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ABSTRACT 

Diabetes mellitus has become one of the most common 
chronic diseases, thereby posing a major challenge to 
global health. Characterized by high levels of blood 
glucose (hyperglycemia), diabetes usually results from 
a loss of insulin-producing β-cells in the pancreas, 
leading to a deficiency of insulin (type 1 diabetes), or 
loss of insulin sensitivity (type 2 diabetes). Both types 
of diabetes have serious secondary complications, 
such as microvascular abnormalities, cardiovascular 
dysfunction, and kidney failure. Various complex fac-
tors, such as genetic and environmental factors, are 
associated with the pathophysiology of diabetes. Over 
the past two decades, the role of small, single-stranded 
noncoding microRNAs in various metabolic disorders, 
especially diabetes mellitus and its complications, has 
gained widespread attention in the scientific commu-
nity. Discovered first as an endogenous regulator of 
development in the nematode Caenorhabditis elegans, 
these small RNAs post-transcriptionally suppress 
mRNA target expression. In this review, we discuss the 
potential roles of different microRNAs in diabetes and 
diabetes-related complications. 
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INTRODUCTION 

Diabetes mellitus is a chronic disease caused by defects in 
the way the body makes or responds to insulin, resulting in 
high levels of glucose in the blood (hyperglycemia). There are 
two major types of diabetes: type 1 (T1D), resulting from 

autoimmune destruction of insulin-producing β-cells in the 
pancreas, and type 2 (T2D), resulting from insulin resistance 
(Tang et al., 2008) and accounting for over 90% of all diabetes. 
Insulin resistance is a pathological condition in adipose tissue, 
liver, and skeletal muscle where insulin becomes less effec-
tive in lowering glucose levels. A third form of diabetes mellitus 
is gestational diabetes, which develops in pregnant woman 
who have never before had diabetes. Diabetes is frequently 
associated with microvascular (retinal, renal, or possibly neu-
ropathic), macrovascular (coronary or peripheral vascular), or 
neuropathic (autonomic or peripheral) complications. 

With rapid urbanization, industrialization, and globalization, 
widespread socio-economic prosperity has been achieved, 
but lack of physical activity due to a sedentary lifestyle has 
made humans more prone to obesity and diabetes. The 
World Health Organization (WHO) reported that, as of 2000, 
there were 171 million cases of diabetes worldwide and this 
number will rise to 366 million, or 4% of the population, in 
2030 (Shaw et al., 2010). Thus, diabetes mellitus is becoming 
a major public health concern and a huge economic burden 
in both developed and developing nations. There is therefore 
a critical need for new therapeutic strategies to better control 
glucose homeostasis. 

With the completion of the human genome sequence, it 
was found that the vast majority of the genome does not 
actually encode proteins, but instead consist of noncoding 
functional elements and non-functional sequences that have 
been referred to as "junk DNA". In recent years, the discovery 
of a family of small (~22 nucleotide) single-stranded, non-
coding, endogenous RNAs, called microRNAs (miRNAs), has 
been a focus of attention for researchers. The first miRNA, 
lin-4, was discovered by Ambros and his co-workers in 1993 
as an endogenous regulator of genes that control develop-
mental timing in the nematode Caenorhabditiselegans (C. 
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elegans) by down-regulating protein levels of its target gene 
lin-14 (Lee et al., 1993). Subsequently, numerous miRNAs 
have been reported to be present in various organisms, in-
cluding human. miRNAs function as translational repressors 
by inhibiting the expression of specific genes through base 
pairing between the miRNA "seed region" and the 3′ un-
translated regions (UTRs) of the target mRNAs. One miRNA 
may control multiple genes, and one gene may be controlled 
by multiple miRNAs (Carè et al., 2007; Pandey et al., 2009). 
Acting both upstream and downstream of key cellular tran-
scription factors, miRNAs can exert multiple effects and play 
important roles in, for example, development, stress re-
sponses, cardiovascular diseases, angiogenesis, oncogene-
sis, and diabetes (Mishra et al., 2009; Zampetaki et al., 2010; 
Kumar et al., 2011). There are >1000 miRNAs encoded by 
the human genome (Bartel, 2004; Berezikov et al., 2005), 
which are collectively annotated and indexed in the miRNA 
registry (http://microrna.sanger.ac.uk). 

BIOGENESIS OF MIRNAS 

The biogenesis of miRNAs starts in the nucleus, where sev-
eral-kilobase or longer primary miRNA sequences (pri-miRNAs) 

are transcribed from the genome and then capped, spliced and 
polyadenylated (Cai et al., 2004). While RNA polymerase II 
transcribes most miRNAs, those associated with short, inter-
spersed nuclear elements or derived from viruses are tran-
scribed by RNA polymerase III (Dieci et al., 2007). Pri-miRNAs 
are processed by Microprocessor, which is a complex consist-
ing of Drosha, a nuclear RNase III enzyme, and its essential 
cofactor protein (encoded in human by DiGeorge syndrome 
critical region gene 8 [DGCR8] and in Drosophila and C. ele-
gansby Pasha) (Muhonen and Holthofer, 2009), into 
~70-nucleotide (nt)-long hairpin-shaped premature miRNAs 
(pre-miRNAs). They are exported out of the nucleus to the 
cytoplasm by a RanGTP/exportin-5-dependent mechanism 
(Muhonen and Holthofer, 2009). Dicer, a cytoplasmic RNase III 
enzyme, associates with the transactivation-responsive 
RNA-binding protein (TRBP, also known as TARBP2) and 
cleaves pre-miRNAs to release a short, ~22-base-pair 
(bp)-long RNA duplex. Having lower thermodynamic stability at 
its 5'-end, the miRNA strand is selected by the miRNA-induced 
silencing complex (miRISC) before incorporation into the com-
plex. The miRISC acts as the effector of the miRNA pathway, 
interacting with messenger RNA (mRNA) to suppress its 
translation or cause its degradation (Fig. 1). 

