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Abstract
Skeletal muscle regeneration is orchestrated by an interplay of several cell types. It is initiated by local
inflammation triggered by the dying cells, and involves phagocytosis of dead cells at the site of injury.
Efferocytosis regulates the inflammatory program in macrophages by initiating the conversion of their
inflammatory phenotype into the reparative one. While pro-inflammatory cytokines produced by them
induce satellite cell proliferation and differentiation into myoblasts, growth factors (GDF3 and IGF-1)
released by the reparative macrophages drive myoblast fusion and myotube growth. IGF-1 is also
produced by differentiating myoblasts. Adenosine is generated from ATP released by dead cells
following tissue injury. It mediates its physiological effects via four types of adenosine receptors. Among
these, adenosine A2 receptors (A2Rs) expressed by myoblasts and macrophages increase adenylate
cyclase activity, A2ARs being activated by moderately increased, while A2BRs by high concentrations of
adenosine. Here we report that A2AR ablation results in decreased muscle weights, generation of small-
sized myofibers in fast-twitch Nur77-expressing muscles, and alterations in muscle force generation in
A2AR−/− mice. Following cardiotoxin-induced injury, fewer inflammatory cells transmigrated to the injury
site, the dead cell clearance and the conversion of Ly6Chigh inflammatory macrophages to
Ly6ClowNur77+GDF3+ and to Ly6ClowNur77+MHCIIhigh cells were delayed, the Igf1 and Gdf3 expressions
decreased, myoblast fusion was impaired and the size of regenerating fibers was smaller in the tibialis
anterior muscle of A2AR−/− mice. In contrast, stimulation of A2ARs facilitated myoblast fusion in
differentiating C2C12 myoblasts by promoting their Igf1 expression, while administration of an A2BR
agonist to promote A2R signaling following cardiotoxin-induced injury stimulated myofiber fusion and
growth in wild-type mice in a Nur77-dependent manner. Our data indicate that A2Rs play a key role in
determining the myofiber size during development and the response to tissue injury, consequently A2BR
agonists could be used to facilitate skeletal muscle regeneration.

Introduction
Skeletal muscle is one of the few organs that are capable of full regeneration following injury [1]. This is
related to the fact that skeletal muscle contains muscle stem cells, the Pax7+ satellite cells (SC), which
are essential for the regeneration process. However, muscle regeneration is not a cell-autonomous
process, since activation and differentiation of the SCs require continuous interaction with various cell
types present or appearing at the site of tissue injury [2]. The regeneration process begins with the
degeneration of injured myofibers, which release various danger-associated molecules recognized by
cells within the skeletal muscle tissue, such as tissue-resident macrophages (MΦs) [3] and mast cells
[4]. In response, mast cells degranulate [4], while tissue-resident MΦs actively secrete chemoattractants,
such as macrophage-inflammatory proteins (MIPs), to recruit neutrophils [5] and further mast cells [6],
generating an inflammatory milieu [7, 8]. These infiltrating cells initiate the removal of the injured
myofibers at the site of tissue damage. In addition, they also secrete various types of pro-inflammatory
cytokines to recruit more immune cells such as Ly6Chigh monocytes which, once they appear, start their
differentiation into inflammatory Ly6Chigh MΦs [2]. Infiltrating inflammatory Ly6Chigh MΦs are the main
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players in cell clearing, and release further pro-inflammatory cytokines, contributing also to the formation
of the inflammatory environment required for proper SC proliferation [7, 8].

Tissue-resident MΦs and mast cells also contribute to initiation of the activation of SCs by triggering the
asymmetric cell division of SCs which, after being differentiated into myoblasts, fuse together to form
the new myofibers [9, 10]. While the pro-inflammatory cytokines TNF-α, interleukin-1β (IL-1β), and IL-6
promote SC proliferation [11], the differentiation or fusion of myoblasts are driven by growth factors like
transforming growth factor (TGF)-β[12], insulin-like growth factor (IGF)-1[13] or growth differentiation
factor 3 (GDF3) [14] released by reparative Ly6Clow MΦs that are formed from the Ly6Chigh inflammatory
MΦs during the efferocytosis process [15]. Several cytokines (such as TNF-α, IL-6, TGF-β, and IGF-1) are
also produced by the myoblasts themselves, contributing to the regulation of their proliferation and
differentiation in an autocrine manner [16].

The composition of the forming Ly6Clow MΦs is dynamically changing during the repair process, and
based on single-cell mRNA expression analysis, they can be divided at least into three subpopulations
each of which contributes specifically to the tissue repair: growth factor-expressing, resolution-related,
and antigen-presenting MHCIIhigh, cells [17]. Since some of them express genes in a subpopulation-
dependent manner, the loss of the proteins encoded by these genes individually affects the further
conversion of the different Ly6Clow MΦ subpopulations [18–20].

Adenosine is a purine nucleoside, which is either released from cells or is formed extracellularly from the
breakdown of adenosine nucleoside triphosphate (ATP). Following injury, a sharp increase in tissue
adenosine concentrations was reported from basal nanomolar concentrations to micromolar
concentrations [21]. Adenosine is then either taken up by the surrounding cells or is converted to inosine
by the adenosine deaminase enzyme [22]. While being present, adenosine has been shown to mediate
its effects via four types of adenosine receptors, which are all 7-transmembrane receptors but differ in
their affinity for adenosine and in the G protein they interact with [23]. Adenosine A1 receptors are

stimulated by 10− 10-10− 8 M concentrations of adenosine and mediate decreases in intracellular cyclic
AMP (cAMP) levels, adenosine A2A (A2ARs) and A2B receptors (A2BRs) are stimulated by higher (5 x 10− 

7 M and 1 x 10− 5 M, respectively) concentrations of adenosine and mediate increases in cAMP levels,

while adenosine A3 receptors (A3Rs) are stimulated by 10− 6 M concentrations of adenosine and mediate
adenylate cyclase inhibition. Since these receptors are expressed by nearly all inflammatory cells [21],
the capillary endothelial cells [24], and the myoblasts themselves [25], adenosine might affect every
aspect of the regeneration of skeletal muscle following injury.

