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Introduction

1. INTRODUCTION

Dietary sodium excess is responsible for an estimate of 1.89 million of deaths
worldwide in 2019, with a burden that progressively increased over the last three
decades®. High sodium consumption is associated with increased blood pressure
levels®3cardiovascular events® and chronic kidney disease!. Robust evidence
indicates that the reduction of sodium intake reduces blood pressure levels* and
cardiovascular risk®. The global mean sodium intake is 4 g/day (10 g/day of salt)
and international guidelines recommend a reduction of sodium consumption to less
than 2 g/day (<5 g/day of salt)®’. Considering the poor adherence of the population
to low sodium diet (LSD), understanding the mechanisms of sodium-induced
hypertension and organ-damage is currently an important unmet medical need.
The hemodynamic changes induced by sodium load, explain only a part of the long-
term deleterious effects of high sodium diet (HSD)®°. However, the majority of the
studies investigating the pathophysiological mechanisms of sodium excess comes
from pre-clinical research in animal models®°.

Extracellular vesicles (EVs) are bilayer membrane-bound structures released by all
cells types, which carry various cargos, including nucleic acids (such as small non-
coding RNAs, messenger [NRNAs] and DNA fragments), proteins, lipids, and
metabolites®®. EVs can be isolated from cell cultures, biofluids *°, and tissues'! and
their cargos reflect the activation state of parental cells. EVs allows cell-to-cell
paracrine and endocrine communication, influencing the content and biological

processes of the recipient cells!®!?,
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In kidney, in presence of an intact glomerular filtration barrier, circulating EVs
cannot cross the glomerular membrane pores®®. Therefore, in normal condition,
urinary EVs (UEVs) derives primarily from the cells of the nephron lumen and the
urinary tract™®4 This feature makes UEVs a non-invasive tool for the
characterization of renal biological processes in different disease or
pathophysiological conditions.

MicroRNAs (miRNAs) are small non-coding RNA abundantly released into EVs,
that complementarily bind the 3'UTR of target mRNAs, regulating mRNA
degradation and translation®®. miRNAs are stable molecules and, when transported
within EVs, they are able to target distant sites and regulate gene expression with a
hormone-like function®®.

The aim of this prospective study is to investigate the impact of dietary sodium
modulation on renal biological processes, through the evaluation of small non-
coding RNAs content in 24-hour urinary EVs isolated from high-risk normotensive
subjects who underwent tightly controlled sodium-restricted and sodium-loaded
diet. After the identification of differentially expressed miRNAs among the two
dietary regimen, we identified mRNAtargets and performed a bioinformatic
network analysis to identify the pathways uniquely enriched following each specific
diet. Hence, we selected specific miRNA-mRNA target pairs, considered as
potential drivers of sodium mediated effects at renal levels, and we validated the

miRNA-mRNA target regulation using human tubular cells as in vitro model.
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2. MATERIALS AND METHODS

2.1 Participant selection

The protocol was approved by the local ethical committee. Written informed
consent was obtained from all the patients recruited in the study. Individuals aged
between 35 and 70 were prospectively enrolled. We included subjects with SBP
comprised between 120 and 135 mmHg and DBP comprised between 75 and 85
mmHg. Main exclusion criteria were: known history of hypertension or use of
antihypertensive medications, previous cardiovascular events or estimated
glomerular filtration rate <60 mL/min/1.73m?2. The complete list of inclusion and
exclusion criteria is listed below.

Inclusion criteria (high-risk normotensive):

1. Age 35-70 years
2. Systolic blood pressure of 120-135 mmHg and/or diastolic blood pressure
of 75-85 mmHg
3. At least one, or more, of the following:
= BMI > 25 kg/m2
= Family history of hypertension prior to the age of 60 years in a
parent or sibling
= Diabetes with a hemoglobin Alc < 9%
4. If systolic blood pressure is 115-120 mmHg and/or diastolic blood
pressure is 70-75 mmHg, must have two or more of the following:

= BMI > 25 kg/m2
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= Family history of hypertension prior to the age of 60 years in a
parent or sibling

= Diabetes with a hemoglobin Alc < 9%

Exclusion criteria:

10.

11.

12.

13.

Known history of hypertension or use of antihypertensive medications
Known history of stroke, coronary artery disease, myocardial infarction,
heart failure, cerebral or aortic aneurysm, or preeclampsia.

Active cancer that is being treated with chemotherapeutic agents
Pregnancy

Breast feeding

Daily use of prescribed opioid medications

Ilicit drug use (cocaine, heroin, methamphetamine)

Daily non-steroidal anti-inflammatory medication use

Daily use of glucocorticoids

Electrocardiogram that shows evidence of prior myocardial infarction,
atrial arrhythmia, left or right bundle branch blocks.

Estimated glomerular filtration rate < 60 mL/min/1.73m2

Active and untreated hyper- or hypo-thyroidism

Abnormal screening laboratories (comprehensive of complete blood count,

thyrotropin) or endocrinological diseases
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All individuals were studied after 5 to 7 days of 2 different dietary conditions:
sodium restricted (low sodium diet; LSD) and sodium loaded diet (high sodium
diet; HSD) (Figure 1). Sodium restriction was achieved by providing meals with
less than 40 mmol of sodium/day, while sodium loading was achieved with more
than 180 mmol of sodium/day. Potassium and calcium intake was maintained
constant in both diets: 75 mmol of potassium/day, and 600 mg of calcium/day.
Compliance to the dietary regimen was assessed by 24h urinary sodium excretion.
All subjects underwent 24-hour ambulatory blood pressure with liberal diet. Office
systolic blood pressure (SBP) and diastolic blood pressure (DBP), plasma renin
activity (PRA) and aldosterone concentration were measured after each specific
diet. Plasma aldosterone concentrations was measured by enzyme-linked
immunosorbent assay (ELISA) (IBL International [Catalog RE52301]; Hamburg,
Germany). The lowest reportable was 0.2 ng/dL and a dynamic range of 0.57-100
ng/dL, inter-assay CV= 8.6-9.4%, intra-assay CV=5.6-9.7%. PRA was measured
by ELISA (IBL-America; Minneapolis, MN; inter-assay CV=4.8-7.1%, intra-assay
CV=6.3-8.7%). A 24-hour urine collection was obtained after 5 to 7 days of each
dietary condition. Sample were aliquoted, stored, and shipped at room temperature

in Urine Collection and Preservation Tubes (Norgen, #18111).
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Figure 1. Design of the study. We prospectively recruited 14 subjects with high
risk normotension, that underwent 5-7 days of low sodium diet (<40 mmol/day or
0.92 g/day) or high sodium diet (>180 mmol/day or 4.14 g/day). At the end of each
diet, we isolated urinary EVs (UEVS) from 24h urine collection through serial
centrifugation and ultracentrifugation. We then performed small-RNA sequencing
of UEVs and bioinformatic analysis to select miRNA-mRNA target for in vitro
validation. We finally validated miRNA-target regulation in human tubular cell
lines (HK-2 cells).

2.2 EVs isolation and characterization

UEV isolation and characterization complied with recommendations of the
International Society for Extracellular Vesicles**. Twenty mL of urine samples
were centrifuged for 10 minutes at 1000g at 4°C to remove cells and debris and
then filtered with 0.45 um filter. The filtered supernatant was centrifuged for 10
minutes at 25009 at 4°C. The supernatant was collected and EVs were pelleted by
ultracentrifugation (Optima L-90K ultracentrifuge, Beckman Coulter) at 100,000g

for 3 hours at 4°C (Rotor 45 Ti, polycarbonate tubes, Beckman Coulter). Pellets

-9-
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containing UEVs were suspended in: 1) phosphate-buffered saline (PBS) for
nanoparticle tracking analysis (NTA) and transmission electron microscopy; 2) in
RIPA buffer (Thermo Fisher Scientific) for Western Blots, and finally 3) in QlAzol
Lysis Reagent (Qiagen) for nucleic acids extraction and sequencing.

UEVs were analyzed for diameter and quantified using Nanosight LM10
(NanoSight Ltd. The presence of EV specific markers (CD63 and CD81), cell
specific marker (calnexin), and protein contaminant (uromodulin) was assessed by
Western Blotting. We assessed EV integrity and morphology by transmission

electron microscopy (TEM).

2.3 Nanoparticle Tracking Analysis (NTA)

Vesicle diameter and particle abundance were determined by NTA (NanoSight
LM10 system, Salisbury, UK). The pellet from ultracentrifugation (UC) was diluted
in PBS and injected in the NanoSight. For each sample, 3 videos of 60 s duration
were recorded. Camera level was set at 9 for all the acquisitions and screen gain at
1. The size and concentration from the 3 measurements of each sample were
normalized to obtain the distribution in each condition. UEV concentration was

expressed as number of particles per 1 mL.

2.4 Western Blot
Western Blot analysis was performed on protein lysate (RIPA buffer, Thermo
Fisher Scientific) after UC for uEVs and after centrifugation for cells. Protein

quantification was performed by the bicinchoninic acid assay (BCA, Pierce),

-10 -
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reading at 560 nm against standard curve. Membranes were incubated overnight at
4°C under gentle agitation with primary antibodies diluted in Everyblot Blocking
Buffer (BioRad, #12010020). Membranes were incubated with HRP-conjugated
goat anti-rabbit and anti-mouse secondary Ab (Pierce, Thermo Fisher Scientific;
1:5000 dilution in Everyblot Blocking Buffer) at RT for 2 h. The signal was
detected by using a chemiluminescent substrate SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) and visualized with the
ChemiDoc™ MP Imaging System (BioRad). Blots of 4 representative samples of
UEVs, cell control and urine control were incubated with the following primary
antibodies: mouse monoclonal anti-CD63 (Abcam, ab193349, 1:1000), rabbit
monoclonal anti-CD81 (Abcam, ab109201, 1:500), rabbit monoclonal anti-UMOD
(Abcam, ab207170, 1:1000), and rabbit polyclonal anti-calnexin (Abcam, ab22595,
1:1000). Blots for in vitro experiments, with HK-2 cells, were incubated with the
following antibodies: rabbit polyclonal anti-PPAR alpha (abcam, ab3484, 1:500)

and rabbit monoclonal anti-vinculin (abcam, ab129002, 1:10.000).

