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ABSTRACT: A progressive loss of functional nephrons deﬁnes
chronic kidney disease (CKD). Complications related to
cardiovascular disease (CVD) are the principal causes of mortality
in CKD; however, the acceleration of CVD in CKD remains
unresolved. Our study used a complementary proteomic approach
to assess mild and advanced CKD patients with diﬀerent
atherosclerosis stages and two groups of patients with diﬀerent
classical CVD progression but without renal dysfunction. We
utilized a label-free approach based on LC-MS/MS and functional
bioinformatic analyses to proﬁle CKD and CVD leukocyte
proteins. We revealed dysregulation of proteins involved in
diﬀerent phases of leukocytes’ diapedesis process that is very
pronounced in CKD’s advanced stage. We also showed an
upregulation of apoptosis-related proteins in CKD as compared to CVD. The diﬀerential abundance of selected proteins was
validated by multiple reaction monitoring, ELISA, Western blotting, and at the mRNA level by ddPCR. An increased rate of
apoptosis was then functionally conﬁrmed on the cellular level. Hence, we suggest that the disturbances in leukocyte extravasation
proteins may alter cell integrity and trigger cell death, as demonstrated by ﬂow cytometry and microscopy analyses. Our proteomics
data set has been deposited to the ProteomeXchange Consortium via the PRIDE repository with the data set identiﬁer PXD018596.
KEYWORDS: chronic kidney disease, cardiovascular disease, adhesion, integrin, proteomics, mass spectrometry

1. INTRODUCTION
Chronic kidney disease (CKD) is a global health problem with
a constantly enhancing rate, deﬁned and categorized by a
progressive loss of functional nephrons resulting in a gradual
reduction of glomerular ﬁltration rate (GFR) and proteinuria.1
However, not an impaired kidney function per se, but
accelerated atherosclerosis followed by cardiovascular disease
(CVD) complications represent the principal causes of
mortality in CKD.2 The severity of CVD in CKD increases
along with renal damage progression;3 hence, patients with
kidney failure often demonstrate even a 20-fold increase in
cardiovascular mortality risk than in the general population.4
The vast majority of CKD patients succumb to cardiovascular
death prior to developing kidney failure.5
Interestingly, in marked contrast to the general population,
well-established risk factors, like hypertension, high serum
cholesterol level, or obesity, appear to be associated with
markedly higher survival rates in CKD. These paradoxical
observations have been termed as “reverse epidemiology” and
disclose that traditionally recognized risk factors might
© 2021 American Chemical Society

inadequately explain the high incidence of CVD in CKD
patients.6 It has also been demonstrated that other risk factors,
including endothelial dysfunction, vascular calciﬁcation,
volume overload, oxidative stress, and inﬂammation, may
play a key role in the high incidence of CVD risk in CKD. This
issue seems to be of vital importance; however, due to many
confounding factors, patients with CKD are often excluded
from CVD-oriented studies, which limits the understanding of
their high-risk, CKD-related atherosclerosis.7
It should be emphasized that CKD is currently treated as an
oxidative stress- and inﬂammatory-mediated CVD, underlined
by accelerated atherosclerosis (for a review, see ref 8). This
phenomenon is very complex; thus deeper insights into the
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Table 1. Characteristics of the Study Populationa
group
HV

CKD1-2

CKD5

CVD1

CVD2

p-value

p-value without HVs

age [years]
male/female
BMI [kg/m2]
obesity (BMI > 30 kg/m2)
arterial hypertension
hyperlipidemia
CAD/previous myocardial infarction
previous PCI
PVD
neurological events
eGFR [mL/min/1.73 m2]
glucose [mM]
total cholesterol [mg/dL]
HDL cholesterol [mg/dL]
LDL cholesterol [mg/dL]
triglycerides [mg/dL]
hsCRP [mg/L]
WBC [109/L]
NEUT [109/L]
EOS [109/L]
BASO [109/L]
LYMPH [109/L]
MONO [109/L]
RBC [1012/L]
PLT [109/L]

43 ± 6
16/8
24 ± 2
0
0
0
0/0
0
0
0
95.3 ± 13.9
4.0 ± 0.6
190.5 ± 23.9
50.3 ± 13.1
123.0 ± 2
91.3 ± 41.0
1.7 ± 1.9
6.1 ± 1.5
3.2 ± 1.0
0.18 ± 0.1
0.03 ± 0.01
2.1 ± 0.6
0.4 ± 0.1
4.5 ± 0.4
262.1 ± 78.5

66 ± 8
18/8
29 ± 4
3
26
26
0/0
0
0
0
68.0 ± 5.1
5.4 ± 0.4
170.8 ± 50.1
63.8 ± 20.1
87.5 ± 44.2
103.6 ± 41.1
2.4 ± 2.3
7.2 ± 2.4
4.5 ± 1.7
0.18 ± 0.13
0.03 ± 0.02
1.9 ± 0.5
0.4 ± 0.2
4.7 ± 0.4
243.9 ± 87.9

65 ± 17
18/9
25 ± 3
0
27
2
27/15
18
2
1
8.5 ± 3.9
5.6 ± 0.4
157.2 ± 29.3
45.7 ± 11.7
84.4 ± 28.9
135.7 ± 77.4
22.2 ± 29.8
7.1 ± 2.4
4.6 ± 2
0.22 ± 0.14
0.03 ± 0.23
1.4 ± 0.8
0.7 ± 0.2
3.2 ± 0.5
205.0 ± 65.8

62 ± 15
17/10
29 ± 5
4
27
27
0/0
0
0
0
106.4 ± 13.4
5.5 ± 0.5
189 ± 92
65.1 ± 17.8
102.2 ± 47
131.3 ± 93.1
2.3 ± 1.9
6.9 ± 2.4
4.3 ± 2.2
0.1 ± 0.1
0.03 ± 0.01
1.7 ± 0.6
0.4 ± 0.1
4.5 ± 0.4
249.8 ± 54.2

63 ± 9
16/6
26 ± 4
1
22
22
22/17
22
4
4
90.7 ± 10.7
5.1 ± 0.3
175 ± 37
56.3 ± 12.8
95.8 ± 29.8
113.0 ± 41.3
2.2 ± 3.0
8.8 ± 6.7
4.3 ± 1.1
0.13 ± 0.04
0.03 ± 0.02
1.9 ± 0.6
0.4 ± 0.1
4.8 ± 1.2
236 ± 78.5

<0.0001
0.92
0.13
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.02
0.01
<0.0001
<0.0001
0.23
<0.0001
0.44
0.04
0.11
0.97
<0.0001
<0.0001
<0.0001
0.01

0.25
0.86
0.33
<0.0001
1.00
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.07
0.10
<0.0001
0.38
0.73
<0.0001
0.91
0.88
0.16
0.81
0.12
<0.0001
<0.0001
0.02

antiplatelet treatment
acetylsalicylic acid
acetylsalicylic acid + ticagrelor
acetylsalicylic acid + clopidogrel

0
0
0
0

21
18
2
1

19
12
3
3

18
15
2
1

18
16
1
1

<0.0001
<0.0001
<0.0001
<0.0001

0.51
0.11
0.86
0.61

hypertension treatment
β-blocker
diuretics
ACEI
CCB
ARB
statin (atorvastatin or rosuvastatin)

