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miR-124/MCP-1 signaling pathway modulates the protective
effect of itraconazole on acute kidney injury in
a mouse model of disseminated candidiasis
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Abstract. Previous studies have indicated that monocyte
chemoattractant protein-1 (MCP-1), also referred to as
C-C motif chemokine ligand 2, has a significant role in the
pathogenesis of sepsis, however, how microRNAs (miRs)
contribute to this process remains to be fully elucidated.
In the present study, using a mouse model of disseminated
candidiasis, the renoprotective effect of itraconazole (ITR)
and adenovirus-delivered miR-124 was investigated. The mice
were treated with ITR (50 mg/kg) or transfected with miR-124
mimics via tail-vein injection 7 days prior to Candida albicans
infection. The survival outcome was monitored following
candidiasis-induced sepsis with ITR or miR-124 mimics treat-
ment. The levels of pro-inflammatory cytokines, including
tumor necrosis factor-o. (TNF-a), interleukin-1p (IL-18) and
IL-6, were determined using enzyme-linked immunosorbent
assays. The mRNA and protein levels were assayed using
reverse transcription-quantitative polymerase chain reaction
and western blot analyses, respectively. The results showed
that ITR and miR-124 mimics improved the survival outcome
in candidiasis-induced septic mice. The findings also indicated
a significant downregulation in the serum levels of TNF-a,
IL-1p and IL-6 in the septic mice treated with ITR or miR-124
mimics. Of note, ITR treatment significantly increased the
expression of miR-124 and decreased the levels of MCP-1 in
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the kidneys of the septic mice. It was also shown that the over-
expression of miR-124 reduced the expression of MCP-1 and
attenuated candidiasis-induced acute kidney injury (AKI) in
septic mice. Transfection with miR-124 mimics was equivalent
to ITR in reducing the excessive inflammatory response and
renal lesions in septic mice. These results provided evidence
supporting the use of miR-124 mimics as a therapeutic
approach for attenuating candidiasis-induced AKI.

Introduction

Sepsis is a serious pathogenic infection and can deteriorate
in a generalized immune response to systemic infection,
which is a leading contributor to mortality rates in intensive
care units (1). Candidiasis, particularly Candida albicans
(C. albicans), is one of the leading worldwide nosocomial
infections occurring following the onset of sepsis, and the
mortality rate attributable to candidemia is ~40% despite
the use of antifungal agents (2,3). In order to improve the
treatment of candidemia-induced multiple organ failure, it is
important to first understand its pathogenesis. A mouse model
of disseminated C. albicans infection has been used exten-
sively to examine the pathological process, and the kidney
is the primary target organ (4). There is increasing evidence
suggesting that the activation of the pro-inflammatory
mechanism is involved in candidiasis-induced acute kidney
injury (AKI) (5,6). Interleukin-lo (IL-1a), IL-1f, IL-6, tumor
necrosis factor-a. (TNF-a) and interferon-y (IFN-y) have
been shown previously to be important in the pathogenesis of
candidemia-induced renal injury (7,8). In addition, chemokines
and their receptors are reportedly induced in a fatal mouse
model of invasive candidiasis (5,7). These findings suggest that
reducing the excessive production of inflammatory cytokines
during candidemia is beneficial for attenuating AKI.
Itraconazole (ITR) is an azole broad-spectrum anti-
fungal agent, and is orally administered for C. parapsilosis,
C. albicans and C. glabrata infections (9-11). Generally,
the treatment of fungal infections with ITR may be due not
only to its direct antifungal effect, but also due to the induc-
tion of an immunomodulatory effect on the host defense



LI et al: miR-124/MCP-1 SIGNALING IN SEPSIS-INDUCED AKI

systems via the regulation of cytokine production (12). ITR
has an anti-inflammatory effect in vivo and in vitro (13,14).
In human lymphoid cells, ITR suppresses the accumula-
tion of TNF-a and IFN-y messenger RNAs (mRNAs) in
the presence of polyhydroxyalkanoate (15). In addition, ITR
inhibits the TNF-a-induced expression of CXCLI10 in oral
fibroblasts (16). In a murine model of chronic pulmonary
paracoccidioidomycosis, ITR improves tissue lesions and
immunomodulation through the regulation of pro-inflamma-
tory cytokine levels (17). However, there has been no report on
the protective effect of ITR in mice with renal injury.

