www.nature.com/scientificreports

scientific reports

W) Check for updates

The relationship of indoxyl
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with target cardiovascular proteins
in hemodialysis patients
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Protein-bound uremic toxins (Indoxyl sulfate [I1S] and p-cresyl sulfate [PCS]) are both associated with
cardiovascular (CV) and all-cause mortality in subjects with chronic kidney disease (CKD). Possible
mechanisms have not been elucidated. In hemodialysis patients, we investigated the relationship
between the free form of IS and PCS and 181 CV-related proteins. First, IS or PCS concentrations were
checked, and high levels were associated with an increased risk of acute coronary syndrome (ACS)

in 333 stable HD patients. CV proteins were further quantified by a proximity extension assay. We
examined associations between the free form protein-bound uremic toxins and the quantified proteins
with correction for multiple testing in the discovery process. In the second step, the independent
association was evaluated by multivariable-adjusted models. We rank the CV proteins related to
protein-bound uremic toxins by bootstrapped confidence intervals and ascending p-value. Six proteins
(signaling lymphocytic activation molecule family member 5, complement component C1q receptor,
C-C motif chemokine 15 [CCL15], bleomycin hydrolase, perlecan, and cluster of differentiation

166 antigen) were negatively associated with IS. Fibroblast growth factor 23 [FGF23] was the only

CV protein positively associated with IS. Three proteins (complement component C1q receptor,
CCL15, and interleukin-1 receptor-like 2) were negatively associated with PCS. Similar findings

were obtained after adjusting for classical CV risk factors. However, only higher levels of FGF23 was
related to increased risk of ACS. In conclusion, IS and PCS were associated with several CV-related
proteins involved in endothelial barrier function, complement system, cell adhesion, phosphate
homeostasis, and inflammation. Multiplex proteomics seems to be a promising way to discover novel
pathophysiology of the uremic toxin.

Abbreviations

CKD Chronic kidney disease
CVD Cardiovascular disease
Ccv Cardiovascular

IS Indoxyl sulfate

PCS P-cresyl sulfate

HD Hemodialysis

LOD Limit of detection
FDR False discovery rate
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hsCRP  High sensitivity C-reactive protein

SD Standard deviation

CI Confidence interval

CCL15 C-C motif chemokine 15

CD166  Cluster of differentiation 166 antigen

SLAM  Signaling lymphocytic activation molecule

FGF23  Fibroblast growth factor 23

ILIRL2 Complement component C1q receptor, and interleukin-1 receptor-like 2

Chronic kidney disease (CKD) is associated with high morbidity and mortality, mainly due to cardiovascular dis-
ease (CVD)". Also, CVD is the leading cause of death in patients with end-stage renal disease (ESRD)>. Recently,
non-traditional CVD risk factors, in particular uremic toxins, have been shown to contribute to CVD mortality
and morbidity in hemodialysis (HD) patients’. Uremic toxins are biologically active and have a detrimental
effect on the cardiovascular (CV) system, by affecting cells involved in myocardial and vessel functions, such as
leucocytes, endothelial cells, smooth muscle cells, and platelets*. The accumulation of uremic toxins has been
shown to cause vascular dysfunction in humans and experimental animals with CKD>.

Two protein-bound uremic toxins, indoxyl sulfate (IS) and p-cresyl sulfate (PCS), are the most well-investi-
gated metabolites derived from the gut microbiota’. Pre-clinical studies have found that IS and PCS can activate
the nuclear factor-kappaB (NF-kB) pathway, resulting in the production of pro-inflammatory cytokine and
oxidative stress in renal tubular cells®’. In CKD and HD patients, serum IS level has an inverse relationship with
kidney function and a direct link with aortic calcification, pulse-wave velocity, first heart failure event, and all-
cause and CV mortality™’. Besides, the PCS level is an independent predictor of mortality'"!?, CV events®!?, and
vascular stiffening'* in patients with CKD.

The available evidence supports the adverse effects of uremic toxins in HD patients’; however, the mechanisms
leading to CVD are not fully elucidated. Therefore, this study aimed to investigate the relationship between
protein-bound uremic toxins and 184 CV-related proteins in ESRD patients undergoing hemodialysis. Under-
standing the impact of uremic toxins on the level of circulating CV proteins may provide insights into the
pathophysiology of CVD in CKD patients.

Methods

Subjects, comorbidity, and biochemical measurements. We enrolled participants from dialy-
sis units of Kaohsiung Medical University Hospital and Kaohsiung Municipal Hsiao-Kang Hospital between
August 2016 and January 2017. Participants aged > 30 years and who received HD >90 days were enrolled. All
participants were under high-efficiency dialyzers therapy three times per week with an adequate dialysis target of
Kt/V>1.2. The HD settings were 250-300 ml/min of blood flow rate, 500 ml/min of dialysate flow, and 3.5-4 h
of each session.

The baseline characteristics of HD patients were recorded from electronic healthcare record systems, includ-
ing age, sex, dialysis vintage, arteriovenous access type (fistula or graft), the primary cause of kidney failure
(hypertension, diabetes, glomerulonephritis, or others), comorbidities, medications, and biochemical data.
Hypertension was defined as blood pressure over 140/90 mmHg or taking blood pressure-lowering drugs. Dia-
betes mellitus was defined as HbA1C of over 6.5% or taking glucose-lowering drugs. The biochemical data were
obtained from routine blood samples within 30 days before protein-bound uremic toxins and CV proteomics
measurement. We collected blood samples at the beginning of the week after overnight fasting from patients
through the arteriovenous access immediately before the scheduled HD session and stored at —80 °C.

Ethical considerations. The Institutional Review Board approved the study of Kaohsiung Medical Uni-
versity (KMUHIRB-E(I)-20160095 and KMUHIRB-E(I)-20180139). The study was carried out following the
Declaration of Helsinki. All subjects signed the informed consent form.

Uremic toxins profiling.  The free fraction of PCS and IS were analyzed by high-performance liquid chro-
matography with tandem mass spectrometry instrument (LC/MS-MS), as previously described’. The detailed
process is described in Supplementary Methods (see Supplementary Materials).

