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Protein Carbamylation Predicts Mortality in ESRD

Robert A. Koeth,* Kamyar Kalantar-Zadeh,† Zeneng Wang,* Xiaoming Fu,*
W.H. Wilson Tang,*‡ and Stanley L. Hazen*‡

*Department of Cellular & Molecular Medicine and ‡Department of Cardiovascular Medicine, Cleveland Clinic,
Cleveland, Ohio, and †Harbor-UCLA Division of Nephrology and Hypertension, Los Angeles Biomedical Research
Institute, and David Geffen School of Medicine at the University of California, Los Angeles, Torrance, California

ABSTRACT
Traditional risk factors fail to explain the increased risk for cardiovascular morbidity andmortality in ESRD.
Cyanate, a reactive electrophilic species in equilibrium with urea, posttranslationally modifies proteins
through a process called carbamylation, which promotes atherosclerosis. The plasma level of protein-
bound homocitrulline (PBHCit), which results from carbamylation, predictsmajor adverse cardiac events in
patients with normal renal function, but whether this relationship is similar in ESRD is unknown. We
quantified serum PBHCit in a cohort of 347 patients undergoing maintenance hemodialysis with 5 years of
follow-up. Kaplan-Meier analyses revealed a significant association between elevated PBHCit and death
(log-rank P,0.01). After adjustment for patient characteristics, laboratory values, and comorbid condi-
tions, the risk for death among patients with PBHCit values in the highest tertile was more than double the
risk among patients with values in the middle tertile (adjusted hazard ratio [HR], 2.4; 95% confidence
interval [CI], 1.5–3.9) or the lowest tertile (adjustedHR, 2.3; 95%CI, 1.5–3.7). Including PBHCit significantly
improved the multivariable model, with a net reclassification index of 14% (P,0.01). In summary, seurm
PBHCit, a footprint of protein carbamylation, predicts increased cardiovascular risk in patients with ESRD,
supporting a mechanistic link among uremia, inflammation, and atherosclerosis.

J Am Soc Nephrol 24: 853–861, 2013. doi: 10.1681/ASN.2012030254

ESRDisa risk factor forcardiovasculardisease (CVD).
In fact, cardiovascularmortality inpatientswithESRD
is approximately 9% per year among those undergo-
ing dialysis and accounts for.50% of all-cause mor-
tality in patients with ESRD.1–4 This increase in
disease burden cannot be solely explained by tradi-
tional cardiovascular risk factors and has prompted
the search for specific CKD biomarkers for CVD.5

The complex pathophysiology associated with
ESRD and chronic uremia has been hypothesized
to be mediated, in part, through posttranslational
modification of proteins by carbamylation.6–13

Urea, a byproduct of protein metabolism, is in equi-
librium with an electrophilic pair of species, the cy-
anate ↔ isocyanate couple, which can react with
nucleophilic amino acid side groups, such as the
«-amino moiety of lysine, resulting in posttransla-
tional modification of proteins13–15 (Figure 1). Pro-
teins purified frompatients with chronic uremia have
demonstrated dysfunction associated with the degree
of carbamylation.12,13,15 Despite these observations, a

direct relationship between systemic measures of
protein carbamylation and incident cardiovascular
risks has not yet been shown. Of note, researchers
recently reported a novel pathway linking inflamma-
tion, another promoter of atherosclerosis, and pro-
tein carbamylation.13 Myeloperoxidase (MPO), a
heme peroxidase enzyme with established multiple
proatherogenic associations (including enrichment
in culprit lesions frompatients suffering fromsudden
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cardiac death), catalyzed the formation of cyanate by co-
reactants hydrogen peroxide and thiocyanate, leading to protein
carbamylation (Figure 1).13,16 LDL carbamylation by MPO
rendered the lipoprotein atherogenic, and systemic levels of
protein-bound carbamyllysine (also known as homocitrulline
[PBHCit]) predicted incident risks of major adverse cardiac
events (MACE, the composite of myocardial infarction, stroke,
revascularization or death) among persons with normal renal
function.13 Further evidence supporting a potential mechanistic
link between protein carbamylation and the pathogenesis of
atherosclerosis comes from reports that uremic or carbamylated
LDL induces vascular endothelial cell apoptosis, has decreased
recognition by the LDL receptor, and is recognized by macro-
phage scavenger receptor class A.7,13

On the basis of the preceding observations,wehypothesized
that PBHCit may have potential clinical utility in risk-
stratifying patients with kidney disease, a high-risk cohort in
whom traditional risk factors do not adequately identify
incident cardiovascular risks.Wenow report results examining
the relationship between systemic levels of PBHCit and
incident mortality risks in patients undergoing maintenance
hemodialysis (MHD).

