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Abstract There is no cure for diabetic nephropathy and
the molecular mechanisms underlying disease aetiology
remain poorly understood. While current paradigms for
clinical management of diabetic nephropathy are useful
in delaying disease onset and preventing its progression,
they do not do so for a significant proportion of diabetic
individuals, who eventually end up developing renal fail-
ure. Thus, novel therapeutic targets are needed for the
treatment and prevention of the disease. MicroRNAs
(miRNAs), a class of non-coding RNAs that negatively
regulate gene expression, have recently been identified as
attractive targets for therapeutic intervention. It is widely
recognised that dysregulation of miRNA expression or
action contributes to the development of a number of
different human diseases, and evidence of a role for
miRNAs in the aetiology of diabetic nephropathy is
emerging. The discovery that modulation of miRNA ex-
pression in vivo is feasible, combined with recent results
from successful clinical trials using this technology, opens
the way for future novel therapeutic applications. For
instance, inhibition of miRNAs that are commonly upre-
gulated in diabetic nephropathy decreases albuminuria and
mesangial matrix accumulation in animal models, suggest-
ing that a therapeutic agent against these molecules may
help to prevent the development of diabetic nephropathy.
Certain challenges, including the development of safe and
reliable delivery systems, remain to be overcome before

miRNA-based therapeutics become a reality. However, the
findings accumulated to date, in conjunction with newly
emerging results, are expected to yield novel insights into
the complex pathogenesis of diabetic nephropathy, and
may eventually lead to the identification of improved
therapeutic targets for treatment of this disease.
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Abbreviations
3′UTR 3′ untranslated region
AMO AntimiR oligonucleotide
ASO Antisense oligonucleotide
ECM Extracellular matrix
ESRD End-stage renal disease
LNA Locked nucleic acid
miRISC miRNA-induced silencing complex
miRNA MicroRNA
nt Nucleotides
Pre-miRNA Precursor miRNA
PTEN Phosphatase and tensin homologue

deleted on chromosome 10
RISC RNA-induced silencing complex
shRNA Short hairpin RNA
siRNA Small interfering RNA
ZEB Zinc finger E-box binding homeobox

Introduction

Diabetic nephropathy is a progressive kidney disease that
develops secondary to diabetes, and is the single most
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common disorder leading to renal failure [1, 2]. Some de-
gree of renal dysfunction is observed in approximately one
in three patients with type 1 diabetes [3, 4], and in about half
of all patients with type 2 diabetes [4, 5]. The annual
incidence of diabetic nephropathy has more than doubled
in the past decade, and today accounts for almost 50% of all
end-stage renal disease (ESRD) [6]. Renal replacement
therapy through either dialysis or kidney transplantation is
necessary to control uraemia and other metabolic conse-
quences of kidney failure in patients with ESRD. The
prognosis for patients with diabetes and ESRD is grim, with
less than 50% of patients surviving beyond 5 years after
diagnosis [7].

Diabetic kidney disease is characterised by persistent
albuminuria (>300 mg/day or >200 μg/min), progressive
decline in the GFR, and elevated arterial blood pressure
[8]. Findings from microscopy show tubulointerstitial fi-
brosis, glomerular basal membrane thickening, podocyte
foot process effacement, mesangial expansion and in-
creased extracellular matrix (ECM) [6]. Aggressive man-
agement of hypertension to reduce microalbuminuria,
together with tight glycaemic control, are important thera-
peutic strategies for diabetic nephropathy [9]. Hypertension
is most commonly managed using inhibitors of the renin–
angiotensin system, which, despite being well tolerated and
generally efficacious, do not cure diabetic nephropathy, nor
delay disease progression in all patients [10]; thus, the
need for more advanced and targeted pharmaceuticals is
critical.

It is widely recognised that diabetic nephropathy can
develop in response to both environmental and genetic
factors, and recent studies have also shown a role for epige-
netic influences, such as microRNAs (miRNAs), in the
pathogenesis of the disease [11–15]. miRNAs are endoge-
nous, single-stranded RNAs (21–25 nucleotides [nt]) that
regulate gene expression either post-transcriptionally, by
blocking translation or promoting cleavage of specific target
mRNAs, or transcriptionally, through targeting of the pro-
moter region [16]. Animal miRNAs silence the expression
of target genes predominantly at the post-transcriptional
level by imperfectly base-pairing to the 3′ untranslated re-
gion (3′UTR) of target mRNAs, leading to translation inhi-
bition and/or mRNA deadenylation and decay [17, 18]. To
date, several miRNAs have been shown to play a role in the
pathogenesis of diabetes and its complications, including
chronic kidney disease [19, 20]. Such findings expand our
understanding of the mechanisms by which diabetic ne-
phropathy may develop and progress and may provide a
new platform upon which novel therapeutic targets and
more efficient treatments for the disease may be considered.
The goal of this review is to present an overview on the
emerging therapeutic potential of miRNA-based treatment
strategies for this disease.

