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Abstract

MicroRNAs (miRNAs) are a novel group of universally
present small non-coding RNAs that have been
implicated in wide ranging physiological processes
and thereby are critical in the manifestation of diverse
diseases. Since their discovery as developmental
regulators in C.elegans, they have come a long way
and are currently associated with normal and diverse
pathophysiological states including Parkinson’s
syndrome, cardiac hypertrophy, viral infection,
diabetes and several types of cancer. Of special
significance is their involvement in diabetes, an area
in which several emerging reports point to the fact
that these small RNA species could be special and
critical in this complex disease and they or their
specific inhibitors may be exploited as targets for
therapeutic intervention. The stable nature of these
miRNAs over mRNAs is an added advantage of them
being projected for the same. This review focuses on
and discusses the current diabetic epidemic and the
potential role(s) of these miRNAs in various

physiological processes that lead to the diabetic
phenotype with an objective of better understanding
the emerging mechanisms of these small molecules
in the development and progression of diabetes and
its complications.

Copyright © 2009 S. Karger AG, Basel

Introduction

MicroRNAs (miRs or miRNAs) comprise a novel
group of small (~22 nucleotide) single stranded non-coding
RNAs that are ubiquitously present in plants and animals
and act in a sequence specific manner to regulate gene
expression at the post transcriptional level by cleavage
or translational repression of their target mRNAs. /in-4
and /et-7 were the first identified microRNAs (miRNAs)
in C.elegans as regulators of the developmental timing
in the nematode and subsequently, going by numbers, as
many as 866, 350 and 627 microRNAs have been
annotated in the human, rat and mouse respectively till
date and this collectively has been cataloged in the miRNA
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registry (http://microrna.sanger.ac.uk, V 12.0 September,
2008). In higher eukaryotes, almost 1-3% of the genome
codes for miRNA genes and as high as 30% of the genes
are believed to be regulated by these small RNA species
[1-4]. Primarily these are transcribed as long RNA
precursors (referred to as pri-miRNAs) that are processed
in the nucleus by the RNase, Drosha, which chops off
the stem loop to give rise to the subsequent ~70 nucleotide
intermediate, the pre-miRNA. Exportin-5 and Ran-GTP
export these small duplex pre-miRNA species into the
cytoplasm where they are excised by another enzyme,
Dicer, to form the functionally active ~22 nucleotide
mature miRNA that becomes part of the RNA induced
silencing complex (RISC). In the cytoplasm, one of the
strands is eliminated and the other remaining mature
miRNA strand, in animals, functions through imperfect
base pairing to the 3’ untranslated region (3’UTR) of their
target mRNAs and subsequently inhibits translational
initiation (Figure 1). Interestingly, miRNAs display a
spatiotemporal pattern of expression and function and
therefore are crucial in the regulation of various biological
processes in various stages. It is therefore not surprising
that they have been implicated in several diseases like
cancer [5-8], cardiovascular diseases [9-11], neurological
disorders [12, 13], viral infection [14-16], asthma [17]
and diabetes [18-20].

Unlike in the case of cancer, not much insight has
been obtained regarding the contribution of microRNAs
in diabetes and the picture that stands as of today is just
the beginning towards understanding the complex
mechanisms that culminate into the disease phenotype
and its complications. In the midst of the current diabetic
epidemic, this review will discuss in detail the current
status of the potential roles that these microRNAs play
in the initiation and progression of diabetes and its
complications and provide insights into novel
mechanism(s) of the disease pathogenesis. Considering
the complexity and interplay of several factors that
culminate in the manifestation of diabetes, unraveling the
roles that microRNAs might contribute in these
phenomena offers significant information in the area of
diabetes research.

The global epidemic of Diabetes

Diabetes, the deadly global health problem, has
reached epidemic proportions and is expected to touch a
whopping devastating number of 366 million by the year
2030 [21]. Most of this explosion is predicted to being

contributed by developing countries, mainly India and
China. Rapid changes in urbanization, industrialization and
globalization have, on the one hand, opened up new
avenues towards increased socio-economic prosperity but
on the other, accompanied by an escalating tendency
towards physical inactivity and obesity, have gifted us
with a plethora of metabolic disorders. Concurrent with
the soaring rates of obesity there has been a simultaneous
surge in the incidence of insulin resistance and type 2
diabetes at an alarming rate leading researchers to adopt
the term “diabesity” to imply obesity associated diabetes.
Insulin resistance is a persistent fundamental finding in
diabetic patients and it usually manifests itself years
before diabetes sets in and is therefore quite often
considered a predictor for the onset of diabetes. The term
“insulin resistance” refers to resistance to either
endogenously produced or exogenously administered
insulin mediated glucose uptake in the skeletal muscle
and adipocyte and impaired suppression of insulin mediated
inhibition of hepatic glucose output; all resulting from
impaired insulin signaling in insulin target tissues, mainly
the adipose, liver and skeletal muscle. Such consistent
insulin resistance also culminates in impaired pancreatic
function that adds on to the existing metabolic
dysregulation in diabetes.

The discovery of microRNAs and subsequent reports
illustrating their role(s) in regulating glucose and lipid
metabolism have opened up a novel mode of fine-tuning
genes that control diverse facets of metabolic regulation.

MicroRNAs and glucose metabolism

Maintenance of appropriate levels of circulatory
glucose levels results from a balance between normal
insulin secretion and action. Dysregulation at any step of
this fine tuning is responsible for the initiation of Type 1
diabetes and insulin resistance that culminates in Type 2
diabetes. Apart from the various mechanistic regulators
of insulin secretion and action, microRNAs have also
emerged as novel regulators of these phenomena and
hence appropriately referred to as “ribo-regulators of
glucose homeostasis” [22]. Along these lines, a major
player that emerged as a significant mediator of insulin
release and thereby of glucose homeostasis is the
pancreatic islet specific microRNA, miR-375. It is one
of the earliest microRNAs to be identified as possessing
a validated functional role in the pancreas where it
negatively regulates glucose-stimulated insulin release in
a calcium independent manner and its antagomirs (small
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Fig. 1. Micro-RNA biogenesis and
mechanism of action. The primary
transcripts of miRNA i.e. pri-miRNAs are
transcribed usually by RNA Polymerase
II from varied genomic locations. The pri-
miRNAs are subsequently processed in
the nucleus by Drosha, a type III RNase
and DGCR8 (DiGeorge syndrome Critical
Region gene 8), a double stranded RNA
binding protein to give a 60-70 nucleotide
long stem-loop structure known as pre-

miRNAs. These pre-miRNAs are then
exported into the cytoplasm by a Ran-
GTP dependent nuclear transport
receptor, Exportin 5 where they are
further processed into 21-23 nucleotide
long miRNA duplex by the type III RNase, b
Dicer and its interacting partner, TRBP
(TAR RNA Binding Protein). One of the [RE '
strands of this miRNA duplex along with mr%fe}]r
Dicer, TRBP and a member of the
Argonaute protein family (AGO2)
assembles into the miRNA Induced
Silencing Complex (miRISC). Mature
miRNAs then regulate gene expression
by guiding the miRISC to their target
complementary mRNA. Regulation may
be mediated by various mechanisms
namely repression of translation, mRNA
cleavage or deadenylation.
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synthetic chemically engineered oligonucleotide that is
used to silence endogenous miRNAs) revert back normal
insulin secretion [19]. From a set of its specific predicted
targets that included Vtila (t-SNAREs yeast homologue
1A that is critical in insulin vesicle biogenesis and
recycling), Mtpn (myotrophin), MAPK 14 (p38 mitogen-
activated protein kinase), Slc16A2 (monocarboxylic acid
transporter member 8) and Mxil (Max interacting protein
1 with arole in B-cell differentiation), all with a potential
role in B-cell function and insulin secretion, the authors
found that overexpression of miR-375 led to significant
reduced levels of the Mtpn and Vtila protein; however
transfection with 2’-O-me-375 (2’-O-methyl
oligoribonucleotide that inhibits the miRNA ) could
increase only the levels of Mtpn with no effects on the
levels of Vtila [19]. The 3’UTR of Mtpn harbors a binding
site for miR-375 that when bound inhibits Mtpn expression
that is withdrawn when the binding site is mutated to
reduce the complimentarity between the microRNA and
the Mtpn mRNA. Functionally Mtpn is involved in
modulation of the actin network that affects membrane
docking and fusion [18, 22-23]. This strongly correlates
to insulin vesicle exocytosis in the pancreas. Additionally

inhibition of Mtpn with siRNA also attenuates insulin
release. All these indicate towards a direct sturdy role of
miR-375 and its target, myotrophin in insulin release from
the pancreas that ultimately determines glucose
homeostasis within the body.

