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Introduction

Obesity has notably increased in the last few decades, associated with a
dishalance in diet, overconsumption of calories, artificial additions, hypody-
namic lifestyle, etc. [1]. Increased adipose tissue mass is a major cause of low-
rate chronic inflammation [15].

Adipose tissue was long considered a storage for triglycerides, hence
recently with the massive increase in obesity rate, it has been approved as a
large endocrine gland implicated in several aspects of hunger and satiety regu-
lation. Adipose tissue produces a wide variety of pro- and anti-inflammatory
adipokines. Altered production or release of adipokines leads to disbalance in
hunger and satiety mechanisms, which is tightly associated with obesity and its
complications. Among these insulin and leptin resistance, hormonal dysbalance,
and overload with the musculoskeletal system, cause pain and discomfort [6].

The reward system is a brain network comprising a mesolimbic dopa-
minergic system and interconnected cortical and subcortical structures. Among
the main functions of the reward system are mediating a feeling of pleasure
from expecting and receiving a reward, motivation, reward-associated learning,
thus adapting to the environment, predicting reward and aversion, etc. [2].
According to the latest research, dysfunction in the reward system is among the
major causes of uncontrollable eating, leading to overweight and obesity [20].

Interestingly, adipokines are major players in regulating reward circuits.
Many of them such as leptin, adiponectin, and resistin have receptors in ho-
meostatic and hedonic areas of the brain [33]. As the mass of adipose tissue
increases, the production and release of adipokines are altered, hence leading to
the impaired functioning of reward circuits, causing overeating, anhedonia,
neuroinflammation, causing loss of the neurons [24].

This work aims to review the central effects of reward-associated adipo-
kines in the development of obesity.
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Role of adipokines in energy balance

Adipose tissue is heterogenic and is composed of adipocytes, stem cells,
fibroblasts, vascular cells, macrophages, and T cells. The oxygen supply is
maintained through a dense network of blood vessels [7]. Adipocytes primarily
store fat as a long-term energy source, hence recently their role as endocrine
system regulators was highlighted. Adipokines are hormones or hormone-like
compounds, which are largely involved in maintaining a balance between food
consumption and energy expenditure [41]. Adipose tissue produces several
adipokines, some of which are represented below:

Leptin is considered a satiety hormone and is involved in the regulation
of appetite and energy balance [12]. Leptin signals the brain about the amount
of fat stores and its level under normal physiological conditions corresponds to
the fat stores [31]. Leptin receptors are found in areas of the brain responsible
for homeostatic and hedonic aspects of food intake. Leptin production,
transport, and signaling impairments are observed in obesity [11].

Adiponectin is involved in the regulation of the level of glucose, as well
as the oxidation of fatty acids. It has well-expressed anti-inflammatory proper-
ties and improves insulin sensitivity [16]. Altered levels of adiponectin are
associated with impairments in reward processing, causing psychiatric con-
ditions, such as depression, addiction, and mood disorders. Adiponectin recep-
tors were identified in the areas responsible for reward processing [36].

Resistin is a pro-inflammatory adipokine. High levels of resistin contri-
bute to insulin resistance and inflammation, metabolic disorders, and impair-
ments in glucose metabolism [3]. Resistin receptors were identified in the brain
areas responsible for homeostatic and hedonic food intake, suggesting the
possible effect of resistin on brain areas [43].

Visfatin, also known as nicotinamide phosphoribosyltransferase
(NAMPT) is a modulator for glucose metabolism and inflammation [46]. It
increases insulin sensitivity and was identified as a potential insulin-mimetic,
due to its ability to bind to the insulin receptor and facilitate glucose intake by
adipocytes. Visfatin is also synthesized by skeletal muscles and the liver.
Visfatin contributes to NAD" biosynthesis, involved in energy metabolism,
repair system, antioxidant protection, and stress response [9].

Apelin exerts its effects through APJ receptors. It is implicated in fluid
homeostasis, cardiovascular regulation, and normal maintenance of metabolism.
Regulates blood pressure and cardiovascular health, modulating the effects of
angiotensin 1l [17].

Chemerin is involved in the differentiation of adipose stem cells into
adipocytes — adipogenesis and regulates the immune system. It acts as a
chemoattractant recruiting inflammatory cells to the inflammation sites and
modulating inflammatory responses. It is also involved in glucose and lipid
metabolism and contributes to insulin sensitivity [37].
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Omentin facilitates anti-inflammatory responses and improves insulin
sensitivity [38]. It has well-expressed antioxidant, anti-inflammatory, anti-
atherosclerotic, anti-tumor, and anti-apoptotic functions [47]. It is a metabolic
regulator and improves cardiovascular health [26].

