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ABSTRACT: MicroRNA(miRNA)s have been identified as an emerging class for therapeutic interventions mainly due to their extracellularly sta-
ble presence in humans and animals and their potential for horizontal transmission and action. However, treating Type 2 diabetes mellitus using
this technology has yet been in a nascent state. MiRNAs play a significant role in the pathogenesis of Type 2 diabetes mellitus establishing the
potential for utilizing miRNA-based therapeutic interventions to treat the disease. Recently, the administration of miRNA mimics or antimiRs in-
vivo has resulted in positive modulation of glucose and lipid metabolism. Further, several cell culture-based interventions have suggested beta
cell regeneration potential in miRNAs. Nevertheless, few such miRNA-based therapeutic approaches have reached the clinical phase. Therefore,
future research contributions would identify the possibility of miRNA therapeutics for tackling T2DM. This article briefly reported recent develop-
ments on miRNA-based therapeutics for treating Type 2 Diabetes mellitus, associated implications, gaps, and recommendations for future studies.
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Introduction

The discovery of the microRNA (miRNA)s, a class of non-
coding RNAs with an average of 22 nucleotides, has dramati-
cally impacted modern disease-related molecular biological
experiments. The miRNAs regulate the cellular pathways by
activating or suppressing a gene related to that pathway.! As
suggested, the miRNAs could activate a gene by targeting its
promoter region. Alternatively, miRNA could mitigate the
gene expression by controlling the translational expression
degrading the corresponding messenger RNA.? According to
Bartell,3 the miRNAs act as a guide for the RNA-induced
silencing complex (RISC), which splices the mRNA partially
or completely. On many occasions, in animals, the 7 nucleotide
sequence from 2 to 7 in miRNAs starting from the 5" end,
which is denominated as the seed sequence, binds with the 3
end UTR of the target mRNA to guide the RISCs.2# This
gene suppression or activation process induced by various miR-
NA:ss is related to many diseases as contributing factor to the
etiology and pathogenesis of those diseases.

Accordingly, differential expression of specific miRNAs and
their role in the respective disease pathology has been widely
experimented with in the past 2 decades.>” As suggested, the
respective miRNAs act within the cells/tissues or are excreted
from specific donor cells to extracellular biofluids such as
serum, plasma, saliva, or milk.® These extracellular miRNAs are
typically arranged in RNA-binding proteins (Argonaute 2 and
nucleophosmin 1), exosomes, exosome-like vesicles, and micro-
vesicles. Those extracellular miRINAs contribute to vesicle or
micro-particle mediated cell-to-cell communication and mod-
ulate the cellular functions of another set of cells. A miRNA
released from a donor cell could transfer extracellularly, enter
another cell type, and exacerbate its regulatory action’, which
can happen in paracrine or endocrine.” Along these lines, the
disease-specific extracellular miRNA expressions and their
abeyant utility as disease biomarkers and therapeutic targets
were widely studied.

Because of the regulatory function and the ability to hori-
zontally transfer from one cell type to another specific cell type,
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modern experiments have been centered on the potential of
miRNAs to be used as “therapeutic drugs” to treat diseases by
reversing or modulating the dysregulated miRNAs.1%1! Some
therapeutic approaches have reached even the clinical phase
successfully.1>13 There were 2 main approaches to restoring the
functions of disease-related cellular pathways. Either the
related downregulated miRNA/s can be restored by synthetic
miRNA-mimics or inhibit the upregulation and function of a
miRNA by using “chemically modified antisense oligonucleo-
tides, that is, antimiRs or antagomiRs.”* (Briefed below).

Since the cellular pathways dysregulated in T2DM were
evident to govern by many different miRNAs, these approaches
were potentially valuable for treating type 2 diabetes (T2DM).
Therefore, researchers have drawn attention to using miRNAs
as therapeutics in treating T2DM, and comprehensive in-vitro
and in-vivo studies have shown promising results.’>1¢ MiRNAs
play a significant role, both intracellular and extracellular, in the
pathophysiology of T2DM. During the past few years, the
focus on the miRNA signature in the pathophysiology of dia-
betes mellitus, especially in T2DM, has been immensely
researched.’’-20 Recent studies have demonstrated that the
miRNAs play a crucial role in altering the cellular pathways,
that is, B-cell survival, function, and peripheral insulin signal-
ing, which are involved in the onset and progression of diabetes
mellitus, mainly T2DM.17:21,22

