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Abstract. Obesity is a multifactorial disease, defined as
excessive fat deposition in adipose tissue. Adipose tissue is
responsible for the production and secretion of numerous
adipokines that induce metabolic disorders. Retinol-binding
protein 4 (RBP4) is an adipokine that transports vitamin A
or retinol in the blood. High levels of RBP4 are associated
with development of metabolic disease, including obesity,
insulin resistance (IR), metabolic syndrome, and type 2
diabetes (T2D). The present review summarizes the role
of RBP4 in obesity and associated chronic alterations.
Excessive synthesis of RBP4 contributes to inflammatory
characteristic of obesity by activation of immune cells and
release of proinflammatory cytokines, such as TNFa and ILs,
via the Toll-like receptor/JNK pathway. The retinol-RBP4
complex inhibits insulin signaling directly in adipocytes
by activating Janus kinase 2 (JAK2)/STATS5/suppressor
of cytokine signaling 3 signaling. This mechanism is
retinol-dependent and requires vitamin A receptor stimu-
lation by retinoic acid 6 (STRA6). In muscle, RBP4 is
associated with increased serine 307 phosphorylation of
insulin receptor substrate-1, which decreases its affinity to
PI3K and promotes IR. In the liver, RBP4 increases hepatic
expression of phosphoenolpyruvate carboxykinase, which
increases production of glucose. Elevated serum RBP4
levels are associated with B-cell dysfunction in T2D via
the STRA6/JAK2/STAT1/insulin gene enhancer protein 1
pathway. By contrast, RBP4 induces endothelial inflam-
mation via the NF-kB/nicotinamide adenine dinucleotide
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phosphate oxidase pathway independently of retinol and
STRAG6, which stimulates expression of proinflammatory
molecules, such as vascular cell adhesion molecule 1,
E-selectin, intercellular adhesion molecule 1, monocyte
chemoattractant protein 1 and TNFa. RBP4 promotes oxida-
tive stress by decreasing endothelial mitochondrial function;
overall, it may serve as a useful biomarker in the diagnosis
of obesity and prognosis of associated disease, as well as a
potential therapeutic target for treatment of these diseases.

Contents

Introduction

RBP4

RBP4 in obesity

RBP4 in insulin resistance

RBP4 in type 2 diabetes and its comorbidities, such as
retinopathy, nephropathy and CVD

RBP4, hyperglycemia and OS

RBP4 in cancer and obesity-associated disease

Clinical applications of RBP4 and future perspectives
Conclusion

ARl R

0 20 N o

1. Introduction

Obesity is a complex multifactorial disease, defined as exces-
sive fat deposition in adipose tissue, which may be harmful to
health. The degree of obesity is measured by body mass index
(BMI). BMlI is calculated using weight in kilograms divided by
height in meters squared. For adults, a BMI of 25.0-29.9 kg/m?
is defined as overweight and =30 kg/m? as obese (1). The
worldwide prevalence of obesity tripled between 1975 and
2016. The World Health Organization estimated obesity had a
global prevalence rate of 13 and 39% of people aged =18 years
was overweight in 2016 (2). In Mexico, an increase in the
prevalence of overweight and obese subjects was reported in
different age groups in 2018 compared with 2016, while in
adults aged =20 years, the prevalence of overweight and obese
subjects were 73.0 and 30.5%, respectively (3).
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Obesity is considered to be an epidemic worldwide. This
condition increases the risk of numerous types of disease,
including insulin resistance (IR), type 2 diabetes (T2D) and
cardiovascular disease (CVD). Obesity is associated with a
low-grade inflammation state where increased production and
secretion of inflammatory factors, such as TNFa, IL-1§ and
IL-6, result in alteration of key steps in the insulin signaling
pathway, which leads to development of IR (4). In addition,
the high fat content in adipose tissue, which is characterized
by increased palmitic acid and lipopolysaccharides concentra-
tion, leads to mitochondrial dysfunction, increased reactive
oxygen species (ROS) production, inflammation and therefore
higher risk of IR (5,6).

Adipose tissue is responsible for production and secretion
of numerous adipokines, including leptin, adiponectin and
retinol-binding protein 4 (RBP4), which leads to development
of metabolic disorder such as IR, T2D, CVD, dyslipidemia and
liver steatosis (6,7). RBP4 is expressed in the liver and adipose
tissue. In the circulation, RBP4 is responsible for transport
of retinol from the liver to peripheral tissue where it is
metabolized to retinoic acid (RA). In addition, RBP4 induces
secretion of proinflammatory cytokines in macrophages and
activates antigen-presenting cells in adipose tissue (6,7). RBP4
is an adipokine that is expressed and secreted in mature adipo-
cytes, as well as in adipocyte and preadipocyte cultures (8).
Epidemiological studies have reported an association
between high levels of RBP4 and development of metabolic
disease, including obesity, IR and T2D in humans (9-12) and
animals (13,14), suggesting the role of RBP4 as a potential
biomarker of inflammation and oxidative stress (OS). In this
context, the current review article analyzed the role of RBP4
in obesity and associated chronic alterations.

2.RBP4

RBP4 is a serum polypeptide of 201 amino acids and a size
of 21 kDa. It consists of an N-terminal loop, f-barrel core, a
helix and C-terminal loop. The B-barrel core is a structural
part that specifically hosts one molecule of retinol (15).
By ensuring retention of this hydrophobic metabolite in an
aqueous medium, it allows retinol transportation in blood (15).
This protein is encoded by the RBP4 gene located on chromo-
some 10g23-24 in humans. It is synthesized primarily in the
liver and adipose tissue, and to a lesser extent in other organs,
such as lungs, kidney, testes, brain and retina (7).