Proteomic profiling. Serum samples were assessed by the Proseek Multiplex 96 x 96 proximity extension
assay using the CV II and III panel (Olink Bioscience, Uppsala, Sweden), as previously described'®. Each panel
simultaneously measures 92 proteins. The detailed methodology was described in Supplementary methods (see
Supplementary Materials). During quality control, proteins with more than 15% of the values below the limit
of detection (LOD) were removed. After excluding three proteins (natriuretic peptides B, melusin, and chito-
triosidase-1), the final data included 181 proteins. The list of all proteins measured is in Supplementary Table 1.

Acute coronary syndrome event definition. Patients were followed up for 2 years or until acute coro-
nary syndrome (ACS) event. The ACS included ST-segment elevation-ACS (STE-ACS) and non-STE-ACS. ACS
was diagnosed when any of the following conditions apply: (1) ECG findings met the criteria for a definitive
diagnosis during an event; (2) cardiac ischemic chest pain was present, and enzyme levels met the criteria for
a definitive diagnosis; (3) cardiac ischemic chest pain was present, enzyme levels met the criteria for suspected
myocardial infarction, and ECG findings met the criteria for suspected myocardial infarction; (4) ECG findings,
which met the criteria for a definitive diagnosis of myocardial infarction, were newly obtained on current ECG
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Prevalent hemodialysis patients in two dialysis units (N=347),
184 proteins measured using proximity extension assays (PEA)

Exclusions

1. Missing or low quality protein-bound uremic toxins
measurement (N=1)

2. Missing or low quality protoemics data (N=13)

3. Missing or low quality proteomics data in hemodialysis
cohort (3 proteins)

v

Complete protein-bound uremic toxins (indoxyl sulfate and p-cresyl
sulfate) and Olink cardiovascular proteomics measurement (n=333)

Investigate indoxyl sulfate or p-cresyl sulfate and 181 cardiovascular proteins
with FDR<5% in hemodialysis patients

|

Analyse the association using DAG-derived multiple adjusted model

Figure 1. Study design.

findings; and (5) elevated level of cardiac enzymes CK, CK-MB, and Troponin-I was measured during an event,
and, of these enzymes, elevations greater than twofold the upper limit of normal were found in one or more.

Statistical analysis. Continuous variables of demographic data are demonstrated as mean *standard
deviation (SD), and nominal variables are shown as percentages. In the discovery phase, the two protein-bound
uremic toxins (IS and PCS) and 181 proteins were evaluated their association using linear regression models
adjusting for age and sex. Associations significant at a false discovery rate (FDR) < 5% were further investigated
in the next step. We calculate FDR by Benjamini and Hochbergs method"”.

In the second analysis phase, we investigated the independent associations using multivariable-adjusted
models. We selected the variables based on a causal diagram using the DAGitty software, version 2.2 (Wwww.
dagitty.net; Supplementary Fig. 1). The models included the covariates of age, sex, HD vintage, cause of ESRD,
arteriovenous access type, diabetes mellitus, hypertension, dyslipidemia, antiplatelet/warfarin, antihypertensive
drugs, diabetes treatment drugs, calcium, phosphate, high sensitivity C-reactive protein (hsCRP), and total Kt/V.
Linearity associations between IS or PCS and CV proteins were further tested using restricted cubic splines
with three knots. Also, we ranked the CV proteins related to IS or PCS by ascending p-value, with bootstrapped
confidence intervals around the ranks. To determine the outcome association, Kaplan-Meier analysis was per-
formed to calculate the cumulative incidence of ACS categorized according to the median value of IS, PCS, and
protein biomarkers.

All statistical methods were performed using Stata (version 15, College Station, TX, USA). Results were
presented as a beta coefficient (p) with a 95% confidence interval (CI). A two-tailed p <0.05 was considered
statistically significant in this second phase.

Results

Initially, 347 patients were enrolled. Subjects were excluded if the protein-bound uremic toxins measurements
(n=1) or the protein measurements (n=13) were below the detection limit. Finally, the association between
the two protein-bound uremic toxins (free forms of IS and PCS) and 181 proteins were analyzed in 333 patients

(Fig. 1).

Demographic and clinical characteristics. The patients’ characteristics were listed in Table 1. HD
patients with CV comorbidities (coronary artery disease or cerebrovascular disease) were older, had a higher
proportion of hypertension, diabetes mellitus, dyslipidemia, and more commonly used antiplatelets/warfa-
rin, antihypertensive drugs, diabetes treatment drugs, and had higher hsCRP levels than patients without CV
comorbidities.

Scientific Reports |

(2021) 11:3786 | https://doi.org/10.1038/s41598-021-83383-x nature portfolio


http://www.dagitty.net
http://www.dagitty.net

www.nature.com/scientificreports/

With cardiovascular comorbidities Without cardiovascular comorbidities

(n=79) (n=254) p value
Age (years) 62.3 (11.1) 58.4 (11.6) 0.008
Male 45 (57.0) 132 (52.0) 0.437
Hemodialysis duration (years) 6.5 (5.14) 6.8 (5.81) 0.747
Cause of ESRD
Hypertension 9(11.4) 27 (10.6) 0.849
Diabetes mellitus 35(44.3) 83 (32.7) 0.059
Glomerulonephritis 23(29.1) 95 (37.4) 0.179
Others? 12 (15.2) 49 (19.3) 0.410
Arteriovenous shunt
Arteriovenous fistula 65 (82.3) 226 (89.0) 0.117
Arteriovenous graft 14 (17.7) 28 (11.0) 0.117
Comorbidities
Diabetes mellitus 42 (53.2) 103 (40.6) 0.048
Hypertension 70 (88.6) 188 (74.0) 0.007
Dyslipidemia 40 (50.6) 88 (34.6) 0.011
Medications
Antiplatelets/Warfarin 53 (67.1) 42 (16.5) <0.001
Anti-hypertensive drugs 50 (64.1) 106 (41.9) 0.001
Diabetes treatment drugs 36 (46.2) 75 (29.6) 0.007
Laboratory data
Tonized calcium (mg/dL) 4.7 (0.4) 4.6 (0.5) 0.651
Phosphate (mg/dL) 4.7 (1.1) 4.7 (1.1) 0.975
High sensitivity C-reactive protein (mg/L) | 3.7 (6.6) 1.9(3.1) 0.001
Total (Kt/V) 1.6 (0.2) 1.6 (0.3) 0.860
Uremic toxins
Free form indoxyl sulfate (ug/mL) 1.9(1.9) 1.9 (3.0) 0.984
Free form p-cresyl sulfate (pug/mL) 1.6 (2.0) 1.3(1.7) 0.163

