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Abstract

Objective

To identify specific miRNAs involved in sepsis-induced AKI and to explore their targeting
pathways.

Methods

The expression profiles of mMiRNAs in serum from patients with sepsis-induced AKI (n = 6),
sepsis-non AKI (n = 6), and healthy volunteers (n = 3) were investigated by microarray
assay and validated by quantitative PCR (qPCR). The targets of the differentially expressed
miRNAs were predicted by Target Scan, mirbase and Miranda. Then the significant func-
tions and involvement in signaling pathways of gene ontology (GO) and KEGG pathways
were analyzed. Furthermore, eight miRNAs were randomly selected out of the differentially
expressed miRNAs for further testing by gPCR.

Results

gPCR analysis confirmed that the expressions levels of hsa-miR-23a-3p, hsa-miR-4456,
hsa-miR-142-5p, hsa-miR-22-3p and hsa-miR-191-5p were significantly lower in patients
with sepsis compared with the healthy volunteers, while hsa-miR-4270, hsa-miR-4321, hsa-
miR-3165 were higher in the sepsis patients. Statistically, miR-4321; miR-4270 were signifi-
cantly upregulated in the sepsis-induced AKI compared with sepsis-non AKI, while only
miR-4321 significantly overexpressed in the sepsis groups compared with control groups.
GO analysis showed that biological processes regulated by the predicted target genes
included diverse terms. They were related to kidney development, regulation of nitrogen
compound metabolic process, regulation of cellular metabolic process, cellular response to
oxidative stress, mitochondrial outer membrane permeabilization, etc. Pathway analysis
showed that several significant pathways of the predicted target genes related to oxidative
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stress. miR-4321 was involved in regulating AKT1, mTOR and NOX5 expression while miR-
4270 was involved in regulating PPARGC1A, AKT3, NOX5, PIK3C3, WNT1 expression.
Function and pathway analysis highlighted the possible involvement of miRNA-deregulated
mRNAs in oxidative stress and mitochondrial dysfunction.

Conclusion

This study might help to improve understanding of the relationship between serum miRNAs
and sepsis-induced AKI, and laid an important foundation for further identification of the
potential mechanisms of sepsis-induced AKI and oxidative stress and mitochondrial
dysfunction.

Introduction

Despite advances in the treatment of critically ill patients, the development of acute kidney
injury (AKI) shows a high mortality rate [1]. The mortality rate was 34% in patients with AKI
versus 7% in patients without AKI [2]. The cause of AKI in critically ill patients is often multi-
factorial, while sepsis is the most common cause which is up to 50% [3, 4]. And sepsis-induced
AKT is diagnosed in up to 47.9% of ICU patients, it is associated with increased progression to
chronic kidney disease (CKD) [1]. Therefore sepsis-induced AKI should be intervened as early
as possible. But the mechanisms underlying this event are not fully understood.

There were distinct pathophysiological changes in sepsis-induced AKI compared to non
sepsis-induced AKI reflected by special biomarkers, including interleukin-18 (IL-18) whose
concentrations were higher in urine of sepsis induced AKI patients [5] Various serum and uri-
nary biomarkers have been found to be up-regulated in kidney injury, such as liver fatty-acid
binding protein, cystatin C, kidney injury molecule-1 and neutrophil gelatinase-associated
lipocalin [6]. However, they are not specific enough to reflect the pathophysiological changes
during early stage of sepsis and AKI.

MicroRNAs (miRNA) are endogenous non-coding RNA molecules which regulate gene
expression by degrading mRNA or inhibiting translation. Recent studies demonstrated circu-
lating miRNAs had potential value in diagnosis and prognosis of sepsis [7, 8]. Changes in
miRNA expression have been implicated in disease state and reflected the pathophysiological
changes during early stage of sepsis when compared with other biomarkers [7, 9]. Circulating
miRNAs detected in body fluids are novel biomarkers of renal diseases, including AKI [10,
11]. However, little is known about miRNA expression in septic AKI patients let alone its role
in mitochondrial oxidative stress and endothelial dysfunction.

In this study, we profiled serum miRNAs expression levels in sepsis-induced AKI and sep-
sis-non AKI affected by Gram negative (G") bacteria, identified the differentially expressed
miRNAs in sepsis-induced AKI. In addition, we investigated the miRNA expression profiles to
confirm the hypothesis that miRNAs alteration in serum might be involved in the mitochon-
drial oxidative stress and endothelial dysfunction during sepsis-induced AKIL

Materials and methods
Patients and blood samples collection

This study was approved by Shanghai Jiaotong University Xinhua Hospital Ethics Committee
(XHEC-D-2017-006) and was carried out in accordance with the Declaration of Helsinki.
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Table 1. Baseline characteristics.