A class of small non-coding RNAs (18-25 nucleotides)
known as microRNAs (miRs), which regulate the translation of
target mRNAS by binding to 3'-untranslated regions (3'-UTRs),
have emerged as multifunctional post-translational modula-
tors correlated with several diseases (18,19). The association
between sepsis and differentially expressed miRs has become
a focus of investigations (20). C. albicans infection or bacterial
cell surface lipopolysaccharide (LPS) treatment can induce the
upregulation of miRs, including miR-146, miR-155, miR-455
and miR-125a, in macrophages (21). In our previous study,
it was demonstrated that miR-204 and miR-211 were down-
regulated in the kidneys of septic mice, however, intravenous
injection of miR-204 and miR-211 reversed sepsis-induced
renal injury (22). Therefore, the identification of novel
therapeutic targets based on an improved understanding of the
molecular pathogenesis is required.

In the present study, ITR was identified as an antifungal
agent against candidiasis-induced AKI through the inhibition
of monocyte chemoattractant protein-1 (MCP-1). However,
information on the effect of post-translational modulators on
the nephroprotection of ITR in septic mice remains limited.
Utilizing online prediction algorithms in the present study,
MCP-1 was identified as a direct target of miR-124. It was
recognized that miR-124/MCP-1 was closely associated
with candidiasis-induced AKI, which may be a valuable
molecular target for investigating the pathogenesis of renal
dysfunction.

Materials and methods

Cell culture. 293T cells (American Type Culture Collection,
Manassas, VA, USA) were incubated in Dulbecco's modi-
fied Eagle's medium (DMEM; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and supplemented with 10% FBS,
100 pg/ml streptomycin and 100 IU/ml penicillin (all from
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany).

Animal treatment. The experiments were approved by the
Ethics Committee of the Second Affiliated Hospital of Guilin
Medical University (Guilin, China) and were performed in
accordance with its guidelines. A total of 120 male §-week-old
C57BL/6J mice (body weight, 20+2 g) were obtained from
Charles River Laboratories (Wilmington, MA, USA) and were
allowed to acclimate to the environment for 1 week. The mice
were provided with free access to food and tap water, and were
individually caged under a controlled temperature (23+2°C)
and humidity (60+5%) with an artificial 12-h light/dark cycle.
The mice were randomly divided into six groups (n=20 in each
group) as follows: NC group injected with normal saline; CAN
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group infected with C. albicans via the injection of 1.0x107
colony-forming units intraperitoneally; ITR group treated
with ITR (50 mg/kg; Xi'an-Janssen Pharmaceutical, Ltd.,
Xi'an, China) by intragastric administration; CAN+ITR group
infected with C. albicans and co-treated with ITR (50 mg/kg);
miR-Con group infected with C. albicans with co-injection
of scramble sequence (miR-Con); miR-124 group infected
with C. albicans with co-injection of miR-124 mimics.
The C. albicans strain SC5314 was obtained from a fungal
suspension (American Type Culture Collection) as described
elsewhere (23) and cultivated in YPD (1% yeast extract,
1% peptone and 2% dextrose) broth with overnight shaking at
30°C. The systemic fungal infection was performed as in our
previously described method (22).

