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ABSTRACT

Introduction. Inflammation is a complex biological process essential for host defense against pathogens and tissue repair. This process is regulated by
a variety of signaling molecules, among which purines and cytokines play an important role. Purinergic signaling mediated by adenosine triphosphate,
adenosine monophosphate, and other nucleotides plays a key role in regulating immune responses and inflammatory processes. The cytokine network,
including interleukins, tumor necrosis factor a and other molecules, is also an important component of inflammation, providing communication between
cells of the immune system and regulating their activity. Understanding the purinergic signaling and the cytokine network interaction mechanisms is
crucial for developing innovative treatments for inflammatory diseases.

Objective. To synthesize current research findings on the role of purinergic signaling and the cytokine network in inflammatory processes within animal
models.

Materials and methods. 55 scientific publications by Russian and international authors (2000-2021) investigating the effects of nucleotides, nucleosides,
and purinergic receptors on immune response development, macrophage activation, and cytokine release mechanisms were analyzed. Source databases
included eLIBRARY.RU, CyberLeninka, PubMed, NCBI, ResearchGate, CABI, and Google Scholar.

Results. The analysis explored mechanisms of the inflammatory response, including the role of various cells and molecules — cytokines and receptors —
in the regulation of the immune response. The latter plays an important role in activating immune system cells and regulating inflammatory reactions.
The process of adenosine triphosphate dephosphorylation by (D39 and (D73 enzymes, which promotes the production of adenosine and the activation
of anti-inflammatory mechanisms, is discussed. The functions of pro-inflammatory cytokines such as interleukin-1, tumor necrosis factor a and inter-
leukin-6 are analyzed in the context of macrophage activation and neutrophil migration to the site of inflammation. The importance of requlating these
processes is emphasized in order to prevent excessive inflammatory response and ensure homeostasis. The mechanisms of transition between the phases
of inflammation are examined, including the role of anti-inflammatory cytokines such as interleukin-10 and transforming growth factor 8 in controlling
neutrophil activity and resolving the inflammatory process.

Conclusion. Further study of this topic can deepen the modern knowledge of scientists about the mechanisms of inflammation and create the basis for
the development of innovative therapeutic strategies aimed at treating diseases caused by disorders of the immune system.

Keywords: review, nucleotides, receptors, purinergic regulation, (D39, (D73, ATP, ADP, AMP, adenosine, macrophages, cytokines, interleukins

Acknowledgments: The work was carried out with the support of the Ministry of Education and Science of the Russian Federation within the framework
of the state assignment of the Federal Agricultural Kursk Research Center (topic FGZU-2022-0004). The authors thank the reviewers for their contribution
to the peer review of the work.

For citation: MosyaginV.V., Isakova E. A., Ryzhkova G. F.,, Mosyagina I. P. The role of purinergic signaling and cytokine network in the inflammatory process.
Veterinary Science Today. 2025; 14 (3): 263—273. https://doi.org/10.29326/2304-196X-2025-14-3-263-273

Conflict of interest: The authors declare no conflict of interests.

For correspondence: VladimirV. Mosyagin, Dr. Sci. (Biology), Senior Researcher, Laboratory of Veterinary Medicine and Biotechnology, Federal Agricultural
Kursk Research Center, 70b Karl Marx str., Kursk 305021, Russia, ugnoe_nebo@list.ru

YIK 619:576.54:616-002

Ponb nypuHeprnyeckon CUrHanu3aLmm u LUTOKUHOBOK
CeTI B BOCNANUTeNbHOM npoLiecce

B. B. Mocarun', E. A. UcakoBa™ 2, I. @. PbixkoBa?, 0. . Mocaruna?
TOIBHY «Kypckmit desepanbHblii arpapHblii HayuHblii ieHTp» (OFBHY «Kypckuit OAHL), yn. Kapna Mapkca, 706, r. Kypck, 305021, Poccus
2Orb0Y BO «Kypckuii rocysapcTBeHHbiii arpapHblii yHuBepcutet umen 1. . Msanoa» (Kypckmii TAY), yn. Kapna Mapkca, 70, r. Kypck, 305021, Poccua

PE3IOME
BBepeHue. BocnaneHue npeactasnaet co6oit cnoxHblii Guonoruueckiii npoLecc, HanpaBneHHblii Ha 3aLYUTy OpraHU3ma OT MaToreHoB U BOCCTAHOBNEHME
MOBPEXAEHHbIX TKaHeil. ITOT NPoLIeCC perynupyeTca MHOXECTBOM CUTHAbHbIX MONIEKYN, CPEAM KOTOPbIX BaXHOE 3HaUeHUe MMEKOT MYPUHbI 1 LIUTOKMHDI.
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MypuHepriyeckan CUrHanu3aLma, onocpesoBaHHas afeHo3MHTPUdochaTom, aeHO3MHMOHODOCHATOM 1 PYrUMIN HYKNEOTUAAMM, UTPAET KNIOYeBYH posib
B PEryNALIMM MMMYHHBIX PeaKwuil 1 BOCnanuTenbHbIX NpoLeccoB. LIMTOKMHOBaA ceTb, BKAOYAIOLLAA UHTEPNEiKMHbI, GaKTOP HEKPO3a onyxonu a U Apyrue
MOneKyIbl, Takxe ABNIAETCA BaXHbIM KOMMOHEHTOM BocnaneHis, 06ecneunBas KOMMYHUKaLIMIO MEX Ly KNETKaM UMMYHHOI CUCTEMbI W PErynipys UX akTUB-
HoCTb. [ToHVMaHKe MeXaHV3MOB B3aUMOAICTBIA MEXY NYPUHEPTUYECKOI CUrHaNN3aLmeli 1 LUTOKUHOBO CETbH0 IMEET BaXHOe 3HaYeHue A pa3paboTku
HOBBIX CTPATErYiA IeYeHA BOCTANUTENbHIX 3a00M1eBaHMA.

Llenb nccnepoBanua. 0606LeHne pe3ynbTaToB UCCNEL0BAHMIA MO 3HAUEHMH PO MYPUHEPTIYECKON CUTHANN3ALMM 1 LUTOKHOBOIA CETV B BOCMANK-
TeNbHOM MPOLECCe Y XKUBOTHBIX.

