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ARTICLE INFO ABSTRACT

Keywords: Aims: Cardiovascular pathology is the main cause of death in chronic kidney disease (CKD) patients. CKD is
Cardio_"aSFUIar di_sease associated with the accumulation of uremic toxins in the bloodstream, and indoxyl sulfate (IS) is one of the most
Chronic kidney disease abundant uremic toxins found in the blood of CKD patients. We conducted an in vitro study to assess the

Endothelial dysfunction
Extracellular vesicles
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mechanisms underlying the IS-induced endothelial dysfunction that could lead to cardiovascular diseases. We
also studied their extracellular vesicles (EVs) owing to their capacity to act as messengers that transmit signals
through their cargo.

Main methods: EVs were characterized by nanoparticle tracking analysis, transmission electron microscopy, flow
cytometry, and tetraspanin expression. Cell lysates and isolated EVs were analyzed using liquid chromatography
coupled with mass spectrometry, followed by Gene Set Enrichment Analysis to identify the altered pathways.
Key findings: Proteomic analysis of endothelial cells revealed that IS causes an increase in proteins related to
adipogenesis, inflammation, and xenobiotic metabolism and a decrease in proliferation. Extracellular matrix
elements, as well as proteins associated with myogenesis, response to UV irradiation, and inflammation, were
found to be downregulated in IS-treated EVs. Fatty acid metabolism was also found to be increased along with
adipogenesis and inflammation observed in cells.

Significance: The treatment of endothelial cells with IS increased the expression of proteins related to adipo-
genesis, inflammation, and xenobiotic metabolism and was less associated with proliferation. Furthermore, EVs
from cells treated with IS may mediate endothelial dysfunction, since they present fewer extracellular matrix
elements, myogenesis, inflammatory factors, and proteins downregulated in response to UV radiation.

Abbreviations: CKD, chronic kidney disease; EVs, extracellular vesicles; FC, flow cytometry; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis;
HUVECs, human umbilical vein endothelial cells; IS, indoxyl sulfate; NTA, nanoparticle tracking analysis; RT-qPCR, reverse transcription-quantitative polymerase
chain reaction; SASP, senescent associated secretory phenotype; SIPS, stress-induced premature senescence; TEM, transmission electron microscopy; UV, ultraviolet.
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1. Introduction

Chronic kidney disease (CKD) presents as a reduced glomerular
filtration rate of 60 mL/min/1.73 m? or evident structural kidney
damage for over three months [1]. It is estimated to become the 5th most
common cause of death by 2040, affecting >10 % of the population
worldwide [2], owing to the aging of the world population [3].

CKD causes the accumulation of uremic toxins in the blood. Uremic
toxins are associated with proteins, making their filtration by dialysis
more difficult [4]. Uremic toxins are in contact with endothelial cells
and induce oxidative stress and low-level systemic inflammation [5].
This phenomenon leads to endothelial dysfunction, characterized by the
loss of endothelial barrier function, endothelial senescence, vasocon-
striction, acquisition of a pro-inflammatory and pro-thrombotic state,
and arterial remodeling. Endothelial dysfunction increases the risk of
cardiovascular diseases (CVD), such as atherosclerosis and vascular
calcification, which explains why patients with CKD have a higher risk
of CVD than the general population [6]. These diseases are predominant
in the elderly, which explains why CKD produces premature aging
[7-9]. Physiological aging is caused by cellular senescence, mitochon-
drial dysfunction, loss of proteostasis, and altered intercellular
communication [10], which has been observed in patients with CKD.
Related to aging, there is a release of chemokines, pro-inflammatory
cytokines, and proteases, which are known as senescence-associated
secretory phenotypes (SASP) [11,12]. SASP factors are present in the
plasma of patients with CKD [13]. Other authors have defined the
phenotype found in patients with CKD as stress-induced premature
senescence (SIPS) to differentiate between physiological aging and
aging induced by environmental factors [14].

Indoxyl sulfate (IS) is one of the most abundant uremic toxins [15]. IS
causes premature aging of the endothelium, and is associated with
atherosclerotic plaque formation [16,17]. Moreover, IS is correlated
with mortality and comorbidities such as vascular calcification, stiffness,
and congestive heart failure in patients with end-stage renal disease
[18].

Extracellular vesicles (EVs) also participate in the pathophysiology
of CKD. EVs are secreted by all cell types [12] and act as intercellular
communication systems that transport lipids, proteins, and microRNAs
to modulate cellular functions [9]. Multiple pathologies have been
associated with increased EV secretion [19]. Therefore, EV cargo can
predict its implications in pathophysiology. For example, in cancer, EVs
potentiate metastasis, angiogenesis, coagulation, metabolic reprogram-
ming, and immunosuppression [20]. In CKD, patients undergoing he-
modialysis have a higher number of EVs; however, high EV levels can
also be linked to other associated diseases such as hypertension, diabetes
mellitus, and coronary artery disease [21]. Moreover, an in vitro study
demonstrated that endothelial cells treated with IS produce pro-
calcifying EVs [22]. EVs could be promising predictive and diagnostic
markers of diseases because they carry information from less accessible
cell types such as endothelial cells. Furthermore, they can be considered
as potential therapeutic targets, considering their modulatory function
and role in maintaining cardiovascular homeostasis [23,24].

This study aimed to elucidate the mechanism by which uremic toxins
such as IS mediate endothelial injury. Through proteomic analyses, we
characterized changes in endothelial cells and EV cargo produced by IS.
To the best of our knowledge, this research represents the first study to
identify novel biomarkers that could prove beneficial as diagnostic,
prognostic, and therapeutic tools for CVD associated with CKD.

