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ABSTRACT:  

Objectives To investigate the association of specific serum amino acids (AA) with arsenic-induced 

skin lesions (AISL) risk and their ability to distinguish AISL from the counterparts. 

Design Case-control study. 

Setting 3 arsenic exposed villages in Wuyuan county of Hetao Plain, Inner Mongolia, China. 

Participants Among 450 residents aged 18 to 79 years chronically exposed to arsenic via drinking 

water, 56 of them were diagnosed as AISL and selected as the case. Another 56 participants without 

AISL matched by gender and similar age (±1 year) from the same population were picked out as the 

control. The inclusion criteria were subjects having the metabolomic test. The exclusion criteria 

included unmatched participants and those without serum metabolites data. 

Primary and secondary outcome measures The outcome measure was whether it suffered from 

AISL. Generalized linear models and receiver operating characteristic curve analysis were performed 

to investigate the relationship between AISL and AA metabolism. 

Results Two aromatic amino acid (tryptophan, phenylalanine) level were both negatively associated 

with AISL (P<0.05). As compared to the 1
st 

quartile, the adjusted risk of AISL in the 2
nd

, 3
rd

 and 4
th

 

quartile decreased by 56%, 89% and 82% for tryptophan, and 37%, 84% and 83% for phenylalanine, 

respectively. The combination of higher level of the two above-mentioned AA revealed the lowest 

probability to develop AISL (OR=0.06; 95%CI: 0.02, 0.22; P<0.001)). Furthermore, both AA showed 

moderate ability to distinguish AISL from the control, with area-under-curve (95%CI) as 0.67 (0.57, 

0.77) for tryptophan and 0.70 (0.60, 0.80) for phenylalanine, respectively (all P<0.05). The combined 

pattern with AUC (95%CI) was 0.72 (0.62, 0.81). 

Conclusions Current study suggests that AA metabolism may be linked to AISL onset and may play 

an important role in AISL’s early identification. Additional studies are needed to confirm our findings. 

Keywords: Metabolomics; Arsenic; skin lesions; Amino acid ; UPLC-MS/MS.  
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Strengths and limitations of this study 

� The main strength of this study might be that the findings was depended on a community-based 

long-term arsenic exposure cohort with well-designed quality assurance and quality control 

throughout the study. 

� Multivariable logistic models were performed to examine the association between the contributing 

amino acids (AA) levels and arsenic-induced skin lesions (AISL) after adjusting for some 

potential confounding factors, and receiver operator characteristic analysis was applied to evaluate 

the value and feasibility of the AA to distinguish AISL from the counterparts. 

� The association between amino acid metabolism and AISL was unclear and comprehensively 

assessed in this study. 

� The findings were mainly based on case-control study, which only revealed the association 

between amino acid metabolism and the risk of AISL rather than confirming their causal 

relationship.  

� The participants were mainly exposed to arsenic via drinking water, which would limit the 

findings extrapolated to the other arsenic exposure population via food and other ways. 
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INTRODUCTION  1 

Chronic arsenic exposure via drinking water is widely believed as a global health concern, 2 

affecting a large amount of people worldwide. It may give rise to several human health effects and has 3 

been documented to associate with cardiovascular disease, diabetes, cancer and others
1 2

. With the 4 

industrial boom and dramatic rise of worldwide water pollution including arsenic contamination in the 5 

past, the prevalence and burden of arsenic-induced health damage will continue to increase. Skin has 6 

been confirmed as one of the most common and susceptible targets of arsenic-induced health lesions. 7 

Cutaneous skin lesions are typical signs of arsenicosis after persistent arsenic exposure for a long term, 8 

characterized by hyperkeratosis and hyperpigmentation. Considerable evidences of the prevalence of 9 

arsenical skin lesions have been observed in many countries
3-5

. 10 

As arsenic induced skin lesions (AISL) have been widely accepted as the major early 11 

manifestation of arsenic toxicity
6
 and may be indicators of susceptibility to more serious 12 

arsenic-induced health hazards
7
, it is particularly crucial to identify participants at risk as early as 13 

possible for preventing the onset or delaying the progression of the serious health problems effectively. 14 

