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Abstract

ACKGROUND: MicroRNAs (miRNAs) are
small regulatory RN As that play important roles

" in development of diseases. Several studies have
provided evidences showing that miRNAs affect pathways
that are fundamental for metabolic control in adipocyte and
skeletal muscle differentiations. Some miRNAs have been
implicated in lipid, amino acid, and glucose homeostasis.
This leads to the possibility that miRNAs may contribute to
common metabolic diseases and point to novel therapeutic
opportunities based on targeting of miRNAs.

CONTENT: miRNAs have been recognized as a class
of epigenetic regulators of metabolism and energy
homeostasis, primarily because the simultaneous regulation
of a large number of target genes can be accomplished by a
single miRNA . Emerging evidences suggest that miRNAs
play a key role in the pathological development of obesity
by affecting adipocyte differentiation. miRNAs have been
implicated as novel protagonists in the pathogenesis of
Diabetes Mellitus (DM), regulation of insulin production,
secretion and action. They also appear to play a role in the
development of diabetic complications such as nephropathy
and cardiac hypertrophy.

SUMMARY: Involvement of miRNAs in glucose and lipid
metabolism has provided strong evidences to confirm their
roles as key players in regulation of complex metabolic
pathways. Additionally, it indicates potential outlook for

novel therapeutic strategies in the management of obesity,
metabolic syndrome, and DM. Further research in this field
is needed to ascertain the full potential of miRNAs as novel
metabolic biomarkers and potent therapeutic agents against
obesity and its metabolic disorders.
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Introduction

The 2006 Nobel Prize in Physiology or Medicine honored
the discovery of RN A interference, in which scientists used
short strands of the chemical to silence specific genes, and
RNAI has helped shed light on the fact that cells naturally
use RNA molecules of just 20 to 22 nucleotides long and
dubbed miRNAs, to regulate gene expression (1).
MicroRNAs (miRNAs) are a family of 21-25-
nucleotide small RNAs that, at least for those few that
have characterized targets, negatively regulate gene
expression at the post-transcriptional level (2-4). The
functions of miRNAs are not limited to the regulation of
developmentally timed events. Instead, they have diverse
expression patterns and probably regulate many aspects
of development and physiology (2,3,5-7). Although
the mechanisms through which miRNAs regulate their
target genes are largely unknown, the finding that at least
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some miRNAs feed into the RNA interference (RNAIi)
pathway has provided a starting point in our joumey to
understanding the biological roles of miRNAs (8).

miRNAs may offer a window into the development of
various ailments, including cancer, DM, and heart failure;
and may provide a chance to strike disease targets that
until now are unreachable (1).

The global efforts for miRNA cloning and
characterization have led to establishment of an important
collection of miRNA data. The miRNA registry contains
up-to-date annotation for all published miRNAs (9).
Most database entries require experimental validations of
mature miRNA expressions and computational predictions
of the corresponding hairpin precursors. MiRNAs have
been shown to function in all organs directly related to the
metabolism of glucose, namely, the pancreatic islet, liver,
skeletal muscle, adipose tissue and brain (10). Interestingly,
all tissues maintain a unique miRNA expression profile,
perhaps suggesting that these sequences contribute to
specific tissue functions by regulating a unique set of
target genes.

Genome signature analysis has also been applied to
study the involvement of miRNAs in lipid metabolism
and cardiovascular disease. miRNAs are newly discovered
regulators of gene expression, whose target genes and
mechanism of action are the subject of extensive research.
Investigation of these molecules and their genetic targets
may potentially identify new pathways involved in
complex metabolic disease processes, improving our
understanding of metabolic disorders and mfluence
future approaches to the treatment of obesity, metabolic
syndrome, and DM (10).

miRNA Biogenesis Mechanism
and Functions

miRNAs are a family of small, non-coding RNAs that
regulate gene expression in a sequence-specific manner.
The two founding members of the miRNA family were
originally identified in Caenorhabditis elegans as genes
that were required for timed-regulation of developmental
events. Since then, hundreds of miRNAs have been
identified in almost all metazoan genomes including
worms, flies, plants and mammals (8). miRNAs have
diverse expression patterns and might regulate various
developmental and physiological processes. Their
discovery has added a new dimension to our understanding
of complex gene regulatory networks (8).
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Almost coincident with the discovery of the second
miRNA, let-7, small RNAs were also characterized as
components of a seemingly separate biological process,
RNAi. RNAI is an evolutionarily conserved, sequence-
specific gene-silencing mechanism that is induced by
exposure to double-stranded RNA (dsRNA) (11). In many
systems, including worms, plants and flies, the stimulus
that was used to initiate RNAi was the introduction of a
dsRNA (the trigger) of ~500 bp. The trigger is ultimately
processed in vivo into small dsRNAs of ~21-25 bp in
length, designated as small interfering RNAs (siRNAs)
(12,13). It is now clear that one strand of the siRNA
duplex is selectively incorporated into an effector complex
(the RNA-induced silencing complex; RISC). The RISC
directs the cleavage of complementary mRNA targets, a
process that is also known as post-transcriptional gene
silencing (PTGS) (16). The evolutionarily conserved
RNAIi response to exogenous dsRNA might reflect an
endogenous defense mechanism against virus infection or
parasitic nucleic acids (11).