In the present study it was investigated how the loss of A2ARs affects the skeletal muscle regeneration
program in mice. As this receptor is activated by lower concentrations of adenosine, it is expected to be
activated as soon as the injury occurs, and might be activated during later phases of the regeneration as
well, since skeletal muscle cells are capable of generating adenosine [26, 27].
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Materials and methods
Materials

All reagents were obtained from Merck, (Darmstadt, Germany) except when indicated otherwise.

Experimental animals

Experiments were carried out using 3–6-month-old young adult male FVB Adora2a+/+ (A2AR+/+) mice and
their full-body Adora2a−/− (A2AR−/−) littermates [28]. In some experiments Nur77+/+ and Nur77−/− mice
[29] were also used. Mice were bred in the heterozygous form under specific pathogen-free conditions in
the central animal facility of the University of Debrecen. All animal experiments were approved by the
Animal Care and Use Committee of the University of Debrecen, with permission number 7/2021/DEMÁB.

Cardiotoxin-induced muscle injury model

Mice were anesthetized with 2.5% isoflurane using a SomnoSuite device. To induce muscle damage, 50
µL of 12 µM cardiotoxin (CTX) (Latoxan, Valence, France), dissolved in phosphate-buffered saline (PBS)
was injected into the tibialis anterior (TA) muscle. In some experiments, wild-type mice were injected
BAY 60-6853, an A2B receptor agonist (2mg/kg), for the first 6 days during regeneration. The size of the
treated groups was the same as reported by others in similar experiments [30]. There were no inclusion
or exclusion criteria used in the selection of the A2AR+/+ or A2AR−/− animals. Animals from each cage
were randomly allocated to the CTX treatment, but no blinding was used. Muscles were harvested at
various time points following injury, weighed, and processed for further experiments.

Bone marrow transplantation

Recipient A2AR−/− and A2AR+/+ wild-type mice (7-week-old, males) were irradiated with 11 Gy using a
Theratron 780C cobalt unit for the ablation of the recipient bone marrow. The animals to be irradiated
were immobilized using a circular cage that could hold up to 11 mice. Following irradiation, isolated
bone marrow cells (in sterile RPMI-1640 medium) flushed out from the femur, tibia, and humerus from
donor A2AR−/− and A2AR+/+ mice were transplanted into the recipient mice by retro-orbital injection (20 ×
106 bone marrow (BM) cells per mouse). After 30 days of recovery, which in our hands results in higher
than 95% repopulation [24, 31], TA muscle injury was induced by CTX injection. Mice were sacrificed by
isoflurane overdose, muscle TA muscles were collected for histological analysis, while the CD45+ cells
were collected for FACS and gene expression analysis.

Hematoxylin/eosin and immunofluorescent staining of muscles

TA, extensor digitorum longus (EDL) and soleus (SOL) muscles from control mice or TA muscles at the
indicated days post-injury were dissected for histological assessment. The muscles were snap-frozen in
liquid nitrogen-cooled isopentane and kept at − 80°C. Seven-micrometer thick cryosections were cut at − 
20°C using a 2800 Frigocut microtome (Leica, St Jouarre, France) and were kept at − 20°C until further
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analysis. Hematoxylin/eosin (H&E) staining was performed to assess the overall morphology and
presence of necrotic fibers following injury. Images from the sections were taken using an AMG EVOS cl
microscope (Thermo-Fisher Scientific). To calculate the cross-sectional areas (CSA) and collagen-
stained areas, frozen muscle sections were incubated in 10 mM citric acid-sodium citrate buffer (pH 6.0)
for 15 min, then in blocking solution (50% FBS in PBS) for 1 h at room temperature. After blocking,
samples were labeled with Dylight-488 conjugated anti-laminin B (PA5-22901, Invitrogen, Carlsbad, CA,
USA) (1:100) and anti-collagen 1 antibody (SAB4500362) (1:100) at 4°C overnight followed by Alexa
Fluor 488 conjugated Goat anti-Rabbit IgG secondary antibody followed by washing three times with
PBS. The nuclei were labeled with 4 µg/mL Hoechst 33342 (NucBlue) (Invitrogen), and the slides were
mounted with glass coverslips. Images were taken on a FLoid Cell Imaging Station fluorescent
microscope (Thermo-Fisher Scientific) and analyzed using ImageJ v1.52 software (National Institutes of
Health, Bethesda, MD, USA) with a muscle morphometry plugin. Areas containing fibers with centrally-
located nuclei were considered regenerating muscle parts. CSAs are reported in µm2, while collagen
content is reported as the percentage of the total examined regenerating area.

Quantification of necrotic regions

Necrotic region was defined as an area containing myofibers infiltrated by basophilic single cells and
quantified as described previously [17]. Briefly, 4 non-overlapping microscope view field areas were
digitally captured from 6–8 H&E-stained TA muscle sections at 200-fold magnification. The percentage
of necrotic area relative to the total regenerating area was calculated after manual outlining of the
necrotic regions in the sections.

