
 International Journal of 

Molecular Sciences

Article

Association between Acrylamide Metabolites and
Cardiovascular Risk in Children With Early Stages of
Chronic Kidney Disease

Chien-Ning Hsu 1,2, Chih-Yao Hou 3, Pei-Chen Lu 4, Guo-Ping Chang-Chien 5,6 , Sufan Lin 5,6

and You-Lin Tain 4,7,*
1 Department of Pharmacy, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung 833, Taiwan;

cnhsu@cgmh.org.tw
2 School of Pharmacy, Kaohsiung Medical University, Kaohsiung 807, Taiwan
3 Department of Seafood Science, National Kaohsiung University of Science and Technology,

Kaohsiung 811, Taiwan; chihyaohou@webmail.nkmu.edu.tw
4 Department of Pediatrics, Kaohsiung Chang Gung Memorial Hospital and College of Medicine,

Chang Gung University, Kaohsiung 833, Taiwan; alexiellu@gmail.com
5 Center for Environmental Toxin and Emerging-Contaminant Research, Cheng Shiu University,

Kaohsiung 833, Taiwan; guoping@csu.edu.tw (G.-P.C.-C.); linsufan2003@csu.edu.tw (S.L.)
6 Super Micro Mass Research and Technology Center, Cheng Shiu University, Kaohsiung 833, Taiwan
7 Institute for Translational Research in Biomedicine, Kaohsiung Chang Gung Memorial Hospital and College

of Medicine, Chang Gung University, Kaohsiung 833, Taiwan
* Correspondence: tainyl@cgmh.org.tw; Tel.: +886-975-056-995; Fax: +886-7733-8009

Received: 14 July 2020; Accepted: 13 August 2020; Published: 14 August 2020
����������
�������

Abstract: Cardiovascular disease (CVD) begins early in children with chronic kidney disease (CKD).
Reduced nitric oxide (NO) bioavailability has been associated with increased CVD in CKD patients.
Children tend to have more exposure to acrylamide, one of the most common toxins in food. We aimed
to determine whether urinary levels of acrylamide metabolites N-acetyl-S-(2-carbamoylethyl)-cysteine
(AAMA) and N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine (GAMA) are associated with CV
risk markers in children with CKD. Data on 112 children and adolescents ages three to 18 years old
with CKD stage G1–G4 are reported. We observed that 24 h ambulatory blood pressure monitoring
(ABPM) abnormalities were greater, and left ventricular (LV) mass and ambulatory arterial stiffness
index (AASI) were higher in children with CKD stage G2–G4 versus G1. Patients with CKD stage
G2–G4 had a lower urinary acrylamide level, but a higher AAMA-to-GAMA ratio than those with
CKD stage G1. Urinary acrylamide level was negatively associated with high systolic blood pressure
(SBP) and diastolic BP (DBP) load on 24 h ABPM. Lower urinary levels of acrylamide, AAMA,
and GAMA were correlated with LV mass. Additionally, GAMA are superior to AAMA related
to NO-related parameters, namely citrulline and symmetric dimethylarginine (SDMA). This study
suggests that determinations of urinary acrylamide level and its metabolites in the early stages of
pediatric CKD may identify patients at risk of CVD. Further studies should clarify mechanisms
underlying acrylamide exposure to define the treatment for protection against CVD.

Keywords: acrylamide; ambulatory blood pressure monitoring; cardiovascular disease; children;
chronic kidney disease; citrulline; hypertension; nitric oxide; symmetric dimethylarginine

1. Introduction

Chronic kidney disease (CKD) is highly prevalent for both adults and children [1,2]. Cardiovascular
disease (CVD) is the leading cause of morbidity and mortality among patients with CKD [3,4]. Unlike
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adults, overt features of CVD are rarely present in children. Hypertension is the most important risk
factor for premature CVD [5]. More than 50% of children with early stages of CKD exhibited blood
pressure (BP) abnormalities on 24 h ambulatory BP monitoring (ABPM) [6,7]. Additionally, several
surrogate markers have been applied to stratify the cardiovascular risk in CKD children, including left
ventricular (LV) mass, LV mass index (LVMI), and ambulatory arterial stiffness index (AASI) [8].

Acrylamide, an industrially produced α, β-unsaturated carbonyl-containing volatile organic
compound, is one of the most common toxins in food [9,10]. It occurs in food containing high
concentrations of hydrocarbons subjected to high temperature, like breads, potato chips, and
coffee [10]. Once absorbed, acrylamide can be converted to glycidamide or conjugated with
glutathione (GSH). Acrylamide and glycidamide have a short half-life. The majority of absorbed
acrylamide is eliminated via the urine after conversion to mercapturic acid derivatives. GSH
conjugates of acrylamide and glycidamide are further converted to mercapturic acid derivatives,
N-acetyl-S-(2-carbamoylethyl)-cysteine (AAMA), and N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-
cysteine (GAMA), respectively [11]. Accordingly, urinary AAMA and GAMA levels have become
widely accepted internal biomarkers of acrylamide exposure [11]. Acrylamide has raised much concern
for its negative health effects, such as carcinogenicity, neurotoxicity, reproductive toxicity, and induction
of oxidative stress [10]. However, study of the effect of acrylamide exposure on hypertension and
CVD is limited, especially in pediatric population. Our previous report demonstrated that in CKD
children, abnormal BP was associated with an impaired nitric oxide (NO) pathway [6]. The interplay
between NO and oxidative stress has been linked to hypertension and CKD [12,13], whereas whether
acrylamide exposure affects the NO pathway and relates to the CV risk in CKD children is largely
unknown. We, therefore, aimed to estimate the associations of urinary acrylamide metabolites with
BP and CV risk markers in children with CKD. We also investigated the mediating roles of the NO
pathway in the relationships between urinary acrylamide metabolites and CV outcomes to identify the
potential mechanistic link.