Marepuanbi u meTogbl. [poBeieH aHaNN3 55 HayuHbIX Ny6AMKaLWMIE POCCUIICKIX U MHOCTPAHHDIX aBTOPOB 3a nepuog ¢ 2000 no 2021 r., uccnepyowmx
BNUAHUE HYKNIEOTUO0B, HYKNEO3MA0B 1 NYPUHEPTUYECKNX PELLeNTOPOB Ha GOPMUPOBaHIE UMMYHHOTO OTBETA, a TAaKKe MeXaHU3Mbl aKTUBALMN Ma-
KpodaroB U BbieneHIa LIMTOKMHOB. [InA NoucKa UCTouHNKOB UCNonb3oBanuch 6asbl faHHbIX eLIBRARY.RU, CyberLeninka, PubMed, NCBI, ResearchGate,
CABI u Google Scholar.

Pe3ynbTatbl. PaccMoTpeHbl MexaHi3Mbl BOCNanUTeNbHOrO 0TBETA, BKNIOUAA PoNib Pa3NMUHBIX KNETOK 1 MONIEKYN, TaKUX KaK LUTOKMHDI U peLienTopbl,
B Perynaumum MMMYHHoil peakumi. locneH1e UMEIOT BaXHOe 3HAUEeHVe B aKTUBALMI KNETOK MMMYHHOIA CUCTEMbI 11 PerynaLymin BoCNanuTeNbHbIX peak-
umit. 06cyxnaetca npouecc sepochopunupoBanua afeHo3nHTpUocdara ¢ yuactem depmentos (D39 u (D73, uto cnocobcTByeT 06pa3oBaHMio ajeHo-
311Ha 1 aKTMBALWM NPOTUBOBOCMANMTENbHbIX MeXaH3MOB. [TpoaHanu3npoBaHbl GYHKLMM NPOBOCMANUTENbHDBIX LIUTOKIHOB, TAKWX KaK UHTepNeiikuH-1,
$aKTOp HeKPO3a OMyX0N a U MHTEPNEIKNH-6, B KOHTEKCTe aKTUBALMM MaKkpOharoB 1 MUrpaLum HeATpodunoB K mecty Bocnanexns. Moguepkuaetca
BAXHOCTb PEryNALMM 3TUX NPOLIECCOB ANA NPeAOTBPALLEHNA Upe3MEPHOT0 BOCANUTENBHOTO 0TBETA M 06ecreyeHIns romeocTasa. PacCMOTPEHbI MeXaHu3-
Mbl iepexozia Mexay Gazamin BocnaneHus, BKIoYatoLLue posib NPpOTUBOBOCMANUTENbHBIX LUTOKIHOB, TAKUX KaK MHTepreiikiH-10 u TpaHchopmupyioLLuit
dakTop pocTa B, B KOHTPONeE AKTUBHOCTU HERTPOGUNOB 1 paspeLLeHNI BOCTANUTENLHOTO NPOLecca.

3aknioueHue. [lanbHeiiluee n3yyeHne JaHHON Tembl COCOOHO Yry6UTb COBPEMEHHDBIE 3HAHUA YUEHbIX 0 MEXaHI3MaX BO3HUKHOBEHWSA BOCMaeHIA
1 CO31aTb OCHOBY ANA Pa3paboTKin MHHOBALMOHHBIX TepaneBTUYECKIX CTPATEruii, HaNPaBNEHHbIX Ha IeueHNe 60e3Hei, 00YCIOBNEHHDIX HAPYLIEHUAMM
UMMYHHOIi CUCTEMbI.

KnioueBble cnoBa: 0630p, HykneoTuabl, pewentopsl, nypuHepruyeckaa perynauus, (D39, (D73, ATO, A0, AM®, ageHo3uH, Makpodary, LIUTOKMHbI,
NHTEPNENKMHbI

bnaropapHocTu: Pabota BbinonHeHa npu nogaepxke MuxobpHayku Poccum B pamkax rocyaapcraenHoro 3agatua OTBHY «Kypckuit OAHL» (tema
FGZU-2022-0004). ABTOpbI 6naroapAT peLieH3eHTOB 3a UX BKNAZA B IKCMEPTHYI0 OLieHKY paboTbl.

[ina uutnposanua: Mocarux B. B., Ucakosa E. A., Poixkosa I 0., Mocarua W. 1. Ponb nypuHeprnyeckoli curHanu3aumui 1 WUTOKMHOBO CeTH B BOC-
nanuTenbHoM npovecce. BemepuHapus cezo0Hs. 2025; 14 (3): 263—273. https://doi.org/10.29326/2304-196X-2025-14-3-263-273
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INTRODUCTION

system functions. These components are involved

Currently, innovative medicinal products are
widely used in human medicine and veterinary
medicine. The development of liposome-based me-
dicinal products for targeted delivery of medicinal
substance attracts the attention of scientists all over
the world. Special attention is paid to the creation of
immunomodulating liposomal medicinal products
that specifically affect the macrophage component
of the immune system. Scientists from the Laborato-
ry of Veterinary Medicine and Biotechnology of the
Federal Agricultural Kursk Research Center are work-
ing in this field. They proposed and tested a method
for obtaining liposomal immunotropic composition
for the pre-nosological prevention of pathologies in
cattle of different ages in the settings of the Uchkhoz
Znamenskoye of the Kursk State Agrarian University.