Isolation of muscle-derived CD45+ cells

Muscle-derived cell isolation was carried out as described previously [32]. Briefly, control and
regenerating TA muscles were removed and dissociated in RPMI containing 0.2% collagenase II
(Thermo-Fisher Scientific) at 37°C for 1 hour and filtered stepwise through 100 µm and 40 µm filters.
CD45+ cells were labeled with microbeads and isolated using magnetic sorting columns (Miltenyi Biotec,
Gladbach, Germany, catalog numbers: 130-052-301). The purity of isolated cells (around 95%) was
determined by FACS analysis following staining them with phycoerythrin (PE)-conjugated antibodies
against mouse CD45.2 (109807, BioLegend).

Quantification of intramuscular immune cells by flow cytometry

The magnetically separated muscle-derived CD45+ cells were stained with Alexa Fluor 488-conjugated
anti-F4/80 antibody (MF48020, Invitrogen) at room temperature for 15 min. The cells were gated based
on their forward and side scatter characteristics. Macrophages were gated as F4/80+ cells. F4/80+

macrophages were also analyzed for expression of Ly6C, CD206, or major histocompatibility complex
(MHC)II, following staining with the corresponding antibodies, Ly6C PerCP-Cy5.5 (128012, BioLegend),
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CD206-PE (141705, BioLegend), or MHCII-FITC (107605, BioLegend), respectively. Fluorescent intensity
was measured on a Becton Dickinson FACSCalibur instrument (Becton, Dickinson and Company).

Gene expression analysis

Total RNA of muscle-derived CD45+ cells and TA muscles homogenized in TRIzol with a Shakeman
homogenizer (BioMedical Science, USA) was isolated with TRIzol reagent (Invitrogen), according to the
manufacturer’s instructions. Total RNA was reverse transcribed into cDNA using a High Capacity cDNA
Reverse Transcription Kit (Thermo-Fisher Scientific), according to the manufacturer’s instructions.
Quantitative RT-PCR was carried out in triplicate using FAM-labeled MGB assays (Thermo-Fisher
Scientific) on a Roche LightCycler LC 480 real-time PCR instrument (Roche, Basel, Switzerland). Relative
mRNA levels in the case of CD45+ cells were calculated using the comparative CT method and

normalized to beta-actin (β-actin) mRNA. In the case of the TA muscle samples, gene expression was
normalized to the total RNA content (200 ng) of the samples. Catalog numbers of the TaqMan assays
used were the following: Adora3 Mm07296455_m1, Adora2a Mm00802075_m1, Adora2b
Mm00839292_m1, Ccl2/Mcp1 Mm00441242_m1, Tnfa Mm00443258_m1, Il1b Mm00434228_m1, Il6
Mm00446190_m1, Igf1 Mm00439560_m1, Tgfb1 Mm01178820_m1, Gdf3 Mm00433563_m1, Pax7
Mm00834082_m1, Myod1 Mm00440387_m1, Myog Mm00446194_m1, Nr4a1/Nur77 Mm01300401_m,
and Actb Mm02619580_g1.

C2C12 cell culture and differentiation

Murine myoblast C2C12 cells were obtained from American Type Culture Collection (ATCC; CRL-1772),
and were maintained according to the company's instructions. In brief, cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 µg/mL streptomycin (growth medium) at 37°C in 5% CO2 and 95% air at 100% humidity. The
absence of mycoplasma was tested using the PCR Mycoplasma Test Kit I/C (PromoCell, Heidelberg,
Germany). Cells were plated into 48-well plates at a density of 3500 cells/cm2. For the 6‐day
differentiation period, the cells were plated on a collagen‐coated surface and cultured in DMEM medium
containing 2% FBS and 1% ITS (insulin, transferrin, sodium selenite), replaced every 2nd day with a fresh
one. During differentiation, cells were treated daily with 1 µM of the selective A2AR agonist CGS 21680
hydrochloride (TargetMol Chemicals, Boston, MA, USA), dissolved in DMSO, while control cells received
daily 0.05% (v/v) DMSO. Cells were collected in TRIzol on each day of differentiation, and Igf1 expression
levels were determined as described in the gene expression analysis section. In addition, the fusion
index of myoblasts was assessed on day 6 of differentiation. To test the involvement of the orphan
nuclear receptor Nur77 in A2AR signaling, CGS21680 was also added in the presence of 5 µM DIM-C-
pPhOH (C-DIM8) (TargetMol), a Nur77 antagonist.

Immunostaining of C2C12 cells

For MYH4 staining, 6-day differentiated C2C12 cells in 48‐well plates were fixed with ice‐cold methanol
for 15 min at 4°C, washed three times with PBS, and then blocked with PBS/5% FBS/0.3% Triton X‐100
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for 60 min at room temperature. Alexa Fluor 488-conjugated anti‐Myosin heavy chain 4 (Thermo Fisher
Scientific) was added at a 1:100 dilution in PBS/1% bovine serum albumin/0.3% Triton X‐100 for 12 h at
4°C. After staining, cells were rinsed three times in PBS and counterstained with NucBlue according to
the manufacturer's instructions for DNA staining. Fluorescent and bright‐field pictures were taken on a
FLoid Cell Imaging Station fluorescent microscope. To evaluate myoblast fusion, digitally captured
photos were analyzed using ImageJ software. The fusion index was calculated by expressing the
number of nuclei within MYHC4‐positive myotubes with ≥ 3 nuclei as a percentage of the total nuclei.

