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Abstract: The aim of this study was to investigate the effect of adenosine in non-occluded or occluded
femoral arteries (FA) that were isolated from healthy or diabetic Wistar rats. Determining the
role of endothelium, and a transmembrane flow of potassium ions in adenosine actions were also
of interest. Diabetes was experimentally induced by alloxan, while the vascular occlusion was
performed for 45 min on randomly selected FA. Vascular tone changes were continuously recorded.
Selected markers of endothelial dysfunction were measured in animal serum. Thus, adenosine
produced a concentration-dependent relaxation of rat FA, which was endothelium-dependent, too,
except in a group of diabetic animals. Moreover, serum asymmetric dimethylarginine (ADMA) levels
were higher in diabetic animals, thus reflecting endothelial dysfunction (ED). Still, an occlusion of
FA enhanced the relaxation effect of adenosine in endothelium-intact rings from diabetic animals.
Oppositely, in the presence of high potassium concentration in the buffer, adenosine-induced
relaxation was significantly reduced in all of the investigated groups/subgroups. These results
suggest that in diabetic animals, an occlusion of FA most probably reversed adenosine-induced
relaxation from endothelium-independent into an endothelium-dependent relaxation, thus indicating
the possible protective mechanism against ischemic episodes of FA in the presence of diabetes.
Keywords: adenosine; diabetes; vascular occlusion; endothelial dysfunction; potassium

