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Abstract

Adipokines are bioactive signaling proteins predominantly secreted by active metabolic and endocrine
organ—white adipose tissue—and serve as metabolic orchestrators linking inflammation, appetite regu-
lation, insulin sensitivity, energy metabolism, and cognitive function. Adipokines are categorized into 2
groups: well-known adipokines such as leptin, adiponectin, orexin, apelin, visfatin and novel adipokines
including irisin, C1q tumor necrosis factor-related proteins, subfatin, isthmin, vaspin, etc. Novel adipokines
are being identified day by day, resulting in a growing variety of adipokines. Adipokines that function at both
local and systemic levels can have either pro-inflammatory or anti-inflammatory effects depending on their
functionally diverse complex signaling pathways including Janus kinases/signal transducer and activator
of transcription proteins, 5’-adenosine monophosphate-activated protein kinase (AMPK), phosphoinositide
3-kinase / protein kinase B, mitogen-activated protein kinase, and toll-like receptor 4. Disruption of systemic
homeostasis triggers overproduction of adipokines and facilitates the development of pathological condi-
tions and metabolic and cardiovascular, skeletal, neurodegenerative and eating diseases/disorders, such as
obesity, insulin resistance, type 2 diabetes, cardiovascular diseases, osteoarthritis, multiple sclerosis, and
Alzheimer’s disease. Comprehending the structures, mechanisms, and actions of adipokines is crucial for
identifying potential therapeutic targets. Modulation of adipokine profiles through pharmacological inter-
ventions may represent a promising strategy for enhancing metabolic health. This comprehensive review
highlights the fundamental roles of classical and novel adipokines in health and disease and advocates for
further research into their diagnostic and therapeutic potential.
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Introduction

Adipose tissue is one of the metabolically active endocrine tissues, which is divided into 5 types:
white adipose tissue (WAT), brown adipose tissue (BAT), beige adipose tissue, marrow adipose tis-
sue (MAT), and pink adipose tissue. Their location, characteristics, and functions are different. The
BATs are ellipsoidal cells that are extensively spread in the interscapular area. These cells include
tiny and numerous fat droplets and high amounts of mitochondria, similar to beige adipocytes.
The BATs are referred to as thermogenic tissues. Upon stimulation, these tissues express uncou-
pling protein 1 (UCPT), like beige adipocytes. These tissues enhance insulin sensitivity, regulate
energy homeostasis and prevent fat accumulation, promote overall fat oxidation, and stimulate diet-
induced thermogenesis. Brown adipose tissue activity peaks during winter and decreases in sum-
mer. Beige adipocytes are distributed beneath the skin adjacent to the spine and the collarbone in
adults. They store energy and are responsible for heat generation. The MAT is located in the bone
marrow cavity. These adipocytes manage hematopoietic homeostasis and osteogenesis. Pink adipo-
cytes originate from WAT during pregnancy and lactation. These adipocytes exhibit a structure more
characteristic of epithelial cells. They also contain peroxisomes and rough endoplasmic reticulum.
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These adipocytes are responsible for the production and secre-
tion of milk. White adipose tissue is predominantly located in the
subcutaneous tissue and surrounding the body’s visceral organs.
These cells are spherical and have bigger and single fat droplets
that displace other organelles and lower mitochondria, like pink
and MAT. The WATSs are the predominant adipocytes responsible
for energy storage and distribution, regulate insulin sensitivity and
feeding behavior, and adipokine secretion. The adipocytes in WAT
contain large amounts of triglycerides (TGs), which are stored in
the form of lipid droplets. In addition, WAT is composed of adi-
pocytes, adipocyte precursors, leukocytes, and endothelial cells.
Changes in the body’s energy balance directly affect TG stores
within adipocytes, indicating a positive correlation between body
weight and total fat mass. During prolonged fasting, lipolysis is
activated in WAT, thereby providing the energy required for the
body. When energy intake is excessive, lipogenesis is activated in
WAT, resulting in an increase in TG synthesis. This indicates that
WAT is a dynamic organ that continuously regulates the balance
of energy intake, expenditure, and storage according to the body’s
energy requirements. In addition, WAT regulates not only energy
balance but also various physiological processes through a num-
ber of adipokines it secretes. Therefore, WAT is also referred to as
an endocrine organ.'?

Classification of Adipokines

Adipokines, whose existence was fully confirmed in 1994, are
known to exert both local (autocrine/paracrine) and systemic
(endocrine) effects. It has been demonstrated that adipokines
mediate communication between adipose tissue and peripheral
tissues, thereby influencing various physiological processes.’*

Adipokines are classified according to their discovery date and
their functions in inflammation. According to their discovery date,
adipokines are classified into 2 groups as well-known (Table 1)
and novel identified (Table 2) adipokines, whereas based on their
inflammatory functions, they are categorized as pro-inflammatory
and anti-inflammatory adipokines. Some of the adipokines can
show both pro-inflammatory and anti-inflammatory properties,
depending on their amount.

Well-Known Adipokines

Leptin

Leptin is a protein-structured hormone with 167 amino acid res-
idues primarily secreted by adipose tissue and the hypothalamus,
as well as other peripheral tissues.

Leptin synthesis, influenced by circadian rhythm, reaches its
highest levels around midnight and the early morning hours, while
its levels are lowest around noon and the afternoon. Due to a
higher body fat percentage, obese individuals have elevated serum
leptin concentrations compared to lean individuals. Additionally,
among individuals of similar age and weight, women produce
more leptin than men. Leptin levels are higher during the luteal
phase in women, but lower during menopause. Thus, leptin con-
centration is influenced not only by body weight but also by
sex and fluctuating levels of sex hormones such as estrogen and
testosterone.”