In Vivo Assessment of Muscle Force

Forelimb grip force was measured as previously described [33]. Briefly, mice were trained until they
consistently grasped the horizontal bar of a grip-strength meter. Each animal was then gently pulled
horizontally away from the bar, and the peak force exerted immediately prior to release was recorded.
Force signals were digitized at 2 kHz. Ten to fifteen trials were performed per animal and the recordings
for each mouse were used to generate a single representative data point. Grip testing was performed on
the day of sacrifice for all groups.

Voluntary wheel running

Mice were singly housed with a running wheel (Campden Instruments Ltd., Loughborough, UK). Wheel
revolutions were recorded continuously to a computer in 20-minute bins for 14 consecutive days. For
each mouse, daily metrics (total distance, mean speed, maximum speed, and total running duration)
were calculated and subsequently averaged within experimental groups.

Ex vivo muscle contractile measurements

Isolated muscle contractile properties were assessed as described [33]. Dissected muscles were
mounted horizontally in an experimental chamber superfused continuously at 10 mL/min with Krebs
solution (mM: NaCl 135, KCl 5, CaCl2 2.5, MgSO4 1, HEPES 10, NaHCO3 10, glucose 10; pH 7.2) at room
temperature and equilibrated with 95% O2/5% CO2. One tendon was attached to a fixed support and the
opposite tendon to a capacitive mechano-electric force transducer. Two platinum electrodes were
positioned beneath the muscle to deliver supramaximal pulses (2 ms duration) for single-twitch
stimulation. Force responses were digitized at 2 kHz using a Digidata 1200 A/D interface and analyzed
with AxoTape software (Axon Instruments, Foster City, CA,

USA). Muscle length was adjusted to the length producing maximal twitch force, and preparations were
equilibrated for 5 minutes. Single twitches were evoked at 0.5 Hz, and at least ten consecutive twitches
were recorded; mean twitch amplitude was used for analysis when amplitude variability within the train
was < 3%. Tetanic contractions were elicited using 200 Hz stimulation for 200 ms for EDL and 100 Hz for
500 ms for soleus SOL. Time-to-peak (TTP) and half relaxation time (time from peak to 50% of maximal
force) were calculated for individual twitches and tetani. Fatigue protocols and force–frequency
relationships were performed as described earlier [33].
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Statistical analysis
All the data are representative of at least three independent experiments, and all data are expressed as
individual values and mean or mean ± SD, except those for the physiological parameters of muscles,
which are expressed as mean ± SEM. Normal distribution of the data was tested using the online tool
https://www.statscalculators.com/calculators/chart/qq-plot. Statistical analysis was performed using
two-tailed, unpaired Student's t-test for two-group tests with normal data distribution and Mann–Whitney
U-test for non-normal distribution samples, and one-way ANOVA with post-hoc Tukey HSD test for
multiple comparisons. The equal variance of the samples was tested by F-test. Statistical analysis was
carried out using GraphPad Prism. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results
Impaired tissue regeneration in the TA muscles of A2AR−/− mice following CTX-induced muscle injury

To study the role of A2AR in skeletal muscle regeneration, we performed histological analysis of control
and CTX-injected TA muscles of wild-type and A2AR−/− mice [28]. There was no obvious difference in the
gross appearance between the control muscles (Fig. 1). On days 2, 3 and 4 both A2AR+/+ and A2AR−/−

regenerating muscles displayed local necrosis and abundant inflammatory cell infiltration. However, by
day 10, when most of the necrotic fibers were cleared from the control muscles, large necrotic areas
were still detectable in the A2AR−/− muscles. This finding was unexpected, because clearance efficiency
is generally associated with the efferocytosis capacity of macrophages [31], but the loss of A2ARs does
not affect the phagocytosis of dead cells [34]. By day 22 post-injury, the overall histological architecture
of both A2AR+/+ and A2AR−/− muscles had been largely restored, and necrotic fibers were no longer
visible (Fig. 1, Fig. 2A).

Efficient muscle repair requires the temporary deposition of extracellular matrix proteins which stabilize
the healing tissue and provide a protein scaffold for the growing myofibers, however, later they are
degraded. Accordingly, we detected an increased amount of collagen I at day 10 in the regenerating
muscles of both A2AR+/+ and A2AR−/− mice as compared to their own non-regenerating muscles. In
addition, we found prolonged collagen I deposition in the A2AR−/− muscles as compared to the A2AR+/+

ones in line with the delayed clearance of the necrotic areas (Fig. 2B and C).

To further characterize the muscle regeneration in the absence of A2ARs, we compared the muscle
weights and the myofiber CSAs of vehicle- and CTX-treated TA muscles from A2AR+/+ and A2AR−/− mice.
TA muscle weights were not different between control and regenerating muscles at day 10 or 22 post-
injury in A2AR−/− mice as compared to the wild-type controls (Fig. 3A). The mean and median CSA of
newly formed myofibers with central nuclei in A2AR−/− mice, however, were significantly smaller at both
day 10 (Fig. 3B and C) and at day 22 post-injury (Fig. 3B and D). The CSA frequency distribution showed
similar fiber size distribution in theA2AR+/+ and A2AR−/− mice, but the frequency of smaller fibers was
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significantly smaller, while that of bigger fibers was significantly higher in day 22 regenerating A2AR−/−

muscles as compared to the wild-type ones (Fig. 3D).

The number of myofibers with two or more central nuclei is an indicator of myoblast fusion in the
regenerating muscles. In accordance with the above data, the number of newly formed fibers with 2 or
more central nuclei was significantly less in A2AR−/− mice as compared to wild-type mice both at day 10
and 22 post-injury (Fig. 3E). What is more, we did not detect an increase in the CSA or in myoblast fusion
between day 10 and 22 in the A2AR−/− muscles. These data altogether indicated impaired skeletal
muscle regeneration in the absence of A2ARs, characterized by delayed clearance of necrotic myofibers,
by prolonged deposition of collagen I, by severely impaired myoblast fusion, and consequently by thinner
myofibers produced.

