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1. Introduction

Sepsis is one of the leading causes of critical illness and mortality with constantly
increasing incidence (1,2). Sepsis is a severe and potentially life-threatening organ
dysfunction induced by a dysregulated immune response to an infection, leading to
circulatory shock with consequent multiple-organ failure (MOF) (3,4). Acute kidney
injury (AKI) can develop with a high incidence in septic patients (5), making sepsis one
of the most common aetiologies of AKI (6). About half of the AKI cases is caused by
severe sepsis in intensive care units associated with a 50-60% mortality rate (5). Surviving
patients have an increased risk for developing chronic kidney disease and end-stage renal
failure after AKI (4). Thus, there is an unmet need to treat septic AKI, and prevent the
long-term deterioration of renal function and progression to renal failure. Detailed
analysis of the mechanisms can be a fruitful approach to identify possible targets of
intervention.

AKI is defined as an abrupt decrease in renal function. Septic shock is accompanied
by reduced renal blood flow and/or microvascular dysfunction leading to kidney hypoxia,
which is a major mechanism of renal damage leading to AKI. Bacterial toxins and
immune stimulation also contribute to AKI development (7).

There are several animal models of sepsis one of the most popular of which is
achieved by intraperitoneal injection of Gram-negative bacterial cell wall endotoxin or
lipopolysaccharide (LPS). LPS injection induces a toxic state and hyperdynamic
circulatory shock, modelling septic shock (8,9). Both tissue hypoxia and sepsis activate
the immune system. (10) LPS is a strong and well-characterized immunostimulant (11)
that triggers a systemic inflammatory response accompanied by an increased expression
of pro-inflammatory cytokines (e.g. TNF-a and IL-6) (12). Immune activation is largely
responsible for the vasodilation and the development of circulatory shock leading to
MOF. MOF development depends on the LPS dose, thus, lethal and sub-lethal doses can
be defined (13). LPS administration is an established model to study the circulatory and
inflammatory effects of sepsis in various animal species including rodents (8,9). LPS-
injected mice develop AKI as demonstrated previously in a number of studies (14-18)
and also in our experiments (19,20) discussed in this thesis.

Renal tubular cells are exposed to inflammatory mediators secreted in response to

activation by damage- (danger-) and pathogen-associated molecular patterns (DAMPs,



PAMPs). DAMPs are released from cells in response to cell damage, and activate pattern
recognition receptors (PRRs), such as toll-like receptors (TLRs). Renal tubular cells
produce cytokines locally (e.g. TNF-a, IL-6) upon TLR activation. PAMPs are small
molecular motifs characteristic of various pathogens (e.g. LPS) and are also recognized
by PRRs (5,7,10).

A well-known consequence of sepsis is the induction of the acute-phase
response/reaction (APR) due to tissue damage and infection. Proteins are termed acute-
phase proteins (APPs) if their plasma concentration changes by at least 25% during
inflammation (21-23). Cytokines secreted during the inflammatory process increase or
suppress the synthesis of APPs. Their main role is restoring homeostasis after
inflammation (22). APPs are known to be principally produced and secreted into the
blood stream by the liver. However, they are also synthesized in other organs and tissues,
thereby contributing to local defence and facilitating tissue repair (23).

Plasma concentrations of certain APPs, such as C-reactive protein, are routinely
used inflammatory markers for the diagnosis and follow-up of sepsis (24). Another APP,
lipocalin-2 (Lcn-2), also named neutrophil gelatinase-associated lipocalin (NGAL), is a
sensitive marker of renal tubular injury (25-28). However, these biomarkers are neither
specific for sepsis nor for AKI (24,29). Serum Lcn-2 concentrations are also increased in
other pathological conditions, such as gastrointestinal (30,31) and cardiovascular (32)
diseases. Although numerous other AKI biomarker candidates have been identified
(29,33), the various types of AKI cannot be differentiated with satisfactory specificity
and sensitivity by these biomarkers (12,29). Hence, appropriate biomarkers or biomarker
combinations are intensively sought for the early detection and monitoring of septic AKI
(29).

Enhanced renal production of some APPs, such as fibrinogen (34), serum
amyloid A (35,36), a-1-acid glycoprotein (35), ceruloplasmin (35), haptoglobin (36-38),
hemopexin (39), complement C3 (40,41), beta-2-microglobulin (34) and plasminogen
activator inhibitor-1 (42) have been described in septic AKI, while mRNA expression of
serum albumin was shown to be reduced in the kidney (43). Although these scarce and
isolated findings demonstrate that some APPs are produced in the kidney during sepsis,

a coordinated, complex renal APR has not yet been evaluated.



Expression of proteins in response to inflammation is modulated by microRNAs
(miRNA/mIR), which are small non-coding RNAs that regulate posttranscriptional gene
expression mainly via translational repression. One miRNA can bind to numerous
mMRNAs, and one mRNA can be affected by several miRNAs. In this way, miRNAs
extensively regulate many cellular processes, such as apoptosis, cell-cycle progression
and cellular differentiation (44). MiRNAs also have a great influence on complex
pathological processes, such as AKI (45). MiRNASs can serve both as biomarkers and
tools in the treatment of AKI (46).

A few miRNAs have been associated previously with LPS effects in the kidney
including miR-21, miR-146a and miR-223 (47-52). The function of miR-223 has been
best characterized. MiR-223 played a model-specific role in the kidney during
experimental sepsis (51). The organ-specific effects of miRNAs can be influenced by the
activity of other regulatory factors and the functional status of the cells , which can

potentially result in harmful or protective effects.



2. Objectives

Our aim was to study the temporal changes in the expression of miRNAs and proteins
during LPS-induced AKI in mice in order to identify miRNAs and proteins that have not
yet been related to the mechanisms of septic AKI. We aimed to measure the effects of
LPS on the transcriptome of miRNAs (miRNome) by miRNA microarray at four time
points, i.e. 1.5 and 6 hours (early phase, EP) and 24 and 48 hours (late phase, LP) after
treatment, and to confirm the microarray results by quantitative PCR (qPCR). In parallel,
we also planned to measure the renal proteome changes using high performance liquid
chromatography and mass spectrometry (HPLC-MS/MS). Finally, we sought to find

relationships between the changes in miRNome and proteome.
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3. Methods

3.1. Mice

Male Naval Medical Research Institute (NMRI) mice, weighing 25-30g, were used
(Toxi-Coop, Budapest, Hungary). The animals were housed under standard conditions
and had free access to tap water and standard rodent chow (Akronom Kft., Budapest,
Hungary) ad libitum. All protocols for the animal studies were approved by the Animal
Ethics Committee of Semmelweis University and the Pest County Government Office
(No: XIV-1-001/2101-4/2012, XIV-1-001/2104-4/2012, XIV-1-001/2013-4/2012 and
PE/EA/2202-5/2017).

3.2. Endotoxin preparations and injection

Mice were injected intraperitoneally (i.p.) with LPS from Escherichia coli (E. coli)
(0111:B4; Sigma-Aldrich, Budapest, Hungary) at the doses of 10 or 40 mg/kg bodyweight
(BW). Based on our previous experiments the doses were maximal, which ensured the
induction of septic shock without lethality during the follow-up period (13,18). Two time
points represented the early phase (EP, 1.5 h and 6 h), and two others represented the late
phase (LP, 24 h and 48 h) of LPS-induced inflammation and AKI (53). Mice were divided
into four treatment groups as follows:
e Group 1 (EP1.5h): sacrificed 1.5 h after injection with LPS at 40 mg/kg BW (n=7)
e Group 2 (EP6h): sacrificed 6 h after injection with LPS at 40 mg/kg BW (n=7)
e Group 3 (LP24h): sacrificed 24 h after injection with LPS at 10 mg/kg BW (n=7)
e Group 4 (LP48h): sacrificed 48 h after injection with LPS at 10 mg/kg BW (n=7)

LPS was dissolved in sterile saline immediately before use.

Mice serving as negative controls were injected i.p. with equal volume of saline in
both the EP and LP settings (n=7).

3.3. Plasma and organ collection

First 5500 1U/kg BW heparin (Ratiopharm GmbH, Ulm, Germany) was
administered to mice for anticoagulation. Mice were sacrificed by cervical dislocation 3
minutes (min) later. After opening their chest, blood was drawn from the transected vena
cava. The collected blood was centrifuged at 6000 g for 2 min to obtain plasma samples.

The animals were then transcardially perfused with physiological saline (10 ml, 4°C).
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After the perfusion the kidneys were taken out, the renal capsule was removed and the
organ was cut into pieces. From each kidney one piece was placed in 0.5 ml TR 118 TRI
Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). This piece in the TRI
Reagent and the remaining native kidney parts were all snap frozen in liquid nitrogen.
Then they were stored at -80°C for molecular and proteomic analysis.

For control purposes livers of intact NMRI mice were also collected similarly.

3.4. Plasma urea determination

An enzymatic assay containing urease and glutamate-dehydrogenase
(Diagnosticum Zrt., Budapest, Hungary) was used to measure plasma urea concentrations
with colorimetric detection according to the manufacturer’s protocol. In brief, the plasma
samples were mixed with the reagent containing urease and glutamate-dehydrogenase.
The assay is based on the conversion of NADH into NAD that was detected
photometrically at 340 nm. A standard curve was established to calculate the urea

concentration in the samples.

