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Abstract: Several physiological functions of adenosine (Ado) appear to be mediated by four G
protein-coupled Ado receptors. Ado is produced extracellularly from the catabolism of the excreted
ATP, or intracellularly from AMP, and then released through its transporter. High level of intracellular
Ado occurs only at low energy charge, as an intermediate of ATP breakdown, leading to hypoxanthine
production. AMP, the direct precursor of Ado, is now considered as an important stress signal inside
cell triggering metabolic regulation through activation of a specific AMP-dependent protein kinase.
Intracellular Ado produced from AMP by allosterically regulated nucleotidases can be regarded
as a stress signal as well. To study the receptor-independent effects of Ado, several experimental
approaches have been proposed, such as inhibition or silencing of key enzymes of Ado metabolism,
knockdown of Ado receptors in animals, the use of antagonists, or cell treatment with deoxyadenosine,
which is substrate of the enzymes acting on Ado, but is unable to interact with Ado receptors. In this
way, it was demonstrated that, among other functions, intracellular Ado modulates angiogenesis by
regulating promoter methylation, induces hypothermia, promotes apoptosis in sympathetic neurons,
and, in the case of oxygen and glucose deprivation, exerts a cytoprotective effect by replenishing the
ATP pool.

Keywords: adenosine; adenosine kinase; adenosine deaminase; adenosine receptors; energy repletion;
deoxyadenosine; transmethylation

1. Introduction

Intracellular free nucleotides originate mainly in the liver through de novo synthesis pathways [1].
As for many other compounds, liver synthesizes nucleotides for exportation, and, since de novo
synthesis produces phosphorylated compounds, they must be dephosphorylated into nucleosides
and in part phosphorolytically cleaved into bases and ribose-1-phosphate (Rib-1-P), in order to leave
the hepatocyte, enter the blood flux, and be taken up by cells and organs in the body. Therefore,
adenosine (Ado) is synthesized mainly in the liver as the product of dephosphorylation of AMP, and
travels in the blood at a concentration of about 0.5 uM [2,3]. Eventually, Ado enters cells mainly
through equilibrative nucleoside transporters (ENT) and is phosphorylated by Ado kinase (AdoK) and
adenylate kinases into ADP. The newly synthesized ADP and ADP, arising from the kinase reactions
in which ATP is used as a phosphate donor, then enter mitochondria for oxidative phosphorylation [3].
Therefore, the uptake of Ado requires an active oxidative metabolism to be driven.

Extracellular Ado can also arise from intracellular ATP degradation. In fact, as shown in Figure 1,
at high energy charges, ATP degradation mainly produces inosine (Ino) and hypoxanthine (Hyp)
since, in the presence of high ATP concentration, AMP is mainly deaminated into IMP, which is
dephosphorylated into Ino. In fact, both AMP deaminase and the cytosolic 5'-nucleotidase II (cN-II)
are allosterically activated by ATP [4,5]. On the contrary, at low energy charge, AMP can accumulate
inside the cell at high micromolar concentrations, thus activating a specific AMP-dependent protein
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kinase (AMPK), the master regulator of cellular energy homeostasis [6]. It can also be dephosphorylated
by a high Kyy AMP specific 5'-nucleotidase I (cN-I), which is strongly activated by ADP, leading to
Ado accumulation inside the cell [7]. In these conditions, Ado can undergo deamination, but the Ky of
Ado deaminase (ADA) for Ado is high enough (25-150 uM) [8,9] to allow for Ado accumulation and
exportation through ENTs [10]. Therefore, Ado can be generated inside the cell and exported in the
external medium, in the same conditions in which AMP is accumulating, opening up a possibility for
the nucleoside to act as a danger signal, both interacting with specific receptors on the same cell or on
the surrounding cells and acting intracellularly. Finally, intracellular Ado concentration can increase
following the catabolism of extracellular ATP; indeed, the extracellular Ado stemming from ATP
rapidly equilibrates with the intracellular compartment (Figure 1). As a result of the regulation of Ado
metabolism, the nucleoside cannot accumulate in healthy cells at very high concentrations without
being readily deaminated into Ino. Ino, in turn is cleaved into Hyp and Rib-1-P by purine nucleoside
phosphorylase (PNP). Hyp can be salvaged as IMP or excreted as uric acid, while the phosphorylated
sugar can be utilized for 5-phosphoribosyl-1-pyrophosphate (PRPP) synthesis, energy repletion, or
glucose synthesis (see Section 5). As has long been known, dietary purines are dephosphorylated in
the intestinal lumen, and the resulting nucleosides are actively transported inside intestinal mucosa
and catabolized, leading to uric acid and Rib-1-P production. In fact, intestinal mucosa expresses a
high amount of purine catabolic enzymes such as ADA, PNP, and xanthine oxidase [11]. As mentioned
before, Rib-1-P may be utilized for energy repletion, while the purine ring is converted into uric
acid. On the other hand, when one of the enzymes involved in Ado catabolism and particularly
ADA is defective, a substantial amount of Ado and deoxyadenosine (dAdo), both of dietary and
intracellular origin, is circulating in the blood and may enter cells and organs. Deficiency of ADA
is the most common cause of severe combined immunodeficiency (SCID) caused by a systemic
accumulation of Ado and dAdo, which are cytotoxic particularly for immune systems (see Section 4).
It is therefore important to maintain the homeostatic concentration of Ado. In fact, its accumulation
can be dangerous since critical cellular functions or processes may be dysregulated. Indeed, Ado plays
several physiological functions through receptor-dependent or -independent mechanisms. Cell-surface
Ado receptors are coupled to the G-protein family [12]. These receptors were initially classified on
the basis of their pharmacologic response profiles to agonism by adenosine analogs and antagonism
by methylxanthines as determined by their ability to inhibit (A1l and A3 subtypes) or stimulate
(A2 subtype) adenylate cyclase [13]. The A2 adenosine receptor (A2AR) subtype was subsequently
further categorized according to the presence of high-affinity (A24 AR) or low-affinity (A2g AR) binding
sites for Ado in the brain [14]. To date, four Ado receptor subtypes have been identified, purified,
cloned, and expressed from mouse, rat, human, and other mammalian as well as non-mammalian
species [15]. The reader is referred to the numerous excellent reviews covering the different aspects
of Ado receptor expression, function, and regulation [16,17]. This article focuses on the intracellular
metabolism of Ado, which maintains the homeostatic concentration of the nucleoside, and on the
receptor-independent effects of Ado, summarizing the reports obtained using several experimental
approaches, such as inhibition or silencing of key enzymes of Ado metabolism, knockdown of Ado
receptors in animals, the use of antagonists, or cell treatment with dAdo, which is a substrate of the
enzymes acting on Ado but is unable to interact with Ado receptors.
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Figure 1. Interplay between internal and external Ado production. Ado originates intracellularly from
AMP predominantly in case of low energy charge, and can be exported or deaminated. Extracellular Ado
stemming from ATP breakdown may enter the cell and is readily phosphorylated by the low Ky,
adenosine kinase (AdoK). The high Ky adenosine deaminase (ADA) comes into play if Ado accumulates.
1: cytosolic 5'-nucleotidase I (cN-I); 2: AMP deaminase; 3: cytosolic 5'-nucleotidase II (cN-II); 4: purine
nucleoside phosphorylase (PNP); 5: phosphoribomutase; 6: PRPP synthetase; 7: hypoxanthine
guanine phosphoribosyltransferase (HPRT); 8: adenylate kinase; 9,11: ecto-nucleoside triphosphate
diphosphohydrolase; 9: ecto-nucleotide pyrophosphatase/phosphodiesterase; 12: ecto-5'-nucleotidase.

