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Abstract 
Regulation of blood flow depends on systemic and local release of 

vasoactive molecules such as insulin and adenosine. These molecules cause 
vasodilation by activation of plasma membrane receptors at the vascular 
endothelium. Adenosine activates at least four subtypes of adenosine receptors 
(A1AR, A2AAR, A2BAR, A3AR), of which A2AAR and A2BAR activation leads to 
increased cAMP level, generation of nitric oxide, and relaxation of the underlying 
smooth muscle cell layer. Vasodilation caused by adenosine also depends on  
plasma membrane hyperpolarization due to either activation of intermediate- 
conductance Ca2+-activated K+ channels in vascular smooth muscle or activation 
of ATP-activated K+ channels in the endothelium. Adenosine also causes 
vasoconstriction via a mechanism involving A1AR activation resulting in lower 
cAMP level and increased thromboxane release. Insulin has also a dual effect 
causing NO-dependent vasodilation, but also sympathetic activity and increased 
endothelin 1 release-dependent vasoconstriction. Interestingly, insulin effects 
require or are increased by activation or inactivation of adenosine receptors. This is 
phenomenon described for D-glucose and L-arginine transport where A2AAR and 
A2BAR play a major role. Other studies show that A1AR activation could reduce 
insulin release from pancreatic ß-cells. Whether adenosine modulation of insulin 
biological effect is a phenomenon that depends on co-localization of adenosine 
receptors and insulin receptors, and adenosine plasma membrane transporters is 
something still unclear. This review summarizes findings addressing potential 
involvement of adenosine receptors to modulate insulin effect via insulin receptors 
with emphasis in the human vasculature. 
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Introduction 
A proper regulation of the vascular tone is essential to maintain 

vascular and systemic homeostasis compatible with life in humans. 
Several diseases associate with alterations in the vascular response to 
vasodilators or vasoconstrictors, including hypertension, diabetes 
mellitus, and obesity [1,2,11,3–10] These vascular reactivity complications 
associate with disorders of the heart and blood vessels, referred as 
cardiovascular disorders (CVDs), including coronary heart, cerebrovascular, 
and peripheral arterial disease. Vascular endothelial and smooth muscle 
cells play crucial roles in the efficiency of the vessels to dilate or contract 
in response to circulating or locally released molecules. Among a large 
variety of these molecules, are the endogenous nucleoside adenosine [12– 
14] and the hormone insulin [15–18], both of which act on plasma 
membrane receptors of relative high selectivity and specificity triggering 
differential signaling mechanisms according to the type of receptor(s) 
activated [17,19–21]. 

The biological effects of adenosine depend on its extracellular 
concentration and binding to plasma membrane adenosine receptors 
(ARs) [13,21,22]. ARs are coupled to stimulatory or inhibitory G proteins, 
which, among other things, lead to changes in the level of the adenylyl 
cyclase (AC)-generated cyclic AMP (cAMP), thus modulating cell function 
and metabolism [20,21]. ARs are four subtypes expressed in most cell 
types, including  the human  umbilical  cord vessels  and placenta 
vasculature, i.e., fetoplacental vasculature [23,24]. Activation or blockage 
of ARs could result in  greater risk to  develop diabetes mellitus, 
hypertension, or cancer [25]. Equally, ARs are essential in gestational 
diabetes mellitus (GDM) [26–28] and early or late preeclampsia [24,29]- 
associated human umbilical vein endothelial dysfunction. 

ARs are also critical in the biological effects of insulin in the 
human vasculature [24,28,30], and other cell types, including skeletal 
muscle [31–35] and adipocytes [36–40]. Interestingly, different levels of 
expression of insulin receptors (IRs), as well as triggering of their 
corresponding associated signaling mechanisms, is reported in human 
umbilical vein endothelial cells (HUVECs) from GDM pregnancies 
compared with cells from normal pregnancies [14,28,41]. This condition 
results in endothelial cell activation increasing the expression and activity 
of nitric oxide synthases (NOS) in HUVECs [14] and human placental 
microvascular endothelial cells (hPMECs) [42]. Thus, a close relationship 
between adenosine and ARs, and insulin and IRs is a mechanism that 
modulates cell function, including vascular endothelial and smooth 
muscle cells, in health and disease. 

This review addresses potential cellular and molecular 
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mechanisms behind the biological actions of adenosine via ARs as 
modulator of insulin effect via IRs with emphasis in  the human 
vasculature. 

 
Adenosine 

Adenosine is an endogenous purine nucleoside that results from 
the β-N9-glycosidic bond  between adenine and  D-ribose, and  is 
synthesized, released, and taken up by most, if not all the cells [43], 
including human fetoplacental vascular endothelial [14,17,26,44] and 
smooth muscle cells [44–46]. This nucleoside is widely recognized for 
being a local regulator of cellular function, mediating autocrine and 
paracrine mechanisms in response to acute alterations meeting the 
associated energy demands of cells [13,47]. These physiological processes 
include the local regulation of vascular tone in adults [48,49] and 
newborns [28,41] (Fig. 1). 

 
Extracellular and intracellular metabolism/catabolism of adenosine 

The extracellular level of adenosine increases when ATP 
consumption overpasses ATP synthesis, raising the level of AMP, which is 
a precursor for this nucleoside. Physiological adenosine concentration is 
~20-300 nmol/L in adult human blood [50,51] and umbilical vein blood 
[14,42].  Adenosine  shows with a short half-life  (~10 seconds)  in plasma 
[52] and in certain conditions, such as heavy exercise, increased nerve 
activity, low local oxygen environment (i.e., hypoxia), ischemia/ 
reperfusion, or acute inflammation, extracellular adenosine concentration 
increases and reaches ~1-10 µmol/L due to the associated imbalance in 
ATP catabolism/anabolism [21,53–55]. 