2.5 Transmission Electron Microscopy (TEM)

Analysis of transmission electron microscopy of representative samples was
performed by incubating EV preparations on 200 mesh nickel formvar carbon-
coated grids (Electron Microscopy Science, Hatfield, PA, USA) for 20 min. Next,
fixation was obtained by incubating grids with 2.5% glutaraldehyde containing 2%
sucrose and repeating washing steps were done in distilled water. Finally, samples

were negatively stained with Nano-W and NanoVan (Nanoprobes, Yaphank, NY,

-11 -
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USA) and analyzed using a Jeol JEM 1010 electron microscope (Jeol, Tokyo,

Japan).

2.6 RNA isolation

Once UEVs were resuspended in 700 ul of QIAzol Lysis Reagent, samples were
vortexed for 1 min, and total RNA was extracted using the miRNeasy Mini Kit
(Qiagen, #217004) according to the manufacturer’s protocol. Each sample was
eluted twice in 30 pl of RNase-free water.

RNA quality and quantity were verified according to MIQE guidelines®®. For all
samples, RNA concentration was quantified by Invitrogen Qubit® 4 Fluorometer

with Qubit® microRNA Assay Kit (Invitrogen, Milan, Italy).

2.7 Library preparation for small RNA sequencing

Small RNA transcripts were converted into barcoded cDNA libraries as previously
described 7. Briefly, library preparation was performed with the NEBNext
Multiplex Small RNA Library Prep Set for Illumina (Protocol E7330; New England
BioLabs Inc., USA). For each library, 6 uL. of RNA (min 35 ng) were used in all
the experimental procedures as starting material. A unique indexed primer was used
for each library so that all the libraries could be pooled into one sequencing lane.
Multiplex adaptor ligations, reverse transcription primer hybridization, reverse
transcription reaction, and PCR amplification were performed according to the
protocol for library preparation. After PCR amplification, the cDNA constructs

were purified with the QIAQuick PCR Purification Kit (Qiagen, Germany)

-12 -
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following the modifications suggested by the NEBNext Multiplex Small RNA
Library Prep Protocol E7330 and loaded on the Bioanalyzer 2100 (Agilent
Technologies, Italy) using the DNA High Sensitivity Kit (Agilent, Germany)
according to the manufacturer’s protocol. Libraries were pooled together (36-plex)
and further purified with a gel size selection.

A final Bioanalyzer 2100 run with the High Sensitivity DNA Kit (Agilent
Technologies, Milan, Italy) allowed the final analysis of DNA libraries regarding
size, purity and concentration. The obtained libraries were subjected to the Illumina
sequencing pipeline, passing through clonal cluster generation on a single-read flow
cell and 75 cycles sequencing-by-synthesis on the NextSeq500 sequencer (Illumina

Inc.).

2.8 Computational and Statistical Analyses

Raw reads adapter clipping was performed with the Cutadapt software (version
1.18) 18, Reads longer than 14 nucleotides were mapped to a sncRNA reference
with the bwa alignment software (version 0.7.17-r1188) ° using the mem
algorithm and a seed length of 10. Only alignments without mismatches or indels
were considered and those with the highest quality were used to assign each read to
a unique sncRNA. Thus, sncRNAs were quantified for each sample and then
merged into a single count matrix, setting missing sncRNAs to zero. Differential
expression analysis was performed with the DESeq2 Bioconductor’s package
(version 1.22.2) 2. For each model, samples with missing covariates were dropped

and only sncRNAs, where at least 70% of the remaining samples had counts greater

-13-
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than 5, were tested. SncRNAs were considered significantly associated with a
condition or a trend if their p-value, after adjustment for multiple testing by FDR,

was below the 0.05 threshold.

2.9 Pathway and network analyses

Validated miRNA target genes of differentially expressed miRNAs were obtained
by MiRTarBase (retrieved in July 2023) and used for the following analysis 2.
Enriched “Reactome 2022” pathways were generated by testing MiRTarBase-
derived gene targets with EnrichR 2. We performed adjustment of p-value with
Benjamini-Hochberg to calculate g-values, for controlling for multiple
comparisons. Pathways uniquely enriched in each condition (high- versus low-
sodium diet) were considered for pathway and network analysis. Considering the
canonical inhibitory effect of miRNAs on validated mRNA targets, we attributed
the enriched pathways to high- versus low-sodium diet on the basis of predicted
“up-regulated” gene targets. The -log(q value) was calculated for pathway bar graph
and network analysis.

The pathway network and cluster analysis were designed with Gephi 0.9.2. The
nodes represent enriched pathways and the node size is proportional to -log(g-
value) of each pathway. For clarity of representation, pathways with -log(g-value)<
1.5 were excluded in “low sodium diet” network and -log(g-value)< 2.0 in “high
sodium diet”. Connection thickness is proportional to the Jaccard Index, which
estimates pathway similarity between nodes. For clarity of representation, pathways

with Jaccard Index< 0.1 were excluded in “low sodium diet” network and Jaccard

-14 -
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Index< 0.3 in “high sodium diet”. Unbiased clustering of pathways was obtained
through modularity assessment 23,

miRNA-mRNA target analysis was performed using differentially down-regulated
miRNAs for each condition and respective mMRNA targets (that are therefore up-
regulated). mMRNA targets from specific clusters of interest were highlighted in
green. In miIRNA-mRNA target analysis of “high sodium diet”, the connection
between miR-320b and ICAM-1, although not present in MiRTarBase, was added

manually since validated by the previously published study of Gidlof et al. 24,

2.10 In vitro experiments

Human kidney 2 (HK-2) cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) (Thermo Fisher Scientific, # 11885084) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, #11885084). HK-2 cells were transfected
with Lipofectamine 2000 Reagent (Invitrogen, #11668027) according to
manufacturer’s instructions. miRvana miRNA inhibitors for hsa-miR-320b and
hsa-miR-10b-5p (Applied Biosystems, #4464084) were transfected at a
concentration of 30 nM for each miRNA inhibitors. Controls were transfected with
Lipofectamine 2000 Reagent alone. Lysate for miRNA and mRNA isolation was
obtained 24 hours after transfection, while material for protein detection and

quantification was obtained after 48 hours.

2.11 RNA and miRNA analysis

-15-
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RNA was extracted using the miRNeasy Mini Kit (Qiagen, #217004). Reverse
transcription of miRNAs was performed with Tagman Advanced miRNA cDNA
Synthesis Kit (Applied Biosystems, #A28007) and miRNAs were detected and
quantified through quantitative real-time polymerase chain reaction (QRT-PCR)
with the following TagMan Advanced miRNA Assay (Applied Biosystems,
#A25576): 478588 mir (hsa-miR-320b), 478494 mir (hsa-miR-10b-5p) and
477860_mir (hsa-miR-16-5p). Expression levels were normalized to the miR-16-
5p, used as endogenous control. For mMRNA, cDNA was made using iTaq universal
probe supermix (BioRad, # 1725132). gRT-PCR was performed using the
following Tagman Gene Expression Assays (Applied Biosystems, #4453320):
Hs02786624-g1 (GAPDH), Hs00164932_m1 (ICAM-1), Hs00947536_m1 (PPAR-
a). RNA quantification was performed using ABI 7500 Fast Real-Time PCR
System (Applied Biosystems). Samples were run in duplicate and gene expression
levels were analyzed with the 222<T relative quantification method. Expression
levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

adopted as endogenous control.

2.12 Flow Cytometry

Cells were detached from the well plate using Cell Dissociation Solution Non-
enzymatic 1x (Sigma-Aldrich, #C5914) with 30 min of incubation, centrifuged at
2.000 g for 5 min and resuspended in 100 pL of PBS. The pellet was then incubated
with CD54 (ICAM-1) Monoclonal Antibody (HA58), PE (eBioscience, #12-0549-

41) and incubated for 30 min on ice, covered by light. The samples were washed in

-16 -
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PBS and centrifuged at 2.000 g for 5 min and suspended in 100 pL of PBS.
CytoFLEX Flow Cytometer (Beckman Coulter) was used

for data acquisition.

2.13 Statistical analysis

IBM SPSS Statistics 28 (IBM, New York), GraphPad PRISM 9.0 (La Jolla, CA)
were used for statistical analysis. Variables were treated as parametric or non-
parametric according to their distribution. Normally distributed variables were
reported as mean = standard deviation and analyzed by Student t test for
independent samples and paired t test for dependent samples. Non-normally
distributed variables were expressed as median (interquartile range) and analyzed
by Mann-Whitney U test was applied for independent variables and Wilcoxon
signed-rank test for paired variables. Categorical variables were expressed as

absolute number and percentage, and analyzed by a y2.

-17 -



Results

3. RESULTS

3.1 Subject characteristics

A total of 14 subjects were recruited with a mean age of 59+8 years, BMI of
31.0+4.4 kg/m? and 24h ambulatory blood pressure values within the normal range
(Table 1). All the subjects underwent 5-7 days of LSD and HSD. 24h urinary
sodium excretion showed high adherence to the prescribed diet [average 183.0
(108.7-255.6) mmol/d in HSD versus 14.6 (7.7-24.2) mmol/d in LSD]. Aldosterone
and PRA were significantly reduced after HSD, reflecting the expected suppression

of renin-angiotensin-aldosterone system following sodium load.