Leptin acts by binding to leptin receptors (LepR) in the hypo-
thalamus and peripheral tissues. The longest isoform of the recep-
tor is mainly expressed in the brain. Leptin binding activates the
LepR-Janus kinase 2 (JAK2) complex, leading to phosphorylation
of receptor tyrosine residues and subsequent phosphorylation
of signal transducer and activator of transcription 3 (STAT3) and
STAT5. Activated STATs dimerize, enter the nucleus, and increase

Table 1. Well-Known Adipokines Belonging to the Pro-Inflammatory or
Anti-Inflammatory Groups

Well-known Adipokines

Anti-inflammatory Adipokines Pro-inflammatory Adipokines

IL-10 TNF-
ApN IL-1B
Orexin IL-6
Apelin Apelin
Visfatin Visfatin
Leptin

ApN, adiponectin; ASP, acylation stimulating protein; IL-10, interleukin-10;
IL-1B, interleukin-16; IL 6, interleukin-6; TNF-, tumor necrosis factor-a.

the transcription of anorexigenic genes such as proopiomelanocor-
tin (POMC) and cocaine- and amphetamine-regulated transcript.

Post-translational modification of POMC leads to the formation
of a-melanocyte-stimulating hormone, which interacts with its
receptor to transmit a satiety signal to the brain, thereby inhibiting
appetite.® Concurrently, leptin suppresses the expression of orexin,
agouti-related peptide (AgRP), and neuropeptide Y (NPY), fur-
ther contributing to appetite reduction. Collectively, these effects
enhance energy expenditure and decrease body mass.”

Leptin also modulates metabolism by activating 5’-adenosine
monophosphate-activated protein kinase (AMPK) and acetyl-
CoA carboxylase (ACC). Additionally, JAK2 interacts with the Src
homology 2 domain of growth factor receptor-bound protein 2
(Grb2), activating the mitogen-activated protein kinase (MAPK)
signaling cascade involving extracellular signal-regulated kinase
(ERK) (Raf), mitogen-activated protein kinase kinase (MEK),
and ERK.

Moreover, JAK2 phosphorylates insulin receptor substrate,
thereby activating the phosphoinositide 3-kinase (PI3K)-protein
kinase B (Akt) signaling pathway. This pathway stimulates ATP-
sensitive potassium channels and voltage-gated calcium channels
and also increases the transcription of POMC genes.

To prevent excessive signaling, the suppressor of cytokine sig-
naling 3 binds to phosphorylated tyrosine residues on JAK2,
blocking STAT recruitment or directly inhibiting JAK2 activity. This

Table 2. Novel Adipokines Belonging to the Pro-Inflammatory or
Anti-Inflammatory Groups

Novel Adipokines

Anti-inflammatory Adipokines Pro-inflammatory Adipokines

Irisin ASP
CTRPs CTRPs
Subfatin (METRNL) Resistin
ISM-1 Asprosin
Vaspin Chemerin
Nesfatin-1

CTRPs, C1g/TNF-related proteins; ISM1, isthmin-1; METRNL,
meteorin-like protein.
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Figure 1. Leptin signaling pathway. AgRP agouti-related peptide; Akt, protein kinase B; CART, cocaine- and amphetamine-regulated transcript;
ERK, extracellular signal-regulated kinase; Grb2, SH2 (Src homology 2) domain of growth factor receptor-bound protein 2; IRS, insulin receptor
substrate; MEK, activating the mitogen-activated protein kinase kinase; NPY, neuropeptide Y; POMC, proopiomelanocortin; PI3K,
phosphatidylinositol 3-kinase; Raf, MAP kinase; Sos, guanosine nucleotide exchange factor; STATs, signal transducer and activator of
transcription proteins; SOCS3, suppressor of cytokine signaling 3; SHP2, SH2-containing protein tyrosine phosphatase 2; JAK2, Janus kinase 2.

negative feedback loop attenuates leptin signaling via the JAK2/  thyroid hormone secretion in the hypothalamus, thereby lowering
STAT3 pathway and helps maintain leptin homeostasis (Figure 1).° metabolic rate, and inhibits the synthesis of sex hormones, which

Leptin regulates thermogenesis by stimulating the norepineph- suppresses reproductive activity and reduces energy expenditure.
rine p3-adrenergic receptor in adipose tissue, promoting fatty acid It enhances the synthesis of growth hormone and glucocorticoids,
oxidation and the synthesis of UCPs. During states of undernutri- which activate energy reserves in the body to supply the energy
tion, reduced leptin concentrations activate various energy-con- required for sustaining vital physiological functions. Leptin regu-
serving mechanisms essential for maintaining vital functions. The lates reproduction, body temperature, energy balance, appetite,
first of these mechanisms is the reversal of thermogenic processes, glucose and lipid metabolism. Leptin has neuroprotective and

leading to a slowdown in fatty acid oxidation. Leptin also reduces cognitive effects on the hippocampus (Figure 2).>”7

Neuroprotective and cognitive effects Regulation of body temperature

Endocrine Role \\ / / Regulation of energy balance

Regulation of glucose and
lipid metabolism —> Reducing food intake

Regulation of reproductive functions Increasing energy consumption

Regulation of body weight

Figure 2. Functions of leptin.
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Adiponectin

Adiponectin (ApN) is a 224 amino-acid protein produced by
WAT.In the circulation, ApN exists in 3 structural forms: trimers,
hexamers, and high-molecular-weight multimers. Typically, ApN
circulates predominantly in hexameric (2 trimers) or multimeric (6
trimers) forms. Additionally, ApN may be present at low levels in a
proteolytically cleaved, globular monomeric form.

