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Abstract

Diabetes mellitus (DM) is known as one of important common endocrine disorders which
could due to deregulation of a variety of cellular and molecular pathways. A large numbers
studies indicated that various pathogenesis events including mutation, serin phosphor-
ylation, and increasing/decreasing expression of many genes could contribute to initiation
and progression of DM. Insulin resistance is one of important factors which could play
critical roles in DM pathogenesis. It has been showed that insulin resistance via targeting a
sequence of cellular and molecular pathways (eg, PI3 kinases, PPARy co-activator-1,
microRNAs, serine/threonine kinase Akt, and serin phosphorylation) could induce DM.
Among of various factors involved in DM pathogenesis, microRNAs, and exosomes have
been emerged as effective factors in initiation and progression of DM. A variety of studies
indicated that deregulation of these molecules could change behavior of various types of
cells and contribute to progression of DM. Resistin is other main factor which is known as
signal molecule involved in insulin resistance. Multiple lines evidence indicated that
resistin exerts its effects via affecting on glucose metabolism, inhibition of fatty acid
uptake and metabolism with affecting on a variety of targets such as CD36, fatty acid
transport protein 1, Acetyl-CoA carboxylase, and AMP-activated protein kinase. Here, we
summarized various molecular aspects are associated with DM particularly the molecular
pathways involved in insulin resistance and resistin in DM. Moreover, we highlighted

exosomes and microRNAs as effective players in initiation and progression of DM.
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1 | INTRODUCTION

Diabetes mellitus (DM) is one of the common metabolic
disorders which could due to insufficiency in insulin secretion
or action or both of them. It has been showed that DM is
associated with a variety of symptoms such as hyperglycemia,
glycosuria, polydipsia, and polyuria. There are two main
types of DM. Type 1 diabetes (T1D; insulin-dependent
diabetes mellitus) characterized by destruction of pancreatic
beta cell and type 2 (T2D; non-insulin dependent diabetes
mellitus) characterized by insulin resistance (IR) and insulin
deficiency.™ Due to growth in aging population, low
physical activity, obesity, and urbanization in developed
countries, the prevalence of T2D has been increasing for the
last years and will continue to increase.>

Various studies indicated that cell therapy, gene therapy,
drug delivery, using of natural products, and medical
nutrition therapy could be used as effective therapeutic
platform for various disease including cancer and metabolic
disorder (ie, various types of diabetes).”'> Hence,
identification of various cellular and molecular pathways
involved in DM pathogenesis could help to choice better
treatment portions for DM patients.

Adipocytokines are cytokines secreted mainly by adipose
tissue (AT) that play an important role in various metabolic
functions such as short and long term energy homeostasis,
immunity, regulation of lipid and glucose metabolism, and
endocrine functions.'®'® Relating DM, adipocytokines have
been involved in resistance of cells to insulin hormone and some
of their associated metabolic conditions such as hypertension
and dyslipidemia.’>*' One of the most important adipocyto-
kines implicated in insulin resistance is resistin, proposed as one
of the main bridges between obesity and IR.?** Investigation of
pathophysiological aspects of resistin on DM has raised
considerable research interest in recent decades.

Resistin is a member of resistin-like molecules (RLM), a
small family of proteins which play crucial roles in the
activation of inflammatory processes. Expression of resistin
gene is induced during differentiation of adipocytes. One of
the proposed functions of resistin is the coordination between
adipose tissue as an energy storage organ and target organs of
insulin such as the fat, liver, and muscle.’*?° Some animal
studies indicate that administration of resistin disturbs
glucose homeostasis and insulin action in normal mice. By
contrast, neutralization of resistin decreased blood glucose
and increased insulin action in animal models of T2D.***’

It has been showed that a variety of cellular and molecular
pathways could be involved in DM pathogenesis. Among of
various cellular and molecular targets, microRNAs (miR-
NAs) have been emerged as important molecules which could
regulate a variety of cellular and molecular pathways.?*?
MiRNAs are known one class of small non-coding RNAs
which could anticipate in various biological processes such as
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growth, differentiation, and angiogenesis.>*’ Multiple lines
evidence indicated that deregulation of these molecules could
be related with DM pathogenesis.

Hence, identification of them could contribute to better
understanding of different molecular aspects of DM. It has
been showed that miRNAs could regulate various biological
processes associated with DM such as insulin synthesis in
B-cells, insulin release, and effect on signals associated with
regulating cellular membrane electrical excitability (ATP:
ADP ratio), and p-cell fate, islet mass formation and insulin
granule exocytosis.*®

Recently, some studies indicated that exosomes and their
cargos could have critical roles in DM pathogenesis. Exosomes
are nano-carriers which could be released from various types of
cells such as normal cells, stem cells, and tumor cells.*** Tt has
been showed that these nano-vehicles via targeting their cargos
in host cells are able to change behavior of host cells.
Therefore, exosomes could be identified as key players in DM
pathogenesis. For example, exosomal miRNAs is one of
important exosome’s cargos which could affect on various
cellular and molecular targets involved in DM pathogenesis.*'
In this review, we summarize recent findings on the molecular
roles of resistin, miRNAs, and exosomes in DM.

2 | INSULIN SIGNALING AND
INSULIN RESISTANCE

Insulin is a proteic hormone of 6 KDa secreted by pancreatic
beta cells. It is composed of two polypeptidic chains linked
together by disulfide bonds.** Secretion of insulin from the
pancreatic beta cell is a primary response to elevated blood
glucose concentration.** Insulin elicits its biological effects by
decreasing glucose production in liver and increasing the rate
of glucose utilization in adipose tissue (AT) and striated
muscle.**~*® Many molecular signaling pathways are involved
in the ability of insulin in sustaining whole-body energy
balance. Binding of insulin to the extracellular domain of
insulin receptor elicits a complex series of signaling events
which conclude in translocation of the major insulin responsive
glucose transporter 4 (GLUT-4) from cytoplasmic vesicles to
the plasma membrane.*’™° The insulin receptor has a crucial
role in glucose homeostasis for mice with insufficient insulin
receptor died shortly after birth because of severe hyperglyce-
mia.’®>! Expression of the insulin receptor is performed in
almost all mammalian tissues, but maximally in skeletal
muscle, adipose tissue, and liver.”> Among the insulin targeted
organs, skeletal muscle is responsible for more than 80% of
glucose disposal induced by insulin.>*~* Insulin receptor is a
heterotetrameric protein composed of two extracellular alpha
subunits and two trans-membrane beta subunits with kinase
activities at their intracellular domain.’®> Interaction of
insulin with alpha subunits activates the tyrosine kinase
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activity in beta subunits. Cross-autophosphorylation of beta
subunits leads to the amplification of the kinase activity.
Phosphorylation of insulin receptor substrate (IRS) is a critical
step in insulin action so that most of the physiological effects of
the insulin are mediated by the signaling pathways involving
the phosphorylation of the IRSs.>'>°

IR implies the resistance to the insulin effects on glucose
hemostasis. IR in obese subjects and patients with T2D is
manifested by decreased glucose transport and metabolism in
adipose tissue and skeletal muscle and also by impaired
suppression of glucose output in liver.”’® In obese and
diabetic patients, the resistance of AT, muscle, and liver to
insulin is the crucial pathophysiological event in worsening of
disease.>®®! Many theories have been proposed for explain-
ing the pathophysiological link between obesity and IR. A
recent theory implicates the relations between obesity,
inflammation, and IR.%%%* Based on this theory, ectopic
accumulation of lipids in liver and skeletal muscle disturbs the
insulin signaling pathways, leading to reduced glucose usage
in muscles and decreased glycogen synthesis in liver. One of
the undesirable consequences of muscle and liver IR is
increased hepatic de novo lipogenesis and hyperlipidemia.
The infiltration of macrophages into white AT in obesity also
leads to increased lipolysis and consequently, increased
hepatic triglyceride synthesis, and esterification of fatty acids.
Macrophage-related AT lipolysis also stimulates gluconeo-
genesis in liver, promoting hyperglycemia, increased fatty
acid delivery to the liver, and enhanced glucose synthesis
from glycerol. Based on above impair insulin signaling in AT
plays a critical role in obesity, inflammation, and IR.%'-%3-68

From the molecular perspective, the most important and
identified cause of IR is a defective post-receptor signaling
in insulin target organs.®® Some studies reported that auto-
activation of insulin receptor was decreased in patients with
T2D.% Additionally, reduced expression of PI3-kinase has
been showed in skeletal muscle of obese subjects.”
Reduced phosphorylation of insulin signaling molecule in
insulin target organs in obesity and DM2 is one of the
primary events in the IR process.”’ It seems that serine
phosphorylation of IRS proteins lead to some events such as
disconnection between the insulin receptor/IRS-1 and IRS-
1/PI3-kinase, inhibition of the activation of PI3-Kinase,
enhanced degradation of IRS-1, and decreased IRS-1
tyrosine phosphorylation. C-Jun N-terminal kinase (JNK)
and protein kinase C (PKC) are some of the serine kinases
involved in phosphorylation of serine residues on IRS-1 and
in abating the insulin signal transduction.”*””* Suppressors
of cytokine signaling (SOCS) induction is another probable
mechanism of IR.”>’® Moreover, de-phosphorylation of
insulin signaling molecules by phosphatases is another
proposed underlying mechanism of IR.”® Figure 1 is a
simple schema of various signaling pathways involved in
insulin resistance and DM.

