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Objective. Rheumatoid sarcopenia, characterized by the progressive loss of skeletal muscle mass and function, is a
frequent comorbidity in rheumatoid arthritis (RA), linked to prolonged, severe systemic inflammation. Purinergic signaling
(adenosine, AMP, and ATP) plays a crucial role in inflammation, myogenesis, and muscle hypertrophy. Dipyridamole, an
antiplatelet agent, enhances extracellular adenosine availability, alters AMP/ATP ratio, and activates A2BR and AMP
kinase (AMPK) pathways. We aim to investigate its potential use as a therapeutic agent for RA and rheumatoid sarcopenia.

Methods. K/BxN-induced mice received preventive or therapeutic dipyridamole treatment daily and were sacri-
ficed at joint inflammation peak and resolution stage. Motor activity tests and dual-energy x-ray absorptiometry were
performed. C-reactive protein levels were also analyzed in serum, and cytokines array was performed in serum and
muscle. Histology of tibialis anterior and talus joint were studied. Myogenesis, purinergic system, atrophy, and senes-
cence key markers were analyzed via Western blot and reverse transcriptase—polymerase chain reaction in gastrocne-
mius. Nucleotide content via high-performance liquid chromatography was performed. Two-dimensional and three-
dimensional models with C2C12 cells were done.

Results. Dipyridamole reduced joint, muscle, and systemic inflammation, counteracting muscle wasting and physical
inactivity via an anabolic mechanism involving down-regulation of myostatin expression. This effect was mediated by
increased adenosine and AMP levels, which activate adenosine A2BR and downstream cAMP/AMPK signaling pathways.

Conclusion. These results support a dual role for dipyridamole in RA, combining robust anti-inflammatory effects
with a novel, myostatin-linked anabolic action on sarcopenia, mediated through adenosine and AMPK signaling, dis-
tinct from conventional therapeutic mechanisms.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by inflammation of the joints. Although this is the
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main feature, RA can affect others tissues due to the elevated
chronic systemic inflammation.” RA can lead to alterations in
body composition, including a reduction in muscle mass (lean
mass) and either stable or increased fat mass, changes that may
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not be reflected in body mass index." Muscle atrophy is already
present before pain and swelling affect the physical activity of
patients with RA, indicating that muscle is affected from the earli-
est stages of RA.! Secondary sarcopenia, which refers to muscle
loss and a decline in physical activity resulting from disease, mal-
nutrition, or physical disability, contrasts with primary sarcopenia,
a multifactorial condition associated with aging. Studies in the lit-
erature report that the prevalence of rheumatoid sarcopenia
ranges from 20% to 44%, an interval that is justified, among other
reasons, by the lack of universally accepted clinical criteria for its
diagnosis.’

Muscle homeostasis is preserved through an accurate bal-
ance between anabolic and catabolic processes." Previous data
in rabbit experimental RA antigen-induced arthritis (AiA) showed
that increased inflammation produces muscle loss by the
increase of atrogenes that produces muscle atrophy.? The high
production of the inflammatory cytokines, like tumor necrosis
factor-a (TNF-a), interleukin-1p (IL-1B), IL-6, or interferon-y (IFN-
y), work synergistically to promote rheumatoid sarcopenia by
shifting protein metabolism toward net catabolism, elevating
muscle proteolysis, disruption of muscle satellite cells self-
renewal, direct impairment of myofiber force, muscle atrophy,
and fibrosis.>* Unfortunately, methotrexate (MTX), one of the
most commonly used conventional synthetic disease-modifying
antirheumatic drugs (DMARDs), has shown no beneficial effects
on muscle tissue in animal models of RA.® Similarly, treatments
with MTX and biologic DMARDs (bDMARDs), although effective
in achieving RA remission, do not appear to improve muscle con-
dition in patients.® This persistent musculoskeletal disorder sug-
gests a “permanent imprint” that remains even after effective
control of inflammation.” Therefore, DMARDs and biologic thera-
pies may not be sufficient to counteract muscle loss in RA.°

The purinergic system, which involves nucleosides and
nucleotides, such as adenosine and ATP, regulates the inflamma-
tory response.® ' Overall, adenosine signaling through adeno-
sine receptors constitutes a critical interface between
extracellular signaling and intracellular cAMP pathway or AMP
kinase (AMPK) activation.® In particular, adenosine receptors
A2AR and A2BR play a protective role by activating anti-
inflammatory pathways, as supported by previous findings." 12
In addition, A2BR is essential for muscle homeostasis mainte-
nance. Stimulation with agonists increases muscle weight and
activity in high-fat diet mice, suggesting an anabolic effect in mus-
cle via this receptor.'® Also, the use of A2BR agonist on mice with
age-related sarcopenia enhances muscle strength and muscle-
specific A2BR knockout led to reduced muscle mass and
strength. In humans, A2BR expression in muscle has a negative
correlation with aging.'® These findings suggest that A2BR
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activation may represent a promising target to prevent or reverse
muscle atrophy associated with aging or chronic diseases.

The purinergic system can be modulated using pharmaco-
logical agents that modify adenosine and ATP levels.'® In fact,
the anti-inflammatory effect of MTX in human RA may be
explained by this mechanism of action.'* Dipyridamole, an anti-
platelet drug that inhibits phosphodiesterase 3, blocks nucleoside
transport via ENT1/2/4, thereby increasing extracellular adeno-
sine concentrations by preventing cellular uptake. ' This accumu-
lation of extracellular adenosine leads to the sustained activation
of adenosine receptors, particularly A2AR and A2BR.®1'®
Preliminary data suggested that dipyridamole could promote an
anti-inflammatory effect in experimental RA."® Beyond this anti-
inflamsnmatory role of dipyridamole, our previous research demon-
strated that this drug exerts a direct effect on muscle cells, pre-
venting disruptions in myogenesis by increasing extracellular
adenosine level, leading to A2BR activation.® Additionally, dipyri-
damole elevated both cAMP and intracellular AMP levels, thereby
facilitating AMPK activation and preventing myogenic alterations.®

However, the specific interaction between the purinergic sys-
tem and rheumatoid sarcopenia remains unexplored. Therefore,
our aim was to determine the therapeutic potential of dipyrida-
mole in RA and rheumatoid sarcopenia and to evaluate the role
of adenosine and purinergic signaling in mediating muscle
pathology.

MATERIALS AND METHODS

All the reagents and resources used are defined in Supple-
mentary Table S1. The raw and processed RNA-sequencing data
generated in this study have been deposited in NCBI's GEO and
are accessible through GEO Series accession number
GSE274162. All remaining data are available on reasonable
request. Patients were not involved in this research.

K/BxN serum transfer-induced arthritic model.
Animal management and experimentation complied with the
Spanish Regulations and the European Union Guidelines for
the Care and Use of Laboratory Animals and were approved by
the Institutional Ethics and Welfare Committee of the Jiménez
Diaz Foundation University Hospital and Research Institute
(PROEX 19/019 and PROEX 019.6/24).

K/BxN mice were generated by crossing KRN mice with
NOD/Lt mice. Serum was collected from adult arthritic K/BxN
mice and pooled for use in experiments. Twelve-week-old, age-
matched male C57BL/6J mice were obtained from Charles River
Laboratories (Barcelona, Spain) and randomly assigned to five
experimental groups employing research-randomizer free
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software: (1) Sham (healthy): no serum transfer (N = 8); (2) Dipy
(healthy + dipyridamole): healthy mice treated with dipyridamole
at 25 mg/kg/day, administered daily starting on day O (N = 5);
(8) RA (arthritic control [Ctrl]): mice received 100 uL of pooled
serum via intraperitoneal (IP) injection on days zero and two to
induce arthritis (N = 7-8); (4) RA + Dipy DO: arthritic mice treated
with dipyridamole at 25 mg/kg/day, administered daily starting
on day zero, along with serum transfer (100 uL IP on days 0 and
2; preventive treatment; N = 6-7); or (5) RA + Dipy D7: arthritic
mice treated with dipyridamole at 25 mg/kg/day, administered
daily starting on day seven, with serum transfer as above (thera-
peutic treatment; N = 7-8).

To evaluate the ability of adenosine A2AR or A2BR antago-
nist to inhibit the effect of dipyridamole both in inflammation and
development of sarcopenia, the following experimental groups
were repeated and included: (1) RA (N = 3); (2) RA + Dipy DO
(N =3); (3) RA + A2AR antagonist + Dipy DO: arthritic mice treated
with the A2AR antagonist SCH58261 (1 mg/kg/day) and dipyrida-
mole (25 mg/kg/day), both administered daily starting on day
zero, together with serum transfer (100 pl IP on days 0 and 2; N
= 5); and (4) RA + A2BR antagonist+ Dipy DO: arthritic mice
treated with the A2BR antagonist PSB603 (1 mg/kg/day) and
dipyridamole (25 mg/kg/day), both administered daily starting on
day zero, together with serum transfer (100 ul IP on days O and
2;N=5).