Fundamentally, siRNAs and miRNAs are similar in
terms of their molecular characteristics, biogenesis and
effector functions (8). miRNAs differ from siRNAs in their
molecular origins and, in many of the cases that have been
characterized so far, in their mode of target recognition.
miRNAs are produced as a distinct species from a specific
precursor that is encoded in the genome. The structure of
the primary miRNA transcript and the recognition of this
precursor by a nuclear processing machinery probably
determines the sequence and structure of mature miRNAs.
By contrast, siRNAs are sampled more randomly from
long double-stranded (dsRNAs) that can be introduced
exogenously or produced from bi-directionally transcribed
endogenous RNAs that anneal to form dsRNA (11).

Two processing events lead to mature miRNA
formation in animals. In the first event, the nascent
miRNA transcripts (pri-miRNA) are processed into ~70-
nucleotide precursors (pre-miRNA); in the second event
that follows, this precursor is cleaved to generate ~21-25-
nucleotide mature miRNAs (14).

The sequential cleavages of miRNA maturation are
catalysed by two RNase-IlI enzymes, Drosha and Dicer
(15,16). Both are dsRNA-specific endonucleases that
generate 2-nucleotide-long 3' overhangs at the cleavage
site. Drosha is predominantly localized in nucleus and
contains two tandem RNase-III domains, a dsSRNA binding
domain and an amino-terminal segment of unknown
function (15). Regardless of the diverse primary sequences
and structures of pri-miRNAs, Drosha cleaves these into
~70-bp pre-miRNAs that consist of an imperfect stem-
loop structure (15).
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After the initial cleavage by Drosha, pre-miRNAs are
exported from the nucleus into the cytoplasm by Exportin
5 (Exp5),aRan-GTP dependent nucleo/cytoplasmic cargo
transporter (17). Once inside the cytoplasm, these hairpin
precursors are cleaved by Dicer into a small, imperfect
dsRNA duplex (miRNA: miRNA*) that contains both
the mature miRNA strand and its complementary strand
(miRNA*) (16,18,19). Dicer contains a putative helicase
domain, a DUF283 domain, a PAZ (Piwi—Argonaute—
Zwille) domain, two tandem RNase-1Il domains and a
dsRNA-binding domain (dsRBD) (20).

The effector complex for miRNAs shares core
components with that of siRNAs, so that both are
collectively referred to as the RNA-induced silencing
complex (RISC). The target specificity, and probably
also the functional efficiency of a miRNA requires that
the mature miRNA strand from the miRNA:miRNA*
duplex be selectively incorporated into the RISC for target
recognition (21,22).

Large-scale approaches for studying the regulatory

esis and post-transcriptional
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effects of miRNAs have revealed important insights
into target recognition and function. These approaches
include computational analysis of selective maintenance
or avoidance of miRNA complementary sites during
evolution (23,24) and experimental identification of
messages destabilized or those preferentially associated
with argonaute proteins in the presence of a miRNA (25-
32).

The impact of miRNAs on the proteome indicated
that for most interactions of miRNAs act as rheostats
to make fine-scale adjustments to protein output (33).
Studies have shown that a single miRNA can directly
downregulate production of hundreds of proteins. In
addition to the known effect on global mRNA levels (26),
data strongly indicate that miRNAs translationally repress
hundreds of direct target genes (34). MiRNAs are involved
in a plethora of important biological processes, from
embryonic development to homeostasis in adult tissues.
Recently, miRNAs have emerged as a class of epigenetic
regulators of metabolism and energy homeostasis.
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Circulating miRNA as Promising
Novel Biomarkers

Specific clinical biomarkers have potential torevolutionize
diagnosis and treatment of various medical conditions,
ranging from abnormal pre gnancy to myocardial infarction
and cancer. In particular, atheme of current cancer research
is the quest for sensitive biomarkers that can be exploited
to detect early neoplastic changes (36).

Anideal biomarker oftissue injury should be abundant,
preferentially (or exclusively) produced in the tissue of
interest, and typically present at low concentrations in
the blood and other body fluids. Upon tissue injury, such
biomarkers should be released into the systemic circulation
or other body fluid, where they can be detected in a blood-
based assay or assay of other accessible body fluid.

miRNAs are endogenous, small noncoding RNAs.
Because of their size, abundance, tissue specificity, and
relative stability in plasma, miRNAs hold promise as
unique accessible biomarkers to monitor tissue injury.
miRNAs have been found to be involved in almost every
biological process, from cellular differentiation and
proliferation (37,38) to cell death and apoptosis (39.40),
from synaptic plasticity (41) to immunity (42) and
cardiovascular development (43). In addition, changes
in miRNA levels and activity have been linked to human
pathologies, including cancer (44) and cardiovascular
diseases (4546).