Intracellular pathways of adenosine formation in mammals regard 
with hydrolysis of the adenine-based nucleotides ATP, ADP, and AMP, 
and the activity of S-adenosyl-L-homocysteine hydrolase that generates 
adenosine and L-homocysteine (Fig. 2). A balance between the activity of 
cytosolic 5’-nucleotidases degrading AMP to generate adenosine, and 
AMP deaminase (AMPD) hydrolysing the amino group from the adenine 
ring of AMP to produce inosine 5′-monophosphate, is determinant in the 
generation of a given intracellular concentration of adenosine [56]. 
Adenosine generation at the extracellular space results from ATP and 
ADP phosphohydrolysis mediated by a two-step process involving 
ectonucleoside triphosphate diphosphohydrolase (ecto-NTPDase-1) to 
generate AMP, and the activity of ecto-5′-nucleotidase to  generate 
adenosine [57]. Adenosine degradation to inosine is  mediated via 
adenosine deaminase (ADA). Cytoplasmic adenosine kinase regulates 
intracellular adenosine concentration forming AMP. Since ADA has lower 
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Figure 1. Biological effects of adenosine via adenosine receptors 
activation. Adenosine activates adenosine receptor subtype 1 (A1AR), 2A 
(A2AAR), 2B (A2BAR), or A3 (A3AR). The biological effect is an increase (⬆) or 
decrease (⬇) of the indicated phenomena. Activation of these receptors mediates 

cell signaling mechanisms involving cyclic AMP (cAMP), nitric oxide (NO), 
phosphatidylinositol 3 kinase (PI3K), protein kinase B (Akt), endothelin 1 (ET-1), 
tromboxanes (ThX), ATP-activated K+ channels (KATP). Composed from 
references addressed in the text and Table 1. 

 
affinity (Km ~20 µmol/L) for this nucleoside compared with adenosine 
kinase (Km ~2 µmol/L) [53,58,59], inosine formation from adenosine via 
ADA is not a preferential, but adenosine phosphorylation is a preferential 
pathway to maintain physiological intracellular level of this nucleoside. 

 
Plasma membrane nucleoside transporters 

Extracellular and intracellular concentration of adenosine is also 
regulated by the capacity of cells to take up this nucleoside via plasma 
membrane transport mechanisms [60,61]. The most well described 
transport mechanisms include the Na+-independent equilibrative (ENTs) 
and Na+-dependent concentrative (CNTs) nucleoside transporters  [61]. 
At least two ENTs isoforms mediate adenosine transport across the 
plasma membrane, i.e., ENT1 and ENT2, thus regulating extracellular and 
intracellular adenosine concentration in mammalian cells. Transport 
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Figure 2. Adenosine synthesis and catabolism. The metabolic activity of 
the cells (Intracellular metabolism) generates ATP, which is then exported to the 
extracellular space via different mechanisms including the possibility of 
hemichannels (Hc). Extracellular ATP concentration is increased due to the 
release from different phenomena in cells and tissues including platelet 
aggregation, neurotransmission, vascular shear-stress, and from damaged 
cells. ATP is converted to ADP via the ecto-NTPDase-2 (CD39L1) and to AMP via 
the ecto-NTPDase-1 (CD39) activity. AMP is also generated via the activity of the 
adenylate kinase (AdK). AMP is then converted into adenosine (Adenosine) via 
the ecto-5′-nucleotidase (CD73) activity. Adenosine extracellular level is also 
maintained by a potential direct release of this nucleoside from tissues and cells 
to the extracellular space. Adenosine removal from the extracellular space results 
from its conversion to inosine via ecto-adenosine deaminases (ADA) and the 
uptake mediated by nucleoside transporter (NTs) at the plasma membrane. Once 
adenosine is in the intracellular space it is phosphorylated to generate AMP via 
adenosine kinase (AK), which is then hydrolysed by AMP deaminase (AMPD) 
generating inosin monophosphate (IMP). Adenosine is also metabolized to 
inosine by intracellular ADA. An increase in the intracellular level of adenosine 
also results from the hydrolysis of S-adenosyl-L-homocysteine (SAH) via the 
activity of SAH hydrolase (SAHh) to generate L-homocysteine (L-Homocysteine). 
Additionally, the activity of cytosolic 5’-nucleotidases (c5’NT) generates 
adenosine from AMP. The increase of adenosine in the extracellular space could 
leads to activation of adenosine receptors (ARs) to trigger signaling mechanisms 
increasing the synthesis, release, or activity of cyclic AMP (cAMP), nitric oxide 
(NO), phosphatidylinositol 3 kinase (PI3K), protein kinase B (Akt), endothelin 1 
(ET-1), tromboxanes (ThX), ATP-activated K+ channels (KATP). However, the 
precise role of these molecules in the synthesis and catabolism of adenosine is 
not well described (?). Light blue arrows show reactions to increase adenosine 
formation. Red arrows show reactions to decrease adenosine formation. 
Composed from references addressed in the text. 
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activity and its contribution to this phenomenon are less clear for ENT3, 
which is predominantly intracellular at lysosomal membranes [62], and 
ENT4 that transport adenosine and monoamines [61,63]. CNTs include at 
least three proteins, CNT1 (largely selective for pyrimidine nucleosides, 
with low affinity for adenosine), CNT2 (largely selective for purine 
nucleosides), and CNT3 (selective for both purine and pyrimidine 
nucleosides). Interestingly, even when CNTs present with higher affinity 
for their substrates, the number of molecules per transporter per second 
(i.e., turnover number of transport) is lower than for the ENTs-mediated 
transport for example for uridine and adenosine (~300 molecules per 
transporter per second for human ENT1 (hENT1)-mediated in HUVECs 
[26]. 

 
Adenosine receptors 

Several excellent and detailed reviews addressing the 
biochemistry, and biophysics and functionality of ARs are currently 
available [20,21,64–67]. Biological effects of adenosine are mediated by 
activation of ARs coupled either to G inhibitory (Gi) protein for adenosine 
receptor A2A (A2AAR) and A2B (A2BAR) subtypes, or stimulatory (Gs) 
protein for adenosine receptor A1 (A1AR) and 3 (A3AR) subtypes. These 
ARs present with different affinities for adenosine being in the range of 
~100-310  nmol/L  for  A1AR,  A2AAR,  and  A3AR,  but  in  the  range   of 
~5000 mol/L for A2BAR. A1AR is ubiquitously expressed throughout the 
body, coupled to Gi/o-dependent signals inhibiting AC activity, activating 
K+, but inhibiting Ca2+ channels. A1AR activation also increases Ca2+ 
mobilization via a pertussis toxin-sensitive, G protein βγ subunit 
dependent mechanism by activating phospholipase Cβ (PLCβ) 
[20,64,68–70]. A2AAR activate Gs and Golf (olfactory G protein, first 
identified in the olfactory epithelium) proteins [71] increasing cAMP 
generation and protein kinase A (PKA) activity, and is mainly associated 
with NO-dependent vasodilation. A2BAR is coupled to Gq protein, 
activates mitogen-activated protein kinases (MAPKs) [72], and is involved 
in NO-dependent vasodilation. The Gi protein coupled-A3AR reduces AC 
activity and is depalmitoylated making this ARs subtype susceptible to 
desensitization [73,74]. 

 
Insulin 
Synthesis and release of insulin 

Insulin is the major controller of D-glucose homeostasis and other 
functions in the human body (Fig. 3). It is an endocrine peptidic hormone 
synthesized and secreted by pancreatic β-cells. Human insulin is a 51- 
amino acid residues structure containing two peptide chains (A and B) 
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joined by disulphide bonds [75,76]. Insulin release by pancreatic β-cells 
results in response to high extracellular concentration of D-glucose [76– 
78], L-glutamine, and L-leucine [79], and high intracellular level of cAMP 
[80]. Since D-glucose–induced insulin secretion depends on the uptake 
and degradation of D-glucose in the pancreatic β-cells [76], insulin release 
from these cells relies on the availability of D-glucose from the vasculature 
surrounding the pancreatic islets [75,78]. 

