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Abstract

The study was designed to determine the associations of asymmetric (ADMA) and symmet-

ric (SDMA) dimethylarginines plasma concentrations with all-cause mortality in patients with

hematological malignancies. 33 patients with acute myeloid leukemia (AML), 31 patients

with non-Hodgkin’s lymphoma (nHL), 32 patients with chronic lymphocytic leukemia (CLL)

and 48 patients without malignancy were enrolled into the study. Each patient was followed

until death or for at least 14.5 months (range: 14.5–53). Median ADMA and SDMA were sig-

nificantly elevated in AML, nHL and CLL compared to controls (ADMA: 1.36, 1.24, 1.03,

0.55 μmol/l respectively, p<0.0001; SDMA: 0.86, 0.76, 0.71, 0.52 μmol/l respectively,

p<0.0001). High ADMA and SDMA were associated with increased risk for all-cause mortal-

ity in CLL group (Hazard ratio (HR) for ADMA: 3.05, 95% CI:1.58–5.88, p = 0.001; HR for

SDMA: 4.71, 95% CI:1.91–11.58, p = 0.001). Our study suggests that ADMA and SDMA

could be novel prognostic factors for all-cause mortality in CLL patients.

Introduction

Dimethylarginines, asymmetric (ADMA) and symmetric (SDMA), are the methyl derivates of

L-arginine, present in human bloodat micromolar levels. They are the result of degradation of

methylated proteins during hydrolytic protein turnover [1].

ADMA inhibits nitric oxide (NO) synthesisvia competitive inhibition of nitric-oxide

synthase (NOS) [1,2]. SDMA does not interfere with NOS activity directly but may still have

inhibitory effect on NO synthesis by suppressing cellular uptake of its precursor, L-arginine

[3,4] and by inhibition of renal tubular absorption of L-arginine [5].
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NO has multiple targets in humans, including cardiovascular, nervous and inflammation/

immunology systems [6]. NO is an important vasodilator that regulates systemic blood pres-

sure. NO inhibits superoxide generation, the interaction of circulating blood elements with the

vessel wall, as well as platelets adhesion and aggregation, smooth muscle cell proliferation and

the accumulation of lipids within the vessel wall [7]. Its deficiency results in endothelial dys-

function and atherosclerotic vascular complications. NO may also have a role in the regulation

of apoptosis, angiogenesis, cell cycle, invasion and metastasisof malignant cells [8,9].

Increased ADMA plasma levels are linked to endothelial dysfunction, vasoconstriction, ele-

vation of blood pressure and aggravation of experimental atherosclerosis [10]. Elevated plasma

ADMA concentrations have been noted in numerous clinical conditions associated with NO-

dependent endothelial dysfunction, e.g. hypercholesterolemia [11], hypertension [12], myocar-

dial infarction [13], chronic renal failure [14], chronic heart failure [15], diabetes mellitus [16],

homocysteinemia [17] and peripheral arterial disease [18].

SDMA for many years has been considered only as a marker of early renal dysfunction [4].

However, recent studies have demonstrated that both ADMA and SDMA are the markers and

mediators of cardiovascular diseases and independent risk factors for all-cause mortality across

different populations and methodological approaches [19]. The strongest association between

ADMA and all-cause mortality has been observed in critically ill patients from intensive care

units (ICU), but the statistically significant relations with all-cause mortality have also been

noted in the general population, in patients with renal diseases, peripheral arterial disease and

in those with prevalent cardiovascular diseases (CVD) [18,19]. For SDMA, the strongest asso-

ciations with overall mortality has been demonstrated in the general population [19].

ADMA and SDMA have different clearance pathways.SDMA and partially ADMA are

excreted unchanged by the kidney [14] and some amount of ADMA and less of SDMA is a

subject of biliary excretion[20,21]. However, the major metabolic pathway of ADMA involves

its degradation by dimethylarginine dimethyloaminohydrolase (DDAH) into dimethylamine

(DMA) and L-citrulline (CIT) [22–25]. The metabolites of ADMA are excreted in the urine

[26]. DDAH has two isoforms: DDAH-1and DDAH-2. DDAH-1 is consider as the main

guardian of circulating ADMA and it is strongly expressed in liver and kidney [27–29], but

also in pancreas, forebrain, aorta, macrophages and peritoneal neutrophils [30]. DDAH-2 is

expressed in vascular endothelium and in immune tissues, including peripheral leukocytes,

lymph nodes, spleen and bone marrow[27,30,31].