0
0
0
0
0
0
0

26
18
13
18
6
4
23

27
16
13
2
11
2
17

27
19
12
14
7
5
19

22
18
13
2
6
2
22

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

1.00
0.40
0.91
<0.0001
0.50
0.59
0.02

Mean value ± SD. Abbreviations: HV, healthy volunteer; BMI, body mass index; CAD, coronary artery disease; PCI, percutaneous coronary
interventions; PVD, peripheral vascular disease; eGFR, estimated glomerular ﬁltration rate; hsCRP, high-sensitivity C-reactive protein; WBC, white
blood cells; EOS, eosinophils; BASO, basophils; LYMPH, lymphocytes; MONO, monocytes; RBC, red blood cells; PLT, platelets; ACE,
angiotensin-converting enzyme inhibitors; CCB, calcium channel blocker; ARB, angiotensin receptor blocker. The chi-square test was used for
categorical variables (gender, drug treatment, the prevalence of hypertension, obesity, hyperlipidemia, CAD, PCI, PVD, and events). For other
variables, the Mann−Whitney U-test was used.
a

relationships between the many disrupted metabolic pathways
involved in CKD pathology are strongly recommended.
Although the close connection between kidney dysfunction
and atherosclerosis is widely recognized, almost all existing
studies rely on comparing CKD or CVD patients separately to
healthy controls. Therefore, only direct analysis of both
conditions may provide information about the diﬀerences
underlying atherosclerotic CVD related and non-related to
CKD.
Since atherosclerosis is regulated by a complex interplay of
circulating plasma proteins and inﬂammatory cells, and soluble
forms of these molecules could be detected in plasma, the
analysis of a repertoire of constitutive proteins in leukocytes
during CKD-related atherosclerosis progression could be

critical. Many proteomic studies presenting alterations in
plasma protein proﬁles from patients with either CKD or CVD
have previously been published.9,10 We earlier presented a
comparative proteomic analysis of plasma from CKD and CVD
patients and demonstrated that proteins involved in inﬂammation exhibited more signiﬁcant alterations in individuals
with CKD-related atherosclerosis.11
In this study, we utilized a label-free proteomics approach to
increase our knowledge about the alteration of leukocyte
proteins in CKD and CVD. We aimed to assess mild and
advanced CKD patients with diﬀerent CKD-related atherosclerosis progression and two groups of CVD patients with
non-CKD-related atherosclerosis. The obtained results were
conﬁrmed by ELISA, digital droplet PCR (ddPCR), and
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problems associated with diﬀerent treatments, patient groups
were also matched concerning types of statins used and
hypertension and antiplatelet drugs. Patients treated with
anticoagulants were also excluded from the analysis.
Ultimately, 126 samples were selected for LC-MS analyses
performed in triplicate.
Blood samples were collected, and at the same time,
standard biochemical examinations were performed. In the
case of hemodialyzed patients, blood samples were drawn prior
to the second hemodialysis session of the week, as
recommended. White blood cells were isolated using the
RBC lysis solution procedure as described.14 Plasma samples
were also frozen at −80 °C until analysis. The cell pellet
containing leukocytes was analyzed by ﬂuorescence microscopy and ﬂow cytometry to assess the morphology, preparation
quality, and apoptosis/necrosis rate. Cells were stained with
Hoechst 33342 (Thermo Fisher Scientiﬁc, Waltham, MA,
USA). The rates of apoptotic and necrotic cells were evaluated
with dual staining with CellEvent Casp3/7-FITC (Thermo
Fisher Scientiﬁc, Waltham, MA, USA) according to the
manufacturer’s protocol and propidium iodide (1.25 μg/mL;
Sigma-Aldrich, Milwaukee, WI, USA) ﬂuorescent dyes. The
intensity of green ﬂuorescence was analyzed with 488 nm
excitation by an Accuri C6 ﬂow cytometer (Becton Dickinson
(BD), Franklin Lakes, NJ, USA). Leukocytes were gated by
size and granularity to assess particular subpopulations of cells.
For confocal microscopy, cells were placed on a glass slide,
coverslipped, and analyzed with a Leica TCS SP5 microscope
(Leica Microsystems, Wetzlar, Germany) with a Plan Apo 63
× 1.4 NA oil-immersion objective. Sequentially scanned
images were collected at Ex/Em = 502/510−550 nm for
living cells, 535/610−650 nm for apoptotic cells, and 405/
450−500 nm for nuclei staining. Leica LAS AF and Leica LAS
X software with a deconvolution module were used for image
processing and ﬂuorescence analysis, respectively.
The rest of the leukocytes was aliquoted, frozen, and stored
in a vapor phase of liquid N2 until analysis. For ddPCR
analysis, cell pellets were suspended in a mirVana Ambion
miRNA Isolation Kit lysis buﬀer (Thermo Fisher Scientiﬁc,
Waltham MA, USA) and immediately frozen at −80 °C.

multiple reaction monitoring (MRM). Cells were subsequently
evaluated by microscopy and ﬂow cytometry, and then
functionally analyzed by a network approach. Measurements
of adhesion molecules with a known role in atherosclerosis
development and circulating in plasma were also performed to
validate selected ﬁndings.

2. MATERIAL AND METHODS
2.1. Experimental Groups and Sample Preparation

The study protocol conformed to the Ethical Guidelines of the
World Medical Association Declaration of Helsinki. Before the
project commenced, appropriate approval was obtained from
the Bioethical Commission of the Poznan University of
Medical Sciences, Poland (no. 926/16). All patients qualiﬁed
for this study underwent a clinical examination and provided
signed informed consent before participation. The study
involved 220 patients divided into four experimental groups
(named CKD1-2, CKD5, CVD1, and CVD2, respectively) and
48 healthy volunteers. During 2016−2017, samples were
collected from dialysis stations and Poznan University of
Medical Sciences’ four clinical departments.
The CKD patients were divided into two groups based on
NICE Clinical Guidelines12 and according to their levels of
eGFR.13 The ﬁrst group, named CKD1-2, encompassed
patients at the initial stage of CKD with a mean eGFR of 68
mL/min/1.73 m2. The second CKD group, called CKD5,
included ESRD patients treated with hemodialysis, mean
eGFR of 8.5 mL/min/1.73 m2. The study was also carried out
on two groups of CVD patients varying in the degree of CVD
clinical manifestation (CVD1 and CVD2) but without kidney
dysfunction and thus eGFR > 90 mL/min/1.73 m2.
The CKD1-2 and CVD1 groups included patients with no
previous cardiovascular events and vascular interventions; they
were burdened with commonly accepted risk factors of
atherosclerosis development, i.e., hypertension and hyperlipidemia, with non-obstructive coronary artery disease (nonhemodynamically signiﬁcant stenosis less than 30%) conﬁrmed
by coronarography. Both groups diﬀered only in kidney
function.
Patients comprising the CVD2 and CKD5 groups had
advanced atherosclerosis, conﬁrmed by coronarography
clinically manifested as coronary artery disease (CAD) with a
history of at least one acute coronary syndrome and/or after
the vascular intervention. Again, only kidney function diﬀerentiated these groups. Thus, the following groups were
involved in this study:
(I) Group CVD1 - normal kidney function; hypertension,
hyperlipidemia, and non-obstructive coronary artery
disease
(II) Group CVD2 - normal kidney function; symptomatic
CVD
(III) Group CKD1-2 - an early stage of kidney disease;
hypertension, hyperlipidemia, and non-obstructive coronary artery disease
(IV) Group CKD5 - severe kidney disease; symptomatic
CVD
All patient groups were examined by coronarography,
echocardiography, electrocardiography, and Doppler ultrasonography. The characteristics of all experimental groups
are presented in Table 1.
The set exclusion criteria for patients included diabetes,
active acute infection, and malignant tumors. In order to avoid