2. Hypothermia Induced by Adenylate Compounds

Ado is known to cause profound hypothermia mainly through interaction with A1ARs coupled
to an inhibitory G-protein [18,19]. Although the transduction pathway of A1AR is well known, how
the activation of this pathway induces hypothermia is largely unknown. Both A1AR and A3AR have
been reported to cause hypothermia in mice [20]. AMP can also induce hypothermia, possibly after
its conversion to Ado or directly through interaction with A1AR in human cells and mice [21,22].
Zhang et al. [23] suggest that in mice the hypothermia resulting from an increase in extracellular
AMP may be induced by a parallel change in the intracellular nucleotide concentration, which may
allosterically regulate relevant metabolic enzymes, such as AMPK, fructose 1,6 bisphosphatase, and
phosphofructokinase. Indeed, ecto-5'-nucleotidase dephosphorylates extracellular AMP to Ado, which
enters the cell by ENT and is readily phosphorylated to AMP by the low Ky AdoK (Figure 1). However,
since Ado is an intermediate, it is very difficult to distinguish whether its effect is receptor-mediated or
consequent to its internalization and possible metabolic conversion to other intermediates. Of course, if
an effect exerted by Ado persists in animals knockout for specific Ado receptors, we may conclude that
those effects are mediated by a receptor-independent way, thus presumably by a mechanism directly or
indirectly depending on intracellular Ado metabolism. Studies utilizing the AIAR™/~, A3AR™/~, and
double knockout mice indicate that selective A1AR agonists induce hypothermia through both A1AR
and A3AR. In addition, fasting-induced torpor in mice does not require any of these receptors, but the
mechanism remains unknown [20]. Eisner et al. [24] demonstrate that treating mice with Ado or AdoK
inhibitors (thus obtaining an increase of Ado) causes a profound hypothermia lasting longer if caused
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by AdoK inhibitors. The same experiment performed in AIAR™/~ mice caused a less pronounced
effect that is 40-60% of that observed in wild type mice. Experiments with selective agonists indicate
that the activation of A2AR and A3AR contributes only marginally to hypothermia. Furthermore,
ADA inhibitors are unable to induce hypothermia and do not affect the hypothermic effect of AdoK
inhibitors on both wild type and AIAR™/~ mice, thus indicating that the deamination of Ado is not
required for the nucleoside to induce hypothermia. The authors conclude that hypothermia induced
by Ado in mice is a combined response to a receptor-mediated (mainly Al-mediated) mechanism and
to a still-unknown intracellular mechanism in which AdoK plays a fundamental regulatory role [24].

3. Intracellular Ado in the Central Nervous System

Ado is aneuromodulator that fine-tunes brain neurotransmission mainly acting through inhibitory
A1ARs and facilitatory A2, ARs [15,25]. A1ARs are abundantly expressed throughout the brain,
controlling synaptic transmission [17]. A1AR activation depends on the Ado concentration in
the tissue [26], and AdoK activity is a key regulator of endogenous Ado activating A1ARs [27].
In accordance with their inhibitory role curtailing excitatory transmission, bolstering A1AR activation
through inhibition of AdoK affords neuroprotection against brain damage involving glutamate
excitotoxicity, epilepsy, and brain ischemia [27].

In the murine adult brain, removal of Ado occurs largely in astrocytes by AdoK [27-29].
The extracellular concentration of Ado is determined by neuronal Ado release and AdoK-driven
reuptake through ENTs in astrocytes, which form a “sink” for Ado [30]. Disruption of Ado homeostasis
and Ado deficiency have been implicated in epileptogenesis [31,32], and local increase of Ado has
been demonstrated to be an effective strategy to acutely suppress seizures in animal models of
epilepsy [27,30].

Intracellular Ado can be removed by ADA or by AdoK (Figure 1). However, as assessed in
Section 1, because of its much lower Ky [33], AdoK is regarded as the principal enzyme regulating
intracellular Ado concentrations under physiological conditions [27]. AdoK dysfunction has been
reported to be involved in several pathologies including epilepsy and cancer. With the aim to
investigate the role of Ado in the brain, several transgenic mice with AdoK knockout or overexpressing
AdoK through the entire brain or in specific regions have been obtained. Dysregulation of brain Ado in
transgenic mice with brain-wide or telencephalon AdoK overexpression resulted in working memory
deficiency and impaired Pavlovian conditioned freezing [34], while mice with brain-wide deletion
of AdoK develop spontaneous seizures and profound deficits in hippocampus-dependent learning
and memory [35]. Many actions of Ado are mediated by Ado receptors and are therefore blocked by
using antagonists of the receptors. For example, blocking A2 AR activity can attenuate neurological
symptoms in the brain-wide AdoK knockout transgenic mice [35]. However, there is evidence that
intracellular glial Ado plays a role in many neuronal receptor-mediated and receptor-independent
effects. Some of these functions depend on the effect on the transmethylation pathway illustrated in
Figure 2. As an example, we will describe the influence of glial Ado in modification of neuronal DNA
methylation in epilepsy and in sleep homeostasis.
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Figure 2. Transmethylation pathway. S-Adenosylhomocysteine (SAH) is hydrolyzed to homocysteine
and Ado by S-adenosylhomocysteine hydrolase (SAHH). 1: Methionine synthase. 2: Methionine
adenosyl transferase catalyzes the formation of S-adenosylmethionine (SAM). SAM is the donor of
methyl group in the transmethylation reactions catalyzed by methyltransferases (MethylT). X: acceptor
(protein, DNA, RNA) of the methyl group. SAH is an inhibitor of MethylT (dashed line). Ado can exit
or enter the cell through the ENT.

3.1. Transmethylation Pathway

Elevated Ado regulates DNA methylation through interference with the transmethylation
pathway. If metabolic clearance of Ado through AdoK is impaired, S-adenosylhomocysteine (SAH)
levels rise. SAH in turn is known to inhibit DNA methyltransferases (DNMT) through product
inhibition [36] (Figure 2). Ado is an anticonvulsant and acts through presynaptic and postsynaptic
A1ARs to decrease neuronal excitability [37]. In the kainic acid, murine model of temporal lobe epilepsy,
disruption of Ado homeostasis (increased AdoK and reduced Ado) is accompanied with an increase
in hippocampal DNA methylation, which correlates with increased DNA methyltransferase activity,
and spontaneous recurrent seizures [38]. On the other hand, chronic administration of the AdoK
inhibitor 5-iodotubercidin leads to a decrease in global DNA methylation in the mouse hippocampus.
This hypomethylation is maintained in mice with a genetic disruption of the A1AR, suggesting that
the hypomethylation is not an A1AR-dependent effect. Similarly, the transgenic mice (fb-Adk-def
mice) with a forebrain selective reduction of AdoK expression [31], which exhibits a 3.3-fold increase in
hippocampal Ado concentration [39], show reduced transmethylation. Intraventricular implantation
of Ado-releasing polymers in naive rats reduces global DNA methylation in the hippocampus when
compared with that of rats receiving control polymers. The therapeutical administration of Ado
in the kainic acid-treated rats results in reversal of the hypermethylation to control levels and in
reduction of seizure activity, that is maintained beyond the time window of Ado release. Moreover,
inhibition of DNMT reduces seizure susceptibility and epilepsy acquisition, indicating that intracellular
Ado concentration, by acting on the transmethylation pathway, plays a role in the modulation of
epileptogenesis [38]. Another interesting finding is that increased astroglial AdoK expression in
epileptic rats increases 5-methylcytosine immunofluorescence in adjacent neurons. Therefore, the
reduction of Ado in astrocytes may affect not only DNA methylation within the astrocytes but also the
global Ado, and this, indirectly, could modulate the epigenetic changes in the neighboring neurons [38].

The effect of intracellular Ado through regulation of the transmethylation pathway is not
restricted to the nervous system. Another example of the effect of intracellular Ado regulation of the
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transmethylation pathway in non-nervous tissue is the stimulation of angiogenesis. The involvement
of extracellular Ado and Ado receptors in angiogenesis is well established [40,41], but the role of
intracellular Ado has recently been highlighted [42]. In vivo studies have demonstrated that hypoxia
downregulates AdoK and increases intracellular Ado [43,44]. Xu et al. [42] report that hypoxia
increases endothelial intracellular Ado through HIF-1la-dependent AdoK downregulation in vitro
and that AdoK knockdown in endothelial cells increases angiogenesis in vitro or ex vivo. Moreover,
endothelial AdoK deletion in mice enhances angiogenesis in vivo, as determined by studying the
development of retinal vasculature and wound healing response in skin. A2, AR and A2gAR are
the predominant receptors expressed in endothelial cells and have pro-angiogenic effects. Since the
combination of A24 AR and A2gAR antagonists is not able to modify endothelial sprouting and
migration, a mechanism independent of these receptors must be responsible for the angiogenic effect.
Indeed, AdoK knockdown markedly enhances the levels of intracellular SAH in human endothelial
cells, leading to inhibition of transmethylation and accumulation of SAM. Similarly, treatment with Ado
causes a significant decrease in DNMT activity in endothelial cells, and the level of 5-methylcytosine
is lower in endothelial cells in which AdoK is inhibited than in control cells. The reduction of DNA
methylation is not affected by the treatment with A2, AR and A2gAR antagonists. Therefore, the
increase of intracellular Ado might induce hypomethylation of the promoters of angiogenic genes,
increasing their expression and promoting angiogenesis. Xu et al. [42] have confirmed this hypothesis.
In fact, hypomethylation in the promoter region of the gene coding for the vascular endothelial growth
factor receptor 2 (VEGFR2) and other 14 proangiogenic genes has been found in AdoK-deficient human
endothelial cells. Accordingly, loss or inactivation of AdoK increases VEGFR2 expression and signaling
in endothelial cells, promoting angiogenesis. Although the authors cannot rule out an autocrine or
paracrine effect on angiogenesis of extracellular Ado in vivo, the AdoK inhibition-induced high level
of intracellular Ado appears to be involved in the stimulation of the endothelial cell growth. In fact,
blocking inward transport of Ado using an ENT inhibitor abrogates exogenous Ado-induced VEGFR2
expression [42].

