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Introduction

Metabolic syndrome (MetS) is a constellation of 
interconnected physiological and biochemical 
abnormalities characterized by high fasting glucose, 
abnormal cholesterol and triglyceride levels, hypertension, 
central obesity and many more (1). MetS is a widely 
distributed disorder present in 20-25% of the world's 
adult population. Many factors such as genetic, 
environmental, metabolic and others contribute to the 
development of MetS (2). Kim et al. demonstrated 
the role and associated mechanisms of adipokines in 
the development of MetS (3), but mechanisms remain 
controversial and require further research to open 
unexplored metabolic pathways. One of the most 
accepted classifications for defining MetS is the Third 
Report of the National Cholesterol Education Program 
(NCEP) Expert Panel on Detection, Evaluation and 
Treatment of High Blood Cholesterol in Adults (Table 
1) (4). Obesity is a well-recognized risk factor for the 
development of insulin resistance (IR) and MetS. An 
increase in total body fatness and preferential upper body 
accumulation of fat tissue is independently related to IR. 
Obesity with a greater proportion of upper body fat tissue 

tends to be more insulin resistant, hyperinsulinemic, 
glucose intolerant and dyslipidemic than obesity with a 
greater proportion of lower body fat. So, the distribution 
of body fat tissue is an important correlate of MetS.
	 Due to the dramatic rise in obesity and associated 
metabolic abnormalities worldwide, research pertaining 
to, adipose tissue (AT) has gained tremendous scientific 
interest for several years. Previous research demonstrated 
that AT acts in an autocrine, paracrine or endocrine 
reservoir to control various metabolic functions and may 
contribute to the development of obesity mediated MetS. 
AT secretes various proteins or factors with diverse 
functions termed as bioactive mediators or "adipokines" 
(previously designated as "adipocytokines") modulating 
hemostasis, blood pressure, lipid and glucose metabolism, 
inflammation, and atherosclerosis (Table 2). In 2004, 
Trayhurn and Wood proposed an integrative term, 
"adipokinome", which, together with the lipid moieties 
released and adipokines constitute the "secretome" of fat 
cells (5). These adipokines secreted from adipocytes are 
defined as insulin antagonists (TNF-α, IL-6 and Resistin) 
and insulin sensitizers (Leptin and Adiponectin) (Figure 
1) (6). These adipokines may act locally or distally to 
alter insulin sensitivity in insulin-targeted organs such 
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available and how they may influence insulin sensitivity.

Adipokines, IR and central obesity

There is a close relationship between IR, central/visceral 
adiposity and adipokines (Figure 2). IR is associated 
with an overabundance of metabolic risk factors such 
as abnormal elevated cholesterol or lipids, high blood 
pressure, body functional inabilities, low level of 
inflammation, dysregulated adipokine production and 
many of these can either alone or jointly speedup the 
atherogenic process and malfunctioning of glucose 
metabolism. IR should be conceptualized in a very broad 
manner that takes into account the interplay between 
nutrition, insulin and adipokines in various tissues of 
metabolic importance. IR correlates with the degree of 
obesity (visceral obesity) and is a strong predictor of the 
development of T2D.
	 In 1988, it was hypothesized that IR is a contributory 
central component of MetS or syndrome X. Insulin 
action impaired in AT causes increased lipolysis and 
release of free fatty acid (FFA). The increased flux of 
FFA not only impairs insulin secretion by pancreatic islet 
β-cells, but also induces IR by interfering with glucose 
transport and insulin-mediated glucose uptake in muscle 
and liver. Adipokines appear to play a central role and 
plasma levels may serve as candidate biomarkers for 
mediating both the MetS of IR and the endothelial 
dysfunction in obesity. Adipokine levels appear to 
correlate closely with adiposity, with increasing levels 
in subjects with higher body mass index (BMI) values. 
Many of the pro-inflammatory adipokines exert multiple 
actions in a variety of cellular processes leading to a 
complex array of abnormalities and are characteristic 

as muscle and liver or may act through neuro-endocrine, 
autonomic or immune pathways. This disequilibrium 
between pro and anti-inflammatory adipokines 
induces low-grade inflammation, associated mainly 
with adiposity and IR. In this regard, it is known that 
increased adiposity is a major determinant of IR and that 
altered adipokine regulation is the underlying reason.
	 Several of these adipokines are interdependent, and 
the crosstalk among themselves may play an important 
role in the pathophysiology and management of MetS (7). 
In this review article, our focus is on major adipokines, 
the interplay between adipokines, and tries to ascertain 
their role in MetS with the current state of information 

www.ghmopen.com

Table 2. Candidate biomarkers associated with MetS

Association

Genes causing monogenic obesity

Genes regulating FFA metabolism

Genes affecting insulin sensitivity

Genes affecting lipid metabolism

Genes related to inflammation

Candidates biomarkers

Leptin
Leptin receptor
Melanocortin receptor
Adiponectin
Fatty acid binding protein-2
Lipases
Uncoupling proteins
Resistin
Peroxisome proliferators
Insulin receptor substrates
Skeletal muscle glycogen
synthase 1
CD36
Apolipoprotein E
Upstream transcription factor 1
IL-6
TNF-α
C-reactive protein

MetS, metabolic syndrome; FFA, free fatty acid; CD36, cluster of 
differentiation; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.

Figure 1. Bioactive proteins secreted by adipose tissue that causes IR. IL-6, interleukin-6; TNF-α, tumor necrosis factor-α. IR, 
insulin resistance.
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of MetS whereas anti-inflammatory adipokines work 
differently. The principal effects and the association of 
AT derived adipokines with IR, obesity and MetS are 
discussed in this article.

Adipokines and their genetic interactions with IR, 
obesity and MetS

Leptin

Leptin, 16kDa protein, is an adipokine secreted by AT 
in proportion to its mass, regulate energy homeostasis, 
facilitate glucose utilization, and improve insulin 
sensitivity. Leptin, discovered in 1994, exerts its effects 
through binding to the leptin receptor (Ob-R), a member 
of the cytokine family of trans-membrane receptors. 
Ob/Rb receptor has been identified as the best out of 
six forms of leptin receptor. The leptin receptor is in 
the hypothalamus increases energy expenditure and 
reduce appetite. The receptor is also found in kidney, 
liver, pancreas, smooth muscle and endometrium of 
heart. Patients with a complete deficiency in leptin, as a 
result of a mutation in the leptin gene, have been found 
to possess beneficial effects on energy intake, fat mass, 
hyperinsulinemia, and hyperlipidemia (8). However, in 
humans, leptin levels correlate with body fat, MetS or 
adiposity, suggesting that most obese individuals become 
insensitive to endogenous leptin and exogenous leptin 
administration is unlikely to have a major effect (9).
	 A study in normal adolescents with variable BMI 

found increased leptin concentration to be associated 
with impaired vascular function, independent of the 
metabolic and inflammatory disturbances associated with 
obesity (10). Leptin makes an action on adipocyte cells 
in a paracrine fashion. Leptin expression and secretion 
by adipocyte cells can be induced by IL-6 and inhibited 
by TNF-α. In turn, leptin, suppresses the expression of 
resistin and increases adiponectin expression in leptin 
deficient ob/ob mice (11,12). It is expected that, in the 
absence of AT, leptin levels are very low in generalized 
lipodystrophy, and nonetheless the subjects are often 
insulin resistant.
	 The concept of leptin resistance or an alternate 
concept, "hypothalamic leptin insufficiency", has been 
challenged and is still unclear (12). The development 
of leptin resistance may involve several mechanisms 
including mutation in the gene, permeability of 
blood brain barrier, and self-regulation. One of the 
possible mechanisms may be the induction of leptin on 
suppressor of cytokine signaling-3, which interrupts 
the intracellular pathway of leptin (13). Second, it may 
be the diminished transport of leptin across the blood-
brain barrier (BBB), which inhibits leptin signaling (14). 
Leptin signaling preserved the β-cells from the adverse 
effects of excessive nutrition when the fat increases and 
lipid accumulates in the body. Thus, improving β-cells 
function (15). Although, leptin receptor-mediated JAK-
STAT and leptin-stimulated PI3-kinase signaling, appears 
to be essential in glucose metabolism for the regulation 
of food intake and body weight regulation, respectively 

