it was 
reported that adenosine A2B receptors knockout mice show 
evidence of increased inflammation at baseline, in that levels of 
cytokines such as IL-6 were elevated in naive adenosine A2B 
receptors knockout mice.39,49 

In this present study, cAMP elevation in skeletal muscle cells 
induces IL-6 expression in a similar to that effect of NECA is 
expected, because it is well documented that the Gs protein-

coupled adenosine A2B receptor increases the formation of 
cAMP. In fact, several studies have supported the role of cAMP 
pathway. Indeed, some researchers have also shown that cAMP 
elevation induced IL-6 release in various cells.50,51,52 In addition, 
recently, it has been demonstrated that NECA increased cAMP 
concentration in rat skeletal muscle cells.33,34 These data suggest 
that adenosine A2B receptors mediate IL-6 expression through 
mainly a cAMP-dependent mechanism in rat skeletal muscle 
cells, although future studies are recommended to validate and 
investigate the exact signaling mechanism.

It is interesting to note that PSB 603 might act as a positive 
allosteric modulator for adenosine A2B receptors in case of 
treatment the 19 hours starved skeletal muscle cells with PSB 
603 and NECA (10 μM but not 100 nM) (cells were pre-treated 
with PSB 603 for 10 min prior to the addition of NECA) for 24 
hours (but not 1 or 3 hours). In this situation, it seems that cAMP 
is not involved in the (NECA 10 μM and PSB 603) induces IL-6 
expression as forskolin does not induce that. However, whether 
or not Gq-signalling or other downstream targets is involved 
in the regulation of (NECA 10 μM and PSB 603) induces IL-6 
expression in skeletal muscle cells needs to be investigated 
further. In the literature, the adenosine A2B receptors driven 
production of these pro-inflammatory molecules has been 
attributed to both Gs and Gq pathways.36,53

It is reported in the current study that the NECA effect in Figure 
3 is made on skeletal muscle cells that are starved for one 
week, and this is not physiologically relevant. However, the idea 
behind experimenting such a condition is that starvation might 
change the rate of RNA synthesis for IL-6 and/or the expression 
level of adenosine receptors subtypes.54,55

It should be highlighted that the 1 hour and 24 hours NECA 
stimulations did not work, but the 3 hours did on 19 hour-starved 
cells (Figure 4). The reason behind that that adenosine A2B 
receptors, as a G-protein coupled receptor, might need enough 
time to couple to G-protein and, then induce downstream 
signaling pathway to target IL-6 mRNA gene expression. While 
the cells concentrations of NECA do not explain the disparate 
effects of 3 hours and 24 hours treatment, duration of exposure 
may be a pivotal factor. The demonstration of adenosine A2B 
receptors expression level/density in skeletal muscle cells 
might fulfill a necessary condition for the specific action of 
a adenosine A2B receptors activator to alter expression of 
adenosine A2B receptor-responsive genes.

It is difficult to determine what a 2.5-fold increase in IL-6 
transcripts at a single time point translates into IL-6 production. 
However, it is important to suggest that the relationship between 
the protein synthesis and RNA content in skeletal muscle cells 
might not be in a definite linear correlation.56 One may argue 
that the changes in expression of IL-6 involved in inflammation 
observed in the present study may be transient and not reflected 
by changes in protein expression and therefore have little 
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significance for inflammation developing in response to stable 
adenosine analogue NECA. The main reason total protein 
measurements were not included in the present study is the 
short duration of the treatment (i.e. 1 hour, 3 hours and up to 
24 hours), which in line with my main aim was employed to 
identify the transcriptional events that precede the induction of 
inflammation under the activation of adenosine A2B receptors. 
It has shown previously57 that most of the inflammatory 
transcripts studied (such as IL-6) in skeletal muscle cells are 
not translated into protein within that time frame. Therefore my 
future studies using longer durations of NECA (after 24 hours) 
will be recommended to investigate the translational changes 
in response to treatment. The use of primary skeletal muscle 
cells in future studies may also provide a better opportunity to 
investigate both transcriptional and translational changes over 
the time course of prolonged durations of NECA (up to four days). 

In this regard, it is clear that adenosine receptors, in particular 
adenosine A2B receptors, are important molecular targets for 
adenosine-based therapeutics for inflammation. Approaches 
utilizing adenosine receptor-based therapeutics will be 
dependent on further investigation of signalling mechanism for 
adenosine A2B receptors in skeletal muscle, timing and duration 
of treatment, and monitoring of beneficial and adverse effects.

CONCLUSION
I showed that the activation of adenosine A2B receptors 
increases the expression of IL-6 in time- and concentration-
dependent manners in rat skeletal muscle cells. These findings 
provide a novel mechanism whereby adenosine analogue acts 
as a pro-inflammatory mediator in the skeletal muscle tissue. 
Furthermore, these findings suggest that the adenosine A2B 
receptor antagonist at acute early states might have a potential 
therapeutic utility for the treatment of inflammatory-related 
skeletal muscle dysfunction.
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