2. Experimental procedures
2.1. Cell culture and indoxyl sulfate treatment
Human umbilical vein endothelial cells (HUVECs; CC-2517, lot

number 323352; Lonza Bioscience, Walkersville, MD, USA) were
cultured in endothelial basal medium (EBM; CC-3121; Lonza Bioscience)
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supplemented with EGM SingleQuots (CC-4133; Lonza Bioscience) and
10 % heat-inactivated fetal bovine serum (FBS; F7524; Sigma-Aldrich,
St. Louis, MO, USA). The cultures were maintained at 37 °C under 5 %
CO2 and 95 % humidity. Experiments involving HUVECs were per-
formed using cells passaged <9 times. Cell passages were performed
using trypsin-EDTA solution diluted in phosphate-buffered saline (PBS;
T4174; Sigma-Aldrich). IS (I3875; Sigma-Aldrich) was diluted in DMSO
to a concentration of 0.5 M and stored at —20 °C. IS was added to the
culture medium when the cells reached the desired confluence at a final
concentration of 250 pM, and incubated for 24 h. This concentration of
IS is clinically relevant because it is similar to that observed in patients
with advanced CKD [25,26] and is commonly used to induce phenotypic
changes in HUVECs [22,27] without cytotoxicity [28].

2.2. Extracellular vesicle isolation

EVs were isolated from culture media as previously described [22].
Briefly, culture media from the controls and cells treated with IS were
obtained and centrifuged (Centrifuge 5702R; Eppendorf, Hamburg,
Germany) for 15 min at 1400 xg to eliminate cell debris. The superna-
tants were centrifuged for 30 min at 20,000 xg (Centrifuge 5427R;
Eppendorf). The resulting pellet, corresponding to the EVs, was washed
twice with PBS 1x filtrated through 0.2-um sterile filters (431,219;
Corning Life Sciences, Corning, NY, USA).

2.3. Characterization of the extracellular vesicles

After isolation, EVs were characterized according to the Interna-
tional Society for Extracellular Vesicles (ISEV2023) guidelines
(MISEV2023) [29]. Specifically, EVs were imaged and measured using
transmission electron microscopy (TEM), and the quantity, size, and
expression of tetraspanins were determined using flow cytometry. These
results were corroborated by nanoparticle tracking analysis (NTA)
results.

2.3.1. Extracellular vesicle imaging and characterization by transmission
electron microscopy

Pools of EVs from IS-treated endothelial cells and controls (n = 4)
were resuspended in filtered PBS. For negative staining, glow discharge
was performed on carbon-coated collodion 400 mesh nickel grids
(Glider). Each sample (15 pL) was then adsorbed onto a grid for 2 min.
The grids were subsequently washed with two drops of Milli Q water,
stained with 2 % aqueous uranyl acetate (Electron Microscopy Sciences)
for 1 min, and left to dry at room temperature. The grids were observed
using a JEOL JEM 1400 flash electron microscope (operating at 100KV).
Micrographs were obtained with a Gatan One View digital camera at
various magnifications. EVs were measured using DigitalMicrograph
software (version 3.51.3720.0; Gatan Inc., Pleasanton, CA, USA),
considering the exterior and interior measurement diameters of the
vesicles (n = 20) for each sample (n = 8). Measurements were performed
in vesicles, in which both diameters were easily visible. Data are
expressed as mean =+ standard deviation (SD) and were analyzed using
an unpaired t-test.

2.3.2. Nanoparticle tracking analysis

The size distribution of the EV samples was assessed using NTA. We
tested our isolated samples diluted in 1 mL of 0.2-pm filtered PBS using a
NanoSight Pro Nanoparticle Tracking Analyzer (Malvern Panalytical,
Malvern, UK). The particles were tracked using a 488 nm laser for 11.54
s to assess their Brownian motion. This process was repeated five times,
and five videos were acquired for each sample. NS XPLORER
(v1.0.8641.14) software was used to analyze the movement and calcu-
late the size distribution profiles and concentration measurements.

2.3.3. Western blotting of extracellular vesicles
Western blotting for EVs was performed to assess the presence of EV
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markers. An exosome panel (ab275018; Abcam, Cambridge, UK) con-
taining anti-TSG-101, anti-HSP70, anti-CD9, and anti-CD63 antibodies
was used. Anti-TSG-101 and anti-HSP70 were incubated under reducing
conditions, whereas the rest were used under non-reducing conditions.
The EV samples were lysed and centrifuged to obtain proteins, which
were measured in duplicate using the BCA assay method. Electropho-
resis was performed in Novex WedgeWells 4-20 % Tris-glycine gels
(Thermo Fisher Scientific, Waltham, MA, USA) with 5 pg of total protein
dissolved in 10 pL of the corresponding charge buffer and heated at
95 °C for 1 min. After electrophoresis, the samples were transferred to a
Trans-Blot Turbo Transfer System (BioRad Laboratories, Hercules, CA,
USA), stained with Ponceau Red, and washed with distilled water. The
membrane was blocked with PBS-Tween 0.1 % 5 % bovine serum al-
bumin (BSA) for 1 h at room temperature. Subsequently, the membranes
were incubated overnight with primary antibodies (diluted 1:1000 in
PBS-T and 1 % BSA) at 4 °C. Thereafter, the membranes were washed
with PBS-T and incubated with the corresponding secondary antibody at
1:5000 dilution for 1 h at room temperature. Finally, membranes were
washed with SuperSignal (Thermo Fisher Scientific) for protein
detection.

2.3.4. Extracellular vesicle quantification flow cytometry

The EVs were resuspended in PBS 1x and incubated with 1 yM CFSE
for 45 min at 37 °C and 5 % CO». The samples were then analyzed using
a MACSQuant10 Analyzer and MACSQuantify software (version 2.13.0;
Miltenyi Biotec, Bergisch Gladbach, Germany).

To quantify tetraspanin expression and size, EVs were incubated for
1 h at room temperature with anti-CD9-488/anti-CD81-555/anti-CD63-
647 (Leprechaun kit; Unchained Labs, Pleasanton, CA, USA), followed
by EV labeling with 25 pM Tag-it Violet (#425101, BioLegend, San
Diego, CA, USA) for 90 min at 37 °C to differentiate the EVs from noise.
Subsequently, the samples were analyzed by flow cytometry using a
CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, CA, USA), and
FCM Pass software (NIH, Bethesda, MD, USA) was used to estimate EV
size based on their refractive index for size calibration. The detailed
methodology can be found in Supplementary Data 1, including a report
structured according to the guidelines [30].