Hematoxylin and eosin (H&E) staining. Kidney tissues were
collected 7 days following C. albicans injection via intra-
peritoneal injection of sodium pentobarbital (2%; 150 mg/kg;
Sigma-Aldrich; Merck Millipore), and were fixed with 4%
formalin at room temperature for 24 h and paraffin-embedded.
The tissues were then cut into ~5-um-thick sections, which
were stained with H&E at room temperature for 1-2 min
and visualized under a microscope (Leica DM 2500; Leica
Microsystems GmbH, Wetzlar, Germany). Renal injury was
assessed using a previously described 0-4 point scale (24) as
follows: 0, none; 1, <10%; 2, 10-25%; 3, 25-75%:;, or 4, >75%.

Enzyme-linked immunosorbent assay (ELISA). The levels of
inflammatory cytokines, TNF-a (cat.no. E-EL-M0049c), IL-1(
(cat.no. E-EL-M0037c) and IL-6 (cat. no. E-EL-M0044c¢) were
measured using mouse ELISA kits (Elabscience Biotechnology
Co., Ltd., Wuhan, China) with a SpectraMax M5 ELISA plate
reader (Molecular Devices, LLC., Sunnyvale, CA, USA),
according to the manufacturer's protocol.

Measurement of glomerular filtration rate (GFR). Serum
cystatin C (CysC) and 2-microglobulin ($2-MG) are freely
filtered by the glomerular membrane, which makes blood
levels good indicators of GFR function. In the present study,
CysC (cat. no. CYS4004) and $2-MG (cat. no. RQ9114)
were measured using a RANDOX enzymatic creatinine
assay (Randox Laboratories Ltd., Antrim, UK). Blood urea
nitrogen (BUN) was measured via an enzymatic kinetic
method using a commercial kit (cat. no. C013-2; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Serum
creatinine (SCr) levels were measured using an autoanalyzer
according to the manufacturer's protocol (cat. no. CO11-1;
Nanjing Jiancheng Bioengineering Institute).

Recombinant adenoviruses. Recombinant adenoviruses for
the expression of miR-124 or control scrambled short hairpin
RNA (miR-Con) were generated using the BLOCK-iT adeno-
viral RNAI expression system (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
High-titer stocks of amplified recombinant adenoviruses were
purified as described previously (25). The viruses were diluted
in PBS and administered at a dose of 107 plaque-forming units
per well in 12-well plates, 10° plaque-forming units per were
administered to mice via tail-vein injection every other day
for 7 days.
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Table I. Primers were used for reverse transcription-quantitative polymerase chain reaction of miRs and mRNAs.

Gene Forward primer (5'-3") Reverse primer (5'-3")
miR-124 CGTGTTCACAGCGGACCTTG TGGTGTCGTGGAGTCG

miR-290-5p ACACTCCAGCTGGGTTTCACGGGGGTATCA TGGTGTCGTGGAGTCG

miR-292-5p ACACTCCAGCTGGGGTTTTCUCGGGGGUCA TGGTGTCGTGGAGTCG

u6 CGCTTCGGCAGCACATATACTAA TATGGAACGCTTCACGAATTTGC
MCP-1 ATTTCCACACTTCTATGCCTCCT ATCCAGTATGGTCCTGAAGATCA
TNF-a GCCACCACGCTCTTCTGTCTAC GGGTCTGGGCCATAGAACTGAT
IL-1B ACCTTCCAGGATGAGGACATGA CTAATGGGAACGTCACACACCA
IL-6 CACATGTTCTCTGGGAAATCG TTGTATCTCTGGAAGTTTCAGATTG
GAPDH GCACCGTCAAGCTGAGAAC TGGTGAAGACGCCAGTGGA

miR, microRNA; MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a; IL, interleukin; GAPDH, glyceraldehyde

3-phosphate dehydrogenase.

Transfection with miR-124 mimics and miR-Con. The
sequences of the miR-124 mimics (5'-UAAGGCACGCGG
UGAAUGCC-3") and miR-Con (5-UCCAAACAUCGGUGA
AUGCC-3") were synthesized by Guangzhou RiboBio Co.,
Ltd. (Guangzhou, China). The 293T cells were transfected
using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at a final concentration of 50 nM. At 48 h
post-transfection, the cells were harvested for analysis.