The primary function of RBP4 is transport of retinol, an
active metabolite of vitamin A, from the liver to target tissue,
such as adipose tissue, the retina, brain, epidermis, kidney,
lung, sexual organs and inmune system cells (15). Vitamin A
is a fat-soluble compound with key biological activity in main-
tenance of immune function, maintenance of epithelial cell
integrity, physiology of vision, reproduction as well as lipid
metabolism. The physiological actions of vitamin A are medi-
ated by its bioactive metabolite, retinoic acid. The vitamin
A is found as provitamin A in carotenoids; these include
[-carotene obtained from fruit and vegetables. Vitamin A is
also found as preformed retinoids in the form of retinyl esters,
these compounds include retinol (alcohol), retinal (aldehyde),
retinoic acid (irreversibly oxidized form of retinol), which
are derived from animal sources (16). Following intestinal

absorption, retinyl esters are transported in chylomicrons to
the liver for storage. When the body is deficient in vitamin
A, retinyl esters are hydrolyzed and released as retinol, which
binds to RBP4 and is secreted into the circulation (17).

In the circulation, the retinol-RBP4 complex binds trans-
thyretin (TTR) to form a tertiary retinol-RBP4-TTR complex.
Binding to TTR stabilizes the retinol-RBP4 complex, decreases
RBP4 loss by renal filtration and allows RBP4 to be recycled
following retinol uptake into cells (7,18). Retinol spontaneously
dissociates from RBP4 due to its hydrophobic nature. Retinol
readily moves into cells by diffusion through the plasma
membrane (19). Nevertheless, in certain tissue, such as retina,
brain, spleen, kidney, testis and adipose, the retinol-RBP4
complex is recognized by vitamin A receptor stimulated by
retinoic acid 6 (STRAG6) that transports retinol from binding
protein RBP4 into cells (19,20). Intracellularly, phosphorylated
STRAG6 associates directly with intracellular retinol-binding
protein (CRBP1), transferring extracellular retinol molecule
from RBP4 to intracellular CRBP1, which prevents retinol
dissociation in the aqueous medium of the cytosol. Following
binding of CRBP1 to retinol, the CRBP1 dissociates from
STRAG6 and delivers retinol to a retinol-metabolizing enzyme,
such as lecithinretinol acyltransferase (19,21). This catalyzes
transformation of retinol to retinol esters, which are stored
in the endoplasmic reticulum (22). In the absence of retinol,
RBP4 is freely filtered by glomeruli due to its small molecular
size and partially reabsorbed in cells of the proximal tubule,
allowing its reuse (10).

Due to their chemical stability and hydrophobicity, retinol
esters serve an essential role in visual function, both for color
vision and adaptation in darkness. In the retina, retinol esters
are hydrolyzed, isomerized and oxidized by retinol isomerase
and 11-cis-retinol dehydrogenases to form 11-cis-retinal,
which binds to opsin protein to form the visual pigment
rhodopsin (22,23). The activated rhodopsin breaks down in
all-trans-retinal and opsin following exposure to a photon
light source. When a photon light source enters the retina it
is absorbed by rhodopsin; this energy produces the rupture
of 11 cis-retinal, causing its isomerization to its trans form
and releasing opsin. This isomerization induces generation of
an electric signal in the optic nerve, which is interpreted as
vision (24,25).

In addition, retinol induces expression of multiple genes
involved in energy homeostasis, insulin response, fatty acid
metabolism and the gene that codes for RBP4. To accomplish
this, it must be converted to retinaldehyde by the enzyme retinol
dehydrogenase 10. Subsequently, retinaldehyde is oxidized to
RA by retinaldehyde dehydrogenases 1-3 (26-28). RA activates
or suppresses gene transcription via nuclear receptors, namely
retinoic acid receptor (RAR)a, RARP and RARy (28,29). In
the absence of RA, RBP4 secretion is inhibited, which leads to
its accumulation in the endoplasmic reticulum until the RA is
available (30,31).

3. RBP4 in obesity

In obesity, white adipose tissue secretes large amounts of
adipokines, including RBP4, which have local and systemic
effects (retinol homeostasis and transport) and contribute to
IR (15,32). The association between elevated serum levels of
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RBP4 (analyzed by ELISA) and obesity/T2D was reported by
Yang et al (26) in the Chinese population in obese patients with
and without diabetes. However, no significant association was
noted between non-diabetic and diabetic groups, suggesting
that hyperglycemia was not associated with elevated serum
RBP4 levels (33). The association between RBP4 and obesity
and associated disease has been investigated in humans and
animal and cell culture models (7,9,11,13,18,32-39). In a
10-year follow-up study of 3,445 Chinese school-age children
(11-12 years), an association between serum RBP4 levels and
adverse cardiovascular risk, metabolic syndrome (MetS), IR,
hyperglycemia, hypertension and hyperlipidemia was reported,
suggesting that RBP4 may be an early biomarker of MetS (11).
Moreover, elevated serum RBP4 concentrations, analyzed
by ELISA, were positively associated with BMI, waist-hip
index, elevated blood pressure (BP), triglycerides (TG), total
cholesterol (TC) (11) low-density lipoprotein (LDL) (11,35),
homeostatic model assessment of IR (HOMA-IR) and
elevated leptin levels. Furthermore, elevated RBP4 levels
were associated with lower levels of high-density lipoprotein
(HDL) cholesterol, regardless of sex, age, puberty and time of
follow-up (11). Elevated levels of RBP4 in serum are signifi-
cantly associated with incidence of MetS and levels of very
low-density lipoprotein and LDL (35).