2.3.5. Extracellular vesicle protein cargo quantification

To determine the total amount of protein per EV, 280,000 cells were
seeded and treated with IS for 24 h on the following day. Total EVs were
isolated from the control and IS-treated groups and a portion of their
volume was used for quantification by flow cytometry. Protein con-
centration was quantified using the Pierce™ BCA Protein Assay Kit
(23,225, Thermo Fisher Scientific) with the Quick Start BSA Standard
Set (500-0207, BioRad Laboratories) as a standard. Absorbance was
measured using a plate reader (FLUOstar Omega, BMG LABTECH,
Ortenberg, Germany). The protein cargo results were standardized by
the number of endothelial cells from which they were released after
quantification at the final time point. The results are expressed per
million cells. GraphPad Prism 8.0.2 (GraphPad Software, La Jolla, CA,
USA) was used for graphical representation and statistical analysis
(paired t-test).

2.4. Preparation of samples for proteomics analysis

HUVECs and HUVEC-derived EVs were pooled and preserved as dry
pellets at —20 °C (n = 5). The samples were lysed with 400 pL and 150 pL
of 5 % sodium dodecyl sulfate and 25 mM triethylammonium bicar-
bonate supplemented with 5 mM tris(2-carboxyethyl) phosphine and 10
mM chloroacetamide. The lysates were sonicated using an ultrasonic
processor UP50H (Hielscher Ultrasonics, Teltow, Germany) for 1 min on
ice (0.5 cycles, 100 % amplitude) and incubated at 56 °C for 30 min.
Protein lysates were centrifuged at 18,400 xg for 10 min and the su-
pernatant was transferred to a new tube. Total protein was measured
using the PIERCE 660 nm reagent (Thermo Fisher Scientific)
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supplemented with an Ionic Detergent Compatibility Reagent (Thermo
Fisher Scientific). Protein digestion was performed using S-Trap col-
umns (Protifi, Farmingdale, NY, USA) according to the manufacturer's
instructions [31]. Briefly, 20 pg of each sample was digested overnight
at 37 °C using a trypsin:protein ratio of 1:15. Tryptic peptides were
cleaned using in-house made Stage-Tips prepared from Octadecyl C18
Solid-phase Extraction Disks (Empore™, 66,883-U), as previously
described [32]. The eluted peptides were dried in a speed vacuum and
stored at —20 °C until further processing.

2.5. Analysis by liquid chromatography coupled to mass spectrometry

Each sample was quantified by fluorimetry (QuBit; Thermo Fisher
Scientific), and 1 pg was individually analyzed by nanoliquid chroma-
tography coupled with electrospray ionization tandem mass spectrom-
etry (nanoLC-ESI-MS/MS) using an Ultimate 3000 nano HPLC system
(Thermo Fisher Scientific) coupled online to an Orbitrap Exploris™ 240
mass spectrometer (Thermo Fisher Scientific). Samples were loaded on a
50 cm x 75 pm Easy-spray PepMap C18 analytical column (Thermo
Fisher Scientific) at 45 °C and separated at a flow rate of 250 nL/min
using a 120-min gradient ranging from 2 to 95 % mobile phase B (80 %
acetonitrile in 0.1 % FA). Two 40-min blank samples were systemati-
cally run between samples to avoid carry-over. Data acquisition was
performed using a data-dependent top-20 method in the full-scan posi-
tive mode and scanning at 375-1200 m/z. MS1scans were acquired at an
Orbitrap resolution of 60,000 at m/z 200, with a normalized automatic
gain control (AGC) target of 300 %, a radio frequency lens of 80 %, and
an automatic maximum injection time (IT). The most intense ions from
each MS1 scan were selected and fragmented at a higher-energy colli-
sional dissociation (HCD) of 30 %. The resolution of the HCD spectra
was set to 15,000 at m/z 200, with a normalized AGC target of 50 % and
an automatic maximum IT. The precursors were isolated at an isolation
window of 2 m/z and an exclusion duration of 45 s. Precursor ions with
charge states ranging from 2" to 5" were included.

2.6. Mass spectrometry data analysis

Mass spectrometry data were processed using Proteome Discoverer
(v2.5.0.400; Thermo Fisher Scientific) as previously described [33-35].
Database searches were performed using four search engines [Mascot
(v2.7.0), MsAmanda (v2.4.0), MsFragger (v3.1.1), and Sequest HT]
against the Homo Sapiens UniProtKB database (February 19, 2021;
20,378 sequences) containing the most common laboratory contami-
nants (a cRAP database with 69 sequences). The search parameters were
set as follows: cysteine carbamidomethylation (+57.021464 Da),
methionine oxidation (M) (4+15.994915 Da), N-terminal acetylation
(+42.010565 Da), and Gln — pyro-Glu (—17.026549 Da) as variable
modifications. The precursor and fragment mass tolerances were set to
10 and 0.02 Da, respectively, and trypsin/P was selected as the protease
with a maximum of two missed cleavage sites. The false discovery rate
(FDR) for proteins, peptides, and peptide-spectral matched peptides was
maintained at 1 %. Quantitation was also performed in the Proteome
Discoverer using the “Minora Feature Detector” processing method and
the “Feature Mapper” and “Precursor Ions Quantifier” nodes in the
consensus step. The “Feature Mapper” node was applied using chro-
matographic retention time alignment with a maximum shift of 10 min
and signal-to-noise threshold of 5. Quantitation and normalization were
performed using the following parameters: unique + razor peptides,
precursor abundance based on intensity without imputation, and
normalization mode based on total peptide amount. This normalization
mode was performed by dividing the summed abundances for a specific
peptide group in each sample by the normalization factor (the sum of all
calculated peptide intensities for all samples). Protein abundance was
calculated by summing the sample abundance of the connected peptide
groups. The mass spectrometry proteomics data were deposited in the
ProteomeXchange Consortium via the PRIDE [36] partner repository
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Fig. 1. Characterization of endothelial extracellular vesicles (EVs). A) Representative EVs observed by transmission electron microscopy and B) diameters obtained
as the mean value of 20 EVs in four samples per condition (n = 4). C) Size distribution was characterized using nanoparticle tracking analysis. D) Expression of
different EV markers was evaluated using western blotting (n = 3). E) The relative size of the EVs (stained with Tag-it Violet) was measured by flow cytometry (n =
3), F), wherein we also measured tetraspanin expression and G) size per marker. H) Tetraspanin expression determined by mass spectrophotometry (n = 5). I)
Production of EVs per million cells and J) Quantification of protein cargo. Data are presented as the mean + SD.
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with the dataset identifiers PXD050628 and https://doi.org/10.6019/
PXD050628. Pairwise-based ratios were calculated, and a t-test
background-based statistical test was performed to compare treated cells
with untreated cells/EVs. A p-value < 0.05 was adjusted using the
Benjamini-Hochberg method, and a fold change (FC) of at least 25 %
was set to determine the differentially enriched proteins. Volcano plots
were generated using the EnhancedVolcano R package [37]. Gene Set
Enrichment Analysis (GSEA) [38] was performed using gene set per-
mutations (n = 1000) for the assessment of significance, signal-to-noise
metrics for ranking genes, and hallmark gene set collections defined by
the Molecular Signatures Database [39]. Known functional interactions
among the relevant genes were obtained using STRING [40]. Cytoscape
software was used to integrate and visualize the network data [41].