 
Insulin receptors 

Insulin activates  receptors  of insulin  (IRs)  at the plasma 
membrane [14,15,18,81]. Insulin signaling occurs by activation of at least 
two isoforms of IRs, i.e., insulin receptor A (IR-A) and B (IR-B) [17]. 
Physiological plasma level of insulin activates IR-A  ending in a 
preferential activation of p44 and p42 MAPKs (p42/44mapk) rather than 
protein kinase B (Akt) (i.e., activated p42/44mapk/activated Akt >1), a 
phenomenon referred as mitogenic phenotype [17,41]. However, 
preferential activation of IR-B results in a ratio for activated 
p42/44mapk/activated Akt <1 that is referred as metabolic phenotype 
[17,41]. A differential mRNA expression of IR-A and IR-B, as well as their 
associated signaling mechanisms, is reported in HUVECs and hPMECs 
from GDM pregnancies compared with cells from normal pregnancies 

 
 

 

Figure 3. Biological effects of insulin via insulin receptors activation. 
Insulin activates insulin receptor subtypes A (IR-A) or B (IR-B) to cause several 
biological effects as shown. Some biological effects of insulin are still unclear 
regarding their association with a single or both insulin receptor subtypes 
(unknown IR). VSMCs, vascular smooth muscle cells. Composed from references 
addressed in the text and Table 2. 



Chapter 3 

31 

 

 

 

[14,28,41,42]. Thus, target cells will respond to insulin depending on the 
IRs type that is available at the plasma membrane in the human 
fetoplacental vascular endothelium [11] Insulin shows two surfaces 
contact sites composed of hormone dimerizing (contact surface 1) or 
hormone-hexamerizing (contact surface 2) residues. These contact 
surfaces are thought to interact with IRs contact sites 1 and 2, respectively 
[81,82]. A dynamic between the exposure of insulin surfaces and their 
binding kinetics to IRs contact sites could be determinant in the 
responsiveness of cells to insulin. Whether this is happening for IR-A and 
IR-B types is not yet reported. However, this phenomenon could be 
determinant in diseases where cells are less responsive to this hormone 
such as in insulin-resistant associated diseases including diabetes mellitus 
and obesity, or where insulin binding could be under modulation by other 
factors, including adenosine [11,28,30]. 

 
Vascular effects of adenosine 
Vasodilation 

Readers are guided to review these initial findings and recent 
excellent original studies and reviews on adenosine vascular action 
[11,48,49,83,84]. Since approximately 90 years from now adenosine was 
reported to cause vasodilation in humans and animal experimental 
models (see [84]). Adenosine caused dilation of human pial arteries in 
vitro, a phenomenon that likely depended on the nature of the vessel 
since this nucleoside did not alter extracranial arteries tone [85]. Studies 
performed in coronary vessels in dogs show increased blood flow in 
response to intravenous injection of adenosine [86]. Similar findings were 
reported in studies where adenosine was infused in patients undergoing 
cerebral aneurysm causing hypotension due to a decrease in  the 
peripheral arterial resistance with a parallel increase in the plasma 
adenosine concentration from 0.15 to 2.5 µmol/L [87]. In the latter study, 
the use of dipyridamole, a general inhibitor of adenosine uptake [61], 
caused a pronounced vasodilation in response to adenosine likely due to 
reduced removal of extracellular adenosine, thus leading to higher 
concentrations activating the relevant ARs. Dipyridamole was also shown 
to potentiate (2-5-fold) the adenosine-increased forearm blood increased 
in normal human subjects [88]. These studies are demonstrations of the 
dynamics between adenosine uptake and ARs activation by adenosine in 
the human vasculature. 

 
Role of nitric oxide on adenosine effect 
Vascular endothelial cells exposed to adenosine respond with an 

increase in the activity of endothelial NOS (eNOS) and synthesis of NO 
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Figure 4. Adenosine modulation of vascular tone. Adenosine activates 
adenosine receptor subtype 1 (A1AR), 2A (A2AAR), 2B (A2BAR), or A3 (A3AR). 

A2AAR and A2BAR activation increases (⬆) adenylyl cyclase (AC), cyclic AMP 

(cAMP),  protein  kinases  A  (PKA)  and  B  (Akt),  and  p44/42  mitogen-activated 
protein kinases (p44/42mapk). The changes in the activation state of these proteins 
result in activation of the nitric oxide synthases (NOS) to convert L-arginine into L- 
citrulline and nitric oxide (NO). The gas NO activates ATP-activated K+ channels 
(KATP) and intermediate-conductance Ca2+-activated K+ channels (IKCa) to 
increase the efflux of K+ leading to membrane hyperpolarization (Vm) that results 
in activation of the maximal transport capacity of L-arginine mediated by the 
human cationic amino acid transporter 1 (hCAT-1). These modifications in the 
activity of the cells lead to Vascular smooth muscle relaxation and vasodilation 
(Vasodilation). A1AR and A3AR activation reduces (⬇) AC and cAMP, resulting in 
reduced NOS activity by unclear mechanisms (?). A not well-understood signaling 
(?) leads to reduction in the Ca2+ intracellular overload reducing the Ca2+- 
dependent  NOS  activity  in  vascular  cells.   Activation  of  A1AR  increases  (⬆)  the 
synthesis of phospholipase C ß (PLC ß), tromboxane A2 and vasoconstrictor 
prostaglandins. Activation of this subtype of adenosine receptors could also leads to 
membrane depolarization (Vm) through the modulation of KATP and IKCa activity 
by unclear mechanisms (?). Activation of A1AR and A3AR subtypes by adenosine 
results in Vascular smooth muscle contraction and vasoconstriction 
(Vasoconstriction). Composed from references addressed in the text and Table 1. 
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[26,28,30], a phenomenon seen in several endothelial cell types and 
tissues [11,89–91] (see Table 1). Adenosine is used to estimate coronary 
flow reserve to adenosine in normal subjects and in patients with 
coronary artery disease [49]. However, studies in patients are restricted to 
the systemic use of general NOS inhibitors. NO-dependent vasodilation 
caused by adenosine is shown to result from activation of A2AAR leading 
to increased cAMP in hPMECs [29] and p44/42mapk phosphorylation 
(i.e. activation) in HUVECs [26]. This effect of adenosine was blocked by 
the A2AAR  antagonist ZM241385 and  the  sequence of signaling 
mechanisms involved was adenosine – A2AAR activation – increased 
cAMP/PKA/PKC – higher eNOS expression and activity – higher NO 
level – p44/42mapk activation. This signaling pathway ended in 
increased expression of SLC7A1 gene (for human cationic amino acid 
transporter 1 (hCAT-1)) and hCAT-1 mediated L-arginine transport 
[11,27,91]. Activation of ARs causing increased NO synthesis and L- 
arginine transport was referred as ALANO (standing for Adenosine/L- 
Arginine/NO) signaling pathway in HUVECs [26,27,92]. Thus, activation 
of A2AAR and A2BAR leads to vasodilation dependent on NO synthesis 
and other mechanisms involving increased cAMP synthesis and PKA 
activation in the human fetoplacental vasculature (Fig. 4). It is also 
reported that adenosine could cause a NO-independent vasodilation in 
several organs and vascular beds, including human forearm skeletal 
muscle [93], human resistance vessels [88], and kidney circulation in 
hypertensive patients [94]. However, ARs subtype and  associated 
signaling mechanisms involved in this response to adenosine is unclear. 
On the other hand, there is little evidence that A3AR is involved in blood 
pressure changes [95,96]. A role of A3AR as vasodilator was shown in rat 
coronary vessels [44,97], a phenomenon that is likely mediated by 
activation of PKC and ATP-activated K channels (KATP) channels in 
vascular smooth cells [97–99]. Additionally, the A3ARi splice variant of 
A3AR detected in rat hearts was proposed to contribute to the coronary 
vasodilation in these animals [97]. 

