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A B S T R A C T

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is responsible for coronavirus disease
(COVID-19), potentially have severe kidney adverse effects. This organ expressed angiotensin-converting en-
zyme 2 (ACE2), the transmembrane protein which facilitate the entering of the virus into the cell. Therefore,
early detection of the kidney manifestations of COVID-19 is crucial. Previous studies showed ACE2 role in
various indications of this disease, especially in kidney effects. The MicroRNAs (miRNAs) in this organ affected
ACE2 expression. Therefore, this review aims at summarizing the literature of a novel miRNA-based therapy and
its potential applications in COVID-19-associated nephropathy. Furthermore, previous studies were analyzed for
the kidney manifestations of COVID-19 and the miRNAs role that were published on the online databases,
namely MEDLINE (PubMed) and Scopus. Several miRNAs, particularly miR-18 (which was upregulated in ne-
phropathy), played a crucial role in ACE2 expression. Therefore, the antimiR-18 roles were summarized in
various primate models that aided in developing the therapy for ACE2 related diseases.

1. Introduction

The coronavirus disease (COVID-19), which is a pandemic infection
has greatly affected every individual across the world and scientists
from all disciplines are working hard to assess the situation and make it
benefit humanity. This disease is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1], and leads to rapid activa-
tion of innate immune cells, especially in patients with severe symp-
toms. This novel coronavirus primarily manifests as an acute re-
spiratory illness accompanied by interstitial and alveolar pneumonia,
however, it also affect multiple organs, such as heart, digestive tract,
blood, central nervous system, and the kidney [2–4].

The levels of various proinflammatory effector cytokines are ele-
vated in COVID-19, especially in critically ill patients with acute kidney
injury (AKI). Moreover, some T cell-derived cytokines, such as IL-17
also increased [5]. Similar to other infectious diseases, vaccine for
COVID-19 need a quite long period of time to be developed. Therefore,
it is necessary to act early in order to inhibit the disease progression by
discovering an alternative-novel therapy.

Nephrologists should identify the kidney manifestations' symptoms

of COVID-19 very early to efficiently manage such adverse conditions.
Furthermore, it is important to protect the immunocompromised pa-
tients with kidney disease from a viral infection. However, there is
limited literature on the kidney adverse effects of SARS-CoV-2, espe-
cially in pediatric COVID-19 patients. A study by Batle et al. showed
that AKI is one of the key manifestations of SARS-CoV-2 infection [6].
The knowledge about the other viruses adversely affecting the kidneys,
particularly the glomerulus, helped in understanding SARS-CoV-2 po-
tential in causing kidney disorders. Some pediatric kidney diseases
caused by viruses include IgA nephropathy, focal segmental glomer-
ulosclerosis (FSGS), and human immunodeficiency virus-associated
nephropathy (HIVAN).

These kidney disorders mainly involve the impaired expression of
genes, especially those constituting the podocytes. Furthermore, the
podocyte cytoskeletal protein is also involved in apoptosis and injury
[7]. An abnormal podocyte structure disrupts the glomerular functions,
leading to excessive protein loss through urine [8], which triggers the
release of proinflammatory mediators causing further kidney disorder
via tubular cell damage. Some fibrogenic proinflammatory mediators
lead to extracellular matrix (ECM) deposition causing sclerosis that
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further develop into hyalinosis and fibrosis [9]. These fibrotic lesions
further trigger the release of fibrogenic proinflammatory mediators,
therefore, leading to chronic progressive and end-stage kidney disease
[7].

The MicroRNAs (miRNAs) have the ability to influence the expres-
sion of some genes, and its based therapy have great potential in future
medicine [10–12]. Currently, the understanding of how COVID-19 af-
fects kidney disease patients treated with cytokine inhibitors is variably
limited. Therefore, this study aims to explore the kidney pathogenesis
of SARS-CoV-2, notably the role of suspected miRNAs as a potential
novel modality to treat and prevent kidney manifestations of COVID-19
[13].

1.1. The pathological mechanism of SARS-CoV-2 infection

The genome of coronavirus (CoV) consists of unique structures such
as an N-terminal fragment within the spike protein encoded by the spike
(S), membrane (M), envelope (E), and nucleocapsid (N) genes [14]. A
typical CoV genome has at least six open reading frames (ORFs) with
the first (ORF1a/b) occupying two-thirds the length of the entire
genome, and encoding 16 non-structural proteins (nsp 1-16). A fra-
meshift mutation between ORF1 a and b produces two polypeptides,
pp1 a and ab. These polypeptides are converted into 16 nsps by the
virally encoded chymotrypsin-like protease (3CLpro) or Mpro, and one
or two papain-like proteases. Meanwhile, all the structural and acces-
sory proteins are translated from the sgRNAs of CoVs. The four main
structural proteins, S, M, E, and N, are encoded by the ORFs 10 and 11
which are occupying one-third portion of the genome near the 3-ter-
minus [4,15,16]. Besides these, different CoVs encode unique structural
and accessory proteins, such as the HE, 3a/b, and 4a/b, which play vital
roles in genome maintenance and viral replication [15]. Among the
viral proteins in the CoV membrane, the M glycoprotein is most
abundant, leaving a short NH2-terminal domain outside the virus and
an extended COOH terminus (cytoplasmic domain) inside [17]. The S
protein is a type I membrane glycoprotein constituting the peplomers,
which primarily induces the neutralizing antibodies. The molecular
interaction between the envelope proteins determines the formation
and composition of the coronaviral membrane. The M glycoprotein
plays a predominant role in the intracellular formation of the virus
particles in the absence of the S. While in the presence of tunicamycin,
coronavirus grows and produces spikeless, noninfectious virions con-
taining M and devoiding S [14,17].