Animals with RA were identified using ear tags to avoid con-
founders. The same three experimental investigators were
responsible for animal allocation at all stages.

RA progression was evaluated daily, and the severity of RAin
each paw was assessed using a four-point scale: zero for healthy
appearance, one for edema and erythema in one surface of the
paw, two for edema and erythema including more than one sur-
face of the paw, and three to four for edema and erythema in
whole paw. The scores from all four paws were summed up to
create a combined score. Mice were weighed weekly. All motor
activity tests were performed before serum inoculation and before
sacrifice. Mice were sacrificed at two different times: on day
15 (highest point of macroscopic inflammation) and on
day 28 (not macroscopic inflamsmation detected in the joints; res-
olution stage) after serum injection. Representative images of
body structure and paw’s muscles were taken on sacrifice days.
Gastrocnemius (GA) was collected for protein and RNA extrac-
tion, nucleotide analysis via high-performance liquid chromatog-
raphy (HPLC), and measurement of cytokines and chemokines.
Tibialis anterior (TA) was included in OCT for freeze histology.
Talus joints were decalcified in 10% EDTA and paraffin embedded
for histology. Blood was drawn, and serum was isolated for mea-
surement of C-reactive protein (CRP) and cytokines.

Ambulatory activity. For ambulatory activity, mice were
placed in separate recording chambers and given six minutes to
freely move. Distance traveled by each mouse was tracked using

Kinovea open-source video analysis software. Data were repre-
sented as the difference between the highest point of inflamma-
tion or resolution stage and the baseline.

Two-limb hanging test. The test was performed main-
taining the parameters established by Aartsma-Rus and van Put-
ten."”” Data were represented as in the ambulatory activity
section described.

Forelimb grip strength test. The Grip Strength Meter
was used to assess the grip strength peak of the forelimbs. Grip
measurements were repeated three times and kept the average
grip value. Data were represented as in the ambulatory activity
section described.

Rotarod. The synchronized motor ability of all four limbs
was evaluated using a rotarod test. Initially, mice were introduced
to the rotarod by allowing them to spend 120 seconds on the rod,
which rotated at speeds of 4 and 6 rotations per minute. Motor
function was evaluated by familiarizing the mice with an acceler-
ated rotarod procedure comprising three trials. During these tri-
als, the rod accelerated from 4 rpm to 40 rpm within five
minutes. Each trial had a maximum duration of 300 seconds and
ended either when the mouse fell or ceased walking on the rotat-
ing rod. The data shown were analyzed before sacrifice and did
not correlate with baseline values because activity learning was
conducted once a week before testing.

Dual-energy x-ray absorptiometry. Before RA induc-
tion and sacrifice day, all mice underwent dual-energy x-ray
absorptiometry (DXA) scan using a Lunar PIXImus densitometer
(Lunar, Madison, WI). The scan was calibrated before each scan-
ning session using a hydroxyapatite phantom with known bone
mineral density (BMD) supplied by the manufacturer. Afterward,
mice were anesthetized by ketamine and xylazine and placed in
the prone position for complete body scans. The analysis involved
examining whole-body lean mass, fat mass, BMD, and bone min-
eral content (BMC). Data are presented as the change from base-
line to the resolution stage.

Quantification of serum CRP. Serum CRP was deter-
mined by Mouse CRP ELISA Kit, according to manufacturer
instructions. Absorbance was measured at 450 nm using a
microplate reader.

Cytokines and chemokines array. The effect of dipyri-
damole on the concentration of several cytokines both systemi-
cally and locally was assessed using Mouse Cytokine Array Q1,
kit which simultaneously detects 20 cytokines. The cytokines
concentration was measured by fluorescence using GenePix
4000B following manufacturer protocol for serum and frozen
GA. Serum samples were used at two-fold sample dilution.
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Frozen GA was crushed using a mortar and a pestle cooled with
liquid nitrogen and was homogenized in a sonicator, and the pro-
tein isolated in the supernatant was quantified with bicinchoninic
acid (BCA) assay. A total of 100 ul (1 mg/mL) of GA protein
was used.

Talus joint histology. The 5-um sections underwent
hematoxylin and eosin (H&E) staining. Representative images
were taken with optical microscope of talus and tibia bones space
(20x magnitudes) or talus synovial tissue (4x). Quantification of
synovitis histologic features (Krenn score) was performed as pre-
viously reported.'® One animal from the Dipy group was excluded
from analysis because the integrity of the synovial tissue had not
been preserved in earlier steps.

Histologic analysis of TA. The 10-um sections were
brought from -80°C to room temperature and immediately
immersed in methanol for 30 minutes to improve fixation and
stained with H&E. Images were taken with optical microscope
(20x magnification). Analysis of cross-sectional area (CSA) in five
representative images was performed with Imaged using the
Muscle Morphometry plugin.

For ATPase staining, 10-um cross-sections were immersed for
45 minutes in a solution containing 0.1 M glycine/NaCl buffer with
pH 9.4, along with 0.75 M CaCl, and 5 mg ATP. Following a rinse
in distilled water, the sections were placed in 2% cobalt chloride
solution and subsequently treated with diluted (1/10) ammonium
chloride to reveal type | (white) and type Il (black) fibers. Finally, the
sections were dehydrated and mounted using dibutylphthalate
polystyrene xylene (DPX) mounting medium. Fiber type quantifica-
tion of five representative images taken with optical microscope
(20x magnification) was performed using the Imaged software.

Picrosirius Red staining was performed to visualize tissue
fibrosis. The 10-um sections were air-dried for 30 minutes at
room temperature and fixed in paraformaldehyde (PFA) 4% for
30 minutes. Next, sections were incubated for 90 minutes in
0.1% Sirius Red solution dissolved in aqueous saturated picric
acid and immersed immediately in 0.1 M HCI solution for 1 minute.
Sections were washed two times in H,O, dehydrated, and
mounted with DPX. Five representative pictures were taken with
bright field and polarized light in an optical microscope (x20 mag-
nification). Quantification of collagen | was performed using the
Imaged software on polarized images.

For necrosis measurement, 10-uM sections were air-dried
and fixed in PFA 4% for 20 minutes. Sections were washed three
times for five minutes and blocked with 5% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) for one hour. Then, sec-
tions were incubated overnight with laminin antibody in a humid
chamber. After three washes, sections were incubated with Alexa
Fluor 594 red-fluorescent secondary antibody to rabbit IgG and
Alexa Fluor 488 green-fluorescent secondary antibody to mouse
IgG. IgG immunoreactivity within  myofibers indicates

myonecrosis in TA. Five representative pictures were taken with
a fluorescence microscope (x20 magnification) in random chosen
fields for each labeling. Analysis with Fiji was performed to study
the percentage of positive IgG-stained fibers per field of view.

cAMP and creatine measurements. cAMP and creatine
concentration were quantified in 50 ug of crushed GA using color-
imetric assays following manufacturer’s recommendations. Col-
orimetric reaction was measured at 450 nm for CAMP or 570 nm
for creatine in a microplate reader (Tecan Spark 20M).

RNA sequencing and bioinformatic analysis. RNA
was isolated from GA (20ug) of RA and RA + Dipy DO groups on
day 15 after serum induction (n = 4 each) following the RNeasy
Fibrous Tissue Mini Kit. Library preparation and sequencing were
conducted in Fundacién Parque Cientifico de Madrid. Total RNA
quality and concentration was assessed on 4200 TapeStation,
using an RNA ScreenTape. Then, 500 ng of total RNA from each
sample were used as input for library preparation with NEBNext
Ultra Il Directional RNA Library Prep Kit for lllumina, following man-
ufacturer recommendations for Poly(A) messenger RNA protocol.
Libraries were validated and quantified by TapeStation, and an
equimolecular pool was made, purified using AMPure XP beads
and titrated by PicoGreen. Library pool was sequenced on a
NovaSeq 6000 in which clusters were formed and sequenced in
a 1 x 100 single-read sequencing run. FastQ files were prepro-
cessed with fastp with default parameters. Preprocessed fastq
files were aligned to the GRCm38.p6/mm10 mouse genome
using Spliced Transcripts Alignment to a Reference. Read counts
were extracted using htseg-count in nonstranded mode. Two-
conditions differential expression analysis was performed using
DESeq? (ref1) including DESeq normalization.'® The significance
level was set at an adjusted P value <0.05."° Gene set enrichment
analysis (GSEA) (ref2) was applied using GSEA to the normalized
genes read counts obtained from DESeq2.'® We used Gene
Ontology (Biological Process) Reactome pathways as gene sets.
Gene sets with a false discovery rate (FDR) < 0.05 were taken as
significant.