Conversely, Korek et al (36) published a study of a Polish
population, which did not identify significant differences
in serum RBP4 concentration levels between obese (BMI:
32.05-39.51 kg/m?) and lean subjects (BMI: 21.14-24.21 kg/m?).
However, a positive correlation was noted between concentra-
tion of RBP4 in serum (analyzed by ELISA) and levels of TG
in obese and control groups (36). A study of obese Romanian
children reported that following adjustment for age, sex and
BMI, blood levels of RBP4 (analyzed by ELISA) were not
associated with characteristics of MetS (obesity, IR and
hypercholesterolemia) body composition (fat and muscle
mass) or anthropometric profile (height, BMI, abdominal
circumference, tricipital skin-fold thickness, waist circumfer-
ence/height ratio) (32). Although controversial results have
been published, a correlation between elevated levels of RBP4
in the blood and the incidence of IR, serum lipid levels, and
anthropometric parameters has been reported (9,11,32,35-39).
Therefore, population studies implementing different
dietary plans have been performed to evaluate the asso-
ciation between weight loss and concentration of adipokines,
including RBP4 (37,38,40). A study of Spanish women (age,
18-80 years) with obesity who consumed a calorie-restricted
diet with 20, 27 or 35% protein for 3 months aimed to
evaluate weight loss in these subjects; serum levels of RBP4
(analyzed by ELISA) were decreased by 12.50, 3.56 and
17.50%, respectively. Women following the 35% protein diet
exhibited a 30% greater decrease in RBP4 levels than those
following the 20% protein diet (following adjustment for
weight loss). In addition, RBP4 levels were directly associated
with TG concentration. However, the association between
serum RBP4 and levels of other adipokines, such as leptin,
was not significant (37). Similar results were demonstrated
in an intervention study of obese Spanish individuals (BMI
>35 kg/m?) who were subjected to a very low-calorie diet
for 6 months (40). Dietary intervention induced a significant
decrease in serum levels of RBP4 and inflammatory markers,
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such as TNFa and C-reactive protein (CRP), which suggested
attenuation of inflammation is associated with obesity (40).

Previous studies have yielded similar results (38-40). A
study of American women (age, 18-62 years) with obesity
and MetS who followed a diet and physical activity plan
for two months to lose weight reported that serum levels of
RBP4, analyzed by ELISA, were significantly associated with
concentration of TC and TG (38). However, serum RBP4 levels
were not associated with changes in body composition (weight,
BMI, waist, trunk fat), suggesting that serum RBP4 levels
were stable in this study population (38). However, a study of
Japanese men (age, 48+2 years) who participated in a physical
training program for 3 months demonstrated that obese
individuals with physical training without calorie restriction
exhibited significantly decreased levels of cardiovascular risk
factors, such as TC, TG, LDL cholesterol, RBP4, leptin and
IL-6 (39). Regression analysis revealed that change in serum
RBP4 levels were associated with change in TG levels. This
suggested that physical training contributes to decrease in
RBP4 levels, regardless of body mass and caloric intake (39).

Other studies have shown a significant association
between elevated serum levels of RBP4 and hypertriglyceri-
demia (11,36,41). Therefore, the association between RBP4 and
TG may be representative of the association between RBP4
and obesity. RBP4 increases expression levels of genes that
promote fatty acid synthesis in adipose tissue. This suggests
that RBP4 expression is associated with visceral fat accu-
mulation (42). Physiologically, high concentrations of RBP4
increase transport of retinol in the blood, which is catabolized
to RA isomers in the liver. These isomers serve as ligands
for nuclear receptors, such as RAR and retinoid X receptor
(RXR), to regulate transcription of numerous genes, including
those associated with glucose and lipid metabolism (37).

Furthermore, RXR forms heterodimers with nuclear
receptors, including liver X receptor (LXR), RAR and peroxi-
some proliferator-activated receptors (PPARs), which serve
key roles in signal transduction. LXR is a key modulator of
lipid metabolism and inflammatory cell signaling and regu-
lates cholesterol efflux in macrophages. Cholesterol and its
metabolites are natural ligands that activate LXR. In addition,
activation of stearoyl-coenzyme A desaturase and elongase 6,
which are expressed in adipogenic tissue, including hepatic
and adipose tissue, has been shown to serve a key role in lipid
metabolism. Both enzymes are regulated by sterol regulatory
element-binding protein 1 (SREBP1) (43). SREBPI is a key
transcription factor involved in expression of lipogenic genes
that is induced by activation of LXR and RXR (43). Increased
lipid synthesis is associated with increased RBP4 secretion
and synthesis. The latter process occurs in brown adipose
tissue, primarily via the RXR/PPAR heterodimer. Specifically,
PPARY and PPARa are involved in this process; these are both
activated by cyclic AMP (cAMP) (44).