 

 
 

Figure 1.  Schematic diagram of the biogenesis of miRNA and its mechanism of action. In the nucleus the primary miRNAs 
(pri-miRNAs) are transcribed from the genome by RNA polymerase II which are then processed by Microprocessor (Drosha and 
DGCR8) into precursor miRNAs (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 ~22 nucleotide long miRNA duplex by Dicer and its in-
teracting partner, TRBP (TAR RNA Binding Protein). One strand of this miRNA duplex along with Dicer, TRBP and a member of the 
Argonaute protein fadown-regmily (AGO2) assembles into the miRNA Induced Silencing Complex (miRISC). Mature miRNAs then 
regulate gene expression by guiding the miRISC to their target complementary mRNA, causing mRNA degradation and repression 
of translation initiation. Mirtrons are produced from pri-miRNA-sized introns that form a looped intermediate called a lariat, which are 
then debranched and refolded into pre-miRNAs that enter the canonical biogenesis pathway. 
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In another biogenesis pathway identified in 2007, miRNAs 
can be derived from introns of sufficient size to form 
pre-miRNAs(Okamura et al., 2007; Ruby et al., 2007). Matu-
ration of these miRNAs (termed mirtrons) bypasses the 
Drosha processing step. The spliceosome splices mirtrons 
out of their host gene transcript to form looped (lariat) inter-
mediates, which are then debranched and refolded into the 
usual stem loop pre-miRNA structure that accesses the ca-
nonical biogenesis pathway (Fig. 1). 

THE INSULIN PATHWAY 

Insulin secreted by β-cells of the pancreas functions to stim-
ulate the uptake of nutrients (glucose, amino acids, and fatty 
acids) and their conversion into storage macromolecules 
(glycogen, protein, and lipids) in skeletal muscle, adipose 

tissue, and liver. The insulin receptor (IR) is composed of two 
extracellular α subunits and two transmembraneβ subunits 
linked together by disulphide bonds. Binding of insulin to the 
α subunit induces a conformational change, allowing auto-
phosphorylation of several tyrosine residues in the β subunit. 
IR activation leads to the phosphorylation of key tyrosine 
residues on insulin receptor substrate family (IRS). There are 
at least three IRS proteins in humans and mice, including 
IRS1 and IRS2, which are widely expressed, and IRS-4, 
which is limited to the thymus, brain, kidney, and β cells 
(Uchida et al., 2000), while IRS3 is present only in mice and 
is largely restricted to adipose tissue, fulfilling a similar func-
tion as IRS1. Knockout of IRS1 produces small and insu-
lin-resistant mice, whereas IRS2-deficient mice are infertile 
and develop diabetes, but are of normal size (White, 2002). 
There are two major branches of the insulin pathway (Fig. 2):  

 

 
 

Figure 2.  Schematic diagram of the insulin signaling pathway. Binding of insulin to the α subunit induces a conformational 
change, allowing autophosphorylation of a number of tyrosine residues in the β subunit. In ERK branch of the pathway, growth 
factor binding protein 2 (Grb2) binds to the phosphotyrosine residues of the activated insulin receptor by its Src homology 2 (SH2) 
domain, which leads to the activation of downstream Ras, Raf, and the MEK1 kinase cascade, resulting in phosphorylation and ac-
tivation of MAP kinase isoforms ERK1 and ERK2. In the Akt-signaling branch, the insulin receptor β residues are recognized by 
phosphotyrosine-binding (PTB) domains of adaptor proteins, such as members of the insulin receptor substrate family (IRS), lead-
ing to the phosphorylation of key tyrosine residues on IRS proteins, some of which are recognized by the SH2 domain of the p85 
regulatory subunit of PI 3-kinase (a lipid kinase). The catalytic subunit of PI 3-kinase, p110, then phosphorylates phosphatidy-
linositol (4, 5)-bisphosphate (PIP2) leading to the formation of phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3). Akt activation re-
quires protein kinase 3'-phosphoinositide-dependent protein kinase-1 (PDK1), which leads to the phosphorylation of Akt. Once ac-
tive, Akt enters the cytoplasm, where it leads to the phosphorylation and inactivation of glycogen synthase kinase 3 (GSK3), which 
activates glycogen synthase. Akt also directly activates mTOR and Forkhead transcription factors. PI3-kinase and Akt are known to 
play these important roles in GLUT4 translocation to the plasma membrane and, as a result, glucose enters the cell. Another way by 
which GLUT4 translocation takes place is through Casitas B-lineage lymphoma protein (Cbl) and its association with the adaptor 
protein CAP (Cbl-associated protein). 
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MAP kinase (ERK) and AKT. The ERK branch is mediated by 
growth factor binding protein 2 (Grb2) and son of sevenless 
complex (SOS), which lead to the activation of downstream 
Ras, Raf, and the MEK1 kinase cascade, resulting in phos-
phorylation and activation of the MAP kinases ERK1 and 
ERK2. The AKT branch is mediated by IRS and the PI 
3-kinase, causing PDK1 activation that leads to the phos-
phorylation of Akt. Once active, Akt enters the cytoplasm 
where it leads to the phosphorylation and inactivation of gly-
cogen synthase kinase 3 (GSK3) (Alessi, 2001). The inacti-
vation of GSK3 by Akt promotes glucose storage as glycogen. 
Insulin also directly controls the activities of a set of metabolic 
enzymes by phosphorylation and dephosphorylation events 
and regulates the expression of genes encoding hepatic en-
zymes involved in gluconeogenesis. Forkhead transcription 
factor box A (Foxa) proteins, which is excluded from the nu-
cleus following phosphorylation by Akt, play a central role in 
maintaining normal glucose homeostasis by regulating gene 
expression of rate-limiting enzymes of gluconeogenesis and 
glycogenolysis in the liver and kidney, including phosphoe-
nolpyruvatecarboxykinase (PEPCK) and glucose-6-phospha-
tase (G6Pase) (Wolfrum et al., 2003) . A key action of insulin 
is to stimulate glucose uptake into cells by inducing translo-
cation of the glucose transporter, GLUT4, from intracellular 
storage to the plasma membrane. PI3-kinase/Aktis known to 
play an important role in this translocation and, as a result, 
glucose enters the cell (Wilcox, 2005). 