RESULTS

Systemic Levels of PBHCit Are Higher in MHD Patients
versus Controls and Are Associated with Uremia,
Markers of Inflammation, and Mortality in MHD
Patients
Patient demographic characteristics, clinical characteristics,
and laboratory measurements are noted in Table 1. The

patients (n=347) had a median age of 56 years (interquartile
range [IQR], 45–65 years); 46% of the patients were women,
and 53% had diabetes. The median predialysis systolic BP was
151 mmHg (IQR, 134–166 mmHg), and the median serum
total cholesterol level was 141 mg/dl (IQR, 117–173 mg/dl).
These demographic data are similar to those in the remaining
parent cohort of 546 patients (age, 55 years [IQR, 42–65 years;
P=0.18]; 47% women [P=0.70], 53% patients with diabetes
[P=0.98], median predialysis systolic BP of 148 mmHg [IQR,
132–166 mmHg; P=0.26], and serum cholesterol level of 143
mg/dl [IQR, 118–172 mg/dl; P=0.67). In our overall MHD
study cohort, the median PBHCit level was 0.183 mmol
PBHCit/mol Lys (IQR, 0.139–0.242 mmol PBHCit/mol Lys)
and was significantly higher than values in age-matched con-
trols with no history of CVD and normal renal function (me-
dian, 0.109 mmol PBHCit/mol Lys [IQR, 0.093–0.138 mmol
PBHCit/mol Lys]) (P,0.01) (Figure 2). PBHCit was also sig-
nificantly higher among patients who died during the 5-year
follow-up period (n=142; median, 0.200 mmol PBHCit/mol
Lys [IQR, 0.142–0.252 mmol PBHCit/mol Lys]) than among
patients who survived (n=205; median, 0.179 mmol PBHCit/
mol Lys [IQR, 0.136–0.219 mmol PBHCit/mol Lys]) (P=0.02)
(Table 1).

Correlation studies on relevant clinical characteristics and
laboratory measurements in the serum of these patients are
shown in Table 2. Of note, PBHCit showed the strongest as-
sociation with BUN levels among the biomarkers examined.
Of note, whereas PBHCit is associated with mortality inMHD
patients, BUN is not (Supplemental Table 1). In contrast, we
observed no significant association between systemic concen-
trations of PBHCit andMPO concentration, a known catalytic
source of PBHCit in persons with normal renal function,
among the MHD patients.

Systemic Levels of PBHCit Have Prognostic Utility
Among MHD Patients
We next stratified patients into three tertiles and examined the
relationship of PBHCit and death in time-to-event analyses.
Kaplan-Meier survival plots of increasing tertiles of PBHCit
demonstrate a significant associationwithmortality during the
ensuing 5 years of follow-up (Figure 3).MHDpatients with the
highest levels of PBHCit demonstrated a substantially in-
creased risk of death compared with patients in the middle
and bottom tertiles, which showed equivalent mortality risk.
We further examined the prognostic utility of tertiles of
PBHCit to predict death in MHD patients (Table 3). Relative
to the lowest tertile of PBHCit, those with the highest level of
PBHCit were at significantly increased mortality risk. The
prognostic utility of PBHCit remained an independent pre-
dictor of survival even after several multivariate adjustments.
Of note, the association remained significant even after we
factored in comorbid conditions, measures of kidney disease
(including BUN), nutritional status, duration of MHD, and
multiple inflammatory markers (C-reactive protein [CRP],
TNF-a, and MPO). We also examined a subset of MHD

Figure 1. Scheme of protein carbamylation. Thiocyanate (SCN2)
is a naturally occurring pseudohalide found in dietary sources.
MPO uses SCN2 as cosubstrate with hydrogen peroxide (H2O2)
to form cyanate. Urea is elevated in patients with kidney dys-
function and is in equilibrium with cyanate and isocyanate. Car-
bamylation of nucleophilic amino groups (lysine, for example)
modifies protein structure and ultimately causes dysfunction.
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patients for whom cardiovascular mortality had been re-
ported. PBHCit remained an independent predictor of cardio-
vascular mortality (Supplemental Table 2).