Moreover, distinct profiles of miRNAs were observed in the
extracellular fluids of T2DM patients, such as plasma and
serum, which could be used as biomarkers for detection, diag-
nosis, and prediction.?>?* Arbitrarily, the discovery of the regu-
latory role of miRNAs in T2DM has revolutionized the modern
clinical research platform, creating a solid background for
exploring miRNA utilization in clinical perspectives as thera-
peutics. In the past few decades, the exponential increment of
T2DM was recorded in low- and middle-income countries
(LMIC:s). Despite this, most of the deaths related to T2DM
occurred in LMICs more than in high-income countries
(HICs).%5% Hence, it would be interesting to discuss miRNAS’
potential availability and applicability as therapeutics.

In this review, we briefly summarized the potential utility of
miRNAs as therapeutics for T2DM, highlighting the current
in vivo and clinical approaches. Further, the implications and
issues for future research were discussed. Several attempts suc-
ceeded in reestablishing the normal expression patterns of
miRNAs in-vitro and in-vivo, resulting in a positive impact in
terms of glycemic control, obesity control, and regenerating f3-

cells. (Tables 1 and 2).

MiRNA Mimics, Antisense Oligonucleotides, and
Their Stability

miRNA therapeutics could be used to either restore the down-
regulated miRNAs (using miRNA mimics) or ablate the upreg-
ulation and related action of a specific miRINA/s (using antimiRs
or miRNA inhibitors). Once a dysregulated miRNA was identi-
fied and experimentally validated, the up-regulation can be

manipulated by introducing miRNA inhibitors. Moreover, if the
specific miRNA is downregulated in a specific cell or tissue type
owing to a particular disease condition, that can be modulated by
the successful transfection of miRNA mimics.

miRNA mimics were designed to imitate the functions of
endogenous miRNAs. In miRNA mimic technology, the target
miRNA was designed based on a pre-defined unique sequence
of the target gene to ensure gene specificity.?” Often the miRNA
mimics were developed as double-stranded and modified
chemically to enhance their stability and cellular assimilation.!*

The miRNA inhibitors suppress the activity of the miR-
NAs. miRNA inhibitors have the partial or complete reverse
complementary sequence of the target mature miRNA, bind
with it, and inhibit its ability to repress the target mRNA
translation. According to van Rooij and Kauppinen,?® an
antisense oligonucleotide that represses a specific miRNA was
named an antagomir when it has the entire complementary
sequence. AntimiR is the general term where the sequence is
either complementary to the entire mature miRNA or just for
the seed region.

Two critical aspects to be considered in miRNA therapeu-
tics are the stability of the therapeutic miRNAs in the extracel-
lular fluids once injected into the body and the delivery
methods, that is, transfection methods. It is crucial to enhance
the stability of the oligonucleotides because of the presence of
RNase enzymes in the extracellular fluids inside the body.
Mimics and antimiRs were often chemically modified by add-
ing a phosphorothioate backbone to achieve stability.!? Several
“antimiRs” were often modified by adding 2-OH residues to
the ribose, such as 2’-O-methyl (2’-O-Me), 2’-O-methoxyethyl
(2’-MOE), and locked nucleic acids (LNA), to improve stabil-
ity and affinity.?’ Another method was to conjugate the anti-
miRs to specific macromolecules such as cholesterol and
tri-antennary N-acetyl galactosamine.?

On the other hand, several transfection methods are cur-
rently practised to administer these exogenous synthetic short
oligonucleotides, that is, miRNA mimics and antimiRs. Those
were injected directly or via a vector. The often-studied vectors
were the liposome nanoparticles, atelocollagen, lentivirus, and
adeno-associated viruses.30-32

MiRNAs in the Pathogenesis of T2DM

A clear understanding of the pathogenesis of T2DM and the
regulatory role played by the miRNAs is required in figuring out
the related therapeutic potential of miRNAs. Generally, T2DM
is caused by impaired glucose homeostasis, either due to insulin
resistance or inadequate secretion of insulin from the pancreas in
response to glucose stimulation.3® According to the American
Diabetes Association, T2DM is defined as a condition that
occurs “due to progressive loss of adequate B-cell insulin secre-
tion frequently on the background of insulin resistance.”* The
pancreatic B-cell functions and the insulin signaling pathway
(IS) are the intracellular metabolic signaling pathways related to
maintaining glucose homeostasis in the body3>3 Thus, the
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Table 2. In-vitro studies on using miRNAs to differentiate stem cells to functional pancreatic cells or insulin producing pancreatic like cells.