The proof of concept study has revealed the potential
of body fluid miRNAs to serve as practicable molecular
markers for diverse physiological and pathological
conditions, especially those where miRNAs have already
been found to play a critical role, such as cancer (36).
The ease of designing and optimizing an assay with
such analyte specificity and of adapting it across species,
makes miRNA assays a very attractive platform for the
rapid deployment of improved safety biomarkers for
drug development. Such a panel of diagnostic miRNAs
could serve to detect induced toxicity in multiple tissues
simultaneously.

Therapeutic Strategy for Silencing
miRNA in Disease

Biologists who have made some of the early miRNA
discoveries are eager to push toward new treatments for
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patients; hoping to also cash in, many are teaming up
with biotechnology companies or establishing their own.
Companies that formed several years ago to capitalize on
different types of RNA molecules, notably ones used for
RNAI or others known as antisense, are now expanding
into the miRNA arena (1).

Two miRNA-based therapeutic strategies are being
considered: delivering mimics of the molecules that
could promote health or blunting the impact of ones that
contribute to disease. As with any novel therapy, miRNAs
come with their own set of challenges that must be
overcome before testing begins in people.

miRNAs can regulate the mRNA levels of their
targets (26 ,47), and pharmacological silencing of miRNAs
using antagomirs might therefore lead to the regulation
of many mRNAs. A novel class of chemically engineered
oligonucleotides, termed ‘antagomirs’, are efficient
and specific silencers of endogenous miRNAs in mice.
Intravenous administration of antagomirs against miR-
16, miR-122, miR-192 and miR- 194 resulted in a marked
reduction of corresponding miRNA levels in liver, lung,
kidney, heart, intestine, fat, skin, bone marrow, muscle,
ovaries and adrenals. The silencing of endogenous
miRNAs by this novel method is specific, efficient and
long lasting. Studies have shown that antagomirs are
powerful tools to silence specific miRNAs in vive and may
represent a therapeutic strategy for silencing miRNAs in
disease (27).

miR-122 is a liver-expressed miRNA implicated
in cholesterol and lipid metabolism and in hepatitis C
virus (HCV) replication (4849), underscoring miR-
122 as a potential therapeutic target for the treatment
of hypercholesterolemia and hepatitis C infection.
Elmén er al. show that the simple systemic delivery of
an unconjugated, PBS-formulated locked-nucleic-acid-
modified oligonucleotide (LNA-antimiR) effectively
antagonizes the liver-expressed miR-122 in non-human
primates (50). Efficient silencing of miR-122 was
achieved in primates by three doses of 10 mg/kg LNA-
antimiR, leading to a long-lasting and reversible decrease
in total plasma cholesterol without any evidence for LNA-
associated toxicities or histopathological changes in the
study animals (50).

It has been shown that miRNAs are involved in
cancer (51-54), cell growth and differentiation (55-57),
insulin secretion (58) and viral infection (59); silencing of
miRNAs with antagomirs or LNA-antimiR could become
a therapeutic strategy for diseases (70) such as cancer,
hepatitis and DM, and several others are almost certain
to be discovered in which miRNAs participate in disease
etiology.



The Indonesian Biomedical Journal, Vol.3, No.1, April 2011, p.4-17

miRNAs and Regulation of Glucose
and Lipid Metabolism

A role for miRNAs in energy metabolism was first
suggested by a study in Drosophila melanogaster,
illustrating a role for miR-/4 in fat metabolism (61).
Maintaining appropriate blood glucose levels depends on
the fine regulation of insulin release. Recently, heralded
as ‘ribo-regulators’ of glucose homeostasis, miRNAs have
proved to play a principal role in production and secretion
of insulin, while simultaneously influencing sensitivity or
resistance of its target tissues (62-64).

The pancreatic islet-specific miR-375 plays a key
role in blood glucose homeostasis through its regulation
of beta cell function, particularly exocytosis of insulin-
containing vesicles. Additionally, miR-124a and let-7b,
both of which are also abundantly expressed in pancreatic
islet cells are postulated to be important ribo-re gulators of
blood glucose (65).

Tang et al. have shown that miR-30d influences
insulin transcription (66). Using the pancreatic beta-cell
line MIN6, miR-30d was found to be up-regulated by
increased cell exposure to higher glucose concentrations,
and that higher miR-30d levels were associated with
increased insulin gene expression. Conversely, inhibition
of miR-30d was shown to rescind glucose-stimulated
insulin gene transcription. Based on these results, it is
suggested that the putative target genes of miR-30d may
be negative regulators of insulin gene expression. Thus,
emerging data lead us to believing that the powerful
miRNA regulatory mechanism is intimately involved in
glucose homeostasis.