Quite interestingly in a later study miR-375 was
identified as the most abundant intra-islet miRNA [24].
Recently, miR-375 has also been reported to target PDK 1
in the pancreatic islet cell [25]. Its elevated expression in
the pancreatic islets of diabetic Goto-Kakizaki rats
indicates towards its role in diabetes. Using INS-1E
insulinoma cells and rat primary islets, it was observed
that miR-375 directly binds to the 3’UTR of PDK1 and
inhibits its protein level. PDK1 in the presence of
phosphatidylionosites generated by PI3K, activates Akt/
PKB. Glucose stimulation of insulin gene expression via
PDX-1 also involves the PI3K pathway and a recent
experiment in this connection [25] unravels a novel angle
of regulation of this pathway wherein miR-375 modulates
glucose mediated stimulatory effect on insulin gene
expression by targeting PDK1. Earlier it was reported
that B-cell specific ablation of PDKI1 induces diabetes
accompanied with a reduction in B-cell mass [26]. Along
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with these reports of the roles of miR-375 in pancreatic
function, its presence and significance in the pancreas is
also substantiated by the fact that its knockdown is
accompanied by severe morphological defects in the
pancreatic islets in zebrafish [27]. miR-375, therefore,
appears to be the most well studied as far as the regulation
of insulin release and glucose homeostasis is concerned.

Another microRNA, miR-9 has been reported as a
strong candidate and regulator of insulin exocytosis from
the pancreas [28]. The pancreatic exocytotic machinery
for insulin involves the participation of several proteins
that are under direct and/or indirect control of several
factors. Elevated levels of miR-9 inversely correlated with
glucose stimulated insulin release. This effect of miR-9
on insulin release was preceded by elevated levels of the
Rab GTPase effector, Granuphilin/SIp4 [29-30] and this
is regulated by the direct miR-9 target, Onecut2 (OC2)
that inhibits the expression of Granuphilin/Slp4. While
overexpression of OC2 downregulated Granuphilin
transcription, it’s silencing by RNAi replicated the effects
of miR-9 on granulophilin expression and insulin
exocytosis. All these indicate miR-9 to be explicitly
involved in insulin exocytosis from the pancreas. In a later
study, using miRNA microarray, Baroukh et al., 2007 [31]
found that miR-124a strongly correlated with mouse
pancreatic development suggesting its role in B-cell
differentiation. Looking for predicted miR-124a targets,
Foxa2 emerged and was subsequently validated as the
one with an identified role in pancreatic B-cell
development. Overexpression of miR-124a inhibited and
anti-miR-124a could withdraw this inhibition on Foxa2
and its downstream target, Pdx-1. Under identical
conditions, mRNA levels of other significant regulators
of pancreatic development and function namely, Kir-6.2
and Sur-1 also depicted identical patterns of expression
though this appears not to be a direct effect. It can be
said quite conclusively that such miR-124a regulation of
Foxa2 and subsequently of Pdx-1, Kir-6.2 and Sur-1
suggests a central role of this miRNA in the fine-tuning
of targets that together comprise a major fraction of
determiners of global pancreatic development and
function. Very recently, by employing an identical
microarray approach, Tang et al. found 61 glucose
regulated miRs from a total of 108 miRs in the mouse
insulinoma cell line, MIN6 [32]. Of these, most of the
miRs were upregulated and only few that included miR-
296, miR-184 and miR-160 were downregulated. miR-
30d that was significantly elevated here was subsequently
found to mediate glucose stimulated insulin gene expression
while inhibition of this microRNA attenuated this effect.

miR-30d overexpression or inhibition by itself, however,
did not have any effect on insulin gene transcription. The
authors thereby suggest that miR-30d and its targets may
be potential regulators of insulin gene expression.

A recent report [20] appropriately documents the
altered miRNA pattern that contributes to free fatty acid
(FFA)-induced pancreatic B-cell dysfunction. Microarray
analysis revealed several miRNAs to be altered by
palmitate in MIN6B1 cells and after appropriate validation
and replication studies, only miR-34a and miR-146 were
analysed for their further role in the pancreas. Supportively,
their levels were also elevated in the islets of diabetic db/
db mice that parallels the elevated plasma free fatty acid
concentrations. Looking beyond these alterations, it was
found that miR-34a is allied to p53 activation that is an
inducer of apoptosis in several diseases [33] and also to
Bcl2 inhibition [34], especially in the pancreas they are
known to be involved in apoptosis of insulinoma cell lines
[35-36]. FFA mediated regulation of p53 via miR-34a, is
therefore a novel mode of regulation of pancreatic
apoptosis initiated by FFA. Within the islets as well, miR-
34a affects hormone secretion by targeting VAMP2, a
vesicle protein that is involved in insulin exocytosis. The
other miRNA that was identified by Lovis et al., 2008
[20] was miR-146 that acts by targeting IRAK1 and
TRAF6, both of which are involved in pancreatic B-cell
death [37-40]. These miRNAs, therefore underlie some
of the negative effects of free fatty acids on pancreatic
function and survival that mimics the state of obesity
associated Type 2 diabetes.

Another miRNA highly elevated in the skeletal
muscle of diabetic GK rats is miR-29 that has been
implicated in inhibition of insulin action. Adenovirus-
mediated overexpression of this miRNA in 3T3-L1
adipocytes significantly repressed insulin stimulated
glucose uptake that was accompanied by inhibition of
msulin stimulated Akt activation. However, the total levels
of the Akt protein were not downregulated by miR-29
overexpression indicating that Akt is not the direct target
gene of miR-29 and the effects of miR-29 on insulin action
could involve other mediators [41]. Another significant
intermediate, Insulin Receptor Substrate-1 (IRS-1) is a
major mediator of insulin signaling and its mutation or
dysfunction has been associated with diabetes [42-44].
Although in a different context, miR-145 has been recently
identified to target and downregulate the IRS-1 (Insulin
Receptor Substrate 1) protein in human colon cancer cells
[45] and this targeting has elaborate effects on the growth
and proliferation of these cells. Considering the role that
IRS proteins play in insulin signaling and thereby on
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glucose homeostasis, it may be worthwhile to undertake
in depth studies to unravel the role of this miRNA in insulin
action, if any.

MicroRNAs and lipid metabolism

It has now been established beyond doubt that
alterations in lipid metabolism contribute to insulin
resistance and diabetes. Abnormalities of triglyceride
storage and lipolysis in insulin-sensitive tissues are an early
manifestation of conditions characterized by insulin
resistance. Increased free fatty acid (FFA) flux from
adipose tissue to nonadipose tissue, resulting from
abnormalities of fat metabolism, participates in and
amplifies many of the elementary metabolic
derangements that are notable traits of the insulin
resistance syndrome and type 2 diabetes [46]. The precise
biochemical mechanisms whereby fatty acids and
cytosolic triglycerides exert their effects resulting in the
diabetic phenotype remain poorly understood. With the
discovery of microRNAs and emerging evidences of their
regulation of lipid metabolism, a new paradigm that was
until now not completely unknown is gradually being
exposed. Initial studies in this regard began with the
identification of miR-14 as a regulator of fat metabolism
in Drosophila melanogaster [47]. miR-14 null animals
had increased levels of triglycerides and diacylglycerol
that reverted back on increasing the copy numbers of the
microRNA. Another microRNA involved in energy
homeostasis in Drosophila is miR-278 [48] and miR-
278 mutants in spite of having elevated insulin production
capacities depict increased circulatory glucose levels
indicating a loss of insulin responsiveness. Being
prominently expressed in the fat, its involvement in the
regulation of fat metabolism is not really unexpected and
of the mRNAs that miR-278 targets, expanded was the
most noteworthy because of the elevated levels of its
mRNA in miR-278 mutants. Expanded loss-of-function
mutants cause tissue overgrowth [49-50] in parallel with
increased miR-278 expression. miR-278 mutants exhibit
a lean phenotype indicating towards its involvement in
maintaining a balance between fat accumulation and
utilization. Around the same time, Esau et al., 2006 [51]
revealed the role of the liver specific miR-122 as a
significant regulator of hepatic lipid metabolism. In normal
mice, inhibition of miR-122 with antisense oligonucleotides
led to an increase in hepatic fatty acid oxidation
accompanied with a decreased rate of fatty acid and
cholesterol synthesis in the liver. More importantly the