Systemic Levels of PBHCit Reclassifies Additional MHD
Patients at Risk For Death
The preceding data suggest that PBHCit may help to identify
patients with ESRD who are at increased (and decreased) near-
term mortality risk independent of traditional risk factors. In a
final setofstudies,weexaminedtheeffectofPBHCitonpredicting
mortality in MHD patients during a 5-year period using net
reclassification improvement and integrated discrimination im-
provement analyses (Table 4). In the fully adjusted model, addi-
tion of PBHCit significantly reclassified 14% of MHD patients,
indicating that addition of PBHCit can help to identify MHD
patients at risk not recognized by current methods.

DISCUSSION

Increased cardiovascular disease risk is a prominent clinical
feature among patients with severe kidney disease.1–4 Greater
than 50% of these patients die of CVD, and almost all patients
with CKD or ESRD experience accelerated CVD.1–4 Although
most traditional cardiovascular risk factors have some prog-
nostic value in patients with CKD, their utility in patients with
ESRD becomesmore limited: A 10- to 20-fold increased risk of
cardiovascular death exists even after adjustment for tradi-
tional cardiovascular risk factors.2,17 These observations,
coupled with the fact that patients with CKD experience a
significantly greater proportion of CVD than Framingham
risk models would predict, have served as stimulus for the
need to identify othermeasures of CVD risk within the unique
setting of kidney disease.5 The exploration of the relationship

Table 1. Baseline patient demographic, clinical, laboratory, and inflammatory measurements in a cohort of 347 patients
receiving MHD

Variable Alive (n=205) Dead (n=142) P Value

Demographic
Age (yr) 51 (40–60) 64 (55–71) ,0.01
Women (%) 54 40 0.01
African American (%) 25 30 0.33
Hispanic (%) 57 49 0.15

Clinical
History of CVD (%) 43 51 0.18
Diabetes mellitus (%) 44 67 ,0.01
Charlson comorbidity index 2 (0–3) 3 (1–4) ,0.01
Near-infrared body fat (%) 25 (17–34) 29 (21–36) 0.02
BMI (kg/m2) 25.4 (22.0–29.1) 25.1 (22.1–30.1) 0.97
Dialysis vintage (mo) 27 (13–52) 26 (13–53) 0.98
Dialysis dose in Kt/V (single pool) 1.5 (1.4–1.7) 1.5 (1.4–1.7) 0.26
NPCR (g/kg per day) 1.1 (0.93–1.2) 1.0 (0.85–1.2) 0.03
Administered erythropoietin (U/wk) 11,150 (6030–16,970) 14,630 (7846–21,810) ,0.01
Predialysis systolic BP (mmHg) 147 (133–166) 152 (134–168) 0.54

Laboratory
BUN (mg/dl) 66 (54–77) 64 (51–78) 0.31
Creatinine (mg/dl) 11 (9.3–14) 9.4 (7.5–11.2) ,0.01
Total cholesterol (mg/dl) 144 (123–175) 135 (108–172) 0.08
Albumin (g/dl) 3.9 (3.7–4.2) 3.8 (3.5–3.9) ,0.01
Calcium (mg/dl) 9.3 (8.9–9.8) 9.2 (8.8–9.6) 0.23
Phosphorous (mg/dl) 5.8 (4.8–6.9) 5.7 (4.6–6.7) 0.70
Intact parathyroid hormone (pg/ml) 215 (133–416) 256 (144–405) 0.63
Blood hemoglobin (g/dl) 12 (11–12.6) 12 (11–12.6) 0.68
Bicarbonate (HCO3

2) (mEq/L) 22.0 (20–24) 22 (20–24) 0.59
Inflammatory markers
PBHcit (mmol/mol Lys) 0.179 (0.136–0.220) 0.200 (0.252–0.142) 0.02
Total homocysteine (mmol/L) 22 (18–27) 22 (18–28) 0.74
MPO (pmol/L) 735 (422–1351) 837 (428–1401) 0.37
CRP (mg/L) 3.5 (1.6–7.3) 5.2 (2.7–8.9) ,0.01
IL-6 (ng/L) 6.5 (4.0–13) 12.4 (7.1–24) ,0.01
TNF-a (ng/L) 7.1 (5.0–9.1) 6.6 (4.7–9.2) 0.53
Lactate dehydrogenase (U/L) 155 (137–182) 164 (138–189) 0.11
WBC count (31000) 6.9 (5.6–8.2) 7.0 (5.9–8.7) 0.19