A study into the role of miR-122, a highly expressed
liver miRNA, through antisense inhibition has shown that
it plays an important role in cholesterol biosynthesis and
triglyceride metabolism (67). The most striking effect of
miR-122 inhibition was lowering of plasma cholesterol
and triglyceride levels.

miR-122 inhibition in normal mice resulted in
reduced plasma cholesterol levels, increased hepatic
fatty-acid oxidation, and a decrease in hepatic fatty-acid
and cholesterol synthesis rates. Activation of the central
metabolic sensor AMPK was also increased. miR-122
inhibition in a diet-induced obesity mouse model resulted
in decreased plasma cholesterol levels and a significant
improvement in liver steatosis, accompanied by reductions
in se veral lipogenic genes. These results implicate miR-122
as a key regulator of cholesterol and fatty-acid metabolism
in the adult liver and suggest that miR-/22 may be an
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attractive therapeutic target for metabolic disease (67).

Another recent study on the consequences of depleting
miR-122 corroborated its importance in cholesterol
metabolism (27). The study also reported a significant
decrease in plasma cholesterol levels. Gene expression
analysis showed that the silencing of miR-122 induced
gene expression level variations of several hundred genes.
The lower cholesterol level was attributed by the authors
to the reduced level of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, the rate-limiting enzyme of the
cholesterol biosynthesis pathway (68).

The authors of both papers suggested that the observed
global reduction of the expression levels of lipogenic
genes is probably caused by the fact that miR-122 down
regulates the expression of a hypothetical transcriptional
repressor of these genes, suggesting another point of
eventual therapeutic intervention (68).

Proper coordination of cholesterol biosynthesis
and trafficking is essential to human health. The sterol
regulatory element-binding proteins (SREBPs) are key
transcription regulators of genes involved in cholesterol
biosynthesis and uptake. Najafi-Shoustari ef al. show that
microRNAs (miR-33a/b) embedded within introns of the
SREBP genes target the adenosine triphosphate—binding
cassette transporter Al (ABCA1), an important regulator
of high-density lipoprotein (HDL) synthesis and reverse
cholesterol transport, for posttranscriptional repression.
Antisense inhibition of miR-33 in mouse and human cell
lines causes up-regulation of ABCA1 expression and
increased cholesterol efflux, and injection of mice on a
western type diet with locked nucleic acid—antisense
oligonucleotides resulted in elevated plasma highdensity
lipoprotein (HDL) (69).

Vertebrates have two SREBP genes. SREBP-2
preferentially activates the synthesis and uptake of
cholesterol, whereas SREBP-1 preferentially activates the
synthesis of fatty acids (70). Najafi-Shoushtari et al. and
Rayner et al. reveal that both genes also encode, within
their introns, a microRNA (miR-33) that has the reciprocal
effect. miR-33 blocks the egress of cholesterol from cells
by reducing the mRNA and protein levels for ABCAL,
a transporter in the plasma membrane that secretes
cholesterol from cells (71). When cells are depleted of
cholesterol, both the transcription of SREBPs and the
intron-encoded miR-33 rise modestly.

ABCALI functions most prominently in macrophages
and hepatocytes (71). In macrophages, it excretes
cholesterol that accumulates as a result of the uptake
of oxidized cholesterolcamrying lipoproteins. In liver,
ABCALI is essential for the production of the precursor
forms of HDL. Najafi-Shoushtari et al. and Rayner ef al.
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show that delivery of a miR-33 antagonist leads to a small
but significant increase in plasma HDL.

In humans, insulin resistance is a hallmark of
metabolic syndrome, which is provoked by obesity (72).
In addition to hyperinsulinemia, hyperglycemia, and fatty
liver, the cardinal features of metabolic syndrome include
an increase in plasma triglyceride levels, owing to elevated
very-low-density lipoproteins (VLDL), and a decrease
in plasma HDL. Low HDL is believed to contribute to
the increase of coronary heart disease in these subjects.
Evidence suggests that the hypertriglyceridemia is caused
by the insulin-induced increase in SREBP-Ic mRNA and
protein. Is it possible that the reductionin HDL is caused by
a decrease in ABCAL1, owing to the increased production
of miR-33b from the insulin-stimulated SREBP-Ic gene?
(73)

Role of miRNAs in Obesity and
Metabolic Syndrome

Obesity and the metabolic syndrome are major public
health concerns and present a formidable therapeutic
challenge. The incidence of this disease spectrum
continues to rise and contributes significantly to global
morbidity, mortality and socioeconomic burden. Current
treatment modalities include lifestyle modification, diet
and pharmacologic agents; yet many patients remain
recalcitrant to conventional medical therapy.

miRNAs play important regulatory roles in a variety
of biological processes including adipocyte differentiation,
metabolic integration, insulin resistance and appetite
regulation (74) (Figure 2). Investigation of these tiny
molecules and their genetic targets may potentially identify
new pathways involved in complex metabolic disease
processes, improving our understanding of metabolic
disorders and influence future approaches to the treatment
of obesity (10).