Adiponectin exerts its action through 2 specific receptors:
AdipoR1 and AdipoR2. Both AdipoR1 and AdipoR2 are expressed
in the liver, muscle, and adipose tissues. Additionally, AdipoR1 is
synthesized by synovial fibroblasts in skeletal muscle, as well as by
endothelial and atrial cells. AdipoR1 exhibits high affinity specifi-
cally for the globular form of ApN. In contrast, AdipoR2, predomi-
nantly expressed in hepatic tissue, binds with high affinity to the
trimeric, hexameric, and multimeric forms of ApN. Adiponectin
plays a central role in regulating energy homeostasis, inflammatory
responses, insulin sensitivity, and fatty acid oxidation (Figure 3).2

Adiponectin crosses the blood-brain barrier and regulates sev-
eral essential physiological functions, including systemic energy
homeostasis, neuronal biosynthesis in the hippocampus, and syn-
aptic plasticity.®® In the liver, ApN suppresses fatty acid synthe-
sis and gluconeogenesis, while in both muscle and liver tissues,
it enhances glucose uptake, glycolysis, and fatty acid oxidation.
Through the AdipoR1 signaling pathway, activation of AMPK
suppresses the gene-level transcription of phosphoenolpyruvate
carboxykinase and glucose-6-phosphatase. Additionally, AMPK
inhibits ACC crucial for fatty acid biosynthesis by phosphorylating
it. This inhibition reduces the levels of malonyl-CoA, thereby slow-
ing fatty acid synthesis. The reduction in malonyl-CoA removes
this inhibitory effect, facilitating the mitochondrial uptake and
subsequent oxidation of free fatty acids. The AMPK also inhibits
sterol regulatory element-binding protein 1c, a key regulator of
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lipogenesis, through phosphorylation.? Meanwhile, the AdipoR2
signaling pathway activates peroxisome proliferator-activated
receptor alpha (PPAR-a), which promotes fatty acid oxidation.’
In skeletal muscle, ApN binds to AdipoRT; this interaction leads
to the activation of protein kinase C (PKC). The PKC increases
intracellular Ca®* influx, thereby activating calcium/calmodulin-
dependent protein kinase kinase (CaMKK).® Additionally, ApN
enhances insulin sensitivity in muscle by regulating the p38 MAPK
and PPAR-a signaling pathways, thereby promoting fatty acid
oxidation. It also increases glucose transport into cells by stimu-
lating glucose transporter type 4 (GLUT4) translocation in both
muscle and adipose tissues.’ In the heart, ApN binds to AdipoR1
and promotes the translocation of cluster of differentiation 36
(CD36) in cardiomyocytes, leading to enhanced fatty acid uptake,
Akt phosphorylation, improved insulin sensitivity, and increased
glucose uptake. Furthermore, activated AMPK in cardiac tissue
phosphorylates and inhibits ACC, resulting in enhanced oxidative
phosphorylation. In the kidney, ApN exerts its effects through both
AdipoR1 and AdipoR2. Renal AMPK activation by ApN provides
antioxidant effects and suppresses inflammation. In bone tissue,
ApN receptors are expressed both in primary osteoblasts and bone
marrow macrophages. By interacting with these receptors, ApN
promotes the differentiation of osteoclasts (Figure 4).%?

Apelin

Apelin is an adipokine synthesized as a 77-amino acid long
preproapelin. This precursor is cleaved by the endonuclease
FURIN to generate proapelin, a 55-amino-acid peptide, which is
further processed into apelin-36, apelin-17, apelin-16, and ape-
lin-13 isoforms. These apelin peptides exert biological activity by
binding to their specific receptor. Apelin is synthesized in vari-
ous human tissues including the brain, heart, lungs, kidneys, liver,

Adipo R2

[Glucose upuke]

l*

Fatty acid oxidation

Figure 3. Placement of adiponectin receptors AdipoR1 and AdipoR2 within the cell membrane and the signaling pathways activated by
each receptor. ACC, acetyl-coa carboxylase; APPL1, adaptor protein containing pH domain and leucine zipper 1; AMPK, 5’-adenosine
monophosphate-activated protein kinase; CaMKK, calcium/calmodulin-dependent protein kinase kinase; Ca, calcium; G6Pase, glucose-
6-phosphatase; GLUT, glucose transporter; IRS, insulin receptor substrate; PEPCK, phosphoenolpyruvate carboxykinase; p38-MAPK, p38-
mitogen-activated protein kinase; PPAR-a, peroxisome proliferator-activated receptor alpha; PLC, phospholipase C.
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breast, pituitary gland, WATe, skeletal muscle, gastrointestinal sys-
tem, and pancreas.

Its effects in these tissues are mediated via the apelinergic sys-
tem, consisting of apelin and its receptor. The apelin receptor—
also referred to as angiotensin receptor-like 1 (APJ), angiotensin
Il protein ] receptor (APJR), or APLNR—is structurally similar to
rhodopsin and belongs to the G protein-coupled receptor (GPCR)
family. Activation of the apelin receptor induces the activation of
cAMP-dependent protein kinase A. In addition, the activation of
GPCRs stimulates other signaling pathways such as phospholipase
C beta (PLC-B), PI3K/Akt, and ribosomal S6 kinase 1 (S6K1). Apelin
regulates blood pressure, cardiac output, and fluid balance.®

Orexin

Orexin is a NP-based adipokine located in the hypothalamus,
which regulates various physiological processes including feeding,
neuroendocrine functions, and the sleep/wake cycle. Orexins con-
sist of 2 isoforms: orexin A and orexin B, also known as hypocretin
1 and 2, respectively.

