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Abstract

Cardiovascular disease, the leading cause of mortality in hemodialysis patients, is not fully
explained by traditional risk factors. To help define non-traditional risk factors we determined the
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association of predialysis total p-cresol sulfate, indoxyl sulfate, phenylacetylglutamine and
hippurate with cardiac death, sudden cardiac death, and first cardiovascular event in the 1,273
participants of the HEMO Study. The results were adjusted for potential demographic, clinical,
and laboratory confounders. The mean age of the patients was 58 years, 63% were Black and 42%
were male. Overall, there was no association between the solutes and outcomes. However, in sub-
group analyses, among patients with lower serum albumin (under 3.6 g/dL), a two-fold higher p-
cresol sulfate was significantly associated with a 12% higher risk of cardiac death (hazard ratio
1.12; 95% confidence interval, 0.98-1.27) and 22% higher risk of sudden cardiac death (1.22,
1.06-1.41). Similar trends were also noted with indoxyl sulfate. Trial interventions did not modify
the association between these solutes and outcomes. Routine clinical and lab data explained less
than 22% of the variability in solute levels. Thus, in prevalent hemodialysis patients participating
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in a large U.S. hemodialysis trial, uremic solutes p-cresol sulfate, indoxy! sulfate, hippurate, and
phenylacetylglutamine were not associated with cardiovascular outcomes. However, there were
trends of toxicity among patients with lower serum albumin.
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INTRODUCTION

Cardiovascular disease morbidity and mortality in dialysis patients remains high and
unexplained by traditional risk factors.! Despite the majority of US patients meeting target
Kt/Vurea goal, the median survival after starting dialysis is approximately 3.5 years and over
half of all deaths are due to cardiovascular causes.2 Uremic toxins, substances that are
cleared by the kidney and retained in kidney failure are possible contributors to accelerated
cardiovascular disease in dialysis patients. Identification of these toxins is essential to
develop therapies, both dialytic and non-dialytic, that can lower solute concentrations and
hopefully improve survival of dialysis patients.3

P-cresol sulfate and indoxyl sulfate are among the most commonly studied uremic solutes.
Substantial evidence has been accumulated that both these may cause vascular injury and
have other toxic effects.* They share the property of generation by colon microbes followed
by colonic absorption, conjugation, and clearance from the circulation by tubular secretion.
Phenylacetylglutamine is also generated exclusively and hippurate partially through the
action of colon microbes. Prior studies, including our work, also suggest that
phenylacetylglutamine retention may also contribute to cardiovascular events in patients on
hemodialysis® and also in patients with earlier stages of chronic kidney disease.6 All these
solutes share the property that they are cleared largely by secretion in the normal kidney.
Because dialysis does not replicate secretory processes, their concentrations rise much
higher relative to normal than concentrations of urea and creatinine in patients maintained
on dialysis.’

We measured predialysis levels of p-cresol sulfate, indoxyl sulfate, hippurate and
phenylacetylglutamine in specimens of the Hemodialysis (HEMO) Study, a U.S. multicenter
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trial of hemodialysis dose and flux.8 The goal of our study was to analyze the longitudinal
association between these solutes and physician-adjudicated cardiovascular outcomes in the
HEMO Study. The large sample size of the HEMO Study, its national multicenter design and
inclusion of patients without significant residual kidney function provided us with a unique
opportunity to examine the associations between these solutes and cardiovascular outcomes
in hemodialysis patients.

Participant Characteristics

Baseline characteristics of the 1273 participants included in this study are presented in Table
1. Mean age of the participants was 57 years, 63% were Black and 57% were female. The
participants included in this study were generally similar to the 1846 participants of the
HEMO Study (Table S1), except for lower baseline cardiac disease (79% versus 83%), less
years of prior dialysis (3.5 versus 4.4 years), higher residual urea clearance (0.3 versus 0.2
ml/min/35L), and lower serum B2-microglobulin (36 versus 38 mg/L).