-18 -
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Table 1
Subjects (n=14)

Age (years) 5948
Gender (%)

Female 6 (42.9)

Male 8 (57.1)
BMI (kg/m?) 31.0+4.4
ABPM 24h SBP 116+10
(mmHg)
ABPM 24h DBP 6919
(mmHg)

LSD HSD p-value

SBP (mmHQ) 119+10 11549 0.291
DBP (mmHg) 7816 70+9 <0.001
PRA seated 3.25(1.88-6.15) 0.40 (0.10-0.85) 0.001
(ng/ml/h)
Aldosterone 22.1 (17.7-28.0) 7.9 (5.4-12.3) <0.001
seated (ng/dl)
24h urinary 1675 (1300-2343) 1845 (1500-2502) 0.109
volume (ml)
Urinary sodium 11.7 (5.3-12.7) 93.5(61.8-109.6) <0.001
spot (mmol/l)
24h urinary 14.6 (7.7-24.2) 183.0 (108.7- <0.001
sodium (mmol/d) 255.6)

Table 1. Clinical and biochemical characteristics of enrolled subjects. The table
shows the clinical characteristics of recruited subjects and biochemical features
after low sodium diet (LSD) and high sodium diet (HSD). Variables are reported
as meanzstandard deviation, median (interquartile range), or absolute number
(percentage, %), as appropriated. ABPM, ambulatory blood pressure
measurement; BMI, body mass index; DBP, diastolic blood pressure; PRA, plasma
renin activity; SBP, systolic blood pressure. Differences were considered
significant when P<0.05.

-19 -
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3.2 UEVs characterization and small-RNA sequencing

To investigate the enrichment of small-RNA cargos in uEVs after LSD and HSD,
we isolated uEVs from 24h urine collection, through serial centrifugation and 3h
ultracentrifugation (Figure 1). We characterized uEV size, distribution,
morphology and protein content through NTA, Western Blot and TEM as showed
in (Figure 2).

Small-RNA sequencing identified 111 small-RNAs (Figure 3C), including 30
differentially expressed between the 2 diets (Figure 3A-Table 2): 21 piwi-
interacting RNAs (piRNAs), 8 miRNAs and 1 ribosomal (rRNA) (Figure 3D).
Focusing on miRNA expression, 63 miRNAs were identified in uEVS, including 8
miRNAs differentially expressed in the 2 dietary conditions (Figure 3B). miR-
320a-3p, miR-99a-5p, mMiR-320b and miR-221-3p resulted significantly up-
regulated under LSD (Figure 3E); let-7f-5p, miR-10a-5p, miR-10b-5p and miR-

27b-3p were significantly up-regulated under HSD (Figure 3F).

-20 -
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Figure 2. Characterization of urinary extracellular vesicles (UEVS). (A)
Transmission electron microscopy: representative images of EVs purified from
urine by ultracentrifugation. (B) Cumulative distribution plot combining
nanoparticle concentration (number of particles per mL; y axis) and diameter (nm;
x axis) in high-sodium diet (HSD) and low-sodium diet (LSD). (C) Western Blot
analysis of uromodulin (90 kDa), calnexin (90 kDa), CD63 (25-55 kDa), and CD81
(25 kDa). Representative blots are shown for total urine, human proximal tubular
cells, and uEVs collected after ultracentrifugation from 4 urine samples.

Table 2
Gene_name log2(FoldChange) IfcSE -log(g-value)

piRNA:piR-hsa-25783 -1.86 0.19 19.23
piRNA:piR-hsa-28489 -3.75 0.52 10.41
piRNA:piR-hsa-32159 -1.00 0.14 9.76
piRNA:piR-hsa-25782 -1.77 0.28 7.87
piRNA:piR-hsa-23248 -1.87 0.35 5.58
piRNA:piR-hsa-9010 -2.24 0.43 5.52
piRNA:piR-hsa-23317 -1.53 0.30 5.12

rRNA:RNA5SP162- -1.72 0.37 4.40
ENST00000516014.2

piRNA:piR-hsa-1191 -2.13 0.50 3.54
piRNA:piR-hsa-12719 -1.96 0.48 3.35

piRNA:piR-hsa-182 -1.87 0.46 3.25
pPiRNA:piR-hsa-23533 -1.42 0.38 2.77
piRNA:piR-hsa-1177 -1.38 0.37 2.75
piRNA:piR-hsa-2106 0.91 0.28 2.09
piRNA:piR-hsa-28488 -1.48 0.47 1.97
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Gene_name log2(FoldChange) IfcSE -log(g-value)
mMiRNA:hsa-miR-320a-3p -0.84 0.27 1.97
piRNA:piR-hsa-23574 -1.31 0.43 1.79
piRNA:piR-hsa-7201 -1.23 0.41 1.76
piRNA:piR-hsa-23566 -1.14 0.40 1.67
piRNA:piR-hsa-12790 0.76 0.27 1.67
MiRNA:hsa-miR-99a-5p -0.55 0.19 1.67
mMiRNA:hsa-miR-320b -0.92 0.32 1.67
mMiRNA:hsa-miR-221-3p -0.63 0.23 1.61
mMiRNA:hsa-let-7f-5p 0.70 0.25 1.61
mMiRNA:hsa-miR-10a-5p 0.51 0.19 1.59
mMiRNA:hsa-miR-10b-5p 0.48 0.17 1.59
mMiRNA:hsa-miR-27b-3p 0.45 0.17 1.41
piRNA:piR-hsa-28131 -0.56 0.22 1.38
piRNA:piR-hsa-7239 -1.10 0.44 1.35
piRNA:piR-hsa-1207 -0.52 0.21 1.35
miRNA:hsa-miR-423-5p -0.74 0.30 1.29
piRNA:piR-hsa-28877 -0.62 0.27 1.17
miRNA:hsa-miR-203a-3p 0.47 0.20 1.16
miRNA:hsa-miR-182-5p 0.48 0.21 1.10
miRNA:hsa-miR-22-3p -0.71 0.33 1.04
miRNA:hsa-miR-191-5p -0.44 0.21 1.01
piRNA:piR-hsa-11361 0.75 0.37 0.91
piRNA:piR-hsa-28223 -0.66 0.33 0.91
miRNA:hsa-miR-101-3p 0.73 0.36 0.91
miRNA:hsa-miR-27a-3p 0.45 0.22 0.91
miRNA:hsa-miR-378a-3p -0.52 0.26 0.91
miRNA:hsa-miR-30e-3p 0.43 0.22 0.90
miRNA:hsa-miR-148a-3p 0.49 0.25 0.89
piRNA:piR-hsa-5067 -1.04 0.54 0.87
piRNA:piR-hsa-27493 -0.48 0.25 0.86
miRNA:hsa-miR-200b-3p 0.30 0.16 0.86
mMiRNA:hsa-miR-30c-5p 0.34 0.18 0.82
piRNA:piR-hsa-5938 0.73 0.40 0.79
pPiRNA:piR-hsa-24672 0.69 0.40 0.75
miRNA:hsa-miR-30a-3p 0.28 0.16 0.75
piRNA:piR-hsa-5937 0.70 0.40 0.75
miRNA:hsa-let-7i-5p -0.24 0.14 0.70
mMiRNA:hsa-let-7a-5p 0.50 0.31 0.67
MiRNA:hsa-miR-9-5p 0.44 0.28 0.63
piRNA:piR-hsa-9491 0.81 0.51 0.63
piRNA:piR-hsa-619 -0.63 0.43 0.55
miRNA:hsa-miR-26a-5p 0.25 0.17 0.54
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Gene_name log2(FoldChange) IfcSE -log(g-value)
miRNA:hsa-miR-181a-5p -0.38 0.27 0.51
MiRNA:hsa-miR-423-3p -0.32 0.24 0.47
miRNA:hsa-miR-128-3p 0.33 0.25 0.47
miRNA:hsa-miR-429 0.32 0.26 0.41
mMiRNA:hsa-miR-28-3p -0.24 0.20 0.39
miRNA:hsa-miR-24-3p -0.23 0.19 0.37
miRNA:hsa-miR-363-3p -0.36 0.31 0.37
piRNA:piR-hsa-28875 0.43 0.37 0.36
mMiRNA:hsa-miR-200c-3p 0.23 0.20 0.36
mMiRNA:hsa-miR-30b-5p -0.43 0.39 0.35
miRNA:hsa-let-7e-5p 0.31 0.30 0.32
miRNA:hsa-miR-532-5p 0.14 0.14 0.32
MiRNA:hsa-miR-26b-5p 0.26 0.27 0.26
miRNA:hsa-let-7g-5p 0.20 0.22 0.26
piRNA:piR-hsa-7193 -0.22 0.26 0.22
piRNA:piR-hsa-2107 0.20 0.23 0.22
piRNA:piR-hsa-27616 -0.32 0.38 0.21
miRNA:hsa-miR-29a-3p -0.23 0.29 0.20
miRNA:hsa-miR-92a-3p 0.19 0.25 0.19
miRNA:hsa-let-7c-5p 0.22 0.30 0.19
miRNA:hsa-miR-186-5p -0.23 0.31 0.19
piRNA:piR-hsa-27621 -0.24 0.33 0.18
MiRNA:hsa-miR-23b-3p -0.20 0.28 0.18
Mt _tRNA:MT-TS2- -0.29 0.41 0.18
ENST00000387449.1
miRNA:hsa-miR-100-5p -0.14 0.20 0.18
miRNA:hsa-miR-146b-5p 0.14 0.22 0.16
mMiRNA:hsa-miR-146a-5p -0.21 0.33 0.16
Mt_tRNA:MT-TE-ENST00000387459.1 -0.23 0.37 0.15
miRNA:hsa-miR-99b-5p -0.12 0.20 0.15
miRNA:hsa-let-7b-5p 0.13 0.23 0.12
miRNA:hsa-miR-151a-3p -0.09 0.17 0.12
miRNA:hsa-miR-30a-5p 0.11 0.23 0.11
miRNA:hsa-miR-222-3p -0.12 0.25 0.11
piRNA:piR-hsa-20266 0.11 0.24 0.10
miRNA:hsa-miR-21-5p 0.10 0.24 0.10
piRNA:piR-hsa-23231 0.16 0.35 0.10
piRNA:piR-hsa-27282 -0.21 0.48 0.10
miRNA:hsa-miR-125b-5p -0.08 0.19 0.10
piRNA:piR-hsa-28212 -0.16 0.49 0.07
piRNA:piR-hsa-24684 0.09 0.28 0.07
miRNA:hsa-miR-194-5p -0.07 0.22 0.07
miRNA:hsa-miR-30d-5p 0.03 0.11 0.06
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Gene_name log2(FoldChange) IfcSE -log(g-value)
miRNA:hsa-miR-103a-3p 0.06 0.26 0.06
piRNA:piR-hsa-27622 0.08 0.37 0.06
mMiRNA:hsa-miR-125a-5p 0.08 0.31 0.06
mMiRNA:hsa-miR-192-5p -0.06 0.25 0.06
mMiRNA:hsa-miR-200a-3p 0.06 0.25 0.06
Mt_tRNA:MT-TV-ENST00000387342.1 0.09 0.41 0.06
miRNA:hsa-miR-30e-5p -0.03 0.25 0.02
miRNA:hsa-miR-1246 -0.05 0.77 0.01
piRNA:piR-hsa-28190 -0.01 0.24 0.01
miRNA:hsa-let-7d-5p -0.01 0.23 0.01
MiRNA:hsa-miR-204-5p 0.00 0.16 0.00
piRNA:piR-hsa-24683 0.00 0.25 0.00

Table 2. Volcano plot of small-RNA in high-sodium diet versus low-sodium diet
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Figure 3. Small-RNA sequencing profiles in urinary extracellular vesicles of 14

subjects after high- and LSD.