miRNAs and the diabetic kidney

miRNA biogenesis

miRNAs are processed from a large (about 1,000 nt)
primary miRNA (pri-miRNA) by the Drosha–DiGeorge
syndrome chromosome region (DGCR) 8 microprocessor
complex to an intermediate, ~70 nt stem-loop precursor
(pre-miRNA) [21]. After transport of the pre-miRNA to
the cytoplasm, an RNase III-type enzyme known as Dicer
cleaves off the loop of the pre-miRNA generating a ~23 nt
RNA duplex [22]. In animals, one strand of the final RNA
product, the mature miRNA, is then loaded into the miRNA-
induced silencing complex (miRISC), which guides it to
either repress mRNA translation or reduce mRNA stability,
following perfect binding between residues 2 and 8 at the 5′
end of the miRNA (seed region) and the 3′UTR of the target
gene [17, 18]. Each miRNA can potentially downregulate
the expression of a large number of different mRNAs, and
each mRNA can possess multiple binding sites for one or
several different miRNAs [23].

Role of miRNAs in diabetic nephropathy

Several recent studies have demonstrated that miRNAs play
a role in normal renal development, physiology and patho-
physiology. Podocyte-specific loss of Dicer activity causes
foot process effacement, proteinuria and glomerulosclerosis
with rapid progression to renal failure [24–26]. Similar
results were observed after the inducible deletion of Drosha
in podocytes [27]. Thus, it has been speculated that the
global loss of miRNAs due to deletion of Dicer or Drosha
contributes to the observed pathologies, and suggests a
critical role of miRNAs in the maintenance of podocyte
homeostasis and associated renal functions.

Characterisation of miRNA expression in diabetic ne-
phropathy has emerged from both studies in animal models
of diabetes and in vitro investigations of the effects of
hyperglycaemia and TGF-β in different types of kidney
cells in culture, including mesangial cells, podocytes and
proximal tubular epithelial cells [11–13, 28, 29]. TGF-β is a
central cytokine involved in cell growth and ECM produc-
tion, and treatment of mouse models of diabetes with
neutralising anti-TGF-β antibodies attenuates kidney hyper-
trophy and the increase in ECM production [30]. TGF-β can
induce the expression of key miRNAs in mesangial cells
and in the glomeruli of diabetic mice [11–13]. These miR-
NAs mediate the expression of fibrotic genes and hypertro-
phy associated with diabetic nephropathy (Fig. 1). Recently,
Sun et al [31] reported that low doses of the cancer drug,
paclitaxel, an inhibitor of TGF-β, ameliorated fibrosis in the
remnant kidney model by downregulating miR-192, miR-
217 and miR-377.
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Table 1 presents a list of miRNAs that are dysregulated in
diabetic nephropathy and that may contribute to the develop-
ment of this disease. Recently, Kim et al [32] reported that
some miRNAs with low GC content, including miR-141,

miR-200a and miR-29b, are selectively lost during tryzol
extraction from a small number of cells. Thus, some previous
findings may need to be revisited, particularly if low cell
density was used, and the in vitro results have not been con-
firmed in tissues from animal models of diabetic nephropathy.

Kato et al [20] have also recently published a review
article in which the mechanisms involving miRNA in the
pathogenesis of diabetic nephropathy are discussed in great
depth; therefore, we will not discuss these further here.

Therapeutic potential of miRNAs in diabetic
nephropathy

Individual miRNAs often regulate the expression of multi-
ple target genes with related functions and, thus, modulating
the expression of a single miRNA can, in principle, influ-
ence an entire gene network, and consequently, exert effects
on the development of certain complex diseases [33]. There
are two general types of strategy for therapeutic modulation
of miRNA: inhibition of activity and restoration of dimin-
ishing function. For those miRNAs whose expression is
increased in diabetic nephropathy, inhibition of miRNA
function may potentially restore normal regulation of target
genes, while for those whose expression is lost or reduced,
function could be re-established by supplementation with
the miRNA of interest.