1.2. The role of ACE2 in SARS-CoV-2 infection

The angiotensin-converting enzyme 2 (ACE2), an S1 surface re-
ceptor, and transmembrane protease serine 2 (TMPRSS2) within the
endosome facilitate endocytosis of the viral particles into the cells.
Meanwhile, majority of the ACE2 receptors are located in the re-
spiratory and gastrointestinal epithelium, heart, blood vessels, and
kidneys [1]. The SARS-CoV-2 enters the host cell via five steps, namely
adhesion, penetration, biosynthesis, maturation, and release. The viral
affinity to the host cells is directly correlated to the disease severity,
since the host protease activates the S1 and S2 subunits of the S protein.
Furthermore, the S2 aids the viral entry into the host cells by en-
docytosis or membrane fusion. Also, within the cell, the virus undergoes
nuclear replication (by sending the genetic material to the nucleus) and
released out of the cell after maturation [1,4]. Therefore, the link be-
tween cardiovascular complications and infection is related to ACE2,
which is found to be a functional receptor for SARS-CoV-2 [18,19].

ACE2, an important proinflammatory mediator in AKI or glomerular
disorders associated with COVID-19, is upregulated by the miRNAs. In
this review, the miRNAs involved in ACE2 expression and the ther-
apeutic potentials of antiMiR and miRNA profiling in kidney diseases
were explored. Some of the ACE2-associated-microRNAs are mentioned
in Table 1.

The SARS-CoV-2 binds to ACE2 via the S glycoprotein that facil-
itates the virus entry into the host cells, mediated by the protease en-
zyme (TMPRSS2), that catalyzes the attachment of the viral receptor
(spike protein) to its cellular ligand (ACE2) [1,15]. After the virus en-
ters the host cell and is uncoated, the genome is transcribed and then
translated [48]. Furthermore, the CoV genome replication and tran-
scription occur in the host cell cytoplasmic membrane and involve
coordinated processes of continuous and discontinuous RNA synthesis,
mediated by the viral replicase protein complex, encoded by the 20-kb
replicase gene [49] that comprises 16 viral subunits and a few cellular
proteins. In addition with the RNA-dependent RNA polymerases, heli-
cases, and proteases activities common to RNA viruses, the CoV repli-
case plays a crucial role in employing a variety of RNA processing en-
zymes. These enzymes are not found in other RNA viruses and include
putative sequence-specific endoribonucleases [50]. The receptor-
binding domain of SARS-CoV-2 has a high affinity for ACE2, which
serves as the binding site for COVID-19 [51,52]. The SARS-CoV-2 in-
fection leads to an intense cytokine response triggering a series of in-
flammatory mediators in the host. While in some COVID-19 patients, a
cytokine storm resembling secondary haemophagocytic lymphohistio-
cytosis (a hyperinflammatory state) is triggered by viral infections [13].
Although several cytokines induced by SARS-CoV-2 are essential for the
inflammatory response, they do not play a role in viral clearance, which
is primarily dependent on other cytokines such as IL-15, type I inter-
ferons, and IFNγ [13]. Verdechia et al. stated that ACE2 down-regula-
tion induced by the cell entry of SARS-CoV, NL63, and SARS-CoV-2 is
particularly detrimental in patients with pre-existing ACE2 deficiency.
The degree of ACE2 deficiency is associated with a variety of condi-
tions, including older age, hypertension, diabetes, and cardiovascular
disease. In a setting of enhanced ACE2 deficiency produced by viral
invasion, the marked dysregulation between the ‘adverse’ ACE → An-
giotensin II → AT1 axis, and the ‘protective’ ACE2→ Angiotensin 1-7 →
Mas axis contribute to the progression of inflammatory and thrombotic
processes [53].

1.3. The pathological mechanism of common virus-associated kidney
diseases

The molecular mechanisms underlying virus-induced glomerular
injury, cell infection, kidney damage by upregulated cytokines and
proinflammatory factors, and the deposition of immune complexes are
fully understood [54,55]. The host's genetic factors influence the for-
mation of all glomerular lesions, which is secondary to the viral in-
fections [55]. Previous studies have detected the presence of in-
tracellular viral genome and proteins of HIV and parvovirus B19 in the
glomerular epithelial and endothelial cells, indicating that these viruses
directly affect kidney cytokine production, cell injury, proliferation,
apoptosis, and dysregulation or dedifferentiation [55–57]. The de-
position of circulating immune complexes containing viral antigens, in
situ immune complex formation after a planted viral antigen, or auto-
antibody formation against intrinsic antigens lead to glomerulone-
phritis [56]. Several HIV antigens, such as p24 and gp41, have been
found in the circulating immune complexes, acting as antibody targets,
also, p24 is found in the eluted glomerular immune deposits [54,56].
Generally, hepatitis B and C do not directly infect the glomerular or
tubular cells, yet they cause immune system dysfunctions [58–60]. The
increased numbers of circulating immune complexes is found in hepa-
titis B patients with glomerulonephritis [58]. All the major hepatitis of
B antigens (core, surface, and e) are identified in the immune complex
deposits, with the e antigens associating with the subepithelial and
core, while the surface antigens with the mesangial and subendothelial
immune deposits [58]. The hepatitis C envelope protein E2, which is
associated with circulating anti-hepatitis C antibodies and immune
complex formation, induce the production of rheumatoid factor and
cryoglobulins [58,59,61]. Moreover, it has been previously shown that
parvovirus B19 also stimulates the production of antibodies and
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immune complexes [57].