(A-B) Volcano plots of all small-RNAs (A) and microRNAs (miRNAs) alone (B)
expression levels when compared high and low sodium diet. The dashed line is set
at g-value=0.05. Significantly differentially enriched small-RNAs or miRNAs are
highlighted in yellow (with violet border). The Y-axis is expressed as -log(g-value);
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the x-axis is expressed as log> (fold change). (C-D) The ring chart show the
proportion of total small-RNAs (C) and differentially expressed small-RNAs (D).
(E-F) Dot and box plots of significantly differentially expressed miRNAs up-
regulated in low sodium diet (E) and high sodium diet (F).

3.3 Pathway-network analysis

To determine the biological role of differentially expressed miRNAs, we used
MiRTarBase to predict validated mRNA targets and we considered the canonical
function in miRNAs of negative translational regulators of mMRNAs. Therefore, for
miRNAs down-regulated we expect a following up-regulation of the relative
targets. miRNAs down-regulated in HSD targeted 1249 mRNA targets, while
miRNAs down-regulated in LSD targeted 1635 mRNA targets. To identify
biological processes enriched in each specific dietary condition, we used
“Reactome 2022” database for pathway enrichment analysis. For clarity of
representation, we showed, for each dietary conditions, the pathways associated
with down-regulated miRNAs, thereby associated with predicted up-regulated
MRNA targets (Figure 4A-4B; Table 3-4). In HSD, we observed an enrichment of
326 pathways [-log(g-value)>1.5] (Table 3), including those related to translation
regulation, immune system, and senescence (Figure 4A). In LSD, we identified an
enrichment of 39 pathways [-log(g-value)>1.5] (Table 4), including some related
to p53-regulation of cell cycle, white adipocyte differentiation and erythropoietin,
platelet-derived growth factor (PDGF) and epidermal growth factor receptor
(EGFR) signaling (Figure 4B).

To further investigate the biological effects of differentially enriched mRNA

targets, we analyzed the interactions between significantly enriched pathways,
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through networks-cluster analysis. In HSD, we identified an enrichment of
pathway-clusters related with cell cycle, translation regulation, transforming
growth factor beta (TGFp) pathways and several clusters related to immune system
(adaptive and innate immune system, interleukin signaling and interferon signaling)
(Figure 4C). In LSD, we identified clusters of pathways related to signaling of
erythropoietin and PDGF, p53 transcriptional regulation and peroxisome

proliferator-activated receptor (PPAR) transcription pathways (Figure 4D).
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Table 3
Term -log(a- Odds
value) Ratio
Cap-dependent Translation Initiation R-HSA-72737 10.84 6.53
Oncogene Induced Senescence R-HSA-2559585 10.57 18.84
L13a-mediated Translational Silencing Of Ceruloplasmin Expression R-HSA-156827 10.21 6.56
GTP Hydrolysis And Joining Of 60S Ribosomal Subunit R-HSA-72706 10.15 6.48
Formation Of A Pool Of Free 40S Subunits R-HSA-72689 9.83 6.79
Peptide Chain Elongation R-HSA-156902 9.67 7.30
Influenza Infection R-HSA-168255 9.59 4.95
Apoptosis R-HSA-109581 9.33 4.55
Eukaryotic Translation Elongation R-HSA-156842 9.27 6.85
Signaling By ROBO Receptors R-HSA-376176 9.15 4.12
Regulation Of Expression Of SLITs And ROBOs R-HSA-9010553 8.92 4.58
Nonsense Mediated Decay (NMD) Enhanced By Exon Junction Complex (EJC) R-HSA-975957 8.63 5.66
Nervous System Development R-HSA-9675108 8.59 2.64
Eukaryotic Translation Termination R-HSA-72764 8.57 6.47
Response Of EIF2AK4 (GCN2) To Amino Acid Deficiency R-HSA-9633012 8.53 6.10
Nonsense Mediated Decay (NMD) Independent Of Exon Junction Complex (EJC) R-HSA-975956 8.39 6.28
Axon Guidance R-HSA-422475 8.32 2.65
Programmed Cell Death R-HSA-5357801 8.17 3.88
Cellular Response To Starvation R-HSA-9711097 8.15 4.54
Influenza Viral RNA Transcription And Replication R-HSA-168273 8.05 4.79
Selenocysteine Synthesis R-HSA-2408557 7.92 6.10
Viral mRNA Translation R-HSA-192823 7.92 6.10
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Term -log(g- Odds
value) Ratio

Intracellular Signaling By Second Messengers R-HSA-9006925 7.43 3.10
PTEN Regulation R-HSA-6807070 7.32 4.50
PIP3 Activates AKT Signaling R-HSA-1257604 7.23 3.24
SARS-CoV Infections R-HSA-9679506 7.15 2.82
Translation R-HSA-72766 7.14 3.15
SRP-dependent Cotranslational Protein Targeting To Membrane R-HSA-1799339 7.08 5.08
Selenoamino Acid Metabolism R-HSA-2408522 6.63 4.74
Major Pathway Of rRNA Processing In Nucleolus And Cytosol R-HSA-6791226 6.62 3.74
MyD88-independent TLR4 Cascade R-HSA-166166 6.53 4.86
SARS-CoV-2-host Interactions R-HSA-9705683 6.25 3.48
SARS-CoV-2 Infection R-HSA-9694516 6.16 2.95
rRNA Processing R-HSA-72312 6.11 3.42
rRNA Processing In Nucleus And Cytosol R-HSA-8868773 6.11 3.50
MAPK6/MAPK4 Signaling R-HSA-5687128 5.88 5.07
Regulation Of RUNX1 Expression And Activity R-HSA-8934593 5.82 19.81
TRAF6 Mediated Induction Of NFkB And MAP Kinases Upon TLR7/8 Or 9 Activation R-HSA- 5.69 4.66
975138

MyD88 Dependent Cascade Initiated On Endosome R-HSA-975155 5.63 4.60
Cyclin D Associated Events In G1 R-HSA-69231 5.61 7.49
Toll Like Receptor 3 (TLR3) Cascade R-HSA-168164 5.58 4.54
Toll Like Receptor 7/8 (TLR7/8) Cascade R-HSA-168181 5.58 4.54
Toll Like Receptor 9 (TLR9) Cascade R-HSA-168138 5.37 4.38
Ribosomal Scanning And Start Codon Recognition R-HSA-72702 5.32 6.31
Translation Initiation Complex Formation R-HSA-72649 5.32 6.31
TP53 Regulates Metabolic Genes R-HSA-5628897 5.31 5.06
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Term -log(g- Odds
value) Ratio

Formation Of Ternary Complex, And Subsequently, 43S Complex R-HSA-72695 5.30 6.87
Cellular Response To Heat Stress R-HSA-3371556 5.26 4.49
Cyclin E Associated Events During G1/S Transition R-HSA-69202 5.24 4.98
MRNA Activation Upon Binding Of Cap-Binding Complex And elFs, Subsequent Binding To 43S R- 5.24 6.16
HSA-72662

