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Abstract

Skin aging is a complex biological process. Skin aspect is considered as a sign
of well-being and of beauty. In view of this, noninvasive and/or minimally
invasive anti-aging strategies were developed. Adenosine, a well-known nucle-
oside, may play a role in skin rejuvenation. Adenosine receptors belong to the
G protein-coupled receptors superfamily and are divided into four subtypes:
A, Ay, Ajp, and Aj. The adenosine receptors expressed by skin are mainly
the A; and A,4 subtypes. In the hypodermis, adenosine through the A, recep-
tor stimulates lipogenesis and adipogenesis. In the dermis, adenosine through
the A, receptor subtype stimulates collagen production. Moreover, the nucle-
oside increases new DNA synthesis and subsequently protein synthesis in der-
mal cells. Activation of adenosine receptors by interacting with various skin
layers may induce a decrease in the amount of wrinkles, roughness, dryness,
and laxity. This article has reviewed the mechanisms through which adenosine
modulates biological mechanisms in the skin tissues and the effect of prepara-
tions containing adenosine or its derivatives on the skin.
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The skin is composed of three layers. The epidermis is
the outermost layer and consists mainly of keratinocytes.

Significant social and psychological impacts generated by a
longer life expectancy have led to paying more attention to
skin care and to counter signs of skin aging. This is done by
reducing wrinkles and other signs of cutaneous senescence.

These cells that synthesize the protein keratin, which is
present also in hair and nails constitute a barrier against
environmental damage, water loss, and pathogen agents.
The epidermis is bonded to a deeper skin layer, the
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FIGURE 1 Adenosine structure

dermis, offering the skin strength, and elasticity due to
the presence of collagen and elastin. This layer contains
blood vessels, nerve fibers, and receptors. The last skin
layer (subcutis) is the deepest subcutaneous tissue, which
includes fat stratum and works as an energy reserve,
insulation medium, and cushion for knocks and falls.!

Two simultaneous processes, intrinsic or chronologi-
cal and extrinsic aging, are involved in the process of
skin aging. The first one is genetically determined and
is affected by the degenerative effects of free radicals
due to the body's inability to counteract their damage.
This causes an aging process including qualitative and
quantitative changes with a diminished or defective
synthesis of collagen and elastin in the dermis. The sec-
ond one depends on various factors and lifestyles
including exposure to sunlight, pollution, nicotine,
repetitive muscle movements, diet, sleeping position,
and general health.” Extrinsic aging is frequently associ-
ated with photo-aging due to chronic exposure to UV
light. Photo damage produces skin damage and is some-
times associated with the development of neoplastic
lesions.® The appearance of aging skin is different if it
is caused by intrinsic or extrinsic processes. In intrinsic
aging, the skin is smooth, unblemished, and character-
ized by normal geometric patterns with some expres-
sion lines. Epidermal and dermal atrophy is evident in
the skin, epidermal rete ridges are smoothed out, and
mast cells and fibroblasts are reduced. These modifica-
tions reduce the contact of the dermis with the epider-
mis, capillary perfusion, communication between the
layers, and nutrients supply.
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Adenosine production and metabolism. 5'-
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Skin aging is a complex biological process. A healthy
appearance of the skin is an indicator of well-being, and
several noninvasive and minimally invasive anti-aging
strategies have been developed over the last years.* Some
of these strategies involve mechanical reinforcement of
the dermis with the stimulation of physiological net-
works. The loss of facial subcutaneous white adipose tis-
sue could play an important role in skin aging.
Adenosine (Ado) is an autacoid increasing collagen pro-
duction and, at the same time, countering the loss of
white adipose tissue. In this article, we have reviewed the
anti-aging effect of Ado in cosmetic preparations.

2 | ADENOSINE

Ado is a purine nucleoside composed of an adenine mole-
cule associated to a ribose sugar (ribofuranose) moiety
via a B-N9-glycosidic bond (Figure 1).