It is well acknowledged that abnormal and excessive
fat accumulation in obese patients is associated with
adverse health outcomes including an increased risk of life
threatening diseases such as Type II DM, cardiovascular
and cerebrovascular disease and malignancy (75). Crucial
to the development of novel therapeutic strategies for
obesity and its associated metabolic syndromes is better
understanding of the regulation of adipogenesis.

Adipose tissue’s functions are essential to energy
metabolism because adipose tissue is not only an energy
depot (76), but also a source of endocrine factors (77,78).
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Adipocytes are derived from mesenchymal stem or
progenitor cells via a lineage-specific differentiation
process called adipogenesis. Adipogenic differentiation is
accomplished by a cascade of three major transcriptional
events characterized by the transcriptional induction
of: (a) the early genes CEBPy and CEBPO; (b) the
determination genes PPARYy and CEBPa, also regarded
as master regulators of adipogenesis; and (c) adipocyte-
specific genes such as those encoding fatty acid synthase
and fatty acid-binding proteins (79-81). Epigenetic
regulation of adipose functions mediated by miRNAs has
been emerging as an important mechanism in the study of
energy metabolism and obesity (35).

Adipose tissue undergoes a dramatic expansion
in obesity, which eventually results in adipose tissue
dysfunction. Studies have shown that obese tissue becomes
hypoxic or oxygen-deficient, and hypoxia facilitates
inflammatory responses in adipocytes (82,83). Studies
have also shown that hypoxia strongly inhibits adipogenic
differentiation (84 85).

The miR-27 gene family is down regulated during
adipogenic differentiation. Overexpression of miR-
27 specifically inhibited adipocyte formation, without
affecting myogenic differentiation, and expression of
miR-27 resulted in blockade of expression of PPARYy
and CEBPa, the two master regulators of adipogenesis.
Importantly, expression of miR-27 was increased in fat
tissue of obese mice and was regulated by hypoxia, an
important extracellular stress associated with obesity.
Those data strongly suggest that miR-27 represents a new
class of adipogenic inhibitors and may play a role in the
pathological development of obesity (35).

Takanabe et al. observed miR-143 expression
increased 3.3-fold in adipose tissue of obese mice, and
they also report similarly altered levels of the adipocyte
differentiation markers PPARy and aP2 (86). Kloting et al.
carried out the first miRNA expression profiling in human
omental and subcutaneous adipose tissue and uncovered
significant correlations between the expression of several
fat depot specific miRNAs, adipose tissue morphology and
key metabolic parameters such as BMI, lipid and hormone
levels (87).

Wang et al. reported that the miR-17-92 cluster was up-
regulated twofold during the early clonal expansion stage
of adipogenesis and this family of miRNAs accelerated
adipocyte differentiation by negatively regulating key cell
cycle regulator and tumour suppressor gene Rb2/pl30
(88). The inverse pattern of miRNA expression observed
in differentiating adipocytes and obese tissue indicates
that obesity leads to a loss of miRNAs that characterize
fully differentiated and metabolically active adipocytes.
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Figure 2. Known role of miRNAs in metabolically related issues: various miRNAs are specific to certain tissues important in
metabolism such as the brain, liver, muscle, adipocyte and the pancreatic islet (Adapted with permission, Wiley & Sons).

Xie et al. postulated that these changes were likely due to
the chronic inflammatory environment in obese adipose
tissue, which has been well described previously (89,90).
They concluded that these changes in miRNA expression
observed in adipocytes were likely caused by the enhanced
expression of TNF-o seen in obese fat tissue.

The brain and central and peripheral nervous systems
have been implicated as key regulators of appetite, body
fat content and glucose metabolism (91). miIRNAs have
recently been shown to be differentially expressed in brain
tissue and have been linked to the regulation of neural
factors specific to obesity, in particular the control of
appetite, and in neural signalling to liver, muscle, pancreas
and gastrointestinal tract, to influence metabolism. miR-
132 has been shown to be highly expressed in brain tissue
and neuronal cell types, and evidence exists to show that
miR-132 is involved in the regulation of cAMP response

10

element-binding protein (CREB) which is also known to
function in glucose homeostasis (92).

Hypothalamic brain-derived neurotrophic factor
(BDNF) is a key element in the regulation of energy
balance and has been implicated in the development of
obesity (93). This protein, encoded by the BDONF gene
and secreted from the hypothalamus, is a member of
the neurotrophin family of growth receptors and low
expression levels have previously been linked to increased
appetite and obesity (94). Both miR-30a-5p and miR-195
have been shown to target specific sequences surrounding
the proximal polyadenylation site within the BDNF 3'-
untranslated region on chromosome 11p13. Furthermore,
neuronal overexpression of miR-30a-5p and miR-195,
miRNAs enriched in layer III pyramidal neurons, resulted
in down-regulation of BDNF protein.
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Role of miRNAs in DM

Maintaining appropriate blood glucose levels depends
on the fine regulation of insulin release; when glucose-
stimulated insulin secretion fails, hyperglycemia ensues
(95). Every step in the secretory pathway is tightly
controlled at multiple levels, including the biosynthesis of
insulin and secretory granule proteins, granule movement
and exocytosis. Transcriptional regulation and the control
of transcript stability and translational efficacy dictate
the levels of insulin and other secretory granule proteins
(96.97).