 
Role of oxidative stress on adenosine effect 
Oxidative stress is a condition that affects the vasculature where 

NADPH oxidase (Nox) activity plays crucial roles. Activation of Nox 
generates reactive oxygen species (ROS) in primary cultures of HUVECs 
incubated with high extracellular D-glucose [114,115]. The main ROS 
specie generated under this environmental condition (~80%) was 
superoxide anion (O2.–). The increase in O2.– generation was a 
phenomenon associated  with higher  hCAT-1–mediated L-arginine 
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HUVECs, human umbilical vein endothelial cells; BMDCs, bone marrow-derived 
endothelial cells; LOPE, late-onset preeclampsia; JMX, juxtaglomerular; STZ, 
streptozotocin; hCAT-1, human cationic amino acids transporter 1; NO, nitric 
oxide; A1AR, A1 adenosine receptor subtype; A2AAR, A2A adenosine receptor 
subtype; A2BAR, A2B adenosine receptor subtype; A3AR, A3 adenosine receptor 
subtype; Ca2+, calcium; KATP, ATP activated K+ channels; PGI2, prostaglandin 
I2; cAMP, cyclic AMP. 

 
transport in this fetoplacental endothelium [114]. Recent studies also 
proposed that Nox generates hydrogen peroxide (H2O2) in this cell type 
[116]. H2O2 causes vasodilation in mice cerebral arteries [117] likely via a 
mechanism that was independent of A1AR, A3AR, or A2BAR activation 
[118,119], but dependent on A2AAR activation [119]. Thus, ROS- 
dependent vasodilation caused by adenosine is highly specific for this type 
of ARs. The role of A2AAR activation in vascular reactivity and the 
involvement of ROS in this phenomenon are also suggested from studies 
in A2AAR knockout mouse [120]. Adenosine-caused coronary reactive 
hyperemia requiring A2AAR resulted from higher H2O2 generation 
leading to activation of KATP channels in the vascular smooth muscle 
[121,122]. 

The dependency of ARs (particularly A1AR, A2AAR, and A2BAR) 
on the generation of ROS has also been suggested in studies where the use 
of an A1AR and A2AR non-specific antagonist caused hypertension in rats 
[123]. The authors concluded that antagonizing these ARs result in 
increased Nox and generation of hydrogen peroxide (H2O2) from the 
O2.–. Thus, activation of A1AR, A2AAR, and A2BAR will maintain a 
normotensive vascular tone by keeping low the Nox-generated O2.– in 
these animals. 

Interestingly, adenosine-increased rat coronary blood flow involves 
A2AAR activation requires p44/42mapk phosphorylation [118]. Since 
exposure of HUVECs from normal pregnancies to high extracellular D- 
glucose result in higher p44/42mapk phosphorylation [114,124] and 
increased extracellular concentration of adenosine [26], it is likely that 



Chapter 3 

36 

 

 

 

A2AAR activation by adenosine leading to increased L-arginine transport 
and NO synthesis [27,30] may result from increased generation of ROS in 
this type of endothelium. In fact, supporting this possibility are the 
findings showing that high extracellular D-glucose causes an increase in 
the hCAT-1–mediated  L-arginine transport  in parallel  with Nox- 
generated O2.– in this cell type [114]. Furthermore, D-glucose effect on L- 
arginine transport and p44/42mapk phosphorylation was blocked by the 
Nox-inhibitor apocynin and the O2.– scavenger tempol in HUVECs. 

It is reported that ß-adrenergic preconditioning in rat hearts was 
dependent on A3AR activation and mediated by  ROS generation 
involving activation of p44/42mapk and Akt [125]. These findings 
complement those suggesting that activation of A3AR with specific 
agonists results in ROS generation leading to cell death in a cell line of 
human glioma cells via a similar signaling mechanism [126]. However, 
the involvement of A3AR activation in cancer cells is still controversial 
since reports in AT6.1 rat prostate cancer cells show that A3AR-activation 
dependent reduced proliferation and metastasis result from inhibition of 
Nox and p44/42mapk activity [127]. Thus, A3AR involvement in the 
response of cancer cells due to changes in Nox-generated ROS will 
depend on the type of cancer. In addition, these findings could reflect a 
response in cancer cells rather than in non-cancer cells since A3AR are 
not involved in the modulation of L-arginine transport and NO synthesis 
in HUVECs [24,28,30]. 

 
Role of K+ channels on adenosine effect 
Assays in human coronary arterioles under a pharmacological 

approach suggest that intermediate-conductance calcium-activated 
potassium (IKCa) channels were involved in the response of this type of 
vascular smooth muscle to adenosine [128]. Activation of IKCa channels 
leads to plasma membrane hyperpolarization, probably due to activation 
of A2AAR, A2BAR, or both, and perhaps a parallel depolarization of the 
plasma membrane via activation of A1AR. KATP channels may also be 
involved in the response of vascular smooth muscle to activation of ARs 
receptors [121,122]. Increased NO synthesis associates with KATP 
activation leading to plasma membrane hyperpolarization in primary 
cultures of HUVECs from normal pregnancies exposed to elevated 
extracellular concentrations of D-glucose (25 mmol/L for 24 hours) [129]. 
Activation of KATP channels with glibenclamide (a general K+ channels 
activator) also increased the maximal transport capacity (defined as the 
ratio between Vmax/Km for transport kinetics) [130,131] of L-arginine 
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transport in this cell type. The latter suggests a connection between the 
membrane potential sensitive transport of the cationic amino L-arginine, 
KATP, and NOS activity in this type of human fetal endothelium. 
Interestingly, since high D-glucose also increased the extracellular 
accumulation of adenosine in this cell type in vitro reaching 1.5 mol/L 
[132], and increased p42/44mapk phosphorylation [114,124] and 
expression of hCAT-1 isoform [114,133], ARs activation was likely 
mediating these effects of extracellular D-glucose in HUVECs. 
Considering that A2AAR and A2BAR signal through increased NO 
synthesis and all ARs subtypes signal increasing p42/44mapk and PKA 
activation [27], any of these receptors could be responsible for high D- 
glucose effect in HUVECs. More recently, it was shown that adenosine 
and nitrobenzylthioinosine (NBTI)-increased extracellular adenosine 
result in stimulation of L-arginine transport and the transcriptional 
activity of SLC7A1 coding for hCAT-1 in HUVECs [28]. 