TARGET MIRNA SPECIE OR SOURCE CELL TYPE

VECTOR OR TRANSFERRING REFERENCE

METHOD

miR-21 Chicken embryo Nestin-positive pancreatic
progenitor cells

miR-07 Human embryo Human embryonic stem cells

miR-375 Human bone marrow Human mesenchymal stem
cells

miR-9

alterations in the IS and B-cell survival & functions play a sig-
nificant role in impaired glucose homeostasis®®. The process of
insulin resistance primarily appears in insulin-sensitive tissues,
namely the liver, muscle, and adipose tissue, mainly as a conse-
quence of the dysregulated 1S.3® However, evidence implies that
the insulin resistance of peripheral tissues enhances the demand
for insulin which ultimately increases the functions of B-cells.%
It was theorized that the accretion in secreting insulin by the 8-
cells altered the glucose sensing, insulin synthesis, processing and
secretion, proliferation, and survival of B-cells, that is, B-cell dys-
function.®* Dysfunction of these cells is known to prevail in
T2DM. Depreciation of the B-cell mass and loss of regular func-
tion is underlying pathogenic factors related to pancreatic B-cell
dysfunction.®

Recent studies have demonstrated that miRNAs have a cru-
cial role in the pathogenesis of DM, mainly T2DM, by dys-
regulating the cellular signaling pathways. Some miRNAs
highly expressed in pancreatic B-cells and peripheral insulin-
sensitive cells can suppress the translation of proteins involved
as signaling molecules of related pathways crucial for B-cell
survival, B-cell function, and peripheral insulin sensitivity.
Further, the observed specific miRNA profiles in the extracel-
lular fluids of T2DM patients have permitted research on
potential miRNA as biomarkers. Herewith, we have briefly
summarized the recent findings related to miRNA biomarkers
and the regulatory role played by different miRNAs on B-cell

survival, function, and insulin sensitivity.

Role of miRINAs in B-cell Survival and Function

The ablation of B-cell survival and function was indirectly
caused by impaired glucose homeostasis. Ample evidence sug-
gests that the miRINA expression patterns in the pancreatic -
cells vary in T2DM patients compared to non-disease
individuals. Those dysregulated miRNAs were related to 3-cell
survival and function.

The miR-375 was suggested to involve in B-cell prolifera-
tion and contributed to pancreatic islet development.*! The
miR-486-5p and the miR-17-92 cluster regulate B-cell prolif-
eration via targeting Phosphate and Tensin homolog (PTEN),
which is a modulator of cell proliferation and apoptosis.*?43

Anti-miR-21 (vector not specified) Tups et als®

miR-7 mimic (vector not specified) Schinner et al®”

miR-375 mimic and anti-miR-9 in Janssen et al'®

lentiviral packaging plasmids

Additionally, miR-127, miR-19a-3p, and miR-185 have been
involved in P-cell proliferation by targeting Kinesin family
member 3B, suppressor of cytokine signaling 3 (SOCS3) genes,
respectively.#4-46

The differentiation of Nestin-positive pancreatic progenitor
cells into the insulin-producing cell was induced by introduc-
ing miR-21 mimics transfected through lentiviral vectors.!®
Another study investigated the role of miR-375 and miR-9 in
pancreatic differentiation of human bone marrow mesenchy-
mal stem cells (hBM-MSCs) by using miR-375 mimics and
anti-miR-9. They found that the upregulation of miR-375 and
the downregulation of miR-9 synergistically induced the dif-
ferentiation process.3? These in vivo experiments warrant more
research on using miRNA to increase the generation ability of
B-cells from precursor cells in the T2DM pancreas.