2. Results

2.1. Patient Characteristics

The characteristics of the 112 study participants are reported in Table 1. This cohort was a
median age of 11.4 years, 58.9% male, and 65.2% with congenital anomalies of the kidney and
urinary tract (CAKUT). Structural anomalies within the CAKUT spectrum include renal agenesis,
kidney hypo/dysplasia, multicystic kidney dysplasia, horseshoe kidney, obstructive uropathy, reflux
nephropathy, polycystic kidney disease, and ureter abnormalities. We included children and
adolescents with CKD stage G1–G4, including 77 G1 subjects (75.5%), 27 G2 subjects (25.2%), seven
G3 subjects (6.9%), and one G4 subject (1%). CKD children and adolescents were stratified according
to the estimated glomerular filtration rate (eGFR) and divided into two groups: the G1 group
(eGFR ≥ 90 mL/min/1.73 m2) and the G2–G4 group (eGFR < 90 mL/min/1.73 m2). CKD G2–G4 patients
were older, predominantly male, and had higher systolic BP, blood urea nitrogen, creatinine (Cr), and
uric acid, but lower eGFR than those with stage G1. Approximately 48% (49/102) of CKD children
were diagnosed as having hypertension based on clinical BP measurement. However, there was no
difference between the two groups in this characteristic.
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Table 1. Clinical anthropometric and biomedical characteristics of 112 children and adolescents with
chronic kidney disease (CKD).

CKD Stage G1 G2–G4

Characteristics n = 77 n = 35

Age, years 10.8 (7.2–14) 13.7 (6.7–17.5) *
Male 38 (49.4%) 28 (80%) *
Body height, percentile 50 (20–75) 25 (25–75)
Body weight, percentile 50 (15–85) 25 (15–85)
Body mass index, kg·m−2 17.9 (15.1–20.9) 18.6 (15.6–23.1)
Systolic blood pressure, mmHg 109 (101–119) 117 (105–132) *
Diastolic blood pressure, mmHg 71 (67–80) 73 (66–80)
Hypertension (by office BP) 32 (41.6%) 17 (48.6%)
Blood urea nitrogen, mg/dL 11 (10–14) 14 (12–18) *
Creatinine, mg/dL 0.53 (0.42–0.62) 0.91 (0.73–1.09) *
eGFR, mL/min/1.73 m2 111 (99.7–121.7) 71.6 (56.5–81.6) *
Hemoglobin, g/dL 13.3 (12.8–14) 13.5 (12.4–15.1)
Total cholesterol, mg/dL 170 (144–193) 159 (144–211)
Low-density lipoprotein, mg/dL 93 (74–111) 94 (81–127)
Triglyceride, mg/dL 68 (52–88) 80 (51–103)
Uric acid, mg/dL 4.7 (4–6) 6.8 (5.2–7.6) *
Glucose, mg/dL 90 (85–94) 89 (86–93)
Sodium, mEq/L 140 (139–141) 141 (139–142)
Potassium, mEq/L 4.3 (4.2–4.6) 4.4 (4.2–4.8)
Calcium, mg/dL 9.8 (9.6–10.1) 9.8 (9.7–10.1)
Phosphate, mg/dL 4.6 (4.3–5.1) 4.5 (4–4.9)
Urine total protein-to-creatinine ratio, mg/g 62.7 (35–113.6) 58.9 (25–291.5)

Data are medians (25th, 75th percentile) or n (%). eGFR = estimated glomerular filtration rate. * p < 0.05 by the
Mann–Whitney U-test or Chi-square test.

2.2. Urinary Acrylamide Metabolites

As presented in Table 2, urinary acrylamide level was lower in children with CKD G2–G4 than
those with G1. Urinary AAMA and GAMA are generally accepted internal biomarkers of acrylamide
exposure [11]. Our data showed there was no difference of urinary AAMA and GAMA levels between
the two groups. The ratio of AAMA and GAMA has been considered as a metric to describe the extent
of conversion of acrylamide to glycidamide [11]. In the present study, children with CKD G2–G4 had a
higher AAMA-to-GAMA ratio than those with CKD stage G1. Analyses that evaluated the existence of
associations between urinary levels of acrylamide metabolites and renal function, as assessed by data
pooled from all subjects, indicated that there were significantly inverse correlations between plasma Cr
level and urinary acrylamide (Figure 1A, r = −0.51, p < 0.001), AAMA (Figure 1B, r = −0.213, p = 0.024),
and GAMA (Figure 1C, r = −0.37, p < 0.001), while plasma Cr level was positively correlated with
urinary AAMA-to-GAMA ratio (Figure 1D, r = 0.232, p = 0.014).

Table 2. Urinary levels of acrylamide metabolites in children and adolescents with CKD.

CKD Stage G1 G2–G4

n = 77 n = 35

Acrylamide (ng/mg Cr) 9.25 (5.15–15.2) 5.3 (2.55–11.37) *
AAMA (ng/mg Cr) 31.11 (21.65–51.04) 32.9 (20.97–41.68)
GAMA (ng/mg Cr) 4.7 (3.02–7.21) 3.78 (2.58–5.27)

AAMA-to-GAMA ratio 6.88 (5.63–8.53) 7.92 (6.28–9.8) *

Data are medians (25th, 75th percentile). * p < 0.05 by the Mann–Whitney U-test. Cr = creatinine. AAMA =
N-acetyl-S-(2-carbamoylethyl)-cysteine. GAMA = N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine.
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Figure 1. Correlation of urinary levels of (A) acrylamide (ng/mg Cr), (B) AAMA (ng/mg Cr), (C) 

GAMA (ng/mg Cr), and (D) AAMA-to-GAMA ratio (ng/ng) with plasma creatinine level by 

Spearman’s correlation coefficient. AAMA = N-acetyl-S-(2-carbamoylethyl)-cysteine. GAMA = N-

acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine. 

2.3. Plasema NO-Related Parameters 

Table 3 displays the plasma levels of NO-related parameters in children and adolescents with 

CKD. We found significant differences between the two groups on plasma citrulline (the precursor 

of arginine) and symmetric dimethylarginine (SDMA, an endogenous inhibitor of NO synthase) 

levels, with the CKD G2–G4 group showing higher levels. There was no difference of plasma arginine 

(the substrate for NO synthase) and asymmetric dimethylarginine (ADMA, an endogenous inhibitor 

of NO synthase) levels, and arginine-to-ADMA ratio between the two groups. 

Table 3. Plasma levels of nitric oxide (NO)-related parameters in children and adolescents with 

CKD. 