Dual-luciferase reporter gene assay. The wild-type (WT,
5'-GACUCGGACUGUGUGCCUUA-3") and mutant-type
(MUT, 5-GACUCGGACUGUGUAUUCCA-3") 3'-UTR of
MCP-1 were synthesized by PCR, and the fragments were
subcloned into the pmirGLO Dual-Luciferase miRNA target
expression vector (Promega Corp., Madison, WI, USA). The
potential binding site between miR-124 and MCP-1 was
obtained using online prediction software (miRanda-mirSVR;
http://www.microrna.org), miRDB (http:/www.mirdb.
org/miRDB/) and TargetScan (http://www.targetscan.org/).
The 293T cells were transfected with luciferase reporter vectors
containing the WT and MUT MCP-1-3'-UTR (0.5 ug). The
miR-124 mimics or miR-Con were co-transfected at 50 nM.
The luciferase activity was measured using the Dual Luciferase
Reporter® assay system (cat. no. E1960; Promega Corp.) on
a Luminoskan™ Ascent Microplate Luminometer (Thermo
Fisher Scientific, Inc.). The dual-luciferase reporter gene assay
was performed as previously described (22).

RNA analysis and RT-gPCR analysis. Total RNA was
extracted using TRIzol (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. The cDNA
was synthesized by RT reactions with 2 pg of total RNA
using moloney murine leukemia virus reverse transcriptase
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. The mRNA and miR levels were
determined using the TagMan RT-qPCR ELISA (Thermo
Fisher Scientific, Inc.) on an ABI 7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). A total
of 20 ul reaction mixture includes cDNA (100 ng) + DEPC
H,0O (9 ul), 300 nM of each primer, 2X buffer (10 1) and 20X
TagMan Gene Expression Assay (1 ul). The thermocycling

reactions were as follows: 95°C for 10 min, followed by
40 cycles of 95°C for 15 sec, 60°C for 30 sec, and 72°C for
30 sec. The relative expression levels of miR and mRNA were
calculated using the 224°4 method (26) and normalized to the
internal control U6 and glyceraldehyde 3-phosphate dehydro-
genase, respectively. The primers were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China) as shown in Table I.

Western blot analysis. Protein was extracted using Radio-
immunoprecipitation Assay Lysis Buffer (Beyotime Institute of
Biotechnology, Haimen, China). The concentration was deter-
mined using the Bicinchoninic Acid Kit for Protein Determination
(Sigma-Aldrich; Merck KGaA). Samples containing 50 pg of
protein were separated using 10% SDS-PAGE gel and trans-
ferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Following blocking with 5% (w/v) non-fat
dry milk in TBS and 0.1% (w/v) Tween-20 (TBST), Primary
antibodies MCP-1 (cat. no. sc-1784; dilution 1:500) and B-actin
(cat. no. sc-130065; dilution 1:2,000) were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and incubated
for 2 h at room temperature. The appropriate horseradish peroxi-
dase-conjugated secondary antibody (cat. no. sc-516102; dilution
1:10,000) was purchased from Santa Cruz Biotechnology, Inc.
and incubated for 1 h at room temperature. Western blot analysis
was performed as previously described (22). Protein bands
were densitometrically assessed using Quantity One® software
(version 4.5; Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the mean + standard
deviation for each group. All statistical analyses were
performed using PRISM version 5.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). Inter-group differences were analyzed
using one-way analysis of variance, followed by Tukey's
post-hoc test for multiple comparisons. The log-rank test was
used to compare group survival trends. P<0.05 was considered
to indicate a statistically significant difference.