Cell culture. C2C12 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) enriched with 10% fetal bovine serum and
1% penicilin-streptomycin (growth media, GM). To induce cell differ-
entiation, C2C12 cells at 70% confluence were cultured in DMEM
with 2% horse serum (HS) (differentiation media, DM). Cells were
preserved in a humidified incubator at 37°C, with an atmosphere of
95% air and 5% CO.. Media was refreshed every 48 hours.

For collagen content assay, 5 x 10% C2C12 cells were main-
tained for 24 hours and four days in 12-well plates with GM and
DM in the presence and absence of IL-6 (2.5 ng/mL) and dipyrida-
mole (1 uM). The medium was collected, and the cells were fixed
with 4% PFA for 20 minutes. Next, cells were washed with PBS
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and stained with Sirius Red (0.1%) solution for an hour. After
washing the wells with 0.1 M HCI, 0.1 M NaOH was added to
release the dye bound to cell collagen and collected for posterior
quantification. In parallel, Sirius Red (0.1%) solution was added
to cell medium collected for 30 minutes. Next, the medium was
centrifuged at 3000 g for six minutes, and cell pellet was col-
lected. Unbound dye was removed by washing the samples with
0.1 M HCI. After centrifugation at 3000 g for six minutes, 0.1 M
NaOH was added to release the bound dye, which was collected
for quantification. Collagen content in cells and medium was mea-
sured with the absorbance at 540-nm wavelength using a micro-
plate reader (Tecan Spark 20M).

Inflammatory study with IL-6 (2.5 ng/mL), IFN-y (0.1 pg/mL),
or lipopolysaccharide (1 ug/mL) in 2% HS for up to four days in
the presence or absence of dipyridamole (1 uM) (n = 5) was per-
formed. Briefly, 2 x 10° C2C12 cells were seeded in GM for
24 hours. After, inflammatory conditions with dipyridamole were
used for 24 hours and four days in DM. At these times, cell lysate
was collected in radioimmunoprecipitation assay (RIPA) buffer for
Western blot.

A2BR was silenced in C2C12 cells. The 7 x 10 C2C12 cells
were transfected with Trilencer-27 Fluorescent-labeled transfec-
tion control small interfering RNA (siRNA) duplex (1 nM, 5 nM,
and 10 nM) using siTran 2.0 siRNA transfection reagents in GM
and DM as manufacturer indicates (n = 3 to determine the most
effective transfection concentration at 72 hours). Next, different
siRNA oligo duplexes (10 nM), targeting A2BR and provided by
the manufacturer, were tested for gene expressions at 24 and
48 hours and for protein expression at 48 and 72 hours. siRNA
duplex pair B (10 nM) was selected for subsequent experiments
due to its highest efficiency in silencing both gene and protein
expression. siRNA oligo duplex (10 nM) was transfected in three
different C2C12 stages: after 24 hours in GM (proliferative state),
after 24 hours in DM (premyotube state), and after four days in
DM (myotube state). Then, 72 hours after siRNA transfection,
C2C12 were treated with or without dipyridamole (1 uM) for
another 24 hours. Finally, cell lysate was collected in RIPA buffer
for Western blot analysis.

The C2C12 two-dimensional (2-D) monolayer results under
inflammatory condition were scaled up to a three-dimensional
(8-D) myobundle model. C2C12 myobundles were fabricated fol-
lowing the protocol described by Khodabukus et al.2° Briefly,
molds of polydimethylsiloxane (PDMS) designed for 12-well
plates were created from Teflon masters with semicylindrical
wells. These molds were sterilized, coated with 0.2% weight/
volume Pluronic F-127 to prevent tissue adhesion, and paired
with laser-cut Cerex frames (9 x 9 mm?, 1-mm-wide rim) for myo-
bundle attachment. The frames served as an anchor and guide
during hydrogel compaction, ensuring uniaxial cell alignment.
C2C12 cells were encapsulated in a hydrogel solution, including
bovine fibrinogen, Matrigel, bovine thrombin, and GM following
the protocol of Khodabukus et al.2° The cell and hydrogel mixture

was polymerized in the PDMS molds, and myobundles were cul-
tured during four days. Then, the frames with myobundles were
suspended in DM in the presence of IL-6 (2.5 ng/mL) on day
0 and dipyridamole (1 uM) on day 0 or 7 after changing to DM
for 14 days. DM and treatments are replaced every two days.
GM and DM media contained 6-aminocaproic acid to avoid fibri-
nolysis. Brightfield images were taken on days 7 and 14 to ana-
lyze the thickness of the fiber at its midpoint. On day
14, samples were either embedded in OCT for cross-sectioning
or paired (two myobundles for N = 1 per condition) to obtain suffi-
cient RNA for isolation using TRIzol. DM on days 7 and 14 were
collected for subsequent nucleotide analysis via HPLC. For the
histology of OCT samples, 10-um sections were air-dried and
fixed in PFA 4% for one hour. After three wash steps with PBS,
sections were blocked with 3% BSA in PBS for one hour. Immu-
nofluorescence staining for phalloidin was performed following
the protocol of Khodabukus et al.2° CSA and minimum of Feret
analysis of myobundles was performed with Fiji software. RNA
extraction and polymerase chain reaction (PCR) analysis are
described below.

Western blot. Frozen GA was crushed using a mortar and
a pestle cooled with liquid nitrogen. C2C12 cells and GA samples
were lysed with RIPA buffer. GA samples were homogenized in a
sonicator. Protein concentration was determined by BCA. Then,
10 pg (cell samples) and 40 pg to 50 ug (tissue samples) of protein
was assessed in 6% to 15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to a nitrocellu-
lose membrane. Membranes were blocked with 3% BSA in Tris-
buffered saline containing 0.1% Tween-20 (TBS-T) and incubated
overnight at 4°C with primary antibodies. After washing in TBS-T
and incubated with secondary antibodies for one hour, immune
complexes were visualized using horseradish peroxidase sub-
strate and acquired with AmerSham Imager 600. Reproving with
actin or tubulin was performed for protein loaded Ctrl. Digital den-
sitometry band analysis was performed using Quantity One soft-
ware, and band intensities were expressed relative to actin or
tubulin. Variations in intensity are expressed as a percentage of
the Sham group on the same day of sacrifice (in GA) and as a per-
centage of basal levels (day O in IL-6 and Ctrl in siRNA experi-
ments) in C2C12 cells. Data are presented as mean + SEM and
normalized to nondifferentiated Ctrl to minimize interexperimental
variability.

RNA isolation and reverse transcriptase-PCR. Total
RNA was isolated from crushed frozen GA and myobundles using
TRIzol reagent according to the manufacturer’s instructions. RNA
(1 pg) was reverse transcribed with a High-Capacity cDNA
Reverse Transcription Kit (2.5 U/uL), with the next reagents in
the same reaction: 1 U/uL RNase inhibitor, 2.5 U/uL Random
Hexamers, 5 mM MgCl,, 1x PCR buffer Il, and 1 mM deoxynu-
cleoside triphosphate. Relative analysis of gene expression was
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performed via real-time reverse transcriptase—-PCR on a Step One
Plus with PowerUp SYBR Green Master Mix following manufac-
turer’s protocol. The primers listed in Supplementary Table S2
were used. Gene expression levels were calculated with the AAC,
method.

Determination of nucleotide concentration via
HPLC. GA were lysed with homemade buffer (1 mM phenyl-
methylsulphonyl fluoride, 1 mM protease inhibitor cocktail, 1 mM
sodium orthovanadate, 1 mM sodium fluoride, and 1 mM
B-glycerophosphate in PBS) and EHNA (1 uM) to inhibit the aden-
osine degradation and cellular uptake. GA samples were homog-
enized in a sonicator, and supernatant were collected and
deproteinized with 4 M perchloric acid and 2 M potassium
hydroxide and centrifuged at 13,000 rpom for 10 minutes. Also,
myobundles DM collected were treated with EHNA (1 uM) and
heat shocked at 95°C and centrifuged at 13,000 rpm for
10 minutes. GA and DM supernatants were stored at —80°C until
analyzed. HPLC analysis was performed as previously
described.® Briefly, inosine, adenosine, AMP, ADP, and ATP con-
centrations were analyzed via HPLC employing a liquid chroma-
tography with a reversed stage column and a UV detector set at
254 nm. The buffer constituted of 0.1 mol/l KH,PO,4 (pH 7.5),
and 18% acetonitrile was run at 1.5 mL/min for 20 minutes. The
compounds were recognized and measured based on the reten-
tion time, which were compared to known standards using spec-
trophotometry for calibration.