Table 1. Baseline characteristics of hemodialysis participants with and without overt cardiovascular
comorbidities (coronary artery disease or cerebrovascular disease). *Other causes of end-stage renal disease
include polycystic kidney disease, tumor, systemic lupus erythematosus, gout, interstitial nephritis.

Discovery phase. The free form IS was significantly associated with seven proteins (C-C motif chemokine
15 [CCL15], complement component C1q receptor, perlecan, bleomycin hydrolase, cluster of differentiation 166
antigen [CD166], signaling lymphocytic activation molecule [SLAM] family member 5, and fibroblast growth
factor 23 [FGF23]) (Fig. 2A). The free form PCS was significantly associated with three proteins (CCL15, com-
plement component Clq receptor, and interleukin-1 receptor-like 2 [IL1RL2]) (Fig. 2B). The overall B coefhi-
cients and p-values for the associations between the uremic toxins (IS and PCS) and all proteins in HD patients
are shown in Supplementary Figs. 2 and 3.

Second analysis phase. Regarding the associations with the fully adjusted models, the free form IS was
negatively associated with CCL15 (B —0.53, 95% CI —-0.71 to —0.35, p<0.001), complement component Clq
receptor (B —0.14, 95% CI —-0.20 to —0.09, p<0.001), perlecan (p —0.05, 95% CI —0.07 to —0.03, p<0.001),
bleomycin hydrolase (p —0.22, 95% CI —0.34 to —0.11, p<0.001), CD166 (p —0.15, 95% CI —0.23 to —0.07,
p<0.001), and SLAM family member 5 (p —0.13, 95% CI —0.22 to —0.05, p =0.002), whereas free form IS was
positively associated with FGF23 (B 0.63, 95% CI 0.23 to 1.04, p=0.002) (Table 2). In the fully-adjusted model
analysis, free form PCS was negatively associated with CCL15 (B —0.29, 95% CI - 0.42 to —0.16, p <0.001), com-
plement component Clq receptor (f —0.07, 95% CI —-0.11 to —0.03, p<0.001), and ILIRL2 (B -0.17, 95% CI
~0.26 to —0.07, p<0.001) (Table 3).

Ranking of the associations (with 95% bootstrap-obtained CIs) of all proteins with the uremic toxins (IS or
PCS) is graphically presented. Protein CCL15 and complement component Clq receptor were the top 2 hits
related to IS (Supplementary Fig. 4). Regarding the associations with PCS, the top 3 hits were protein ILIRL2,
CCL15, and complement component C1q (Supplementary Fig. 5). All the top hits had narrow confidence inter-
vals of the rank.

Cubic spline analysis demonstrated a linear association of IS with CCL15, complement component Clq
receptor, perlecan, bleomycin hydrolase, CD166 antigen, SLAM family member 5, and FGF23 (Fig. 3), as well
as a linear association of PCS with CCL15, complement component C1q receptor, and IL1RL2 (Fig. 4).
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Figure 2. Volcano plot of the p-value and B coefficient for protein-bound uremic toxins and cardiovascular
protein biomarkers association with multiple test control. (A) Indoxyl sulfate (B) p-cresyl sulfate.

B coefficient (95% CI) p value
C-C motif chemokine 15 —0.53 (-0.71to —0.35) | <0.001
Complement component Cl1q receptor —-0.14 (-0.20 to —0.09) | <0.001
Perlecan —0.05 (-0.07 to —0.03) <0.001
Bleomycin hydrolase —-0.22(-0.34t0 -0.11) | <0.001
CD166 antigen —0.15 (- 0.23 to - 0.07) <0.001
SLAM family member 5 —0.13 (- 0.22 to —0.05) 0.002
Fibroblast growth factor 23 0.63 (0.23-1.04) 0.002

Table 2. Associations of free form indoxyl sulfate and selected cardiovascular protein biomarkers in the
multivariate linear regression model. Associations of baseline free form indoxyl sulfate with selected protein
biomarker NPX value using multivariate linear regression model adjusting for age, sex, hemodialysis duration,
cause of end-stage renal disease, arteriovenous shunt type, comorbidities (diabetes mellitus, hypertension,

and dyslipidemia), medications (antiplatelet/warfarin, anti-hypertensive drugs, diabetic treatment drugs), and
laboratory data (calcium, phosphate, high sensitivity C-reactive protein, and Kt/V).

Uremic toxins and CV proteins to determine the ACS outcome in 2-years. The ACS outcome was
assessed by the Kaplan-Meier method and log-rank test. The cumulative incidence of ACS was higher in the
high IS group and PCS group than in the low IS group and low PCS group (Log-rank p=0.016 in IS; Log-rank
p=0.015 in PCS) (Fig. 5). In contrast, there was no significant difference in selected CV protein biomarkers
(CCL15, CD93, Perlecan, bleomycin hydrolase, CD166 antigen, CD84, and ILIRL2) between the two groups for
the ACS outcomes (Supplementary Fig. 6). A higher level of FGF23 was found potential increased risks of ACS
than a lower level of FGF23 (Log-rank p=0.05) (Supplementary Fig. 6).
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Coefficient of C-C motif chemokine 15