In addition, excessive synthesis of RBP4 in adipose tissue
contributes to the inflammatory process, which is character-
istic of obesity, via activation of Toll-like receptor (TLR) 2 and
the TLR4/myeloid differentiation factor 2 receptor complex in
macrophages (45). TLRs possess an extracellular domain that
recognizes pathogen-associated molecular patterns, a trans-
membrane region and a cytosolic toll/interleukin-1 receptor
domain that interacts with adaptor molecules, such as myeloid
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differentiation primary response 88 (MyD88) and TNFa
receptor. These proteins induce activation of JNK-dependent
pathways and NF-kB by phosphorylating inhibitor of NF-kB
(IxB) kinase, which phosphorylates IxB for proteasomal degra-
dation (46). Following degradation of IxB, NF-«kB translocates
to the nucleus and induces expression levels of inflammatory
mediators, such as TNFa, monocyte chemotactic protein-1,
INF-vy and IL-6, -1, -2 and -12, that are required for activa-
tion of macrophages and dendritic cells (45). In adipocytes,
TNFa stimulates lipolysis (47). This is associated with inflam-
mation and serves a causal role in IR as release of free fatty
acids increases endogenous glucose production and decreases
muscle glucose uptake (48,49). The JNK pathway induces acti-
vation of antigen-presenting cells, such as macrophages and
dendritic cells, resulting in proliferation of pro-inflammatory
cluster of differentiation 4 T cells, which promotes inflamma-
tion and systemic IR (Fig. 1A and B) (6).

In addition, activation of TLR causes activation of the
IL-1 receptor-associated kinase (IRAK) family (46). The
IRAKI-IRAK2-IRAK4 complex binds MyD88, thenIRAK-
4phosphorylates to IRAK1 at serine and threonine residues,
this event activates TNF-receptor-associated factor 6 (TRAF6),
which subsequently activates TGF-f-activated protein kinase 1
(TAKI1). TAKI forms a complex with TGF-[-activated kinase
1/MAP3K7 binding protein 1 (TABI), TAB2 and TAB3 (46).
Moreover, TAK]1 activates MAPK3 and MAPKG6 to activate
an alternative pathway that phosphorylates JNK and p38 (46).
In addition, RBP4 induces endothelial inflammation, which
is dependent on NF-«kB and NADPH oxidase and is indepen-
dent of retinol and STRAG. This suggests that RBP4 exerts
retinol-dependent and -independent effects via activation of
STRAG6 and different receptors and signaling pathways in
different types of cell (50) (Fig. 1C).

4.RBP4in IR

IR involves excessive secretion of adipokines, including
RBP4. RBP4 is considered to be involved in the pathogen-
esis of obesity and development of IR. The retinol-RBP4
complex directly inhibit insulin signaling in adipocytes by
activating Janus kinase 2 (JAK2)/STATS signaling, which
induces suppressor of cytokine signaling (SOCS) 3 expres-
sion (an inhibitor of insulin signaling); this mechanism is
retinol-dependent and requires the membrane receptor STRA6
(Fig. 1A) (42,51). In addition, the retinol-RBP4-TTR complex
is associated with development of IR in obese patients or
subjects with T2D (7.41). In a study of Indian adults of similar
age (36-46 years), ELISA was used to analyze serum levels
of RBP4 and TTR (52). The subjects were stratified into three
groups: Normal glucose tolerance (NGT; n=90), impaired
glucose tolerance (IGT; n=70) and T2D (n=90). The mean
serum RBP4 and TTR levels were higher in subjects with T2D
(RBP4, 13; TTR, 832 ug/ml), followed by subjects with IGT
(RBP4, 10.5; TTR, 720.0 ug/ml) and NGT (RBP4, 8.7; TTR,
551.5 ug/ml). RBP4 and TTR exhibited a significant associa-
tion with T2D regardless of other factors associated with IR,
such as age, sex, TG and HDL cholesterol. Serum RBP4 levels
exhibited a significant association with IR in all subjects, even
in the NGT group. However, TTR was not associated with
IR (52).

By contrast, a study of 167 Thai participants (age,
35-66 years) without T2D or any other chronic disease,
assessed certain anthropometric parameters such as fasting
blood glucose (FBG), glycosylated hemoglobin (HbAlc),
fasting insulin and serum lipid levels, considered risk factors
for the development of T2D (41). The participants of the afore-
mentioned study were divided into normal (FBG <100 mg/dl)
and high T2D risk group (FBG =100 mg/dl). The high T2D risk
group exhibited increased TTR levels and HOMA-IR values, as
well as decreased serum RBP4 levels as determined by ELISA
compared with the normal T2D risk group. Significant posi-
tive correlations were noted between elevated serum TG levels
and RBP4, TTR and HOMA-IR (41). Patients with primary
hypertriglyceridemia exhibit increased rates of non-esterified
fatty acid turnover and secretion into adipose tissue, supplying
excess fatty acids to the liver for TG synthesis (53). This
increase suggests that hypertriglyceridemic patients develop
IR in adipose tissue. Furthermore, RBP4 and TTR have been
hypothesized to play a role in the development of IR (52).

The role of RBP4 in development of IR was analyzed by
Yang et al (33) in mice with adipose-specific deletion of glucose
transporter-4 (adipose-GLUT4™"), transgenic mice selectively
overexpressing GLUT4 in adipocytes (adipose-GLUT4-Tg),
RBP4-overexpressing mice (RBP4-Tg) and mice with deletion
of RBP4 (RBP4"). The aforementioned study demonstrated
that adipose-GLUT4™" mice developed IR in muscle and liver
tissue and exhibited increased levels of RBP4 mRNA and
protein in serum, as determined by western blot analysis. By
contrast, adipose-GLUT4-Tg mice exhibited decreased RBP4
levels in adipose tissue. Moreover, RBP4 mice exhibited
improved insulin sensitivity, while RBP4-Tg mice developed
IR. Considering that RBP4 serves an essential role in the devel-
opment of IR, insulin signaling was analyzed in muscle and
liver tissue of RBP4~ and RBP4-Tg mice; administration of
insulin increased PI3K activity in the muscle of control mice,
whereas its effect was decreased by 30% in RBP4-Tg mice
compared with wild type. By contrast, PI3K activity increased
by 80% in muscle tissue from RBP4 compared with control
mice. However, PI3K activity was not altered in the liver of
RBP4-Tg mice (33).