Several possible mechanism may explain arsenic poisoning lesion, such as genetic differences
8
, 15 

oxidative stress
9
 and epigenetic dysregulation

10
 and so on. Studies have shown that arsenic 16 

methylation in vivo is tightly associated with metabolic syndrome
11 12

, which is believed to be closely 17 

related to many kinds of metabolites.  18 

Amino acids (AA) are the "basic unit" that make up body's various proteins and necessary to 19 

maintain the health status. Some AA are important regulators of key metabolic pathways and of great 20 

importance in maximizing efficiency of food utilization, enhancing protein accretion and health 21 

improvement
13 14

. Abnormal metabolism of AA will disturbs whole body homeostasis, impairs growth 22 

and development, and even causes death
15

. So, serum AA level may be an important implication for 23 

the metabolic status and disease conditions. As a powerful tool in system biology research, 24 

metabolomic approach is beneficial on unbiased monitoring changes in endogenous 25 
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metabolism-related physiological processes, providing integrative information on the distinctive 26 

features across multiple functional levels, and offering a window to capture core attributes responsible 27 

for various phenotypes, which is particularly important in understanding the relevant 28 

pathophysiological changes in a disease state, identifying novel biomarkers for person at risk 29 

screening, diagnosis, treatment and prognosis of important human diseases
16-18

.  30 

Animal experiments and epidemiological study have reported obvious arsenic-related 31 

metabolomics perturbations 
19 20

. All of these researches substantially suggest that the relationship 32 

between specific metabolites and arsenic-induced health lesions should be investigated. However, few 33 

works have been conducted to comprehensively examine the metabolic mechanism relevant to AISL, 34 

especially for the AA metabolism. Based on our previous non-targeted metabolomics data, the present 35 

study aims to quantitatively examine the association of several specific AA with the risk of AISL and 36 

their ability to predict AISL. 37 

Methods 38 

Patient and Public Involvement 39 

No patients were involved. 40 

Study Population 41 

Participants enrolled in the present study came from our previous population-based chronic 42 

arsenic exposure cohort established in the Hetao plain of Inner Mongolia, China in 2010. Among 450 43 

residents aged 18 to 79 years chronically exposed to arsenic via drinking water, 56 of them were 44 

diagnosed as AISL and selected as the case. Another 56 participants without AISL matched by gender 45 

and similar age (±1 year) from the same population were picked out as the control. The inclusion 46 

criteria were subjects having the metabolomic test. The exclusion criteria included unmatched 47 

participants and those without serum metabolites data. The AISL was diagnosed as the presence of 48 

arsenic induced keratosis, hyperpigmentation or depigmentation by a physician from Wenzhou 49 
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medical university strictly follow the criteria of arsenicosis
21

. Informed consent was obtained from all 50 

participates and this study was approved by ethics committee of Wenzhou Medical University, 51 

Wenzhou, China. 52 

Data Collection and Assessment 53 

Detailed data collection of blood and urine samples and assessment methods for clinical and 54 

sociodemographic variables had been published previously
22

. The epuration of various urinary arsenic 55 

species was conducted by means of a high-performance liquid chromatography coupled mass 56 

spectrometer system for separation and detection
23

. The species of arsenic in urine samples consisted 57 

of inorganic arsenic (iAs, [iAs
Ⅲ

 plus iAs
Ⅲ

]), monomethyl arsenate (MMA, [MMA
Ⅲ

 plus MMA
Ⅲ

]) and 58 

dimethyl arsenate (DMA, [DMA
Ⅲ 

plus DMA
Ⅲ

]). All arsenic species corrected by creatinine. 59 

Distinct Metabolites Identification 60 

Detection of serum metabolites were performed using ultra-performance liquid chromatography 61 

couple with tandem mass spectrometry (UPLC-MS/MS). The serum samples preparation and 62 

metabolites determination were described in our previous report 
24

. The peak intensity of metabolites 63 

for the 56 pairs were acquired and then imported to MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) 64 

for statistical analysis. A partial least-squares discriminant analysis (PLS-DA), a supervised and well 65 

accepted pattern recognition approach, was used for the differentiation between the cases and controls. 66 

False discovery rate (FDR) adjustment p-value in univariate analysis were performed to reduce the 67 

potential impact induced by false positive on the results. The criteria used for distinct metabolites 68 

screening were defined as both variable importance plot (VIP) scores >1 in PLS-DA and the crude or 69 