Fibroblast growth factor 21 (FGF21) is involved in the regulation of
glucose and lipid metabolism [28]. It affects energy expenditure and may affect
insulin sensitivity [26].

The interplay of adipokines contributes to the maintenance of homeo-
stasis of the organism's energy balance and physiological environment.

Peripheral and central effects of reward-associated adipokines

Some adipokine receptors are expressed in homeostatic and hedonic areas
of the brain, suggesting the possible involvement of adipokines in energetic
metabolism and modulation of reward pathways.

Leptin: In healthy-weight individuals, food consumption holds a dynamic
balance with energy expenditure. Leptin is among the adipokines substantially
involved in the regulation of this process [39]. It is synthesized primarily from
the adipose tissue and “informs” higher brain centers about the amount of the
fat stored. Obese individuals were found to have higher leptin levels, compared
to lean people [44]. Leptin has a wide distribution of Ob-R receptors in the
central nervous system and in the periphery, hence homeostatic and hedonic
aspects of leptin are exerted when it binds to its receptors in the hypothalamus
and reward pathways. On the hypothalamic level, leptin has a wide density of
receptors in the hypothalamic arcuate nucleus and has a key role in regulating
appetite and balance of the calories consumed and energy expended. Outside the
hypothalamus, leptin receptors were found in the hippocampus, nucleus
accumbens, amygdala, and cortex [34].

After a meal, in response to the increased glucose, insulin is released into
the blood. On the level of adipose tissue, insulin contributes to the synthesis of
fat [14]. It has long been proposed that insulin has a direct effect on leptin
production, hence these data were not approved. It was found that insulin levels
are in positive correlation with blood levels of leptin. It was proposed that
insulin may affect the release of leptin from the adipose tissue. In the blood,
leptin crosses the blood-brain and binds to its receptors primarily in the arcuate
nucleus of the hypothalamus [40].

Arcuate nucleus has two major subpopulations of neurons, implicated in
hunger and satiety regulation: proopiomelanocortin (POMC) / Cocaine-
amphetamine regulated transcript (CART) expressing neurons, which exert
anorexigenic effect, suppressing appetite and inducing feeling of satiety and
Neuropeptide Y (NPY) and Agouti-related Protein (AgRP) expressing neurons,
which exert orexigenic effect, inducing appetite and feeding behaviour [30].
Central injection of POMC processing products, such as a-melanocyte
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stimulating hormone and NPY or AgRP will suppress and induce food intake
correspondingly. Genetic deletion of POMC leads to severe obese phenotype
[25]. Deletion of leptin receptors also leads to the expression of obese
phenotype, hence it is milder compared with POMC [4].

In the arcuate nucleus, leptin binds to its receptor (cytokine type 1
receptor) and activates the JAK-STAT (Janus Kinase — Signal Transducer
Activator of Transcription) signaling pathway, which functions in both neuronal
subpopulations of POMC [42].

Obesity has a direct link with leptin resistance. Evidence suggests that
circulating levels of leptin in obese individuals exceed physiological norms
several times. Main mechanisms include genetical and environmental factors,
defective leptin transport through the blood-brain barrier, and dysfunction of the
leptin receptor caused by downregulation and/or alterations. The JAK-STAT
pathway disruption at different points or improper feedback mechanism also
may cause leptin resistance. Another cause of impaired leptin signaling can be
considered inflammation, which is common for many chronic diseases,
including obesity [21]. Leptin resistance is tightly associated with insulin
resistance, considering common pathways activated in the signaling of both
hormones, such as the insulin receptor substrate (IRS) / phosphoinositide-3-
kinase (PI3K) pathway. The next step is the activation of Akt or Protein kinase
B [48]. Despite similarities, the outcome for insulin and leptin differs. Insulin
effects are exerted primarily on the level of insulin-sensitive tissues, hence
leptin signaling provides neuroendocrine control and activates neural circuits
responsible for maintaining energy balance and appetite suppression.
Interestingly, type 1 diabetic patients, if leptin signaling is working properly,
are in better conditions than diabetic patients with leptin resistance [29].