2.2. Protein Preparation and Nano LC-MS/MS Analysis

The cell pellets of leukocytes were suspended in 8 M urea/
0.2% SDS and homogenized using Precellys24 homogenizer
(Bertis Technologies, Villeurbanne, France) in three, 30-s
cycles at 5500 rpm. Next, the samples were sonicated on ice for
10 min. Proteins were precipitated with six volumes of cold
acetone and then washed with 80% acetone to remove SDS.
The protein pellet was resuspended in 25 μL of 50 mM
ammonium bicarbonate, vortexed for 1 h at RT, and sonicated
for 10 min using an ultrasonic bath. After that, the samples
were centrifuged at 23000g for 10 min at 4 °C, and the
supernatants were used for protein concentration assay (2DQuant Kit, GE Healthcare, Uppsala, Sweden). A 30 μg portion
of the protein mixture was reduced with 5.6 mM DTT for 5
min at 95 °C and then alkylated with 5 mM iodoacetamide for
20 min at RT. The samples were digested with 0.2 μg of
trypsin (Promega, Mannheim, Germany) overnight at 37 °C.
The peptide mixtures were analyzed by nano-LC-MS/MS
using a Dionex UltiMate 3000 RSLCnano System coupled
with Q-Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientiﬁc, Waltham, MA, USA) in one batch as described.11
Following LC-MS/MS analysis, the raw ﬁles were analyzed to
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Biorad, Hercules, USA). Due to the high molecular weight of
TLN1 (270 kDa; ∼2540 amino acids), the electrophoretic
runs were extended beyond the point that dye reached the
bottom of the gel, allowing for better separation of proteins in
this molecular range. The proteins were transferred overnight
to a PVDF membrane. Blots were blocked with TBST
containing 4% BSA and incubated overnight with the antiTLN1 primary antibodies. Chemiluminescent detection was
performed using the ChemiDoc XRS imaging system.

evaluate the quality of the performed runs by Proteome
Discoverer (PD), version 1.4.14 (Thermo Fisher Scientiﬁc,
Waltham, MA, USA), as described.11 The reproducibility of
the biological and technical replicates was assessed by scatter
plotting, and the correlation coeﬃcient was determined based
on the label-free quantiﬁcation (LFQ) intensities. Only
samples with Pearson correlation coeﬃcients above 0.8 (125
out of 126) were included in quantitative surveys (Table S1).
2.3. Quantitative Analysis of Proteomic Data

2.6. Validation of Results with Quantitative Multiple
Reaction Monitoring

The raw ﬁles were quantitatively analyzed by MaxQuant
(MQ),15 version 1.5.1.2. The identiﬁcation of proteins at ≤1%
FDR was performed against the UniProt complete human
proteome set (release 10-03-2019) using tolerance levels of 10
ppm for MS and 0.08 Da for MS/MS, and two missed
cleavages were allowed. The carbamidomethylation of
cysteines was set as a ﬁxed modiﬁcation, and the oxidation
of methionine was allowed as a variable modiﬁcation. The
analysis of the samples was based on the LFQ intensities. The
normalized MQ data were analyzed with Perseus software,
version 1.6.1.3 (https://maxquant.net/perseus/). The MQ
data were ﬁltered to exclude false-positive identiﬁcations
(contaminants, reverse identiﬁcations, and proteins “only
identiﬁed by site”). Only proteins detected in all samples
were taken into account in the quantitative analyses (no
missing values). The fold changes in the level of the proteins
were assessed by comparing the mean intensities among all
experimental groups.

Twenty-ﬁve patients’ samples from each experimental group
were chosen for MRM validation. A list of peptides and
transitions for VCAM1, ICAM1, ANXA2, and EGLN was
created by the open software Skyline 20.1.0.31.17 Two unique
peptides and two transitions with rank 1 or 2 for each peptide
were chosen. Two isotope-labeled peptides were spiked into
samples and used as an internal standard. An overview of
MRM analysis is presented in Table S3. Proteins were insolution digested with trypsin, as described previously.11 LCMS/MS analysis was conducted using the UFLC system
coupled to an ESI triple-quadrupole mass spectrometer (LCMS-8060, Shimadzu, Kyoto, Japan). The separation of samples
was achieved on an Acquity UPLC Peptide CSH C18 column,
1.7 μm i.d., particle size of 2 μm and pore size of 130 Å (150 ×
1.0 mm; Waters, Milford, USA). The LC conditions were
optimized as follows: solvent A was 0.1% formic acid in the
water, and solvent B was 0.1% formic acid in acetonitrile. The
gradient program for pump B was set as follows: 0.01−20 min,
10−65%; 20−25 min, 95%; and 25−30 min, 10%. The ﬂow
rate was set to 0.1 mL min−1, and the column temperature was
set at 40 °C. LabSolutions software (Shimadzu, Kyoto, Japan)
was used to control the instruments as well as to acquire and
process the data. Skyline software was used for MRM peak
integration, normalization, and relative abundance calculations.

2.4. Validation of Results with Quantitative ddPCR

Ten patients’ samples from each experimental group were
chosen for ddPCR analysis. Total RNA was extracted from the
leukocytes with a mirVana miRNA Isolation Kit and DNasedigested with a TURBO DNA-free Kit according to the
manufacturers’ protocols. RNA quantity was determined using
a NanoDrop 2000 spectrophotometer. The quality of RNA
was assessed with a Bioanalyzer 2100 with a Total RNA Pico
Assay (Agilent Technologies, Santa Clara, USA). RNA (0.5 μg
per sample) was used for reverse transcription by SuperScript
III RT and oligo(dT) (Thermo Fisher Scientiﬁc, Waltham,
MA, USA). The reaction mixtures were incubated for 1.5 h at
50 °C. Six pairs of primers, unique for each gene, i.e., TLN1,
NAMPT, MMP8, TAGLN2, PXN, and ITGAM, are presented
in Table S2. The ddPCR assays and data analysis were
performed as described previously.16 The level of each gene
was calculated as the ratio of the absolute transcript level of
genes to the geometric mean of the absolute transcript level of
reference genes, PGK1 and GAPDH.