FDR adjusted p-value all < 0.05. We identified a total of 114 extracted small molecular metabolites 70 

significantly contributed to the cases recognition. Among them, 4 metabolites were confirmed as 71 

amino acids and obviously down-regulated in the AISL group. 72 

Statistical Analysis 73 

The normality of continuous data was assessed using Shapiro-Wilk test. The comparison of them 74 
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between the case and control was applied with paired t-test if they met normal or similar normal 75 

distribution. Otherwise, Wilcoxon signed rank test would be used. Differences in the proportion of 76 

categorical variables between the two groups were evaluated by McNemar-Bowker tests. As the 77 

distinct metabolites might be high related with each other, spearman correlation analysis was used to 78 

investigate relationship among the various screened AA. To avoid or reduce the influences due to 79 

collinearity among the AA, a multiple stepwise regression analysis was applied to screen relevant AA 80 

independently associated with AISL. The inclusion and exclusion criteria were 0.05 and 0.10, 81 

respectively. Author firstly used the locally weighted regression model to estimate the relationship 82 

between serum AA level and the risk to develop AISL. Then, generalized linear models (GLMs) were 83 

performed to examine the association between the contributing AA levels and AISL after adjusting for 84 

some potential confounding factors. The individual impacts of AA metabolites on the risk of AISL 85 

were quantified separately by odds ratio (OR) and 95% confidence interval (CI) with GLMs in the 86 

following two ways: with AA as a categorical variable (quartiles) and as a continuous variable [scaled 87 

to interquartile range (IQR)]. The combined effects of relevant AA on AISL were also performed. In 88 

addition, receiver operator characteristic (ROC) analysis was applied to evaluate the value and 89 

feasibility of the AA as the potential sensitive and specific biomarker to predict AISL. Data 90 

management, analysis and figure drawing were finished using R version 3.4.4 (Copyright © 2018 The 91 

R Foundation for Statistical Computing). All tests were two-sides and P<=0.05 was set as significant 92 

level. 93 

RESULTS 94 

Table 1 summarizes the general characteristics of the study population. The comparison of 95 

demographical, clinical features and urinary arsenic species in the 56 pairs of subjects were presented 96 

in Table 1. The median (1st quartile, 3rd quartile) of age was 50.30 (44.70, 58.70) years for cases and 97 

50.40 (44.60, 58.70) years for the controls with female proportion as 58.93% and there was no 98 

statistically significant difference in urinary arsenic levels between the two groups. More than half of 99 
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them had no history of smoking or alcohol consumption. As compared to the counterpart, the serum 100 

triglycerides level in AISL participants was significantly lower (P=0.041). While the other variables 101 

were similar between AISL participants and their control (P>0.05), which indicated that the 102 

participants in the two groups were quite comparable to some extent. 103 

Table 1 Demographic characteristics of the study population
ξ
. 104 

Variables AISL
ζ
 (n=56) Non-AISL

ζ
 (n=56) P 

Clinical Characteristics 

Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425 

Exposure year (years) 48.19±11.53 47.62±10.97 0.489 

Body mass index (kg/m
2
) 24.12±3.14 23.91±2.86 0.697 

Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137 

Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392 

Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961 

Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603 

Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904 

Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041 

High-density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675 

Low-density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110 

Women [# (%)] 33(58.93) 33(58.93) 1.000 

Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696 

Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464 

Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252 

Urinary arsenic species
ζζζζ 

iAS% 0.12(0.10,0.17)  0.12(0.08,0.15) 0.148 

MMA%  0.25(0.20,0.30) 0.26(0.21,0.32) 0.420 

DMA%  0.62(0.57,0.71) 0.62(0.48,0.65) 0.096 

tAs (µg/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445 
ξ AISL: arsenic induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 105 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the proportion 106 
of categorical variables between the two groups. 107 
ζ iAS: inorganic arsenic (iAsⅢ+iAsⅢ); MMA: monomethyl arsenate (MMAⅢ+MMAⅢ); DMA: dimethyl arsenate (DMAⅢ+DMAⅢ); tAs: 108 
total arsenic (iAsⅢ+iAsⅢ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%. 109 