Outcomes during Follow-Up

Association

There were 221 cardiac deaths during 3,282 person-years of follow-up (median, 2.3 years)
with a crude cardiac death rate of 67 per 1000 person-years. The adjudicated causes of
cardiac death included ischemic heart disease (62.3%), congestive heart failure (11.4%),
arrhythmias and other conduction disorders (15.0%) and other heart diseases (11.4%).
During follow-up, there were 127 sudden cardiac deaths (crude mortality rate, 39 per 1000
person years), 641 cardiovascular events or any-cause deaths (crude event rate, 273 per 1000
person-years) and 563 any-cause deaths (crude mortality rate, 172 per 1000 person-years).

between Solutes and Outcomes

The association between the solutes and outcomes visualized using plots of age, sex and race
adjusted mortality rates appeared linear and did not show a higher death rate with higher
solute concentrations (Figure S1). In unadjusted and sequentially adjusted Cox models
(Table 2), there were no associations between p-cresol sulfate, indoxyl sulfate, hippurate or
phenylacetylglutamine and any of the outcomes. Table 3 presents the minimum hazard ratio
that could be detected in this study with 90% power and alpha of 0.05, given the observed
number of events and the correlation between solutes and other covariates. The study had at
least 90% power to detect a hazard ratio for cardiac death of 1.19 for p-cresol sulfate, 1.29
for indoxyl sulfate, 1.19 for hippurate and 1.26 for phenylacetylglutamine. Prespecified sub-
group analyses are presented in Table S2-S5. The results should be interpreted with caution
due to multiple comparisons and a p-value of 0.05/11=0.004 is suggested as a significant
interaction between the groups. Using this threshold, among those with serum albumin
below median (<3.6 g/dL), p-cresol sulfate was associated with higher risk of cardiac death
(HR per 2-fold increase, 1.12; 95% CI, 0.98-1.27; p-interaction <0.001) and sudden cardiac
death (HR per 2-fold increase, 1.22; 95% CI, 1.06-1.41; p-interaction <0.001). Similar trend
was noted for indoxyl sulfate in patients with serum albumin <3.6 g/dL (HR for cardiac
death per 2-fold increase, 1.09; 95% CI, 0.91-1.31; p-interaction 0.003). There were also
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trends towards higher risk of death with p-cresol sulfate and indoxyl sulfate in patients
without diabetes.

Other Analyses

Analysis of solutes modeled as quintiles yielded results similar to the primary analyses
(Table S6). Further adjustment of the outcomes model for trimethylamine-N-oxide (TMAO),
asymmetric and symmetric dimethylarginines (ADMA and SDMA) did not change the
associations (Table 2). Table 4 presents the results of univariate and multivariate cross-
sectional associations of the solutes. In multivariate model, using forward selection (p entry
< 0.05), there was no consistent pattern of variables associated with all solutes. Importantly,
Kt/Vurea and treatment time did not predict solute concentrations.

DISCUSSION

In this study with measurement of four uremic solutes in samples from 1,273 prevalent
hemodialysis patients participating in a national, multicenter trial in the US, we found no
association between predialysis p-cresol sulfate, indoxyl sulfate, hippurate, and
phenylacetylglutamine and adjudicated cardiovascular outcomes or all-cause mortality. In
subgroup analyses, among patients with low serum albumin, p-cresol sulfate was associated
with a 12% higher risk of cardiac death and 22% higher risk of sudden cardiac death,
whereas indoxyl sulfate was associated with a 9% higher risk of cardiac death and 8% risk
of sudden cardiac death.

P-cresol sulfate and indoxyl sulfate are among the most well studied uremic toxins. P-cresol
sulfate has been reported to induce vasculotoxicity by a number of mechanisms, including
endothelial dysfunction and leukocyte activation.# Indoxyl sulfate has been reported to have
toxic effects on renal tubular cells as well as on the vasculature. 4 Indoxy! sulfate could
contribute to morbid events in dialysis patients by causing loss of residual kidney function
(RKF), which is strongly associated with mortality.% 10 Since both solutes are predominantly
removed by tubular secretion, RKF is a major confounder in the observational studies of
these solutes and outcomes. As the HEMO Study included only prevalent patients and
excluded patients with significant RKF (residual urea clearance >1.5 ml/min per 35L total
body water) it may have avoided this confounding.