1. Introduction
Adenosine is a ubiquitous extracellular signaling molecule [1]. This purine nucleoside is obtained
during the complete dephosphorylation of adenine nucleotides, which is catalyzed by the enzyme
50 -nucleotidases located on the cell membrane or inside the cells [2]. Adenosine is widespread in almost
all of the tissues in the human body, with a significant role in the regulation of different physiological
processes, and because of that, it is considered to have a significant therapeutic potential [3]. Although it
can be found almost everywhere in the human organism, adenosine concentrations are relatively
low in physiological conditions. Inversely, in quite a few pathological conditions, such as hypoxia or
anoxia, the concentration of adenosine could be significantly increased [4]. Today, we know that this
increase in adenosine concentration is considered a protective mechanism. For example, it is known
that if hypoxia occurs, the carotid bodies will release adenosine in order to protect the central nervous
system [5].
The vascular actions of adenosine are commonly initiated through activation of specific G
protein-coupled adenosine receptors, namely A1, A2A, A2B, and A3, with the second messenger
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systems primarily involving cyclic AMP and cyclic GMP [6]. Adenosine predominantly induces
the vasodilation of arterial blood vessels. This process is usually independent of the presence of
functional endothelial integrity [2]. Nevertheless, adenosine-induced vascular dilations can be partly
or entirely endothelium-dependent, too [7,8]. Additionally, the main signaling pathway in adenosine
action, at least at the level of smooth muscle cells, is known to include the potassium ion flow [2,9].
In consideration of the femoral artery, it was reported that in the femoral arteries of dogs and rabbits,
adenosine induced endothelium-independent vasodilation via the activation of A2A receptors located
on smooth muscle cells, whereas initial reports suggested that the A2 receptor-induced relaxation of
rat femoral artery was partially endothelium-dependent [10].
The role of adenosine in the cardiovascular system is constantly being examined and re-evaluated.
Still, the underlying adenosine mechanism of action, including the one at the level of the femoral
artery of different species, is under investigation. In addition, limited data are available considering
the possible changes in the transduction mechanisms of an adenosine-induced effect on the
femoral artery during different pathological conditions, such as diabetes, and/or vascular occlusion.
These pathological conditions are now known to be important in the process of peripheral artery
disease development, which commonly affects femoral arteries. Also, diabetes is able to change the
function of both endothelial [11] and smooth muscle layers [12] in the arterial wall.
Considering previously mentioned facts, this study was undertaken in order to investigate
the effect of adenosine on isolated rat femoral artery, with the complete experimental procedure
performed in two experimental groups (healthy versus diabetic rats), each divided into two subgroups
(non-occluded versus occluded FA). Hence, it was of interest to evaluate whether pathological
conditions, including alloxan-induced diabetes and/or vascular occlusion, affected the transduction
mechanisms of adenosine-induced action. Finally, the role of endothelium and the potassium ion flow
in this process were determined.
2. Materials and Methods
2.1. Animals
The experiments were performed in accordance with European Union (EU) (86/609/EEC)
guidelines, together with the CPCSEA guidelines, and guidelines from the Good Laboratory
Practice [13]. The described methodology was approved by the Ethics Committee for Experimental
Animals Welfare Protection (Medical Faculty, University of Belgrade, 2010-1500/05).
Three-month-old male rats of Wistar strain were used in our experiments. The animals weighted
between 150–350 g at the beginning of the experiments (considering the vascular ring analysis and the
blood collection). All of the animals were kept in polycarbonate cages and had ad libitum access to a
standard rodent diet and water. The environmental conditions were kept constant, with a 12/12-h
light/day cycle, and adequate temperature (24 ± 1 ◦ C) and humidity (55 ± 10%).
2.2. Experimental Design
Our experiments involved two main groups—the healthy group (without alloxan-induced
diabetes), and the diabetic group (with alloxan-induced diabetes). Each group was further subdivided
into three subgroups intended to be submitted to the vascular occlusion: non-operated, operated, and
sham-operated animals.
In a group of sham-operated animals, adenosine (1–100 µM) produced a comparable
concentration-dependent relaxation of the femoral artery (irrespective of endothelial presence) if
compared to non-operated (healthy) animals. Considering this, and in accordance with “the 3Rs”
principle of avoiding the further unnecessary use of experimental animals [13–15], from this point,
the control group consisted of only non-operated animals.
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2.3. Experimental Diabetes