2.7. Proliferation assay

For proliferation testing, we used a 5-bromo-2-deoxyuridine (BrdU)
Cell Proliferation ELISA Kit (colorimetric) (AB126556; Abcam) accord-
ing to the manufacturer's instructions. A total of 2000 cells per well were
cultured in triplicate in a 96-well plate. The following day, some cells
were treated with IS for 24 h. BrdU was added to all wells, except for the
negative control, 4 h before treatment finalization. Absorbance was
measured using a plate reader (FLUOstar Omega, BMG LABTECH). The
results are expressed as a ratio compared with the control absorbance
(OD IS/OD control).

2.8. Reverse transcription-quantitative polymerase chain reaction (RT q-
PCR)

RNA was extracted from cells using a mirVana PARIS RNA and
Native Protein Purification Kit (AM1556; Invitrogen, Carlsbad, CA,
USA) according to the manufacturer's instructions. cDNA was synthe-
sized using a High-Capacity cDNA Reverse Transcription Kit (REF:
4368814; Applied Biosystems, Waltham, MA, USA) with 2 pg of total
RNA primed with random hexamer primers following the manufac-
turer's instructions. Real-time polymerase chain reaction (PCR) was
performed using TagMan Universal Master Mix II, no UNG (REF:
444040; Applied Biosystems), according to the manufacturer's protocol,
on a QuantStudio™ 12 K Flex Real-Time PCR System with an AccuFill
OpenArray™ block (Applied Biosystems). The assay ID used was: ICAM-
1: Hs00164932.ml1, MCP-1 (CCL2): Hs00234140_.ml1, IL-6:
Hs00174131_m1l. The data were normalized to HPRT1 (assay ID:
Hs02800695_m1). The mRNA copy numbers were calculated for each
sample using instrument software and the comparative threshold (Ct)
value. Relative FC was determined using the 2—AACt method, with
control HUVECs as the baseline, and normalized to HPRT1 expression.

2.9. Statistical analysis and graphical representation

Data representation and statistical analyses were performed using
GraphPad Prism, version 8.0.2 (GraphPad Software). Normality was
evaluated using the Kolmogorov-Smirnov test, followed by a paired t-
test for values with a normal distribution and a Wilcoxon test for non-
parametric data. The results are presented as mean =+ standard devia-
tion. Statistical significance was set at p < 0.05.

3. Results
3.1. Extracellular vesicles production and characterization

According to the ISEV guidelines, several methods were used to
confirm whether the samples were isolated from the supernatants con-
taining EVs. First, EVs were visualized using TEM (Fig. 1A; additional
images are provided in Supplementary Fig. 1), showing no degradation
or contamination. EVs have a well-defined shape with a homogeneous
morphology and variable sizes (70-150 nm). Twenty vesicles per sample
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were measured (Fig. 1B), showing no differences between the IS-treated
and control samples (0.145 + 0.026 vs. 0.129 + 0.031 pm). NTA also
confirmed that the analyzed particles were compatible with EVs, with no
apparent differences between conditions (Fig. 1C). The expression of
tetraspanins (pan-EV markers) was measured using western blotting.
Specifically, CD9, TSG101, CD63, and HSP70 were detected, but no
differences were observed between the control and IS groups (Fig. 1D).
In addition, EVs were measured using flow cytometry and compared
with beads of known sizes; no differences were observed between the
control and IS groups (Fig. 1E). The expression of the tetraspanins CD9,
CD63, and CD81 was also assessed by flow cytometry (Fig. 1F). The
majority of EVs were CD9+, followed by CD63+ and CD81+, and some
exhibited double or triple expression (Supplementary Data 1). In addi-
tion, no significant differences in size were observed between the control
and IS-treated groups when grouped by marker (Fig. 1G). The markers
and other EVs were also measured by nanoLC-ESI-MS/MS (label-free
experiment), but no significant differences were observed between the
conditions, following the same abundance distribution of CD9, CD63,
and CD81 as measured by flow cytometry (Fig. 1H).

After confirming the identity of our sample as EVs, we determined
whether the release or amount of protein cargo had changed. The pro-
duction of EVs per million endothelial cells was 323.2 + 52.13 in the IS-
treated group vs. 305.4 & 78.08 in the controls, therefore, no significant
differences were found (Fig. 11). In addition, the protein cargo in the IS-
treated vs. control groups (2.79 + 0.77 vs. 2.52 + 0.45 pg/million cells)
did not differ (Fig. 1J). This indicated that treatment with IS did not
induce changes in the number of EVs or the amount of proteins in the
EVs after 24 h of treatment.