CKD Stage G1 G2–G4 

 n = 77 n = 35 

Citrulline 27.25 (18.35–41.43) 32 (24.8–55.2) *  

Arginine 90 (55.53–139.25) 92.9 (67–133.8)  

ADMA 1.75 (0.9–3.08) 1.8 (1.1–2.7)  

SDMA 0.7 (0.4–1.1) 0.9 (0.6–1.4) *  

Arginine-to-ADMA ratio 50.65 (36.98–77.35) 48.9 (35.6–84.9)  

Data are medians (25th, 75th percentile). * p < 0.05 by the Mann–Whitney U-test. ADMA = asymmetric 

dimethylarginine. SDMA = symmetric dimethylarginine. 

2.4. Cardiovascular Assessment 

Figure 1. Correlation of urinary levels of (A) acrylamide (ng/mg Cr), (B) AAMA (ng/mg Cr),
(C) GAMA (ng/mg Cr), and (D) AAMA-to-GAMA ratio (ng/ng) with plasma creatinine level by
Spearman’s correlation coefficient. AAMA = N-acetyl-S-(2-carbamoylethyl)-cysteine. GAMA =

N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine.

2.3. Plasema NO-Related Parameters

Table 3 displays the plasma levels of NO-related parameters in children and adolescents with
CKD. We found significant differences between the two groups on plasma citrulline (the precursor of
arginine) and symmetric dimethylarginine (SDMA, an endogenous inhibitor of NO synthase) levels,
with the CKD G2–G4 group showing higher levels. There was no difference of plasma arginine (the
substrate for NO synthase) and asymmetric dimethylarginine (ADMA, an endogenous inhibitor of NO
synthase) levels, and arginine-to-ADMA ratio between the two groups.

Table 3. Plasma levels of nitric oxide (NO)-related parameters in children and adolescents with CKD.

CKD Stage G1 G2–G4

n = 77 n = 35

Citrulline 27.25 (18.35–41.43) 32 (24.8–55.2) *
Arginine 90 (55.53–139.25) 92.9 (67–133.8)
ADMA 1.75 (0.9–3.08) 1.8 (1.1–2.7)
SDMA 0.7 (0.4–1.1) 0.9 (0.6–1.4) *

Arginine-to-ADMA ratio 50.65 (36.98–77.35) 48.9 (35.6–84.9)

Data are medians (25th, 75th percentile). * p < 0.05 by the Mann–Whitney U-test. ADMA = asymmetric
dimethylarginine. SDMA = symmetric dimethylarginine.
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2.4. Cardiovascular Assessment

For these analyses, 74 participants aged over six years wore an ABPM for 24 h and received
echocardiographic examination. In children and adolescents with CKD, 53% (39/74) of them had at
least one BP load abnormality on ABPM, including seven subjects (9.5%) with 24 h BP or daytime BP >

95th percentile, eight subjects (10.8%) with nighttime BP > 95th percentile, 22 subjects (29.7%) with
BP load ≥ 95th percentile, and 30 patients (40.5%) with a non-dipping nocturnal BP profile (Table 4).
The cases with 24 h, daytime, and nighttime BP > 95th percentile and BP load ≥ 25% were greater in
CKD stage G2–G4 compared with those in the G1 group. Using the readings of ABPM, the AASI was
defined as 1 minus the regression slope of the diastolic BP (DBP) on systolic BP (SBP) [14], to evaluate
arterial stiffness [15]. Moreover, the LV mass and LVMI were calculated using images obtained from
echocardiographic examination. We observed that the AASI and LV mass were higher in children
with CKD stage G2–G4 versus G1, while LVMI was not different between the two groups. Moreover,
Spearman’s rank correlation analysis showed a strong positive association between LV mass with 24 h
SBP load (r = 0.532, p < 0.001) and 24 h DBP load (r = 0.407, p < 0.001) on ABPM. Likewise, LVMI was
correlated with 24 h SBP load (r = 0.279, p = 0.016) and 24 h DBP load (r = 0.234, p = 0.045).

Table 4. Cardiovascular assessments in CKD children and adolescents.

CKD Stage G1 G2–G4

24 h ABPM n = 48 n = 26
Abnormal ABPM profile (with any of the following abnormalities) 23 (47.9%) 16 (61.5%)
Average 24 h BP > 95th percentile 2 (4.2%) 5 (19.2%) *
Average daytime BP > 95th percentile 2 (4.2%) 5 (19.2%) *
Average nighttime BP > 95th percentile 2 (4.2%) 6 (23.1%) *
BP load ≥ 25% 10 (20.8%) 12 (46.2%) *
Nocturnal decrease of BP < 10% 18 (37.5%) 12 (46.2%)
AASI 0.33 (0.21–0.45) 0.43 (0.33–0.58) *
Left ventricular mass (g) 75 (54.6–102) 104 (51.7–142) *
LVMI (g/m2.7) 39.8 (32.9–48.7) 42.6 (37.2–47.1)

Data are medians (25th, 75th percentile) or n (%). * p < 0.05 by the Mann–Whitney U-test. ABPM = 24 h ambulatory
blood pressure monitoring. AASI = ambulatory arterial stiffness index. LVMI = left ventricular mass index.

2.5. Association between Acrylamide Metabolites and Cardiovascular Risk Markers

Across all CKD patients, correlations between urinary acrylamide metabolite levels and CV risk
markers were analyzed (Table 5). Spearman’s rank correlation analysis revealed the urinary acrylamide
level was negatively correlated with 24 h SBP (r = −0.368, p = 0.001), daytime SBP (r = −0.373, p = 0.001),
nighttime SBP (r = −0.356, p = 0.002), 24 h DBP (r = −0.32, p = 0.005), daytime DBP (r = −0.31, p = 0.007),
nighttime DBP (r = −0.234, p = 0.045), and LV mass (r = −0.566, p < 0.001). Additionally, urinary AAMA
(r = −0.34, p < 0.001) and GAMA levels (r = −0.559, p < 0.001) displayed negative correlations, but
AAMA-to-GAMA ratio (r = 0.261, p = 0.005) exhibited a positive correlation with LV mass. AASI was
not correlated to almost all acrylamide metabolites, except with the AAMA-to-GAMA ratio (r = 0.252,
p = 0.03).

Analysis of urinary acrylamide levels stratified according to the ABPM profile showed the
acrylamide level was significantly lower in CKD children with high BP load, non-night dipping, and
abnormal ABPM profile (Table 6). Analysis of AAMA, GAMA, and AAMA-to-GAMA ratio did not
reveal any significant difference between CKD children with abnormal and normal ABPM profile.
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Table 5. Correlation between urinary acrylamide metabolite level cardiovascular markers in CKD
children and adolescents.