We noted that patients with diabetes had higher p-cresol sulfate levels compared to patients
without diabetes, in both univariate and multivariable models (Table 4). The association of
diabetes with higher p-cresol concentrations mirrors previous findings.11-13 Similar to a
prior study, although p-cresol concentrations were higher in patients with diabetes, the risk
of cardiovascular outcomes with p-cresol sulfate was higher in patients without diabetes
compared to patients with diabetes (p-interaction 0.04 for cardiac death and 0.06 for sudden
cardiac death). Due to multiple comparisons, we consider these findings as hypothesis
generating. The mechanism of higher p-cresol sulfate in patients with diabetes in not known.
As p-cresol is generated from the gut microbiome, alteration of the microbiome in patients
with diabetes, either due to diabetes itself14 or the effect of antidiabetic medications!®, could
play a role.
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Our study is the largest measurement of p-cresol sulfate, indoxyl sulfate, hippurate and
phenylacetylglutamine in a hemodialysis cohort. Our findings of the overall lack of
association between these solutes and outcomes despite adequate statistical power (Table 3)
contradict some prior epidemiological studies of chronic kidney disease and dialysis
patients,13 16 including some of our own prior work.> We previously reported that among
incident hemodialysis participants of the Choices for Healthy Outcomes in Caring for ESRD
(CHOICE) Study, free (but not total) p-cresol sulfate and free phenylacetylglutamine were
associated with cardiovascular mortality, whereas there was no association with outcomes
noted with total or free indoxyl sulfate.> 17 Although in our HEMO analyses, the overall
associations of p-cresol sulfate and indoxyl sulfate with mortality were negative, we noticed
statistically significant interactions in our sub-group analyses. In particular, total p-cresol
sulfate (Table S2) and indoxyl sulfate (Table S3) were associated with cardiac death and
sudden cardiac death in patients with lower serum albumin (<3.6 g/dL), even though lower
serum albumin was associated with lower levels of these solutes (Table 4).

The protein-binding of p-cresol sulfate and indoxyl sulfate is an important consideration for
the interpretation of our results. Both p-cresol sulfate and indoxyl sulfate are largely protein-
bound. Free p-cresol sulfate and indoxyl sulfate levels may be a better indicator for potential
toxicity of uremic solutes as tissues are exposed to the free solutes. However, the free levels
are also more likely to be influenced by other biological factors such as the presence of other
unmeasured protein-bound solutes that displace p-cresol sulfate and indoxyl sulfate from
their binding sites, leading to higher free p-cresol sulfate and indoxyl sulfate levels. These
unmeasured solutes could be either directly toxic or exert toxicity via increasing free levels
of p-cresol sulfate and indoxy| sulfate. For example, Dou et al. reported that in 120 patients
with chronic kidney disease (73 treated with hemodialysis), higher indole-3 acetic acid was
associated with cardiovascular events, whereas, p-cresol sulfate and indoxyl sulfate were not
associated with outcomes.18 Indole-3 acetic acid is a protein-bound solute produced by gut
microbiome from tryptophan (similar to indoxyl sulfate) and demonstrates in vitro
endothelial toxicity. The in vivo toxicity of protein-bound solutes such as indole-3 acetic
acid could be either from direct toxicity, or indirect effects via increasing free levels of other
protein-bound solutes, or both. The net effect of these factors would be to induce
uncontrolled confounding in an epidemiological study. Although we measured both total and
free concentrations of these solutes, our measurements of free fractions in some HEMO
samples were in excess compared with samples obtained locally, as we have previously
described.1? We presume but cannot prove that this effect could have been due to sample
collection in HEMO after heparin administration. Heparin administration prior to sample
collection can increase free solute levels in samples tubes above in vivo levels.20 This
artifactual increase is due to release of lipolytic enzymes from capillary endothelium into
plasma, increasing free fatty acid release which displaces solutes (and drugs) from their
protein binding sites. Therefore, we have related outcomes to total solute concentrations.
Results for free solutes are included in supplemental materials (Table S7 to S12) but their
interpretation is limited.

