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Abstract

Background—Asymmetric and symmetric dimethylarginines (ADMA and SDMA) are putative 

uremic toxins that may exert toxicity by a number of mechanisms including impaired nitric oxide 

synthesis and generation of reactive oxygen species. The study goal was to determine the 

association between these metabolites and cardiovascular outcomes in hemodialysis patients.

Study Design—Post hoc analysis of the Hemodialysis (HEMO) Study.

Setting & Participants—1,276 prevalent hemodialysis patients with available samples 3–6 

months after randomization.

Predictor—ADMA and SDMA measured in stored specimens.

Outcomes—Cardiac death, sudden cardiac death, first cardiovascular event, and any-cause 

death. Association with predictors analyzed using Cox regression adjusted for potential 

confounders (including demographics, clinical characteristics, comorbidities, albumin, and 

residual kidney function).

Results—Mean age of patients was 57 ±14 (SD) years, 63% were Black and 57% were female. 

Mean ADMA (0.9 ± 0.2 µM) and SDMA (4.3 ± 1.4 µM) were moderately correlated (r=0.418). 

Higher dialysis dose or longer session length were not associated with lower predialysis 

concentrations of ADMA or SDMA. In fully adjusted models, each doubling of ADMA was 

associated with higher risk (HR per 2-fold higher concentration; 95% CI) of cardiac death (1.83; 

1.29–2.58), sudden cardiac death (1.79; 1.19–2.69), first cardiovascular event (1.50; 1.20–1.87), 

and any-cause death (1.44; 1.13–1.83). Compared to the lowest ADMA quintile (≤0.745 µM), the 

highest ADMA quintile (≥1.07 µM) was associated with higher risk (HR; 95% CI) of cardiac 

death (2.10; 1.44–3.05), sudden cardiac death (2.06; 1.46–2.90), first cardiovascular event (1.75; 

1.35–2.27), and any-cause death (1.56; 1.21–2.00). SDMA was associated with higher risk of 

cardiac death (1.40; 1.03–1.92) but this was no longer statistically significant after adjusting for 

ADMA (1.20; 0.86–1.68).

Limitations—Single time-point measurement of ADMA and SDMA.

Conclusions—ADMA and, to a lesser extent SDMA are associated with cardiovascular 

outcomes in hemodialysis patients.

Keywords

Cardiovascular Mortality; Dialysis Outcomes; Asymmetric Dimethylarginine (ADMA); 
Symmetric Dimethylarginine (SDMA); hemodialysis; end-stage renal disease (ESRD); uremic 
toxins; cardiovascular morbidity; cardiac death; sudden cardiac death

Patients undergoing dialysis continue to have excessive morbidity and mortality despite 

many advances in care.(1) Much of this excessive risk is due to cardiovascular disease, 

however, the underlying mechanisms for the accelerated cardiovascular disease phenotype in 

Shafi et al. Page 2

Am J Kidney Dis. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dialysis patients remain undefined.(2, 3) Some of this risk may be due to solutes that 

accumulate in the body in kidney failure.(4) The identity of these uremic toxins remains 

incompletely known.

Asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are 

produced endogenously by the metabolism of arginine-containing proteins.(5) Both 

metabolites accumulate in patients with kidney failure.(6) A body of evidence supports 

toxicity of ADMA and, to a lesser extent, SDMA.(5, 7, 8) Whereas ADMA inhibits nitric 

oxide synthesis, SDMA may have vasculotoxic and proatherogenic effects. Both ADMA and 

SDMA have been associated with cardiovascular mortality in large general population 

studies(9–12), and previous studies also suggest associations with cardiovascular outcomes 

in dialysis patients.(13, 14)

We measured ADMA and SDMA in specimens of the Hemodialysis (HEMO) Study, a US 

multicenter trial of hemodialysis dose and flux. Our aim was to examine the longitudinal 

association between these solutes and cardiovascular morbidity and mortality in patients 

receiving dialysis. The design of the HEMO Study16, 17 --- including its large sample size, 

national multicenter design, inclusion of patients without significant residual kidney 

function, and physician-adjudicated outcomes --- provided us with a unique opportunity to 

examine the associations between the dimethylarginines and outcomes in hemodialysis 

patients.