The immune system is a complex mechanism that
helps to protect the body from pathogenic microor-
ganisms. Nucleic acids, purinergic receptors, and cy-
tokines play an important role in regulating immune

in a wide range of processes: from cell signaling
to providing energy for active immune responses.
Nucleotides such as adenosine triphosphate (ATP)
act as key mediators in intercellular communication
and intracellular signaling. Purinergic receptors that
respond to extracellular nucleotides promote the
activation of inflammatory processes and regulate
the behavior of immune cells. Nucleosides, required
for DNA and RNA synthesis, support the division and
growth ofimmunocompetent cells, thus playing a vi-
tal role in adaptive immunity [1, 2]. By understanding
how these mechanisms function, we can simulate
potential inflammatory processes in animal models
and develop methods to prevent pathologies.
Inflammation plays a key role in the animal im-
mune response, protecting against infection, injury,
and other harmful factors. This process is a complex
and well-coordinated reaction that includes the acti-
vation of various cells of the immune system, release
of cytokines and other mediators, as well as changes
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in blood circulation and vascular permeability. In-
flammation is the body’s initial defense against
infection. When pathogens like bacteria, viruses,
or fungi invade tissues, local immune cells such as
macrophages and dendritic cells are triggered to ini-
tiate an immune response. When cells recognize a
pathogen, they start to release pro-inflammatory cy-
tokines, signaling molecules that attract other white
blood cells to the site of infection. The inflammato-
ry process recruits neutrophils and monocytes from
the bloodstream to affected tissues. Neutrophils are
the first responders to inflammation, phagocytosis
of pathogens and releasing antimicrobial substan-
ces.Once in the tissues, monocytes differentiate into
macrophages, which continue to destroy pathogens
and promote tissue repair. Inflammation is not only
aimed at fighting infection, but also at eliminating
tissue damage [3, 4, 5].

Macrophages play an important role in the heal-
ing process by removing dead cells and cellular de-
bris. They also release growth factors involved in tis-
sue regeneration [4, 6, 7, 8, 9]. By presenting antigens
to T lymphocytes, inflammation helps activate the
adaptive immune response. Dendritic cells captur-
ing pathogens during inflammation migrate to the
lymph nodes, where they present antigens to T cells.
This leads to the development of a specificimmune
response against specific pathogens. Although in-
flammation is necessary to protect the body, but its
excessive or prolonged activity can lead to tissue
damage and the development of chronic diseases.
Therefore, it is important to have mechanisms for
regulating the inflammatory response, such as anti-
inflammatory cytokines (for example, interleukin
IL-10) and other molecules that help resolve inflam-
mation once the threat is eliminated. For veteri-
nary medicine it is important to understanding the
mechanisms of inflammation. Chronic inflammation
is associated with a number of diseases in animals,
including allergies, autoimmune disorders and met-
abolic diseases [2, 10].

The interaction of purinergic receptors with the
cytokine network is an important aspect of the reg-
ulation of the immune response and inflammatory
processes in the body. Purinergic receptors such
as P2X and P2Y are activated by nucleotides such
as adenosine and ATP and are important in the
immune response in animals. Purinergic receptors
regulate macrophage phagocytosis. This leads to
the release of pro-inflammatory cytokines such as
interleukin-18 (IL-18) and tumor necrosis factor a
(TNF-a), which play an important role in initiating
and maintaining the inflammatory response. Ad-
enosine signaling through P1 receptors (A2A and
A2B) can suppress pro-inflammatory cytokines
and promote anti-inflammatory cytokines, nota-
bly IL-10. This establishes a balance between pro-
inflammatory and anti-inflammatory signals, that is
crucial for preventing excessive inflammation and

subsequent tissue damage. Purinergic receptors
regulate leukocyte migration to inflammatory sites
by detecting extracellular nucleotides like ATP re-
leased from damaged cells. This activation triggers
immune cells to release chemoattractants such as
IL-6 and IL-8, which in turn recruit and increase the
number of immune cells at the site of inflammation
[11]. Purinergic signaling interacts with other cellu-
lar pathways, including those associated with Toll-
like receptors (TLRs). This interaction can enhance or
modulate the response to infection or tissue dam-
age. Purinergic receptors play an important role in
maintaining immune homeostasis. They help regu-
late immune response activation and suppression,
which is crucial for preventing autoimmune disea-
ses and chronic inflammation [12, 13, 14, 15].

Thus, the interaction between purinergic re-
ceptors and the cytokine network is a complex,
dynamic system vital for regulating immune re-
sponses and inflammatory processes. Understand-
ing these interactions could facilitate the develop-
ment of novel therapeutics for inflammatory and
autoimmune diseases.

This study aims to systematize data reflecting
the importance of purinergic signaling and the
cytokine network in the development of inflam-
matory processes.

MATERIALS AND METHODS

This review is based on an analysis of 55 scientific
publications by Russian and international authors,
investigating the role of purinergic signaling and
cytokine networks in regulating inflammatory re-
sponses. The literature search was conducted using
major digital repositories, including eLIBRARY.RU,
CyberLeninka, PubMed, NCBI, ResearchGate, CABI,
and Google Scholar. Key search terms comprised
the following: “purinergic regulation’, “cytokine net-
work”, “CD39",“CD73",“ATP", “ADP","AMP’, “adenosine”’,
“macrophages’, “cytokines’, “interleukins” and “tumor
necrosis factor”.

Publications were selected based on the follow-
ing criteria: relevance to the research topic, scientific
significance, methodological clarity, and the inclu-
sion of a robust analytical discussion comparing the
results with existing literature.

RESULTS AND DISCUSSION

Purinergic signaling in animals involves the inter-
action of purines, such as adenosine and ATP, with
purine receptors that are located on the surface
of cells. These receptors are divided into two main
groups: P1 (adenosine) and P2 (ATP receptors) [2, 3,
4]. Adenosine functions as an anti-inflammatory and
pro-healing molecule by interacting with P1 recep-
tors, leading to reduced pro-inflammatory signals
and enhanced immune cell regulation. Specifically,
it suppresses the production of inflammatory cyto-
kines and promotes tissue repair, playing a vital role