2.7. Statistical Analysis

Statistical analyses were performed using Perseus 1.6.1.3,
Statistica 12.0 software (StatSoft, Inc., Kraków, Poland), or R
ver. 3.6.0 and R Studio ver. 1.2.1335. All plots were made in R
Studio, and the following packages were used: dplyr, ggplot2,
reshape2, ggsignif, and ggpubr. Chi-square test was used for
categorical variables. Data distribution was assessed using a
Shapiro−Wilk test and Leven’s test to evaluate the equality of
variances. The data were statistically analyzed using a Mann−
Whitney U-test or Student’s unpaired t-test when appropriate.
More than two groups were compared using one-way ANOVA
or Kruskal−Wallis for non-parametric data, followed by post
hoc multiple comparison testing. Statistical signiﬁcance was
accepted as p < 0.05. The Benjamini−Hochberg FDR was set
to 5%.
Statistical power was calculated based on the number of
biological replicates, FDR adjusted p-value and coeﬃcients of
variation calculated for all proteins. Because overall variation
was below 30% for each experimental group, fold change 1.4
was chosen according to ref 18. Additionally, the eﬀect size
(Hedges’s g) was calculated according to Cohen’s d19 formula
corrected by Hedges’s.20 All diﬀerential proteins with Hedges’s
g below 0.5 were excluded from the ﬁnal list of diﬀerential
proteins. Therefore, a protein was considered to be diﬀerentially expressed if the diﬀerence between at least two groups
was statistically signiﬁcant (p < 0.05), the eﬀect size was above
0.5, and the fold change was above 1.4. Only DEPs identiﬁed

2.5. Immunoassay Analysis

Ten patients’ samples from each experimental group were
chosen for immunoanalysis. The protein concentration was
measured using a commercially available ELISA kit (Elabscience, China). ELISA validation was prepared for integrin
beta-2 (ITGB2), integrin alpha-M (ITGAM), talin-1 (TLN1),
and vinculin (VCL), identiﬁed in LC-MS/MS analysis. The
concentrations of three known plasma integrin ligands,
vascular cell adhesion protein 1 (VCAM1), intercellular
adhesion molecule 1 (ICAM1), and E-selectin, were also
measured. All assays were prepared according to the
manufacturers’ instructions, including appropriate positive
and negative controls.
For Western blot (WB) validation, equal amounts of
proteins (30 μg) were separated by SDS-PAGE (4−15%;
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percentage of leukocyte subpopulations (Figure S1). The
obtained results conﬁrmed the data derived from medical
examinations and revealed an increased number of monocytes
in CKD5 samples (average 9.6% ± 1.06) as compared to other
patient groups (average 6.5% ± 0.39) (p < 0.01). Therefore,
correlation analyses between the identiﬁed proteins and the
number of particular blood cells and leukocyte subpopulations
were performed, in order to exclude the probable inﬂuence of
this observation on obtained proteomic results (see results for
DEPs below and in Table S4).
Isolated cells were lysed, and proteins were analyzed by
nano-LC-MS/MS, which resulted in the identiﬁcation and
quantitation of 2845 proteins in total. Enrichment analysis
using Fisher’s exact test determined the presence of 2320
proteins with intracellular localization (B-H-corrected p-value
6.68 × 10−268), and 525 extracellular proteins. Since the
analyzed experimental groups slightly diﬀered in the context of
statin and anticoagulant treatment (Table 1), we also
statistically evaluated if proteins with diﬀerential abundances
were related to the applied therapy. Then the data were
ﬁltered, and only proteins detected in all samples (1687) were
taken into account in the quantitative analyses. A total of 149
diﬀerentially expressed proteins (DEPs), whose abundance was
signiﬁcantly altered amid analyzed groups (Table S5), were
included in the subsequent bioinformatic surveys. Enrichment
analysis in the context of compartmental localization was
performed for DEPs, and the results were compared with those
obtained for all proteins identiﬁed in the study. According to
the value of enrichment factor and B-H-corrected FDR p-value,
the distribution of all categories was similar in both sets of
proteins (Figure S2).
PCA revealed that CKD5 and CVD2 diﬀered most
signiﬁcantly between each other and separated from the
other groups (Figure S3). The obtained quantitative data
conﬁrmed this result118 proteins out of 149 revealed
signiﬁcant diﬀerences only when the CKD5 and CVD2 groups
were compared. Among 118 proteins diﬀerentiating CKD5 and
CVD2 groups, 107 of them showed a “large” eﬀect size with a
value above 0.8. Moreover, the average eﬀect size for this set of
DEPs was 1.24, suggesting their signiﬁcant inﬂuence on
diﬀerentiating both groups. These DEPs were further queried
by hierarchical clustering. In the CVD2 group, an abundance
of 53 proteins was decreased as compared to CKD5, while 65
proteins were downregulated in CKD5 in comparison to
CVD2 (Figure S4). Several of these proteins diﬀerentiated also
CKD5 from other experimental groups (Table S5).
To reveal possible relationships, in the next step, 118 DEPs
were correlated using the Pearson correlation, and the resulting
matrix was visualized as a heat map (Figure S5). More details
about these correlations are presented in other parts of the
study (Table S6).
Correlation analyses were also performed between DEPs
and the number of particular cells subpopulations and results
from medical examinations. No correlated DEPs were
identiﬁed. Even the number of monocytes revealed Pearson
coeﬃcients below 0.3 and above −0.3. Thus, there were no
DEPs correlating with the number of monocytes. However,
monocytes negatively correlated with eGFR (r = −0.63),
suggesting a putative relationship with CKD progression
(Table S4).
The abundance of eight proteins (ITGAM, ITGB2, PXN,
TLN1, VCL, MMP8, NAMPT, and ANXA2) was validated
using an ELISA, WB, MRM, or ddPCR approach. The

with a minimum of two unique peptides, at >99% conﬁdence
level were accepted.
The correlations between variables were deﬁned by the
Pearson coeﬃcients, and p-values less than 0.05 were
considered signiﬁcant. Multivariate analyses were carried out
by unsupervised principal component analysis (PCA) and
hierarchical clustering. For hierarchical clustering and heat map
visualization, data were normalized to z-score.
2.8. Bioinformatic Analysis

Bioinformatic analysis was conducted using Perseus and
Ingenuity Pathway Analysis software (Ingenuity Systems,
Redwood City, USA). All identiﬁed proteins were annotated
according to their Gene Ontology in the cellular compartment,
canonical pathway, and biological function category using
UniProtKB list. Diﬀerentially expressed proteins (DEPs; (pvalue <0.05; fold change ≥1.4; eﬀect size >0.5; ≥2 unique
peptides) were subjected to the enrichment analysis to
determine the top cellular compartment, canonical pathways,
biological functions, and upstream regulators associated with
the observed diﬀerences in protein proﬁles. Also, downstream
eﬀect analyses were performed from which the most aﬀected
categories were extracted. Enrichment analysis was performed
using the right-tailed Fisher’s exact test with Benjamini−
Hochberg (B-H) multiple corrections. Based on obtained pvalue, this test estimates the probability that the association
between a set of molecules and a function or pathway is not
random. Moreover, the IPA regulation z-score algorithm was
also used to predict the direction of change for a given function
or pathway. A negative z-score indicates inhibition, and
positive predicts activation. In order to enhance the stringency
of our analysis, functions with z-scores ≥2 (for activation) and
≤−2 (for inhibition) were considered as those in which the
directionality was assigned.21 The z-score was not calculated if
there were no available data in the Ingenuity Knowledge Base
concerning the functional involvement of the given DEPs. In
case the directionalities of changes in the data set and those
predicted by the Ingenuity Knowledge Base were not
corresponding, a “biased” z-score was deﬁned.
2.9. Data Availability

The mass spectrometry proteomics data have been deposited
to the PRIDE Archive (http://www.ebi.ac.uk/pride/archive/)
via the PRIDE partner repository with the data set identiﬁer
PXD018596 (https://www.ebi.ac.uk/pride/archive/projects/
PXD018596).