Altered transmigration and delayed polarization of MΦs at the site of injury in the TA muscles of A2AR−/−

mice

Next, we determined the characteristics of the transmigrated CD45+ cells in the TA muscles in A2AR−/−

mice. As seen in Fig. 4A, less CD45+ cells transmigrated in the absence of A2ARs to the site of injury.
Bone marrow transplantation experiments revealed that the degree of transmigration was altered by the
loss of A2ARs of both the tissue resident and the bone marrow-derived cells (Fig. 4B).

While the loss of A2ARs did not affect the percentage of MΦs within the CD45+ population, that of
neutrophils significantly increased (Fig. 4A). Loss of A2ARs in both the bone marrow-derived and tissue
resident cells promoted neutrophil transmigration (Fig. 4B) in accordance with previous publications,
which demonstrated that the cAMP signaling inhibits leukocyte transmigration [35]. In line with previous
publications, which suggested that elevated intracellular cAMP levels promote the M1/M2 phenotypic
change of MΦs [35], loss of A2ARs resulted in a delay in the phenotypic shift affecting dominantly the
formation of the Ly6ClowMHCIIhigh antigen presenting population (Fig. 4C). Bone marrow transplantation
experiments confirmed that this delay was indeed related to the loss of A2ARs in the bone marrow-
derived cells (Fig. 4D).

Loss of A2ARs leads to enhanced Il1b and decreased Gdf3 expression by transmigrating CD45+ cells

To characterize the behavior of transmigrating CD45+ cells in the absence of A2ARs, first we determined
the mRNA expression of adenosine receptors in the wild-type and A2AR null cells at various time points
following CTX-induced skeletal muscle injury. Previous work from our laboratory has shown that while
both Adora 2a and Adora 2b genes are highly expressed by the pro-inflammatory population of MΦs, and
later their expression is present but lower in the Ly6Clow population, Adora 3 is dominantly expressed by

the Nur77-positive resolution-related group of Ly6Clow MΦs [20, 24] (Fig. S1). As seen in Fig. 5A, Adora 2b
showed the highest expression among the adenosine receptors. In line with its expression pattern in the
ΜΦ populations, as the Ly6Chigh Mφs converted with time to LyC6low MΦs, the mRNA expression of both
A2Rs decreased. In contrast, the expression of Adora 3 increased with time, mirroring the formation of
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the pro-resolving MΦ population. In the absence of A2ARs, we detected a compensatory increase in the
mRNA expression of A2BRs in the pro-inflammatory day 2 CD45+ cell population, while less Adora 3 was
expressed at day 4, together with a significant drop in Nur77 expression on the same day (Fig. 5C). These
data indicate that A2ARs contribute to the proper generation of those pro-resolving MΦs, which are
characterized by both Adora 3 and Nur77 expressions (Fig. S1) [20, 24].

Next, we determined the mRNA expressions of various pro-inflammatory cytokines and growth factors
produced by the CD45+ cells. As seen in Fig. 5B, we did not find a change in the mRNA expressions of
Ccl2/Mcp1, Tnfa, or Il6, however, that of Il1b was significantly increased at day 2, when pro-inflammatory
MΦs are present in high amounts. In contrast, we did not find alterations in the mRNA expression of the
anti-inflammatory Il10, in accordance with the observation that the percentage of the Il10-expressing
CD206+ MΦs [20] was not altered (Fig. 4C). The production of Igf1 by A2AR−/− CD45+ cells was not
altered, but that of Gdf3 was decreased. The production of GDF3 was reported to be induced by the
Nur77 transcription factor [20], and the expression of Nur77 was significantly decreased in the absence
of A2ARs (Fig. 5C).

Loss of A2ARs leads to enhanced Il1b and Il6 expression driving the proliferation of more SCs, but to
decreased transcription of Igf1 and Gdf3

Next, we determined the mRNA expression of adenosine receptors in the total skeletal muscle. As seen
in Fig. 6A, we could confirm the compensatory increase in the mRNA expression of A2BRs at day 2 post-
injury on skeletal muscle level as well. Loss of A2ARs did not alter the Ccl2/Mcp1 expression confirming
that A2ARs affect directly the transmigration of bone marrow-derived cells. The Il1b and Il6 mRNA
expressions, however, were elevated in A2AR−/− TA muscles (Fig. 6B). In contrast, the Igf1 and Gdf3
levels were decreased. Since neither Il6 nor Igf1 expressions were altered in the CD45+ cells (Fig. 5B and
C), these data indicate that A2ARs acting on the myoblasts might regulate the production of these
myokines [36, 37].

The increased Il6 and Il1b expression promoted the proliferation of SCs, as detected by the increase of
the mRNA expressions of Pax7, and the differentiation markers Myod1, Myog, and Myh7, without
affecting the rate of myoblast differentiation. Despite the increased number of myoblasts produced, the
decrease in Igf1 and Gdf3 expression might explain the decrease in the myoblast fusion observed at day
10 post-injury (Fig. 3E).