Poy et al. originally identified several miRNAs which
were differentially expressed in pancreatic endocrine cell
lines. miR-375 overexpression was found to reduce beta
cell number and viability and thereby suppress glucose-
stimulated insulin secretion. Conversely functional
experiments showed that miR-375 inhibition enhanced
insulin secretion. These effects were shown to be mediated
through miR-375’s gene targets which include myotrophin
(MTPN) and phosphoinositide-dependent kinase |1
(PDK1) (60,98) and the results indicate that miR-375 is a
potentially important modulator of beta cell function.

Regulation of MTPN by miR-375 may only be the tip
of a large iceberg, as Jak2, ubiquitin-specific protease 1
and adiponectin receptor 2 are additional bona fide targets
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of miR-375. Of note, miR-124 and let-7b, that are also
abundantly expressed in islet cells, coordinately repress
MTPN, pointing to converging translational control of a
single protein (65). Multiple targeting of a transcript may
ensure sequential miRNA actions and fine-tuning of gene
expression (99).

miR-9 has been shown to regulate insulin release by
decreasing expression of the transcription factor Onecut-2,
that in turn promotes granuphilin/Slp4, a negative regulator
of secretin (14). Baroukh and colleagues demonstrated that
miR-124a preferentially targets Foxa2 - a master regulator
of pancreatic development and of genes involved in glucose
metabolism and insulin secretion (Kir6.2 and Sur-1). They
concluded that this miRNA is an important regulator of
a key transcriptional protein network in beta-cells and is
responsible for modulating intracellular signaling.

miRNAs are not only involved in insulin production
and secretion, but also control insulin signaling in target
tissues of insulin action. Studies on miRNA expression
in skeletal muscles of Goto-Kakizaki (GK) rats, a non-
obese model of type 2 DM, identified two miR-29 family
members including miR-2%a and miR-29b, but not miR-
29¢ to be upregulated in these diabetic animals compared
to control animals (63). Further analysis using Northern
blots revealed that members of the miR-29 family were up
regulated in all three insulin-responsive tissues, such as
muscle, fat, and liver of diabetic rats.

;’—f— Plasma membrane

Insulin secretagogues

f\GTuc ose ) (‘G_’LP?f) C Egtylchoﬁﬁé 3

Figure 3. MicroRNA — mediated regulation of insulin exocytosis in the pancreatic beta cell
(Adapted with permission from, Nature Publishing Group).
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Two candidate genes [nsig! (insulin-induced gene
1), an endoplasmic reticulum membrane protein that is
involved in control of cholesterol biosynthesis and Cav2
(caveolin 2) have been validated as targets of miR-29a/b/c
using luciferase reporter assays and by Western blotting.
Overexpression of miR-29 caused a decrease in the levels
of Insigl and Cav2 proteins (63).

miR-143 has been shown to be up-regulated during
adipocyte differentiation (100). Reduction of miR-143
by transfecting 2'-O-methoxyethyl phosphorothioate-
modified antisense RNA oligonucleotides inhibited the
expression of adipocyte-specific genes (insulin-sensitive
glucose transporter/GLUT4), hormone sensitive lipase
(HSL), fatty acid-binding protein, aP2 and peroxisome
proliferator-activated receptor (PPAR-2), and the
accumulation of triglycerides (1007). Interestingly,
knockdown of miR-143 led to up regulation of one of the
predicted targets, the mitogen-activated protein kinase
ERK5/BMKI1/MAPK7 suggesting that miR-143 may act
through the target gene ERKS.

In Drosophila, miR-14 was found to regulate
adipocyte droplet size and triacylglycerol levels (61) and
miR-278 appears to control insulin sensitivity in adipose
tissue (101). In adipocytes, both IRS1 and IRS2 are
expressed and have synergistic effects. Although IRS2 is
central to the development of type 2 DM and its associated
complications, only IRS1 has recently been identified to
be a target of miRNAs, specifically miR-145 (102).

Thus, recent data suggest that miRNAs play a direct
role in insulin secretion (58), pancreatic islet development
(103), beta cell differentiation (104), and indirectly control
glucose and lipid metabolism (73) and are involved in
secondary complications associated with DM (105,106).

