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Abstract: Fibromuscular dysplasia (FMD) is a non-inflammatory vascular disease that is charac-
terized by unexplained systemic hypertension occurring in young people, associated with arterial
stenosis, aneurysm rupture, intracranial/renal infarction, and stroke. Although the gold standard for
the diagnosis remains catheter-angiography, biological markers would be helpful due to the delay
from first symptom to diagnosis. Adenosine is an ATP derivative, that may be implicated in FMD
pathophysiology. We hypothesized that changes in adenosine blood level (ABL) and production of
adenosine receptors may be associated with FMD. Using peripheral blood mononuclear cells, we eval-
uated A1, A2A, and A2B receptor production by Western blot, in 67 patients (17 men and 50 women,
mean (range) age 55 (29–77) years and 40 controls, 10 men and 30 women, mean (range) age 56
(37–70)). ABL was evaluated by liquid chromatography, mass spectrometry. ABL was significantly
higher in patients vs. controls, mean (range): 1.7 (0.7–3) µmol/L vs. controls 0.6 (0.4–0.8) µmol/L
(+180%) p < 0.001. While A1R and A2AR production did not differ in patients and controls, we found
an over-production of A2BR in patients: 1.70 (0.90–2.40; arbitrary units) vs. controls = 1.03 (0.70–1.40),
mean + 65% (p < 0.001). A2BR production with a cut off of 1.3 arbitrary units, gives a good sensitivity
and specificity for the diagnosis. Production measurement of A2BR on monocytes and ABL could
help in the diagnosis, especially in atypical or with poor symptoms.

Keywords: adenosine; A2B adenosine receptors; fibromuscular dysplasia

1. Introduction

Fibromuscular dysplasia (FMD) is an idiopathic systemic vascular disease, affecting
mostly middle-aged women (mean age at diagnosis 46–53 years) and accounting for 10% to
20% of the cases of renal artery stenosis [1,2]. FMD is a segmental, non-atherosclerotic, non-
inflammatory arterial disease, involving small and medium caliber arteries, mostly renal
and carotid arteries but it can affect however other arterial territories. FMD is expressed in
several ways: it can lead to arterial stenosis with a typical “string of beads” appearance
in the most prevalent FMD multifocal form but is also associated with other arterial
expressions: aneurysm, dissection, or tortuosity. This plurality of expression of the disease
explains the different clinical expressions [3]. FMD classically presents as renovascular
hypertension but can also manifest as stroke, aneurysm rupture, or unexpected myocardial
infarct in young adults [2]. FMD is primarily a stenotic disease with lesions classified by
computed tomography (CT), magnetic resonance imaging (MRI), or angiographic images.
The diagnostic often occurs late in the life of patients due to the delay between the first
symptoms and the diagnosis [4]. While the gold standard for the diagnosis remains medical
imaging, the diagnosis may be difficult in the absence of characteristic lesions or multifocal
involvement. Early diagnosis and treatment are important for a long-term prognosis and
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for the family screening. In this context, the use of new biomarkers will be helpful. The
etiology of FMD remains unknown in spite of extensive research. A genetic ground has
been suspected due to the presence of FMD in twins [5] while the prevalence of familiar
case remains around 10% [6]. While no inflammatory process was found to be associated
with FMD, a susceptibility gene (PTGIR, a gene encoding a prostaglandine I2 receptor) was
suspected to be associated with FMD [7].

High level of nuclei progesterone receptors in dysplasic renal arteries of FMD was re-
ported, suggesting that progesterone may play a role in the disease and could partly explain
the sex ratio [8]. Finally, a plasma proteogenomic signature was recently advocated [9],
which concerns a great number of molecules making it difficult to use these markers on a
daily basis in everyday practice.

Recently a possible implication of the adenosinergic system has been advocated [10].
Adenosine is a ubiquitous nucleoside that mainly comes from the dephosphorylation

of ATP. While a part of adenosine metabolism is associated with the methionine cycle.
Adenosine release occurs more particularly during ischemia, hypoxia, or inflamma-

tion [11,12].
Adenosine strongly impacts the vascular tone via its 4 G-coupled membrane recep-

tors named A1R, A2AR, A2BR, and A3R [11]. While the activation of A1R leads mostly to
vasoconstriction [13], the vasodilating effects are mainly secondary to the activation of
A2AR [14,15] and A2BR [16]. The vasodilating effect occurs via KV, KATP channels [17]. Con-
versely, the activation of A1R can induce vasoconstriction via a direct (cAMP independent)
effect and the activation a protein kinase C (PKC) [13]. It was also shown that adenosine
leads to vasodilation by acting via endothelium-dependent NO release [18]. The relaxation
of smooth muscle cells decreases vascular resistance favoring dioxygen delivery.

In FMD the vascular flow is disturbed in the affected areas notably with a decrease
in renal perfusion, accounting for hypertension. Thus, the decrease in blood flow with a
relative ischemia may activate the adenosinergic system to improve blood flow as it was
described in coronary artery disease [19].

We hypothesized that the adenosinergic system may be disturbed in this affection.
The aim of this study was to evaluate adenosine blood level, and adenosine receptors

production by FMD patient peripheral blood mononuclear cells (PBMC), these cells being a
good model for the evaluation of the adenosinergic system in cardiovascular diseases [20–22].

2. Materials and Methods
2.1. Patients

Adult patients with multifocal FMD (diagnosed using CT scan or duplex ultrasound)
were included according to current criteria [2,3]. Control group, matched for age and sex,
was recruited among the medical staff.

2.2. Inclusion Criteria for Patients

We included (between October 2020 and November 2021), 67 patients diagnosed
with multifocal fibromuscular dysplasia (FMD group) in our center of competence for
rare vascular diseases (Timone University Hospital, Marseille, France) and 40 controls.
The patients included were all referred to our center of vascular medicine and arterial
hypertension. Criteria were as follows:

Patients aged between 18 to 80 years.
Patients with multifocal FMD of a renal or cervical artery with typical aspect “ string of
beads “ appearance.
Patients willing to participate in the study.