In mammals, there are 2 GPCR-family orexin receptors: orexin
receptor 1 (OXTR) and orexin receptor 2 (OX2R). The OXIR,
expressed in the amygdala and ventromedial hypothalamic
nucleus, modulates emotional processing, pain, feeding behavior,
and addiction via cholinergic and noradrenergic systems. OX2R
is found in histaminergic neurons of the paraventricular nucleus
(tuberomammillary nucleus), where it regulates the sleep/wake
cycle. Beyond the hypothalamus-pituitary axis, orexin receptors
are also expressed in the gastrointestinal tract, endocrine tissues,
pancreas, gonads, and other peripheral tissues. They are found in
neurons synthesizing NPY and POMC."

Dysregulation of Well-Known Adipokines in Metabolic Disorders
Leptin

Excessive expression of leptin contributes to leptin resistance.
This resistance is characterized by the inability of target tissues to
adequately respond to leptin despite high circulating leptin levels.
As a result, leptin resistance leads to increased appetite and uncon-
trolled weight gain due to excessive food intake. Moreover, pro-
inflammatory cytokines overproduced in obesity contribute further
to the development of leptin resistance. Leptin resistance not only
contributes to obesity and metabolic syndromes, including type 2
diabetes mellitus (T2DM) and cardiovascular diseases resulting from
insulin resistance, but is also linked to neurological disorders such as
Alzheimer’s disease, Parkinson’s disease, dementia, and ischemic
stroke.® Furthermore, increased leptin promotes chronic inflam-
mation, thereby triggering the development of osteoarthritis in
bone.*Moreover, increased serum leptin concentrations have been
reported in individuals with slipped capital femoral epiphysis.?

Adiponectin

Adiponectin levels are reduced in obesity, metabolic syndrome,
T2DM, cardiovascular diseases, and cancer.? In ApN-deficient mice,
insulin resistance develops. Mice lacking the ApN gene eventually
develop hepatic steatosis, increased adipocyte differentiation, TG
accumulation, and altered insulin sensitivity. Overall, ApN levels
are consistently low in obesity and metabolic disorders.®?

Apelin

Apelin has significant effects on energy homeostasis. A decrease
in circulating apelin levels contributes to the development of
obesity and leads to increased oxidative stress and inflammation.
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Apelin deficiency results in hyperglycemia and the development
of T2DM. In lipid metabolism, at the physiological level, apelin
promotes fatty acid oxidation and inhibits lipogenesis. Reduced
apelin levels lead to increased TG and fatty acid concentrations,
resulting in hepatic steatosis. Furthermore, apelin deficiency con-
tributes to endothelial dysfunction, hypertension, and the develop-
ment of cardiovascular diseases.!°

Orexin

Excessive synthesis of orexin leads to increased appetite and
the development of obesity. In addition, since orexin regulates the
sleep-wake cycle, overproduction of orexin results in insomnia,
whereas insufficient synthesis leads to narcolepsy."" Furthermore,
studies have shown that orexin and orexin receptor levels increase
in response to addiction in the organism."

Orexin A stimulates appetite by acting on the arcuate nucleus
of the hypothalamus and is activated during states of hunger and
hypoglycemia. Orexin A, which plays a central role in regulating
metabolic rate, controls body temperature, non-exercise energy
expenditure, arousal, and physical activity, making it an important
NP in the fight against obesity."

Therapeutic Implications and Future Perspectives of Well-Known
Adipokines

Leptin

Leptin resistance may arise from mutations or deficiencies in the
Ob gene, defects in the leptin transporter in circulation, reduced
expression of the LepR receptor, or disruptions in LepR signal
transduction. Clinical trials have explored combined therapies to
overcome leptin resistance.® For instance, recombinant methionyl
human leptin (r-metHulLeptin/metreleptin) has been administered
in clinical studies involving obese individuals to evaluate the rela-
tionship between insulin and leptin. Although body weight and
circulating inflammatory biomarkers did not change after r-metHu-
Leptin/metreleptin administration, a reduction in glycated hemo-
globin Alc levels was observed in obese hyperleptinemic patients
with T2DM.™ In another study using pegylated human recombi-
nant leptin (PEG-OB), overweight men showed more rapid weight
loss when calorie restriction was combined with PEG-OB ther-
apy.' In another study involving diet-induced obesity (DIO) in rats,
treatment with a combination of amylin and leptin was followed
by treatment cessation. Rats subsequently regained their baseline
weight more rapidly and gained more weight overall. This suggests
that the continued use of combined amylin + leptin therapy may be
necessary to maintain weight loss.'®

Additionally, preclinical studies have shown that leptin stimu-
lates the proliferation of osteoblasts without affecting mature
osteoclasts in rats, and that subcutaneous administration of leptin
reduces bone fragility."”” Additionally, in a clinical study conducted
in women with hypothalamic amenorrhea, following 36 weeks of
meterleptin treatment, a decrease in parathyroid hormone levels
and the receptor activator of NF-xB Ligand (RANKL)/ osteoprote-
gerin ratio were observed, suggesting that meterleptin may reduce
osteoclastic activity.'®