VETERINARY SCIENCE TODAY. 2025; 14 (3): 263-273 | BETEPUHAPUA CETOAHA. 2025; 14 (3): 263-273

265



266

in healing processes. On the contrary, ATP, particular-
ly through P2 receptors, acts as a“danger signal” that
activates immune cells like macrophages, leading to
the release of pro-inflammatory cytokines such as
IL-18 and TNF-q, thus promoting inflammation even
tissue damage. ATP release is triggered by various
cellular stress factors, including inflammation, hy-
poxia, apoptosis, and necrosis [3, 4, 51.
Inflammation and hypoxia (low oxygen) condi-
tions promote the release of ATP and ADP (adenos-
ine diphosphate) from cells, leading to increased
extracellular adenosine levels [1, 11]. Hypoxia and
HIFs increase extracellular adenosine concentrations
by transcriptionally regulated genes involved in its
adenosine metabolism and receptor expression [12,
13, 14,15, 16, 17]. The critical role of extracellular ad-
enosine metabolism is demonstrated in mice. Mice
with genetic defects in ectonucleoside triphosphate
diphosphohydrolase-1 (CD39) and ecto-5"-nucleoti-
dase (CD73), exhibit reduced extracellular adenosine,
leading to impaired adenosine signaling, even when
ATP levels are normal or high. Adenosine signaling
plays a key role in the lung’s response to damage.
Adenosine has complex and multifaceted effects on
inflammation, repair, and remodeling by binding to
G protein-coupled receptors on cell surfaces [18, 19,
20], causing both protective and destructive reac-
tions. Its anti-inflammatory and protective-regener-
ative roles are primarily mediated through A2A and
A2B receptor activation (A2AAR, A2BAR). Converse-
ly, elevated adenosine levels can activate A1 (A1AR),
A2BAR, and A3 (A3AR) receptors, promoting a pro-
inflammatory state and dysregulated tissue remod-
eling that exacerbates chronic lung diseases [10, 21].
The role of purine nucleotides, nucleosides and
purinergic signaling in acute and chronic inflam-
mation has been extensively studied, particularly
with regard to ATP, ADP and adenosine. In health
ATP is found in mammalian cells. In disease, such as
inflammation or ischemia, ATP is released from in-
tracellular stores due to cellular necrosis [19, 20, 22,
23]. During apoptosis, pannexin hemichannels con-
trol ATP release into the extracellular space, where
ATP serves as a phagocyte chemotactic signal [24].
Inflammatory cells, like neutrophils, and endotheli-
al cells can release ATP into the extracellular space
through connexin hemichannels [25, 26, 27, 28]. ADP
can be released from intracellular platelet granules.
ATP signals pass through receptors, initially desig-
nated as P2 receptors [25], and then reclassified into
P2X receptors (ligand-gated ion channels) and P2Y
receptors (G protein-coupled receptors). Mice with
deleted P2 receptors are viable and they exhibit pro-
tection against inflammatory diseases like asthma,
vascular inflammation, and “graft-versus-host dis-
ease” [18, 29, 30, 31, 32]. Pharmacological antago-
nism of P2 receptors has been shown to suppress
inflammation in various conditions, including in-
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flammatory bowel diseases, lung inflammation and
ischemic reperfusion injury [26, 31, 33].

Adenosine’s interaction with P1 receptors, which
are G-protein coupled receptors, occurs in the ex-
tracellular environment. These receptors are cat-
egorized into four subtypes: A1, A2A, A2B, and A3.
A1and A2A receptors are known for their high affinity,
while A2B and A3 receptors exhibit significantly low-
er affinity. All subtypes of adenylate cyclase affect
the enzyme’s function and the subsequent produc-
tion of cyclic adenosine monophosphate (cAMP).
The A2A and A2B receptors activate the process,
while the A1 and A3 receptors inhibitit[2, 10,11, 12].

The ATP molecule interacts with P2-purinergic
receptors on the cell surface. These receptors are
divided into two main types: P2X and P2Y. The P2X
receptors are ion channels. This means that when
ATP binds to the P2X receptor, it opens a channel
allowing certain ions to enter the cell. Sodium (Na*),
calcium (Ca?*), and potassium (K*) ions pass through
these channels. Thus, ATP, binding to the P2X recep-
tor, triggers the process of moving these ions inside
the cell (the flow of ions depends on the concentra-
tion gradient and electrical potential). This process
plays an important role in cell signaling and various
cellular functions [4, 5]. P2Y receptors are specialized
proteins located on the cell’s outer membrane and
capable of recognizing ATP and ADP, as well as a
number of similar substances. Upon binding a sub-
stance, the receptor activates a G protein, which then
influences enzymes like adenylate cyclase and phos-
pholipase C, and regulates ion channels, ultimately
altering ion movement and thereby affecting degree
of ion penetration into the cell. These receptors are
present on the surfaces of the immune system cells
and the endothelium - a layer of cells lining the walls
of blood vessels from the inside [14, 15, 16].

Experiments on genetically modified mice lack-
ing P2X and P2Y receptors have demonstrated that
their absence does not impair normal development
or reaching adulthood in animals. However, studies
focusing on mice deficient in the P2X2 and P2X3
receptor (P2X receptor subtype) revealed immune
dysregulation, characterized by an increased num-
ber of immune cells and enlarged spleen (that is an
important part of the body’s immune system). This
phenotype indicates that P2X2 and P2X3 receptors
play a critical role in modulating immune function;
their absence may lead to an overly reactive immune
response and immune system hypertrophy. These
findings are supported by the work of A. Surprenant
et al. [6] and E. Kaniewska et al. [7].

Research demonstrates that P2Y receptors play a
complex role in regulating cellular activity and im-
mune responses. Although the absence of P2X/P2Y
receptors is not lethal, specific loss of the P2X2 and
P2X3 subtypes results in pronounced alterations in
immune system function [6, 15].
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It has been established that ATP can be actively
released from intact cells in response to stimuli like
mechanical deformation, hypoxia (low oxygen), and
acetylcholine, without causing cell damage [7, 11,
12]. For example, ATP release from intact cells was
first observed in neurons secreting ATP into the syn-
aptic cleft [13]. However, it has been shown that the
underlying mechanism is very complex and includes
stretch-activated channels, potential-dependent
anion channels, P2X7 receptors, as well as connexin
and pannexin hemichannels [14].

Contrasting to intracellular ATP, primarily utilized
as energy, extracellular ATP is considered to be a
powerful signaling molecule through the nucleo-
tide-selective P2 receptors. Extracellular ATP is rap-
idly metabolized to adenosine by ectonucleotidases
[25]. The ectonucleotidases consist of four family
types including ectonucleotide pyrophosphatase/
phosphodiesterase (ENPP) family, ectonucleoside
triphosphate diphosphohydrolase (ENTPDase) fam-
ily, alkaline phosphatases (AP), and CD73 [15, 16].
Extracellular adenosine, an intermediate metabo-
lite of nucleotides, can undergo three processes:
conversion to inosine by adenosine deaminase, re-
conversion to AMP by adenosine kinase, and cellular
reuptake through concentrative nucleoside trans-
porters (CNTs) or equilibrative nucleoside transpor-
ters (ENTs) [15, 17, 18].