www.ghmopen.com

Figure 2. Pathophysiological mechanism of MetS. IL-6, interleukin-6; TNF-α, tumor necrosis factor-α. MetS, metabolic 
syndrome.
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(16). Leptin hinders de novo lipogenesis (DNL) and 
stimulates the oxidation of FFA in liver cells. This 
induces lipotoxicosis and lipoapoptosis due to reduction 
of hepatic liver content (17). Leptin also reduces hepatic 
glucose release by inhibiting glycogenolysis although 
its molecular mechanism effecting gluconeogenesis 
still remains to be elucidated. Suppression of hepatic 
glucogenesis helps in creating an insulin-sensitizing 
milieu and reduces glucotoxicity (18).
	 The obese (ob) gene of leptin (LEP) is an adipocyte 
specific gene, which plays a central role in energy 
metabolism and co-modulation of body weight. The 
discovery of a mutation in the leptin ob-gene results 
in the complete absence of leptin in the ob/ob mouse. 
The human homologue of the leptin gene is located on 
chromosome 7q31.3. There are several other studies 
indicating the involvement of leptin gene and its 
receptor variations with MetS, IR, and obesity (19-
21). Common SNP in the promoter region (G-2548A) 
of the LEP gene has been associated with variations 
in plasma leptin and body mass index (BMI) in obese 
individuals (22,23). Leptin 2548 G/A and Gln223Arg 
leptin receptor gene polymorphism were studied broadly 
because 2548 G/A gene associated with the secretion 
and production of leptin while Gln223Arg associated 
with impaired signaling capacity of the leptin receptor 
(24,25). A functional study explains that Leptin G-2548A 
polymorphism influenced leptin mRNA expression at the 
transcriptional level and therefore also adipose secretion 
levels of the hormone (24). However, supporting 
evidence for an association of G2548A and Gln223Arg 
polymorphism with leptin concentrations and MetS 
conflict with other studies (26,27). A separate discovery 
showed Leptin C/A polymorphism, at locus 2549 in the 
promoter region and is related to serum leptin level in 
western populations (22). A study of Le Stunff and his 
researchers has shown that girls of comparable adiposity 
have different circulating leptin levels, depending on 
their genotype at the promoter region of the leptin gene 
(23). Girls with Leptin 2549 C/A genotype have 25% 
lower mean leptin levels than girls with other genotypes. 
The study of the association between IR by Homeostatic 
Model Assessment (HOMA) and leptin genotype 
indicated that people carrying C-allele have more severe 
IR (23). Leptin gene at position 2549 carrying AA 
genotype was also strongly associated with cardio MetS 
(28).
	 In summary, leptin serves as a major "adipostat" by 
repressing food intake and promoting energy expenditure, 
suggesting that leptin acts as a signal that contributes to 
regulation of total-body sensitivity to insulin.

Adiponectin

Adiponectin is  the most abundant AT derived 
adipocytokine comprised of a 247-amino acid 
protein with an increasingly important role in energy 

homeostasis and insulin sensitivity. It was first isolated 
during adipocyte differentiation of 3T3-L1 preadipocytes 
following large-scale sequencing of the human adipose 
cDNA library. In AT, human adiponectin was cloned after 
mouse cloning. However, human adiponectin shared 
over 80% similarity with the mouse amino acids (AA). It 
is the only adipokine that is known to be downregulated 
in obesity. In addition to the association with whole-body 
fat mass, adiponectin levels differ with the distribution 
of body fat. Adiponectin is present at high concentrations 
in the circulation of mice and healthy humans. A study 
on obese mice lacking adiponectin show reduced 
responsiveness to peroxisome proliferator-activated 
receptor-gamma (PPARγ) agonists and decreased hepatic 
insulin sensitivity (29).
	 In human studies, plasma adiponectin levels are 
negatively correlated with adiposity, waist-to-hip 
ratio (WHR) and IR, dyslipidemia and MetS, whereas 
levels are positively correlated with markers of insulin 
sensitivity (30-32). Evidence suggested that adiponectin 
is an important contributor to IR and MetS but the actual 
physiological role of adiponectin is still unclear. Due 
to insulin-sensitizing effect of adiponectin, it may alter 
glucose metabolism by fat tissue through increasing 
pancreatic insulin stimulated glucose uptake (33). 
Adiponectin gene expression in human visceral AT is 
negatively regulated by TNF-α and positively by insulin 
(34). Visceral fat was reported to be inversely associated 
with plasma adiponectin levels in healthy women (35). 
In case-control studies, low plasma adiponectin was 
an independent risk factor for development of T2D but 
not for obesity (36,37). Variations in serum adiponectin 
concentration have been proposed to have a strong 
heritable component in both predominantly Pima Indian 
and Northern European populations (36,38). Another 
study showed the changes in serum adiponectin level in 
postmenopausal women with MetS (39). Alternatively, 
adiponectin secretion may be regulated by insulin and 
therefore, circulating levels may be a marker of IR and a 
causal factor as well (40). Evidence suggests that there is 
a close association between IR and low adiponectin level 
(41).
	 Reproducible results of human genetic studies 
of diverse ethnic origin may provide evidence for its 
causative role in pathogenesis of the MetS and further 
insight into the genetic constitutions of MetS. Adiponectin 
is encoded by ADIPOQ (also known as APM1), located 
on chromosome 3q27, spans 17kb and contains 3 exons 
and 2 introns. Human adiponectin gene polymorphism is 
commonly found at the promoter region, exon and intron 
2, and nonsynonymous mutations, which are rare at 
exon 3 region were repeatedly shown in different ethnic 
populations associated with the phenotypes related to 
body weight, glucose metabolism, insulin sensitivity, 
T2D and MetS (42,43).
	 Notably, additional support for the important 
role of adiponectin in IR comes from genetic studies 
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that have mapped a susceptibility locus for T2D and 
MetS in which the gene is located (44). Adiponectin 
gene transcription and secretion were decreased by 
pro-inflammatory markers, TNF-α and IL-6 (45). 
Adiponectin SNPs have been associated variably with 
increased BMI, IR-related traits and T2D (43). The 
adiponectin gene has been found to be consistently and 
significantly associated with plasma adiponectin in 
genetic association studies (46). The two most common 
reported variants of the adiponectin gene in different 
populations, a silent T/G substitution at position 45 in 
exon 2 and a G/T substitution at position 276 in intron 2, 
were closely associated with type II diabetes in Chinese 
and Japanese, visceral obesity in Swedish and Taiwanese 
populations and several components of MetS in Chinese 
and Caucasians, and IR syndrome in North Indian 
populations (47-53). However, the findings are still 
conflicting. Furthermore, +45T/G polymorphism was 
associated with circulating adiponectin level that added 
a much greater contribution to MetS. Adiponectin levels 
might also influence cardiac stroke, which is considered 
a cardiovascular event of MetS (54,55). An association 
between the +276G/T genotype and adiponectin levels 
has been observed in obese Japanese, and Spanish 
populations (48,56). However, in a systematic meta-
analysis of all published data on adiponectin SNPs, only 
the +276G/T variant was a strong determinant of IR with 
minor allele homozygotes having a lower IR index (based 
on HOMA) than carriers of other genotypes. These 
human genetic studies on adiponectin and MetS strongly 
suggest that adiponectin is one of the causative factors in 
its pathogenesis and provide significant insights into the 
genetic makeup of MetS.
	 In summary, adiponectin is an adipocyte-derived 
protein with insulin sensitizing, anti-inflammatory, 
anti-hyperglycemic, vascular protective and anti-
atherogenic properties. Although its physiological and 
pathophysiological roles have not been fully elucidated. 
High levels of adiponectin may be an important factor, 
which activates AMPK and stimulates phosphorylation 
of acetyl coenzyme A carboxylase (ACC), fatty-acid 
oxidation, glucose uptake and lactate production in 
myocytes and reduction of glucose levels in vivo. 
Adiponectin may provide a novel and potential treatment 
modality for IR, obesity and MetS through therapeutic 
modulation.