3.2. Sleep Homeostasis

Recently, evidence has accumulated indicating that Ado mediates a glial-neuronal circuit that
links the glial metabolic state to the A1AR activation of the neurons during homeostatic sleep
need. In the adult mice, AdoK is mainly expressed in glia, and the disappearance of neuronal
AdoK expression is almost complete by Postnatal Day 14 [45]. When glial Ado increases, it can be
transported outside the glial cells through glial ENTs. Then, extracellular Ado activates neuronal
Ado receptors, establishing a glial-neuronal circuit regulating the homeostatic sleep buildup and
resolution. Homeostatic sleep need refers to the drive to sleep, which increases during waking and
decreases after sleeping. Previous waking time is associated with the magnitude of the slow wave
activity during sleep that can be measured by electroencephalography. A1ARs are necessary for the
increase of slow wave activity after sleep deprivation (rebound). Homeostatic sleep rebound can
be reduced by decreasing extracellular Ado concentration either by reducing glial release of ATP,
which may be converted to Ado, as reported in transgenic mice expressing a dominant negative
SNARE in astrocytes [46] or by knocking out ecto-5'-nucleotidase, the enzyme that converts AMP
to Ado [47]. Similarly, the modification of extracellular Ado concentration obtained in transgenic
mice overexpressing AdoK in the brain or by inhibiting AdoK results in a decrease and increase
of slow wave activity, respectively [48,49]. Knockout of the neuronal A1AR leads to a decreased
sleep drive, while the removal of AdoK in neurons does not affect it. Conversely, mice deficient in
glial AdoK show an increased homeostatic sleep drive [50,51], as assessed by three sleep indexes
(slow wave activity rebound, slow wave decay across and within slow wave activity episodes, and
sleep consolidation). Therefore, the Ado-mediated regulation of sleep in response to waking requires
activation of neuronal A1ARs, but can be controlled by glial AdoK. Ado appears to link the glial
metabolic state and neural-expressed sleep homeostasis.
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4. Regulatory Mechanisms Mediated by dAdo

dAdo, a natural nucleoside deriving mostly from DNA breakdown and in part from dietary
sources, is metabolized by the same enzymes acting on Ado, but is unable to interact with any of
the known Ado receptors. This makes dAdo the ideal compound to study the pathways involved
in Ado metabolism without taking into account the receptor-mediated effects of the nucleoside.
The deoxynucleoside has received major attention because of its central role in SCID. In normal
conditions, dAdo is either phosphorylated by AdoK or deaminated by ADA. In the genetic disorder
characterized by the absence of ADA, the concentration of dAdo increases and the deoxynucleoside
is channeled to the phosphorylation pathway, thus inducing a wide range of toxicities, particularly
relevant for the immune system. Indeed, by virtue of high deoxynucleoside-kinase activities and
reduced cytosolic 5'-deoxynucleotidase activity, dATP accumulates in lymphocyte [52], and, in
turn, exerts a number of toxic effects including inhibition of ribonucleotide reductase [53]. On this
basis, inhibitors of ADA are potential immunosuppressive agents. Indeed, deoxycoformycin (dCF),
a powerful inhibitor of ADA [54], has found clinical applications for the treatment of several types of
lymphatic leukemia [55,56]. Besides leukemia, the combination of dAdo and dCF has been shown to be
toxic for several different cell models of tumoral origin [57,58]. In this regard, it has been demonstrated
that two human colon carcinoma cell lines (LoVo and HT29) are both sensitive to this drug combination
and that the extent of toxicity depends upon the level of enzymes involved both in the process of
activation (phosphorylation of dAdo) and inactivation (dephosphorylation of dAMP) of dAdo [59,60].
The combination of dAdo and dCF in LoVo cells causes a block of the cell cycle at the S phase, and
cells undergo apoptosis through a pathway involving a dATP-dependent caspase-3 activation [61].
Apoptotic cell death by dAdo and/or Ado has been also reported in sympathetic neurons and adrenal
chromaffin cells [62,63], both deriving from the neural crest and sharing several features regarding
synthesis, storage, and release of neurohormones [64]. In chick sympathetic neurons, Ado is lethal
when added to the culture from the time of plating up to 16 h, and its effect is enhanced by the
presence of dCF; thereafter, Ado loses its toxic effect. dAdo instead, both alone and in combination
with dCF is toxic even to several week-old sympathetic neurons. Kulkarni and Wakade [62], except
for a distinct transport system for dAdo and Ado, do not find any plausible explanation for this
difference, but hypothesize that Ado may have a pro-apoptotic action important in early development.
The phosphorylation appears to be an essential step for the two nucleosides to exert their toxic
action [62]. Rat chromaffin cells are sensitive to dAdo and dCF in combination, thus confirming the
critical role of ADA in the inactivation of a potentially toxic nucleoside. Neither dCF or dAdo alone
are toxic, while Ado, both alone or in combination with dCF exerts only a slight insignificant effect.
Once again, the phosphorylation of the deoxynucleoside appears to be crucial for its toxic action.
Wakade et al. [63] discuss the lack of action of Ado in well-developed rat chromatffin cells, and suggest
that specific, but unknown, biochemical pathways leading to apoptotic cell death are modified during
development to protect cells from Ado toxicity; in fact, as reported above, Ado kills only freshly
plated sympathetic neurons but is ineffective in mature sympathetic neurons [62]. The treatment with
dAdo and dCF in combination induces apoptosis in human astrocytoma [65,66] and neuroblastoma
cell lines [67], but several differences have been found in the mode of action, possibly reflecting a
different functional and metabolic profile of the two cell lines. In astrocytoma cells, an early, still
unexplained event preceding the effect of dAdo and dCF on cell viability is a decreased glycolytic
capacity, evidenced by a reduction in the production of lactate, while in neuroblastoma cells no effect
on glycolytic capacity is observed. An early decrease in mitochondrial ROS production points to an
impairment in mitochondrial function in both cell lines, confirmed by an increase in mitochondrial
mass, possibly to cope with the decrease in mitochondrial activity. In both cell lines, dAdo must be
phosphorylated in order to exert its cytotoxic effect; however, while a profound reduction in ATP level
causes a decrease in the energy charge in astrocytoma cells, no apparent effect on energy charge is
observed in neuroblastoma cells. Therefore, it is clear that the role of ADA is to avoid the accumulation
of the potentially toxic Ado and/or dAdo. In fact, ADA deficiency is a fatal condition and necessitates
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early intervention, such as allogenic hematopoietic stem cell transplant, enzyme replacement therapy,
and hematopoietic stem cell gene therapy. These therapies can correct the abnormalities of the immune
system, while the severity of the neurological manifestations persists and appears to increase with
age [68]. In this regard, recently, Sauer et al. [69] report a survey performed in untreated ADA-SCID
patients as well as in patients after enzyme replacement therapy. Their data confirm that ADA-deficient
patients commonly manifest several central nervous system defects such as motor dysfunction, EEG
alterations, sensorineural hypoacusia, and low mental development. Enzyme replacement therapy,
while partially reducing these manifestations, cannot completely prevent their onset. Sauer et al. [69]
extend their study to a model of ADA-deficient mice, which are significantly less active than control
littermates and show anxiety-like behavior. Molecular and metabolic analyses indicate that this
phenotype shows metabolic alterations, such as an accumulation of Ado, which increases with
age, and aberrant receptor signaling, such as hypoexpression of A25 AR. Therefore, the authors
suggest that the effects of Ado might be mediated by alterations in the arrangement of Ado receptors.
Ado concentration in the brain of mice subjected to enzyme replacement is higher than in normal mice,
thus indicating that the therapy is unable to lower the nucleoside concentration below the threshold of
toxicity for the nervous system. Although not determined, it is conceivable that the concentration of
dAdo increases as well, and it is likely that also the deoxynucleoside, through a receptor-independent
mechanism, contributes to the onset of the neurological manifestations. In conclusion, although the
molecular mechanism underlying Ado and/or dAdo toxicity still remains to be elucidated, these data
further confirm the importance of the control over the circulating concentration of the nucleoside.