Ado, which is ubiquitously distributed, is not consid-
ered a classical transmitter, but a metabolite, which can
be released from any cell and can act as an autacoid by
specific adenosine receptors (ARs). This autacoid is
known since 1929 thanks to Drury and Szent-Gyorgy,
which showed that Ado regulates many bodily func-
tions.” Ado can be generated both extracellularly and
intracellularly. Extracellular Ado derives from break-
down of adenine nucleotides, while intracellular synthe-
sis arises from two pathways (Figure 2). Under
physiological conditions, Ado is formed mainly from the
intracellular dephosphorylation of Ado 5'-
monophosphate (AMP) by a cytosolic 5'-nucleotidase, or
from the hydrolysis of S-adenosyl homocysteine (SAH)
by SAH hydrolase.*’
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Ado, after intracellular production, is released into
the extracellular space upon cell membrane damage or
by specific nucleoside transporters. Different cell types
can release nucleotides in the extracellular space.®’
These nucleotides are hydrolyzed to Ado by ecto-apyrase
(CD39) and ecto-5'-nucleotidase (CD73). Ado catabolism
is mainly regulated by two other enzymes: Ado kinase
(ADK) and Ado deaminase (ADA). After intracellular
reuptake through the nucleoside transporter, Ado
undergoes a rapid phosphorylation to AMP by ADK, or
deamination to inosine by cytosolic ADA (Figure 2).'°

ADA, although present mostly intracellularly (endo-
ADA), was also found in some extracellular compart-
ments (ecto-ADA) and can be expressed on the external
membrane surface of certain immune and nonimmune
cells.'"’ ADA, whose preferred substrate is 2’-deoxyAdo,
deaminates Ado with a Km in the micromolar range.
Hence, this enzyme has a particular relevance when Ado
levels are high. ADK has a Km of about 100 nM and it
can phosphorylate Ado at physiological intracellular con-
centrations. Increased levels of Ado due to ADA defi-
ciency have been associated with the pathogenesis of a
form of severe combined immunodeficiency.'?

Under physiological conditions, Ado is constitutively
present in the extracellular space at a nanomolar concen-
tration (approximately from 10 to 200 nM)."* The Ado
concentration is regulated by the equilibrium between
Ado production/release into the extracellular space and
Ado uptake by cells or catabolism to inosine. It is impor-
tant to note that under stressful conditions Ado is
strongly increased, acting as a potent endogenous modu-
lator of inflammation and tissue repair.'*'> The concen-
tration of Ado increases when there is an imbalance
between consumption and energy production, such as
lacking oxygen or in conditions of cellular and/or tissue
necrosis or stress."°

Ado is part of the molecule of adenosine triphosphate
(ATP) which is composed of the purine nucleoside Ado
esterified with three phosphate groups.'” ATP is a ubiqui-
tous organophosphate that connects anabolism and
catabolism, but also fuels processes such as motile con-
traction, phosphorylation, and active transport."® Both
Ado and adenosine monophosphate (AMP) are formed
when ATP is consumed in metabolic processes. AMP is
an ester of phosphoric acid and Ado. Like ATP, AMP
plays an important role in many cellular metabolic pro-
cesses and is a component in the synthesis of RNA.

3 | PURINERGIC RECEPTORS

Ado, extracellular ATP, and other nucleotides are signal-
ing molecules acting through their specific receptors,
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namely purinoceptors. There are three classes of purino-
ceptors: seven subtypes of ligand-gated ion channels
(P2XRs), eight subtypes of nucleotide-activated G
protein-coupled receptors (P2YRs), and four subtypes of
G protein-coupled ARs (also named P1 receptors).