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/Vurea, an index of urea clearance 

by dialysis) and to low-flux or high-flux dialysis membranes (assessed by β2-microglobulin 

clearance).(15, 16) The patients were enrolled May 1995–February 2001 from 15 clinical 

centers in the United States comprising 72 dialysis units and followed up 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 all HEMO 

Study participants who had available stored sera collected 3–6 months post-randomization 

(N=1276), a time-point allowing adequate separation between the trial intervention arms. 

The participating institutions’ institutional review boards reviewed and approved the HEMO 

Study and all participants provided informed consent. The Johns Hopkins Medicine 

Institutional Review Board reviewed and approved this study (IRB00081893).

Data Collection

Laboratory Measurements—We measured ADMA/SDMA by liquid chromatography–

tandem mass spectrometry (LC-MS/MS) using ADMA-d7 (Cambridge isotope laboratories, 

Andover, MA) and SDMA-d6 (Toronto Research Chemicals, Toronto, ON) as internal 

standards. Plasma was deproteinized by mixture with an internal standard solution and 
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methanol (2:1:20 vol:vol:vol). Five µL of each sample supernatant was injected in a 

Shimadzu Prominence LC-20A system (Kyoto, Japan) and analytes were separated on a 

silica column (150 × 2.1 mm, 3 Om Luna silica; Phenomenex, Torrance, CA) at room 

temperature. The mobile phase was 90% methanol containing 10 mM ammonium formate 

and 0.2% formic acid (volume/volume) at a flow rate of 0.2 mL/min. Mass spectrometry was 

performed on an API 4000 triple quadrupole mass spectrometer (AB Sciex, Canada) with 

electrospray ionization in the positive mode. Ion transitions used for quantitation were m/z 

203→70 for both ADMA and SDMA with corresponding transitions for the internal 

standards. For ADMA and SDMA, recoveries averaged 102±8% and 115±6%, respectively. 

The intra-day coefficients of variation for ADMA were 0.3% at 0.461 µM, 2.1% at 1.71 µM 

and 1.0% at 3 µM and for SDMA were 1.4% at 0.737 µM, 3.7% at 2.1 µM and 0.3% at 3.7 

µM; inter-day data were similar. When measured values fell below 80% of the lowest 

standard, a value halfway between zero and the low end of the standard curve was imputed. 

For other laboratory tests including urea, albumin, and β2-microglobulin, we used data 

collected as part of the HEMO Study.

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). Secondary outcome was all-cause mortality. Cardiac death was 

defined as deaths due to coronary events, congestive 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.(17) 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 the HEMO Study were determined locally and then 

adjudicated by an outcomes committee that was unaware of treatment-group assignments.

(18)

Other Covariates—Demographics and clinical information was available for all 

participants at baseline. We used the Index of Coexisting Disease (ICED) score, assessed by 

chart abstraction by trained nurses at baseline and then annually, for comorbidity 

assessment. The final ICED score ranges from 0 to 3 with higher numbers indicating greater 

comorbidity. We assessed dietary information that 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. Other baseline data 

included self-reported appetite(19, 20) and the mental health index subscale of the 36-Item 

Short-Form Health Survey (SF-36) questionnaire, which correlates with depressive 

symptoms in dialysis patients.(21) 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 (BMI) as target weight (in kilograms) divided by 

height (in meters) squared. We used data for Kt/Vurea and normalized protein catabolic rate 

(an index of protein intake) provided in the HEMO database.
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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%), albumin 

(0.5%), and residual kidney function (0.1%). To avoid listwise deletion,(22) we imputed 

missing data with 10 data replicates using multiple imputation by chained equations method 

implemented by “proc mi” procedure in SAS and used “proc mianalyze” to combine the 

results. 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 dialysis vintage prior to 

enrollment). We used Cox proportional hazards models to analyze the association between 

dimethylarginines and outcomes modeling the dimethylarginines as a natural log and as 

quintiles. 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, BMI (categorized as <18, 18–25, and >25 kg/m2), systolic 

blood pressure (categorized as <130, 130–160 and >160 mm Hg), relative volume removed, 