Inhibition of miRNA activity

There are presently three main strategies available for
inactivating miRNA in vivo and in vitro. These are

Fig. 1 Role of miRNAs in diabetic nephropathy. Hyperglycaemia (HG)
and TGF-β regulate the levels of miRNAs in mesangial cells and con-
tribute to fibrosis and hypertrophy. TGF-β, transforming growth factor
beta; YBX1, Y box binding protein 1; PAK1, P21/CDC42/Rac1-activat-
ed kinase 1; SOD1/2, superoxide dismutase 1 and 2; PI3K, phosphatidy-
linositol 3-kinase; NOX4, NADPH oxidase 4; ROS, reactive oxygen
species; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide; p38MAPK, p38
mitogen activated protein kinase; FN1, fibronectin 1; DN, diabetic
nephropathy

Table 1 miRNAs potentially associated with the development of diabetic nephropathy

Increased miRNA Decreased miRNA Biological effect Reference

miR-192 Increased COL1A2 and ECM in MC [11, 13, 14]

miR-200b/c Increased COL1A2 and ECM in MC [13, 82]

miR-216a/217 cluster Increased MC survival and hypertrophy [12]

miR-377 Increased oxidative stress and fibronectin in MC [15]

miR-21 Increased COL1A1, COL1A2, FN1, PAI-1, TGF-β in MC and
caused mesangial hypertrophy

[49, 83]

miR-29c Enhanced apoptosis and increased fibronectin [29]

miR-29a/b/c Decreased collagen levels in PTEC [84, 85]

miR-93 Decreased collagen and fibronectin in podocytes [86]

miR-200 and miR-141 Decreased expression of fibronectin and collagen type I and IV.
Prevented TGF-β -dependent EMT in PTEC

[87]

miR-451 Mesangial hypertrophy and upregulation of P38 MAPK signalling [88]

miR-25 Increased NADPH oxidase activity and oxidative stress in MC [89]

miR-30 Decreased collagen expression in podocytes [25, 90]

COL1A1, collagen type I, alpha 1; COL1A2, collagen type I, alpha 2; EMT, epithelial to mesenchymal transition; FN1, fibronectin 1; MC,
mesangial cells; PAI-1, plasminogen activator inhibitor 1; PTEC, proximal tubule epithelial cells

446 Diabetologia (2013) 56:444–456



genetic knockouts, miRNA sponges and antisense oligo-
nucleotides (ASOs) [34, 35]; each method is described in
the following sections.

Genetic knockouts To date, myriad knockout mice lacking
key miRNA processing factors, such as Dicer, Drosha and
argonaute 2 (Ago2), have been engineered; typically, these
animals die during early gestation with severe developmen-
tal defects, suggesting a critical function for miRNA in early
embryonic development [36]. With respect to renal function,
mice with cell-specific inactivation of Dicer (conditional
Dicer models) in podocytes, nephron progenitors, juxtaglo-
merular cells and proximal tubules have been developed
[37], and these animals have yielded insights into the devel-
opment of kidney injury. For example, mice with podocyte-
specific knockout of Dicer (or Drosha) displayed significant
proteinuria by 2 weeks after birth, rapid progression of
glomerular and tubular injury starting at 3–4 weeks, and
ESRD and death by 4–8 weeks [38]. By 3–4 weeks, electron
microscopy demonstrated focal foot and wrinkling of the
glomerular basal membrane (GBM), and staining of the
kidneys showed decreased levels of the slit diaphragm pro-
teins nephrin and podocin, to which the observed protein-
uria was attributed. By weeks 4–8, the glomeruli became
severely affected and all of the mice died [24–26, 38]. These
results suggest that miRNA function is not essential for the
initial development of glomeruli, but is critical for maintain-
ing the glomerular filtration barrier [24–26]. Although sim-
ilar results in mice with podocyte-specific knockout of
Dicer were observed in three independent studies [24–26],
rescue experiments to restore the wild-type phenotype have
not yet been performed. Initial attempts to identify miRNAs
responsible for the disruption of podocyte structure have
suggested miR-30 family members as possible candidates
[24]. In addition, miRNAs 23b, 24 and 26a may contribute
to the observed phenotype in mice with specific Dicer
inactivation in podocytes because they seem to be crucial
for proper glomerular filtration [26]. In addition, the loss of
miRNAs in nephron progenitors results in a marked de-
crease in nephron number [39, 40], while Dicer deletion in
renin-secreting cells in the juxtaglomerular apparatus causes
decreased levels of circulating renin, reduced blood pres-
sure, interstitial fibrosis, and vascular abnormalities [41].
However, there is no developmental or functional renal
defect seen in mice with disruption of Dicer in the proximal
tubule. In contrast, these mice actually appear to be pro-
tected from ischaemia–reperfusion injury [42].

Individual miRNA knockouts have also been reported,
including mice lacking miR-375 and miR-21. Deletion of
miR-375 in mice produces hyperglycaemia, increased glu-
coneogenesis, and elevated pancreatic alpha cell number,
indicating that this miRNA, which is highly expressed in
pancreatic islets, is required for normal glucose homeostasis

[43, 44]. In contrast, miR-21 knockout mice showed no
overt abnormalities. In fact, these mice suffered far less
interstitial fibrosis in response to kidney injury, a phenotype
duplicated in wild-type mice treated with antimiR-21 oligo-
nucleotides, showing that miR-21 contributes to fibrogene-
sis and epithelial injury in the kidney [45]. Although the
generation of engineered animals is costly and time-
consuming, the individual miRNA knockout is the only
approach that guarantees a complete loss of miRNA activity,
which is the primary advantage of using this method for the
inhibition of miRNA activity over the other methods de-
scribed in this review (see the text box).