Reduced DDAH activity and/or expression may contribute to the pathogenesis of NO-

dependent endothelial dysfunction in various conditions [15]. High concentrations of glucose

[32], homocysteine [33], oxidative stress[22] and its markers, such as oxidized LDL-cholesterol

and TNF-α [26], have been shown to suppress DDAH activity. Recent studies also have dem-

onstrated that both ADMA and SDMA can be Nα-acetylated to form asymmetric and sym-

metric Nα-acetyldimethylarginine (Ac-ADMA and Ac-SDMA) which are than excreted by the

kidney [34].

We have reported earlier that plasma ADMA concentrations were significantly elevated in

patients with different hematological malignancies [35]. The study of Doroszko et al. demon-

strated elevated plasma ADMA concentrations in children with acute lymphoblastic leukemia

(ALL)[36].

Plasma ADMA and SDMA concentrations and their prognostic value have not been stud-

ied separately in individual hematological malignancies in adults. Also, the pathophysiological

mechanism of this elevation remains unclear.

The current study was designed to prospectively determine associations of circulating

ADMA and SDMA concentrations with all-cause mortality in patients with three different

ADMA and SDMA in hematological malignancies
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hematological malignancies: acute myeloid leukemia (AML), non-Hodgkin’s lymphomas

(nHL) and chronic lymphocytic leukemia (CLL).

We have also determined concentrations of ADMA metabolites (DMA and CIT) to esti-

mate DDAH activity. Endothelial function was assessed measuring serum concentration of

soluble vascular cell adhesion molecule-1 (sVCAM-1), an established marker of endothelial

dysfunction in a number of pathological conditions [37].

Materials and methods

Patients and controls

The study group included 98 consecutive patients of the Hematology Clinic of Wroclaw Medi-

cal University in Poland with three different hematological malignancies: 33 patients with

acute myeloid leukemia (AML), 31 patients with non Hodgkin’s lymphoma (nHL) and 32

patients with chronic lymphocytic leukemia (CLL). They were recruited from February 2011

to May 2014. All recruited patients were in the active phase of the disease prior to the initiation

of chemotherapy and without prior history of any neoplastic disease. All the plasma and serum

samples were taken before chemotherapy was started.

Complete clinical and follow-up data were obtained for all the patients. Clinical evaluation

of all patients included age, sex, height and weight, co-morbidities (arterial hypertension, dia-

betes, hypercholesterolemia and obesity), smoking history and basic laboratory test results.

Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m2).

Survival time in hematological groups was estimated in months and calculated from the date

of venous blood sampling to the date of death. The mean time from blood collection to the

end of the follow-up was 33.86 months (range: 14.5–53 months).

The control group consisted of 48 subjects without malignancy recruited from the Univer-

sity Family Practice and the Department of Internal Medicine of Wroclaw Medical University

in Poland. They were matched for age, sex, co-morbidities (arterial hypertension, diabetes,

hypercholesterolemia, obesity) and smoking habits with the hematological groups.

The study was approved by the Bioethical Committee of Wroclaw Medical University

(approval No. KB-41/2011) and adhered to the principles of the Declaration of Helsinki. The

informed written consent was obtained from each study subject.

Biochemical analysis

Venous peripheral blood samples were collected after an overnight fast using the Sarstedt

S-Monovette system (for plasma: S-Monovette 4.9 ml EDTA, for serum: S-Monovette 4.9 ml,

Sarstedt AG & Co., Nümbrecht, Germany). Blood samples were centrifuged (1000 x g for 15

minutes at 4˚C).

Plasma samples for arginine derivates and ADMA metabolites and serum samples for

sVCAM-1 from all the study subjects were initially frozen at -20˚C (up to 2–3 weeks) and then

were stored at -80˚C until the analysis.

