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Abstract: Acute kidney injury (AKI), caused mainly by ischemia-reperfusion, sepsis, or nephrotoxins
(such as contrast medium), is identified by an abrupt decline in kidney function and is associated with
high morbidity and mortality. Despite decades of efforts, the pathogenesis of AKI remains poorly
understood, and effective therapies are lacking. MicroRNAs (miRNAs) are small noncoding RNAs that
regulate gene expression at the posttranscriptional level to control cell differentiation, development,
and homeostasis. Additionally, extracellular miRNAs might mediate cell–cell communication during
various physiological and pathological processes. Recently, mounting evidence indicates that miRNAs
play a role in the pathogenesis of AKI. Moreover, emerging research suggests that because of their
remarkable stability in body fluids, microRNAs can potentially serve as novel diagnostic biomarkers
of AKI. Of note, our previous finding that miR-494 is rapidly elevated in urine but not in serum
provides insight into the ultimate role of urine miRNAs in AKI. Additionally, exosomal miRNAs
derived from stem cells, known as the stem cell secretome, might be a potential innovative therapeutic
strategy for AKI. This review aims to provide new data obtained in this field of research. It is hoped
that new studies on this topic will not only generate new insights into the pathophysiology of urine
miRNAs in AKI but also might lead to the precise management of this fatal disease.
Keywords: microRNA; acute kidney injury; biomarker