2.3. Inclusion Criteria for the Control Group

Subjects aged between 18 to 80 years.
Subjects without history of personal or familial fibromuscular dysplasia.
Subjects without story of cardiovascular disease or inflammatory process.
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Subjects free from medical treatment.
Subjects willing to participate in the study.

2.4. Exclusion Criteria

Patients less than 18 or more than 80 years of age.
Renal failure with GFR < 30 mL/min.
Pregnant women.
Patients with symptomatic atheromatous cardiovascular disease.
Patient with inflammatory or chronic disease.
Patient with a history of cancer or active cancer.
Patient refusing to participate in the study.

2.5. Adenosine Blood Level (ABL) Measurement
2.5.1. Blood Samples Collection

Whole blood was collected using finger puncture followed by deposit of a drop of
blood (20 µL) on a blotting paper (Whatman 903 protein saver cards™) and dried over
night at room temperature to obtain dried blood spot. Then, the blot spots were stored at
room ambiance in a dried room, until analysis. Adenosine dosages were carried out in
series of 10 patients and 5 controls.

2.5.2. Blood Samples Extraction

The method has been previously described [23]. Briefly, six mm of blood spot were
cut out followed by extraction (mix of methanol and internal standard) for 90 min at 45 ◦C.
After extraction, aliquots (350 µL) were transferred into a new 2 mL safe-lock tube and
evaporated to dryness at 60 ◦C under nitrogen; 150 µL of 0.1% formic acid in water were
added and quickly vortexed before transferring into an HPLC auto sampler vial.

2.5.3. Adenosine Concentration

After extraction, adenosine concentration was measured by LC-MS/MS as previously
described [23]. Samples were analyzed using a Shimadzu UFLC XR system (Shimadzu,
Marne la Vallee, France). The LC system was interfaced with an ABSciex 4500 triple
quadrupole mass spectrometer (Shimatzu, Les Ulis, France) operating with an electrospray
ionization source (ESI) using nitrogen (purity: 99.99%). About 10 µL of the extracted sample
were injected onto a 2.1 × 100 mm, 3 µm column (Waters, Guyancourt, France). The mobile
phase consisted of 3% methanol and 97% acidified water (0.1% formic acid) with a flow of
0.7 mL/min for 3.5 min. The gradient of methanol was increased to 30% for 3 min. The
column was re-equilibrated for 2 min to starting conditions. In these conditions, the intra
or inter-assay coefficient of variation was less than 10% (5 to 8%).

2.6. Expression of Adenosine Receptors in PBMC

PBMCs were chosen because pharmacological profile of their A2AR expressed at
the surface, mirrors that of A2AR associated with cardiovascular tissues [20–22]. PBMCs
were isolated from whole blood using the Vacutainer-CPT system (Becton-Dickinson,
Franklin Lakes, NJ, USA, 8 mL) according to the manufacturer’s instructions. Briefly, blood
samples were centrifuged (1500× g, 30 min) within 2 h of collection. After centrifugation,
mononuclear cells were collected from the plasma/Ficoll interface and washed twice with
phosphate buffered solution. The cell pellet was stored at −80 ◦C until used for Western
blot analysis.

Western Blots

The procedure for Western blotting has been described [24–28]. Briefly, A1R, A2AR,
and A2BR expressions of PBMCs were determined by Western blot using Adonis, an agonist-
like monoclonal antibody to human A2AR [28], a rabbit polyclonal antibody to human A1R
(ab82477, Abcam®), and a goat polyclonal antibody to human A2BR (ab40002, Abcam®).
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PBMC pellets (0.25 × 106 cells) were solubilized using lysis buffer and sonication. Samples
were then submitted to standard 12% polyacrylamide gel electrophoresis under reducing
conditions before transferring to a polyvinylidene difluoride membrane. The filters were
then incubated with Adonis (1 µg/mL) or A1R or A2BR antibodies (0.25 µg/mL). Blots were
revealed by phosphatase alkaline-labeled antispecies as second antibodies and adapted
colorimetric substrate. Each band corresponding to the adenosine receptors (36 kDa for
A1R, 45 kDa for A2AR, and 37 kDa for A2BR) was submitted to densitometry analysis
using the Image J 1.42q software (National Institutes of Health). Results were expressed
in arbitrary units (AU), defined as the ratio of pixels generated by the adenosine receptor
band to pixels generated by the background signal, as previously described [24–27]. The
assays were carried out in series of 10 patients and 5 controls. Blot papers were stored at
room temperature no more than one month. For Western blot, the cell pellets were stored
at −80 ◦C until assay. All blotting were performed in duplicate. In these conditions, the
mean intra or inter-assay coefficient of variation was less than 10%.

3. Statistical Analysis

Statistical analyses were performed using GraphPad Prism program version 8.4.3. All
statistical tests were two-sided and p-values < 0.05 were considered statistically significant.
Quantitative and qualitative variables were compared using Mann–Whitney U tests, Chi-
square test, or Fisher’s exact test, as appropriate. Qualitative variables were reported as
median with minimal and maximal range (min-max range). Diagnostic test accuracy of
adenosine blood level and A2AB receptor expression in PBMCs for fibromuscular dysplasia
was assessed by receiver operating characteristic (ROC) curves and area under the receiver
operating characteristic (AUROC). AUROC from 0.9 to 1 was considered as excellent
accuracy, 0.8 to 0.9 as good, 0.7 to 0.8 as good, 0.6 to 0.7 as good, and <0.6 as insufficient.
The Youden index was assessed for all point of ROC curves (sensitivity + specificity − 1)
and the optimal threshold was determined by the maximum value of the Youden index. We
hypothesized that a variation of at least 50% in ABL and receptor expression level will have
physiological consequences. In this perspective, a number of 50–60 patients vs. 40 controls
appears sufficient.