In addition to the PI3-kinase pathway for GLUT4 translo-
cation, there is a second and independent way for GLUT4 to 
be recruited to the plasma membrane (Fig. 2). Specifically, 
insulin receptor activation leads to the phosphorylation of a 
proto-oncogene product, Casitas B-lineage lymphoma (Cbl), 
which is associated with the adaptor protein CAP 
(Cbl-associated protein). Following phosphorylation, the 
Cbl–CAP complex translocates to lipid rafts in the plasma 
membrane. Cbl then interacts with the adaptor protein Crk, 
which is constitutively associated with the Rho-family guanine 
nucleotide exchange factor, C3G. This protein, in turn, acti-
vates members of the TC10 GTP-binding protein family, 
which promote GLUT4 translocation to the plasma mem-
brane through the activation of as-yet-unknown adaptor 
molecules (Saltiel and Kahn, 2001). 

MIRNAS IN GLUCOSE HOMEOSTASIS 

miRNAs in insulin production and secretion 

Normal insulin secretion and action maintain appropriate 
levels of glucose in the body, and miRNAs have emerged as 
a new layer of gene regulation in glucose homeostasis. Poy 
et al. (Poy et al., 2009) identified several miRNAs that are 
selectively expressed in pancreatic endocrine cell lines. 
Among these is miR-375, which was first cloned from a 
mouse insulinoma pancreatic β-cell line (MIN6 cells) and 

identified as the most abundant, evolutionarily conserved, 
islet-specific miRNA (Poy et al., 2004) . The miR-375 gene is 
located on chromosome 2 in humans and chromosome 1 in 
mice and sits within an intergenic region between the cryba2 
(b-A2 crystallin, an eye lens component) and CCDC108 
(coiled-coil domain-containing protein 108) genes, a genomic 
region conserving the synteny between humans and mice 
(Baroukh and Van Obberghen, 2009). miR-375 regulates 
glucose-stimulated insulin secretion in a negative manner, 
while its antagomiRs (small synthetic chemically engineered 
oligonucleotide used to silence endogenous miRNAs) en-
hance insulin secretion (Tang et al., 2008). One of the targets 
of miR-375 has been identified as myotrophin (Mtpn), a pro-
tein involved in the distal stage of insulin secretion in pancre-
atic β-cells (Fig. 3). The exact mechanism of Mtpn regulating 
insulin secretion remains unclear, yet it has been proposed 
that this process is mediated by NF-κB and/or its interaction 
with an actin-capping protein, CapZ, which inhibits actin po-
lymerization (by inhibiting F-actin assembly) and induces 
exocytosis of insulin granules (Hennessy and O'Driscoll, 
2008; Tang et al., 2008). Mice with a homozygous deletion of 
miR-375 appear to have hyperglycemia due to decreased 
total pancreatic β-cell mass and insulin levels (Poy et al., 
2007), concomitantly increasing the level of total pancreatic 
α-cell numbers, fasting and fed plasma glucagon levels, and 
gluconeogenesis and hepatic glucose output (Poy et al., 
2009). In contrast, the pancreatic islets of obese (ob/ob) mice, 
a model of increased β-cell mass, exhibit increased expres-
sion of miR-375. Genetic deletion of miR-375 in ob/ob mice 
further diminishes the proliferative capacity of the endocrine 
pancreas and results in a more severe diabetic phenotype 
(Poy et al., 2009). This suggests that, in addition to regulating 
insulin secretion, miR-375 plays an important role in pancre-
atic β-cell development. PDK1 is another target of miR-375 
expressed in the pancreatic islet cell. Overexpression of 
miR-375 in INS-1E insulinoma cells and rat primary islets 
β-cell lines leads to lower levels of PDK1 protein, accompa-
nied by reduced activation of downstream signaling, including 
the PI3K-Akt cascade and GSK3 phosphorylation (El 
Ouaamari et al., 2008). 

Lynn and colleagues (Lynn et al., 2007) generated a 
mouse model in which miRNA biogenesis was globally 
blocked through deletion of a conditional Dicer allele. When 
Dicer is deleted at an early stage of pancreatic development 
using the pancreatic duodenal homeobox-1 [Pdx-1] promoter, 
serious developmental defects were observed in all pancre-
atic cell types, suggesting a critical role for miRNAs during 
pancreatic development. However, when Dicer was deleted 
later in development using the rat insulin promoter, little effect 
was seen, either on pancreatic morphology or on β-cell 
maintenance. This is surprising, as these β-cells are ex-
pected to lack all miRNAs. These results clearly demonstrate 
the importance of miRNAs during development, yet their pre-
cise role in the adult islet remains elusive. In another study, 
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Figure 3.  Schematic diagram showing the potential of miRNAs as biomarkers or drug targets. miR-375, miR-124a, and 
let-7b down-regulate myotrophin (Mtpn), a protein involved in the distal stage of insulin secretion in pancreatic β cells. Mtpn controls 
release of the neurotransmitter catecholamine and is involved in insulin vesicle exocytosis. Mtpn interacts with an actin-capping 
protein, CapZ, which inhibits actin polymerization (inhibiting F-actin assembly) and induces exocytosis of insulin granules. 
 

Kalis and his coworkers (Kalis et al., 2011) demonstrated that 
targeted disruption of the Dicer1 gene specifically in β-cells 
using the Cre-lox system controlled by the rat insulin pro-
moter (RIP) leads to progressive hyperglycemia and 
full-blown diabetes mellitus in adult mice. This is in contrast to 
the data of Lynn and colleagues. Different genetic back-
ground and/or the extent of Dicer1 deletion could account for 
the discrepancies. 