1. Introduction
Acute kidney injury (AKI) is a clinical syndrome characterized by sharply decreased renal
function that is complicated by metabolite retention and water, electrolyte, and acid–base imbalance.
Importantly, the sequelae of AKI are quite severe and critical, such as increasing the risk of in-hospital
mortality, the incidence of chronic kidney disease (CKD), and the progression to end-stage renal disease.
Currently, no effective treatments for AKI are available except for supportive care in the practice
of dialysis. Therefore, the early detection of AKI, the identification of the risks of AKI, and raising
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awareness of AKI have become a global issue [1]. MicroRNAs (miRNAs) are small noncoding RNAs of
approximately 19–25 nucleotides in length that are involved in the regulation of gene RNA expression
at the posttranscriptional level [2]. Emerging evidence suggests that miRNAs play essential roles in
the pathogenesis of AKI [3]. As a silver lining in modern nephrology, recent investigations of miRNAs
in AKI may lead to the development of novel diagnostic tools and therapeutic interventions.
1.1. Definitions of AKI
The concept of clinical consequence after acute kidney insult named acute renal failure (ARF) used
in the past placed excessive emphasis on whether renal function had overtly failed as determined by a
bedside observation. However, recently, it is believed that the whole picture of AKI is a dynamic process
that includes initiation, maintenance, and recovery phases, while further including clinical findings
and laboratory investigation [4]. Therefore, by this new concept, the severity of AKI is broad, ranging
from the minor increment in serum creatinine to overt kidney failure requiring renal replacement
therapy. Regrettably, serum creatinine is not an ideal biomarker of AKI. Serum creatinine’s half-life
may increase from 4 h to 24–72 h after a definite renal insult. The serum creatinine concentration
might take 24–36 h to accumulate before being detected as abnormal. Thus, this definition criterion of
AKI based only on the increase, even if minimal, of serum creatinine does not intercept early kidney
damage that precedes the reduction of glomerular filtration rate.
1.2. Epidemiology of AKI
AKI is a common complication in patients hospitalized for acute illness. A systematic review of 312
cohort studies found that AKI occurred in one of five adults and one of three children hospitalized with
acute illness [5]. Of note, despite modern medical facilities and better support, AKI-associated mortality
remains unacceptably high. Recently, studies have shown that unadjusted mortality associated with
an episode of AKI is estimated at 23.9% in adults and 13.8% in children [5]. Furthermore, the adjusted
risk of in-hospital mortality has shown near-linear increases with worsening severity of AKI [6].
1.3. Causes of AKI
Clinically, the major causes of AKI include ischemia/reperfusion (I/R), sepsis, and various
nephrotoxins, such as cisplatin and contrast medium. The pathogenesis of AKI is multifactorial,
involving tubular injury, vascular dysfunction, and inflammation. Multiple cell types and different
cellular processes and molecular mediators/regulators are responsible for the initiation and progression
of the disease [7].
1.3.1. AKI Induced by Ischemia/Reperfusion Injury
Despite research advances in the past few decades, the pathophysiology of AKI is still not fully
understood. The classical ischemia/reperfusion model of AKI provides insight into the possible cellular
and molecular mechanisms of AKI.
After the insult of ischemia-reperfusion injury, proximal tubular cells rapidly lose the integrity
of their cell membrane and cytoskeleton. The alterations in the location of adhesion molecules and
Na+ /K+ -ATPase results in the normally highly polar epithelial cell losing polarity. Alterations in
the cytoskeleton regulate changes in cell polarity, cell–cell interactions, and cell-matrix interactions.
With increasing time or severity of ischemia, cell death occurs by either necrosis or apoptosis.
Inflammatory cells are further recruited to the injured area and release proinflammatory factors,
chemokines, and costimulatory molecules, such as tumor necrosis factor-alpha (TNF-α), interleukin-1
(IL-1), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) [7,8]. These molecules
can not only worsen the damage to renal tubular epithelial cells and endothelial cells but can also
further amplify the inflammatory response, promote inflammatory infiltration, and facilitate the
“inflammatory cascade effect”. Finally, viable epithelial cells migrate and cover denuded areas
of the basement membrane. The cells then undergo division and replace lost cells. Ultimately,
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the cells go on to differentiate and re-establish the normal polarity of the epithelium. Therefore,
the pathophysiology of this injury represents a complex interplay between the vasculature, the tubules,
and inflammation. Interestingly, both innate and acquired immunity mainly contribute to the initial
injury phase, the regulation of the inflammatory response, and the repair phase [8].
1.3.2. AKI Induced by Sepsis
Septic AKI has a pathophysiological mechanism that clearly differs from that of ischemic AKI [9,10]
Alterations in renal blood flow, microcirculatory disturbances, and blood flow redistribution between
the renal cortex and medulla are potentially important contributors to renal tubular injury. However,
due to the differences between animal models and septic patients, there is limited evidence indicating
the pathophysiological mechanism of septic AKI.
1.3.3. Contrast-Induced Nephropathy
The pathophysiology of contrast-induced nephropathy (CIN) is complex and only partially
understood. What exactly happens inside a human kidney in vivo can only be speculated from the
results of mainly animal and laboratory studies. Hypoxic medullary injury plays a critical role in
CIN [11,12]. This is caused by three different but potentially interacting pathways: hemodynamic effects
of contrast medium, the effect of reactive oxygen species (ROS), and direct contrast medium-induced
tubular cell toxicity.
2. MicroRNA Biogenesis and Function
Over the past decades, miRNAs have been shown to play a critical role in the regulation of almost
all biological cell functions, including proliferation, differentiation, metabolism, and apoptosis [13].
Recently, emerging data further supported that miRNAs are involved in the pathogenesis of many
human [14] diseases.
2.1. The Canonical Pathway of miRNA Biogenesis
The dominant pathway of the biogenesis of most miRNAs is the canonical pathway. In this pathway,
miRNAs are transcribed from DNA sequences into primary miRNAs (pri-miRNAs), which contain
approximately 300–1000 nucleotides. After its production, a pri-miRNA is further cleaved into
precursor miRNA (pre-miRNA) at its stem-loop structure by the RNase III enzyme Drosha [15] and
its cofactor DGCR8 (DiGeorge syndrome critical region gene 8 or Pasha) [16], which is composed of
approximately 70 nucleotides [17]. The pre-miRNA is then transported from the nucleus into the
cytoplasm by an exportin 5/ GTP-binding nuclear protein Ran (RanGTP) complex [18] and is then
further cleaved by the RNase III enzyme Dicer to yield a single-stranded mature miRNA [19]. The name
of the mature miRNA form is determined by the directionality of the miRNA. The 5p strand arises
from the 50 end of the pre-miRNA hairpin, while the 3p strand originates from the 30 end. To perform
its function, a miRNA interacts with the argonaute (AGO) protein to form an effector complex called
the RNA-induced silencing complex (RISC). RISC binds to the 30 -untranslated region (UTR) of a target
messenger RNA (mRNA), leading to the repression of protein translation or mRNA degradation.
Of note, evidence suggests that a miRNA binds to a specific “seed sequence” to regulate its target
gene(s), resulting in either translational repression, mRNA deadenylation, and decapping by 30 UTR
binding [20], or silencing by 50 UTR binding [16]. Furthermore, in most conditions, the complementarity
between mammalian miRNAs and mRNA targets is not fully complete [21]. Perfectly complementary
target mRNAs are mainly cleaved by protein argonaute-2 (AGO2) in humans [22]. In cases of partial
complementarity, AGO proteins recruit the GW182 family to mediate gene silencing [20,23]. GW182
proteins play a central part in this silencing process and function as flexible scaffolds to bridge the
interaction between AGO proteins and downstream effector complexes [2].
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2.2. The Noncanonical Pathways of miRNA Biogenesis
In addition to the canonical miRNA biogenesis pathways, multiple noncanonical miRNA
biogenesis pathways have been proposed. These pathways utilize different combinations of the
main proteins, such as Drosha, Dicer, exportin 5, and AGO2, which are involved in the canonical
pathway. In general, noncanonical miRNA biogenesis can be grouped into Drosha/DGCR8-independent
and Dicer-independent pathways.
2.2.1. Drosha/DGCR8-Independent Pathway
A noncanonical pathway was first described to take place during mirtron production, in which
the Drosha-mediated processing step is bypassed and pre-miRNA is produced from mRNA introns
during splicing [24]. Another example is the 7-methylguanosine (m7 G)-capped pre-miRNAs, which are
endogenous short hairpin RNAs generated directly through transcription (for example, miR-320).
These nascent RNAs are then directly exported to the cytoplasm through exportin 1 without the need
for Drosha cleavage. Following Dicer processing, the 3p miRNA is strongly selected, most likely due
to the m7 G cap preventing 5p miRNA loading onto AGO [25].
2.2.2. Dicer-Independent Pathway
Dicer-independent miRNAs are processed by Drosha from endogenous short hairpin RNA
(shRNA) transcripts, and one example miR-451 [26]. Drosha generates a short pre-miR-451 hairpin
with a stem of ~18 bp that is too short to be processed by Dicer [26]. Thus, pre-miR-451 is directly
loaded onto AGO2 and cleaved by the AGO catalytic center to generate an intermediate 3p strand,
which is then further trimmed [27].
3. Extracellular microRNAs in Biological Fluids
Many studies have shown that miRNAs can be detected in human biological fluids, such as
plasma [28], serum [29], urine [30], cerebrospinal fluid [31], saliva [32], breast milk [33], bronchial lavage,
tears, colostrum, peritoneal fluid, and seminal fluid [34]. One of the main features of extracellular
miRNAs is their high stability in body fluids, even under extreme conditions, such as high RNase activity,
low or high pH, long-term room temperature storage, or multiple freeze–thaw cycles [28]. For example,
in human urine samples, even after seven cycles of freezing and thawing or 72 hour-long storage at
room temperature, miRNA levels remained unchanged [35]. More importantly, similar to intracellular
miRNAs, extracellular miRNAs have been suggested to be involved in cell–cell communication and
play a regulatory role in physiological and pathological processes [36]. Extracellular miRNAs are
released via three different pathways: (1) active transport via extracellular vesicles (EVs), (2) active
secretion via an RNA-binding protein-dependent pathway, and (3) passive leakage from broken or
damaged cells.
3.1. Extracellular microRNA Transport via Extracellular Vesicles
EVs are membrane-bound vesicles released by cells for intercellular communication. In general,
smaller EVs (<200 nm) generated by exocytosis of intraluminal vesicles through the fusion of
multivesicular bodies (MBs) with the plasma membrane are called exosomes, while larger EVs (>200
nm) formed by direct shedding, outward budding and fission of the plasma membrane are called
microvesicles (Some authors suggested also including intermediate vesicles). Both exosomes and
microvesicles can serve as mechanisms of miRNA release into the circulation of extracellular fluid.
Even with many research efforts over the years, the miRNA secretory mechanism is still obscured.
Kosaka et al. found that miRNAs are released through ceramide-dependent secretory machinery [37]
but not the endosomal sorting complex required for transport (ESCRT) system, which is essential for
exosomes being targeted to lysosomes [38]. Neutral sphingomyelinase 2 (nSMase2) has been shown to
regulate ceramide biosynthesis and act as the key molecule in the secretion of exosomal miRNAs [37].
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Growing evidence has shown that cells might preferentially select particular miRNA populations
and sort them into EVs [39]. However, the mechanism by which the miRNA content of EVs is
determined is a critical question and still poorly understood. Some studies have suggested a role for
AGO2 [40] and other RNA-binding proteins, such as heterogeneous nuclear ribonucleoprotein A2B1
(hnRNPA2B1) [41] and Y-box protein 1 [42], in the regulation of miRNA loading into exosomes.
3.2. Extracellular microRNA Transport via RNA-Binding Proteins