4. Results
4.1. Patients

A total of 67 patients, mean age and range 55 (29–77) years, and 40 controls 56
(37–70) years were included. Clinical characteristics of patients are given in Table 1. Patients
were 17 men (25.4%) and 50 women (74.6%) and controls were 10 men (25%) and 30 women
(75%). No significant differences occurred between patients and controls concerning age
(p = 0.73) and sex ratio (p = 0.97).

Table 1. Main clinical characteristics of patients. ARBs: angiotensin receptor blockers. ACE inhibitors:
Angiotensin converting-enzyme-inhibitors.

FMD n = 67 Controls n = 40

Age (Years, mean, Range) 55 (29–77) 56 (37–70)
M/F 50/17 30/10
Race

White 67 35
Black 0 1
Asian 0 4

Hypertension 29 (43%) 0
Current smoker 25 (37%) 12 (30%)
Hyperlipemia 32 (47%) 0
Medications

Diuretic 21 (31%) 0
ARBs 20 (29%) 0

Beta-blockers 8 (12%) 0
ACE Inhibitors 15 (22%) 0
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4.2. Adenosine Blood Level (ABL)

ABL was significantly higher in patients vs. controls (see Figure 1).
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Figure 1. Comparison of adenosine blood levels in patients with fibromuscular dysplasia (n = 67)
and healthy subjects (n = 40). Patients: (median and range): 1.70 (0.7–3.0) µM vs. Controls = 0.60
(0.4–0.8) µM, p < 0.001.

Finally, while smoking may alter nucleosides metabolism in vitro (29), no difference
appeared when considering current smokers (n = 25) vs. no smokers (n = 42) 1.85 µM vs.
1.7 µM, p = 0.8.

4.3. Adenosine Receptors Production in PBMCs

While no significant difference occurred concerning A1R or A2AR production in pa-
tients vs. controls: A1R (A.U.): Patients = 0.97 (0.78–1.20) vs. Controls = 0.90 (0.80–1.15)
(p = 0.17). A2AR: Patients = 1.30 (0.90–1.80) vs. Controls = 1.29 (0.90–1.50) (p = 0.06);

Patients exhibit a higher A2BR (A.U) production level compared with controls: 1.70
(0.90–2.40) vs. Controls = 1.03 (0.70–1.40), mean + 65% (p < 0.001) see Figure 2.

While cigarettes smoking may modify nucleotides metabolism [29], no difference
appeared when considering current smokers vs. no smokers:

A1R: 0.9 AU vs. 0.98 p = 0.5; A2AR: 1.3AU vs. 1.3AU p = 0.49; A2B: 1.7 AU vs. 1.85AU,
p = 0.5. There was no significant difference between women and men patients in ABL:
median 1.7 vs. 1.9 p = 0.3 and in receptors expression: A1R: 0.9 vs. 1, p = 0.08; A2AR = 1.3 vs.
1.4 p = 0.052; A2BR: 1.7 vs. 1.8 p = 0.07. No difference appears between women and men in
controls (data not shown). Finally, a correlation was found between ABL and A2B receptor
expression (Figure 3).
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Figure 3. Correlation between A2B production and ABL in 67 patients with fibromuscular dysplasia.

Receiver-operating characteristic (ROC) curves show a good sensitivity/specificity
ratio for ABL > 0.85 µmol/L (see Figure 4A). For A2BR production, ROC curves show a
good sensitivity/specificity ratio with a cut off >1.23 AU (see Figure 4B). Finally, when
combining ABL and A2BR expression, ABL > 0.85 µmol/L and A2BR production > 1.23 AU
give a sensitivity of 89.6% and a specificity of 100%.
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Figure 4. (A). Receiver-operating characteristic (ROC) curve of adenosine blood level. ROC—ABL:
AUROC (CI95%) = 0.99 (0.99–1.00); p < 0.001. Threshold determination: ABL > 0.85 µmol/L: Se 97.0%
(89.8–99.5%). Sp 100.0% (91.2–100.0%). (B). Receiver-operating characteristic (ROC) curve of A2BR
expression in PBMCs.

5. Discussion

The main result of this study is that while no significant modifications in A1R or A2AR
expression was found in patients with FMD, we report here an overexpression of A2B
receptors in PBMC in a context of high ABL. Abnormalities in ABL and adenosine receptors
expression have been reported in some cardiovascular diseases. Thus, high ABL have been
found in chronic cardiac failure (CCF, [30,31]), in vasovagal syncope (VVS, [32,33]), while
A2AR overproduction has been reported in VVS patients [32,33] or during cardiogenic
shock [34]. Interestingly, while high A2AR and high ABL in VVS seem to participate in
the cause of the disease, since high A2A production and a specific polymorphism in A2AR
gene are associated with VVS suggesting a genetic predisposition [35], the increase in these
parameters in CCF or in cardiogenic shock seems rather an adaptive mechanism. Both
high ABL and A2BR overproduction have been reported in patients with atrial fibrillation
(AF) [36]. However, if the increase in A2B production participates in the AF process or if
conversely it is an adaptive mechanism that remains unknown. Whatever, in AF patients,
the overproduction of A2BR, while significantly remained weak, around 15%. In this
study, we described an overproduction of 65% in mean associated with a high ABL level,
+180% compared with controls. ROC curves indicate a good predictive value for the A2BR
production with a cut-off 1.23 associated with a good sensitivity of A2BR overproduction.
Similar data have previously been reported in a pilot study including a weak number of
FMD patients that did not permit to establish ROC curves [10].