Leptin effects are not limited to suppression of food intake: it also has a
significant effect on the level of reward circuits [18]. The reward circuits are
tightly interconnected with the homeostatic systems of the brain. This
interconnection balances the motivation to receive a reward in a hypoenergetic
state and reversely lowers the motivation for food intake when an organism has
no deficiency in energy [11]. Leptin directly affects mesolimbic dopaminergic
system structures, such as the Ventral Tegmental Area (VTA), modulating
dopaminergic neurons, which causes suppression of food intake. There is a
negative correlation between leptin levels and response to food cues.
Simultaneously, leptin affects the hippocampus and amygdala which also show
altered functioning, reducing retrieval of memories concerning receiving a food
reward and lowering the emotional value of the food reward, respectively [19].

Along with all the mentioned effects, leptin also has a significant role in
cell protection. Leptin production is increased in the expansion of adipose
tissue, which happens in obesity. Adipose tissue experiences the development
of a hypoxic state in adipocytes. Hypoxia induces increased leptin synthesis and
causes the development of a mild inflammatory state [23]. Expansion of adipose
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tissue leads to the expression of caveolin-1. Simultaneously, leptin suppresses
on transcriptional and translational level expression of perilipin, a protein
present on the surface of lipid droplets, thus suppressing accumulation of the fat
in the adipocytes [35]. The active expansion of adipose tissue leads to the death
of the adipocytes, which express chemoattractant, thus recruiting immune cells,
such as monocytes to the adipose tissue [23].

Leptin has a modulatory role in inflammation. This unique hormone
exerts pro- and anti-inflammatory properties under different circumstances. The
anti-inflammatory effect of leptin is exerted predominantly on the adipose tissue
level, suppressing the production of pro-inflammatory cytokines, such as tumor
necrosis factor—a (TNF-a), interleukin-6 (IL-6), IL-1f, simultaneously
promoting the production of anti-inflammatory molecules, such as IL-10 [24].
But in the abnormally high levels of leptin, which is common for obesity, leptin
exerts pro-inflammatory properties, causing low-grade inflammation. In such a
situation, it activates adipose tissue and immune cell inflammatory pathways,
causing the development of systemic inflammation [32].

Depending on the concentration of leptin, it exerts either anti-inflam-
matory or pro-inflammatory effects on the central nervous system. In phy-
siological levels and healthy body mass index, leptin reduces the release of pro-
inflammatory cytokines and promotes the production of anti-inflammatory
cytokines from brain macrophages, thus protecting neurons against inflame-
matory damage. It shows neuroprotective effects, suppressing apoptotic signals
and oxidative stress in neurons. Leptin enhances synaptic plasticity contributing
to cognition [10]. In abnormally high levels, or in disrupted transport or
signaling leptin can stimulate microglial activation with subsequent production
and release of pro-inflammatory cytokines, thus contributing to the neuroin-
flammation. High levels of leptin are associated with potential damage to the
blood-brain barrier, which facilitates the entry of diverse pathogens and
inflammatory molecules into the brain, contributing to neuroinflammation [5].

Adiponectin is another adipokine secreted solely by the adipose tissue. It
is in a negative correlation with the amount of adipose tissue. In the periphery,
adiponectin has a key role in enhancing insulin sensitivity in adipose tissue,
liver, and skeletal muscles, thus contributing to glucose uptake and maintaining
physiological levels of glucose in the blood. It induces lipolysis and oxidation
of fatty acids. Lean individuals have higher levels of circulating adiponectin and
reversely, obese individuals show reduced levels of this adipokine [8].
Adiponectin has well-expressed anti-inflammatory properties, which have a key
role in reducing adipose tissue inflammation and suppressing pro-inflammatory
cytokines in adipose tissue. In the adipose tissue it is involved in differentiation
and adipogenesis, thus maintaining balance between mature adipocytes and
precursor cells. Outside adipose tissue, adiponectin exerts a regulatory effect on
blood vessels, showing anti-atherogenic effects and contributing to cardio-
vascular health [45]. Circulating adiponectin also crosses the blood-brain
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barrier, and binds to two types of receptors: AdipoR1 and AdipoR2. The exact
effects of adiponectin in the brain are not studied well yet, hence, AdipoR1
shows wide distribution over the brain, and AdipoR2 is expressed only in the
hippocampus and hypothalamus. Hence, an expression of AdipoR1 is found in
the VTA neurons, suggesting the role of adiponectin in modulating dopa-
minergic neuron activity [27].