P2XRs are composed of seven different subunits
(P2X1-7) to form trimeric receptors. P2YRs can be fur-
ther subdivided into two groups depending on the cou-
pling to specific G proteins: P2Y1, P2Y2, P2Y4, and P2Y6
couple to Gq to activate phospholipase C, whereas P2Y12,
P2Y13, and P2Y14 couple to G; to inhibit adenylyl cyclase
(AC). P2Y11 is peculiar, in fact it couples to both G4 and
G, triggering an increase in intracellular Ca®*" and in
cyclic adenosine monophosphate (cAMP) levels, respec-
tively. ARs, which are the main topic of this review, will
be discussed in depth later. Numerous physiological and
pathological processes are regulated by purinergic recep-
tors, and alterations of this receptor system may contrib-
ute to insulin resistance, vascular injury, platelet
aggregation, inflammation, and cognition.'®*° There is
also recent evidence that purinergic receptors participate
in immunity. Stimulation of these receptors in infected
cells induces inflammatory and antiviral responses, con-
tributing to the host antiviral defense.*

3.1 | Adenosine receptors

ARs are expressed into four subtypes, namely A;AR,
AsAAR, AsAR, and A3AR, on the basis of their respec-
tive coupling to second messengers, tissue distribution,
and unique pharmacological profiles.”** At the end of
the 1970s, the first classification of purinergic receptors
was proposed,” and the ARs were identified and subdi-
vided, according to pharmacological criteria and trans-
ducting pathways, into Ri (or A;) and Ra (or Aj)
receptors, depending on their ability to inhibit or activate
AC, respectively.” 2 A further subclassification of A,oRs
into Ay, and A,z was introduced to differentiate recep-
tors with high (A;aAAR) or low (A,gAR) affinity for Ado.
All four ARs have been cloned and pharmacologically
characterized from different species such as rat, mouse,
and human. All human ARs (hARs) show similar geno-
mic structure, characterized by a single intron that inter-
rupts the coding sequence in a region corresponding
to IL2.

3.2 | Signaling pathways

ARs are widely expressed and play an important role in
many physio-pathological functions. They were found in
the nervous, cardiovascular, respiratory, gastrointestinal,
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urogenital, and immune systems as well as in bone, eyes,
and skin.” It is worth noting that unique cells and tissues
distribution, secondary signaling transduction and physi-
ological effects characterize each AR. According to their
signaling pathway (Figure 3), the first ARs subclassifica-
tion into A, and A, receptors was made taking into
account the ability of the receptors to inhibit or activate,
respectively, AC.

Based on this conventional principle, ARs are still
subdivided into inhibitory (A;AR and Az;AR) or stimula-
tory (A;aAR and A,sAR) receptors, although several
other signaling pathways, even cAMP-independent, have
been described. A;AR and A;AR signals are mediated
through G; and G, members of the G protein family,
through which they reduce AC activity and cAMP levels.
On the contrary, A,oARs and A,gARs are coupled to Gy
proteins, through which they stimulate AC and increase
cAMP levels, thereby leading to the activation of a pleth-
ora of mediators, depending on the signaling triggered by
cAMP in specific cells (Table 1).

4 | SKIN FUNCTION AND
LOCALIZATION OF ARs

As mentioned above, the skin includes three layers, and
the epidermis, which is the superficial layer, consists
mainly of keratinocytes. This layer undergoes continuous
turnover, with the outermost cells exfoliating and
replaced by underlying cells derived from the dermal
layer. The epidermis is bonded to an underlying layer of
skin, the dermis, which gives the organ strength and elas-
ticity due to collagen and elastin fibers. The dermis is
composed of a variety of cell types, including fibroblasts.
The basal layer is the subcutis, which includes a layer of
fat laid down acting as an energy reserve and insulating
material.

The principal ARs present in the skin are A,, and
A ARs. Ay5Rs are expressed at the cell membrane level

TABLE 1
and intracellular signaling

Coupling of the AR subtypes to G protein, effectors,

AR Intracellular
subtypes G protein Effectors signaling
Ay Gui CAMP y
Gos CAMP 4 ERKSs
Goqu1 1P; 4 PL:K
Aop G CAMP 4 PKA; CREB
Gaolr CAMP 4 PKC
Aoy G CAMP 4 ERKs
Gagu1 IP;/DAG 4 P38; INK
As Gl CAMP v ERKs
Gaqn1 IP; 4 PI;K/Akt

of fibroblasts and A;Rs at the cell membrane level of the
adipocytes of the white adipose tissue (Figure 4).