CV Markers
Acrylamide AAMA GAMA AAMA-to-GAMA

Ratio

r p r p r p r p

24 h SBP −0.368 0.001 * −0.073 0.535 −0.069 0.557 −0.098 0.406
Daytime SBP −0.373 0.001 * −0.084 0.476 −0.082 0.487 −0.091 0.439

Nighttime SBP −0.356 0.002 * −0.114 0.334 −0.093 0.431 −0.125 0.288
24 h DBP −0.32 0.005 * −0.003 0.978 0.021 0.861 −0.101 0.391

Daytime DBP −0.31 0.007 * −0.026 0.824 0.019 0.871 −0.126 0.286
Nighttime DBP −0.234 0.045 * 0.026 0.823 0.072 0.545 −0.085 0.472

LV mass −0.566 <0.001 * −0.34 <0.001 * −0.559 <0.001 * 0.261 0.005 *
LVMI 0.035 0.718 0.002 0.98 0.014 0.887 −0.096 0.316
AASI −0.02 0.866 0.160 0.173 −0.004 0.974 0.252 0.03 *

AAMA = N-acetyl-S-(2-carbamoylethyl)-cysteine. GAMA = N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine. SBP
= systolic blood pressure. DBP = diastolic blood pressure. LVMI = left ventricular mass index. AASI = Ambulatory
arterial stiffness index. * p < 0.05 by Spearman’s correlation coefficient.

Table 6. Urinary acrylamide metabolite levels vs. ABPM profile in CKD children and adolescents.

ABPM Profile n Acrylamide AAMA GAMA AAMA-to-GAMA Ratio

ng/mg Cr ng/mg Cr ng/mg Cr ng/ng

24 h BP
Abnormal 7 4.87 (3.76–10.81) 39.49 (20.97–50.86) 4.6 (3.28–5.27) 7.55 (6.14–8.59)

Normal 67 6.7 (3.28–11.2) 28.37 (19.3–37.3) 3.54 (2.64–5.04) 7.48 (6.19–9.62)
Daytime BP
Abnormal 7 4.87 (3.76–10.81) 39.49 (20.97–50.86) 4.6 (3.28–5.27) 7.55 (6.14–8.59)

Normal 67 6.7 (3.28–11.2) 28.37 (19.3–37.3) 3.54 (2.64–5.04) 7.48 (6.19–9.62)
Nighttime BP

Abnormal 8 5.01 (4.02–9.91) 29.34 (21.12–39.67) 3.61 (2.97–5.1) 7.54 (6.48–8.42)
Normal 66 6.51 (3.26–11.24) 28.46 (19.21–40.71) 3.61 (2.63–5.08) 7.48 (6.19–10.05)
BP load

Abnormal 22 4.84 (2.54–6.83) * 28.87 (18.76–42.33) 3.61 (2.55–4.76) 7.52 (6.13–8.98)
Normal 52 7.69 (4.52–12.88) 28.35 (19.84–40.31) 3.61 (2.69–5.1) 7.42 (6.2–9.6)

Night dipping
Abnormal 30 5.09 (2.54–8.17) * 28.32 (18.45–39.95) 3.72 (2.4–4.82) 8 (6.17–9.67)

Normal 44 7.64 (4.59–12.71) 29.64 (20.27–40.31) 3.52 (2.7–5.16) 7.38 (6.23–9.31)
ABPM profile

Abnormal 39 5.05 (2.64–9.52) * 28.32 (18.45–39.95) 3.72 (2.4–4.82) 8 (6.17–9.67)
Normal 35 8.84 (4.59–12.85) 30.9 (19.6–40.5) 3.54 (2.69–5.11) 7.27 (6.27–10.77)

Data are medians (25th, 75th percentile) or n (%). AAMA = N-acetyl-S-(2-carbamoylethyl)-cysteine. GAMA =
N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine. * p < 0.05 by the Mann–Whitney U-test.

Then we performed multivariate linear regression analyses to specify the exact role of each urinary
acrylamide metabolite biomarker in the NO pathway and CV risk (Table 7). A multivariate linear
regression model using stepwise selection was applied for age, sex, eGFR, and other acrylamide
metabolites. In the best predictive model (r = 0.45, p = 0.001), plasma citrulline level was associated
with urinary AAMA (p = 0.006), GAMA (p < 0.001), and the AAMA-to-GAMA ratio (p = 0.022). Urinary
GAMA level was associated with plasma SDMA level controlling for age (r = 0.39, p = 0.015). These
findings suggest a strong influence of acrylamide exposure on the NO pathway. Additionally, an
association between AAMA (p = 0.015), GAMA (p = 0.014), and the AAMA-to-GAMA ratio (p = 0.041)
and LVMI was found in the adjusted regression model controlling for eGFR and age (r = 0.472,
p < 0.001).
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Table 7. Adjusted regression model estimates of the association between urinary acrylamide metabolites
and NO pathway and cardiovascular (CV) risk markers in CKD children and adolescents.

Dependent Variable Explanatory Variable
Adjusted a Model

Beta p Value r p Value

Citrulline AAMA −0.831 0.006 0.45 0.001
GAMA 1.126 <0.001

AAMA-to-GAMA
ratio 0.309 0.022

SDMA GAMA 0.608 0.047 0.39 0.015
LVMI AAMA −0.717 0.015 0.472 <0.001

GAMA 0.715 0.014
AAMA-to-GAMA

ratio 0.27 0.041

a Adjusted for age, sex, and eGFR. SDMA = symmetric dimethylarginine; LVMI = Left ventricular mass index;
AAMA = N-acetyl-S-(2-carbamoylethyl)-cysteine; GAMA = N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-cysteine.

3. Discussion

To our knowledge, this is the first study describing the association of urinary acrylamide metabolites
with cardiovascular risk markers in a pediatric CKD population. Our study shows (1) children with
CKD stage G2–G4 had a lower urinary acrylamide level, but a higher AAMA-to-GAMA ratio than those
with CKD stage G1; (2) urinary acrylamide level was negatively associated with high SBP and DBP
load on ABPM and plasma Cr level; (3) LV mass had a negative correlation with urinary acrylamide,
AAMA, and GAMA levels, but a positive correlation with the AAMA-to-GAMA ratio; and (4) GAMA
is superior to AAMA related to NO-related parameters, mainly citrulline and SDMA, in CKD children.