Statistical analysis. To ensure adequate statistical power,
a power analysis was conducted using the Animal Experimenta-
tion Ethics Committee (AEEC) sample size calculator software,
based on preliminary data. All experiments were planned to
achieve a minimum statistical power of 0.8. Outliers were identi-
fied and removed using the robust regression and outlier removal
method (Q = 1%). Data normality was assessed using the
Kolmogorov-Smirmnov test. A P value <0.05 was considered sta-
tistically significant. Statistical analyses and visualizations were
conducted using GraphPad Prism 7. In the animal model, a one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used to assess differences between groups, whereas
paired t-tests were employed to compare differences within the
same group across different sacrifice days. For the in vitro analy-
sis of myobundles and C2C12 studies, a one-way ANOVA with
Tukey’s post hoc test was used between groups, whereas paired
t-tests were employed to compare differences within the same
group across different days with DM in HPLC analysis. Data are
presented as mean + SEM with individual data points. No data
were excluded, except for the talus joint histology analysis, as
detailed in this section.

RESULTS

Dipyridamole counteracts RA development in
K/BxN-induced mice. To study the effect of dipyridamole on
RA, we employed the K/BxN animal model. As expected, paw
thickness and inflammation peaked 15 days after the injection of
K/BxN serum in the RA group and resolved by 28 days. Dipyrida-
mole did not modify paw thickness or inflammation in healthy
mice, but it was able to both prevent and treat when it was admin-
istered to mice with RA (Figure 1A; Supplementary Figure S1A).
The use of antagonists of A2AR or A2BR in mice with RA sup-
pressed dipyridamole anti-inflammatory effect and accelerated
the paw’s inflammatory process (Supplementary Figure S2A).
Histology of the RA ankle at the highest point of inflammation
(15 days) (Figure 1B) showed that the talus and tibia bones were
in contact due to the expansion and invasion of synovial pannus.
Dipyridamole reduced pannus formation and inflammatory infil-
trate by reducing the synovitis score in mice with RA as preventive
or therapeutic treatment (Figure 1B).

Having shown that dipyridamole reduced paw inflammation
and improved synovial tissue in mice with RA, we next examined
its effects on systemic inflammation associated with RA. In
healthy mice, dipyridamole treatment did not alter systemic proin-
flammatory or anti-inflammatory cytokines. In mice with RA, an
increase of CRP (2.05-fold change of Sham) and proinflammatory
cytokines such as IFN-y (6.2-fold change of Sham), IL-1B
(19.1-fold change of Sham), TNF-a (3.9-fold change of Sham),
or IL-6 (3.5-fold change of Sham) were observed on day 15, but
dipyridamole treatment reduced their levels. This increase was
not observed in mice with RA on day 28. An anti-inflammatory
response was activated in mice with RA by increased IL-10 levels
(8.2-fold change of Sham) on day 15 and IL-13 (7.2-fold change
of Sham) on day 28. Dipyridamole enhanced anti-inflammatory
response with IL-5 (2.1-fold change of Sham or 1.6-fold change
of RA), IL-9 (2.2-fold change of Sham or 3-fold change of RA).
and IL-10 (4.5-fold change of Sham or 1.4-fold change of RA) as
preventive treatment or IL-5 (3.5-fold change of Sham or 2.7-fold
change of RA), IL-9 (8.1-fold change of Sham or 4.2-fold change
of RA), and IL-10 (8-fold change of Sham or 2.5-fold change of
RA) as therapeutic treatment in mice with RA on day 15. Thera-
peutic administration of dipyridamole produced high levels of IL-
13 on days 15 (7.3-fold change of Sham or 4.2-fold change of
RA) and 28 (12.2-fold change of Sham). MCP-1 levels remained
consistently elevated in mice with RA on days 15 (6.9-fold change
of Sham) and 28 (4.6-fold change of Sham). Dipyridamole
induced a progressive reduction of MCP-1 levels in mice with
RA as preventive treatment on days 15 (-1.9-fold change of RA)
or 28 (-3-fold change of RA) and as therapeutic treatment on
days 15 (-1.4-fold change of RA) or 28 (—2-fold change of RA).
In addition, dipyridamole induced vascular endothelial growth fac-
tor (VEGF) in Dipy (2.2-fold or 3.2-fold change of Sham on days
15 or 28, respectively), RA + Dipy DO (1.9-fold or 3.2-fold change
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Figure 1. Dipyridamole counteracts pawn inflammation, synovial pannus formation in the talus, body weight loss, and physical activity decline in
mice with RA. (A) Macroscopic photographs of thickness and clinical score analysis of hind and fore limbs of mice. (B) Global synovitis score and
representative photographs of space between talus and tibia bones on day 15. (C) Body weight changes from day 0 to 28 after K/BxN serum injec-
tion. (D) Representative images of hind limb muscles at day of sacrifice. Motor activity tests of (E) ambulatory activity, (F) forelimb grip strength test,
(G) two-limb hanging test, and (H) rotarod, represented as difference between the values obtained at days 15 or 28 and before RA induction. Black
arrow indicates the days of K/BxN serum administration. Dark and light blue arrows represent the starting days of preventive and therapeutic
dipyridamole administration, respectively. Synovial and bone images of the talus joint were acquired at 4x and 20x magnification, respectively.
Photographs of the hind and fore limb or hind limb muscles of mice were taken with a mobile device. Analysis of variance followed by Tukey’s post
hoc test was used to assess differences between groups, whereas paired t-tests were employed to compare differences within the same group
across different sacrifice days. Differences are represented as follows: *Sham vs other groups at same day; SRA vs RA + Dipy at same day;
#between same group and different day. Single symbol represents P < 0.05, double symbol represents P < 0.01, and triple symbol represents
P < 0.005. Results are presented as mean + SEM. N = 5-8 per group for thickness, clinical score, body weight, and physical activity analysis. N
= 4-8 per group for synovitis score study. Dipy DO, preventive treatment with dipyridamole from day O after rheumatoid arthritis induction; Dipy
D7, therapeutic treatment with dipyridamole from day 7 after rheumatoid arthritis induction; RA, rheumatoid arthritis.
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of Sham on days 15 or 28, respectively) and RA + Dipy D7
(1.7-fold-change of Sham on day 15) (Supplementary Table S3).

Dipyridamole prevents muscle and bone loss and
white adipose tissue gain in mice with RA. Within 28 days,
Sham and Dipy mice did not change body weight, whereas mice
with RA showed a progressive weight loss. Dipyridamole treat-
ment (both preventive and therapeutic) avoided weight loss in
mice with RA (Figure 1C). On day 28 after serum induction, mice
with RA showed a sarcopenic phenotype not observed with
dipyridamole treatment (Supplementary Figure S1B). Macro-
scopic hind paw analyzed by digital photography showed an
increase of hind limbs muscle size in Dipy mice and a musculature
decrease in mice with RA that was recovered with dipyridamole
treatment (Figure 1D). The use of A2AR or A2BR antagonists in
mice with RA blocked dipyridamole maintenance of body and
muscle weight, mimicking the sarcopenic phenotype reported
on day 15 in mice with RA. Specifically, the A2BR antagonist fur-
ther increased body weight loss in mice with RA during the sec-
ond week (Supplementary Figures S2B and C).

Changes in mice’s weight and macroscopic musculature
could indicate an alteration in body composition. DXA scanning
was performed to analyze body composition changes on day
28 (Supplementary Table S4). Dipy mice showed an increase in
lean mass. On the other hand, mice with RA showed a loss of
BMD and BMC that were prevented with dipyridamole treatment.
Furthermore, lean mass was reduced, whereas fat mass was
increased in mice with RA. Dipyridamole counteracted these
alterations, maintaining lean mass and fat mass parameters like
Sham mice (Supplementary Table S4).

In addition to DXA analysis, tissues were collected during
sacrifices. Dipy mice developed an increase of brown adipose tis-
sue (BAT). Mice with RA showed GA, TA, and BAT weight loss,
with a gain of white adipose tissue (WAT). Mice with RA treated
with dipyridamole prevented this muscle loss and increased BAT
with a reduction of WAT. In addition, therapeutic administration
of dipyridamole reversed GA weight loss and WAT gain in mice
with RA (Supplementary Table S5). The use of A2AR or A2BR
antagonists in mice with RA abolished the effect of dipyridamole
in restoring BAT and TA loss, further exacerbating GA muscle
wasting with A2BR antagonist on day 15 (Supplementary
Table S6).