1.4. The pathological mechanism underlying the effect of SARS-CoV-2 on
the kidney

The renin-angiotensin system (RAS) is essential for physiological
homeostasis maintenance. Although renin was discovered over a hun-
dred years ago, the various aspects of RAS are still not fully understood.
However, there is an increasing interest in understanding the patho-
physiological roles of the monocarboxyl peptidase, and ACE2 in the
kidneys. The ACE converts the decapeptides angiotensin I (ATI) and II
(ATII) into angiotensin-(1–9) (Ang-1–9) and angiotensin-(1–7) (Ang-
1–7), respectively, by eliminating the two distal amino acids. The ACE
further metabolizes Ang-1–9 to Ang-1–7 [62]. Therefore, the ATII ac-
tivation leading the microangiopathy, hypercoagulability, hypoxic
cellularity, glomerular, and tubular injury (Fig. 2). Most studies have
indicated that ACE2-mediated responses counteract those generated by
ACE-mediated production of angiotensin II and promote vasodilation,
natriuresis, and cytoprotection. The mice with a global deletion of
ACE2 show increased responsiveness to RAS activation [63], while the
maternal with ACE2 deficiency show increased concentrations of an-
giotensin II in the placenta, resulting in restricted fetal growth [64].
The ACE2 plays a role in the regulation of oxidative stress in the
paraventricular nuclei and the rostral ventrolateral medulla that mod-
ulates the sympathetic tone and blood pressure [65]. The ACE2 also
have some RAS-independent effects, for instance, it serves as a lung
receptor with binding affinity for coronavirus and the virus causing
severe acute respiratory syndrome. Moreover, the ACE2-deficient mice
do not develop lung injury upon exposure to the coronavirus [66]. The
ACE2 converts ATI and ATII to Ang-1-7, and modulates the available
ATII to the activated ATII type I receptors. The Ang-1–7 acts as a ligand
for the Mas receptor that mediates vasodilation, natriuresis, and blood
pressure [67]. The abnormalities in ACE2 expression and activity are
implicated in various disorders, including hypertension, cardiovascular
disease, and diabetic kidney disease (DKD). The DKD patients show an
increase in the ACE/ACE2 ratio in the glomerulus and tubulointer-
stitium due to the decreased ACE2 expression [68]. Previous studies in
diabetic mice with either a global deletion or pharmacologic inhibition
of ACE2 have shown an exacerbated DKD development [68].

The podocytes in the kidneys express various components of RAS,
such as the (pro)renin receptor, angiotensinogen, ACE, and the angio-
tensin II type 1 receptor, as well as ACE2 [69]. All the previous studies
support the hypothesis that the severity of many diseases includes
SARS-CoV-2 infection with kidney involvement, is influenced by ACE2
expression.

2. COVID-19 associated nephropathy

As an impact of SARS-CoV-2 infection, ACE2 pathways down-
regulation lead to myocardial injury, fibrosis, and inflammation
[1,4,19]. In line with these findings, several reports linked SARS-CoV-2
infection with myocardial damage and heart failure, accompanied by
acute respiratory distress syndrome (ARDS), arrhythmias, coagulo-
pathy, and acute kidney injury (AKI) [19,70,71]. Some previous studies
have shown that SARS-CoV-2 directly or indirectly affect the kidneys
and cause podocyte injury. Na et al. reported protein loss in 30.3% of
patients during antiviral treatment [72]. Meanwhile, podocyte injuries
usually lead to protein loss through the urine, and release proin-
flammatory mediators, such as transforming growth factor-β (TGF-β),
vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and chemokine ligand 1 (CXCL1), causing mesangial
matrix deposition, glomerular sclerosis, hyalinosis, and fibrosis
[7,70,73]. The increased glomerular filtration due to barrier defects
causes the elevation in the single-nephron glomerular filtration rate
(SNGFR), leading to hypertrophy. Also, hyperfiltration triggers oxida-
tive stress, further contributing to glomerular injury, causing theTa
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deposition of the mesangial matrix and fibrosis [7,70,73]. The fibrotic
tissues trigger the release of profibrotic inflammatory mediators to
progressive kidney injury. Based on the pathological mechanisms, the
clinical signs of COVID-19-associated nephropathy include AKI, glo-
merular nephrosis, and progressive chronic kidney disease (CKD), with
symptoms such as hypertension, fluid and electrolyte imbalance, me-
tabolic acidosis or alkalosis, and swelling [7,70,73].

Some studies reported a lower incidence (3–9%) of AKI in COVID-19
patients [74–77]. However, recent research reported a higher frequency
of kidney involvement, i.e., 34% of 59 COVID-19 patients developed
massive albuminuria on the first day of admission, and 63% developed
proteinuria during their stay in hospital [78,79]. The blood urea ni-
trogen (BUN) was elevated in 27% overall, and in two-thirds of patients
that died. The computed tomography (CT) scan of the kidneys showed
reduced density, indicating inflammation or oedema [76]. A recent
study by Cheng et al. reported that amongst 710 hospitalized COVID-19
patients, 44% had proteinuria and hematuria, while 26.7% had he-
maturia on admission [79]. The prevalence of elevated serum creati-
nine and blood urea nitrogen was 15.5% and 14.1%, respectively [79].
AKI was an independent risk factor for patients’ in-hospital [76,78,79].

2.1. miRNAs

MiRNAs are small (about 22 nucleotides) non-coding RNAs known
to regulate the post-transcriptional expression affecting various cellular
processes, such as cell proliferation, apoptosis, and differentiation [80].
They block the target genes by binding to the 3′UTR during transcrip-
tion, repressing the messenger RNA and promoting their degradation by
cleavage [81–83]. More than 2000 miRNAs have been identified in
humans, one miRNA targets several genes, while multiple miRNAs
regulate one gene [83–86]. The miRNAs regulate about 60% of the
human protein-coding genes, indicating their significant role in ex-
pression [82,84,85,87]. The miRNAs is seen in body liquid, such as
plasma and serum samples, while those circulating freely act on the
recipient cells regulating the target gene expression [88–91]. The
miRNAs derived from the kidney and urinary tract and are passively
filtered through the glomerulus and secreted by kidney tubules [92].
These miRNAs serve as biomarkers for diagnosis, prognosis, or ther-
apeutic response of various diseases [81,84,92–96]. miRNAs are pre-
sent in the body fluids, such as plasma and serum, acting as endocrine
signals to regulate target genes in the recipient cells [97,98]. These
miRNAs are at least partially encased in extracellular vesicles, such as
exosomes [99]. The deletions of Dicer, an RNase III enzyme required for
miRNA biogenesis, highlight the miRNAs pivotal roles in juxtaglo-
merular cells, tubular epithelial cells, and in podocytes [84]. For ex-
ample, the miR-93 leads to glomerular injury by activating VEGF [100],
while the miR-192 accelerates collagen formation in the glomerular
mesangial cells and promotes TGF-β/Smad 3-induced tubulointerstitial
fibrosis in mice with diabetic nephropathy [101,102]. These studies
indicate that miRNAs play an essential role in glomerular disease de-
velopment, particularly those associated with podocytes [84]. The ur-
inary miRNAs that serves as biomarkers for the diagnosis, prognosis, or
responses to therapy in various diseases is derived from the kidney and
urinary tract and are passively filtered.