Results

ITR improves survival outcome following candidiasis.
C. albicans injection induced animal death within 24 h, with
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Figure 1. ITR improves survival outcome following candidiasis. C57BL/6J
mice were injected with C. albicans (1.0x107 colony-forming units) intra-
peritoneally with or without ITR (50 mg/kg). Animal survival was recorded
for the duration of the investigation. “P<0.05, compared with the CAN group.
ITR, itraconazole; CAN, Candida albicans.

50% mortality by 70 h post-C. albicans injection, and 25% of
animals surviving at day 7. However, in the septic mice treated
with ITR, no death occurred until 30 h post-C. albicans
injection, with 65% of the ITR-treated mice surviving for the
duration of the investigation (Fig. 1).

ITR inhibits systemic and local inflammatory responses in septic
mice. MCP-1 is a member of the CC chemokine family and it
is an important molecule for monocyte recruitment under acute
inflammatory conditions, regulating the progression of inflamma-
tion through the production of pro-inflammatory cytokines (27).
A study by Labbe ef al showed that antibody neutralization of
MCP-1 prevented the endotoxin-induced upregulation of IL-1a,
IL-1p and IL-6 in the diaphragm (28). Therefore, the present
study investigated the levels of MCP-1 in septic mice. The
results showed that the mRNA (Fig. 2A) and protein (Fig. 2B)
expression levels of MCP-1 in the kidneys from septic mice were
significantly higher, compared with those in the control group,
which were markedly decreased by ITR (Fig. 2A and B). The
serum and renal levels of pro-inflammatory cytokines (TNF-a,
IL-1p and IL-6) were determined. As shown in Fig. 2C and D,
compared with the control group, the serum and renal levels of
pro-inflammatory cytokines were significantly increased in the
septic mice. Treatment with ITR for 7 days resulted in a decrease
of pro-inflammatory cytokines in septic mice, suggesting that
ITR inhibited the excessive systemic and local inflammatory
response in candidiasis-induced AKI mice.

ITR alleviates candidiasis-induced AKI. BUN is an indicator
of kidney impairment, and SCr represents a good indicator of
the severity of renal impairment, particularly of GFR (29). To
evaluate renal damage, BUN and SCr were measured in healthy
and septic mice with or without ITR treatment. As shown
in Fig. 3A and B, candidiasis induced significant increases in
BUN and SCr levels, which were significantly attenuated by
treatment with ITR. In addition, the present study analyzed the
GFR by measuring CysC and serum 2-MG under different
treatment conditions. As shown in Fig. 3C and D, CysC and
p2-MG levels were significantly higher in the septic mice,
compared with those in the control group, however, ITR
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Figure 2. ITR inhibits systemic and local inflammatory responses in septic
mice. mRNA and protein expression levels were analyzed by (A) RT-qPCR
and (B) western blot analyses in the kidneys of septic mice with or without
ITR treatment. (C) Levels of inflammatory cytokines, TNF-a, IL-1f and
IL-6, in serum were measured using mouse ELISA kits. (D) mRNA levels of
TNF-a, IL-1p and IL-6 were analyzed by RT-qPCR analysis in the kidneys
from septic mice with or without ITR treatment. "P<0.05 compared with the
NC group; "P<0.05 compared with the CAN group. TNF-a, tumor necrosis
factor-a; IL, interleukin; ITR, itraconazole; CAN, Candida albicans; NC,
negative control; RT-qPCR, reverse transcription-quantitative polymerase
chain reaction.

treatment significantly reduced the increased levels of CysC
and (32-MG in the septic mice. In accordance with these data,
improved renal pathological changes were observed in the
ITR-treated septic mice. As shown in Fig. 4A and B, the induc-
tion of candidiasis produced focal and segmental hyperplasia
with diffuse mesangial proliferation and glomerular lesions.
By contrast, the damage was markedly attenuated in the
ITR-treated group.