In the skeletal muscle of Wistar rats, RBP4 levels decrease
insulin-dependent glucose uptake (54). RBP4 is associated
with impaired insulin signaling, decreased affinity of insulin
receptor substrate (IRS) 1 for PI3K and decreased GLUT4
translocation to the cell membrane, which decreases glucose
uptake and increases IR in the muscle (Fig. 1E) (33,55). In
adipose tissue, the retinol-RBP4 complex interacts with its
membrane receptor STRA6, which activates the JAK2/STAT3/5
pathway, stimulating expression of SOCS3, an inhibitor of
insulin signaling. SOCS3 specifically inhibits binding of PI3K
to IRS in the PI3K/AKT pathway, leading to IR in adipose tissue
(Fig. 1A) (19). In addition, RBP4 increases hepatic expression
of phosphoenolpyruvate carboxykinase (PEPCK), a molecule
that participates in gluconeogenesis by catalyzing conversion
of oxaloacetate to phosphoenolpyruvate, which increases
production of glucose in the liver and decreases insulin activity
to promote development of hyperglycemia (Fig. 1D) (33,42).
Biological processes involving RBP4, such as inflammation
in obesity, dyslipidemia, IR and hyperglycemia, are key risk
factors for development of T2D and associated disease.
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Figure 1. Molecular mechanisms of RBP4 in obesity and associated disease. (A) In adipocytes, the retinol-RBP4 complex directly inhibits insulin signaling by
activating the JAK2/STATS/SOCS3 pathway, leading to IR. (B) In adipose tissue, macrophages, retinol-RBP4 and RBP4 interact with TLR2 and TLR4/MD2
and downstream pathways of MyD88 and TRIF, releasing TNFa, IL-6, MCP-1, INF-v, IL-1, IL-2, IL-12, IL-8 and IL-10. This results in activation of the
immune system and promotes an inflammatory state as well as inhibition of insulin signaling. (C) RBP4 induces NF-kB and NADPH oxidase-dependent
endothelial inflammation, leading to development of OS by mitochondrial dysfunction. (D) RBP4 increases hepatic expression of PEPCK, thus increasing
glucose production in the liver. (E) In skeletal muscle, RBP4 is associated with high serine 307 phosphorylation of IRS-1, which decreases its affinity for PI3K
and inhibits insulin signaling. (F) Retinol-RBP4 promotes 3-cell dysfunction via the JAK2/STAT1/ISL-1 pathway. (G) Aforementioned mechanisms promote
development of hyperglycemia. PKB, Protein kinase B (PKB); AP-1, Activator protein 1; Drpl, Dynamin-related protein 1; Fisl, Mitochondrial fission 1
protein; GLUT 4, Glucose transporter type 4; ICAM-1, Intercellular Adhesion Molecule 1; IRSI, Insulin receptor substrate-1; ISL-1, Insulin gene enhancer
protein; JAK2, Janus Kinase 2; MCP-1, Monocyte chemotactic protein-1; MCP-1, Monocyte chemotactic protein-1; Mfnl, Mitofusin-1; MyD88, Myeloid
differentiation primary response 88; NOX2, NADPH oxidase; PEPCK, Phosphoenolpyruvate carboxykinase; RBP4, Retinol Binding Protein 4; ROS, reactive
oxygen species; SOCS3, Suppressor of cytokine signaling 3; TLR, Toll-like receptor; TNFa-R, tumor necrosis factor o receptor; TRIF, TIR-domain-containing

adapter-inducing interferon-f§; VCAM-1, Vascular cell adhesion protein 1.

5.RBP4 in T2D and its comorbidities, such as retinopathy,
nephropathy and CVD

T2D is a chronic metabolic disorder characterized by hyper-
glycemia, which results from defective insulin action. An
imbalance between insulin and insulin sensitivity leads to IR,
primarily affecting middle-aged and older adults who have
prolonged hyperglycemia due to obesity (56). An association
between serum RBP4 levels in obese subjects and IR has been
previously demonstrated by factors (obesity, IR, OS, metabolic
disorder) that contribute to the development of T2D (9-14).
Involvement of RBP4 has been assessed in the pathogenesis of
T2D. A prospective population-based study of 1,011 Chinese
participants with prediabetes (age, 55.6+7.2 years) demon-
strated that serum RBP4 levels (analyzed by ELISA) <31 (HR,
2.01; 95% CI, 1.31-3.09) and >55 pg/ml (HR, 1.94; 95% ClI,
1.32-2.93) are associated with increased risk of incidence of
T2D independent of adiposity and HOMA-IR, suggesting that
serum RBP4 levels may increase the risk of T2D via pathways

that do not involve IR (9). For example, higher serum RBP4
levels may be involved in pathogenesis of 3 cell dysfunction (9).