Unless otherwise noted, data are expressed as medians with interquartile ranges. BMI, body mass index; NPCR, normalized protein catabolic rate; WBC, white
blood cell.
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of various inflammatory markers and protein-bound com-
pounds with morbidity and mortality in patients with CKD
has yielded some potential candidate biomarkers, such as ox-
idized HDL, markers of platelet reactivity, and glycated hemo-
globin.18–28 However, much of the pathology and physiologic
dysfunction associated with ESRD has been hypothesized to
be the result of both increased inflammation and “uremic-

specific” compounds; it is remarkable that the biochemical
process of protein carbamylation sits at the nexus of both of
these pathways.8,10,15,17,29–32 The present studies demonstrate
that quantification of systemic levels of PBHCit, a quantitative
index of global systemic protein carbmaylation, may serve as a
novel way to risk-stratify patients with ESRD who are under-
going MHD.

Protein carbamylation is a posttranslational modification
widely known tooccur inpatientswith chronicuremia.8,10,13,15

Despite these well known historical observations, to our
knowledge, no studies have directly demonstrated that mea-
sures of protein carbamylation in the vasculature can predict
incident mortality risks independent of other known risk fac-
tors and comorbid conditions in patients with ESRD. We pre-
viously reported that systemic PBHCit levels could be used to
predict incident MACE risks in patients with normal kidney
function.13 The present studies expand on these initial obser-
vations and now demonstrate potential clinical utility in
PBHCit levels for risk-stratifying patients with ESRD, with
patients who have the highest levels of PBHCit being at the
highest risk. Notably, these associations are independent of
other factors, including nutrition, cardiovascular risk factors,
and inflammation markers (e.g., MPO).

This study has several limitations. First, the patients studied
in this cohort are from the United States, and the applicability
of the study findings across nationalities remains unclear.
Second, cardiovascular mortality data were available only for
the first 3 years of the study, so we examined cardiovascular
mortality only for 3-year outcomes.We did, however, have all-
cause mortality information for all patients and examined all-
cause mortality (5-year) as our primary outcome because it is
the most robust and ultimate outcome measure. Nonetheless,
our studies reveal that PBHCit remained an independent

Table 2. Spearman correlations of serum PBHCit with
demographic, laboratory, and inflammatory characteristics of
patients undergoing MHD

Variable R Value P Value

Clinical
NPCR (g/kg per day) 0.20 ,0.01
Near-infrared body fat (%) 20.12 0.04
Dialysis vintage 0.13 0.02
Administered erythropoietin (U/wk) 0.12 0.04

Laboratory
BUN (mg/dl) 0.38 ,0.01
Creatinine (mg/dl) 0.17 ,0.01
Total cholesterol (mg/dl) 20.21 ,0.01
Bicarbonate (HCO3

2) (mEq/L) 20.14 ,0.01
Intact parathyroid hormone (pg/ml) 0.13 0.02
MPO (pmol/L) 20.05 0.34

NPCR, normalized protein catabolic rate.

Figure 2. PBHCit concentrations in healthy persons with normal
renal function (n=90) and patients undergoing MHD (n=347).
Shown are box whisker plots for each group. The box represents
the interquartile range, the line within the box is the median level,
and the whiskers represent a length equal to 1.5 times the in-
terquartile range (the difference between the 25th and 75th
percentiles) or the lowest value per the method of Tukey. The
P value represents the Wilcoxon rank sum comparison between
groups.

Figure 3. Kaplan-Meier survival analysis of tertiles of PBHCit in
patients with ESRD receiving MHD during a 5-year period. PBHCit
tertiles 1, 2, and 3 consisted of 116, 116, and 115 patients, re-
spectively. Tertile cut points (mmol PBHCit/mol Lys): T1,,0.1546;
T2, 0.1546–0.2165; T3, .0.2165.
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predictor of incident cardiovascularmortality (3-year) and all-
cause mortality (5-year). Third, we did not have residual renal
function data; however, most of the study participants were
undergoing prevalent, thrice-weekly hemodialysis. It is thus
highly unlikely, although not impossible, to have significant
residual renal function, in sharp contrast to patients receiving
peritoneal dialysis.33 Finally, as an observational study, this
study cannot exclude the inherent possibility of residual con-
founding.