ITR regulates the expression of miR-124 in the kidneys of
septic mice.Based on the experiments, MCP-1 was closely asso-
ciated with candidiasis-induced AKI. To investigate whether
MCP-1 may be regulated by miRs, online prediction software
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Figure 3. ITR alleviates candidiasis-induced acute kidney injury. The levels of
(A) BUN, (B) SCr, (C) CysC and (D) p2-MG were measured in healthy and septic
mice with or without ITR treatment to evaluate renal injury. “P<0.05 compared
with the NC group; “P<0.05 compared with the CAN group. BUN, blood urea
nitrogen; SCr, serum creatinine; CysC, cystatin C; $2-MG, 2-microglobulin;
ITR, itraconazole; CAN, Candida albicans; NC, negative control.

(miRanda-mirSVR, miRDB and TargetScan) was used for
prediction. It was found that miR-124 was overlapping in the
miRanda-mirSVR and TargetScan databases, and miR-290-5p
and miR-292-5p were overlapping in the miRanda-mirSVR
and miRDB databases. Therefore, the expression levels of
miR-124, miR-290-5p and miR-292-5p were measured in the
kidneys from septic mice. The results demonstrated that the
levels of miR-124 were significantly decreased in the kidneys
from the C. albicans-injected mice, compared with those in
the healthy mice (Fig. 5). However, there was no significant
difference in miR-290-5p or miR-292-5p between the CAN
group and NC group (Fig. 6A and B). Of note, ITR-treated
reversed the candidiasis-induced downregulation of miR-124
in the kidneys of the septic mice (Fig. 5), suggesting that the
overexpression of miR-124 contributed to the improved candi-
diasis-induced AKI. To investigate whether MCP-1 was a direct
target of miR-124, the online prediction software was used
for prediction. The results showed that the 3'-UTR of MCP-1
contained one conserved binding site of miR-124 (Fig. 7A). To
confirm this, a luciferase activity assay was performed on the
293T cells. As shown in Fig. 7B, transfection with miR-124
mimics significantly reduced the luciferase activity elicited
by the luciferase vector carrying the complementary sequence
with the WT 3'-UTR of MCP-1. Following transfection with
miR-124 mimics, no significant difference was observed in
luciferase enzyme activity between the NC group and the
reporter vector group containing the MUT 3'-UTR of MCP-1.
These findings demonstrated that MCP-1 was a direct target
gene of miR-124 by binding with its 3'-UTR.
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Figure 4. ITR alleviates candidiasis-induced acute kidney injury. (A) H&E
staining was performed in healthy and septic mice with or without ITR treat-
ment to evaluate renal injury (magnification, x200). (B) Kidney injury scores
are shown for each group. ‘P<0.05 compared with the CAN group. ITR, itra-
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Figure 5. ITR regulates expression of miR-124 in the kidneys of septic mice.
The levels of miR-124 were analyzed by reverse transcription-quantitative
polymerase chain reaction analysis in the kidneys of septic mice with
or without ITR treatment. ‘P<0.05 compared with the NC group; “P<0.05
compared with the CAN group. miR, microRNA; ITR, itraconazole; CAN,
Candida albicans; NC, negative control.

Overexpression of miR-124 improves survival outcome following
candidiasis. In septic mice, miR-Con transfection had no
significant effect on survival outcome. However, the septic mice
transfected with miR-124 mimics began to die at 35 h, with 60%
of the septic mice surviving for the duration of the investiga-
tion (Fig. 8).