Mtpn expression is also regulated by several other miR-
NAs, including miR-124a and let-7b (Krek et al., 2005). 
miR-124a, which is found in greatest abundance in brain and 
nervous tissue, is also abundant in pancreatic β-cells 
(Conaco et al., 2006; Krichevsky et al., 2006). In mice, 
miR-124a has three precursor hairpin sequences: 
miR-124a-1 on chromosome 14, miR-124a-2 on chromo-
some 3, and miR-124a-3 on chromosome 2, and all three 
miR-124a genes have closely related predicted human hom-
ologues (Poy et al., 2007). In a recent study, Baroukh et al. 
carried out miRNA expression profiling at two key stages of 
mouse embryonic pancreatic development, e14.5 and e18.5. 
miR-124a-2 expression is strikingly increased at gestational 
age e18.5 compared to e14.5 in the developing pancreas, 
suggesting a possible role in β-cell development (Baroukh et 
al., 2007). One of the established targets for miR-124a is 
Foxa2, a transcription factor regulating β-cell differentiation, 
pancreatic development, glucose metabolism, and insulin 
secretion (Wang et al., 2002; Baroukh et al., 2007). Foxa2 
exercises its role in endocrine pancreatic development by 

velopment by regulating the expression of the β-cell-specific 
transcription factor Pdx-1 and the two subunits of the KATP 
channel, Kir6.2 (the inwardly-rectifying potassium channel) 
and Sur-1 (the sulfonylurea receptor) (Baroukh et al., 2007). 
Another group showed that miR-124a modulates the expres-
sion of secretory pathway proteins involved in the insulin 
exocytosis machinery, such as synaptosomal-associated 
protein 25 (SNAP25), Ras-related protein Rab-3A (Rab3A), 
and synapsin-1A, to affect β-cell secretion (Baroukh et al., 
2007; Lovis et al., 2008a). 

miR-9, which is expressed in the pancreatic β-cells, is a 
regulator of insulin exocytosis. Plaisance et al. found that 
miR-9 inhibits insulin secretion by repressing the expression 
of the Onecut2 transcription factor and thereby increasing the 
levels of granuphilin (also known as Slp4), which 
down-regulates insulin secretion (Plaisance et al., 2006). 
Onecut2 inhibits the expression of granuphilin by directly 
binding to its promoter (Plaisance et al., 2006). Granuphilin is 
a RabGTPase effector associated with β-cell secretory gran-
ules that exerts a negative control on insulin release (Coppola 
et al., 2002). miR-96 also modulates granuphilin levels to 
regulate insulin secretion. In addition, miR-96 decreases the 
expression of Noc2, a Rab effector protein involved in secre-
tion (Lovis et al., 2008a). 

miRNAs in insulin action 

Besides having roles in insulin production and secretion, 
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miRNAs also control insulin signaling in tissues targeted by 
insulin. The miR-29 gene family is highly expressed in 
skeletal muscle, liver, and adipose tissues of diabetic Go-
to-Kakizaki (GK) rats, a non-obese model of T2D. miR-29 
includes three paralogs: miR-29a, miR-29b, and miR-29c. 
Adenovirus-mediated overexpression of miR-29a/b/c in 
3T3-L1 adipocytes, a murine insulin-responsive cell line, 
inhibits insulin-stimulated glucose uptake and Akt activation. 
High levels of miR-29 lead to insulin resistance, mimicking 
the insulin resistance in cells incubated with high concentra-
tions of glucose and insulin (He et al., 2007). miR-29 re-
presses the expression of insulin-induced gene 1 (Insig1), an 
ER membrane protein that is involved in control of cholesterol 
biosynthesis, and caveolin 2 (Cav2). Insig1 is a significant 
integrator of nutrient and hormonal signals, which is induced 
by insulin and regulates cleavage of sterol regulatory ele-
ment-binding protein/adipocyte determination and differentia-
tion factor 1 (SREBP, also known as ADD1) and formation of 
its nuclear isoform (Vikman et al., 2006; He et al., 2007). 
Cav2 is a major component of the inner surface of caveolae 
(small invaginations of the plasma membrane), which inter-
acts directly with heterotrimeric guanine nucleotide-binding 
proteins (G proteins) and regulates their activity. Cav2 is 
highly expressed in white adipose tissue and is induced dur-
ing adipocyte differentiation (Scherer et al., 1996). It has been 
found that overexpression of miR-29 causes a decrease in 
the levels of Insig1 and Cav2 proteins. The third target of 
miR-29 is syntaxin-1, a participant in GLUT4 vesicle fusion to 
the plasma membrane via its interaction with Munc18 
(Scherer et al., 1996; He et al., 2007). Syntaxin-1 is required 
for rapid exocytosis of insulin in pancreatic β-cells (Vikman et 
al., 2006), and high glucose and lipid levels result in disap-
pearance of syntaxin-1 in T2D (Vikman et al., 2006; He et al., 
2007).  

In the mouse genome, 12 genes encode members of the 
let-7 family includes nine slightly different miRNAs (let-7a to 
let-7i). Frost and Olson generated a transgenic mouse line 
with Cre-inducible activation of let-7a, let-7d, and let-7f ex-
pression (Frost and Olson, 2011). Whole-body or pan-
creas-specific overexpression of let-7 in mice resulted in im-
paired glucose tolerance and reduced insulin secretion. Let-7 
overexpression causes lower fat mass and smaller mouse 
body weight and body size. Inhibition of the let-7 family pre-
vents impaired glucose tolerance in mice with diet-induced 
obesity, partially by increasing insulin sensitivity in liver and 
muscle. In addition, let-7 inhibition in mice on a high-fat diet 
also leads to augmented lean and muscle mass, but not in-
creased fat mass, and reduces ectopic fat deposition in the 
liver (Frost and Olson, 2011). In a separate study, Zhu et al 
generated a mouse line overexpressing let-7g under induc-
tion and these animals have a similar phenotype of glucose 
metabolism as the one with the let-7a/d/f transgene (Zhu et 
al., 2011). Target genes repressed by let-7 include IGF1R, 
INSR, IRS2, HMGA2, and IGF2BP2. These data support that 

let-7 is a regulator of glucose metabolism and that the let-7 
family is a potential target for T2D. 