Both A2A and A2B receptors are implicated in the control of blood flow via the regu-
lation of vascular tone and muscle cell proliferation [37,38]. Vascular smooth muscle cell
proliferation is an important component of vascular remodeling. Adenosine is a candidate
as a regulator of smooth muscle cell proliferation via A2BR [39,40]. Indeed, pharmacological
approaches demonstrate that activation of the A2BR leads to inhibition of vascular smooth
muscle cell proliferation [39,40]. In vitro studies demonstrated that A2BR inhibits smooth
muscle cell proliferation mediated by B-Myb regulation of the A2BR [41].

Activation of A2BR protects against experimental vascular injury. Thus, A2B-deficient
mice (KO) enhances post injury neo-intima formation in the vasculature in an experimental
model of femoral injury [42]. Interestingly high level of TNF alpha, an up regulator of
CXCR4 and of vascular smooth muscle cells (VSMC) proliferation was reported in this
model of KO mice [41]. Among adenosine receptors, the A2BR have the lower affinity for
adenosine and thus can be activated only in the case of high adenosine extra cellular level,
like in the present study.
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FMD is associated with ischemia in a lot of territories including renal arteries [1],
coronary arteries, vertebral arteries, carotids [2,3]. The cause of ischemia is different from
other blood vessels disorders that affect arteries such as atherosclerosis or thrombosis. The
ischemia occurs due to the presence of different artery abnormalities such as narrowing,
beaded appearance or during complications such as aneurysms, or arteries dissection.

Ischemia promotes adenosine release, explaining the very high ABL (until 3 µM in
some patients). This increase is sufficient to activate A2B low affinity receptors. A2 adeno-
sine receptor subtypes have been described as sensors of tissue damage and their activation
leads to anti-inflammatory properties more particularly in vessels. Activation of A2AR
and A2BR leads to the inhibition of pro-inflammatory cytokine release [43] and inhibits
macrophage migration [44]. Activation of A2BR may have antifibrotic effects [45], however
pro-fibrotic action have also been reported and the role of A2BR remains controversial [45].
The increase in ABL however does not always have beneficial effects. Indeed, deleterious
effects of prolonged exposure to high extracellular adenosine levels have been suspected
in cancer, auto-immunity, neurodegenerative diseases, diabetes, and inflammatory con-
ditions [46]. In the cardiovascular system, while acute high adenosine blood level may
have cardioprotective effects by protecting heart and vessels, chronic high ABL may have
deleterious effects [12]. Indeed, it was reported that activation of A2BR by high extracellular
adenosine level may promote myocytes apoptosis in the vascular walls [47].

The well-known presence of a sex ratio in FMD [3] indicates that the high ABL and
high A2B receptor expression is probably a consequence of the disease rather than a cause.
Indeed, there is no evidence for a difference in expression of adenosine receptors pending
on sex. In this study, no significant difference in ABL or in receptors expression was
found between women and men in both patients and controls. The ischemia in arterial
territories leads to the release in adenosine that in turn up-regulates A2B receptors which
have low affinity [48]. This could be an attempt at repermeabilization to dilate the vessels
via activation of A2 receptors. Note that while not significant there is a trend in an increase
in A2AR production in FMD patients (p = 0.06).

Outside the cardiovascular system, an up-regulation of A2B receptors has been re-
ported on monocytes in response to parasite [49] and in cancer [50]. Gamma interferon is
also susceptible to induce an up-regulation of A2BR, a mechanism by which macrophages
can be deactivated [51].

6. Study Limitation

Although involving a limited number of patients, our study seems to indicate that the
expression level of A2B receptors could help in the diagnosis of FMD. A larger number of
patients may be needed to establish ROC curves with sufficient sensitivity and specificity.

We only evaluated the level of expression but not the function (i.e., production of
cAMP) by mononuclear cells. We therefore cannot know whether produced in abundance
these receptors are functional. Here too lies the limit of our study. However, our study
originally falls more within the development of new markers. Our study does not allow
us to conclude whether A2B receptor modulating agents could be used in the treatment of
the condition.

We cannot exclude the presence of asymptomatic FMD in the control group. However,
the prevalence of FMD in France is less than 1/259 [52]. Thus, the probability to include
asymptomatic patients in the control group is very weak. Finally, it should be better to
include more controls. However, in our study in spite of the weak number of controls, the
difference in ABL and in adenosine receptors expression is stark and significant.

Finally, we cannot exclude, in FMD patients, abnormal activities of enzymes that
metabolize adenosine. 5′-nucleotidases activities may be higher or adenosine deaminase
activity lower. Perhaps rate of erythrocyte ATP degradation into AMP is higher in patients.
The answer to these questions needs further investigations.
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7. Conclusions

We found that A2B overproduction and high ABL are associated with FMD outside an
inflammatory context. Thus, expression measurement of A2BR and ABL could help in the
diagnosis, in particular, in especially atypical forms or those with very few clinical signs.
This is all the more so since, apart from cancers, a such hyperexpression of A2B receptors
has been rarely mentioned. However, if the overproduction of A2B in FMD participate into
the disease progression or if it is an adaptive mechanism needs further investigations.

Author Contributions: C.G.: conceptualization, investigation, data curation, methodology,
writing—original draft, writing—review and editing; S.E.H.: conceptualization, formal analysis,
methodology, writing—original draft, writing—review and editing; J.F.: investigation,
writing—review and editing, statistical analysis; M.C.: investigation, data curation, ABL measure-
ment; M.G.: investigation, data curation, writing—review and editing; Y.A.: data curation; M.D.:
data curation; M.M.: investigation, writing—review and editing; N.L. and P.D.: writing—review and
editing; R.G.: conceptualization, investigation, writing—review and editing; F.S.: conceptualization,
investigation, writing—review and editing. G.S.: Critical reading. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The protocol was approved by the ethics committee of our
institution (CPP Sud Méditerranée, Marseille, France, reference number 20-APHM-01: SI CNRIPH.
RCB 220-A00686-33). The study was conducted according to the standards set out in the 1983
Declaration of Helsinki. Written informed consent to participate was obtained for all participants.
Informed Consent Statement: All patients gave their written informed consent to participate to the
study in accordance with the Declaration of Helsinki.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: Data are available on request. The raw data supporting the conclusions
of this manuscript can be made available by the authors, without undue reservation.