Variables Septic AKI (n = 35) Sepsis-non AKI (n = 30) Control (n =20)
Age, years 67.0£10.1 65.3+19.1 55.8+13.2
Female, %(n) 65.7(23) 56.7(17) 50(10)
Hypertension, %(n) 60.0(21) 30.0(9) 10(2)

DM, %(n) 62.9(22) 33.3(10) 5.0(1)

CKD 8.6(3) 0(0) 0(0)

CKD, chronic kidney disease; DM, diabetes mellitus.

https://doi.org/10.1371/journal.pone.0173292.t001

Written informed consents were obtained from all participate in this study. Patients with sep-
sis were consecutively enrolled from the Xin-Hua Hospital affiliated with the Shanghai Jiao-
tong University School of Medicine, China, from May 2014 to January 2015. Patients were
divided into two groups: the septic-AKI group (meeting the diagnosis of both sepsis and AKI,
n = 35) and sepsis-non AKI group (with sepsis but without AKI; n = 30), AKI was defined
with KDIGO criteria and sepsis with consensus criteria. Healthy subjects were recruited from
the staff of hospital mentioned above. The patients with pre-existing chronic renal failure or
chronic use of RRT were excluded from the study. The baseline characteristics and underlying
diseases of patients with sepsis-induced AKI, sepsis-non AKI and healthy controls were shown
in Table 1. All patients were evaluated with the peak C-reactive protein (CRP), procalcitonin
(PCT) and the level of leukocytosis to determine the severity of inflammation. Additionally,
the physiological and clinical data were collected, including those that compose the APA-
CHEII (acute physiology and chronic health evaluation IT) and SOFA (Sequential Organ Fail-
ure Assessment) score. To measure the levels of microRNAs and inflammatory cytokines,
serum samples for the 1** day of diagnosis with SIRS or AKI were measured. The bacteria iden-
tified by blood culture in the patients with G- were Escherichia coli. There was no statistical
significance in terms of age or gender among the groups.

Plasma cytokines assay

Venous blood samples were taken at the time of admission for assessment of serum creatinine
concentrations. Venous blood samples were obtained from each patient within 24 h from the
first day of diagnosis with sepsis or AKI. The serum was separated, divided in aliquots, and
immediately frozen at—80°C until the time of assay. The levels of cytokines including IL-6, IL-
8, IL-2sR, IL-10, tumor necrosis factor (TNF)-a and IL-1B were quantified by using an IMMU-
LITE 1000 Automated Immunoassay Analyzer in accordance with the manufacturer’s
instructions.

Microarray analysis of mirna expression profile

15 blood samples, including 6 patients with G- sepsis-induced AKI, 6 patients with G- sepsis-
non AKI and 3 healthy controls, randomly selected from the participants in Table 1, After
blood collection, we separated serum, isolated total RNA from for miRNA and mRNA analy-
sis. To detect the global miRNA expression profile of sepsis-induced AKI and sepsis-non AKI,
we used the TRIzol Reagent (Invitrogen, USA) and a miRNeasy mini kit (Qiagen, Shanghai) to
isolate total RNA according to the manufacturers’ instructions. The samples were labeled
using the miRCURY™ Hy3"/Hy5™ Power labeling kit (Exiqon, Vedbaek, Denmark) and then
hybridized on the miRCURY™ LNA Array (v.18.0) that contained 3100 capture probes. Fol-
lowing the washing steps the slides, the Axon GenePix 4000B microarray scanner (Axon
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Instruments, Foster City, CA) was used to scan the images. The data was analyzed in GenePix
Pro 6.0 software (Axon) for grid alignment and data extraction.

After normalization, significant differentially expressed miRNAs were identified through
Volcano Plot filtering between the two experimental groups. Finally, hierarchical clustering
was performed to show distinguishable miRNA expression profiling among the samples. The
differentially expressed miRNAs were identified by a fold change of >1.5.