Purinergic receptors have been widely studied in
signaling systems in response to extracellular ATP
and related nucleotides. Purinergic receptors consist
of three major families based on their structural and
biological properties [19]. The G-protein-coupled
P2Y receptors recognize ATP and several other nu-
cleotides, including ADP, uridine triphosphate (UTP),
uridine diphosphate (UDP), and UDP-glucose [20].
P2X receptors function as ATP-gated ion channels
that facilitate the influx and efflux of extracellular
cations, including calcium ions, which only respond
to ATP [20, 22]. To date, P2Y receptors consist of eight
subtypes, a family of P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12,P2Y13,and P2Y14. P2X receptors have seven
subunits that may form six homomeric (P2X1-P2X5
and P2X7R), and at least seven heteromeric (P2X1/2,
P2X1/4,P2X1/5,P2X2/3,P2X2/5,P2X2/6,and P2X4/6)
[21, 22, 23]. The conversion of ATP/ADP to adenos-
ine by ectonucleotidases terminates P2R signaling
within the extracellular compartment. Adenosine
can signal through four distinct G-protein-coupled
receptors (P1 receptors): A1, A2A, A2B, and A3 [24,
25, 26]. The purinergic receptor subtypes are widely
distributed throughout the immune cells and the
central nervous system (CNS) [25, 27, 28].

Extracellular ATP and ADP are rapidly converted
to AMP, which is then further metabolized to adeno-
sine [30].

Adenosine can signal through four distinct G-pro-
tein-coupled receptors: ATAR, A2AAR, A2BAR, and

A3AR [1, 34]. The subtypes of adenosine receptors
are expressed differently in each target cell. A2AAR
is largely expressed in immune cells such as neu-
trophils [35, 36] and lymphocytes, while A2BAR is
largely expressed in vascular endothelial cells [37,
38]. Adenosine receptor knockout mice are viable,
and no human pathologies have been attributed to
mutations and defects of adenosine receptors. How-
ever, adenosine receptors, beyond their basic phys-
iological roles, have been extensively studied in the
context of various diseases and pathological condi-
tions. For example, adenosine’s chronotropic effects
via A1AR is essential in the treatment of supraven-
tricular tachycardia. A2AAR serves anti-inflammatory
functions in neutrophils, diminishing inflammatory
cell activation at various sites [19, 39, 40, 41]. A2AAR
antagonists exert benefits in Parkinson’s disease.
A2BAR contribute to tissue adaptation in response
to inflammation, ischemia, and hypoxia [42, 43, 44].
A3AR functions in aqueous humor production in the
eye [45], and agonism of A3AR has proven effective
in the treatment of dry eye [46].

Extracellular adenosine can be transported into
the cell via concentrative or equilibrative nucleoside
transporters known as CNTs and ENTs. Diffusion-lim-
ited, these channels allow adenosine to diffuse freely
across the cellular membrane, following its concen-
tration gradient [21]. Adenosine movement into
intracellular space diminishes adenosine signaling
[45]. Adenosine signaling can also be terminated by
deamination of extracellular adenosine to inosine by
cell surface CD26-conjugated adenosine deaminase
(ADA) or via phosphorylation back into AMP via ade-
nosine kinase [22]. Genetic deficiency of ENTs is not
lethal. ENT-deficient mice exhibit elevated adenosine
levels that provide protection during disease states
like organ ischemia [41]. Pharmacologic blockade of
ENT with dipyridamole, resulting in accumulation of
extracellular adenosine causing coronary artery va-
sodilation, is employed in stress echocardiography
to identify coronary atherosclerotic lesions. ENT an-
tagonism is also used to inhibit platelet aggregation
and prevent recurrence of stroke and to preserve
the patency of hemodialysis grafts. ADA-deficient
mice exhibit elevated extracellular adenosine levels,
which result in severe pulmonary inflammation and
fibrosis. In human, a defect in the ADA gene causes
severe combined immunodeficiency (SCID) resulting
from metabolites of adenosine exerting cytotoxic ef-
fects on lymphocytes. ADA-deficient associated SCID
has been successfully treated with ADA gene thera-
py [39]. The anti-inflammatory effects of cyclospo-
rine may be partially due to inhibition of adenosine
kinase, resulting in elevated adenosine levels [40].

Extracellular nucleotides, which activate puri-
nergic receptors, are regulated by enzymes like
CD39 and ENPP. CD39 breaks down ATP to AMP and
phosphates, influencing hydroxyapatite formation
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(calcification), while the inorganic pyrophosphate
(PPi) formed by ENPP can inhibit calcification. How-
ever, the activity of tissue alkaline phosphatase can
convert PPi to phosphate, which initiates calcifica-
tion [44, 471.

Experiments show that the purinergic signal-
ing system, including CD39 and CD73, is actively
involved in aortic valve calcification. In particular,
studies on porcine aortic valves have shown high ex-
pression of CD39 and CD73 in both endothelial and
interstitial cells. Adding extracellular nucleotides to
cell cultures reveals distinct activity levels for CD39
and CD73, suggesting their different roles in proces-
ses like calcification.

Invitro experiments using vascular smooth muscle
cells have demonstrated that 3-glycerophosphate
and uridine adenosine tetraphosphate (Up4A) pro-
mote calcification by activating P2X and P2Y recep-
tors. Conversely, inhibition of specific purinergic
receptors, such as P2Y, has been shown to reduce
valve calcification, highlighting their potential as
therapeutic targets.

It has been shown that P2Y2 receptor, activated in
various tissues by stress or damage, promotes tissue
regeneration by activating multiple signaling path-
ways. Many studies show that ATP and P2Y2 recep-
tor-mediated signaling influence diverse biological
processes, including chemotactic signal production
and immune cell activation, thereby promoting mi-
gration, proliferation, differentiation, and inflamma-
tory mediator release [48].