B coefficient (95% CI) p value
C-C motif chemokine 15 -0.29 (-0.42 to - 0.16) <0.001
Complement component C1q receptor -0.07 (=0.11 to - 0.03) <0.001
Interleukin-1 receptor-like 2 —0.16 (- 0.26 to —0.07) <0.001

Table 3. Associations of free form p-cresyl sulfate and selected cardiovascular protein biomarkers in the
multivariate linear regression model. Associations of baseline free form p-cresyl sulfate with selected protein
biomarker NPX value using multivariate linear regression model adjusting for age, sex, hemodialysis duration,
cause of end-stage renal disease, arteriovenous shunt type, comorbidities (diabetes mellitus, hypertension,
and dyslipidemia), medications (antiplatelet/warfarin, anti-hypertensive drugs, diabetic treatment drugs), and
laboratory data (calcium, phosphate, high sensitivity C-reactive protein, and Kt/V).
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Figure 3. The cubic spline curve between the log-transformed indoxyl sulfate concentration with 3 knots and
selected circulating cardiovascular protein biomarkers NPX units (A) C-C motif chemokine 15 (CCL15) (B)
Complement component C1q receptor (CD93) (C) Perlecan (D) Bleomycin hydrolase (E) CD166 antigen (F)
SLAM family member 5 (CD84) (G) Fibroblast growth factor 23 (FGF23).

Discussion

Principal observations. In the present study, we investigated the associations of two protein-bound ure-
mic toxins (IS and PCS) with 181 circulating protein biomarkers in a cohort of patients on HD treatment. After
accounting for multiple testing controlled by FDR, free form IS levels were positively associated with FGF23
and negatively associated with CCL15, complement component C1q receptor, perlecan, bleomycin hydrolase,
CD166 antigen, and SLAM family member 5. Furthermore, free form PCS levels were negatively associated with
CCL15, complement component Clq receptor, and ILIRL2. This information can contribute to the knowledge
regarding the underlying mechanism of non-traditional CVD risk factors in patients with kidney disease.

The possible relationship of protein-bound uremic toxins with inflammation. Uremic toxins
could promote cytokine expression and release in a pre-clinical study'®. In the present study, the free forms of
IS and PCS were negatively associated with CCL15, and free form PCS was negatively associated with ILIRL2.
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Figure 4. The cubic spline curve between the log-transformed p-cresyl sulfate concentration with 3 knots and
selected circulating cardiovascular protein biomarkers NPX units (A) C-C motif chemokine 15 (CCL15) (B)
Complement component C1q receptor (CD93) (C) Interleukin-1 receptor-like 2 (IL1IRL2).
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Figure 5. The Cumulative incidence of acute coronary syndrome in patients stratified by median level of
protein-bound uremic toxins (A) Free form indoxyl sulfate (B) Free form p-cresyl sulfate.

CCL15, also known as leukotactin-1, is proinflammatory'® and involved in monocyte mediated atherosclerotic
lesions'?-?!. Contrary to a previous report, this study found a negative association between the two protein-bound
uremic toxins and CCL15%.

IL1RL2, also known as interleukin-36 (IL-36) receptor, is a member of the IL-1 receptor family. IL1IRL2 can
bind to IL-36, which is involved in several diseases, such as psoriasis®® or acute kidney injury*’. Interestingly,
genetically manipulated animal models lacking IL1RL2 are protected against the IL-36 triggered an inflamma-
tory response in psoriasis?>*® and acute kidney injury models*!. Thus, ILIRL2 could play a role in regulating
inflammation. Hence, this negative association between PCS and IL1RL2 may highlight a possible pathway for
the uremic toxins associated with CVD.

Protein-bound uremic toxins, endothelial function, and the complement system. In this study,
IS was negatively associated with perlecan, which along with 2 microglobulin, are co-localized in HD induced
B-amyloidosis?’. Perlecan is a large multi-domain proteoglycan that binds to extracellular matrix components
and cell-surface molecules to maintain the endothelial barrier function®. It can stimulate endothelial growth
and re-generation, inhibit smooth muscle cell proliferation, and help maintain vascular homeostasis®®?°. Since
perlecan is crucial for vascular repair regulation, the higher IS level associated with low perlecan may be another
factor contributing to endothelial dysfunction.

We also demonstrated a negative association between free IS and bleomycin hydrolase in HD patients. Bleo-
mycin hydrolase is an aminohydrolase involved in homocysteine metabolism, and defects in homocysteine
metabolism can lead to hyperhomocysteinemia®. Pathological manifestations of hyperhomocysteinemia are
associated with an increased risk of CV events in HD patients’!. Furthermore, studies of genetic and nutri-
tional hyperhomocysteinemia in animal models provide additional support for a causal role of homocysteine in
atherothrombosis®. However, the regulation of IS on bleomycin hydrolase remains unknown.

CD166, also known as activated leukocyte cell adhesion molecule, is expressed on activated monocytes and
endothelial cells, involved in cell migration processes****. The localization of CD166, specifically at cell-cell
junctions on endothelial cells, supports its role in transendothelial migration®. CD166 can modulate endothelial
function and is involved in the response of endothelial cells to inflammation®. Therefore, the shedding of CD166
may be impaired in high free IS conditions.

A negative association between uremic toxins (IS and PCS) and complement component C1q receptor was
found in the current study. Complement component C1q receptor, known as CD93, plays a role in cell adhesion
and phagocytosis in monocytes and macrophages®. It is over-expressed during inflammation, and the soluble
form (soluble CD93) is increased in various inflammatory conditions. Soluble CD93 is associated with premature
myocardial infarction, coronary artery disease, and other inflammatory conditions®~*°, with reduced levels of
the soluble CD93 related to metabolic dysregulation*'. Thus, the release of soluble CD93 has been implicated
in response to stressors, such as inflammatory, immune, and angiogenic mediators. However, the mechanism
underlying the association between uremic toxins and soluble complement component Clq receptor remains
unclear. Our finding proposes a link between protein-bound uremic toxins and complement component Clq
receptor related to CVD.