Several studies have shown that a handful of miRNAs are still detectable in the microvesicle-free
fraction after isolation of exosomes/microvesicles using high-speed ultracentrifugation from
biofluid [43,44], indicating the presence of non-vesicle-associated miRNAs.
Vickers et al. have reported that high-density lipoprotein (HDL) can transport endogenous
miRNAs in the circulation and suggest that through divalent cation bridging, HDL could bind to
extracellular plasma miRNAs and possibly protect miRNAs from external RNases [45]. Furthermore,
the bound miRNAs can be taken up via class B type I scavenger receptors to then promote target mRNA
inhibition in recipient cells [45]. Notably, the authors also demonstrated that the inhibition of nSMase2
significantly increased the amount of a specific miRNA exported to HDL, while previous data showed
that the overexpression of nSMase2 promoted the release of exosomal miRNAs [45]. These results
suggest that the export of specific miRNAs through the exosomal pathway and the HDL-dependent
pathway may be opposing mechanisms, although nSMase2 activity is involved in both pathways.
In mammals, AGO2 is one of the major components of the RISC complex.
In 2011, two independent research groups demonstrated that most circulating extracellular
miRNAs are not associated with exosomes but bound to AGO2 protein [46,47]. In size-exclusion
chromatography studies, most plasma miRNAs were copurified with the AGO2 ribonucleoprotein
complex, but only a few miRNAs, such as miR-16 and miR-92a, were predominantly associated with
vesicles [47]. Another RNA-binding protein, nucleolar protein nucleophosmin 1 (NPM1), has been
found to carry miRNA and may play a role in protecting miRNA from degradation [48]. Although these
data showed that large portions of the circulating extracellular miRNAs are vesicle-free, protein-bound
miRNAs, these miRNAs may be byproducts of cell death [46].
4. miRNAs in Acute Kidney Injury
As miRNAs are critical regulators of the fundamental activities of a cell from proliferation and
differentiation to apoptosis, the number of studies on the functions of miRNAs in AKI progression is
rapidly growing. The first evidence of miRNAs having pathological roles in AKI was established by a
conditional knockout mouse model in which Dicer was ablated specifically from kidney proximal tubule
(PT) [49]. In this model >80% of miRNAs were depleted from the renal cortex, and the PT-Dicer−/−
mice showed remarkable resistance to ischemic AKI, with significantly better renal function, less
tissue damage, less tubular apoptosis, and better survival than wild-type mice after I/R injury [49].
These observations suggested a critical role for Dicer and associated miRNA production with the
pathogenesis of ischemic AKI.
4.1. miR-687
The same team also examined microRNA expression by microarray analysis in the I/R mouse
model and found that 13 specific miRNAs were increased, while a dozen of miRNAs were decreased [49].
Of note, among the increased miRNAs, miR-687 was markedly upregulated (>1700-fold) in mouse renal
cortical tissue after I/R injury and in cultured kidney cells during hypoxia. The induction of miR-687
was decreased in hypoxia-inducible factor-1 (HIF-1) knockout cells and proximal tubule-specific HIF-1
knockout mice, which suggested that HIF-1 induced miR-687 [50]. Further bioinformatics analysis
indicated phosphatase and tensin homolog (PTEN) as a target of miR-687. Blocking miR-687 preserved
PTEN expression and attenuated cell cycle activation and renal apoptosis, resulting in protection
against ischemic AKI in mice. Collectively, these results reveal that miR-687 plays a pathogenic role in
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ischemic AKI and demonstrate a novel HIF-1/miR-687/PTEN signaling pathway in I/R injury that may
be targeted for therapy [50]
4.2. miR-24
miR-24 has been shown to be upregulated in the kidney after I/R injury in mice, and silencing of
miR-24 in vivo ameliorated renal I/R injury, inflammation, and renal function as well as overall survival
in vivo [51]. Overexpression of miR-24 enhanced proximal tubular and endothelial cell apoptosis
by downregulating sphingosine-1-phosphate receptor 1 (S1PR1), H2A histone family, member X
(H2A.X), and heme oxygenase-1 (HO-1) protein [51]. H2A.X and HO-1 protect against DNA damage
and oxidative stress [52,53], while S1P1R agonists directly block apoptosis and induce cell survival
pathways via activation of the Akt and/or mitogen-activated protein kinase (MAPK) pathways [54].
Of note, postischemic fibrosis development was also highly attenuated in mice after miR-24 inhibition,
which might be attributed to enhanced capillary density and tubular epithelial cell survival. Finally,
miR-24 was upregulated in the kidneys of renal transplant recipients with prolonged cold ischemia
time, indicating its potential role in human renal I/R injury [51].
4.3. miR-494
Our group found that miR-494 was upregulated quickly in kidney tissues after I/R injury and
targeted activating transcription factor 3 (ATF3). In vivo, overexpression of miR-494 not only induced
the expression of inflammatory mediators, such as IL-6, MCP-1, and P-selectin, but also promoted the
NF-kB-dependent inflammatory response, resulting in exacerbated apoptosis and a further decrease in
renal function [55]. Of note, we also found that the elevated expression of urinary miR-494 preceded
the expression of serum creatinine in mice after I/R injury. Furthermore, there were no differences
in the serum concentrations of miR-494, suggesting its renal or urinary tract origin. The delivery of
antisense-miR-494 to mice before I/R injury rescued renal function, reduced proinflammatory cytokines,
and caused suppression of caspase-3 apoptotic activity [55]. Accordingly, the serum miR-494 levels in
healthy volunteers (healthy control), intensive care unit (ICU) patients without AKI, and ICU patients
with AKI did not differ significantly, while the urinary levels of miR-494 in ICU patients suffering from
AKI were significantly higher compared with those in the healthy control group [55].
Since the previous finding of the negative regulation between miR-494 and ATF3, we further
isolated and measured the exosomal ATF3 mRNA levels in these urine samples. The ATF3 mRNA level
in urinary extracellular vesicles was also higher in patients with AKI in the ICU compared with levels
in healthy individuals [56]. Of note, total urinary ATF3 mRNA levels were not different. In a mouse
model of AKI, we also found that the urinary exosomal ATF3 mRNA level was increased significantly
as early as 1 h after I/R, with a simultaneous increase in the ATF3 mRNA level in the kidney tissue [56].
Previously, Yoshida et al. showed that overexpression of ATF3 in mice via adenovirus-mediated gene
transfer ameliorated I/R injury, and our group found that ATF3 knockout (ATF3 KO) mice had higher
renal I/R-induced mortality [57] and kidney dysfunction compared with wild-type mice [58]. We then
asked whether the epithelium-derived exosomal ATF3 mRNA had a protective role after I/R injury.
First, epithelium-derived exosomal ATF3 mRNA decreased MCP-1 expression in epithelial cells and
macrophage infiltration after hypoxia/reoxygenation (H/R) [56]. Second, we noted that knockdown of
ATF3 increased I/R-induced MCP-1 mRNA expression both in vitro and in vivo [56]. Finally, and most
interestingly, intrarenal pelvic injection of exosomal ATF3 ameliorated I/R-induced renal dysfunction
in ATF3 KO mice compared to wild-type mice [56]. In contrast, the administration of exosomal Flag
did not affect I/R-induced renal dysfunction [56]. These data suggest that the increased level of ATF3
mRNA in extracellular vesicles in the urine reflects a protective signaling effect through extracellular
vesicle uptake and activation of ATF3-responsive gene expression programs in target cells.
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4.4. miR-21
Although miR-21 has the most consistently reported association with AKI, the data are difficult to
interpret, and the miRNA appears to play a dual role. It has been proposed that miR-21 is a two-edged
sword in ischemic AKI: neither knockdown nor overexpression led to adverse consequences [59].
The deletion of miR-21 significantly promotes cell death [60], whereas overexpression of miR-21
suppresses cell death by downregulating programmed cell death protein 4 (PDCD4) in septic
AKI [61]. Additionally, emergent data showed that I/R injury suppressed miR-21 expression in
bone marrow-derived dendritic cells, and mice with miR-21 deficiency in dendritic cells aggregated
I/R injury [62]. One clinical study found that miR-21 levels increased both in plasma and urine
with increasing AKI severity after adult cardiac surgery [63]. However, another clinical study found
decreased, but not increased, expression of miR-21 in cardiac surgery-associated AKI patients [64].
Recently, a large-scale study found that urine and blood miR-21 expression in the remote ischemic
preconditioning group increased significantly in children with congenital heart disease undergoing
cardiopulmonary bypass surgery [65]. These findings may reflect a pleiotropy of miR-21 targets with a
complex regulatory network.
5. miRNAs as Novel Biomarkers for AKI
5.1. Circulating miRNAs
As miRNAs could be secreted into many different body fluids, such as serum and urine, they
have been proposed to serve as novel biomarkers for the early diagnosis of AKI (Table 1). However,
current human experiments are characterized by variability in the described microRNA responses
and lack consistent results. This may be related to the different pathogenesis types in AKI or to a
complex but rapidly responding miRNA-associated regulatory network. An early observation study
showed that circulating levels of miR-16 and miR-320 were downregulated in the plasma of AKI
patients, whereas miR-210 was upregulated compared with that in healthy controls [66]. The study
also demonstrated that miR-210 could be a robust independent predictor of 28-day survival in critically
ill patients with AKI [66]. A further study identified a set of 10 selected miRNAs (miR-101-3p,
miR-127-3p, miR-210-3p, miR-126-3p, miR-26b-5p, miR-29a-3p, miR-146a-5p, miR-27a-3p, miR-93-3p
and miR-10a-5p) for AKI diagnosis in ICU patients. This panel of miRNAs showed a high diagnostic
value with nearly 100% sensitivity and specificity [67]. In the same study, another set of four miRNAs
miR-26b-5p, miR-146a-5p, miR-93-3p, and miR-127-3p were progressively downregulated in serum
before AKI diagnosis by serum creatinine after cardiac surgery [67]. Recently, the study showed that
circulating miR-494 increased significantly in children with AKI after cardiopulmonary bypass [68].
Of note, emergent data suggested that the higher level of serum miR-210 and miR-494 in patients
with sepsis-induced AKI were also correlated with poor prognosis and survival [69]. Additionally,
a similar study was performed in CIN. The serum levels of three miR-30 family members (miR-30a,
miR-30c, and miR-30e) showed more than a two-fold increase in comparison with those in patients who
received contrast media but did not experience nephropathy [70]. Moreover, circulating miRNA-30a
and miRNA-30e levels were also validated to increase in another CIN cohort study conducted by
Sun et al. [71]. They found that circulating miR-188 could be a predictor for CIN [71].
5.2. Urinary miRNAs
Although many researchers study circulating miRNAs, our group focuses on urinary miRNAs for
early identification of AKI development. First, given the diversity of AKI pathogenesis, the circulating
miRNA might be much more complicated than urinary miRNA, especially during the complex
immunologic reaction in sepsis-related AKI. Second, it is believed that renal tubular injury is involved
in most kinds of AKI. Urinary miRNA would be much more specific under this condition. Of note,
in the following studies about possible candidate miRNAs for AKI, their expression was often decreased
compared to that in the respective control group. This phenomenon might raise questions about sample
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preservation or the accuracy of the detection method for further application in clinical use. After our
first finding of the increase in urinary miR-494 in AKI patients, Ramachandran et al. further found that
urinary miR-21, miR-200c, and miR-423 increased in AKI patients during ICU admission [72]. Likewise,
urinary miR-30c-5p and miR-192-5p were significantly increased as early as 2 h after cardiac surgery
in AKI patients [73]. Furthermore, urinary miR-30c-5p had better diagnostic value in postcardiac
surgery-related AKI compared with protein-based markers such as neutrophil gelatinase-associated
lipocalin (NGAL) and kidney injury molecule-1 (Kim-1) [73]. Therefore, urinary miRNA might be a
much more promising potential biomarker than circulating miRNA for further translation into clinical
use for the early detection of AKI due to its rapid increase after cellular injury.
Table 1. MicroRNAs in acute kidney injury as novel biomarkers.
Possible
Pathophysiology