A2Rs promote myoblast fusion by enhancing Nur77-mediated IGF-1 production

Since during the repair of skeletal muscle in the A2AR−/− mice, we did not see evidence for further fusion
after 10 days post-injury (Fig. 3E), we also tested by using C2C12 myoblasts, whether activation of
A2ARs by an agonist could affect myoblast fusion. We found that it does (Fig. 7A), very likely by
promoting at least the expression of Igf1 via the increasingly expressed A2ARs (Fig. 7B and C).
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Since A2ARs located on both myoblasts and bone marrow-derived cells contribute to the proper
regeneration, we tested whether addition of an A2BR agonist injected during the first 6 days following
CTX-induced injury could affect skeletal muscle regeneration in wild-type mice. We selected the first 6
days because transmigrated cells can be detected during this period of time in the injured muscle
together with myoblasts, and selected an A2BR agonist to inject, because A2ARs are very likely saturated
by adenosine during the inflammatory phase, and as a result, no further response can be expected. As
seen in Fig. 7D, peritoneal injection of an A2BR agonist significantly increased both the CSA of the
generated myofibers and the myoblast fusion following injury.

Previous studies have shown that the Nur77 transcription factor is a main determinant of the myofiber
size and muscle mass [38], it mediates its effects via inducing the expression of Igf1 [38], and the
adenylate cyclase pathway is a strong regulator its transcriptional activity in the skeletal muscle [39].
Though as compared to the A2AR+/+ mice, we did not detect alterations in the Nur77 expression in the
A2AR−/− muscles during regeneration following CTX-induced injury or in the A2AR agonist-treated C2C12
cells (data not shown), protein kinase A can directly enhance Nur77 transcriptional activity by promoting
its coactivator binding [40]. That is why we tested by using Nur77−/− mice, whether A2R signaling
involves Nur77. As shown in Fig. 7D, in the absence of Nur77, the A2BR agonist was unable to enhance
the fiber size and myoblast fusion in Nur77−/− muscles. In addition, a Nur77 antagonist prevented the
A2AR agonist-induced-increase in Igf1 expression in C2C12 cells (Fig. 7E).

Loss of A2ARs affects the development of skeletal muscle

Since an A2AR agonist promoted the fusion of C2C12 myoblasts in the absence of MΦs, we decided to
check whether loss of A2ARs affects the development of skeletal muscle in mice. There was a slight
decrease in body weight, and in TA muscle weight in A2AR−/− mice as compared to the wild-type mice,
while the EDL and SOL muscle weights did not change (Fig. 8A and B). The true significant difference
was, however, found when the fiber CSAs were compared: a significantly smaller mean and median fiber
CSAs in the TA and EDL (the two fast-twitch) muscles of A2AR−/− mice were detected as compared to
wild-type ones. In contrast, no alteration was detected in the SOL (low-twitch) muscle (Fig. 8C-F).

Next, we determined whether the loss of A2ARs has an impact on the physical performance of A2AR−/−

mice of 18–20 months of age. In vivo forelimb grip strength did not differ between genotypes, and grip
force normalized to body weight showed no significant genotype-dependent difference either (Table S1).
Voluntary wheel-running metrics (daily distance, mean speed, and maximum speed) were likewise
unchanged, although A2AR−/− mice exhibited a significantly greater total running duration relative to
wild-type controls (Table S2).

Ex vivo measurements revealed genotype-dependent deficits in maximal force generation of isolated
EDL and SOL muscles (Table S3 and S4). In EDL, both twitch and tetanic forces were significantly
reduced in A2AR−/− mice compared with A2AR+/+ controls. In SOL, tetanic force was significantly
decreased, whereas twitch force showed a smaller, nonsignificant reduction. Kinetic analyses indicated
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faster tetanic rise times in both muscle types from A2AR−/− mice; SOL tetanic relaxation was
accelerated, while EDL relaxation was prolonged. Twitches in A2AR−/− EDL also displayed a faster time-
to-peak. Muscle fatigability did not differ between genotypes.

Force–frequency analysis demonstrated altered frequency-dependent force production in A2AR−/−

muscles (Fig. 8G). Both EDL and SOL from A2AR−/− mice exhibited reduced tolerance to high-frequency
stimulation. At low stimulation frequencies, significant genotype differences were apparent for both
muscles, indicating a slower activation response in A2AR−/− preparations.

Discussion
At the site of injury, adenosine is generated from ATP released by the dying cells via the action of
ectonucleotidases which are expressed on the surface of various cells in the skeletal muscle, such as
MΦs [41], satellite cells [42], and myoblasts [43]. Thus, adenosine generated on the surface can directly
engage the adenosine receptors, which are also expressed by these cells [44]. The amount of ATP
released is strongly related to the degree of injury, and since the four types of adenosine receptors are
activated in an adenosine concentration-dependent manner, adenosine receptors are capable of sensing
the degree of damage and orchestrating the repair accordingly. In the present paper it was investigated
how the skeletal muscle tissue repair is altered, if the A2ARs, which are activated by moderately elevated
adenosine concentrations, are knocked out.

Our data demonstrate, that in response to tissue injury, fewer bone marrow-derived cells transmigrate to
the injury site in the absence of A2ARs. It is very likely that fewer transmigrated cells cannot be fast
enough in clearing cell debris, explaining the prolonged presence of necrotic areas in the injured A2AR−/−

muscles. As long as the injured area is not cleared, collagen deposition cannot be properly built to
provide a scaffold area for the growing new myofibers, also explaining the prolonged presence of
collagen deposition in the injured A2AR−/− muscle tissues.