FLT3 Signaling R-HSA-9607240 5.23 8.47
Cyclin A:Cdk2-associated Events At S Phase Entry R-HSA-69656 5.10 4.83
Deubiquitination R-HSA-5688426 5.10 2.73
Oxidative Stress Induced Senescence R-HSA-2559580 5.08 4.55
Toll Like Receptor 4 (TLR4) Cascade R-HSA-166016 5.07 3.67
MyD88:MAL(TIRAP) Cascade Initiated On Plasma Membrane R-HSA-166058 5.03 4.09
Transcriptional Regulation By RUNX3 R-HSA-8878159 4.96 4.43
MyD88 Cascade Initiated On Plasma Membrane R-HSA-975871 4.89 4.37
Regulation Of mMRNA Stability By Proteins That Bind AU-rich Elements R-HSA-450531 4.83 4.55
G1/S Transition R-HSA-69206 4.61 3.65
Regulation Of NF-kappa B Signaling R-HSA-9758274 4.52 14.07
TAK1-dependent IKK And NF-kappa-B Activation R-HSA-445989 4.30 6.41
SARS-CoV-2 Modulates Host Translation Machinery R-HSA-9754678 4.10 6.04
Transcriptional Regulation By RUNX2 R-HSA-8878166 4.07 3.58
Regulation Of HSF1-mediated Heat Shock Response R-HSA-3371453 4.06 4.35
Host Interactions Of HIV Factors R-HSA-162909 4.02 3.41
Toll-like Receptor Cascades R-HSA-168898 4.00 3.08
Mitotic G2-G2/M Phases R-HSA-453274 4.00 2.92
Insulin-like Growth Factor-2 mRNA Binding Proteins (IGF2BPs/IMPs/VICKZs) Bind RNA R-HSA- 3.91 43.87
428359
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Term -log(g- Odds
value) Ratio
Post-transcriptional Silencing By Small RNAs R-HSA-426496 3.91 43.87
Regulation Of PTEN mRNA Translation R-HSA-8943723 3.91 21.07
Deactivation Of Beta-Catenin Transactivating Complex R-HSA-3769402 3.86 6.25
Interleukin-1 Signaling R-HSA-9020702 3.83 3.54
Aberrant Regulation Of Mitotic G1/S Transition In Cancer Due To RB1 Defects R-HSA-9659787 3.68 12.30
Activation Of IRF3/IRF7 Mediated By TBK1/IKK Epsilon R-HSA-936964 3.68 12.30
G2/M Transition R-HSA-69275 3.65 2.82
Metabolism Of Amino Acids And Derivatives R-HSA-71291 3.65 2.20
Class | MHC Mediated Antigen Processing And Presentation R-HSA-983169 3.62 2.17
S Phase R-HSA-69242 3.61 2.95
M Phase R-HSA-68886 3.58 2.16
Interleukin-1 Family Signaling R-HSA-446652 3.54 3.00
MAPK Family Signaling Cascades R-HSA-5683057 3.54 2.27
Defective Intrinsic Pathway For Apoptosis R-HSA-9734009 3.54 8.79
Estrogen-dependent Nuclear Events Downstream Of ESR-membrane Signaling R-HSA-9634638 3.54 8.79
AUF1 (hnRNP DO0) Binds And Destabilizes MRNA R-HSA-450408 3.54 5.04
Senescence-Associated Secretory Phenotype (SASP) R-HSA-2559582 3.53 4.01
TCF Dependent Signaling In Response To WNT R-HSA-201681 3.52 2.68
Downregulation Of SMAD2/3:SMAD4 Transcriptional Activity R-HSA-2173795 3.52 7.20
Degradation Of DVL R-HSA-4641258 3.47 4.92
Downregulation Of ERBB2:ERBB3 Signaling R-HSA-1358803 3.47 15.05
Ovarian Tumor Domain Proteases R-HSA-5689896 3.46 6.07
Transcriptional Regulation By VENTX R-HSA-8853884 3.46 6.07
PKMTs Methylate Histone Lysines R-HSA-3214841 3.46 5.38
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Term -log(g- Odds
value) Ratio
Ub-specific Processing Proteases R-HSA-5689880 3.44 2.63
Antiviral Mechanism By IFN-stimulated Genes R-HSA-1169410 3.43 3.89
Stabilization Of P53 R-HSA-69541 3.42 4.81
p53-Dependent G1 DNA Damage Response R-HSA-69563 3.40 441
Regulation Of TP53 Activity Thru Methylation R-HSA-6804760 3.40 10.25
Degradation Of Beta-Catenin By Destruction Complex R-HSA-195253 3.38 3.84
ISG15 Antiviral Mechanism R-HSA-1169408 3.35 4.05
MRNA Splicing - Minor Pathway R-HSA-72165 3.31 5.10
HIV Infection R-HSA-162906 3.31 2.47
MTOR Signaling R-HSA-165159 3.30 5.68
G1/S DNA Damage Checkpoints R-HSA-69615 3.28 4.24
Regulation Of PTEN Stability And Activity R-HSA-8948751 3.28 4.24
Autophagy R-HSA-9612973 3.24 3.08
SCF(Skp2)-mediated Degradation Of P27/P21 R-HSA-187577 3.22 4.50
PCP/CE Pathway R-HSA-4086400 3.17 3.63
Signaling By B Cell Receptor (BCR) R-HSA-983705 3.14 3.26
Downstream Signaling Events Of B Cell Receptor (BCR) R-HSA-1168372 3.13 3.80
Mitophagy R-HSA-5205647 3.10 7.03
KEAP1-NFE2L2 Pathway R-HSA-9755511 3.08 3.36
Competing Endogenous RNAs (ceRNAs) Regulate PTEN Translation R-HSA-8948700 3.07 17.54
Chromatin Modifying Enzymes R-HSA-3247509 3.06 2.36
Negative Regulation Of NOTCHA4 Signaling R-HSA-9604323 3.03 4.61
MAP Kinase Activation R-HSA-450294 3.03 4.23
PINK1-PRKN Mediated Mitophagy R-HSA-5205685 3.01 8.20
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Term -log(g- Odds
value) Ratio
Response Of Mtb To Phagocytosis R-HSA-9637690 3.01 8.20
Adaptive Immune System R-HSA-1280218 3.01 1.71
Spry Regulation Of FGF Signaling R-HSA-1295596 2.98 10.53
TGF-beta Receptor Signaling In EMT (Epithelial To Mesenchymal Transition) R-HSA-2173791 2.98 10.53
VLDLR Internalisation And Degradation R-HSA-8866427 2.98 10.53
Degradation Of AXIN R-HSA-4641257 2.98 4.50
Regulation Of RUNX3 Expression And Activity R-HSA-8941858 2.98 4.50
Macroautophagy R-HSA-1632852 2.95 3.09
Antigen Processing: Ubiquitination And Proteasome Degradation R-HSA-983168 2.93 2.14
Signaling By CSF3 (G-CSF) R-HSA-9674555 2.92 6.39
G2/M Checkpoints R-HSA-69481 2.92 2.76
Downstream TCR Signaling R-HSA-202424 2.90 3.35
PI3K/AKT Signaling In Cancer R-HSA-2219528 2.88 3.17
Membrane Trafficking R-HSA-199991 2.86 1.77
Signaling By FGFR3 R-HSA-5654741 2.82 5.28
MTORC1-mediated Signaling R-HSA-166208 2.79 7.23
Gene Silencing By RNA R-HSA-211000 2.75 3.07
Signaling By ERBB2 R-HSA-1227986 2.71 451
RSK Activation R-HSA-444257 2.69 23.37
FCERI Mediated NF-kB Activation R-HSA-2871837 2.69 3.52
Regulation Of Localization Of FOXO Transcription Factors R-HSA-9614399 2.69 12.53
TICAM1-dependent Activation Of IRF3/IRF7 R-HSA-9013973 2.69 12.53
Inactivation Of CSF3 (G-CSF) Signaling R-HSA-9705462 2.68 6.83
Role Of GTSEL In G2/M Progression After G2 Checkpoint R-HSA-8852276 2.67 4.03
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Term -log(g- Odds
value) Ratio

Platelet Activation, Signaling And Aggregation R-HSA-76002 2.66 2.19
Interleukin-17 Signaling R-HSA-448424 2.65 3.71
Orcl Removal From Chromatin R-HSA-68949 2.65 3.71
Signaling By Rho GTPases R-HSA-194315 2.62 1.70
Signaling By SCF-KIT R-HSA-1433557 2.61 4.80
Signaling By Rho GTPases, Miro GTPases And RHOBTB3 R-HSA-9716542 2.61 1.69
Autodegradation Of E3 Ubiquitin Ligase COP1 R-HSA-349425 2.61 4.29
GSK3B And BTRC:CUL1-mediated-degradation Of NFE2L2 R-HSA-9762114 2.61 4.29
Ubiquitin-dependent Degradation Of Cyclin D R-HSA-75815 2.61 4.29
Vpu Mediated Degradation Of CD4 R-HSA-180534 2.61 4.29
Calnexin/calreticulin Cycle R-HSA-901042 2.61 6.47
Infection With Mycobacterium Tuberculosis R-HSA-9635486 2.61 6.47
Dectin-1 Mediated Noncanonical NF-kB Signaling R-HSA-5607761 2.58 3.87
Regulation Of PTEN Gene Transcription R-HSA-8943724 2.58 3.87
Selective Autophagy R-HSA-9663891 2.58 3.87
Regulation Of Apoptosis R-HSA-169911 2.56 4.19
Signaling By Non-Receptor Tyrosine Kinases R-HSA-9006927 2.56 4.19
Chk1/Chk2(Cds1) Mediated Inactivation Of Cyclin B:Cdk1 Complex R-HSA-75035 2.56 10.96
SARS-CoV-2 Targets Host Intracellular Signaling And Regulatory Pathways R-HSA-9755779 2.56 10.96
Suppression Of Phagosomal Maturation R-HSA-9637687 2.56 10.96
TFAP2 (AP-2) Family Regulates Transcription Of Growth Factors And Their Receptors R-HSA- 2.56 10.96
8866910

Regulation Of RUNX2 Expression And Activity R-HSA-8939902 2.52 3.52
FLT3 Signaling In Disease R-HSA-9682385 2.52 6.15
Negative Regulators Of DDX58/IFIH1 Signaling R-HSA-936440 2.52 5.21
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Term -log(g- Odds
value) Ratio

Chaperone Mediated Autophagy R-HSA-9613829 2.48 7.52
InlA-mediated Entry Of Listeria Monocytogenes Into Host Cells R-HSA-8876493 2.48 17.53
Cytosolic Sensors Of Pathogen-Associated DNA R-HSA-1834949 2.48 3.72
APC/C:Cdhl Mediated Degradation Of Cdc20 And APC/C:Cdhl Targets In Late Mitosis/Early G1 R- 2.48 3.46
HSA-174178

TCR Signaling R-HSA-202403 2.48 2.82
Aberrant Regulation Of Mitotic Cell Cycle Due To RB1 Defects R-HSA-9687139 2.45 5.02
FBXL7 Down-Regulates AURKA During Mitotic Entry And In Early Mitosis R-HSA-8854050 2.45 4.00
SCF-beta-TrCP Mediated Degradation Of Emil R-HSA-174113 2.45 4.00
Golgi Cisternae Pericentriolar Stack Reorganization R-HSA-162658 2.42 9.74
Prolonged ERK Activation Events R-HSA-169893 2.42 9.74
Regulation Of TP53 Activity Thru Association With Co-factors R-HSA-6804759 2.42 9.74
Hh Mutants Are Degraded By ERAD R-HSA-5362768 2.39 3.91
Deregulated CDKS5 Triggers Neurodegenerative Pathways In Alzheimers Disease Models R-HSA- 2.38 7.02
8862803