3.5. Total RNA extraction and reverse transcription

TRI Reagent (Molecular Research Center) was used for the extraction of total RNA
according to the manufacturer’s protocol. In brief, phase separation was performed with
chloroform. Then the supernatants were aspirated and mixed with isopropyl alcohol to
precipitate RNA. RNA was sedimented with centrifugation and the pellets were washed
twice with 70% ethanol. Then the RNA pellets were dissolved in RNase-free water
(AccuGENE™ Molecular Biology Water, Lonza, Basel, Switzerland). RNA integrity
was checked by electrophoretic separation on 1% agarose gel. RNA concentrations and
purity were determined with Nanodrop 2000c Spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA).

One pg total RNA was reverse transcribed into cDNA using the High-Capacity
cDNA Archive Kit (Applied Biosystem, Foster City, CA, USA) with random hexamer

primers according to the manufacturer’s protocol.

3.6. MIiRNA microarray profiling
Four representative samples from each test group were selected based on the IL-6,

Lcn-2 and Tnf-a mRNA expression levels. Sample selection was done in a way to ensure
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similar mean and standard deviation (SD) of the mRNA expression values in the four
samples and the entire group.

Microarray measurements were performed by Exiqon A/S (Vedbak, Denmark).
Briefly, total RNA quality was determined with an Agilent 2100 Bioanalyzer. The
miRCURY LNA™ microRNA Hi-Power Labeling Kit (Exigon) was used for fluorescent
labelling of RNA. Hy3™ and Hy5™ labels were applied on 750 ng total RNA from each
test sample and the pooled reference samples. The hybridization was carried out on
miRCURY LNA™ microRNA Array slides using a Tecan HS4800™ hybridization
station (Tecan, Grodig, Austria) and according to the miRCURY LNA™ microRNA
Array Instruction manual. After hybridization Agilent G2565BA Microarray Scanner
System (Agilent Technologies, Inc., USA) was used to scan the slides. The scanned
images were analyzed with the ImaGene® 9 software (miRCURY LNAT™ microRNA
Array Analysis Software, Exigon). The quantified signals were background corrected
using the Normexp method (offset value 10) and normalized with the global Locally
Weighted Scatterplot Smoothing (Lowess) regression algorithm. The discussed
microarray data were deposited in the Gene Expression Omnibus (GEQO) of National
Center for Biotechnology Information (NCBI) (54) and can be accessed via accession ID
GSE139919 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139919).

3.7. MIiRNA gPCR

The microarray results were validated by performing gPCR in all samples. The top
four most upregulated miRNAs in all groups were verified by gPCR. In addition, miR-
223-3p was also measured by gPCR because various publications suggested its
involvement in septic AKI as discussed in the Introduction.

Total RNA was transcribed into cDNA using the Applied Biosystem™ TagMan™
Advanced miRNA cDNA Synthesis Kit (Applied Biosystem) according to the
manufacturer’s protocol. The miRNA expression levels were determined with TagMan™
Advanced miRNA Assay (Applied Biosystem) according to the manufacturer’s protocol.
Relative expressions were calculated using the 2%4¢t method. Using NormFinder
software (MOMA — Department of Molecular Medicine, Aarhus, Denmark) let-7g-5p
miRNA was chosen with a stability value of 0.057 as reference miRNA for normalization
of the microarray results (55).
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3.8. Tissue homogenization for mass spectrometry

The four most representative kidney samples from each treatment group and four
control kidney samples were processed for mass spectrometry (MS) analysis according
to a previously described protocol (56) with slight modifications. Frozen kidney tissues
were cut into approximately 30 mg pieces on dry ice without thawing. Then 8 ul lysis
buffer / mg tissue was added to each piece. The lysis buffer contained 1% NP-40 lysis
buffer (Roche, Basel, Switzerland), 150 mM sodium chloride (Thermo Fisher Scientific,
San Jose, CA, USA), 50 mM Tris (pH 8.0, SERVA Electrophoresis GmbH, Heidelberg,
Germany), 1% protease inhibitor cocktail (Sigma-Aldrich), 0.5% sodium deoxycholate
(Sigma-Aldrich), 1 mM EDTA (SERVA) and 0.1% sodium dodecyl sulfate (Pierce
Chemical, Dallas, TX, USA). Tissue homogenization was performed first using Dounce
homogenizer, and then by passing through the tissue a 22G (0.7 mm x 38 mm) syringe
needle 20 times for further homogenization. Next, the samples were gently shaken on ice
for 30 min with Rotamax 120 (Heidolph Instruments GmbH, Schwabach, Germany). The
supernatant was separated by centrifugation (16000 g, 10 min). Then Bradford assay
(Bio-Rad Laboratories, Inc., Hercules, California, USA) was used to determine the
protein concentration. 150 pg of total protein was taken from each sample and was
incubated at 95°C for 5 min with a loading buffer (10mM Tris pH 6.8 (SERVA); 7.8%
glycerol (CARLO ERBA Reagents, Val de Reuil, France); 0.2% sodium dodecyl sulfate
(SDS) (Pierce Chemical); 0.01% Bromphenol blue (Sigma-Aldrich)) containing 10mM
dithiothreitol (DTT) (Fluka Biochemica, Steinheim, Germany). Finally the samples were
stored frozen until further processing.

3.9. Sample preparation for mass spectrometry

Sample preparation for HPLC-MS/MS analysis was carried out as described before
(57). In brief, the earlier prepared 150 pg of total protein from each sample was separated
by electrophoresis on a 12.5% SDS-PAGE gel (Lonza, Switzerland). The gel was then
stained with Comassie brilliant blue and each protein lane was cut into six bands. The gel
pieces were destained with 25 mM ammonium bicarbonate dissolved in 50% acetonitrile,
and were washed with acetonitrile. Then they were vacuum dried and rehydrated in
reducing solution (10 mM DTT (Fluka Biochemica), 25 mM ammonium bicarbonate).
The rehydrated gel pieces were incubated at 56°C for 45 min. Following this the solution

was exchanged to alkylating solution containing 55 mM iodoacetamide (Amersham
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Biosciences, Little Chalfont, UK) and 25 mM ammonium bicarbonate. After a 30-min of
incubation at room temperature in the dark, the gel pieces were washed with acetonitrile.
Then they were again vacuum dried and rehydrated in 80 ul of trypsinization buffer (25
mM ammonium bicarbonate) containing 1 ug of modified porcine trypsin (sequencing-
grade, Promega, Madison, WI, USA). They were incubated at 37°C overnight. The
trypsin solution was collected afterwards. The gel pieces were treated with extraction
solution (50% acetonitrile, 5% formic acid (JT Baker)) to extract the remaining peptides.
The extraction solution and the trypsin solution were mixed and concentrated by vacuum

drying to a final volume of about 20 pl.

3.10. Mass spectrometry analysis

HPLC-MS/MS analysis was carried out using an EASY-nanoLC Il HPLC unit
(Thermo Fisher Scientific) and an Orbitrap LTQ Velos mass spectrometer (Thermo
Fisher Scientific). The previously prepared samples that contained 0.1% formic acid were
loaded onto a C18 trapping column (Proxeon Easy-column, Thermo Fischer Scientific).
Separation was done by a C18 PicoFrit Aquasil analytical column (New Objective).
Peptide elution was done at a constant flow rate of 0.3 ul/min in a 5-40% (v/v) linear
gradient of acetonitrile (0.1%) and formic acid solution over 90 min. The full MS mass
spectra were acquired in the mass range of 300 to 2,000 m/z at resolution of 30,000
(Orbitrap mass analyzer). The nine most intense precursor ions in the MS/MS spectra
were obtained by Higher-energy C-trap dissociation fragmentation and recorded at a
resolution of 7,500 if the charge state was above one (> 1). The dynamic exclusion was

set to repeat count of 1, repeat duration of 30 s, and exclusion duration of 20 s.

3.11. Analysis of mass spectrometry data

Data analysis was a repetition of our previously published method (57) with minor
modifications. MaxQuant proteomics software (version 1.6.0.13) was used for database
search and quantification by spectral counting (58). Mus musculus Uniprot database
search was performed (database date 15.10.2017, 16923 entries). Methionine oxidation
(+15.995 Da) and protein N-terminal acetylation (+45.011 Da) were set as variable
modifications. Carbamido-methylation of cysteines (+57.021 Da) was set as fixed
modification. Trypsin cleavage after arginine and lysine was used as the enzyme
specificity. For database searches one missed cleavage was allowed. In addition,

15



precursor ion and fragment ion mass tolerances were set to 20 ppm and 0.5 Da,
respectively. A reversed database search was performed and the false discovery rate was
set at 1% for peptide and protein identifications. Raw data and database search files can
be accessed via ProteomeXchange with identifier PXD014664 (59). Relative
quantification of identified proteins was performed by label-free quantification (LFQ)

algorithm in MaxQuant.

3.12. MiRNA target prediction

The MirTarbase (60) and previous publications were searched for proteins that
could be targets of the significantly dysregulated miRNAs in our experiment, and had
been identified with strong evidence or had been validated. Predicted targets of these
miRNAs were obtained from miRDB (61,62) and microRNA.org (63).