Role of miRNAs as Diabetic
Complication

MiRNAs appear to also play a role in the establishment
of DM complications. Data indicate that diabetic
complications are often associated with changes in the
levels of certain miRNAs in various tissues, including
brain, heart, liver and kidney. The first miRNA that was
shown to change its levels in diabetic hearts was miR-133.
The changes of miR-133 levels in heart are associated
with two types of consequences: (1) a long QT syndrome
(LQTS) (105) and (2) cardiac hypertrophy (107). LQTS is
a life-threatening disorder that affects the heart's electrical
system and may lead to fainting, cardiac arrest and possibly
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sudden death (108). Human ethera-go-go-related gene
(HERG) was identified as a LOTS gene encoding a cardiac
potassium channel responsible for rapid delayed rectifier
K+ current (IKr) (109). In diabetic hearts, the HERG
protein was reduced by about 605% while the mRNA levels
remained essentially unaltered (105,110). miR-133 has
been demonstrated to repress HERG expression and miR-
133 expression levels itself appears to be regulated by the
serum response factor SRF (105). While over-expression
of miR-133 induces LQTS, down regulation of miR-133
levels lead to cardiac hypertrophy. In vitro over-expression
of miR-133 or miR-1 (both miRNAs come from the same
transcriptional unit) inhibits cardiac hypertrophy.

miRNAs have been implicated in the epigenetic
regulation of key metabolic, inflammatory, and
antiangiogenic pathways in type 2 DM and may contribute
to common disease complications (111)s. Type 2 DM isone
of the major risk factors of cardiovascular disease leading
to endothelial dysfunction and micro and macro vascular
complications (112,113). miR-126 is highly enriched in
endothelial cells and plays a pivotal role in maintaining
endothelial homeostasis and vascular integrity (114). It
facilitates vascular endothelial growth factor (VEGF)
signaling by repressing 2 negative regulators of the
VEGF pathway, including the Sprouty — related protein
SPREDI and phosphoinositol-3 kinase regulatory subunit
2 (PIK3R2.p85-B) (115). Plasma miRNAs are packaged
in membranous vesicles that change in numbers, cellular
origin, and composition depending on the disease state
(116).

Shedding of miR-126 from endothelial cells has been
shown to regulate VEGF responsiveness and to confer
vascular protection in a paracrine manner (117). Loss
of miR-126 was consistently associated with DM and
the miR-126 content in endothelial apoptotic bodies was
reduced in a glucose-dependent fashion. Because apoptotic
bodies and microparticles can be transferred to other cell
types (117,118), low plasma levels might result in reduced
delivery of miR-126 to monocytes and contribute to VEGF
resistance and endothelial dysfunction.

Endothelial miR-126 are deregulated in patients with
DM, which may ultimately lead to novel biomarkers for
risk estimation and classification and could be exploited
for miRNA-based therapeutic interventions of vascular
complications associated with this disease (111).

Diabetic nephropathy (DN) and intercapillary
glomerulonephritis are a progressive kidney disease
that causes kidney failure in patients with longstanding
DM. Of many genes that are involved in DN, one gene
namely Smad-interacting protein 1 (SIP1) has recently
been identified to be a target of miR-192, a miRNA highly
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expressed in the kidney. It is suggested that transforming
growth factor beta (TGF-f), SIP1, &-crystallin enhancer
binding protein (8EF1), collagen type I alpha 2 (Colla2)
and miR- 192 constitute a regulatory loop that is important
in the control of kidney function. TGF-B upregulates
miR-192 levels, which then causes downregulation of
SIP1 through translational repression. TGF-f also down
regulates the transcription factor 8EF1, through unknown
mechanisms. Consequently, down regulation of SIP1 and
OEF1 collectively enhances the expression of Colla2
by de-repressing the E-box elements located on the
Colla2 promoter. Up-regulation of TGF-f or miR-192
was observed in glomeruli isolated from streptozotocin-
induced diabetic mice as well as diabetic db/db mice
compared to corresponding nondiabetic controls. These
findings suggest a role for miR-192 in kidney and DN
development (106).

Therapeutic Potential of miRNAs
in Obesity and DM

The association between aberrant miRNA expression
and abnormalities in glucose homeostasis, adipogenesis
and obesity, and functional analysis of specific miRNAs
illustrates the feasibility of using these molecules as
targets for therapeutic intervention (119). Antagomirs
(cholesterol conjugated anti-sense oligonucleotides) are
pioneering targets for miRNAs silencing, as evidenced by
hepatic miR-122 blockade in vive (27). These preliminary
datahave prompted early clinical trials. Conversely, where
miRNA expression is known to be under-expressed (e.g.
miR-103 in obese adipose tissue), induction of miRNA
expression using viral or liposomal delivery of tissue-
specific miRNAs to affected tissue could potentially result
in restoration of catabolic activity to the tissue, although
this concept of ‘miRNA replacement therapy’has yet to be
extrapolated in this setting (120).