Acknowledgments: Tania Sharma for English corrections.

Conflicts of Interest: The authors declare that this research was conducted in the absence of any
commercial or financial relationships and without conflict of interest.

References
1. Leckie, A.; Tao, M.J.; Narayanasamy, S.; Khalili, K.; Schieda, N.; Krishna, S. The Renal Vasculature: What the Radiologist Needs to

Know. Radiographics 2022, 4, E80. [CrossRef] [PubMed]
2. Gornik, H.L.; Persu, A.; Adlam, D.; Aparicio, L.S.; Azizi, M.; Boulanger, M.; Bruno, R.M.; de Leeuw, P.; Fendrikova-Mahlay, N.;

Froehlich, J.; et al. First International Consensus on the diagnosis and management of fibromuscular dysplasia. Vasc. Med. 2019,
24, 164–189. [CrossRef] [PubMed]

3. Persu, A.; Giavarini, A.; Touzé, E.; Januszewicz, A.; Sapoval, M.; Azizi, M.; Barral, X.; Jeunemaitre, X.; Morganti, A.;
Plouin, P.F.; et al. ESH Working Group Hypertension and the Kidney. European consensus on the diagnosis and manage-
ment of fibromuscular dysplasia. J. Hypertens. 2014, 3, 1367–1378. [CrossRef] [PubMed]

4. Olin, J.W.; Froehlich, J.; Gu, X.; Bacharach, J.M.; Eagle, K.; Gray, B.H.; Jaff, M.R.; Kim, E.; Esther, S.H.; Mace, P.; et al. The united
states registry for fibromuscular dysplasia: Results in the first 447 patients. Circulation 2012, 125, 3182–3190. [CrossRef] [PubMed]

5. Bigazzi, R.; Bianchi, S.; Quilici, N.; Salvadori, R.; Baldari, G. Bilateral fibromuscular dysplasia in identical twins. Am. J. Kidney
1998, 32, E4. [CrossRef]

6. Pannier-Moreau, I.; Grimbert, P.; Fiquet-Kempf, B.; Vuagnat, A.; Jeunemaitre, X.; Corvol, P.; Plouin, P.-F. Possible familial origin of
multifocal renal artery fibromuscular dysplasia. J. Hypertens. 1997, 15 Pt 2, 1797–1801. [CrossRef] [PubMed]

7. Georges, A.; Albuisson, J.; Berrandou, T.; Dupré, D.; Lorthioir, A.; D’Escamard, V.; Di Narzo, A.F.; Kadian-Dodov, D.; Olin, J.W.;
Warchol-Celinska, E.; et al. Rare loss-of-function mutations of PTGIR are enriched in fibromuscular dysplasia. Cardiovasc. Res.
2021, 117, 1154–1165. [CrossRef]

8. Silhol, F.; Sarlon-Bartoli, G.; Daniel, L.; Bartoli, J.M.; Cohen, S.; Lepidi, H.; Piquet, P.; Bartoli, M.A.; Vaisse, B. Intranuclear
expression of progesterone receptors in smooth muscle cells of renovascular fibromuscular dysplasia: A pilot study. Ann. Vasc.
Surg. 2015, 29, 830–835. [CrossRef]

9. Olin, J.W.; Di Narzo, A.F.; d’Escamard, V.; Kadian-Dodov, D.; Cheng, H.; Georges, A.; King, A.; Thomas, A.; Barwari, T.; Michelis,
K.C.; et al. A plasma proteogenomic signature for fibromuscular dysplasia. Cardiovasc. Res. 2020, 116, 63–77. [CrossRef]

http://doi.org/10.1148/rg.229003
http://www.ncbi.nlm.nih.gov/pubmed/35230923
http://doi.org/10.1177/1358863X18821816
http://www.ncbi.nlm.nih.gov/pubmed/30648921
http://doi.org/10.1097/HJH.0000000000000213
http://www.ncbi.nlm.nih.gov/pubmed/24842696
http://doi.org/10.1161/CIRCULATIONAHA.112.091223
http://www.ncbi.nlm.nih.gov/pubmed/22615343
http://doi.org/10.1016/S0272-6386(98)70096-4
http://doi.org/10.1097/00004872-199715120-00092
http://www.ncbi.nlm.nih.gov/pubmed/9488242
http://doi.org/10.1093/cvr/cvaa161
http://doi.org/10.1016/j.avsg.2014.10.025
http://doi.org/10.1093/cvr/cvz219


Biomedicines 2022, 10, 2831 10 of 11

10. Silhol, F.; Marlinge, M.; Guiol, C.; Chefrour, M.; Mace, P.; Criado, C.; Kipson, N.; Vaisse, B.; Vairo, D.; Sarlon, G.; et al.
Characterization of adenosine A2 receptors in peripheral blood mononuclear cells of patients with fibromuscular dysplasia.
Hypertens. Res. 2020, 43, 466–469. [CrossRef]

11. Burnstock, G. Purinergic Signaling in the Cardiovascular System. Circ. Res. 2017, 120, 207–228. [CrossRef] [PubMed]
12. Guieu, R.; Deharo, J.-C.; Maille, B.; Crotti, L.; Torresani, E.; Brignole, M.; Parati, G. Adenosine and the Cardiovascular System:

The Good and the Bad. J. Clin. Med. 2020, 9, 1366. [CrossRef] [PubMed]
13. Tawfik, H.E.; Schnermann, J.; Oldenburg, P.J.; Mustafa, S.J. Role of A1 adenosine receptors in regulation of vascular tone. Am. J.