Adenosine triphosphate has also been implicated
to induce chemotaxis of neutrophils via actin polym-
erization and direct cell orientation by feedback sig-
naling involving P2Y2R [49]. The subsequent P2Y2
receptor activation will amplify gradient sensing of
chemotactic signals (e.g., N-formyl peptides and IL-8)
by stimulating F-actin to the leading edge. Chemo-
taxis of neutrophils to sites of infection is critical for
immune defense and for the physiological downreg-
ulation of neutrophil-driven inflammation [50].

Therefore, the ATP-P2Y2 receptor signaling sys-
tem exerts a dual effect. It protects the host from
infection, promotes the repair of damaged tissues,
and enhances pulmonary clearance of harmful sub-
stances. However, if dysregulated, this same healing
response can drive chronic inflammation and patho-
logical fibrosis [19, 34].

The P2Y6 receptor also plays an ambivalent role
in inflammatory diseases. The receptor is crucial for
innate immune responses against bacterial infection
any studies show that P2Y6 receptor activation is in-
volved in the release of chemokines from immune
cells, such as monocytes, dendritic cells, eosinophils,
and recruiting monocytes/macrophages during in-
flammation or infection [48].

In neurodegenerative diseases, microglia are en-
gaged in the clearance of dead cells or dangerous
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debris, which is crucial for the maintenance of brain
functions. Extracellular ATP regulates microglial mo-
tility dynamics in the intact brain, and its release from
the damaged tissues mediates a rapid microglial re-
sponse toward injury [43]. Moreover, UTP and UDP
released from injured neurons have been shown to
enhance microglial phagocytic capacity for dying
cells via activation of P2Y6 receptor, serving as an
“eat-me”signal for microglia. This signal is considered
to be animportant initiator of the clearance of dying
cells or debris in the CNS [48].

When the endothelium or epithelium is inflamed,
the signaling pathway mediated by the P2Y6 recep-
tor exert a negative effect. Idiopathic inflammatory
bowel diseases include, in particular, Crohn’s disease
and ulcerative colitis. These chronic conditions arise
from a dysregulated inflammatory response to in-
testinal microbiota in genetically susceptible individ-
uals. Experimental studies of colitis have shown an
increase in the expression of both P2Y2 and P2Y6
receptors in intestinal epithelial cells [41, 45, 46].

Similarly, P2Y6 receptor plays an important role in
acute and chronic allergic airway inflammation, and
selective blocking of P2Y6 receptor or P2Y6 receptor
deficiency in structural cells reduces symptoms of
experimental asthma. Recently, P2Y6 receptors have
not only been found to be up-regulated in murine
atherosclerotic plaques, but also to play a key role in
inflammatory diseases.

Thus, P2Y6 receptor activation plays a role in in-
nate immunity against infection whereas P2Y6 re-
ceptor over-activation can result in harmful immune
responses and chronic inflammation [48].

P2X7 receptor is highly expressed inimmune cells,
in particular, mast cells, macrophages, microglia
cells and dendritic cells. The best-investigated and
most widely accepted P2X7 functions are it role in
inflammation and immune signaling. The P2X7 re-
ceptor plays a central role in the immune system’s
response to bacterial and parasitic infections by
acting as a crucial link in the signaling pathways in-
volved in inflammation and pathogen control. It has
been shown to be involved in the killing of intracel-
lular pathogens such as Mycobacterium tuberculosis,
Chlamydia trachomatis, and Leishmania amazonensis,
either by killing the microorganism or by inducing
apoptosis of infected macrophages [19]. In addition,
this receptor is involved in the development of fever
by stimulating the production of prostaglandin E2
(PGE2) and IL-18 [20].

The P2X7 receptor is widely recognized to medi-
ate the pro-inflammatory effects of extracellular ATP.
However, as a recent study has shown, this receptor
can function as one of the scavenger receptors in-
volved in the recognition and removal of apoptotic
cellsin the absence of extracellular ATP and the P2X7
receptor a promising target for the development of
new drugs [30, 44].
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In the CNS, P2X7 receptor activation promotes
neuroinflammation by causing the release of proin-
flammatory cytokines, such as IL-18 and TNF-a
as well as activation of mitogen-activated pro-
tein kinases and nuclear factor kappa-light-chain-
enhancer of activated B cells, resulting in upregu-
lation of proinflammatory gene products, including
cyclooxygenase-2 and the P2Y2 receptor. In P2X7
receptor knock-out mice, amyloid 8 (AB) triggered
increase of intracellular Ca?*, ATP release, IL-1f se-
cretion, and plasma membrane permeabilization in
microglia [25]. In fact, in vivo inhibition of P2X7 re-
ceptor in mice transgenic for mutant human amyloid
precursor protein indicated a significant decrease of
the number of hippocampal amyloid plaques [48].
Thus, the identification of extracellular ATP and P2X7
receptor as key factors in AB-dependent microglia
activation unveils a non-conventional mechanism
in neuroinflammation and suggests new possible
pharmacological targets.

Extracellular ATP and P2X7 receptor signaling also
contributes to the development of smoking-induced
lung inflammation and emphysema. P2X7 receptor
knock-out mice exhibit decreased inflammatory re-
sponses, including a reduction in pulmonary fibrosis
in a mouse model of lung inflammation. Inhibition
of this receptor may be a new possible therapeutic
target for the treatment of chronic obstructive pul-
monary disease [29, 30].

The purinergic P2X7 receptor is associated with
activation and release of IL-1 and IL-18, which is
strongly implicated in the multiple inflammatory
pathways involved in the pathogenesis of rheu-
matoid arthritis (RA). P2X7 receptor has also been
shown to be expressed by synoviocytes from RA
joints and contributes to modulation of IL-6 release.
P2X7 receptor activation also plays a novel and direct
role in tissue damage through release of cathepsins
in joint diseases. Although, AZD9056, a P2X7 recep-
tor antagonist, has been shown to reduce articular
inflammation and erosive progression [38], clinical
trials with the P2X7 receptor antagonist in patients
with RA failed to inhibit disease progression [19, 39].
Similarly, the effect and safety of AZD9056 in Crohn’s
disease is still under clinical trial.