MQIBRE -~ Cellular Bioghemistry R

3 | RESISTIN MOLECULE: ORIGIN
AND STRUCTURE

Steppan et al, for the first time used the name resistin (based
on insulin resistance) to describe a small protein that was
specifically expressed and secreted by mouse adipose tissue
and which serum levels increased markedly in experimental
models of obesity. They indicated that adipocytes could
release a unique signaling molecule (called resistin) and this
molecule is associated with diabetes. Their results confirmed
that the level of resistin could be decreased via using anti-
diabetic drug rosiglitazone. Moreover, injection of anti-
resistin antibody could enhance blood sugar and insulin action
in mice with diet-induced obesity.?’

Resistin is a member of “Resistin Like Molecules” (RLM)
with a molecular weight of 12.5 KDa.”” At the genomic level,
the gene coding for resistin (RETN) is located on human
chromosome 19p13.2 and spans 1369 bp with three introns and
four exons.”®” It has been recently suggested that some
miRNA which bind to the 3'UTR regions of aforementioned
genes are related to glucose homeostasis, adipogenesis, and
inflammation of white adipose tissue.** Among these
miRNAs, miR-492 seems to be the most important, but the
issue is open to discussion.®'®? The common feature of RLM
protein is the existence of a motif (10-11 cysteine-rich) at the
carboxyl terminus that could support the globular domain of
the resistin monomer via formation of 5 disulfide bridges.®*®°
Disulfide and non-disulfide bonds also playing an important
role in the formation of dimers, trimmers, and hexamers forms
of circulating resistin.®¢

Human resistin induces low inflammation by monocytes
stimulation.®”®® Chronic inflammation mediated by resistin can
lead to some metabolic disease such as obesity, atherosclerosis,
and cardiovascular diseases.* % According with the recent
fundamental study of Lee et al, adenylyl cyclase associated
protein 1 (CAPI) is a functional receptor for human resistin.
Binding of human resistin to CAP1 in monocytes up-regulates
cyclic AMP (cAMP) concentration, protein kinase A (PKA)
activity, and NF-kB-related transcription of inflammatory
cytokines.®® Furthermore, CAP1-overexpressing monocytes
elicited inflammation of adipose tissue whereas CAPI-
suppressed expression revoked the resistin- induced inflamma-
tory activity. Based on above basic findings, Lee et al presented
CAP1 as a bona fide receptor for human resistin.*®

4 | RESISTIN: PROPOSED
BIOLOGICAL EFFECTS

Considerable debate exists regarding the role of resistin in
physiological and pathological conditions both in humans and
animals. As previously mentioned Steppan et al*” showed that
insulin resistance and glucose intolerance were induced by
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FIGURE 1 A schema of various signaling pathways in volved in DM

resistin injection to normal mice. However the causative
mechanism was unclear. It has been suggested that disrupting
the insulin signaling in insulin target tissues is the basis of
insulin resistance induced by resistin.®”**~® Resistin induces
proliferation and migration of human endothelial cells,
activation of endothelial cells by promoting endothelin-1
release, increases the expression of vascular endothelial
growth factor receptors (VEGFRs) and matrix metallopro-
teinases (MMPs), stimulates the capillary tube formation and
activates ERK1/2 and p38 pathways.”” Thus, it seems that
resistin plays a key role in angiogenesis related vascular
disorders.”®'°! Potential roles for resistin in the pathogenesis
of atherosclerosis, non-alcoholic fatty liver disease, rheu-
matic diseases, cardiovascular disease, and kidney disease,
inflammation associated with obesity, cancer, and asthma
have already been exposed.”>*”'° In addition, resistin can
modulate several molecular signaling pathways involved in
autoimmune disorders.'*>'** Resistin also interferes with the
chemotactic movement and the stimulation of the oxidative
burst of polymorphonuclear cells. By this way, resistin may
contribute to the disturbed immune response in patients with
hyperinsulinemia, including uremic, and diabetic subjects.'*’

5 | RESISTIN AND INSULIN
RESISTANCE

Since its first description as a new adipocytokine with an
impact on insulin responsiveness and glucose hemostasis, the
probable role of resistin on IR induced by obesity is a puzzling
issue. To date, many experimental and clinical studies have

Diabetes Mellitus

surveyed the possible relationship between resistin levels and
IR in obese patients and excellent reviews have been
published in this issue. However, the main factors linking
obesity, inflammation, and IR are not fully understood. The
correlation between high body mass index (BMI) and IR is a
matter of controversy and relationship between resistin levels,
obesity, and IR'°*"'% are supported by some studies but not
by others that failed to identify any significant correlation
between aforementioned parameters.'''!? In this part we
summarize some molecular aspects about the correlations
between resistin levels, inflammation, obesity, IR, and DM2.

Recently some studies suggest that regulation of insulin
function initiated in hypothalamic nuclei involved in energy
balance.''*!'> The intended hypothalamic nucleus receives
signals from AT (adipokines) and pancreatic beta cells
(insulin). Among the adipokines secreted from AT, leptin,
adiponectin, and resistin have a critical role in the regulatory
loop involving AT and the hypothalamic nucleus to control
energy homeostasis.''*!'® As previously mentioned, resistin is
defined as a potential factor in obesity-related IR, inflammation
and DM, but the issue is open to discussion. Benomar et al''in
animal studies investigated the effects of resistin on insulin
sensitivity and insulin signaling. Their results demonstrated
that resistin deeply impairs insulin sensitivity and signaling in
the hypothalamic nuclei, AT, liver, and skeletal muscles.
Furthermore, at the molecular level, activation of JNK and p38
MAPK, increased serine phosphorylation of IRS-1, and
enhanced IL-6 expression in the hypothalamic nuclei and
insulin-sensitive organs were induced by resistin.

Some studies indicated that expression of resistin could be
associated with other disorders such as nonalcoholic fatty
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liver disease (NAFLD). In a study, Pagano et al''® indicated
that levels of resistin were significantly increased in patients
with NAFLD patients than with controls.

6 | RESISTIN AND PANCREATIC
BETA CELL FUNCTION

Pancreatic beta cells are located on Langerhans islets and the
main function of them is to adapt insulin secretion to the
fluctuations in circulating levels of glucose in the blood.'"’
The balance between insulin secretion and insulin action
determined the glucose tolerance.'” One of the critical
subjects associated with beta cell function is the ability of
these cells to generate in the face of IR, because it prevents the
onset of DM2. Saldeen'?! reported that several hormones,
metabolites, growth factors, and cytokines are involved in the
regulation of pancreatic beta cell viability.

Increases in the mass of adipose tissue are known to have
an adverse effect on the function of beta cell.'**7'%° As
previously mentioned, the results of Steppan et al*’ indicated
that administration of resistin to mice caused glucose
intolerance and that resistin neutralization enhanced insulin
action. Based on the results of Steppans study, other
researchers suggested that resistin is probably expressed in
pancreatic beta cells. For the first time, Minn et al'?’
demonstrated that resistin is expressed in Langerhans islets
and up-regulated in IR condition. Considering resistin
expression in normal human pancreatic islets it seems that
this protein plays a main role in islet function. In addition,
islet resistin expression was increased in animal models of IR.
In other study, Nakata et al'*® presented that resistin prompts
IR in pancreatic beta cell through the induction of SOCS-3
expression and impairing insulin secretion induced by
glucose. Pham et al'*® investigated the relationship of some
adipokines with beta cell function in patients with type DM1;
their findings indicated that the serum levels of resistin
associated positively with fasting and stimulated beta-cell
function in T1D patients. Brown et al, examined the effects of
resistin on insulin secretion, insulin receptor gene expression
and beta cell function, and viability in vitro. Their results
showed that resistin caused significant decrease in insulin
receptor gene expression both at the mRNA and protein level,
but did not affect the secretion of insulin. Furthermore, at low
concentrations, resistin caused significant increases in the
viability of pancreatic beta cell. Their data implicate resistin
as a factor that may control beta-cell function and viability.'*

7 | RESISTIN AND TYPE 2 DIABETES
MELLITUS

Since the initial discovery of resistin, numerous studies were
performed for determining the effects of this adipocyte
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secreted hormone on the pathogenesis of DM. As previously
mentioned, the skeletal muscle is the major site of glucose
uptake induced by insulin. The animal study performed by
Palanivel et al'*' showed that treatment of diabetic rats with
recombinant resistin caused reduced insulin-stimulated
glucose uptake in skeletal muscles and decreased transloca-
tion of GLUT-4 following insulin stimulation. They results
also indicate that resistin regulates the IRS-1 function by
affecting its tyrosine phosphorylation. In another study,
researchers investigated the effects of continued exposure of
rat skeletal muscle cells to resistin on GLUT-4 translocation
and glucose uptake; their results showed that resistin
decreased both GLUT-4 translocation and skeletal muscle
glucose uptake in response to insulin.'** Aforementioned
studies demonstrated the probable role of resistin on glucose
homeostasis in rodents. But in contrast, Way et al'* indicated
that resistin gene expression was considerably reduced in
adipose tissue of ob/ob, db/db, tub/tub, and KKAy models of
obesity.