Apoptosis is the primary mode of pancreatic B-cell death
where many related underlying processes have been docu-
mented to be mediated by miRNAs. miR-375 and miR-30a,
and miR-34a have demonstrated the dysregulation of B-cell
impairment.*” Based on a study conducted on B-cell lines of
Mouse insulinoma 6 (MIN6) and B-T'C-6 derived from mouse
pancreas, it was found that the expression of p53 apoptosis
effector related to Peripheral myelin protein-22 (PMP-22)
(Perp) which is a Trp53 (a pro-apoptotic gene) effector, was
induced by the downregulation of miR-299-5p.48

The primary function of pancreatic -cells was insulin pro-
duction and secretion (Figure 1).Many attempts argued that the
miRNAs played a significant role in insulin secretion. It was
found that the increased expression of miR-206 in pancreatic
islets suppresses Gek and thereby controls the ATP production
in B-cells, preventing the Ca2+ influx.* The upregulation of 3
miRNAs; namely, miR-130a-3p, miR-130b-3p, and miR-
152-3p, were identified to reduce the cytosolic ATP levels in
INS-1 cell lines by partially targeting pyruvate dehydrogenase
alpha 1 (PDHA1) and Gck.”® The t-SNARE protein syntaxin
—-1A(Stx-1A), one of the plasma membrane-localized SNARE
proteins involved in insulin exocytosis, was also directly targeted
by miR-29a.5! Further, miR-29a facilitates insulin secretion by
suppressing the Monocarboxylate transporter-1 gene (Mctl),
responsible for the transcription of monocarboxylate trans-
porter-1 (MCT-1).52
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Figure 1. Diagram of different miRNAs involves in insulin secretion. The glucose uptake initiates the glucose-stimulated insulin secretion (GSIS) via the
Glucose transporter 2 (GLUT2). The glucokinase (Gck) and other enzymes control glycolysis, Krebs cycle, and oxidative phosphorylation. This leads to
high cytosolic adenosine triphosphate (ATP) concentration causing electrical excitation on the B-cell. The elevated ATP/adenosine diphosphate (ADP)
ratio closes the K + ATP channels which ultimately aids the Ca2 + influx to the pancreatic 3-cells which contributes to the insulin granule fusion from
B-cells inducing insulin secretion. Abbreviations: GLUT2, glucose transporter 2; GCK, glucose kinase; PDHA1, pyruvate dehydrogenase alpha 1; ATP,

adenosine triphosphate.

Role of miRINASs in the insulin signaling pathway

The insulin action on the peripheral tissues, such as the liver,
muscles, and adipose, was exerted through the insulin signaling
pathway. Insulin regulates the blood glucose level during hyper-
glycemic conditions. Most of the main signaling molecules of
the IS pathway were under the regulation of miRNAs, namely,
Insulin receptor (INSR), Insulin receptor substrate (IRS), phos-
phoinositide-3-kinases (PI3K), and glucose transporter 4
(GLUT4). Dysregulation of the IS pathway by the mentioned
miRNAs has resulted in insulin resistance (Figure 2)

Insulin receptor (INSR) is attached to the peripheral tissue
cells, where the insulin binds and initiates the downstream
signaling pathways responsible for glucose metabolism. It was
found that miR-15b, miR-1271, miR-497, miR-424-5p, miR-
146-5p, miR-96, and miR-195 suppressed the expression of
INSR by targeting its 3'UTR sequence.>3->8

The insulin receptor substrate is the immediate, intermediate
substrate of the downstream signaling sequence of IS.5° The

most predominant IRS proteins in the metabolic processes that
were found to be regulated by miRNAs were IRS-1 and IRS-2,
which are mainly found in skeletal muscles and liver, respec-
tively.38 The in-vitro analysis demonstrated that miR-146b reg-
ulated glucose homeostasis by directly targeting IRS-1 in porcine
primary pre-adipocyte cells.?? Yang et al suggested that miR-29a
in diet-induced insulin-resistant L6 myocytes directly targeted
the IRS-1, regulating glucose uptake.®! Similarly, another study
conducted using primary hepatocytes isolated from the livers of
male C57BL/6] mice showed overexpression of miR-222 atten-
uated IRS-1 through binding to its 3'UTR.%2 In addition, miR-
145 in hepatocellular carcinoma cell lines showed the same
function.®3