Huang et al (57) reported that increased circulating RBP4
levels are associated with progression of hyperglycemia
in db/db mice and inversely associated with insulinogenic
index (index that determinates the glucose stimulated insulin
secretion). In vitro, RBP4 inhibits glucose-stimulated insulin
secretion (GSIS) in a dose- and time-dependent manner in
primary islets isolated from C57BL/J mice and in a 3 cell line
(INS-1E). RBP4-transgenic overexpressing mice (RBP4-Tg;
age, 8 weeks) exhibit a dynamic decrease in GSIS prior to
impairment of insulin sensitivity and glucose tolerance. The
aforementioned study also showed in vivo that islets isolated
from RBP4-Tg mice exhibit significantly decreased levels of
GSIS (57). In addition, STRA6 was expressed in pancreatic
B cells, which mediates the inhibitory effect of RBP4 on
insulin synthesis via activation of the JAK2/STAT1/insulin
gene enhancer protein-1 (ISL-1) pathway (58). ISL-1 is a
transcription factor involved in regulation of insulin synthesis
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and maintenance of normal {3 cell function (57,58). Moreover,
decreased circulating RBP4 levels effectively restores 3
cell function and ameliorate hyperglycemia in db/db mice.
These findings indicated that (-cell dysfunction is associated
with increased RBP4 circulation levels and hyperglycemia
(Fig. 1F) (58).

RBP4 is associated with multiple T2D comorbidities. For
example, plasma RBP4 levels analyzed by ELISA are signifi-
cantly higher in patients with diabetic retinopathy (DR), as well
as those with vision-threatening DR (VTDR) compared with
those without DR or VTDR (59). A meta-analysis demonstrated
an association between elevated RBP4 levels and development
of DR in subjects with T2D (60). The mechanisms underlying
the RBP4/DR axis may involve an association of plasma
RBP4 levels with adverse profile of inflammatory markers
and OS, which is associated with progression of DR (59) due
to the presence of a high levels of lipids in retinal tissue (61);
increased serum RBP4 levels, which induce inflammation in
human retinal endothelial cells and RBP4-mediated progres-
sion of DR via a unique and independent proinflammatory
mechanism that increases retinal levels of IL-18 RNA and
protein (60).

By contrast, diabetic nephropathy (DN) is a common and
serious microvascular complication of diabetes and one of the
leading causes of end-stage renal disease worldwide (62). It has
been reported that serum RBP4 levels (analyzed by ELISA)
are significantly increased in diabetic patients with macro- and
microalbuminuria compared with those in control and normo-
albuminuria groups (63). Furthermore, serum RBP4 levels are
positively associated with clinical parameters, such as systolic
and diastolic blood pressure (S and DBP), glucose, HbAlc,
HOMA-IR, albumin/creatinine ratio (ACR) and TG levels.
Moreover, serum RBP4 levels are inversely associated with
glomerular filtration rate (GFR) (63). A meta-analysis (62)
indicated that levels of circulating RBP4 are significantly
elevated in microalbuminuria and macroalbuminuria groups
compared with normal albuminuria subjects with T2D. In
addition, significantly increased RBP4 levels were identified
in T2D subjects with chronic kidney disease (CKD) and low
GFR and RBP4 levels were positively associated with ACR
but negatively associated with GFR (62). The latter inverse
association has been observed in subjects with prediabetes (9).
Retinol homeostasis is mediated by GF and reabsorption of
RBP4 in the proximal tubule. Therefore, decreased catabo-
lism resulting from microvascular damage in the kidney
leads to a gradual increase in plasma RBP4 concentration in
subjects with DN compared with patients with T2D without
DN (62). The alterations in RBP4 metabolism during CKD are
important for development of T2D as patients with T2D are
exposed to increased OS, which is associated with endothe-
lial dysfunction (63). Patients with T2D often exhibit kidney
dysfunction and therefore RBP4 may increase OS via its action
on polymorphonuclear leukocytes by interacting with TLR4 in
leucocytes and inducing inflammation (6,45,63).

The potential association between RBP4 and cardiovas-
cular events has also been evaluated. Circulating adipokines
and vascular function were assessed in 3,505 participants of
the third-generation Framingham cohort, which were free
of CVD (mean age, 40 years; 53% female, 47% male). In the
aforementioned study, mean arterial pressure was positively

associated with serum RBP4, as determined by ELISA (64).
Furthermore, in a study of Chinese individuals with prehy-
pertension (Pre-HT) (65), elevated serum levels of RBP4
were noted in subjects with Pre-HT compared with subjects
with normal BP. Moreover, higher serum RBP4 levels were
identified in obese patients with Pre-HT compared with
non-obese patients with Pre-HT. Serum RBP4 levels, deter-
mined by ELISA, were positively correlated with BMI, SBP
and DBP (65). However, a prospective study of 950 Chinese
subjects with T2D (follow-up, 22 years) indicated that higher
serum RBP4 levels were not significantly associated with
decreased CVD mortality (66).

In addition, a prospective cohort study revealed that RBP4
gene overexpression in transgenic mice (RBP4-Tg) increases
incidence of atherosclerotic events by inducing macro-
phage-derived foam cell formation (67). In another study of
diabetic rats with atherosclerosis, serum RBP4 levels, analyzed
by ELISA, were positively associated with HOMA-IR,
SBP, atherogenic index (predictor of atherosclerosis) and
fasting insulin, TG and CRP levels (42). RBP4 stimulates
expression of proinflammatory molecules, such as vascular
cell adhesion protein-1, E-selectin, intercellular adhesion
molecule-1, monocyte chemotactic protein-1, IL-6, TNFa and
CRP, which induce endothelial inflammation (Fig. 1C) (18).
RBP4-mediated endothelial inflammation is independent of
retinol and signaling receptor and transporter of retinol STRA6
via the NADPH/NF-kB-pathway. In addition, RBP4 has a key
role in increasing nitric oxide (NO) production due to stimula-
tion of the PI3K/AKT/NO synthase pathway and inhibition of
extracellular signal-regulated kinase 1/2 phosphorylation and
insulin-induced endothelin-1 secretion, leading to vasodilata-
tion (68).