One of the key processes in the adjustment of the plasma
glucose level is the regulation of hepatic gluconeogenesis
and disturbed glucose production in the liver is a central
characteristic in T2D.'** Under normal conditions, hepatic
glucose production was inhibited by insulin action and
resistin has been shown to decrease the insulin effects by
promoting increases in plasma glucose levels. It seems that
increasing the rate of gluconeogenesis in the liver is a
crucial step of resistin action in patients with T2D.'%
However, some surveyed indicated that resistin did not
affect glucose production in rat derived hepatocytes.'*® One
of the commonly used anti-diabetic drugs that decrease
glucose production in the liver is metformin. In the animal
study performed by Fujita et al metformin treatment was
reported to improve the worse effects of DM such as
hyperglycemia and hyperinsulinemia, but results also
surprisingly showed that resistin gene expression at protein
level was increased after treatment with metformin.'*®

In genetic knowledge, a polymorphic variant of a gene may
lead to the abnormal expression or to the production of an
atypical form of the gene product; this condition may be
associated with some diseases. One of the proposed factors that
affect the level of cytokines and adipocytokines in biological
fluids is the presence of functional polymorphism in the
promoter and intron regions of their corresponding
genes.'?713® Recently the effects of the resistin gene (RETN)
polymorphisms on DM have become a focus of interest to
researchers. Based on previous studies, up to 70% of the
variations in circulating resistin levels by genetic factors and
some surveys reported a positive correlation between single
nucleotide polymorphisms (SNPs) and plasma resistin lev-
els.””'3% Hivert et al founded the relation between SNPs in the
3’ region of RETN and circulating resistin levels and plasma
glucose levels. Based on Cho et al study, the SNP 420C/G in the
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promoter region of RETN plays a critical role in resistin gene
expression and determination of plasma resistin concentration
in humans."*® The most recent study performed by Fawzy
et al'* indicates that SNPs of RETN and increased serum
resistin levels may be associated with increased IR and
consequent susceptibility to T2D in offsprings of DM patients.

It has been showed that resistin could be known as one of
main risk factors for T2D patients. Fontana et al'*?
that levels of serum resistin could be related with mortality
risk in patients with T2D. High levels of resistin could be
associated with progression of T2D in various patients.'**
Serum and polymorphism assessments confirmed that resistin
could has critical roles in T2D and could be known as
important risk factor for this disease.'**'*?

It seems that more assessment of resistin roles in patients
with DM could help to understanding of depth insights into
pathways involved in pathogenesis of DM and could
contribute to better treatment of patients with DM.

indicated

8 | MicroRNA AND INSULIN
RESISTANCE

MiRNAs are a class of non-coding RNAs which are known as
epigenetic regulators."**'*® These molecules exert their
regulatory effects via affecting of a variety of cellular
pathways such as MAPK, AKT, apoptosis, TGF-p, VEGF,
and STAT.'**!14%150 It has been showed that miRNAs have
critical roles in various biological processes such as
angiogenesis, metastasis, invasive, growth, differentiation,
and apoptosis.’>'"'>* A large number studies indicated that
deregulation of them could lead to initiation and progression
of various diseases such as stroke, cancer, cardiovascular
diseases, Infammatory diseases, and diabetes.'>>'%® Several
studies confirmed that miRNAs have critical roles in diabetes
pathogenesis.'>>'*° They showed that deregulation of a
variety of miRNAs including miR-15, miR-21, miR-144,
miR-150, and miR-192 could affect on diabetes pathogenesis
(Figure 2).!9515% Hence, identification of various miRNAs
could contribute to better understanding of molecular
pathways involved in diabetes pathogenesis. Moreover,
several studies indicated that miRNAs could be used as
diagnostic, prognostic, and therapeutic biomarkers in various
diseases such as diabetes.'>>">°

Pancreatic b-cells have critical roles in glucose homeo-
stasis, and releasing insulin in response to glucose levels in
the bloodstream.'>® It has been showed that absence or
inactivation of b-cells could lead to T1D, or T2D. A large
number studies indicated that deregulation of a variety of
miRNAs such as miR-15a/b, miR-16, miR-195, miR-503,
miR-541, miR-214, miR-9, miR-124a, miR-7, miR-376, and
miR-375 could affect on pancreas (and therefore b-cell)
development.'>

SAEEDI BORUJENI ET AL.
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It has been showed that deregulation of miRNAs affect on
autoimmune destruction of b-cells which could lead to
T1D."? In a study, Hezova et al'® assessed the alteration of
various miRNAs in regulatory T cells (T-reg cells) in subjects
with T1D. Several studies indicated that T-reg has critical
roles in autoimmune disease. Their results indicated that miR-
191 and miR-342 down regulated and miR-510 up regulated
in T-reg cells of patients with diabetic than healthy
subjects.'®

MiR-342 is other important miRNAs which deregulation
of it are associated with hematological disease.'®’ These
findings suggested that these miRNAs via targeting a variety
of cellular and molecular pathways involved in autoimmune
destruction of b-cells could provide disease condition in
patients with T2D. It has been showed, when high levels of
glucose are available, miR-375 was down regulated in adult
b-cell islets.'®* Down regulation of miR-375 could prompt
secretion of insulin via de-repression of its targets such as
Mtpn and PDK].'62-164 Up regulation of miR-375 could
decrease proliferation and insulin gene transcription and
decrease secretion of glucose-induced insulin.'®*

These findings showed that ectopic expression of miR-
375 could lead to increasing of susceptibility to fatty acid
which leads to inducing apoptosis in diabetic pancreatic
b-cells.'® These results suggested that miR-375 acts as
negative regulatory of cellular growth and proliferation and
deregulation of this miRNA could lead to reduction of b-cell
mass, low levels of insulin, hyperglycemia, and thus
diabetes.'®

Resistin is known as one of important molecules which
are associated with insulin resistance. Hence, identification
of cellular and molecular mechanisms related with resistin
could contribute to the development of novel therapies for
patients with DM. Multiple lines evidence indicated that
miRNAs could affect on cellular and molecular mechanisms
associated with resistin.'®®'” In a study, Wen et al'o®
indicated that miR-145 could be involved in the develop-
ment of resistin-induced insulin resistance in HepG2 cells.
They found that up regulation of miR-145 could inhibit
glucose uptake in HepG2 cells via phosphorylation of Akt
and IRS-1, and leads to inducing of insulin resistance in
hepatocytes. Moreover, their results indicated that p65 has
critical roles for the up-regulation of miR-145 by resistin.
Chromatin immunoprecipitation (ChIP) showed that p65
bind to the promoter region of miR-145. These findings
suggested that miR-145 has important roles in the
development of resistin-induced insulin resistance via
employing p65 pathway.'®®

In other study, Ying et al'®’ found that miR-492 could
reverse high glucose-induced insulin resistance in HUVEC
cells via affecting on resistin. Their results showed that high
glucose stress could affect on miR-492 expression (down
regulation) and resistin expression (up regulation). According
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FIGURE 2 Various miRNAs and their cellular and molecular targets involved in DM

to these results, resistin is an important target for miR-492.'’

Up-regulation of miR-492 could decrease endothelial cells
migration and lipid accumulation which induced by high
glucose stress. It has been showed that up-regulation of some
cellular targets such as p-STAT3, SOCS, and P-selectin
activation could be induced by high glucose stress via
affecting on up-regulation of miR-492. These results
suggested that miR-492 could contributes to insulin resistance
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and endothelial dysfunction induced by high glucose, via
down regulation of resistin, which due to STAT3 phosphor-
ylation, SOCS, and P-selectin activation.'®’

Circulating miRNAs are one of important types of
miRNAs which could be used as prognostic, diagnostic, and
therapeutic biomarkers.** Utilization of them are associated
with several advantages such as fast detect in body fluids,
accessible, and non-invasive. 168 Hence, identification of them
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FIGURE 3 A schema of exosome and its cargoes
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TABLE 1 Various microRNAs (miRNAs) involved in DM

MicroRNA Expression in DM Material Sample (n) Citation
miR-463-3p Up regulation Pancreatic islets 68 Hou et al'”®
miR-15a Up regulation Plasma 119 Wang et al'®°
miR-21 Up regulation Plasma 119 Wang et al'®
miR-144 Up regulation Plasma 119 Wang et al'®°
miR-150 Up regulation Plasma 119 Wang et al'®0
miR-486-5p Up regulation Plasma 119 Wang et al'°
miR-451a Up regulation Serum 96 Ding et al'®!
miR-4534 Up regulation Serum 96 Ding et al'®!
miR-27a Up regulation Whole blood 96 Karolina et al'®
miR-150 Up regulation Whole blood 96 Karolina et al'®?
miR-192 Up regulation Whole blood 96 Karolina et al'®?
miR-320a Up regulation Whole blood 96 Karolina et al'®?
miR-375 Up regulation Whole blood 96 Karolina et al'®?
miR-661 Up regulation Serum 184 Wang et al'®?
miR-571 Up regulation Serum 184 Wang et al'®?
miR-770-5p Up regulation Serum 184 Wang et al'®?
miR-892b Up regulation Serum 184 Wang et al'®
miR-1303 Up regulation Serum 184 Wang et al'®?
miR-15a Up regulation Serum 184 Wang et al'®?
miR-16 Up regulation Serum 184 Wang et al'®?
miR-125b Up regulation Serum 184 Wang et al'®?
miR-221 Up regulation Serum 184 Wang et al'®?
miR-17 Up regulation Whole blood 36 Karolina et al'®*
miR-23a Up regulation Whole blood 36 Karolina et al'®*
miR-23b Up regulation Whole blood 36 Karolina et al'®
miR-29b Up regulation Whole blood 36 Karolina et al'%*
miR-29¢ Up regulation Whole blood 36 Karolina et al'®
miR-99b Up regulation Whole blood 36 Karolina et al'®
miR-106b Up regulation Whole blood 36 Karolina et al'®
miR-125a-5p Up regulation Whole blood 36 Karolina et al'®*
miR-125b Up regulation Whole blood 36 Karolina et al'®*
miR-130a Up regulation Whole blood 36 Karolina et al'®*
miR-130b Up regulation Whole blood 36 Karolina et al'®
miR-142-3p Up regulation Whole blood 36 Karolina et al'®
miR-151-3p Up regulation Whole blood 36 Karolina et al'®
miR-151-5p Up regulation Whole blood 36 Karolina et al'®*
miR-183 Up regulation Whole blood 36 Karolina et al'®*
miR-185 Up regulation Whole blood 36 Karolina et al'®
miR-190 Up regulation Whole blood 36 Karolina et al'®
miR-193a-3p Up regulation Whole blood 36 Karolina et al'®
miR-194 Up regulation Whole blood 36 Karolina et al'®
miR-299-3p Up regulation Whole blood 36 Karolina et al'®*
miR-335 Up regulation Whole blood 36 Karolina et al'®*
miR-361-3p Up regulation Whole blood 36 Karolina et al'®*