Ado, by activating A;sR, can modulate many func-
tions such as coronary vasodilatation,’
neurotransmission,”® and counteract the inflammatory
response.”” ! The first manuscript reporting the expres-
sion of A;4AR on human dermal fibroblasts was pub-
lished in 1997 Some years later, the same group
indicated that the stimulation of A,,AR by the selective
agonist CGS-21680 leads to a regulation of collagen pro-
duction by human dermal fibroblasts. This effect was
countered in the presence of the selective A;oAR antago-
nist ZM-241385.%

The mechanism of A;,AR facilitating collagen syn-
thesis is still unclear. It is worth noting that the Exchange
protein directly activated by cAMP (Epacl), the main
cAMP effector, produces a decrease in collagen produc-
tion.>**> On the other hand, the activation of A,,AR
leads primarily to cAMP production.***” This receptor is
also involved in wound healing and fibrosis and stimula-
tion of this site accelerates the post-trauma repairing pro-
cess of skin wounds through the increase of extracellular
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matrix (ECM) production and the number of
fibroblasts.*>**

Ado, by A,,AR activation, promotes wound healing
by increasing collagen production and stimulating con-
nective tissue growth factor (CTGF) production. Further,
A,AAR activation promotes wound closure, leading to
scar formation and dermal fibrosis by increasing the col-
lagen type III (Col IIT) deposition more than the collagen
type I (Col I). The reparative process concludes, to restore
complete functionality, with the remodeling of the newly
formed granulation tissue. The provisional ECM rich in
Col 111, during this phase, is degraded by serine proteases
and metalloproteases and it is replaced with the definitive
matrix rich in Col 1.*°

Several evidence indicates that the ratio of Col I ver-
sus Col II changes in relation to the amount of Ado pre-
sent. In normal skin, where Ado concentration varies
from 10 to 200 nM, the ratio is 4 versus Col I, but in
hypertrophic and immature scars, where Ado concentra-
tion is high, the ratio decreases up to 2 versus Col
I. These data demonstrate that A,,AR promotes Col I
and Col III synthesis with different sensitivities and, in
particular, promotes Col III production. The exact mech-
anism is not well known, but it seems that A,,AR stimu-
lates downstream signals that mediate activation of
kinases ERK1/2, linked to Col I production, and p38
MAPKinase, linked to Col III production. Matrix produc-
tion depends on the balance between forces that promote
the transcription of matrix-producing genes and those
that repress them.*” The most accredited hypothesis is
that the fibrogenic effect of A,oAR is mediated by the
suppression of friend leukemia integration-1 (Flil)
expression and the increase of CTGF secretion.!
Recently, it has been demonstrated that the stimulation
of Col III production after A,,AR stimulation is due to
the activation of both canonical and noncanonical
Wnt/f-catenin signaling, which is necessary for Col III
but not Col I synthesis in primary human dermal
fibroblasts.*?

Collagen is the primary structural component of the
dermis and it is responsible for conferring strength and
support to human skin. The cutaneous signs of aging are
present when the structural proteins and main compo-
nents of the skin deteriorate. Epidermal and dermal atro-
phy together with flattening of the rete ridges
characterize the aged skin.*’ Collagen, in aged skin, is
characterized by thickened fibrils misaligned in compari-
son to the younger skin.** Moreover, aged fibroblasts syn-
thesize lower collagen levels. As a result, the ratio of
collagen types found in human skin also changes with
age. The overall collagen content per unit area of skin
surface decreases approximately 1% per year.** This
reduction increases in irradiated skin where collagen
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levels are reduced by about 59% in correlation with the
extent of photodamage.*® Since aging and environmental
free radicals can degrade collagen proteins, Ado, with its
ability to stimulate the synthesis of new collagen,
improves skin's elasticity and hydration reducing wrin-
kles and signs of skin aging.