3. RESULTS
The whole leukocyte fraction of peripheral blood was collected
from two experimental groups with CKD (CKD1-2 and
CKD5), two groups with CVD (CVD1 and CVD2), and
healthy volunteers (HVs). Based on similar symptoms and
results of medical examinations, the equal status of
atherosclerosis progression was concluded for CKD1-2/
CVD1 groups as well as for CKD5/CVD2 groups. A
characteristic of each analyzed group is presented in Table 1.
Samples did not diﬀer in their white blood cells number. Also,
the number of granulocytes and lymphocytes, which constitute
approximately 90% of all leukocyte population, did not reveal
statistical diﬀerences (according to Mann−Whitney U-test)
between CVD or CKD patients groups. Only the number of
monocytes was elevated in CKD5 compared to other groups
(Table 1). Fluorescence microscopy and ﬂow cytometry were
utilized to evaluate the quality of collected samples and the
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Figure 1. Canonical pathway analysis. (A) The chart of the top statistically enriched pathways according to Ingenuity Pathway Analysis (IPA)
calculations presents z-scores and the number of DEPs (bold) associated with each pathway. Comparisons CKD5 vs CVD1 and CVD2 are
presented. Inhibited in CKD5 pathways are marked in blue. Pathways activated in CKD5 are depicted in red. (B) Top canonical pathways without
predicted z-scores but signiﬁcantly enriched according to IPA derived Fisher’s test. A threshold of −log10 B-H-corrected p-value 1.3 (green line)
represents a p-value 0.05. Numbers indicate the number of DEPs associated with each pathway. (C) The heat map presents the top statistically
enriched pathways in all comparisons. Functions that were not enriched in a particular comparison are presented in gray. (D) The heat map
presents abundances of DEPs involved in actin cytoskeleton, integrin signaling, and leukocyte extravasationthe most statistically enriched
pathways in the study. A detailed list of annotations is presented in Table S7.
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Figure 2. Functional analyses of DEPs identiﬁed in CKD5 vs CVD1/CVD2 comparisons. The chart of the top statistically enriched functional
categories according to IPA calculations presents z-scores and the number of identiﬁed DEPs (numbers in bold) associated with each category.
Inhibited categories in CKD5 are marked in blue. Functions activated in CKD5 are marked in red. A detailed list of annotations is presented in
Table S7.

abundance of TLN1 was conﬁrmed utilizing two diﬀerent
methods, MRM and WB.

3.2. Leukocyte Migration and Diapedesis-Related Proteins
Are Dysregulated in CKD vs CVD

3.1. Integrin and Actin Cytoskeleton Signaling Pathways
Are Highlighted in CKD vs CVD Comparison

To gain more functional insight, we further analyzed DEPs in
the context of associated functions and diseases (Figure 2).
This analysis conﬁrmed the results obtained in the canonical
pathway study and revealed overrepresented categories
associated with leukocyte activation and migration. Some of
them (cell spreading, shape change of blood cells, binding,
adhesion, and aggregation of blood cells) were predicted to be
inhibited in CKD5 when compared to CVD2 and CVD1.
However, overrepresented functions related to cell movement
and degranulation did not disclose any signiﬁcant directionality
as suggested by their z-scores.
To conﬁrm the validity of our ﬁndings, the diﬀerential
abundance of selected proteins involved in integrin and actin
cytoskeletons signaling during the leukocyte diapedesis process
(ITGAM, ITGB2, PXN, TLN1, and VCL) was further
assessed. It was evaluated by ELISA (ITGB2, ITGAM, and
VCL), MRM (ANXA2), and WB (TLN1), and at the mRNA
level by ddPCR (ITGAM, PXN, and TLN1). Validation at the
protein level partially conﬁrmed proteomic ﬁndings and
bioinformatic predictions. The expression of PXN and
ITGAM was not altered at the mRNA level, suggesting that
diﬀerential changes may be related to posttranslational events
(Figure 3A). Since integrins can bind to a number of adhesion
molecules produced by endothelial cells and released to
plasma, we subsequently scrutinized an abundance of wellcharacterized plasma integrin ligands: VCAM1, ICAM1, and Eselectin (Figure 3B). Level of expression of these plasma
adhesion molecules was signiﬁcantly elevated in CKD5 as
compared to CVD2 and HVs, which was conﬁrmed by two
independent methods, MRM and ELISA. Previously, it has
been demonstrated that endoglin (EGLN) inhibits the
synthesis of several members of the integrin family and
regulates integrin-mediated cell adhesion (reviewed in ref 22),
and we thus decided to check the level of this protein in

To assign the functional relationships, the DEPs were queried
utilizing Ingenuity canonical pathways classiﬁcation (Figure
1A,B). Six comparisons between experimental groups with the
highest number of identiﬁed DEPs were chosen for IPA
analysis (Figure 1C). Overall, 37 diﬀerent canonical pathways
were overrepresented according to B-H p-value (Table S7) and
statistically enriched in CKD5 versus CVD2 comparison. The
top-ranked canonical pathways included integrin signaling and
leukocyte extravasation signaling as well as ILK, paxillin, and
actin cytoskeleton signaling (Figure 1A−C).
We also analyzed the directionality of the overrepresented
canonical pathways. For this purpose, we used the IPA z-score
algorithm to identify pathway categories that are expected to
be activated (positive z-score) or inhibited (negative z-score)
between analyzed experimental groups. We revealed that actin
cytoskeleton, integrin, and paxillin signaling pathways were the
most inhibited in CKD5 compared to CVD2 and CVD1
(Figure 1A). On the other hand, the leukocyte extravasation
signaling pathway, sharing many proteins with integrin and
actin signaling pathways and being the second most overrepresented pathway, did not reveal any signiﬁcant directionality (z-score ∼0) (Figure 1A). We thus decided to more
closely examine the abundance of 34 DEPs assigned by IPA
analyses to the actin cytoskeleton, integrin signaling, and
leukocyte extravasation categories. By comparing the abundance of these proteins, we found that 13 of the 34 DEPs were
upregulated in CKD5 (Figure 1D). Some of these proteins
were also increased in the CKD1-2 group (9 out of 34).
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downregulated proteins in CKD5 that were functionally related
to the actin cytoskeleton, integrin cascade, and leukocyte
migration signaling. These experimental results are graphically
illustrated in Figure 4. The majority of proteins involved in the
initial steps of leukocyte capture from the bloodstream and
rolling on the luminal surface of endothelial cells were
diﬀerentially upregulated (depicted in red color). Increased
expression was also detected for ligands and their receptors
expressed on endothelium and leukocytes, i.e., E-selectin
(SELE), ICAM1, VCAM1, and ICAM3, as well as for some
associated proteins, involved in leukocyte adhesion. Both
components of integrin MAC1/αMβ2 (ITGB2 and ITGAM),
speciﬁcally expressed by neutrophils and monocytes, were
upregulated in CKD5. Among this group of proteins, only Pselectin (SELP) was downregulated. The binding of
leukocytes’ integrins to their extracellular ligands triggers
signaling cascades designated as “outside-in signaling”, which
leads to the strengthening of leukocyte adhesion and their
movement. We found that most DEPs participating in the later
phase of transmigration, apart from paxillin, were downregulated (marked in green in Figure 4). The expression of
actin-binding proteins, i.e., VCL, TLN1, ZYX, and proteins
regulating the reorganization and polarization of actin
cytoskeleton during movement and diapedesis, was decreased.
Therefore, the observed changes may partially explain the lack
of speciﬁed directionality (suggested by biased-z-score) for
integrin and actin cytoskeleton signaling and diapedesis-related
categories. Correlation analysis revealed that many proteins
belonging to both groups of proteins (depicted in Figure 4, in
red and green) were associated with each other, i.e., ITGAM
negatively correlated with TLN1 (r = −0.74), TAGLN2 (r =
−0.73), FLNA (r = −0.72), or VCL (r = −0.69). On the other
hand, proteins found to be in the same functional group
displayed very strong and positive relationships; i.e., ITGB2
correlated with ITGAM (r = 0.86), and TLN1 as revealed by
Pearson correlation coeﬃcients above 0.9 for VCL, FLNA, or
TAGLN1 (0.95, 0.97, and 0.93, respectively; Table S6).
3.3. Advanced CKD Group Discloses a Higher Rate of
Apoptosis