circulatory cholesterol levels were also reduced indicating
that miR-122 inhibition may be a significant module for
lowering plasma cholesterol levels that is elevated in
several metabolic diseases. In an obese mouse model
miR-122 inhibition not only lowered plasma cholesterol
levels but also significantly improved liver steatosis and
the status of several hepatic lipogenic enzymes specifically
phosphomevalonate kinase. Such a role of miR-122 in
the liver is also substantiated by an earlier report [52]
wherein the authors have used antagomirs against miR-
122 and concluded that genes of the cholesterol
biosynthetic pathway are the most affected by miR-122
and in vivo antagomir inhibition of this microRNA
significantly reduced circulatory cholesterol levels.

The miRNA paralogs, miR-103 and miR-107 have
recently been reviewed [53] with a prediction of their
involvement in metabolism. Of these absolutely conserved
vertebrate intronic miRNAs that exist within the
pantothenate kinase (PANK) gene, miR-103 genes
encode for two mature miRNAs, miR-103-1 and miR-
103-2 while the miR-107 gene encodes miR-107 that
differs from miR-103 by a single nucleotide. The host
gene, PANK catalyses the rate limiting step of
pantothenate phosphorylation during the generation of
Coenzyme A (CoA) that is a critical cofactor of several
enzymes involved in diverse metabolic pathways.
Although there is no experimental report as of now
regarding the role of these miRNAs in regulating lipid
metabolism; bioinformatics predictions suggest a possible
role similar to their host gene, PANK, in regulation of
acetyl CoA and lipid metabolism. Such a coordinated and
symbiotic function between the host gene and the
microRNA is quite expected considering the co-relatable
expression patterns between them [54].

When it comes to lipid metabolism, the adipose tissue
emerges as the most critical organ and considering the
parallel escalating numbers of obesity and diabetes, this
tissue has of late surfaced as a significant mediator of
this complex disease. It therefore is even more thrilling
to study the regulation of adipogenesis by microRNAs
and in an effort in this direction, Esau et al., 2004 [55]
using antisense oligonucleotides studied the role of
miRNAs in adipocyte differentiation. Using a human
adipocyte model system, the authors profiled the miRNA
pattern between preadipocytes and differentiated
adipocytes. From the set of differentially regulated
miRNAs, miR-143 was singled out particularly since its
elevated expression levels paralleled with adipocyte
differentiation and inhibition of miR-143 with an antisense
oligonucleotide inhibited the same. While hunting around
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for the targets of this microRNA, the authors reported
that ERK5/BMK1 could be one of the possible mediators
of the link between miR-143 and adipocyte differentiation
and it may be involved in maintaining a balance between
proliferation and differentiation of adipocytes [55].
Although the authors did not completely dissect out the
direct or indirect association between miR-143 and ERKS5,
they did conclude the possibility of exploiting miR-143 as
a potential target for therapeutic intervention for obesity
and metabolic diseases.

MicroRNAs and diabetic complications

Almost all forms of diabetes are invariably
characterized by end stage specific pathological
complications in the renal glomerulus, peripheral nerve
and the retina. Another significant long-term diabetic
complication is hypertension and heart valve defects
which later on manifest as cardiac hypertrophy that is
characterized by thickening of the myocardial wall and
reduction of the ventricular chambers. Just as microRNAs
are critical in the development and progression of diabetes,
currently emerging reports also associate altered levels
of arange of miRNAs with these diabetic complications.

miR-133 is one of the most abundant microRNAs
present in the adult cardiac and skeletal muscle in
mammals where they are critical in regulating myogenesis.
miR-133 was one of the first miRNAs reported to be
overexpressed in the hearts of diabetic rabbits and this
was accompanied by a parallel increase in the expression
of serum response factor (SRF) [56]. Serum response
factor (SRF) is a member of the MADS (MCMI,
AGAMOUS, DEFICIENS, SRF) box family of nuclear
transcription factors that interacts as a dimer with a 10
bp AT-rich sequence on the DNA known as the serum
response element (SRE) [57-58]. It plays an important
role in cardiac development and function and regulates
the expression of a wide variety of inducible genes by
various stimuli ranging from growth factors to changes in
intracellular calcium flux [59]. More specifically, SRF has
also been implicated in the regulation of genes encoding
non-contractile cardiac proteins, including the sarcoplasmic
reticulum Ca**ATPase (SERCA2) and the Na/Ca*
exchanger (NCX1) [60-61]. Further support for an
important role for SRF in cardiac function comes from
transgenic experiments in rodent model systems
demonstrating that cardiac-specific dysregulation of SRF
expression induces cardiac hypertrophy and
cardiomyopathies in postnatal animals and this mimics

those that are observed during the initial development of
congestive heart failure, indicating that SRF is involved
in cardiac pathogenesis [62-64]. The increase in miR-
133 levels in the diabetic heart was also accompanied
with a decrease of ERG (ether-a-go-go related gene)
and /_(rapid delayed rectifier K* current) protein levels.
The increase in the levels of SRF in the diabetic heart is
invariably accompanied with a prolonged QT (an indicator
of the cardiac electrical activity) syndrome, a potentially
dangerous situation that may lead to cardiac arrest [65].
All these effects could be reversed using miR-133 specific
antisense oligonucleotides. Such a decrease in HERG
(human ERG) protein levels possibly is responsible for
repolarisation, the observed QT prolongation and the
associated arrhythmias in diabetic hearts.

Apart from these, alongwith miR-1, miR-133 also
determines the pathogenesis of cardiac hypertrophy
where both these miRs are significantly downregulated.
In a rat model of cardiac hypertrophy, hyperpolarisation-
activated cyclic nucleotide gated channels encoded by
HCN2 and HCN4 were considerably increased
accompanied by significant reductions of miR-1/miR-133
levels [66]. HCN channels generate / (hyperpolarisation
activated current) which contributes to the genesis of the
cardiac pacemaker activity. Four different HCN genes
have been identified [67]. HCN1 is the most rapidly acting
channel, HCN4 the slowest with HCN2 and 3 possessing
intermediate kinetics [68]. HCN4 is the most highly
expressed in the SA (sino-auricular) node and HCN2
expression is prominent in the atrium, ventricle and SA
node. Overexpression of miR-133/miR-1 significantly
inhibited the increase in HCN2 and HCN4 levels.
Elevated levels of HCN2 and 4 are hallmarks of arrthythmia
[69-70] and subsequently the hyperpolarisation activated
current (/) is strikingly increased in animal models of
cardiac hypertrophy and heart failure [71-73]. In fact,
miR-1 has been shown to be overexpressed in individuals
with coronary heart disease (CAD) and its targeted
overexpression in normal hearts manifests an identical
phenotype associated with arrhythmias [74].
Mechanistically this microRNA targets KCNJ2 (that
encodes the K+ channel subunit Kir2.1) and GJA1
(encoding connexin 43) that consequently slows down
the cardiac conduction resulting in depolarization of the
cytoplasmic membrane. All these effects could be
attenuated in the presence of an antisense miR-1 inhibitor
thereby indicating a role of this microRNA in cardiac
physiology.