The mechanisms at play for increased protein carbamyla-
tion within patients with ESRD are not known, but to some
extent they are due to the chronic uremia associated with
kidney dysfunction.34 However, it is notable that the correla-
tion between PBHCit and urea levels within the cohort, al-
though significant, were relatively modest in magnitude
(R=0.38) (Table 2), indicating that only about 14% of the
variation in PBHCit level could be explained by changes in
urea level. The contribution of MPO to generation of PBHCit
in this cohort is unclear. Historically, the toxemia of uremia
has in part been attributed to protein carbamylation, perhaps
because incubation of proteins with urea results in loss of
enzymatic activity and changes in protein isoelectric point
and molecular weight attributed to posttranslational modifi-
cation via carbamylation.13,14,35 For example, erythropoietin
isolated from patients with chronic uremia has dysfunction
associated with increasing protein carbamylation.31 In addi-
tion, LDL isolated from uremic patients and uremic mouse
aortic plaque have an enhanced degree of carbamylation and
possess multiple proatherogenic biologic properties on in vitro
testing.7,10,13,34 However, ESRD, like CVD, has become increas-
ingly recognized as a systemic inflammatory disease.17,29,30,36,37

MPO, an abundant granulocyte protein, is a known mediator
of vascular inflammation and plaque vulnerability and has
been mechanistically linked to almost all stages of CVD, in-
cluding culprit lesions (i.e., at sites of atherosclerotic
plaque rupture and intracoronary thrombus).15,16,38–44 MPO
has prognostic ability to help risk-stratify these same MHD
patients,37 and thiocyanate, a preferred substrate for
MPO and obligate cosubstrate with hydrogen peroxide in
MPO-catalyzed protein carbamylation, is elevated in patients
undergoing hemodialysis.13,45 However, MPO mass concen-
trations in the present cohort had a very weak correlation
with PBHCit (Table 2), and its inclusion in multilogistic re-
gression analyses failed to attenuate the prognostic utility of
PBHCit (Table 3). It is worth noting that current MPO assays
that have been cleared by the U.S. Food and Drug Administra-
tion for cardiovascular risk stratification (used in this study) are
based on MPO mass, not activity; an assay of the latter is per-
haps more likely to be correlated to PBHCit levels. Thus, the
exact role of MPO in PBHCit formation within MHD patients
remains unclear. Other mechanisms not yet identified might
contribute to PBHCit formation and are linked to inflam-
mation. It is tempting to speculate that one possibility is the
generation of autoantibodies to PBHCit. Anticitrulline anti-
bodies have recently become recognized in patients with rheu-
matoid arthritis, and these have been shown to cross-react with
PBHCit.46 Whether similar autoantibodies to carbamylation
develop, an abundant posttranslational modification within
the MHD patient, warrants further investigation. However,
given the weak correlations with the inflammatory markers
monitored, it is possible that inflammation does not play a
significant role in protein carbamylation in dialysis patients.

Finally, it should also be noted, however,
that measures of MPO mass as opposed to
activity poorly correlated with the pro-
duction of MPO-dependent oxidation
products in multiple animal models, where
use of MPO-knockout mice confirm a
major role for MPO in the formation of
the oxidation products.47,48

Our findings have several potential clin-
ical implications beyond risk stratification.
First, the ability to identify patients with

Table 3. Hazard ratios of tertiles of PBHCit versus death during a 5-year period

Tertiles
Unadjusted
HR (95% CI)

P Value
Minimally
Adjusted

HR (95% CI)a
P Value

Case-Mix–
Adjusted

HR (95% CI)b
P Value

Fully Adjusted
HR (95% CI)c

P Value

Middle versus lowest 1.0 (0.7–1.6) 0.98 1.0 (0.7–1.6) 0.87 1.0 (0.7–1.6) 0.91 1.0 (07–1.7) 0.88
Highest versus middle 1.7 (1.1–2.6) ,0.01 1.8 (1.2–2.7) ,0.01 2.0 (1.3–3.1) ,0.01 2.4 (1.5–3.9) ,0.01
Highest versus lowest 1.7 (1.1–2.6) ,0.01 1.8 (1.2–2.8) ,0.01 2.0 (1.4–3.1) ,0.01 2.3 (1.5–3.7) ,0.01

HR, hazard ratio; CI, confidence interval.
aAdjusted for age and sex.
bAdjusted for age, sex, race (black, Hispanic), history of CVD, diabetes mellitus, Charlson comorbidity index, and dialysis vintage.
cAdjusted for age, sex, race (black, Hispanic), history of CVD, diabetes mellitus, Charlson comorbidity index, dialysis vintage, MPO, IL-6, BUN, creatinine, albumin,
CRP, TNF-a, body mass index, erythropoietin, and normalized protein catabolic rate.