In keeping with previous studies, certain markers of CV risk tend to present in children with
CKD, even in an early stage, such as ABPM abnormalities [4,6,7,16], uric acid [17], and AASI [18].
In the current study, up to 47.9% of children with CKD stage G1 displayed abnormal ABPM profiles.
Our data support the notion that children in early stages of CKD are frequently masked by office BP
measurements, and ABPM is recommended for the diagnosis of hypertension, especially in children at
high cardiovascular risk [7,8,19].

Children were reported to have a higher acrylamide intake than adults [9]. In line with a previous
study showing median urinary levels of AAMA and GAMA were 36.0 and 13.4 µg/L in children [20],
our results showed AAMA was 26.8 and GAMA was 4.1 µg/L (before normalization by Cr) in children
and adolescents with CKD. Interestingly, urinary levels of acrylamide, AAMA, and GAMA were
negatively correlated with plasma Cr level in the current study. It is presumably due to lower excretion
of acrylamide metabolites in children with more advanced CKD. Additionally, we found only urinary
acrylamide, but not AAMA and GAMA, levels were inversely associated with SBP and DBP load on
ABPM. These findings suggest CKD children have a lower acrylamide conversion capacity or a lower
excretion rate, leading to a higher internal exposure which may increase the risk of developing high BP.

Consistent with previous studies of pediatric CKD [7,21,22], our data support the finding that left
ventricular hypertrophy (LVH) is common and is associated with ABPM abnormalities in children
with CKD, even in an early stage. In the current study, urinary acrylamide, AAMA and GAMA levels
were negatively correlated with LV mass. Acrylamide exposure was reported to induce cardiotoxicity
in animal studies [23,24], thus low urinary levels of acrylamide metabolites related to LVH in CKD
children is likely to reflect decreased acrylamide excretion, or conversion may be a risk factor for
adverse CV outcome. AASI is an index of arterial stiffness, which related to abnormal ABPM profile
and LV mass in CKD children, tying well with our previous studies [6,22]. As expected, the severity of
CKD is associated with high AASI and LV mass in the current study.

Notably, the positive associations between CV risk markers, LV mass, AASI, and the
AAMA-to-GAMA ratio were observed in our study. The urinary AAMA-to-GAMA ratio is a measure
of the extent of conversion of acrylamide to glycidamide and a high ratio reflects more acrylamide
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is conjugated with GSH than converted to glycidamide [25]. It seems likely that acrylamide rather
than glycidamide may be the substantial contributor to CV risk in CKD children. Since the toxicity of
acrylamide is related to reducing GSH and provoking oxidative stress [26], and GSH is beneficial in
reducing CV risk in CKD [27], whether this ratio may reflect the redox status and correlate with other
oxidative stress markers in CKD children awaits further clarification.

In line with our previous studies [6,28], which showed that NO-related parameters correlated
with ABPM abnormalities and CV risk markers, this present study further extends their associations
with acrylamide metabolites in CKD children. Our data demonstrated that plasma citrulline level was
associated with urinary levels of AAMA and GAMA, and the AAMA-to-GAMA ratio. Besides, urinary
GAMA level was correlated with plasma SDMA level. In CKD, renal citrulline uptake is diminished,
the amount of citrulline converted to arginine in the kidney is reduced, and plasma citrulline levels and
turnover are elevated [29]. SDMA is an endogenous NOS inhibitor and its level is elevated in advanced
CKD [30]. Accordingly, high citrulline and SDMA levels represent reduced NO bioavailability in favor
of elevating BPs. Our data support the impaired NO pathway as possibly the major factor contributing
to hypertension and CV risk in children with CKD. Noteworthy, the association of citrulline and SDMA
with GAMA were found to be stronger than with AAMA, suggesting a probably stronger oxidative
stress potency of glycidamide toward the impaired NO pathway than acrylamide. Because this study is
the first to report the association between acrylamide metabolites and NO parameters, more studies are
warranted to elucidate the mechanisms underlying acrylamide-induced impairment of NO-dependent
CV risk in patients with CKD.

Our study has some limitations. First, we did not recruit non-CKD controls because we examined
the difference of CV risk markers between two levels of renal function (i.e., CKD stage G1 vs. stage
G2–G4). That is, children with CKD stage G1 were served as the controls in the present study. Although
urinary levels of acrylamide metabolites determined in the present study are comparable to those
previously published in children [20], whether exposure levels of acrylamide are different between
children with and without CKD remains to be determined. Second, we used ABPM reference from
a different ethnic group [31]. Although several indices of CV risk markers we used in the current
study have been examined in children, their age-specific reference ranges are still lacking [8]. Thus,
our results may not be applicable to other ethnic populations until further reproducibility studies
are conducted. Last, statistical comparisons were performed in a small cohort from one hospital and
would not be representative of an entire population. Future multicenter studies with large sample
sizes may be required to detect the true relationship.

4. Materials and Methods

4.1. Patients and Study Design

This was an observational cohort study in pediatric patients with CKD approved by the Institution
Review Board and Ethics Committee of Chang Gung Medical Foundation, Taoyuan, Taiwan (Permit
number: 201701735A3C5011; approval date: 3 October 2018) and was therefore performed in accordance
with the 1964 Helsinki Declaration and its later amendments. Inclusion criteria were ages 3–18 years old
and CKD stage 1–4. The CKD stage was defined by the Kidney Disease Improving Global Outcomes
(KDIGO) 2012 clinical practice guideline [32]. The estimated glomerular filtration rate (eGFR) was
calculated with the Schwartz formula, based on body height and blood Cr level [33]. CKD children
were categorized according to eGFR (mL/min/1.73 m2): G1 ≥ 90, G2 60–89, G3 30–59, or G4 15–29.
The exclusion criteria were existing congenital heart disease, pregnancy, eGFR < 15 mL/min/1.73 m2,
dialysis, renal transplantation, and not cooperating with CV assessment. Written informed consent
from participants was obtained prior to study enrollment. This ancillary study was performed in
a subgroup of 112 participants who received the analysis of acrylamide metabolites. Fasting blood
samples were drawn and aliquoted, and spot urine samples were collected and stored at −80 ◦C in
a freezer until analysis. Blood urea nitrogen, Cr, uric acid, glucose, hemoglobin, total cholesterol,
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low-density lipoprotein (LDL), triglyceride, sodium, potassium, calcium, phosphate, and urine total
protein-to-creatinine ratio were measured by the hospital central laboratory as described previously [6].
Plasma citrulline, arginine, ADMA and SDMA levels were analyzed with our validated method using
a high-performance liquid chromatography (HPLC; HP series 1100; Agilent Technologies Inc., Santa
Clara, CA, USA) with the O-phthalaldehyde 3-mercaptopropionic acid (OPA-3MPA) derivatization
reagent [6]. Homoarginine (Sigma-Aldrich, St. Louis, MO, USA) was used as the internal standard.