serum albumin, and residual kidney function (urinary standard Kt/Vurea calculated from 

urinary urea clearance). We prespecified the following subgroup analyses: age (above or 

below median), sex, race (Blacks versus non-Blacks), diabetes, cardiac disease, 

gastrointestinal disease, BMI (<18, 18–25, or >25), albumin (above or below median), 

residual kidney function (any versus none), and trial interventions. We generated plots for 

the adjusted hazard of outcomes with the dimethylarginines modelled as a restricted cubic 

spline with 5 knots(23) to allow visual assessment of the association, calculating p-linearity 

by Wald test. Additional analyses included the following: a) association with first infection-

related hospitalization or any-cause death; b) predictors of serum ADMA and SDMA using 

multivariable linear regression; c) association with baseline medications, depressive 

symptoms (mental health index), appetite, and day of the week. 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 (StataCorp LP).

RESULTS

Participant Characteristics

Baseline characteristics of the participants are presented in Table 1. Mean age of the 

participants was 57 years, 63% were Black and 57% were female. Mean and median 

concentrations of ADMA were 0.9 ±0.2 (standard deviation) µM and 0.9 (interquartile range 

[IQR], 0.8–1.0) µM, respectively, and of SDMA were 4.3 ±1.4 and 4.1 (IQR, 3.3–5.0) µM, 

respectively. Both ADMA and SDMA were moderately correlated (Pearson r = 0.418). The 

patients included in this study were generally similar to participants of the HEMO Study 

(Table S1, available as online supplementary material).
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Outcomes During Follow-up

There were 220 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 126 sudden cardiac deaths (crude mortality rate, 38 per 1000 

person-years), 644 cardiovascular events or any-cause deaths (crude event rate, 274 per 1000 

person-years) and 565 any-cause deaths (crude mortality rate, 172 per 1000 person-years).

Association Between ADMA and Outcomes

In fully-adjusted models (Table 2), each doubling of ADMA was associated with an 83% 

higher risk of cardiac death (hazard ratio [HR] per 2-fold higher concentration, 1.83; 95% 

confidence interval [CI], 1.29–2.58; p<0.001). With ADMA modeled as quintiles (Table S2), 

there was a 2.1-fold higher risk of cardiac death for patients in the highest quintile (≥1.07 

µM) compared with the lowest quintile (<0.745 µM) and 76% higher risk when comparing 

those in the highest quintile (≥1.07 µM) to those with lower (<1.07 µM) ADMA 

concentrations (Table S3). Higher ADMA concentrations were also associated (Table 2) 

with a 79% higher risk of sudden cardiac death (p=0.006), 50% higher risk of first 

cardiovascular event (p<0.001) and 44% higher risk of any-cause death (p=0.003). Figure 1 

and Figure S1 present the fully adjusted association between ADMA and outcomes. The 

association between ADMA and outcomes was generally linear for cardiac death (p=0.04) 

and sudden cardiac death (p=0.1) with suggestion of non-linearity for all-cause mortality 

(p=0.001) and first cardiovascular event (p=0.03). Table S4 presents the subgroup analyses. 

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. No significant 

differences were noted in subgroups except for a trend towards higher risk of sudden cardiac 

death with higher ADMA concentrations among patients without diabetes (uncorrected p for 

interaction = 0.03) and among patients randomized to high-flux dialysis (uncorrected p for 

interaction = 0.04).

Association Between SDMA and Outcomes

In fully-adjusted models (Table 2 and Table S2), each 2-fold higher SDMA was associated 

with a 40% higher risk of cardiac death (p=0.03), 40% higher risk of sudden cardiac death 

(p=0.08) and 21% higher risk of any-cause death (p=0.05). There were no statistically 

significant interactions in subgroup analyses (Table S5).

Other Analyses

Additionally, ADMA was associated with the risk of first infection-related hospitalization or 

any-cause death (HR, 1.41; 95% CI, 1.18–1.69; p<0.001; Table 2 and Table S2). Addition of 

SDMA to the fully adjusted model of the association of ADMA with outcomes (Model 5) 

did not change any of the observed associations. However, after adjustment for ADMA in 

models for SDMA, the association of SDMA with outcomes were attenuated and were no 

longer statistically significant (Table 2).
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Table 3 presents the results of univariate and multivariable cross-sectional associations of the 

solutes. These predictors explained little variability in ADMA and SDMA concentration; the 

best-fit model only explained 6.3% variability in ADMA and 21.4% variability in SDMA. 