Physiol. Heart Circ. Physiol. 2005, 288, H1411–H1416. [CrossRef]
14. Iwamoto, T.; Umemura, S.; Toya, Y.; Uchibori, T.; Kogi, K.; Takagi, N.; Ishii, M. Identification of Adenosine A2 Receptor-cAMP

System in Human Aortic Endothelial Cells. Biochem. Biophys. Res. Commun. 1994, 199, 905–910. [CrossRef] [PubMed]
15. Ponnoth, D.S.; Sanjani, M.S.; Ledent, C.; Roush, K.; Krahn, T.; Mustafa, S.J. Absence of adenosine-mediated aortic relaxation in

A2A adenosine receptor knockout mice. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1655–H1660. [CrossRef]
16. Kusano, Y.; Echeverry, G.; Miekisiak, G.; Kulik, T.B.; Aronhime, S.N.; Chen, J.F.; Winn, H.R. Role of Adenosine A2 Receptors in

Regulation of Cerebral Blood Flow during Induced Hypotension. J. Cereb. Blood Flow Metab. 2010, 30, 808–815. [CrossRef]
17. Arsyad, A.; Dobson, G.P. Adenosine relaxation in isolated rat aortic rings and possible roles of smooth muscle Kv channels, KATP

channels and A2a receptors. BMC Pharmacol. Toxicol. 2016, 17, 23. [CrossRef]
18. Ray, C.J.; Marshall, J.M. The cellular mechanisms by which adenosine evokes release of nitric oxide from rat aortic endothelium. J.

Physiol. 2006, 570 Pt 1, 85–96. [CrossRef]
19. Paganelli, F.; Gaudry, M.; Ruf, J.; Guieu, R. Recent advances in the role of the adenosinergic system in coronary artery disease.

Cardiovasc. Res. 2021, 117, 1284–1294. [CrossRef]
20. Gariboldi, V.; Vairo, D.; Guieu, R.; Marlingue, M.; Ravis, E.; Lagier, D.; Mari, A.; Thery, E.; Collart, F.; Gaudry, M.; et al. Expressions

of adenosine A2A receptors in coronary arteries and peripheral blood mononuclear cells are correlated in coronary artery disease
patients. Int. J. Cardiol. 2017, 230, 427–431. [CrossRef]

21. Gaudry, M.; Marlinge, M.; Deharo, P.; Vairo, D.; Bottone, S.; Mottola, G.; Kipson, N.; Criado, C.; Mace, P.; Chefrour, M.; et al.
Pharmacological profile of adenosine A2A receptors in patients with lower extremity peripheral artery disease and associated
coronary artery disease: A pilot study. Int. J. Cardiol. 2019, 285, 121–127. [CrossRef] [PubMed]

22. Varani, K.; Laghi-Pasini, F.; Camurri, A.; Capecchi, P.L.; Maccherini, M.; Diciolla, F.; Ceccatelli, L.; Lazzerini, P.E.; Ulouglu, C.;
Cattabeni, F.; et al. Changes of peripheral A 2A adenosine receptors in chronic heart failure and cardiac transplantation. FASEB J.
2003, 17, 280–282. [CrossRef] [PubMed]

23. Marlinge, M.; Vairo, D.; Marolda, V.; Bruzzese, L.; Adjriou, N.; Guiol, C.; Kipson, N.; Bonnardel, A.; Gastaldi, M.; Kerbaul, F.; et al.
Rapid Measurement of Adenosine Concentration in Human Blood Using Fixed Potential Amperometry: Comparison with Mass
Spectrometry and High- Performance Liquid Chromatography. J. Anal. Bioanal. Tech. 2017, 8, 4. [CrossRef]

24. Ruf, J.; Vairo, D.; Paganelli, F.; Guieu, R. Extracellular vesicles with ubiquitinated adenosine A 2A receptor in plasma of patients
with coronary artery disease. J. Cell. Mol. Med. 2019, 23, 6805–6811. [CrossRef]

25. Paganelli, F.; Resseguier, N.; Marlinge, M.; Laine, M.; Malergue, F.; Kipson, N.; Armangau, P.; Pezzoli, N.; Kerbaul, F.;
Bonello, L.; et al. Specific Pharmacological Profile of A2A Adenosine Receptor Predicts Reduced Fractional Flow Reserve in
Patients with Suspected Coronary Artery Disease. J. Am. Heart Assoc. 2018, 7, e008290. [CrossRef]

26. Ruf, J.; Paganelli, F.; Bonello, L.; Kipson, N.; Mottola, G.; Fromonot, J.; Condo, J.; Boussuges, A.; Bruzzese, L.; Kerbaul, F.; et al.
Spare Adenosine A2a Receptors Are Associated with Positive Exercise Stress Test in Coronary Artery Disease. Mol. Med. 2016, 22,
530–536. [CrossRef]

27. Guieu, R.; Kipson, N.; Ruf, J.; Fournier, N.; Laine, M.; Foucher, M.C.; Fromonot, J.; Mottola, G.; Bruzzese, L.; Boussuges, A.; et al.
Low basal expression of A2A adenosine receptors and increase in adenosine plasma concentration are associated with positive
exercise stress testing. Int. J. Cardiol. 2015, 180, 15–17. [CrossRef]

28. By, Y.; Durand-Gorde, J.-M.; Condo, J.; Lejeune, P.-J.; Mallet, B.; Carayon, P.; Guieu, R.; Ruf, J. Production of an agonist-like
monoclonal antibody to the human A2A receptor of adenosine for clinical use. Mol. Immunol. 2009, 46, 400–405. [CrossRef]

29. Togna, A.R.; Latina, V.; Orlando, R.; Togna, G.I. Cigarette smoke inhibits adenine nucleotide hydrolysis by human platelets.
Platelets 2008, 19, 537–542. [CrossRef]