3. Modality of miRNA testing

The modality of miRNA testing is changing rapidly, due to the rapid
advances in next-generation sequencing (NGS). The conventional ap-
proaches to miRNA clinical testing, include small RNA sequencing,
quantitative miRNA real-time reverse-transcription PCR (qRT-PCR),
miRNA microarray, multiplexed miRNA detection with color-coded
probe pairs, and Nanostring nCounter gene expression system [36].

3.1. The potential roles of miRNAs in the kidney

Certain miRNAs are essential for kidney function, and changes in
their levels lead to various conditions, such as diabetic kidney disease
(DKD), acute kidney injury, lupus nephritis, and polycystic kidney
disease. Therefore, miRNAs are potential therapeutic targets for kidney
disorders [84,103–106]. They are also potential markers for diagnosing
and monitoring various kidney diseases, such as DKD, due to their
stability in urine and blood [101,107–109]. Moreover, the urine and
serum of DKD patients contain miRNAs correlated with specific stages
of kidney disease, fibrosis, and CKD progression [110–112].

Rudnicki et al. reported that miR-30d, miR-140-3p, miR-532-3p,
miR-194, miR-190, miR-204, and miR-206 were downregulated in
progressive CKD cases [113]. Chung et al. showed that miR-192 was
highly upregulated in progressive kidney fibrosis in a mouse and rat
model of kidney disease [101]. Lorenzen et al. reported that miR- 210
was a reliable marker of acute rejection and a predictor of long-term
graft function ([79], while the human CKD and kidney transplant study
by Ulbing et al. showed significant changes in the levels of systemic
miR-223-3p and miR-93-5p based on CKD stages, as well as in-
flammation and other bone parameters [86,102,114]. Zhang C et al.
reported that the levels of urinary miR-196a significantly increased in
focal-segmental glomerulosclerosis (FSGS) during massive proteinuria,
compared with those in complete remission state. They also found an
association between urinary miR-196a and proteinuria, and also esti-
mated glomerular filtration rate (eGFR), interstitial fibrosis, and tubular
atrophy. This study also showed that patients with higher levels of
urinary miR-196a had a greater reduction in kidney survival, compared
to those with lower urinary miR-196a [115]. Liu Y et al. reported that
miR-29 regulates the expression of collagens and other genes related to
the extracellular matrix (ECM) in the kidney medulla of SS and SS-13BN
rats [108]. Wang et al. showed that stable miR-10 and miR-30d are
present in human and animal (Male C57BL/6J mice) urine, while the
elevation of urinary miR-10a and miR-30d levels serve as a novel bio-
marker for kidney injury [116]. Furthermore, miR-93 modulates the
expression of VEGF and its downstream, which is crucial in DKD pa-
thogenesis [86,102,117]. The high glucose concentration led to the
overexpression of miR-377 in human mesangial cells. Moreover, Wang
Q et al. reported that miR-377 is associated with an increased expres-
sion of protein and fibronectin in a DKD mouse model [118]. Ma J et al.
reported that miR-93 overexpression prevented TGF-β1-stimulated
EMT and kidney fibrogenesis via modulation of Orai1 expression
[86,100,102]. Furthermore, Phua YL et Al. showed that stromal
miRNAs are required for healthy kidney development and formation of
the kidney vascular network, particularly for glomerular mesangial
cells' maintenance [119]. Chen YK et al. reported that miR-195 pro-
motes apoptosis of podocytes under high-glucose conditions via en-
hanced caspase cascades of BCL2 [105]. The miR-93 facilitates glo-
merular injury by activating VEGF [86,100,102]. Furthermore, miR-
192 accelerates collagen formation in the glomerular mesangial cells
and promotes TGF-β/Smad 3-induced tubulointerstitial fibrosis in mice
models of diabetic nephropathy. These studies indicated that miRNAs
play essential roles in glomerular disease development, particularly
podocyte-associated disorders, tubular atrophy, extracellular matrix
(ECM) collagen deposition, fibrosis, and podocyte apoptosis, through
various pathways.

Exosomes in urine are reliable tool for the analysis of miRNAs in
kidney diseases, since many miRNAs originated from the kidney cells
[87]. The expression of various miRNAs are dysregulated in different
kidney conditions, for instance, the aberrations of miRNA expression in
kidney fibrosis was described in a recent meta-analysis, identifying five
upregulated (miR-142–3p, miR-223–3p, miR-21–5p, miR-142–5p, miR-
214–3p) and two downregulated (miR-29c-3p, miR-200a-3p) miRNAs
[120].

In a cohort of 90 CKD patients at stages 3–5, Chen et al. showed that
the levels of miR-125b, miR-145, and miR-155 are significantly lower

A. Widiasta, et al. Non-coding RNA Research 5 (2020) 153–166

157



than in healthy controls [121]. In another study in a CKD murine
model, the miR-223 series is shown to decrease, this is later confirmed
in CKD patients at stage 4 and 5 [114]. This indicated that some
miRNAs involved in podocyte skeletal protein expression, leading to
various steroid-resistant nephrotic syndrome (SRNS) entity (Fig. 1).