Moreover, the obtained results revealed dysregulation of
processes related to cell death and survival. The necrosis and
apoptosis pathways were activated in the CKD5 as compared
to CVD2 (z-scores of 3.07 and 3.26, respectively, Figure 2)
and CKD1-2 (z-scores of 1.96 and 2.88, Table S7). Activation
of these processes was also predicted in CKD5 group versus
CVD1 comparison, albeit with a less pronounced eﬀect (zscores of 1.67 and 1.86, respectively). Similarly, morbidity/
mortality and cell death of immune cells were identiﬁed as
activated in CKD5 compared to CVD2 (z-scores of 2.69 and
2.64, respectively) and CVD1 (z-scores of 2.23 and 0.23,
respectively).
Flow cytometric analysis of necrosis and apoptosis rate in
examined cells, performed by staining with CellEvent Casp3/7
in conjunction with propidium iodide, conﬁrmed these
predictions (Figure 5A). The percentage of live cells in
CVD2 samples was calculated at 95.74% ± 2.95, whereas
CKD5 samples demonstrated on average 76% ± 6.38 of live
cells, and these diﬀerences were statistically signiﬁcant (p <
0.001), (Figure 5B). Speciﬁcally, the number of late apoptotic
cells was highly increased in CKD5 compared to CVD2 (14%
±2 as compared to 3.7% ± 0.7; p < 0.001). More than 20
DEPs related to cell death and survival were identiﬁed, all of

Figure 3. (A) Validation using ddPCR (PXN, ITGAM, TLN1),
ELISA (ITGB2, VCL), MRM (ANXA2), and WB (TLN1) methods.
Boxes on plots represent interquartile ranges and median. (B)
Quantitative ELISA and MRM measurements of selected proteins
involved in the integrin signaling pathway, synthesized by
endothelium and secreted to plasma. Mann−Whitney U-test. *p <
0.05, **p < 0.01, ***p < 0.001; n = 10 (ELISA), n = 25 (MRM), n =
5 (WB) in each group.

plasma. The abundance of the soluble form of endoglin was
twice higher in CKD5 in comparison to CVD2 and HVs
(Figure 3B).
Taken together, utilizing diﬀerent targeted and non-targeted
proteomic approaches, we detected 17 upregulated and 21
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Figure 4. Pathway illustrating the involvement of DEPs identiﬁed in CKD5 vs CVD2 comparison in integrin/actin signaling processes during
leukocyte extravasation. An increase in CKD5 expression (depicted in red) was detected for ligands and their receptors expressed on both
endothelium and leukocyte surface, as well as for proteins regulating activation and adhesion. Downregulation observed in CKD5 (depicted in
green) was characteristic for actin-binding proteins and proteins regulating the reorganization and polarization of actin cytoskeleton during
diapedesis. Three DEPs identiﬁed in the previous study, namely vitronectin (VTN), ﬁbrinogen (FB), and ﬁbronectin 1 (FN1) (depicted by
squares),11 and corroborated by the currents ﬁndings, were added as components of the pathways.

them found to be upregulated in CKD5. Majority of these
proteins positively correlated with each other (Table S6).
Moreover, a Pearson’s correlation test revealed that many of
these proteins were negatively correlated with eGFR, i.e.,
NCF1, NCF2, NAMPT, MMP8, MMP9, ANXA1, ANXA3,
and ANXA11 (all with r < −0.5). It suggests that upregulation
of necrosis and apoptosis processes is closely associated with
the progression of renal dysfunction. To validate this ﬁnding,
two proteins categorized by IPA software as participated in
apoptosis, NAMPT and MMP8, were validated by ddPCR
method at the mRNA level (Figure 5C). Correlation analysis
between particular DEPs revealed that many identiﬁed proteins
involved in apoptotic processes displayed a positive relationship with a group of upregulated proteins engaged in cell
adhesion and migration. For instance, ITGAM and ITGB2
correlated with MMP9, NCF1, NCF2, ANXA1, and ANXA3
with average correlation coeﬃcients of 0.77 and 0.61,
respectively. Similarly, the same apoptotic proteins were
found to be negatively correlated with many downregulated

in CKD5 diapedesis proteins (see details in Table S6). This
observation suggests that alterations in the abundance of
proteins related to integrin and actin cytoskeleton pathways,
and cell adhesion and movement, can be closely associated
with an elevated rate of apoptosis and mortality in CKD5 cells
observed in proteomics and microscopy/ﬂow cytometry
analyses.
Apart from cell death and survival, the functions linked to
hemostasis, i.e., thrombocytopenia and hemorrhagic disease
(19 and 21 DEPs, respectively), were activated in CKD5 as
compared to CVD2 (z-scores 2.39 and 2.57), and to a lesser
extent versus CVD1 (z-scores 2.21 and 2.42, Figure 2) and
CKD1-2 (z-scores 2 for both, Table S7).
Irrespective of cardiovascular background, we also tried to
reveal how the progression of CKD inﬂuences the composition
of leukocytes’ proteome. For this purpose, we compared both
groups of CKD and HVs. Functional analysis revealed
categories enriched speciﬁcally in CKD1-2 as compared to
CKD5. For instance, the ﬂux of ions (z-score 2.17), ion
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Figure 5. Upregulation of apoptosis in CKD5. Dysregulation of processes related to cell death revealed by bioinformatic analysis conﬁrmed by (A)
confocal microscopy (green, apoptotic cells; orange, dead cells) and (B) ﬂow cytometric analysis assessing apoptosis/necrosis in representative
CVD2 and CKD5 samples. (C) Validation of NAMPT and MMP8 at the transcriptome level using ddPCR, corroborated the results of proteome
proﬁling using nano-LC-MS/MS. Mann−Whitney U: *p < 0.05, **p < 0.01; n = 10 in each group.