Intravenous injection of miR-124 inhibits the expression
of MCP-1, inflammatory cytokines and AKI in septic mice.
To investigate the effects of miR-124 on the inflammatory
response and sepsis-induced AKI in vivo, male C57BL/6J



LI et al: miR-124/MCP-1 SIGNALING IN SEPSIS-INDUCED AKI

>
&

0.5+

miR-290-5p/U6
(224t normalize)

0.0 -

CAN CAN+ITR

0.5+

miR-292-5p/U6
(2734C normalize)

0.0 -

NC ITR CAN CAN+ITR

Figure 6. Expression of miR-290-5p and miR-292-5p. Levels of
(A) miR-290-5p and (B) miR-292-5p were analyzed by reverse transcrip-
tion-quantitative polymerase chain reaction analysis in the kidneys of septic
mice with or without ITR treatment. miR, microRNA; ITR, itraconazole;
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Figure 7. MCP-1 is a direct target gene of miR-124. (A) Schematic repre-
sentation of the putative miR-124 binding site in the 3'-UTR of MCP-1 was
predicted using online databases. (B) 293T cells were co-transfected with
the WT or MUT MCP-1-3-UTR and miR-590-3p mimics or miR-Con, and
a luciferase activity assay was performed. ‘P<0.05 compared with the NC
group (n=3 in each group). WT, wild-type; MUT, mutant; miR, microRNA;
MCP-1, monocyte chemoattractant protein-1.

mice were infected with miR-124 mimics and miR-Con via
tail-tail injection, and it was found that levels of miR-124 were
significantly increased in the kidneys, compared with those in
the NC group or miR-Con group (Fig. 9A). To determine the
effects of miR-124 on inflammatory signaling, the effects of
the overexpression of miR-124 on MCP-1 were examined in the
kidneys of the mice. The mRNA and protein levels of MCP-1
were significantly inhibited in the kidneys of mice transfected
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Figure 8. Overexpression of miR-124 improves survival outcome following
candidiasis. C57BL/6J mice were injected with Candida albicans
(1.0x107 colony-forming units) intraperitoneally with or without miR-124
mimics. Animal survival was recorded for the duration of the study. "P<0.05
compared with the CAN group. miR, microRNA; CAN, Candida albicans;
NC, negative control.

with miR-124, compared with those in the miR-Con group
(Fig. 9B-D). The effects of miR-124 mimics on the serum
levels of inflammatory cytokines associated with MCP-1 were
also examined in septic mice. It was found that the serum
levels of TNF-a, IL-1p and IL-6 were markedly decreased
by miR-124 mimics in septic mice (Fig. 9E). Furthermore,
the miR-124 mimics led to significant decreases in the levels
of BUN and SCr in serum of the septic mice (Fig. 9F and G),
suggesting that miR-124 may improve the inflammatory
response and AKI in septic mice through the inhibiting
the expression of MCP-1.

Discussion

Experimental and clinical data support that candidiasis is
a dominant factor for AKI (22,30). There are no effective
therapies in candidiasis-induced AKI. In order to improve
clinical outcomes, understanding the exact molecular mecha-
nisms in candidiasis-induced AKI is considered essential.
The present study used a mouse model of disseminated
candidiasis, and the findings indicated that the upregulation
of MCP-1 levels and inhibition of miR-124 were involved in
candidiasis-induced AKI. In addition, a bioinformatics predic-
tion approach showed that miR-124 was targeted to MCP-1 by
binding with its 3'-UTR. The data revealed molecular insights
into the involvement of miR-124 and its direct target MCP-1 in
modulating sepsis-induced renal injury.

