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Abstract

In the past decades, miRNAs were considered pivotal cellular
rheostats that control many critical and fundamental signaling pathways.
These small noncoding RNAs play a fundamental role in regulating gene
expression, with accumulating evidence of the miRNAs ability to modulate
diverse signaling pathways that once altered can lead to the development
of many metabolic disorders. In addition, miRNAs were shown to have a
crucial role in maintaining mitochondrial homeostasis and inflammatory
responses. Of the many studied miRNAs, the highly conserved miR-181
family, particularly miR-181c represents an interesting research area.
In the current review, we will provide an overview of the tri-pathways
miR-181c is involved in, its function, and its role in developing diabetes,
obesity, impaired angiogenesis, and aging. Additionally, this review will
provide key insights into the key markers miR-181c triggers or targets
in these disease models. Finally, this review aims to provide a better
understanding of the miR-181c family with the hope that it may open new
therapeutic avenues for different metabolic conditions.
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Introduction

MicroRNAs (miRNAs) are endogenous small non-coding RNAs (20-22
nucleotides in length); they are pivotal for cellular behavior as they regulate
various fundamental biological pathways that maintain the developmental
processes and homeostasis of mature tissues/organs; by regulating the gene
expression. miRNAs usually down-regulate the expression of their target
genes, through their imperfect binding to the seed regions of the target
sequences often located in 3'-untranslated regions [1]. Depending on the
recognition site, the binding of the miRNA-induced silencing complex to
the cognate target can have different outcomes [2]. In the majority of cases,
the binding is partially complementary to the target sites and leads to the
repression of translation, whereas when it is fully complementary, it leads to
the degradation of the target transcript [1, 3, 4]. In the vast majority of cases,
miRNAs are grouped in families consisting of several members that only
differ in few nucleotides outside the seed region. Subsequently, each family
member is clustered in specific chromosomal regions that can be present in
two or more copies [5]. Of the different miRNA families, lately the miR-
181 [6] family has been drawing a lot of interest in the biomedical research.
Intriguinely, it was revealed that miR-181 family modulates various important
cellular events including cellular proliferation, mitochondrial function,
autophagy, programmed cell death, and immune responses [7-12]. MiR-
181 family consists of four different 5p mature forms: (i) miR-181a-5p; (ii)
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miR-181b-5p; (iii) miR-181c-5p, and (iv) miR-181d-5p [13].
It is noteworthy that this miRNA family is an evolutionarily
family that is well conserved across all vertebrate species;
with miR-181a, and miR-181b being the original family
members. Whereas the “c” and “d” paralogs appeared more
recently through evolution [14].

MiR-181c¢’s important roles start early in life from the
embryo implantation stage and continue until the end of
the individual’s life [14-19]. In vascular biology, miR-181c
is involved in regulating the following vascular genes and
inflammatory markers BMPR2 Li et al. [20], mitochondrial
cytochrome c oxidase subunit 1 (mt-COX1) [21], and IL-2
[22]. Remarkably, studies have shown that miR-181c targets
the mt-COX1 expression through the interaction with its
mRNA, thereby inhibiting the mt-COX1 3'-UTR activity.
Subsequently the overexpression of miR-181c causes an
increase in mitochondrial respiration, and intern increasing
the reactive oxygen species (ROS). Revealing the potentially
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important role of miR-181c in the regulation of mitochondrial
gene expression and function. MiR-181c also has well-known
roles in the inflammatory response; Xue et.al [22], showed
that miR-181c¢ acts as a suppressor of CD4* T cell activation
by binding to the 3'-UTR of IL-2 [22].

Additionally, miR-181c plays a critical role in
immunosenescence in the context of aging, with older
individuals showing reduced expression levels of the miR-
181 family members. Such lower expression also causes a
reduction in the lymphocyte count, particularly both T and
B cells in the peripheral blood [23]. In this review, we will
summarize the emerging roles of miR-181c and the crosstalk
between metabolic and inflammatory pathways involved in
the development of four closely related metabolic disorders
including diabetes, angiogenesis, obesity, and metabolic
aging. Figure 1 illustrates the major effects of miR-181c in
the different metabolic disorders discussed in this review.
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Figure 1: Major effects miR-181c have in different metabolic disorders: diabetes, impaired

angiogenesis, obesity, and aging
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MiR-181c role in diabetes

The effect insulin has on almost every cell, and tissue type
is well recognized. Such effects are mediated via the insulin
receptors present on the membranes of different cell types
and the many signaling cascades it exerts. The outcomes of
these effects regulate the systemic fuel metabolism, energy
consumption, and cellular survival and replication. Although
insulin's effect varies depending on the cell type; it generally
maintains nutrients distribution, in addition to the distribution
of cytokines, hormones, and other signaling molecules, as
well as removing the generated by-products [24-28]. Insulin
resistance, a crucial feature and risk factor for Type 2 diabetes
(T2D) [29], causes a disturbance in the nutrients metabolism
and energy homeostasis. Chronic inflammation is a major
contributor to the development of insulin resistance [30,
31]. Furthermore, the biochemical consequences of insulin
resistance affect both the classical peripheral target organs
(e.g. adipose tissue, liver, and skeletal muscle) and the non-
classical target organs (e.g., brain) [32].