Resistin

Resistin, a 12.5kDa cysteine rich peptide, is derived 
from AT that has been implicated in the development of 
IR. Holcom et al. first proposed the gene family and its 
tissue-specific distribution, identifying a protein found 
in inflammatory zone called FIZZ1 i.e. also known as 
resistin-like molecules (RELM) (57). Resistin was first 
identified in a search for genes that were i) induced 
with adipocyte differentiation but ii) down-regulated 

following exposure to Thiazolidinediones (TZDs). This 
led to the discovery of a protein named "resistin", known 
to be resistant to insulin (58).
	 Circulating resistin levels were found to be elevated 
in both genetic and diet-induced obesity and IR models. 
Therefore, it also serves as an important link between 
obesity and IR. A study on mice suggested that resistin 
selectively impairs the inhibitory action of insulin on 
hepatic glucose production (59). Neutralization of 
resistin by specific antibodies resulted in decreased blood 
glucose levels and improved insulin sensitivity, thereby 
providing a more direct link between fat mass and IR 
(58). By contrast, upregulated circulating resistin levels 
might contribute to hyperglycemia, IR, T2D, MetS and 
cardiovascular disease (60-63).
	 Human resistin is a dimeric protein containing 
108 amino acids, produced and secreted mainly by 
peripheral-blood mononuclear cells. Human resistin is 
only 59% similar to the mouse protein, and this may 
indicate important differences in the endocrine functions 
of adipocytes and resistin between rodents and humans. 
It is also expressed and secreted by mature adipocytes. 
The secreted protein was found to inhibit 3T3-LI 
adipogenesis, and it was speculated that resistin was 
a feedback regulator of adipogenesis. McTernan and 
coworkers reported a higher mRNA resistin expression 
in the abdomen than thigh region (64). Thus, this study 
suggested that human resistin could play a significant 
role in obesity-related IR. Furthermore, at least in part, 
elevated insulin and TNF-α levels in obesity inhibits 
resistin expression, which may explain the lower level 
of resistin found in obese diabetes. However, the role of 
resistin in obesity-associated IR has become controversial 
because additional evidence suggested that obesity and 
IR are associated with decreased resistin expression in 
AT (65).
	 The resistin gene is located on chromosome 19p13 
a short distance from the insulin receptor. It is a small 
gene that spans less than 2kb and includes four exons 
and three introns. Screening of the entire resistin gene 
has eight SNPs variants and a (GAT)n microsatellite 
identified (66). Four SNPs were placed in the 5'-flanking 
region; two in intron 2, and two in intron 3 in the mouse 
and two in humans, encode resistin (67). These genes are 
present on chromosome 8 in the mouse and chromosome 
19 in humans. Controversial results have been found 
for SNP studies on genetic variations in the resistin 
gene. Some case control studies demonstrated genetic 
variations in the resistin gene to be associated with IR 
and obesity in humans (68). Six SNPs were relatively 
frequent, with allele frequencies ranging from 0.09 to 
0.43. All SNPs were in significant linkage disequilibrium, 
with only five haplotypes accounting for more than 
80% of control chromosomes. Several polymorphisms 
in the resistin gene have been studied: only few have 
minor allele frequencies while over 5% are associated 
with disease risk and a few located in the 5'-flanking 
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region (G–638A, A–537C, C–420G and G–358A) affect 
circulating levels of resistin (69,70). Studies had reported 
much more attention to resistin SNP -420C/G, located 
in the promoter region of the resistin gene, and is the 
major determinant of plasma resistin concentration and 
influences resistin expression in humans (70). Several 
research groups identified that the circulating resistin 
level and specific SNPs are associated with adiposity, 
MetS, IR and T2D (71-73). However, other studies failed 
to identify changes in resistin levels or SNPs in similar 
conditions (74,75). In addition to SNP 420C/G, it has 
been reported that other polymorphisms (+299 G/A, 
rs3219175, rs1423096, rs3745368, and rs1477341) of the 
resistin gene were strongly associated with circulating 
resistin levels (69,76). Morever, it has been reported that 
-638G/A (rs34861192) and -358G/A (rs3219175) had 
the strongest association with circulating resistin levels 
among the SNPs at the resistin locus (69,76).
	 In summary, resistin may represent a link between 
inflammation and metabolic signals and circulating 
resistin was more significantly correlated with central 
obesity and IR.

TNF-α

TNF-α is a pro-inflammatory cytokine that has 
been implicated in the pathogenesis of IR. TNF-α is 
expressed as a 26kDa cell surface trans-membrane 
protein that undergoes cleavage to produce a 17kDa 
soluble, biologically active form of TNF-α (77). 
Increased TNF-α production has been observed in AT 
derived from animal models of obesity and IR as well as 
in human subjects (78).
	 In AT, TNF-α is not secreted in the systemic 
circulation but acts in an autocrine and paracrine 
fashion. TNF-α is over expressed in AT of obese 
individuals. TNF-α is expressed more in visceral than in 
subcutaneous fat tissue, and more abundantly produced 
by macrophages than adipocytes (79). In humans, 
expression of TNF-α correlates with BMI, percent body 
fat and hyperinsulinaemia and weight loss decreased 
TNF-α levels (80). TNF-α significantly increases the 
expression of IL-6, reduces the expression of resistin and 
stimulates the secretion of leptin in 3T3-L1 adipocytes 
(81-83). Potential mechanisms by which AT secreted 
TNF-α increases IR include increased release of FFA by 
adipocytes and reduction in adiponectin synthesis; the 
cytokine directly affects insulin sensitivity by inhibiting 
insulin receptor signaling (45,84).
	 The TNF-α gene is located in the chromosomal 
region 6p21.1–21.3, next to the major histocompatibility 
complex (MHC). A SNP at position -308 upstream 
from the transcription initiation site in the promoter 
region demonstrated that polymorphism increases 
transcriptional activation of the TNF-α gene. TNF-α 
gene transcription is regulated by the promoter region, 
which consists of an 1,100 base pair stretch of DNA 

(85). A biallelic polymorphism involves the substitution 
of guanine by adenine at position –308 in the promoter 
region, produces the less common homozygote TNF-α 
allele, which has been associated with elevated serum 
concentrations of TNF-α in certain clinical states (86,87).
	 Although controversial, the majority of the data 
support a direct role for this biallelic polymorphism in 
the elevation of TNF-α level observed in homozygotes 
for the −308 A allele (88). Some studies have indicated 
a key role of the TNF-α gene for the −308 variant in 
the pathogenesis of various components of MetS and 
IR (89,90). However, many other studies have reported 
negative results, with no correlation between TNF-α SNP 
and IR or any other MetS abnormality (91,92). A study 
of Fernandez-Real et al. showed that the polymorphism 
influenced insulin sensitivity via an increase in body fat 
in a group of non-diabetic normotensive Spanish subjects 
(93). While another study by Hamann et al. showed no 
difference between T2D patients and healthy control 
subjects in the frequency of alleles at –308 (94). Walston 
and coworkers reported that TNF-α polymorphism at 
–308 polymorphic sites did not relate to any traits of 
obesity and IR in a group of non-diabetic subjects (95).
	 In summary, TNF-α seems to play an important 
role in the development of IR in rodents, but the in vivo 
data in humans has not been as conclusive. Additional 
human studies are needed to understand its role in the 
pathogenesis of IR in humans.

IL-6

IL-6 is a pleiotropic circulating cytokine with effects 
ranging from inflammation to host defense to tissue 
injury and it is one of several pro-inflammatory 
cytokines that have been associated with MetS as a 
biological marker. IL-6 is secreted by immune cells, 
fibroblasts, endothelial cells, skeletal muscle and AT. It 
circulates as a variably glycosylated 26kDa protein. IL-6 
concentrations increase with adiposity, and 15-35% of 
circulating IL-6 may be released by AT in vivo. In AT, 
IL-6 reduces lipoprotein lipase activity and increases 
basal lipolysis (96).
	 Studies suggest that IL-6 may stimulate fat lipolysis 
in human adipocytes thus leading to increase circulating 
FFA (97). Fasting plasma IL-6 concentrations were 
negatively correlated with the rate of insulin-stimulated 
glucose disposal in Pima Indians (98). Bastard and 
collogues reported that increased IL-6 values were more 
strongly correlated with obesity and IR, significant 
decreases in circulating IL-6 and TNF-α levels responsed 
to diet-induced weight loss in obese women (98,99). 
Other studies also had similar observations that weight 
loss results decrease circulating IL-6 levels (100). 
Overall, the association of IL-6 and IR seems complex 
and IL-6 alone might not be an appropriate marker of 
IR or MetS. IL-6 may also exert its adverse effects by 
decreasing adiponectin secretion.
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	 Our study showed increased circulating IL-6 levels 
in obese and MetS women (101). Hyperinsulinemia 
positively associated with TNF-α and IL-6 gene 
expression while hyperinsulinemia and glucose 
intolerance were negatively linked to adiponectin 
expression in AT (102,103). IL-6 also increases the 
expression of resistin in human peripheral bloods 
mononuclear cells (104). Visceral AT releases two to 
three times greater IL-6 compared to subcutaneous AT. 
Although, it seems that the majority of AT-derived IL-6 
comes from stromal immune cells and not adipocytes 
(105). Rotter et al. reported a reduction in the expression 
of insulin receptor substrate-1 (IRS-1) and glucose 
transporter 4 (GLUT4) in adipocytes response to IL-6 
treatment (106). Due to visceral depots drain into the 
portal circulation, the metabolic effects of IL-6 in the 
liver become important. Indeed, there is evidence that 
suggests IL-6 inhibits insulin receptor signal transduction 
in hepatocytes that is mediated by induction of SOCS-3 
(107).
	 The association of IL-6 with MetS is supported by 
epidemiological and genetic studies. Genetic studies 
have also demonstrated a strong correlation between IR 
and IL-6 gene polymorphisms in Native Americans and 
Caucasians (108). Another study, which is in agreement 
with the study on Caucasian populations, suggests that 
IL-6 receptor (IL-6R, rs8192284-A/C, Asp358Ala) SNPs 
may play a role in the pathogenesis of MetS possibly 
through modulating IL-6 levels (109). The −174 G/
C variant of IL-6 gene has been shown to influence 
the transcriptional regulation of IL-6 and human −174 
G allele carriers exhibit higher plasma IL-6 levels 
compared with homozygous C-allele carriers, an effect 
which is modulated by age and gender both (110,111). 
However, the results have been incompatible in other 
studies and subjects of different ethnic origins have 
linked the −174 G/C variant of IL-6 gene to indices of 
obesity and IR. In Native Americans and Caucasians, the 
GG genotype was associated with T2D whereas Swedish 
and French Canadian population showed that the C-allele 
was associated with indices of obesity (108,112,113). 
In Spanish populations, the G-allele has been related 
to decreased insulin sensitivity, hyperglycemia and 
abnormalities in lipids (114,115).
	 Two other functional SNPs in the IL-6 promoter at 
positions −597 and −572 were also identified (116,117). 
It has also been shown that three SNPs (−174, −572, 
−597) of the IL-6 promoter do not act independently 
in the regulation of IL-6 transcription (118). Studies 
showed that an IL-6 SNP within a sequence, bearing 
partial nucleotide homology with the Sma- and Mad-
related protein 4 (Smad4) binding element and the 
presence of the C-allele may bind Smad 4 more 
effectively and inhibit IL-6 transcription (119). A study 
of a lipopolysaccharide stimulated IL-6 production result 
demonstrated that leucocytes from the homozygous 
carrier of the GGG-haplotype (−597 GG, −572 GG and 