Resistin is a small adipokine, which is primarily associated with insulin
resistance. Increased levels of resistin impair insulin sensitivity in peripheral
tissues and may lead to type 2 diabetes development [13]. More research is
required to understand the exact mechanism of resistin-induced insulin
resistance. It has well-expressed pro-inflammatory properties and increases the
production of pro-inflammatory cytokines, as well as stimulates the expression
of adhesion molecules in endothelial cells. The resistin-induced inflammation is
mediated through the binding of resistin to Toll-like receptor 4 (TLR4). Resistin
has been reported to be involved in the pathophysiological mechanisms of many
inflammation-associated diseases. In adipose tissue, resistin maintains a balance
between lipogenesis and lipolysis. Dysregulation of resistin functioning may
serve as a cause for the development of obesity and cardiovascular diseases
[22]. Resistin effects are not limited to the periphery: it might also affect the
central nervous system. Studies with the application of animal models show
wide expression of resistin receptors in brain regions involved in energy
homeostasis, appetite regulation, and reward-associated areas [49].

Conclusion

The peripheral and central effects of reward-associated adipokines
highlight the interplay between metabolic signaling and neural circuits
implicated in reward and motivation. These adipokines, primarily secreted by
adipose tissue and involved in metabolic regulation, exhibit multifaceted roles
in both peripheral tissues and the central nervous system.

Peripherally, adipokines such as adiponectin, visfatin, and chemerin exert
significant influence on metabolic homeostasis. Adiponectin, known for its
insulin-sensitizing properties, enhances glucose metabolism, promotes fatty acid
oxidation, and modulates inflammation, contributing to homeostasis. Visfatin,
functioning in NAD" biosynthesis, holds implications for cellular resilience and
metabolic processes. Chemerin, involved in immune responses and
adipogenesis, links metabolic regulation with inflammatory and adipose tissue
functions.

Centrally, the exploration of these adipokines in reward circuits is an
emerging area of research. While their direct impact on reward-associated
neural pathways remains less understood, preliminary evidence suggests
potential connections between adipokines and neural processes underlying
reward, motivation, and mood regulation. Adiponectin, visfatin, and chemerin
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might indirectly influence brain function, impacting behaviors related to reward
processing, addiction, and mood disorders. However, further investigation is
necessary to understand precise actions and signaling mechanisms within the
brain's reward circuits.

The convergence of metabolic signaling pathways with neural mecha-
nisms controlling reward suggests a complex bidirectional communication
system between peripheral tissues and the brain. Understanding the crosstalk
between adipokines and reward-related neural networks holds promise for
unveiling novel therapeutic approaches targeting both metabolic disorders and
neuropsychiatric conditions linked to reward dysregulation. Further research
elucidating the peripheral and central effects of these adipokines in the context
of reward-associated behaviors will illuminate their potential roles in
maintaining metabolic health and modulating brain functions related to reward
and motivation.
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Ilepudepuveckne u meHTpaabHbIC 3P PEKTHI AAUNOKHHOB,
ACCOLMUPOBAHHBIX C BO3HATPAKACHUEM

A.C. ApyTI0HSIH

YpoBeHb 0KUPEHMS 3HAUYUTEIBHO BBIPOC 32 MOCIEIHNE HECKOIBKO AECATUIIECTUH,
BBI3bIBasl CYIICCTBEHHBIC TMPOOJIIEMBI JJIi CHCTEMBI 3IPaBOOXPAHCHUsS, TaKHUE Kak
HapylieHHe OIMOPHO-JABUTaTEIBHOTO ammapara, HEeNpUsATHBIE OLIyHIeHHs U O0Jib BO
BpeMsl JABUKEHUS U BBINOJIHEHUS MOBCEAHEBHOMN JEATEIbHOCTH, TOPMOHAJIBHBIA JHC-
0anaHc, HHCYJTUHOPE3UCTECHTHOCTh, CHIDKEHUE CKOPOCTH OOMEHA BEIIECTB M, HAKOHEII,
MPOOJIEMBI COITUATFHOTO M TICHXOJOTHYSCKOTO XapakTepa. DTOT (akT MOTIepKHUBACT
BaXHOCTh HCCIICIOBaHHH, CPOKYCHPOBAaHHBIX Ha NPHUYMHAX OXHupeHWs. OmHOH u3
OCHOBHBIX TPHYNH OXHUPEHHUS CUUTACTCS HapylIeHHe (QYHKIIMOHUPOBAHUS CHCTEMBI
BO3HATrPaXKACHUS MO3ra, OTBETCTBCHHOHM 3a TEHOHMYCCKUH aCIMeKT IONydeHUs, oOpa-
00TKM W (QOopMHpOBaHUS OTBETAa Ha BO3HArpaKAeHWe. JKupoBas TKaHb SBISACTCS
WIrPOKOM B PETYJIMPOBAaHMU TOJIOJA U CBITOCTH, MPOU3BOJS U BBINYCKas TOPMOHBI,
KOTOPbIC TPAHCIIOPTHPYIOTCS Yepe3 reMaTodHIePaTHUeCKuil 0apbep U CBA3BIBAIOTCS C
UX pelenTopamMy B TOMEOCTATUUECKHUX M TeAOHUYECKUX 00JIacTsIX MO3Ta.