The main inflammatory pathways that play key roles
in the progression of insulin resistance are: (i) mitogen-
activated protein kinase (MAPKSs), (ii) nuclear factor-kappa
B (NF-«B), and (iii) TGF-B. MAPKSs are a family of three
mammalian protein kinases: p38, extracellular signal-related
kinase (ERK), and c-Jun NH,-terminal kinase (JNK). The
activation of the MAPKSs leads to the serine phosphorylation
of the insulin receptor-1 (IRS-1), which results in the
downstream impairment of the PI3K-AKT pathway,
decreasing the transduction of the insulin-signaling pathway
[33]. Moreover, pro-inflammatory cytokines such as TNF-a
was shown to mediate the activation of the IxB kinase (IKK)-
inhibition, which then directly targets the serine residue of
the IRS-1 or rapidly removes tyrosine phosphate groups
from IRS-1 in an NF-kB-dependent manner. Such actions
were later found to link metabolic inflammation and the
development of insulin resistance [34-37]. Finally, the TGF-f3
pathway has widely been implicated in the regulation of many
cellular functions including angiogenesis, cell adhesion,
immunosuppression, apoptosis induction, and cell growth
and differentiation [38, 39]. Active TGF-p ligands promote
receptor phosphorylation through binding to the TGF-B
receptors type I (TGFBR1) and II (TGFBR2). Such binding
activates the SMAD pathway; then, the SMAD proteins
act as transcription factors that mediate gene expressions
through the SMAD cascade [39]. This cascade is critically
important for regulating cell development and growth.
Therefore, TGF-B dysregulation affects the SMAD cascade
in T2D, which underpins the development of many related
complications [40].

Recent studies demonstrated that alterations in miRNAs
were proven to be relevant to the development of insulin
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resistance in T2D. miRNAs, including miR-181, tune the
activity of innate immune cells, thereby indirectly modulating
the inflammation-derived insulin resistance in target tissues.
Being abundantly expressed in many cells and tissues, miR-
181c was also implicated in various diseases, including T2D
[41]. miR-128c has been demonstrated to negatively control
TNFa, a cytokine contributing to inflammation in T2D [32,
42]. MiR-181c has a dual action as under normal conditions,
it was found to enhance the insulin-signaling pathway, but
under diseased conditions, it was shown to worsen the insulin
resistance and cause several diabetes-related complications
such as impaired angiogenesis and impaired adipogenesis.
This is due to the fact that miR-181c can affect the metabolism
of both glucose and fatty acid metabolism via glycolytic and
mitochondrial fluxes, which indirectly alters many cellular
functions [24, 43]. Accumulating evidences showed that the
expression of miR-181c tightly controls energy expenditure,
inflammation, and insulin sensitivity [44]. Additionally, miR-
181c was shown to play a role in CD4" T-cell activation [22].
Furthermore, miR-181c was shown to regulate the cellular
response to oxidative stress in the context of myocardial
function [45], it was also shown to correlate to those of
COX1 Intriguingly negatively, miR-181c levels were shown
to be significantly upregulated under hypoxia condition,
which was positively correlated with the severity of apoptosis
[46]. Finally, emerging evidences suggests that miR-181c is
implicated in the regulation of both the NF-kB and TGF- B
pathways in a negative feedback fashion [47].