−174 GG) produced the highest amount of IL-6 (118).
	 In summary, IL-6 plays a crucial role in the regulation 
of many adipokines, modulation of immune function and 
the regulation of a variety of cellular functions and IR.

Effect of adipokines on insulin signaling

Do the adipokines affect insulin sensitivity by altering 
the mechanism of insulin signaling? Insulin binding to 
insulin receptor activates IRS proteins that subsequently 
recruit and activate the phosphoinositide 3-kinase (PI3K) 
pathway. Reduced activation of PI3K by insulin is a 
predominant feature of IR and has been implicated in the 
pathogenesis of hypertension in skeletal muscle.
	 PI3 kinase is able to play a central role in the 
metabolic and mitogenic actions of insulin. PI3K has 
also been demonstrated to mediate some of the actions 
of adiponectin and leptin in various tissues, including 
vascular endothelium and skeletal muscle (120,121). In 
skeletal muscle, adiponectin stimulates glucose transport 
by increased GLUT4 translocation, activates insulin 
signaling, and upregulates molecules involved in fatty 
acid transport (122). Leptin has been demonstrated to 
impair insulin signaling in adipocytes and modulate 
insulin action in liver and muscle (123). Resistin, a 
potent inflammatory regulator, may exert an inhibitory 
effect on nitric oxide production by inhibiting insulin 
signaling and eNOS phosphorylation in endothelial 
cells. IL-6 attenuates IRS-1 expression and insulin-
stimulated Akt activation in hepatocytes and adipocytes 
(106,107,124). The effects of leptin and IL-6 on insulin 
signaling in the endothelium remain uncharted. However, 
TNF-α has been shown to interfere with intracellular 
insulin signaling pathways in endothelial cells, and 
therefore represents a candidate mechanism by which it 
leads to impaired insulin action (125). TNF-α has been 
demonstrated to increase serine phosphorylation of IRS-
1 in adipocytes, which reduces its capacity to recruit and 
activate downstream effectors of insulin (124,126).

Future prospective

MetS has reached dramatic proportions affecting 
adults worldwide. MetS is associated with a plethora 
of health problems including IR, hypertriglyceridemia, 
atherosclerosis and T2D. Excess amounts of visceral fat 
accumulation results in altered release of adipokines, 
leading to IR. The syndrome epidemic affects children, 
who are becoming overweight and obese at progressively 
younger ages. Most of the clinical recommendations for 
treatment of younger age obesity and associated disorders 
are based on the combination of several lifestyle 
interventions, such as eating habits, medication support 
and regular physical activities. The role of adipokines as 
biomarkers in physiology and pathophysiology has only 
been appreciated recently.
	 Previous studies have shown that targeting circulating 
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adipokine levels and their receptors expression 
can decrease IR, improve vascular function, and 
significantly lower the risk of cardiovascular morbidity 
and mortality. At least some of the adipokines, such 
as adiponectin, seems to be important in maintaining 
metabolic homeostasis, but others may contribute to 
the development of IR during the time when food is 
plentiful. The mechanisms by which adipokines promote 
IR are complex. It appears that intense AT deposition in 
the omental region, may be exorbitant partially through 
the secretion of adipokines such as resistin, TNF, and IL-
6. In contrast, the presence of AT is vital in the prevention 
of IR, at least in part, via leptin and adiponectin 
secretion. Some of these adipokines are also recognized 
in the immune system and may play a role in linking 
the nutritional system with the immune system. Finally, 
determining the relative contribution of adipokines to 
MetS and elucidating the dynamic interactions between 
adipokines as biomarkers for MetS should be a focus of 
our research in the future.

Acknowledgements

We would like to thank everyone who participated and 
provide suggestions with intense discussions as well as 
critical review of the manuscript.

Funding: None.

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1.	 Saklayen MG. The global epidemic of the metabolic 
syndrome. Curr Hypertens Rep. 2018; 20:1-8.

2.	 Gupta A, Gupta V. Metabolic syndrome: what are the risks 
for humans? Biosci Trends. 2010; 4:204-212.

3.	 Kim JE, Kim JS, Jo MJ, Cho E, Ahn SY, Kwon YJ, Ko 
GJ.  The roles and associated mechanisms of adipokines 
in development of metabolic syndrome. Molecules. 2022; 
27:334.

4.	 Expert Panel on Detection, Evaluation, and Treatment of 
High Blood Cholesterol in Adults. Executive summary of 
the Third Report of the National Cholesterol Education 
Program (NCEP) Expert Panel on Detection, Evaluation, 
and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel III). JAMA. 2001; 285:2486-2497.

5.	 Trayhurn P, Wood IS. Adipokines: inflammation and the 
pleiotropic role of white adipose tissue. Br J Nutr. 2004; 
92:347-355.

6.	 A n a s t a s s i o s G P, N a n d i n i A J , G r e e n b e rg A S . 
Adipocytokines and insulin resistance. J Clin Endocrinol 
Metab. 2004; 89:447-452.

7.	 Fahed G, Aoun L, Zerdan MB, Allam S, Zerdan MB, 
Bouferraa Y, Assi HI. Metabolic syndrome: updates on 
pathophysiology and management in 2021. Int J Mol Sci. 
2022; 23:786.

8.	 Obradovic M, Sudar-Milovanovic E, Soskic S, Essack M, 
Arya S, Stewart AJ, Gojobori T, Isenovic ER. Leptin and 

obesity: role and clinical implication. Front Endocrinol 
(Lausanne). 2021; 12:585887.

9.	 Martins Mdo C, Lima Faleiro L, Fonseca A. Relationship 
between leptin and body mass and metabolic syndrome in 
an adult population. Rev Port Cardiol. 2012; 31:711-719.

10.	 Singhal A, Farooqi S, Cole TJ, O'Rahilly S, Fewtrell M, 
Kattenhorn M, Lucas A, Deanfield J. Influence of leptin 
on arterial distensibility: a novel link between obesity 
and cardiovascular disease? Circulation. 2002; 106:1919-
1924.

11.	 Delporte ML, El Mkadem SA, Quisquater M, Brichard 
SM. Leptin treatment markedly increased plasma 
adiponectin but barely decreased plasma resistin of 
ob/ob mice. Am J Physiol Endocrinol Metab. 2004; 
287:E446-E453.

12.	 Masuzaki H, Tanaka T, Ebihara K, Hosoda K, Nakao 
K. Hypothalamic melanocortin signaling and leptin 
resistance—perspective of therapeutic application for 
obesity-diabetes syndrome. Peptides. 2009; 30:1383-1386.

13.	 Munzberg H, Myers MG Jr. Molecular and anatomical 
determinants of central leptin resistance. Nat Neurosci. 
2005; 8:566-570.

14.	 Kalra SP. Central leptin insufficiency syndrome: an 
interactive etiology for obesity, metabolic and neural 
diseases and for designing new therapeutic interventions. 
Peptides. 2008; 29:127-138.

15.	 Morioka T, Asilmaz E, Hu J, Dishinger JF, Kurpad AJ, 
Elias CF, Li H, Elmquist JK, Kennedy RT, Kulkarni RN. 
Disruption of leptin receptor expression in the pancreas 
directly affects beta cell growth and function in mice. J 
Clin Invest. 2007; 117:2860-2868.