Ado is considered to be one major regulator of adi-
pose tissue physiology. In fat tissue, A;ARs are the more
expressed Ado receptor subtype and there is pharmaco-
logical evidence that Ado, activating this receptor, regu-
lates adipose tissue function such as lipolysis.**™*®
Lipolysis inhibition and modulation of insulin sensitivity
are regulated by the activation of A;ARs that are highly
expressed in adipose tissue.** Dole demonstrated the first
evidence of Ado and A;AR involvement in a fat sample
of adipose tissue from rat epididymis. This research dem-
onstrated that the activation of A;AR inhibits lipid
decomposition into triglycerides and free fatty acids.®
These results were confirmed by subsequent studies
using an in vivo model of obese Zucher rats or mice (1-4)
where tecadenoson, a selective A;AR agonist, reduced
free fatty acid levels independently of the dose used.’’
The molecular mechanism based on these effects was the
inhibition of cAMP formation and the activation of pro-
tein kinase A by A;AR. This receptor inhibits both pro-
teins that actively participate in lipolysis, the hormone-
sensitive lipase, and triglyceride lipase present in adipose
tissue.”® Exogenous Ado stimulates also adipogenesis of
preosteoblasts and preadipocytes via activation of A;ARs.
Ado mechanism involved in adipogenesis is correlated to
the regulation of leptin secretion. A;AR activation leads
to an increase of leptin levels correlated with the endoge-
nous Ado levels growth. In fact, in isolated adipose tissue,
the A;AR activation raises leptin secretion, showing that
A;ARs act directly on fat tissue by stimulating leptin
secretion.”

In conclusion, Ado inhibits lipolysis and facilitates
free fatty acids accumulation within the adipose tissue by
A,AR activation.”*> Ado is implicated in the adipogen-
esis promotion inducing the adipocytes growth. When
hypertrophied adipocytes exceed 170% of the initial vol-
ume, chemical signals promote mesenchymal stem cells
to differentiate into new adipocytes.*®

The distribution and structure of adipose tissue
change with aging. In the face of young individuals, the
fat is evenly distributed, across the forehead, temples,
cheeks, and areas around the eyes and mouth. With age,
fat loses volume, aggregates, and moves downward, with
the consequence that smooth and taut skin loosens and
collapses. Moreover, some wrinkles can be accentuated
due to the way fat decreases and moves. Furthermore,
adipocyte size undergoes age-dependent modification,
impacting collagen content, and adhesion between the
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skin and adipocyte layers. In turns, these affect the
mechanical properties of the skin, resulting in structural
instabilities such as wrinkles.”” The ability of Ado to
counteract the lipolysis associated with adipogenesis pro-
motion can improve the bio-restructuring of the
hypodermis skin.

Since Ado is a purine nucleoside, it is recruited from
deoxyribonucleic acid (DNA) polymerase to form new
DNA. This increases protein synthesis in dermal cells
and increases cell size in cultures of human skin fibro-
blasts without affecting the proliferation of the dermal
cells.’®>° This aspect is important in terms of skin age-
related changes because the epidermal turnover rate
slows from 30% to 50% between the third and eighth
decades of life. The changes related to decrease cell turn-
over, in older skin, result in the development of heaps of
corneocytes rendering the skin surface rough and dull.®®

Moreover, Ado plays an important role in biochemi-
cal processes, such as ATP and adenosine diphosphate
(ADP) that provide energy to living cells, as well as in sig-
nal transduction as cAMP.

Ado inhibits the effects of inflammation by inhibiting
neutrophils, the white blood cells that rush to damaged
or infected skin tissue. As a result, skin care products
with Ado are able to help treat minor scrapes, cuts,
burns, and other injuries. With its collagen stimulating
properties, Ado also benefits skin elasticity and
hydration.

Different biological effects resulting from the selective
activation of A;AR or A;,AR allow for a targeted and
personalized intervention able to counteract the signs of
aging. At the age of 40-45 years when the skin appears
thinner and more fragile, wrinkles are accentuated, the
upper eyelid becomes heavier, it is time to plump the

skin using formulations containing selective A,5,AR ago-
nists, able to stimulate the production of collagen and
therefore increase the skin tone. At the age of 50-
55 years, when the signs of aging are accentuated, it is
important to combat facial laxity through dermis volu-
metric remodeling using creams containing A;AR selec-
tive agonists able to inhibit lipolysis and promote
adipogenesis, obtaining a “filled out,” and compact skin.