Basic laboratory tests were carried out only in hematological groups andwere performed

immediately after venous blood collection.They included: complete blood count(white blood

cells (WBC),red blood cells (RBC), hemoglobinplatelets (PLT)), C-reactive protein (CRP),

tumor burden (activity of lactate dehydrogenase (LDH), uric acid), renal function (serum cre-

atinine level, urea), hepatic function tests (aspartate transaminase (AST) and alanine

transaminase (ALT) activity, total serum bilirubin level, gamma-glutamyltransferase activity

(GGT), alkaline phosphatase, total protein, albumin), coagulation/fibrinolysis function

(APTT, INR, fibrinogen, D-dimer), lipid profile (total cholesterol, triglycerides) and β2-micro-

globulin level. These laboratory parameters were determined by XN 2000Analyser from

ADMA and SDMA in hematological malignancies
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Sysmex (complete blood count), Architect ci4000 Clinical Chemistry Analyzer from Abbott

Laboratories (biochemical studies) and ACL TOP 300 from Werfen (haemostasis parameters).

Glomerular filtration rate (GFR) was calculated from the simplified equation developed

using the Modification of Diet in Renal Disease (MDRD) formula [38].

Plasma concentrations of ADMA, SDMA and L-arginine were measured by high-perfor-

mance liquid chromatography (HPLC) after precolumn derivatization with o-phthaldialde-

hyde (OPA), as previously described [11].

Plasma concentrations of two metabolites of ADMA: CIT and DMA were measured using

liquid chromatography combined with mass spectrometry method (LC-MS/MS). L-arginine,

ADMA, SDMA, DMA and CIT levels were expressed in μmol/L.

Serum concentrations of sVCAM-1were measured using ELISA method according to the

manufacturer’s guidelines (Diaclone, France) and expressed in μg/mL.

Statistical analysis

Baseline demographic and medical characteristics with normal distribution were reported as

mean and standard deviation [±SD] and categorical variables were reported as number and

percentage. Biochemical laboratory values were presented as mean and [±SD].

Statistical analysis of age and BMI were calculated using Kruskall-Wallis test. Differences

among study groups in sex and co-morbidities were estimated using Fisher’s Exact Test.

Not normally distributed characteristics were presented as median with the interquartile

range (Q1–Q3). The non-parametric Mann–Whitney test was used for statistical analysis of

variables which were not normally distributed: L-arginine, ADMA, SDMA, ADMA metabo-

lites and sVCAM-1. Post-hoc analysis was performed using multiple comparisons method

with the Holm’s correction.

The influence of the concentrations of ADMA and SDMA at the risk of death was calcu-

lated using Cox regression analysis. The Kaplan–Meier method was used to appoint a survival

curves. Values of ADMA/SDMA higher than mean value,estimated separately in each hemato-

logical group, were considered “high” in this method.

An univariate and multivariate analysis using Cox regression was performed to determine

the independent effect of ADMA and SDMA on mortality of CLL patients. Given small statisti-

cal power caused by small sample size of each group instead of separate small models we

decided to use a model for all hematological patients with group as a factor (with CLL diagno-

sis as a baseline), and with interaction term between ADMA/SDMA and group. Separate mod-

els were created for ADMA and SDMA. Other variables included in the models were as

follows: age, WBC, GFR, diagnosis of hypertension, diabetes, and the group. β-2 microglobulin

and LDH were not taken into account as elements of these multivariate models because of the

amount of the missing data.

The correlations between ADMA, SDMA, L-arginine, DMA, CIT and sVCAM-1, and

between these parameters and the results of basic laboratory tests were calculated using Spear-

man’s rank correlation test.

In all the calculations p� 0.05 was considered as statistically significant. The statistical anal-

ysis was performed using the R package for Windows (version 3.3.2).

Results

There were no significant differences between the study groups in relation to age, sex and BMI

(p>0.05). Baseline demographic and medical characteristics of all the hematological groups

and controls are presented in Table 1.

Basic biochemical laboratory values in the hematological groups are presented in Table 2.