A very recent article on miRNA related myocardial
dysfunction as observed in diabetes was reported by Wang
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et al. [75]. Abnormal expression and signaling of many
angiogenic factors are some of the many impaired
parameters of diabetes and several cardiovascular
diseases correlate to insufficient myocardial angiogenesis
that is mediated by these abnormal angiogenic factors.
By employing a miRNA microarray, these authors report
that of all the miRs altered in diabetic myocardial
microvascular endothelial cells (MM VECs) as compared
to normal MMVECs, miR-320 emerged as a potential
mediator with a predicted target list that includes several
angiogenic factors and their receptors namely VEGF, IGF-
1, IGF-1R and FGF [75] that are significant mediators of
diabetic cardiomyopathy [76-77]. This revelation by Wang
et al. [75] of elevated levels of miR-320 in diabetic
MMVECs was also accompanied by decreased
proliferation and migration rates that amazingly reverted
back in the presence of the miR-320 inhibitor. Such a
correlation between elevated levels of miR-320 and
decreased IGI-1 and IGF-1R levels possibly underlies
impaired angiogenesis in diabetes. All these indicate that
although the current literature regarding these aspects is
at a very nascent stage, miRs are critical in the proper
functioning of the heart and thereby implicated in cardiac
pathophysiology.

A very significant diabetic complication is that of
the kidney where the membrane of the glomerulus shows
extreme thickening and gets hypertrophied [ 78] possibly
due to accumulation of extracellular matrix (ECM)
proteins namely collagen lal and 2. The ECM proteins
are an integral part of the capillary basement membrane
and mesangial matrix and they majorly include various
types of collagens, laminin, fibronectin, and proteoglycans
[79]. A very strong underlying factor behind the
accumulation of these ECM proteins as is observed in a
diabetic kidney is the transforming growth factor f1 (TGF-
B). The diversely bared and still being discovered
regulatory roles of microRNAs in the pathogenesis of
various diseases and the almost exclusive presence of at
least five microRNAs in the kidney [80] undoubtedly
indicate towards their involvement in kidney function and
disease. A recent article has depicted the role of miR-
192 in the kidney and in the pathogenesis of diabetic
nephropathy [81]. Using microarray analysis, it was found
that collagen 1ol mRNA is increased by TGF f in mouse
mesangial cells with a concomitant decrease in the mRNA
levels of E-box repressors, SEF-1 and Smad-interacting
protein 1 (SIP1). While looking for the possible roles of
miRs in these phenomena, the authors found that miR-
192 levels were elevated by TGF B in these cells and
interestingly, SIP1 is a validated target of miR-192 [81].

Both SIP1 and 8EF-1 are repressors of Coll a2 expression
and this repression is withdrawn under diabetic conditions
initiated by TGFB. Since TGFp elevates the levels of miR-
192 and downregulates SIP1, a target of miR-192, the
authors concluded that the observed increases in collagen
synthesis and accumulation observed in a diabetic kidney
was due to the elimination of the SIP1 repression of
collagen expression due to increased miR-192 levels. Such
correlations were also observed in a streptozotocin
induced diabetic mouse model as well as transgenic db/
db diabetic mice. Kidney glomeruli in both these induced
and transgenic diabetic species depicted elevated levels
of TGF-B1, collagen 1 and 2 and miR-192. All these
observations suggest that small non-coding miRs, in this
case miR-192 and their inhibitors, could possibly be targets
of diabetic nephropathy and other associated diabetic
complications.

Another matrix protein that is excessively
accumulated in the diabetic kidney is fibronectin.
Fibronectin, a large glycoprotein consisting of two similar
polypeptide chains, is a key component of the mesangial
matrix [82]. It may exist in a soluble dimeric form or as
oligomers of fibronectin or a highly insoluble fibrillar form
in the extracellularmatrix. The latter form has been shown
to modulate various biological processes such as cell
adhesion, migration, and differentiation [83]. In a recent
article, Wang et al., [84] reported that in cultured human
and mouse mesangial cells exposed to high glucose and
transforming growth factor B as well as in a mouse
diabetic nephropathic model, miR-377 was consistently
upregulated. In a computational study, fibronectin did not
emerge as a direct predicted target of miR-377 but two
proteins namely p21-activated kinase and superoxide
dismutase, which enhanced fibronectin production
surfaced as miR-377 targets. Experimentally too, an
increase of miR-377 led to reduced levels of these two
proteins. So, although indirectly, elevated levels of miR-
377 in turn increases fibronectin levels that accumulate
in the kidney matrix and this emerges as phenotype of
diabetic nephropathy.

Basically, four main hypotheses are associated with
hyperglycemia induced diabetic complications, namely
increased polyol pathway flux, increased advanced
glycation end product (AGE) formation, activation of
protein kinase C (PKC), and increased hexosamine
pathway flux [85]. Advanced glycation end products
(AGESs) act via their receptors (RAGEs) and interact and
modify several intracellular proteins and other
extracellular matrix components that then depict altered
functions. Another well studied ligand that interacts with
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RAGE is the proinflammatory peptide, S100b that belongs
to the S100/calgranulin family [86-87] and these
interactions are critical in inflammation and diabetic
atherosclerosis [87-88]. Mechanistically along these lines,
binding of S100b to its receptor significantly inhibited the
expression of miR-16 in human THP-1 monocytic cells
that consequently altered the mRNA stability of the
inflammatory gene, cyclooxygenase-2 (COX-2) by binding
to its 3’UTR [89]. An interesting protein that modulates
this interaction is the heterogeneous nuclear ribonuclear
protein K (hnRNPK) that binds to the COX-2 promoter
in the nucleus. Exposure to S100b mimics the diabetic
milieu and this displaces the nuclear hnRNPK that
translocates to the cytoplasm and interacts with the 3’UTR
and prevents the binding of miR-16. Such an intracellular
crosstalk between microRNAs and RNA binding proteins
may underlie the acute regulation of diverse genes
particularly those related to inflammation under diabetic
conditions. This attains significance considering the fact
that studies over the couple of years has revealed a strong
association of diabetes and inflammation.

The Clinical Perspective

The discovery of miRNAs and revelation of their
involvement in diverse facets of diabetes manifestation
has modernized the otherwise traditional way in which
researchers have been focusing on until the exciting world
of miRNAs opened up. For a disease as complex as
diabetes, identification of specific clinical biomarkers has
invariably been a challenge towards revolutionizing the
prognosis and diagnosis of this chronic metabolic disease.
There has always been a hunt for potential and sensitive
clinical biomarkers that could be exploited to detect the
development and progression of diabetes at an early stage
and at least delay if not inhibit the onset of late stage
diabetes. Recent studies have increasingly shown the
presence of RNA in the serum [90-92] although its stability
has always been of extreme concern to researchers of
biomarker discovery. The discovery of miRNAs has been
a breakthrough in this regard considering their remarkable
stability and presence in huge amounts in the serum and
plasma [93]. These qualities may be exploited through
various practicable detection methods to monitor the
progression of insulin resistance and diabetes. In fact,
this aspect of miRNAs has been touched upon and a
very recent preliminary work has been published by Chen
et al. [93] where the authors found an altered serum
profile of miRNA expression in diabetic patients that

constitutes the diseased signature of potential first class
biomarkers for diagnosis of diabetes. Circulatory miRNAs
are resistant to endogenous RNAse activity and enter
the circulation from diseased tissues [94] and their unique
aberrant expression profile that is encountered in diabetes
as described earlier are indicative of the possible future
use of miRNAs as new strategies for targeting diabetes.