Table 4. Net reclassification improvement and integrated discrimination
improvement for PBHCit and mortality risk during a 5-year period

Variable
Integrated Discrimination

Improvement (%)
P

Value
Event-Specific

Reclassification (%)
P

Value

Without
PBHcit

– – – –

With PBHcit 14.0 ,0.01 13.6 ,0.01

Adjusted for age, sex, race (black, Hispanic), history of CVD, diabetes mellitus, Charlson comorbidity
index, dialysis vintage, MPO, IL-6, BUN, creatinine, albumin, CRP, TNF-a, body mass index, erythro-
poietin, and normalized protein catabolic rate.
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heightened propensity for protein carbamylation due to the
presence of urea provides a more relevant functional measure
of adequacy of hemodialysis. Second, the presence of elevated
PBHCitmay identify anunderlyingprocess that canbe targeted
for therapeutic intervention. It is also interesting that urea levels
were only modestly correlated with PBHCit levels (R50.38;
P,0.01) and thus could account for only a fraction of the
variance in systemic protein carbamylation. This fact, coupled
with the prior recognition of MPO as an enzymatic catalyst for
protein carbamylation within sites of inflammation (such as
atherosclerotic plaque), suggests that inhibition of MPO may
be a potential therapeutic target of interest in patients with
ESRD. Further studies are warranted to determine whether
strategies to reduce the production or increase the clearance
of PBHCit provide therapeutic benefit in the setting of ESRD.

In conclusion, we show that a marker of systemic protein
carbamylation, PBHCit, is associated with increased mortality
risk amongMHD patients independent of existing CVD, renal
disease, and nutritional status risk factors. Together, these data
suggest that carbamylation serves as a common mechanistic
link among chronic uremia, inflammation, and atherosclerosis
in patients with kidney disease.

CONCISE METHODS

Research Participants
Serum samples (n=347) were selected randomly from 1300 outpatients

in the Nutritional and Inflammatory Evaluation in Dialysis (NIED)

study undergoing maintenance hemodialysis (MHD) in 8 DaVita Inc.

dialysis facilities in the Los Angeles, California, area. Inclusion criteria

included age at least 18 years of age, MHD for at least 8 weeks, and a

signed internal review board consent form. All patients received uni-

form hemodialysis treatments via high-fluxmembranes with reuse and

standard water purification and processing techniques.49 This study

adheres to principles described in theDeclaration ofHelsinki. Exclusion

criteria included a life expectancy of,6 months.50 In the first phase of

the NIED study, consented patients from the eight dialysis sites had

blood drawn and subsequent serum laboratory analysis (see below)

was performed. Residual serum was frozen for future investigations.

The medical charts from each patient were reviewed for pertinent

histories of comorbid conditions and determination of cardiovascular

mortality; amodifiedversionof theCharlson comorbidity indexwasused

for analysis (no age or kidney disease components).51,52 Healthy volun-

teers were recruited at the Cleveland Clinic, Cleveland, Ohio, to deter-

mine PBHCit levels in apparently healthy persons. All healthy controls

gave written informed consent, and the Institutional Review Board of the

Cleveland Clinic approved the study protocol. Plasma from 90 age-

matched controls with no history of cardiovascular or kidney disease

were identified for stable isotope dilution liquid chromatography-tandem

mass spectrometry analyses and PBHCit quantified as described below.

Laboratory Tests
Routine laboratory tests were performed by DaVita Laboratories

(Deland, FL).