The MiRNAs exist in body fluids, including plasma and serum
samples, acting as endocrine signals to regulate target genes in recipient
cells [97,98]. These miRNAs are at least in part, encased in extracellular
vesicles, including exosomes [92,122]. The urinary miRNAs is derived
from the kidney and urinary tract, and passively filtered through the
glomerulus and released from kidney tubules
[92,123,115,116,124,124,124,125].

The MiR-17, miR-451, miR-106a, and miR-19b serve as biomarkers
for diagnosis, prognosis, or therapeutic response in various diseases
[104,109,115,124]. Therefore, miRNAs have gained importance as
biomarkers and offer useful perspectives for the clinical management of
kidney disease as an addition to GFR and albuminuria testing [110].

A study conducted by Chu et al. (2014) showed that Dicer ablation
occurs in the early metanephric mesenchyme in severe kidney dys-
genesis despite the normal specification of nephron progenitors and
ureteric bud outgrowth. The kidney dysgenesis is due to marked
apoptosis associated with increased Bim expression just after the initial
inductive events in metanephric kidney development. These studies
indicated a model where miRNAs modulate the balance between sur-
vival and apoptosis in the metanephric mesenchyme by targeting the
proapoptotic protein Bim [106]. Therefore, the change between base-
line miRNAs profiling with those on the follow-up period are essential

modality for therapeutic result monitoring.
Deletions of Dicer, an RNase III enzyme required for miRNA bio-

genesis in kidney cells, highlighted the miRNAs pivotal role in juxta-
glomerular and tubular epithelial cells, and in podocytes [106]. Several
miRNAs, including miR-192, -194, −204, −215, and −216, are highly
expressed in the kidney, as compared with other human organs
[107,108]. In the fibrotic kidney, the miR-192 expression increased
significantly in diabetic-mice glomeruli [83,109–111]. Kato et al. also
reported the upregulation of miR-192 in fibrotic kidney disease is as-
sociated with the activation of TGF-β/Smad signaling, which regulates
expression positively by Smad 3, and negatively by Smad7-dependent
mechanism [83]. The miR-93 has been shown to facilitate glomerular
injury through the activation of vascular endothelial growth factor
(VEGF) [86,102]. Meanwhile, the MiR-192 accelerates collagen for-
mation in glomerular mesangial cells in models of diabetic kidney
disease (DKD), and also promotes TGF-β/Smad3-induced tubulointer-
stitial fibrosis. Some studies indicated that miRNAs play essential roles
in the development of glomerular diseases, particularly podocyte-as-
sociated disorders [70,77]. According to this study, some antimiR-192
and antimiR-93 were conducted in the fibrotic kidney of animal models
[102].

MicroRNAs are popularly known as kidney biomarkers and offered
useful perspectives for the future clinical management of kidney disease
as an addition to GFR and albuminuria testing [85]. The development
of new therapeutic techniques involving miRNAs for future use in the
diagnosis, treatment, and prevention of kidney diseases is promising
[86]. Meanwhile, some are specifically linked to kidney infections, such

Fig. 1. The SARS-CoV-2 infection impact on the podocyte cytoskeletal protein. (A) Normal glomerulus without podocyte, mesangial cell, and parietal epithelial cell
impairment. (B) Injured podocyte leads to glomerular sclerosis. (C) Podocyte integrity with normal cytoskeletal proteins expression. (D) Impairment in podocyte
integrity, effacement, apoptosis, and collapse, as virus abnormality impact. The virus makes the cytokine-storm and the proinflammatory mediators responsible for
podocyte apoptosis, collapse, and effacement, to clinically manifest as AKI and protein-loss.
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Fig. 2. Pathological mechanism underlying the kidney manifestations of SARS-CoV-2 involving proinflammatory mediators and miR expression. Several miRNAs
involve in ACE2 expression, while most of them are affected in other organs, and miR-18 and -125b are specifically expressed in the kidney. Currently, only antimir-
18 has a good evidence-based study as an ACE2 expression silencer.
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as DKD, FSGS, IgA nephropathy, and others. The urine and serum of
individuals with kidney disease contain sediments of miRNAs that
correlate with specific stages of kidney disease, fibrosis, and function
decrease. Exosomes in urine are excellent tools for microRNAs analysis
in kidney diseases, since they originate from kidney cells
[86,92,95,96,98,122,20,126–128].

MicroRNAs is detected in the kidney and expressed as deregulation
in pathological conditions [92,129,130]. The aberrations of miRNA
expression in kidney fibrosis were described in a recent meta-analysis
that identified five upregulated (miR-142–3p, miR-223–3p, miR-21–5p,
miR-142–5p, miR-214–3p) and two downregulated (miR-29c-3p, miR-
200a-3p) miRNAs [73,101,115,131–133]. In a cohort of 90 CKD pa-
tients at stages of 3–5, Chen et al. showed that miR-125b, miR-145, and
miR-155 levels decreased compared to the healthy control [99]. In CKD
murine model, it was found that miR-223 decreased, this was recently
confirmed in stage 4 and 5 patients [11].

3.2. ACE2 involvement in SARS-CoV-2 infection

The angiotensin-converting enzyme 2 (ACE2) is an enzyme of the
renin-angiotensin-aldosterone system (RAAS), which catalyzes the
conversion of angiotensin I (Ang I) into Ang (1–9) and Ang II into Ang
(1–7) [130]. The ACE2 is widely expressed in lungs, heart tissue, in-
testine, kidneys, central nervous system, testis, and liver. During the 20
years from its discovery, the investigations targeting the enzyme's
complex role established ACE2 as an important regulator in hyperten-
sion, heart failure (HF), myocardial infarction (MI), DM, and lung dis-
eases [19,134,135]. Some evidences showed that ACE2 provides vas-
cular protective effects by counteracting the essential effects of Ang II.
Moreover, ACE2 possesses potential for developing new avenues in
treating vascular diseases [131,132]. Zhang et al. reported that ACE2
ease the development of early atherosclerotic lesions by improving
endothelial cells (EC) function [112]. The antiatherosclerotic effect of
ACE2 involves the downregulation of the Ang II-activated reactive
oxygen species (ROS). Endtmann et al. recently reported that Ang II,
through type 1 angiotensin (AT1) receptor and oxidative stress, impairs
EPC function in vitro and in vivo, while Ang II induces EPC aging
through activation of NADPH oxidase [133]. Donoghue et al. [134]
found that ACE2 emerged as a negative regulator of the RAAS and
participated in the pathophysiology of hypertension. The Ang II is di-
rectly cleaved by ACE2 to give angiotensin (1–7), which functions
contrarily to ACE/Ang II/AGT1R signaling [135,136].