Apart from taking advantage of circulating miRNAs
as potential biomarkers for identification of the precise
stage of insulin resistance and diabetes, the altered
expression profiles of miRNAs in the pancreas and insulin
target tissues in diabetes could be probable targets for
treating this complex disease. Overexpression or inhibition
of specific miRNAs could be the future tool for targeting
diabetes [95]. The most significant challenge in this regard
appears to be the delivery of appropriate sequence
specific molecules to precise targeted sites and to address
issues regarding the potential non-specific effects on non-
targets [2]. Relatively at a stage of infancy, there are
certain reports that detail the role(s) of varied delivery
agents for delivering miRNAs and siRNAs (short
interfering RNAs) in vivo. While adenoviruses and
lentiviruses have been successfully used to deliver siRNA
in in vivo and in vitro systems [96-99], this approach
was effectively employed to deliver miR-122 and its
antagomirs into mice followed by their in vivo analyses
[52]. The antagomir was quite effective in removing miR-
122 and this effect could be maintained for as long as 23
days with a concomitant decrease of serum cholesterol
levels by almost 44 percent. Several lipid based delivery
agents are also shaping up as excellent delivery agents
of these small RNA species. Wolfrum et al. [100] while
taking advantage of this, have successfully delivered
siRNA conjugates (with high and low-density lipoproteins)
to precise targets including the liver, gut and kidney.
However, the fact that on an average one microRNA
targets several genes adds additional levels of complexity
to the clinical perspective as far as miRNAs are
concerned. This automatically implies that the concept
of specificity of miRNA therapy needs to be given a
thought. Since miRNAs exhibit a spatiotemporal pattern
of expression and action, their use as a therapeutic agent
calls for, if need be, development of appropriate strategies
based on these unique characteristics. The field of
miRNAs still has a long way to go and several more
miRNAs and their functions remain to be decoded. Yet
they assure of a high potential that their field of targeted
delivery, amidst some practical hurdles, holds for future
investigation with a promise towards a powerful clinical
breakthrough in diabetes therapy.
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Fig. 2. Summarized features of the
known role(s) of miRNAs in cellular
functions. Various miRs have been
identified to be critical in diverse
metabolic processes, dysregu-
lations of which lead to diabetes and
its complications. miR-145: miR-145
has not been reported in connection
with diabetes but since it targets IRS-
1, it may be a possible candidate to
be investigated in this regard.

Diabetic cardiomyopathy

Diabetic
Complications

¢

Diabetic nephropathy
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Conclusions

MicroRNAs belong to a recently identified class of
small non coding RNAs that have been widely implicated
in the fine-tuning of several physiological processes and
thereby associated with the pathogenesis of several
diseases. Although there are several microRNAs and their
predicted targets that have been indexed in the miR
database, only few have been validated. Considering that
each miR can target several genes and each gene can
also be regulated by several miRs [4], the regulatory story
of miRs becomes even more complicated. The
pathogenesis of a disease as complex as diabetes adds
on to the complexity of these studies. Yet emerging
evidences suggest that miRs play significant roles in
insulin production, action and secretion and also in diverse
aspects of glucose and lipid metabolism (Figure 2). Most
importantly, microarray studies have highlighted an altered
prolife of microRNA expression in insulin target tissues
in in vitro and in vivo diabetic models. All these indicate
that microRNAs are critical in the pathogenesis and
progression of diabetes and its complications and
appropriate therapeutic intervention targeted towards their
altered levels may offer novel valuable tools for the
treatment of a metabolic disease as complicated as
diabetes.

Abbreviations
MTPN (Myotrophin); PDK1 (Pyruvate Dehydrogenase

Kinase, isozyme 1); OC2 (One Cut homeobox 2); Foxa2
(Forkhead Box A2); IRAK1 (Interleukin-1 Receptor-

Associated Kinase 1); TRAF6 (TNF Receptor
Associated Factor 6); SRF (Serum Response Factor);
HERG (human ether-a-go-go-related potassium channel
protein); ERKS5 (mitogen-activated protein kinase); HCN
(Hyperpolarization Activated Cyclic Nucleotide-Gated
Potassium Channel); KCNJ2 (Potassium inwardly-
rectifying channel, subfamily J, member 2); GJA1 (Gap
Junction Protein, alpha 1); IGF1 (Insulin-like Growth
Factor 1); SIP1 (Survival of motor neuron protein
interacting Protein 1); SOD (Superoxide Dismutase);
COX2 (Cyclooxygenase 2); Akt (v-akt murine thymoma
viral oncogene homolog); Pdx1 (Pancreatic and Duodenal
Homeobox 1); PANK1 (Pantothenate kinase 1); PI3K
(Phosphatidylinositide 3-Kinase); VEGF (Vascular
Endothelial Growth Factor Precursor); IGF-1R (Insulin-
like Growth Factor 1 Receptor); FGF (Fibroblast Growth
Receptor).

Acknowledgements

We are thankful to Professor Samir K. Brahmachari
for his constant inspiration and all the necessary support.
We are grateful to Drs. Munia Ganguli and Vibha Taneja
for giving their valuable inputs that have been very helpful
in enhancing the scientific clarity of this article. We
sincerely acknowledge the help of Mr. Saurabh Vig for
his help in making the illustrations associated with this
article. AKP and PA acknowledge the financial support
from the Council of Scientific and Industrial Research
(CSIR), New Delhi, India (NWP 0036) and KK is thankful
to the University Grants Commission (UGC), New Delhi,
India for financial assistance.

MicroRNAs and Diabetes

Cell Physiol Biochem 2009;23:221-232 229



>

»2

>3

»s5

»6

>3

»9

»10

11

References

Petersen CP, Bordeleau ME, Pelletier J,
Sharp PA: Short RNAs repress translation
after initiation in mammalian cells. Mol
Cell 2006;21:533-542.

Zhang B, Farwell MA: microRNAs: a new
emerging class of players for disease
diagnostics and gene therapy. J Cell Mol
Med 2008;12:3-21.

Filipowicz W, Bhattacharyya SN,
Sonenberg N: Mechanisms of post-
transcriptional regulation by
microRNAs: are the answers in sight? Nat
Rev Genet 2008;9:102-114.

Miranda KC, Huynh T, Tay Y, Ang YS,
Tam WL, Thomson AM, Lim B,
Rigoutsos I: A pattern-based method for
the identification of MicroRNA binding
sites and their corresponding
heteroduplexes. Cell 2006;126:1203-
1217.

Hwang HW, Mendell JT: MicroRNAs in
cell proliferation cell death and
tumorigenesis. Br J Cancer 2006;94:776-
780.

Volinia S, Calin GA, Liu CG, Ambs S,
Cimmino A, Petrocca F, Visone R, Iorio
M, Roldo C, Ferracin M, Prueitt RL,
Yanaihara N, Lanza G, Scarpa A,
Vecchione A, Negrini M, Harris CC,
Croce CM: A microRNA expression
signature of human solid tumors defines
cancer gene targets. Proc Natl Acad Sci
U S A 2006;103:2257-2261.

Gottardo F, Liu CG, Ferracin M, Calin
GA, Fassan M, Bassi P, Sevignani C,
Byrne D, Negrini M, Pagano F, Gomella
LG, Croce CM, Baffa R: Micro-RNA
profiling in kidney and bladder cancers.
Urol Oncol 2007;25:387-392.

Gregory RI, Shiekhattar R: MicroRNA
biogenesis and cancer. Cancer Res
2005;65:3509-3512.

Sayed D, Hong C, Chen 1Y, Lypowy J,
Abdellatif M: MicroRNAs play an
essential role in the development of
cardiac  hypertrophy. Circ Res
2007;100:416-424.

Thum T, Gross C, Fiedler J, Fischer T,
Kissler S, Bussen M, Galuppo P, Just S,
Rottbauer W, Frantz S, Castoldi M,
Soutschek J, KotelianskyV, Rosenwald A,
Basson MA, Licht JD, Pena JT,
Rouhanifard SH, Muckenthaler MU,
Tuschl T, Martin GR, Bauersachs J,
Engelhardt S: MicroRNA-21 contributes
to myocardial disease by stimulating
MAP kinase signalling in fibroblasts.
Nature 2008;456:980-984.

Morton SU, Scherz PJ, Cordes KR, Ivey

KN, Stainier DY, Srivastava D:
microRNA-138 modulates cardiac
patterning during embryonic

development. Proc Natl Acad Sci U S A
2008;105:17830-17835.

»12

>13

14

»15

»16

»17

18

»19

»20

>

%)

»23

Saba R, Goodman CD, Huzarewich RL,
Robertson C, Booth SA: A miRNA
signature of prion induced
neurodegeneration. PLoS ONE
2008;3e:3652.