Notably, there was no association of ADMA or SDMA with treatment time or Kt/Vurea 

(Figure 2). Medications prescribed at baseline were not associated with ADMA 

concentrations (Table S6). Calcium channel blocker use was associated with higher SDMA 

concentrations, whereas aspirin, warfarin and nitrate use were associated with lower SDMA 

concentrations. Depressive symptoms, assessed by mental health index, were not associated 

with ADMA (Pearson r = −0.031; p=0.3) or SDMA (Pearson r = 0.003; p=0.9). The 

association between poor appetite and ADMA concentrations was inconsistent (Table S7). 

There was no association between appetite and SDMA. Average ADMA concentrations 

were lowest at the beginning of the week (Monday or Tuesday; p for trend=0.001; Table S8). 

There was no association between SDMA and day of sample collection.

DISCUSSION

We measured ADMA and SDMA in samples from a large, national, multicenter study of 

prevalent hemodialysis patients in the United States and report an association between these 

solutes and the risk of death and cardiovascular events. Predialysis ADMA and SDMA 

concentrations were 2-fold and 8-fold higher, respectively, compared with concentrations 

reported in patients with normal kidney function. Dialysis dose (Kt/Vurea) or treatment time 

were not associated with ADMA or SDMA concentrations. Each 2-fold higher ADMA was 

associated with an 83% higher risk of cardiac death, 79% higher risk of sudden cardiac 

death, 50% higher risk of first cardiovascular event and 44% higher risk of any-cause death. 

Patients in the highest quintile of ADMA (≥1.07 µM) had a 2-fold higher risk of cardiac 

death compared to those in the lower quintile. There were relatively weaker associations of 

SDMA with outcomes; 2-fold higher SDMA was associated with a 40% higher risk of 

cardiac death and trends towards higher risk of sudden cardiac death and any-cause death. 

The SDMA associations were no longer statistically significant after adjustment for ADMA.

Patients undergoing dialysis continue to have high rates of morbidity and mortality despite 

improvements in general medical care and dialyzer urea removal (Kt/Vurea).(1) The age, sex 

and race adjusted median 3-year survival for hemodialysis patients is 55%, and 5-year 

survival is only 40%.(1) Cardiovascular disease accounts for about half of all deaths in 

dialysis patients, but the mechanisms of accelerated cardiovascular disease remain elusive; 

retention of uremic toxins is a likely culprit.(4) Increasing dialyzer urea clearance (Kt/Vurea) 

without targeting specific uremic toxins does not improve survival, as demonstrated by the 

results of the HEMO Study.(15) The HEMO Study was designed with the hypothesis that 

increasing Kt/Vurea will increase removal of the unknown uremic toxins and improve 

survival. The high-dose group received 30% higher dialyzer urea clearance (average single-

pool Kt/Vurea, 1.7) than the standard-dose group (average single-pool Kt/Vurea, 1.4). 

However, the higher dose did not reduce the risk of death in study participants.(15) Results 

of other trials attempting reduction of unknown uremic toxins by improving dialyzer urea 

clearance have also generally been negative.(24–27) It is likely that some of the residual 

illness in contemporary dialysis patients is due to uremic toxins that are not effectively 

lowered by conventional dialysis.(28) We previously reported that compared to the standard-
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dose group, the high-dose group in the HEMO Study had significantly lower predialysis urea 

nitrogen concentrations (relative difference, −9%; p<0.001), however, the predialysis 

ADMA concentrations were not lower (relative difference, 0.5%; p=0.7) and SDMA 

concentrations were only slightly lower (relative difference, −4%; p=0.02).(29) The present 

study suggests that the elevated concentrations of ADMA and, to a lesser extent, SDMA are 

cardiovascular risk factors in hemodialysis patients, and therefore, potential therapeutic 

targets for a randomized controlled trial.