 
Vasoconstriction 

Adenosine also causes vasoconstriction in several vascular beds 
including the human placenta [134], human and animal kidney [135– 
140], sheep lung [141], and human lung [142] (see Fig. 4). Adenosine 
infusion causes constriction in dog kidney afferent and efferent arteriole 
via activation of A1AR, a finding less pronounced when higher doses of 
this nucleoside were used [138]. Thus, under conditions where all the ARs 
subtypes are activated by adenosine concentrations overpassing their Kd 
for this nucleoside, a vasodilator effect mediated by activation of A2AAR 
and A2BAR could mask a vasoconstrictor effect by A1AR activation. 
Adenosine was thought to cause partial endothelium-dependent 
vasoconstriction via A2AAR activation in human chorionic arteries and 
veins, a response that also seems mediated by the release of thromboxane 
rather than the expected vasodilator effect of the  cAMP-classical 
activation cell signaling mediated by the activation of these ARs [134]. 
However, since an A1AR agonist also caused vasoconstriction it is likely 
that this type of ARs subtype is involved in the response to adenosine in 
these human placenta vessels. Additionally, the vasoconstriction caused 
by adenosine in endothelium-denuded vessels was partially reduced. 
Thus, vascular smooth muscle is likely to play a role in the response of 
these vessels to adenosine. 

The role of A3AR in vasoconstriction is scarcely known. In a recent 
study in A3AR knockout mice subjected to nephrectomy and a diet high 
in salt did not develop hypertension [143]. Thus, it is likely that this 
subtype of ARs is also involved in causing vasoconstriction. Since A3AR 
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activation also leads to inhibition of adenylyl cyclase activity, thus 
lowering cAMP level [21], it is likely that hypertension could result from 
reduced cAMP-signaling associated mechanisms. The cell signaling 
mechanisms resulting from A3AR activation to cause vasoconstriction in 
the human vasculature is not available and stays as a future research field 
to develop. 

 
Vascular effect of insulin 
Vasodilation 

As mentioned, at very early times peripheral vasodilation was 
described in human subjects that received insulin [144]. It was initially 
believed that insulin causes a decrease in vascular resistances as a 
consequence of this hormone’s induced systemic hypoglycemia. However, 
insulin in a dose that is not causing hypoglycemia increased the forearm 
blood flow and reduced the forearm vascular resistance in human subjects 
[145]. Further studies showed that insulin reduced the sympathetic- 
induced vasoconstriction in humans [146], reinforcing its  role as 
vasodilator or as modulator of the vascular response. 

Vasodilation in human skeletal muscle caused by insulin 
intravenous injection [147] or in subjects with hyperinsulinemia [148] is a 
NO-dependent phenomenon (Fig. 5). Insulin causes vasodilation in at 
least two steps, i.e., first causing a rapid (lasting few minutes) dilation of 
terminal arterioles with no changes in the capillary blood flow, but 
requiring capillary recruitment (increase in the number of perfused 
capillaries), and a second step (lasting several minutes to hours) that 
comprises dilation of larger resistance vessels resulting in increased 
capillary blood flow [149]. Since NO generation in response to insulin is 
rather a rapid (few minutes) mechanism in the human microvasculature 
and macrovasculature [91], NO-mediated signaling for insulin effect is a 
first response, which is followed by activation of NO-dependent secondary 
associated mechanisms. Indeed, in isolated human umbilical vein rings 
from normal pregnancies insulin causes rapid (2-3 minutes) 
endothelium-derived, NO-dependent dilation requiring p44/42mapk and 
PKB/Akt activity [28,30]. Since the latter was measured in vessels rings 
mounted a wire myograph, the relevance of these findings is  of 
importance, but they must be taken with caution since the setup in vitro is 
clearly far from observations described for systemic vasodilator effect of 
insulin. However, in healthy young adults insulin infusion in the legs 
caused an increase in blood flow and capillary recruitment, an effect that 
was suggested to be dependent on endothelium activation since L-NMMA 
blocked insulin vasodilation [150]. Interestingly, when insulin was infused 
together with L-NMMA activation of the mammalian target of rapamycin 
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(mTOR) complex 1 (mTORC1), which is promoting translation initiation 
and accelerating muscle protein synthesis [151], was reduced. Thus, NO 
(likely derived from the endothelium in response to insulin) could sustain 
mTORC1 activation in humans to cause vasodilation. The results agree 
with findings in normal subjects where insulin was administered into the 
brachial artery [152]. The results suggest that insulin caused a reduction 
in the forearm vascular resistance that was dependent on NO synthesis 
since it was inhibited by L-NMMA, and was independent of locally 
released prostaglandins since the cyclooxygenase inhibitor indomethacin 
did not alter the vasodilation caused by insulin. Thus, most of the studies 
addressing vasodilation caused by insulin regards with the generation of 
NO from the vascular bed studied. The potential source of NO in these 
assays in unclear since inhibitors of NOS activity act indistinctly on the 
vascular endothelium and vascular smooth muscle. 

Assays in vitro using vascular endothelial and smooth muscle cells 
show that the response of these cell types to insulin includes increased 
hCAT-1–mediated L-arginine transport and expression and increased NO 
synthesis (Table 2). This phenomenon results from IR-A activation by 
insulin triggering of ARs-dependent ALANO signaling pathway due to the 
extracellular accumulation of adenosine as a consequence of reduced 
hENT1/hENT2-mediated adenosine transport [11,28,30,91]. 

 
Vasoconstriction 

Insulin causes vasoconstriction via mechanisms involving 
activation of the sympathetic nervous system (Fig. 5), a phenomenon that 
is proposed to oppose to NO-mediated vasodilation caused by this 
hormone. Additionally, endothelin release from the endothelial cells is a 
mechanism that also mediates vasoconstriction. Excellent and detailed 
reviews describing this phenomenon are available (see [149,171,172]). 

