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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
The article explains the biochemical aspects of interaction 

of natural polyphenol resveratrol and immune system. The 
molecular mechanisms of action of resveratrol are given. The 
anti-inflammatory effect of resveratrol is described in detail. 
The relationship between resveratrol and tumor macrophages 
was analyzed. It has been shown that resveratrol can have 
an activating, suppressive and modeling effect on the cells 
of immune system, as well as exhibit a suppressive effect on 
inflammatory and tumor processes.

Key words. Resveratrol, immune system, biochemistry, 
anti-inflammatory effect, antitumor effect, antioxidants, 
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Introduction.
Resveratrol (trans-3,4,5-trihydroxystilbene) is a natural 

polyphenol found in red wine, rhubarb, blueberries, many 
types of red grapes, and peanuts. Resveratrol may exhibit 
antioxidant (AO), anti-inflammatory, anticancer, antimicrobial, 
antineurodegenerative, and estrogenic properties. The 
immunomodulatory role of resveratrol was proposed over 
18 years ago in a study that demonstrated how it suppresses 
spleen cell proliferation induced by concanavalin A (ConA), 
interleukin-2 (IL-2), or alloantigens, and more effectively 
prevents the formation of IL-2 and interferon gamma (IFNγ) 
by lymphocytes and production of tumor necrosis factor alpha 
(TNF-α) or IL-12 by macrophages. Resveratrol is involved in 
the activation of macrophages, T cells, and natural killer (NK) 
cells. In addition, this compound is involved in the suppressive 
functions of regulatory T-lymphocytes CD4+ and CD25+. Its 
effects result from its ability to scavenge reactive oxygen species 
(ROS), inhibit cyclooxygenase (COX), and activate many anti-
inflammatory pathways, including the Sirtuin-1 (Sirt1) enzyme. 
Note that Sirt1 is an enzyme that is located in the cell nucleus; 
refers to transcription factors that promote cellular regulation 
(responses to stressors and longevity). Resveratrol, by 
activating Sirt1, disrupts signaling in the TLR4/NF-κB/STAT 
chain, which in turn reduces the production of cytokines from 
inactivated immune cells or pro-inflammatory factors derived 
from macrophages/mast cells, such as platelet activating factor 
(PAF), TNF-α and histamine. Given the wide range of positive 
effects of resveratrol on the body, it is increasingly offered as 
a dietary supplement. However, pharmacokinetic analysis 
shows that resveratrol undergoes rapid metabolism in the 
body. Its bioavailability after oral administration is very low, 
although absorption reaches 70%, this affects the physiological 

significance of high concentrations used in in vitro studies. So, 
in this paper, the molecular mechanisms of interaction between 
resveratrol and the functioning of the body's immune system 
will be presented [1-3].
Biochemical aspects of the mechanism of action of resveratrol.

The key function of Resveratrol is to suppress the production 
of inflammatory factors by activating Sirt1. Sirt1 is an 
important deacetylase involved in many molecular processes, 
including metabolism, cancer, embryonic development, and 
immune tolerance. Sirt1 maintains the tolerance of peripheral 
T-lymphocytes. Removal of Sirt1 leads to increased T cell 
activation and spontaneous autoimmune disease. Studies show 
that the relationship between resveratrol and Sirt1 modulates 
the structure of Sirt1 and enhances the activity of binding to its 
substrates [1]. Through its ability to activate Sirt1 and suppress 
inflammation, resveratrol is able to alleviate inflammatory 
symptoms in experimental models of autoimmune diseases such 
as colitis, type 1 diabetes, encephalomyelitis, and rheumatoid 
arthritis. One of the major substrates of Sirt1 is p65/RelA 
constituting NF-κB, which is a major regulator of leukocyte 
activation and inflammatory cytokine signaling. Activation of 
Sirt1 by resveratrol causes inhibition of RelA acetylation, which 
in turn reduces NF-κB-induced expression of inflammatory 
factors such as TNF-α, IL-1β, IL-6, metalloproteinases (MMP)-
1 and MMP-3, and Cox -2. Resveratrol-treated cells have been 
shown to be less sensitive to TNF-α-induced NF-κB signaling 
and initiation of apoptosis, acting as a dual block in the NF-κB 
signaling pathway.