Dipyridamole counteracts muscle activity decline in
mice with RA. Physical activity tests were performed to evaluate
motor development (Figures 1E-1H). Sham mice did not change
their physical performance. Dipy mice improved in strength and
motor coordination at 28 days of treatment. Mice with RA exhib-
ited a physical activity decline on day 15, which persisted through
28 days. Preventive treatment with dipyridamole improved ambu-
latory activity, grip strength, endurance in suspension tests, and
motor coordination at 15 days in mice with RA. Therapeutic

administration of dipyridamole enhanced the physical perfor-
mance of mice with RA at 28 days of treatment (Figure 1E). In
mice with RA, administration of A2AR or A2BR antagonists inhib-
ited the effect of dipyridamole, sustaining the decline in physical
activity on day 15. Notably, treatment with A2BR antagonists fur-
ther exacerbated the reduction in endurance when suspension
tests in mice with RA were performed (Supplementary
Figure S2D).

Systemic and muscle inflammation markers in mice
with RA are reduced with dipyridamole. Having shown that
dipyridamole reduced systemic inflammation and improved phys-
ical performance in mice with RA, we next investigated the inflam-
matory state of the GA muscle (Supplementary Table S7). Dipy
mice did not change any proinflammatory or anti-inflammatory
cytokine level in GA. On the contrary, RA GA had an increase in
proinflammatory cytokines IFN-y (2.6-fold change of Sham),
TNF-a (2.1-fold change of Sham), IL-1a (2.1-fold change of
Sham), IL-18 (2.3-fold change of Sham), IL-6 (10.5-fold change
of Sham), IL-12 (2.4-fold change of Sham), and CXCL1 (3.7-fold
change of Sham) on day 15, being reduced by dipyridamole (not
IL-12). RA also induced an increase in IL-4 (2.1-fold change of
Sham) and IL-10 (2.4-fold change of Sham) anti-inflammatory
cytokines on day 15, enhanced by dipyridamole treatment in IL-
10 (3.4-fold or 6.5-fold change of RA for preventive or therapeutic
treatment, respectively) and IL-13 (2-fold or 13.3-fold change of
Sham for preventive or therapeutic treatment, respectively)
(Supplementary Table S7). MCP-1 was increased in mice with
RA (8.1-fold or 2.4-fold change of Sham on days 15 or 28, respec-
tively), and dipyridamole prevented this on day 15 (-1.8-fold
change of RA) and treated on day 28 (-2-fold change of RA).
Dipyridamole induction of systemic VEGF was also observed in
muscle on day 28 Dipy (1.7-fold change of Sham), RA + Dipy DO
(1.5-fold change of Sham), and RA + Dipy D7 (1.51-fold change
of Sham) mice (Supplementary Table S7).

Cell processes altered in the transcriptome of
dipyridamole-treated mice with RA. We compared the tran-
scriptome of mice with RA and RA + DO mice at 15 days postin-
duction. Although no significant differences were found at gene
level, GSEA extracted a total of 169 Gene Ontology Biological
Process and 18 Reactome pathways significantly enriched in
dipyridamole-treated mice with RA (FDR < 0.05). Supplementary
Figure S2 shows the biologic processes up-regulated in RA +
DO mice. We highlight those related to inflammation processes
including T cell-mediated immunity, chronic inflammatory
responses, positive regulation of cytokine production, IL-10 pro-
duction, regulation of neutrophil migration, and chemokines
production, among others. We also highlight those related to
muscle cell migration, regulation of tissue remodeling, collagen
catabolic process, lipid modification, secondary metabolic pro-
cesses, and bone remodeling and resorption.
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Dipyridamole preserves muscle architecture and
stimulates the regenerative process of myogenesis in
RA. Histologic analysis of TA by H&E, ATPase, and Picrosirius
Red staining was performed to evaluate TA physiology. An
increase of muscle fiber CSA was reported in dipyridamole mice
at 28 days of treatment. On the contrary, mice with RA presented
an atrophy of muscle fibers. Preventive treatment with dipyrida-
mole counteracted CSA reduction after 15 days in mice with RA,
but therapeutic administration was only effective after 28 days
(Figure 2A). Also, fibrosis between TA fibers was observed in mice
with RA on days 15 and 28, prevented with dipyridamole treat-
ment. In RA + D7 mice, the TA fibrosis persisted on day
28 (Figure 2B). The reduction of collagen deposits with dipyrida-
mole was reproduced in C2C12 muscle cells under inflammatory
conditions (Supplementary Figure S3). When percentage of type |
and Il fibers was studied in TA by ATPase staining, a decrease of
type | fibers in mice with RA was observed, concomitant with an
increase in type |l fibers at 15 and 28 days after serum induction
(Figure 2C). This was counteracted with dipyridamole (Figure 2C).

Administration of either A2AR or A2BR antagonists in mice
with RA abrogated the preventive effects of dipyridamole on mus-
cle morphology. Both antagonists prevented the recovery of
muscle architecture, leading to persistent muscle fiber atrophy,
with a pronounced decrease in CSA particularly evident in the
A2BR antagonist-treated group. Moreover, muscle fibrosis
remained in mice with RA treated with the A2BR antagonist
despite dipyridamole administration, whereas inhibition of A2AR
did not impair the antifibrotic effect of dipyridamole. In addition,
blockade of either A2AR or A2BR reversed the dipyridamole-
induced shift in muscle fiber composition, restoring the predomi-
nance of type |l fibers characteristic of RA muscle
(Supplementary Figure S2E).

Muscle homeostasis and regeneration are dependent on the
myogenesis process, conducted by proliferative protein Pax7 and
differentiation marker myosin heavy chain (MHC). In Sham
and Dipy, GA predominated the differentiation state (Figures 2D
and 2E). On the contrary, GA of mice with RA maintained a prolif-
erative state (increased Pax7/MHC ratio) (Figures 2D and 2E).
MHC protein expression decreased in mice with RA, and the
use of dipyridamole stimulated Pax7 and MHC expression at
15 days and reduced Pax7 expression after 28 days (Figure 2D).
This produced a decrease of Pax7/MHC ratio in RA + DO mice
onday 15 and in RA + D7 mice on day 28 (Figure 2E). The admin-
istration of A2AR or A2BR antagonists in mice with RA sup-
pressed the dipyridamole-induced increase in MHC expression,
maintaining a high Pax7/MHC ratio in GA (Supplementary
Figures S2F and S2G).

Dipyridamole stimulates cAMP, AMPK, and creatine
kinase via increase of adenosine or AMP levels and
A2AR/A2BR activation in mice with RA. Previously, we
reported that myogenesis of C2C12 cells was dependent on

nucleotide levels.® Therefore, we analyzed nucleotide levels in
GA extract (Figure 3A). ADP and ATP levels were not modulated.
Increment of adenosine and AMP levels with reduction of inosine
level was reported in Dipy mice. Mice with RA showed a decrease
in adenosine and AMP levels, which were counteracted with
dipyridamole after 15 days (Figure 3A). The low levels of adeno-
sine in mice with RA produced a reduction of GA A2AR and
A2BR protein expression (Figure 3B), with dipyridamole treatment
able to increase A2BR expression in both healthy mice and mice
with RA at 15 days. The increase of GA adenosine with dipyrida-
mole, as well as the activation of A2AR and A2BR, suggested that
the effect was mediated by cAMP activation. Therefore, we mea-
sured cAMP content in GA (Figure 3C). As we previously reported
in vitro, dipyridamole induced an increase of CAMP in healthy
mice, whereas a decrease in CAMP content was observed in GA
of mice with RA. Dipyridamole prevented this on day 15 or
reversed it on day 28 in mice with RA (with a trend on day 15).
The change in muscle AMP concentration modulated AMP/ATP
ratio (Figure 3D), being reduced in mice with RA and recovered
with dipyridamole. An increased AMP/ATP ratio activated AMPK
in the GA of Dipy mice, whereas the reduced ratio in RA muscle
inactivated AMPK. This was counteracted in RA + DO and RA +
D7 mice (Figure 3E). The recovery of AMPK activity by dipyrida-
mole in mice with RA was abolished by the administration of
A2AR or A2BR antagonists. Interestingly, inhibition of the A2BR
reduced AMPK activity more markedly than A2AR blockade
(Supplementary Figure S2H).

Creatine kinase (CK) is described as a key factor that coun-
teracts muscle loss in RA, so CK levels were analyzed in GA of
the mice model (Figure 3F).2" CK protein expression was reduced
in RA muscle, and only preventive dipyridamole treatment
restored CK levels by day 15. Creatine concentration followed a
similar trend (Figure 3G).