Sponge miRNA or artificial miRNA decoys Sponge miR-
NAs, also known as artificial miRNA decoys, are small
RNA transcripts containing multiple copies of the target
binding site for a miRNA of interest. By providing alterna-
tive binding sites, sponges effectively soak up miRNAs, and
thereby prevent them from exerting effects on downstream
targets. In addition, sponges can also be used to regulate
miRNA activity in vitro [46] or in vivo. Typically, sponges
are highly expressed transgenes that can be stably integrated
into chromosomes, and are designed to be controlled by
promoters whose expression is restricted to a specific cell
type, tissue, or developmental stage [47]. Inhibition of
miRNA expression can be long-term or transient depending
on the integration of the sponge transgene in the host chro-
mosome or the transitory location of the plasmid in the
cytoplasm, respectively. The efficacy of the sponge depends
on the affinity and avidity of binding sites, as well as the
concentration of sponge RNAs relative to the concentration
of the miRNA. The strongest available promoter for the cell
type of interest should be used to maximise sponge expres-
sion [35], although when the sponge is expressed at high
levels, it can inhibit the activity of the entire family of
miRNAs sharing a common seed sequence [48].

The use of miRNA sponge technology in renal models is
presently limited. To date, researchers have found that inhi-
bition of miR-21 in rat and human mesangial cells using
sponge technology prevented high-glucose-mediated down-
regulation of the tumour suppressor protein, phosphatase
and tensin homologue deleted on chromosome 10 (PTEN)
[49]. Interestingly, PTEN is known to contribute to some of
the pathological features of diabetic nephropathy, including
renal cell hypertrophy and fibronectin expression [49, 50],
and the results from this study suggest that miR-21 may play
a role in these processes. In addition to this study, sponge
miRNA has also been used in mice to target miR-133 in the
pathogenesis of cardiac hypertrophy [51], a major compli-
cation of diabetic nephropathy. In treated animals, down-
regulation of miR-133 increased hypertrophic markers, while
in vitro overexpression of the same miRNA inhibited cardiac
hypertrophy.
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Although many studies have shown the effectiveness of
miRNA sponges in a variety of processes, the application of
this technology in the area of diabetic nephropathy has been

limited and, therefore, further experiments will be necessary
to prove the utility of the sponge method in vivo for the
treatment of this disease.

Comparison of the three main methods used for in vivo inhibition of miRNAs 

Method of miRNA
inhibition Advantages Disadvantages

Individual miRNA
knockout 

Guarantees a complete loss of miRNA
activity 

Tissue-specific inactivation of the
miRNA of interest (conditional knockout
mice)

Commercially available custom-made
conditional knockout mice
(www.genoway.com)  

Applicable to only a few model organisms 

Laborious, time-consuming and expensive  

Difficult to delete one miRNA in a cluster without
affecting the processing of others  

MiRNAs with functional redundancy (same seed
region) must be knocked out individually 

Low potential for development of miRNA-based
therapeutics, at least in the short term  

Sponge miRNA Able to downregulate miRNAs with
functional redundancy 

Effectiveness unaffected by clustering of
miRNA precursors

Can be efficiently delivered by a viral
vector to difficult-to-transfect cell lines
or cells in vivo  

Lifetime inhibition of the miRNA of
interest in transgenic sponge-expressing
animals

Cannot distinguish between miRNAs with the
same seeding 

May exhibit different levels of transgene
expression and degrees of miRNA inhibition in
different contexts 

Low potential for development of miRNA-based
therapeutics, at least in the short term  

ASO inhibitor Specific for one miRNA 

Low toxicity and demonstrated
efficiency in therapeutically inhibiting
miRNAs in clinical trials

High potential for the development of
miR-based therapeutics for different
diseases, including DN

MiRNAs with functional redundancy would have
to be neutralised using a mix of oligonucleotides 