Insulin increases the catecholamine levels and sympathetic activity 
in doses that caused massive fall in plasma D-glucose concentration [173– 
175]. Interestingly, a more efficient NO-dependent vasodilation in 
response to insulin was reported in patients undergoing sympathectomy 
[176], suggesting the possibility that a mechanism other than insulin- 
induced vasodilation that was independent of NO was functional in 
humans. It was shown that ß-adrenergic or cholinergic signals may not be 
involved in the vasodilator actions of insulin to increase calf blood flow in 
human [177]. However, this is uncertain since involvement of these 
modulatory mechanisms of blood flow in humans is still controversial 
[149,171]. Indeed, insulin causes dilation of distal arterioles, but 
contraction of proximal arterioles, thus making clear that different 
mechanisms will result from insulin action in a same or different vascular 
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Figure 5. Insulin modulation of vascular tone. Insulin activates insulin 
receptors  A  (IR-A)  or  B  (IR-B).  IR-A  activation  increases  (⬆)  the  activator 

phosphorylation of insulin receptor substrate 1 (IRS-1), phosphatidylinositol 3 
kinase (PI3K), nuclear factor kappa-light-chain-enhancer of activated B cells 
(NFkB), vascular endothelial growth factor (VEGF) synthesis and release, and 
p44/42 mitogen-activated protein kinases (p44/42mapk). IR-B activation 
increases protein kinase B (Akt) activity, c-Jun N-terminal kinases (JNK), and 
mammalian target of rapamycin complex 1 (mTORC1). Insulin-activation of IR- 
A and IR-B ends in higher nitric oxide synthases (NOS) activity converting L- 
arginine into L-citrulline and nitric oxide (NO). The gas NO is thought to  
increase the synthesis and release of endothelin 1 (ET-1). ET-1 activates 
endothelin B receptors (ETB) stimulating the release of endothelial-derived 
relaxing factors (EDRFs). Additionally, insulin activates the maximal transport 
capacity for L-arginine through the human cationic amino acid transporter 1 
(hCAT-1).  The  role  of  p44/42mapk  as  modulator  of  NOS  activity,  or  NOS as 

modulator of p44/42mapk activation, is unclear. These modifications in the 
activity of the cells caused by insulin lead to Vascular smooth muscle relaxation 
and Vasodilation. Insulin also increases prostaglandins and ET-1 synthesis and 
release, likely through IR-B activation. The release of ET-1 activates endothelin A 
receptors (ETA) to increase the release of endothelial derived constrictor factors 
(EDCFs). These mechanisms lead to Vascular smooth muscle contraction and 
Vasoconstriction. Additionally, insulin increases PI3K, p44/42mapk, the 
sympathetic activity, and the synthesis and release of catecholamines at the 
central nervous system (Hypothalamus) resulting in Vasoconstriction (light blue 
dotted arrow). Composed from references addressed in the text and Table 2. 
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bed. Interestingly, insulin activates MAPKs and PI3K in rat hypothalamus 
[178]. Since this effect was differential in several regions of  the 
hypothalamus, and because MAPKs and PI3K signaling pathways are 
preferentially activated by IR-A and IR-B, respectively [17], it is likely that 
insulin via differential activation of these IRs subtypes will result in the 
control of the vascular tone starting with sympathetic activation at the 
central nervous system. The general accepted proposal is that insulin 
vasoconstriction due to sympathetic activation is masked and overpassed 
by the dilatory effect of  this hormone. However, in  obesity and 
hypertension, insulin effect is favored in the sense of a sympathetic 
pressor action [174,179,180]. It is now clearer that other pathologies or 
conditions associated with defects in insulin signaling, such as GDM 
[17,28], preeclampsia [24,181], or hyperglycemia [26,129,182], show with 
lower triggering of cell signaling mechanisms including those mediated by 
NO, p42/44mapk, Akt, and PI3K, in the human endothelium [183]. 
Whether these mechanisms at the endothelial cell level are in parallel with 
a central sympathetic control of the vascular tone is a phenomenon not 
fully uncovered [11,91,179,183]. 

Insulin also increases the synthesis and release of the 
vasoconstrictor endothelin-1 (ET-1) at the vascular endothelium 
[164,184–186]. Additionally, hyperinsulinemia increases ET-1 synthesis 
and release resulting in reduced vasodilation in human skeletal muscle 
arterioles [184]. Thus, the insulin resistance or a less responsiveness of 
the vasculature to insulin results in this phenomenon, or alternatively 
increased vasoconstriction. ET-1 increases blood  pressure  depending 
on its circulatory concentration, a response proposed to counteract the 
insulin vasodilator effect in humans [187]. Indeed, insulin increases the 
expression of ET-1 mRNA in the endothelium [164] suggesting a 
potential long lasting, and not only a rapid, local effect of insulin in this 
type of cells. ET-1 acts in the endothelium to activate either endothelin 
receptor A (ETA) or B (ETB), both of which are expressed in these cells. 
ETB activation by ET-1 leads to increased synthesis and release of 
endothelial derived relaxing factors (EDRFs) resulting in relaxation of 
vascular smooth muscle cells and subsequent vasodilation. However, 
ETA activation results in vasoconstriction due to the release of endothelial 
derived contracting factors (EDCFs). A general agreement is that 
endothelial cells will also release cyclooxygenase-derived vasoconstrictor 
prostaglandins, thus contributing to other molecules-induced contraction 
of blood vessels (for informative reviews see [186,188]). 