3.2. Proteomics analysis of endothelial cells revealed upregulation of
proteins that participate in adipogenesis, inflammation, and xenobiotic
metabolism

The protein profile of HUVECs was analyzed after treatment with IS
to evaluate changes in protein expression. By analyzing these cells using
label-free quantitative (LFQ) proteomics, 5871 proteins (5836 protein
groups) were identified with high confidence (false discovery rate (FDR)
confidence: g-value < 1 %), and 5692 protein groups were quantified
(Supplementary Table 1). Differential enrichment analyses revealed 82
differentially expressed proteins between IS-treated HUVECs and con-
trols, of which 33 were up-regulated and 49 were down-regulated
(Fig. 2A). These proteins were represented according to their statisti-
cal significance (—log; o p-value) and fold change (logs) in a volcano plot
(Fig. 2B). As seen in Table 1, GSEA identified three pathways upregu-
lated after IS treatment (Fig. 2C): adipogenesis (Fig. 3), Tumor Necrosis
Factor (TNF) signaling via NFxB (Fig. 4), and xenobiotic metabolism
(Fig. 5). To confirm the activation of NFkB, we performed qPCR of some
target genes of this nuclear factor (Fig. 4C), specifically ICAM-1 (adhe-
sion molecule), MCP-1 (CCL2, a chemokine), and IL-6 (a pro-
inflammatory cytokine), which were found to be overexpressed after
IS treatment; all were related to endothelial dysfunction. We also
explored >5000 gene sets related to inflammation using GSEA and
selected their core enrichment proteins, which were expressed in a
network (Fig. 4D). The core enrichment proteins of these altered func-
tions (Table 1) were represented in a network (Fig. 2D), remarking
CYP1Al, a consequence of the aryl hydrocarbon receptor (AhR)
described in CKD [42], and PTGS2, also known as COX-2, whose acti-
vation is related to inflammation through eicosanoid production. In
addition, the PI3K/AKT/mTOR pathway, which regulates cell survival,
proliferation, and anabolic metabolism [43,44], was inhibited in endo-
thelial cells after IS treatment. However, GSEA was inconclusive because
even though the nominal p-value was significant, the FDR was high,
indicating insufficient statistical evidence to confirm that the PI3K/
AKT/mTOR pathway was inhibited. As this pathway is involved in
regulating cell proliferation, a proliferation assay was performed, which
revealed reduced cell proliferation following IS treatment
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Fig. 2. Proteomic analysis of endothelial cells treated with indoxyl sulfate (IS) versus controls (IS versus C) (n = 5). A) A total of 5871 proteins with g-value < 0.01
(False Discovery Rate) were identified, of which 49 were more abundant in the controls (blue) and 33 in the IS-treated (red) group. B) Volcano plot displaying the
proteins quantified according to their statistical significance and fold-change (FC). Differentially expressed proteins between the IS-treated and control groups with
an adjusted p-value < 0.05 (FDR) and log2 of least 25 % are colored in red, with the proteins showing upregulation represented on the right (log2 FC > 0) and
downregulation on the left (log2 FC < 0). Proteins with no significant differences (gray), a log, FC (fold change) of at least 25 % (green), and an adjusted p-value <
0.05 (blue), are also shown. C) GSEA revealed three pathways upregulated by IS treatment (red). D) Protein-protein interaction network formed by the core
enrichment proteins of the significant pathways (Table 1).

(Supplementary Fig. 2). confidence (FDR confidence: g-value < 1 %), of which 3339 protein
groups were quantified (Supplementary Table 1). After statistical anal-
ysis, 104 proteins were found differentially expressed between EVs

3.3. Proteomics analysis of extracellular vesicles shows fewer secreted from HUVEGs treated with IS and controls: 54 were upregulated
extracellular matrix elements and fewer proteins related to myogenesis, cell and 50 were downregulated (IS-treated vs. control) (Fig. 6A). These
cycle control, and inflammation proteins are represented in a volcano plot (Fig. 6B), considering their

statistical significance (log;o p-value) and fold change (log2). To eval-

To evaluate changes in EV protein cargo, an LFQ proteomic study of ~ yate the effect of IS treatment on EV cargo, GSEA results (Fig. 6C)

EVs released by endothelial cells after IS treatment was performed. A revealed the downregulation of proteins related to the extracellular
total of 3614 proteins (3546 protein groups) were identified with high
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Fig. 4. GSEA revealed increased TNF signaling via NF«B in indoxyl sulfate (IS)-treated cells. A) Enrichment plots showing the enrichment score (ES) with a large
number of hits in IS-treated samples. B) Heatmaps showing the top 25 differentially expressed genes in the “TNF signaling via NFkB” gene set, showing upregulated

(red) and downregulated (blue) proteins. C) NFkB target genes were measured by RT

-qPCR after IS treatment. mRNA expression is described as mean =+ SD; a paired

t-test was performed ** p < 0.01. D) Protein-protein interaction network formed by core enriched proteins from the analyzed inflammatory sets.

matrix (Fig. 7A, B), myogenesis (Fig. 7C, D), response to DNA damage
caused by UV (Fig. 8A, B), and TNF signaling via NFkB (Fig. 9C, D).
Enrichment plots and heatmaps of the principal proteins involved in
these pathways are shown in Figs. 7 and 8. The core-enriched proteins
are described in Table 2, and the interaction between these core proteins

is represented by a network (Fig. 6D) that shows the alteration of
different collagens, laminins, and fibrinogen. GSEA also suggests an
association between the proteins upregulated in EV secreted by IS-
treated endothelial cells and fatty acid metabolism. Although the nom-
inal p-value was significant, the FDR g-value was too high, indicating
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insufficient certainty to confirm this hypothesis (Supplementary Fig. 3).
Nevertheless, these results indicate a modification of the protein cargo
of EVs, which could alter the functionality of their target cells or reflect
the status of endothelial cells.