Hebert SS, Horre K, Nicolai L,
Papadopoulou AS, Mandemakers W,
Silahtaroglu AN, Kauppinen S,
Delacourte A, De SB: Loss of microRNA
cluster miR-29a/b-1 in sporadic
Alzheimer’s disease correlates with
increased BACE]l/beta-secretase
expression. Proc Natl Acad Sci U S A
2008;105:6415-6420.

Ghosh Z, Mallick B, Chakrabarti J:
Cellular versus viral microRNAs in host-
virus interaction. Nucleic Acids Res
2009;37:1035-1048.

Pfeffer S, Zavolan M, Grasser FA, Chien
M, Russo JJ, Ju J, John B, Enright AJ,
Marks D, Sander C, Tuschl T:
Identification of  virus-encoded
microRNAs. Science 2004;304:734-736.
Pfeffer S, Sewer A, Lagos-Quintana M,
Sheridan R, Sander C, Grasser FA, van
Dyk LF, Ho CK, Shuman S, Chien M,
Russo JJ, Ju J, Randall G, Lindenbach BD,
Rice CM, Simon V, Ho DD, Zavolan M,
Tuschl T: Identification of microRNAs
of the herpesvirus family. Nat Methods
2005;2:269-276.

Tan Z, Randall G, Fan J, Camoretti-
Mercado B, Brockman-Schneider R, Pan
L, Solway J, Gern JE, Lemanske RF,
Nicolae D, Ober C: Allele-specific
targeting of microRNAs to HLA-G and
risk of asthma. Am J Hum Genet
2007;81:829-834.

Tang X, Tang G, Ozcan S: Role of
microRNAs in diabetes. Biochim Biophys
Acta 2008;1779:697-701.

Poy MN, Eliasson L, Krutzfeldt J,
Kuwajima S, Ma X, Macdonald PE,
Pfeffer S, Tusch IT, Rajewsky N,
Rorsman P, Stoffel M: A pancreatic islet-
specific microRNA regulates insulin
secretion. Nature 2004;432:226-230.
Lovis P, Roggli E, Laybutt DR, Gattesco
S, Yang JY, Widmann C, Abderrahmani
A, Regazzi R: Alterations in microRNA
expression contribute to fatty acid-
induced pancreatic beta-cell dysfunction.
Diabetes 2008;57:2728-2736.

Wild S, Roglic G, Green A, Sicree R, King
H: Global prevalence of diabetes:
estimates for the year 2000 and
projections for 2030. Diabetes Care
2004;27:1047-1053.

Gauthier BR, Wollheim CB: MicroRNAs:
‘ribo-regulators’ of glucose homeostasis.
Nat Med 2006;12:36-38.

Cuellar TL, McManus MT: MicroRNAs
and endocrine biology. J Endocrinol
2005;187;327-332.

»24

25

»26

»27

»28

»29

»30

>3]

32

>33

>34

Bravo-Egana V, Rosero S, Molano RD,
Pileggi A, Ricordi C, Dominguez-Bendala
J, Pastori RL: Quantitative differential
expression analysis reveals miR-7 as
major islet microRNA. Biochem Biophys
Res Commun 2008;366:922-926.
Ouaamari AE, Baroukh N, Martens GA,
Lebrun P, Pipeleers D, Van OE: miR-375
targets 3'-phosphoinositide-dependent
protein kinase-1 and regulates glucose-
induced biological responses in pancreatic
beta-cells. Diabetes 2008;57:2708-2717.
Hashimoto N, Kido Y, Uchida T, Asahara
S, Shigeyama Y, Matsuda T, Takeda A,
Tsuchihashi D, Nishizawa A, Ogawa W,
Fujimoto Y, Okamura H, Arden KC,
Herrera PL, Noda T, Kasuga M: Ablation
of PDKI1 in pancreatic beta cells induces
diabetes as a result of loss of beta cell
mass. Nat Genet 2006;38:589-593
Kloosterman WP, Lagendijk AK, Ketting
RF, Moulton JD, Plasterk RH: Targeted
inhibition of miRNA maturation with
morpholinos reveals a role for miR-375
in pancreatic islet development. PLoS
Biol 2007;5:¢203.

Plaisance V, Abderrahmani A, Perret-
Menoud V, Jacquemin P, Lemaigre F,
Regazzi R: MicroRNA-9 controls the
expression of Granuphilin/Slp4 and the
secretory response of insulin-producing
cells. J Biol Chem 2006;281:26932-
26942.

Coppola T, Frantz C, Perret-Menoud V,
Gattesco S, Hirling H, Regazzi R:
Pancreatic beta-cell protein granuphilin
binds Rab3 and Munc-18 and controls
exocytosis. Mol Biol Cell 2002;13:1906-
1915.

Gomi H, Mizutani S, Kasai K, Itohara S,
Izumi T: Granuphilin molecularly docks
insulin granules to the fusion machinery.
J Cell Biol 2005;171:99-109.

Baroukh N, Ravier MA, Loder MK, Hill

EV, BounacerA, ScharfmannR,
RutterGA, Van OE: MicroRNA-124a
regulates Foxa2 expression and

intracellular signaling in pancreatic beta-
cell lines. J Biol Chem 2007;282:19575-
19588.

Tang X, Muniappan L, Tang G, Ozcan S:
Identification of glucose-regulated
miRNAs from pancreatic {beta} cells
reveals a role for miR-30d in insulin
transcription. RNA 2009;15:287-293.
Vousden KH, Lane DP: p53 in health
and disease. Nat Rev Mol Cell Biol
2007;8:275-283.

Bommer GT, Gerin I, Feng Y,
Kaczorowski AJ, Kuick R, Love RE, Zhai
Y, Giordano TJ, Qin ZS, Moore BB,
MacDougald OA, Cho KR, Fearon ER:
p53-mediated activation of miRNA34
candidate tumor-suppressor genes. Curr
Biol 2007;17:1298-1307.

230

Cell Physiol Biochem 2009;23:221-232

Pandey/Agarwal/Kaur/Datta



»35

36

»37

38

39

»40

»41

»42

43

»44

Wrede CE, Dickson LM, Lingohr MK,
Briaud I, Rhodes CJ: Protein kinase B/
Akt prevents fatty acid-induced
apoptosis in pancreatic beta-cells INS-1.
J Biol Chem 2002;277:49676-49684.
Kim WH, Lee JW, Gao B, Jung MH:
Synergistic activation of JNK/SAPK
induced by TNF-alpha and IFN-gamma:
apoptosis of pancreatic beta-cells via the
p53 and ROS pathway. Cell Signal
2005;17:1516-1532.

Taganov KD, Boldin MP, Chang KIJ,
Baltimore D: NF-kappaB-dependent
induction of microRNA miR-146 an
inhibitor targeted to signaling proteins
of innate immune responses. Proc Natl
Acad Sci U S A 2006;103:12481-12486.
Dunne A, O’Neill LA: The interleukin-1
receptor/Toll-like receptor superfamily:
signal transduction during inflammation
and host defense. Sci STKE
2003;171:re3.

Ortis F, Cardozo AK, Crispim D, Storling
J, Mandrup-Poulsen T, Eizirik DL:
Cytokine-induced proapoptotic gene
expression in insulin-producing cells is
related to rapid sustained and
nonoscillatory nuclear factor-kappaB
activation. Mol Endocrinol
2006;20:1867-1879.

Abderrahmani A, Niederhauser G, Favre
D, Abdelli S, Ferdaoussi M, Yang JY,
Regazzi R, Widmann C, Waeber G: Human
high-density lipoprotein particles
prevent activation of the JNK pathway
induced by human oxidised low-density
lipoprotein particles in pancreatic beta
cells. Diabetologia 2007;50:1304-1314.
He A, Zhu L, Gupta N, Chang Y, Fang F:
Overexpression of micro ribonucleic acid
29 highly up-regulated in diabetic rats
leads to insulin resistance in 3T3-L1
adipocytes. Mol Endocrinol
2007;21:2785-2794.