 
Insulin and adenosine signaling are interdependent 

Tonic adenosine action, probably via A1AR, facilitates insulin- 
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HUVECs, human umbilical vein endothelial cells; hPMECs, human placental 
microvascular endothelial cells; HMECs, human  microvascular  endothelial 
cells; hAVSMCs, human aorta vascular smooth muscle cells; fpECs, feto- 
placental endothelial cells; HAECs, human aortic endothelial cells; bAVSMCs, 
bovine aortic VSMCs; BAECs, bovine aortic endothelial  cells;  mAVSMCs,  
mouse aorta VSMCs; rAVSMCs, rat aorta VSMCs; GDM, gestational diabetes 
mellitus; T1DM, type 1 diabetes mellitus; hENT1, human equilibrative 
nucleoside transporter 1; hENT2,  human  equilibrative  nucleoside  transporter 
2; hCAT-1, human cationic amino acids transporter 1; hCAT-2, human cationic 
amino acids transporter 2A/B; NO, nitric oxide; iNOS, inducible nitric oxide 
synthase; eNOS, endothelial nitric oxide synthase; IRS-1, insulin receptor 
substrate 1; Vmax/Km, maximal transport capacity; LOPE, late-onset 
preeclampsia; IR-A, insulin receptor A, IR-B, insulin receptor B; A2AAR, A2A 
adenosine receptor subtype; A1AR, A1 adenosine receptor subtype; KATP, ATP 
activated K+ channels; SLC7A1, solute like carrier 7A1  gene;  Akt,  protein  
kinase B; AP-1, activator protein  1;  cGK-Iα,  cGMP-dependent  protein  kinase 
Iα; cGMP, cyclic guanosine monophosphate; ERKs, extracellular signal- 
regulated kinases; ET-1, endothelin 1; HIF-1α, hypoxia-inducible  factor-1α;  
HSP90, heat shock protein 90; IGF-IR, insulin-like growth factor 1 receptor; 
JNK, c-Jun N-terminal kinases; MKP-1, mitogen activated protein kinase 
phosphatase-1; MT1-MMP, membrane-type matrix metalloproteinase 1; 
mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa-light- chain-
enhancer  of  activated  B  cells;  p38mapk,  p38  mitogen-activated protein 
kinases; p42/44mapk, p42 and p44 mitogen-activated protein kinases;  
p70S6K,  p70S6  kinase;  PI3K,  phosphatidylinositol  3  kinase;  PKC,  protein 
kinase C; PKG, protein kinase G; TNF-α, tumour necrosis factor α; UCP-2, 
uncoupling protein 2; VCAM-1, vascular cell adhesion molecule 1; VEGF, 
vascular endothelial growth factor. 
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dependent D-glucose transport in rat soleus muscle [35]. Since the 
response of this tissue to insulin was reduced in 50% when extracellular 
adenosine was removed by ADA or ,methylene adenosine diphosphate 
(AOPCP, which inhibits the extracellular membrane-bound 5’- 
ectonucleotidase for conversion of AMP to adenosine) a large component 
of the insulin stimulation of 3-O-methyl-D-glucose uptake is likely to 
depend on extracellular adenosine. This phenomenon may result from 
altered protein abundance of GLUT4 at the plasma membrane as shown 
in rat epitrochlearis and soleus muscle in response to insulin [32]. Since 
expression, plasma membrane availability, and activity of GLUT4 are 
regarded as essential in  diseases coursing with insulin resistance, 
adenosine and activation of ARs form part of the scenario of a lower tissue 
response to insulin or insulin resistance. However, the potential beneficial 
effects of adenosine and activation of ARs on insulin biological effects is 
variable. For example, in terms of regulation of D-glucose transport and 
transporters (expression and activity) some studies show no effect of 
adenosine [189], others show an increase [32,33] or a decrease [190,191] 
in response to insulin. Thus, nothing is still definitive regarding a 
potential adenosine modulation of insulin action on D-glucose uptake and 
expression of GLUTs in human tissues. 

Studies in vitro using primary cultures of HUVECs from normal 
pregnancies reported that insulin-increased L-arginine transport was 
blocked in the presence of A2AAR antagonists [28,30]. In addition, in the 
absence of insulin L-arginine transport was higher following activation of 
A2AAR, but not A2BAR. The mechanisms involved in the insulin or 
adenosine-increased L-arginine transport seems to be highly specific for 
hCAT-1 compared with hCAT-2B in terms of increasing its maximal 
transport activity. This phenomenon was also seen for the promoter 
transcriptional activity of SLC7A1 (for hCAT-1), but not SLC7A2 (for 
hCAT-2A/B) expression. The regulatory region at these promoters was 
delimited between the –600 pb from the potential starting transcriptional 
point in these genes [133]. Thus, upregulation of L-arginine transport is a 
phenomenon that requires differential ARs subtype activation depending 
on the absence or presence of insulin. The latter is a phenomenon also 
reported for D-glucose transport in perfused rat hearts where, as for 
skeletal muscle, A1AR activation was required [192,193]. Thus, it is 
suggested that adenosine will activate not only the transport of amino 
acids, but also other crucial metabolic substrates by mechanisms that 
could involve differential ARs activation. In addition, different tissues will 
require different ARs subtype activation to modulate plasma membrane 
transport of these nutrients. Since ARs expression is differential in the 
body  [20,21,194],  a preferential  requirement  for  a certain  ARs subtype 
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could results from preferential expression of these receptors. 
Interestingly, in HUVECs from GDM pregnancies insulin restores the 
hCAT-1–mediated increase of L-arginine transport to values in cells from 
normal pregnancies requiring activation of A1AR instead of A2AAR [28]. 
Thus, insulin biological actions are also selective for the ARs subtype 
depending on a physiological or pathophysiological state (see reviews 
[12,91]). 

An early finding in rat adipocytes showed that adenosine could 
also be acting as a modulator of the kinetics of insulin actions [36]. The 
insulin-increased uptake of 2-deoxyglucose was shown to be less effective 
following the removal of adenosine by ADA, an effect reflected in a higher 
EC50 value (5 fold at 37ºC). These results agree with those for 3-O- 
methyl-D-glucose uptake in this cell type [38,40] and in rat cardiac 
myocytes [195]. It is likely that following treatment of cells with ADA, a 
potential residual low concentration of adenosine could still be found and 
may be enough to stimulate A1AR or A2AAR since the Kd for adenosine 
varies between 1-30 nmol/L for these ARs subtypes. Since addition of 
dibutyryl cAMP (dbcAMP), but not ADA, reduced basal 2-deoxyglucose 
uptake [36], and because A2AAR activation increases adenylyl cyclase 
activity, it is feasible that exposure of rat adipocytes to ADA results in 
reduced adenosine concentration to values <1 nmol/L (a possibility not 
addressed in these studies). 

Adenosine also support an early signaling step of insulin action 
following insulin binding, likely the insulin receptor tyrosine kinase 
activity [36]. Thus, adenosine would not interfere with insulin binding to 
IRs, but will modulate its activity. Moreover, lack of action of adenosine 
on the insulin binding to its receptors is likely not to differentiate between 
the higher affinity contact site 1 and the lower affinity contact site 2 of the 
IRs [196]. Thus, adenosine will facilitate insulin-increased 2-deoxyglucose 
uptake via a mechanism other than altering the dynamics between the 
exposure of insulin surfaces and their binding kinetics to IRs in rat 
adipocytes. A similar conclusion is feasible for the results showing that 
A1AR activation is required to assure a normal sensitivity to insulin to 
increase 2-deoxyglucose uptake in rat adipocytes [37]. This phenomenon 
was not due to changes in the binding kinetics of insulin to its receptors, 
but Gi protein activation likely associated with A1AR activation are 
necessary in this phenomenon. Changes in the kinetics of insulin binding 
have not yet been described in humans, thus, we cannot ruled out this 
possibility as an explanation for insulin resistance or lower 
responsiveness in diseases such as T1DM, T2DM [12], GDM 
[11,12,14,17,28,41,91], obesity [197], or preeclampsia [24,181]. 