Taken together, P2X7 receptor signaling not only
plays a critical role in mediating appropriate inflam-
matory and immunological responses against invad-
ing pathogens, but also contributes to a wide range
of chronic inflammatory diseases when activated
inappropriately.

Studies have also shown that pathological dysreg-
ulation of purinergic signaling can lead to serious
diseases such as autoimmune disorders, cardiovas-
cular problems, and cancers [51]. Elucidating the
molecular mechanisms underlying this dysregula-
tion will enable the development of novel diagnos-
ticand therapeutic strategies. Consequently, further
research into the purinergic regulation of inflamma-

tion is paramount, as it opens avenues for innovative
treatments aimed at improving patient quality of life
and reducing the population-level disease burden.

In addition, it was found that adenosine, formed
as a result of ATP metabolism, has an anti-inflamma-
tory effect, suppressing the activity of immune cells
and reducing the severity of the inflammatory pro-
cess. Adenosine signalling has long been a target for
drug development.

Thus, the study of the mechanisms of purinergic
regulation of inflammation is an important aspect
of modern medicine and biology. It has been es-
tablished that ATP and ADP play a significant role
in activating immune cells and initiating inflamma-
tory responses. These nucleotides activate P2X and
P2Y receptors, which initiates a series of signaling
pathways that lead to the release of cytokines and
chemokines.

Cytokines are a diverse group of small signaling
proteins that produced by a wide variety of cells,
including immune cells, endothelial cells, and fibro-
blasts. They perform multiple functions, including
attracting and activating immune cells, stimulating
cell proliferation and differentiation, and inducing
the synthesis of other inflammatory mediators.

It is important to note that the purinergic system
closely interacts with the cytokine network. For ex-
ample, ATP and ADP can stimulate the production of
cytokines such as IL-16, TNF-a as well as interferon-y
through activation of the corresponding receptors.
In their turn, cytokines can modulate the expression
of purinergic receptors and influence the metabo-
lism of ATP and adenosine. Thus, the interaction
between these two systems is a key factor in deter-
mining the nature and intensity of the inflammatory
response. Cytokines are key players in orchestrating
cellular interactions during inflammation, both pro-
moting and suppressing the cooperation between
different cell types [4]. Acting as a chemoattractant,
ATP stimulates phagocytes to produce reactive
oxygen species and macrophages to produce pro-
inflammatory cytokines [1, 2, 3, 4].

Pro-inflammatory cytokines are small protein
molecules produced by cells of the body’s immune
system, mainly by macrophages, T cells, and dendrit-
ic cells. They are pivotal in initiating and sustaining
inflammation, orchestrating interactions among
immune components, and stimulating protective re-
sponses to infections and tissue damage. These cyto-
kines, acting together in a cascade, aim to eliminate
pathogens and repair damaged tissues. Excessive
production of pro-inflammatory cytokines can lead
to harmful consequences if not properly regulated.
This overproduction can damage tissues and con-
tribute to the development of chronic inflammato-
ry diseases, autoimmune disorders, and even sepsis.

Pro-inflammatory cytokines include IL-1, TNF-q,
and IL-6. These substances cause local and system-
ic changes characteristic of acute inflammation
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[9, 10]. IL-1 plays a pivotal role in the immune re-
sponse by orchestrating key defense mechanisms
and initiating tissue repair [2]. Following antigen
exposure, secretion of mature interleukins begins
after approximately 2 hours, peaks between 24 and
48 hours, and subsequently declines rapidly [9, 11].

The chain of inflammatory processes is triggered
by the activation of endothelial cells [11, 12, 13, 14,
15]. Cytokines released at the inflammatory site act
on the endothelium (the inner blood vessel lining),
triggering the recruitment of specificimmune cells
to form an infiltrate tailored to the stimulus. The
appearance and accumulation of leukocytes at an
inflammatory site is a process involving changes
in the activity of adhesion molecules both on the
surface of leukocytes and endothelial cells, as well
as variations in the inflammatory substances pro-
duced by these cells [16, 17]. Tissue damage trig-
gers a cascade of events leading to acute inflam-
mation, characterized by neutrophil migration from
blood vessels [17, 18, 19]. Specific interleukins (IL-1,
IL-6, IL-8, IL-12) activate endothelial cells to produce
adhesion molecules (E-selectin, P-selectin, ICAM1,
VCAM1), these adhesion molecules then facilitate
the movement and passage of white blood cells
(leukocytes) from the bloodstream into inflamed
tissues, a process essential for immune response
and tissue repair [11, 18, 19, 20]. This process is fur-
ther enhanced by endothelial cell contraction and
widening of intercellular space. In an inflammatory
response, activated endothelial cells are essential
by releasing chemokines like MCP1 and IL-8, and
cytokines such as IL-1, IL-6, and GM-CSF, which at-
tract and activate immune cells like neutrophils and
monocytes to the site of injury [18]. Endothelial cell
stimulation also leads to the expression of phos-
pholipids on their surface [11, 12, 13].

Cytokines IL-1, IL-6, GM-CSF, and TNF-a increase
circulating neutrophil counts by stimulating their
production in the bone marrow, promoting their
release, and enhancing their survival [21, 22, 23].