PI3K modulates the PIP2/PIP3 phosphorylation by bind-
ing to the SH-domain of IRS protein via the p85 subunit. This
process is critical in PI3K/AKT/GLUT4 signaling pathway.®
The overexpression of miR-221 has downregulated the expres-
sion of PI3K in HepG2 cells,® resulting in inhibited glucose
uptake.
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Figure 2. Diagram of different miRNAs involves in the insulin signaling pathway. Once the insulin binds with the extracellular subunit of the INSR,
intracellular subunits auto-phosphorylate, leading to the phosphorylation of IRS1/2. This leads to the activation of PI3K which, phosphorylating PIP2 to
PIP3. The increased level of PIP3 activates the PDK-1 that activates the AKT which aids the translocation of GLUT4 to the cell membrane via the
inactivation of AS160. The translocated GLUT4 can uptake glucose into the cell. Abbreviations: INSR, insulin signaling receptor; IRS-(1/2), insulin receptor
substrate; PI3K, phosphoinositide 3-kinase; AKT2, serine/threonine kinase 2; PIP2, phosphaditylinositol bisphosphate; PIP3, phosphaditylinositol
triphosphate; PTEN, phosphate and tensin homolog; PDK, phospoinositide dependent protein kinase-1; AKT, serine/threonine kinase; GLUT4, glucose

transporter 4; GSV, GLUT4 storage vesicles.

The GLUT4 is responsible for facilitated diffusion of
glucose whenever insulin-induced translocation occurs.®®
Thus, GLUT4 leads to accelerated glucose uptake into the
cells. Notably, studies have documented several miRNAs
which are responsible for the regulation of this transporter.
miR-199a, miR-93, and miR-223 were documented as
direct regulators.®’-%? Besides that, miR-17, studied in rat
skeletal muscle cell lines, had demonstrated direct inhibi-
tion of GLUT4 via negatively regulating the respective
mRNA.70

Circulating miRNAs as biomarkers for T2DM
Despite the regulatory role of miRNAs in T2DM, recent

research focused on the miRNA signature in extracellular flu-
ids due to the disease conditions and the possibility of using

those as biomarkers to diagnose and prognosticate. Several
meta-analyses were conducted, suggesting different lists of
miRNAs as potential biomarkers for T2DM patients. A com-
prehensive meta-analysis by Zhu and Leung on selected com-
parative miRNA profiling studies from 1993 to 2015 has
suggested 40 miRNAs that were significantly dysregulated in
T2DM patients. In this meta-analysis, they have suggested 8
potential circulating biomarkers, namely, miR-29a, miR-34a,
miR-375, miR-103, miR-107, miR-132, miR-142-3p, and
miR-144, and 2 potential tissue biomarkers; miR-199a-3p
and miR-223.77 However, another meta-analysis conducted
on case-control miRNA profiling studies from 1996 to 2016,
explicitly considering the stress-related miRNA biomarkers
related to T2DM, has suggested miR-148b, miR-223, miR-
130a, miR-19a, miR-26b, and miR-27b as potential biomark-
ers for T2DM. Further, they have revealed 2 tissue-specific
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miRNA biomarkers in the cornea and heart, miR-146a and
miR-21, respectively.”

However, the trend in finding new circulatory miRNA
biomarkers has continued. Recently several new miRNA bio-
markers emerged, expanding the research area.”>-77 Effective
prediction of T2DM or detecting the early onset of the dis-
ease was a promising research area’’” because the efficacy of
the presently utilized treatments would increase if imple-
mented in the initial phase. The early medication would have
the ability to prevent T2DM from leading the patients toward
adverse complications such as renal failures, blindness, cardi-
ovascular diseases, pulmonary respiratory diseases, and death.
Standing on this phenomenon, the probability of utilizing
miRNAs as biomarkers to predict the progression of T2DM
has become a research interest. An association between the
miR-483-5p with the early onset of T2DM was also
recorded.” The combination of different expressions of miR-
486, miR-146b, and miR-15b in obese children have been
suggested as potential biomarkers for predicting T2DM sta-
tus in their adulthood.” Another study suggested that the
people with a lower level of miR-103, miR-28-3p, miR-29a
miR-9, and a higher level of miR-30a-5p and miR-150 might
have a significantly high potential to acquire T2DM in the
future.”> Belongie et al®0 suggested 6 miRNAs (miR-497,
miR-25, let-7¢,miR-205, miR-375, and miR-223) as early
predictors of B-cell dysfunction.