MiR-181c¢ role in angiogenesis

Angiogenesis is the physiological process of new blood
vessels formation from preexisting ones®®. Traditionally,
other processes such as vasculogenesis, intussusception, and
vascular mimicry, differentiation into arteries (arteriogenesis)
are also involved in the process of vessel formation. Since
vessels nourish, deliver oxygen, and uptake by-products
in nearly every cell in the body, any changes in the
angiogenesis process (i.e. increase or decrease) can impact
the body's function. Despite being beneficial for tissue
growth and regeneration, angiogenesis can also enhance
the inflammatory response such as seen in cancer as well
as contributing to tumorigenesis leading to mortality®.
Insulin has pleiotropic effects on endothelial cells [50]. For
instance, it induces vasorelaxation, and enhances the uptake
of amino acids (e.g. L-arginine) [51, 52], the expression of
the pro-angiogenic factors such as the vascular endothelial
growth factor (VEGF) [48]. It also increases the endothelial
cells' survival and migration rate [S1, 52], and increases the
pericytes’ survival rate and reduces their expression of the
anti-angiogenic proteins [48]. Taken together, abnormalities
in insulin signaling (e.g., insulin resistance and T2D) can
indeed cause impaired angiogenesis. Such impairment
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involves endothelial cell dysfunction with poor angiogenic
responses, abnormal expression of the angiopoietin-1 and
2 (ANG-1, ANG-2), VEGF, ephrin-B2, fibroblast growth
factors (FGFs), Notch signaling, platelet-derived growth
factor B (PDGF-B), TGF-B, endothelial growth factors
(EGF) inflammatory markers (e.g. TNFa), and chemokines
[53, 54]. Impaired angiogenesis is integral to physiological
and pathological processes of wound healing, atherosclerosis,
and aging [55]. The impaired vascular function stems from
the chronic hyperglycemia in T2D and underpinning the high
morbidity and mortality of the diseases. T2D is well known
for its poor recovery from ischaemia-driven angiogenesis
[56]. Poor wound healing significantly contributes to the high
rates of lower/upper limb amputations in T2D patients.

miR181-c is important in regulating insulin signaling.
However, the insulin resistance associated with T2D was
shown to cause overexpression of the miR-181c to compensate
for the dysregulation in the insulin signaling pathway.
Unfortunately, such increase unleashes the other effects
of the miR-181c as it orchestrates the development of the
impaired angiogenesis associated with T2D. In vitro studies
showed that miR-181c expression levels were overexpressed
in human umbilical vein endothelial cells (HUVECs) in
response to a high glycemic environment [57, 58]. Moreover,
the overexpression of miR-181c significantly increased ROS
production, enhanced oxidative stress causing mitochondrial
dysfunction, and increased cell death [58]. Generally, in T2D
the increases in ROS levels often precede endothelial and
vascular dysfunction, suggesting that dysregulation of miR-
181c can be used as a marker for the onset of the cellular
dysfunction. Furthermore, these results showed that miR-181c¢
has anti-angiogenic properties [59], particularly with miR-
181c inhibiting the endothelial cells from forming vascular
networks, expressing the pro-angiogenic mediator VEGFA,
cell migration and tubule formation [59]. Moreover, miR-
181c was shown to dysregulate the TNF-a, TGFp, ANGI,
and ANG?2, as well as being divergently regulated by hypoxia
[59, 60]. Therefore, inhibiting miR-181c can potentially
promote angiogenesis and improve wound healing.

MiR-181c¢ role in obesity

Metabolic disorders such as obesity, T2D, and ageing
often are caused by imbalances in the metabolic homeostasis
or system that links them. Such system consists of the
sophisticated crosstalk between several organs and signaling
pathways [61]. Obesity is one of the metabolic disorders that
reached epidemic dimensions. It affects all age groups, it
has been recognized as one of the major health challenges
owing to its association with high morbidity and mortality
rates and the high associated medical costs [62]. Advanced
research improved our understanding of the adipose tissue,
previously, adipose tissue was considered merely a fat
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storage depot. Today, adipose tissue and the process of
adipocyte development are considered an essential energy
metabolism process. Dysfunction of adipose tissue underpins
the development of a series of metabolic syndromes,
including fatty liver disease, insulin resistance, T2D, and
cardiovascular disease [63]. In normal, healthy individuals,
miR-181c was shown to enhance the insulin signaling
pathway. However, as the body mass index (BMI) increases
it causes impaired adipogenesis. Also, miR-181c was
reported to play critical roles in adipose tissues, including
lipid metabolism, adipogenesis, inflammation, paracrine
and endocrine communication. Additionally, miR-181c was
shown to induce obesity and be upregulated in the presence
of adipogenesis dysfunction [64, 65]. Moreover, miR-181
was shown to be involved in the obesity-related inflammation
and to target and influence the function of the TNF-a [64].
TNF-a is a multifunctional cytokine that has a regulatory
effects on energy metabolism, as it is involved in almost every
aspect of adipose biology. TNF- a is expressed and secreted
by adipose tissue, and it affects adipocyte differentiation. It
also inhibits adipogenesis by preventing the early induction
of the adipogenic transcription factors PPARy and CCAAT/
enhancer-binding protein-a (C/ EBPa).