Adiponectin

The ApN concentrations are inversely correlated with insulin
resistance in the presence of obesity, metabolic syndrome, and
T2DM. In mice lacking the ApN gene, the development of hepatic
insulin resistance and an increase in hepatic glucose produc-
tion have been observed. Furthermore, when these mice were

fed a diet rich in saturated fatty acids, the development of car-
bohydrate intolerance was noted. Subsequently, it was observed
that this condition was ameliorated by the acute administration
of recombinant ApN." Adiponectin may slow the progression of
atherosclerosis by inhibiting foam cell formation and suppress-
ing inflammation in cardiovascular disease by attenuating tumor
necrosis factor-alpha (TNF-a) activity. However, because ApN lev-
els are reduced in obese individuals, their risk for cardiovascular
disease is significantly higher. The ApN suppresses the spread of
cancer cells between tissues, inhibits their growth and prolifera-
tion, and induces apoptosis.® In a study, ApN levels and AdipoR1
expression were found to be significantly decreased in patients
with endometrial cancer.?° Cancer cells exhibit lower AdipoR1 and
AdipoR2 expression compared with normal cells.® Another study
demonstrated that ApN exerts a significant inhibitory effect on the
in vitro proliferation of human pancreatic cancer cells through its
receptors.?! Furthermore, a preclinical study demonstrated that
ApN enhances osteoblastogenesis and inhibits osteoclastogenesis
in pre-osteoblasts.?? A clinical study conducted in postmenopausal
women with osteoporosis and metabolic syndrome demonstrated
that they exhibit significantly lower ApN levels and reduced bone
mineral density compared to women with osteopenia.??

Apelin

Apelin and its receptor play critical roles in angiogenesis, vasocon-
striction, cardiac contractility, and fluid homeostasis.'®Therefore,
considering the role of apelin in the regulation of the cardiovascu-
lar system and fluid balance, its therapeutic effects have been inves-
tigated. In 1 study, a cyclic analogue, MMO07, which activates the
Gai signaling pathway, was developed, and an increase in cardiac
output was observed in rat.?* In another study, chemically modified
apelin-17 analogs, P92 and LITO1-196, were shown to significantly
improve left ventricular (LV) function after myocardial infarction
(MI), reduce heart failure biomarkers, and enhance cardiac con-
tractility as well as sarco/endoplasmic reticulum Ca?*-ATPase-2
(SERCAZ2) expression. Moreover, this treatment nearly doubled car-
diac vascular density and preserved LV wall thickness following
MI, while also reducing cardiac fibrosis and fibrosis biomarkers.?®
In addition, a 2RPRL analogue exhibiting competitive antagonism
toward APJR was also developed.' In a study conducted on rats
with a spinal cord injury model, Apelin-13 administration reduced
the levels of pro-inflammatory mediators while increasing those
of anti-inflammatory mediators. However, silencing of APJ signifi-
cantly attenuated the effects of Apelin-13 treatment on cytokines.?
Another study demonstrated that apelin-13 activates AMPK in rats
with HDF and promotes GLUT4 translocation in cardiomyoblast
membranes, thereby enhancing glucose transport into these cells.?”
In addition, the role of apelin and its receptor in cancer progres-
sion and their effects on the reproductive system are highly critical,
and therapeutic studies related to apelin are ongoing.'® Moreover,
apelin enhanced osteoblast proliferation and bone healing.*

Orexin

Orexin promotes hyperphagia according to the organism’s
energy requirements. In a study conducted on rats, it was reported
that injection of orexin A increased appetite, whereas in another
group of rats, appetite was suppressed following injection of
the OX1R antagonist SB-334867.%% In neuroanatomical studies,
orexin has been shown to stimulate cholinergic neurons, thereby
promoting wakefulness in the organism. A study has shown that
mice deficient in OX2R exhibit narcolepsy. In this experiment,
OX2R-selective agonists were reported to alleviate narcoleptic
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symptoms.?’ Additionally, orexin activates reward pathways by
increasing the activity of both dopaminergic and non-dopaminer-
gic neurons associated with addiction. In a study, chronic morphine
administration was shown to enhance the activity of dopaminer-
gic neurons and induce anxiety-like behaviors in mice. Following
administration of the OX1R antagonist SB334867, it was indicated
that OX1R plays a critical role in anxiety-like behaviors emerging
during prolonged abstinence from morphine. Therefore, the use
of orexin receptor antagonists or the inhibition of orexin release
may serve as a therapeutic approach for addiction.” In another
study, SB334867, a selective OX1R antagonist, was administered

to social and non-social mice. In non-social mice, it did not alter
social behavior but was found to reduce stress and depression-like
behaviors.**Consequently, a thorough understanding of the orexin
system and detailed investigation of how its levels change under
different pathological conditions are necessary to develop a thera-
peutic approach with appropriate dosage and duration.

Other Well-Known Adipokines

The structures, tissues of synthesis, receptors, signaling path-
ways, pathological and pathophysiological roles, and therapeutic
effects of other well-known adipokines are presented in Table 3.

Table 3. Overview of Other Well-Known Adipokines: Biochemical Characteristics and Physiological-Pathophysiological Roles, and Therapeutic Effects

Signaling Pathophysiological

Adipokine  Sites of Synthesis Receptors Pathway Physiological Roles Roles Therapeutic Effect

TNF-a Macrophages, TNF-R1 NF-xB It contributes to host Pro-inflammatory TNF-a inhibitors are
muscle cells, TNF-R2 PI3K/ Akt defense against infections Apoptosis used to suppress chronic
lymphocytes MAPK (p38, Insulin resistance inflammatory conditions

JNK, ERK) Cytokine and ROS In infection and sepsis,
production TNF-a blockade is
employed?!