Dipyridamole counteracts muscle senescence,
atrophy, and necrosis, promoting hypertrophy via
myostatin inhibition. Myostatin (MSTN) and insulin-like
growth factor (IGF1) are key molecules implicated in the control
of muscle hypertrophy. When we measured MSTN expression in
GA (Figure 4A), an induction of this marker was reported in mice
with RA. In contrast, dipyridamole treatment reduced MSTN
levels in mice with RA. The administration of A2AR or A2BR
antagonists in mice with RA abolished MSTN reduction observed
with dipyridamole. Notably, A2BR suppression increased MSTN
expression to a greater extent than observed in mice with RA or
in mice with RA treated with the A2AR antagonist
(Supplementary Figure S2). No modulation of IGF1 receptor
(IGF1R) was found between groups (Figure 4B). On the other
hand, dipyridamole in healthy mice induced expression of mTOR
and Akt and avoided the decrease of these markers on day 15 in
mice with RA (Figure 4C).
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Figure 2. Dipyridamole maintains the muscle architecture, decreases fibrosis, and stimulates the myogenesis in mice with RA. Histology of tibia-
lis anterior analyzed with (A) CSA in hematoxylin and eosin staining, (B) collagen content with Picrosirius Red, and (C) ATPase staining. (D) Western
blot of Pax7 and MHC in RA model. (E) GA proportion of Pax7/MHC protein expression. Tibialis anterior images were acquired at 20x magnifica-
tion. The upper panels show histologic and Western blot analyses at 15 days post-serum induction, whereas the lower panels correspond to
28 days postinduction. Analysis of variance followed by Tukey’s post hoc test was used to assess differences between groups, whereas paired
t-tests were employed to compare differences within the same group across different sacrifice days. Differences are represented as follows:
*Sham vs other groups at same day; $RA vs RA + Dipy at same day; *between same group and different day. Single symbol represents P <
0.05, double symbol represents P < 0.01, and triple symbol represents P < 0.005. Results are presented as mean + SEM. N = 5-8 per
group. 156d, 15 days; 28d, 28 days; CSA, cross-sectional area; Dipy DO, preventive treatment with dipyridamole from day 0O after rheumatoid arthri-
tis induction; Dipy D7, therapeutic treatment with dipyridamole from day 7 after rheumatoid arthritis induction; GA, gastrocnemius; MHC, myosin
heavy chain; Pax7, paired box 7; RA, rheumatoid arthritis.
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Figure 3. Increment of muscle adenosine and AMP by dipyridamole stimulates cAMP, AMPK, CK, and creatine levels to avoid RA depletion in
muscle. (A) Nucleotide content in gastrocnemius of RA model analyzed via high-performance liquid chromatography. (B) Protein expression for
A2AR and A2BR studied via Western blot in gastrocnemius. (C) Enzyme-linked immunosorbent assay of CAMP content in gastrocnemius of RA
model. (D) Ratio of AMP/ATP in gastrocnemius of mice. (E) Protein expression analyzed by Western blot of pAMPK/AMPK and (F) creatine kinase
in gastrocnemius. (G) Enzyme-linked immunosorbent assay of creatine levels in gastrocnemius. The upper panels represent Western blot analyses
at 15 days post—serum induction, whereas the lower panels correspond to 28 days postinduction. Analysis of variance followed by Tukey’s post
hoc test was used to assess differences between groups, whereas paired t-tests were employed to compare differences within the same group
across different sacrifice days. Differences are represented as follows: *Sham vs other groups at same day; ®RA vs RA + Dipy at same day;
#between same group and different day. Single symbol represents P < 0.05, double symbol represents P < 0.01, and triple symbol represents
P < 0.005. Results are presented as mean + SEM. N = 5-8 per group. Ado, adenosine; CK-MM, creatine kinase of muscle; Dipy DO, preventive
treatment with dipyridamole from day O after rheumatoid arthritis induction; Dipy D7, therapeutic treatment with dipyridamole from day 7 after rheu-
matoid arthritis induction; Ino, inosine; pPAMPK, AMP-activated protein kinase phosphorylated; RA, rheumatoid arthritis.
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Figure 4. Dipyridamole promotes hypertrophy by down-regulation of MSTN expression and decrease of muscle atrophy, senescence, and pro-
gression to necrosis in RA muscle. (A) Western blot of MSTN and (B) pIGF1R/IGF1R in gastrocnemius. (C) Reverse transcriptase—polymerase
chain reaction of Akt or mTOR and (D) atrogenes Atrogin-1 and Murf-1 in gastrocnemius. (E) Senescence proteins p16 and p21 studied via West-
ern blot in gastrocnemius. (F) Myonecrosis study via immunofluorescence of IgG infiltration in muscle fibers of tibialis anterior. (G) Graph illustrating
of the control of hypertrophy and atrophy, senescence, and necrosis in muscle. The upper panels show immunofluorescence and Western blot
analyses at 15 days post—serum induction, whereas the lower panels correspond to 28 days postinduction. Analysis of variance followed by
Tukey’s post hoc test was used to assess differences between groups, whereas paired t-tests were employed to compare differences within
the same group across different sacrifice days. Differences are represented as follows: *Sham vs other groups at same day; $RA vs RA + Dipy
at same day; *between same group and different day. Single symbol represents P < 0.05, double symbol represents P < 0.01, and triple symbol
represents P < 0.005. Results are presented as mean + SEM. N = 5-8 per group. 15d, 15 days; 28d, 28 days; Dipy DO, preventive treatment with
dipyridamole from day 0 after rheumatoid arthritis induction; Dipy D7, therapeutic treatment with dipyridamole from day 7 after rheumatoid arthritis
induction; IGF1R, insulin-like growth factor 1 receptor; MSTN, myostatin; mTOR, mechanistic target of rapamycin; pIGF1R, insulin-like growth fac-
tor 1 receptor phosphorylated; RA, rheumatoid arthritis.
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Figure 5. Dipyridamole counteracts muscle atrophy caused by IL-6 as inflammatory condition in three-dimensional myobundle model.
(A) Brightfield images and thickness measurements of myobundle models treated with +IL-6 and +dipyridamole on days 7 and 14 in differentiation
media. (B) Phalloidin and DAPI immunofluorescence staining of myobundle cross-sections on day 14 in differentiation media, with quantification of
cross-sectional area and minimum Feret diameter. (C) Nucleotide analysis of supernatant collected on days 7 and 14 in differentiation media via
high-performance liquid chromatography. (D) Reverse transcriptase—polymerase chain reaction expression of A2AR, A2BR, Pax7, MHC, MISTN,
IGF1R, Akt, mnTOR, p16, p21, Atrogin-1, and Murf-1 genes in myobundles on day 14 in differentiation media. Brightfield images were taken using
4x magnification. Immunofluorescence images were taken using 10x magnification. Significant differences were assessed using a Kruskal-Wallis
test followed by Tukey’s post hoc test between groups, whereas paired t-tests were employed to compare differences within the same group
across different days with differentiation media in high-performance liquid chromatography analysis. Differences are represented as follows: *con-
trol vs other groups; SIL-6vs IL-6 + Dipy; #same group in different days with DM. Single symbol represents P < 0.05, double symbol represents P <
0.01, and triple symbol represents P < 0.005. Results are presented as mean + SEM. N = 30 of Ctrl and IL-6 groups or N = 15 for other groups at
day 7 with differentiation media, and N = 15 for all groups at day 15 with DM in thickness study. Ctrl and IL-6 were divided into two groups with the
same sample size after day seven to include Dipy D7 treatment. N = 5 for cross-sectional area, high-performance liquid chromatography, and gene
analysis in all groups. Ado, adenosine; Ctrl, control; Dipy DO, preventive treatment with dipyridamole from day O; Dipy D7, therapeutic treatment
with dipyridamole from day 7; IL-6, interleukin-6; Ino, inosine; MHC, myosin heavy chain; MSTN, myostatin; mTOR, mechanistic target of rapamy-
cin; pAMPK, AMP-activated protein kinase phosphorylated; Pax7, paired box 7; pIGF1R, insulin growth factor 1 receptor phosphorylated.
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Skeletal muscle atrophy is triggered by the induction of atro-
genes. An increase in atrogenes Atrogin-1 and Murf-1 was
reported in mice with RA, which was prevented and treated by
dipyridamole (Figure 4D). Additionally, analysis of muscle senes-
cence markers p21 and p16 was performed (Figure 4E). Both
p21 and p16 protein expression were increased on day 15 in
mice with RA, and the remaining p21 was elevated on day 28.
Dipyridamole was able to decrease both in mice with RA indepen-
dent of administration protocol (Figure 4E).

To understand if the fiber atrophy and senescence observed
in RA muscle progressed to myonecrosis, this process was ana-
lyzed in TA. An induction of myonecrosis was observed in mice
with RA on day 15, with dipyridamole able to avoid the muscle
necrosis (Figure 4F). This model suggests that muscle homeosta-
sis in RA was dependent on muscle hypertrophy to control atro-
phy and posterior senescence, which progress to necrosis
(Figure 4G).