5. Ado as an Energy Source

The brain depends on both glycolysis and mitochondrial oxidative phosphorylation for the
maintenance of ATP levels. In fact, several neurodegenerative disorders, such as Alzheimer’s,
Huntington’s, and Parkinson’s disease have been related to mitochondrial dysfunction and oxidative
stress [70]. Under ATP-depleting conditions, astrocytes and neurons release adenine nucleotides, which
are subsequently hydrolyzed to Ado, or Ado itself [71]. Furthermore, in ischemic/hypoxic conditions,
the turnover of endogenous nucleotides stemming from dead cells may possibly supply a discrete
amount of purine nucleosides [72,73]. Indeed, a number of reports indicates that, following traumatic
events, purines are likely to exert trophic effects on neuronal cells through receptor-independent
mechanisms. A beneficial effect of purine nucleosides has been observed on the neurite outgrowth
of primary rat cerebellar granule cells after hypoxia [74]. Haun et al. [75] have reported that Ado in
order to exert its neuroprotective effect on rat astrocyte cultures subjected to combined glucose-oxygen
deprivation must be intracellularly converted into inosine. A correlation between protection and
ATP preservation has been observed during glucose deprivation and mitochondrial inhibition in
rat glial cells treated with purine nucleosides [76]. A similar protective effect of purine nucleosides
has been reported by Litsky et al. [77] in primary mixed cultures of murine embryonic spinal cord
neurons and glia during chemical hypoxia. In rat primary astrocytes, a receptor-independent protective
effect of Ado and purine nucleos(t)ides against the death induced by hydrogen peroxide and glucose
deprivation has been also reported [78]. Ado and its deamination product, inosine, like glucose, are
able to preserve the ATP pool of human astrocytoma cells previously subjected to mitochondrial
inhibition by oligomycin through a receptor-independent mechanism [79].

The protective effect of nucleosides, including Ado, has also been reported in cell types from
other tissues, or organs besides brain. It has been demonstrated that, in conditions of energy depletion
induced by mitochondrial inhibition, not only do human colon carcinoma cells utilize nucleosides to
restore the ATP pool, but their uptake is also increased accordingly with the role of these compounds
as an energy source alternative to glucose [80]. In myocardial ischemia, catabolism of Ado appears
to mediate the protective effect of pre-conditioning [81]. Finally, in an in vitro model of hepatic
ischemia-reperfusion, Mddis et al. [82] demonstrate that both Ado and Ino exert cytoprotective effects
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which are not related to receptor-mediated actions. In fact, they are not prevented by selective Ado
receptor antagonists. Moreover, Ado, in order to exert its effect, must be firstly deaminated.

Overall, the literature survey indicates that, although glucose is the major energy source for most
cell types, when the glucose supply is lowered and the oxygen is not sufficient to support mitochondrial
respiration (ischemic and/or hypoxic conditions), nucleosides may become a major energy source for
the cell. Indeed nucleosides can be regarded as carriers of sugar that is made available through the
action of PNP; in fact, without energy expense, a phosphorylated compound (Rib-1-P) is generated,
which, through the non-oxidative branch of the pentose phosphate pathway and glycolysis, may be
converted to energetic intermediates that can be utilized as an energy source (Figure 3).
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Figure 3. Schematic illustration of the uptake and utilization of (deoxy)Ado. The nucleoside enters

glucose-6-P

the cell through ENT and is subjected to catabolic reactions. The destiny of the ribose moiety
of the nucleoside is underlined. 1: Adenosine deaminase; 2: purine nucleoside phosphorylase;
3: phosphoribomutase; 4: deoxyRib-5-P aldolase; 5: aldehyde oxidase; 6: acetyl-CoA synthetase;
7: transketolase; 8: transaldolase. PPP: pentose phosphate pathway (non oxidative branch).

Since Ado and dAdo are not a substrate of PND, they are converted by ADA to Ino and
deoxyinosine (deoxylno), respectively, before undergoing the phosphorolytic cleavage of the
N-glycosidic bond. This step represents the central catabolic reaction [83]. The Rib-1-P formed
from Ino can be isomerized into ribose-5-phosphate (Rib-5-P), which can be either utilized for PRPP
synthesis or, through the pentose phosphate pathway, can be converted into glycolytic intermediates.
Additionally, deoxyIno is subjected to phosphorolytic cleavage of the N-glycosidic bond, giving
rise to the base and deoxyRib-1-P, which is isomerized to deoxyribose-5-phosphate (deoxyRib-5-P).
deoxyRib-5-P may undergo only a catabolic fate, being cleaved by a specific aldolase into acetaldehyde
and glyceraldehyde 3-phosphate (glyceraldehyde-3-P) [84]. glyceraldehyde-3-P enters glycolysis,
while acetaldehyde may be converted into acetyl-CoA by the action of two enzymes, aldehyde oxidase,
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and acetyl-CoA synthetase [85]. Therefore, in both cases, the pentose moiety of (deoxy)nucleosides
may be utilized for energy repletion (Figure 3).

It is obvious that the metabolic fate of the pentose moiety of nucleosides may help to explain the
role of these compounds in preserving different kinds of cells from energy depletion.

6. Concluding Remarks

Nucleotides and nucleosides, particularly adenylic compounds, play a number of different
regulatory roles spanning from the binding to allosteric sites on enzymes to interaction with specific
receptors mediating a complex signaling involved in metabolic regulation, inflammatory mechanisms,
proliferation, apoptosis, etc. Distinguishing among the different pathways mediating the effects
exerted by the purine compounds is often very complicated. Determining the relative contribution of
intracellular and extracellular Ado is currently difficult due to the lack of sufficient spatiotemporal
resolution in the techniques available to discriminate between the effects of Ado itself and those of
Ado metabolites acting intra- or extracellularly. New tools to interfere selectively and exclusively with
a precise pathway are needed. Cellular models and knockout animals for specific adenylate receptors
or for enzymes or transport systems have been shown to be very useful in assigning the role played
by different proteins in a signaling pathway. However, they also pointed out that a mechanism may
be mediated by the interaction of the same signal molecules with different targets, each contributing
to the phenomenon at different degrees and through different pathways. Specific enzyme inhibitors
or receptor agonists and antagonists have been largely utilized in the studies of purine-mediated
cell mechanisms. Usually, these compounds are structurally similar to the natural compounds and
as such can interact with many different proteins in an unexpected way, thus leading to wrong
conclusions. In this respect, the discrepancies among results obtained in studies using different
experimental approaches are not at all surprising. Ado is usually kept at a very low concentration in
the body—below 1 uM [2,3]. In a healthy organism, its concentration can increase only as a consequence
of ATP breakdown, which can occur both inside or outside the cell. The presence of ENT on the cell
membrane ensures a rapid equilibration of the nucleoside concentration. Furthermore, enzymes such
as ADA found both inside and outside the cell [86] and AdoK located in the cytoplasm are responsible
for the clearance of Ado. This metabolic arrangement endows Ado with the characteristics of a signal
molecule that can play its role both interacting with specific receptors but also acting intracellularly
on still-unknown molecular targets. Indeed, a role for Ado in the regulation of the transmethylation
pathway and in the replenishing of the ATP pool in some critical circumstances has already been
revealed and, although with some contradictions, a role of intracellular Ado in the induction of
hypothermia has been also reported.

Acknowledgments: This study was supported by funding from the University of Pisa (PRA 2017). This work
does not represent the official views of the University of Pisa and is solely the responsibility of the authors.