16.	 Morton GJ. Hypothalamic leptin regulation of energy 
homeostasis and glucose metabolism. J Physiol. 2007; 
583:437-443.

17.	 Martínez UM, López MY, Diéguez C, Fernández-Rojo 
MA, Novelle MG. Unraveling the role of leptin in liver 
function and its relationship with liver diseases. Int J Mol 
Sci. 2020; 21:1-33.

18.	 Moon HS, Dalamaga M, Kim SY, Polyzos SA, Hamnvik 
OP, Magkos F, Paruthi J, Mantzoros CS. Leptin's role in 
lipodystrophic and nonlipodystrophic insulin-resistant and 
diabetic individuals. Endocr Rev. 2013; 34:377-412.

19.	 Shramko II, Ageeva ES, Maliy KD, Repinskaya IN, 
Tarimov CO, Fomochkina II, Kubishkin AV, Ostapenko 
OV, Gurtovaya AK, Shekhar S. Association between 
adiponectin and leptin receptor genetic polymorphisms 
and clinical manifestations of metabolic syndrome. J 
Diabetes Res. 2022; 2022:9881422.

20.	 Adiga U, Banawalikar N, Mayur S, Bansal R, Ameera 
N, Rao S. Association of insulin resistance and leptin 
receptor gene polymorphism in type 2 diabetes mellitus. J 
Chin Med Assoc. 2021; 84:383-388.

21.	 Hastuti P, Zukhrufia I, Made Padwaswari MH, Nuraini A, 
Sadewa AH. Polymorphism in leptin receptor gene was 
associated with obesity in Yogyakarta, Indonesia. Egypt J 
Med Hum Genet. 2016; 17:271-276.

22.	 Mammes O, Betoulle D, Aubert R, Giraud V, Tuzet 
S, Petiet A, Colas-Linhart N, Fumeron F. Novel 
Polymorphisms in the 5' region of the LEP Gene: 
Association with Leptin Levels and Response to Low-
Calorie Diet in Human Obesity. Diabetes. 1998; 47:487-
489.

23.	 Le Stunff C, Le Bihan C, Schork NJ, Bougneres P. A 
common promoter variant of the leptin gene is associated 
with changes in the relationship between serum leptin and 

(15)

www.ghmopen.com



GHM Open. 2023; 3(1):7-19.GHM Open. 2023; 3(1):7-19.

fat mass in obese girls. Diabetes. 2000; 49:2196-2200.
24.	 Hoffstedt J, Eriksson P, Mottagui-Tabar S, Arner P. A 

polymorphism in the leptin promoter region (–2548 G/A) 
influences gene expression and adipose tissue secretion of 
leptin. Horm Metab Res. 2002; 34:355-359.

25.	 Yiannakouris N, Yannakoulia M, Melistas L, Chan 
JL, Klimis-Zacas D, Mantzoros CS. The Q223R 
polymorphism of the leptin receptor gene is significantly 
associated with obesity and predicts a small percentage 
of body weight and body composition variability. J Clin 
Endocrinol Metab. 2001; 86:4434-4439.

26.	 Boumaiza I, Omezzine A, Rejeb J, Rebhi L, Ouedrani A, 
Ben Rejeb N, Nabli N, Ben Abdelaziz A, Bouslama A. 
Relationship between leptin G2548A and leptin receptor 
Q223R gene polymorphisms and obesity and metabolic 
syndrome risk in Tunisian volunteers. Genet Test Mol 
Biomarkers. 2012; 16:726-733.

27.	 Komşu-Ornek Z, Demirel F, Dursun A, Ermiş B, Pişkin E, 
Bideci A. Leptin receptor gene Gln223Arg polymorphism 
is not associated with obesity and metabolic syndrome 
in Turkish children. Turk J Pediatr. 2012; 54:20-24. (in 
Turkish)

28.	 Kumar S, Srivastava N, Mishra S, Natu SM, Roy U, 
Chandra A, Kumar S, Gupta V. Association of leptin 
2549C/A gene polymorphism with metabolic risk markers 
in adult women of North India. Inter J Biol Pharma Res. 
2014; 5:921-926.

29.	 Nawrocki AR, Rajala MW, Tomas E, Pajvani UB, Saha 
AK, Trumbauer ME, Pang Z, Chen AS, Ruderman NB, 
Chen H, Rossetti L, Scherer PE. Mice lacking adiponectin 
show decreased hepatic insulin sensitivity and reduced 
responsiveness to peroxisome proliferator-activated 
receptor gamma agonists. J Biol Chem. 2006; 281:2654-
2660.

30.	 Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha 
MK, Boyko EJ, Retzlaff BM, Knopp RH, Brunzell 
JD, Kahn SE. Relationship of adiponectin to body fat 
distribution, insulin sensitivity and plasma lipoproteins: 
evidence for independent roles of age and sex. 
Diabetologia. 2003; 46:459-469.

31.	 Karasek D, Vaverkova H, Halenka M, Jackuliakova 
D, Frysak Z, Novotny D. Total adiponectin levels in 
dyslipidemic individuals: relationship to metabolic 
parameters and intima-media thickness. Biomed Pap Med 
Fac Univ Palacky Olomouc Czech Repub. 2011; 155:55-
62. (in Czech)

32.	 Hung J, McQuillan BM, Thompson PL, Beilby JP. 
Circulating adiponectin levels associate with inflammatory 
markers, insulin resistance and metabolic syndrome 
independent of obesity. Int J Obes (Lond). 2008; 32:772-
779.

33.	 Okamoto M, Ohara-Imaizumi M, Kubota N, Hashimoto 
S, Eto K, Kanno T, Kubota T, Wakui M, Nagai R, Noda 
M, Nagamatsu S, Kadowaki T. Adiponectin induces 
insulin secretion in vitro and in vivo at a low glucose 
concentration. Diabetologia. 2008; 51:827-835.

34.	 Boullu-Ciocca S, Achard V, Tassistro V, Dutour A, Grino 
M. Postnatal programming of glucocorticoid metabolism 
in rats modulates high-fat diet-induced regulation of 
visceral adipose tissue glucocorticoid exposure and 
sensitivity and adiponectin and proinflammatory 
adipokines gene expression in adulthood. Diabetes. 2008; 
57:669-677.

35.	 Kwon K, Jung SH, Choi C, Park SH. Reciprocal 
association between visceral obesity and adiponectin: 

in healthy premenopausal women. Int J Cardiol. 2005; 
101:385-390.

36.	 Lindsay RS, Funahashi T, Hanson RL, Matsuzawa 
Y, Tanaka S, Tataranni PA, Knowler WC, Krakoff J. 
Adiponectin and development of type 2 diabetes in the 
Pima Indian population. Lancet. 2002; 360:57-58.

37.	 Magge SN, Stettler N, Koren D, Levitt Katz LE, Gallagher 
PR, Mohler ER 3rd, Rader DJ. Adiponectin is associated 
with favorable lipoprotein profile, independent of BMI 
and insulin resistance, in adolescents. J Clin Endocrinol 
Metab. 2011; 96:1549-1554.

38.	 Comuzzie AG, Funahashi T, Sonnenberg G, Martin LJ, 
Jacob HJ, Black AE, Maas D, Takahashi M, Kihara S, 
Tanaka S, Matsuzawa Y, Blangero J, Cohen D, Kissebah 
A. The genetic basis of plasma variation in adiponectin, 
a global endophenotype for obesity and the metabolic 
syndrome. J Clin Endocrinol Metab. 2001; 86:4321-4325.

39.	 Srivastava N, Gupta V, Kumar S. Association between 
circulating adiponectin level and metabolic risk factors in 
postmenopausal women: a population based study. Inter J 
Biol Pharma Res. 2015; 6:939-943.

40.	 Ruan H, Dong LQ. Adiponectin signaling and function in 
insulin target tissues. J Mol Cell Biol. 2016; 8:101-109.

41.	 Hivert MF, Sul l ivan LM, Fox CS, Nathan DM, 
D'Agostino RB Sr., Wilson PW, Meigs JB. Associations 
of adiponectin, resistin, and tumor necrosis factor-alpha 
with insulin resistance. J Clin Endocrinol Metab. 2008; 
93:3165-3172.

42.	 Filippi E, Sentinelli F, Trischitta V, Romeo S, Arca M, 
Leonetti F, Di Mario U, Baroni MG. Association of the 
human adiponectin gene and insulin resistance. Eur J Hum 
Genet. 2004; 12:199-205.

43.	 Menzaghi C, Trischitta V, Doria A. Genetic influences 
of adiponectin on insulin resistance, type 2 diabetes, and 
cardiovascular disease. Diabetes. 2007; 56:1198-1209.