4.2. High-Performance Liquid Chromatography–Mass Spectrometry Analysis

Determination of urinary acrylamide, AAMA, and GAMA was performed by a high-performance
liquid chromatography system (Agilent 1260 Infinity II; Agilent Technologies, Santa Clara, CA) coupled
with electrospray tandem mass spectrometry (Agilent Triple Quad 6470; Agilent Technologies, Santa
Clara, CA, USA) following a previously published method with minor modifications [34]. In this
procedure, 65 µL of urine sample was mixed with 35 µL of 103 ng/mL 13C3-acrylamide, AAMA-D3, and
GAMA-D3 as internal standards and 900 µL ultrapure water, vortexed and centrifuged at 14,000 rpm
for 5 min. Supernatant was then injected for analysis. The MS/MS was operated in positive multiple
reaction mode (MRM) by monitoring the following ion mass transitions for quantitation of acrylamide
and GAMA: acrylamide, m/z 72→55; 13C3-acrylamide, m/z 75→58; GAMA, m/z 251→146; and
GAMA-D3, m/z 254→146. The negative MRM was operated for quantitation of AAMA by monitoring
ion mass transitions m/z 233→104 for AAMA and m/z 236→104 for AAMA-D3. All correlation
coefficients of these calibration curves for acrylamide, GAMA, and AAMA exceeded 0.995. Calibration
curves were constructed with pooled urine samples spiked to the concentration range of 1–200 ng/mL
for acrylamide, GAMA, and AAMA. The limits of detection (LODs) and quantitation (LOQs) were
0.4 and 1.0 ng/mL for acrylamide, AAMA and GAMA, respectively. The relative recoveries of target
compounds ranged from 85 to 105%, with a coefficient of variation of 10%. The urinary concentration
of each metabolite was corrected for urine Cr concentration, which was represented in ng/mg Cr.

4.3. Blood Pressure Measurement and Echocardiography

Participants were instructed to measure office BP at the clinic visit after an initial 5 min of rest.
Three seated, non-dominant arm BP measurements were recorded at 1 min intervals. The ABPM was
performed over a 24 h period using an Oscar II monitoring device (SunTech Medical, Morrisville, NC,
USA) for subjects aged 6–18 years. The BP cuff was worn with the cuff size determined by upper arm
circumference, and an in-office test measurement was performed by an experienced specialist nurse to
assess adequate fit and comfort handled [6]. The device was programmed to take measurements at
20 min intervals from 7 am to 10 pm and at 30 min intervals from 10 pm to 7 am. The participants
and their parents were requested to complete a diary to define sleep and awake periods and to note
activities that may influence BP measurements. An abnormal ABPM profile was defined as (1) daytime,
nighttime, systolic, or diastolic BPs ≥ 95th percentile according to gender and height; (2) daytime,
nighttime, systolic or diastolic BP load ≥ 25%; and (3) nighttime BP load dipping < 10% using ABPM
reference data [31]. The AASI was defined as 1 minus the slope of the diastolic on systolic BP during
ABPM [14]. Echocardiographic examination was performed by pediatric cardiologists using a Philips
IE33 system machine (Philips, Bothell, WA, USA). The LV mass was calculated using images obtained
in the parasternal long-axis or short-axis view of the left ventricle by M-mode echocardiography.
The LVMI was obtained by indexing LV mass to height2.7 [35].

4.4. Statistical Analysis

Results are presented with the median (25th–75th percentile) or number (%). All statistical
analyses were conducted using the Statistical Package for the Social Sciences (SPSS) software 14.0
(Chicago, IL, USA). The Mann–Whitney U-test or Chi-square test was used to test the differences
in variables between the two groups. The associations between variables were examined using
Spearman’s rank correlation coefficient. A linear regression model was performed, followed by the
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stepwise multivariable analyses integrating relevant parameters to explain NO-related parameters and
LVMI. Differences were considered significant at a probability level of p < 0.05.

5. Conclusions

In conclusion, our findings demonstrate that decreased urinary levels of acrylamide metabolites
AAMA and GAMA but an increased AAMA-to-GAMA ratio are associated with cardiovascular
risk markers in a pediatric CKD population. Our results cast new light on the link between the
acrylamide metabolites, NO pathway, and cardiovascular risk in children with early stages of CKD.
Given that children tend to be more exposed to acrylamide from daily-consumed food, further research
is warranted to corroborate our findings and reveal the underlying mechanisms behind the adverse
effects of acrylamide to improve cardiovascular outcomes in childhood CKD.
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SDMA Symmetric dimethylarginine

References

1. Couser, W.G.; Remuzzi, G.; Mendis, S.; Tonelli, M. The contribution of chronic kidney disease to the global
burden of major noncommunicable diseases. Kidney Int. 2011, 80, 1258–1270. [CrossRef]

2. Harambat, J.; Van Stralen, K.J.; Kim, J.J.; Tizard, E.J. Epidemiology of chronic kidney disease in children.
Pediatr. Nephrol. 2011, 27, 363–373. [CrossRef]

3. Ruiz-Hurtado, G.; Sarafidis, P.; Fernández-Alfonso, M.S.; Waeber, B.; Ruilope, L.M. Global cardiovascular
protection in chronic kidney disease. Nat. Rev. Cardiol. 2016, 13, 603–608. [CrossRef]

4. Weaver, D.; Mitsnefes, M. Cardiovascular disease in children and adolescents with chronic kidney disease.
Semin. Nephrol. 2018, 38, 559–569. [CrossRef]

http://dx.doi.org/10.1038/ki.2011.368
http://dx.doi.org/10.1007/s00467-011-1939-1
http://dx.doi.org/10.1038/nrcardio.2016.48
http://dx.doi.org/10.1016/j.semnephrol.2018.08.002