Quantitative RT-PCR for miRNA expression

Total RNA was isolated from serum using TRIzol reagent (Invitrogen Life Technologies,
USA). The RNA quality and quantity were measured using a NanoDrop ND-1000 spectropho-
tometer and then quantified using RT-PCR (16°C for 30 min, 42°C for 40 min, and 85°C for 5
min) and a Gene Amp PCR System 9700 (Applied Biosystems). Each RT reaction mixture con-
tained 5 pl Master Mix, 0.5 pl each primer (10 pM), and 2 pl of the corresponding template
cDNA, then was incubated at 95°C for 10 min, followed by 40 PCR cycles (95°C for 10 s and
then 60°C for 60 s) on a ViiA 7 Real-time PCR System (Applied Biosystems). hsa-miR-423-5p
level was used as the endogenous control. The bi-directional primer sequences are presented
in S1 Table. The relative expression level for each miRNA was presented by using the compar-
ative cycle threshold (CT) method (2-AACT).

Gene ontology (GO) and kyoto encyclopedia of genes and genomes
(KEGG) pathway analysis of the deregulated miRNAs

The miRNA target gene database mirbase, miranda and targetscan were used to predict target
genes of the differentially expressed miRNAs. Then the final targets were integrated from these
three public databases. Using this identified target gene set, we analyzed gene ontology (GO)
and KEGG pathway of the significant functions and its involvement in signaling pathways.
From the Biological Process, Cellular Component and Molecular Function domains, GO ana-
lyze the main function of the predicted target genes and uncover the miRNA-gene regulatory
network respectively. Pathway analysis showed that a significant enrichment in several path-
ways of the predicted target genes. The significance of GO term enrichment and the pathways
analysis was defined by p value and FDR (a p-value<0.05 is recommended).

Statistical analysis

Data were presented as mean * SD. The differences in levels of miRNAs among groups were
analyzed using two-tailed t-tests or one-way ANOVA. A P value <0.05 was considered statisti-
cally significant.

Results

In the present study, 65 patients were diagnosed with sepsis, 53.8% patients developed septic-
AKI. The main sources of sepsis were as follows: pulmonary (n = 20; 30.7%), urogenital

(n = 15; 23.08%), gastrointestinal (n = 20; 30.7%), and others (n = 10; 15.4%). The patients’
Clinical characteristics and laboratory data were presented in Tables 1 and 2. The mean age of
total 65 patients was 66.7+9.9 years and 40 patients (61.5%) were female. The characteristics of
the patients were well balanced between the two study groups. Higher level of serum Creati-
nine, BUN, CRP and PCT were found among the patients with sepsis who developed AKI. The
APACHEII score, SOFA score were significantly elevated in patients with septic-AKI com-
pared with those of patients with sepsis but without AKI. However, there were no significant
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Table 2. Clinical characteristics of the septic-acute kidney injury (AKI) and the sepsis non-AKI groups.

Variables Septic AKI (n = 35) Sepsis-nonAKIl (n = 30)
WBC, 10° cells/L 20.61+12.24 18.41+4.41
CRP, mg/dL 13.6515.02 8.92+1.84
PCT, ng/mL 51.90 + 39.76 9.56+5.51
BUN, mg/dL 44.76+7.65 14.02+1.99
Creatinine, mg/dL 3.24+2.92 0.82+0.20
APACHEII 19.546.8 12.5%4.1
SOFA 9.8+2.6 6.4+2.8
Bilirubin, mg/dL 24.816.2 14.616.1
Lactate, mg/dL 4.5+2.0 2.441.7
24h urine output (mL) 1086+ 500 1059 + 524
28d in-hospital mortality, % (n) 17.1(6) 6.7(2)

Values are presented as mean + SD.
WBC, white blood cell; CRP, C-reactive protein; PCT, procalcitonin; BUN, blood urea nitrogen.

https://doi.org/10.1371/journal.pone.0173292.t002

0.08

0.015
0.000
0.002
0.000
0.001
0.016
0.715
0.091
0.897
0.211

difference in the levels of Bilirubin, Lactate, and 24h urine output as well as 28d in-hospital

mortality between the two groups.

Comparison of the level of cytokines in the septic AKI group with those in

the sepsis-non AKI and healthy control groups

To further investigate whether inflammation status was different between septic AKI patients
and sepsis non-AKI patients, the levels of pro-inflammatory and anti-inflammatory cytokines

as well as IL-2sR were studied. As mentioned, the level of cytokines was also compared to

exclude the effect of decreased renal excretory function between the septic-AKI and healthy
controls groups. In patients with septic AKI, the levels of TNF-o, IL-1p, IL-6, IL-2sR and IL-10
were significantly increased, while the levels of IL-8 was significantly decreased compared with
sepsis patients without AKI. There was no statistical significance on the levels of IL-1f, IL-6,

IL-2sR and IL-10 in sepsis-non AKI group compared with the control (Table 3).