(Continues)
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TABLE 1 (Continued)
MicroRNA
miR-375
miR-502-3p
miR-550
miR-550
miR-589
miR-620
miR-629
miR-665
miR-886-5p
miR-1285
miR-1301
miR-30d
miR-34a
miR-21
miR-148a
miR-487b
miR-495
miR —539-3p
miR-655
miR-656
miR-10a,
miR-10b
miR-15a
miR-27b
miR-30e
miR-95
miR-100
miR-128
miR-133a
miR-152
miR-154
miR-190
miR-196a
miR-199a-3p
miR-199b-5p
miR-206
miR-208a
miR-331-3p
miR-342-3p
miR-362-3p
miR-374a
miR-374b
miR-378
miR-422a

Expression in DM
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Up regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation
Down regulation

Down regulation

Material
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Whole blood
Plasma

Plasma

Plasma

Plasma

Islet

Islet

Islet

Islet

Islet

Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle
Skeletal muscle

Skeletal muscle

Sample (n)
36
36
36
36
36
36
36
36
36
36
36
31
31
31
31
49
49
49
49
49
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
92
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Citation

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Karolina et al'%*

Karolina et al'®*

Karolina et al'®*

Karolina et al'®*

Seyhan et al'®

Seyhan et al'®

Seyhan et al'®

Seyhan et al'®

Kameswaran et al'®®

1
Kameswaran et al'®®

Kameswaran et al'%®

1
Kameswaran et al'®®

Kameswaran et al'%¢

Gallagher et al'®

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®’

Gallagher et al'®

Gallagher et al'®’

Gallagher et al'®

Gallagher et al'®

Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’
Gallagher et al'®’

Gallagher et al'®’

(Continues)
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MicroRNA Expression in DM Material Sample (n) Citation
miR-423-3p Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-424 Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-455-5p Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-519d Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-768-3p Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-768-5p Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-801 Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-126 Down regulation Skeletal muscle 92 Gallagher et al'®’
miR-21 Down regulation PBMC 15 Meng et al'®®
miR-27a Down regulation PBMC 15 Meng et al'®®
miR-27b Down regulation PBMC 15 Meng et al'®®
miR-126 Down regulation PBMC 15 Meng et al'®®
miR-130a Down regulation PBMC 15 Meng et al'®®
miR-23a Down regulation Serum 24 Yang et al'®
let-7i Down regulation Serum 24 Yang et al'®
miR-486 Down regulation Serum 24 Yang et al'®®
miR-96 Down regulation Serum 24 Yang et al'®
miR-186, Down regulation Serum 24 Yang et al'®
miR-191 Down regulation Serum 24 Yang et al'®
miR-192 Down regulation Serum 24 Yang et al'®’
miR-146a Down regulation Serum 24 Yang et al'®

could provide new insights in the prognosis, diagnosis, and
therapeutic biomarkers related with DM patients.'®® In a
study, Osipova et al'® assessed the expression levels of
circulating miR-21, miR-126, and miR-210 in plasma and
urine from pediatric patients with T1D and using of them as
new risk factors for pediatric patients with T1D. Their results
revealed that levels of miR-21 and miR-210 were signifi-
cantly up-regulated in the plasma and urine of pediatric
patients with T1D, whereas, urinary miR-126 levels were
significantly decreased. This data suggested that circulating
miRNASs such miR-21, miR-210, and miR-126 could be used
as new diagnosis biomarkers for pediatric patients with T1D.
These miRNAs might show an early onset of diabetic-
associated diseases.'®

In other study, Yang et al " indicated that a variety of
serum miRNAs could be employed for monitoring patients
with T2D. Their results showed that expression levels of
various miRNAs including miR-455-5p, miR-454-3p, miR-
144-3p, and miR-96-5p were increased and expression levels
of miR-409-3p, miR-665, and miR-766-3p were decreased in
patients with T2D. Moreover, they showed that these
miRNAs could affect on various pathways involved in T2D
pathogenesis. These findings proposed that circulating
miRNAs could be applied as new biomarkers in T2D
patients.'”®

170
1

9 | EXOSOME AND INSULIN
RESISTANCE

Exosomes are known as nano-vesicles 30-120 nm in diameter
which could be released from many cell types such as stem
cells, normal cells, and tumor cells.>*!”! These vehicles could
carry various cargos including proteins, lipids, mRNA, and
microRNA (Figure 3). It has been showed that exosomes via
targeting their cargo in host cell could change behavior of
cell.***° Exosome’s cargos exert their effects via targeting a
sequence of cellular and molecular pathways involved in
various physiological events.**** It has been showed that
exosomes released from adipocytes could have important
roles role in cell-to-cell communication during the develop-
ment of metabolic diseases such as DM'7>!73 (Table 1).

It has been indicated that exosomes released from beta
pancreatic cells could be associated with cytokine stimula-
tion.'”* These results suggested that these exosomes could
have critical roles in the development or the progression of
diabetes via affect on various cellular and molecular targets
such as cytokines.'”* DM could decrease the bioavailability
of nitric oxide (NO) via regulating endothelial nitric-oxide
synthase (eNOS) activity. It has been showed that eNOS
could be regulated by various mechanisms including its
interaction with heat shock protein 90 (Hsp 90). Likely,
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exosomes containing Hsp90 could be considered as an
alternative mechanism in the diabetic pathological state.'” In
addition to proteins, miRNAs are other important molecules
could be transferred by exosomes. A large number studies that
miRNAs anticipate in various molecular mechanisms
involved in DM pathogenesis. Hence, targeting of these
molecules by exosomes could be considered as other
important mechanisms for progression of DM.'”®

In a study, Sheng et al indicated that exosomes contain
diabetes auto-antigens such as glutamic acid decarboxylase
65kDa (GAD65) could induce inflammatory cytokine
secretion via targeting MyD88-mediated TLR-signaling
pathway which could lead to T-cell proliferation. These
findings suggested that these exosomes act as strong players
in specific autoimmunity events which could lead to diabetes
in susceptible individuals.'”’

Several studies indicated that exosomes could be used as
effective diagnostic and therapeutic biomarkers in various
diseases such as cancer. Few studies assessed the role of
exosomes in DM pathogenesis.

Tramontano et al indicated that endothelial microparticles
(EMPs) containing CD31, CD105, and CD106 were
increased in DM patients than healthy subjects. These
findings suggested that circulating EMPs could be used as
diagnostic biomarkers for DM patients.'”®

In other study, Santovito et al*! assessed exosomal
miRNAs as one of important players in the adiponectin
pathway in 18 patients with DM. Their results indicated that
expressions of four miRNAs were increased whereas
expression 21 miRNAs were decreased. Quantitative RT-
PCR validation revealed the significant down regulation of
let-7a and let-7f levels and up-regulation of miR-326 levels.
Moreover, they showed that there was a negative association
between circulating miR-326 and its target adiponectin. Their
data revealed that levels of miR-326 were unaffected fter
12 months of anti-diabetic treatment, whereas levels of let-7a
and let-7f were significantly increased. These data suggested
that regulation of circulating miRNAs expression (exosomal
miRNAs) could be considered as new targets in DM therapy.

10 | CONCLUSION

DM is known as one of major metabolic disorders which are
associated with a variety of Envirmental and gentical factors.
Identification of cellular and molecular pathways involved in
DM pathogenesis, could contribute to better understanding of
disease condition and could provide new therapeutic ap-
proaches. Resistin is a hormone which plays critical roles in
DM pathogenesis. Unlike the proven role of resistin in rodents,
the main function of this hormone in relation to energy balance
and IR in DM2 is not consistent in humans. Some surveys have
reported enhanced RETN expression levels in T2D, IR, obesity,

MQIBRR -~ Cellular Bioghemistry B

inflammation, and metabolic syndrome, while some studies
failed to identify any alteration in circulating resistin levels in
aforementioned conditions. Further clinical studies are neces-
sary to clarify the correlation between resistin levels and T2D.
MicroRNAs and exosomes are other important molecules
involved in DM pathogenesis. These molecules could exert
their effects via targeting a sequence of cellular and molecular
pathways involved in different stages of DM pathogenesis.
Hence, identification of these molecules cold lead to better
drawing of cellular and molecular targets involved in DM.
Moreover, numerous studies indicated that miRNAs and
exosomes could be used as powerful diagnostic and therapeutic
biomarkers in DM therapy.

ORCID

Hamed Mirzaei http://orcid.org/0000-0002-9399-8281

REFERENCES

1. Hernandez-Marco R, Codoiier-Franch P, Morales SP, del Castillo
Villaescusa C, Garcia LB, Bellés VV. Oxidant/antioxidant status
and hyperfiltration in young patients with type 1 diabetes mellitus.
Pediatric Nephrol. 2009;24:121-127.

2. Sadeghi A, Hami J, Razavi S, Esfandiary E, Hejazi Z. The effect of
diabetes mellitus on apoptosis in hippocampus: cellular and
molecular aspects. Int J Prev Med. 2016;7:57.