Int. J. Mol. Sci. 2020, 21, 5855 11 of 12

5. Stanaway, J.D.; Afshin, A.; Gakidou, E.; Lim, S.S.; Abate, D.; Abate, K.H.; Abbafati, C.; Abbasi, N.;
Abbastabar, H.; Abd-Allah, F.; et al. Global, regional, and national comparative risk assessment of 84
behavioural, environmental and occupational, and metabolic risks or clusters of risks for 195 countries and
territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392,
1923–1994. [CrossRef]

6. Hsu, C.-N.; Lu, P.-C.; Lo, M.-H.; Lin, I.-C.; Tain, Y.-L. The association between nitric oxide pathway, blood
pressure abnormalities, and cardiovascular risk profile in pediatric chronic kidney disease. Int. J. Mol. Sci.
2019, 20, 5301. [CrossRef] [PubMed]

7. Mitsnefes, M.; Flynn, J.; Cohn, S.; Samuels, J.; Blydt-Hansen, T.; Saland, J.; Kimball, T.; Furth, S.; Warady, B.;
CKiD Study Group. Masked hypertension associates with left ventricular hypertrophy in children with CKD.
J. Am. Soc. Nephrol. 2009, 21, 137–144. [CrossRef]

8. Urbina, E.M.; Williams, R.V.; Alpert, B.S.; Collins, R.T.; Daniels, S.R.; Hayman, L.; Jacobson, M.; Mahoney, L.;
Mietus-Snyder, M.; Rocchini, A.; et al. Noninvasive assessment of subclinical atherosclerosis in children and
adolescents. Hypertension 2009, 54, 919–950. [CrossRef] [PubMed]

9. Friedman, M. Chemistry, biochemistry, and safety of acrylamide. A review. J. Agric. Food Chem. 2003, 51,
4504–4526. [CrossRef] [PubMed]

10. Semla, M.; Goc, Z.; Martiniaková, M.; Omelka, R.; Formicki, G. Acrylamide: A common food toxin related to
physiological functions and health. Physiol. Res. 2017, 66, 205–217. [CrossRef]

11. Boettcher, M.I.; Schettgen, T.; Kütting, B.; Pischetsrieder, M.; Angerer, J. Mercapturic acids of acrylamide and
glycidamide as biomarkers of the internal exposure to acrylamide in the general population. Mutat. Res.
2005, 580, 167–176. [CrossRef] [PubMed]

12. Wilcox, C.S. Oxidative stress and nitric oxide deficiency in the kidney: A critical link to hypertension? Am. J.
Physiol. Integr. Comp. Physiol. 2005, 289, R913–R935. [CrossRef] [PubMed]

13. Hsu, C.-N.; Tain, Y.-L. Regulation of nitric oxide production in the developmental programming of
hypertension and kidney disease. Int. J. Mol. Sci. 2019, 20, 681. [CrossRef] [PubMed]

14. Kollias, A.; Stergiou, G.S.; Dolan, E.; O’brien, E. Ambulatory arterial stiffness index: A systematic review and
meta-analysis. Atheroscleroris 2012, 224, 291–301. [CrossRef]

15. Taal, M.W. Arterial stiffness in chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 2014, 23, 169–173.
[CrossRef]

16. Chou, H.-H.; Lin, C.-Y.; Chiou, Y.-H.; Tain, Y.-L.; Wang, Y.-F.; Wang, H.-H.; Chiou, Y.-Y. Clinical characteristics
and prevalence of complications of chronic kidney disease in children: The Taiwan Pediatric Renal
Collaborative study. Pediatr. Nephrol. 2016, 31, 1113–1120. [CrossRef]

17. Fathallah-Shaykh, S.A.; Cramer, M.T. Uric acid and the kidney. Pediatr. Nephrol. 2013, 29, 999–1008.
[CrossRef]

18. Hsu, C.-N.; Chang-Chien, G.-P.; Lin, S.; Hou, C.; Lu, P.-C.; Tain, Y.-L. Association of trimethylamine,
trimethylamine N-oxide, and dimethylamine with cardiovascular risk in children with chronic kidney
disease. J. Clin. Med. 2020, 9, 336. [CrossRef]

19. Graves, J.W.; Althaf, M.M. Utility of ambulatory blood pressure monitoring in children and adolescents.
Pediatr. Nephrol. 2006, 21, 1640–1652. [CrossRef]

20. Heudorf, U.; Hartmann, E.; Angerer, J. Acrylamide in children—Exposure assessment via urinary acrylamide
metabolites as biomarkers. Int. J. Hyg. Environ. Health 2009, 212, 135–141. [CrossRef]

21. Sinha, M.D.; Tibby, S.M.; Rasmussen, P.; Rawlins, D.; Turner, C.; Dalton, R.N.; Reid, C.J.; Rigden, S.P.;
Booth, C.J.; Simpson, J. Blood pressure control and left ventricular mass in children with chronic kidney
disease. Clin. J. Am. Soc. Nephrol. 2010, 6, 543–551. [CrossRef] [PubMed]

22. Chien, S.-J.; Lin, I.-C.; Hsu, C.-N.; Lo, M.-H.; Tain, Y.-L. Homocysteine and arginine-to-asymmetric
dimethylarginine ratio associated with blood pressure abnormalities in children with early chronic kidney
disease. Circ. J. 2015, 79, 2031–2037. [CrossRef] [PubMed]

23. Walters, B.; Hariharan, V.; Huang, H. Dietary levels of acrylamide affect rat cardiomyocyte properties.
Food Chem. Toxicol. 2014, 71, 68–73. [CrossRef] [PubMed]