Several studies have expanded their research on the possible
associations between conventional biomarkers and the corre-
sponding miRNA expressions. Mononen et al®! have found
that the several whole blood miRNA levels have significantly
associated with the glycemic status (miR-144-5p, miR-122-5p,
miR-148a-3p, miR-589-5p, and let-7a-5p), glucose level
(miR-144-5p and miR-122-5p), glycated albumin level (miR-
148a-3p, miR-15b-3p, miR-93-3p, miR-146b-5p, miR-
221-3p, miR-189-3p, miR-642a-5p, and miR-181-2-3p)
insulin level and HOMA-IR levels (miR-144-5p,miR-122-
5p,miR-184, and miR-339-3p).

MiRNA as Therapeutics for T2DM

The therapeutic potential of some of the above-mentioned
regulatory miRNAs for T2DM was tried to treat animals with
T2DM and obesity. Huge interest has been drawn to the abil-
ity to control the differentially expressed miRNAs that aggra-
vate T2DM, that is, miRNA modulation.82 The main reason
was the defects in the current drug solutions for T2DM. Some
commonly used hypoglycemia-promoting drugs tend to exert
side effects like increasing cardiovascular risk factors.®3 Another
common defect in the current therapeutic methods of T2DM
was its inability to diminish the disease’s progression perma-
nently. Although antidiabetic drugs can alter the insulin sensi-
tivity in adipose tissues and muscle tissues or insulin secretion
in liver cells, finding a perfect antidiabetic drug to address the
disease has continued.3*

The therapeutic effect of miRNA mimics and inhibitors
have currently been experimented with at the preclinical stage
on other diseases, that is, MRX34 for liver cancer®® and mira-
virsen for hepatitis C virus (HCV).8 Miravirsen was an anti-
viral intervention designed to diminish the action of miR-122,
which was highly expressed in Hepatitis C virus (HCV)-
infected livers of animals and humans. MiR-122 was implied
to promote the action of the respective virus.®” Miravirsen is a
locked nucleic acid-modified antisense oligonucleotide
designed to complement the miR-122 expressed in the HCV-
infected liver.®® The potency of utilizing these LNA-modified
antimiRs as the antiviral intervention was studied in chimpan-
zees (in vivo) and has provided chronic suppression of HCV
activity in their livers with fewer side effects.8” Later it was
studied on HCV patients as a phase 2 clinical study, which
produced a “dose-dependent reduction” of HCV RNA levels
without side effects.!3

MRX34 was considered the first miRNA mimic therapy to
reach the clinical phase (Phase 1), which tried to replace miR-
34 in patients with liver cancer. The amphoteric lipid nanopar-
ticle was used as the vector.?? miR-34 family plays a significant
role in tumor suppression (reviewed in Bader!?) and is gener-
ally downregulated in cancer patients. Evidence implied that
miR-34 targets a vast amount of oncogenes, and therapeutic
ingestion of miR-34 as mimics exhibits lower tumor burden
and less metastasis formation in vitro and in vivo (reviewed in
Zhang et al®).

However, concerning T2DM, still, this technology has been
restricted to in-vitro cell culture-based and in-vivo animal-
based studies (Figure 3) with minimum clinical approaches.
However, most of the cell culture studies conducted to evaluate
the regulatory role of different miRNAs on T2DM have fol-
lowed this technology by transfecting the required miRNA
mimics and inhibitors to the isolated or seeded cell types such
as murine islets MIN6 or INS-1 cells using adeno-associated
viruses (AAV) or lipid encapsulated.”®! In addition, several in
vivo studies were also conducted on this phenomenon, which
resulted in promising results.