Serum BUN concentrations were obtained midweek and coincide

with quarterly blood tests at DaVita Laboratories. Serum CRP and

cytokine were measured at the General Clinical Research Center

Laboratories of Harbor-UCLA Medical Center. CRP was measured

by a turbidimetric immunoassay (WPCI, Osaka, Japan).53,54 IL-6 and

TNF-a were measured using a solid-phase sandwich ELISA with re-

combinant human IL-6 and TNF-a as standards (R&D Systems,

Minneapolis, MN). Serum total homocysteine levels in MHD pa-

tients were determined using HPLC at the General Clinical Research

Center Laboratories of Harbor-UCLAMedical Center. Near-Infrared

Interactance technology (National Institutes of Health, Bethesda,

MD) was used to measure fat and lean body mass, as previously de-

scribed.37,55,56 HCO3
2 levels were measured at DaVita Laboratories

as previously described.57MPO levels were performed using the Food

and Drug Administration–cleared CardioMPO assay (Cleveland

Heart Labs, Cleveland, OH).

PBHCit Quantification
Analysis was performed as previously described.13 In brief, serum

PBHCit from MHD patients and controls was quantified after deli-

pidation and HCl hydrolysis using HPLC with online electrospray

ionization tandemmass spectrometry on an AB SCIEXQTRAP 5500.

Stable isotope-labeled internal standards ([13C6,
15N2 ] L-lysine:2HCl

[Cambridge Isotopes, Andover, MA] and «-[13C,15N] carbamyl-L-

lysine) were added before acid hydrolysis. «-[13C,15N] carbamyl-L-

lysine was synthesized by a reaction of poly-L-lysine (Sigma, St. Louis,

MO) with potassium [13C, 15N] thiocyanate (Sigma) andH2O2 in the

presence of bovine MPO. The reaction was followed by acid hydro-

lysis, HPLC purification, and analysis by mass spectrometry (.99%

purity). Results are expressed as a ratio of protein-bound homocitrul-

line (mmol) to lysine (mol). Quality-control plasma samples were

routinely prepared and analyzed in tandem with experimental sam-

ples. The coefficient of variation for all intra- and interday analyses

for PBHCit remained ,10%. These analyses were performed inde-

pendently of the NIED study and were blinded from the study pop-

ulation, characteristics, and outcomes.

Statistical Analyses
Data are presented as median (IQR) for continuous measures and as

number (percentage) for categorical measures in patients who were

alive and had died during a 5-year period and over tertiles of PBHCit

(Table 1 and Supplemental Table 3). PBHCit was classified as non-

normally distributed by performing a distribution plot of PBHCit

and a Sharpe-Wilk normal distribution goodness-of-fit test

(P,0.01). Continuous measures were compared between two inde-

pendent groups using two-tailed Wilcoxon rank-sum tests (Mann-

Whitney test) owing to the nonsymmetric distribution of many of the

measures considered. Chi-squared tests were used to compare cate-

gorical measures. Spearman correlations were used as deemed ap-

propriate for association studies. MHD patients were stratified by

increasing concentrations of PBHCit into tertiles (lowest tertile

[n=116]: median, 0.124 [IQR, 0.095–0.140 mmol PBHCit/mol

Lys]; middle tertile [n=116]: median, 0.183 [IQR, 0.168–0.197

mmol PBHCit/mol Lys]; highest tertile [n=115]: median, 0.272

[IQR, 0.242–0.322 mmol PBHCit/mol Lys]) for survival analysis.
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Kaplan-Meier plots fordeath and tertiles ofPBHCitwere used for initial

analysis of MHD patient survival across tertiles. Hazard ratios for death

were generated using Cox proportional hazards modeling for tertiles of

PBHCitwith unadjusted andminimally adjusted (for age and sex), case-

mix–adjusted (for age, sex, race [black, Hispanic], history of CVD, di-

abetes mellitus, Charlson comorbidity index, and dialysis vintage) and

fully adjusted (for age, sex, race [black, Hispanic], history of CVD,

diabetes mellitus, Charlson comorbidity index, dialysis vintage, MPO,

IL-6, BUN, creatinine, albumin, body mass index, CRP, TNF-a, eryth-

ropoietin, and normalized protein catabolic rate) models. Univariate

associations with mortality for factors included in modeling can be

found in Supplemental Table 4. The association of risk ratios was con-

sidered significant if P,0.05. We evaluated the improvement in model

performance introduced by the inclusion of PBHCit using net reclassi-

fication improvement and integrated discrimination improvement as

described by Pencina et al.58 P values compare models with and without

PBHCit. Both models were adjusted for the variables noted for the full

adjustmentmodel.58The predicted probabilities of deathwere estimated

from the Cox model. All statistical analyses were performed using JMP,

version 9, or SAS software, version 9.2 (SAS Institute Inc., Cary, NC).
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