3. Salimnejad R, Sazegar G, Saeedi Borujeni MJ, Mousavi SM, Salehi
F, Ghorbani F. Protective effect of hydroalcoholic extract of
Teucrium polium on diabetes-induced testicular damage and serum
testosterone concentration. Int J Reprod BioMed. 2017;15:195-202.

4. Thomas CC, Philipson LH. Update on diabetes classification. Med
Clin North Am 2015;99:1-16.

5. Ramachandran A, Snehalatha C, Mary S, Mukesh B, Bhaskar A,
Vijay V. The Indian Diabetes Prevention Programme shows that
lifestyle modification and metformin prevent type 2 diabetes in
Asian Indian subjects with impaired glucose tolerance (IDPP-1).
Diabetologia 2006;49:289-297.

6. Bener A, Al-Hamaq AO, Kurtulus EM, Abdullatef WK, Zirie M.
The role of vitamin D, obesity and physical exercise in regulation
of glycemia in Type 2 Diabetes Mellitus patients. Diabetes Metab
Syndr. 2016;10:198-204.

7. Goradel NH, Hour FG, Negahdari B, et al. Stem cell therapy: a
new therapeutic option for cardiovascular diseases. J Cell
Biochem. 2017;25:26169.

8. Hashemi Goradel N, Ghiyami Hoor F, Jahangiri S, et al.
Nanoparticles as new tools for inhibition of cancer angiogenesis.
J Cell Physiol. 2017;25:26029.

9. Mirzaei H, Darroudi M. Zinc oxide nanoparticles: biological synthesis
and biomedical applications. Ceramics Int. 2017;43:907-914.

10. Mirzaei H, Khoi MJ, Azizi M, Goodarzi M. Can curcumin and its
analogs be a new treatment option in cancer therapy? Cancer Gene
Ther. 2016;23:47.

11. Mirzaei H, Sahebkar A, Avan A, et al. Application of mesenchymal
stem cells in melanoma: a potential therapeutic strategy for delivery
of targeted agents. Curr Med Chem. 2016;23:455-463.


http://orcid.org/0000-0002-9399-8281

1268

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

SAEEDI BORUJENI ET AL.

WILEY

Mirzaei H, Sahebkar A, Shiri L, et al. Therapeutic application of
multipotent stem cells. J Cell Physiol. 2017;5:25990.

Mirzaei H, Shakeri A, Rashidi B, Jalili A, Banikazemi Z, Sahebkar A.
Phytosomal curcumin: a review of pharmacokinetic, experimental
and clinical studies. Biomed Pharmacother. 2017;85:102—112.
Mohammadi M, Jaafari MR, Mirzaei HR, Mirzaei H. Mesenchy-
mal stem cell: a new horizon in cancer gene therapy. Cancer Gene
Ther. 2016;23:285-286.

Tiwari P. Recent trends in therapeutic approaches for diabetes
management: a comprehensive update. J Diabetes Res.
2015;340838:27.

Tilg H, Moschen AR. Adipocytokines: mediators linking adipose
tissue, inflammation and Rev  Immunol.
2006;6:772-783.

Poulos SP, Hausman DB, Hausman GJ. The development and
endocrine functions of adipose tissue. Mol Cell Endocrinol.
2010;323:20-34.

Cao H. Adipocytokines in obesity and metabolic disease.
J Endocrinol. 2014;220:T47-T59.

Van de Voorde J, Pauwels B, Boydens C, Decaluwé K.

immunity. Nat

Adipocytokines in relation to cardiovascular disease. Metabolism.
2013;62:1513-1521.

Zhuang X-F, Zhao M-M, Weng C-L, Sun N-L. Adipocytokines: a
bridge connecting obesity and insulin resistance. Med Hypoth.
2009;73:981-985.

Bonet ML, Canas JA, Ribot J, Palou A. 2016. Carotenoids in
Adipose Tissue Biology and Obesity. Carotenoids in Nature.
Springer, Cham, Switzerland, 79. pp 377-414.

Fontana A, Moreno LO, Lamacchia O, et al. Serum resistin is
causally related to mortality risk in patients with type 2 diabetes:
preliminary evidences from genetic data. Sci Rep. 2017;7:61.
Santilli F, Liani R, Di Fulvio P, et al. Increased circulating resistin
is associated with insulin resistance, oxidative stress and platelet
activation in type 2 diabetes mellitus. Thromb Haemost.
2016;116:1089-1099.

Banerjee RR, Rangwala SM, Shapiro JS, et al. Regulation of
fasted blood glucose by resistin. Science. 2004;303:1195-1198.
Codofier-Franch P, Alonso-Iglesias E. Resistin: insulin resistance
to malignancy. Clin Chim Acta. 2015;438:46-54.

Azab N, Abdel-Aziz T, Ahmed A, El-deen I. Correlation of serum
resistin level with insulin resistance and severity of retinopathy in
type 2 diabetes mellitus. J Saudi Chem Soc. 2016;20:272-277.
Steppan CM, Bailey ST, Bhat S, et al. The hormone resistin links
obesity to diabetes. Nature. 2001;409:307-312.

Gholamin S, Pasdar A, Khorrami MS, et al. The potential for
circulating microRNAs in the diagnosis of myocardial infarction:
a novel approach to disease diagnosis and treatment. Curr Pharm
Des. 2016;22:397-403.

Banikazemi Z, Haji HA, Mohammadi M, et al. Diet and cancer
prevention: dietary compounds, dietary MicroRNAs and dietary
exosomes. J Cell Biochem. 2017;28:26244.

Golabchi K, Soleimani-Jelodar R, Aghadoost N, et al. Micro-
RNAs in Retinoblastoma: potential diagnostic and therapeutic
biomarkers. J Cell Physiol. 2017;28:26070.

Mirzaei H, Naseri G, Rezaee R, et al. Curcumin: a new candidate
for melanoma therapy? Int J Cancer. 2016;139:1683-1695.
Mirzaei H, Yazdi F, Salehi R, Mirzaei HR. SiRNA and epigenetic
J Cancer Res Ther.

aberrations in ovarian

2016;12:498-508.

cancer.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Mirzaei HR, Sahebkar A, Mohammadi M, et al. Circulating
microRNAs in hepatocellular carcinoma: potential diagnostic and
prognostic biomarkers. Curr Pharm Des. 2016;22:5257-5269.
Gholamin S, Mirzaei H, Razavi SM, et al. GD2-targeted
immunotherapy and potential value of circulating microRNAs
in neuroblastoma. J Cell Physiol. 2017;1:25793.

Mirzaei H, Momeni F, Saadatpour L, et al. MicroRNA: relevance
to stroke diagnosis, prognosis and therapy. J Cell Physiol.
2017;9:25787.

Rashidi B, Hoseini Z, Sahebkar A, Mirzaei H. Anti-Atheroscle-
rotic effects of vitamins D and E in suppression of atherogenesis.
J Cell Physiol. 2016;14:25738.

Rashidi B, Malekzadeh M, Goodarzi M, Masoudifar A, Mirzaei H.
Green tea and its anti-angiogenesis effects. Biomed Pharma.
2017;89:949-956.

Chen H, Lan HY, Roukos DH, Cho WC. Application of
microRNAs in diabetes mellitus. J Endocrinol. 2014;222:
R1-R10.

Mirzaei H, Sahebkar A, Jaafari MR, Goodarzi M, Mirzaei HR.
Diagnostic and therapeutic potential of exosomes in cancer: the
beginning of a new tale? J Cell Physiol. 2016;14:25739.
Saadatpour L, Fadaee E, Fadaei S, et al. Glioblastoma: exosome
and microRNA as novel diagnosis biomarkers. Cancer Gene Ther.
2016;23:415-418.

Santovito D, De Nardis V, Marcantonio P, et al. Plasma exosome
microRNA profiling unravels a new potential modulator of
adiponectin pathway in diabetes: effect of glycemic control. J Clin
Endocrinol Metab. 2014;99:2013-3843.

Bell GI, Pictet RL, Rutter WJ, Cordell B, Tischer E, Goodman HM.
Sequence of the human insulin gene. Nature. 1980;284:26-32.
Straub SG, Sharp GW. Glucose-stimulated signaling pathways in
biphasic insulin secretion. Diabetes Metab Res Rev.2002;18:451-463.
Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in
signalling pathways: insights into insulin action. Nat Revi Mol
Cell Biol. 2006;7:85-96.

Kleinridders A, Ferris HA, Cai W, Kahn CR. Insulin action in
brain regulates systemic metabolism and brain function. Diabetes.
2014;63:2232-2243.

Emanuelli B, Vienberg SG, Smyth G, et al. Interplay between
FGF21 and insulin action in the liver regulates metabolism. J Clin
Invest. 2015;125:1172.

Khodabandehloo H, Gorgani-Firuzjaee S, Panahi G, Meshkani R.
Molecular and cellular mechanisms linking inflammation to
insulin resistance and f-cell Transl Res.
2016;167:228-256.

Shepherd PR, Nave B, Siddle K. Insulin stimulation of glycogen

dysfunction.

synthesis and glycogen synthase activity is blocked by wortman-
nin and rapamycin in 3T3-L1 adipocytes: evidence for the
involvement of phosphoinositide 3-kinase and p70 ribosomal
protein-S6 kinase. Biochem J. 1995;305:25-28.

Virkamiki A, Ueki K, Kahn CR. Protein—protein interaction in
insulin signaling and the molecular mechanisms of insulin
resistance. J Clin Invest. 1999;103:931-943.

Menting JG, Whittaker J, Margetts MB, et al. How insulin engages
its primary binding site on the insulin receptor. Nature.
2013;493:241-245.

Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in
normal and insulin-resistant states. Cold Spring Harbor Perspect
Biol. 2014,6:a009191.



SAEEDI BORUIJENI ET AL.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ullrich A, Bell J, Chen EY, Herrera R, et al. Human insulin
receptor and its relationship to the tyrosine kinase family of
oncogenes. Nature. 1985;313:756-761.

Zurlo F, Larson K, Bogardus C, Ravussin E. Skeletal muscle
metabolism is a major determinant of resting energy expenditure.
J Clin Invest. 1990;86:1423.

Zierath J, Krook A, Wallberg-Henriksson H. Insulin action and
insulin resistance in human skeletal muscle. Diabetologia.
2000;43:821-835.

Cheatham B, Kahn CR. Insulin action and the insulin signaling
network. Endocrine Revi. 1995;16:117-142.

Lee J, Miyazaki M, Romeo GR, Shoelson SE. Insulin receptor
activation with transmembrane domain ligands. J Biol Chem.
2014;289:19769-19777.

Nolan CJ, Ruderman NB, Kahn SE, Pedersen O, Prentki M.
Insulin resistance as a physiological defense against metabolic
stress: implications for the management of subsets of type 2
diabetes. Diabetes. 2015;64:673-686.

Tangvarasittichai S. Oxidative stress, insulin resistance, dyslipi-
demia and type 2 diabetes mellitus. World J Diabetes.
2015;6:456-480.

Association AD. Diagnosis and classification of diabetes mellitus.
Diabetes Care. 2014;37:S81-S90.

Meshkani R, Taghikhani M, Larijani B, Khatami S, Khoshbin E,
Adeli K. The relationship between homeostasis model assessment
and cardiovascular risk factors in Iranian subjects with normal
fasting glucose and normal glucose tolerance. Clinica Chimica
Acta. 2006;371:169-175.

Perry RJ, Samuel VT, Petersen KF, Shulman GI. The role of
hepatic lipids in hepatic insulin resistance and type 2 diabetes.
Nature. 2014;510:84-91.

Shoelson SE, Herrero L, Naaz A. Obesity, inflammation, and
insulin resistance. Gastroenterology. 2007;132:2169-2180.
Lauterbach MA, Wunderlich FT. Macrophage function in obesity-
induced inflammation and insulin resistance. Pfliigers Archiv Eur
J Physiol. 2017;469:385-396.

Wu H, Ballantyne CM. Skeletal muscle inflammation and insulin
resistance in obesity. J Clin Invest. 2017;127:43.

Barthel A, Schmoll D. Novel concepts in insulin regulation of
hepatic gluconeogenesis. Am J Physiol Endocrinol Metab.
2003;285:E685-E692.

Birkenfeld AL, Shulman GI. Nonalcoholic fatty liver disease,
hepatic insulin resistance, and type 2 diabetes. Hepatology.
2014;59:713-723.

Samuel VT, Shulman GI. The pathogenesis of insulin resistance:
integrating signaling pathways and substrate flux. J Clin Invest.
2016;126:12.

Tubbs E, Theurey P, Vial G, et al. Mitochondria-associated
endoplasmic reticulum membrane (MAM) integrity is required for
insulin signaling and is implicated in hepatic insulin resistance.
Diabetes. 2014;63:3279-3294.

Saltiel AR. New perspectives into the molecular pathogenesis and
treatment of type 2 diabetes. Cell. 2001;104:517-529.

Goodyear LJ, Giorgino F, Sherman LA, Carey J, Smith RJ, Dohm
GL. Insulin receptor phosphorylation, insulin receptor substrate-1
phosphorylation, and phosphatidylinositol 3-kinase activity are
decreased in intact skeletal muscle strips from obese subjects.
J Clin Invest. 1995;95:2195.

MQIBRR -~ Cellular Bioghemistry Be

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Moeschel K, Beck A, Weigert C, et al. Protein kinase C-{-induced
phosphorylation of Ser318 in insulin receptor substrate-1 (IRS-1)
attenuates the interaction with the insulin receptor and the tyrosine
phosphorylation of IRS-1. J Biol Chem. 2004;279:25157-25163.
Yu C, Chen Y, Cline GW, et al. Mechanism by which fatty acids
inhibit insulin activation of insulin receptor substrate-1 (IRS-1)-
associated phosphatidylinositol 3-kinase activity in muscle. J Biol
Chem. 2002;277:50230-50236.

Meshkani R, Adeli K. Hepatic insulin resistance, metabolic syndrome
and cardiovascular disease. Clin Biochem. 2009;42:1331-1346.
Copps KD, Hanger NJ, Qiu W, White MF. Serine 302
phosphorylation of mouse insulin receptor substrate 1 (IRS1) is
dispensable for normal insulin signaling and feedback regulation
by hepatic S6 kinase. J Biol Chem. 2016;291:8602-8617.

Galic S, Sachithanandan N, Kay TW, Steinberg GR. Suppressor of
cytokine signalling (SOCS) proteins as guardians of inflammatory
responses critical for regulating insulin sensitivity. Biochem J.
2014:461:177-188.

McCormick SM, Gowda N, Fang JX, Heller NM. Suppressor of
cytokine signaling (SOCS) 1 regulates interleukin-4 (IL-4)-
activated insulin receptor substrate (IRS)-2 tyrosine phosphory-
lation in monocytes and macrophages via the proteasome. J Biol
Chem. 2016;291:20574-20587.

Singh AK, Tiwari S, Gupta A, et al. Association of resistin with
insulin resistance and factors of metabolic syndrome in North
Indians. Indian J Clin Biochem. 2015;30:255-262.

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.

Kumar S, Gupta V, Srivastava N, et al. Resistin 420C/G gene
polymorphism on circulating resistin, metabolic risk factors and
insulin resistance in adult women. Immunol Lett. 2014;162:
287-291.

Eken SM, Jin H, Chernogubova E, Maegdefessel L. Making sense
in antisense: therapeutic potential of noncoding RNAs in diabetes-
induced vascular dysfunction. J Diabetes Res. 2013;2013:834727.
Hsieh Y-Y, Shen C-H, Huang W-S, et al. Resistin-induced stromal
cell-derived factor-1 expression through Toll-like receptor 4 and
activation of p38 MAPK/NFkB signaling pathway in gastric
cancer cells. J Biomed Sci. 2014;21:59.

Ying C, Sui-xin L, Kang-ling X, et al. MicroRNA-492 reverses
high glucose-induced insulin resistance in HUVEC cells through
targeting resistin. Mol Cell Biochem. 2014;391:117-125.
Banerjee RR, Lazar MA. Resistin: molecular history and
prognosis. J Mol Med. 2003;81:218-226.

Dalamaga M. Resistin as a biomarker linking obesity and
inflammation to cancer: potential clinical perspectives. Biomark
Med. 2014;8:107-118.

Patel SD, Rajala MW, Rossetti L, Scherer PE, Shapiro L.
Disulfide-dependent multimeric assembly of resistin family
hormones. Science. 2004;304:1154-1158.

Lee S, Lee H-C, Kwon Y-W, et al. Adenylyl cyclase-associated
protein 1 is a receptor for human resistin and mediates inflammatory
actions of human monocytes. Cell Metab. 2014;19:484-497.
Al-Suhaimi EA, Shehzad A. Leptin, resistin and visfatin: the
missing link between endocrine metabolic disorders and immu-
nity. Eur J Med Res. 2013;18:12.



1270

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

SAEEDI BORUJENI ET AL.

WILEY

Jang JC, Chen G, Wang SH, et al. Macrophage-derived human
resistin is induced in multiple helminth infections and promotes
inflammatory monocytes and increased parasite burden. PLoS
Pathog. 2015;11:¢1004579.

Codorfier-Franch P, Valls-Bellés V, Arilla-Codofier A, Alonso-
Iglesias E. Oxidant mechanisms in childhood obesity: the link
between inflammation and oxidative stress. Transl Res.
2011;158:369-384.

Lee SE, Kim H-S. Human resistin in cardiovascular disease.
J Smooth Muscle Res. 2012;48:27-35.

Muse ED, Feldman DI, Blaha MJ, et al. The association of resistin
with cardiovascular disease in the Multi-Ethnic Study of
Atherosclerosis. Atherosclerosis. 2015;239:101-108.
Nieva-Vazquez A, Pérez-Fuentes R, Torres-Rasgado E, Lopez-
Loépez JG, Romero JR. Serum resistin levels are associated with
adiposity and insulin sensitivity in obese Hispanic subjects. Metab
Syndr Related Disord. 2014;12:143-148.

Nicholas L, Morrison J, Rattanatray L, Zhang S, Ozanne S, McMillen
I. The early origins of obesity and insulin resistance: timing,
programming and mechanisms. Int J Obes. 2016;40:229-238.

Ren Y, Zuo Z, Wan T. Resistin: it’s role in insulin resistance and
mechanism of action. Sheng Li Xue Bao. 2016;68:65-74.
Steppan CM, Lazar MA. Resistin and obesity-associated insulin
resistance. Trends Endocrinol Metab. 2002;13:18-23.

Supdk D, Melczer Z, Cseh K. Elevated serum acylated
(biologically active) ghrelin and resistin levels associate with
pregnancy-induced weight gain, insulin resistance and antropo-
metric data in the fetus. Eur J Obstet Gynecol Reprod Biol.
2016;206:e111.

Mu H, Ohashi R, Yan S, et al. Adipokine resistin promotes in vitro
angiogenesis of human endothelial cells. Cardiovasc Res.
2006;70:146-157.