IL-6 Myocytes, IL-6Ra JAK/STAT3 It exerts acute-phase Multiple myeloma IL-6 inhibitors are used
adipocytes, response, immune Rheumatoid arthritis (RA) in inflammatory,
immune and regulation, hematopoiesis, ~ Castleman’s disease metabolic, and
endothelial cells insulin sensitivity, glucose,  Psoriasis autoimmune diseases’?

and FFA oxidation, leptin Cancer
regulation Osteoporosis

IL-1p Macrophages, IL-TR1 NF-xB It plays a central role in Insulin resistance IL-1p inhibitors are used
adipocytes IL-1R2 MAPK immune proliferation, Obesity in inflammatory,

hematopoiesis, antibody autoimmune, and
production, tissue repair, cardiovascular
while also inhibits diseases*
adipocyte differentiation

IL-10 M2 macrophages, IL-1T0Ra JAKT/ TYK2 It is anti-inflammatory; Autoimmune diseases IL-10 is used as an
Th2 lymphocytes, JAK/ STAT3 suppresses pro- Impaired immunity anti-inflammatory,
adipocytes inflammatory cytokines Cancer autoimmune, and

and immune responses, immunoregulatory
and regulates glucose/lipid agent*
metabolism

Visfatin Lymphocytes, TLR4 NF-xB Increases glucose uptake Obesity Inhibition of visfatin

(NAMPT)  bone marrow, liver,  INSR NAD*-SIRT1 and regulates blood sugar T2DM may have a therapeutic
kidney, adipocytes, MAPK/ Regulates energy CVD role in the pathology
heart, and muscle ERK1/2 homeostasis, the nervous Pro-inflammatory of RA**®
tissue JAK/ system, CVD, tissue Cancer

STAT repair, and antioxidant Neurological diseases
AMPK mechanisms PCOS
PI3K/Aktee It is effective in NAD*

biosynthesis, DNA repair,
and sirtuin activity

It regulates cell growth
and differentiation and
modulates the immune
response

AMPK, 5" adenosine monophosphate-activated protein kinase; Akt, protein kinase B; BAT, brown adipose tissue; CVD, Cardiovascular diseases; ERK,
extracellular signal-regulated kinase; IL-6, interleukin 6; IL-18, interleukin-1 beta; IL-10Ra, interleukin-10 receptor alpha; IL-1R1, interleukin-1
receptor type 1; IRS, insulin receptor substrate; INSR, insulin receptor; JAK, Janus kinases; MAPK, mitogen-activated protein kinase; NAMPT, nicotin-
amide phosphoribosyltransferase; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NAD , nicotinamide adenine dinucleotide;
SIRT, sirtuin; STAT, signal transducer and activator of transcription proteins; PINT, peptidyl-proline isomerase 1; PI3K/Akt, phosphoinositide 3-kinase /
protein kinase B; RA, rheumatoid arthritis; ROS, reactive oxygen species; TNF-a, tumor necrosis factor a; TNF-R, tumor necrosis factor receptor; TLR,
toll-like receptor; TYK2, tyrosine kinase 2; WAT, white adipose tissue.
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Novel Adipokines
Acylation Stimulating Protein

Acylation stimulating protein (ASP), also known as C3adesArg,
is a complement system protein synthesized and secreted by
adipocytes.

The ASP receptor, C5L2, belongs to the GPCR family and is
grouped with receptors for C5a, C3a, and N-formylmethionyl-
leucyl-phenylalanine. The ASP binds with high affinity to this
receptor, enhancing glucose transport into cells. A study has
shown that the ASP receptor activates the PI3K signaling pathway.
ASP also activates the MAPK/ERK1/2, cytosolic phospholipase A2,
and PKC enzymes.*®

Asprosin

Asprosin is a 140-amino-acid orexigenic adipokine. Asprosin
binds to the olfactory receptor OLFR734, a member of the GPCR
family located on the hepatocyte membrane, where it exerts gly-
cogenic effects. Activation of OLFR734 leads to PKA activation,
which stimulates hepatic gluconeogenesis and increases circulat-
ing glucose levels (Figure 5). Asprosin also activates orexigenic
neurons to enhance appetite and regulate energy stores. However,

Normal Levels of Asprosin

Hepatocytes

cAMP-PKA

Gluconeogenesis
glycogen breakdown

Blood glucose

Figure 5. Physiological functions of asprosin at normal levels.
cAMP/PKA, cyclic AMP/protein kinase A.

in orexigenic neurons, asprosin regulates appetite by binding to
receptor-type tyrosine-protein phosphatase delta (Ptprd) located
on AgRP neurons.’”

C1q Tumor Necrosis Factor-Related Proteins

C1q tumor necrosis factor—related proteins (CTRPs) are num-
bered from 1 to 15 based on their structural differences. They are
highly conserved proteins and considered homologs of ApN.3®
Except for CTRP4, all CTRPs are secreted proteins composed of
3 main domains: an N-terminal domain with conserved cyste-
ine residues and a variable region, a collagen-like domain, and a
C-terminal globular C1q (gC1q) domain, which forms a trimeric
structure resembling the subunit structure of complement protein
C1q. The CTRP4 differs from the others in that it lacks a collagen
domain and instead contains a second C1q domain. The CTRP15,
on the other hand, contains a shorter collagen domain.?%40

Similar to ApN, CTRPs exert metabolic activity by binding to
AdipoR1 and AdipoR2 receptors.*® The CTRPs are synthesized in
peripheral tissues such as adipose tissue, liver, skeletal muscle, and
cardiac muscle in both rodents and humans. The CTRP signaling
pathways enhance AMPK, PI3K/Akt, and MAPK/ERK activation,
while suppressing inflammation-related NF-xB and toll-like recep-
tor (TLR) pathways.*®4°

Resistin

Resistin, which contains a high amount of cysteine amino acids
in its structure, exhibits pro-inflammatory effects in pathological
conditions such as obesity, T2DM, chronic inflammation, meta-
bolic syndrome, infectious diseases, and cancer. Resistin, consid-
ered a component of the immune and defense system, is a small
endogenous peptide localized in the epithelial barrier and leu-
kocytes. Resistin belongs to the resistin-like molecule hormone
family.