Author Contributions: Marcella Camici, Mercedes Garcia-Gil, and Maria Grazia Tozzi conceived and wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ipata, PL.; Balestri, F.; Camici, M.; Tozzi, M.G. Molecular mechanisms of nucleoside recycling in the brain.
Int. J. Biochem. Cell Biol. 2011, 43, 140-145. [CrossRef] [PubMed]

2. Traut, T.W. Physiological concentrations of purines and pyrimidines. Mol. Cell. Biochem. 1994, 140, 1-22.
[CrossRef] [PubMed]

3. Ipata, PL.; Pesi, R. Nucleoside recycling in the brain and the nucleosidome: A complex metabolic and
molecular cross-talk between the extracellular nucleotide cascade system and the intracellular nucleoside
salvage. Metabolomics 2016, 12, 22. [CrossRef]

4. Ashby, B,; Holmsen, H. Platelet AMP deaminase: Regulation by Mg—ATP2- and inorganic phosphate and
inhibition by the transition state analog coformycin. J. Biol. Chem. 1983, 258, 3668-3672. [PubMed]


http://dx.doi.org/10.1016/j.biocel.2010.10.007
http://www.ncbi.nlm.nih.gov/pubmed/20974280
http://dx.doi.org/10.1007/BF00928361
http://www.ncbi.nlm.nih.gov/pubmed/7877593
http://dx.doi.org/10.1007/s11306-015-0931-3
http://www.ncbi.nlm.nih.gov/pubmed/6601104

Int. ]. Mol. Sci. 2018, 19, 784 11 0f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Tozzi, M.G.; Pesi, R.; Allegrini, S. On the physiological role of cytosolic 5’ -nucleotidase II (cN-II): Pathological and
therapeutical implications. Curr. Med. Chem. 2013, 20, 4285-4291. [CrossRef] [PubMed]

Hardie, D.G.; Ross, FA.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy
homeostasis. Nat. Rev. Mol. Cell. Biol. 2012, 13, 251-262. [CrossRef] [PubMed]

Skladanowski, A.C.; Newby, A.C. Partial purification and properties of an AMP-specific soluble
5'-nucleotidase from pigeon heart. Biochem. J. 1990, 268, 117-122. [CrossRef] [PubMed]

Ford, H., Jr,; Dai, F; Mu, L.; Siddiqui, M.A.; Nicklaus, M.C.; Anderson, L.; Marquez, V.E.; Barchi, ].J., Jr.
Adenosine deaminase prefers a distinct sugar ring conformation for binding and catalysis: Kinetic and
structural studies. Biochemistry 2000, 39, 2581-2592. [CrossRef] [PubMed]

Ipata, P.L.; Camici, M.; Micheli, V.; Tozzi, M.G. Metabolic network of nucleosides in the brain. Curr. Top.
Med. Chem. 2011, 11, 909-922. [CrossRef] [PubMed]

Baldwin, S.A.; Beal, PR.; Yao, S.Y,; King, A.E.; Cass, C.E.; Young, J.D. The equilibrative nucleoside transporter
family, SLC29. Pflugers Arch. 2004, 447, 735-743. [CrossRef] [PubMed]

Aymerich, I; Pastor-Anglada, M.; Casado, EJ. Long term endocrine regulation of nucleoside transporters in
rat intestinal epithelial cells. J. Gen. Physiol. 2004, 124, 505-512. [CrossRef] [PubMed]

Fredholm, B.B.; Arslan, G.; Halldner, L.; Kull, B.; Schulte, G.; Wasserman, W. Structure and function of
adenosine receptors and their genes. Naunyn-Schmiedebergs Arch. Pharmacol. 2000, 362, 364-374. [CrossRef]
[PubMed]

Van Calker, D.; Muller, M.; Hamprecht, B. Adenosine regulates via two different types of receptors,
the accumulation of cyclic AMP in cultured brain cells. J. Neurochem. 1979, 33, 999-1005. [CrossRef] [PubMed]
Daly, J.W.; Butts-Lamb, P.; Padgett, W. Subclasses of adenosine receptors in the central nervous system:
Interaction with caffeine and related methylxanthines. Cell. Mol. Neurobiol. 1983, 3, 69-80. [CrossRef]
[PubMed]

Fredholm, B.B.; IJzerman, A.P,; Jacobson, K.A.; Linden, J.; Miiller, C.E. International union of basic and clinical
pharmacology. LXXXI. Nomenclature and classification of adenosine receptors—An update. Pharmacol. Rev.
2011, 63, 1-34. [CrossRef] [PubMed]

Burnstock, G. Purinergic signaling in the cardiovascular system. Circ. Res. 2017, 120, 207-228. [CrossRef]
[PubMed]

Cunha, R.A. How does adenosine control neuronal dysfunction and neurodegeneration? J. Neurochem. 2016,
139, 1019-1055. [CrossRef] [PubMed]

Mehta, A.K.; Kulkarni, S.K. Effect of purinergic substances on rectal temperature in mice: Involvement of
P1-purinoceptors. Arch. Int. Pharmacodyn. Ther. 1983, 264, 180-186. [PubMed]

Olson, J.M; Jinka, T.R; Larson, L.K.; Danielson, ].J.; Moore, ].T.; Carpluck, J.; Drew, K.L. Circannual rhythm
in body temperature, torpor, and sensitivity to Al adenosine receptor agonist in arctic ground squirrels.
J. Biol. Rhythms 2013, 28, 201-207. [CrossRef] [PubMed]

Carlin, J.L.; Jain, S.; Gizewski, E.; Wan, T.C.; Tosh, D.K.; Xiao, C.; Auchampach, J.A.; Jacobson, K.A.;
Gavrilova, O.; Reitman, M.L. Hypothermia in mouse is caused by adenosine A; and Aj receptor agonists
and AMP via three distinct mechanisms. Neuropharmacology 2017, 114, 101-113. [CrossRef] [PubMed]
Rittiner, ].E.; Korboukh, I.; Hull-Ryde, E.A; Jin, J.; Janzen, W.P.; Frye, S.V.; Zylka, M.]. AMP is an adenosine
Al receptor agonist. J. Biol. Chem. 2012, 287, 5301-5309. [CrossRef] [PubMed]

Muzzi, M.; Blasi, E; Masi, A.; Coppi, E.; Traini, C.; Felici, R.; Piattelli, M.; Cavone, L.; Pugliese, A.M.;
Moroni, F; et al. Neurological basis of AMP-dependent thermoregulation and its relevance to central and
peripheral hypothermia. J. Cereb. Blood Flow Metab. 2009, 33, 183-190. [CrossRef] [PubMed]

Zhang, J.; Kaasik, K.; Blackburn, M.R.; Lee, C.C. Constant darkness is a circadian metabolic signal in
mammals. Nature 2006, 439, 340-343. [CrossRef] [PubMed]

Eisner, C.; Kim, S.; Grill, A.; Qin, Y.; Hoerl, M.; Briggs, J.; Castrop, H.; Thiel, M.; Schnermann, J. Profound
hypothermia after adenosine kinase inhibition in A1AR deficient mice suggests a receptor-independent
effect of intracellular adenosine. Pflugers Arch. 2017, 469, 339-3347. [CrossRef] [PubMed]

Chen, J.E; Eltzschig, H.K.; Fredholm, B.B. Adenosine receptors as drug targets-what are the challenges?
Nat. Rev. Drug Discov. 2013, 12, 265-286. [CrossRef] [PubMed]

Cunha, R.A. Adenosine as a neuromodulator and as a homeostatic regulator in the nervous system:
Different roles, different sources and different receptors. Neurochem. Int. 2001, 38, 107-125. [CrossRef]


http://dx.doi.org/10.2174/0929867311320340007
http://www.ncbi.nlm.nih.gov/pubmed/23992310
http://dx.doi.org/10.1038/nrm3311
http://www.ncbi.nlm.nih.gov/pubmed/22436748
http://dx.doi.org/10.1042/bj2680117
http://www.ncbi.nlm.nih.gov/pubmed/2344353
http://dx.doi.org/10.1021/bi992112c
http://www.ncbi.nlm.nih.gov/pubmed/10704207
http://dx.doi.org/10.2174/156802611795347555
http://www.ncbi.nlm.nih.gov/pubmed/21401502
http://dx.doi.org/10.1007/s00424-003-1103-2
http://www.ncbi.nlm.nih.gov/pubmed/12838422
http://dx.doi.org/10.1085/jgp.200409086
http://www.ncbi.nlm.nih.gov/pubmed/15504900
http://dx.doi.org/10.1007/s002100000313
http://www.ncbi.nlm.nih.gov/pubmed/11111830
http://dx.doi.org/10.1111/j.1471-4159.1979.tb05236.x
http://www.ncbi.nlm.nih.gov/pubmed/228008
http://dx.doi.org/10.1007/BF00734999
http://www.ncbi.nlm.nih.gov/pubmed/6309393
http://dx.doi.org/10.1124/pr.110.003285
http://www.ncbi.nlm.nih.gov/pubmed/21303899
http://dx.doi.org/10.1161/CIRCRESAHA.116.309726
http://www.ncbi.nlm.nih.gov/pubmed/28057794
http://dx.doi.org/10.1111/jnc.13724
http://www.ncbi.nlm.nih.gov/pubmed/27365148
http://www.ncbi.nlm.nih.gov/pubmed/6314920
http://dx.doi.org/10.1177/0748730413490667
http://www.ncbi.nlm.nih.gov/pubmed/23735499
http://dx.doi.org/10.1016/j.neuropharm.2016.11.026
http://www.ncbi.nlm.nih.gov/pubmed/27914963
http://dx.doi.org/10.1074/jbc.M111.291666
http://www.ncbi.nlm.nih.gov/pubmed/22215671
http://dx.doi.org/10.1038/jcbfm.2012.157
http://www.ncbi.nlm.nih.gov/pubmed/23093068
http://dx.doi.org/10.1038/nature04368
http://www.ncbi.nlm.nih.gov/pubmed/16421573
http://dx.doi.org/10.1007/s00424-016-1925-3
http://www.ncbi.nlm.nih.gov/pubmed/27975140
http://dx.doi.org/10.1038/nrd3955
http://www.ncbi.nlm.nih.gov/pubmed/23535933
http://dx.doi.org/10.1016/S0197-0186(00)00034-6