MS results were then checked against the lists of the predicted and validated targets
of the miRNAs.

3.13. gPCR analysis of gene expression

Gene expression was measured by gPCR in the mouse kidney. Tnf-o. and IL-6
MRNA expression levels were determined to assess the degree of LPS-induced
inflammation in the kidneys. Renal tubular damage was assessed by Lcn-2 gene
expression. Furthermore, renal gene expression of MS-identified APPs was measured.
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as an endogenous
reference gene.

Primers (Table 1) were designed using NCBI/Primer-BLAST online software with
one exception. Primers for Serpinal were adapted from Zager et al. (64). Primers were
synthesized by Integrated DNA Technologies Inc. (Coralville, 1A, USA). Primers of
APPs were tested on normal liver samples as positive control.

Gene expression in kidney tissue homogenates was determined on Bio-Rad
C1000™ Thermal Cycler with CFX96™ Optics Module real-time PCR system (Bio-Rad
Laboratories, Inc.). SensiFAST™ SYBR No-ROX Kit (Bioline Reagents Limited,
London, UK) was used for the qPCR reaction, according to the manufacturer's protocol.
Primer annealing was carried out at 60°C. Measurements were performed in duplicates.
The relative quantification (AACq) method was applied to calculate expression. The

efficiency of the gPCR reaction was verified with standard curves, while the melting
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curve was checked to assess the quality of the PCR product. Expression was considered

to be below the limit of detection when no specific amplificon was present in the samples.

Table 1. Sequences of primers used for gPCR. Alb: serum albumin, C3: complement
C3, Chil3: chitinase-like protein 3, Cp: ceruloplasmin, Gapdh: glyceraldehyde 3-
phosphate dehydrogenase, Fga: fibrinogen-a, Fgb: fibrinogen-f3, Fgg: fibrinogen-y, FHC:
ferritin heavy chain, Hp: haptoglobin, Hpx: hemopexin, IL-6: interleukin-6, Itih4: inter
alpha-trypsin inhibitor heavy chain 4, Lcn-2: lipocalin-2, Saa: serum amyloid A,

Serpinal, Serpinala, Serpinalc: alpha-1-antitrypsin and isoforms a and c, Serpina3k:

serine protease inhibitor A3K, Tf: transferrin, Tnf- a: tumor necrosis factor-a.

Target Forward primer Reverse primer
Alb TTGGCAACAGACCTGACCAA GTGTCATGCTCCACCTCACT
C3 ATCCAGACAGACCAGACCATCT AGGATGACGACTGTCTTGCC
Chil3 AGAAGCTCTCCAGAAGCAATCC TCAGCTGGTAGGAAGATCCCA
Cp AGGCCCTGATGAGGAACATCT TGCTGTGAGGAGCGACCT
Gapdh CCAGAATGAGGATCCCAGAA ACCACCTGAAACATGCAACA
Fga TGAGCCATCCCTAAACGCAG GCCAGTCTGAGTCCTTGCAT
Fgb GGCTTCACGGTACAGAACGA ATTTGGATTGGCTGCATGGC
Fgg ATGAACAAATGTCACGCAGGC TCAACTTCATGATCCACGCTGA
FHC CCCTTTGCAACTTCGTCGTTC GAGCCACATCATCTCGGTCAA
Hp GTGGAGCACTTGGTTCGCTA CCATAGAGCCACCGATGATGC
Hpx CGCTACTACTGCTTCCAGGG AGCTATGCCATCCATCACGG
IL-6 GATGCTACCAAACTGGATATAATC GGTCCTTAGCCACTCCTTCTGTG
Itih4 TCCGTTGCAGCACAATATCCT TCACTTCGAGCCACGAGAAC
Lcn-2 AGGTGGTACGTTGTGGGC CTGTACCTGAGGATACCTGTG
Saa GCAGGATGAAGCTACTCACCA TGGTCAGCAATGGTGTCCTC
Serpinal TTCCAACACCTCCTCCAAAC CACCGCCTCAGCTATCTTTC
Serpinala TCAATTCAGTGTCCTCTCCAGC AAGTCTCCCAGGTTTGTAGCG
Serpinalc | CCAGAAGGTTAGCCCAGATCCAC | GGCATAGAATAAGGAACGGCTAGT
Serpina3k CAGCAGGACAGATTCCAGCC AGGAGTCAGCTATCACAGAGGC
Tf CCCAAGGATGGACTACAGGC TGATGCTCCACTCGTCACAC
Tnf-a AAATGGCCTCCCTCTCATCA AGATAGCAAATCGGCTGACG
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3.14. Statistics

Unless otherwise stated, continuous variables are shown as mean+tstandard error of
the mean (SEM).

We used the ROUT method to detect possible outliers (65) (ROUT method is a
combination of robust nonlinear regression and an outlier identification method to
identify and remove outliers) (significance was set at p=0.01). Qutliers identified were
omitted from the analysis. One-way analysis of variance (ANOVA) followed by Tukey's
multiple comparisons test was used for between-group comparisons. The Kruskal-Wallis
one-way analysis of variance by ranks was used followed by Dunn's test if Bartlett's test
indicated heterogeneity of variances. Two groups were compared by the unpaired
Student’s t-test. The null hypothesis was rejected if p < 0.05.

MiIRNAs were considered to be differentially expressed with significant fold
changes (FCs) above 1.5 or below 0.75 in the miRNA microarray analysis. FCs were
calculated as the ratio of the means of the treated and control groups. Only miRNAs with
an average Hy3 signal intensity above 6.0 were included in the analysis.

FCs of messenger RNA and miRNA (in gPCR assays) were calculated as the ratio
of each normalized expression value to the mean of the respective control group, and, for
statistical analysis, the data were log10 transformed in qPCR assays. The expression
values of one mouse were excluded from the statistical analysis in the LP48h group,
because most of its MRNA expression values were identified as outliers (ROUT test).

LFQ intensity values were log2 transformed for statistical analysis. Protein FC
values were calculated as the ratio of the means of the treated and control groups (log2FC).

Graphs were created and statistical analyses were performed using GraphPad Prism
(version 6.01 and version 8.0.2, GraphPad Software Inc, San Diego, CA, USA).
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4. Results

4.1. LPS-induced severe renal inflammation
All animals survived in the EP1.5h and EP6h groups (injected with 40 mg/kg LPS)
but one mouse died in both the LP24h and LP48h groups (injected with 10 mg/kg LPS).
Endotoxin significantly upregulated the mRNA expression of tumour necrosis
factor-o (Tnf-a) and interleukin-6 (IL-6) in the kidney in both the early and late phases
and at all four time points (Fig. 1). Both LPS doses induced severe renal inflammatory

responses. IL-6 mRNA expression started to decrease at 48 hours.
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Figure 1. Relative mMRNA expression of pro-inflammatory proteins after LPS
injection normalized to Gapdh (fold changes vs. saline). (a, b) Tnf-a mRNA (a) EP,
1.5hand 6 h, (b) LP, 24 h and 48 h, (c, d) IL-6 mRNA (c) EP, 1.5 hand 6 h, (d) LP, 24
h and 48 h. Data are expressed as mean £ SEM; One-way ANOVA and Dunnett’s post
hoc test; ***: p<0.001 (19)

4.2. LPS-induced renal tubular damage

Plasma urea concentrations increased first at 6 hours after endotoxin administration,
increased further at 24 hours, and started to decline at 48 hours (Fig. 2/a,b). LPS
significantly upregulated renal expression of Lcn-2 mRNA and protein already from 1.5
hours and from 6 hours, respectively (Fig. 2/c-f). Increased plasma urea concentrations

and Lcn-2 expression indicated impaired renal function and ongoing, acute tubular injury,
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respectively. The decrease in plasma urea concentrations and Lcn-2 mRNA at 48 h
indicated that septic AKI was transient in our experiment.
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Figure 2. Markers of kidney injury after LPS administration. (a, b) Plasma urea
concentration, (a) EP, 1.5 hand 6 h, (b) LP, 24 h and 48 h; (c, d) Lcn-2 mRNA expression
normalized to Gapdh (fold changes vs. saline), (c) EP, 1.5 hand 6 h, (d) LP, 24 h and 48
h; (e, f) label-free quantification (LFQ) intensity values (relative amount) of Lcn-2 protein
measured by HPLC-MS/MS, (e) EP, 1.5 h and 6 h, (f) LP, 24 h and 48 h. Data are
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expressed as mean + SEM; One-way ANOVA and Dunnett’s post hoc test; ***: p<0.001
(20)

4.3. Differentially expressed miRNAs identified by microarray profiling

Altogether 1195 miRNAs were analysed by microarray in 4 kidney samples from
each group to study differentially expressed miRNAs after LPS administration. One
sample was excluded from the EP1.5h group as an outlier based on the Lowess regression
analysis. 862 miRNAs were only detected in less than 10% of the samples. From the
remaining 333 miRNAs, 71 miRNAs changed significantly in EP and 39 in LP. MiRNAs
that changed at least 1.5-fold or 0.75-fold were considered biologically important, and
studied further.