Lovis et al. reported that altered miRNA pattern contrib-
utes to free fatty acid (FFA)-induced pancreatic β-cell dys-
function by analyzing miRNA expression in insulin-secreting 
cell lines or pancreatic islets diabetic db/dbmice exposed to 
palmitate(Lovis et al., 2008b). Several miRNAs were found to 
be altered by palmitate in MIN6B1 cells using microarray 
analysis. Of these, miR-34a and miR-146 levels were found 
to be increased and analyzed for their further role in the pan-
creas. Supportively, their levels were also elevated in the 
islets of diabetic db/db mice (Lovis et al., 2008b). miR-34a is 
upregulated by p53 activation that is an inducer of apoptosis. 
FFA-mediated regulation of p53 via miR-34a, is therefore a 
novel mode of regulation of pancreatic apoptosis initiated by 
FFA. Within the islets, miR-34a affects hormone secretion by 
targeting VAMP2, a vesicle protein that is involved in insulin 
exocytosis. miR-146 acts by targeting IRAK1 (Interleukin-1 
receptor-associated kinase 1) and TRAF6 (TNF receptor 
associated factor 6), both of which are involved in pancreatic 
β-cell death (Labbaye and Testa, 2012). These data suggest 
that some detrimental effect of FFA on β-cells is caused by 
alterations in the level of specific miRNAs. An ensuing study 
implicates miR-34a and miR-146a, as well as miR-21 as 
novel players in β-cell failure elicited by proinflammatory cy-
tokines during the development of peri-insulitis that precedes 
overt diabetes in NOD mice (Roggli et al., 2010). 

Of the two genes encoding insulin receptor substrate pro-
teins (IRS1 and IRS2), only IRS1 has been identified as a 
target of miRNAs, specifically miR-145 (Shi et al., 2007). 
Overexpression of miR-145 in human colon cancer cells 
caused a decrease in IRS-1 protein levels without affecting 
IRS1 mRNA levels. The role of miR-145 in diabetes needs 
further investigation.  

miR-143 has been shown to be upregulated during adi-
pocyte differentiation (Esau et al., 2004), while its inhibition 
elevates the expression of adipocyte-specific genes (insu-
lin-sensitive glucose transporter [GLUT4], hormone-sensitive 
lipase [HSL], fatty acid-binding protein [aP2], and peroxisome 
proliferator-activated receptor gamma 2 [PPAR-γ2]) and 
leads to accumulation of triglycerides (Esau et al., 2004). 
Knockdown of miR-143 leads to upregulation of the mito-
gen-activated protein kinase ERK5 (also known as BMK1 or 
MAPK7) (Esau et al., 2004). Jordan and his colleagues 
demonstrated that expression of miR-143 is upregulated in 
the liver tissues of obese mice (Jordan et al., 2011). Trans-
genic overexpression of miR-143 attenuates insu-
lin-stimulated AKT activation and glucose homeostasis. On 
the other hand, mice without miR-143 are protected from 
insulin resistance associated with obesity. They identified 
oxysterol-binding-protein-related protein 8 (ORP8) as the 
miR-143 target gene. This study underscores the role of 
miR-143 in obesity-induced insulin resistance and implicates 
the miR-143-ORP8 pathway as a potential target for T2D 
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treatment (Jordan et al., 2011). miR-14 is found in Drosophila 
and regulates adipocyte droplet size and triacylglycerol levels 
(Xu et al., 2003). Deletion of miR-14 results in increased lev-
els of triacylglycerol and diacylglycerol, whereas increases in 
miR-14 copy number has the opposite effect (Xu et al., 2003). 
miR-278 is another miRNA involved in energy homeostasis in 
Drosophila, and miR-278-mutant flies, in spite of having ele-
vated insulin-production capacities, display increased circu-
latory glucose levels, which indicates a loss of insulin re-
sponsiveness (Teleman and Cohen, 2006). However, these 
two miRNAs have no homologues in mammals. In addition to 
the above mentioned miR-143, other miRNAs important for 
regulation of human and mouse adipocyte differentiation 
have been identified. Esau et al (2006) found that liv-
er-specific miR-122 as a significant regulator of hepatic lipid 
metabolism. In normal mice, inhibition of miR-122 leads to 
reduced plasma cholesterol levels, increased hepatic fatty 
acid oxidation, and a decrease in hepatic fatty acid and cho-
lesterol synthesis rates (Esau et al., 2006). Moreover, the 
circulatory cholesterol levels are also reduced, indicating that 
miR-122 is a significant modulator of plasma cholesterol lev-
els (Baskerville and Bartel, 2005). miR-122 inhibition in a 
diet-induced obesity mouse model resulted in decreased 
plasma cholesterol levels and a significant improvement in 
liver steatosis (accumulation of fat in liver cells) accompanied 
by reductions in several lipogenic genes, such as phos-
phomevalonate kinase (Baskerville and Bartel, 2005). These 
results implicate miR-122 as a key regulator of cholesterol 
and fatty acid metabolism in the adult liver.  

miR-103 and miR-107 are conserved in all vertebrate 
genomes and are located within introns of the pantothenate 
kinase (PANK) genes. They are predicted to affect multiple 
targets in pathways that involve cellular acetyl-CoA and lipid 
levels (Wilfred et al., 2007). miR-107 differs from miR-103 
by a single nucleotide, while miR-103-1, miR-103-2, and 
miR-107 reside within the PANK3, PANK2, and PANK1 
genes, respectively. PANK enzymes catalyze the 
rate-limiting step of pantothenate phosphorylation during 
the generation of coenzyme A (CoA), which is a critical 
cofactor of several enzymes involved in diverse metabolic 
pathways for synthesis of fatty acids, amino acids, choles-
terol, pyruvate/lactate, glucose, and the Krebs cycle (Wilfred 
et al., 2007; Pandey et al., 2009). According to Trajkovski et 
al (2011), the expression of miR-103/107 is upregulated in 
obese mice. Inhibition of miR-103/107 leads to improved 
glucose homeostasis and insulin sensitivity while their 
overexpression in either liver or fat induces impaired glu-
cose homeostasis. They identified caveolin-1 as a functional 
target gene of miR-103/107. These findings implicate 
miR-103/107 as potential targets for the treatment of T2D 
and obesity (Trajkovski et al., 2011).  