Dipyridamole counteracts IL-6-induced muscle
atrophy in a 3-D myobundle model. It is described that
the inflammatory environment promotes muscular atrophy.??
Among the three different inflammatory insults tested herein,
IL-6 reflected more similar results to the murine model in the
C2C12 monolayer culture (Supplementary Figure S4). There-
fore, we have used a 3-D myobundle model treated with IL-6
as an inflammatory condition to confirm the muscle anti-
inflammatory and hypertrophic effect of dipyridamole
(Figure 5). Our observations indicate that the inflammatory
environment induced atrophy of muscle fibers in vitro, with
reduced thickness (Figure 5A) and CSA (Figure 5B). On the
contrary, dipyridamole induced growth of myobundle after
14 days of treatment. This effect explains that dipyridamole
was able to counteract myobundle atrophy in inflammatory
conditions (Figure 5B). However, minimum Feret diameter and
proper spherical morphology were not restored in IL-6 + Dipy
D7 myobundles. Extracellular nucleotide levels were measured
on days 7 and 14 of treatments (Figure 5C). IL-6 reduced
extracellular adenosine and increased extracellular ATP. Dipyr-
idamole, with or without IL-6, increased extracellular adenosine
and AMP after 14 and 7 days of treatment, respectively. Dipyr-
idamole also reduced IL-6-induced extracellular ATP levels.
IL-6 stimulated the same pathways as those reported in RA
muscle with reduction of A2BR, induction of proliferative
Pax7, and increase of atrophy and senescence genes
(Figure 5D). Dipyridamole increased A2BR expression, but
A2AR up-regulation was observed only under non-
inflammatory conditions (Figure 5D). In addition, dipyridamole
under inflammatory conditions promoted MHC expression
and avoided atrophy and senescence genes, inhibiting MSTN,
p21, and Murf-1 expression and stimulating hypertrophic Akt
gene or mTOR but only after 14 days of treatment (Figure 5D).

Depletion of A2BR by siRNA abolishes dipyridamole
effect on muscle cells, producing alterations in
myogenesis and promoting atrophy in C2C12 cells. In vivo
model demonstrated that dipyridamole exerts not only an
anti-inflammatory action in mice with RA but also a direct A2BR-
dependent hypertrophic effect in muscle of Dipy mice. Accord-
ingly, we aimed to determine the dependence of A2BR for dipyri-
damole effect in muscle cells under noninflammatory conditions.
Therefore, we inhibited A2BR in vitro using siRNA to corroborate
the dipyridamole effect in muscle cells. Then, 10 uM siRNA was
used after testing the transfection effectiveness on C2C12 cell line
(Supplementary Figure S5). As we previously reported, dipyrida-
mole treatment stimulated A2BR, PKAa, pCREB, and pAMPK
expression. In all myogenesis stages, the scramble vector did
not modulate the proteins analyzed (Figures 6A-6C). The inhibi-
tion of A2BR by siRNA was effective in all transfection times, pro-
ducing a reduction of PKAa, pCREB, and pAMPK expression
(Figures BA-6C). The inhibition of A2BR expression altered the
myogenesis process at four days in DM (differentiation medium),
maintaining the cells in proliferative state with an increase in
Pax7 and a decrease in MHC expression (Figure 6C). No modula-
tions in myogenesis were reported in growth medium (GM) or in
DM for 24 hours (Figures 6A and 6B). Furthermore, A2BR silenc-
ing produced an increase of MSTN in all states of myogenesis
studied (Figures 6A-6C). Dipyridamole treatment after A2BR inhi-
bition by siRNA was ineffective to stimulate A2BR pathway or
counteract MSTN increase in all cell states or the myogenic alter-
ations on day four in DM.

DISCUSSION

Beyond joint inflammation, RA is associated with an
increased risk of several comorbidities, including alterations in
body composition characterized by reduced muscle mass and
strength.” This study demonstrates that dipyridamole attenuated
joint swelling and decreased systemic inflammation. In addition,
it improved physical activity and body weight, mitigating muscle
inflamlnmation and atrophy in mice with RA. We also found that
the improvement in RA muscle was directly mediated by an ana-
bolic mechanism involving downregulation of MSTN expression,
which also reduces myogenic alterations, atrophy, senescence,
and necrosis. These effects of dipyridamole in RA muscle were
related with increased adenosine and AMP levels, which activate
A2BR and downstream cAMP/AMPK signaling pathways. We
also found that A2BR suppression, which blocked dipyridamole
effect, directly correlated with MSTN up-regulation and myogenic
alterations in C2C12 cells.

In this study, we demonstrated that both preventive and
therapeutic administration of dipyridamole attenuated arthritis
severity and systemic inflammation, reduced bone-invasive syno-
vial pannus in the ankle, and lowered systemic levels of CRP, IL-
1B, IL-6, TNF-a, IFN-y, and MCP-1, consistent with findings in
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Figure 6. Silencing of A2BR expression inhibits dipyridamole effect in C2C12 cell line, causing myogenesis alterations and increase of MSTN.
(A) Protein expression of A2BR, PKAa, pCREB/CREB, MSTN, Pax7, and MHC analyzed via Western blot in C2C12 + siRNA for A2BR + dipyrida-
mole at 96 hours with GM, (B) 24 hours in DM, and (C) four days in DM. Significant differences were assessed using a Kruskal-Wallis test followed
by Tukey’s post hoc test. Differences are represented as follows: *control vs other groups; $siRNA/siRNA*Dipy vs Dipy. Single symbol represents
P < 0.05, double symbol represents P < 0.01, and triple symbol represents P < 0.005. Results are presented as mean + SEM. N = 5 in all condi-
tions. + represents siRNA. 4D, 4 days; 24h, 24 hours; D, dipyridamole; DM, differentiation medium; GM, growth medium; MHC, myosin heavy
chain; MSTN, myostatin; pAMPK, AMP-activated protein kinase phosphorylated; Pax7, paired box 7; pCREB, transcription factor cAMP response
element-binding protein phosphorylated; PKAa, protein kinase A a subunit; Sc, scramble small interfering RNA; siRNA, small interfering RNA.

patients with RA.2% Our results address a significant gap because
prior evidence on the role of dipyridamole in chronic arthritis is lim-
ited.?* A previous clinical study that used dipyridamole in patients
with RA did not report an improvement in disease severity or
CRP. However, a small sample size and the subtherapeutic dose
of dipyridamole used may have been insufficient to elevate circu-
lating adenosine levels and trigger a robust anti-inflammatory
response in patients.?* Previous studies in rats with AiA showed
that therapeutic administration of dipyridamole reduced joint
inflammation and pannus formation.® In this model, dipyridamole
administration for 10 days reduced proinflammatory cytokines
and stimulated IL-10 synthesis, replicating the anti-inflammatory
effect of MTX.'® The anti-inflammatory effect of dipyridamole
was associated with elevated circulating adenosine levels, which
activated the A2AR/A2BR axis and promoted an increase of
cAMP.2527

The K/BxN mouse model of RA was used in this study.
Although  this  model produces only  anti-glucose-
6-phosphoisomerase antibodies and does not fully replicate the

autoimmune features of patients with RA, other RA models also
fail to reproduce the human RA autoimmunity.?® Another limita-
tion of the K/BxN model is that it is self-resolving and therefore
does not fully recapitulate the chronic, T cell-driven autoimmune
pathology and long-term tissue remodeling observed in human
RA.?° Consequently, validation in a chronic RA model is neces-
sary in future studies. It is well established that the K/BxN model
develops severe inflammation in the paws.?® Current treatments,
including MTX, dexamethasone, tofacitinib, and bDMARDs, have
demonstrated anti-inflammatory effects in this animal model, as
evidenced by reduced clinical scores.®%* However, these stud-
ies offered limited insight into inflammatory cytokine profiles of
RA models.3°®23% Our study consistently demonstrates that
dipyridamole is a pharmacological agent that improves both joint
and systemic inflammation in this RA model dependent of A2AR
or A2BR stimulation. The robust systemic anti-inflammatory
response observed may contribute to reduced inflammation in
extra-articular tissues, such as skeletal muscle. Notably, direct
anti-inflammatory effects in these tissues were also observed,
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suggesting that dipyridamole exerts both systemic and tissue-
specific benefits.

Although current RA therapies have improved disease con-
trol, they often fail to address associated changes in body com-
position, especially the loss of muscle mass and strength.f"6 RA
is a multifactorial condition influenced not only by chronic inflam-
mation but also by physical inactivity, metabolic dysregulation,
altered anabolic signaling (eg, IGF-1/Akt/mTOR), and increased
catabolic cytokines such as TNF-a and IL-6. Although anti-
inflammatory treatments reduce circulating cytokines, they often
fail to restore the anabolic-catabolic balance required for muscle
maintenance and regenera’rion.3’6 Transcriptomic analyses of RA
+ Dipy DO showed that gene expression functions implicated in
muscle cell migration and muscle remodeling were also enriched,
suggesting that dipyridamole may exert a direct anti-inflamma-
tory-independent effect on skeletal muscle function.>® Addition-
ally, transcriptomic analysis revealed enrichment of T cell
apoptosis and cell-mediated immunity functions in RA + Dipy DO
muscle, suggesting its potential applicability to chronic or T cell-
mediated models.