IS could also induce thrombosis and atherosclerosis by enhancing platelet hyperactivity, elevating the response
to collagen and thrombin, increasing platelet-derived microparticles and aggregation of platelet-monocytes*.
The present study showed a positive association between IS and SLAM family member 5 (also known as CD84),
which is expressed on the surface of platelets, and may stabilize platelet aggregation and thrombi via homophilic
interactions*. In a previous clinical study, SLAM family member 5 was highly expressed in inflamed endothe-
lial tissue of the coronary arteries of patients with Kawasaki disease** and was also associated with early repeat
coronary events in patients with acute coronary syndrome*. Thus, SLAM family member 5 could be involved
with protein-bound uremic toxins related to platelet aggregation and thrombosis formation.
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Protein-bound uremic toxins, fibroblast growth factor 23/Klotho regulation, and cardiovas-
cular damage. PCS and IS were positively associated with FGF23, but only the association with IS was sig-
nificant (Supplementary Fig. 3). Several studies have confirmed the positive association between elevated serum
FGF23 levels and mortality or CV events in HD patients*®*. Interestingly, the protein-bound uremic toxins and
FGF23 association can link to their interference in the Klotho system. Klotho deficiency has been suggested
as an upstream step of FGF23 excess, and IS-induced left ventricular hypertrophy (LVH) in Klotho-deficient
mice was more severe*. By blocking oxidative stress, p38, and extracellular signal-regulated protein kinase 1/2
signaling pathways, exogenous Klotho could overwhelm IS-induced LVH in CKD mice*. In vitro and in vivo
experiments showed that IS and PCS decreased Klotho expression in renal tubules by epigenetic silencing of the
Klotho gene caused by oxidative stress*’. The decrease in expression of Klotho can lead to a further compensa-
tory increase in levels of FGF-23, causing Klotho-independent adverse effects on off-target organs, such as
pathological cardiac remodeling or increased hepatic production of inflammatory cytokines®.

Potential biomarkers for ACS in HD patients. We determined an association between protein-bound
uremic toxins (IS/PCS) and ACS risk, which was in line with previous studies®'***>*, Besides, we found a trend
association between FGF23 and ACS. FGF23 was a well-established CV biomarker in HD patients***’. How-
ever, other selected CV proteins (e.g., CCL15, CD93, Perlecan, bleomycin hydrolase, CD166 antigen, CD84, and
IL1RL2) correlated to protein-bound uremic toxins were not found as biomarkers for ACS. Limited sample sizes
and event numbers should be acknowledged in our study. More studies should be investigated to confirm our
findings.

Strengths and limitations. The advantages of this study include the comprehensive participant informa-
tion and use of modern technology that allowed the rapid high-throughput, highly sensitive and specific analy-
ses of limited plasma samples. The study limitations were that the cross-sectional study design precludes any
causal inference, potentially introducing prevalence-incidence bias. Secondly, the selection of biomarkers used
in this study was pragmatically restricted to CV-specific proteins, and it is possible that other proteins may be
involved in the toxicity of IS or PCS. Further in vitro work is necessary to validate the translation of the mecha-
nistic pathways suggested. Thirdly, only HD patients were recruited, so the findings may not be generalizable
to other CKD or peritoneal dialysis populations. Fourthly, food intake was not evaluated to assess the intake of
tryptophan, tyrosine, and fibers, which are the main sources of IS and PCS. Lastly, although PEA is a promis-
ing technique, improvements are warranted to assure clinically valid and reproducible measurements. Studying
numerous proteins and protein-bound uremic toxins association may provide new insights on modulators of
pathological CVD risk factors in HD patients, but the research remains exploratory. Thus, the proposed mecha-
nisms through which biomarkers may be pathophysiologically related to IS and PCS are hypothesis-generating.

In conclusion, protein-bound uremic toxins (IS and PCS) were important factors for CVD in HD patients.
These uremic toxins may contribute to inflammation, endothelial dysfunction, complement system, and FGF23
pathway, thereby providing insight into the mechanisms that lead to higher CVD mortality and death in HD
patients. Strategies to reduce the accumulation of uremic toxins could reduce these CVD risk factors, thereby
preventing CVD in HD patients.

Received: 20 February 2020; Accepted: 28 December 2020
Published online: 15 February 2021

References
1. Gansevoort, R. T. et al. Chronic kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention. Lancet 382,
339-352. https://doi.org/10.1016/50140-6736(13)60595-4 (2013).
2. Gargiulo, R., Suhail, F. & Lerma, E. V. Cardiovascular disease and chronic kidney disease. Dis. Mon. 61, 403-413. https://doi.
0rg/10.1016/j.disamonth.2015.07.005 (2015).
3. Cozzolino, M. et al. Cardiovascular disease in dialysis patients. Nephrol. Dial. Transpl. 33, iii28-iii34. https://doi.org/10.1093/ndt/
gfy174 (2018).
4. Moradi, H,, Sica, D. A. & Kalantar-Zadeh, K. Cardiovascular burden associated with uremic toxins in patients with chronic kidney
disease. Am. J. Nephrol. 38, 136-148. https://doi.org/10.1159/000351758 (2013).
5. Meijers, B. K. et al. The uremic retention solute p-cresyl sulfate and markers of endothelial damage. Am. J. Kidney Dis. 54, 891-901.
https://doi.org/10.1053/j.ajkd.2009.04.022 (2009).
6. Meijers, B. K. et al. p-Cresol and cardiovascular risk in mild-to-moderate kidney disease. Clin. J. Am. Soc. Nephrol. 5, 1182-1189.
https://doi.org/10.2215/CJN.07971109 (2010).
7. Mair, R. D,, Sirich, T. L. & Meyer, T. W. Uremic toxin clearance and cardiovascular toxicities. Toxins (Basel) https://doi.org/10.3390/
toxins10060226 (2018).
8. Shimizu, H. et al. NF-kappaB plays an important role in indoxyl sulfate-induced cellular senescence, fibrotic gene expression, and
inhibition of proliferation in proximal tubular cells. Am. J. Physiol. Cell Physiol. 301, C1201-1212. https://doi.org/10.1152/ajpce
11.00471.2010 (2011).
. Watanabe, H. et al. p-Cresyl sulfate causes renal tubular cell damage by inducing oxidative stress by activation of NADPH oxidase.
Kidney Int. 83, 582-592. https://doi.org/10.1038/ki.2012.448 (2013).
10. Barreto, E. C. et al. Serum indoxyl sulfate is associated with vascular disease and mortality in chronic kidney disease patients. Clin.
J. Am. Soc. Nephrol. 4, 1551-1558. https://doi.org/10.2215/CJN.03980609 (2009).
11. Bammens, B., Evenepoel, P, Keuleers, H., Verbeke, K. & Vanrenterghem, Y. Free serum concentrations of the protein-bound reten-
tion solute p-cresol predict mortality in hemodialysis patients. Kidney Int. 69, 1081-1087. https://doi.org/10.1038/sj.ki.5000115
(2006).
Liabeuf, S. et al. Free p-cresylsulphate is a predictor of mortality in patients at different stages of chronic kidney disease. Nephrol.
Dial Transpl. 25, 1183-1191. https://doi.org/10.1093/ndt/gfp592 (2010).