In randomly selected animals, experimental diabetes was induced by a single intraperitoneal
(i.p.) injection of 175 mg/kg of alloxan, previously dissolved in normal saline (0.9% NaCl, pH 7.4).
Twenty-four hours before the injection, the food was withdrawn, and it was restored after the injection.
In order to determine the success of diabetes development, we measured animals’ body weight,
the blood glucose level, and the plasma RANTES-ccl5 level. In order to measure the blood glucose
level, the blood samples from the rat tail vein were collected before fasting; then, they were collected
after alloxan injection, and every seven days post-injection (animals were fed ad libitum in this period).
At the end of the four-week period (after alloxan administration), animals with glucose levels higher
than 11 mM were considered as diabetic [16,17].
The animals were two months old when alloxan was injected. This particular age was chosen
because the follow-up of experimental animals with alloxan-induced diabetes lasted for four weeks
(one month). In that way, the animals from the diabetic group could be the same age (three months
old), as animals in other experimental groups at the beginning of the pharmacological analysis.
2.4. Vascular Occlusion
Randomly selected healthy and diabetic animals were anesthetized with the single intraperitoneal
injection of urethane, at the dose of 125 mg/100 g. A tracheal cannula was regularly placed to facilitate
the spontaneous breathing. The body temperature was regulated by the warming pad. Before the
surgical procedure, the depth of anesthesia was determined. If an animal did not react to pinching
the tail and space between the toes with tweezers, or to poking these areas with the needle, this was
considered to be a good sign of deep anesthesia. If the pedal withdrawal reflex persisted, it was
considered that the animals were in a superficial anesthesia. In that case, an additional time was given
to the animal to enter a deep anesthesia, or in some cases, a slight increase in the anesthetic dose
was performed.
Animals were allowed to stabilize for 90 min prior to the femoral artery occlusion. The animals
were placed in a supine position to facilitate the incision that would be made in the inguinal area along
the natural angle of the hind leg [18]. The surrounding connective tissue was bluntly dissected to
visualize the femoral artery (FA) [18]. The FA was then occluded (by a cord) for a period of 45 min.
The occluded femoral arteries were isolated for the following measurements of vascular tone changes.
During the process of occlusion, an animal paw was monitored to observe possible changes in color
and temperature, as signs of adequately performed occlusion. The similar procedure was performed in
a group of sham-operated animals. The only difference was that the FA was not occluded in this group.
2.5. The Preparation of Vascular Rings and Measurement of Vascular Tone Changes
Animals in deep anesthesia were decapitated, while non-anesthetized animals were firstly
stunned, and then decapitated. Afterward, both left and right FA was isolated, dissected from
the surrounding tissue, cut into rings (four mm long), and placed into the Krebs–Ringer bicarbonate
solution (composition in mM: NaCl 118.3; KCl 4.7; CaCl2 2.5; MgSO4 1.2; KH2 PO4 1.2; NaHCO3
25.0; Ca-EDTA 0.026; glucose 11.1). In some randomly selected rings, endothelium was removed by
gently rubbing the intimal surface with a stainless-steel wire. The rings were mounted between two
stainless-steel triangles and further positioned into an organ bath field with Krebs–Ringer bicarbonate
solution aerated with 95% O2 and 5% CO2 at 37 ◦ C, and a pH level of 7.4. The upper triangle was
attached to a displacement unit, allowing a fine adjustment of tension. The displacement unit was
further connected to a force-displacement transducer (Hugo Sachs Elektronik F30 Type 372, Freiburg,
Germany). An isometric tension was continuously recorded on the Rikadenki R-62 multi-pen electronic
recorder (Rikadenki Kogyo Co., Ltd., Tokyo, Japan).
Once the initial setup procedure was done, the vascular rings were allowed to adjust for
45 min. Following this period, each vascular ring was gradually stretched to an optimal resting
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tension of 1.5 g during the period of 30 min. At the beginning of each experiment, the endothelial
functional integrity was pharmacologically tested. In triplicate, the FA rings were pre-contracted
with a submaximal concentration (EC50 –EC70 ) of phenylephrine. Then, acetylcholine (one µmol/L)
was added after the maximal response was obtained with phenylephrine. Between these controls,
there was a resting period of 20 min. The presence of intact endothelium was considered to be
positive if an acetylcholine relaxation of an initial phenylephrine pre-contraction was over 80%.
In addition to an endothelial functional integrity, the morphological integrity of the endothelial
layer was confirmed as well at the end of randomly selected experiments by staining these rings
with hematoxylin and eosin. The concentration-response curves for adenosine were obtained in a
cumulative fashion on phenylephrine pre-contracted arteries. Since preliminary experiments in the
vascular rings of FA demonstrated a significant difference between the first and the second adenosine