Int. ]. Mol. Sci. 2018, 19, 784 12 of 14

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Boison, D. Adenosine kinase: Exploitation for therapeutic gain. Pharmacol. Rev. 2013, 65, 906-943. [CrossRef]
[PubMed]

Fredholm, B.B. Rethinking the purinergic neuron-glia connection. Proc. Natl. Acad. Sci. USA 2012,
109, 5913-5914. [CrossRef] [PubMed]

Pignataro, G.; Maysami, S.; Studer, FE.; Wilz, A.; Simon, R.P,; Boison, D. Downregulation of hippocampal
adenosine kinase after focal ischemia as potential endogenous neuroprotective mechanism. J. Cereb. Blood
Flow Metab. 2008, 28, 17-23. [CrossRef] [PubMed]

Boison, D. Adenosinergic signaling in epilepsy. Neuropharmacology 2016, 104, 131-139. [CrossRef] [PubMed]
Li, T.; Ren, G.; Lusardi, T.; Wilz, A.; Lan, ].Q.; Iwasato, T.; Itohara, S.; Simon, R.P.; Boison, D. Adenosine kinase
is a target for the prediction and prevention of epileptogenesis in mice. J. Clin. Investig. 2008, 118, 571-582.
[CrossRef] [PubMed]

Masino, S.A.; Li, T.; Theofilas, P.; Sandau, U.S.; Ruskin, D.N.; Fredholm, B.B.; Geiger, J.D.; Aronica, E.;
Boison, D. A ketogenic diet suppresses seizures in mice through adenosine Al receptors. J. Clin. Investig.
2011, 121, 2679-2683. [CrossRef] [PubMed]

Drabikowska, A.K.; Halec, L.; Shugar, D. Purification and properties of adenosine kinase from rat liver:
Separation from deoxyadenosine kinase activity. Z. Naturforsch C 1985, 40, 34—41. [CrossRef] [PubMed]
Singer, P.; McGarrity, S.; Shen, H.Y.; Boison, D.; Yee, B.K. Working memory and the homeostatic control of
brain adenosine by adenosine kinase. Neuroscience 2012, 213, 81-92. [CrossRef] [PubMed]

Sandau, U.S.; Colino-Oliveira, M.; Jones, A.; Saleumvong, B.; Coffman, S.Q.; Liu, L.; Miranda-Lourenco, C.;
Palminha, C.; Batalha, V.L.; Xu, Y,; et al. Adenosine kinase deficiency in the brain results in maladaptive
synaptic plasticity. J. Neurosci. 2016, 36, 12117-12128. [CrossRef] [PubMed]

James, S.J.; Melnyk, S.; Pogribna, M.; Pogribny, I.P.; Caudill, M.A. Elevation in S-adenosylhomocysteine and
DNA hypomethylation: Potential epigenetic mechanism for homocysteine-related pathology. J. Nutr. 2002,
132, 23615-2366S. [CrossRef] [PubMed]

Boison, D. Adenosine as a modulator of brain activity. Drug News Perspect. 2007, 20, 607-611. [CrossRef]
[PubMed]

Williams-Karnesky, R.L.; Sandau, U.S.; Lusardi, T.A.; Lytle, N.K; Farrell, ] M.; Pritchard, E.M.; Kaplan, D.L.;
Boison, D. Epigenetic changes induced by adenosine augmentation therapy prevent epileptogenesis.
J. Clin. Investig. 2013, 123, 3552-3563. [CrossRef] [PubMed]

Shen, H.-Y,; Lusardi, T.A.; Williams-Karnesky, R.L.; Lan, J].Q.; Poulsen, D.].; Boison, D. Adenosine kinase
determines the degree of brain injury after ischemic stroke in mice. J. Cereb. Blood Flow Metab. 2011,
31, 1648-1659. [CrossRef] [PubMed]

Adair, T.H. Growth regulation of the vascular system: An emerging role for adenosine. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2005, 289, R283-R296. [CrossRef] [PubMed]

Feoktistov, I.; Biaggioni, I.; Cronstein, B.N. Adenosine receptors in wound healing, fibrosis and angiogenesis.
Handb. Exp. Pharmacol. 2009, 193, 383-397. [CrossRef]

Xu, Y.; Wang, Y.; Yan, S.; Zhou, Y.; Yang, Q.; Pan, Y.; Zeng, X.; An, X,; Liu, Z.; Wang, L.; et al. Intracellular
adenosine regulates epigenetic programming in endothelial cells to promote angiogenesis. EMBO Mol. Med.
2017, 9, 1263-1278. [CrossRef] [PubMed]

Decking, U.K.; Schlieper, G.; Kroll, K.; Schrader, J. Hypoxia-induced inhibition of adenosine kinase
potentiates cardiac adenosine release. Circ. Res. 1997, 81, 154-164. [CrossRef] [PubMed]

Morote-Garcia, J.C.; Rosenberger, P.; Kuhlicke, J.; Eltzschig, H.K. HIF-1-dependent repression of adenosine
kinase attenuates hypoxia-induced vascular leak. Blood 2008, 111, 5571-5580. [CrossRef] [PubMed]

Studer, EE.; Fedele, D.E.; Marowsky, A.; Schwerdel, C.; Wernli, K.; Vogt, K.; Fritschy, ].M.; Boison, D.
Shift of adenosine kinase expression from neurons to astrocytes during postnatal development suggests
dual functionality of the enzyme. Neuroscience 2006, 142, 125-137. [CrossRef] [PubMed]

Halassa, M.M.; Florian, C.; Fellin, T, Munoz, J.R,; Lee, S.Y,; Abel, T, Haydon, PG.; Frank, M.G.
Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss. Neuron 2009, 61, 213-219.
[CrossRef] [PubMed]

Zielinski, M.R; Taishi, P; Clinton, ].M.; Krueger, ].M. 5-Ectonucleotidase- knockout mice lack non-REM sleep
responses to sleep deprivation. Eur. J. Neurosci. 2012, 35, 1789-1798. [CrossRef] [PubMed]

Palchykova, S.; Winsky-Sommerer, R.; Shen, H.Y.; Boison, D.; Gerling, A.; Tobler, I. Manipulation of adenosine
kinase affects sleep regulation in mice. J. Neurosci. 2010, 30, 13157-13165. [CrossRef] [PubMed]


http://dx.doi.org/10.1124/pr.112.006361
http://www.ncbi.nlm.nih.gov/pubmed/23592612
http://dx.doi.org/10.1073/pnas.1203764109
http://www.ncbi.nlm.nih.gov/pubmed/22509008
http://dx.doi.org/10.1038/sj.jcbfm.9600499
http://www.ncbi.nlm.nih.gov/pubmed/17457365
http://dx.doi.org/10.1016/j.neuropharm.2015.08.046
http://www.ncbi.nlm.nih.gov/pubmed/26341819
http://dx.doi.org/10.1172/JCI33737
http://www.ncbi.nlm.nih.gov/pubmed/18172552
http://dx.doi.org/10.1172/JCI57813
http://www.ncbi.nlm.nih.gov/pubmed/21701065
http://dx.doi.org/10.1515/znc-1985-1-209
http://www.ncbi.nlm.nih.gov/pubmed/2986372
http://dx.doi.org/10.1016/j.neuroscience.2012.03.051
http://www.ncbi.nlm.nih.gov/pubmed/22521820
http://dx.doi.org/10.1523/JNEUROSCI.2146-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27903722
http://dx.doi.org/10.1093/jn/132.8.2361S
http://www.ncbi.nlm.nih.gov/pubmed/12163693
http://dx.doi.org/10.1358/dnp.2007.20.10.1181353
http://www.ncbi.nlm.nih.gov/pubmed/18301794
http://dx.doi.org/10.1172/JCI65636
http://www.ncbi.nlm.nih.gov/pubmed/23863710
http://dx.doi.org/10.1038/jcbfm.2011.30
http://www.ncbi.nlm.nih.gov/pubmed/21427729
http://dx.doi.org/10.1152/ajpregu.00840.2004
http://www.ncbi.nlm.nih.gov/pubmed/16014444
http://dx.doi.org/10.1007/978-3-540-89615-9_13
http://dx.doi.org/10.15252/emmm.201607066
http://www.ncbi.nlm.nih.gov/pubmed/28751580
http://dx.doi.org/10.1161/01.RES.81.2.154
http://www.ncbi.nlm.nih.gov/pubmed/9242176
http://dx.doi.org/10.1182/blood-2007-11-126763
http://www.ncbi.nlm.nih.gov/pubmed/18309031
http://dx.doi.org/10.1016/j.neuroscience.2006.06.016
http://www.ncbi.nlm.nih.gov/pubmed/16859834
http://dx.doi.org/10.1016/j.neuron.2008.11.024
http://www.ncbi.nlm.nih.gov/pubmed/19186164
http://dx.doi.org/10.1111/j.1460-9568.2012.08112.x
http://www.ncbi.nlm.nih.gov/pubmed/22540145
http://dx.doi.org/10.1523/JNEUROSCI.1359-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20881134