RBP4 is involved in development of vascular and endo-
thelial inflammation following oxidative damage (50,63). OS
serves a key role in the pathophysiology of IR and diabetes;
it decreases peripheral insulin sensitivity via at least five key
molecular mechanisms, including p cell dysfunction, inflam-
matory response, GLUT-4 downregulation and/or membrane
localization, mitochondrial dysfunction and impairment of
normal insulin signaling pathways (69).

6. RBP4, hyperglycemia and OS

Elevated RBP4 levels promote hyperglycemia and IR by inhib-
iting PI3K activity in skeletal muscle and increasing PEPCK
synthesis in the liver, which increases hepatic glucose produc-
tion, inhibits insulin signaling and impairs glucose uptake in
skeletal muscle cells (Fig. 1D and E) (42,62). Hyperglycemia
induces free radical formation and impairs endogenous anti-
oxidant defense systems via different mechanisms, including
increased polyol (sorbitol) and hexosamine pathway signaling,
increased advanced glycation end-product formation and
activation of protein kinase C isoforms. OS is defined as a
disturbance in prooxidant-antioxidant balance of the cell in
favor of the former (69,70). Excess production of ROS, such
as the superoxide anion (O,") and hydroxyl free radical and
hydrogen peroxide, are harmful to cell components, notably
proteins, lipids and DNA, which damages the cell (70).
Adipokines are associated with numerous types of
OS-associated disease and pathological conditions (obesity,
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inflammation, IR, diabetes). RBP4 promotes OS by
impairing endothelial mitochondrial function (Fig. 1C) (71).
The association between RBP4 levels and OS markers
has been demonstrated by multiple studies (34,71,72).
Codofier-Franch ef al (34) demonstrated a positive association
between RBP4 and the inflammatory state in obesity and OS;
there was a positive association between RBP4 and urinary
8-isoprostane (a marker of lipid peroxidation damage) and a
negative association between RBP4 and decreased glutathione
and GFR, suggesting that OS was dependent on RBP4 levels.

Liu ef al (72) investigated the association between RBP4
and OS in a Chinese population; their results indicated a
positive association between RBP4 and 8-iso-prostaglandin
F2a and 13-(S)-hydroxyoctadecadienoic acid (13-HODE),
which are both products of peroxidation of unsaturated fatty
acids. The aforementioned study established an association
between RBP4 and OS markers in humans (72). In a study
of human aortic endothelial cells (HAECsS), the treatment
of 40 ug/ml RBP4 increased mitochondrial O, production,
which promoted mitochondrial dysfunction and increased
membrane potential. RBP4 suppresses mitofusin-1 protein
expression and enhances dynamin-related protein-1 and
fission-1 protein expression levels in HAECs (Fig. 1C),
suggesting an impairment of mitochondrial fusion and fission
dynamics (73). Moreover, mitochondrial damage induces
endothelial apoptosis, whereas RBP4 stimulation suppresses
PI3K/AKT signaling in HAECs (73).

In addition to endothelial dysfunction, development of OS
and elevated RBP4 levels may be due to certain OS products,
such as 13-HODE, which serve as a ligand for PPARY, causing
its activation (74). In brown adipose tissue cells that PPARy
and cAMP-mediated PPARa act on the promoter of the RBP4
gene to positively regulate RBP4 expression (44). This reveals
a direct association between certain OS markers and increased
RBP4 levels.

Table I summarizes studies that have analyzed the asso-
ciation between RBP4 and obesity and associated chronic
alterations in different populations worldwide and in animal
models, along with sex, age, sample size and association
between variables.

7. RBP4 in cancer and obesity-associated disease

RBP4 is associated with other types of obesity-associated
disease, including liver, bone and joint pathology, sleep
apnea, hepatocellular carcinoma, breast cancer, lung cancer
and colorectal adenoma and ovarian cancer (75-90). Elevated
levels of RBP4 have been reported in Japanese patients with
severe and moderate obstructive sleep apnea (75). Despite
the lack of association of RBP4 levels with HOMA-IR or BP,
a positive association between visceral fat and TG has been
noted (75). However, in Greek patients, no correlation has been
noted between RBP4 levels and sleep apnea, anthropometric
characteristics (BMI, neck circumference, waist circumfer-
ence, hip circumference, waist-to-hip ratio), glycemic markers
or lipid profile (76).

By contrast, high levels of RBP4 have been observed in
obese patients with non-alcoholic fatty liver disease (NAFLD)
with and without prediabetes (77). In a murine model, it has
been observed, that RBP4 and retinol levels were significantly
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decreased in NAFLD (78). By contrast, elevated concentra-
tions of RBP4 in Chinese subjects have been associated with
development and progression of NAFLD (79). Elevated RBP4
levels are considered a risk factor for progression of CKD in
patients with NAFLD (80).

Recent data have shown an association between RBP4
and bone and joint pathology (81-84). RBP4 levels are
significantly elevated in patients with psoriatic arthritis and
psoriasis (80). In addition, RBP4 is secreted in osteoarthritic
joints and is positively associated with expression levels of
other adipokines and extracellular matrix metalloproteinases
(MMPs) 1 and 3 (82). However, a Mendelian randomization
study found no association between RBP4 levels and osteo-
arthritis (83).