Species

Serum

Urine

Ref.

I/R

Human, mice

-

↑ miR-494

[55]

I/R

Human

↑ miR-494

-

[68]

I/R, inflammation

Human

↓ miR-16, miR320
↑ miR 210

-

[66]

I/R, inflammation

Human

↓ miR-101-3p, miR-127-3p,
miR-210-3p, miR-126-3p,
miR-26b-5p, miR-29a-3p,
miR-146a-5p, miR-27a-3p,
miR-93-3p and miR-10a-5p

-

[67]

I/R

Human

↑ miR-21

↑ miR-21

[63,65]

I/R

Human

↓ miR-21

↓ miR-21

[64]

I/R, inflammation

Human

-

↑ miR-21

[74]

I/R, inflammation

Human

↑ miR-21-3p

-

[75]

I/R

Human

↑ miR-192

-

[76]

I/R, inflammation

Human

-

↑ miR-21, miR-200c,
and miR-423
↓ miR-4640

[72]

I/R

Human

-

↑ miR-30c-5p,
miR-192-5p

[73]

I/R, inflammation

Human, mice

-

↑ miR-16

[77]

CIN

Human

↑ miR-30a, miR-30c,
and miR-30e

-

[70]

CIN

Human

↑ miR-30a, miR-30e,
and miR-188

-

[71]

The upwards arrow represents the level of microRNA increases in AKI status, while the downwards arrow represents
the level of microRNA decreases in AKI status.

6. miRNAs as a Potential Therapeutic Strategy in AKI
6.1. miRNA Targeted Therapy
miRNAs are critical players in epigenetic regulation and thus may have potential therapeutic
(or preventive) effects. In our previous study, not only the level of miR-494 but also the urinary level
of miR-16 in AKI patients was significantly higher than those in patients without AKI during ICU
admission [77]. In a “proof of concept” study, mice received an intrarenal pelvic injection of lentivirus
containing miR-16 or antisense-miR-16 before I/R injury. Unfortunately, the urinary miR-16 level was
only partially reduced by in vivo lentivirus-mediated antisense-miR-16 gene transfer into the kidneys,
and the attenuation of I/R-induced renal dysfunction was also incomplete compared to scramble
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control [77]. However, Wilingseder et al. intravenously administered antisense oligonucleotide (ASO)
in mice and successfully inhibited miR-182 in the mouse kidneys for up to 96 h [78]. Subsequently, they
demonstrated that the highly selective inhibition of miR-182-5p by ASO injection improved kidney
function and histology significantly after I/R injury in mice [78]. The authors suggested that this
antisense technology may have the potential to change the practice of human kidney transplantation.
Likewise, the miR-668 mimic has been reported to protect mice from ischemic AKI by suppressing
mitochondrial protein 18 kDa (MTP18) [79].
6.2. Stem Cell-Derived miRNAs (Stem Cell Secretome)
In addition to the potential miRNA-based therapy for AKI by miRNA mimics or anti-miRNA
oligonucleotides, we emphasize the clinical use of microvesicles or exosomes not only as a spectacular
delivery system for miRNA but also for stem cell-derived miRNAs. EVs are membrane-bound vesicles
released by cells for intercellular communication. EVs are subdivided into exosomes, microvesicles,
and apoptotic bodies. miRNAs are particularly enriched in exosomes and microvesicles. Stefano Gatti
et al. found that the administration of microvesicles isolated from mesenchymal stem cells (MSCs)
could protect rats against I/R injury, but RNase-treated microvesicles lost their protective effect [80].
Cantaluppi et al. also found that the injection of endothelial progenitor cell (EPC)-derived microvesicles
into mice could protect the mouse kidneys from I/R injury but fibroblast-derived microvesicles could
not. Of note, the EPC-derived microvesicles lost their renoprotective effect after treatment with RNase,
nonspecific miRNA depletion by Dicer knockdown, or specific depletion of miR-126 and miR-296 by
transfection of progenitor cells with miR-antagomirs [81]. Vinas et al. further studied human cord
blood endothelial colony-forming cell (ECFC)-derived exosomes, which were enriched for miR-486-5p.
Infusion of ECFC exosomes ameliorated I/R injury in vivo, which was associated with increased kidney
miR-486-5p levels, PTEN levels, and increased phosphorylated Akt levels [82]. Similarly, exosomes
from ECFCs transfected with anti-miR-486-5p lost their renoprotective effect in vivo and in vitro [82].
Recently, Zhu et al. also demonstrated that human-bone-marrow-derived mesenchymal stem cells
exosomes protected against I/R injury in vivo and in vitro by delivering miR-199a-3p renal tubule
cells [83]. These results suggest that miRNA-containing microvesicles or exosomes from stem cells,
known as the stem cell secretome, utilize cell–cell communication and might be a novel potential
therapeutic strategy for AKI.
7. Conclusions
The central dogma of molecular biology, where genetic material is transcribed into RNA and
then translated into protein, provides a great starting point for our understanding of the principles of
nature. The picture has been revised in light of emerging novel roles for noncoding RNA, especially
miRNA. miRNAs may fine-tune large genetic networks or predominantly control specific main targets,
thus playing critical roles in almost all biological cell functions. The accumulated evidence suggests
that miRNAs play a vital role in the development and progression of AKI. There is no doubt that the
more we understand the basic biology of miRNAs, the more we could apply them for the treatment of
AKI patients. As our previous finding demonstrated, we would like to emphasize the role of urine
miRNA in AKI (and most kidney diseases). There is still little known about the fundamental biology
of urine miRNAs. For example, while most circulating miRNAs are bound solely by AGO proteins,
but not encapsulated by microvesicles, whether most urine miRNAs share the same characteristic is
still unclear.
Additionally, whether the stabilization of urinary miRNAs is associated with microvesicles or
AGO2 (or both) is not completely understood, although a previous study showed that urinary miRNAs
are resistant to trypsin [84] but not proteinase K [85]. Nevertheless, our unpublished data showed that
the total amount of urine miRNAs was obviously increased in urothelial carcinoma patients followed
by septic AKI patients and CIN patients compared to that in healthy volunteers. The delivery system
of urine miRNAs might be different under different conditions, such as diseased vs. healthy state or

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW

10 of 16

Additionally, whether the stabilization of urinary miRNAs is associated with microvesicles or
AGO2 (or both) is not completely understood, although a previous study showed that urinary
miRNAs
are 21,
resistant
Int. J. Mol.
Sci. 2020,
6738 to trypsin [84] but not proteinase K [85]. Nevertheless, our unpublished data
10 of 16
showed that the total amount of urine miRNAs was obviously increased in urothelial carcinoma
patients followed by septic AKI patients and CIN patients compared to that in healthy volunteers.
The delivery
of urine Further
miRNAsresearch
might be
different
differentour
conditions,
such asof the
tumorigenesis
vs. system
inflammation.
in this
area under
will improve
understanding
diseased role
vs. healthy
state or tumorigenesis
vs. inflammation.
Further research
in this
area will
physiological
and pathogenesis
of urine miRNAs,
and their mechanism
of cell–cell
communication.
improve
our understanding
of the
role and
pathogenesis of
urine
miRNAs, and
their in
In
this article,
we illustrated
thephysiological
possible model
of intracellular
and
extracellular
miRNAs
mechanism of cell–cell communication.
renal tubular cells after acute kidney injury to provide further research directions and innovative
In this article, we illustrated the possible model of intracellular and extracellular miRNAs in
translation applications in Figure 1. In addition, in recent years, the growing preclinical data show that
renal tubular cells after acute kidney injury to provide further research directions and innovative
urinary
miRNAs could serve as biomarkers for the early diagnosis of AKI. Favorably, our recent study
translation applications in Figure 1. In addition, in recent years, the growing preclinical data show
demonstrated
that
the intrarenal
administration
enriched
in ATF3
RNA
exhibited
protective
that urinary
miRNAs
could serve
as biomarkers of
forEVs
the early
diagnosis
of AKI.
Favorably,
oura recent
effectstudy
in a mouse
modelthat
of I/R-induced
renal injury.
Bruno
et al.in further
demonstrated
demonstrated
the intrarenalacute
administration
of EVs
enriched
ATF3 RNA
exhibited a that
miRNAs
in stem
and in
progenitor
EVs mightacute
be a promising
intervention
for AKI.
protective
effect
a mouse cell-derived
model of I/R-induced
renal injury.early
Bruno
et al. further
demonstrated
in stem
and progenitor
cell-derived
EVs silencing-mediated
might be a promisingfine-tuners
early
Recently,
Michaelsthat
et al.miRNAs
employed
CRISPR/Cas9
to integrate
miRNA
intervention
Michaels
al. employed
to integrate
miRNA
(miSFITs)
into thefor
30 AKI.
UTR Recently,
of a critical
tumor et
suppressor
geneCRISPR/Cas9
to demonstrate
genetically
encoded
silencing-mediated
fine-tuners
(miSFITs)
into
the
3′
UTR
of
a
critical
tumor
suppressor
gene toturn a
fine-tuning of endogenous gene expression levels in mammalian cells [86]. These studies might
demonstrate genetically encoded fine-tuning of endogenous gene expression levels in mammalian
new page
for the management of AKI, as AKI remains one of the leading causes of morbidity and
cells [86]. These studies might turn a new page for the management of AKI, as AKI remains one of
mortality in hospitalized patients worldwide.
the leading causes of morbidity and mortality in hospitalized patients worldwide.