30. Franceschi, F.; Deharo, J.-C.; Giorgi, R.; By, Y.; Monserrat, C.; Condo, J.; Ibrahim, Z.; Saadjian, A.; Guieu, R. Peripheral plasma
adenosine release in patients with chronic heart failure. Heart 2009, 95, 651–655. [CrossRef]

31. Kitakaze, M.; Minamino, T.; Node, K.; Koretsune, Y.; Komamura, K.; Funaya, H.; Kuzuya, T.; Hori, M. levation of Plasma
Adenosine Levels May Attenuate the Severity of Chronic Heart Failure. Cardiovasc. Drugs Ther. 1998, 12, 307–309. [CrossRef]
[PubMed]

32. Carrega, L.; Saadjian, A.Y.; Mercier, L.; Zouher, I.; Bergé-Lefranc, J.-L.; Gerolami, V.; Giaime, P.; Sbragia, P.; Paganelli, F.; Fenouillet,
E.; et al. Increased expression of adenosine A2A receptors in patients with spontaneous and head-up-tilt-induced syncope. Heart
Rhythm 2007, 4, 870–876. [CrossRef] [PubMed]

33. Deharo, J.C.; Mechulan, A.; Giorgi, R.; Franceschi, F.; Prevot, S.; Peyrouse, E.; Condo, J.; By, Y.; Ruf, J.; Brignole, M.; et al.
Adenosine plasma level and A2A adenosine receptor expression: Correlation with laboratory tests in patients with neurally
mediated syncope. Heart 2012, 98, 855–859. [CrossRef]

http://doi.org/10.1038/s41440-019-0379-3
http://doi.org/10.1161/CIRCRESAHA.116.309726
http://www.ncbi.nlm.nih.gov/pubmed/28057794
http://doi.org/10.3390/jcm9051366
http://www.ncbi.nlm.nih.gov/pubmed/32384746
http://doi.org/10.1152/ajpheart.00684.2004
http://doi.org/10.1006/bbrc.1994.1314
http://www.ncbi.nlm.nih.gov/pubmed/8135838
http://doi.org/10.1152/ajpheart.00192.2009
http://doi.org/10.1038/jcbfm.2009.244
http://doi.org/10.1186/s40360-016-0067-8
http://doi.org/10.1113/jphysiol.2005.099390
http://doi.org/10.1093/cvr/cvaa275
http://doi.org/10.1016/j.ijcard.2016.12.089
http://doi.org/10.1016/j.ijcard.2019.02.055
http://www.ncbi.nlm.nih.gov/pubmed/30850237
http://doi.org/10.1096/fj.02-0543fje
http://www.ncbi.nlm.nih.gov/pubmed/12475889
http://doi.org/10.4172/2155-9872.1000371
http://doi.org/10.1111/jcmm.14564
http://doi.org/10.1161/JAHA.117.008290
http://doi.org/10.2119/molmed.2016.00052
http://doi.org/10.1016/j.ijcard.2014.11.089
http://doi.org/10.1016/j.molimm.2008.10.017
http://doi.org/10.1080/09537100802272626
http://doi.org/10.1136/hrt.2008.155242
http://doi.org/10.1023/A:1007726018470
http://www.ncbi.nlm.nih.gov/pubmed/9784911
http://doi.org/10.1016/j.hrthm.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17599669
http://doi.org/10.1136/heartjnl-2011-301411


Biomedicines 2022, 10, 2831 11 of 11

34. Gaubert, M.; Marlinge, M.; Kerbaul, F.; Resseguier, N.; Laine, M.; Cautella, J.; Cordier, C.; Colomb, B.; Kipson, N.; Thuny, F.; et al.
Adenosine Plasma Level and A2A Receptor Expression in Patients with Cardiogenic Shock. Crit. Care Med. 2018, 46, e874–e880.
[CrossRef] [PubMed]

35. Saadjian, A.Y.; Gerolami, V.; Giorgi, R.; Mercier, L.; Berge-Lefranc, J.-L.; Paganelli, F.; Ibrahim, Z.; By, Y.; Guéant, J.L.; Lévy, S.; et al.
Head-up tilt induced syncope and adenosine A2A receptor gene polymorphism. Eur. Heart J. 2009, 30, 1510–1515. [CrossRef]

36. Maille, B.; Fromonot, J.; Guiol, C.; Marlinge, M.; Baptiste, F.; Lim, S.; Colombani, C.; Chaptal, M.C.; Chefrour, M.; Gastaldi, M.; et al.
A2 Adenosine Receptor Subtypes Overproduction in Atria of Perioperative Atrial Fibrillation Patients Undergoing Cardiac
Surgery: A Pilot Study. Front. Cardiovasc. Med. 2021, 8, 761164. [CrossRef] [PubMed]

37. Rubino, A.; Ralevic, V.; Burnstock, G. Contribution of P1 (A2b subtype) and P2-purinoceptors to the control of vascular tone in
the rat isolated mesenteric arterial bed. Br. J. Pharmacol. 1995, 115, 648–652. [CrossRef]

38. Dubey, R.K.; Gillespie, D.G.; Osaka, K.; Suzuki, F.; Jackson, E.K. Adenosine Inhibits Growth of Rat Aortic Smooth Muscle Cells.
Possible role of A2b receptor. Hypertension 1996, 27 Pt 2, 786–793. [CrossRef]

39. Dubey, R.K.; Gillespie, D.G.; Jackson, E.K. Adenosine Inhibits Collagen and Protein Synthesis in Cardiac Fibroblasts: Role of A2B
receptors. Hypertension 1998, 31, 943–948. [CrossRef]

40. Dubey, R.K.; Gillespie, D.G.; Shue, H.; Jackson, E.K. A 2B Receptors Mediate Antimitogenesis in Vascular Smooth Muscle Cells.
Hypertension 2000, 35 Pt 2, 267–272. [CrossRef]