Differential expression of serum miRNAs from the different groups

To identify the most significant candidates, miRNAs with at least 1.5 fold expression changes
were selected (S2 Table). A total of 40 miRNAs were differentially expressed between sepsis-

induced AKI group and sepsis-non AKI groups (FDR < 0.05). In the sepsis-induced AKI
group, 13 of the 40 miRNAs, under the criteria, were up-regulated and 27 miRNAs were

down-regulated compared with the sepsis-non AKI group (Fig 1, Tables 4 and 5) Then we pro-
filed the miRNAs among these two groups and the control. A total of 37 miRNAs were differen-
tially expressed among the sepsis-induced AKI group, sepsis-non AKI group and the control

Table 3. Changes of cytokines in plasma in different groups (mean * SD).

Cytokines Septic AKI (n = 35) Sepsis-non AKI (n = 30)
IL-8, pg/mL 179.67+47.014 740.00+£100.851

IL-2sR, U/ml 2444.67+311.039 947.67+363.148

TNF-a, pg/mL 57.27+13.155 23.57+5.454

IL-10, pg/mL 29.87+4.605 7.27+4.450

IL-1B, pg/mL 13.30+1.852 5.90+1.386

IL-6, pg/mL 162.10+43.309 12.77+1.629

https://doi.org/10.1371/journal.pone.0173292.t1003

p
0.000

0.001
0.002
0.000
0.001
0.000
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Fig 1. Differentially expressed miRNAs between two groups. Septic AKI (n = 6); Sepsis-non AKI (n = 6).
Red color indicated high relative expression and green color denoted low relative expression. miRNA with
expression fold change >1.5 and with FDR <0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0173292.9001
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Table 4. Differentially expressed (fold change > 1.5) miRNAs in sepsis-induced AKI and sepsis-non
AKI.

Name Fold change (up-regulated)
hsa-miR-542-5p 1.993055
hsa-miRPlus-K1303* 2.918874
hsa-miR-3667-5p 1.685315
hsa-miR-5094 3.709517
hsa-miR-3135b 1.508861
hsa-miR-550b-2-5p 2.222272
hsa-miR-4669 1.576293
ebv-miR-BART6-3p 1.893911
hsa-miR-4788 2.229297
hsa-miR-4324 1.776153
hsa-miR-4321 1.720649
hsa-miR-600 1.749069
hsa-miR-3161 1.931825

https://doi.org/10.1371/journal.pone.0173292.t1004

(FDR < 0.05) (Fig 2). Among the 37 miRNAs, there were similar expression trends of 8 miR-
NAs in both the sepsis-induced AKI and sepsis-non AKI group compared with the control.
These 8 miRNAs differentially expressed between the sepsis-induced AKI group and the sepsis-
non AKI group were hsa-miR-142-5p, hsa-miR-4270, hsa-miR-22-3p, hsa-miR-191-5p, hsa-
miR-3165, hsa-miR-4321, hsa-miR-23a-3p and hsa-miR-4456. Three miRNAs (hsa-miR-4270,
hsa-miR-4321, hsa-miR-3165) were up-regulated in the sepsis-induced AKI group; and 5 miR-
NAs (hsa-miR-142-5p, hsa-miR-22-3p, hsa-miR-191-5p, hsa-miR-23a-3p, hsa-miR-4456) were
down-regulated.

A scatter plot was generated to assess the quality of the miRNA data after filtering, and a
volcano plot was generated to visualize the differential expression between two different condi-
tions, as shown in Fig 3.

Validation of microarray results by RT-qPCR

Based on the predicted target genes of these miRNAs, we selected eight miRNAs (hsa-miR-
4270, hsa-miR-4321, hsa-miR-3165, hsa-miR-23a-3p, hsa-miR-4456, hsa-miR-142-5p, hsa-
miR-22-3p, hsa-miR-191-5p) randomly from the differentially expressed miRNAs for further
validation.