Figure
1. The
possible
model
intracellularand
and extracellular
extracellular miRNAs
after
acute
kidney
injury
in in
Figure
1. The
possible
model
of of
intracellular
miRNAs
after
acute
kidney
injury
renal
tubular
cells.
To
respond
to
the
acute
injury,
miRNAs
are
first
transcribed
as
primary
miRNAs
renal tubular cells. To respond to the acute injury, miRNAs are first transcribed as primary miRNAs
(Pri-miRNAs) in renal tubular cells. Next, pri-miRNAs further cleave to the pre-miRNAs by the
(Pri-miRNAs) in renal tubular cells. Next, pri-miRNAs further cleave to the pre-miRNAs by the
Drosha/DGCR8 microprocessor complex and then exported into the cytoplasm. In the cytoplasm,
Drosha/DGCR8 microprocessor complex and then exported into the cytoplasm. In the cytoplasm,
pre-miRNAs are then unwound by Dicer to the formation of double-stranded miRNAs which
pre-miRNAs are then unwound by Dicer to the formation of double-stranded miRNAs which complex
complex with argonaute (AGO) proteins. The mature miRNA guide strand is stably loaded into the
with argonaute
(AGO)
proteins.
The (RISC)
maturealong
miRNA
is and
stably
loaded
into the
RNA-induced
RNA-induced
silencing
complex
withguide
AGO2strand
protein
GW182
to form
mature
RISC
silencing
complex
(RISC)
along
AGO2
protein
and GW182
to form mature
RISCmiRNAs
(miRISC)
(miRISC)
complex,
while
thewith
other
strand
is thought
to be degraded.
The mature
incomplex,
the
whilemiRISC
the other
is thought
to be degraded.
miRISC
can base
canstrand
base pair
with its target
mRNAs andThe
leadmature
to the miRNAs
repressionin
ofthe
protein
translation
or pair
with its
target
mRNAs and
lead
to thedoes
repression
of protein
translation
or mRNA
degradation.
mRNA
degradation.
If the
miRISC
not combine
with its
target strands,
miRNAs
can then beIf the
selected
sorted intowith
the its
microvesicles
(MVs),
intermediate
vesicles
(IVs), orand
multivesicular
miRISC
does and
not combine
target strands,
miRNAs
can then
be selected
sorted into the
bodies
(MVBs).
Exosomes
are
then
secreted
after
translocation
of
MVBs
from
the
cytoplasm
to the are
microvesicles (MVs), intermediate vesicles (IVs), or multivesicular bodies (MVBs). Exosomes
plasma
membrane
by
exocytosis.
miRNAs
could
also
secrete
with
the
collaboration
of
high-density
then secreted after translocation of MVBs from the cytoplasm to the plasma membrane by exocytosis.
lipoprotein (HDL), AGO2, or other RNA-binding protein (RBP). Red arrows indicate the possible
miRNAs
could also secrete with the collaboration of high-density lipoprotein (HDL), AGO2, or other
RNA-binding protein (RBP). Red arrows indicate the possible transport pathways of serum miRNAs
(also named “circulating microRNAs”). Black arrows indicate the possible transport pathways of urinary
miRNAs. Although most of these in urine remains unknown, the growing emergent data suggested
urinary miRNAs could be novel biomarkers for acute kidney injury (AKI). Once miRNAs enter to the
downstream target renal tubular cells, and then, again, form miRISC to base pair with its target mRNAs
leading to mRNA silencing. Of note, the injection of miRNA targeted therapy, or stem-cell-derived
miRNAs might be an innovative therapeutic strategy for AKI. ORF: open reading frame.

Int. J. Mol. Sci. 2020, 21, 6738

11 of 16

Author Contributions: Writing—original draft preparation, Y.-L.W., and H.-F.L.; writing—review and editing,
H.-H.C. and H.L. All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by the Ministry of Science and Technology (MoST 103-2314-B-038-016-MY3,
MoST 104-2314-B-038-047-MY2, and MoST 104-2314-B-303-014-MY3 to H.L.; MOST 107-2314-B-038-092 to Y.-L.W.;
and MOST 106-2314-B-038-064-MY3 to H.-H.C.), Taipei Medical University and Taipei Medical University Hospital
(104TMU-TMUH-10 to H.-H.C. and H.L. and 106TMU-TMUH-13 to Y.-L.W.).
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AGO
AGO2
AKI
ARF
ASO
ATF3
CIN
CKD
DGCR8
ECFC
EPC
ESCRT
EVs
H/R
HDL
HIF-1
hnRNPA2B1
HO-1
I/R
ICU
IL-1
IL-6
Kim-1
m7 G
MAPK
MBs
MCP-1
miRNAs
miSFITs
MSCs
MTP18
NGAL
NPM1
nSMase2
PDCD4
PT
PTEN
RanGTP
RISC
S1PR1
shRNA
TNF-α
UTR

argonaute
protein argonaute-2
acute kidney injury
acute renal failure
antisense oligonucleotide
activating transcription factor 3
Contrast-induced nephropathy
chronic kidney disease
DiGeorge syndrome critical region 8
endothelial colony-forming cell
endothelial progenitor cell
endosomal sorting complex required for transport
extracellular vesicles
hypoxia/reoxygenation
high-density lipoprotein
hypoxia-inducible factor-1
heterogeneous nuclear ribonucleoprotein A2B1
heme oxygenase-1
ischemia/reperfusion
intensive care unit
interleukin-1
interleukin-6
kidney injury molecule-1
7-methylguanosine
mitogen-activated protein kinase
multivesicular bodies
monocyte chemoattractant protein-1
microRNAs
miRNA silencing-mediated fine-tuners
mesenchymal stem cells
mitochondrial protein 18 kDa
neutrophil gelatinase-associated lipocalin
nucleophosmin 1
neutral sphingomyelinase 2
programmed cell death protein 4
proximal tubule
phosphatase and tensin homolog
GTP-binding RAs-related nuclear protein
RNA-induced silencing complex
sphingosine-1-phosphate receptor 1
short hairpin RNA
tumor necrosis factor-alpha
untranslated region

Int. J. Mol. Sci. 2020, 21, 6738

12 of 16

References
1.
2.
3.
4.
5.

6.

7.

8.
9.
10.

11.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.