Metabolism of arginine-containing proteins by the enzyme PRMT (protein arginine N-

methyl transferase) endogenously produce ADMA.(30, 31) Of the generated ADMA, only 

20% is excreted unchanged in the urine, whereas 80% is removed through non-renal 

clearance by the enzyme DDAH (dimethylarginine dimethylaminohydrolase).(6, 7); DDAH 

is expressed in many tissues, including the kidney. In kidney failure ADMA accumulates 

and contributes to cardiovascular toxicity by inhibiting nitric oxide synthase (NOS) and 

reducing nitric oxide (NO) production.(8, 32, 33) A central role is played by NO in vascular 

biology and health; it leads to vasodilation and reduces platelet aggregation, vascular smooth 

muscle proliferation, oxidation of low-density lipoprotein cholesterol and free oxygen 

species generation.(34, 35)

Higher ADMA concentrations are associated with mortality in a number of general 

population studies.(9, 10, 12) Prior studies have also reported association of ADMA with 

outcomes in the dialysis patients. In the Cardiovascular Risk Extended Evaluation in 

Dialysis (CREED) cohort from Europe (N=225), ADMA was associated with the risk of 

death and cardiovascular events.(14) In the Cognition and Dialysis Study from the United 

States (N=259), ADMA was associated with death in Whites but not in Blacks (p for 

interaction=0.03).(13)

Our study extends these findings in a large, national, multicenter study with carefully 

assessed comorbidities and physician-adjudicated outcomes. Our findings of 83% higher 

risk of cardiac death, 79% higher risk of sudden cardiac death, 50% higher risk of first 

cardiovascular event and 44% higher risk of any-cause death with each 2-fold higher 

ADMA, extends previously noted associations with all-cause mortality in dialysis patients. 

Similar to the Cognition and Dialysis Study cohort, we noted that the ADMA concentrations 

were lower in Blacks compared with Whites, however, we did not find that the risk of 

outcomes differed by race.

Our findings support the evidence for toxicity of ADMA(5, 36) and highlight the need for a 

randomized controlled trial with ADMA as a therapeutic target. Elevated ADMA 

concentration may be reduced by down regulating synthesis (PRMT) and/or enhancing 

endogenous removal (DDAH).(5) PRMT may be downregulated (reducing ADMA 

production) by reducing cholesterol concentration.(7) DDAH may be modified by reducing 

inhibitory influences (proton pump inhibitors,(37) smoking(5)), statins (38) or via 

upregulation by PPAR-γ (peroxisome proliferator-activated receptor γ) ligands (such as 

pioglitazone), (39) omega-3 fatty acids(40), and erythropoietin.(41) Interestingly, 

angiotensin-converting enzyme inhibitors may increase ADMA concentrations in 

hemodialysis patients via bradykinin signaling and may need discontinuation in select 
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patients.(42) Upregulating NOS, increasing NO availability, and augmenting NO signaling 

are also potential therapeutic strategies.(35) Such therapies may be selectively targeted to 

patients with elevated ADMA concentrations, personalizing management of uremia.

SDMA is generated from arginine-containing proteins by the action of PRMT.(5) It is almost 

completely excreted in the urine and its concentrations increase to a greater degree than 

those of ADMA as kidney function declines.(43) Once considered to be an “inert” isomer of 

ADMA, SDMA reduces NO availability by reducing availability of L-arginine to NOS(44) 

and scavenging NO.(45) Additionally, SDMA may have direct inflammatory and 

atherogenic effects.(46, 47) It has been associated with death and cardiovascular events in 

general population studies.(10, 11) In the Ludwigshafen Risk and Cardiovascular Health 

study (N=3229), SDMA was associated with all-cause and cardiovascular mortality in 

patients undergoing cardiac catheterization.(10) In dialysis patients, however, no association 

between SDMA concentrations and mortality were noted in a cohort of hemodialysis 

patients in Italy (N=288).(48)

We report that SDMA is associated with the risk of cardiac death in dialysis patients. 