Expression of miRNAs in islets, lever, and adipose of 
diabetic mice are profiled, providing support that obesity and 
genetics exert miRNA regulation (Zhao et al., 2009). The 

Goto-Kakizaki (GK) rat is a well-studied non-obese sponta-
neous type 2 diabetes (T2D) animal model, Global profiling of 
348 miRNAs in the islets of GK rats suggest there is little 
overlap of dysregulatedmiRNAs. This suggests that there 
may be species-specific function of miRNAs in T2D. 

MIRNAS IN DIABETIC COMPLICATIONS 

Diabetes causes complications in many organs, such as 
heart, kidney, eye, and foot, and miRNAs are involved in 
many of these complications.  

Diabetic cardiomyopathy 

One of the most abundant miRNAs present in adult cardiac 
and skeletal muscle in mammals, miR-133, plays a critical 
role in regulating myogenesis (Carè et al., 2007). The change 
of miR-133 levels in heart is associated with two conse-
quences: a long QT syndrome (LQTS) and cardiac hyper-
trophy (Carè et al., 2007). The QT interval is a measure of the 
time between the start of the Q wave (representing depolari-
zation of the interventricular septum) and the end of the T 
wave (representing repolarization or recovery of the ventri-
cles) in the heart's electrical cycle. LQTS is a life-threatening 
disorder that affects the heart's electrical system and may 
lead to fainting, cardiac arrest, and possibly sudden death 
(Carè et al., 2007).  

Cardiac hypertrophy is characterized by a thickening of the 
heart muscle (myocardium) that causes a decrease in size of 
the left and right ventricles and is associated with electrical 
remodeling. A common cause of this pathology is high blood 
pressure (hypertension) and heart valve stenosis (Tang et al., 
2008), which are typical symptoms of long-term complica-
tions due to diabetes. Interestingly, the function of miR-133 in 
cardiac hypertrophy seems to be the opposite of its role in 
LQTS. While overexpression of miR-133 induces LQTS, 
down-regulation of miR-133 levels lead to cardiac hypertro-
phy. In vitro overexpression of miR-133 or miR-1 (both 
miRNAs are expressed by the same transcriptional unit) in-
hibits cardiac hypertrophy. Blocking of miR-133 function in 
vivo causes marked and sustained cardiac hypertrophy 
(Mishra et al., 2009). miR-133 exercises its function in cardiac 
hypertrophy through the suppression of RhoA, a GDP–GTP 
exchange protein that regulates cardiac hypertrophy, Cdc42, 
a signal transduction kinase implicated in hypertrophy, and 
Nelf-A (also known as WHSC2), a nuclear factor involved in 
cardiogenesis(Carè et al., 2007) (Fig. 4B). Sharing the same 
transcriptional unit as miR-133, miR-1 regulates cardiac ar-
rhythmogenic potential by targeting KCNJ2 (encoding the K+ 
channel subunit Kir2.1) and GJA1 (encoding connexin 43) 
and slowing down cardiac conduction, resulting in depolari-
zation of the cytoplasmic membrane (Yang et al., 2007). In a 
rat model of cardiac hypertrophy, hyperpolarization-activated 
cyclic nucleotide-gated channels encoded by HCN2 and 
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Figure 4. Schematic diagram of the role of miR-133a and miR-1 in cardiac hypertrophy. Down-regulation of miR-133a and 
miR-1 in healthy hearts increases Rho A, Cdc42, and Nelf A levels and results in cardiac hypertrophy. 

 
HCN4 are considerably upregulated, which is accompanied 
by significant reductions in miR-1/miR-133 levels (Luo et al., 
2008). HCN channels generate If (hyperpolarization-activated 
current or, simply, pacemaker current) which plays a crucial 
role in cardiac pacemaker activity. Four different HCN genes 
have been identified (HCN1–4) (Moosmang et al., 2001). 
HCN1 is the most rapidly acting channel, HCN2 and HCN3 
exhibit intermediate kinetics, while HCN4 is the slow-
est-acting channel (Moosmang et al., 2001). In animal mod-
els of cardiac hypertrophy and heart failure, HCN2 and HCN4 
are overexpressed and If is strikingly increased (Michels et al., 
2005). With overexpression of miR-133/miR-1, there is sig-
nificant reduction of HCN2 and HCN4 levels (Luo et al., 2008). 
In fact, miR-1 is overexpressed in individuals with coronary 
heart disease and its targeted overexpression in normal 
hearts manifests an identical phenotype that is associated 
with arrhythmias (Fig. 4). 

Wang et al. reported that miR-320 is expressed in myo-
cardial microvascular endothelial cells and involved in regula-
tion of insulin-like growth factor-1 in T2D rats (Wang et al., 
2009). Of all the miRs whose levels are altered in diabetic 
myocardial microvascular endothelial cells (MMVECs), 
miR-320 is the most important, targeting angiogenic factors 
and their receptors, namely, VEGF, IGF-1, IGF-1R, and FGF 
(Wang et al., 2009)—all of which are mediators of diabetic 
cardiomyopathy. Elevation of miR-320 in diabetic MMVECs is 
accompanied by decreased cell proliferation and migration 
that is reversed with miR-320 inhibitors. These findings sug-
gest that miRNAs are critical regulators of cardiac patho-
physiology in diabetes. 