concentration-dependent relaxation (after 45 min and 60 min), we used one of the vascular rings as a
time control, while the rest of the rings obtained from the same preparation were used to investigate
the influence of endothelial denudation and/or hyperpolarizing buffer (KCl = 100 mM).
2.6. Blood Sample Collection
The blood was obtained from rat tail veins. A modified 21 G × 1” butterfly needle system was
used for blood collection. The needle was placed into the lateral tail vein, and the blood was collected
into the collecting tube (less than 10% of a total rat blood volume).
The collecting tubes were left for two hours at room temperature in order to clot and extract the
serum. After this two hours, the collected blood was centrifuged for 15 min at 1000× g, which finally
separated the serum from the rest of the blood. For plasma separation, collecting tubes with EDTA
were used. Samples were stored at −80 ◦ C for further use.
2.7. Enzyme-Linked Immunosorbent Assay (ELISA)
The serum level of asymmetric dimethylarginine (ADMA) and vascular cell adhesion
protein-1/cluster of differentiation 106 (VCAM-1/CD106), as well as the plasma level of chemokine
C-C motif ligand 5 (RANTES-ccl5) were quantified by using the ELISA method and the respective
kit produced by the Cusabio Biotech Co., Ltd. (Wuhan, China). The kit was used according to the
provided instructions. The microplate reader model DV 990 BV-6 was used for the measurements
(GDV, Gio Da Vita, Rome, Italy).
2.8. Drugs and Solutions
The following chemicals were used: adenosine, alloxan, phenylephrine hydrochloride, urethane
(Sigma-Aldrich, St Louis, MO, USA); acetylcholine iodide (Serva, Heidelberg, Germany). All of the
agents, except alloxan, were dissolved in distilled water and diluted to the desired concentration
with the buffer. Alloxan was dissolved in 0.9% NaCl. During the experimental procedure, all of the
agents were added directly to the organ bath with a volume of 150 µL. The given concentrations were
calculated as final concentrations in the bath solution.
2.9. Statistical Analysis
The vascular relaxation that was produced by each concentration of adenosine was expressed as
the percentage of the previously induced maximal control contraction with phenylephrine. The results
were expressed as the mean ± S.E.M., with N referring to the number of experiments. The maximal
response and the sensitivity to the used agonist were determined, for each concentration-response
curve, by conducting a non-linear regression analysis. Thus, the maximum effect was used as a measure
of responsiveness (Emax —% of the phenylephrine-induced contraction), while the concentration of
agonist was used as a measurement of the sensitivity to agonist (which produced 50% of the Emax ,
presented as pEC50 ; pEC50 = −log EC50 ). The area under the curve (AUC) was used to additionally
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compare the effect of adenosine on the FA in different groups/subgroups, with and without the
hyperpolarizing solution. For obtaining the AUC, the values were calculated for each individual curve.
The statistical analysis was performed by using the Graph Pad Prism (Graph Pad Software
Inc.,
San Diego,
The results were expressed as the mean ± S.E.M (vascular tone change),
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operated diabetic animals, in which endothelial denudation failed to produce any significant
alteration of adenosine action (Figure 3B). These results indicate that endothelium plays an important
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3.2. The Role of Endothelium on Adenosine-Induced Relaxation in the Rat FA Obtained from Different
Groups/Subgroups
Adenosine (1–100 µM) produced the concentration-dependent relaxation of the FA in all
of the investigated groups/subgroups (Figure 3, Table 1). The recorded relaxation effect was
endothelium-dependent in almost all of the groups and subgroups. The only exception was the
group of non-operated diabetic animals, in which endothelial denudation failed to produce any
significant alteration of adenosine action (Figure 3B). These results indicate that endothelium plays
an important role in adenosine-induced relaxation in the FA, and that diabetes affects smooth muscle
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In contrast to the maximal relaxation response, pEC50 values were not different in between the
investigated groups (Table 1). On the other hand, the AUC values were lower after endothelial
denudation in healthy, operated, and non-operated animals (Table 1). This result confirms that in a
healthy group of animals, the endothelial layer has a prominent role regarding adenosine vascular
effects.
The serum concentration of ADMA, a marker of endothelial dysfunction (ED), was higher in
diabetic animals if compared to healthy animals (198.30 ± 11.25 vs. 158.30 ± 27.84, p = 0.044; Figure
4A). This means that the notable change occurred in endothelial function during diabetes, and that
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Table 1. Adenosine-induced relaxation in isolated rat femoral artery obtained from different animal
groups/subgroups in the presence or absence of KCl (100 mM).
pEC50 ± S.E.M.