Relative expression of each miRNA was normalized to hsa-miR-423-5p level. Among the
eight selected miRNAs, five miRNAs including hsa-miR-23a-3p, hsa-miR-4456, hsa-miR-142-
5p, hsa-miR-22-3p and hsa-miR-191-5p were significantly down-regulated in both the sepsis-
induced AKI and sepsis-non AKI groups compared with the healthy controls (P < 0.05); three
miRNAs including hsa-miR-4270, hsa-miR-4321, hsa-miR-3165 were significantly upregu-
lated in the sepsis-induced AKI group compared with the healthy controls (P < 0.05). There
was no statistical significance between sepsis-induced AKI and sepsis-non AKI groups on
down-regulated miRNAs expression (P >0.05). As to the three up-regulated miRNAs, the
expression of miR-4270 was up-regulated only in AKI group (P < 0.05) with no statistical sig-
nificance in sepsis-non AKI group compared with the control. The expression of miR-3165
was increased in sepsis groups no matter whether AKI existed or not (P < 0.05). While statisti-
cal significance among the sepsis-induced AKI, sepsis-non AKI and the control groups was
shown only on miR-4321 expression (P <0.05) (Fig 4). The miRNAs whose expression levels
altered were related to at least 77 mitochondrial oxidative stress and dysfunction-associated
target genes based on target predictions (Table 6).
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Table 5. Differentially expressed (fold change > 1.5) miRNAs in sepsis-induced AKI and sepsis-non
AKI.

Name Fold change (down-regulated)

hsa-miR-30e-5p 0.46247

hsa-miR-5704 0.478386

hsa-miR-424-5p 0.467525

hsa-miR-431-5p 0.600788

hsa-miR-326 0.266967

hsa-miR-1306-5p 0.6186

hsa-miR-30c-5p 0.425879

hsa-miR-126-5p 0.32673
hsa-miR-221-3p 0.44086
hsa-miR-550a-3-5p/hsa-miR-550a-5p 0.659555

hsa-miR-208a-5p 0.542032

hsa-let-7e-3p 0.336665

hsa-miR-15a-5p 0.475941

hsa-miR-15b-5p 0.489396
hsa-miR-548m 0.358639
hsa-miR-599 0.201873
hsa-miR-20a-5p 0.438378
hsa-miR-191-5p 0.505111

After normalization, obtained average values for each miRNA spot were used for statistics. MiRNA with
expression fold change >1.5 and with FDR <0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0173292.t005

GO and KEGG pathway analysis of the deregulated miRNAs

We predicted the potential target genes of these 8 differentially expressed miRNAs among the
three groups to further explore the miRNAs function by using Target Scan, mirbase and
Miranda. Then the significant functions and involvement in signaling pathways of GO and
KEGG pathways were analyzed. GO analysis showed that regulation of cellular metabolic pro-
cess, regulation of gene expression and regulation of nitrogen compound metabolic process
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Fig 2. Differentially expressed miRNAs among the three groups. Control (n = 3); Septic AKI (n = 6); Sepsis-non AKI
(n =6). Red color indicated high relative expression and green color denoted low relative expression. miRNA with
expression fold change >1.5 and with FDR <0.05 was considered statistically significant. MiRNAs marked with arrow were

randomly selected for further confirmation by RT-qPCR.

https://doi.org/10.1371/journal.pone.0173292.9002

represented the significantly enriched ones. (Fig 5A, S3 Table) Other biological processes regu-
lated by the predicted target genes included kidney development, cellular response to oxidative
stress, mitochondrial outer membrane permeabilization and etc. Pathway analysis showed that
Wnht signaling pathway and FoxO signaling pathway were abundant among the significantly
enriched ones. Other significant pathways of the predicted target genes included HIF-1 signal-
ing pathway, PI3K-Akt signaling pathway, mTOR signaling pathway, TNF signaling pathway,
TGEF-beta signaling pathway (Fig 5B, 54 Table). They were found to be involved in response to
oxidative stress and mitochondrial dysfunction (Fig 6). From the functional analysis of these
DE miRNAs using KEGG pathway enrichment analysis, we inferred that circulating miRNAs
might participate in septic AKI by influencing immune and inflammatory response indirectly.
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https://doi.org/10.1371/journal.pone.0173292.g003

All target genes of the eight differentially expressed miRNAs in the three databases are shown
in S5 Table. In addition, miRNA-mRNA gene network analysis also integrated all the miRNAs
in the microarray and GOs by outlining the interactions of miRNA and GO-related genes (Fig
7).