Int. ]. Mol. Sci. 2018, 19, 784 13 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Radek, R.J.; Decker, M.W.,; Jarvis, M.E. The adenosine kinase inhibitor ABT-702 augments EEG slow waves in
rats. Brain Res. 2004, 1026, 74-83. [CrossRef] [PubMed]

Bjorness, T.E.; Dale, N.; Mettlach, G.; Sonneborn, A.; Sahin, B.; Fienberg, A.A.; Yanagisawa, M.; Bibb, J.A.;
Greene, RW. An adenosine-mediated glial-neuronal circuit for homeostatic sleep. J. Neurosci. 2016,
36, 3709-3721. [CrossRef] [PubMed]

Greene, R.W.; Bjorness, T.E.; Suzuki, A. The adenosine-mediated, neuronal-glial, homeostatic sleep response.
Curr. Opin. Neurobiol. 2017, 44, 236-242. [CrossRef] [PubMed]

Carson, D.A.; Kaye, ].; Seegmiller, J.E. Lymphospecific toxicity in adenosine-deaminase deficiency and
purine nucleoside-phosphorylase deficiency: Posible role of nucleoside kinase(s). Proc. Natl. Acad. Sci. USA
1977, 74, 5677-5681. [CrossRef] [PubMed]

Takeda, E.; Kuroda, Y.; Naito, E.; Yokota, L; Saijo, T.; Hirose, M.; Miyao, M. Effects of deoxyadenosine
on ribonucleotide reductase in adenosine-deaminase deficient lymphocytes. J. Inherit. Metabol. Dis. 1991,
14, 87-95. [CrossRef]

Agarwal, S.P.; Spector, T.; Parks, R.E., Jr. Tight-binding inhibitors. IV. Inhibition of adenosine deaminase by
various inhibitors. Biochem. Pharmacol. 1977, 26, 359-367. [CrossRef]

Dohner, H.; Ho, A.D.; Thaler, J.; Stryckmans, P.; Sonneveld, P.; de Witte, T.; Lechner, K.; Lauria, F;
Bodewadt-Radzun, S.; Suciu, S.; et al. Pentostatin in polymphocytic leukemia: Phase-II trial of the European
Organization for research and treatment of cancer leukemia cooperative study group. J. Nat. Cancer Inst.
1993, 85, 658-662. [CrossRef] [PubMed]

Tedeschi, A.; Rossi, D.; Motta, M.; Quaresmini, G.; Rossi, M.; Coscia, M.; Anastasia, A.; Rossini, F,;
Cortelezzi, A.; Nador, G.; et al. A phase II multi-center trial of pentostatin plus cyclophosphamide with
ofatumumab in older previously untreated chronic lymphocytic leukemia patients. Haematologica 2015,
100, E501-E504. [CrossRef] [PubMed]

Lapi, L.; Cohen, S.S. Toxicities of adenosine and 2’-deoxyadenosine in L cells treated with inhibitors of
adenosine deaminase. Biochem. Pharmacol. 1977, 26, 71-76. [CrossRef]

Hunt, SW., III; Hoffee, P.A. Adenosine deaminase from deoxycoformycin-sensitive and -resistant rat
hepatoma cells. Purification and characterization. J. Biol. Chem. 1982, 257, 14239-14244. [PubMed]

Camici, M.; Turriani, M.; Tozzi, M.G.; Turchi, G.; Cos, J.; Alemany, C.; Miralles, A.; Noe, V.; Ciudad, C.J.
Purine enzyme profile in human colon-carcinoma cell lines and differential sensitivity to deoxycoformycin
and 2'deoxyadenosine in combination. Int. . Cancer 1995, 62, 176-183. [CrossRef] [PubMed]

Bemi, V.; Tazzini, N.; Banditelli, S.; Giorgelli, F.; Pesi, R.; Turchi, G.; Mattana, A.; Sgarrella, F; Tozzi, M.G.;
Camici, M. Deoxyadenosine metabolism in a human colon-carcinoma cell line (LoVo) in relation to its
cytotoxic effect in combination with deoxycoformyecin. Int. J. Cancer 1998, 75, 713-720. [CrossRef]
Giannecchini, M.; D'Innocenzo, B.; Pesi, R.; Sgarrella, F.; Iorio, M.; Collecchi, P.; Tozzi, M.G.; Camici, M.
2’-deoxyadenosine causes apoptotic cell death in a human colon carcinoma cell line. . Biochen. Mol. Toxicol.
2003, 17, 329-337. [CrossRef] [PubMed]

Kulkarni, J.S.; Wakade, A.R. Quantitative analysis of similarities and differences caused by adenosine and
2/-deoxyadenosine in sympathetic neurons. J. Neurochem. 1996, 67, 778-786. [CrossRef] [PubMed]

Wakade, A.R.; Guo, X; Palmer, K.C.; Kulkarni, ].S.; Przywara, D.A.; Wakade, T.D. 2’-deoxyadenosine induces
apoptosis in rat chromaffin cells. J. Neurochem. 1996, 67, 2273-2281. [CrossRef] [PubMed]

Unsiker, K. The chromaffin cell: Paradigm in cell, developmental and growth factor biology. J. Anat. 1993,
183, 207-221.

Garcia-Gil, M.; Tozzi, M.G.; Allegrini, S.; Folcarelli, S.; Della Sala, G.; Voccoli, V.; Colombaioni, L.; Camici, M.
Novel metabolic aspects related to adenosine deaminase inhibition in a human astrocytoma cell line.
Neurochem. Int. 2012, 60, 523-532. [CrossRef] [PubMed]

Garcia-Gil, M.; Tozzi, M.G.; Varani, S.; Della Verde, L.; Petrotto, E.; Balestri, F.; Colombaioni, L.; Camici, M.
The combination of adenosine deaminase inhibition and deoxyadenosine induces apoptosis in a human
astrocytoma cell line. Neurochem. Int. 2015, 80, 14-22. [CrossRef] [PubMed]

Garcia-Gil, M.; Tozzi, M.G.; Balestri, F.; Colombaioni, L.; Camici, M. Mitochondrial damage and apoptosis
induced by adenosine deaminase inhibition and deoxyadenosine in human neuroblastoma cell lines.
J. Cell. Biochem. 2016, 117, 1671-1679. [CrossRef] [PubMed]

Camici, M.; Micheli, V.; Ipata, P.L.; Tozzi, M.G. Pediatric neurological syndromes and inborn errors of purine
metabolism. Neurochem. Int. 2010, 56, 367-378. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.brainres.2004.08.011
http://www.ncbi.nlm.nih.gov/pubmed/15476699
http://dx.doi.org/10.1523/JNEUROSCI.3906-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27030757
http://dx.doi.org/10.1016/j.conb.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28633050
http://dx.doi.org/10.1073/pnas.74.12.5677
http://www.ncbi.nlm.nih.gov/pubmed/202960
http://dx.doi.org/10.1007/BF01804395
http://dx.doi.org/10.1016/0006-2952(77)90192-7
http://dx.doi.org/10.1093/jnci/85.8.658
http://www.ncbi.nlm.nih.gov/pubmed/8468724
http://dx.doi.org/10.3324/haematol.2015.132035
http://www.ncbi.nlm.nih.gov/pubmed/26294723
http://dx.doi.org/10.1016/0006-2952(77)90135-6
http://www.ncbi.nlm.nih.gov/pubmed/6815190
http://dx.doi.org/10.1002/ijc.2910620212
http://www.ncbi.nlm.nih.gov/pubmed/7622293
http://dx.doi.org/10.1002/(SICI)1097-0215(19980302)75:5&lt;713::AID-IJC9&gt;3.0.CO;2-1
http://dx.doi.org/10.1002/jbt.10095
http://www.ncbi.nlm.nih.gov/pubmed/14708088
http://dx.doi.org/10.1046/j.1471-4159.1996.67020778.x
http://www.ncbi.nlm.nih.gov/pubmed/8764607
http://dx.doi.org/10.1046/j.1471-4159.1996.67062273.x
http://www.ncbi.nlm.nih.gov/pubmed/8931458
http://dx.doi.org/10.1016/j.neuint.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22353632
http://dx.doi.org/10.1016/j.neuint.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25447764
http://dx.doi.org/10.1002/jcb.25460
http://www.ncbi.nlm.nih.gov/pubmed/26659614
http://dx.doi.org/10.1016/j.neuint.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20005278