Emax (%) ± S.E.M.

AUC

ENDOTHELIUM (+)
Healthy
Diabetic
Occlusion
Diabetic + Occlusion
Healthy + KCl
Diabetic+ KCl
Occlusion + KCl
Diabetic + Occlusion + KCl

4.64 ± 0.15
4.52 ± 0.17
4.41 ± 0.10
5.03 ± 0.14
3.24 ± 0.42 †††
1.57 ± 0.10 †††
2.74 ± 0.57 †††
3.388 ± 0.61 †††

124.90 ± 4.98
114.50 ± 4.98
133.90 ± 4.70
134.80 ± 7.12
21.44 ± 6.06 †††
5.23 ± 0.72 †††
15.22 ± 4.52 †††
20.65 ± 4.63 †††

130.30 ± 5.99
106.80 ± 8.05
114.50 ± 3.23
129.90 ± 7.11
8.37 ± 2.88 †††
0.98 ± 0.07 †††
7.27 ± 3.08 †††
10.35 ± 3.78 †††

ENDOTHELIUM (−)
Healthy
Diabetic
Occlusion
Diabetic + Occlusion
Healthy + KCl
Diabetic + KCl
Occlusion + KCl
Diabetic + Occlusion + KCl

4.23 ± 0.26
4.57 ± 0.12
4.48 ± 0.09
4.85 ± 0.09
2.0 ± 0.44 †††
2.66 ± 0.64 †††
2.26 ± 0.62 †††
1.69 ± 0.70 †††