Baroni MG, Arca M, Sentinelli F, Buzzetti
R, Capici F, Lovari S, Vitale M, Romeo S,
Di MU: The G972R variant of the insulin
receptor substrate-1 IRS-1 gene body fat
distribution and insulin-resistance.
Diabetologia 2001;44:367-372.
Marini MA, Frontoni S, Mineo D,
Bracaglia D, Cardellini M, De NP, Baroni
A, D’Alfonso R, Perna M, Lauro D,
Federici M, Gambardella S, Lauro R, Sesti
G: The Arg972 variant in insulin receptor
substrate-1 is associated with an
atherogenic profile in offspring of type
2 diabetic patients. J Clin Endocrinol
Metab 2003;88:3368-3371.

Zeng W, Peng J, Wan X, Chen S, Song H:
The mutation of insulin receptor
substrate-1 gene in Chinese patients with
non-insulin-dependent diabetes mellitus.
Chin Med J Engl 2000;113:80-83.

45

46

»47

»48

»49

50

»s51

»52

»s53

»s54

»s55

»56

Shi B, Sepp-Lorenzino L, Prisco M,
Linsley P, deAngelis T, Baserga R: Micro
RNA 145 targets the insulin receptor
substrate-1 and inhibits the growth of
colon cancer cells: J Biol Chem
2007;282:32582-32590.

Lewis GF, Carpentier A, Adeli K, Giacca
A: Disordered fat storage and
mobilization in the pathogenesis of
insulin resistance and type 2 diabetes.
Endocr Rev 2002;23:201-229.

Xu P, Vernooy SY, Guo M, Hay BA: The
Drosophila microRNA Mir-14 suppresses
cell death and is required for normal fat
metabolism. Curr Biol 2003;13:790-795.
Teleman AA, Maitra S, Cohen SM:
Drosophila lacking microRNA miR-278
are defective in energy homeostasis.
Genes Dev 2006;20:417-422.
Blaumueller CM, Mlodzik M: The
Drosophila tumor suppressor expanded
regulates growth apoptosis and
patterning during development. Mech
Dev 2000;92:251-262.

Boedigheimer M, Bryant P, Laughon A:
Expanded a negative regulator of cell
proliferation in Drosophila shows
homology to the NF2 tumor suppressor.
Mech Dev 1993;44:83-84.

Esau C, Davis S, Murray SF, Yu XX,
Pandey SK, Pear M, Watts L, Booten
SL, Graham M, McKay R, Subramaniam
A, Propp S, Lollo BA, Freier S, Bennett
CF, Bhanot S, Monia BP: miR-122
regulation of lipid metabolism revealed
by in vivo antisense targeting. Cell Metab
2006;3:87-98.

Krutzfeldt J, Rajewsky N, Braich R,
Rajeev KG, Tuschl T, Manoharan M,
Stoffel M: Silencing of microRNAs in
vivo with ‘antagomirs’. Nature
2005;438:685-689.

Wilfred BR, Wang WX, Nelson PT:
Energizing miRNA research: a review of
the role of miRNAs in lipid metabolism
with a prediction that miR-103/107
regulates human metabolic pathways.
Mol Genet Metab 2007;91:209-217.
Baskerville S, Bartel DP: Microarray
profiling of microRNAs reveals frequent
coexpression with neighboring miRNAs
and host genes. RNA 2005;11:241-247.
Esau C, Kang X, Peralta E, Hanson E,
Marcusson EG, Ravichandran LV, Sun Y,
Koo S, Perera RJ, Jain R, Dean NM, Freier
SM, Bennett CF, Lollo B, Griffey R:
MicroRNA-143 regulates adipocyte
differentiation. J Biol Chem
2004;279:52361-52365.

Xiao J, Luo X, Lin H, Zhang Y, Lu Y,
Wang N, Zhang Y, Yang B, Wang Z:
MicroRNA miR-133 represses HERG K*
channel expression contributing to QT
prolongation in diabetic hearts. J Biol
Chem 2007;282:12363-12367.

57

»s538

»s59

»60

61

»62

»63

64

»65

»66

»67

68

»69

Miano JM: Serum response factor:
toggling between disparate programs of
gene expression. J Mol Cell Cardiol
2003;35:577-593.

Treisman R: The serum response element
Trends Biochem. Sci 1992;17:423-426.
Johansen FE, Prywes R: Serum response
factor: transcriptional regulation of genes
induced by growth factors and
differentiation. Biochim Biophys Acta
1995;1242:1-10.

Fisher SA, Walsh K, Forehand CIJ:
Characterization of cardiac gene cis-
regulatory elements in the early stages
of chicken heart morphogenesis. J] Mol
Cell Cardiol 1996;28:113-122.

Cheng G, Hagen TP, Dawson ML, Barnes
KV, Menick DR: The role of GATA CArG
E-box and a novel element in the
regulation of cardiac expression of the
Na*-Ca2" exchanger gene. J Biol Chem
1999;274:12819-12826.

Zhang X, Chai J, Azhar G, Sheridan P,
Borras AM, Furr MC, Khrapko K, Lawitts
J, Misra RP, Wei JY: Early postnatal
cardiac changes and premature death in
transgenic mice overexpressing a mutant
form of serum response factor. J Biol
Chem 2001b;276:40033-40040.
Zhang X, Azhar G, Chai J, Sheridan P,
Nagano K, Brown T, Yang J, Khrapko K,
Borras AM, Lawitts J, Misra RP, Wei JY:
Cardiomyopathy in transgenic mice with
cardiac-specific overexpression of serum
response factor. Am J Physiol Heart Circ
Physiol 2001a;280:H1782-H1792.
Nelson TJ, Balza R Jr, Xiao Q, Misra RP:
SRF-dependent gene expression in
isolated cardiomyocytes: regulation of
genes involved in cardiac hypertrophy. J
Mol Cell Cardiol 2005;39:479-489.
Collins KK, Van Hare GF: Advances in
congenital long QT syndrome. Curr Opin
Pediatr 2006;18:497-502.

Luo X, Lin H, Pan Z, Xiao J, Zhang Y,
Lu Y, Yang B, Wang Z: Down-regulation
of miR-1/miR-133 contributes to re-
expression of pacemaker channel genes
HCN2 and HCN4 in hypertrophic heart.
J Biol Chem 2008;283:20045-20052.
Moosmang S, Stieber J, Zong X, Biel M,
Hofmann F, Ludwig A: Cellular expression
and functional characterization of four
hyperpolarization-activated pacemaker
channels in cardiac and neuronal tissues.
Eur J Biochem 2001;268:1646-1652.
Biel M, Schneider A, Wahl C: Cardiac
HCN channels: structure function and
modulation.Trends Cardiovasc Med
2002;12:206-212.

Michels G, Er F, Khan I, Sudkamp M,
Herzig S, Hoppe UC: Single-channel
properties  support a  potential
contribution of hyperpolarization-
activated cyclic nucleotide-gated
channels and If to cardiac arrhythmias.
Circulation 2005;111:399-404.

MicroRNAs and Diabetes

Cell Physiol Biochem 2009;23:221-232

231



»70

71

»72

»73

»74

75

»76

»77

»78

79

»30

Plotnikov AN, Bucchi A, Shlapakova I,
Danilo P Jr, Brink PR, Robinson RB,
Cohen IS, Rosen MR: HCN212-channel
biological pacemakers manifesting
ventricular  tachyarrhythmias are
responsive to treatment with If blockade.
Heart Rhythm 2008;5:282-288.

Stilli D, Sgoifo A, Macchi E, Zaniboni
M, De IS, Cerbai E, Mugelli A, Lagrasta
C, Olivetti G, Musso E: Myocardial
remodeling and arrhythmogenesis in
moderate cardiac hypertrophy in rats.
Am J Physiol Heart Circ Physiol
2001;280:H142-H150.