It is extensively reported that adenosine already in concentrations 
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below 10 µmol/L can depress insulin release induced by high intracellular 
D-glucose concentration in rat pancreatic ß-cells (for examples see 
[198,199]). This phenomenon was shown to be  due to  adenosine 
activation of A1AR in this cell type since reduction in insulin release was 
blocked by the antagonist 8-cyclopentyl-1,3-dypropylxanthine (DPCPX) 
[200]. A1AR mediated adenosine modulation of insulin release in 
response to D-glucose is well established in the literature for mouse and 
rat islets, but nothing is reported for human pancreatic islets. The 
involvement of adenosine and ARs on the release of insulin is also 
determinant in diabetes mellitus [12,201]. Thus,  further research 
clarifying the mechanisms behind adenosine effects is required. 

Alternatively, one of the potential mechanisms that could account 
for a modulation of insulin biological effects by activation of ARs is a co- 
localization of these receptors and IRs [17]. Unfortunately, there are not 
clear findings in the literature addressing this possibility. However, a 
dependency of ARs activation-associated signaling has been proposed for 
ENTs proteins modulating extracellular concentration of adenosine. To 
date, regional expression of A1AR and A2AAR was demonstrated in the 
human brain, with overexpression of these ARs (A1AR > A2AAR) in 
association with preferential expression of hENT1 (cortex and 
hippocampus) and hENT2 (thalamus), respectively (i.e., hENT1 > 
hENT2) [202–204]. The latter could result in a fine regulation of ARs 
activation due to ENTs activity. Similar interaction could account for ARs 
and IRs [11,205]. 

 
Concluding remarks 

Vascular tone is under modulation by factors synthesized and 
released locally, including NO and adenosine. However, vascular tone also 
responds to modulation by circulating factors such as the hormone 
insulin. Plasma adenosine concentration is shown to be elevated in 
pathologies associated with abnormal catabolism of D-glucose that result 
in hyperglycemia and subsequent hyperinsulinemia. Both hyperglycemia 
and hyperinsulinemia lead to lower uptake of adenosine and extracellular 
accumulation of this vasoactive nucleoside. Adenosine causes vasodilation 
by increasing the synthesis and release of NO and by KATP activation- 
dependent membrane  hyperpolarization  following  A2AAR/A2BAR- 
increased cAMP level (Fig. 6). However, adenosine also increases the 
release of thromboxane and prostaglandins following activation of A1AR, 
or alternatively, we proposed that this nucleoside may reduce cAMP 
following activation of A3AR to cause vasoconstriction. On the other 
hand, insulin is a well-described vasodilator whose effect is mediated by 
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endothelium-derived NO. This hormone also causes a dual effect in the 
vasculature and leads to vasoconstriction by releasing ET-1 from the 
endothelium. A role for IR-A and IR-B for insulin action activating 
MAPKs and PI3K/Akt is proposed for vasoconstriction starting with 
sympathetic activation at the central nervous system. 

A potential link between insulin and adenosine vascular effects is 
not fully addressed, but several lines of evidence show that insulin 
biological effects are increased or reduced following activation of ARs. 
Several mechanisms include A1AR activation leading to an increase in 
insulin-stimulated 3-O-methyl-D-glucose or 2-deoxyglucose uptake. On 
the other hand, A2AAR activation seems involved in the increase of NO 
synthesis and L-arginine transport in human endothelium. A2AAR 
activation is also required for IRs sensitivity to insulin in adipocytes, 
something that is unknown in human vascular tissues in health or 
disease. 

Interestingly, few reports could also be read as a potential influence 
of insulin signaling pathway modulating adenosine biological effects. To 
date, in streptozotocin-induced diabetic rats the sensitivity of 
hippocampal slices to adenosine is reduced [206]. This reduced sensitivity 
to adenosine is also reported in human platelets from patients with 
T1DM, where the cAMP level in response to the adenosine general 
analogue NECA is reduced, but not in response to other molecules that 
increase cAMP formation [207]. Thus, not only a modulation of insulin 
biological effects by adenosine and ARs is  evident, but adenosine 
biological effects could also be under modulation of insulin in mammalian 
cells. 

Insulin biological effects  modulated  by activation ARs (and 
potentially insulin modulating adenosine effects) is a phenomenon of 
importance for a better understanding of the etiology of  diseases 
associated with insulin resistance or reduced responsiveness to insulin 
including diabetes mellitus, GDM, or obesity. Additionally, a potential 
linked signaling between insulin and adenosine biological effects could be 
determinant for the proposal of therapeutic protocols for patients affected 
by these abnormal physiological conditions [11,12,205]. 
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Figure 6. Insulin and adenosine linked signaling in the regulation of 
vascular tone. Insulin causes activation of insulin receptors A (IR-A) or B (IR- 
B) increasing the cell signaling mediated by p44/42 mitogen-activated protein 
kinases (p44/42mapk) in a preferential manner compared with protein kinase B 
(Akt) activation (p44/42mapk/Akt >1) to cause vasodilation (Vasodilation). 
However, a ratio p44/42mapk/Akt <1 leads to vasoconstriction 
(Vasoconstriction). Activation of IR-A and IR-B increases the nitric oxide (NO) 
synthesis, which is known to reduce the expression of human equilibrative 
nucleoside transporters 1 and 2 (hENT1/2) activity in the vascular endothelium. 
This   phenomenon   leads   to   extracellular   accumulation   of   adenosine (High 
extracellular adenosine) and activation of adenosine receptors subtypes A2A 
(A2AAR) or A2B (A2BAR). It is proposed that activation of these adenosine 
receptors increase the response of vascular cells to insulin causing either 
vasodilation  or  vasoconstriction.  Insulin  vasodilation  requires  increased cyclic 
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vasodilation or vasoconstriction. Insulin vasodilation requires increased cyclic 
AMP (cAMP) level, activation of p44/42mapk, and increased synthesis and 
release of vasodilator prostaglandins. Equally, activation of A2AAR and A2BAR 
could result in insulin-induced vasoconstriction involving activation of 
p44/42mapk and increased synthesis and  release of vasoconstrictor 
prostaglandins. Accumulation of extracellular adenosine caused by insulin- 
increased NO bioavailability also results in activation of adenosine receptors 
subtypes A1 (A1AR) or A3 (A3AR). This phenomenon leads to lower cAMP level, 
but increased thromboxanes and vasodilator prostaglandins synthesis and 
release causing vasoconstriction. The role of adenosine receptors in the response 
of the central nervous system (CNS), particularly at the hypothalamus, is not 
addressed. However, since the cell signaling molecules include PI3K, 
p44/42mapk, and prostaglandins, a role for adenosine receptors in the response 
to insulin by the SNC is expected. Composed from references addressed in the 
text and Tables 1 and 2. 
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