Resistin is produced by the Retn gene in humans and mice. In
humans, resistin is synthesized by adipocytes, immune cells, mac-
rophages, monocytes, and neutrophils. Resistin exerts its effects by
binding to adenylyl cyclase-associated protein 1 (CAP1), TLR4, an
isoform of decorin (ADCN), and receptor tyrosine kinase-like orphan
receptor 1 (RORT1). By binding to the CAP1 receptor, resistin induces
the activation of cAMP-dependent protein kinase A and increases
the synthesis of NF-kB-mediated inflammatory cytokines (IL-6, TNF-
a, and IL-1p). Resistin enhances STAT3 activation. The interaction
between resistin and TLR4 activates the c-Jun N-terminal kinase
(JNK) and p38 pathways. Resistin interacts with the ROR1 recep-
tor and induces the activation of ERK1/2 in 3T3-L1 preadipocytes.*'

Dysregulation of Novel Adipokines in Metabolic Disorders

Acylation-Stimulating Protein

Acylation-stimulating protein (ASP) enhances TG synthesis
within adipose tissue. Its excessive production promotes abnor-
mal TG accumulation in adipose depots, thereby contributing to
the pathogenesis of obesity. While ASP facilitates cellular glucose
uptake, chronically elevated ASP levels are associated with insu-
lin resistance, ultimately leading to the development of T2DM.
Moreover, dysregulated ASP expression supports the progression
of pathological conditions such as dyslipidemia, cardiovascular
diseases, and metabolic syndrome.*®

Asprosin
It was first identified in patients with neonatal progeroid syn-
drome (NPS), a condition characterized by extreme leanness,
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reduced appetite and energy expenditure, and lipodystrophy in
the face and limbs. In NPS, a 3’ splice-site mutation occurs in the
fibrillin-1 (FBNT) gene. This mutation occurs within the last 50
nucleotides of the penultimate exon, resulting in a mutant profi-
brillin that fails to produce functional asprosin, thereby leading to
low asprosin levels. Asprosin expression increases in WAT during
fasting. Asprosin regulates physiological processes such as appe-
tite control, glycolysis, insulin resistance, and apoptosis in both the
central nervous system and peripheral tissues.

However, excessive secretion of asprosin has been associated
with pancreatic B-cell dysfunction and induction of apoptosis. In
muscle tissue, asprosin also exerts pro-inflammatory effects, con-
tributing to insulin resistance. Asprosin levels are increased in
pathological conditions such as obesity, T2DM, polycystic ovary
syndrome (PCOS), non-alcoholic fatty liver disease (NAFLD), and
cardiovascular disease. Moreover, increased asprosin concentra-
tion suppresses POMC neurons while activating AgRP neurons in
the hypothalamus, which promotes the development of obesity
due to excessive appetite. In muscle and adipose tissues, it leads
to the development of insulin resistance, resulting in T2DM. In
the immune system, it stimulates the synthesis of pro-inflammatory
cytokines (Figure 6).>

C1q Tumor Necrosis Factor-Related Proteins

In metabolic tissues, CTRPs regulate insulin sensitivity and fatty
acid oxidation. Additionally, they play roles in modulating inflam-
mation and glucose metabolism in endothelial cells. Dysfunction
in CTRPs can contribute to endothelial cell impairment, foam cell
formation, and enhanced vascular smooth muscle cell migration,
all of which are associated with the development of cardiovascu-
lar diseases. Moreover, metabolic disorders such as obesity, insulin
resistance, T2DM, NAFLD, and PCOS are linked to altered CTRP
function.*® Studies have shown elevated CTRP9 levels in the blood
of diabetic and ischemia/reperfusion (I/R) injury model mice.*’In
patients with coronary artery disease, serum CTRP3 levels are
decreased, while CTRP1 levels show a positive correlation with
serum lipid levels.* CTRP2, CTRP3, CTRP12, and CTRP15 con-
centrations are increased in Ml or I/R injury (Figure 7).>

Resistin

In cancer cells, resistin and its receptors exhibit uncon-
trolled proliferation. In pancreatic cancers, CAP1 expression is
increased, whereas in tumor tissues, TLR4 expression is elevated.*
Furthermore, elevated levels of resistin or its receptors contribute
to the development of pathological conditions such as insulin

High levels of asprosin

—/ “\(In muscle and liver

¥

Repression of the
PI3K/AKt pathway

+ W
+

<)

Immune system

Figure 6. The effects of asprosin vary according to its circulating concentration levels. AgRP, agouti-related peptide; a-MSH, a-melanocyte-
stimulating hormone; CART, cocaine- and amphetamine-regulated transcript; IL-6, interleukin-6; PI3K/Akt, phosphoinositide 3-kinase /
protein kinase B; POMC, proopiomelanocortin; TNF-a, tumor necrosis factor-alpha; T2DM, type 2 diabetes mellitus.
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Figure 7. Main functions of CTRPs, signaling pathways and their effects in pathophysiology. AMPK, 5’-AMP-activated protein kinase;
ACC, acetyl-CoA carboxylase; AgRP agouti-related peptide; Akt, protein kinase B; CTRE C1q tumor necrosis factor (TNF)-related proteins;
GLUT, glucose transporters; I/R, ischemia/reperfusion; MAPK, mitogen-activated protein kinase; NPY, neuropeptide Y; NAFLD, non-
alcoholic fatty liver disease; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K/Akt, phosphoinositide 3-kinase /
protein kinase B; PCOS, polycystic ovary syndrome; S1P sphingosine-1-phosphate; STAT, signal transducer and activator of transcription

proteins; T2DM, type 2 diabetes mellitus.