Lewington, A.J.; Cerda, J.; Mehta, R.L. Raising awareness of acute kidney injury: A global perspective of a
silent killer. Kidney Int. 2013, 84, 457–467. [CrossRef] [PubMed]
Jonas, S.; Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing.
Nat. Rev. Genet. 2015, 16, 421–433. [CrossRef] [PubMed]
Guo, C.; Dong, G.; Liang, X.; Dong, Z. Epigenetic regulation in AKI and kidney repair: Mechanisms and
therapeutic implications. Nat. Rev. Nephrol. 2019, 15, 220–239. [CrossRef] [PubMed]
Basile, D.P.; Anderson, M.D.; Sutton, T.A. Pathophysiology of acute kidney injury. Compr. Physiol. 2012, 2,
1303–1353. [PubMed]
Susantitaphong, P.; Cruz, D.N.; Cerda, J.; Abulfaraj, M.; Alqahtani, F.; Koulouridis, I.; Jaber, B.L.; Acute Kidney
Injury Advisory Group of the American Society of Nephrology. World incidence of AKI: A meta-analysis.
Clin. J. Am. Soc. Nephrol. 2013, 8, 1482–1493. [CrossRef]
Uchino, S.; Kellum, J.A.; Bellomo, R.; Doig, G.S.; Morimatsu, H.; Morgera, S.; Schetz, M.; Tan, I.; Bouman, C.;
Macedo, E.; et al. Acute renal failure in critically ill patients: A multinational, multicenter study. JAMA 2005,
294, 813–818. [CrossRef]
Agarwal, A.; Dong, Z.; Harris, R.; Murray, P.; Parikh, S.M.; Rosner, M.H.; Kellum, J.A.; Ronco, C.; Acute
Dialysis Quality Initiative XIII Working Group. Cellular and Molecular Mechanisms of AKI. J. Am.
Soc. Nephrol. 2016, 27, 1288–1299. [CrossRef]
Sharfuddin, A.A.; Molitoris, B.A. Pathophysiology of ischemic acute kidney injury. Nat. Rev. Nephrol. 2011,
7, 189–200. [CrossRef]
Zarbock, A.; Gomez, H.; Kellum, J.A. Sepsis-induced acute kidney injury revisited: Pathophysiology,
prevention and future therapies. Curr. Opin. Crit. Care 2014, 20, 588–595. [CrossRef]
Peerapornratana, S.; Manrique-Caballero, C.L.; Gomez, H.; Kellum, J.A. Acute kidney injury from sepsis:
Current concepts, epidemiology, pathophysiology, prevention and treatment. Kidney Int. 2019, 96, 1083–1099.
[CrossRef]
Heyman, S.N.; Rosen, S.; Rosenberger, C. Renal parenchymal hypoxia, hypoxia adaptation, and the
pathogenesis of radiocontrast nephropathy. Clin. J. Am. Soc. Nephrol. 2008, 3, 288–296. [CrossRef] [PubMed]
Geenen, R.W.; Kingma, H.J.; van der Molen, A.J. Contrast-induced nephropathy: Pharmacology,
pathophysiology and prevention. Insights Imaging 2013, 4, 811–820. [CrossRef] [PubMed]
Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597–610. [CrossRef] [PubMed]
Tufekci, K.U.; Oner, M.G.; Meuwissen, R.L.; Genc, S. The role of microRNAs in human diseases.
Methods Mol. Biol. 2014, 1107, 33–50.
Denli, A.M.; Tops, B.B.; Plasterk, R.H.; Ketting, R.F.; Hannon, G.J. Processing of primary microRNAs by the
Microprocessor complex. Nature 2004, 432, 231–235. [CrossRef]
Forman, J.J.; Legesse-Miller, A.; Coller, H.A. A search for conserved sequences in coding regions reveals
that the let-7 microRNA targets Dicer within its coding sequence. Proc. Natl. Acad. Sci. USA 2008, 105,
14879–14884. [CrossRef]
Han, J.; Lee, Y.; Yeom, K.H.; Kim, Y.K.; Jin, H.; Kim, V.N. The Drosha-DGCR8 complex in primary microRNA
processing. Genes Dev. 2004, 18, 3016–3027. [CrossRef]
Okada, C.; Yamashita, E.; Lee, S.J.; Shibata, S.; Katahira, J.; Nakagawa, A.; Yoneda, Y.; Tsukihara, T. A
high-resolution structure of the pre-microRNA nuclear export machinery. Science 2009, 326, 1275–1279.
[CrossRef]
Zhang, H.; Kolb, F.A.; Jaskiewicz, L.; Westhof, E.; Filipowicz, W. Single processing center models for human
Dicer and bacterial RNase III. Cell 2004, 118, 57–68. [CrossRef]
Huntzinger, E.; Izaurralde, E. Gene silencing by microRNAs: Contributions of translational repression and
mRNA decay. Nat. Rev. Genet. 2011, 12, 99–110. [CrossRef]
Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]
Ipsaro, J.J.; Joshua-Tor, L. From guide to target: Molecular insights into eukaryotic RNA-interference
machinery. Nat. Struct. Mol. Biol. 2015, 22, 20–28. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 6738

23.

24.
25.
26.

27.
28.

29.

30.

31.

32.

33.
34.
35.

36.

37.
38.
39.

40.
41.

42.

13 of 16

Lian, S.L.; Li, S.; Abadal, G.X.; Pauley, B.A.; Fritzler, M.J.; Chan, E.K. The C-terminal half of human Ago2
binds to multiple GW-rich regions of GW182 and requires GW182 to mediate silencing. RNA 2009, 15,
804–813. [CrossRef] [PubMed]
Ruby, J.G.; Jan, C.H.; Bartel, D.P. Intronic microRNA precursors that bypass Drosha processing. Nature 2007,
448, 83–86. [CrossRef] [PubMed]
Xie, M.; Li, M.; Vilborg, A.; Lee, N.; Shu, M.D.; Yartseva, V.; Sestan, N.; Steitz, J.A. Mammalian 50 -capped
microRNA precursors that generate a single microRNA. Cell 2013, 155, 1568–1580. [CrossRef]
Yang, J.S.; Maurin, T.; Robine, N.; Rasmussen, K.D.; Jeffrey, K.L.; Chandwani, R.; Papapetrou, E.P.;
Sadelain, M.; O’Carroll, D.; Lai, E.C. Conserved vertebrate mir-451 provides a platform for Dicer-independent,
Ago2-mediated microRNA biogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 15163–15168. [CrossRef]
Cheloufi, S.; Dos Santos, C.O.; Chong, M.M.; Hannon, G.J. A dicer-independent miRNA biogenesis pathway
that requires Ago catalysis. Nature 2010, 465, 584–589. [CrossRef]
Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.;
Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for
cancer detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513–10518. [CrossRef]
Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization
of microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res.
2008, 18, 997–1006. [CrossRef]
Hanke, M.; Hoefig, K.; Merz, H.; Feller, A.C.; Kausch, I.; Jocham, D.; Warnecke, J.M.; Sczakiel, G. A robust
methodology to study urine microRNA as tumor marker: microRNA-126 and microRNA-182 are related to
urinary bladder cancer. Urol. Oncol. 2010, 28, 655–661. [CrossRef]
Cogswell, J.P.; Ward, J.; Taylor, I.A.; Waters, M.; Shi, Y.; Cannon, B.; Kelnar, K.; Kemppainen, J.; Brown, D.;
Chen, C.; et al. Identification of miRNA changes in Alzheimer’s disease brain and CSF yields putative
biomarkers and insights into disease pathways. J. Alzheimers Dis. 2008, 14, 27–41. [CrossRef] [PubMed]
Park, N.J.; Zhou, H.; Elashoff, D.; Henson, B.S.; Kastratovic, D.A.; Abemayor, E.; Wong, D.T. Salivary
microRNA: Discovery, characterization, and clinical utility for oral cancer detection. Clin. Cancer Res. 2009,
15, 5473–5477. [CrossRef] [PubMed]
Zhou, Q.; Li, M.; Wang, X.; Li, Q.; Wang, T.; Zhu, Q.; Zhou, X.; Wang, X.; Gao, X.; Li, X. Immune-related
microRNAs are abundant in breast milk exosomes. Int. J. Biol. Sci. 2012, 8, 118–123. [CrossRef] [PubMed]
Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.J.; Galas, D.J.; Wang, K. The microRNA
spectrum in 12 body fluids. Clin. Chem. 2010, 56, 1733–1741. [CrossRef] [PubMed]
Yun, S.J.; Jeong, P.; Kim, W.T.; Kim, T.H.; Lee, Y.S.; Song, P.H.; Choi, Y.H.; Kim, I.Y.; Moon, S.K.; Kim, W.J.
Cell-free microRNAs in urine as diagnostic and prognostic biomarkers of bladder cancer. Int. J. Oncol. 2012,
41, 1871–1878. [CrossRef]
Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9,
654–659. [CrossRef]
Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Takeshita, F.; Matsuki, Y.; Ochiya, T. Secretory mechanisms and
intercellular transfer of microRNAs in living cells. J. Biol. Chem. 2010, 285, 17442–17452. [CrossRef]
Hurley, J.H. ESCRT complexes and the biogenesis of multivesicular bodies. Curr. Opin. Cell Biol. 2008, 20,
4–11. [CrossRef]
Mittelbrunn, M.; Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.; Gonzalez, M.A.;
Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigen-presenting cells. Nat. Commun. 2011, 2, 282. [CrossRef]
McKenzie, A.J.; Hoshino, D.; Hong, N.H.; Cha, D.J.; Franklin, J.L.; Coffey, R.J.; Patton, J.G.; Weaver, A.M.
KRAS-MEK Signaling Controls Ago2 Sorting into Exosomes. Cell Rep. 2016, 15, 978–987. [CrossRef]
Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez, J.;
Martin-Cofreces, N.; Martinez-Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F.
Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding to specific motifs.
Nat. Commun. 2013, 4, 2980. [CrossRef] [PubMed]
Shurtleff, M.J.; Temoche-Diaz, M.M.; Karfilis, K.V.; Ri, S.; Schekman, R. Y-box protein 1 is required to sort
microRNAs into exosomes in cells and in a cell-free reaction. eLife 2016, 5, e19276. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 6738