Many cells in vitro and in vivo are resistant to the
uptake of oligonucleotides 

Require repeated administration to inhibit miRNA
over the longer term 

DN, diabetic nephropathy 
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Antisense oligonucleotides or antimiR oligonucleotides
ASOs/antimiR oligonucleotides (AMOs) are the most com-
monly used method to inhibit miRNA activity. Although
ASO and AMO are generally considered as synonymous,
the AMO can be described as a particular type of ASO
against miRNA. The mechanism of inhibition is mediated
by chemically-modified, single-stranded reverse comple-
ment oligonucleotides, which sequester the mature miRNA,
rendering it incapable of binding to its target sequence [34].
The introduction of different chemical modifications of the
sugar, the nucleobase, or the internucleotide linkages in
ASOs further increases binding affinity for the target
miRNA, which improves nuclease resistance, cellular up-
take, and in vivo delivery [52]. Oligonucleotides with 2′
sugar modifications, including 2′-O-methyl (2′-O-Me), 2′-
O-methoxyethyl (2′-O-MOE), 2′-fluoro (2′-F) and 2′,4′-
methylene (locked nucleic acid or LNA) (Fig. 2) can be
effective inhibitors of miRNAs in cell culture [53–57].
Among the chemical modifications tested, LNA possesses
the highest affinity towards complementary RNA, which
may be the reason for its unprecedented specificity relative
to other modified oligonucleotides [34]. Nuclease resistance
can also be strengthened by backbone modification of the
phosphodiester linkages into phosphorothionate (PS)

linkages in which a sulphur atom replaces one of the non-
bridging oxygen atoms in the phosphate group (Fig. 2) [34].

The first miRNA inhibitors demonstrated to work in
mammals were ‘antagomirs’, which are 2′-O-Me oligonu-
cleotides with phosphorothionate linkages between nucleo-
tides at both ends, and conjugated to cholesterol at their 3′
ends [58]. Cholesterol conjugation causes cellular uptake of
the modified nucleic acid oligonucleotide by promoting its
association with high- and low-density lipoproteins that can
bind cell surface membrane receptors [47]. Phosphorothio-
nate bonds promote serum protein binding, which increases
in vivo distribution and bioavailability of the ASO [47].
Treatment of mice with three tail vein injections at 80 mg/kg
of antagomirs against miR-16, miR-122, miR-192 and
miR-194 resulted in silencing of these miRNAs in different
organs, including liver and kidney [58]. It would be inter-
esting to extend this study to test for therapeutic benefits of
antagomir-192 against diabetic nephropathy, as this miRNA
appears to have a central role in the development of the
disease [11, 13]. The efficient inhibition of miR-122, the
major miRNA found in liver, led to a 40% decrease in serum
cholesterol levels in treated mice [58], demonstrating the
therapeutic potential of antagomir-122 against hypercholes-
terolaemia, a common clinical finding in patients with

Fig. 2 Chemical modifications that improve the stability, biodistribu-
tion, and delivery of AMOs. The figure shows structures of the most
commonly used chemical modifications in AMOs. LNA is a bicyclic
RNA analogue in which the ribose is locked in a C3′-endo conforma-
tion by introduction of a 2′-O,4′-C methylene bridge. The hydroxide in
the 2′ position of the ribose moiety can be replaced by a 2′-fluoro (2′-F),
a 2′-O-methoxyethyl (2′-MOE) or a 2′-methyl (2′-O-Me) group to

generate modified nucleotides with higher stability. In the phosphor-
othionate linkage, sulphur replaces one of the non-bridging oxygen
atoms in the phosphate group. A morpholine ring replaces the sugar
moiety in morpholino oligomers, whereas a peptide nucleic acid is a
DNA analogue in which the sugar–phosphate backbone is replaced by
N-(2-minoethyl)glycine units
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diabetes. Recently, antagomirs were effectively used to
knock down miR-29c in db/db mice, leading to a decrease
in albuminuria and glomerular mesangial matrix expansion
(Table 2) [29]. However, antagomirs are unlikely to be used
clinically because they require higher doses (about 80 mg/kg)
to achieve the same efficacy as other ASO strategies such as
LNA, which are efficient at 2–10 mg/kg depending on the
route of administration [47] (Table 2). A direct comparison
of the effect of antagomir 122 vs LNA antimiR-122 was
performed in C57BL/6 J mice treated with three i.p. doses of
1, 5 and 25 mg/kg [59] (Table 3). A significant decrease in
the levels of miR-122 in liver, as well as a parallel increase
in the expression of its target gene, Aldoa, were observed in
a dose-dependent manner 48 h following the last injection
with LNA antimiR-122, whereas no effect was detected in
mice treated with antagomirs [59]. In addition, a 20% de-
crease in levels of blood total cholesterol were observed in
mice treated with 1 and 5 mg/kg LNA, while raising the
dose to 25 mg/kg LNA doubled the reduction in these
values (i.e. 40% decrease in total cholesterol concentration).
Cholesterol levels did not change in mice that received
treatment with antagomirs [59]. At this time, it is not yet
known whether the different effective dosages for LNA and
antagomirs are the result of differences in tissue distribution
or intracellular actions of the miRNA inhibitors.