Discussion

Many recent clinical and experimental studies have shown that sepsis-induced AKI is charac-
terized by endothelial injury with hemodynamic dysfunction [12, 13]. Oxidative stress, a state
of reactive oxygen species (ROS) overproduction plays a key role in the pathogenesis of endo-
thelial dysfunction. Release of inflammatory mediators, oxidative stress together with mito-
chondrial respiratory chain dysfunction can contribute to AKI [14, 15]. Sepsis is the most
common cause of acute kidney injury in clinical practice. Inflammation and cytokines play
key roles in sepsis pathophysiology [16]. Sepsis-induced AKI was considered as an integrated
response, including transcriptional events, ROS signaling, mitochondrial activity and meta-
bolic orientation such as apoptosis [17]. Despite the evidence that mitochondrial oxidative
stress and dysfunction are implicated in the development of sepsis induced kidney injury, the
precise pathophysiological mechanisms remain unclear.

Emerging evidence demonstrated that miRNAs are intensively engaged in mitochondrial
oxidative stress and dysfunction [18]. Present studies demonstrated circulating miRNAs had
potential value in diagnosis and prognosis of sepsis. Changes in miRNA expression have been
implicated in disease states and reflected the pathophysiological changes during early stage of
either sepsis or AKI when compared with other biomarkers. Some serum miRNAs, including
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Fig 4. Confirmation of miRNA level by RT-qPCR. Relative expression of each miRNA was normalized to
hsa-miR-423-5p level. miR-142-5p, miR-22-3p, miR-191-5p, miR-23a-3p and miR-4456 were significantly
decreased in both the sepsis-induced AKI and sepsis-non AKI groups compared with the healthy controls.
miR-4270, miR-4321 and miR-3165 were obviously increased in the sepsis-induced AKI, and miR-3165 also
was obviously increased in sepsis-non AKI group compared with the healthy controls. While statistical
significance between the sepsis-induced AKI and sepsis-non AKI groups was shown only on miR-4321
expression. Note: a single asterisk indicates significant difference between the healthy controls (n = 3) and the
sepsis-induced AKI group (n = 6), as well as between the healthy controls and the sepsis-non AKI group
(n=6). A pound sign indicates a statistical difference between the sepsis-induced AKI group and the sepsis-
non AKI group. P < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0173292.9004

Table 6. The differentially expressed miRNAs (sepsis-induced AKI and sepsis-non AKI >1.5) and their
predicted target genes.

microRNA |Fold Predicted oxidative stress associated target genes

change
miR-142- | 0.423581 IGF2BP3, PIK3C2A, TNFAIP6, AKT1, IGF1, IL8, IL6, PPARGC1A, SIRT1,
5p NOX5, OXSR1, MTOR, PDCD4, PIK3C2A
miR-23a- | 0.394515 AKT2, PPARGC1A, SIRT1, OXSR1, MTOR, PIK3C2G, IL6R, TNFAIPS6,
3p PIK3C2A, FOXO4, PDCD4,IGF1, IL6

miR-22-3p  0.563722 AKTS3, SIRT1, IL6R, PIK3CD, PPARGC1B, HIF1AN, PIK3CD, IGF1, PDCD2L,
PIK3C2G, WNT1

miR-4456 | 0.647923 IGF2BP1, SIRT1, HIF3A, PPARGC1B, IL10RB

miR-191- | 0.505111 OXSR1, FOXO1, PPARGC1A, PIK3C2B, PDCD5, PIK3R3

5p

miR-4270 | 2.333464 AKT3, FOX04, HIF1A, NOX1, NOX5, PIK3C3, PIK3R1, PPARGC1A, WNT1,
PDCD1, IL10RA, IGF2BP1, SIRT5

miR-3165  1.500869 IGFBPS6, IGFBP7, IL11RA,IL6ST, PPARGC1A, HIF3A, PIK3C2A
miR-4321 | 1.720649 AKT1, MTOR, NOX5, IL17RA, IL26

https://doi.org/10.1371/journal.pone.0173292.t1006
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Fig 5. Bioinformatics GO and pathway analysis based on miRNA target genes. Enrichment score is
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Significant signaling pathways. KEGG: Kyoto Encyclopedia of Genes and Genomes; GO: Gene ontology.
BH-corrected P < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0173292.9005

miR-21, miR-494, miR-21, miR-155, miR-210, miR-101-1, miR-127-3p, miR-126, miR-26b,
miR-29a, miR 146a, miR-27a, miR-93 and miR-10a were identified as the biomarkers for the
diagnosis of AKI [19-21], but miRNAs in relation to septic AKI patients have not been previ-
ously reported yet.