Finally, we analyzed a proteomic proﬁle of healthy
volunteers in comparison to particular patients’ groups. Not
surprisingly, the highest diﬀerences were revealed in HVs vs
CKD5 comparison. Although enriched canonical pathway and
function categories were similar to those indicated in the
comparison between CKD5 and other groups of patients, the
intensity of observed diﬀerences was very often higher based
on z-score values. For example, z-score for hemostasis function
was revealed as 2.0 for CKD1-2 vs CKD5 comparison, whereas
for HVs vs CKD5 this value was more signiﬁcant and
amounted to 2.7 (Table S7).

homeostasis of cells (z-score 2.23), cell viability (z-score 2.71),
cellular inﬁltration by leukocytes (z-score 2.21), and homing of
cells (z-score 2.39) were more pronounced at the initial stage
of CKD (Table S7 and Figure S6). Comparing both CKD
groups also revealed categories related to the blood
coagulation cascade and hemostasis, and suggested that these
processes are more perturbed at the advanced stage of CKD.
Also, functions related to apoptosis and necrosis were clearly
upregulated in CKD5 compared to CKD1-2. However, these
diﬀerences were not as pronounced when comparing CKD5 to
CVD2 (Table S7).
Many functional categories were statistically enriched also in
CVD1 as compared to CVD2. Stimulation of cells, the immune
response of leukocytes, migration of leukocytes, atherosclerosis, and occlusion of arteries were predicted to be activated
in CVD1 in comparison to CVD2, with z-scores close to 2
(1.95−1.98). On the other hand, several “general inﬂammation” categories, like organ inﬂammation (z-score 1.87), were
upregulated in CVD2 group as compared to CVD1.

3.4. TGFB1, SRF, and GATA1 Are the Primary Upstream
Regulators at the Protein Level

To identify the regulators predicted to be activated or
suppressed in the cascade, the DEPs were functionally linked
to upstream network drivers. Transforming Growth Factor
Beta 1 (TGFB1) was identiﬁed as a top upstream regulator in
all comparisons, according to B-H-corrected p-value. However,
according to a z-score (−1.70 and −1.73 for CKD5 vs CVD2
and CKD5 vs CVD1 comparisons, respectively) directionality
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Figure 6. Upstream regulators analysis using Ingenuity Pathway Analysis software. (A) The top upstream regulators with predicted activation/
inhibition state according to calculated z-score (the upper heat map) and B-H-corrected p-value (the lower heat map). Functions overrepresented
according to B-H-corrected p-value but without calculated z-scores are present in gray. Functions not enriched according to B-H-corrected p-value
are present in gray with NS. A detailed list of annotations is presented in the Table S7. (B) The network displays predicted interactions between
DEPs identiﬁed in CKD5 vs CVD2 comparison and the top upstream regulator according to B-H-corrected p-value: TGFB1. Links with apoptosis
and actin cytoskeleton categories are presented. (C) The network displays predicted interactions between DEPs identiﬁed in CKD5 vs CVD2
comparison and the top upstream regulators, according to z-score: SRF and CSF3. Links with apoptosis and integrin signaling categories are
presented. The downregulated in CKD5 compared to CVD2 proteins are shown in green and upregulated ones in red. The arrows indicate the
directionality of changes. Solid and dashed lines indicate experimentally conﬁrmed and predicted interactions, respectively. Numbers by the nodes
in panels B and C refer to B-H-corrected p-values, fold changes, and the number of unique peptides, respectively.
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the literature ﬁndings with proteomic results. Correlation
analysis revealed that there is no association between identiﬁed
DEPs and the particular leukocyte subpopulations. The
number of monocytes, which diﬀerentiated CKD5 from the
other groups, did not show any correlation with DEPs.
However, considering that monocytes compose below 10% of
all leukocytes, this result is not surprising. Nevertheless, we
demonstrated that monocytes negatively correlated with CKD
progression what was presented before,28 but never revealed in
the currently presented experimental setup.
Our results show that CKD5 and CVD2 groups,
representing patients with similar advanced symptoms of
CVD but diﬀering in renal function, reveal the most diﬀerences
in proteomic proﬁles. The CKD1-2 and CVD1 groups, which
signify patients with initial atherosclerosis symptoms, showed a
high level of similarity in their protein proﬁles. These results
are consistent with those presented in our previous study
utilizing plasma samples.11,29 In the present study, we
demonstrated for the ﬁrst time that CKD leukocytes
phenotypically diﬀer from those derived from CVD patients,
in the dynamics of their biological pathways and processes
related to cell−cell adhesion and transmigration machinery (as
judged by the diﬀerential expression of several pathway
components). Several canonical pathways and processes
related to leukocyte rolling and adhesion and the subsequent
migration to the sites of inﬂammation were found dysregulated
in comparison amid CKD5 and CVD2. In other comparisons,
i.e., CKD5 vs CVD1 and CKD1-2 vs CVD2, these pathways
were also found to be statistically diﬀerentially enriched, but
with lesser signiﬁcance. Notably, only early steps, but not
initial, of leukocyte adhesion and rolling on the surface of
endothelial cells were diﬀerentially upregulated in CKD
compared to CVD (Figure 4). P-selectin is responsible for
the initial stage of leukocyte arrest on endothelium, but its level
of expression was decreased in CKD5. Importantly, maximal
expression of this protein has been observed after 10 min of
leukocyte activation, after which E-selectin and other proteins
identiﬁed as upregulated in our study take over its role.30
Selectins interact with receptors present on the surface of
leukocytes with marginal aﬃnity, which results in a reduction
of leukocytes velocity. The tight binding and arrest of
leukocytes on endothelium are mediated by the interaction
of integrins with their ligands, which leads to the strengthening
of adhesion.31 Several reports have demonstrated the increased
level of ligands, i.e., VCAM1 and ICAM1 in CVD patients as
the factor promoting atherosclerosis development,32−34 to our
knowledge, this is the ﬁrst study directly comparing CKD and
CVD patients in this context. The upregulation of integrins in
CKD in comparison to CVD has not been demonstrated
earlier. Crawling of the leukocytes to endothelial junctions is
almost exclusively dependent on interactions between
leukocyte-speciﬁc β2 integrins MAC1 and LFA-1 and their
ligands, ICAM1 and ICAM3.35,36 The increased expression
level of ICAM1, ICAM3, and other molecules interacting with
them and β2 integrins MAC1 and LFA-1 suggest the
upregulation of MAC1/LFA4-ICAM-dependent crawling
mechanism determining the subsequent stage of the leukocyte
adhesion cascade. These integrins play vital roles in leukocyte
targeting to the atherosclerotic plaques.31 Their upregulation
can aﬀect the ability of leukocytes to adhere to the
endothelium and promote the local accumulation of the
leukocytes on endothelium, which supports pro-inﬂammatory
conditions and atherosclerotic plaques’ development.

was not predicted, suggesting crosstalk with other cellular
processes which may inﬂuence the score (Figure 6A and Table
S7). To functionally bridge these ﬁndings, we further
connected 33 DEPs predicted to be regulated by TGFB1
(Figure 6B). The network analysis revealed that TGFB1 is an
upstream regulator of a cell migration process, including actin
cytoskeleton organization and signaling (dysregulated in
CKD5), and regulates apoptotic/necrotic processes (upregulated in CKD5). This result is consistent with the
dysregulation of canonical pathways and biological functions
observed in CVD and CKD. The top upstream regulators with
predicted inhibition included transcription factors: serum
response factor (SRF) and GATA-binding factor 1 (GATA1)
(Figure 6A, Table S7). Twenty-two DEPs were predicted to be
regulated by SRF, and 15 of them were downregulated in
CKD5 in comparison to CVD2 (Figure 6C). Colony
stimulating factor 3 (CSF3) and CCAAT enhancer binding
protein alpha (CEBPA) were predicted to be the top positive
regulators of the networks, uniquely in CKD5 versus CVD2
comparison. Eleven DEPs involved in cell death/survival
categories and processes related to inﬂammation were
predicted to be downstream targets for CSF3 and upregulated
in their expression in CKD5 versus CVD2 comparison (Figure
6C). Moreover, other proteins predicted to be upregulated due
to reduced expression level of SRF, constituted a part of these
functional categories. The proteins negatively regulated by SRF
belong to cell−cell aggregation, adhesion, and transmigration
processes and integrin, paxillin, and actin cytoskeleton
signaling pathways. Although, the relationship between SRF
and atherosclerosis in classical CVD patients is not novel, the
underlying alterations observed in CKD and the diﬀerences
between CKD and CVD have not yet been presented.