resistance, inflammation, obesity, cardiovascular diseases, meta-
bolic syndrome, certain cancers, and autoimmune disorders.*'

Therapeutic Implications and Future Perspectives of Novel
Adipokines
Acylation Stimulating Protein

Acylation stimulating protein plays a significant regulatory
role in lipid biosynthesis and TG storage. In humans, ASP pre-
dominantly stimulates TG synthesis in mature adipocytes and to a
lesser extent in preadipocytes. In 1 study, mice fed a high-fat diet
(HFD) were treated with antibodies against ASP (Anti-ASP) and
human recombinant ASP (rASP). It was demonstrated that rASP
enhanced fatty acid uptake in adipocytes, whereas treatment with
Anti-ASP led to an increase in energy expenditure in the mice.*
The C5L2 signaling pathway activates diacylglycerol acyltransfer-
ase, a key enzyme for TG synthesis, thereby promoting fatty acid
esterification. ASP also enhances glucose transport in adipocytes,
smooth muscle cells, preadipocytes, and fibroblasts by stimulating
GLUT1, GLUT3, and GLUT4 transporters. In a study, ASP/C5L2-
neutralizing antibodies were developed and utilized to block the
interaction between ASP and its receptor C5L2. Mice administered
these ASP/C5L2-neutralizing antibodies exhibited delayed post-
prandial TG and free fatty acid clearance.*

Asprosin
In anorexigenic neurons of the brain, asprosin inhibits POMC
production. In the liver, it stimulates glycogenolysis by promoting

10

the breakdown of glycogen protein, thereby increasing glucose
release into the bloodstream. In peripheral tissues, asprosin also
promotes skeletal muscle development. In a study on rats, asprosin
administration was shown to stimulate the synthesis of luteinizing
hormone, follicle-stimulating hormone, and testosterone via acti-
vation of the hypothalamic-pituitary axis.*® The effects of asprosin
and its receptors on metabolism and hormones could be further
investigated in future studies, which may provide valuable insights
into their potential therapeutic roles.’”

C1q Tumor Necrosis Factor-Related Proteins

Under physiological conditions, CTRPs play important roles
in maintaining body homeostasis. Transgenic mice overexpress-
ing CTRPT and fed a HFD exhibit resistance to obesity and have
lower body weight compared to control mice. CTRP1 enhances
fatty acid oxidation and energy expenditure, thereby reducing
overall fat mass. In 1 study, the therapeutic effects and underly-
ing mechanisms of CTRP1 on DIO, T2DM, and fatty liver disease
were investigated. It was demonstrated that hydrodynamic gene
delivery of CTRP1 improved metabolic homeostasis in obese
and diabetic mice, suppressed HFD-induced weight gain and
hepatic steatosis, and reduced insulin resistance.*® The CTRPs
synthesized in the hypothalamus—such as CTRP4, CTRP9, and
CTRP13—are involved in the regulation of appetite and body
weight.** In a study on HFD-fed mice, CTRP4 was shown to sup-
press appetite by downregulating orexigenic NPs such as NPY
and AgRP* In a study, CTRP9 was administered to HFD-fed mice,
and it was observed that Ml was reduced and cardiac functional
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improvement occurred in these mice.*? Similarly, administration
of CTRP13 suppressed appetite and resulted in weight loss. In
1 study, intracerebroventricular administration of recombinant
CTRP13 in mice was shown to reduce food intake and induce
weight loss.*In skeletal muscle, CTRPs promote fatty acid oxida-
tion and enhance insulin sensitivity. CTRP1, in skeletal muscle,
increases fatty acid oxidation and energy expenditure through the
activation of ACC and AMPK.“° In myocytes, CTRP5 and CTRP6
activate AMPK, leading to stimulation of GLUT4 transporters and
increased glucose uptake.* A study, administration of CTRP12 to
genetically (ob/ob) and DIO mice was shown to improve insu-
lin sensitivity and, in part, enhance insulin signaling in adipose
tissue and liver. Additionally, CTRP12 was reported to suppress
gluconeogenesis in hepatocytes and increase glucose uptake in
adipocytes by activating the PI3K-Akt signaling pathway indepen-
dently of insulin.*® The CTRP9 also enhances insulin sensitivity in
myocytes by activating the p44/42 MAPK, Akt, and AMPK signal-
ing pathways (Figure 6).3%4

Resistin

The development of therapeutic resistance in cancer treat-
ment is a critical issue. Resistin, through DNA methyltransfer-
ases (DNMT1 and DNMT3) and epigenetic therapy, has been
shown to increase the expression of ATP-binding cassette (ABC)
transporters in myeloma. The overexpression of ABC trans-
porters induces intrinsic or acquired drug resistance in various
cancers.*Furthermore, resistin has been shown to increase the
levels of fatty acid synthase, caveolin-1, and P-glycoprotein in
melanoma resistant to dacarbazine (DTIC) treatment.’°Resistin
inhibitors are used for insulin resistance, T2DM, and cardiovascu-
lar diseases. In the treatment of conditions such as dyslipidemia
and hypertension, the reduction of resistin levels is planned.*

Other Novel Adipokines

The structures, tissues of synthesis, receptors, signaling path-
ways, pathological and pathophysiological roles, and therapeutic
effects of other novel adipokines are presented in Table 4.

Adipokines are protein-based substances secreted not only
by adipose tissue but also by various other tissues, possessing
a wide range of biological functions. Since the dysregulation of
these molecules plays a role in the development of various dis-
eases, elucidating the underlying mechanisms and developing
targeted therapeutic strategies may provide significant therapeutic
approaches for combating these diseases in the future.
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