An unexpected off-target effect of dipyridamole proved func-
tionally relevant, with Dipy mice exhibiting an anabolic muscle
response marked by an increased strength and muscle fiber
CSA. This finding suggests that dipyridamole promoted muscle
hypertrophy, a mechanism of action that contrasts with conven-
tional RA therapies, which do not produce muscle-anabolic
effects.>® We observed that the combined anti-inflammatory
and anabolic effects of dipyridamole reversed the reduction in
muscle fiber area and mitigated the shift toward oxidative type |l
fibers in mice with RA. This finding contrasts with previous studies
in rabbits with AIA with type | predominance in RA.2" However,
inflanlnmatory myopathies are correlated with a high proportion of
type Il muscle fibers, corroborating our result in mice with RA.5®
Together with in vitro data (C2C12 monolayer and 3-D myobun-
dle under inflammatory conditions), dipyridamole counteracted
the differentiation blockade of muscle cells during both the inflam-
matory and resolution phases of RA, promoting myofiber forma-
tion as observed in healthy muscle. This replicates the condition
observed in the atrophic muscle of the hind limb suspension
mouse model, characterized by increased satellite cell activation,
elevated apoptosis, and enhanced fibrosis.>® Histologic absence
of inflammatory infiltrate in RA muscle fibers at day 15, with dipyr-
idamole treatment, further supports its role in muscle
regeneration.®”-%8

QOur previous study in muscle cells demonstrated that
impaired myogenesis was associated with reduced levels of
extracellular adenosine and intracellular AMP.° Similar results
were obtained in 3-D muscle models under inflammatory condi-
tions for extracellular adenosine. In the RA model, we observed
an increase of muscle adenosine and AMP levels with dipyrida-
mole treatment; however, we were unable to differentiate
between extracellular and intracellular  concentrations.

Dipyridamole also produced AMPK activation (via an increased
AMP/ATP ratio), cCAMP elevation (through adenosine-mediated
activation of A2AR and A2BR), and increased CK activity and cre-
atine levels (only with preventive administration), components typ-
ically depleted in atrophic muscle.'®2"%° Notably, A2BR
activation and elevated cAMP levels are well-established positive
regulators of muscle growth, hypertrophy, and physical activ-
ity. 720 Although MTX also promotes the increase of extracellular
adenosine levels, it activates other adenosine receptors such as
A3, which could explain its lack of effect on muscle tissue. %
Conversely, MTX has not been reported to activate A2BR or stim-
ulate the AMPK-cAMP axis, which may explain its lack of effect
on sarcopenia despite its well-established anti-inflammatory
action. This idea is supported by our previous work, in which
exogenous adenosine alone did not reproduce the myogenic
effects observed with dipyridamole in muscle cells.® Moreover,
dipyridamole may enhance extracellular adenosine accumulation
more efficiently than MTX, as suggested by studies in patients
with RA who are nonresponders to MTX but show disease activity
reduction when treated with ticagrelor, another ENT inhibitor sim-
ilar to dipyridamole.*? Previous studies have correlated the activa-
tion of AMPK or CK and elevated creatine levels with muscle
hypertrophy, potentially through the reduction of MSTN expres-
sion.?"*® Muscle MSTN was elevated in mice with RA indepen-
dent of inflammatory state. This has also been reported in
patients with RA, in which MSTN levels did not correlate with
CRP or Disease Activity Score in 28 joints scores.** It is possible
that MSTN decrease observed with dipyridamole in RA muscle
was produced by the modulation of adenosine/AMP levels and
the activation of cAMP, AMPK, and CK axis and not dependent
of anti-inflammatory effect. Mice with RA exhibit a progression
from muscle fiber atrophy to senescence and necrosis, a pattern
observed in other recognized inflammatory myopathies.*® This
progression was attenuated by dipyridamole treatment. Further-
more, dipyridamole up-regulated hypertrophy-related genes,
including Akt and mTOR, without any changes in IGF1R expres-
sion. These findings suggest that dipyridamole may stimulate
alternative pathways through which these genes are involved,
such as those associated with the insulin receptor.*®

Selective blockade of A2BR in vitro has demonstrated the
dependence of A2BR activation on the muscular effects exerted
by dipyridamole via PKAa, pCREB, and pAMPK. A2BR depletion
altered myogenesis, inducing a proliferative state and increase of
MSTN, patterns like those observed in RA mouse muscle, that
were not reversed by dipyridamole. These results suggest a cor-
relation between A2BR and hypertrophy in muscle mediated by
MSTN. Consistent with these findings, in vivo administration of
A2AR or A2BR antagonists in mice with RA suppressed the
muscle-protective effects of dipyridamole, maintaining atrophy,
the shift toward type |l fibers, and the dysregulation of AMPK
and MSTN expression. The reduction in AMPK activity and the
increase in MSTN levels were more pronounced with A2BR
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antagonism, indicating a greater dependence of these pathways
on A2BR signaling and a possible heterodimer activity for A2AR
and A2BR in muscle.'®

In addition, we reported collagen catabolic effect of dipyrida-
mole in RA muscle and C2C12 cells under an inflammatory condi-
tion with preventive treatment. This effect was not observed in a
therapeutic approach because collagen synthesis and degrada-
tion are independently regulated processes in skeletal muscle.*’
A2AR stimulation has been linked to increased fibrosis in the
skin,*® suggesting that the muscle fibrosis observed in the thera-
peutic group may be produced by the absence of collagen degra-
dation in muscle via A2AR activation. Moreover, whereas A2BR
blockade preserved muscle fibrosis in mice with RA receiving pre-
ventive dipyridamole treatment, A2AR inhibition tended to attenu-
ate it, supporting a potential role of this receptor in collagen
deposition and muscle fibrosis.

In our study, CK expression was restored only when dipyri-
damole was administered preventively but not therapeutically.
This timing-dependent effect suggests that once RA-induced
muscle atrophy and structural damage are established, the win-
dow for metabolic and myogenic recovery may become
restricted. CK is a key enzyme in the energy system and is often
reduced in atrophic or degenerating muscle fibers.*® Its lack of
recovery with delayed dipyridamole treatment may therefore indi-
cate that the drug’s anabolic and metabolic benefits are more
effective before irreversible changes, such as fibrosis, necrosis,
or satellite cell exhaustion, occur. These findings imply that dipyr-
idamole’s ability to restore energy metabolism and promote
hypertrophy requires preserved myogenic potential and relatively
intact muscle architecture. From a translational perspective, this
observation highlights the importance of early intervention in RA-
associated myopathy.

Finally, dipyridamole counteracted the increase of WAT
observed in mice with RA and promoted BAT content in Sham
mice or mice with RA. This browning of adipose tissue depends
on A2AR expression, suggesting that dipyridamole, like MTX
reported previously, acts through this receptor in adipose
tissue.®%~°2 This receptor forms a heterodimer with A2BR in BAT
to exert its function, explaining why A2BR antagonist suppressed
the BAT increase in mice with RA.'® These results suggest that
dipyridamole could activate the same receptors for browning as
in muscle. This hypothesis will be further corroborated in future
studies. Overall, these findings support the idea that the specific
adenosine receptor subtype activated depends not only on the
amount of extracellular adenosine generated but also on
the mechanism by which each drug increases adenosine levels
and the tissue-specific context in which this occurs.

In conclusion, our findings demonstrate that dipyridamole is
an effective preventive and therapeutic strategy for joint inflamma-
tion in RA, exerting a potent systemic anti-inflammatory effect with
additional benefits on skeletal muscle and other affected tissues
via A2AR and A2BR activation. In mice with RA, dipyridamole

enhanced both muscle mass and function, promoting an anabolic
response characterized by MSTN downregulation. These effects
were associated with elevated adenosine and AMP muscle levels,
activating A2BR receptor and downstream cAMP/AMPK signal-
ing pathways. Similar anabolic effects were observed in healthy
animals and in vitro models, suggesting that dipyridamole stimu-
lates muscle beyond its anti-inflammatory action. This direct
action on muscle may distinguish dipyridamole from current ther-
apies and holds promise for addressing sarcopenic comorbidities
in RA. However, the inability to obtain human muscle samples
from patients with RA constitutes a limitation of the present study.
Moreover, the anti-inflammatory and muscle-anabolic effects of
dipyridamole were demonstrated in the K/BxN model, and these
results may not automatically generalize to chronic, T cell-
dependent disease. Future research will address these gaps by
incorporating human muscle tissue and additional RA models to
validate and extend these findings.
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