Table 2 shows the Four AA with FDR adjusted p-value <0.05 and VIP>1 in the cases were 110 

observed significantly lower than those of their counterparts. Two of them were aromatic amino 111 

acids (AAA) identified as phenylalanine and tryptophan, one is branched-chain amino acids (BCAA) 112 

appraised as leucine and the last one is phenylalanyl phenylalanine. Spearman's rank correlation to 113 

investigate the relationships among these four AA before the following analyzes and observed that 114 

the AA were obviously correlated to each other with the correlation coefficient as 0.18 to 0.86 (Table 115 
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S1). Through a multivariable logistic stepwise regression model to obtain variables independently 116 

associated with the risk to develop AISL and to avoid the potential collinearity among all 117 

independent variables in the model. respectively. Finally, we found that tryptophan and 118 

phenylalanine were significantly related to the AISL risk. 119 

Table 2 Distinct metabolites in population with arsenic induced skin lesions and their counterparts. 120 

Serum amino acid metabolites 
Retention 

time (min) 

Mass-to-Charge 

Ratio 
VIP value p-value

ξ
 

Adjusted 

p-values
ζ
 

Phenylalanine 3.402 166.087 1.508 <0.001 0.009 

Tryptophan 3.886 203.082 1.046 0.003 0.014 

Leucine 2.642 132.102 1.014 0.001 0.020 

Phenylalanyl phenylalanine 5.048 313.155 1.833 0.004 0.033 
ξ From Wilcoxon signed-rank test; ζ Adjusted by false discovery rate (FDR). 121 

Figure 1 presents the individual association between AA and AISL. Based on locally weighted 122 

regression curve, we observed obvious “dose-response” relationships between the levels of serum 123 

tryptophan and phenylalanine with AISL. The risk to get AISL was significantly decreased in 124 

participants with high serum tryptophan and phenylalanine levels. Table 3 shows that As compared 125 

to the lowest quartile, participants with the 3
rd

 and 4
th

 quartiles of tryptophan were significantly 126 

linked to the decreased risk of AISL, with odd radio (OR) and 95% confidence interval (CI) as 127 

0.11(0.02, 0.54) for the former and 0.18(0.05, 0.70) for the latter, after adjusting for the potential 128 

confounders such as age, gender, cigarette smoking status, alcohol consumption, fasting plasma 129 

glucose, triglycerides, low-density lipoprotein and iAS% (percentage of inorganic arsenic by total 130 

arsenic). A significant linear trend existed between the risk to develop AISL and serum tryptophan, 131 

decreased by 56% (OR: 0.44; 95% CI: 0.24, 0.84) with per IQR increment of serum tryptophan 132 

(P=0.013). Meanwhile, the similar association between serum phenylalanine level and AISL was also 133 

found in the present study. After adjusting for the above-mentioned potential confounding factors, 134 

the risk to get AISL for subjects in the 3rd and 4th quartiles significantly decreased by 84% (OR: 135 

0.16; 95% CI: 0.04, 0.69) and 83% (OR: 0.17; 95% CI: 0.04, 0.68), respectively. There also existed a 136 

linear trend between the serum phenylalanine concentration and the risk of AISL, significantly 137 
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decreased by 45% (OR: 0.55; 95% CI: 0.32, 0.94) with per IQR increment of serum phenylalanine 138 

level (P=0.028) after adjusting for the impacts due to some potential confounding factors. 139 

Table 3 Relationship of amino acids levels with the risk of arsenic-induced skin lesions
ξ.

 140 

Model 
Tryptophan 

 
Phenylalanine 

Crude Adjusted
ζ
 Crude Adjusted

ζ
 

Metabolite as continuous variable 

Per IQR  0.48 (0.27, 0.84) 0.44(0.24,0.84)  0.57 (0.36, 0.91) 0.55(0.32,0.94) 

P 0.005 0.013  0.010 0.028 

Metabolite as categorical variable 

Q1 1.00(referent) 1.00(referent)  1.00(referent) 1.00(referent) 

Q2 0.50(0.16, 1.54) 0.44(0.14,1.43)  0.79(0.22, 2.82) 0.63(0.15,2.59) 

Q3 0.12(0.03, 0.53) 0.11 (0.02,0.54)  0.18(0.05, 0.66) 0.16(0.04,0.69) 

Q4 0.19(0.05 ,0.71) 0.18(0.05,0.70)  0.25(0.08, 0.79) 0.17(0.04,0.68) 

P for trend 0.008 0.005  <0.001 <0.001 
ξ Values are odds ratios (95% confidence intervals) for arsenic-induced skin lesions from conditional logistic regression. IQR: 141 
interquartile range; Q1: the first quartering; Q2: the second quartering; Q3: the third quartering; Q4: the fourth quartering. 142 
ζ Adjusted for: age, gender, cigarette smoking status, alcohol consumption, fasting plasma glucose, triglycerides, low-density 143 
lipoprotein and percentage of inorganic arsenic by total arsenic (iAS%). 144 