43.

44.

45.

46.
47.

48.
49.
50.

51.

52.
53.

54.

55.
56.

57.

58.
59.
60.
61.
62.

14 of 16

Noferesti, S.S.; Sohel, M.M.; Hoelker, M.; Salilew-Wondim, D.; Tholen, E.; Looft, C.; Rings, F.; Neuhoff, C.;
Schellander, K.; Tesfaye, D. Controlled ovarian hyperstimulation induced changes in the expression of
circulatory miRNA in bovine follicular fluid and blood plasma. J. Ovarian Res. 2015, 8, 81. [CrossRef]
[PubMed]
Sohel, M.M.; Hoelker, M.; Noferesti, S.S.; Salilew-Wondim, D.; Tholen, E.; Looft, C.; Rings, F.; Uddin, M.J.;
Spencer, T.E.; Schellander, K.; et al. Exosomal and Non-Exosomal Transport of Extra-Cellular microRNAs in
Follicular Fluid: Implications for Bovine Oocyte Developmental Competence. PLoS ONE 2013, 8, e78505.
[CrossRef]
Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are transported
in plasma and delivered to recipient cells by high-density lipoproteins. Nat. Cell Biol. 2011, 13, 423–433.
[CrossRef]
Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular circulating
microRNA. Nucleic Acids Res. 2011, 39, 7223–7233. [CrossRef]
Arroyo, J.D.; Chevillet, J.R.; Kroh, E.M.; Ruf, I.K.; Pritchard, C.C.; Gibson, D.F.; Mitchell, P.S.; Bennett, C.F.;
Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003–5008.
[CrossRef]
Wang, K.; Zhang, S.; Weber, J.; Baxter, D.; Galas, D.J. Export of microRNAs and microRNA-protective protein
by mammalian cells. Nucleic Acids Res. 2010, 38, 7248–7259. [CrossRef]
Wei, Q.; Bhatt, K.; He, H.Z.; Mi, Q.S.; Haase, V.H.; Dong, Z. Targeted deletion of Dicer from proximal tubules
protects against renal ischemia-reperfusion injury. J. Am. Soc. Nephrol. 2010, 21, 756–761. [CrossRef]
Bhatt, K.; Wei, Q.; Pabla, N.; Dong, G.; Mi, Q.S.; Liang, M.; Mei, C.; Dong, Z. MicroRNA-687 Induced by
Hypoxia-Inducible Factor-1 Targets Phosphatase and Tensin Homolog in Renal Ischemia-Reperfusion Injury.
J. Am. Soc. Nephrol. 2015, 26, 1588–1596. [CrossRef]
Lorenzen, J.M.; Kaucsar, T.; Schauerte, C.; Schmitt, R.; Rong, S.; Hubner, A.; Scherf, K.; Fiedler, J.; Martino, F.;
Kumarswamy, R.; et al. MicroRNA-24 antagonism prevents renal ischemia reperfusion injury. J. Am.
Soc. Nephrol. 2014, 25, 2717–2729. [CrossRef] [PubMed]
Cook, P.J.; Ju, B.G.; Telese, F.; Wang, X.; Glass, C.K.; Rosenfeld, M.G. Tyrosine dephosphorylation of H2AX
modulates apoptosis and survival decisions. Nature 2009, 458, 591–596. [CrossRef] [PubMed]
Olszanecki, R.; Rezzani, R.; Omura, S.; Stec, D.E.; Rodella, L.; Botros, F.T.; Goodman, A.I.; Drummond, G.;
Abraham, N.G. Genetic suppression of HO-1 exacerbates renal damage: Reversed by an increase in the
antiapoptotic signaling pathway. Am. J. Physiol. Renal. Physiol. 2007, 292, F148–F157. [CrossRef] [PubMed]
Bajwa, A.; Jo, S.K.; Ye, H.; Huang, L.; Dondeti, K.R.; Rosin, D.L.; Haase, V.H.; Macdonald, T.L.; Lynch, K.R.;
Okusa, M.D. Activation of sphingosine-1-phosphate 1 receptor in the proximal tubule protects against
ischemia-reperfusion injury. J. Am. Soc. Nephrol. 2010, 21, 955–965. [CrossRef]
Lan, Y.F.; Chen, H.H.; Lai, P.F.; Cheng, C.F.; Huang, Y.T.; Lee, Y.C.; Chen, T.W.; Lin, H. MicroRNA-494 reduces
ATF3 expression and promotes AKI. J. Am. Soc. Nephrol. 2012, 23, 2012–2023. [CrossRef]
Chen, H.H.; Lai, P.F.; Lan, Y.F.; Cheng, C.F.; Zhong, W.B.; Lin, Y.F.; Chen, T.W.; Lin, H. Exosomal ATF3 RNA
attenuates pro-inflammatory gene MCP-1 transcription in renal ischemia-reperfusion. J. Cell Physiol. 2014,
229, 1202–1211. [CrossRef]
Yoshida, T.; Sugiura, H.; Mitobe, M.; Tsuchiya, K.; Shirota, S.; Nishimura, S.; Shiohira, S.; Ito, H.; Nobori, K.;
Gullans, S.R.; et al. ATF3 protects against renal ischemia-reperfusion injury. J. Am. Soc. Nephrol. 2008, 19,
217–224. [CrossRef]
Li, H.F.; Cheng, C.F.; Liao, W.J.; Lin, H.; Yang, R.B. ATF3-mediated epigenetic regulation protects against
acute kidney injury. J. Am. Soc. Nephrol. 2010, 21, 1003–1013. [CrossRef]
Li, Y.F.; Jing, Y.; Hao, J.; Frankfort, N.C.; Zhou, X.; Shen, B.; Liu, X.; Wang, L.; Li, R. MicroRNA-21 in the
pathogenesis of acute kidney injury. Protein Cell 2013, 4, 813–819. [CrossRef]
Godwin, J.G.; Ge, X.; Stephan, K.; Jurisch, A.; Tullius, S.G.; Iacomini, J. Identification of a microRNA signature
of renal ischemia reperfusion injury. Proc. Natl. Acad. Sci. USA 2010, 107, 14339–14344. [CrossRef]
Jia, P.; Teng, J.; Zou, J.; Fang, Y.; Wu, X.; Liang, M.; Ding, X. Xenon Protects Against Septic Acute Kidney
Injury via miR-21 Target Signaling Pathway. Crit. Care Med. 2015, 43, e250–e259. [CrossRef] [PubMed]
Jia, P.; Pan, T.; Xu, S.; Fang, Y.; Song, N.; Guo, M.; Liang, Y.; Xu, X.; Ding, X. Depletion of miR-21 in dendritic
cells aggravates renal ischemia-reperfusion injury. FASEB J. 2020, 34, 11729–11740. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 6738

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

75.
76.
77.

78.

79.

80.