There are other limitations to our study. Solutes were measured at single time point and their
concentration may change over time. Although the HEMO Study was a large national trial
with 15 clinical centers and 72 dialysis clinics, the eligibility criteria excluded patients with
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serum albumin <2.6 g/dL and inability to achieve high dose (spKt/\VV=1.7) over a 4.5-hour
treatment; the latter criterion resulted in exclusion of very heavy patients and 97% of the
patients weighed <100 kg. Due to inclusion of mostly urban clinical centers, the study
population was 63% Black, a higher proportion than the general population of hemodialysis
patients. Although patients with diabetes and cardiac disease were well-represented and the
death rate was similar to the general population of hemodialysis patients, the eligibility
criteria could have introduced selection bias reducing the generalizability of our findings.
These limitations are balanced by major strengths of the study that includes a large, national,
prospective design, exclusion of patients with significant RKF, careful collection of samples,
long duration of follow-up and carefully adjudicated cardiovascular outcomes.

In conclusion, p-cresol sulfate, indoxyl sulfate, hippurate, and phenylacetylglutamine were
not associated with CV outcomes or death in 1,273 prevalent hemodialysis patients
participating in the HEMO Study. However, subgroup analyses suggested a higher risk of
cardiac death and sudden cardiac death with higher p-cresol sulfate and indoxyl sulfate
levels in patients with low serum albumin levels. The concentrations of these solutes are
dramatically elevated in dialysis patients and the 30% higher Kt/Vurea achieved in HEMO
did not markedly reduce their concentrations so that a threshold effect may be responsible
for the lack of observed associations. As there is strong scientific rationale for toxicity of p-
cresol sulfate and indoxyl sulfate, only a randomized controlled trial that targets lowering of
these solutes can resolve the question of uremic toxicity from these solutes.

METHODS
Study Design

The HEMO Study was a clinical trial that randomized 1846 prevalent hemodialysis patients
to standard or high dialyzer urea clearance (assessed by Kt/Vyrga, an index of urea
clearance by dialysis) and to low-flux or high-flux dialysis membranes (assessed by p2-
microglobulin clearance).® 2! The patients were enrolled from May 1995 to February 2001
from 15 clinical centers in the US comprising 72 dialysis units and followed for outcomes
until death, kidney transplantation or end of study in December 2001. Major exclusion
criteria included residual urea clearance >1.5 mL/min/35 L urea volume of distribution,
unstable angina, active systemic infection, New York Heart Association class IV congestive
heart failure and severe hypoalbuminemia (<2.6 g/dL). Our study sample included 1,273
HEMO study participants that had available predialysis serum samples collected between 3
to 6 months post-randomization. We selected this time-point as it allowed adequate
separation of uremic solutes between the trial intervention arms. The serum samples used in
the study were collected at the time of the monthly kinetic modeling session. The samples
were stored in the central repository at -80°C until they were shipped to Stan ford University
for analyses. The participating institutions’ institution review boards reviewed and approved
the study. The Johns Hopkins Medicine Institutional Review Board reviewed and approved
this study.
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Data Collection

Laboratory Measurements—We measured total p-cresol sulfate, indoxyl sulfate,
hippurate, and phenylacetylglutamine by stable isotope dilution LC/MC/MS as previously
described.1® The coefficient of variation for quality control samples run with each assay for
total solute concentration was 3% for p-cresol sulfate, 9% for indoxyl sulfate, 6% for
hippurate, and 6% for phenylacetylglutamine. For other laboratory tests including urea,
albumin and p2-microglobulin, we used data collected as part of the HEMO Study. Details
of trimethylamine-N-oxide (TMAO), asymmetric and symmetric dimethylarginines (ADMA
and SDMA) measurements have been previously described.19: 22