Previous studies have demonstrated that inflamma-
tion is pivotal in the pathogenesis of AKI, and that MCP-1,
which is considered a key inducer of the proinflammatory
response, has been shown to be linked with renal perfu-
sion, glomerular filtration and glomerular lesions (31,32).
Munshi et al showed that the pathologic increase in the
expression of MCP-1 originates from the diseased kidney, and
MCP-1 offers potential as a biomarker of AKI (31). MCP-1
is known to contribute to the toxic effect of LPS in vivo and
in vitro (33,34); therefore, attenuating a pathologic increase
in the expression of MCP-1 may be important in controlling
the occurrence and development of AKI. The present study
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Figure 9. Intravenous injection of miR-124 inhibits the expression of MCP-1, inflammatory cytokines and AKI in septic mice. (A) Levels of miR-124 were
analyzed by RT-qPCR in the kidneys of septic mice following adenovirus-delivered miR-124 transfection. mRNA and protein expression were analyzed by
(B) RT-qPCR and (C) western blot analyses in the kidneys of septic mice with or without miR-124 treatment. (D) Quantification of blots. (E) Serum levels of
inflammatory cytokines, TNF-a, IL-1$3 and IL-6 were measured using mouse enzyme-linked immunosorbent assay kits in septic mice with or without miR-124
treatment. Levels of (F) BUN and (G) SCr were measured in healthy and septic mice with or without miR-124 treatment. ‘P<0.05 compared with the NC group;
"P<0.05 compared with the CAN group. miR, microRNA; MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a; IL, interleukin;
BUN, blood urea nitrogen; SCr, serum creatinine; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CAN, Candida albicans; NC, nega-

tive control; Con, control.

provided evidence that ITR possessed a nephroprotective
effect against candidiasis-induced toxicity via inhibiting the
mRNA and protein expression of MCP-1 in the kidney. In
candidiasis-exposed mice, significant increases in BUN, SCr
and mortality rate were observed. By contrast, treatment with
ITR resulted in a significant decrease of these parameters in
septic mice. On histopathological examination, it was also
observed that renal lesions were reduced significantly in septic
mice receiving ITR treatment. Unexpectedly, the adminis-
tration of exogenous miR-124 was able to efficiently restore
and ameliorate the damaged kidney in candidemia mice,
as ITR, through the suppression of MCP-1 levels. In addi-
tion, consistent with a previous study (35), miR-124 directly
inhibited the serum levels of TNF-a, IL-1p and IL-6 in septic
mice. Therefore, the evidence showed that miR-124 may be a
potential therapeutic target for the treatment of inflammatory
diseases.

In the present study, it was demonstrated that candidiasis
increased the expression of MCP-1 in the kidney and that this
effect occurred with the downregulation of miR-124. miR-124
isknown to directly target MCP-1, and restoration of the expres-
sion of miR-124 by lentiviral infection or formulated miR-124
injection inhibits oral tumor growth in vivo (36). miR-124

is also involved in the amadori-glycated albumin-induced
inflammatory effect in cultured rat retinal ganglion cells
and the inflammatory phenotype of pulmonary vascular
fibroblasts (37,38). The present study confirmed that miR-124
regulated inflammatory signaling via an MCP-1-dependent
mechanism in septic mice, associated with renal protection.
The results provided confirmation of exogenous miR-124 as a
novel avenue for the treatment of AKI.

In our previous study, it was demonstrated that the admin-
istration of exogenous miR-204 and miR-211 possessed the
ability to efficiently ameliorate candidiasis-induced AKI (22),
and is a type of gene therapy that has been well accepted in
clinical practice (39). Zhou et al showed that the systemic
administration of miR-155 mimics attenuated cardiac dysfunc-
tion and improved survival rates in late sepsis (40). The results
of a study by Zheng et al showed that the silencing of miR-195
reduced multiple-organ injury and improved survival rates in
sepsis (41). All the evidence indicates that exogenous miRs are
involved in sepsis-induced inflammatory activity and tissues
lesions. In the present study, adenovirus-delivered miR-124
increased by almost 2.5-fold in the kidneys from septic mice,
and the overexpression of miR-124 may represent a novel
therapeutic approach for sepsis-induced AKI.
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Taken together, previous results and those of the present

study provide evidence that MCP-1 is involved in the excessive
inflammatory response induced by candidiasis in septic mice.
However, ITR had a potent nephroprotective effect on the septic
mouse model. In addition, an in vivo experiment demonstrated
that adenovirus-delivered miR-124 can be introduced into the
kidney to inhibit the expression of MCP-1 and the inflamma-
tory response. These results provide a novel perspective on
molecular-targeted therapy for candidiasis-induced AKI.
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