Furthermore, it downregulates the genes responsible
for the mature adipocyte phenotype, including the adipose
triglyceride lipase (ATGL), the aP2, and glucose transporter
type 4 (Glut4) [64]. TNF-a was shown to be highly elevated
in adipose tissue isolated from obese people. Subsequently,
circulating levels of TNF-a seem to be well correlated to
individuals' BMI [63, 65]. Finally, recent studies have shown
that lowering miR-181¢c expression would protect against
obesity and induced cardiovascular complications [66].

MiR-181c role in ageing

Aging is an extremely complex and inexorable process
characterized by the gradual accumulation of biological
damages. The overtime accumulation of the biological
damages gradually causes impairment in the cellular
homeostasis, and it decreases the organ mass, ultimately
leading to the loss of the body systems [67]. Medically
speaking, aging is not considered a disease, but it can
increase the risk factors for developing different metabolic
disorders®. Experimental investigations suggest that the
downregulation of the aging process can improve survival
rate and delay disease onset [69-71]. Thus, suggesting that
chronic diseases can be prevented through intervening and
delaying the aging process [72, 73]. Of the prominent organs
affected by aging is the brain, with many diseases such as
Alzheimer's developing late in life. Recent evidence suggests
that neurons often release miRs into the bloodstream [74, 75],
with the elevation of certain miRs indicating the developing
of different neurological disorders. A study conducted by
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Schonrock et.al. revealed that miR-181c regulates amyloid-f§
(AB) deposition [76], with the expression of miR-18lc,
especially miR-181c-5p, having a direct correlation with
the increased AP levels [77]. It also acts as a mediator of the
complex crosstalk between the nucleus and the mitochondria.

Moreover, the elevation in the miR-181c levels in the
plasma precedes the development of neurological disorders.
Suggesting that miR-181c-5p is associated with the
development of cognitive and brain changes in asymptomatic
elderly subjects. Therefore, lowering miR-181c-5p levels
should parallel changes in plasma A concentrations, which
might delay cognitive and brain changes. In addition, miR-
181¢ modulates mitochondrial activity, making them closely
involved in inflamm-aging, and cell aging. Both in vivo and
in vitro aging studies suggested the different modulatory
effects of different miRs, associated with inflamm-aging
through the modulation of key pro-inflammatory molecules.
Of note, the number of these miRs is increasing, and miR-
181c was shown also to affect the mitochondrial respiration,
metabolism, and genome stability. A mounting body of
evidence demonstrates that miR-181c is encoded in and
released by the nucleus, then processed to the mature form in
the cytosol, and finally translocated to mitochondria, where it
regulates mitochondrial gene expression [21].

Additionally, miR-181c co-immunoprecipitates with the
mRNAs of both the Ago-2 [78] and its mitochondrial target
COX-1 (COX subunit I). Alternatively, the overexpression
of miR-181c results in translationally repressing the
production of the mitochondrial COX-1 [21]. MiR-181c is
likely to play a substantial role in modulating mitochondrial
processes, thus influencing the aging process by altering the
inflamm-aging pathway as it undergoes further modulation
in peripheral blood cells of aged individuals which enhances
the expression of different proinflammatory cytokines such as
IL-8, IL-6, IL-1PB, and TNF-a; as well as the expression of the
High mobility group box 1 (HMGBI1) [11]. Disruption of this
crosstalk could lead to ROS overproduction and increased
mitochondrial permeability, initiating the hallmarks of the
cellular senescence. This was evidenced by the disturbance
in the mitochondrial homeostasis caused by the extensive
changes in miR-181c expression and distribution that was
demonstrated in senescent cells. Such disturbance was seen
in the form of ROS overproduction, mtDNA mutation,
protein misfolded, cellular depolarization, accumulation of
phosphatase and tensin (PTEN) induced kinase 1 (PINK1)
on the mitochondrial outer membrane, which phosphorylates
Parkin (PARK2). After that autophagy machinery recognize
the proteins that are ubiquitination by the Parkin [79].

miR-181¢: the trigger and center for the
development of different metabolic disorders

miRNAs, in general, were shown to play a role in almost
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all aspects of cellular functions, such as cellular homeostasis,
cell proliferation, differentiation, apoptosis, as well as their
involvement in embryonic development [20, 80]. Accordingly,
miR-181 family, including miR-181c was suggested to have
important roles in embryonic and organ system development
[20], immunity, mitochondrial function, cell apoptosis, and
inflammation [81]. miR-181c is expressed in different cells
and organs; it has a protective role under normal and healthy
conditions. Nonetheless, studies showed that under disease
conditions and specific physiological changes, miR-181c has
a reversed role as it worsens disease progression. Such dual
effect was seen in diabetes, obesity, aging-related disorders
and impaired angiogenesis. Emerging evidence showed that
despite their diversity, these diseases share three common co-
factors that underpin their development and progression: i)
involvement of inflammation, ii) mitochondrial dysfunction,
and iii) physiological changes.