Studies on miRNA mimics and antimiRs suggested
as therapeutics for T2DM

MiR-103/107 was considered the first miRNA family to be a
clinical candidate for treating T2DM patients. The related
product is RG-125 (AZD407) which is a GalNac-conjugated
antimiR that targets the miR-103/107 family and will be tested
on non-alcoholic steatohepatitis (NASH) patients with
T2DM.?2 Several in vitro and in vivo studies have proved the
significant role played by this miRNA family, and in vivo
administrations for non-human trials have shown positive
results. For example, the tail vein administered 2-O-methyl
modified antimiRs for 12weeks reduced the miR-103/107
expressions in diabetic-induced obese (DIO) and wild-type
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LNA -modified antimiRs

Saline/PBS solution

2"-o-methyl-modified antimiRs

T
Lipid nanoparticles

GalNac-congugated antimiRs
(b) Delivery systems

miRNA mimics

(a) Types of miRNA therapeutics
targeted in vivo

Tail vein injection

Adipose tissues

Liver tissue

Muscle tissue
(d) Affected tissues

Intraperitonial injection

(c) Transfer methods

Figure 3. Summary of the current in vivo approaches in miRNA therapeutics for T2DM. Recent in vivo studies have evaluated the possibility of
utilizing LNA-modified anitimiRs, 2'-0-methyl modified antimiRs, and miRNA mimics (a), delivered in saline/PBS (Phosphate buffer solution) or lipid
nanoparticles (b), and subcutaneously, intraperitoneally or via tail vein (c). Treated subjects showed positive impacts on adipose, liver, and muscle

tissues (d) (Table 1).

C57BL/6] mice®® (Table 1). Once treated, both mouse types
showed improved glucose tolerance and insulin sensitivity. The
association between the miR-103/107 family and glucose
homeostasis has been immensely suggested in vitro and in vivo.
Positive correlation between the HOMA index and the miR-
103/107 expressions and previous studies that implied miR-
103 & miR-107 were highly expressed in the livers of T2DM
animals and humans® provide the relationship between these
miRNAs with T2DM.

In addition, several in-vivo studies have recorded positive
results using antisense oligonucleotide and miRNA mimics
transfection, on lipid and glucose metabolisms (Table 1). The
miR-103/107 family and several other miRNAs were sug-
gested in studies conducted on diet-induced mice treated with
either antimiRs or miRNA mimics. Those treatments have
restored or even increased their insulin sensitivity and glucose
metabolism compared to non-treated controls.”>4% High-fat
diet-induced mice treated with antimiRs of miR-21, miR-
181b, miR-208a, and Let-7 have shown decreased adipogene-
sis, increased glucose tolerance, and lean mass increment.?+-%

Long-term treatment of (intraperitoneally) the antisense

oligonucleotides for miR-21 has positively regulated lipid

metabolism in Db/db mice. It ablates the obesity and adipo-
cyte size of the white adipose tissues yet results in no change
in the HbA1c level.’> Recent studies have demonstrated that
miR-21 acts on both glucose homeostasis and adipogenesis.
Obese individuals have demonstrated high levels of miR-21
in their white adipose tissues compared to lean controls, while
in vitro studies have implied its association with adipogene-
sis.?” In addition, several in vitro studies show that miR-21
targets several genes related to adipogenic differentiation.”®
Moreover, some studies demonstrated the role of miR-21 on
hepatic glucose metabolism?1% and beta cell dysfunc-
tion,101102 indicating its potential to become a therapeutic
target of T2DM.

miR-181b was one of the anti-inflammatory regulators
decreased in HFD mice models and T2DM patients.103.104
Moreover, higher levels of miR-181b in the adipose tissues
improve insulin sensitivity and ameliorate inflammation advo-
cating its potential as a therapeutic for T2DM. However,
while experimenting with the miR-181b activity, Sun et al®
transfected miR-181b mimics to HFD mice models intrave-
nously and improved glucose tolerance and insulin sensitivity.
Further, they have observed less macrophage accumulation
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and macrophage-related markers in the white adipose tissues
of miR-181b mimic treated mice exhibiting reduced
inflammation.?®

miR-208a is a cardiac-specific miRNA that affects cardiac
function and was highly expressed in the hearts of individuals
who suffered from myocardial infarction (MI).1% In vivo treat-
ment of locked nucleic acid (LNA)-modified antimiR resulted
in positive cardiac function and survival in rat models suffering
from diastolic dysfunction.!® However, when HFD-induced
mice models were treated with animiR-208a, they displayed
high glucose response, less weight gain, less visceral and subcu-
taneous fats, and normal glucose response compared to con-
trol-antimiR  treated HFD mice.’” As suggested, the
antimiR-208a acts on the miR-208a expressed in those mice
hearts inducing the MED13, a subunit in the mediator com-
plex. It was the elevated MED13 that was responsible for the
improved glucose homeostasis.1?