99.67 ± 6.46 **
111.60 ± 5.44
96.66 ± 8.50 **
102.30 ± 8.48 *
16.89 ± 1.45 †††
13.84 ± 0.70 †††
14.74 ± 3.47 †††
27.06 ± 12.92 †††

92.95 ± 7.29 **
106.40 ± 8.00
86.83 ± 5.60 *** †††
106.20 ± 6.32 *
4.15 ± 0.72 †††
4.57 ± 1.57 †††
5.12 ± 1.60 †††
8.594 ± 4.02 †††

The adenosine concentration inducing 50% of its own maximum response (EC50 ) is presented as pEC50 (pEC50 = −log
EC50 ), whereas the maximal obtained relaxation (Emax ) is expressed as a percentage of the pre-contraction produced
by phenylephrine. AUC, area under the curve. Each result represents the mean ± SEM (n = 4–26). * p < 0.05;
** p < 00.01; *** p < 0.001—endothelium present (+), compared to endothelium denuded (−) (unpaired Student’s
two-tailed t-test). ††† p < 0.001 if compared to healthy animals with preserved endothelium (ANOVA followed by
Tukey’s post-hoc test).

In contrast to the maximal relaxation response, pEC50 values were not different in between
the investigated groups (Table 1). On the other hand, the AUC values were lower after endothelial
denudation in healthy, operated, and non-operated animals (Table 1). This result confirms that
in a healthy group of animals, the endothelial layer has a prominent role regarding adenosine
vascular effects.
The serum concentration of ADMA, a marker of endothelial dysfunction (ED), was higher in diabetic
animals if compared to healthy animals (198.30 ± 11.25 vs. 158.30 ± 27.84, p = 0.044; Figure 4A). This means
that the notable change occurred in endothelial function during diabetes, and that the difference in
adenosine-induced relaxation in the diabetic group was in part a consequence of progressing endothelial
dysfunction (ED). A measurement of VCAM-1/CD106 in animal serum failed to present any difference
between the investigated groups (20.92 ± 1.52 versus 20.34 ± 0.79, p = 0.45; Figure 4B).
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3.3. Effect of the Hyperpolarizing Solution on Adenosine-Induced Relaxation in the Rat FA Obtained from
Different Groups/Subgroups
In the presence of hyperpolarizing solution, the maximal relaxant response of the FA (in all
of the investigated groups/subgroups) to adenosine was almost abolished, if compared to the
adenosine action in the regular buffer (Figure 5, Table 1; p < 0.001). The adenosine-induced relaxation
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AUC values were significantly reduced in the presence of a hyperpolarizing solution (Table 1).
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The maximal relaxant responses, as well as pEC50 and AUC values, were reduced irrespective of
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endothelial presence. This means that, at the level of the FA, potassium flow plays a significant role in
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adenosine-induced relaxation.
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alloxaninduced diabetes. In this group, the majority of denuded blood vessels had an almost identical
response compared to vascular rings with preserved endothelium. Additionally, the relaxant
response of vascular rings obtained from diabetic animals, both with and without endothelium, was
similar to the recorded maximal relaxant effect observed in intact vascular rings from healthy
animals. This means that during diabetes, vascular smooth muscle cells probably developed a specific
protective mechanism, which allowed them to react quite potently to adenosine stimuli. Interestingly,
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alloxan-induced diabetes. In this group, the majority of denuded blood vessels had an almost identical
response compared to vascular rings with preserved endothelium. Additionally, the relaxant response
of vascular rings obtained from diabetic animals, both with and without endothelium, was similar to
the recorded maximal relaxant effect observed in intact vascular rings from healthy animals. This means
that during diabetes, vascular smooth muscle cells probably developed a specific protective mechanism,
which allowed them to react quite potently to adenosine stimuli. Interestingly, in consideration of
the previous facts, it could be expected that the relaxation response of the FA would be even stronger
in the presence of endothelium. Nevertheless, we did not record this phenomenon, which was most
probably due to the concomitant development of endothelial dysfunction (ED) related to diabetes.
Diabetes is considered to be a significant risk factor for the development of ED [11,21–23]. ADMA,
a well-confirmed marker of ED, is also an endogenous inhibitor endothelial nitric oxide synthase that
reduces nitric oxide production [24–26]. In our study, the serum ADMA levels were higher in the group
of diabetic animals, suggesting the possible development of ED. On the other hand, measurements of
VCAM-1/CD106 failed to show any difference between healthy and diabetic animals. This marker
is also an important indicator of ED [27]. The explanation for an increase of the ADMA level, while
the VCAM-1/CD106 level was unchanged, most likely lies in diabetes lasting shortly (only four
weeks), where ADMA is considered to represent an early marker of ED [25]. These results suggest that
ED was probably developed during diabetes, which significantly diminished the endothelial part of
adenosine-induced relaxation.
The occlusion of femoral arteries in healthy animals, with the subsequent isolation of intact or
denuded rings, did not produce any significant difference in any adenosine-produced effect, which was
comparable to the results obtained in the group of non-operated healthy animals. Although vascular
injury was expected to occur during the FA occlusion, this procedure did not affect the relaxant
mechanisms triggered by adenosine. Interestingly, an occlusion of the FA in diabetic animals enhanced
the relaxant effect of adenosine in vascular rings with preserved endothelium. In vascular rings
without endothelium, an occlusion procedure did not have a similar effect, and the maximal relaxant
response was comparable to the maximal response in vascular rings obtained from diabetic animals
without occlusion. The most probable explanation for these results could be regarding the development
of protective mechanisms in the endothelial cells of diabetic animals during the vascular occlusion,
which has most likely briefly prevailed endothelial dysfunction induced by diabetes. To the best of our
knowledge, there is no other similar data in the literature, so the next step should be the revealing the
nature of the underlying transduction mechanisms in this process.
In the second part of this study, we were interested in determining the influence of diabetes and/or
vascular occlusion on the transmembrane potassium ion flow in the adenosine-induced relaxation
of the investigated blood vessel. The opening of potassium ion channels, as a result of adenosine
action, was previously described in various blood vessels [2]. This pattern was also found in our study.
Thus, after administration of the solution with high potassium concentration (100 mM), the significant
reduction of adenosine-induced relaxation was found in all of the investigated groups/subgroups,
irrespective of the endothelial presence. In accordance, all of the measured parameters (Emax , pEC50 ,
and AUC values) were reduced in the presence of hyperpolarizing solution. Although the reduction
was found in all of the experimental groups/subgroups, a near complete abolishment of adenosine
effects was found in the vascular rings with preserved endothelium from diabetic animals. Still, we did
not detect any statistical difference in between the results obtained from vascular rings from different
groups/subgroups of animals in the presence of hyperpolarizing solution.
This preliminary report has several limitations that need to be addressed. Namely, one of the
primary goals was to elucidate the effect of short-term diabetes on adenosine action, additionally
aiming to detect early changes in the morphological and functional characteristics of the examined
blood vessel. However, the next step would certainly require an experimental protocol covering
the prolonged period of diabetes action on the blood vessel, for example, over eight or 12 weeks.
Secondly, since we aimed to examine adenosine-induced action in the context of endothelial
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dysfunction, as well as diabetes-induced and vascular occlusion-evoked changes in the responsiveness
of the rat femoral artery, a comprehensive characterization of adenosine receptors was not carried out
this time. Finally, although the initially designed methodological approach provided solid pieces of
evidence in accordance with the defined aims of our study, some additional immunohistochemistry or
immunofluorescence analysis would surely increase the factual merit of the provided data.
To conclude, we have demonstrated that adenosine induces the concentration-dependent
relaxation of the rat FA. The adenosine-induced relaxation was endothelium-dependent in all of
the investigated groups/subgroups, except in a group of diabetic animals. In diabetic animals,
the development of ED led to a loss of an endothelial component of adenosine-induced relaxation.
The occlusion of the FA in diabetic animals overcame the changes developed during ED, which
reversed adenosine-induced relaxation into an endothelium-dependent one again. Transmembrane
potassium ion flow has a crucial role in adenosine-induced relaxation, irrespective of the presence of
investigated pathological conditions, or the presence of an intact endothelium.
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