3.4. Concurrencies and discrepancies in protein expression in endothelial
cells and their extracellular vesicles

Cells actively regulate the content of EVs, implying that changes in
the cells translate into changes in the cargo of their EVs. Nevertheless,
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these changes are not always in the same direction; therefore, proteomic
analysis of cells and EVs can provide complementary results. A Venn
diagram was used to compare the up- and downregulated proteins found
in endothelial cells and their EVs (Fig. 9A). In cells and their EVs, three
proteins were upregulated (CYP1A1, MMP1, and RTN1) and three were
downregulated (CTNNA2, H3C15, and H3-3A), whereas six proteins
were downregulated in cells but upregulated in their EVs (ACTR1B,
KRT16, KRT6A, KRT78, SERPINB3, and SFN). Proteins and their
respective functions are listed in Table 3. MMP1 is a metalloprotease
that participates in the degradation of the extracellular matrix, mainly
collagen. Moreover, CYP1ALl is due to AhR activation by IS, the rele-
vance of which is described in the Discussion section. Additionally, the
proteins downregulated in cells and upregulated in EVs were primarily
structural keratins, which points to a structural disorganization of the
endothelium that may cause and increase vascular permeability.

4. Discussion

The mechanism by which uremic toxins induce endothelial
dysfunction has not yet been completely elucidated. Further knowledge
of this topic could help to identify potential therapeutic targets for
detecting and preventing CVDs associated with CKD. In an in vitro
model, the effect of the uremic toxin IS on the protein expression of
endothelial cells and, more importantly, on the protein cargo of EVs was
investigated. Proteomic analysis offers a large amount of information in
a single experiment and offers deeper insights into endothelial damage
in CKD. The integration of these types of analyses promises to help
identify new potential biomarkers that could improve diagnostic tools
and/or serve as novel therapeutic targets for kidney diseases [45].

Following the ISEV guidelines [29], EVs were characterized using
different techniques. EVs express tetraspanins (CD9, CD63, and CD81),
pan-EV markers that participate in EV biogenesis, and seem to be
involved in EV cargo sorting and release [46,47]. Our sample comprised
different types of EVs (exosomes and microvesicles based on their size),
indicating that not all vesicles express these markers. Nevertheless, no
differences were observed in EV characteristics after IS treatment
compared with controls.

Our proteomic study of HUVECs revealed three pathways that were
upregulated in response to IS treatment: adipogenesis, inflammation,
and xenobiotic metabolism. IS treatment stimulated adipogenesis,
which could be related to a pro-atherosclerotic effect that may be
modulated by increased fatty acid production triggered by EVs.
Atherosclerosis and atheroma plaque formation are the most common
cardiovascular system disorders. In CKD, uremic toxin accumulation,
aging endothelial cells, persistent inflammation, impaired lipid and
electrolyte metabolism, and mitochondrial damage, among other fac-
tors, have been shown to increase the risk of atherosclerosis [9,48,49].
Uremic toxins are related to monocyte adhesion and migration through
the endothelium, which favors atherosclerosis [17]. Uremic toxins may
also affect perivascular adipose tissue, which participates in vascular
function owing to its capacity to release anti-contractile and vaso-
relaxant factors. Under pathological conditions, such as obesity, adipose
tissue is highly inflamed and increases the release of vasocontractile
factors, some of which are associated with the renin-angiotensin-
aldosterone system and pro-inflammatory factors, such as TNF
[50,51]. Our results also showed an increase in inflammation and adi-
pogenesis after treatment with IS, suggesting that this in vitro model
could replicate the same conditions and mimic the mechanisms that
participate in vascular dysfunction and the development of CVD in pa-
tients with CKD.

IS induces a pro-inflammatory status in the endothelium. Our pro-
teomic analysis demonstrated the expression of several pro-
inflammatory factors, including PTGS2 (COX-2), ICAM-1, complement
(C3), and TGFB1, and proteins that act as mediators of the inflammatory
signaling pathway, such as STAT5A, NOTCH2, FYN, and LYN. The
upregulation of NFkB pathway end-products ICAM-1, MCP-1, and IL-6)
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Fig. 6. Proteomic analysis of extracellular vesicles (EVs) from cells treated with indoxyl sulfate (IS) vs. controls (IS vs. C) (n = 5). A) A total of 3614 proteins with a g-
value < 0.01 (False Discovery Rate) were identified, of which 50 were more abundant in controls (blue) and 54 were more abundant in IS-treated EVs (red). B)
Volcano plot displaying the proteins quantified according to their statistical significance and fold-change (FC). Differentially expressed proteins between the IS-
treated and control groups with an adjusted p-value < 0.05 (FDR) and log2 of least 25 % are colored in red, with the proteins showing upregulation represented
on the right (log2 FC > 0) and downregulation on the left (log2 FC < 0). Proteins with no significant differences (gray), a log, FC (fold change) of at least 25 %
(green), and an adjusted p-value < 0.05 (blue), are also shown. (C) GSEA revealed that four pathways were inhibited after IS treatment (blue). D) Protein-protein
interaction network formed by the core enriched proteins of the suppressed pathways. The proteins participate in different functions represented by the border color:
focal adhesion (green), cell adhesion (blue), phagocytosis (red), extracellular matrix, and external structure organization (light orange).

10



A. Figuer et al.

A

Enrichment plot: EXTRACELLULAR_MATRIX_PART

0.0
-~~~
0 0.1
Nt
o 0.2
1
0.3
w 0.4
[
E -0.5
5 0.6
-0.7
-0.8

Enricl

IS 1|:cswtﬁ‘€|y‘ correlated)

0.5
0.0
-0.5
-1.0
=15

500 1,000

(=]

Ranked list metric (Signal2Noise)

il

'C' (negatively correlated)

Zero cross at 2075

1,500 2,000 2,500

Rank in Ordered Dataset

3,000

== Enrichment profile — Hits

Ranking metric scores

(@)

Enrichment plot: HALLMARK_MYOGENESIS

0.0

&
=

0.2
0.3
0.4
-0.5

Enrichment score (ES)

-0.6

IS" (positively correlated
05 |

0.0
-05
-1.0
=

0 500 1,000

Ranked list metric (Signal2Noise)

Zero cross at 2075

'C' (negatively correlated)