ADMA and SDMA in hematological malignancies
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The influence of ADMA on the risk of all-cause mortality

Univariate Cox regression analysis and Kaplan-Meier analysis demonstrated that higher

ADMA and SDMA levels were associated with increased risk for all-cause mortality in CLL

Table 1. Selected demographic and medical parameters in the study groups.

parameter AML

(n = 33)

nHL

(n = 31)

CLL

(n = 32)

controls

(n = 48)

statistics

age (years) mean, range [±SD] 65.5

(25–86)

[±13.1]

62.2

(28–83)

[±14.2]

62.8

(23–90)

[±12.4]

62.5

(38–92)

[±14]

chi2 = 2.11

p = 0.55

male gender [n (%)] 15 (45%) 14 (47%) 16 (52%) 22 (46%) p = 0.964

body mass index (BMI) [±SD] [kg/m2] 27.3 [±4.6] 27.0 [±6.2] 26.2 [±7.0] 28.9 [±4.9] chi2 = 6.38

p = 0.095

obesity (BMI>30kg/m2) [n (%)] 7 (21%) 5 (17%) 3 (10%) 18 (38%) p = 0.792

hypertension [n (%)] 14 (42%) 10 (33%) 10 (32%) 27 (56%) p = 0.316

diabetes [n (%)] 7 (21%) 5 (17%) 1 (3%) 10 (21%) p = 0.261

hypercholesterolemia [n (%)] 0 1 (3%) 3 (10%) 13 (27%) p = 0.0022

cigarette smokers [n (%)] 8 (24%) 4 (13%) 3 (10%) 5 (10%) p = 0.172

https://doi.org/10.1371/journal.pone.0197148.t001

Table 2. Basic clinical laboratory values in the hematological groups.

parameter

AML

(n = 33)

mean values [±SD]

nHL

(n = 31)

mean values [±SD]

CLL

(n = 32)

mean values [±SD]

WBC [103/μl] 46.6 [±85.9] 14.7 [±17.0] 83.3 [±173.8]

RBC [106/μl] 3.0 [±0.4] 4.3 [±0.9] 4.3 [±0.7]

hemoglobin [g/dL] 9.3 [±1.2] 11.9 [±2.8] 13.1 [±1.8]

PLT [103/μl] 83.1 [±91.6] 257.4 [±124.7] 188.1 [±69.8]

CRP [mg/l] 59.2 [±55.6] 40.5 [±61.8] 12.8 [±28.9]

LDH [U/l] 615.5 [±717.1] 421.8 [±467.3] 316.7 [±335.0]

creatinine [mg/dl] 0.9 [±0.3] 1.0 [±0.7] 0.9 [±0.3]

GFR [ml/min/1,73m2] 83.5 [±29.5] 88.1 [±46.6] 85.8 [±23.8]

urea [mg/dl] 36.3 [±12.6] 33.9 [±9.5] 33.9 [±12.2]

uric acid [mg/dl] 5.5 [±1.8] 6.1 [±2.1] 6.1 [±1.6]

fibrinogen [g/l] 4.1 [±1.2] 3.6 [±1.5] 3.1 [±1.2]

INR 1.3 [±0.3] 1.0 [±0.1] 1.0 [±0.1]

D-dimers [μg/ml] 3.9 [±6.7] 1.9 [±1.5] 0.8 [±1.5]

APTT [sek.] 33.2 [±10.7] 29.9 [±6.0] 26.8 [±9.0]

AST [U/l] 35.5 [±28.9] 29.7 [±17.3] 25.8 [±13.7]

ALT [U/l] 42.5 [±36.7] 23.6 [±16.4] 23.4 [±10.7]

total bilirubin [mg/dl] 0.9 [±1.0] 0.8 [±0.7] 0.6 [±0.3]

GGT [U/l] 115.7 [±148.8] 29.3 [±9.3] 45.4 [±41.1]

total cholesterol [mg/dl] 127.3 [±45.4] 180.4 [±32.1] 185.5 [±63.0]

triglycerides [mg/dl] 144.7 [±98.7] 179.8 [±66.5] 84.7 [±28.7]

total protein [g/dl] 6.8 [±0.8] 6.9 [±0.9] 6.7 [±1.7]

albumin [g/dl] 3.9 [±0.4] 3.8 [±0.8] 4,3 [±0,3]

B2-microglobulin [mg/l] - 2.9 [±1.7] 4.6 [±6.7]

alkaline phosphatase [U/l] 168.5 [±141.7] 120.7 [±69.7] 104.9 [±63.6]