Regulation Of RAS By GAPs R-HSA-5658442 2.38 3.58
Downregulation Of ERBB2 Signaling R-HSA-8863795 2.35 5.59
Negative Regulation Of FGFR3 Signaling R-HSA-5654732 2.35 5.59
Regulation Of TP53 Activity Thru Acetylation R-HSA-6804758 2.35 5.59
DNA Repair R-HSA-738%4 2.34 1.97
Activation Of NF-kappaB In B Cells R-HSA-1169091 2.33 3.52
Signaling By NTRKs R-HSA-166520 2.33 2.61
APC/C-mediated Degradation Of Cell Cycle Proteins R-HSA-174143 2.33 3.09
Innate Immune System R-HSA-168249 2.32 1.50
Diseases Of Mitotic Cell Cycle R-HSA-9675126 2.31 4.69
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Term -log(g- Odds
value) Ratio
Assembly Of Pre-Replicative Complex R-HSA-68867 2.31 2.78
Downregulation Of ERBB4 Signaling R-HSA-1253288 2.31 14.02
PTK6 Regulates RTKs And Their Effectors AKT1 And DOK1 R-HSA-8849469 2.31 14.02
Prevention Of Phagosomal-Lysosomal Fusion R-HSA-9636383 2.31 14.02
Regulation Of PTEN Localization R-HSA-8948747 2.31 14.02
Small Interfering RNA (siRNA) Biogenesis R-HSA-426486 2.31 14.02
Activation Of BAD And Translocation To Mitochondria R-HSA-111447 2.31 8.77
IRAK?2 Mediated Activation Of TAK1 Complex Upon TLR7/8 Or 9 Stimulation R-HSA-975163 2.31 8.77
Signaling By ERBB4 R-HSA-1236394 2.31 3.74
APC/C:Cdc20 Mediated Degradation Of Securin R-HSA-174154 2.31 3.46
Nuclear Events Mediated By NFE2L2 R-HSA-9759194 2.27 3.20
Hh Mutants Abrogate Ligand Secretion R-HSA-5387390 2.25 3.66
NIK To Noncanonical NF-kB Signaling R-HSA-5676590 2.25 3.66
Switching Of Origins To A Post-Replicative State R-HSA-69052 2.22 2.97
Regulation Of Activated PAK-2p34 By Proteasome Mediated Degradation R-HSA-211733 2.21 3.95
IKK Complex Recruitment Mediated By RIP1 R-HSA-937041 2.21 6.19
Negative Regulation Of PISBK/AKT Network R-HSA-199418 2.21 2.70
Degradation Of GLI1 By Proteasome R-HSA-5610780 2.20 3.59
Degradation Of GLI2 By Proteasome R-HSA-5610783 2.20 3.59
GLI3 Is Processed To GLI3R By Proteasome R-HSA-5610785 2.20 3.59
FOXO-mediated Transcription Of Cell Death Genes R-HSA-9614657 2.18 7.97
TRAF6-mediated Induction Of TAK1 Complex Within TLR4 Complex R-HSA-937072 2.18 7.97
Signaling By NTRK1 (TRKA) R-HSA-187037 2.18 2.67
Interferon Signaling R-HSA-913531 2.17 2.18
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Term -log(g- Odds
value) Ratio
Defective CFTR Causes Cystic Fibrosis R-HSA-5678895 2.15 3.52
Signaling By NOTCH4 R-HSA-9013694 2.15 3.06
Activation Of AP-1 Family Of Transcription Factors R-HSA-450341 2.14 11.68
Growth Hormone Receptor Signaling R-HSA-982772 212 5.85
MicroRNA (miRNA) Biogenesis R-HSA-203927 212 5.85
Drug-mediated Inhibition Of CDK4/CDK®6 Activity R-HSA-9754119 2.12 26.27
RAC3 GTPase Cycle R-HSA-9013423 2.12 2.86
Ubiquitin Mediated Degradation Of Phosphorylated Cdc25A R-HSA-69601 2.11 3.77
RHO GTPase Effectors R-HSA-195258 2.10 1.97
Formation Of Senescence-Associated Heterochromatin Foci (SAHF) R-HSA-2559584 2.07 7.31
Asymmetric Localization Of PCP Proteins R-HSA-4608870 2.06 3.38
Metabolism Of Non-Coding RNA R-HSA-194441 2.06 3.68
RHOD GTPase Cycle R-HSA-9013405 2.06 3.68
UCH Proteinases R-HSA-5689603 2.04 2.79
P75 NTR Receptor-Mediated Signaling R-HSA-193704 2.04 2.79
Cellular Response To Hypoxia R-HSA-1234174 2.04 3.12
RHOC GTPase Cycle R-HSA-9013106 2.04 3.12
Autodegradation Of Cdhl By Cdh1l:APC/C R-HSA-174084 2.01 3.32
Nuclear Import Of Rev Protein R-HSA-180746 2.01 4.55
Vif-mediated Degradation Of APOBEC3G R-HSA-180585 2.01 3.59
TICAM1, TRAF6-dependent Induction Of TAK1 Complex R-HSA-9014325 1.99 10.01
Hedgehog Ligand Biogenesis R-HSA-5358346 1.97 3.26
Oxygen-dependent Proline Hydroxylation Of Hypoxia-inducible Factor Alpha R-HSA-1234176 1.97 3.26
Constitutive Signaling By AKT1 E17K In Cancer R-HSA-5674400 1.96 5.26
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Term -log(g- Odds
value) Ratio
APC/C:Cdc20 Mediated Degradation Of Mitotic Proteins R-HSA-176409 1.96 3.02
N-glycan Trimming In ER And Calnexin/Calreticulin Cycle R-HSA-532668 1.94 4.39
Hedgehog Off State R-HSA-5610787 1.94 2.69
RUNX1 Regulates Transcription Of Genes Involved In Differentiation Of HSCs R-HSA-8939236 1.94 2.69
RAC2 GTPase Cycle R-HSA-9013404 1.93 2.81
Activation Of APC/C And APC/C:Cdc20 Mediated Degradation Of Mitotic Proteins R-HSA-176814 1.92 2.98
CLECT7A (Dectin-1) Signaling R-HSA-5607764 1.91 2.66
Signaling By Hedgehog R-HSA-5358351 1.91 2.37
RUNX1 Regulates Estrogen Receptor Mediated Transcription R-HSA-8931987 1.89 17.51
RUNX1 Regulates Transcription Of Genes Involved In WNT Signaling R-HSA-8939256 1.89 17.51
HSF1-dependent Transactivation R-HSA-3371571 1.89 4.24
Transcriptional Regulation By AP-2 (TFAP2) Family Of Transcription Factors R-HSA-8864260 1.89 4.24
Listeria Monocytogenes Entry Into Host Cells R-HSA-8876384 1.89 6.26
Nuclear Events Stimulated By ALK Signaling In Cancer R-HSA-9725371 1.89 6.26
TICAM1, RIP1-mediated IKK Complex Recruitment R-HSA-168927 1.89 6.26
Mitotic Prophase R-HSA-68875 1.88 2.51
DNA Double-Strand Break Repair R-HSA-5693532 1.87 2.27
Frs2-mediated Activation R-HSA-170968 1.87 8.76
Josephin Domain DUBs R-HSA-5689877 1.87 8.76
ER-Phagosome Pathway R-HSA-1236974 1.87 2.74
Platelet Degranulation R-HSA-114608 1.85 2.40
DNA Damage Recognition In GG-NER R-HSA-5696394 1.83 4.10
Interactions Of Rev With Host Cellular Proteins R-HSA-177243 1.83 4.10
Recycling Pathway Of L1 R-HSA-437239 1.83 4.78
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Term -log(g- Odds
value) Ratio
ABC-family Proteins Mediated Transport R-HSA-382556 1.82 2.57
Apoptotic Factor-Mediated Response R-HSA-111471 1.80 5.84
Signal Transduction By L1 R-HSA-445144 1.80 5.84
Signaling By Hippo R-HSA-2028269 1.80 5.84
DNA Replication Pre-Initiation R-HSA-69002 1.80 2.36
Regulation Of APC/C Activators Between G1/S And Early Anaphase R-HSA-176408 1.78 2.80
RHOB GTPase Cycle R-HSA-9013026 1.78 2.98
Antigen processing-Cross Presentation R-HSA-1236975 1.77 2.51
Disassembly Of Destruction Complex And Recruitment Of AXIN To Membrane R-HSA-4641262 1.77 4.58
HSF1 Activation R-HSA-3371511 1.77 4.58
Processing Of Capped Intronless Pre-mRNA R-HSA-75067 1.77 4.58
Adenylate Cyclase Inhibitory Pathway R-HSA-170670 1.76 7.79
Cytochrome C-Mediated Apoptotic Response R-HSA-111461 1.76 7.79
NF-kB Is Activated And Signals Survival R-HSA-209560 1.76 7.79
DDX58/IFIH1-mediated Induction Of Interferon-Alpha/Beta R-HSA-168928 1.76 2.76
EPH-ephrin Mediated Repulsion Of Cells R-HSA-3928665 1.73 3.43
ER Quality Control Compartment (ERQC) R-HSA-901032 1.72 5.48
Response To Elevated Platelet Cytosolic Ca2+ R-HSA-76005 1.72 2.30
Global Genome Nucleotide Excision Repair (GG-NER) R-HSA-5696399 1.72 2.72
FLT3 Signaling By CBL Mutants R-HSA-9706377 1.71 13.13
Modulation By Mtb Of Host Immune System R-HSA-9637628 1.71 13.13
Transcriptional Regulation By MECP2 R-HSA-8986944 1.71 3.10
Diseases Of Programmed Cell Death R-HSA-9645723 1.71 2.88
PI5P, PP2A And IER3 Regulate PI3K/AKT Signaling R-HSA-6811558 1.71 2.46
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Term -log(g- Odds
value) Ratio