Microarray results were analysed by ranking differentially expressed miRNAs
based on their fold changes. Only one miRNA was elevated at 1.5 h and 15 miRNAs were
upregulated at least 1.5-fold at 6 h (Table 2/A). No miRNA was significantly
downregulated with FC below 0.75-fold in the EP groups.

In the LP24h group 6 miRNAs were significantly elevated at least 1.5-fold and 5
were decreased. At 48 h only miR-21a-5p and miR-146a-5p were induced, and 5 miRNAs
were suppressed (Table 2/B). Altogether, most miRNAs were differentially regulated at
the peak of the inflammatory reaction and renal injury in the EP6h (15 miRNAs) and
LP24h groups (11 miRNAs). The miRNome started to get normalized by 48 h.

Table 2. Differentially expressed miRNAs after LPS administration in the
microarray analysis. The results are shown as fold changes relative to the control
kidneys. FC>1: LPS-induced upregulation, FC<1: reduced expression. (A) Significantly
changed miRNAs in EP, (B) significantly changed miRNAs in LP. miRNAs selected for
gPCR validation are underlined.miRNAs significantly affected both in EP and LP are
highlighted in bold. Statistical analysis was performed separately for results in EP (1.5
and 6 h) and LP (24 and 48 h) using one-way ANOVA and Dunnett’s post hoc test (double
line in the middle separate EP and LP), ns: not significant, *: p<0.05, **: p<0.01, ***:
p<0.001. (19)
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A. Fold changes in miRNAs differentially expressed in EP

mMiRNA 15h 6h 24 h 48 h
MiR-204-3p | 2.82 +0.20 *** | 1.88 +0.28 *** ||1.08 = 0.10 (ns) | 1.21 + 0.25 (ns)
MiR-3102-5p | 1.11+0.23 (ns) | 2.77 = 0.52 *** [[1.05 £ 0.32 (ns) | 1.15 + 0.25 (ns)
MiR-762 | 1.19+0.27 (ns) | 2.69 +0.34 *** ||1.16 = 0.32 (ns) | 1.24 + 0.22 (ns)
MiR-2137 | 0.96 £ 0.01 (ns) | 2.61 +0.26 *** ||1.41 +0.13 (ns) | 1.42 + 0.63 (ns)
MiR-3090-5p |1.21+0.16 (ns)| 2.50+0.61 * |[1.11+0.35 (ns) | 1.36 % 0.42 (ns)
miR-2861 1.06 £ 0.29 (ns) | 2.46 £ 0.40 ** || 2.22+0.72 ** | 1.49 £ 0.48 (ns)
MiR-665-3p | 1.25+0.22 (ns) | 2.32 +0.22 *** [[0.93 + 0.13 (ns) | 0.98 = 0.11 (ns)
MiR-5129-5p |1.17+0.34 (ns)| 2.25+0.69 * [[0.94 +0.37 (ns) | 0.95 + 0.15 (ns)
miR-21a-3p |[1.36+0.12 (ns) | 2.00 + 0.20 *** || 1.88 £ 0.18 *** | 1.34 + 0.17 (ns)
MiR-5116 | 1.05+0.07 (ns)| 1.76 +0.17 *** [[1.20 = 0.18 (ns) | 1.00 + 0.15 (ns)
MiR-3100-3p |1.03 +0.08 (ns) | 1.67 =0.18 *** [[1.28 £ 0.22 (ns) | 1.10 £ 0.11 (ns)
miR-711 1.00+0.08 (ns) | 1.66+0.24 ** ||1.23 +£0.08 (ns) | 1.31 £0.47 (ns)
miR-466n-3p | 1.01 £0.06 (ns) | 1.61+0.25* |{1.02+0.20 (ns) | 0.90 + 0.08 (ns)
MiR-223-3p | 1.40+0.20 (ns)| 1.60+0.10 ** || 1.33+0.12* [1.23+0.16 (ns)
miR-3474 1.01 £0.01 (ns) | 1.60+0.24 ** ||1.12+0.09 (ns) | 1.02 £ 0.13 (ns)
B. Fold changes in miRNAs differentially expressed in LP
MiRNA 15h 6 h 24 h 48 h
miR-21a-5p 1.07 £ 0.2 (ns) 1.39+£0.18 * [|4.44 £ 0.66 *** | 4,50 + 1.34 **
miR-451a | 1.63 +0.98 (ns) | 1.08 =0.33 (ns) || 3.76 + 1.56 ** [2.22 +2.41 (ns)
MiR-144-3p | 1.37+0.87 (ns) | 1.10 + 0.24 (ns) || 2.56 + 1.04 ** | 1.65 + 1.43 (ns)
mMiR-2861 | 1.06+0.29 (ns) | 2.46 +0.40 ** || 2.22+0.72 ** | 1.49 + 0.48 (ns)
miR-21a-3p | 1.36 +0.12 (ns) | 2.00 + 0.20 *** || 1.88 + 0.18 *** | 1.34 + 0.17 (ns)
miR-146a-5p | 1.10 = 0.08 (ns) | 0.98 +0.08 (ns) || 1.51 £ 0.14 ** | 1.58 £0.21 **
miR-1839-3p | 1.02+0.21 (ns) | 0.92£0.24 (ns) || 0.57 £0.09 ** | 0.74 £ 0.16 **
miR-34c-3p | 0.96+0.19 (ns) | 0.87£0.24 (ns) || 0.57 £0.17 ** | 0.68 £ 0.16 **
miR-150-5p | 1.01 £0.20 (ns) | 0.79 £0.13 (ns) [|0.59 £ 0.06 *** | 0.63 £ (.13 ***
miR-129-1-3p | 0.90+0.08 (ns) | 0.81 £0.06 * ||0.70 £ 0.05 *** | 0.65 £ 0.10 ***
miR-34b-3p | 1.01 £0.11 (ns)| 0.85+0.16 (ns) || 0.74 £0.04 ** | 0.81 £0.12 (ns)
mii';'_%%%%'_%rg 1.05+0.11 (ns)| 0.85+0.09* [[0.78=0.08 (ns)| 0.71 +0.07 **

22




4.4. Confirmation of miRNA microarray results

The top four most upregulated miRNAs from each group were validated by gPCR.
The changes in miR-762 expression were verified at all time points (Fig. 3/g, h). Changes
in expression of miR-204-3p and miR-665 could not be confirmed in EP (Fig. 3/a,b and
e,f), while miR-2137 and miR-3102-5p could not be amplified by gPCR in the samples.
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Figure 3. gPCR validation of miRNAs upregulated during the early phase (EP) on
the microarray. The relative expression of miRNAs normalized to let-7g-5p (fold
changes vs. saline). Left column: EP, right column: LP. (a, b) miR-204-3p; (c, d) miR-
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223-3p; (e, f) miR-665; (g, h) miR-762. Data are expressed as mean + SEM; One-way
ANOVA and Dunnett’s post hoc test; *: p<0.05 (19)

MiR-223-3p was ranked 15" on microarray analysis in EP with significant
increases at 6 h (1.6-fold) and 24 h (1.3-fold). The gPCR results demonstrated significant
upregulation at 1.5 and 24 h (Fig. 3/c, d).

Upregulation of miR-21a-3p and miR-21a-5p was confirmed by gPCR at most time
points (Fig. 4/a-d). Elevated expression of miR-144-3p and miR-451a at 24 h was also
verified by gPCR (Fig. 4/g-j). The increased expression of miR-146a-5p was supported
by gPCR in LP only at 48 h, and additionally significant upregulation was also detected
at 6 h (Fig. 4/e,f).
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Figure 4. gPCR validation of miRNAs upregulated during the late phase (LP) on
microarray. The relative expression of miRNAs was normalized to let-7g-5p (fold
changes vs. saline). Left column: EP, right column: LP. (a, b) miR-21a-5p; (c, d) miR-
21a-3p; (e, f) miR-146a-5p; (g, h) miR-144a-3p; (i, j) miR-451a. Data are expressed as
mean = SEM; One-way ANOVA and Dunnett’s post hoc test; *: p<0.05, **: p<0.01, ***:

p<0.001 (19)
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Downregulation of miRNAs based on the microarray could not be verified by gPCR (Fig.
5). Expression of miR-34b-3p, miR-129-1-3p and miR-1839-3p was not altered by LPS
based on the gPCR quantification. In contrast to microarray results, miR-150-5p and miR-
34c-3p were found to be upregulated at 6 and 24 hours, respectively, as measured by

gPCR, and were unchanged at the other three time points.
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Figure 5. gPCR validation of miRNAs downregulated on microarray. The relative
expression of miRNAs normalized to let-7g-5p (fold changes vs. saline). Left column:
EP, right column: LP. (a, b) miR-34b-3p; (c, d) miR-34c-3p; (e, f) miR-129-1-3p; (g, h)
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miR-150-5p; (i, j) MiR-1839-3p. Data are expressed as mean = SEM; One-way ANOVA
and Dunnett’s post hoc test; *: p<0.05, **: p<0.01 (19)