WBC—white blood cells; RBC—red blood cells; PLT—plates; CRP- C-reactive protein; LDH—lactate dehydrogenase; GFR—glomerular filtration rate; AST—aspartate

transaminase; ALT—alanine transaminase; GGT—gamma-glutamyltransferase.

https://doi.org/10.1371/journal.pone.0197148.t002
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group (hazard ratio (HR) for ADMA: 3.05, 95% confidence interval: 1.58–5.88, p = 0.001, HR

for SDMA: 4.71, 95% confidence interval:1.91–11.58, p = 0.001). The subgroups of low-

ADMA, as well as of low-SDMA within CLL group had no recorded deaths.

In AML and nHL groups univariate Cox regression analysis and Kaplan-Meier analysis did

not reveal statistically significant associations between ADMA or SDMA levels and all-cause

mortality rate.

Fig 1 presents Kaplan–Meier survival curve analysis in relation to ADMA and SDMA in

hematological groups.

Multivariate Cox models, separately for ADMA and SDMA,showed significant main effect

of ADMA, SDMA, diabetes and difference between CLL and AML group. In addition, SDMA

model showed significant influence of WBC. Interaction effect in SDMA model showed signif-

icantly stronger effect of SDMA on mortality in CLL group when compared to AML group.

Interaction term in ADMA model was not statistically significant, however, its positive effect

on the model fit was a decisive factor to keep it.

The results of multivariate analysis are presented in Tables 3 and 4.

Comparisons of arginine derivates, ADMA metabolites and sVCAM-1

Plasma ADMA levels did not correlate with age and was not associated with sex, either in the

group of all the study subjects, or in the study groups separately.

Median and range quartile (Q1—Q3) plasma levels of ADMA, SDMA, L-arginine, DMA,

CIT and sVCAM-1 in hematological groups and in control group are summarized in Table 5.

Median ADMA and SDMA plasma concentrations were significantly higher in hematologi-

cal groups than in control group.

Median L-arginine plasma level was significantly higher in CLL group than in AML and

control groups. Control group has significantly higher ratio of L-arginine to ADMA in

Fig 1. Kaplan–Meier survival curve analysis in relation to ADMA and SDMA in hematological groups. p was

calculated using Cox regression analysis.

https://doi.org/10.1371/journal.pone.0197148.g001
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comparison to the other groups. In addition, CLL group has a significantly higher ratio of L-

arginine to ADMA than AML.

Median DMA plasma level was significantly higher in nHL group in comparison to AML

and control groups.

Median CIT plasma level was significantly lower in AML group in comparison to all other

groups. Additionally, median CIT plasma level in NHL group was significantly lower than in

CCL and control groups.

Median sVCAM-1serum level in control group was significantly lower in comparison to all

hematological groups.

Correlations betweenADMA, SDMA, L-arginine, ADMA metabolites and

sVCAM-1 in the study groups

Correlations between ADMA/SDMA and L-arginine, SDMA, ADMA metabolites and

sVCAM-1 in the study groups are presented in Tables 6 and 7.

Correlations between DMA and CIT and between DMA/CIT and L-arginine and sVCAM-

1 are presented in S1 Table.

Table 3. Multivariate analysis with ADMA and with CLL diagnosis as a baseline.

parameter coefficient standard error p-value

ADMA 1.16 0.54 0.031�

Age 0.02 0.02 0.31

WBC <0.01 <0.01 0.98

GFR <0.01 <0.01 0.51

hypertension -0.28 0.36 0.44

diabetes 1.25 0.43 0.004�

AML group 3.26 1.11 0.003�

nHL group 1.44 1.30 0.27

ADMA : AML group interaction -0.94 0.50 0.059

ADMA : nHL group interaction -0.54 0.65 0.41

�—statistically relevant

https://doi.org/10.1371/journal.pone.0197148.t003

Table 4. Multivariate analysis with SDMA and with CLL diagnosis as a baseline.

coefficient standard error p-value

SDMA 1.80 0.51 <0.001�

age 0.02 0.02 0.22

WBC <0.01 <0.01 0.008�

GFR <0.01 <0.01 0.18

hypertension -0.25 0.36 0.47

diabetes 1.31 0.44 0.003�

AML group 3.97 1.18 <0.001�

nHL group 1.98 1.21 0.10

SDMA : AML group interaction -1.66 0.62 0.007�

SDMA : nHL group interaction -0.92 0.62 0.139

�—statistically relevant

https://doi.org/10.1371/journal.pone.0197148.t004
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Correlations between ADMA and SDMA and biochemical parameters in the study

groups. Statistically relevant correlations between ADMA and SDMA and the results of stan-

dard laboratory tests are presented in Table 8.