5 | ADO FORMULATIONS

Ado is a natural component in the human body, and is
involved in biological processes including neurotransmis-
sion, muscle contraction, cardiac function, platelet func-
tion, vasodilation, signal transduction, and secretion
mechanisms in various cell types.® It is present in living
organisms and its biology is well characterized, conse-
quently it is very safe. U.S. Food and Drug Administra-
tion (FDA) as well as the European Medicines Agency
(EMA) approved skin formulations with Ado concentra-
tions up to 0.1%. Some studies reported the efficacy and
safety of Ado formulations for skin treatment.

Two different cream formulations containing Ado
were evaluated as anti-wrinkle agents using the FOITS
technique. These creams were applied directly and
mechanically rubbed into the skin to reduce periorbital
lines and glabellar frowns in a blind, randomized,
placebo-controlled study.”® The data from this study sug-
gest that, in the long-term use, cosmetic products con-
taining Ado can significantly reduce existing wrinkles in
the two facial areas studied, partially reversing the signs
of chronological aging.®” Ado may be incorporated into a
transdermal patch or soluble microneedle patch that is
applied to the skin. In all cases, the adenosine-loaded dis-
solving microneedle patches showed a similar or better
efficacy than the Ado cream, although in one case the
weekly Ado dose was 140 times lower.** %

A subsequent study combined a topical Ado formula-
tion with a dissolving microneedle (DMN) patch to per-
form two-phase delivery via a lipophilic formulation
(horse oil) loaded with a hydrophilic compound in order
to improve the efficacy of drug delivery and to maintain
proper skin barrier function at the same time. Results
obtained showed that Ado was delivered via the horse
DMNs (HOS-Ado-DMN) after skin penetration and horse
oil was delivered into the skin through the microchan-
nels created by the Ado-DMNs. This formulation was
compared with Ado-DMN patches and results revealed
that there is significantly improved skin elasticity, hydra-
tion, dermal density, and wrinkles with HOS-Ado-DMN
without adverse effects.®®
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6 | CONCLUSIONS AND
PERSPECTIVES

Skin aging is a dynamic, multifactorial process, and
depends on a variety of factors such as lifestyle, diet,
heredity, and other personal habits. The use of Ado or its
derivatives in some topical preparations could bring sig-
nificant benefit to aged skin. At the dermis level, Ado
stimulates collagen production by activating the A,,ARs,
whereas at the hypodermis level, it stimulates lipogenesis
and adipogenesis by activating the A;ARs.
Moreover, the injection of Ado can induce:

1. A heightened availability of molecules (nucleotides) is
recruited from DNA polymerase to form new DNA
increasing protein synthesis in dermal cells and
increases cell size in cultures of human skin fibro-
blasts. Moreover, nucleotides are catabolized so they
provide nitrogen bases, which are recovered through
the salvage pathways to form new nucleotides useful
for DNA duplication for the mitotic activity of cells;

2. A purinergic stimulation of the A;,AR (collagen bio-
synthesis) and A;AR (lipogenesis, adipogenesis). Col-
lagen biosynthesis, liposynthesis, stimulation, and
adipogenesis promotion are useful to stimulate metab-
olisms versus a biorestructuring of multilevel tissues.
In the dermis, collagen biosynthesis is increased,
while at the same time, the structure of the hypoder-
mis affected by lipoatrophic or lipogenic situations is
improved. Hence, the use of Ado or its derivatives in
anti-wrinkle preparations not only exert their effects
on the skin's superficial layers, but also involve the
hypodermis. These effects are accompanied by a
noticeable decrease in the amount of wrinkles, rough-
ness, dryness, laxity, sallowness, or pigmentary mot-
tling in skin.
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