MAPK Targets/ Nuclear Events Mediated By MAP Kinases R-HSA-450282 1.71 4.39
Separation Of Sister Chromatids R-HSA-2467813 1.69 2.09
RHO GTPases Activate Formins R-HSA-5663220 1.69 2.35
Signaling By FGFR4 R-HSA-5654743 1.68 3.72
CDK-mediated Phosphorylation And Removal Of Cdc6 R-HSA-69017 1.68 2.83
Cdc20:Phospho-APC/C Mediated Degradation Of Cyclin A R-HSA-174184 1.68 2.83
AKT Phosphorylates Targets In Cytosol R-HSA-198323 1.66 7.01
Nucleotide Excision Repair R-HSA-5696398 1.65 241
Signaling By NODAL R-HSA-1181150 1.65 5.16
Negative Regulation Of FGFR4 Signaling R-HSA-5654733 1.65 4.21
Regulation Of MECP2 Expression And Activity R-HSA-9022692 1.65 4.21
APC:Cdc20 Mediated Degradation Of Cell Cycle Proteins Before Cycle Checkpoint Satisfied R-HSA- 1.64 2.79
179419

Pre-NOTCH Transcription And Translation R-HSA-1912408 1.63 2.98
Negative Regulation Of MAPK Pathway R-HSA-5675221 1.63 3.61
Hedgehog On State R-HSA-5632684 1.63 2.61
Potential Therapeutics For SARS R-HSA-9679191 1.62 2.48
Rab Regulation Of Trafficking R-HSA-9007101 1.61 2.28
Cell Death Signaling Via NRAGE, NRIF And NADE R-HSA-204998 1.61 2.75
Apoptotic Execution Phase R-HSA-75153 1.60 3.19
Signaling By MET R-HSA-6806834 1.60 2.93
Signaling By FGFR R-HSA-190236 1.60 2.58
Nuclear Signaling By ERBB4 R-HSA-1251985 1.59 4.05
Formation Of Incision Complex In GG-NER R-HSA-5696395 1.58 3.51
Late Phase Of HIV Life Cycle R-HSA-162599 1.58 2.18
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Term -log(g- Odds
value) Ratio
HIV Life Cycle R-HSA-162587 1.58 2.12
Regulation Of PLK1 Activity At G2/M Transition R-HSA-2565942 1.57 2.54
InIB-mediated Entry Of Listeria Monocytogenes Into Host Cell R-HSA-8875360 1.57 6.37
Regulation Of Innate Immune Responses To Cytosolic DNA R-HSA-3134975 1.57 6.37
Signaling By FLT3 ITD And TKD Mutants R-HSA-9703648 157 6.37
Myoclonic Epilepsy Of Lafora R-HSA-3785653 1.57 10.51
RUNX2 Regulates Genes Involved In Cell Migration R-HSA-8941332 1.57 10.51
Recycling Of elF2:GDP R-HSA-72731 1.57 10.51
Transcriptional Regulation By Small RNAs R-HSA-5578749 1.54 2.66
Protein Localization R-HSA-9609507 1.54 2.04
Cooperation Of Prefoldin And TriC/CCT In Actin And Tubulin Folding R-HSA-389958 1.54 3.90
Negative Regulation Of FGFR1 Signaling R-HSA-5654726 1.54 3.90
Mitochondrial Protein Import R-HSA-1268020 1.53 2.82
Aggrephagy R-HSA-9646399 1.52 4.61
RUNX2 Regulates Osteoblast Differentiation R-HSA-8940973 1.52 4.61
Death Receptor Signaling R-HSA-73887 1.51 2.13
ABC Transporter Disorders R-HSA-5619084 1.51 2.62
Unfolded Protein Response (UPR) R-HSA-381119 151 2.48

Table 3. List of unique pathways from Reactome derived from up-regulated predicted mRNA target in high-sodium diet
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Table 4
Term -log(q- Odds Ratio
value)

TP53 Regulates Transcription Of Genes Involved In G1 Cell Cycle Arrest R-HSA-6804116 3.11 14.21
TP53 Regulates Transcription Of Cell Cycle Genes R-HSA-6791312 2.54 4.62
Activation Of HOX Genes During Differentiation R-HSA-5619507 244 3.28
Signaling By Erythropoietin R-HSA-9006335 2.40 7.11
Transcriptional Regulation Of White Adipocyte Differentiation R-HSA-381340 2.39 3.36
Signaling By PDGF R-HSA-186797 2.37 4.27
Nuclear Receptor Transcription Pathway R-HSA-383280 2.31 4.17
Ca2+ Pathway R-HSA-4086398 2.30 3.86
Constitutive Signaling By EGFRvII R-HSA-5637810 2.28 10.65
Neddylation R-HSA-8951664 2.15 2.15
Signaling By ERBB2 ECD Mutants R-HSA-9665348 2.10 9.47
RNA Polymerase Il Transcribes sShRNA Genes R-HSA-6807505 2.03 3.32
Golgi-to-ER Retrograde Transport R-HSA-8856688 1.95 2.73
RUNX3 Regulates CDKN1A Transcription R-HSA-8941855 1.83 18.91
Nuclear Envelope Breakdown R-HSA-2980766 1.82 3.73
Phospholipid Metabolism R-HSA-1483257 1.82 2.13
Pyruvate Metabolism And Citric Acid (TCA) Cycle R-HSA-71406 1.78 3.64
Pyruvate Metabolism R-HSA-70268 1.77 4.94
Constitutive Signaling By Ligand-Responsive EGFR Cancer Variants R-HSA-1236382 1.75 7.10
JNK (c-Jun Kinases) Phosphorylation And Activation Mediated By Activated Human TAK1 R- 1.75 7.10
HSA-450321

Signaling By ALK Fusions And Activated Point Mutants R-HSA-9725370 1.74 3.56
Erythropoietin Activates RAS R-HSA-9027284 1.67 8.87
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Signaling By PDGFR In Disease R-HSA-9671555 1.67 6.55
SHC-related Events Triggered By IGF1R R-HSA-2428933 1.67 14.18
SUMOylation Of Chromatin Organization Proteins R-HSA-4551638 1.66 3.40
Metabolism Of Lipids R-HSA-556833 1.65 1.52
COPI-independent Golgi-to-ER Retrograde Traffic R-HSA-6811436 1.59 4.37
Postmitotic Nuclear Pore Complex (NPC) Reformation R-HSA-9615933 1.57 4.97
Role Of LAT2/NTAL/LAB On Calcium Mobilization R-HSA-2730905 1.57 7.88
Triglyceride Biosynthesis R-HSA-75109 1.57 7.88
PPARA Activates Gene Expression R-HSA-1989781 1.56 2.45
Fcgamma Receptor (FCGR) Dependent Phagocytosis R-HSA-2029480 1.56 2.73
SUMOylation Of Transcription Cofactors R-HSA-3899300 1.54 3.76
CD163 Mediating An Anti-Inflammatory Response R-HSA-9662834 1.52 11.34
MET Promotes Cell Motility R-HSA-8875878 1.51 4.73
Regulation Of Lipid Metabolism By PPARalpha R-HSA-400206 151 2.40
Intra-Golgi And Retrograde Golgi-to-ER Traffic R-HSA-6811442 1.51 2.08
Interleukin-3, Interleukin-5 And GM-CSF Signaling R-HSA-512988 1.50 3.65
Platelet Aggregation (Plug Formation) R-HSA-76009 1.50 4.06

Table 4. List of unique pathways from Reactome derived from up-regulated predicted mRNA target in low-sodium diet
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Figure 4. Bioinformatic network analysis of predicted differentially regulated
mRNA targets of differentially enriched miRNAs. (A-B) Pathway enrichment
analysis conducted with EnrichR showing the enriched terms for miRNA target
genes upregulated in high sodium diet (A) or in low sodium diet (B). Adjustment of
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p-value was performed with Benjamini-Hochberg to calculate g-values; the -log(q
value) was calculated for pathway bar graph and network analysis. Pathways
uniquely enriched in each condition were considered for pathway and network
analysis. (C-D) Network cluster analysis showing pathways enriched in high (C)
and low sodium diet (D). The node size is proportional to -log(g-value) of each
pathway. For clarity of representation, pathways with -log(g-value)< 1.5 were
excluded in “low sodium diet” network and -log(q-value)< 2.0 in “high sodium
diet”. Connection thickness is proportional to the Jaccard Index. The main
functional communities were named on the basis of the principal enriched pathways
for each cluster. (E-F) miRNA-mRNA target networks showing miRNA-target
interactions in high (E) and low sodium diet (F). Yellow dots indicate miR down-
regulated in high sodium diet (E) and red dots in low sodium diet (F); blue dots
indicate mRNA targets and are connected to regulating miRNAs. mRNA targets
involved in “immune-related clusters” (adaptive immune system, innate immune
system-interleukin signaling and interferon signaling) are highlighted in green in
high sodium diet (E). mRNA targets involved in “PPAR-related clusters”
highlighted in green in low sodium diet (F). In HSD (E), the connection between
miR-320b and ICAM-1, was added manually since validated by one previously
published study?.