Though the number of transmigrating cells decreased, we detected an increased inflammatory response,
especially a significantly elevated Il1b expression, at the site of skeletal muscle injury in A2AR−/− mice.
We found that the enhanced inflammatory response was related to the fact that A2ARs, which are
expressed primarily in a group of inflammatory Ly6Chigh cells [24], following the phenotypic shift should
trigger the proper Nur77 expression in the pro-resolving population of reparative macrophages. Nur77
has been known for a long time to mediate anti-inflammatory signaling [45], and we reported previously
that IL1b and Nur77 are co-expressed in the pro-resolving subpopulation of MΦs [20]. In addition, as we
have shown by studying Nur77−/− mice [20], Nur77 also contributes to the efficient generation of the
Ly6ClowMHCIIhigh antigen-presenting cells, explaining the observed delay in their formation in the A2AR−/

− mice.
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An enhanced inflammatory milieu promotes SC proliferation [11]. However, despite the increased
number of new myoblasts, we detected the formation of thinner myofibers as a result of decreased
fusion ability of A2AR−/− myoblasts. The decreased fusion ability of A2AR−/− myoblasts was partially
related to the lower production of GDF3 by A2AR−/− CD45+ cells but also to the lower Nur77-dependent

production of IGF-1 by the A2AR−/− myoblasts themselves. In support of this latter mechanism, we found
that activation of the A2ARs by an A2AR agonist promoted the fusion of C2C12 myoblasts and also their
Igf1 expression. In this context, it is worth noting that the expression of pannexin1 channel which
releases ATP [47], and the ATP-hydrolyzing activity of C2C12 myoblasts are known to be significantly
increased around the time, when they fuse [48]. Thus, they are able to generate adenosine and trigger
their own A2ARs via an autocrine mechanism to promote fusion.

If A2ARs are contributing to myoblast fusion, loss of A2ARs must affect the development of the skeletal
muscle as well. That is why we investigated the phenotype of the A2AR-deficient skeletal muscles, and
found that they indeed have decreased-size myofibers. Interestingly, however, this alteration in the
phenotype was characteristic only of the fast-twitch muscles, whose metabolism and growth are
strongly influenced by IGF-1 [45], and in which Nur77, a transcription factor that regulates myofiber size,
is exclusively expressed [38].

Next, we tried to characterize functionally the A2AR−/− muscles. Deletion of A2AR produced a
dissociation between whole-animal performance and intrinsic muscle contractility: grip strength and
most voluntary running metrics were preserved, yet isolated EDL and SOL muscles showed reduced
maximal force and altered contractile kinetics. The preserved in vivo strength likely reflects behavioral or
systemic compensation (e.g., increased running duration observed in A2AR−/− mice), redundancy among
neuromuscular or metabolic pathways, or the influence of intact neural, circulatory, and endocrine inputs
that are absent in ex vivo preparations.

The reduction in tetanic force in both EDL and SOL, with a concurrent decrease in EDL twitch force,
indicates that A2AR loss impairs the muscles’ capacity to generate peak force. The differential effects
on twitch versus tetanus and the muscle-specific changes in time-to-peak and relaxation suggest altered
excitation–contraction coupling and/or calcium handling. Changes in sarcoplasmic reticulum Ca2+

release, reuptake kinetics, or sensitivity of the contractile apparatus to Ca2+ are plausible mechanisms
that would produce the observed frequency-dependent deficits and the rightward shift in the force–
frequency relationship at low stimulation frequencies.

The unaltered fatigability indicates that fatigue-resistant metabolic pathways remain largely intact,
arguing against a primary deficit in mitochondrial ATP supply under the stimulation protocols used.
Instead, the phenotype is more consistent with alterations in rapid contractile control (ion channel
function, Ca2+-ATPase activity, or regulatory protein phosphorylation) or subtle fiber-type shifts that
reduce peak force but preserve endurance properties.
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Finally, we tested how overstimulation of the A2R signaling affects myofiber growth in wild-type animals
following CTX-induced skeletal muscle injury. We have already reported that A2BR stimulation enhances
the number of transmigrating cells [24]. Now we report that exposing mice to an A2B receptor agonist
during the first 6 days of tissue repair significantly increases both myoblast fusion and the myofiber size
generated following CTX-induced injury in TA muscles in a Nur77-dependent manner. Altogether these
data with our previously published ones [24] indicate that adenosine plays a major role in determining
the myofiber size during development and regeneration, and we propose that stimulation of A2R
signaling by A2B receptor agonists could be used in the treatment of skeletal muscle injuries.
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Figure 1

Time-dependent histological morphology of TA muscles following cardiotoxin-induced (CTX) injury in
A2AR+/+ and A2AR-/- mice. Muscle injury was induced by injecting 50 μl of 12 μM CTX into the TA

muscles. Representative H&E-stained cross-sections of A2AR+/+ and A2AR-/- TA muscles without
treatment and at 2, 3, 4, 10, and 22 post-CTX–induced injury (n=4 in each group). Arrows indicate
necrotic areas at day 10. Scale bars, 200 μm.
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Figure 2

Delayed necrotic cell clearance and collagen deposition in TA muscles following CTX-induced injury in
A2AR-/- mice. A Quantification of necrotic regions in the control and regenerating muscles of A2AR+/+

and A2AR−/− mice at days 0, 10, and 22 post‐CTX injury. B Quantification of collagen 1‐positive regions in
control and 10‐ and 22‐day regenerating muscles of A2AR+/+ and A2AR−/− mice. Data are expressed as
mean and individual values, and statistical significance was determined by two-tailed Student’s t test and
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ANOVA. **p < 0.01, ***p < 0.001 n = 4. n.d., non-detected. C Representative immunofluorescence pictures
of type 1 collagen (green) and NucBlue (blue) nuclear staining in control and 10‐day regenerating TA
muscles of A2AR+/+ and A2AR−/− mice. Scale bars, 100 μm.