Nel

12.

I}

Scientific Reports|  (2021) 11:3786 https://doi.org/10.1038/s41598-021-83383-x nature portfolio


https://doi.org/10.1016/S0140-6736(13)60595-4
https://doi.org/10.1016/j.disamonth.2015.07.005
https://doi.org/10.1016/j.disamonth.2015.07.005
https://doi.org/10.1093/ndt/gfy174
https://doi.org/10.1093/ndt/gfy174
https://doi.org/10.1159/000351758
https://doi.org/10.1053/j.ajkd.2009.04.022
https://doi.org/10.2215/CJN.07971109
https://doi.org/10.3390/toxins10060226
https://doi.org/10.3390/toxins10060226
https://doi.org/10.1152/ajpcell.00471.2010
https://doi.org/10.1152/ajpcell.00471.2010
https://doi.org/10.1038/ki.2012.448
https://doi.org/10.2215/CJN.03980609
https://doi.org/10.1038/sj.ki.5000115
https://doi.org/10.1093/ndt/gfp592

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lin, C. J. et al. Serum protein-bound uraemic toxins and clinical outcomes in haemodialysis patients. Nephrol. Dial Transpl. 25,
3693-3700. https://doi.org/10.1093/ndt/gfq251 (2010).

Rossi, M. et al. Protein-bound uremic toxins, inflammation and oxidative stress: a cross-sectional study in stage 3-4 chronic kidney
disease. Arch. Med. Res. 45, 309-317. https://doi.org/10.1016/j.arcmed.2014.04.002 (2014).

Lin, Y. T. et al. Protein-bound uremic toxins are associated with cognitive function among patients undergoing maintenance
hemodialysis. Sci. Rep. 9, 20388. https://doi.org/10.1038/s41598-019-57004-7 (2019).

Wu, P. H. et al. Exploring the benefit of 2-methylbutyric acid in patients undergoing hemodialysis using a cardiovascular proteom-
ics approach. Nutrients https://doi.org/10.3390/nul11123033 (2019).

Yoav, H. Y. B. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. Soc. Series B
Methodol. 57(1), 12 (1995).

Nakano, T. et al. Uremic toxin indoxyl sulfate promotes proinflammatory macrophage activation via the interplay of OATP2B1
and DIl4-Notch signaling. Circulation 139, 78-96. https://doi.org/10.1161/CIRCULATIONAHA.118.034588 (2019).

Lee, W. H. et al. A novel chemokine, Leukotactin-1, induces chemotaxis, pro-atherogenic cytokines, and tissue factor expression
in atherosclerosis. Atherosclerosis 161, 255-260. https://doi.org/10.1016/s0021-9150(01)00634-7 (2002).

Kwon, S. H. et al. Chemokine Lkn-1/CCL15 enhances matrix metalloproteinase-9 release from human macrophages and mac-
rophage-derived foam cells. Nutr. Res. Pract. 2, 134-137. https://doi.org/10.4162/nrp.2008.2.2.134 (2008).

Yu, R. ef al. Involvement of leukotactin-1, a novel CC chemokine, in human atherosclerosis. Atherosclerosis 174, 35-42. https://
doi.org/10.1016/j.atherosclerosis.2003.11.024 (2004).

Richter, R. et al. Increase of expression and activation of chemokine CCL15 in chronic renal failure. Biochem. Biophys. Res. Com-
mun. 345, 1504-1512. https://doi.org/10.1016/j.bbrc.2006.05.057 (2006).

Dietrich, D. & Gabay, C. Inflammation: IL-36 has proinflammatory effects in skin but not in joints. Nat. Rev. Rheumatol. 10,
639-640. https://doi.org/10.1038/nrrheum.2014.156 (2014).

Nishikawa, H. et al. Knockout of the interleukin-36 receptor protects against renal ischemia-reperfusion injury by reduction of
proinflammatory cytokines. Kidney Int. 93, 599-614. https://doi.org/10.1016/j.kint.2017.09.017 (2018).

Barton, J. L., Herbst, R., Bosisio, D., Higgins, L. & Nicklin, M. J. A tissue specific IL-1 receptor antagonist homolog from the IL-1
cluster lacks IL-1, IL-1ra, IL-18 and IL-18 antagonist activities. Eur. J. Immunol. 30, 3299-3308. https://doi.org/10.1002/1521-
4141(200011)30:11%3¢3299::AID-IMMU3299%3¢3.0.CO;2-S (2000).

Tortola, L. et al. Psoriasiform dermatitis is driven by IL-36-mediated DC-keratinocyte crosstalk. J. Clin. Invest. 122, 3965-3976.
https://doi.org/10.1172/JCI163451 (2012).

Ohashi, K. Pathogenesis of beta2-microglobulin amyloidosis. Pathol. Int. 51, 1-10 (2001).