Alternative ASO modifications, such as 2′-O-MOE, 2′-F,
2′-F/MOE, and LNAs (Fig. 2), have greater affinity to bind
and inhibit miRNA function in vivo than 2′-O-Me RNA
oligonucleotides, and all require lower doses than antagomirs

to be effective [55, 56, 59–61]. Davis et al [60] compared
the potency of 2′-F/MOE, 2′-O-MOE/LNA, 2′MOE, 2′-O-
Me and LNAs in vivo and found that 2′-F/MOE is the most
effective. The ASO chemistry dictates the fate of the tar-
geted miRNA [34]. Thus, higher affinity oligonucleotides
such as LNA/DNA, LNA/2′-O-Me and 2′-F/MOE, sequester
the targeted miRNA in a heteroduplex, whereas lower affin-
ity ASOs, such as 2′-O-Me, 2′-MOE and antagomirs pro-
mote miRNA degradation (Table 3).

In two recent reports, the inhibition of miR-192 using a
low dose (2.0–2.5 mg/kg) of subcutaneously injected LNA
antimiR-192 led to a significant increase in levels of the E-
box repressor zinc finger E-box binding homeobox (ZEB)1/
2 and decreased gene expression of collagen, TGF-β and
fibronectin in normal and streptozotocin-induced diabetic
mice (Table 2) [13, 14]. Furthermore, LNA antimiR-192
improved proteinuria in these mice, supporting the possibil-
ity of an anti-miRNA-base translational approach for the
treatment of diabetic nephropathy.

A pioneering non-human primate study established that
LNA ASOs are specific, stable, and non-toxic when admin-
istered intravenously. In this study, a decrease in plasma
cholesterol was observed for more than 20 days following
five daily successive i.v. injections of 10 mg/kg LNA
antimiR-122 in African green monkeys [59]. The first
miRNA-targeted drug to enter human clinical trials was an
LNA antimiR-122 compound, miravirsen, developed by
Santaris Pharma (Hørsholm, Denmark) for the treatment
of hepatitis C [62]. In addition to a role in regulating

Table 2 In vivo inhibition of miRNAs upregulated in diabetic nephropathy using antagomirs or LNA

miRNA Model AntimiR
chemistry

Administration
route

Dose and frequency Phenotype Reference

miR-29c db/db mice Antagomirs i.p. 80 mg/kg, every other
week for 12 weeks

Reduced albuminuria and
kidney mesangial matrix
accumulation

[29]

miR-192 C57BL/6 mice LNA s.c. 2.5 mg/kg, once. Kidney
cortex harvested 6 h later

Decreased COL1A2, miR-216a,
miR-217. Attenuated p-Akt
while increased PTEN levels
in mouse kidney cortex

[12]

miR-192 C57BL/6 mice LNA s.c. 2.5 mg/kg, once. Kidney
cortex harvested 6 h later

Repressed expression of miR-
200 family members. De-
creased TGFβ1, COL4A1 and
COL1A2 in mouse kidney
cortex

[13]

miR-192 Mouse model of T1D
(STZ-injected C57BL/6
mice)

LNA s.c. 2 mg/kg, twice a week for
2, 12 or 17 weeks

Decreased collagen, TGF-β and
fibronectin (renal fibrosis);
attenuated proteinuria

[14]

miR-21 Mouse model of renal
fibrosis (UUO surgery
performed 2 days after
LNA treatment)

LNA i.p. 10 mg/kg, three times,
every other day

Decreased macrophage
infiltration as well as TGF-β1,
COL1A1, COL1A2, PAI-1
and fibronectin-1 levels in
UUO kidneys

[83]

COL1A1, collagen type I, alpha 1; COL1A2, collagen type I, alpha 2; COL4A1, collagen type IV, alpha 1; PAI-1, plasminogen activator inhibitor
type 1; STZ, streptozotocin; T1D, type 1 diabetes; UUO, unilateral ureteral obstruction
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cholesterol metabolism, miR-122 has been implicated as an
important host factor required for effective hepatitis C virus
(HCV) infection. Thus, interfering with miR-122 function
may offer a new avenue for the treatment of HCV. Success-
ful phase I and II clinical trials have assessed the efficacy,
safety, and tolerability of a 4 week monotherapy treatment
with LNA antimiR-122 [62]. These exciting results are
likely to pave the way for the development of miRNA-
based therapeutics targeting other specific diseases, includ-
ing diabetic nephropathy.

Restoring miRNA activity

For miRNAs whose expression is decreased during the
development of diabetic nephropathy, introduction of the
mature miRNA into the kidney could restore regulation of
key target genes. The two primary strategies for upregulat-
ing miRNA expression are double-stranded miRNA mimics
and miRNA expression vectors. These methods are dis-
cussed below.