41. Hilaire, C.S.; Yang, D.; Schreiber, B.; Ravid, K. B-Myb regulates the A2B adenosine receptor in vascular smooth muscle cells. J.
Cell. Biochem. 2008, 103, 1962–1974. [CrossRef] [PubMed]

42. Yang, D.; Koupenova, M.; McCrann, D.J.; Kopeikina, K.J.; Kagan, H.M.; Schreiber, B.M.; Ravid, K. The A2b adenosine receptor
protects against vascular injury. Proc. Natl. Acad. Sci. USA 2008, 105, 792–796. [CrossRef] [PubMed]

43. Borea, P.A.; Gessi, S.; Merighi, S.; Vincenzi, F.; Varani, K. Pharmacology of Adenosine Receptors: The State of the Art. Physiol. Rev.
2018, 98, 1591–1625. [CrossRef] [PubMed]

44. Rosenberger, P.; Schwab, J.; Mirakaj, V.; Masekowsky, E.; Mager, A.; Morote-Garcia, J.C.; E Unertl, K.; Eltzschig, H.K. Hypoxia-
inducible factor–dependent induction of netrin-1 dampens inflammation caused by hypoxia. Nat. Immunol. 2009, 10, 195–202.
[CrossRef] [PubMed]

45. Vecchio, E.A.; White, P.J.; May, L.T. Targeting Adenosine Receptors for the Treatment of Cardiac Fibrosis. Front. Pharmacol. 2017,
8, 243. [CrossRef] [PubMed]

46. Borea, P.A.; Gessi, S.; Merighi, S.; Vincenzi, F.; Varani, K. Pathological overproduction: The bad side of adenosine. Br. J. Pharmacol.
2017, 174, 1945–1960. [CrossRef]

47. Peyot, M.L.; Gadeau, A.P.; Dandré, F.; Belloc, I.; Dupuch, F.; Desgranges, C. Extracellular adenosine induces apoptosis of human
arterial smooth muscle cellsvia A(2b)-purinoceptor. Circ. Res. 2000, 86, 76–85. [CrossRef]

48. Beukers, M.W.; den Dulk, H.; van Tilburg, E.W.; Brouwer, J.; Ijzerman, A.P. Why are A(2B) receptors low-affinity adenosine
receptors? Mutation of Asn273 to Tyr increases affinity of human A(2B) receptor for 2-(1-Hexynyl)adenosine. Mol. Pharmacol.
2000, 58, 1349–1356. [CrossRef]

49. Vijayamahantesh; Amit, A.; Kumar, S.; Dikhit, M.R.; Jha, P.K.; Singh, A.K.; Sinha, K.K.; Pandey, K.; Das, V.; Das, P.; et al. Up
regulation of A2B adenosine receptor on monocytes are crucially required for immune pathogenicity in Indian patients exposed
to Leishmania donovani. Cytokine 2016, 79, 38–44. [CrossRef]

50. Gao, Z.-G.; Jacobson, K.A. A2B Adenosine Receptor and Cancer. Int. J. Mol. Sci. 2019, 20, 5139. [CrossRef]
51. Xaus, J.; Mirabet, M.; Lloberas, J.; Soler, C.; Lluis, C.; Franco, R.; Celada, A. IFN-gamma up-regulates the A2B adenosine receptor

expression in macrophages: A mechanism of macrophage deactivation. J. Immunol. 1999, 162, 3607–3614. [PubMed]
52. Available online: www.orpha.net/data/patho/Pub/fr/DysplasieFibromusculaireArterielle-FRfrPub5540.pdf (accessed on

4 November 2022).

http://doi.org/10.1097/CCM.0000000000003252
http://www.ncbi.nlm.nih.gov/pubmed/29923934
http://doi.org/10.1093/eurheartj/ehp126
http://doi.org/10.3389/fcvm.2021.761164
http://www.ncbi.nlm.nih.gov/pubmed/34805317
http://doi.org/10.1111/j.1476-5381.1995.tb14981.x
http://doi.org/10.1161/01.HYP.27.3.786
http://doi.org/10.1161/01.HYP.31.4.943
http://doi.org/10.1161/01.HYP.35.1.267
http://doi.org/10.1002/jcb.21586
http://www.ncbi.nlm.nih.gov/pubmed/17979185
http://doi.org/10.1073/pnas.0705563105
http://www.ncbi.nlm.nih.gov/pubmed/18184815
http://doi.org/10.1152/physrev.00049.2017
http://www.ncbi.nlm.nih.gov/pubmed/29848236
http://doi.org/10.1038/ni.1683
http://www.ncbi.nlm.nih.gov/pubmed/19122655
http://doi.org/10.3389/fphar.2017.00243
http://www.ncbi.nlm.nih.gov/pubmed/28529484
http://doi.org/10.1111/bph.13763
http://doi.org/10.1161/01.RES.86.1.76
http://doi.org/10.1124/mol.58.6.1349
http://doi.org/10.1016/j.cyto.2015.12.016
http://doi.org/10.3390/ijms20205139
http://www.ncbi.nlm.nih.gov/pubmed/10092821
www.orpha.net/data/patho/Pub/fr/DysplasieFibromusculaireArterielle-FRfrPub5540.pdf

	Introduction 
	Materials and Methods 
	Patients 
	Inclusion Criteria for Patients 
	Inclusion Criteria for the Control Group 
	Exclusion Criteria 
	Adenosine Blood Level (ABL) Measurement 
	Blood Samples Collection 
	Blood Samples Extraction 
	Adenosine Concentration 

	Expression of Adenosine Receptors in PBMC 

	Statistical Analysis 
	Results 
	Patients 
	Adenosine Blood Level (ABL) 
	Adenosine Receptors Production in PBMCs 

	Discussion 
	Study Limitation 
	Conclusions 
	References