4.5. Validated/predicted miRNA targets identified by mass spectrometry

We searched the results of the MS analysis to find differentially expressed proteins
that are validated and/or predicted targets of the miRNAs upregulated by LPS. Our MS
analysis did not detect any of the so far experimentally validated targets of miR-762
(based on MirTarbase (60)), the miRNA newly associated with septic AKI. However, MS
detected 31 proteins in most of the samples from the 732 predicted targets of miR-762 in
the miRDB database. One of these proteins, the secretion associated Ras related GTPase
1B (Sarlb) or GTP-binding protein Sarlb seemed to be a relevant association with miR-
762, as it’s concentration was significantly suppressed 6 h after LPS administration, at

the time of the peak upregulation of miR-762 (Fig. 6).
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Figure 6. Protein expression of a miR-762 predicted target, secretion associated Ras
related GTPase 1B (Sarlb) or GTP-binding protein Sarlb in the kidneys of mice
after LPS administration. Log2 transformed label-free quantification (LFQ) intensity
values of Sarlb was measured by HPLC-MS/MS. (a) EP, (b) LP. Data are expressed as
mean = SEM; One-way ANOVA and Dunnett’s post hoc test; *: p<0.05

We identified a seemingly strong association between miR-144-3p and one of its
validated targets, aquaporin-1 (Agpl). The HPLC-MS/MS analysis detected that Agpl
protein concentration significantly increased in the kidney in EP and decreased at 24 h
(Fig. 7). Agpl concentration changed inversely with miR-144-3p at 24 h after treatment
with LPS as miR-144-3p was upregulated (Fig. 4/g,h) while Agp1 was downregulated.
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Figure 7. Protein expression of an experimentally validated target of miRNA-144-
3p, aquaporin-1 (Agpl) in mouse Kidneys after LPS administration. Log2
transformed label-free quantification (LFQ) intensity values of Agpl as determined by
HPLC-MS/MS. (a) EP, (b) LP. Data are expressed as mean + SEM; One-way ANOVA
and Dunnett’s post hoc test; *: p<0.05, **: p<0.01. (19)

Furthermore, the MS analysis revealed a few other differentially regulated
transporter proteins, which are validated or predicted targets of differentially expressed
miRNAs (based on miRDB and/or microRNA.org) that were verified by gPCR in our
study.

Solute carrier family 4 member 4 (Slc4a4) (also called the electrogenic sodium
bicarbonate cotransporter 1 (NBCel)) is a predicted target of miR-144-3p and miR-223-
3p. Slc4a4 protein concentration was significantly suppressed both at 24 and 48 h (Fig.
8/a, b), while treatment with LPS upregulated both miR-223-3p (Fig. 3/c, d) and miR-
144-3p (Fig. 4/g, h) at 24 h.

Another predicted target of miR-144-3p, solute carrier family 22 member 8
(SIc22a8) (also called organic anion transporter 3, Oat3) showed a slow tendency to
decrease after LPS administration that became significant at 48 h (Fig. 8/c, d). In parallel,
expression of miR-144-3p was significantly upregulated 24 h after LPS administration

but was slightly increased at other time points too (Fig. 4/g, h).
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Figure 8. Protein expression of transporters that are predicted miRNA targets in
mouse kidneys after LPS administration. Log2 transformed label-free quantification
(LFQ) intensity values of proteins were measured by HPLC-MS/MS. Left column (a, c):
EP, right column (b, d): LP. (a, b) Slc4a4; (c, d) SIc22a8. Data are expressed as mean +
SEM; One-way ANOVA and Dunnett’s post hoc test; **: p<0.01, ***: p<0.001. (19)

4.6. Acute-phase proteins were the most upregulated proteins in the kidney in the

late phase after LPS administration

The analysis of the renal proteome revealed that the changes in protein
concentrations were smaller in the EP groups than in the LP groups in response to LPS
administration. At 1.5 and 6 h after LPS administration only 10-10 proteins were
upregulated at least 4-fold (log.FC=2) (Fig. 9/a, b and Table 3). Proteome changes were
the most significant and abundant at 24 h (Fig. 9/c). At 24 h forty-seven, while at 48 h
forty-four proteins were upregulated at least 4-fold (log2FC=2) (Table 4). Expression of
several proteins was elevated both in EP and LP.

APPs were abundantly present among the most upregulated proteins in LP (Fig. 9/c,
d and Table 4). In EP, the established marker of AKI, Lcn-2 was the only APP increased
more than 4-fold. However, at 24 h 47% and at 48 h 39% were APPs among the proteins
that increased at least 4-fold (Table 4, bold highlight). In LP Lcn-2 was again one of the

most strongly induced APPs, as it was the first and second most upregulated protein at 24

29



and 48 h after LPS administration. Other APPs leading the lists were complement C3 and
the 3 chains of fibrinogen, followed by transport proteins (e.g. haptoglobin, hemopexin,
ceruloplasmin, transferrin, ferritin heavy chain), protease inhibitors (alpha-2-
macroglobulin, inter alpha-trypsin inhibitors), serine protease inhibitors (serpins) and

amyloids.

Table 3. Proteins significantly upregulated at least 4-fold (log.FC=2) relative to those in
kidneys of saline-injected control mice in EP. APPs are highlighted in bold. log2FC: log2

transformed values of fold change. (20)

EP1.5h log2FC EP6h log2FC
1 GTPase HRas 4.36 GTPase HRas 4.75
2 Chitinase-like protein 3 3.60 Chitinase-like protein 3 4.66
3 Protein S100-A9 2.59 Lipocalin-2 3.55
. . H-2 class |
4 Succmate-semlgldehyde . 2.30 histocompatibility antigen, 3.31
dehydrogenase, mitochondrial .
L-D alpha chain
5 Mesencephalic astrocyte- 2.29 CD151 antigen 3.28
derived neurotrophic factor
6 CD151 antigen 2.27 Protein S100-A9 3.12
S-adenosylmethionine . . .
7 synthase isoform type-2 2.26 Major urinary protein 3 2.78
Proteasome subunit alpha Transmembrane emp24
8 2.20 : I : 2.36
type-7 domain-containing protein 2
Peptidyl-prolyl cis-trans Proteasome subunit alpha
d isomerase FKBP3 213 type-7 2.20
10 Transmembrane emp24 510 Cytochrome c oxidase 504
domain-containing protein 2 ' subunit 7C, mitochondrial '
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Table 4. List of proteins significantly upregulated at least 4-fold (log.FC=2) relative to
those in control kidneys of mice in LP. APPs are highlighted in bold. log2FC: log2

transformed values of fold change. (20)

LP24h log2FC LP48h log2FC

H-2 class | histocompatibility

1 Lipocalin-2 6.36 antigen, L-D alpha chain 6.03
2 Complement C3 6.09 Lipocalin-2 5.71
3 Hemopexin 5.90 Hemopexin 5.62
4 Fibrinogen alpha chain 5.85 Complement C3 5.58

H-2 class | histocompatibility

5 antigen, L-D alpha chain 5.69 | Interferon-inducible GTPase 1 | 5.19
6 Fibrinogen gamma chain 5.67 Fibrinogen gamma chain 5.12
7 Fibrinogen beta chain 5.62 Haptoglobin 5.01

Interferon-induced guanylate-

8 | Interferon-inducible GTPase1 | 5.59 . J
binding protein 2

4.86

Interferon-induced guanylate-

binding protein 2 5.57 Fibrinogen alpha chain 4.76

10 Haptoglobin 5.25 Fibrinogen beta chain 4.75

Immunity-related GTPase

family M protein 1 4.14

11 T cell specific GTPase 1 521

Inter alpha-trypsin inhibitor,

12 heavy chain 4 4.83 | Serum amyloid A-2 protein | 3.54
13 Imr?:aii?ﬂ\;lztfoie?r;rf ase 4.66 Major vault protein 3.52
14| Serine protease inhibitor A3K | 4.49 Chitinase-like protein 3 3.46
15 Alpha-2-macroglobulin 4.21 Beta-2-microglobulin 3.45
16 Chitinase-like protein 3 3.96 | Serine protease inhibitor ASK | 3.44

17| Serum amyloid A-2 protein 3.92 T cell specific GTPase 1 3.28

Alpha-1-acid glycoprotein 1,

18 CD151 antigen 3.82 Alpha-1-acid glycoprotein 2 3.24
19 Ceruloplasmin 3.72 Napsin-A 3.21
20 Major vault protein 3.72 | Inter alpha-trypsin inhibitor, | 5 ;4