24. Raju, J.; Roberts, J.; Taylor, M.; Patry, D.; Chomyshyn, E.; Caldwell, D.; Cooke, G.; Mehta, R. Toxicological
effects of short-term dietary acrylamide exposure in male F344 rats. Environ. Toxicol. Pharmacol. 2015, 39,
85–92. [CrossRef]

http://dx.doi.org/10.1016/s0140-6736(18)32225-6
http://dx.doi.org/10.3390/ijms20215301
http://www.ncbi.nlm.nih.gov/pubmed/31653115
http://dx.doi.org/10.1681/ASN.2009060609
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.192639
http://www.ncbi.nlm.nih.gov/pubmed/19729599
http://dx.doi.org/10.1021/jf030204+
http://www.ncbi.nlm.nih.gov/pubmed/14705871
http://dx.doi.org/10.33549/physiolres.933381
http://dx.doi.org/10.1016/j.mrgentox.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15668118
http://dx.doi.org/10.1152/ajpregu.00250.2005
http://www.ncbi.nlm.nih.gov/pubmed/16183628
http://dx.doi.org/10.3390/ijms20030681
http://www.ncbi.nlm.nih.gov/pubmed/30764498
http://dx.doi.org/10.1016/j.atherosclerosis.2012.03.039
http://dx.doi.org/10.1097/01.mnh.0000441153.40072.e0
http://dx.doi.org/10.1007/s00467-016-3325-5
http://dx.doi.org/10.1007/s00467-013-2549-x
http://dx.doi.org/10.3390/jcm9020336
http://dx.doi.org/10.1007/s00467-006-0175-6
http://dx.doi.org/10.1016/j.ijheh.2008.04.006
http://dx.doi.org/10.2215/CJN.04690510
http://www.ncbi.nlm.nih.gov/pubmed/21115627
http://dx.doi.org/10.1253/circj.CJ-15-0412
http://www.ncbi.nlm.nih.gov/pubmed/26084337
http://dx.doi.org/10.1016/j.fct.2014.05.029
http://www.ncbi.nlm.nih.gov/pubmed/24928766
http://dx.doi.org/10.1016/j.etap.2014.11.009


Int. J. Mol. Sci. 2020, 21, 5855 12 of 12

25. Rietjens, I.M.C.M.; Dussort, P.; Günther, H.; Hanlon, P.; Honda, H.; Mally, A.; O’Hagan, S.; Scholz, G.;
Seidel, A.; Swenberg, J.; et al. Exposure assessment of process-related contaminants in food by biomarker
monitoring. Arch. Toxicol. 2018, 92, 15–40. [CrossRef]

26. Zamani, E.; Shokrzadeh, M.; Ziar, A.; Abedian-Kenari, S.; Shaki, F. Acrylamide attenuated immune tissues’
function via induction of apoptosis and oxidative stress: Protection by l-carnitine. Hum. Exp. Toxicol. 2017,
37, 859–869. [CrossRef]

27. Vera, M.; Torramadé-Moix, S.; Martin-Rodriguez, S.; Cases, A.; Cruzado, J.M.; Rivera, J.; Escolar, G.;
Palomo, M.; Diaz-Ricart, M. Antioxidant and anti-inflammatory strategies based on the potentiation of
glutathione peroxidase activity prevent endothelial dysfunction in chronic kidney disease. Cell. Physiol.
Biochem. 2018, 51, 1287–1300. [CrossRef]

28. Lin, Y.-J.; Hsu, C.-N.; Lo, M.-H.; Huang, C.-F.; Chien, S.-J.; Tain, Y.-L. High citrulline-to-arginine ratio
associated with blood pressure abnormalities in children with early chronic kidney disease. Circ. J. 2012, 77,
181–187. [CrossRef]

29. Cynober, L.; Moinard, C.; De Bandt, J.-P. The 2009 ESPEN Sir David Cuthbertson. citrulline: A new major
signaling molecule or just another player in the pharmaconutrition game? Clin. Nutr. 2010, 29, 545–551.
[CrossRef]

30. Tain, Y.-L.; Hsu, C.-N. Toxic Dimethylarginines: Asymmetric Dimethylarginine (ADMA) and Symmetric
Dimethylarginine (SDMA). Toxins 2017, 9, 92. [CrossRef]

31. Wühl, E.; Witte, K.; Soergel, M.; Mehls, O.; Schaefer, F. Distribution of 24-h ambulatory blood pressure
in children: Normalized reference values and role of body dimensions. J. Hypertens. 2002, 20, 1995–2007.
[CrossRef] [PubMed]

32. Andrassy, K.M. Comments on KDIGO 2012 clinical practice guideline for the evaluation and management of
chronic kidney disease. Kidney Int. 2013, 84, 622–623. [CrossRef] [PubMed]

33. Schwartz, G.J.; Muñoz, A.; Schneider, M.F.; Mak, R.H.; Kaskel, F.; Warady, B.A.; Furth, S.L. New equations to
estimate GFR in children with CKD. J. Am. Soc. Nephrol. 2009, 20, 629–637. [CrossRef] [PubMed]

34. Fennell, T.R.; Sumner, S.J.; Snyder, R.W.; Burgess, J.; Friedman, M.A. Kinetics of elimination of urinary
metabolites of acrylamide in humans. Toxicol. Sci. 2006, 93, 256–267. [CrossRef] [PubMed]

35. Daniels, S.R.; Kimball, T.R.; Morrison, J.A.; Khoury, P.; Meyer, R.A. Indexing left ventricular mass to account
for differences in body size in children and adolescents without cardiovascular disease. Am. J. Cardiol. 1995,
76, 699–701. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00204-017-2143-2
http://dx.doi.org/10.1177/0960327117741753
http://dx.doi.org/10.1159/000495540
http://dx.doi.org/10.1253/circj.CJ-12-0602
http://dx.doi.org/10.1016/j.clnu.2010.07.006
http://dx.doi.org/10.3390/toxins9030092
http://dx.doi.org/10.1097/00004872-200210000-00019
http://www.ncbi.nlm.nih.gov/pubmed/12359978
http://dx.doi.org/10.1038/ki.2013.243
http://www.ncbi.nlm.nih.gov/pubmed/23989362
http://dx.doi.org/10.1681/ASN.2008030287
http://www.ncbi.nlm.nih.gov/pubmed/19158356
http://dx.doi.org/10.1093/toxsci/kfl069
http://www.ncbi.nlm.nih.gov/pubmed/16870689
http://dx.doi.org/10.1016/S0002-9149(99)80200-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Patient Characteristics 
	Urinary Acrylamide Metabolites 
	Plasema NO-Related Parameters 
	Cardiovascular Assessment 
	Association between Acrylamide Metabolites and Cardiovascular Risk Markers 

	Discussion 
	Materials and Methods 
	Patients and Study Design 
	High-Performance Liquid Chromatography–Mass Spectrometry Analysis 
	Blood Pressure Measurement and Echocardiography 
	Statistical Analysis 

	Conclusions 
	References