44.	 Vionnet N, Hani El H, Dupont S, Gallina S, Francke S, 
Dotte S, De Matos F, Durand E, Leprêtre F, Lecoeur C, 
Gallina P, Zekiri L, Dina C, Froguel P. Genome wide 
search for type 2 diabetes-susceptibility genes in French 
whites: evidence for a novel susceptibility locus for early-
onset diabetes on chromosome 3q27-qter and independent 
replication of a type 2-diabetes locus on chromosome 
1q21–q24. Am J Hum Genet. 2002; 67:1470-1480.

45.	 Bruun JM, Lihn AS, Verdich C, Pedersen SB, Toubro 
S, Astrup A, Richelsen B. Regulation of adiponectin by 
adipose tissue-derived cytokines: in vivo and in vitro 
investigations in humans. Am J Physiol Endocrinol Metab. 
2003; 285:E527-E533.

46.	 Ling H, Waterworth DM, Stirnadel HA, Pollin TI, Barter 
PJ, Kesaniemi YA, Mahley RW, McPherson R, Waeber G, 
Bersot TP, Cohen JC, Grundy SM, Mooser VE, Mitchell 
BD. Genome-wide linkage and association analyses to 
identify genes influencing adiponectin levels: the GEMS 
study. Obesity (Silver Spring). 2009; 17:737-744.

47.	 Wang WL, Zhu H, Xie Y, Li J. Relation between ADIPOQ 
gene polymorphisms and type 2 diabetes in a Chinese 
population. Int J Clin Exp Med. 2015; 15:6124-6128.

48.	 Hara K, Boutin P, Mori Y, et al. Genetic variation in the 
gene encoding adiponectin is associated with an increased 
risk of type 2 diabetes in the Japanese population. 
Diabetes. 2002; 51:536-540.

49.	 Ukkola O, Ravussin E, Jacobson P, Sjostrom L, Bouchard 
C. Mutations in the adiponectin gene in lean and 
obese subjects from the Swedish obese subject cohort. 
Metabolism. 2003; 52:881-884.

(16)

www.ghmopen.com



GHM Open. 2023; 3(1):7-19.GHM Open. 2023; 3(1):7-19.

50.	 Yang WS, Yang YC, Chen CL, Wu IL, Lu JY, Lu FH, 
Tai TY, Chang CJ. Adiponectin SNP276 is associated 
with obesity, the metabolic syndrome, and diabetes in the 
elderly. Am J Clin Nutr. 2007; 86:509-513.

51.	 Gao M, Ding D, Huang J, Huang J, Qu Y, Wang Y, Huang 
Q. Association of genetic variants in the adiponectin gene 
with metabolic syndrome: a case-control study and a 
systematic meta-analysis in the Chinese population. PLoS 
One. 2013; 8:e58412.

52.	 Menzaghi C, Ercolino T, Di Paola R, Berg AH, Warram 
JH, Scherer PE, Trischitta V, Doria A. A haplotype at the 
adiponectin locus is associated with obesity and other 
features of the insulin resistance syndrome. Diabetes. 
2002; 51:2306-2312.

53.	 Prakash J, Mittal B, Awasthi S, Srivastava N. Association 
of adiponectin gene polymorphism with adiponectin levels 
and risk for insulin resistance syndrome. Int J Prev Med. 
2015; 6:31.

54.	 Wu J, Liu Z, Meng K, Zhang L. Associat ion of 
adiponectin gene (ADIPOQ) rs2241766 polymorphism 
with obesity in adults: a meta-analysis. PLoS One. 2014; 
9:e95270.

55.	 Hao G, Li W, Guo R, Yang JG, Wang Y, Tian Y, Liu MY, 
Peng YG, Wang ZW. Serum total adiponectin level and 
the risk of cardiovascular disease in general population: a 
meta-analysis of 17 prospective studies. Atherosclerosis. 
2013; 228:29-35.

56.	 de Luis DA, Izaola O, de la Fuente B, Primo D, Fernandez 
Ovalle H, Romero E. rs1501299 Polymorphism in 
the adiponectin gene and their association with total 
adiponectin levels, Insulin resistance and metabolic 
syndrome in obese subjects. Ann Nutr Metab. 2016; 
69:226-231.

57.	 Holcomb IN, Kabakoff RC, Chan B, Baker TW, Gurney A, 
Henzel W, Nelson C, Lowman HB, Wright BD, Skelton 
NJ, Frantz GD, Tumas DB, Peale FV Jr, Shelton DL, 
Hébert CC. FIZZ1, a novel cysteine-rich secreted protein 
associated with pulmonary inflammation, defines a new 
gene family. EMBO J. 2000; 19:4046-4055.

58.	 Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee 
RR, Wright CM, Patel HR, Ahima RS, Lazar MA. The 
hormone resistin links obesity to diabetes. Nature. 2001; 
409:307-312.

59.	 Rajala MW, Obici S, Scherer PE, Rossetti L. Adipose-
derived resistin and gut-derived resistin-like molecule 
selectively impair insulin action on glucose production. J 
Clin Invest. 2003; 111:225-230.

60.	 Chen BH, Song, Y, Ding EL, Roberts CK, Manson JE, 
Rifai N, Buring JE, Gaziano JM, Liu S. Circulating levels 
of resistin and risk of type 2 diabetes in men and women: 
results from two prospective cohorts. Diabetes Care. 2009; 
32:329-334.

61.	 Gupta V, Singh AK, Gupta A, Gupta V, Kumar S, 
Srivastava N, Jafar T, Pant AB. Association of circulating 
resistin with metabolic risk factors in Indian females 
having metabolic syndrome. Toxicol Int. 2011; 18:168-
172.

62.	 Singh AK, Tiwari S, Gupta A, Natu SM, Mittal B, Pant 
AB. Association of resistin with metabolic syndrome in 
Indian Subjects. Metab Syndr Relat Disord. 2012; 10:286-
291.

63.	 Singh AK, Tiwari S, Gupta A, Shukla KK, Chhabra KG, 
Pandey A, Pant AB. Association of resistin with Insulin 
resistance and factors of metabolic syndrome in North 
Indians. Indian J Clin Biochem. 2015; 30:255-262.

64.	 McTernan CL, McTernan PG, Harte AL, Levick PL, 
Barnett AH, Kumar S. Resistin, central obesity, and type 2 
diabetes. Lancet. 2002; 359:46-47.

65.	 Way JM, Gorgun CZ, Tong Q, Uysal KT, Brown KK, 
Harrington WW, Oliver WR Jr, Willson TM, Kliewer 
SA, Hotamisligil GS. Adipose tissue resistin expression 
is severely suppressed in obesity and stimulated by 
peroxisome proliferator-activated receptor gamma 
agonists. J Biol Chem. 2001; 276:25651-25653.

66.	 Ma X, Warram JH, Trischitta V, Doria A. Genetic 
variants at the resistin locus and risk of type 2 diabetes 
in Caucasians. J Clin Endocrinol Metab. 2002; 87:4407-
4410.

67.	 Ghosh S, Singh AK, Aruna B, Mukhopadhyay S, 
Ehtesham NZ. The genomic organization of mouse 
resistin reveals major differences from the human resistin: 
functional implications. Gene. 2003; 305:27-34.

68.	 Wang H, Chu WS, Hemphill C, Elbein SC. Human resistin 
gene: molecular scanning and evaluation of association 
with insulin sensitivity and type 2 diabetes in Caucasians. 
J Clin Endocrinol Metab. 2002; 87:2520-2524.

69.	 Asano H, Izawa H, Nagata K, Nakatochi M, Kobayashi 
M, Hirashiki A, Shintani S, Nishizawa T, Tanimura D, 
Naruse K, Matsubara T, Murohara T, Yokota M. Plasma 
resistin concentration determined by common variants in 
the resistin gene and associated with metabolic traits in an 
aged Japanese population. Diabetologia. 2010; 53:234-
246.

70.	 Cho YM, Youn BS, Chung SS, Kim KW, Lee HK, Yu 
KY, Park HJ, Shin HD, Park KS. Common genetic 
polymorphisms in the promoter of resistin gene are major 
determinants of plasma resistin concentrations in humans. 
Diabetologia. 2004; 47:559-565.

71.	 Boumaiza I, Omezzine A, Rejeb J, Rebhi L, Rejeb NB, 
Nabli N, Abdelaziz AB, Bouslama A. Association between 
four resistin polymorphisms, obesity, and metabolic 
syndrome parameters in Tunisian volunteers. Genet Test 
Mol Biomarkers. 2012; 16:1356-1362.