Table 4 shows the joint effect of tryptophan and phenylalanine levels on AISL We firstly 145 

classified the serum tryptophan and phenylalanine into two categories with the cut-off value of the 146 

mass spectrum peak area based on the ROC analysis as 1730858.446 for the former and 147 

1649420.815 for the latter, respectively. The higher level of these two serum AA was separately 148 

defined as equal to or over the cut-off value, while the lower categories were considered as less than 149 

the associated cut-off values. As compared to the reference group (both serum tryptophan and 150 

phenylalanine were at the lower levels), after adjusting for the impacts induced by some potential 151 

confounding factors, participants with higher level of both tryptophan and phenylalanine had the 152 

lowest risk to get AISL, significantly decreased by 94% (OR=0.06; 95%CI: 0.02, 0.22; P<0.001). 153 

This suggested that AISL jointly and negatively associated with serum tryptophan and phenylalanine 154 

concentration. While no significant interaction between tryptophan and phenylalanine on the 155 

occurrence of skin damage could be observed (P=0.462). 156 

Table 4 Joint association between tryptophan and phenylalanine levels with arsenic-induced skin 157 

lesions. 158 

Tryptophan Phenylalanine 
N Cases (%) 

Crude  Adjusted
ζ
 

<cut-off value
ξ
 <cut-off value

ξ
 OR(95%CI) P OR(95%CI) P 

Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref.  1.00(1.00,1.00) Ref. 
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Yes No 20 12(60.0) 0.52(0.16,1.68) 0.273  0.45(0.13,1.55) 0.204 

No Yes 24 12(50.0) 0.35(0.12,1.04) 0.059  0.28(0.09,0.91) 0.034 

No No 33 6(18.2) 0.08(0.02,0.25) <0.001  0.06(0.02,0.22) <0.001 

Interaction    0.320   0.462 
ξ Cut-off value was determined by means of receiver operator characteristic (ROC) analysis. 159 
ζ Adjusted for age, gender, cigarette smoking status, alcohol consumption, fasting plasma glucose, triglycerides, low-density 160 
lipoprotein and percentage of inorganic arsenic by total arsenic (iAS%). 161 

Table 5 shows that based on the ROC analysis, both serum tryptophan and phenylalanine were 162 

suggested to be potential biomarkers in distinguishing AISL from a chronic arsenic exposure 163 

population (P=0.0020 and P=0.0017). The area under the curve (AUC) and its related 95% CI, 164 

sensitivity, specificity, positive predictive value and negative predictive value were 0.67 (0.57, 0.77), 165 

69.64%, 62.50%, 65.00 and 67.31% for tryptophan, and 0.70 (0.60, 0.80), 69.64%, 69.64%, 69.64% 166 

and 69.64% for phenylalanine, respectively. For the combined prediction of tryptophan and 167 

phenylalanine on the AISL risk, the AUC (95% CI), sensitivity, specificity, positive predictive value 168 

and negative predictive value were 0.72 (0.62, 0.81), 76.79%, 58.93%, 65.15 and 71.74%, 169 

respectively. Our results suggested that these two AA could be either individually or jointly used as 170 

indicators of arsenic induced skin lesions identification. 171 

172 
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Table 5 Combination of diagnostic indicators and ROC analysis results
ξ
. 173 

Indicators AUC(95%CI) 
Sensitivity, 

% 

Specificity, 

% 

Predict+, 

% 

Predict-, 

% 
P 

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.0020 

Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.0017 

Combined
ζ
 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001 

ξ ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, positive 174 
predictive value and negative predictive value were calculated at their best cut-off points; Predict+: positive predictive value; Predict-: 175 
negative predictive value. 176 
ζ Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 177 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model. 178 