Int. ]. Mol. Sci. 2018, 19, 784 14 of 14

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sauer, A.V;; Hernandez, R.J.; Fumagalli, F,; Bianchi, V.; Poliani, P.L.; Dallatomasina, C.; Riboni, E.; Politi, L.S.;
Tabucchi, A.; Carlucci, F; et al. Alterations in the brain adenosine metabolism cause neurological impairment
in ADA-deficient mice and patients. Sci. Rep. 2017, 7, 40136. [CrossRef] [PubMed]

Beal, M.E. Does impairment of energy metabolism result in exocitotoxic neuronal death in neurodegenerative
illness? Ann. Neurol. 1992, 50, 119-130. [CrossRef] [PubMed]

Parkinson, FE.; Xiong, W. Stimulus- and cell-type-specific release of purines in cultured rat forebrain
astrocytes and neurons. J. Neurochem. 2004, 88, 1305-1312. [CrossRef] [PubMed]

Rudolphi, K.A.; Shubert, P. Adenosine and brain ischemia. In Adenosine and Adenine Nucleotides: From Molecular
Biology to Integrative Physiology; Belardinelli, L., Pelleg, A., Eds.; Springer: Boston, MA, USA, 1995; pp. 391-397,
ISBN 978-1-4615-2011-5.

Ciccarelli, R.; di Iorio, P.; Giuliani, P.; D’Alimonte, L.; Ballerini, P.; Caciagli, F.; Rathbone, M.P. Rat cultured
astrocytes release guanine-based purines in basal conditions and after hypoxia/hypoglycemia. Glia 1999,
25,93-98. [CrossRef]

Bocklinger, K.; Tomaselli, B.; Heftberger, V.; Podhraski, V.; Bandtlow, C.; Baier-Bitterlich, G. Purine nucleosides
support the neurite outgrowth of primary rat cerebellar granule cells after hypoxia. Eur. J. Cell Biol. 2004,
83, 51-54. [CrossRef] [PubMed]

Haun, S.E.; Segeleon, J.E.; Trapp, V.L.; Clotz, M.A.; Horrocks, L.A. Inosine mediates the protective effect of
adenosine in rat astrocyte cultures subjected to combined glucose-oxygen deprivation. . Neurochem. 1996,
67,2051-2059. [CrossRef] [PubMed]

Jurkowitz, M.S.; Litsky, M.].; Browning, M.].; Hohl, C.M. Adenosine, inosine and guanosine protect glial
cells during glucose deprivation and mitochondrial inhibition: Correlation between protection and ATP
preservation. J. Neurochem. 1998, 71, 535-548. [CrossRef] [PubMed]

Litsky, M.L.; Hohl, C.M.; Lucas, J.H.; Jurkowitz, M.S. Inosine and guanosine preserve neuronal and glial cell
viability in mouse spinal cord cultures during chemical hypoxia. Brain Res. 1999, 821, 426—432. [CrossRef]
Yoo, B.-K.; Choi, ].W.; Yoon, S.Y.; Ko, K.H. Protective effect of adenosine and purine nucleos(t)ides against
the death by hydrogen peroxide and glucose deprivation in rat primary astrocytes. Neurosci. Res. 2005,
51,39-44. [CrossRef] [PubMed]

Balestri, F.; Giannecchini, M.; Sgarrella, F.; Carta, M.C.; Tozzi, M.G.; Camici, M. Purine and pyrimidine
nucleosides preserve human astrocytoma cell adenylate energy charge under ischemic conditions.
Neurochem. Int. 2007, 50, 517-523. [CrossRef] [PubMed]

Giannecchini, M.; Matteucci, M.; Pesi, R.; Sgarrella, F,; Tozzi, M.G.; Camici, M. Uptake and utilization of
nucleosides for energy repletion. Int. . Biochem. Cell Biol. 2005, 37, 797-808. [CrossRef] [PubMed]
Wikstrém, G.; Kavianipour, M.; Ronquist, G.; Waldenstrom, A. Pre-conditioning activates adenosine
utilization in a cost-effective way during myocardial ischaemia. Acta Physiol. Scand. 2001, 173, 185-194.
[CrossRef] [PubMed]

Modis, K.; Gerd, D.; Stangl, R.; Rosero, O.; Szijartd, A.; Lotz, G.; Mohdcsik, P.; Szoleczky, P.; Coletta, C.;
Szabo, C. Adenosine and inosine exert cytoprotective effects in an in vitro model of liver ischemia-reperfusion
injury. Int. . Mol. Med. 2013, 31, 437-446. [CrossRef] [PubMed]

Bzowska, A.; Kulikowska, E.; Shugar, D. Purine nucleoside phosphorylases: Properties, functions, and
clinical aspects. Pharmacol. Ther. 2000, 88, 349-425. [CrossRef]

Sgarrella, F.; Poddie, F.P.A.; Meloni, M.A; Sciola, L.; Pipia, P; Tozzi, M.G. Channeling of deoxyribose moiety
of exogenous DNA into carbohydrate metabolism: Role of deoxyriboaldolase. Comp. Biochem. Physiol. 1997,
117B, 253-257. [CrossRef]

Moriwaki, Y.; Yamamoto, T.; Yamakita, J.; Takahashi, S.; Higashino, K. Comparative localization of aldehyde
oxidase and xanthine oxidoreductase activity in rat tissues. Histochem. ]. 1998, 30, 69-74. [CrossRef]
[PubMed]

Cortés, A.; Gracia, E.; Moreno, E.; Mallol, J.; Lluis, C.; Canela, E.I; Casad6, V. Moonlighting adenosine
deaminase: A target protein for drug development. Med. Res. Rev. 2015, 35, 85-125. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep40136
http://www.ncbi.nlm.nih.gov/pubmed/28074903
http://dx.doi.org/10.1002/ana.410310202
http://www.ncbi.nlm.nih.gov/pubmed/1349466
http://dx.doi.org/10.1046/j.1471-4159.2003.02266.x
http://www.ncbi.nlm.nih.gov/pubmed/15009686
http://dx.doi.org/10.1002/(SICI)1098-1136(19990101)25:1&lt;93::AID-GLIA9&gt;3.0.CO;2-N
http://dx.doi.org/10.1078/0171-9335-00362
http://www.ncbi.nlm.nih.gov/pubmed/15146976
http://dx.doi.org/10.1046/j.1471-4159.1996.67052051.x
http://www.ncbi.nlm.nih.gov/pubmed/8863513
http://dx.doi.org/10.1046/j.1471-4159.1998.71020535.x
http://www.ncbi.nlm.nih.gov/pubmed/9681443
http://dx.doi.org/10.1016/S0006-8993(99)01086-0
http://dx.doi.org/10.1016/j.neures.2004.09.008
http://www.ncbi.nlm.nih.gov/pubmed/15596239
http://dx.doi.org/10.1016/j.neuint.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17126452
http://dx.doi.org/10.1016/j.biocel.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15694839
http://dx.doi.org/10.1046/j.1365-201X.2001.00874.x
http://www.ncbi.nlm.nih.gov/pubmed/11683676
http://dx.doi.org/10.3892/ijmm.2012.1203
http://www.ncbi.nlm.nih.gov/pubmed/23232950
http://dx.doi.org/10.1016/S0163-7258(00)00097-8
http://dx.doi.org/10.1016/S0305-0491(96)00325-2
http://dx.doi.org/10.1023/A:1003222831002
http://www.ncbi.nlm.nih.gov/pubmed/10192546
http://dx.doi.org/10.1002/med.21324
http://www.ncbi.nlm.nih.gov/pubmed/24933472
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hypothermia Induced by Adenylate Compounds 
	Intracellular Ado in the Central Nervous System 
	Transmethylation Pathway 
	Sleep Homeostasis 

	Regulatory Mechanisms Mediated by dAdo 
	Ado as an Energy Source 
	Concluding Remarks 
	References