72.	 Osawa H, Tabara Y, Kawamoto R, Ohashi J, Ochi M, 
Onuma H, Nishida W, Yamada K, Nakura J, Kohara K, 
Miki T, Makino H. Plasma resistin associated with single 
nucleotide polymorphism -420, is correlated with insulin 
resistance, lower HDL cholesterol, and high sensitivity 
C-reactive protein in the Japanese general population. 
Diabetes Care. 2007; 30:1501-1506.

73.	 Rathwa N, Patel R, Palit SP, Ramachandran AV, Begum 
R. Genetic variants of resistin and its plasma levels: 
association with obesity and dyslipidemia related to type 2 
diabetes susceptibility. Genomics. 2019; 111: 980-985.

74.	 Pagano C, Soardo G, Pilon C, Milocco C, Basan L, Milan 
G, Donnini D, Faggian D, Mussap M, Plebani M, Avellini 
C, Federspil G, Sechi LA, Vettor R. Increased serum 
resistin in nonalcoholic fatty liver disease is related to 
liver disease severity and not to insulin resistance. J Clin 
Endocrinol Metab. 2006; 91:1081-1086.

75.	 Beckers S, Peeters AV, Freitas F, Mertens IL, Hendrickx 
JJ, Van Gaal LF, Van Hul W. Analysis of genetic variations 
in the resistin gene shows no associations with obesity in 
women.  Obesity (Silver Spring). 2008; 16:905-907.

76.	 Onuma H, Tabara Y, Kawamura R, Tanaka T, Ohashi J, 
Nishida W, Takata Y, Ochi M, Yamada K, Kawamoto 
R, Kohara K, Miki T, Makino H, Osawa H. A at single 
nucleotide polymorphism-358 is required for G at -420 to 
confer the highest plasma resistin in the general Japanese 
population. PLoS One. 2010; 5:e9718.

(17)

www.ghmopen.com



GHM Open. 2023; 3(1):7-19.GHM Open. 2023; 3(1):7-19.

77.	 Ji ZZ, Dai Z, Xu YC. A new tumor necrosis factor (TNF)-α 
regulator, lipopolysaccharides-induced TNF-α factor, is 
associated with obesity and insulin resistance. Chin Med J 
(Engl). 2011; 124:177-182.

78.	 Hotamisligil GS, Arner P, Caro JF, Atkinson RL, 
Spiegelman BM. Increased adipose tissue expression of 
tumor necrosis factor alpha in human obesity and insulin 
resistance. J Clin Invest. 1995; 95:2409-2415.

79.	 Maury E, Noel L, Detry R, Brichard SM. In vitro hyper-
responsiveness to TNF-α contributes to adipokine 
dysregulation in omental adipocytes of obese subjects. J 
Clin Endocrinol Metab. 2009; 94:1393-1400.

80.	 Jellema A, Plat J, Mensink RP. Weight reduction, but not 
a moderate intake of fish oil, lowers concentrations of 
inflammatory markers and PAI-1 antigen in obese men 
during the fasting and postprandial state. Eur J Clin Invest. 
2004; 34:766-773.

81.	 Fasshauer M, Klein J, Lossner U, Paschke R. Interleukin-6 
mRNA expression is stimulated by insulin, isoproterenol, 
tumour necrosis factor alpha, growth hormone, and IL-6 
in 3T3-L1 adipocytes. Horm Metab Res. 2003; 35:147-
152.

82.	 Fasshauer M, Klein J, Neumann S, Eszlinger M, Paschke 
R. Tumor necrosis factor alpha is a negative regulator 
of resistin gene expression and secretion in 3T3-L1 
adipocytes. Biochem Biophys Res Commun. 2001; 
288:1027-1031.

83.	 Trujillo ME, Lee MJ, Sullivan S, Feng J, Schneider SH, 
Greenberg AS, Fried SK. Tumor necrosis factor alpha and 
glucocorticoid synergistically increase leptin production 
in human adipose tissue: role for p38 mitogen-activated 
protein kinase. J Clin Endocrinol Metab. 2006; 91:1484-
1490.

84.	 Greenberg AS, McDaniel ML. Identifying the links 
between obesity, cytokines in the pathogenesis of type 2 
diabetes. Eur J Clin Invest. 2002; 32:24-34.

85.	 Wilson AG, de Vries N, Pociot F, di Giovine FS, van der 
Putte LB, Duff GW. An allelic polymorphism within the 
human tumor necrosis factor promoter region is strongly 
associated with HLA A1, B8 and DR3 alleles. J Exp Med. 
1993; 177:557-560.

86.	 Wilson AG, Symons JA, McDowell TL, McDevitt HO, 
Duff GW. Effects of a polymorphism in the human tumor 
necrosis factor promoter on transcriptional activation. 
Proc Natl Acad Sci USA. 1997; 94:3195-3199.

87.	 Gupta V, Gupta A, Jafar T, Gupta V, Agrawal S, 
Srivastava N, Kumar S, Singh AK, Natu SM, Agarwal 
CG, Agarwal GG. Association of TNF-α promoter gene 
G-308A polymorphism with metabolic syndrome, insulin 
resistance, serum TNF-α and leptin levels in Indian adult 
women. Cytokine. 2012; 57:32-36.

88.	 Abraham LJ, Kroeger KM. Impact of the -308 TNF 
promoter polymorphism on the transcriptional regulation 
of the TNF gene: relevance to disease. J Leukoc Biol. 
1999; 66:562.

89.	 Joffe YT, Merwe LVD, Carstens M, Collins M, Jennings 
C, Levitt NS, Lambert EV, Goedecke JH. Tumor Necrosis 
Factor-α Gene -308 G/A Polymorphism Modulates the 
Relationship between Dietary Fat Intake, Serum Lipids, 
and Obesity Risk in Black South African Women. J Nutr. 
2010; 140:901-907.

90.	 Sookoian SC, González C, Pirola CJ. Meta-analysis on 
the G-308A tumor necrosis factor alpha gene variant and 
phenotypes associated with the metabolic syndrome. Obes 
Res. 2005; 13:2122-2131.

91.	 Mirhafez SR, Avan A, Pasdar A, Kazemi E, Ghasemi F, 
Tajbakhsh A, Tabaee S, Ferns GA, Ghayour-Mobarhan M. 
Association of tumor necrosis factor-α promoter G-308A 
gene polymorphism with increased triglyceride level of 
subjects with metabolic syndrome. Gene. 2015; 568:81-
84.

92.	 Pyrzak B, Wisniewska A, Rymkiewicz-Kluczynska B. 
Tumor necrosis factor alpha (TNF-α) gene G- 308A 
polymorphism relationship to insulin resistance and 
lipid abnormalities in children with obesity. Endokrynol 
Diabetol Chor Przemiany Materii Wieku Rozw. 2006; 
12:171-174. (in Polish)

93.	 Fernandez-Real JM, Gutierrez C, Ricart W, Casamitjana 
R, Fernandez- Castaner M, Vendrell J, Richart C, Soler 
J. The TNF-α gene NCO I polymorphism influences 
the relationship among insulin resistance, percent body 
fat, and increased serum leptin levels. Diabetes. 1997; 
46:1468-1472.

94.	 Hamann A, Mantzoros C, Vidal-Puig A, Flier JS. Genetic 
variability in the TNF-α promoter is not associated with 
type II diabetes mellitus (NIDDM). Biochem Biophys Res 
Commun. 1995; 211:833-839.

95.	 Walston J, Seibert M, Yen CJ, Cheskin LJ, Andersen RE. 
Tumor necrosis factor-alpha-238 and-308 polymorhisms 
do not associate with traits related to obesity and insulin 
resistance. Diabetes. 1999; 48:2096-2098.

96.	 Mattacks CA, Pond CM. Interactions of noradrenalin and 
tumor necrosis factor, interleukin-4 and interleukin-6 in 
the control of lipolysis from adipocytes around lymph 
nodes. Cytokine. 1999; 11:334-346.

97.	 Path G, Bornstein SR, Gurniak M, Chrousos GP, 
Scherbaum WA, Hauner H. Human breast adipocytes 
express interleukin-6 (IL-6) and its receptor system: 
increased IL-6 production by beta-adrenergic activation 
and effects of IL-6 on adipocyte function. J Clin 
Endocrinol Metab. 2001; 86:2281-2288.

98.	 Vozarova B, Weyer C, Hanson K, Tataranni PA, Bogardus 
C, Pratley RE. Circulating interleukin-6 in relation to 
adiposity, insulin action, and insulin secretion. Obes Res. 
2001; 9:414-417.

99.	 Bastard JP, Jardel C, Bruckert E, Blondy P, Capeau 
J, Laville M, Vidal H, Hainque B. Elevated levels of 
interleukin 6 are reduced in serum and subcutaneous 
adipose tissue of obese women after weight loss. J Clin 
Endocrinol Metab. 2000; 85:3338-3342.