Discussion

The relevant findings of the present study were as follows. (1) Plasma concentrations of

ADMA and SDMA in AML, nHL and CLL were significantly higher than in controls. (2) Ele-

vated ADMA and SDMA were associated with increased risk for all-cause mortality in CLL

group. (3) Pathophysiology of ADMA and SDMA elevation in hematological malignancies

may have complex origin. It is probably an increased production rate due to extensive protein

catabolism and possibly decreased metabolisms as a result of impaired DDAH activity. (4)

Associations between ADMA and SDMA concentrations and laboratory basic parameters

were different among hematological groups.

ADMA concentrations were generally at least twofold higher in hematological groups com-

pared to the control group. ADMA levels in hematological groups in comparison to the refer-

ence range of ADMA assessed in healthy adults and determined by a recent meta-analysis [39]

are also significantly higher. Such high ADMA concentrations were reported only in patients

with end stage renal disease [40,41] and in critically ill ICUpatients [42]. In cardiovascular

patients reported ADMA levels are smaller[43,44].

Among hematological malignancies, the highest level of ADMA was observed in patients

with AML, median—in the group with nHL and the lowest—in CLL group. Differences in

SDMA concentrations between the study groups were similar to ADMA concentrations,

Table 5. Median and range quartile (Q1—Q3) plasma levels of ADMA, SDMA, L-arginine, DMA, CIT and serum levels of sVCAM-1 in the studied groups.

parameter AML (n = 33)

median value

(Q1—Q3)

nHL (n = 31)

median value

(Q1—Q3)

CLL (n = 32)

median value

(Q1—Q3)

controls (n = 48)

median value

(Q1—Q3)

p value

ADMA (μmol/l) 1.36 (1.03–1.88)� 1.24 (0.83–1.56)^ 1.03 (0.92–1.40)# 0.55 (0.49–0.60)�^# <0.0001

SDMA (μmol/l) 0.86 (0.69–1.16)� 0.76 (0.54–1.33)^ 0.71 (0.57–0.95)# 0.52 (0.43–0.58)�^# <0.0001

L-arginine (μmol/l) 52.42 (40.73–57.90)� 54.14 (44.95–70.24) 66.81 (55.97–6.20)�^ 55.69 (47.63–61.14)^ 0.005

L-arginine/ADMA 29.08 (21.68–45.69)�& 50.14 (32.58–65.26)^ 64.69 (41.94–75.53)#& 101.02 (86.95–113.94)�^# <0.0001

DMA (μmol/l) 8.27 (5.82–9.92)� 10.58 (8.80–13.53)�^ 10.51 (6.65–12.04) 9.11 (7.52–10.01)^ 0.001

CIT (μmol/l) 22.01 (15.03–28.31)� #& 29.94 (23.18–35.68)^#+ 36.13 (31.23–40.08)&+ 36.09 (30.14–46.20)�^ <0.0001

sVCAM-1 (μg/ml) 1.64 (1.15–2.02)� 2.08 (1.16–3.02)^ 1.26 (1.06–2.09)# 0.94 (0.76–1.12)�^# <0.0001

�^#&+—statistically significant differences between the groups (post-hoc analysis)

https://doi.org/10.1371/journal.pone.0197148.t005

Table 6. Correlations between ADMA and L-arginine, SDMA, ADMA metabolites and sVCAM-1 in the study groups (Spearman’s rank correlation test).