Diabetic nephropathy 

Diabetic complications are also associated with kidney, a vital 
organ involved in excretion of waste products and in homeo-
stasis. Diabetic nephropathy (DN), also known as Kimmel-
stiel-Wilson syndrome or intercapillary glomerulonephritis, is 
a progressive kidney disease that causes kidney failure in 

patients with longstanding diabetes mellitus. The major 
characteristics of DN include glomerular basement mem-
brane thickening, mesangial expansion and hypertrophy, and 
accumulation of extracellular matrix (ECM) proteins (Kato et 
al., 2007). Transforming growth factor β1 (TGF-β) levels are 
increased under diabetic conditions in renal cells, including 
mesangial cells (MC), resulting in upregulation of ECM pro-
teins, namely collagen 1α1 and 2, and promotion of MC sur-
vival and oxidant stress (Kato et al., 2007). The ECM proteins 
are an integral part of the capillary basement membrane and 
mesangial matrix and include various types of collagens, 
laminin, fibronectin, and proteoglycans. The role of miR-192 
in the kidney and in the pathogenesis of DN has been studied 
(Kato et al., 2007). Collagen 1α1 mRNA is increased by 
TGF-β in mouse mesangial cells together with a decrease in 
the mRNA levels of E-box repressors, δEF-1 (δ-crystallin 
enhancer binding protein) and Smad-interacting protein 1 
(SIP1). miR-192 levels are elevated by TGF-β in these cells 
with SIP1 as a target (Kato et al., 2007). Both SIP1 and 
δEF-1 are repressors of Col1α2 expression, and this repres-
sion is withdrawn under diabetic conditions initiated by TGF-β, 
which also down-regulates δEF1 through unknown mecha-
nisms. Down-regulation of SIP1 and δEF1 collectively en-
hances the expression of Col1α2 by de-repressing the E-box 
elements located on the Col1α2 promoter (Kato et al., 2007). 
Upregulation of TGF-β or miR-192 is observed in glomeruli 
isolated from streptozotocin-induced diabetic mice as well as 
in diabetic db/dbmice compared to corresponding 
non-diabetic controls (Kato et al., 2007; Stitt-Cavanagh et al., 
2009). These findings suggest an important role for miR-192 
in kidney and DN development. Fibronectin is another matrix 
protein that is excessively accumulated in diabetic neph-
ropathy (Wang et al., 2008). This large glycoprotein consists 
of two similar polypeptide chains and is a key component of 
the mesangial matrix. It may exist in a soluble dimeric form, 
as oligomers, or as a highly insoluble fibrillar form in the ex-
tracellular matrix. The latter form has been shown to modu-
late various biological processes, such as cell adhesion, mi-



Protein & Cell Munish Kumar et al.  

734 © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 

gration, and differentiation (Pandey et al., 2009). Wang et al. 
(2008) reported that in cultured human and mouse mesangial 
cells exposed to high glucose and TGF-β as well as in a 
mouse diabetic nephropathic model, miR-377 is consistently 
upregulated. This miRNA represses the expression of 
p21-activated kinase and superoxide dismutase, which en-
hances fibronectin production. Thus, overexpression of 
miR-377 indirectly leads to increased fibronectin protein 
production that accumulates in the kidney matrix, and this 
emerges as the phenotype of DN. miR-216 is also upregu-
lated by TGFβ1 in experimental models of DN (Saal and 
Harvey, 2009) and targets Y-box protein-1 (YB-1), leading to 
diabetic glomeruli (Fig. 5). 

Diabetic retinopathy 

Complications of diabetes mellitus in the eye are known as 
diabetic retinopathy (DR), which causes damage to the retina 
and eventually leads to blindness. DR affects up to 80% of all 
patients with diabetes for 10 years or more and is the result of 
microvascular retinal changes. Major symptoms include per-
icyte death and thickening of the basement membrane, 
leading to incompetence of the vascular walls. Such damage 
changes the formation of the blood–retinal barrier and also 
makes the retinal blood vessels more permeable. Pericyte 
death is caused when hyperglycemia persistently activates 

 

protein kinase C-δ (PKC-δ, encoded by Prkcd) and MAPK, 
which increases the expression of SH2 domain-containing 
phosphatase-1 (SHP-1), a protein tyrosine phosphatase. This 
signaling cascade leads to PDGF receptor dephosphorylation 
and a reduction in downstream signaling from this receptor, 
resulting in pericyte apoptosis (Geraldes et al., 2009). Kovacs 
et al. (2011) recently conducted miRNA expression profiling 
in the retina and in isolated retinal endothelial cells (RECs) of 
streptozotocin (STZ)-induced diabetic rats three months after 
the onset of diabetes (Kovacs et al., 2011). A large number of 
miRNAs are dysregulated in the retina and in the RECs of 
diabetic rats (Kovacs et al., 2011). A hyperglycemic envi-
ronment and elevated expression of several growth factors 
have been found to be key mediators of DR (Kantharidis et al., 
2011). Upregulation of NF-κB, VEGF, and p53-responsive 
miRNAs constitute key miRNA signatures, reflecting ongoing 
pathological changes of early DR (Kovacs et al., 2011). 
NF-κB, a key regulator of inflammatory immune responses, is 
known to be activated in the retina as early as two months 
after the onset of diabetes and plays important roles in the 
pathogenesis of DR. Kovacs et al. (2011) report that NF-κB 
downstream genes, including intercellular adhesion mole-
cule-1 (ICAM-1) and monocyte chemotactic protein-1 (MCP-1), 
are increased in the retina of diabetic rats. A few miR-
NA-supregulated in the RECs of diabetic rats are known to be 
regulated by NF-κB, including miR-146, miR-155, miR-132,  

 
 