100.	Kopp HP, Kopp CW, Festa A, Krzyzanowska K, 
Kriwanek S, Minar E, Roka R, Schernthaner G. Impact of 
weight loss on inflammatory proteins and their association 
with the insulin resistance syndrome in morbidly obese 
patients. Arterioscler Thromb Vasc Biol. 2003; 23:1042-
1047.

101.	Gupta A, Gupta V, Singh AK, Tiwari S, Agrawal S, Natu 
SM, Agrawal CG, Negi MP, Pant AB. Interleukin-6 
G-174C gene polymorphism and serum resistin levels 
in North Indian women: potential risk of metabolic 
syndrome. Hum Exp Toxicol. 2011; 30:1445-1453.

102.	Krogh-Madsen R, Plomgaard P, Keller P, Keller C, 
Pedersen BK. Insulin stimulates interleukin-6 and tumor 
necrosis factor-α gene expression in human subcutaneous 
adipose tissue. Am J Physiol Endocrinol Metab. 2004; 
286:E234-E238.

103.	Fasshauer M, Klein J, Neumann S, Eszlinger M, Paschke 
R. Hormonal regulation of adiponectin gene expression 
in 3T3-L1 adipocytes. Biochem Biophys Res Commun. 
2002; 290:1084-1089.

(18)

www.ghmopen.com



GHM Open. 2023; 3(1):7-19.GHM Open. 2023; 3(1):7-19.

104.	Kaser S, Kaser A, Sandhofer A, Ebenbichler CF, Tilg 
H, Patsch JR. Resistin-mRNA expression increased by 
proinflammatory cytokines in vitro. Biochem Biophys Res 
Commun. 2003; 309:286-290.

105.	Gomez-Huelgas R, Ruiz-Nava J, Santamaria-Fernandez 
S, Vargas-Candela A, Alarcon-Martin AV, Tinahones 
FJ, Bernal-Lopez MR. Impact of intensive lifestyle 
modification on levels of adipokines and inflammatory 
biomarkers in metabolically healthy obese women. 
Mediators Inflamm. 2019; 2019:4165260.

106.	Rotter V, Nagaev I, Smith U. Interleukin-6 (IL-6) 
induces insulin resistance in 3T3-L1 adipocytes and is, 
like IL-8 and TNF-α, overexpressed in human fat cells 
from insulin-resistant subjects. J Biol Chem. 2003; 
278:45777-45784.

107.	Senn JJ, Klover PJ, Nowak IA, Zimmer TA, Koniaris 
LG, Furlanetto RW, Mooney RA. Suppressor of cytokine 
signaling-3 (SOCS3), a potential mediator of interleukin-6 
dependent insulin resistance in hepatocytes. J Biol Chem. 
2003; 278:13740-13746.

108.	Vozarova B, Fernandez-Real JM, Knowler WC, Gallart 
L, Hanson RL, Gruber JD, Ricart W, Vendrell J, Richart 
C, Tataranni PA, Wolford JK. The interleukin-6 (174) G/C 
promoter polymorphism is associated with type-2 diabetes 
mellitus in Native Americans and Caucasians. Hum Genet. 
2003; 112:409-413.

109.	Jiang CQ, Lam TH, Liu B, Lin JM, Yue XJ, Jin YL, 
Cheung BM, Thomas GN. Interleukin-6 receptor gene 
polymorphism modulates interleukin-6 levels and the 
metabolic syndrome: GBCS-CVD. Obesity (Silver 
Spring). 2010; 18:1969-1974.

110.	Fishman D, Faulds G, Jeffery R, Mohamed-Ali V, 
Yudkin JS, Humphries S, Woo P. The effect of novel 
polymorphisms in the interleukin-6 (IL-6) gene on IL-6 
transcription and plasma IL-6 levels, and an association 
with systemic-onset juvenile chronic arthritis. J Clin 
Invest. 1998; 102:1369-1376.

111.	Olivieri F, Bonafe M, Cavallone L, Giovagnetti S, 
Marchegiani F, Cardelli M, Mugianesi E, Giampieri C, 
Moresi R, Stecconi R, Lisa R, Franceschi C. The −174 
C/G locus affects in vitro/in vivo IL-6 production during 
aging. Exp Gerontol. 2002; 37:309-314.

112.	Berthier MT, Paradis AM, Tchernof A, Bergeron J, 
Prud'homme D, Després JP, Vohl MC. The interleukin 
6 −174G/C polymorphism is associated with indices of 
obesity in men. J Hum Genet. 2003; 48:14-19.

113.	Wernstedt I, Eriksson AL, Berndtsson A, Hoffstedt J, 
Skrtic S, Hedner T, Hultén LM, Wiklund O, Ohlsson C, 
Jansson JO. A common polymorphism in the interleukin-6 
gene promoter is associated with overweight. Int J Obes 
Related Metab Disord. 2004; 28:1272-1279.

114.	Fernandez-Real JM, Broch M, Vendrell J, Gutiérrez 
C, Casamitjana R, Pugeat M, Richart C, Ricart W. 
Interleukin-6 gene polymorphism and insulin sensitivity. 
Diabetes. 2000; 49:517-520.

115.	Fernandez-Real JM, Broch M, Vendrell J, Richart C, 
Ricart W. Interleukin-6 gene polymorphism and lipid 
abnormalities in healthy subjects. J Clin Endocrinol 
Metab. 2000; 85:1334-1339.

116.	Kitamura A, Hasegawa G, Obayashi H, Kamiuchi K, Ishii 
M, Yano M, Tanaka T, Yamaguchi M, Shigeta H, Ogata M, 

Nakamura N, Yoshikawa T. Interleukin-6 polymorphism 
(−634C/G) in the promotor region and the progression 
of diabetic nephropathy in type-2 diabetes. Diabet Med. 
2002; 19:1000-1005.

117.	Villuendas G, San Millan JL, Sancho J, Escobar-Morreale 
HF. The −597 G→A and −174 G→C polymorphisms 
in the promoter of the IL-6 gene are associated with 
hyperandrogenism. J Clin Endocrinol Metab. 2002; 
87:1134-1141.

118.	Muller-Steinhardt M. Cooperative influence of the 
interleukin-6 promoter polymorphisms −597, −572 
and −174 on long-term kidney allograft survival. Am J 
Transplant. 2004; 4:402-406.

119.	Zawel L, Dai JL, Buckhaults P, Zhou S, Kinzler KW, 
Vogelstein B, Kern SE. Human Smad3 and Smad4 are 
sequence- specific transcription activators. Mol Cells. 
1998; 1:611-617.

120.	Chen H, Montagnani M, Funahashi T, Shimomura I, Quon 
MJ. Adiponectin stimulates production of nitric oxide in 
vascular endothelial cells. J Biol Chem. 2003; 278:45021-
45026.

121.	Maroni P, Bendinelli P, Picoletti R. Early intracellular 
events induced by in vivo leptin treatment in mouse 
skeletal muscle. Mol Cell Endocrinol. 2003; 201:109-121.

122.	Ceddia RB, Somwar R, Maida A, Fang X, Bikopoulos 
G, Sweeney G. Globular adiponectin increases GLUT 4 
translocation and glucose uptake but reduces glycogen 
synthesis in rat skeletal muscle cells. Diabetologia. 2005; 
48:132-139.

123.	Perez C, Fernandez-Galaz C, Fernandez-Agullo T, Arribas 
C, Andrés A, Ros M, Carrascosa JM. Leptin impairs 
insulin signalling in rat adipocytes. Diabetes. 2004; 
53:347-353.

124.	Aguirre V, Uchida T, Yenush L, Davis R, White MF. The 
c-Jun NH(2)-terminal kinase promotes insulin resistance 
during association with insulin receptor substrate-1 
and phosphorylation of Ser(307). J Biol Chem. 2000; 
275:9047-9054.

125.	Kanety H, Feinstein R, Papa MZ, Hemi R, Karasik A. 
Tumor necrosis factor alpha-induced phosphorylation 
of insulin receptor substrate-1 (IRS-1). Possible 
mechanism for suppression of insulin-stimulated tyrosine 
phosphorylation of IRS-1. J Biol Chem. 1995; 270:23780-
23784.

126.	Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon 
MJ, Ye J. Serine phosphorylation of insulin receptor 
substrate 1 by inhibitor κB kinase complex. J Biol Chem. 
2002; 277:48115-48121.

----
Received June 8, 2023; Revised July 18, 2023; Accepted July 
25, 2023.

Released online in J-STAGE as advance publication July 28, 
2023.

§These authors contributed equally to this work.
*Address correspondence to:
Abhishek Gupta, Department of Physiology, King George's 
Medical University, Lucknow-226003, Uttar Pradesh, India.
E-mail: abhikgmu@gmail.com

(19)

www.ghmopen.com