heavy chain 4

31



LP24h log2FC LP48h log2FC
Interferon-induced .
21 transmembrane protein 3 3.45 Ceruloplasmin 3.07
Murinoglobulin-1, .
22 Murinoglobulin-2 3.45 Alpha-2-macroglobulin 3.03
23 Major urinary protein 3 3.36 | Serum amyloid A-1 protein | 3.00
24 Proteasome activator complex 311 Interferon-lnduceo_l 591
subunit 2 transmembrane protein 3
Alpha-1-antitrypsin 1-3,
25 Alpha-1-antitrypsin 1-1 3.00 Cytochrome P450 4A10 2.83
26| Guanylate-binding protein 4 3.00 Proteasome activator complex 2.82
subunit 2
27 Beta-2-microglobulin 2.90 Ferritin heavy chain 2.69
28 Ferritin heavy chain 2.79 Guanylate-binding protein 4 2.57
. o Xanthine
29| Serine protease inhibitor AN | 2.74 dehydrogenase/oxidase 2.55
: : H-2 class Il histocompatibility
Deoxynucleoside triphosphate ] i i
30 triphosphohydrolase SAMHD1 2.62 |antigen, A chr?;?nand A-D beta| 2.50
. i Deoxynucleoside triphosphate
31 Kininogen-1 2.61 triphosphohydrolase SAMHD1 245
32 Proteasome activator complex 5 59 Proteasome activator complex 543
subunit 1 subunit 1
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Figure 9. Changes in renal protein expression after LPS administration. P values
(given as —logiop values) are plotted as a function of fold changes (given as logzFC).
Vertical lines indicate a 2-fold change, and horizontal lines indicate a significance level
of P=0.05. APPs are marked with red dots (1: Lcn-2, 2: fibrinogen-a, 3: fibrinogen-p, 4:
fibrinogen-y, 5: complement C3, 6: ceruloplasmin, 7: haptoglobin, 8: hemopexin, 9:
serum amyloid A-1, 10: serum amyloid A-2, 11: ferritin heavy chain, 12: inter alpha-
trypsin inhibitor, heavy chain 4, 13: transferrin, 14: serum albumin, 15: alpha-1-

antitrypsin 1-3 and 1-1, 16: serine protease inhibitor A3K, 17: alpha-2-macroglobulin,
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18: apolipoprotein Al, 19: alpha-1-acid glycoprotein, 20: beta-2-microglobulin, 21:
serine protease inhibitor A3N, 22: apolipoprotein E, 23: vitamin D-binding protein, 24:
von Willebrand factor A domain-containing protein 5A). (a) 1.5 h, (b) 6 h, (c) 24 h, (d)
48 h. (20)

Since APPs were at the top of the lists of upregulated proteins in such a high
proportion in LP, we collected all the significantly upregulated APPs in Table 5. A
number of APPs were increased in the kidneys after LPS administration at both 24 and
48 h: fibrinogen-a, -B, -y, complement C3, inter alpha-trypsin inhibitor heavy chain 4,
transferrin, haptoglobin, hemopexin, two isoforms of serum amyloid A (Saal and Saa2),
ceruloplasmin, alpha-2-macroglobulin (A2m), serine protease inhibitor A3K (Serpina3k)
and beta-2-microglobulin  (B2m). Serine protease inhibitor A3N (Serpina3n),
apolipoproteins Al (ApoAl) and E (ApoE), vitamin D-binding protein or Gc-globulin
(DBP) and inter-alpha-trypsin inhibitor heavy chain H1 (Itihl) were significantly
increased only at 24 h. Von Willebrand factor A domain-containing protein 5A (Vwa5a)
and alpha-1-acid glycoprotein (ALAGP) were upregulated after LPS administration only
at 48 h.

Renal protein concentration of ferritin heavy chain was significantly increased at
all 4 time points. Alpha-1-antitrypsin (Serpinal) protein was significantly elevated at 1.5,
24 and 48 h. Albumin concentration was significantly elevated at 1.5 and 24 h, while it

was at control level at 6 and 48 h.

Table 5. Log?2 transformed label-free quantification (LFQ) intensity values of APPs
measured using MS in the kidneys of mice after LPS administration. Values shown
are mean+SD. *: p<0.05, **: p<0.01, ***: p<0.001. Statistical analysis of data in EP (1.5
and 6 h) and LP (24 and 48 h) was done separately (marked by a middle double line).
Len-2: lipocalin-2, C3: complement C3, Fga: fibrinogen-a, Fgb: fibrinogen-p, Fgg:
fibrinogen-y, Saa: serum amyloid A, Cp: ceruloplasmin, Hp: haptoglobin, Hpx:
hemopexin, Itih4: inter alpha-trypsin inhibitor heavy chain 4, FHC: ferritin heavy chain,
Tf: transferrin, Alb: serum albumin, Serpinal: alpha-1-antitrypsin, Serpina3k: serine
protease inhibitor A3K, Serpina3n: serine protease inhibitor A3N, A2m: alpha-2-
macroglobulin, B2m: beta-2-microglobulin, ApoAl: apolipoprotein Al, ApoE:
apolipoprotein E, A1AGP: a-1-acid glycoprotein, Itihl: inter alpha-trypsin inhibitor
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heavy chain 1, DBP: vitamin D-binding protein, Vwa5a: von Willebrand factor A

domain-containing protein 5A. (20)

saline EP1.5h EP6h LP24h LP4gh
Lon-2 | 50 654 110 | 20,31+ 1.00| 2420 £ 0.23 | 27.01 4 0.66 | 26.36 + 0.7
C3 | 194+ 1.69 | 23294123 | 2124+ 120 | 28.03 4041 | 27.51 +0.69
P98 | 01784 1.61 | 23204 2.08 | 22.85+ 1.77| 27.63 +0.53 | 26544 0.67
FOb | 51534 1.56 | 21844 0.85 | 21,364 0.5 | 27.1540.74 | 26.28 + 0.8
FOY | 51264 1.89 | 22.06+ 142 | 23.00+ 1.58 | 26.93 4044 | 2638 + 0.55
Saal | 50844079 | 21.0340.79 | 2101 +0.59 | 23.09+0.57 | 23.84 4092
Sa82 | 50384050 | 19.7740.78 | 2128+ 0.34 | 24304039 | 23.91 + 1.09
CP | 21344 1.15 | 2052+ 0.68 | 19.8540.79 | 25.06029 | 2441 +0.50
HD | 106+0.62 | 2053+ 048 | 2104 1.10 | 2631 +0.58 | 26.07 + 0.76
HPX | ) 154084 | 20.664037 | 2191+ 1.03 | 28.054027 | 27.77+0.67
Itihd | 50774 0.76 | 20,73+ 0.92 | 21,144 0.49 | 25.60+0.51 | 23.96 + 1.33
PHC | 53574072 | 24.65 + 047 | 2499+ 028 | 26364032 | 26.26 + 0.43
TE | 56254126 | 27.3640.44] 26.83 + 046 | 28.51 4027 | 27.79 4047
A | g 60+ 0.85 | 31.06 4051 | 2997029 | 31.824020 | 30.47 +0.50
Serpinalac| o3 ¢4 . 130 | 25.81+0.70 | 25444037 | 26,84+ 028 | 2532+ 0.34
Serpina3K | 5 ge 1 255 | 26.04+0.79 | 25.2240.96 | 27.374052 | 2632+ 0.91
Serpinadn | ) 534 0.75 | 20.83 + 0.84 | 20904047 | 23274041 | 22.06+ 118
A2 | ) 134192 2345 42,12 | 21,00+ 052 | 26344052 | 2516 1.37
B2M | 30804075 | 20,05 4049 | 2182+ 145 | 2370+ 024 | 2425 + 0,37
APOAL | )5 16 135 | 2648+ 0.67 | 25.264034 | 2730+ 0.68 | 2622+ 0.35
APOE | 50424 110 | 2158+ 1.12 | 20.58 = 0.95 | 22.704 120 | 2146+ 081
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4.7. Acute-phase protein synthesis was stimulated in the kidney after LPS

We performed qPCR analysis to verify that the source of upregulated APPs was the
kidney. We found that LPS significantly upregulated the renal mMRNA expression of
several APPs (Fig. 10). Gene expression of ceruloplasmin and haptoglobin was induced
already at 1.5 h. Expression of complement C3, fibrinogen-a, -B, -y, serum amyloid A,
ceruloplasmin, haptoglobin, hemopexin, inter alpha-trypsin inhibitor heavy chain 4, and
ferritin heavy chain was upregulated by LPS at 6, 24 and 48 h. Transferrin expression
was upregulated in the kidneys only in LP.

The mRNA expression of fibrinogen-a, -B, -y, serum amyloid A, ceruloplasmin,
hemopexin and ferritin heavy chain started to decrease at 48 h. Expression of complement
C3 and transferrin also showed a decreasing tendency at 48 h, though the difference was
not statistically significant.

Albumin mRNA expression was unchanged in the kidneys during EP but started to
decrease at 24 h and was significantly downregulated at 48 h.

The two isoforms of alpha-1-antitrypsin (Serpinala and Serpinalc) were not
differentiated by MS. To overcome this limitation, we measured their mRNA expression
separately, but we could not amplify either isoform, suggesting that their renal expression
was below detection limit. However, using the primers designed by Zager et al. (64) we
found that alpha-1-antitrypsin mRNA was downregulated in the kidneys in all LPS-
treated groups. As the 1d isoform is also amplified by this primer pair besides the 1a and
1c isoforms, the decreased mMRNA expression could be attributed to Serpinald that was
not detected by MS. Expression of the serine protease inhibitor ASK mRNA was also

below detection limit in all kidney samples.
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Expression of another inflammatory marker, chitinase-like protein 3 (Chil3) was
enhanced at 6 and 24 h after LPS administration and was still upregulated at 48 h, but to

a lesser extent.
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Figure 10. Fold changes of mRNA expression of APPs relative to the respective

control kidneys after LPS administration in mice. Data are expressed as mean = SEM;
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One-way ANOVA and Dunnett’s post hoc test; 1: p<0.05, : p<0.01, #: p<0.001. C3:
complement C3, Fga: fibrinogen-a, Fgb: fibrinogen-p, Fgg: fibrinogen-y, Saa: serum
amyloid A, Cp: ceruloplasmin, Hp: haptoglobin, Hpx: hemopexin, Itih4: inter alpha-
trypsin inhibitor heavy chain 4, FHC: ferritin heavy chain, Tf: transferrin, Alb: serum
albumin, Serpinal: alpha-1-antitrypsin, Chil3: chitinase-like protein 3. (a) 1.5 h, 6 h. (b)
24 h, 48 h. (20)
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5. Discussion

LPS induced AKI, as demonstrated by the elevated plasma urea concentrations and
the upregulated renal mRNA expression of Tnf-a, IL-6 and Lcn-2. Protein expression of
Lcn-2, a marker of kidney injury was enhanced too. Several factors including plasma urea
concentration and mMRNA expression of IL-6 and Lcn-2 started to decrease at 48 h after
endotoxin administration, indicating the onset of recovery.