Cerbai E, Pino R, Porciatti F, Sani G,
Toscano M, Maccherini M, Giunti G,
Mugelli A: Characterization of the
hyperpolarization-activated current If in
ventricular myocytes from human failing
heart. Circulation 1997;95:568-571.
Hoppe UC, Jansen E, Sudkamp M,
Beuckelmann DJ: Hyperpolarization-
activated inward current in ventricular
myocytes from normal and failing human
hearts. Circulation 1998;97:55-65.
Yang B, Lin H, Xiao J, LuY, Luo X, Li B,
Zhang Y, Xu C Bai Y, Wang H, Chen G,
Wang Z: The muscle-specific microRNA
miR-1 regulates cardiac arrhythmogenic
potential by targeting GJA1 and KCNJ2.
Nat Med 2007;13:486-491.

Wang XH, Qian RZ, Zhang W, Chen SF,
Jin HM, Hu RM: Microrna-320
expression in myocardial microvascular
endothelial cells and its relationship with
insulin-like growth factor-1 in type 2
diabetic rats. Clin Exp Pharmacol
Physiol 2009;36:181-188.

Chen HS, Shan YX, Yang TL, Lin HD,
Chen JW, Lin SJ, Wang PH: Insulin
deficiency downregulated heat shock
protein 60 and IGF-1 receptor signaling
in diabetic myocardium. Diabetes
2005;54:175-181.

Shan YX, Yang TL, Mestril R, Wang PH:
Hsp10 and Hsp60 suppress ubiquitination
of insulin-like growth factor-1 receptor
and augment insulin-like growth factor-
1 receptor signaling in cardiac muscle:
implications on decreased myocardial
protection in diabetic cardiomyopathy.
J Biol Chem 2003;278:45492-45498.
Ziyadeh FN: The extracellular matrix in
diabetic nephropathy. Am J Kidney Dis
1993;22:736-744

Price RG, Hudson BG: 1987 In Renal
Basement Membranes in Health and
Disease pp 1-439 RG Price and BG
Hudson Eds Academic Press Boston.
Yin HB, Brown T, Wilkinson JS, Eason
RW, Melvin T: Submicron patterning of
DNA oligonucleotides on silicon. Nucleic
Acids Res 2004;32:e118.

>3l

82

>33

>34

»35

86

»37

>33

89

»90

»91

Kato M, Zhang J, Wang M, Lanting L,
Yuan H, Rossi JJ, NatarajanR: MicroRNA-
192 in diabetic kidney glomeruli and its
function in TGF-beta-induced collagen
expression via inhibition of E-box
repressors. Proc Natl Acad Sci U S A
2007;104:3432-3437.

Romberger DJ: Fibronectin. Int J
Biochem Cell Biol 1997;29:939-943.
Schwarzbauer JE, Sechler JL: Fibronectin
fibrillogenesis: a paradigm for
extracellular matrix assembly. Curr Opin
Cell Biol 1999;11:622-627.

Wang Q, Wang Y, Minto AW, Wang J,
Shi Q ,Li X, Quigg RJ: MicroRNA-377 is
up-regulated and can lead to increased
fibronectin production in diabetic
nephropathy. FASEB J 2008;22:4126-
4135.

BrownleeM: Biochemistry and molecular
cell biology of diabetic complications.
Nature 2001;414:813-820.

Schmidt AM, Hori O, Brett J, Yan SD,
Wautier JL, Stern D: Cellular receptors
for advanced glycation end products
Implications for induction of oxidant
stress and cellular dysfunction in the
pathogenesis of vascular lesions.
Arterioscler Thromb 1994;14:1521-
1528.

Hofmann MA, Drury S, Fu C, Qu W,
Taguchi A, Lu Y, Avila C, Kambham N ,
Bierhaus A, Nawroth P, Neurath MF,
Slattery T, Beach D, McClary J,
Nagashima M, Morser J. Stern D, Schmidt
AM: RAGE mediates a novel
proinflammatory axis: a central cell
surface receptor for S100/calgranulin
polypeptides. Cell 1999;97:889-901.
Bucciarelli LG, Wendt T, Qu W, Lu Y,
Lalla E, Rong LL, Goova MT, Moser B,
Kislinger T, Lee DC, Kashyap Y, Stern
DM, Schmidt AM: RAGE blockade
stabilizes established atherosclerosis in
diabetic apolipoprotein E-null mice.
Circulation 2002;106:2827-2835.
Shanmugam N, Reddy MA, Natarajan R:
Distinct Roles of Heterogeneous Nuclear
Ribonuclear Protein K and microRNA-
16 in Cyclooxygenase-2 RNA Stability
Induced by S100b a Ligand of the
Receptor for Advanced Glycation End
Products. J Biol Chem 2008;283:36221-
36233.

Kopreski MS, Benko Fa, Gocke DC:
Circulating RNA as a tumor marker:
detection of 5T4 mRNA in breast and
lung cancer patient serum. Ann N 'Y Acad
Sci 2001;945:172-178.

Lo YM, Tsui NB, Chiu RW, Lau TK,
Leung TN, Heung MM, Gerovassili A,
Jin Y, Nicolaides KH, Cantor CR, Ding
C: Plasma placental RNA allelic ratio
permits non invasive prenatal
chromosomal aneuploidy detection. Nat
Med 2007;13:218-223.

»92

93

»94

»95

96

»97

»93

»99

»100

Swarup V, Rajeswari RM: Circulating cell-
free nucleic acids-a promising non-
invasive tool for early detection of
several human diseases. FEBS Lett
2007;581:795-799.

Chen X, BaY, Ma L, Cai X, Yin Y, Wang
K, Guo J, Zhang Y, Chen J, Guo X, Li Q,
Li X, Wang W, Zhang Y, Wang J, Jiang
X, Xiang Y, Xu C, Zheng P, Zhang J, Li
R, Zhang H, Shang X, Gong T, Ning G,
Wang J, Zen K, Zhang J, Zhang CY:
Characterization of microRNAs in
serum: a novel class of biomarkers for
diagnosis of cancer and other diseases.
Cell Res 2008;18:997-1006.

Mitchell PS, Parkin RK, Kroh EM, Fritz
BR, Wyman SK, Pogosova-Agadjanyan
EL, Peterson A, Noteboom J, O’Briant
KC, Allen A, Lin DW, Urban N, Drescher
CW, Knudsen BS, Stirewalt DL,
Gentleman R, Vessella RL, Nelson PS,
Martin DB, Tewari M: Circulating
microRNAs as stable blood-based markers
for cancer detection. Proc Natl Acad Sci
2008;105:10513-10518.

Czech MP: MicroRNAs as therapeutic
targets. The New Eng J Med 2006;
354:1194-1195.

Uprichard SL, Boyd B, Althage A, Chisari
FV: Clearance of hepatitis B virus from
the liver of transgenic mice by short
hairpin RNAs. Proc Natl Acad Sci
2005;102:773-778.

Xia H, Mao Q, Paulson HL, Davidson
BL: siRNA-mediated gene silencing in
vitro and in vivo. Nature Biotechnol
2002;20:1006-1010.

Rubinson DA, Dillon CP, Kwiatkowski
AV, Sievers C, Yang L, Kopinja J, Rooney
DL, Zhang M, Thrig MM, McManus MT,
Gertler FB, Scott ML, Van Parijs L: A
lentivirus-based system to functionally
silence genes in primary mammalian cells
stem cells and transgenic mice by RNA
interference. Nature Genet 2003;33:401-
406.

Gorbatyuk M, Justilien V, Liu J,
Hauswirth WW, Lewin AS: Suppression
of mouse rhodopsin expression in vivo
by AAV mediated siRNA delivery. Vision
Res 2007;47:1202-1208.

Wolfrum C, Shi S, Jayaprakash KN,
Jayaraman M, Wang G, Pandey RK,
Rajeev KG, Nakayama T, Charrise K,
Ndungo EM, Zimmermann T,
Koteliansky V, Manoharan M, Stoffel M:
Mechanisms and optimization of in vivo
delivery of lipophilic siRNAs. Nature
Biotechnol 2007;25:1149-1157.

232

Cell Physiol Biochem 2009;23:221-232

Pandey/Agarwal/Kaur/Datta




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