The Let-7 family modulates glucose tolerance and pancre-
atic insulin secretion.'® Higher expression of Let-7 in the pan-
creas of mice has reduced insulin secretion and is suggested to
regulate body weight, growth, and partly, the muscle IS.1% Let-
7b-5p was overexpressed in T2DM patients and proposed to
modulate pancreatic insulin secretion.!’ However, the antimiR
treatment for Let-7 has reduced the global Let-7 expression
levels restoring the IS in mice muscles and livers.® Further, the
treatment tends to increase muscle mass while managing the
fat mass as per control.” Therefore, knocking down the Let-7
family using an antimiR as a treatment for T2DM might be
another viable option, yet more studies must be conducted.

Another promising application currently studied was the
usage of miRNA mimics and inhibitors to generate insulin-
secreting cells from various sources such as nestin-positive
pancreatic progenitor cells, human embryonic stem cells
(hESC), and human bone marrow mesenchymal stem cells
(hBM-MSC:s) (Table 2). In the later stages of T2DM, patients
suffer less beta-cell mass and function.33111 Some alternative
treatments for this issue were to either replace the pancreatic
beta cells or increase the generation ability of beta cells from
precursor cells.112113 Suppose there is a possibility of adminis-
tering miRNAs to promote the stem cells to differentiate into
insulin-producing pancreatic beta cells; that would be an eftec-
tive regenerative therapy. In-vitro studies (Table 2) have proved
the potential of miRNAs in differentiating various stem cell
types into functional pancreatic beta cells. However, only a few
works of literature on in-vivo studies were found in this regard,
catering to more research potential.

Recommendations and future directions for T2DM
targeted miRINA therapeutics

However, certain obstacles must be tackled for T2DM-targeted
miRNA therapeutics to reach from in-vitro to bedside. In the
article, “Developing miRNA Therapeutics,” van Rooij et al'
discussed that the main challenge in this technology over in

vitro approach was the production of off-targets and lack of
effective delivery of miRNA mimics /inhibitors to live cells.
Since the regulatory role of one specific miRNA is highly
diversified, mere inhibition or encouragement using this tech-
nology to address one disease condition would cause another
disease. For instance, the miR-144 was recorded to repress the
growth of colorectal cancer cells and could be used as a sup-
pressor to treat colorectal cancer.''* However, the same miRNA
promotes T2DM by impairing the peripheral insulin signaling
pathway.'’® Thus, if miRNA-144 mimic were transfected to a
specific colorectal patient, insulin resistance would occur in his/
her body, leading to T2DM mainly in the longer run. However,
this issue can be addressed by finding an effective delivery
method to transfect the miRNA to the specific tissue that has
been affected or tissue-specific administration. Another way is
to target only disease-specific miRNAs whose expression pat-
tern is ubiquitous in all related tissues, which is very challeng-
ing. Therefore, experiments must address this gap and cater to
future technology delivering these synthetic oligonucleotides
more effectively and tissue-specific. However, having multiple
targets and the ability to affect numerous related signaling
pathways in numerous tissues would also be beneficial when
planning therapeutic interventions for complex diseases like
T2DM.

Further, in many of these therapeutic approaches, the anti-
miRs that have been specifically designed were parenterally
injected directly into the host using saline or PBS-like convey
medium.?*% However, treating humans would not be thera-
peutically feasible since the target tissues are peripheral, and
the administration must be blood-based. So, viable vector-
mediated therapeutic delivery possibilities must be evaluated
in-vivo. Given the vast number of dysregulated miRNAs
directly affecting insulin sensitivity, more miRNAs still need to
be evaluated for their therapeutic potential.1* Identifying and
effectively delivering miRNA candidates whose intonation
directly affects only peripheral tissue insulin sensitivity in an
in-vivo environment is still something to be worked out, which
has a plausible future in improving miRNA therapeutic inter-
ventions to address T2DM.

Even though this therapeutic approach still lies on its bench
level, future research contributions would identify the possibility
of miRNA mimic/inhibitor transfection for tackling T2DM.
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