RBP4 is associated with the incidence of numerous types
of cancer (84-89). RBP4 mRNA and protein expression is
decreased in hepatocellular carcinoma (HCC) but high in
normal tissue. Higher RBP4 expression is associated with
improved overall survival time in patients with HCC (84).
RBP4 is associated with complement and coagulation
cascades, metabolic pathways, biosynthesis of antibiotics
and peroxisome proliferator-activated receptor signaling and
pyruvate metabolism pathways (84). Elevated levels of RBP4
in plasma, tumor tissue, liver and abdominal fat are associated
with greater blood flow impairment and metastatic potential in
patients with breast cancer (85); conversely, another study found
that gene expression levels of RBP4 are significantly decreased
and associated with unfavorable prognosis and pathogenesis of
breast cancer (86). However, Tsakogiannis et al (87) published
a study in 2021 that did not demonstrate a significant associa-
tion between RBP4 and breast cancer. By contrast, high levels
of serum RBP4 are associated with increased risk of non-small
cell lung cancer (88). RBP4 has been proposed as a potential
biomarker for early detection of high-risk colorectal cancer
and adenoma (89). Overexpression of RBP4 in ovarian cancer
cells induces expression levels of MMP2 and MMP?9, as well
as activation of the RhoA/Rockl and cyclin D pathways,
promoting migration and proliferation of cancer cells (90).
A schematic representation of altered RBP4 levels in obesity
and their association with other types of pathology is shown
in Fig. 2.

8. Clinical applications of RBP4 and future perspectives

Currently, use of drugs that modulate RBP4 levels is
proposed for clinical improvement of patients with numerous
types of pathology (hepatic steatosis, obesity, IR, diabetes,
atrophic macular degeneration) (15,33,91-95). One of the first
RBP4 agonist drugs to be discovered was fenretinide. This
synthetic retinoid increases urinary excretion of RBP4 (33).
By binding to RBP4, it increases its hepatic secretion and
sterically alters formation of complexes with TTR, which
increases renal clearance of RBP4 and decreases its serum
concentration (15). In an in vivo model of obesity induced
by a high-fat diet, treatment with fenretinide increases renal
clearance of RBP4, decreases its serum levels and improves
IR and glucose intolerance in study mice (33). In addition,
fenretinide has an inhibitory effect on development of
hepatic steatosis in a murine model of obesity (91). However,
fenretinide treatment inhibits vitamin A synthesis in
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Figure 2. Schematic representation of alterations in RBP4 levels in obesity and its association with other types of pathology. Hyperglycemia and lipid dysregu-
lation promote obesity, which induces the development of other pathology. Increased levels of RBP4 is a common factor.

[-carotene-fed mice, which is detrimental to visual function;
therefore, further understanding of the effect of this drug on
vitamin A homeostasis is required (96).

A1120 is a non-retinoid ligand for RBP4 that disrupts the
RBP4-TTR complex by inducing a conformational change
at the interaction interface, thereby decreasing serum RBP4
concentration and retinol levels (15). However, A1120 has
low hepatic stability and no effect on glucose levels has been
observed in animal models (93,97). As A1120 is not a retinoid
and does not interfere with vision, it may be a more favorable
drug compared with fenretinide (15).

BPN-14136 is another non-retinoid compound used to
treat age-associated atrophic macular degeneration and
Stargardt's disease. This drug disrupts the RBP4-TTR
complex (15), decreases serum RBP4 levels and prevents
high-fat diet-induced obesity and hepatic steatosis in mice
overexpressing RBP4 in adipose tissue. It also decreases
bisretinoid synthesis without affecting vision of mice and
induces decreased CRP and levels of components involved
in the complement cascade in the retina (98). Non-retinoid
antagonists of RBP4 may represent a promising class of
compounds as potential therapeutic agents.

Use of thiazolidinediones (synthetic PPAR ligands) has
been proposed to inhibit expression of RBP4. For example,
rosiglitazone decreases RBP4 levels in the adipose tissue
of Glut4” mice (33). In addition, pioglitazone significantly
decreases levels of RBP4 in an obese rat model, decreases
body weight and improves insulin sensitivity (94). Finally,
sitagliptin, a dipeptidyl peptidase-4 inhibitor, decreases
RBP4 expression and improves insulin sensitivity in diabetic
rats (95). However, thiazolidinediones are associated with
adverse events, such as weight gain and edema.

9. Conclusion

RBP4 is an adipokine associated with obesity (32). RBP4
participates in lipid metabolism by activating RXR and LXR

Cancer

receptors (37). In addition, RBP4 promotes development
of inflammation via release of proinflammatory cytokines
and activation of macrophages and dendritic cells via the
TLR4 and JNK pathways (45-47). Moreover, RBP4 serves
a key role in IR-mediated activation of the JAK2/STATS
signaling pathway (42,51). RBP4 also participates in devel-
opment of hyperglycemia in muscle via inhibition of PI3K
activity (19,33,54,55) and in liver via increased PEPCK
activity (33,42). It also regulates OS via mitochondrial
dysfunction (72,73). These processes participate in develop-
ment of obesity, RI, diabetes and associated complications,
such as retinopathy, nephropathy and CVD. RBP4 and its
downstream signaling contribute to development of obesity
and associated pathology, the regulation of this adipokine
may be important for clinical improvement of patients.
Further research is needed to develop an effective treat-
ment to regulate levels of this adipokine without generating
adverse effects.
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