OXupeHne XapakTepHu3yeTcsl TOBBIIICHHBIM MPOW3BOJCTBOM BHUCIEPATHLHOW W
MOJKOHOM KUPOBOM TKaHM, YTO CBSI3aHO C UBMEHEHUEM YPOBHEW aJIMIOKHHOB, TAKUX
KakK JIENTUH, aJUMOHEKTHH WU T.A. Pa3nuuHble aJUNOKUHBI MMEIOT MPO- WJIH NPOTH-
BOBOCHANUTENbHBIE A((ekThl. [lepenpon3BOACTBO MPOBOCTIAIUTENHHBIX ATHITOKHHOB
BBI3BIBAET XPOHUYECKOE BOCIHAJIEHHE, KOTOPOE SBIISETCS OJHOM M3 OCHOBHBIX Xapak-
TEPUCTHUK OKUPEHUS.

Lenpro 1aHHOTO HCCIIENOBaHMSI SIBISIETCS PACCMOTPEHHE OCHOBHBIX AJUIIOKH-
HOB, KOTOPBIC BOBIICUCHBI B IPOLECC 0OpabOTKH BO3HATPAXKICHHUS HA ypPOBHE ICHT-
pajibHON HEPBHOM CUCTEMBI.
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Nupqbwwnpdwb Uty ttpgpuyjus wnhwynlhuukph
Suypudwuwyhts b YEhnpnbwljwb wqnkgnipniuukpp

2.U. Zupmipniyub

Swpyulunuip qquih wé kt gpuigh] ykpohtt Uh puth nmuubwdjwl-
Ukph plpugpnid wnwewghbny dh pwpp dwpnwhpufbplitp wennowuyw-
huljut hwdwlwupgh hwdwp, huswhuhp i hbtwowpdhy hwdwlwupgh gqnp-
Sntubmipjut jpwbiqupnidp, nhwd qqugnnmipnibttpp b guyp owpddw b
wnopju qnpéniubnipjut pupwgpnid, hnpuntw] ppwbqupnidubpp, htunijh-
twghtt nhiqhunbunnipmiup, ympwhnppwbwluyh, htyybu twb unghw-
Jwliut b hnghpwtwlwt punyph pughpubp: Uju hwunt puggdnmud £ Lwp-
yuliuwdwt yundwnubph ntuntdbwuhpnipjut tpwbwlwhnipmniup: S&wp-
wuluwpdwt punhwinip yundwnutphg dtip hwdwpymd E ninknh wwp-
ghwwnpdwt ninhttph wohiunwiph juwbqupnidp, npp Wywnwupwbwnnt k
wupghwwnpnid vnwbw)nt, ypwlbnt b gpu tjundudp yuunuwupwt dhw-
Ynpbknt hingnthl wuwyblnitph hwdwp: Ungh b hwghgdwt jupquynpdub
wwtwluh dwutwlhg b dwpwyuyhtt hpruguspp: Uyt wpuugpnd b
wpunuqunnid £ dh owpp hopudnuubp (wnhwynyhuutp), npnup nknutnjuynid
Eu wpniu-ninnuyhtt yuwnubng b juwynid hpkug pujuhsubph htn nintnh
hnutnunwwnhly b hinnuhly jEunpnuubpnud:

Swpwulwnudp punipwgpynud k ubpphtt opqutitkph b Eupudwouyht
Swpuyuyht hnruguspubph wybkjmgdwudp, nph wppyniipnid nhundnud Bu dh
ouwpp wnhuynihuttph pwbwlwlwb thnthnjumpiniuubp, npnug pymd Bu
Eygunhtup, wnhwynuknhup b wp: Swppkp wnhwynyhuttp nibkt wpn- jud
hwljwpnppnpuyhtt wmqpkgnipni: Mpnpnppnpuyhtt wphwnlhtubph ghpupunw-
pnuipjniut wpwewgnid E ppnuhulwb pnpponpnid, npp fwpyuljujdwi
hhutwlwl punipwgphsttphg k:

Uju wpjuwwnwph byl | jnruwpwil) Jhbnpniwlwb yupgught
hwdwlupgh dwjuppuinid wupghwwnpdwt gnpépipwugnid ukpgpudqus
hhdtwljwt wnhwynyputtpp:
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