Figure 5.  The role of miRNAs in diabetic complications of the kidney. Long-standing diabetes mellitus results in diabetic 
nephropathy. miR-192 and TGF-β levels are elevated in mouse mesangial cells and, as a result, collagen 1α2 mRNA is increased 
together with a decrease in the mRNA levels of E-box repressors, δEF-1 (δ-crystallin enhancer binding protein) and Smad-interacting 
protein 1 (SIP1), gradually leading to the development of diabetic nephropathy. Proteins like fibronectin accumulate in cultured human 
and mouse mesengial cells exposed to high glucose and TGF-β. This effect is mediated by upregulation of miR-377 and miR-216a 
and a decrease in p21-activated kinase, superoxide dismutase, and YB-1 levels, resulting in diabetic nephropathy. 
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and miR-21, suggesting amiRNA signature for NF-κB activa-
tion in diabetic RECs (Kovacs et al., 2011) (Fig. 6A). However, 
miR-146 also inhibits NF-κB activation by targeting two key 
adaptor molecules, IL-1 receptor-associated kinase 1 (IRAK1) 
and TNF receptor-associated factor 6 (TRAF6), of the 
MyD88-dependent IL-1R- or Toll-like receptor (TLR)-media-
ted NF-κB activation pathway in monocytes (Kovacs et al., 
2011). This negative feedback regulation of miR-146 by 
NF-κB activation may have important implications in DR, as 
inhibition of NF-κB activation in diabetic rats has been shown 
to inhibit development of DR. Similarly, another potent mito-
gen promoting angiogenesis and endothelial permeability, 
VEGF, is upregulated in the retina in diabetic animals and 
plays an important role in DR (Kantharidis et al., 2011; 
Kovacs et al., 2011). As VEGF is a predicted target of several 
miRNAs, including miR-200b/c, miR-29a/b/c, and miR-93, it 
would be interesting to determine whether these miRNAs are 
involved in DR. Long et al. reported that hyperglycemia led to 
reduced miR-93 expression by down-regulating the whole 
MCM7 host gene transcript, within which miR-93 resides, and 
that increased miR-93 expression prevented the hypergly-
cemia-induced expression of VEGF and its downstream sig-
naling (Long et al., 2010). 

Diabetic neuropathic osteoarthropathy 

One of the major sources of morbidity and a leading cause of 
trauma for persons with diabetes mellitus is the group of foot 
disorders that may result. Ulceration, infection, gangrene, and 
amputation are significant complications of this disease. An-
other serious complication of long-standing diabetes, neuro-
pathic osteoarthropathy (Charcot foot), can lead to the de-
velopment of other limb-threatening disorders. Advanced 
glycation end products (AGEs) act through the receptor for 
AGEs (RAGE), activating inflammatory pathways. One of the 
endogenous physiological ligands of RAGE is S100b, a 
member of the S100 calgranulin family, and interaction of 
these ligands with RAGE is critical in inflammation, including 
in diabetic atherosclerosis (Kantharidis et al., 2011). miR-16 
binds to the COX-2 mRNA 3'UTR in THP-1 monocytic cells 
and inhibits the binding of S100b to the RAGE receptor 
(Kantharidis et al., 2011) (Fig. 5B). miR-503 has been identi-
fied as an important contributor to diabetes-induced impair-
ment of endothelial function and angiogenesis, reducing cell 
growth and preventing the formation of blood vessels by 
suppressing Cyclin E1 and Cdc25a (Caporali et al., 2011) 
(Fig. 6B). miR-503 expression is remarkably higher, and  

 

 
 

Figure 6.  Schematic diagram showing the role of miRNAs in diabetic retinopathy and diabetic foot disorders.(A) In dia-
betic retinas or retinal endothelial cells, miR-146, miR-155, miR-132, and miR-21 are upregulated, with an increase in NF-κβ, 
ICAM-1, and MCP-1 gene expression. Similarly, miR-93 is downregulated, causing a decrease in MCM7 gene expression and up-
regulation of VEGF. The p53-responsive miR-34 family is also upregulated in diabetic retinas. (B) miR-16 binds to the COX-2 
mRNA 3'UTR in THP-1 monocytic cells and inhibits the binding of S100b to the RAGE receptor, resulting in diabetic foot disorder. 
miR-503 reduces cell growth and prevents the formation of blood vessels by suppressing Cyclin E1 and cdc25A and was found to 
be dramatically increased in diabetic complications. 
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Figure 7.  Schematic representation of miRNAs in glucose homeostasis. Upregulation or down-regulation of miR-375, let-7, 
miR-124a, miR-9, miR-96, miR-30d, miR-34a/146, miR-29a/b, mir-145, miR-278, miR-14, miR103/107, miR-122, or miR-143 may 
have drastic effects on insulin synthesis, secretion, signaling, and on other aspects of glucose and lipid metabolism, resulting in 
diabetes mellitus. miR-133, miR-1, miR-320, miR-192, and miR-377 may be involved in diabetic complications. 
 

plasma miR-503 levels are also elevated in diabetic com-
pared with healthy subjects. Inhibition of miR-503 improves 
the ability of endothelial cells to duplicate and form into net-
works of small blood vessels (Caporali et al., 2011). However, 
whether this miRNA plays a role in diabetic atherosclerosis 
remains to be established. 

CONCLUSION 

miRNAs are becoming one of the most fascinating areas of 
RNA biology because of their roles in the fine-tuning of 
physiological processes and their deregulation in human 
diseases. On the other hand, diabetes is one of the most 
challenging diseases in the modern era, with many serious 
complications. Various therapeutic applications have been 
developed to treat diabetes and diabetic-related complica-
tions, but none are completely effective, which suggests that 
our understanding of the disease is incomplete. Emerging 
evidence indicates that miRNAs play significant roles in insu-
lin production, secretion, and action, as well as in glucose 
and lipid metabolism. The broad role of miRNAs as 
post-transcriptional gene regulators in diabetes and diabetic 
complications (Fig. 7) suggest that these miRNAs may serve 
as potential biomarkers and/or drug targets in prevention, 

treatment, and management of diabetes and its complica-
tions. 
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