3.4 miRNA-mRNA target networks

To identify potential mMiRNA-mRNA target responsible for the effects of HSD at
kidney level, we built new miRNA-mRNA target networks specific. In these
networks, each differentially expressed miRNA was connected to predicted and
validated mRNA target. Considering that previous pre-clinical studies suggested
that low-grade renal inflammation may favor the development of salt-sensitive
hypertension 2°, we leveraged the miRNA-mRNA target networks for the detection
of mRNA targets involved in immune system regulation. In HSD, we highlighted
MRNA targets involved in immune-related clusters (adaptive immune system,
innate immune system-interleukin signaling and interferon signaling) (Figure 4E).
Considering the anti-inflammatory role of PPAR« at renal level?®, we highlighted
MRNA target involved in PPAR transcription cluster in LSD (Figure 4F). mRNA

targets related to immune system regulation were uniformly connected to all the
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miRNAs differentially expressed in both dietary conditions, suggesting that the
enrichment of these pathways was not exclusive of one or few miRNAs. Hence, we
identified two potential MRNA targets in high and LSD, as candidates for in vitro
validation. Intercellular adhesion molecule 1 (ICAM-1) (Figure 4E) is a validated
target of miR-221 in human cholangiocytes?” and of miR-320b in human
endothelial cells?* (although this last validation was not present in MiRTarBase).
PPARa, which is predicted as upregulated in LSD (Figure 4F), is a validated target

of miR-10b in human hepatocytes?®,

3.5 In vitro validation

Since both ICAM-1 and PPARo were validated as mRNA targets in non-renal cells,
we designed a proof-of-concept in vitro validation of both mRNA targets in human
proximal tubular cell line (HK-2 cells). The transfection of miR-320b inhibitor in
HK-2 cells resulted in an efficient knockdown of miR-320b (Figure 5A), 2.17-fold
increase of ICAM-1 mRNA expression (Figure 5B) and 2.21-fold increase in ICAM-
1 protein (Figure 5C), as assessed by flow-cytometry. The transfection of miR-10b-
5p inhibitor in the same cells resulted in an efficient knockdown of miR-10b-5p
(Figure 5D), non-significant modification of PPAR-a mRNA (Figure 5E), but 2.85-
fold increase in PPAR-a protein (Figure 5F —Figure 6), assessed by Western Blot

analysis.
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Figure 5. In vitro validation of miRNA-target regulation in human proximal tubular cell lines (HK-2 cells). (A-C) Relative expression
levels of miR-320b (A), mRNA of intercellular adhesion molecule 1 (ICAM-1) (B), and protein levels of ICAM-1 (C) in HK-2 cells after
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treatment with miR-320b inhibitor. (D-F) Relative expression levels of miR-10b-5p (D), mRNA of peroxisome proliferator-activated
receptor o. (PPARa.) (E), and protein levels of PPARo. (F) in HK-2 cells after treatment with miR-10b-5p inhibitor. Expression levels were
normalized to miR-16-5p expression (arbitrary unit (a.u.)) for miRNAs, to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression (a.u.) for mRNA. Protein abundance was normalized for vinculin expression (a.u.). (A, B D, and E) were quantified by
guantitative real-time polymerase chain reaction (QRT-PCR), median fluorescence of each experiment was normalized by z-score (a.u.).
(C and F) Protein expression was quantified by Western Blot. Representative western blot analysis of PPARo. and vinculin is presented in
Figure 6. In all the experiments the control group was treated with the empty vehicle (Lipofectamine 2000) alone. Data are represented
with dot plots. Each experiment was repeated twice with 3 technical replicates (n=6). Statistical differences were assessed by the use
unpaired t-test. *P<0.05
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Figure 4. Western Blot analyses of PPARa protein abundance in HK-2 cells treated with miR-10b-5p inhibitor. Representative Western
blot analysis of PPARa and vinculin, comparing protein expression of PPARa after mR-10b-5p inhibition.
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4. DISCUSSION

The uEVs hold significant potential for several research fields, due to their non-
invasive collection method, their role as carriers of bioactive molecules, and their
ability to reflect the physiological and pathological state of the urinary tract.
Taking advantage of a strict dietary sodium manipulation, achieved by providing
participants with low sodium and high sodium meals, we investigated for the first
time the potential impact of dietary sodium levels on the small-RNAome of uEVs
isolated from high-risk normotensive subjects. In total, 8 mIRNAs were
differentially expressed in the 2 dietary conditions. Interestingly, these miRNASs
were targeting genes that after bioinformatic analysis, were enriched into pathways
related to immune system activation in HSD and anti-inflammatory pathways in
LSD. We hence validated the miRNA-mRNA targets of interest in vitro in human
proximal tubular cells, showing miR-320b regulation of ICAM-1 and miR-10b-5p
regulation of PPARa.

In the last three decades, the results of pre-clinical studies supported the hypothesis
that sodium excess induces hypertension through several mechanisms that go
beyond the mere hemodynamic effects®®. The relationship between HSD and
cardiovascular risk involves a multiple arrays of pathways, including ageing,
endothelial dysfunction, redox signaling and immune system activation®?°. In
animal models, sodium excess is able to stimulate systemic innate immune
response, with increased circulating neutrophils®, monocytes 3%3! and the
activation of antigen presenting cells (APCs)*2. Activated APCs polarize T cells

towards an interleukin-17 (IL-17) producing phenotype, with the activation of
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adaptive immune system and migration of inflammatory cells to target organs®%,
In the present study, the miRNA set found altered following HSD was connected
with a series of gene targets that in a network analysis showed an enrichment of
both adaptive and innate immune system regulation, corroborating the findings
from animal models after high sodium intake®3%33, Moreover, we showed
significant enrichment of pathways related to interferon signaling, whose role in
high sodium condition has been previously investigated in a murine model, where
sodium excess stimulates interferon y (IFNy) secreting T regulatory cells with
consequent pro-inflammatory action®,

In Dahl salt-sensitive rats*® and in another murine model®®, the sodium load induces
significant infiltration of T lymphocytes into the kidney that is followed by
hypertension and development of renal disease®. The examination of human
kidneys from hypertensive patients, showed an accumulation of monocyte,
macrophage, and dendritic cells in the corticomedullary junction and into the deeper
regions of medulla, where sodium concentrations are markedly increased *’. The
local complex interplay between innate and adaptive immunity further stimulates
the pro-inflammatory milieu induced by sodium excess®*. Infiltration of
inflammatory cells in the kidney is therefore crucial for the development of low-
grade renal inflammation induced by sodium.

In this study, we showed that miR-320b is down-regulated in uEVs after HSD and
miR-320b inhibition increases ICAM-1 mRNA and protein expression, in human
tubular cell line. In the kidney, ICAM-1 is expressed in the renal vascular

endothelium and in proximal tubular epithelium, especially under pathological
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stimuli®®*, and is associated with interstitial infiltration of inflammatory cells3,
In Dahl salt-sensitive rats, the administration of HSD increases leukocyte adhesion
and the renal expression of monocyte chemotactic protein-1 (MCP-1) and ICAM-
133, through mechanisms that are independent from sodium-induced
hypertension®3. Moreover, ICAM-1 expression is induced by IFNy?’. Considering
that we identified enrichment of interferon signaling after HSD, we can speculate
that multiple mechanisms can synergize, increasing ICAM-1 at renal level after
sodium load.

In LSD, the miRNAs altered were targeting a set of genes enriched in pathways
related to white adipocyte differentiation and PPAR transcriptional regulation. In
the kidney, PPARa is expressed in medullary thick ascending limbs and the
proximal tubular epithelium where it plays a critical role in metabolic regulation
and anti-inflammatory activity?®®. In a transgenic mouse model, the increased
expression of proximal tubule PPARa reduced adhesion molecules, pro-
inflammatory cytokines, and the infiltration of inflammatory mononuclear cells*,
On the other side, diabetic PPARa-knockout mice display increased renal
macrophage infiltration and more severe diabetic renal disease than diabetic wild-
type mice*?. In our study, we showed that miR-10b-5p was down-regulated after
LSD and that this miRNA inhibition increases the expression of PPARa protein in
human proximal tubular cells, potentially contributing to the anti-inflammatory
pathways of LSD. It should be noticed that miR-10b-5p inhibition increased
PPARa protein, without significant modification of PPARa mRNA. This finding is

consistent with the results of one previous study, that showed that miR-10b
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regulates PPARa post-transcriptionally in human hepatocytes, without significant
modification of mMRNA levels?.

Beyond the anti-inflammatory effects, PPARa have also nephroprotective
properties through regulation of renal fibrosis*.. In particular, PPARa reduces
tubulointerstitial fibrosis through reduction of proximal tubule expression of
TGFB*. Intriguingly, in our study, several TGFpB-related pathways were enriched
in HSD. We can speculate that a relative reduction of PPARa activity in HSD can
further enhance TGFp activation leading to interstitial fibrosis with sodium excess.
PRNAs (PIWI-interacting RNAs) are small non-coding RNAs of 23-31 nucleotides
which bind to PIWI-clade members of the Argonaute protein family*:. Unlike
miRNAs, piRNAs are generated by cleavage of single stranded transcripts. The
most known and described role of piRNAs is to silence transposable elements (or
transposons) in germ cells. PIWI-piRNA dysregulation has been associated with
inferitility, cancer diseases and neurodegenerative diseases. Emerging findings
suggest that piRNAs may have a role in somatic cells of liver, heart, peripheral
blood cells and pancreatic B cells**. However, the comprehension of the role of
piRNAs in somatic cells is still preliminary. Bionformatic analysis of piRNA
predicted targets* showed that two differentially enriched piRNAs can regulate
genes involved in renal fibrosis and hypertension at renal level. In details,
Fibroblast Growth Factor 5 (FGF5) and GLI Family Zinc Finger 1 (GLI1) are
predicted targets of piR-23574 and piR-32159 respectively*. FGF5 polymorphisms
have been associated with hypertension and increased cardiovascular risk*® and

other Fibroblast Growth Factors have been described as contributors to blood
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pressure regulation through renal pathways*’. GL11-expressing mesenchymal cells,

instead, showed a potential role in kidney damage by induction of renal fibrosis*®.

5. CONCLUSIONS

The analysis of the small-RNAome of human uEVs revealed that HSD induces the
activation of pro-inflammatory pathways that potentially contribute to the
development of hypertension and kidney damage. Our findings unravel an
important role of miRNA in the regulation of critical gene targets, with up-

regulation of ICAM-1 in HSD and up-regulation of PPARe in LSD.
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