Tozzo, R. V. Matrix proteoglycans: From molecular design to cellular function. Annu. Rev. Biochem. 67, 609-652. https://doi.
org/10.1146/annurev.biochem.67.1.609 (1998).

Forsten, K. E., Courant, N. A. & Nugent, M. A. Endothelial proteoglycans inhibit bFGF binding and mitogenesis. J. Cell. Physiol.
172, 209-220. https://doi.org/10.1002/(SICI)1097-4652(199708)172:2%3¢209:: AID-JCP8%3¢3.0.CO;2-S (1997).
Suszynska-Zajczyk, J. et al. Bleomycin hydrolase and hyperhomocysteinemia modulate the expression of mouse proteins involved
in liver homeostasis. Amino Acids 46, 1471-1480. https://doi.org/10.1007/s00726-014-1712-4 (2014).

Heingz, J., Kropf, S., Luley, C. & Dierkes, ]. Homocysteine as a risk factor for cardiovascular disease in patients treated by dialysis:
A meta-analysis. Am. J. Kidney. Dis. 54, 478-489. https://doi.org/10.1053/j.ajkd.2009.01.266 (2009).

Borowczyk, K., Tisonczyk, J. & Jakubowski, H. Metabolism and neurotoxicity of homocysteine thiolactone in mice: Protective role
of bleomycin hydrolase. Amino Acids 43, 1339-1348. https://doi.org/10.1007/s00726-011-1207-5 (2012).

Ohneda, O. et al. ALCAM (CD166): Its role in hematopoietic and endothelial development. Blood 98, 2134-2142. https://doi.
org/10.1182/blood.v98.7.2134 (2001).

Sun, Y. et al. Expression and role of CD166 in the chronic kidney disease. Iran J. Pediatr. 25, e543. https://doi.org/10.5812/ijp.543
(2015).

Masedunskas, A. et al. Activated leukocyte cell adhesion molecule is a component of the endothelial junction involved in transen-
dothelial monocyte migration. FEBS Lett. 580, 2637-2645. https://doi.org/10.1016/j.febslet.2006.04.013 (2006).

Tkeda, K. & Quertermous, T. Molecular isolation and characterization of a soluble isoform of activated leukocyte cell adhesion
molecule that modulates endothelial cell function. J. Biol. Chem. 279, 55315-55323. https://doi.org/10.1074/jbc.M407776200
(2004).

Greenlee-Wacker, M. C., Galvan, M. D. & Bohlson, S. S. CD93: Recent advances and implications in disease. Curr. Drug Targets
13, 411-420 (2012).

Greenlee, M. C,, Sullivan, S. A. & Bohlson, S. S. Detection and characterization of soluble CD93 released during inflammation.
Inflamm. Res. 58, 909-919. https://doi.org/10.1007/s00011-009-0064-0 (2009).

Jeon, J. W. et al. Soluble CD93 induces differentiation of monocytes and enhances TLR responses. J. Immunol. 185, 4921-4927.
https://doi.org/10.4049/jimmunol.0904011 (2010).

Malarstig, A. et al. Plasma CD93 concentration is a potential novel biomarker for coronary artery disease. J. Intern. Med. 270,
229-236. https://doi.org/10.1111/j.1365-2796.2011.02364.x (2011).

Strawbridge, R. J. et al. Soluble CD93 is involved in metabolic dysregulation but does not influence carotid intima-media thickness.
Diabetes 65, 2888-2899. https://doi.org/10.2337/db15-1333 (2016).

Yang, K. et al. Indoxyl sulfate induces platelet hyperactivity and contributes to chronic kidney disease-associated thrombosis in
mice. Blood 129, 2667-2679. https://doi.org/10.1182/blood-2016-10-744060 (2017).

Nanda, N. et al. Platelet aggregation induces platelet aggregate stability via SLAM family receptor signaling. Blood 106, 3028-3034.
https://doi.org/10.1182/blood-2005-01-0333 (2005).

Reindel, R. et al. CD84 is markedly up-regulated in Kawasaki disease arteriopathy. Clin. Exp. Immunol. 177, 203-211. https://doi.
org/10.1111/cei.12327 (2014).

Vroegindewey, M. M. et al. The temporal pattern of immune and inflammatory proteins prior to a recurrent coronary event in
post-acute coronary syndrome patients. Biomarkers 24, 199-205. https://doi.org/10.1080/1354750X.2018.1539768 (2019).
Isakova, T. et al. Fibroblast growth factor 23 and risks of mortality and end-stage renal disease in patients with chronic kidney
disease. JAMA 305, 2432-2439. https://doi.org/10.1001/jama.2011.826 (2011).

Gao, S., Xu, J., Zhang, S. & Jin, ]. Meta-analysis of the association between fibroblast growth factor 23 and mortality and cardio-
vascular events in hemodialysis patients. Blood Purif. 47(Suppl 1), 24-30. https://doi.org/10.1159/000496220 (2019).

Yang, K. et al. Klotho protects against indoxyl sulphate-induced myocardial hypertrophy. . Am. Soc. Nephrol. 26, 2434-2446. https
://doi.org/10.1681/ASN.2014060543 (2015).

Sun, C. Y., Chang, S. C. & Wu, M. S. Suppression of Klotho expression by protein-bound uremic toxins is associated with increased
DNA methyltransferase expression and DNA hypermethylation. Kidney Int. 81, 640-650. https://doi.org/10.1038/ki.2011.445
(2012).

Kuro-o, M. Klotho in health and disease. Curr. Opin. Nephrol. Hypertens. 21, 362-368. https://doi.org/10.1097/MNH.0b013e3283
5422ad (2012).

Richter, B. & Faul, C. FGF23 actions on target tissues-with and without Klotho. Front. Endocrinol. (Lausanne) 9, 189. https://doi.
org/10.3389/fendo.2018.00189 (2018).