Insulin, the hormone secreted by pancreatic f-cells,
plays an essential role in the regulation of blood glucose
levels and is a central factor in the control of body
metabolism. Insulin release is finely tuned by changes
in the concentrations of nutrients, other hormones and
neurotransmitters allow a tight, moment-to-moment
control of blood glucose levels. Secretion of amounts
of insulin is insufficient to meet the metabolic demand
resulting in chronic hyperglycemia and development of
DM. Visceral obesity and elevated plasma free fatty acid
(FFAs) concentrations are predisposing factors for the
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development of type 2 DM. Chronically elevated FFAs
promote insulin resistance in target tissues and give
detrimental effects on p-cells.

Alterations of miRINA activities are associated with
numerous pathological conditions including cancer and
neurological diseases (121). miRNA dysfunction can
result from alterations in miRINA transcription/maturation
leading to the expression of inappropriate levels of the
miRNAs or from impairment in miRN A/target interactions
(122).

Adipocyte differentiation and function can also be
regulated by miRNAs. miR-/43 is upregulated during
adipocyte differentiation and reduction of this miRNA
results in decreased expression of adipocyte-specific
genes and accumulation of triglycerides (100,123). A
recent report shows the presence of a second enriched
miRNA in adipocytes, miR-103. Overexpression of miR-
103 also accelerates adipogenesis, as measured by the up
regulation of many adipogenesis markers (89).

miRNAs also seem to be involved in DM-associated
diseases. In fact, a variation in diabetic-associated
expression of miRNAs has been detected in multiple
organs, including heart and kidney. miR-1 and miR-133 are
up regulated in rabbit diabetic heart tissue and ventricular
samples from human diabetic patients (105,124). Both
TGF- and miR-192 are upregulated in the renal glomeruli
of type 1 and type 2 diabetic mice (106), suggesting that
miR-192 plays a role in the pathogenesis of diabetic
nephropathy.

Because miRNA dysfunction is associated with the
development of several diseases, including DM, these
regulatory molecules represent attractive therapeutic
targets. As described above, the mechanisms controlling
miRNA biogenesis are now relatively well understood.
Therefore, it could be envisaged to develop approaches to
modulate miRNA maturation (122). Strategies permitting
selective modulation of the expression or activity of one
single miRNA would be much more attractive. miRNAs
are small molecules with well-defined physicochemical
properties. They can be easily synthesized and modified
to improve their stability and facilitate their cellular
delivery.

Depending on the role of the miRNA , the goal of the
treatment will be to either increase or diminish miRNA
function. To inhibit the function of miRNAs, several tools
have been designed. The first and, for the moment, most
widely used technique developed for this purpose relies on
the ability of antisense nucleic acid derivatives to bind to
the miRN A and prevent interaction with the targets. Stoffel
et al. showed that modified derivates of these molecules,
termed antagomirs, can also function in vive (27).
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Systemically administered locked nucleic acid (LN A)-
antimiRs could also efficiently decrease the levels of miR-
122 in the liver and consequently led to the upregulation of
a large set of predicted target mRNAs (125). Morpholinos,
another type of nucleotide derivatives, have been used
to decrease miRNA expression in zebrafish (103).
Morpholinos are synthetic uncharged P—chiral analogues
of nucleic acids and have been shown to be effective,
specific and lack non-antisense effects. Alternative
strategies to inhibit miRNA function have been designed.
One example is the use of ‘miRNA sponges’ (126). The
principle of this approach consists of introducing in the
cells a decoy mRINA containing multiple miRNA-binding
sites in the 3’ UTR and functioning as a competitive
inhibitor for the targets.

DM and other disorders are often detected too late that
leads to difficulties in diagnosis and treatments. Because
many miRNAs are expressed in a tissue-specific manner
and their levels in different organs vary in association
with disease states, these small molecules represent an
attractive new class of highly specific biomarkers (54,127).
miRNAs have been shown to be reasonably stable and,
therefore, their level is well suited for being tested i
patient samples. Moreover, Chen e al. have demonstrated
that miRNAs can be detected in serum of different species
and that their level is consistent among individuals of the
same species (120).

A better knowledge of the properties and functions of
these small regulators of gene expression may favor the
design of novel therapeutic approaches for prevention and
treatment of DM. This task will keep researchers busy
for many years. However, if discoveries continue at the
current extraordinary pace, we will soon know if miRNAs
can hold all their promises and help the development of
new tools for fighting DM, obesity, and its complications.

Conclusion

MiRNAs have emerged as an important class of post-
transcriptional regulators of metabolism in several cell
types, including B-cells, muscle cells, and adipocytes.
They appear to be involved in diverse aspects of cellular
responses to metabolic demands or stresses.

MiRNAs will also be useful as biomarkers for
obesity, metabolic syndrome and DM. Furthermore,
recent progress in the development and use of miRNA
antagomiRs to target miRNAs in vivo may provide novel
therapeutic tools for the treatment of obesity and DM and
its complications in future.
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Further studies are necessary to examine the efficacy
and safety of these novel therapeutic approaches, and to
explore the potential for circulating miRNAs to aid in the
management of patients with obesity, metabolic syndrome,
and DM; however, evidence to date is encouraging.
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