3.3. Role of miRNAs in ACE2 expression

Interestingly, Chen et al. (2020) and Liu et al. (2019) reported many
microRNAs involved in ACE2 expression, which have not been reported
elsewhere [136,137]. Currently, only a few of them are well studied
(Table 1).

Some experts discovered miRNAs affecting ACE2-associated ne-
phropathy; these miRNAs are listed in Table 1.

Gu et al. conducted a miRNAs study using hypertensive rats, and
found that chronic aerobic exercise training improved RAAS balance,
decreased blood pressure by down-regulation of the expression of miR-
143. The result was accompanied by significantly elevated circulating
ACE2 and angiotensin (1–7) levels [120,121]. Another study conducted
by Lambert et al. showed that miR-421 (located on chromosome X
q13.2) could decrease the ACE2 protein expression by translational
repression [128,137,21]. Jackson et al. in their study with BPH/2J mice
models, found a negative correlation between miR-181a and renin [22].
Marques et al. found that in hypertensive patients, there was a down-
regulation of miR-181a, accompanied by an increase in renin mRNA
[126]. Generally, miR-181a expression by destabilizing mRNA, keeps
renin low. Therefore, miR-181a upregulation decrease blood pressure
by suppressing the kidney sympathetic nerve activity and reduce the
renin secretion [127]. Ang II, an RAAS effector, is produced when ACE

hydrolyzes Ang I, while the increased ACE expression is associated with
high blood pressure. Interestingly, Kohlstedt et al. [23] found that the
shear stress-mediated ACE expression is down-regulated by miR-145
[122,23]. Hu et al. [124] discovered that miR-145 overexpression in-
duced downregulation of ACE protein without reducing the ACE mRNA
level. Therefore, miR-145 overexpression contributes to ACE upregu-
lation, increasing blood pressure, by alternate post-transcriptional ef-
fects [122,124]. Also, activating the ERK1/2 signaling pathway sup-
presses miR-145 expression, promote ACE, and increase blood pressure
[124]. Then, Eskildsen et al. in their study using rats model showed that
after ten days of sustained Ang II-induced hypertension in the subjects,
the miR-132/-212 expression increased in the myocardium, arteries,
and kidney [119]. There was a positive correlation between the degree
of increase in miR-132/miRNA-212 and blood pressure in vitro and in
vivo [23,33,138,139]. Recent studies have shown that miR-155 (lo-
cated on chromosome 21) regulates the expression of AGT1R mRNA by
targeting the 3′-untranslated region to silence AGT1R mRNA expression
[125]. Angiotensin II has two categories, namely Ang II type 1 (AGT1R)
and Ang II type 2 receptor (AGT2R). The AGT1R takes part in a variety
of physiological and pathological mechanisms involving the cardio-
vascular control. These include vasoconstriction, the release of ca-
techolamines, and blood pressure evaluation [127].

Another ACE2-associated miRNA study conducted by Bao et al.
using a bleomycin-induced mouse model for acute lung injury (ALI),
analyzed the mRNA and protein levels of an antiapoptotic protein Bcl-2
in the ALI-mice that have been treated w/o ACE2. The miR-4262 levels
were analyzed in the mouse lung, while the Bcl-2-targeting miRNAs
were predicted using bioinformatics algorithms and an applied luci-
ferase reporter assay to examine the effects of miR-4262 on the Bcl-2
protein translation upon their binding to 3′- UTR of Bcl-2 mRNA. The
adeno-associated viruses carrying either miR-4262 mimics or antisense
were injected into ALI-mice without ACE2 and analyzed, for their ef-
fects on the apoptosis in mouse lung cells using Western blot. The re-
sults showed that the ACE2-induced suppression of miR-4262, partially
contributed to the inhibition of the PEC apoptosis [129]. The miR-4262
is a promising novel treatment for ACE2 and ARDS [127].

Recent studies indicated that miR-124 and miR-135a potentially
suppress the NR3C2 expression by reducing the amount of miner-
alocorticoid receptor protein rather than at the mRNA level [24,25].
The NR3C2 deficient mice died in the neonatal period, due to severe
water and sodium loss [26]. Therefore, miR-124 and miR-135a are
responsible for blood pressure reduction through RAAS modulation
[127]. Kemp et al. [27] found that miR-483-3p inhibited luciferase
expression bearing 3′-UTRs of 4 different RAAS-related genes (angio-
tensinogen, ACE-1, ACE-2, and AGTR2) [127,20]. As an Ang II-regu-
lated miRNA, miR-483-3p was reversed by antimir-483-3p [127,20].
The suppressing angiotensinogen and ACE-1 eventually block the pro-
duction of Ang II and decrease blood pressure. Nevertheless, evidence
showed that AGT2R and ACE-2 oppose the AGT1R-mediated vasocon-
strictor action of Ang II, being a part of the “protective arm of RAAS.”
[127,20].