Reilly MP, Lehrke M, Wolfe ML, Rohatgi A, Lazar MA, Rader
DJ. Resistin is an inflammatory marker of atherosclerosis in
humans. Circulation. 2005;111:932-939.

Codoiier-Franch P, Tavarez-Alonso S, Porcar-Almela M, Nav-
arro-Solera M, Arilla-Codofier A, Alonso-Iglesias E. Plasma
resistin levels are associated with homocysteine, endothelial
activation, and nitrosative stress in obese youths. Clin Biochem.
2014;47:44-48.

Agasthi P, Aloor S, Yarlagadda V, Chenna A, Menon V,
Purushothaman K. Abstract PO14: association between serum
resistin levels and Coronary artery disease: a meta-analysis.
Circulation. 2016;133:AP014-AP014.

Verma S, Li S-H, Wang C-H, et al. Resistin promotes endothelial
cell activation. Circulation. 2003;108:736-740.

Gonullu G, Kahraman H, Bedir A, Bektas A, Yiicel I. Association
between adiponectin, resistin, insulin resistance, and colorectal
tumors. Int J Colorectal Dis. 2010;25:205-212.

Johnston A, Arnadottir S, Gudjonsson J, et al. Obesity in psoriasis:
leptin and resistin as mediators of cutaneous inflammation. Br J
Dermatol. 2008;159:342-350.

Lago F, Dieguez C, Gémez-Reino J, Gualillo O. Adipokines as
emerging mediators of immune response and inflammation. Nat
Clin Pract Rheumatol. 2007;3:716-724.

Cohen G, Ilic D, Raupachova J, Horl WH. Resistin inhibits
essential functions of polymorphonuclear leukocytes. J Immunol.
2008;181:3761-3768.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Heilbronn L, Rood J, Janderova L, et al. Relationship between
serum resistin concentrations and insulin resistance in nonobese,
obese, and obese diabetic subjects. J Clin Endocrinol Metab.
2004;89:1844-1848.

Muse ED, Obici S, Bhanot S, et al. Role of resistin in diet-induced
hepatic insulin resistance. J Clin Invest. 2004;114:232-239.
Kusminski CM, Mcternan PG, Kumar S. Role of resistin in
obesity, insulin resistance and Type II diabetes. Clin Sci.
2005;109:243-256.

SilhaJV, Krsek M, Skrha JV, Sucharda P, Nyomba B, Murphy LJ.
Plasma resistin, adiponectin and leptin levels in lean and obese
subjects: correlations with insulin resistance. Eur J Endocrinol.
2003;149:331-335.

Nagaev I, Smith U. Insulin resistance and type 2 diabetes are not
related to resistin expression in human fat cells or skeletal muscle.
Biochem Biophys Res Commun. 2001;285:561-564.

Janke J, Engeli S, Gorzelniak K, Luft FC, Sharma AM. Resistin
gene expression in human adipocytes is not related to insulin
resistance. Obes Res. 2002;10:1-5.

Takemoto K, Deckelbaum RJ, Saito I, et al. Adiponectin/resistin
levels and insulin resistance in children: a four country
comparison study. Int J Pediatric Endocrinol. 2015;2015:2.
Burmeister MA, Ayala JE, Smouse H, et al. The hypothalamic
glucagon-Like peptide 1 receptor is sufficient but not necessary
for the regulation of energy balance and glucose homeostasis in
mice. Diabetes. 2017;66:372-384.

Chen W, Balland E, Cowley MA. Hypothalamic insulin resistance
in obesity: effects on glucose homeostasis. Neuroendocrinology.
2017;104:364-381.

Wang M, Luo L, Yao L, et al. Salidroside improves glucose
homeostasis in obese mice by repressing inflammation in white
adipose tissues and improving leptin sensitivity in hypothalamus.
Sci Rep. 2016;6:25399.

Gertler A. Resistin activity in mice and humans affecting obesity,
insulin resistance and T2DM: Blocking resistin action by resistin
antagonis. Adipobiology. 2014;6:5-14.

Benomar Y, Gertler A, De Lacy P, et al. Central resistin
overexposure induces insulin resistance through Toll-like receptor
4. Diabetes. 2013;62:102-114.

Pagano C, Soardo G, Pilon C, et al. 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.

Weir GC, Bonner-Weir S. Glucose driven changes in beta cell
identity are important for function and possibly autoimmune
vulnerability during the progression of type 1 diabetes. Front
Genetics. 2017;8:2. eCollection 2017.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained
from oral glucose tolerance testing: comparison with the
euglycemic insulin clamp. Diabetes Care. 1999;22:
1462-1470.

Saldeen J. Cytokines induce both necrosis and apoptosis via a
common bcl-2-Inhibitable pathway in rat insulin-Producing cells
1. Endocrinology. 2000;141:2003-2010.

Ehses J, Meier D, Wueest S, et al. Toll-like receptor 2-deficient
mice are protected from insulin resistance and beta cell
dysfunction induced by a high-fat diet.
2010;53:1795-1806.

Diabetologia.



SAEEDI BORUIJENI ET AL.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kahn S. The relative contributions of insulin resistance and beta-
cell dysfunction to the pathophysiology of type 2 diabetes.
Diabetologia. 2003;46:3—-19.

Hajer GR, van Haeften TW, Visseren FL. Adipose tissue
dysfunction in obesity, diabetes, and vascular diseases. Eur Heart
J. 2008;29:2959-2971.

Nesca V, Guay C, Jacovetti C, et al. Identification of particular
groups of microRNAs that positively or negatively impact on beta
cell function in obese models of type 2 diabetes. Diabetologia.
2013;56:2203-2212.

Stienstra R, Haim Y, Riahi Y, Netea M, Rudich A, Leibowitz G.
Autophagy in adipose tissue and the beta cell: implications for
obesity and diabetes. Diabetologia. 2014;57:1505-1516.

Minn AH, Patterson NB, Pack S, et al. Resistin is expressed in
pancreatic islets. Biochem Biophys Res Commun. 2003;310:641-645.
Nakata M, Okada T, Ozawa K, Yada T. Resistin induces insulin
resistance in pancreatic islets to impair glucose-induced insulin
release. Biochem Biophys Res Commun. 2007;353:1046-1051.
Pham MN, Kolb H, Mandrup-Poulsen T, et al. Serum adipokines as
biomarkers of beta-cell function in patients with type 1 diabetes:
positive association with leptin and resistin and negative association
with adiponectin. Diabetes Metab Res Rev. 2013;29:166—-170.

Brown JE, Onyango DJ, Dunmore SJ. Resistin down-regulates
insulin receptor expression, and modulates cell viability in rodent
pancreatic beta-cells. FEBS Lett. 2007;581:3273-3276.
Palanivel R, Maida A, Liu Y, Sweeney G. Regulation of insulin
signalling, glucose uptake and metabolism in rat skeletal muscle
cells upon prolonged exposure to resistin. Diabetologia.
2006;49:183-190.

GuN, Liu F, Fel L, Guo M. Prolonged exposure to resistin inhibits
glucose uptake in rat skeletal muscles. Acta Pharmacol Sinica.
2007;28:410-416.

Way JM, Gorgiin CZ, Tong Q, et al. Adipose tissue resistin
expression is severely suppressed in obesity and stimulated by
peroxisome proliferator-activated receptor y agonists. J Biolo
Chem. 2001;276:25651-25653.

Magnusson I, Rothman D, Katz L., Shulman R, Shulman G. Increased
rate of gluconeogenesis in type II diabetes mellitus. A 13C nuclear
magnetic resonance study. J Clin Invest. 1992;90:1323.

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

Liu F, Yang T, Wang B, et al. Resistin induces insulin resistance,
but does not affect glucose output in rat-derived hepatocytes. Acta
Pharmacologica Sinica. 2008;29:98-104.

Amal S, Pasha HF, Rashad NM. Association of resistin gene
polymorphisms with insulin resistance in Egyptian obese patients.
Gene. 2013;515:233-238.

Younis S, Blumenberg M, Javed Q. Resistin gene polymorphisms
are associated with acne and serum lipid levels, providing a
potential nexus between lipid metabolism and inflammation. Arch
Dermatol Res. 2016;308:229-237.

Khalil O, Alnahal A, Ghonium M, et al. Does resistin gene
polymorphisms+ 299 (G> A) participate in insulin resistance in
Egyption non-obese type 2 diabetes? Int J Genomic Med.
2014;2:1000117.

Hivert M-F, Manning AK, McAteer JB, et al. Association of
variants in RETN with plasma resistin levels and diabetes-related

NQIBRR -~ Cellular Bioghemistry B

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

traits in the Diabetes.
2009;58:750-756.

Fawzy F, Khalil O, Salem H, Fawzy M. Resistin gene
polymorphism in offspring of patients with type 2 diabetes
mellitus. Endocrine Abstracts. 2016;41:GP82.

Fontana A, MOrtega Moreno L, Lamacchia O, et al. Serum resistin

Framingham Offspring Study.

is causally related to mortality risk in patients with type 2 diabetes:
preliminary  evidences data.  Sci
2017;7:017-00138.

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.

Keshavarzi M, Darijani M, Momeni F, et al. Molecular imaging
and oral cancer diagnosis and therapy. J Cell Biochem.
2017;8:26042.

Mirzaei H. Stroke in women: risk factors and clinical biomarkers.
J Cell Biochem. 2017;12:26130.

Mirzaei H, Masoudifar A, Sahebkar A, et al. MicroRNA: a novel
therapy. J Cell Physiol.

from  genetic Rep.

target of curcumin in cancer
2017;15:26055.