Double-stranded miRNA mimics Replacement of miRNA
can be achieved through the introduction of miRNA
mimics, short double-stranded oligonucleotides in which
one strand (the guide strand) is identical to the native
miRNA sequence, while the complement is referred to as
the passenger strand. The double-stranded structure is re-
quired for efficient recognition and loading of the guide
strand into the RISC. Of note, miRNA mimics are analo-
gous in structure to the small interfering RNA (siRNA)
molecules commonly used in gene silencing experiments
[63], which can repress expression of a target mRNA with
semi-complementary binding sites in its 3′UTR, much like
the function of endogenous miRNAs [64]. A miR-29b mim-
ic has been successfully used in a mouse model of cardiac
fibrosis [33], and a similar approach may be employed in
diabetic nephropathy to block the development of kidney
fibrosis through overexpression of miR-29b (Table 1).

Although miRNA mimics are commonly used in vitro to
validate miRNA targets known to be involved in the path-
ogenesis of diabetic nephropathy, this technology has not
yet been tested in animal models of renal diseases [65].
However, similar work using siRNA approaches has shown
promising results. For example, in vivo silencing of TGF-
β1, a potent profibrotic cytokine well-recognised for its role
in the development of diabetic nephropathy, using TGF-β1-
specific synthetic siRNA injection into the renal artery
(which effectively delivered siRNA into the glomeruli),
decreased levels of TGF-β1 protein and delayed matrix
expansion [66]. Although promising, a limitation of this
approach is the short-term effect of siRNA, which is com-
pletely lost 5 to 7 days after treatment, and more experi-
mental work in animal models of kidney disease is required

to determine the potential of this technology as an miRNA-
based therapeutic agent for diabetic nephropathy.

miRNA expression vectors Therapeutic miRNA replace-
ment can also be achieved by expressing the miRNA of
interest using a vector construct. This strategy involves the
expression of a short hairpin RNA (shRNA) generated from
polymerase II or III promoters in a DNA or viral vector,
which is then processed by Dicer before loading into RISC.
The two main advantages of this approach are the potential
for a more stable and long-term silencing compared with
that of miRNA mimics and siRNAs, as well as the ease of
expressing multiple miRNAs from the same transcript [67].
The major disadvantage is the cellular toxicity: overexpres-
sion of shRNA in rats causes hepatoxicity, organ failure and
death [68]. Further, excessive expression levels of shRNA
may also saturate argonaute proteins and the pre-miRNA
export protein, Exportin-5, thereby limiting the amount of
exogenous siRNA or miRNA that can be tolerated by a cell.
In addition, the overloading of argonaute and Exportin-5
would also affect the processing of endogenous miRNAs
essential for proper cellular function and survival, causing
cell toxicity. However, both the toxic side-effects and the
risk of over-saturating endogenous small RNA pathways
can be minimised by optimising shRNA dose and sequence
[69] or by using weaker or tissue-specific promoters
[70–72]. This last strategy has been recently used to elimi-
nate hepatoxicity previously observed in non-human pri-
mates treated with three shRNAs that simultaneously
target conserved regions of the HCV genome [72].

Artificial miRNA expression vectors have been intro-
duced as safer alternatives to shRNAs in vitro and in vivo
[73]. These vectors contain the backbone sequence of a
natural miRNA precursor, in which the stem sequence has
been substituted to generate an artificial miRNA, which can
efficiently and specifically silence the genes of interest [74].
The natural miRNA:miRNA* structure (where miRNA* is
the passenger strand) is replaced by the artificial one, which
is processed in a biogenesis pathway similar to that of
natural miRNAs, and results in functional, mature artificial
miRNA [75]. In contrast with shRNA, artificial miRNAs do
not disrupt normal miRNA biogenesis and function because
they are expressed at lower levels and are processed more
efficiently, making them far less toxic. For example, in
studies involving the brain, shRNA treatment caused Pur-
kinje cell neurotoxicity, while artificial miRNA expression
was well tolerated and led to effective target gene silencing
in these cells [73]. These findings suggest that miRNA-
based platforms are less toxic and better suited to therapeu-
tic silencing in mammals. Although the development of
artificial miRNA technology is still in its infancy, the ap-
proach nonetheless presents great potential for therapeutic
intervention.
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Potential challenges of miRNA-based therapeutics