It has been established that resveratrol suppresses the expression 
of p300 and promotes the degradation of the inhibitory protein-
κBα (IkBα). However, it is not known whether this is due to 
Sirt1 activation. Resveratrol targets include AMP-activated 
protein kinase (AMPK), an important cellular energy sensor that 
controls Sirt1 activity by regulating cellular levels of available 
nicotinamide adenine dinucleotide (NAD+). Cyclic adenosine 
monophosphate (cAMP) levels trigger protein kinase A (PKA), 
which in turn phosphorylates and activates Sirt1. Evidence that 
resveratrol function is partially mediated by Sirt1 is supported 
by the observation that the anti-inflammatory properties 
of resveratrol are abolished by genetic deletion of Sirt1 or 
the addition of Sirt1 inhibitors such as Sirtinol [4-6]. Upon 
subsequent activation of AMPK, an increase in NAD+ levels 
induces Sirt1 activation, which promotes beneficial metabolic 
changes primarily through deacetylation and activation of the 
peroxisome proliferator-activated receptor gamma-coactivator-
1-alpha (PGC-1-α).
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Anti-inflammatory effect of resveratrol.
Additionally, it has been shown that resveratrol exhibits an 

anti-inflammatory effect in macrophages [7-13]. Macrophages 
differentiate from blood monocytes and are involved in 
both innate and adaptive immunity. These cells constitute a 
heterogeneous pool of cells with a wide spectrum of biological 
activity depending on their physical location and external signals 
received from the tissue microenvironment. Many of these 
activities seem to differ in nature: anti-inflammatory effects, 
immunogenic and tolerogenic activities, tissue destruction 
and repair. Through a broad spectrum of signal recognition 
receptors (PRS), these immune cells can specifically identify 
conserved pathogen-associated molecular structures (PAMPs) 
that are exclusively present on microorganisms such as viruses, 
bacteria, parasites, and fungi. The main members of the PRS 
families are transmembrane TLRs, C-type lectin receptors 
(CLRs), cytoplasmic nucleotide oligomerization domain 
(NOD)-like receptors (NLRs), and retinoic acid gene I inducible 
RNA helicase (RIG-I) RIG-I- like receptors (RLRs).

Thus, activated intracellular signaling induces the expression 
of genes involved in the inflammatory and/or immune response 
and the recruitment of phagocytic cells to the site of infection.

Due to their ability to recognize pathogens and activate 
bactericidal activity, macrophages always act at the site of 
immune defense. They produce anti-inflammatory cytokines 
such as interleukin-10 (IL-10) and transforming growth factor-
beta (TGFβ) and inhibit TLR-mediated inflammatory pathways. 
TLRs initiate signaling in innate and adaptive immune 
pathways. This highly conserved family of transmembrane 
proteins includes an extracellular domain that recognizes 
exogenous and endogenous dangerous molecules and an 
ectodomain that activates downstream pathways. Several lines 
of evidence suggest that continuous activation or dysregulation 
of TLR signaling may contribute to the occurrence of chronic 
pathological conditions. Resveratrol regulates TLR4 expression. 
Therefore, it can be used for TLR-mediated inflammatory 
responses and chronic diseases associated with TLR activation, 
including obesity, type 2 diabetes mellitus (T2DM), non-
alcoholic fatty liver disease, Crohn's disease, rheumatoid 
arthritis, cardiovascular and neurodegenerative disorders.

The molecular regulation of the inflammatory response is 
largely modulated by transcription factors. Resveratrol has 
been shown to reduce NF-κB activation and Cox-2 expression 
in lipopolysaccharide (LPS) induced RAW264.7. In addition, 
it inhibits TANK-binding kinase 1 (TBK1) and receptor-
interacting protein 1 (RIP1) in the adapter containing the 
interleukin-1 toll receptor domain, inducing the interferon 
complex (TRIF) in myeloid differentiation factor-independent 
signaling. 88 (MyD88) paths [14,15-17].

Additional studies have shown that resveratrol has an anti-
inflammatory effect by attenuating the TLR4-TRAF6, mitogen-
activated protein kinase (MAPK), and AKT pathways in LPS-
induced macrophages [7,18].

Another signaling pathway associated with inflammation is 
the endoplasmic reticulum (ER) response. ER stress leads to 
the activation of inositol-requiring enzyme 1 (IRE1), which is 
involved in the splicing of X-box-binding protein 1 (Xbp-1) into 

its functional state and ultimately leads to the suppression of 
global translation and an increase in chaperone activity.

It is known that if cells fail to reduce the effective scattering 
area during spectroscopy, they undergo apoptosis. It has been 
suggested that the IRE1α-Xbp-1 pathway is critical for Toll-like 
receptor (TLR)-induced production of inflammatory cytokines 
by macrophages. Xbp-1 was found to be regulated by post-
translational acetylation and deacetylation mediated by p300 
acetyltransferase and Sirt1 deacetylase, respectively.