Outcomes—The primary outcomes for our analyses were cardiac death, sudden cardiac
death and first cardiovascular event (composite of first cardiovascular hospitalization or
death from any cause), as defined in the HEMO Study. Secondary outcome was all-cause
mortality. Cardiac death included deaths due to coronary events, heart failure, arrhythmias
and other heart diseases and conditions. Sudden cardiac death was defined as a witnessed
death with preceding duration of symptoms less than 24 hours or unwitnessed unexpected
death with symptom duration less than the interval since the last dialysis session.23
Cardiovascular hospitalizations were defined as hospitalizations for ischemic heart disease,
heart failure, arrhythmias, other cardiac conditions, hypertension and peripheral vascular
disease. Causes for death and hospitalizations in HEMO Study were adjudicated by an
outcomes committee that was unaware of treatment-group assignments.24

Other Covariates—Demographics and clinical information was available for all
participants at baseline. For comorbidity assessment, we used the Index of Coexisting
Disease (ICED) score which was assessed by chart abstraction by trained nurses at baseline
and then annually. The final ICED score ranges from 0 to 3 with higher numbers indicating
greater comorbidity. We assessed dietary information which was collected at baseline and
then annually using 2-day assisted recall. We assessed residual kidney function at baseline
from a timed urine collection with measurement of urinary urea clearance. We used data for
systolic blood pressure, weight and volume removed on dialysis collected as per the dialysis
unit routine and recorded on the monthly HEMO kinetic modelling day, the same date as the
blood sample collection. We calculated relative volume removed as predialysis weight minus
post dialysis weight divided by predialysis weight and body mass index as target weight in
kg divided by height in m2. We used data for Kt/Vurea and normalized protein catabolic rate
(an index of protein intake) provided in the HEMO database. Variables measured at baseline
included: age, sex, race, ICED score, cause of end-stage renal disease, residual kidney
function, and nutritional parameters (adjusted protein intake, fat percent, and carbohydrate
percent). Variables measured at the same time point as solutes included: body mass index,
systolic blood pressure, relative volume removed on dialysis, serum albumin, and nPCR.

Statistical Analysis

We analyzed the baseline characteristics of the participants overall and compared difference
in included and excluded participants using chi-squared test for categorical variables and
linear regression for continuous variables. Covariates with missing values included race
(0.1%) cause of end-stage renal disease (2.3%), systolic blood pressure (0.1%), aloumin
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(0.5%), and residual kidney function (0.1%). To avoid listwise deletion,2> we imputed
missing data with 10 data replicates. We censored participants at kidney transplantation or
end of the study for mortality analyses and also for transfer to non-participating clinical
centers for hospitalization analyses, as the hospitalization information was not collected
after transfer. For survival analyses, we set the time origin as the date of dialysis initiation
with at-risk time starting at the date of sample collection (left censoring; accounts for
duration of dialysis prior to enrollment). We visualized the functional form of minimally
adjusted association between the solutes and outcomes by calculating age, sex and race
adjusted incidence rates using a Poisson regression model with the solutes modeled as
restricted cubic spline (5 knots). We used Cox proportional hazards models to analyze the
association between the solutes and outcomes modeling the solutes as a natural log. We
checked proportionality assumptions by Schoenfeld residual plots. We adjusted the Cox
models for the following prespecified factors: age, sex, race, ICED score, cause of end-stage
renal disease, body mass index (categorized as <18, 18 to 25 and >25 kg/m?2), systolic blood
pressure categorized as <130, 130-160 and >160 mm Hg, relative volume removed, serum
albumin and residual kidney function (urinary standard Kt/Vyrga calculated from urinary
urea clearance). To assess the power for observed associations, we calculated the minimum
detectable hazard ratio with 90% power and alpha of 0.05 for these analyses. We
prespecified the following subgroup analyses: age (above or below median), sex, race
(Blacks versus non-Blacks), diabetes, cardiac disease, gastrointestinal disease, BMI (<18 or
18 to 25 or >25), albumin (above or below median), residual kidney function (any versus
none) and trial interventions. In additional analyses, we analyzed solutes as quintiles,
explored further adjustment for TMAO, ADMA, and SDMA, and determined predictors of
the solutes concentrations using univariate and multivariate linear regression. We considered
two sided p<0.05 as statistically significant. We conducted all analyses using SAS 9.4 (SAS
Institute Inc., Cary, NC) and STATA 13.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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