The renal miRNome responded to LPS administration mainly by upregulation of
miRNAs. This is the first study that addressed the time-dependent changes in the
miRNome in LPS-induced AKI using multiplex methods. Although severe impairment
of the renal function was observed already at 1.5 h, very few miRNAs were upregulated
at this early time point. The most robust miRNA responses were detected at 6 and 24 h.
In LP the expression of miR-21a-duplex, miR-144-3p/451a, miR-146a-5p and miR-223-
3p was elevated at 24 and/or 48 h. The decline of AKI markers at 48 h indicated a recovery
that was associated with normalized expression of several miRNAS.

In most cases, changes in the expression of miRNAs in the microarray were
successfully confirmed by gPCR. However, validation of the microarray results by gPCR
revealed some false positive hits. Based on the gPCR measurements renal expression of
miR-34b-3p and miR-1839-3p (downregulated on the array), furthermore miR-204-3p
and miR-665 (upregulated on the array) was not altered by LPS. In addition, miR-34c-3p
was detected by qPCR to be significantly increased as opposed to the downregulation
observed in the miRNA microarray. Finally, miR-2137 and 3102-5p could not be
amplified by gPCR. It is well-known that some results obtained by multiplex techniques
(e.g. microarrays) can be misleading (66,67). There are many potential reasons for this
problem, such as a multitude of investigated genes, small sample size and polymorphisms
in the target and the probe sequence (68-70). Our study also supports the necessity to
validate array data by other techniques such as qPCR. Only those miRNAs are discussed
that were verified by gPCR after being detected as differentially expressed by the miRNA
microarray.

To find potential molecular and/or pathophysiological pathways that could be
influenced by the observed miRNome changes, we searched for relevant miRNA-protein
associations. We searched our proteomic data obtained by MS analysis for validated and
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predicted protein targets of the differentially expressed miRNAs. We focused on target
proteins that were expressed in opposite direction to their target miRNAs.

A novel finding in our study is that miR-762 was the most upregulated among the
miRNAs at 6 h, at the time of the peak miRNome response in EP. MiR-762 was indicated
to play a role in remote ischemic preconditioning in mouse CD34+ bone marrow cells
(71). Our results newly indicate a potential role of miR-762 in LPS-induced AKI, and
possibly in the endotoxin-mediated preconditioning of the kidney (13). We found that the
predicted target of miR-762, the secretion associated Ras related GTPase 1B (Sarlb) is
likely to be regulated by miR-762 also in our study. Sarlb belongs to the Sarl-ADP
ribosylation factor family of small GTPases (72) that regulate the intracellular trafficking
of proteins in protein-coated vesicles. Sarlb was shown to have a function in
inflammation and oxidative stress (73). Along with miR-762, we newly identified that
Sarlb could possibly play a role in septic AKI. Other previously described targets of miR-
762, such as TLRs and interferon regulatory factors (74) were not detected by MS in our
study, most likely due to the limitations of the total proteome analysis.

Expression changes of the closely clustered and evolutionally conserved bicistronic
miRNAS, miR-144 and miR-451 (75,76) moved together. MiR-144-3p was demonstrated
to play a protective role in remote preconditioning of the heart (induced by limb ischemia)
(77). MiR-451a was found to be upregulated after LPS administration in RAW267.4 cells
(78). However, the role of the miR-144/451 cluster in the LPS-induced AKI has not been
studied previously.

The total proteome analysis revealed that the renal protein concentration of
apuaporin-1 (Agpl) decreased at 24 h. Agpl is an already validated target of miR-144-
3p (79). Inverse regulation of miR-144-3p and Agpl at 24 h suggested that Aqpl was
possibly suppressed by miR-144-3p. Both mRNA and protein expression of Agpl was
demonstrated in previous studies to be downregulated by LPS in mouse kidneys (80,81).
Similarly to our results, literature data show that renal protein concentration of Agpl first
increased and later decreased (82). Renal ischemia-reperfusion injury suppressed the
MRNA expression of Agpl too (83). Also, urinary exosomal release of aquaporins AQP1
and AQP2 was decreased in ischemic AKI (84). Furthermore, endotoxin administration
induced a more severe kidney injury in Agpl knockout mice (85), while overexpression
of Agpl was protective in LPS-treated HK-2 cells (86).
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Solute carrier family 22 member 8 (Slc22a8), also termed as organic anion
transporter 3 (Oat3), is another predicted target of miR-144-3p. Our results indicated that
Slc22a8 (Oat3) was downregulated and thus could be inversely regulated by miR-144-3p
too. Both sepsis and ischemia impair renal tubular function, including anion excretion
(87). LPS was previously demonstrated to significantly downregulate the expression of
Slc22a8 (Oat3) (88) time and dose dependently (87).

Our results strongly support an important role for miR-21 duplex in septic AKI, as
miR-21a-5p was one of the most upregulated miRNAs, while miR-21a-3p was also
induced by LPS at all time points. MiR-21 was already described to modulate renal injury
caused by LPS (49). As opposed to the 3p arm, miR-21a-5p was only upregulated at later
time points. In a previous study we also found that miR-21a induction was a late event as
it was first elevated 24 hours after an ischemic renal injury (89). The immune-regulatory
roles of miR-21 are well characterized (90,91), and that was also supported by our study.

MiR-146a-5p was already reported to play a role in septic AKI (52). Our results are
in agreement with this finding. MiR-146a-5p was also described to regulate the pro-
inflammatory cytokine production in LPS-stimulated macrophages, and may also
suppress the monocytic immune response (92). In addition, miR-146a-5p mediated the
endotoxin-induced cross-tolerance to renal ischemia through the activation of NF-«xB
signalling (93).

Expression of miR-223-3p was significantly elevated at 1.5 and 24 h after LPS.
MiR-223 has a role in haematopoiesis (94), and it has been associated with inflammatory
conditions such as sepsis (95) and liver ischemia (96). Wang et al. (97) reported that the
inflammatory response to LPS was downregulated by miR-223 in RAW 264.7 murine
macrophages through the suppression of the NF-kB signalling pathway. In sepsis its role
seems controversial because LPS-induced AKI (a sterile model of septic AKI) was
exaggerated, while polymicrobial infection-induced AKI was attenuated in miR-223
knock-out (KO) mice (51). MiR-223 may not only have model-specific but also organ-
specific functions, as polymicrobial infection aggravated myocardial dysfunction and
mortality in miR-223 KO mice (98). Our results are also in favour of the role for miR-
223-3p in LPS-induced AKI.

During the target search, the electrogenic sodium bicarbonate cotransporter 1

(Slcdad or NBCel) was found to be inversely regulated to both miR-144-3p and miR-
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223-3p. Thus, it is possible that miR-144 and miR-223 downregulated Slc4a4 after LPS
in LP. In support of this finding, miR-223-3p was described to downregulate SLC4A4 in
clear cell renal cell carcinoma, thereby promoting cell proliferation and metastasis (99).
Slc4a4 might be associated with septic conditions based on our results.

Further analysis of the overall renal proteome changes revealed that APPs were
abundantly present among the most upregulated proteins in LP.

APP secretion is a well-known consequence of inflammatory stimuli including LPS
or sepsis. Although the common view is that the major source of plasma APPs is the liver
(23,100), it has been demonstrated that several APPs are also expressed in other organs
even under physiological conditions. For example, ferritin is produced in all organs
including the kidneys (101). Furthermore, haptoglobin is expressed in the lung and skin
(23), hemopexin in the retina and nervous system (102), ceruloplasmin in the mammary
gland, kidney and brain (103), transferrin in the brain (104), complement C3 in the kidney
and immune cells (105), and serum amyloid A in many tissues including the kidney (106).
APPs are expressed physiologically in extrahepatic tissues only at a low level, but local
injuries can increase their extrahepatic production too (23).

Although some APPs have already been demonstrated to be also produced in the
kidney, our comprehensive description of a massive, combined renal APR in sepsis is a
novelty. Our results are in line with previous isolated findings showing that LPS induced
renal MRNA and/or protein expression of all three chains of fibrinogen (34), complement
C3 (40,41), haptoglobin (36—38), hemopexin (39), ceruloplasmin (35) and serum amyloid
A (35,36) 24 hours after its administration, while it downregulated the expression of
albumin (43). We identified further APPs that were upregulated by LPS in the kidney
such as inter alpha-trypsin inhibitor heavy chain 4, ferritin heavy chain, transferrin,
apolipoprotein Al and E, vitamin D-binding protein, alpha-2-macroglobulin, serine
protease inhibitors A3K and A3N, inter-alpha-trypsin inhibitor heavy chain H1, and
alpha-1-antitrypsin. Unlike in humans, transferrin is known as a positive APP in mice
(107).