1500 2000 2,500
Rank in Ordered Dataset

LI

3,000

== Enrichment profile

— Hits

Ranking metric scores

Life Sciences 351 (2024) 122810

Extracellular matrix

D

Myogenesis

Control

SPARC
PDLIM7
MYQ1C
ITGB1
ACSL1
MYH9
CRYAB
ATP6AP1
DES

MYLK

COL4A2
SVIL

CLuU

| LAMA2 =~
GPX3

MYH11

FDPS
TPM2

Top 25 leading edge
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Table 1
Metabolic pathways were potentiated in endothelial cells after IS treatment.
Pathways NES NOM FDR Core enrichment
p-Value q-Value
Adipogenesis 1.64 0.000 0.117 STATS5A, FAH, TANK, DNAJC15, COQ5, NDUFAB1, BCKDHA
TNF signaling via NFkB 1.58 0.006 0.117 STATS5A, TANK, CCND1, SPHK1, PTGS2, MAFF
Xenobiotic metabolism 1.53 0.012 0.140 FAH, ARG2, CYP1Al, BCAT1, GSS, FBLN1, IGFBP4, ALAS1, TPST1, GSTO1, MT2A, CYP27A1

revealed by RT-qPCR supported this hypothesis. COX-2 is an inducible
pro-inflammatory enzyme involved in eicosanoid synthesis that may be
relevant for treatment because it is the target of a large number of anti-
inflammatory drugs. COX-2 activation is also relevant because, in
response to UVB irradiation, AhR increases the expression of COX-2
mRNA [52], which is associated with other altered pathways. ICAM-1
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is an adhesion molecule expressed on the surface of endothelial cells
upon the activation of leukocyte extravasation. In addition, ICAM-1 is
considered a marker of endothelial damage that favors CVDs [53]. MCP-
1 has also been shown to exert adipogenic and angiogenic effects [54].
IL-6 is a predictive biomarker of atherosclerosis that contributes to
plaque formation through metabolic, procoagulant, and endothelial
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Table 2

Life Sciences 351 (2024) 122810

Pathways downregulated in extracellular vesicles from endothelial cells after IS treatment.

Pathways NES NOM FDR Core enrichment
p- q-
Value Value
Extracellular matrix part -1.63  0.003 0.003 COL4A2, COL11A1, COL5A2, LAMC1, COL5A1, LAMA2, TNXB, FBN1, COL8A1, LAMB2, COL3Al,
COL1A2
Myogenesis —1.56 0.009 0.220 ENO3, COL4A2, SVIL, IGFBP7, CLU, LAMA2, GPX3, MYH11, COL1A1, FDPS, TPM2, COL3A
Genes down-regulated in response to ultraviolet -1.56 0.014 0.111 CAP2, WDR37, AKT3, COL11A1, DAB2, COL5A2, LAMC1, AMPH, ATRX, COL1A1, CDC42BPA,
radiation ATP2C1, COL3A1, COL1A2
TNF signaling via NFkB —1.56 0.041 0.202 PTX3, PLEK, RHOB, PTPRE, TNC, SQSTM1, EIF1, IL6ST

Table 3
Description of overlapping proteins in cells and extracellular vesicles.

Upregulated in cells and extracellular vesicles

Protein Gene Description
Cytochrome P450 Family 1 Subfamily A CYPIAL Enzyme that inserts one oxygen atom into a substrate. Involved in the metabolism of various substrates (fatty acids,
Member 1 steroid hormones...)
Interstitial collagenase MMP1 Involved in the breakdown of extracellular matrix, mainly collagens, in normal physiological processes.
. Associated with the endoplasmic reticulum, involved in neuroendocrine secretion or membrane trafficking in
Reticulon 1 RTN1

neuroendocrine cells.

Downregulated in cells and extracellular vesicles

Protein Gene Description

Catenin a2 CTNNA2 Linker between cadherin adhesion receptors and the cytoskeleton to regulate cell-cell adhesion.
Histone 3 clustered 15 H3C15 Histones are proteins that links to DNA forming a nucleosome.

Histone 3 3A H3-3A Variant histone H3 which replaces conventional H3. It is predominant in non-dividing cells.

Downregulated in cells and upregulated in extracellular vesicles

Protein Gene Description
Actin Related ACTR1B Component of a multi-subunit complex involved in microtubule-based vesicle motility. It is associated with the centrosome.
Protein 1B
Keratin 16 KRT16 Cytokeratin type 1. Acts as a structural constituent of the cytoskeleton.
Keratin 6A KRT6A Cytokeratin type II. Participates in wound healing and regulation of epithelial migration by inhibiting SRC.
Keratin 78 KRT78 Cytokeratin type II. Protein with intermediate filament domains.
Serpin B3 SERPINB3  Involved in several processes, including autocrine and paracrine signaling; and regulation of cellular protein metabolic process. Also functions
as an apoptosis inhibitor via suppression of JNK1.
Stratifin SFN Cell cycle checkpoint protein that acts in response to DNA damage.

mechanisms [55], thereby contributing to CVD development. Chronic
inflammation and oxidative stress contribute to cellular senescence and
accelerate aging in CKD patients [56]. Furthermore, IL-6, ICAM-1, and
MCP-1, as well as upregulation of MMP1 and alterations in collagen and
fibronectin, have been associated with SASP [57], which may contribute
to endothelial dysfunction and the development and propagation of
CVDs associated with CKD. Moreover, to assess whether other proteins
in this study were involved in SASP or senescence-related pathways,
GSEA analysis was performed. In this case, GSEA analysis compared our
ranked list of proteins from cells and extracellular vesicles with a recent
study where the authors generated a senescence panel (named Sen-
Mayo) to characterize senescent cells at the single-cell level and identify
key intercellular signaling pathways [58]. A comparison of our ranked
list of proteins with the SenMayo list showed no significant results
(Supplementary Fig. 4B), possibly because of the short treatment time
with IS (24 h). A previous study by our group demonstrated that
endothelial cells treated with IS for 72 h reached a senescent phenotype
[22]. Nevertheless, the core enriched proteins of this analysis are shown
in Supplementary Fig. 4A, in which ICAM-1 functions as a hub (interacts
with multiple proteins).