Salarinia R, Sahebkar A, Peyvandi M, et al. Epi-Drugs and epi-
miRs: moving beyond current cancer therapies. Curr Cancer Drug
Targets. 2016;16:773-788.

Rabieian R, Boshtam M, Zareei M, Kouhpayeh S, Masoudifar A,
Mirzaei H. Plasminogen activator inhibitor type-1 as a regulator of
fibrosis. J Cell Biochem. 2017;18:26146.

Mirzaei H, Gholamin S, Shahidsales S, et al. MicroRNAs as
potential diagnostic and prognostic biomarkers in melanoma. Eur
J Cancer. 2016;53:25-32.

Simonian M, Mosallayi M, Mirzaei H. Circulating miR-21 as
novel biomarker in gastric cancer: diagnostic and prognostic
biomarker. J Cancer Res Ther. 2017. [Epub ahead of print].
Fathullahzadeh S, Mirzaei H, Honardoost MA, Sahebkar A, Salehi
M. Circulating microRNA-192 as a diagnostic biomarker in
human chronic lymphocytic leukemia. Cancer Gene Ther.
2016;23:327-332.

Mashreghi M, Azarpara H, Bazaz MR, et al. Angiogenesis
biomarkers and their targeting ligands as potential targets for
tumor angiogenesis. J Cell Physiol. 2017;13:26049.

Mirzaei H, Khataminfar S, Mohammadparast S, et al. Circulating
microRNAs as potential diagnostic biomarkers and therapeutic
targets in gastric cancer: current status and future perspectives.
Curr Med Chem. 2016;23:4135-4150.

Mohammadi M, Goodarzi M, Jaafari MR, Mirzaei HR, Mirzaei H.
Circulating microRNA: a new candidate for diagnostic biomarker
in neuroblastoma. Cancer Gene Ther. 2016;23:371-372.

He Y, Ding Y, Liang B, et al. A systematic study of dysregulated
MicroRNA in type 2 diabetes mellitus. Int J Mol Sci. 2017;18:pii:
E456.

Hoseini Z, Sepahvand F, Rashidi B, Sahebkar A, Masoudifar A,
Mirzaei H. NLRP3 inflammasome: its regulation and involvement
in atherosclerosis. J Cell Physiol. 2017;27:25930.

Mirzaei H, Fathullahzadeh S, Khanmohammadi R, et al. State
of the art in microRNA as diagnostic and therapeutic
biomarkers in chronic lymphocytic leukemia. J Cell Physiol.
2017;13:25799.

Moridikia A, Mirzaei H, Sahebkar A, Salimian J. MicroRNAs:
potential candidates for diagnosis and treatment of colorectal
cancer. J Cell Physiol. 2017;16:25801.



1272

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

SAEEDI BORUJENI ET AL.

WILEY

Fernandez-Valverde SL, Taft RJ, Mattick JS. MicroRNAs in beta-
cell biology, insulin resistance, diabetes and its complications.
Diabetes. 2011;60:1825-1831.

Hezova R, Slaby O, Faltejskova P, et al. MicroRNA-342,
microRNA-191 and microRNA-510 are differentially expressed
in T regulatory cells of type 1 diabetic patients. Cell Immunol.
2010;260:70-74.

Schmidt WM, Spiel AO, Jilma B, Wolzt M, Muller M. In vivo
profile of the human leukocyte microRNA response to endotox-
emia. Biochem Biophys Res Commun. 2009;380:437-441.

Poy MN, Eliasson L, Krutzfeldt J, et al. A pancreatic islet-specific
microRNA regulates insulin secretion. Nature. 2004;432:226-230.
Hashimoto N, Kido Y, Uchida T, et al. Ablation of PDKI1 in
pancreatic beta cells induces diabetes as a result of loss of beta cell
mass. Nat Genet. 2006;38:589-593.

LiY, Xu X, Liang Y, et al. MiR-375 enhances palmitate-induced
lipoapoptosis in insulin-secreting NIT-1 cells by repressing
myotrophin (V1) protein expression. Int J Clin Exp Pathol.
2010;3:254-264.

Poy MN, Hausser J, Trajkovski M, et al. MiR-375 maintains
normal pancreatic alpha- and beta-cell mass. Proc Natl Acad Sci
USA. 2009;106:5813-5818.

WenF, Yang Y,JinD, SunJ, Yu X, Yang Z. MiRNA-145 is involved
in the development of resistin-induced insulin resistance in HepG2
cells. Biochem Biophys Res Commun. 2014;445:517-523.

Ying C, Sui-Xin L, Kang-Ling X, et al. MicroRNA-492 reverses
high glucose-induced insulin resistance in HUVEC cells through
targeting resistin. Mol Cell Biochem. 2014;391:117-125.

Guay C, Regazzi R. Circulating microRNAs as novel biomarkers
for diabetes mellitus. Nat Rev Endocrinol. 2013;9:513-521.
Osipova J, Fischer DC, Dangwal S, et al. Diabetes-associated
microRNAs in pediatric patients with type 1 diabetes mellitus: a
cross-sectional cohort study. J Clin Endocrinol Metab.
2014;99:2013-3868.

Yang ZM, Chen LH, Hong M, et al. Serum microRNA profiling and
bioinformatics analysis of patients with type 2 diabetes mellitus in a
Chinese population. Mol Med Rep. 2017;15:2143-2153.
Turchinovich A, Tonevitsky AG, Cho WC, Burwinkel B. Check
and mate to exosomal extracellular miRNA: new lesson from a
new approach. Front Mol Biosci. 2015;2:11.

Muller G. Microvesicles/exosomes as potential novel biomarkers of
metabolic diseases. Diabetes Metab Syndr Obes. 2012;5:247-282.
Garcia-Contreras M, Ricordi C, Robbins P, Oltra E. Exosomes in
the pathogenesis, diagnosis and treatment of pancreatic diseases.
CellR4. 2014;2:¢807.

Palmisano G, Jensen SS, Le Bihan MC, et al. Characterization of
membrane-shed microvesicles from cytokine-stimulated beta-
cells using proteomics Mol Cell Proteomics.
2012;11:230-243.

Lei H, Venkatakrishnan A, Yu S, Kazlauskas A. Protein kinase A-
dependent translocation of Hsp90 alpha impairs endothelial nitric-
oxide synthase activity in high glucose and diabetes. J Biol Chem.
2007;282:9364-9371.

Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes mellitus,
a microRNA-related disease? Transl Res. 2011;157:253-264.

strategies.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Sheng H, Hassanali S, Nugent C, et al. Insulinoma-released
exosomes or microparticles are immunostimulatory and can
activate autoreactive T cells spontaneously developed in nonobese
diabetic mice. J Immunol. 2011;187:1591-1600.

Tramontano AF, Lyubarova R, Tsiakos J, Palaia T, Deleon JR,
Ragolia L. Circulating endothelial microparticles in diabetes
mellitus. Mediators Inflamm. 2010;250476:16.

Hou X, Wu W, Yin B, Liu X, Ren F. MicroRNA-463-3p/ABCG4:
A new axis in glucose-stimulated insulin secretion. Obesity.
2016;24:2368-2376.

Wang X, Sundquist J, Zoller B, et al. Determination of 14
circulating microRNAs in Swedes and Iraqis with and without
diabetes mellitus type 2. PLoS ONE. 2014;9:¢86792.

Ding L, Ai D, Wu R, et al. Identification of the differential
expression of serum microRNA in type 2 diabetes. Biosci
Biotechnol Biochem. 2016;80:461-465.

Karolina DS, Tavintharan S, Armugam A, et al. Circulating
miRNA profiles in patients with metabolic syndrome. J Clin
Endocrinol Metab. 2012;97:2012—-1996.

Wang C, Wan S, Yang T, et al. Increased serum microRNAs are
closely associated with the presence of microvascular complica-
tions in type 2 diabetes mellitus. Sci Rep. 2016;6:20032.
Karolina DS, Armugam A, Tavintharan S, et al. MicroRNA 144
impairs insulin signaling by inhibiting the expression of insulin
receptor substrate 1 in type 2 diabetes mellitus. PLoS ONE.
2011;6:1.

Seyhan AA, Nunez Lopez YO, Xie H, et al. Pancreas-enriched
miRNAs are altered in the circulation of subjects with diabetes: a
pilot cross-sectional study. Sci Rep. 2016;6:31479.

Kameswaran V, Bramswig NC, McKenna LB, et al. Epigenetic
regulation of the DLK1-MEG3 microRNA cluster in human type 2
diabetic islets. Cell Metab. 2014;19:135-145.

Gallagher 1J, Scheele C, Keller P, et al. Integration of
microRNA changes in vivo identifies novel molecular features
of muscle insulin resistance in type 2 diabetes. Genome Med.
2010;2:9.

Meng S, Cao JT, Zhang B, Zhou Q, Shen CX, Wang CQ.
Downregulation of microRNA-126 in endothelial progenitor cells
from diabetes patients, impairs their functional properties, via
target gene Spred-1. J Mol Cell Cardiol. 2012;53:64-72.

Yang Z, Chen H, Si H, et al. Serum miR-23a, a potential biomarker
for diagnosis of pre-diabetes and type 2 diabetes. Acta Diabetol.
2014;51:823-831.

How to cite this article: Saeedi Borujeni MJ,
Esfandiary E, Taheripak G, Codoiier-Franch P,
Alonso-Iglesias E, Mirzaei H. Molecular aspects of
diabetes mellitus: Resistin, microRNA, and exosome.
J Cell Biochem. 2018;119:1257-1272.
https://doi.org/10.1002/jcb.26271



https://doi.org/10.1002/jcb.26271
https://doi.org/10.1002/jcb.26271