Figure 3
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Impaired regeneration of TA muscle of A2AR-/- mice following CTX-induced injury. A Muscle/body
weights, B mean and median myofiber cross-sectional areas (CSA), and C, D distribution of myofiber
sizes in TA muscles of A2AR+/+ and A2AR−/− mice at day 10 and 22 post-CTX–induced injury together
with their representative immunofluorescence images of laminin (green) and NucBlue (blue) nuclear
staining. Scale bars, 100 µm. 500 or more myofibers were analyzed in each sample using ImageJ
software. Data are expressed as mean or median ± SD. E Percentage of newly formed myofibers
containing two or more central nuclei in TA muscles of A2AR+/+ and A2AR−/− mice at day 10 and 22 post-
CTX–induced injury. Data are expressed as mean or median and individual values in panels A, B, and E (n
= at least 4 samples), while as mean ± SD (n = 4) in panels C and D. Statistical significance was
determined by two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4

Decreased leukocyte transmigration and altered macrophage polarization in regenerating A2AR-/- TA

muscles. A Alterations in the number of CD45+ leukocytes per injured muscle, percentage of anti-F4/80
antibody stained MΦs and that of Ly6G+ neutrophils within the CD45+ leukocyte population in A2AR+/+

and A2AR−/− TA muscles during the first 4 days of regeneration following CTX-induced injury (n = at least
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5 samples). B Alterations in the number of CD45+ leukocytes per injured muscle, percentage of anti-
F4/80 antibody-stained MΦs, and that of Ly6G+ neutrophils within the CD45+ leukocyte population in TA
muscles following the indicated bone marrow transplantations at day 2 of regeneration following CTX-
induced injury (n = at least 6 samples). C Alterations in the percentage of cell surface Ly6C, CD206, and
MHCIIhigh positive cells within the muscle-derived F4/80 positive macrophage population during the first
4 days of regeneration following CTX-induced injury (n = at least 5 samples). D Alterations in the
percentage of cell surface Ly6C, CD206 and MHCIIhigh positive cells within the muscle-derived F4/80
positive macrophage population following the indicated bone marrow transplantations at day 2 of
regeneration following CTX-induced injury (n = at least 6 samples). Data are expressed as mean and
individual values, and statistical significance was determined by two-tailed Student’s t-test. *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5

The loss of A2ARs results in altered expression of Il1b and Gdf3 by muscle derived CD45+cells. mRNA
expressions A of various adenosine receptors B inflammatory markers and C growth and transcription
factors in muscle-derived CD45+ cells isolated from A2AR+/+ and A2AR-/- TA muscles at the indicated
time points post-CTX injury detected by RT-qPCR (n = at least 4 samples). Data are expressed as mean
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and individual values, and statistical significance was determined by two-tailed Student’s t-test and
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 6

The loss of A2ARs results in enhanced expression of Il1b and Il6, decreased expression of Igf1 and Gdf3,
and increased number of proliferating SCs in TA muscles of A2AR-/- mice during regeneration. A mRNA
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expressions of various adenosine receptors B various cytokines, and C SC proliferation- and
differentiation-related genes in the TA muscles of A2AR+/+ and A2AR-/- mice at the indicated time points
post-CTX injury detected by RT-qPCR (n = 6). Data are expressed as mean and individual values, and
statistical significance was determined by two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

Figure 7
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Stimulation of A2Rs enhances myoblast fusion both in vitro and in vivo. A Representative
immunofluorescence images of myosin heavy chain 4 (MYH4) (green)- and NucBlue (blue)-stained
C2C12 cells differentiated for 6 days in the presence and absence of 1 mM CGS21680, an A2AR agonist,
and their fusion index. B Time-dependent mRNA expression of A2AR and C IGF-1 during the
differentiation of the control and the CGS21680-treated C2C12 cells at the indicated time points post-
CTX injury detected by RT-qPCR. D Fiber size and fusion index with the representative
immunofluorescence pictures of laminin (green) and NucBlue (blue) stained TA muscles of Nur77+/+ and
Nur77-/- mice treated daily with BAY 60-6583 (2 mg/kg) or PBS during the first 6 days of regeneration
detected at day 22 post-CTX injury. ImageJ software was used to examine 500 or more myofibers in
each sample. Scale bars, 100 μm. E Alteration in Igf1 expression of C2C12 cells treated for 6 days with
CGS21680 in the presence and absence of C-DIM8 (5 mM), a Nur77 antagonist detected by RT-qPCR.
Data are expressed as mean and individual values, and statistical significance was determined by two-
tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (n = at least 3 samples).
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Figure 8

Loss of A2ARs alters the development of fast-twitch muscles. A Body weight and B muscle weight/body
weight ratios in A2AR+/+ and A2AR−/− mice. C Mean and median myofiber cross‐sectional area (CSA) of

the TA, EDL, and SOL muscles in A2AR+/+ and A2AR−/−  mice. Data are expressed as mean and individual
values, and statistical significance was determined by two-tailed Student’s t-test (n = at least 4 samples).
Myofiber size repartition in D TA, E EDL, and F SOL muscles of A2AR+/+ and A2AR−/− mice with their
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representative immunofluorescence pictures of laminin (green) and NucBlue (blue) nuclear staining.
ImageJ software was used to examine 500 or more myofibers in each sample. Scale bars, 100 μm. G
Force‐frequency relationship in EDL and in SOL muscles from A2AR+/+ and A2AR−/− mice. Mean values ± 
SD are shown, and statistical significance was determined by two-tailed Student’s t-test (n =at least 6
samples). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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