L-arginine SDMA DMA CIT sVCAM-1

ADMA in AML group ns r = 0.74

p<0.0001

ns ns r = 0.49

p = 0.004

ADMA in nHL group ns r = 0.72

p<0.0001

r = 0.39

p = 0.031

ns r = 0.59

p = 0.001

ADMA in CLL group ns r = 0.57

p = 0.001

ns r = -0.39

p = 0.043

r = 0.45

p = 0,031

ADMA in control group ns ns ns ns ns

ns- statistically not relevant

https://doi.org/10.1371/journal.pone.0197148.t006
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although the differences between the groups were less pronounced than ADMA. We presume

that different clearance pathways of ADMA and SDMA may result in smaller increase of

SDMA than ADMA in hematological malignancies. SDMA is mainly excreted by the kidneys

in unchanged form. In our patients renal function was not significantly affected. In contrast,

ADMA is mainly metabolized by DDAH and the activity of this enzymemay affect ADMA

concentrations.

The study of Doroszko et al. demonstrated that elevated plasma ADMA concentrations in

children with acute lymphoblastic leukemia (ALL) prior to the treatment were associated with

endothelial dysfunction assessed by a laser Doppler flowmeter and that ALL treatment led to

reduction of ADMA levels and recovery of endothelial function [36].

L-arginine/ADMA ratio is suggested to be important determinant of NOS activity, thus,

indirectly, of NO bioavailability [45]. NO deficiency is one of the first indicator of endothelial

dysfunction and precedes vascular complications [6]. In our study, L-arginine/ADMA ratio in

hematological groups were significantly lower in comparison to the control group. The lowest

L-arginine/ADMA ratio was in AML group.

sVCAM-1 significantly elevated in hematological groups in our study also suggests endo-

thelial dysfunction in hematological cancers. Positive correlations between ADMA and

sVCAM-1 levels confirms close relationship between ADMA, sVCAM-1 and endothelial dys-

function. sVCAM-1 is recognized as a marker of endothelial dysfunction in many conditions

[37], and we have recently confirmed correlation between endothelial dysfunction and

sVCAM-1 in children with ALL (unpublished data). Malignancy associated inflammation may

cause increase in sVCAM-1 serum concentrations, however in our study no correlation

between sVCAM-1 and CRP in any hematological group was found. Similarly, there were no

correlations between ADMA and CRP in any hematological group.

Endothelial dysfunction and its significance in the pathogenesis of hematological malignan-

cies certainly requires further elucidation.

Our study demonstrates for the first time that high ADMA and SDMA plasma concentra-

tions were the predictors of increased risk for all-cause mortality in CLL group. The subgroups

of low-ADMA and of low-SDMA within CLL group had no recorded deaths. Multivariate

analysis Cox models separately for ADMA and SDMA showed significant main effect of

ADMA, SDMA, diabetes, GFR and difference between CLL and AML group. In addition,

SDMA model showed significant influence of WBC.

Differences in all-cause mortality rate in respect to ADMA and SDMA concentrations in

the groups of AML and nHL were not statistically significant. Although, in nHL group the sig-

nificance of the association between SDMA and survival was close to the statistical threshold.

Nevertheless, the role of ADMA and SDMA in hematological cancers deserves further studies.

Table 7. Correlations between SDMA and L-arginine, ADMA, its metabolites and sVCAM-1 in the study groups (Spearman’s rank correlation test).

L-arginine ADMA DMA CIT sVCAM-1

SDMA in AML group ns r = 0.74

p<0.0001

r = 0.63

p = 0.0001

ns r = 0.49 p = 0.004

SDMA in nHL group ns r = 0.72

p<0.0001

r = 0.55

p = 0.002

ns r = 0.54

p = 0.002

SDMA in CLL group ns r = 0.57

p = 0.001

ns r = - 0.63

p = 0.001

ns

SDMA in control group r = - 0.34

p = 0.019

ns ns ns r = 0.33

p = 0.022

ns- statistically not relevant

https://doi.org/10.1371/journal.pone.0197148.t007
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Increased plasma levels of ADMA and SDMA in the hematological malignancies may have

complex origin. Primarily, they are probably the result of increased production due to exten-

sive protein catabolism that is characteristic for hematological cancers. ADMA and SDMA

Table 8. Statistically relevant correlations between ADMA and SDMA and the results of standard laboratory tests (Spearman’s rank correlation test).