15 of 16

Du, J.; Cao, X.; Zou, L.; Chen, Y.; Guo, J.; Chen, Z.; Hu, S.; Zheng, Z. MicroRNA-21 and risk of severe
acute kidney injury and poor outcomes after adult cardiac surgery. PLoS ONE 2013, 8, e63390. [CrossRef]
[PubMed]
Arvin, P.; Samimagham, H.R.; Montazerghaem, H.; Khayatian, M.; Mahboobi, H.; Ghadiri Soufi, F. Early
detection of cardiac surgeryassociated acute kidney injury by microRNA-21. Bratisl. Lek. Listy 2017, 118,
626–631. [PubMed]
Kang, Z.; Li, Z.; Huang, P.; Luo, J.; Liu, P.; Wang, Y.; Xia, T.; Zhou, Y. Remote ischemic preconditioning
upregulates microRNA-21 to protect the kidney in children with congenital heart disease undergoing
cardiopulmonary bypass. Pediatr. Nephrol. 2018, 33, 911–919. [CrossRef]
Lorenzen, J.M.; Kielstein, J.T.; Hafer, C.; Gupta, S.K.; Kumpers, P.; Faulhaber-Walter, R.; Haller, H.; Fliser, D.;
Thum, T. Circulating miR-210 predicts survival in critically ill patients with acute kidney injury. Clin. J. Am.
Soc. Nephrol. 2011, 6, 1540–1546. [CrossRef]
Aguado-Fraile, E.; Ramos, E.; Conde, E.; Rodriguez, M.; Martin-Gomez, L.; Lietor, A.; Candela, A.; Ponte, B.;
Liano, F.; Garcia-Bermejo, M.L. A Pilot Study Identifying a Set of microRNAs As Precise Diagnostic
Biomarkers of Acute Kidney Injury. PLoS ONE 2015, 10, e0127175. [CrossRef]
Wu, R.; Wu, Y.; Yang, L.; Deng, Y.; Chen, D. Value of serum level of microRNA-494 in predicting prognosis of
acute renal injury after cardiac surgery in children. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue 2019, 31, 1469–1473.
Lin, Y.; Ding, Y.; Song, S.; Li, M.; Wang, T.; Guo, F. Expression patterns and prognostic value of miR-210,
miR-494, and miR-205 in middle-aged and old patients with sepsis-induced acute kidney injury. Bosn. J.
Basic Med. Sci. 2019, 19, 249–256. [CrossRef]
Gutierrez-Escolano, A.; Santacruz-Vazquez, E.; Gomez-Perez, F. Dysregulated microRNAs involved in
contrast-induced acute kidney injury in rat and human. Ren. Fail 2015, 37, 1498–1506. [CrossRef]
Sun, S.Q.; Zhang, T.; Ding, D.; Zhang, W.F.; Wang, X.L.; Sun, Z.; Hu, L.H.; Qin, S.Y.; Shen, L.H.; He, B.
Circulating MicroRNA-188, -30a, and -30e as Early Biomarkers for Contrast-Induced Acute Kidney Injury.
J. Am. Heart Assoc. 2016, 5, e004138. [CrossRef]
Ramachandran, K.; Saikumar, J.; Bijol, V.; Koyner, J.L.; Qian, J.; Betensky, R.A.; Waikar, S.S.; Vaidya, V.S.
Human miRNome profiling identifies microRNAs differentially present in the urine after kidney injury.
Clin. Chem. 2013, 59, 1742–1752. [CrossRef]
Zou, Y.F.; Wen, D.; Zhao, Q.; Shen, P.Y.; Shi, H.; Zhao, Q.; Chen, Y.X.; Zhang, W. Urinary MicroRNA-30c-5p and
MicroRNA-192-5p as potential biomarkers of ischemia-reperfusion-induced kidney injury. Exp. Biol. Med.
2017, 242, 657–667. [CrossRef] [PubMed]
Saikumar, J.; Hoffmann, D.; Kim, T.M.; Gonzalez, V.R.; Zhang, Q.; Goering, P.L.; Brown, R.P.; Bijol, V.;
Park, P.J.; Waikar, S.S.; et al. Expression, circulation, and excretion profile of microRNA-21, -155, and -18a
following acute kidney injury. Toxicol. Sci. 2012, 129, 256–267. [CrossRef] [PubMed]
Wu, S.Y.; Zhang, H.; Wu, W.; Wu, Y.Y. Value of serum miR-21-3p in predicting acute kidney injury in children
with sepsis. Zhongguo Dang Dai Er Ke Za Zhi 2020, 22, 269–273.
Zhang, L.; Xu, Y.; Xue, S.; Wang, X.; Dai, H.; Qian, J.; Ni, Z.; Yan, Y. Implications of dynamic changes in
miR-192 expression in ischemic acute kidney injury. Int. Urol. Nephrol. 2017, 49, 541–550. [CrossRef]
Chen, H.H.; Lan, Y.F.; Li, H.F.; Cheng, C.F.; Lai, P.F.; Li, W.H.; Lin, H. Urinary miR-16 transactivated by
C/EBPbeta reduces kidney function after ischemia/reperfusion-induced injury. Sci. Rep. 2016, 6, 27945.
[CrossRef] [PubMed]
Wilflingseder, J.; Jelencsics, K.; Bergmeister, H.; Sunzenauer, J.; Regele, H.; Eskandary, F.;
Reindl-Schwaighofer, R.; Kainz, A.; Oberbauer, R. miR-182-5p Inhibition Ameliorates Ischemic Acute
Kidney Injury. Am. J. Pathol. 2017, 187, 70–79. [CrossRef]
Wei, Q.; Sun, H.; Song, S.; Liu, Y.; Liu, P.; Livingston, M.J.; Wang, J.; Liang, M.; Mi, Q.S.; Huo, Y.; et al.
MicroRNA-668 represses MTP18 to preserve mitochondrial dynamics in ischemic acute kidney injury.
J. Clin. Investig. 2018, 128, 5448–5464. [CrossRef]
Gatti, S.; Bruno, S.; Deregibus, M.C.; Sordi, A.; Cantaluppi, V.; Tetta, C.; Camussi, G. Microvesicles derived
from human adult mesenchymal stem cells protect against ischaemia-reperfusion-induced acute and chronic
kidney injury. Nephrol. Dial. Transplant. 2011, 26, 1474–1483. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 6738

81.

82.

83.

84.
85.

86.

16 of 16

Cantaluppi, V.; Gatti, S.; Medica, D.; Figliolini, F.; Bruno, S.; Deregibus, M.C.; Sordi, A.; Biancone, L.;
Tetta, C.; Camussi, G. Microvesicles derived from endothelial progenitor cells protect the kidney from
ischemia-reperfusion injury by microRNA-dependent reprogramming of resident renal cells. Kidney Int.
2012, 82, 412–427. [CrossRef] [PubMed]
Vinas, J.L.; Burger, D.; Zimpelmann, J.; Haneef, R.; Knoll, W.; Campbell, P.; Gutsol, A.; Carter, A.; Allan, D.S.;
Burns, K.D. Transfer of microRNA-486-5p from human endothelial colony forming cell-derived exosomes
reduces ischemic kidney injury. Kidney Int. 2016, 90, 1238–1250. [CrossRef] [PubMed]
Zhu, G.; Pei, L.; Lin, F.; Yin, H.; Li, X.; He, W.; Liu, N.; Gou, X. Exosomes from human-bone-marrow-derived
mesenchymal stem cells protect against renal ischemia/reperfusion injury via transferring miR-199a-3p.
J. Cell Physiol. 2019, 234, 23736–23749. [CrossRef] [PubMed]
Mall, C.; Rocke, D.M.; Durbin-Johnson, B.; Weiss, R.H. Stability of miRNA in human urine supports its
biomarker potential. Biomark. Med. 2013, 7, 623–631. [CrossRef] [PubMed]
Beltrami, C.; Clayton, A.; Newbury, L.J.; Corish, P.; Jenkins, R.H.; Phillips, A.O.; Fraser, D.J.; Bowen, T.
Stabilization of Urinary MicroRNAs by Association with Exosomes and Argonaute 2 Protein. Noncoding RNA
2015, 1, 151–166. [CrossRef] [PubMed]
Michaels, Y.S.; Barnkob, M.B.; Barbosa, H.; Baeumler, T.A.; Thompson, M.K.; Andre, V.; Colin-York, H.;
Fritzsche, M.; Gileadi, U.; Sheppard, H.M.; et al. Precise tuning of gene expression levels in mammalian cells.
Nat. Commun. 2019, 10, 818. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