The first co-factor is inflammation; one of the major
pro-inflammatory cytokine that is affected by miR-181c
dysregulation and was shown to be linked to the development
of the above-mentioned metabolic disorders is the TNF-a.
Within the cells, the biological functions and diverse range
of TNF-a signaling events as well as its mechanism of
action are somewhat complex. On one hand TNF-a has
several therapeutic roles within the body, as it is involved in
embryonic development [20], it provides resistance to certain
types of infections and tumors, immunostimulation, and
helps regulate sleep patterns. On the one hand, it is known to
have contradictory roles in some pathological complications,
which is seen in its association with a number of autoimmune
diseases such as graft rejection, rheumatoid arthritis, and its
activation of the cellular necrosis/apoptosis pathways. These
contradictory effects are attributed to the fact that TNF-a is
involved in the activation of many related signaling pathways.
Furthermore, other inflammatory markers affected by miR-
181c are TGF-B, IL-8, IL-6, and IL-1p [11], dysregulation
of these pro-inflammatory cytokines was proven to underpin
the onset of obesity, T2D and inflamma-aging associated
disorders. Secondly is the mitochondrial dysfunction, miR-
181c has a role in mitochondrial metabolism; overexpression
of miR-181c¢ perturbates a loss of mt-COX1 protein, and an
increase in both the mt-COX2 and mt-COX3. The binding
of the miR-181¢ to mt-COX1 disturbs the balance among
the mitochondrially encoded subunits in complex IV,
causing complex IV remodeling which also promotes ROS
generation. Such events alter the mitochondrial stability, with
the worst-case scenario being mitochondrial destruction.
Moreover, if the situation propagated from mitochondrion to
mitochondrion, this could cause cell burst [21] which marks
the onset of different metabolic disorders. Interestingly,
physiological changes can affect the expression levels
and behavior of the miR-181c in diabetes, obesity, aging
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related diseases and angiogenesis. Such effects maybe so
determinantal that they cause cell apoptosis and death.

For instance, in recent T2D studies, miR-181¢ was found
to significantly enhance the high glucose-induced oxidative
stress injury, causing apoptosis in HUVECs; such action is
mediated by targeting the LIF pathway. Another physiological
change that was shown to alter miR-181c’s function was the
CO,/O, levels, both hypoxia [82] and hyperoxia [81] were
shown to significantly up regulate miR-181¢c expression in
vascular endothelial cells, promoting endothelial damage
and apoptosis. Furthermore, the hypoxia [82]/hyperoxia
[81] related overexpression of miR-181c was linked to the
development of impaired angiogenesis seen in diabetes and
increased cell apoptosis seen inaging-related disorders such
as Alzheimer [77]. The association between these three
factors provides valuable clues for a deeper understanding
of the miR-181¢c mechanism of action in normal vs. disease
conditions. Such deep understanding will help us use the
miR-181c level to determine the onset of different metabolic
disorders. It will also help us identify the potential benefits
silencing miR-181c can have in such models, making it
a multi-action target that can provide solutions for various
conditions. Figure 2 summarizes the effect of the three co-
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factors and the potential therapeutic benefits silencing miR-
181c might have.

Conclusion

miR-181cisshown to beacritical player in the homeostasis
of the tri-linked pathways underlining the development of
diabetes, obesity, and aging and the associated complications
such as impaired angiogenesis. Despite the diversity of the
metabolic disorders, they all share the implication of the miR-
181 in their onset, with accumulating evidence suggesting its
involvement in the development of insulin resistance, and
inflammatory processes that underpin the development of
impaired adipogenesis, impaired adipogenesis angiogenesis,
and aging. Such involvement is then further centered to the
miR-181c’s effect in dysregulating the mitochondrial activity
and enhancing the inflammatory processes involved in each
disorder. In the contrary, some studies showed that miR-
181c might have dual effects under normal and diseases
models; however, what causes the sudden switch in its
activity remains largely unknown—indicating the urgent
need for further investigations to determine te cause of the
miR-181c¢’s dual effect in different metabolic disorders. As
well as understanding the conditions at which inhibiting or
enhancing the miR-181c expression could be beneficial.
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