Finally, IS is involved in xenobiotic metabolism because of its ca-
pacity to activate AhR, which binds to the xenobiotic response elements
(XRE) present in DNA [59]. The binding of AhR to XRE reportedly
promotes the expression of CYP1A1, CYP1A2, and CYP1B1 [60]. This is
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consistent with our proteomic results, wherein one of the most enriched
proteins in IS-treated cells was CYP1A1. In addition, AhR participates in
other biological functions such as vascular development, reproduction,
and immune response (mediated by COX-2) [52]. Moreover, increased
AhR expression and activation are associated with pathologies including
preeclampsia, atherosclerosis, and hypertension, which are related to
endothelial dysfunction [61]. In addition, animal studies have related
AhR activation to gut microbiota modifications (which can increase IS
production) and membranous nephropathy development [60]. It has
also been reported that the activation of AhR by IS in red blood cells
inhibits the activation of HIF, reducing the transcription of EPO, which
causes anemia and predisposes patients to heart failure [62]. This is one
of the potential mechanisms that may explain the commonly observed
anemia in patients with CKD. The other is the capacity of IS to reduce
proliferation and affect the viability of erythroid progenitors [63].
Proteomic analysis of EVs revealed four downregulated pathways:
extracellular matrix elements, myogenesis, genes downregulated in
response to UV, and TNF signaling via NFkB. EVs play an important role
in the maintenance and repair of the extracellular matrix [64-66].
However, EVs released by damaged cells, such as those treated with IS,
cannot perform these functions. A modification of extracellular matrix
organization may be caused by the upregulation of metalloproteinases,
such as MMP1, in cells and EVs. MMP1 is a factor in the SASP that is
secreted to degrade the matrix and facilitate immune cell migration and
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Fig. 10. Schematic representation of endothelial damage by indoxyl sulfate. In endothelial cells, indoxyl sulfate (IS) increased adipogenesis, inflammation, and
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elements, myogenesis-related factors, proteins downregulated by UV radiation, and fewer inflammatory factors. Together, these factors contribute to endothelial
dysfunction characterized by chronic renal failure, and therefore, an increased risk of cardiovascular diseases in patients with chronic kidney disease.

extravasation. The SASP phenotype also includes alterations in extra-
cellular matrix elements, such as collagen and laminin, as observed in
our results. These findings support the idea that patients with CKD also
exhibit the SASP phenotype due to premature aging. Our results also
showed that the development of SASP originates from uremic toxins.

Factors related to myogenesis are also reduced in EVs from IS-treated
cells, which could be linked to the sarcopenia commonly found in pa-
tients with CKD [67]. In addition, endothelial EVs are necessary for the
correct functionality of vascular smooth muscle cells [68]; however, this
functionality is also reduced owing to IS-induced damage.

A reduction in the expression of “genes downregulated in response to
UV radiation,” including cyclins and growth factors, was observed. This
may indicate that damaged endothelial cells stopped releasing prolif-
erative factors as a protective mechanism to avoid errors in cell repli-
cation. In other words, the cells tend to enter a senescent state to avoid
or prevent cell damage.
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Levels of proteins related to NF-xB signaling were reduced in EVs
after IS treatment. This seems contradictory, considering that the same
pathway is activated in cells. We propose that cells do not release in-
flammatory factors in EVs to avoid the dispersion of inflammation and
reduce the risk of systemic inflammation. We investigated some factors
related to the altered pathways using qPCR in cells treated with EVs;
however, no differences were found. This may be due to the dose or
treatment time, as the effect of EVs is dependent on dose, cell origin, and
treatment time [69]. The modifications in EVs are relevant not only for
the endothelium but also for other cell types. EV from IS-treated endo-
thelial cells has been shown to induce vascular calcification [22], can
induce endothelial progenitor cell dysfunction [70].

To validate our study, we compared our results with those reported
in the literature. Pei et al. [27] performed RNA-seq on HUVECs treated
with IS, and 14 concurrencies were found between the studies (Fig. 9B),
helping validate our results. Proteomic profiling of the patient plasma
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was also performed. Diorio et al. [71], who studied samples from chil-
dren with multi-inflammatory syndromes, correlated their results with
the development of hyperinflammation and vascular injury. In addition,
Feldreich et al. [72] studied samples from patients with end-stage renal
disease and found that proteins were associated with cardiovascular risk
and vascular calcification. When comparing these studies with our re-
sults, MMP1 and CTSL (Fig. 9C) were consistently found to be associated
with extracellular matrix degradation. These two proteins interfere with
hyperinflammation, vascular injury, and CVD development, which are
complications associated with CKD. Moreover, CTSL and MMP1 were
overexpressed in the early stages of CKD development (as our study
measured changes in protein expression only after 24 h of uremia). High
plasma CSTL levels are associated with coronary artery disease [73] and
increased CTSL activity correlates with proteinuria in patients with CKD
[74], making this protein an attractive therapeutic target. In contrast,
MMP1 is associated with myocardial infarction, senescence, and
inflammation [75,76].

5. Conclusion

In this study, we investigated the mechanism by which EVs mediate
endothelial dysfunction associated with renal damage caused by IS.
Proteomic analysis of endothelial cells exposed to IS revealed increased
adipogenesis, inflammation, and xenobiotic metabolism, and decreased
proliferation via mTOR. Inflammation through NF-kB was confirmed by
elevated levels of end products (IL-6, MCP-1, and ICAM-1). EVs from IS-
treated cells exhibited reduced extracellular matrix elements,
myogenesis-related factors, proteins downregulated by UV radiation,
and fewer inflammatory factors. These endothelial alterations align with
SASP, suggesting that IS contributes to premature aging in CKD
(Fig. 10).

Therefore, this study provides a new perspective on the cellular
pathways underlying IS-induced endothelial dysfunction, emphasizing
the roles of inflammation and atherosclerosis development. Under-
standing these mechanisms may offer new possibilities for targeting
CKD-related issues. These findings hold the potential for the develop-
ment of diagnostic and therapeutic tools for CVDs associated with CKD,
even in the early stages.

Supplementary data to this article can be found online at https://doi.
org/10.1016/].1fs.2024.122810.
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