Expression of chitinase-like protein 3 (Chil3) was also induced by LPS in the
kidney. It belongs to the chitinase-like protein family in rodents. It is a chemoattractant
for eosinophils and a marker of murine N2 neutrophils and M2 macrophages (108-111).

Chitinase-3-like protein 1 (CHI3L1), a highly homologous member of the chitinase-like

43



protein family, is regarded as an APP in humans (112). Elevated serum concentrations of
both CHI3L1 and Chil3 were detected in septic mice (113), suggesting a possible role for
Chil3 in the APR too.

The LPS-induced renal APR probably has a homeostatic function in tissue
protection (22). APPs can contribute to this in many ways. First of all, some effectors of
the immune system like complement C3 belong to this group of proteins (114). Many
APPs have antioxidant or anti-inflammatory activity (e.g. haptoglobin (115), hemopexin
(116), ceruloplasmin (117), inter alpha-trypsin inhibitor heavy chain 4 (118),
apolipoproteins (119,120) and alpha-1-acid glycoprotein (121)) and/or cytoprotective
scavenger functions (e.g. haptoglobin sequesters haemoglobin (115), hemopexin binds to
heme and bivalent metal ions (116), ferritin heavy chain (122) and transferrin (123) have
affinity for free Fe, while vitamin D-binding protein (124) and apolipoprotein Al (119)
neutralize LPS). Some APPs attract immune cells (e.g. serum amyloid A (125), fibrinogen
(126) and chitinase-like protein 3 (108)), some protect tissues from proteolytic damage
(e.g. alpha-2-macroglobulin (127) and alpha-1 antitrypsin (128)), while others facilitate
tissue repair (e.g. fibrinogen (114)).

Enhancing cell survival is another possible role of APPs produced locally in the
kidney (7). For example, ferritin heavy chain (129) and the heme-hemopexin complex
(116) were described to inhibit apoptosis. The function of ferritin heavy chain in AKI has
already been studied. Proximal tubule-specific ferritin heavy chain knockout mice had
worse outcomes in unilateral ureteral obstruction, cisplatin-induced AKI or
rhabdomyolysis than wild type mice (130,131). Furthermore, renal overexpression of
ferritin heavy chain prior to ischemia-reperfusion injury had cytoprotective effects (132).

Although most APPs play a role in preserving tissue integrity, some of them can
also facilitate injury besides protection. For example, fibrinogen can activate immune
cells, thereby enhancing inflammation. On the other hand, fibrinogen induces tissue repair
as a scaffold protein for tissue regeneration (126,133,134). After ischemia-reperfusion
injury renal function and survival was worse in fibrinogen knockout mice (135), although
renal fibrogenesis was decreased after unilateral ureteral obstruction (136).

Serum amyloid A is also involved both in proinflammatory and anti-inflammatory
processes. It has an ability to enhance proinflammatory cytokine production and attract

phagocytes, but it can also promote anti-inflammatory cytokine secretion and
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macrophage polarisation to M2 phenotype (125,137). Similarly, both prooxidant and
antioxidant activities of ceruloplasmin have been described (117).

Considering the markedly increased production of a great number of APPs in the
kidney, they could be of utility as biomarkers too. In support of this, Zager et al. (38)
detected elevated haptoglobin concentration in the urine of AKI patients. They also found
that LPS-induced upregulation of haptoglobin was greater in the kidneys than in the liver
in mice (38). Also, Chil3 and other chitinase-like proteins were described as potential
biomarkers of septic AKI in both mice and humans (113).

However, the temporal expression pattern of APPs in septic AKI has to be explored
before they can be considered as biomarkers for early detection. Previously very few
studies determined changes in APPs at time points other than 24 h after LPS
administration. These scarce findings regarding EP showed that haptoglobin was
upregulated (38), hemopexin was slightly increased (39), while albumin was unchanged
(43) 4 h after endotoxin administration in mice. We determined the temporal expression
pattern of many APPs in more detail at 4 different time points. Renal mRNA expression
of many APPs was induced already during the EP and peaked at 24 h. Among the APPs
studied, gene expression of Lcn-2, ceruloplasmin and haptoglobin was upregulated the
earliest, followed by complement C3, fibrinogen-a, -B, -y, hemopexin, serum amyloid A,
inter alpha-trypsin inhibitor heavy chain 4 and ferritin heavy chain at 6 h. Their enhanced
MRNA expression resulted in elevated renal protein levels by the established phase of
AKI at 24 h. Only the protein concentration of ferritin heavy chain increased already in
EP. Transferrin was induced slightly later, as both its mMRNA and protein expression was
elevated first at LP24h. The decrease in the gene expression of fibrinogens,
ceruloplasmin, hemopexin, serum amyloid A and ferritin heavy chain by 48 h, suggests
that recovery was initiated. At the same time, renal mMRNA expression of the negative
APP, albumin was suppressed by LPS during LP.

The renal protein concentration of serine protease inhibitor A3K and alpha-1-
antitrypsin isoforms Serpinala and 1c was not increased because of local induction of
their mMRNA expression. It can be assumed that they may be of hepatic origin, since e.g.

serine protease inhibitor A3K is a liver-specific gene (138).
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6. Conclusions

The major findings of this study are the following:

Bacterial lipopolysaccharide (LPS) administration caused serious septic AKI
characterized by severe functional impairment of the kidney, upregulation of
several inflammatory markers, and marked changes in the expression of
regulatory microRNAs (miRNAs) and large number of proteins. Both the renal
miRNome and proteome changes were modest at 1.5 h and peaked at 6 and 24 h
after LPS-administration. Recovery could be detected at 48 h.

MiIRNA microarray indicated that 71 miRNAs changed significantly at 1.5 and 6
h and 39 at 24 and 48 h. Expression of miR-762 was most upregulated at 6 h after
LPS administration and is a newly identified miRNA that is upregulated in septic
AKI. MiR-762 and other upregulated miRNAs may play a protective role against
renal inflammation by attenuating the LPS-induced immune response.

Based on our present results we assume that aquaporin-1 (Agpl) and solute carrier
family 22 member 8 (Slc22a8) are regulated by miR-144-3p. Furthermore, the
electrogenic sodium bicarbonate cotransporter 1 (Slc4a4 or NBCel) could be a
possible target of miR-144-3p and miR-223-3p. Our data support a pathogenic
role for these transporters in LPS-induced AKI.

Acute-phase proteins (APPs) were among the significantly upregulated proteins.
APPs were produced locally in the kidney as demonstrated by renal mRNA
expression of most detected APPs, suggesting that a local acute phase reaction is

also a characteristic response of the kidney to massive systemic inflammation.
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7. Summary

Bacterial lipopolysaccharide-induced systemic inflammation and circulatory shock
is associated with acute kidney injury (AKI). We investigated the temporal changes in
renal miRNA and protein expression induced by endotoxin shock in mice.

AKI was induced in male outbred NMRI mice by intraperitoneal LPS injections.
Mice were sacrificed at 1.5 and 6 h (early phase, EP) or at 24 and 48 h (late phase, LP)
after LPS injection. The temporal miRNome profile of septic AKI was established using
miRCURY LNA™ miRNA microarray and verified by gPCR. Total renal proteome was
analysed by HPLC-MS/MS.

AKI was confirmed by increased plasma urea concentrations and enhanced renal
MRNA expression of IL-6, Tnf-a and Lcn-2. Renal miRNome and proteome changes
were mild at 1.5 h. We detected the strongest miRNA dysregulation at 6 and 24 h that
started to normalize by 48 h. In EP, miR-762 was the most upregulated miRNA that we
newly associated with septic AKI. A predicted target of miR-762, Ras related GTPase 1B
(Sarlb) was downregulated, indicating that miR-762 may regulate GTP signalling. In LP,
miR-21a-5p was the most induced miRNA followed by miR-144-3p, miR-146a-5p and
miR-451a. Renal protein concentration of potential protein targets of miR-144-3p was
downregulated in LP, which were: aquaporin-1 (Agpl), solute carrier family 22 member
8 (SIc22a8 or Oat3) and electrogenic sodium bicarbonate cotransporter 1 (Slc4a4 or
NBCel). These miRNAs and transporters may play an important role in LPS-induced
AKI and renal inflammation.

As part of the renal inflammation induced by LPS, we demonstrated a massive,
complex and coordinated local acute-phase response (APR) of the kidney. APPs
dominated the proteome in LP (the ratio of APPs among proteins upregulated at least 4-
fold was: EP, 1.5 h: 0/10, 6 h: 1/10; LP, 24 h: 22/47, 48 h: 17/44). Lipocalin-2,
complement C3, fibrinogen, haptoglobin and hemopexin were the most upregulated
APPs. Renal mRNA expression of APPs was measured by gPCR. The mRNA expression
of APPs was induced in EP, preceding the changes in protein concentrations, and

confirming local renal production of most APPs.
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