Neutrophils are the initial responders to injury
and are later replaced by monocyte-derived mac-
rophages, a process driven by chemokines secreted
by the neutrophils themselves that attract these
subsequent immune cells to the site of inflamma-
tion [21, 23]. Neutrophils play a crucial role in the
inflammatory process by migrating from the bone
marrow into the bloodstream, adhering to blood
vessel walls, and ultimately penetrating the tissue
to reach the site of inflammation. Once at the site,
they form a leukocyte “shaft’, engage in phagocy-
tosis, release destructive lysosomal enzymes, and
ultimately undergo self-destruction [23]. Chemok-
ines, secreted by neutrophils, act as signaling mol-
ecules that trigger the release of neutrophils from
the bloodstream and guide their migration towards
the site of infection. IL-8 plays an important role in
attracting white blood cells [21, 24, 25].
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The first effect of IL-8 on neutrophils is to trigger
their activation, specifically by activating their con-
tractile cytoskeleton and causing the formation of
broad cytoplasmic extensions. These changes are
noticeable after 20-30 seconds and they reach their
highest intensity after about 1.52 minutes [26]. Neu-
trophils use constitutively expressed L-selectin on
their membrane to initiate rolling and slow down
within capillaries. IL-8, released in the affected area,
binds to receptors on neutrophils, prompting them
to rearrange their surface molecules to better adhere
to the blood vessel lining (endothelium) and to acti-
vate expression of integrins LFA-1 and Integrin-1 on
the surface of macrophages (Mac1). The interaction
of specific adhesive molecules on neutrophils and
endothelial cells causes rolling neutrophils to stop
their movement, allowing them to penetrate the tis-
sue and migrate towards a chemoattractant source
[27]. IL-8 stimulates the release of neutrophils from
postcapillary venules [2], leading to their migration
into acute inflamed areas [28]. IL-8 also increases
calcium levels within neutrophils, prompting their
migration and activating the pentose phosphate
pathway, which, in turn, boosts the production of re-
active oxygen species, which are involved in fighting
off pathogens. Furthermore, IL-8 causes the release
of enzymes from neutrophils through degranulation.
IL-8 production is increased by the paracrine action
of TNF-a and IL-1 on nearby macrophages [2, 9, 10].

Anti-inflammatory cytokines are small signaling
molecules secreted by immunocompetent cells, in-
cluding regulatory T cells, macrophages and others,
to limitinflammation and prevent excessive immune
responses. By doing so, they help restore immuno-
logical homeostasis and mitigate the risk of damage
to healthy tissues [49, 50, 52].

Anti-inflammatory cytokines are vital compo-
nents of the immunoregulatory system, preventing
excessive immune responses (hyperinflammation)
and mitigating damage from chronic inflammation.
For instance, transforming growth factor 8 (TGF-f3)
and IL-10 are key cytokines that protect the gastro-
intestinal tract’s mucous membranes from the ag-
gressive effects of the intestinal microflora [40, 53].

An imbalance between pro-inflammatory and
anti-inflammatory cytokines can disrupt the body’s
ability to regulate the immune response, leading to
a range of diseases, such as chronic inflammation,
autoimmune diseases, and allergies.

Some anti-inflammatory cytokines exert an inhib-
itory effect on neutrophils, significantly suppressing
their production of pro-inflammatory cytokines [54].
TGF-B further inhibits inflammation by preventing
leukocyte adhesion to the endothelium and re-
ducing the secretion of superoxide radicals and
monokines (IL-1, IL-6, TNF-a) [2, 4, 18, 21, 29]. IL-10
and TGF-f suppress both monocyte and neutrophil-
mediated inflammation by blocking the transcription
of genes responsible for producing inflammatory
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cytokines in neutrophils [18]. IL-6 inhibits the syn-
thesis of IL-1 and TNF-a [2, 4, 18, 21]. Furthermore,
it stimulates the production of the IL-1 receptor an-
tagonist and promotes neutrophil apoptosis. Thus,
IL-6 acts as a negative regulator in the complex net-
work of cytokines, it helps to reduce inflammation
by controlling neutrophil activity and shaping their
functional phenotype during the resolution of an
inflammatory response [4, 30]. Furthermore, neu-
trophils can modify their response to monokines by
altering their receptor expression, specifically, they
can reset their receptors into a state of increased ac-
tivity, which potentially alters their susceptibility to
monokine signaling. Additionally, detached neutro-
phil receptors act as “traps”, reducing the availability
of cytokines and thus diminishing their effect on
other cells.

Neutrophil recruitment is a tightly controlled
process essential for shifting inflammation from its
acute phase to the resolution and repair phase car-
ried out by monocytes and macrophages. Excessive
neutrophil activity, however, can be harmful, leading
to impaired function and undesirable immune reac-
tions [4]. In mammals, the leukocytic stage of inflam-
mation - spanning from the initial insult to the peak
of neutrophil death in the affected tissue - typically
lasts 12 to 24 hours [23]. Cytokines thus play a cen-
tral role in orchestrating an effective inflammatory
response. They ensure balance through bidirectional
regulation — both enhancing and suppressing sig-
nals — and by determining the precise sequence of
the process’stages.

The interaction between purinergic signaling and
the cytokine network is a critical regulatory mecha-
nism for inflammation. For instance, ATP activation of
P2 receptors stimulates pro-inflammatory cytokine
release. These cytokines then elevate ATP levels, fur-
ther activating purinergic signaling and creating a
self-amplifying, pro-inflammatory cycle that can
contribute to various diseases.

Conversely, adenosine counteracts this by activat-
ing P1 receptors, which suppresses pro-inflammato-
ry cytokines and promotes anti-inflammatory ones
[43, 55].

CONCLUSION

The investigation of purinergic signaling and cy-
tokine networks is a rapidly growing field in mod-
ern medicine and biology. A review of extensive lit-
erature reveals a remarkable diversity of molecular
mechanisms regulating inflammation, confirming
the pivotal role of purinergic receptors and cyto-
kines in both maintaining homeostasis and driving
pathology.

A key aspect of this regulation is the crosstalk
between purinergic signaling and cytokines, which
fine-tunes macrophage and T cell activity. This inter-
action determines outcomes in infectious diseases,
autoimmunity, and cancer. Critically, an imbalance

between pro-inflammatory and anti-inflammato-
ry signals can lead to chronic inflammation, a key
precursor to serious conditions like cardiovascular
disease, diabetes, arthritis, and cancer.

The data obtained indicate that drugs modulating
purinergic receptors and cytokine levels could effec-
tively treat inflammatory diseases of various origins.
For instance, compounds stimulating the synthesis
of anti-inflammatory metabolites like adenosine
may suppress excessive immune activation and
mitigate tissue damage in autoimmune pathologies.
Conversely, blocking receptors for pro-inflammato-
ry agents can help prevent both acute and chronic
inflammation.

Consequently, elucidating the interactions be-
tween purinergic systems and cytokine networks is
vital for creating innovative medicinal products to
treatimmune regulatory disorders and mitigate the
complications of excessive inflammation. Progress in
this field promises to enhance quality of life and re-
duce the societal burden of common diseases driven
by pronounced inflammatory processes.
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