group statistically relevant correlations statistics

r p

AML ADMA and WBC 0.79 <0.0001

LDH 0.79 <0.0001

AST 0.45 0.010

triglycerides 0.65 0.016

nHL urea 0.52 0.048

uric acid 0.48 0.008

AST 0.37 0.046

RBC -0.38 0.041

hemoglobin -0.52 0.003

fibrinogen -0.40 0.046

CLL WBC 0.46 0.012

LDH 0.46 0.019

D-dimer 0.59 0.011

GGT 0.63 0.017

β-2 microglobulin 0.61 0.026

RBC -0.43 0.022

hemoglobin -0.40 0.030

APTT -0.49 0.037

AML SDMA and WBC 0.66 <0.0001

LDH 0.56 0.005

uremic acid 0.50 0.004

AST 0.38 0.033

GGT 0.58 0.024

triglycerides 0.60 0.029

albumin -0.58 0.015

total cholesterol -0.54 0.016

nHL CRP 0.41 0.027

creatinine 0.40 0.034

uric acid 0.59 0.001

hemoglobin -0.39 0.031

albumin -0.67 0.003

CLL LDH 0.61 0.001

creatinine 0.61 0.002

uric acid 0.44 0.040

D-dimer 0.50 0.035

alkaline phosphatase 0.60 0.014

RBC -0.43 0.022

hemoglobin -0.49 0.006

GFR -0.65 0.0001

WBC—white blood cells; LDH—lactate dehydrogenase; AST—aspartate transaminase; RBC—red blood cells; GGT—gamma-glutamyltransferase; CRP- C-reactive

protein; GFR—glomerular filtration rate.

https://doi.org/10.1371/journal.pone.0197148.t008
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originate from the hydrolysis of nuclear proteins containing post-translationally methylated

arginine residues [1]. The significant correlations between ADMA and SDMA and WBC and

LDH in AML and CLL groups and between ADMA and SDMA and uric acid in nHL group

might indicate such association. All hematological patients were in active phase of the disease

and prior to initiation of chemotherapy.

ADMA elevation could also result from downregulation or inhibition of DDAH, the enzy-

methat degrades ADMA to DMA and CIT. We hypothesize that DDAH activity may be inhib-

ited by oxidative stress [26]. Malignant cells often demonstrate an abnormal redox metabolism

associated with down-regulation of antioxidant enzymes and mitochondrial dysfunction [46].

ADMA elevation may further exacerbate oxidative stress by eNOS uncoupling and thus con-

tributing to endothelial dysfunction [47,48]. Relatively low values of DMA and CIT in our

hematological groups in relation to ADMA concentrations, especially in the AML group, and

greater levels of ADMA than SDMA might suggest DDAH inhibition. However, DMA and

CIT can be derived from many different pathways and thus cannot be considered reliable

markers of ADMA-metabolism. Further studies are needed to determine relevance of our

hypothesis regarding inhibition of DDAH activity in hematological malignancies.

Other factors that could contribute to elevation of ADMA and SDMA are impaired liver

and renal function. Although in studied hematological patients liverand renal functions were

not significantly affected (Table 2), ADMA concentrations correlated positively with AST (in

AML and nHL) and with GGT (in CLL) and SDMA concentrations in AML correlated with

AST and GGT. That might indicate the significance of the liver function in ADMA and SDMA

elimination and is in agreement with recent studies [21]. Further, associations between SDMA

and creatinine (in nHL and CLL groups), between DMA or CIT and creatinine (in AML and

nHL groups)and probably associations between SDMA and DMA (in AML and nHL groups)

or SDMA and CIT (in CLL group) suggeststhat concentrationsof SDMA, DMA and CIT

depend on renal function.

In conclusion, to our knowledge this is the first study demonstrating that ADMA and

SDMA may serve as a novel prognostic factorsfor all-cause mortality in patients with CLL.

However, our study was conducted on relatively small number of patients. While the data are

highly suggestive, an independent and causal association of ADMA/SDMA and outcome in

CLL remains to be shown in larger studiesto validate our findings and to determine the exact

role of ADMA and SDMA elevation in hematological cancers.
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