More recently, resveratrol has been shown to prevent the 
increase in acetylated α-tubulin caused by mitochondrial 
damage in macrophages stimulated by inducers of the nodal 
receptor family, pyrine domain-containing 3 (NLRP3) 
inflammasome. Since resveratrol influences the creation of an 
optimal assembly site for NLRP3 and ASC and in turn inhibits 
NLRP3-inflammasome activation, it may be an effective drug 
for the treatment of NLRP3-related inflammatory diseases. 
Resveratrol has been found to affect not only the transcription of 
NF-κB elements, but also the transcription of STAT1 and cyclic 
cAMP-binding protein 1 (CREB1). TNF-α-induced activation 
of NF-κB elements is also modulated by resveratrol.

LPS was shown to dose-dependently increase extracellular 
malondialdehyde (MDA) and nitric oxide without affecting their 
intracellular levels, while resveratrol reversed all of these harmful 
effects. LPS activation of monocytes and macrophages induces 
NF-κB-dependent transcription of chemokines such as CXCL8/
IL-8, CXCL10/IP-10, CCL2/MCP1, and CCL5/RANTES 
[19,20]. LPS increases the expression of CD14, interleukin-1 
receptor-associated kinase (IRAK1), and a phosphorylated form 
of the p38 MAPK protein. It has been shown that resveratrol 
prevents the effect of LPS by reducing the expression of CD14 
and IRAK1, and at the same time increases the phosphorylation 
of the p38 MAPK protein. Further studies have shown that 
resveratrol reduces the LPS-induced prooxidant effect in the 
AR42J cell line through a Myd88-dependent signaling pathway. 
These data indicate that resveratrol exhibits AO properties in a 
Myd88-dependent pathway without IRAK1 or TRIF-dependent 
pathways [2,11].

Sirt1 plays a direct regulatory role in macrophage function 
during inflammation. Production of the pro-inflammatory 
cytokines TNF-α, IL-6, and IL-1β by macrophages in mice 
with myeloid-specific Sirt1 knockout increases dramatically 
in response to infection and inflammation. In addition to pro-
inflammatory cytokines, Sirt1 is involved in the expression of 
cell surface molecules such as intercellular adhesion molecule 
1 (ICAM-1) to facilitate macrophage transport during an 
inflammatory response. Hyperacetylation of the transcription 
factor NF-κB RelA/p65 was found in macrophages of mice with 
myeloid-specific Sirt1 knockout, which indicates that the anti-
inflammatory activity of Sirt1 in macrophages occurs, among 
other things, due to the suppression of NF-κB [3].

In addition, resveratrol actively reduces the production of 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
a pro-inflammatory cytokine that acts at the interface between 
innate and adaptive immunity, essential for the survival/
differentiation/activation of pro-inflammatory macrophages and 
a key marker of atheroma formation [13,21,22].
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Some evidence indicates that resveratrol alters cell 
morphology, gene expression, ligand-receptor interactions, 
signal transduction pathways, and foam cell formation [15,23].

Resveratrol is also able to modulate the immune response 
by influencing cellular levels of prostaglandin E2 (PGE2). 
PGE2 plays an important role in the regulation of the immune 
response. Resveratrol activates COX-2 in various inflammatory 
diseases. The cell-specific effect on interleukin production is 
another important function of resveratrol. In fact, resveratrol 
has been found to upregulate IL-1β and IL-6 expression in 
peripheral blood lymphocytes (PBL), but has the opposite 
effect on macrophages. Increased production of IL-1β and 
IL-6 characterizes a pro-inflammatory status that promotes the 
differentiation and function of T-helper lymphocytes, but it is 
also involved in tissue regeneration. Immune cells exposed to 
resveratrol in the vascular compartment expressing significant 
levels of IL-1β or IL-6 are triggered for an adaptive immune 
response. However, resveratrol only affects immune cells for 
a limited time due to its short half-life in the blood. These 
data suggest that resveratrol facilitates the systemic response 
to injury and moderates the low-grade inflammatory status 
associated with chronic tissue disease [17,24].
Resveratrol and tumor-associated macrophages (TAMs).