In this study, we observed that hsa-miR-508-5p was the most significantly up-regulated,
whereas, ebv-miR-BART1-3p was the most significantly down-regulated miRNAs in the sep-
sis-induced AKI group than healthy controls respectively; hsa-miR-508-5p was the most
increased and ebv-miR-BART1-3p was the most decreased miRNAs in the sepsis-non AKI
group than with the healthy controls respectively; hsa-miR-5094 was the most up-regulated,
whereas, hsa-miR-326 was the most down-regulated miRNAs in the sepsis-induced AKI
group than the sepsis-non AKI group. Many deregulated miRNAs in our study, for example,
miR-222-3p and miR-221-3p have been reported to be involved in specific signaling pathways.
miR-222-3p and miR-221-3p were found to promote intracellular ROS accumulation in
Human Aortic Endothelial Cells (HAECs) by targeting PGC-1a. [22]. However, the biological
functions of most differentially expressed serum miRNAs, such as miR-4321 is still largely
unknown. In this study, we found that a different subset of miRNAs was dysregulated in sep-
sis-induced AKI compared to reports of sepsis-non AKI patients. We identified 37 miRNAs
differentially expressed among the three groups. While in our work, the majority of the
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deregulated miRNAs exhibited similar expression trend in sepsis groups compared with the
healthy controls, which demonstrated that both sepsis-induced kidney injury and sepsis-non
AKI seem to share, at least in part similar regulatory mechanisms. To identify serum miRNAs
that might be correlated with resistance or susceptibility to sepsis-induced kidney injury, we
focused on the miRNAs differentially expressed between the sepsis-induced kidney injury
group and the sepsis-non AKI group. In the present study, we found that 49 miRNAs were dif-
ferentially expressed among the three groups, of which 13 miRNAs were increased, whereas 36
miRNAs were decreased in the sepsis-induced kidney injury group compared with the sepsis-
non AKI group. According to the KEGG pathway and GO analysis regarding target genes of
these deregulated miRNAs, we found significantly enriched functions and signaling pathways
were associated with oxidative stress and mitochondrial dysfunction. GO analysis showed that
regulation of cellular metabolic process, regulation of gene expression and regulation of nitro-
gen compound metabolic process represented the significantly enriched ones. Other biological
processes regulated by the predicted target genes, including kidney development, cellular
response to oxidative stress, mitochondrial outer membrane permeabilization, etc. Pathway
analysis showed that Wnt signaling pathway and FoxO signaling pathway were abundant
among the significantly enriched ones. Other significant pathways of the predicted target
genes related to oxidative stress, including HIF-1 signaling pathway, PI3K-Akt signaling
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Fig 7. miRNA-mRNA gene network analysis. All the miRNAs in the microarray and GOs were integrated by
outlining the interactions of miRNA and GO-related genes

https://doi.org/10.1371/journal.pone.0173292.9007

pathway, mTOR signaling pathway, TNF signaling pathway, TGF-beta signaling pathway, etc.
Function and pathway analysis highlighted the possible involvement of miRNA-deregulated
mRNAs in mitochondrial oxidative stress and dysfunction.