4. DISCUSSION
Although CKD is a disorder associated with a loss of renal
function, these patients are exposed to a high risk of
atherosclerosis. The predominant causes of their deaths are
cardiovascular events.23,24 Atherosclerosis is an inﬂammatory
disease, and during its progression, various types of immune
cells play essential roles in the initiation and progression of
atherosclerotic plaques. During the progression of atherosclerosis unrelated to kidney dysfunction, monocytes are
recruited to the intima and, due to dyslipidemia, diﬀerentiate
into foam cells, which triggers atherosclerotic plaque
formation.25 The accumulation of inﬂammatory cells and
lipids in the arteries leads to the formation of mature plaques
and the thickening of their walls. In contrast, due to “reverse
epidemiology”, CKD patients do not reveal typical dyslipidemia, and their plaques show more inorganic character.26
Nonetheless, systemic inﬂammation is undoubtedly elevated in
CKD (reviewed in ref 27).
Our previous studies utilizing patients’ plasma samples
indicated an upregulation of systemic inﬂammation during
CKD development and conﬁrmed that this phenomenon is
more pronounced in CKD compared to the “classical” CVD.11
At present, in order to provide deeper insights into the
inﬂammation-based mechanisms underlying atherosclerosisrelated and non-related to CKD, we utilized the proteomic
approach to investigate the global protein proﬁles of the
immune system cells, focusing on leukocytes isolated from the
patients at the initial and advanced stages of CKD and CVD.
We also subsequently scrutinized the abundance of molecules
produced by endothelial cells and released to plasma to link
3064

https://doi.org/10.1021/acs.jproteome.0c00883
J. Proteome Res. 2021, 20, 3053−3067

Journal of Proteome Research

pubs.acs.org/jpr

Article

inﬂuences on the composition of leukocytes’ proteome. We
have shown an upregulation of proteins related to inﬂammatory processes in advanced CVD. We have also indicated an
ionic homeostasis and blood coagulation cascade, speciﬁcally
associated with CKD progression.
Limitations inherent in this study should also be taken into
account. Although this study sheds some light on the
mechanism of chronic kidney disease-related atherosclerosis,
the clinical signiﬁcance and statistical power would undoubtedly beneﬁt from more numerous cohorts. Nevertheless, our
results underline the importance and necessity of studying and
comparing patients with CKD and CVD in one study, and
constitute a promising prelude for future work.

Endoglin is another transmembrane molecule that interacts
with β1-type integrin and promotes leukocytes’ migration to
the inﬂammatory site.37 However, it has been presented that
the soluble form of endoglin inhibits leukocyte extravasation.38
We demonstrated an increased abundance of this speciﬁc form
of endoglin. It may explain the decreased level of ITGB1, a
component of β1 integrin VLA-4. Furthermore, the reduced
expression level of vitronectin, one of the ligands for β1
integrin in CKD5 was previously demonstrated by us.11
In a physiological state, adhesion of leukocytes to
endothelial cells leads to cell motility, by controlling
cytoskeletal rearrangements causing transendothelial migration. Actin cytoskeleton assembly and its dynamics are pivotal
for cell migration and immune response involving leukocytes.
In our study, almost all DEPs participating in the later
transmigration phase were downregulated in the CKD5 group
(Figure 4). Among those were actin-binding proteins as well as
proteins regulating the reorganization of the actin cytoskeleton.
Paxillin acts as an adaptor stabilizing the linkage of VLA-4 to
actin cytoskeleton during leukocyte adhesion upon exposure to
ﬂuid ﬂow and transmission of mechanical force,39 which
partially can explain its increased expression level.
Leukocytes can sense and resist high external forces from
ﬂowing blood through RAP1 and PI3K regulation of actin
polymerization.40 In our analysis, downregulation of RAP1 and
disturbances in expression of other proteins regulating the
cytoskeleton among the CKD5 and CVD2 groups were
identiﬁed. Rullo and co-workers40 suggested that reinforcement of tension-bearing structures by actin is critical for
adaptation of cells to the external force. Therefore, decreased
ability of CKD5 cells to actin cytoskeleton reorganization
during the transmigration process might be compensated by
the mechanism of stabilization of leukocytes on the surface of
endothelium by integrin-related mechanism(s). Both phenomena might inﬂuence endothelial dysfunction and acceleration
of atherosclerosis progression.
Under these circumstances, the observed upregulation of
processes related to apoptosis in CKD5 further conﬁrmed by
ﬂow cytometry and confocal microscopy analysis is not
surprising (Figure 5). The misbalance between diﬀerent phases
of leukocyte extravasation may lead to the alteration of cellular
integrity and trigger cell death. We have not detected
diﬀerences in the number of leukocytes. It has been shown,
however, that even though neutrophils undergo apoptosis, they
are still able to prolong their longevity and survive for many
hours before disintegration.41 Moreover, a direct relationship
between apoptosis and loss of cytoskeletal functions has been
demonstrated.42 On the other hand, the increased apoptosis
resulting from oxidative stress in CKD is known (reviewed
by43). Uremia and circulating uremic toxins evoke an
imbalance between antioxidant protection and reactive oxygen
species production, resulting in endothelial dysfunction leading
to advanced CKD. Our previous study described that oxidative
stress is more pronounced in CKD-related atherosclerosis than
in classical CVD.11 We also suggested that due to the
progression of kidney dysfunction, CVD acceleration can be
diﬀerent at the initial and advanced stages of CKD, which
might partially explain the diﬀerences between CKD5 and
CVD2 proﬁles. In this study, we added another piece of the
puzzle to the story: dysregulation in leukocytes’ adhesion and
extravasation processes.
However, apart from associations between CKD and CVD,
we also conﬁrmed that the progression of CKD and CVD itself

5. CONCLUSIONS
In the present study, we utilized proteomic proﬁling of
leukocytes and demonstrated for the ﬁrst time a dysregulation
of proteins involved in diﬀerent phases of leukocytes’
transmigration which are very pronounced at the advanced
stage of CKD. Moreover, the upregulation of proteins related
to apoptotic cell death was also observed, which was
functionally conﬁrmed on the cellular level. The observed
misbalance can lead to inﬂammation and, as a consequence,
endothelial dysfunction and atherosclerotic plaque development.
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