However, the association of SDMA with outcomes was attenuated after adjustment for 

ADMA, suggesting that perhaps some of the risk associated with SDMA study could be 

explained by elevated ADMA concentrations. Both SDMA and ADMA are metabolized by 

the mitochondrial enzyme AGXT2 (alanine-glyoxylate aminotransferase 2).(8) Elevated 

concentration of both ADMA and SDMA may be due to mitochondrial dysfunction in 

dialysis patients with reduction in AGXT2 activity. Another possibility of the relatively 

weaker association of SDMA with outcomes is the presence of a threshold effect where the 

high SDMA concentrations present in dialysis patients are uniformly toxic. SDMA is highly 

correlated with kidney function(43), and confounding by residual kidney function can also 

be potential concern. However, the HEMO Study is uniquely suitable to address this 

limitation as it excluded patients with residual urea clearance >1.5 mL/min. Our findings of 

the risk of cardiac mortality with SDMA were similar in patients before and after adjustment 

for residual kidney function and in patients with or without residual kidney function (p for 

interaction=0.8). In one animal study, chronic SDMA infusion did not have any effect on 

blood pressure, fibrosis or NO production, which suggests that perhaps SDMA may not be 

associated with toxicity.(49)

There are some limitations to our study. Both ADMA and SDMA were measured at single 

time point and the concentration may change over time. Freeze-thaw cycles may also effect 

metabolite concentrations, however, both ADMA and SDMA are robust to multiple freeze/

thaw cycles.(50, 51) We did not measure L-arginine, which is the substrate for NO synthase. 

However, clinical trials have failed to show benefits of large L-arginine supplementation, 

suggesting that the NO pathway may not be modifiable by increasing L-arginine supply.(52–

55) These limitations are balanced by major strengths of our study which include its large, 

national, prospective design, exclusion of patients with significant residual kidney function, 

careful collection of samples, long duration of follow-up and carefully adjudicated 

cardiovascular outcomes.
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In conclusion, the dimethylarginines ADMA and SDMA are associated with cardiovascular 

morbidity and mortality in hemodialysis patients. Because the concentrations of ADMA and 

SDMA are not effectively reduced by conventional hemodialysis,(56) preventing their 

toxicity will require reducing their production, enhancing non-renal clearance or modifying 

downstream pathways. Our findings present opportunities for developing targeted 

therapeutics and testing if personalized uremia management with individualized therapies 

targeted to specific uremic toxins will be effective in reducing the extraordinarily high risk 

of death in dialysis patients. These strategies must be tested in a carefully designed 

randomized clinical trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of ADMA and SDMA with Cardiac Death in the HEMO Study
Relative hazard predicted using Cox proportional hazards regression adjusted for age, sex, 

race, Index of Coexisting Disease (ICED) severity score, cause of end-stage renal disease, 

body mass index (categorized as <18, 18–25 and >25 kg/m2), systolic blood pressure 

(categorized as <130, 130–160 and >160 mm Hg), albumin, relative volume removed on 

dialysis, and residual kidney function (urinary standardized Kt/Vurea calculated from urinary 

urea clearance). ADMA and SDMA are modeled as a restricted cubic spline with 5 knots 

(5th, 27.5th, 50th, 72.5th and 95th percentiles); 10th percentile is used as the reference (HR = 

1). The lines represent the adjusted HR and the shaded area is the 95% CI of the HR. 

Vertical bars are the frequency histogram, showing the distribution of the solutes. Extreme 

observations, defined as values >99th percentile, are excluded; ADMA >1.8 µM (n=12) and 

SDMA >8.6 µM (n=12).

Panel A (left): Asymmetric Dimethylarginine (ADMA) and Cardiac Death

Panel B (right): Symmetric Dimethylarginine (SDMA) and Cardiac Death.
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Figure 2. Association of ADMA and SDMA with single-pool Kt/Vurea and Dialysis Treatment 
Time in the HEMO Study
Scatterplot of ADMA and SDMA concentrations and single-pool Kt/Vurea (Panel A) and 

dialysis treatment time (Panel B). Patients randomized to standard dose intervention are 

represented by open circles and those randomized to high dose intervention are represented 

by solid circles. Lines represent linear regression of the solute on single-pool Kt/Vurea or 

treatment time with broken line representing standard dose group and solid line representing 

high dose group. Pearson and Spearman correlation coefficients are also displayed.
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