Scientific Reports |

(2021) 11:3786 | https://doi.org/10.1038/s41598-021-83383-x nature portfolio


https://doi.org/10.1093/ndt/gfq251
https://doi.org/10.1016/j.arcmed.2014.04.002
https://doi.org/10.1038/s41598-019-57004-7
https://doi.org/10.3390/nu11123033
https://doi.org/10.1161/CIRCULATIONAHA.118.034588
https://doi.org/10.1016/s0021-9150(01)00634-7
https://doi.org/10.4162/nrp.2008.2.2.134
https://doi.org/10.1016/j.atherosclerosis.2003.11.024
https://doi.org/10.1016/j.atherosclerosis.2003.11.024
https://doi.org/10.1016/j.bbrc.2006.05.057
https://doi.org/10.1038/nrrheum.2014.156
https://doi.org/10.1016/j.kint.2017.09.017
https://doi.org/10.1002/1521-4141(200011)30:11%3c3299::AID-IMMU3299%3e3.0.CO;2-S
https://doi.org/10.1002/1521-4141(200011)30:11%3c3299::AID-IMMU3299%3e3.0.CO;2-S
https://doi.org/10.1172/JCI63451
https://doi.org/10.1146/annurev.biochem.67.1.609
https://doi.org/10.1146/annurev.biochem.67.1.609
https://doi.org/10.1002/(SICI)1097-4652(199708)172:2%3c209::AID-JCP8%3e3.0.CO;2-S
https://doi.org/10.1007/s00726-014-1712-4
https://doi.org/10.1053/j.ajkd.2009.01.266
https://doi.org/10.1007/s00726-011-1207-5
https://doi.org/10.1182/blood.v98.7.2134
https://doi.org/10.1182/blood.v98.7.2134
https://doi.org/10.5812/ijp.543
https://doi.org/10.1016/j.febslet.2006.04.013
https://doi.org/10.1074/jbc.M407776200
https://doi.org/10.1007/s00011-009-0064-0
https://doi.org/10.4049/jimmunol.0904011
https://doi.org/10.1111/j.1365-2796.2011.02364.x
https://doi.org/10.2337/db15-1333
https://doi.org/10.1182/blood-2016-10-744060
https://doi.org/10.1182/blood-2005-01-0333
https://doi.org/10.1111/cei.12327
https://doi.org/10.1111/cei.12327
https://doi.org/10.1080/1354750X.2018.1539768
https://doi.org/10.1001/jama.2011.826
https://doi.org/10.1159/000496220
https://doi.org/10.1681/ASN.2014060543
https://doi.org/10.1681/ASN.2014060543
https://doi.org/10.1038/ki.2011.445
https://doi.org/10.1097/MNH.0b013e32835422ad
https://doi.org/10.1097/MNH.0b013e32835422ad
https://doi.org/10.3389/fendo.2018.00189
https://doi.org/10.3389/fendo.2018.00189

www.nature.com/scientificreports/

52. Lin, C.]. et al. Indoxyl sulfate predicts cardiovascular disease and renal function deterioration in advanced chronic kidney disease.
Arch. Med. Res. 43, 451-456. https://doi.org/10.1016/j.arcmed.2012.08.002 (2012).

53. Meijers, B. K. et al. Free p-cresol is associated with cardiovascular disease in hemodialysis patients. Kidney Int. 73, 1174-1180.
https://doi.org/10.1038/ki.2008.31 (2008).

54. Poesen, R. et al. Cardiovascular disease relates to intestinal uptake of p-cresol in patients with chronic kidney disease. BMC Nephrol.
15, 87. https://doi.org/10.1186/1471-2369-15-87 (2014).

Acknowledgements

We thank the faculty of the Division of nephrology, Department of Internal Medicine of Kaohsiung Medical
University Hospital and Department of Internal Medicine, Kaohsiung Municipal Siaogang Hospital for their
help in recruiting patients with hemodialysis for this study. The study was funded by Grants from the Ministry
of Science and Technology, Taiwan (MOST 105-2628-B-037-005-MY2, MOST 107-2314-B-037-104, and MOST
107-2314-B-037-021-MY2), Kaohsiung Medical University Hospital, Taiwan (KMUH105-5R15, KMUH105-
5M11, KMUH106-6R16, KMUH106-6R17, and KMUH107-7R16), and Kaohsiung Medical University, Taiwan
(KMU-TP104PR24, KMUH106-6T03, and KMU-Q108024). The funding sources did not play any role in the
study’s design and conduct, collection, management, analysis, interpretation of the data, and preparation, review,
or approval of the manuscript.

Author contributions

PH.W. and Y.T.L. conceived the idea, performed the analysis, and drafted the manuscript. S.S.L. and S.C.L. ana-
lyzed and interpreted the data. YW.C., G.B., ].C.H., S.C.C,, YL.H., M.CXK,, and S.J.H. revised the manuscript.
All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83383-x.

Correspondence and requests for materials should be addressed to M.-C.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3786 | https://doi.org/10.1038/s41598-021-83383-x nature portfolio


https://doi.org/10.1016/j.arcmed.2012.08.002
https://doi.org/10.1038/ki.2008.31
https://doi.org/10.1186/1471-2369-15-87
https://doi.org/10.1038/s41598-021-83383-x
https://doi.org/10.1038/s41598-021-83383-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The relationship of indoxyl sulfate and p-cresyl sulfate with target cardiovascular proteins in hemodialysis patients
	Methods
	Subjects, comorbidity, and biochemical measurements. 
	Ethical considerations. 
	Uremic toxins profiling. 
	Proteomic profiling. 
	Acute coronary syndrome event definition. 
	Statistical analysis. 

	Results
	Demographic and clinical characteristics. 
	Discovery phase. 
	Second analysis phase. 
	Uremic toxins and CV proteins to determine the ACS outcome in 2-years. 

	Discussion
	Principal observations. 
	The possible relationship of protein-bound uremic toxins with inflammation. 
	Protein-bound uremic toxins, endothelial function, and the complement system. 
	Protein-bound uremic toxins, fibroblast growth factor 23Klotho regulation, and cardiovascular damage. 
	Potential biomarkers for ACS in HD patients. 
	Strengths and limitations. 

	References
	Acknowledgements