Clinical and experimental evidence suggest that high 
macrophage infiltration in most human cancers is associated 
with tumor malignancy, poor prognosis, and tumor recurrence. 
Macrophages exhibit plasticity in their activation profile when 
stimulated by various cytokines. They are able to both suppress 
and promote the growth and spread of cancer, depending on 
the state of their activation. Macrophages can be activated 
classically (M1) in the presence of IFN-γ and LPS, while in the 
presence of IL-4 and IL-13, or indirectly through the induction 
of Th2 cells towards alternatively activated macrophages (M2). 
Polarization of macrophages profoundly alters the immune 
properties of these cells. Polarized M1 macrophages exhibit high 
levels of proinflammatory cytokines and promote Th1 responses 
that increase tumor activity and antitumor immunity. The 
polarization of M1 macrophages is mainly regulated by separate 
transcriptional networks consisting of the interferon regulatory 
factor (IRF-1/5), STAT-1/4 and NK-κB. Alternatively, M2-like 
polarization of macrophages that produce secretory factors that 
promote tissue remodeling, immune tolerance, and angiogenesis 
may be associated with tumor progression. M2 polarization is 
induced by Th2 cytokines such as IL-13 and IL-4 and regulated 
by transcription factors such as IRF-4, STAT-3/6, PPAR-γ 
and Krüppel-like factor 4 (KLF-4). Accumulating evidence 
indicates that macrophages controlling the ability to stimulate 
or suppress a tumor depend on their subphenotype, which is 
dynamically switched. TAMs in malignant tumors resemble 
alternatively activated macrophages (M2-like). They enhance 
tumor-associated angiogenesis, promote tumor migration and 
invasion, and lack an antitumor immune response. A high 
density of TAMs, especially in the M2 subgroup, corresponds to 
poorer overall survival (OS) in patients with lung cancer, gastric 
cancer, or breast cancer. TAMs infiltrated into primary tumors 
or metastatic sites play a critical role in targeting tumor cells 
from the primary site to distant tissues in various mouse models. 

TAMs in the peripheral blood can mediate the migration of 
circulating tumor cells and contribute to their achievement in 
distant sites of metastasis [5,25].

In an in vitro experimental model investigating the morphology 
and function of macrophages in relation to the tumor 
microenvironment, treatment with the synthetic resveratrol 
analogue HS-1793 was found to significantly increase 
IFN-γ, which reprogrammed the M2 phenotype [24,26,27]. 
Thus, it was proved that HS-1793 effectively counteracts the 
immunosuppressive and tumor-progressive effects of TAMs.

STATs are cytoplasmic transcription factors that act as 
intracellular effectors of cytokine and growth factor signaling 
pathways. STAT3, a member of the STAT family, plays a key 
role in promoting proliferation, differentiation, anti-apoptosis, 
or cell cycle progression. Constitutive activation of STAT3 is 
involved in a variety of tumor cells. As previously mentioned, 
activation of STAT3 in the M2 subset results in tumor-induced 
immunosuppression and activates STAT3 by inhibiting the 
expression of mediators required for immune activation against 
tumor cells.

In several mouse models of carcinogenesis, tumor progression 
is often associated with a phenotypic switch from M1 to 
M2 in TAMs. Inhibition of STAT signaling pathways can 
suppress tumor growth and metastasis by inhibiting M2-like 
macrophage polarization, which also suggests that TAMs 
are a possible target in cancer therapy [11,14]. To date, there 
have been many studies on the role of STAT3 in cancer 
treatment and its therapeutic applications. In lung cancer cells, 
resveratrol treatment reduces STAT3 activity and inhibits lung 
cancer progression by inhibiting protumoral TAM activation. 
In addition, in a lung cancer xenograft model in a mouse 
population, resveratrol was shown to significantly inhibit 
tumor growth by reducing cell proliferation and p-STAT3 
expression in tumor tissues. Other studies have shown that both 
the antitumor and antimetastatic effects of resveratrol were due 
in part to antilymphangiogenesis through the regulation of M2 
macrophage activation and differentiation. In fact, resveratrol 
inhibited the production of IL-10 monocyte chemoattractant 
protein-1 (MCP-1) in M2 macrophages, while it stimulated the 
production of TGFβ1. However, resveratrol inhibited STAT3 
phosphorylation without affecting its expression during M2 
macrophage differentiation. In addition, resveratrol-treated M2 
macrophage conditioned medium inhibited vascular endothelial 
growth factor C (VEGFC)-induced migration, invasion, and 
human lymphangiogenesis of human lymphatic endothelial 
cells (HLEC).
Conclusion.

Thus, by interacting with several molecular targets, resveratrol 
regulates innate and adaptive immunity. Resveratrol has 
been shown to dose-dependently modulate immune system 
function. In low doses, it stimulates the action of the immune 
system, and in high doses, it causes immunosuppression. The 
immunomodulatory effect of resveratrol has been established, 
which is confirmed by a number of studies conducted with 
the participation of various animal models and cell lines. In 
addition, resveratrol reduces inflammatory reactions, including 
the processes of autoimmune genesis, slows down the aging 
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process of the immune system, in particular, and improves 
immunological activity against cancer cells, inhibiting tumor 
growth, metastasis, and the area of lymphatic endothelial cells 
in tumors.
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