To explore the effects of miRNAs on mitochondrial oxidative stress and dysfunction related
target gene, we compared the results of miRNA and mRNA. As shown above, an individual
miRNA may target multiple mRNAs. In our study, we found that the variation of the 8
miRNA expression were associated with 13 genes which were involved in the activation of
mitochondrial oxidative stress and dysfunction response (PPARGCI1A (PGC-1a), SIRT1,
OXSR1, FOXO1), inflammation (IGF2BP3, IL8, IL6, PDCD4 and TNFAIP6). Notably, 5 miR-
NAs were involved in PGC-1a regulation; 4 miRNAs were involved in SIRT1 regulation.
PGC-1a is a key regulator of mitochondrial biogenesis, the levels of PGC-1a: are deregulated
when there is damage to the mitochondria during sepsis [23, 24]. SIRT1, upstream of PGC-1a,
is also an important modulator of energy metabolism and contributes to the mitochondrial
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biogenesis program. The SIRT1/PGC-1o. axis was involved in mitochondrial biogenesis [25].
A few miRNAs have been found to be associated with mitochondrial oxidative stress and dys-
function in various organs. Overexpression of miR-23a was also found to damage mitochon-
dria in cultured cardiomyocytes, ascribed to PGC-1o. downregulation [26]. Overexpression of
miR-142 led to a decrease in SIRT1 expression in the brain, and SIRT1 is a direct miR-142-5p
target [27]. Our results showed that miR-142-5p, miR-191-5p, miR-3165, miR-4270 and miR-
23a-3p were involved in regulating PGC-1a. expression; miR-23a-3p, miR-22-3p, miR-4456
were involved in regulating SIRT1 expression. It was worth noting that difference between the
sepsis-induced AKI and sepsis-non AKI groups was shown only on miR-4321; miR-4270 was
only significantly overexpressed in the sepsis-induced AKI group compared with the sepsis
and control groups. Our results indicated that miR-4321 was involved in regulating AKT1,
mTOR and NOXS5 expression while miR-4270 was involved in regulating PGC-1a, AKT3,
NOXS5, PIK3C3, WNT1 expression. Acute loss of renal function reduces leukocyte recruitment
into inflamed tissue by reducing phosphorylation of Akt and p38 MAPK and transmigration
[28]. mTOR is a key kinase downstream of PI3K/AKT, which regulates cell proliferation,
growth, survival and angiogenesis. In our sepsis-induced AKI, many of the altered miRNAs
were down-regulated which might decrease the expression of PGC-1a. directly or indirectly,
and weaken the mitochondrial oxidative stress and dysfunction.

Recent evidence from laboratory and clinical studies indicated that AKI in sepsis had a
prominent inflammatory component in both the initiation and the extension phases of the
kidney injury [29, 30]. The onset of AKI was preceded by early and remarkable inflammatory
response and oxidative stress [31]. Inflammatory cytokines, including TNF, interleukin-18
(IL-1B) and IL-6, can induce oxidative stress, stimulate PGC-1o. mRNA expression [22]. For a
more comprehensive cytokine profile in sepsis, we measured the levels of pro-inflammatory
and anti-inflammatory cytokines as well as IL-2sR. Our data showed that pro-inflammatory
cytokines, such as TNF-o and IL-8 were significantly increased in the sepsis-non AKI com-
pared with the healthy controls. With the aggravation of the disease, the levels of pro-inflam-
matory cytokine IL-8 was significantly decreased in the septic AKI compared with sepsis-non
AKI group, but still higher than the normal control group; and the levels of pro-inflammatory
cytokines TNF-a, IL-1B and IL-6 gradually increased, significantly higher than the normal
control and sepsis-non AKI groups; anti-inflammatory cytokines IL-10 was significantly
increased in the septic AKI compared with sepsis-non AKI and control group. IL-2sR was sig-
nificantly increased in patients with septic AKI compared with those of either sepsis-non AKI
or healthy controls patients. CD25 is an IL-2 receptor, sCD25 or IL-10 may be useful as a novel
biomarker for the development of septic AKI [32]. Several large cohorts of critically ill patients
demonstrated that IL-6 could be a robust predictor of AKI [33]. In keeping with our findings,
Murugan et al [34] demonstrated that septic AKI patients had higher plasma levels of IL-6 and
TNF-o than non-AKI patients. Our study extends the clinical observations by demonstrating
the temporal relation between early, exaggerated inflammatory and oxidative stress response
and AKI, thus supporting the cause-effect interplay between AKI and abnormal immune
response.

To clarify the mechanism of septic AKI occurrence and evaluate the most significant candi-
dates, miRNAs and their possible target genes, which were in the intersection of protein bind-
ing and FoxO signaling pathway and Wnt signaling pathway, might be the focus of the further
research.

To summarize, we identified specific miRNAs among the sepsis-induced kidney injury
group, the sepsis-non AKI group and the healthy controls. The different expression of miRNA
might potentially be used to discriminate septic AKI from sepsis-non AKI and they were cor-
related with the regulation of mitochondrial oxidative stress and dysfunction, including PGC-
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lo, SIRT1, mTOR, OXSR1 and NOXS5. Further study is needed to confirm the relationship
between dysregulated miRNAs and their targets, together with the clinical significance of our
observations. The interactions between miRNAs and their target genes are complex. The mod-
ulation of the oxidative stress and mitochondrial dysfunction by miRNAs is complex as well
and requires further investigation.
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