Another interesting ACE2 associated-miRNA found by Huang et al.
[118] is miR-125b, which directly targets the 3′-UTR of ACE2 mRNA.
The study was conducted based on bioinformatic analysis with Tar-
getScan software (http://www.targetscan.org/vert_71/), which pre-
dicted that miR-125b was potentially targeted at 3′-UTR of ACE2
mRNA. Therefore, the luciferase reporter assays was performed using
wild-type or mutated ACE2 3′-UTR constructs to confirm that miR-125b
acts as a negative regulator of ACE2. The result showed that co-
transfection with miR-125b mimics significantly (p < 0.05) decreased
the activity of the reporter harboring wild-type ACE2 3′-UTR. However,
the activity of the reporter carrying the mutated ACE2 3′-UTR was
unaltered by miR-125b. These results indicated that ACE2 is a direct
target of miR-125b [118].

Zhang et al. showed that EPC-EXs (endothelial progenitor cells
exosomes) elicit anti-oxidative and antiapoptosis [20]. This is
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evidenced by protecting ECs from hypoxic/reoxygenation (H/R)-in-
duced injury, which is associated with decreased ROS/Nox2 and in-
creased NO/eNOS levels [20]. However, the levels of miR-18a and
ACE2 are reduced in Ang II-induced aging ECs [20]. The neuron
overexpression of ACE2 protects cells against oxygen-glucose deprived-
induced injury, which correlated with the changes in Nox2/Nox 4 ex-
pression and ROS production [20,37]. This data showed that ACE2-
EPC-EXs (ACE2-primed endothelial progenitor cells exosomes) are more
effective than EPC-EXs in decreasing apoptosis, ROS overproduction,
and increasing EC function through downregulating Nox2 and upre-
gulating eNOS [20]. Based on the data of ACE2-EPC-EXs co-culture, the
differences of the ROS/Nox2/apoptosis decline and the eNOS/NO/tube
formation appeared to be more in Ang II-induced aging ECs than that of
young ECs H/R injury [20]. This mechanism is attributed to the higher
level of ACE2 in aging ECs after co-incubation with ACE2-EPC-EXs
[20]. These observations are supported by the previous study, which
showed that ACE2 could protect the brain from ischemic injury with a
tendency of age-dependence [20,39,40]. The ACE2 transfection leads to
an upregulation of miR-18a in EPCs, EPC-EXs, and ECs [20]. This data
showed that miR-18a is a mediator that enhance the protective effects
of ACE2-EPC-EXs in aging ECs under H/R condition [20]. To investigate
the role of miR-18a in ACE2-EPC-EXs, its expression in the parent cells
is knocked down [20]. It was observed that the miR-18a level in ACE2-
EPC-EXs is downregulated [20]. More substantially, the protective ef-
fects in ACE2-EPCs-EXs anti-miR-18a group were decreased, indicating
that miR-18a participates in the protective effects that emerged from
ACE2-EPC-EXs. Besides, to confirm whether ACE2 could affect miR-18a
expression [20,140], the ACE2-specific DX600 inhibitor is used [20]. It
was also found that DX600 blocked ACE2-induced miR-18a in the EPCs,
EPCEXs, and ECs after coincubation [20]. More importantly, the
changes of the miR-18a level were associated with the EC functions
[20]. DX600 or anti-miR-18a partially blocked the beneficial effects of
ACE2-EPC-EXs on H/R-injured ECs [20]. This data further confirmed
that ACE2 promotes miR-18a expression, while ACE2-EPC-EXs protect
ECs from H/R-induced dysfunction through ACE2, EPC-EXs, and miR-
18a [20]. Overall, ACE2-EPC-EXs exhibited greater anti-oxidative and
antiapoptosis effects on aging than on the young ECs, and also undergo
H/R injury through miR-18a and subsequently downregulation of the
Nox2/ROS pathway [20]. Further experiments is applied to examine
the protective roles of ACE2-EPC-EXs in vivo and determine their tar-
gets on miR-18a [20]. These approaches greatly enrich the under-
standing of the molecular basis of ACE2-mediated protection against
ACE-associated nephropathy and also made clear the antimir-18 de-
velopment as a novel therapy.

The miR-18a increased thrombospondin-1 production and de-
creased the inhibitor of DNA-binding protein 1, a transcriptional re-
pressor of thrombospondin-1. It also reduced vascular endothelial
growth factor (VEGF)-A and VEGF-D levels, and improved tubule for-
mation. It was effectively internalized by arteriovenous malformation
derived from brain endothelial cells (AVM-BECs) in the absence of ex-
traneous transfection reagents [38]. Ferreira et al. reported VEGF-D
overexpression in AVM and the capacity of miR-18a to induce AVM-
BECs to function more normal. The miR-18a role in the VEGF-D level
highlights the clinical potential of microRNA as a treatment for AVM
and other vascular diseases [38–40]. Furthermore, miR-18a is part of
the miR-17 and miR-92 cluster, which is associated with tumor angio-
genesis. However, when evaluated individually, miR-17, miR-18a, miR-
19a, and miR-20a have antiangiogenic activity [30]. miRNA have dif-
ferent and opposing roles depending on the cell type and the physio-
logical/pathological context. miR-18a inhibits Dicer expression, a key
enzyme involved in miRNA biogenesis. Dicer silencing induces TSP-1
expression [38–40], a potent inhibitor of endothelial cell migration,
proliferation, and survival [117]. Ferreira et al. also showed that in-
creased TSP-1 induced by miR-18a treatment correlated with the in-
hibition of Id-1 expression. Meanwhile, Id-1 is widely overexpressed in
most human cancers, therefore, representing a promising target for