The ability to manipulate miRNAs in vivo provides a po-
tential opportunity to exploit miRNA therapeutically. How-
ever, miRNA-based therapeutics pose different challenges
from those associated with classic drugs. While traditional
pharmaceuticals are typically specific for a single cellular
target (generally a receptor or enzyme), miRNAs, by nature,
have numerous molecular targets, which, in vivo, may per-
turb multiple cellular functions, resulting in unintended off-
target effects [63]. While the possibility of targeting multiple
components of the same pathway or cellular process rele-
vant to human disease simultaneously can be considered a
strong advantage of miRNA-based therapeutics, it also rai-
ses concerns about potential toxicity in normal tissues.
These toxic effects might be the result of overloading RISC
with exogenous miRNA mimics, which then compete with
endogenous miRNAs necessary for normal cellular function
[76]. Further, depending on context, a single miRNA may
yield both beneficial and pathogenic effects, and can elicit
effects on unintended targets. Issues associated with biodis-
tribution, pharmacokinetics, and cell penetration also repre-
sent potential obstacles to miRNA-based therapeutics,
although, as discussed earlier, chemical modifications of
synthetic nucleic acids increase the stability of the oligonu-
cleotides in biological fluids, which may circumvent some
of these concerns (Fig. 2).

Currently, the main bottleneck for the development of
miRNA-based treatments is the efficient delivery of a ther-
apeutic RNA to its target tissue. Transfer of therapeutic
RNA from the blood to the target tissue is a challenge
because anything larger than 5 nm, including therapeutically
complexed RNA, cannot cross the capillary endothelium,
and will remain in circulation until filtered by the kidneys.
Hepatic cells allow molecules up to 200 nm in diameter to
enter and, not surprisingly, delivery of therapeutic RNAs is
most successful in the liver [47]. Different delivery
approaches have been developed to circumvent these chal-
lenges, and these can be broadly divided into two categories:
conjugation and formulation [63]. Conjugation strategies
include binding cell-penetrating peptides, antibodies, lipo-
philic moieties, or receptor ligands, such as cholesterol
molecules (which are used in antagomirs) [58]. Formulation
approaches vary substantially and include synthetic lipo-
somes, lipid emulsions, polymers and nanoparticles. The
encapsulation of nucleic acids in lipid-forming vesicles be-
tween 50 and 500 nm have been successfully used to avoid
undesired filtration by the kidney and to enhance intracellular
delivery [63]. Alternatively, nucleic acids or encoding plas-
mids can be delivered by virus, including adenovirus, lentivi-
rus, or single-stranded cytoplasmic RNA virus [77, 78].

Despite significant advances, most nucleic acid delivery
agents developed to date have only demonstrated efficacy

targeting the liver, as noted above. For the kidney, an
effective delivery approach is a mandatory requirement
for the use of synthetic nucleic acids as therapeutics for
renal diseases, including diabetic nephropathy. However,
the rapid renal clearance that eliminates therapeutic RNA
molecules from circulation can actually be advantageous
in targeting the kidney, because tubular epithelial cells
tend to reabsorb oligonucleotides from the ultrafiltrate
[79]. For example, a conjugation strategy using 32P-
cholesterol-siRNA bound to HDL-C or albumin, but not
to LDL-C, resulted in nucleic acid accumulation in the
kidney [80]. Similarly, systemic delivery of siRNA oli-
gonucleotides conjugated with cholesterol and targeting
12/15-lipoxygenase ameliorated renal injury and pre-
vented diabetic nephropathy in a streptozotocin-injected
mouse model of type 1 diabetes [81]. More recently,
antagomirs and LNA miRNA inhibitors have been effec-
tively delivered to the kidney inducing the downregula-
tion of different miRNAs commonly increased in diabetic
nephropathy (Table 1). Together, these results provide
encouraging support for the potential of miRNA-based
therapeutics for the treatment of kidney diseases, including
diabetic nephropathy.

Conclusions

It is now widely accepted that the dysregulation of miRNA
expression or action contributes to the development of var-
ious human diseases, although evidence for the role of
miRNAs in diabetic nephropathy is only now emerging.
The discovery that modulation of miRNA expression in
vivo is feasible, together with the recent results from suc-
cessful clinical trials using this technology, opens the way
for future novel therapeutic applications. Specifically, inhi-
bition of those miRNAs that are commonly upregulated in
diabetic nephropathy (i.e., miR-192 and miR-377) decreases
albuminuria and mesangial matrix accumulation in animal
models, and is thereby concordant with the idea that devel-
oping a therapy against these molecules may help to prevent
diabetic nephropathy and/or slow its progression. One of the
strengths of miRNA-based technology is the powerful
ability to affect simultaneously multiple genes in the same
pathway by inhibiting or mimicking a single miRNA.
Various challenges remain to be overcome before miRNA-
based therapeutics become a reality, including, primarily, the
development of safe and reliable cell- and organ-specific
delivery systems. However, the findings accumulated to
date, in conjunction with newly emerging results, are
expected to yield novel insights into the complex pathogen-
esis of diabetic nephropathy, and may eventually lead to the
identification of improved therapeutic targets for treatment
of this disease.
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