anticancer therapies [38–40] The strongest miR-18a effect is found on
cells subjected to arterial flow [132]. The angiogenesis is regulated by
several endogenous growth factors, particularly VEGF-A. The TSP-1
antagonizes VEGF-A bioavailability and activity by inactivating me-
talloproteinase-9, which suppresses the release of VEGF-A from the
extracellular matrix. The endothelial cells treated with the 3 TSP-1
types 1 (the active domain of TSP-1) decreased VEGF receptor-2
phosphorylation and the activation of serine/threonine-protein kinase
Akt [21,38–40]. Moreover, Ferreira et al. showed that VEGF-A, VEGF-
D, a key lymphangiogenic, and proangiogenic factors were upregulated
in AVM, while miR-18a significantly decreased both VEGF-A and VEGF-
D released, through TSP-1 [38,39]. The therapeutic potential of miR-
18a is becoming increasingly apparent by its ability to regulate cell
proliferation and induce a structural vascular network, which requires
the efficient formation of 3-dimensional tubules [38–40]. The miR-18a
is also internalized and functionally relevant without the aid of a
transfection reagent, demonstrating its potential on clinical application
[132]. These findings support the potential use of miR-18a to improve
the functionally aberrant AVM-BECs and emphasize the relevance of
VEGF-D in vascular dysfunction. Eventually, the use of this miRNA is
very potential to be further developed in advancing AVM treatment as a
non-invasive, effective, and biocompatible therapeutic agent [38–40].

Using data mining and bioinformatic tools, Wicik et al. described
the ACE2 interaction network and evaluated its expression [19]. The
study found 1954 miRNAs regulating components of the ACE2 inter-
action network [19]. The analysis of the top 10 miRNAs regulating each
network (complete network, heart, lung, nervous system tissues, and
virus-infection proteins network), five of them were shared between all
networks (hsa-miR-302c-5p, hsa-miR-27a-3p, hsa-miR-1305, hsa-miR-
587, hsa-miR-26b-5p) [19]. The signaling pathways associated with the
36 genes regulated by the top miRNAs, included RAS, AGE-RAGE, and
Apelin [71].

Most of the mentioned miRNAs above involve in ACE2 expression in
the kidney, heart, blood vessels, and lung. Also, most of those men-
tioned in Table 1 act as gene enhancer, while few act as gene silencer, i.
e miR-19, -27, −29, −155, −365, −421, and −424. Mir-145 and
miR-155 have relatively evidence as an ACE2 gene enhancer. While
mir-19b, −29, −132, −181, and −212 have relative evidence as gene
silencer. The mir-29 has a strong evidence as fibrotic-protecting miRNA
[108,120,126,33,141–147]. The upregulation of miR-130 is reported in
relapsing INS, however, its target is on GAX, a growth arrest-specific
homeobox, which inhibits proliferation, differentiation, and migration
of VSMCs (Table 1). i.e., miR-18 and miR-125b are specifically ex-
pressed in the kidney, acting as ACE2 gene enhancer.

A study by Zhang et al. showed that ACE2 upregulated miR-18a and
ACE2-EPC-EXs (ACE2-primed endothelial progenitor cells exosomes) as
an antimir-18 and protected endothelial cells from hypoxic/reox-
ygenation (H/R) -induced dysfunction in adult C5BJ/6 mice. Also,
ACE2-EPC-EXs exhibited antioxidative and antiapoptotic effects on
endothelial cells (EC). While, the antimiR-18 inhibited ACE2 expression
by downregulating the Nox2/ROS pathway and protected endothelial
cells from hypoxic/reoxygenation [20].

3.4. Future possible ACE2-related intervention

Based on this literature review, most of the ACE2-associated
miRNAs affected multiorgans, therefore, their antimir therapy poten-
tially lead to some adverse reactions. The disease severity which de-
pend on ACE2 receptor, include SARS-CoV-2 infection, therefore, miR-
29 is a fibrotic gene silencer for the disease severity prevention. Based
on this review, miR-29 has a quite strong evidence and it is re-
commended for further study using animal models.

AntimiR-18 is also a potential novel therapy in ACE2-related dis-
ease, such as hypertension, CKD, nephropathy, and SARS-CoV-2 infec-
tion. Therefore, a study is recommended on ACE2 expression and an-
timir-18 with primate models.
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Moreover, the review of ACE2 expression with antimiR-125b has
not been published even in mice, therefore, a study is also re-
commended for this phenomenon.

4. Antimir therapy

Antimir, a novel therapy for the future have been developed
through several stages, from the search of target miRNA sequences to
the design of the anti-miRNA oligonucleotides (AMO), the selection of
an adequate chemical structure, and its validation [148–151]. Cur-
rently, there are two drugs using locked nucleic acids (LNA) [148], the
first is Miravirsen from Santaris Pharma, developed to treat hepatitis C
virus (HCV) infection by targeting miR-122 [148,149], which is now in
phase 2 of clinical trials. Furthermore, the MiRagen Therapeutics
company has entered phase 1 of clinical trials for MRG106-11-101 LNA-
antimiR®, designed to control the activity of miR-155 in malignancy
[148,152], which is responsible in the differentiation, proliferation, and
function of blood and lymph cells. The in vitro tests conducted using the
developed AMO, successfully inhibited miR-155 activity in lymphoma
cells, restoring normal function, and reducing aberrant cell prolifera-
tion [148,152]. Mostly, miRNAs affected more than one organ, there-
fore, it is difficult to determine antimir therapy for each disease [148].
In addition, the miRNAs mapping for each disease and the results of the
antimir study with animal models, from mice to primate, is evidently
needed (Fig. 3). Also, the interaction between the miRNAs, ACE2, and
nephropathy is essential in developing antimir therapy for ACE2-re-
lated nephropathy, including those related to SARS-CoV-2 infection.

5. Concluding remarks

The kidney manifestations of COVID-19 infection include AKI, in-
terstitial nephritis, podocyte apoptosis, collapse glomerulonephritis,
and progressive CKD. The proinflammatory mediators play an essential
role in these manifestations. Meanwhile, specific miRNAs, notably
those related to ACE2 expression, are responsible for the increased
circulatory proinflammatory mediator levels. The MiRNA-based
therapy, notably antimiR-18 and antimir-125b are novel potential
ACE2-related therapeutic options for nephropathy associated with
COVID-19 (Fig. 3). Moreover, further studies related to antimiR-18 and
antimiR-125b are absolutely necessary.
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