DISCUSSION 179 

In the present study, the association of serum tryptophan and phenylalanine, screened in our 180 

previous non-targeted metabolomics study using UPLC-MS/MS, with AISL risk and their ability to 181 

indicate AISL occurrence were quantitatively evaluated in individual and joint modes. Our results 182 

clearly showed that the risk of AISL significantly and negatively associated with serum tryptophan and 183 

phenylalanine levels in a chronic arsenic exposure population via drinking water. It was suggested that 184 

abnormal amino acids metabolism independently linked to AISL and some specific AA might play an 185 

important role in the early identification of AISL. 186 

Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 187 

The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 188 

population were 17.49 (14.90, 20.53) µg/g and 147.20 (129.00, 167.97) µg/g, respectively. They were 189 

much higher than those in the 20-µg/L–exposed to arsenic via drinking water [GM (95% CI): 0.4 190 

(0.3,0.5) µg/g for iAs and 9.1 (6.5,12.7) µg/g for tAs], while obviously lower than those in the 191 

90-µg/L-exposed group [GM (95% CI): 39.4 (31.4, 49.6) µg/g for iAs and 248.7 (208.8, 296.3) 192 

µg/g]
25

. The available reports show that arsenic induced health lesions can scarcely been cured though 193 

the medical technology has made great progress in the past
26

. It is crucial to identify those who are 194 

most likely to progress to overt arsenic damages including AISL among people at risk as early as 195 

possible. Due to the arsenic methylation
9
, genetic differences

8
, and other possible metabolic 196 

mechanisms
10

, some residents exposed to arsenic will not develop to severe arsenic poisoning, 197 

especially for those at the early stages of arsenic exposure
4
. Metabolomics study, which mainly focus 198 
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on thoroughly assessing the variation of metabolites possibly linked to diseases occurrence and 199 

development, has been widely utilized to help us understanding the pathogenesis and others because of 200 

its much closer to the phenotypes as compared to other ‘OMICs’ study
27

. Moreover, mathematical 201 

modeling to assess the linkage between small molecular metabolites and arsenic toxicity has grown
28

. 202 

Developing a simple and interpretable modeling approach for the early detection of arsenic induced 203 

health lesions is of great theoretical value and realistic meaning
29

, though it might be difficult due to 204 

population specific complexities and the impacts due to some potential unmeasured covariates such as 205 

diet and genetic determinants. 206 

Previous studies reported that gene-gene and gene-environment interaction were involved in 207 

arsenicosis through toxicological mechanisms including genomic instability
30

 and oxidative stress
31

. 208 

Skin hyperpigmentation and palmoplantar hyperkeratosis could be biomarkers for long-term (many 209 

years) internal dose. Identifying the differences in metabolites that are really associated with 210 

phenotypes through metabolites analysis may promote our understanding and identification of AISL. 211 

Animal study reveals that the disruption of amino acid metabolism upon arsenic exposure in rat which 212 

may be beneficial on understanding the arsenic toxicity
32

. A recent population-based metabolomics 213 

study also shows that the serum metabolites alteration significantly related to the risk of 214 

arsenic-induced health damages
24

. In the current study, three of the four amino acids are BCAA or 215 

AAA are observed to be relevant to AISL occurrence. Several studies across numerous ethnic 216 

backgrounds supports the usage of BCAA including leucine, isoleucine as well as valine and AAA 217 

profile such as phenylalanine, tryptophan and tyrosine as biomarkers in determining metabolic 218 

diseases
27 33

. Simultaneously, Zhou et al report that arsenic-induced transformed cells exhibit apparent 219 

alterations in metabolite profiles including down-regulated of leucine, tryptophan, and phenylalanine 220 

in skin lesions group
34

. Consistent with Zhou’s findings, two serum AAA (tryptophan, phenylalanine) 221 

levels significantly associated with elevated risk to get AISL in our study. 222 
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Normal metabolism of AA are necessary for whole body homeostasis, growth and development, 223 

and body health
15

. Studies have reported that the changes in the availability of AAA lead to a profound 224 

effect on cell signaling, gene expression, brain, and neuroendocrine function
35

. Tryptophan, an amino 225 

acid metabolism related biomarker, is also a sensitive and specific indicator of oxidation. Tryptophan 226 

metabolism in mammals is a physiological means of preserving immune homeostasis and associated 227 

with oxidative stress, and inflammation
36 37

. In addition, phenylalanine can be transformed into 228 

specific neurotransmitters such as dopamine and adrenaline by the action of related enzymes. Wu and 229 

colleagues
38

 report that arsenic exposure will cause neurotransmitter metabolism disturbance, which 230 

may explained the reduction of phenylalanine. Furthermore, as one of the peptide-bound 231 

phenylalanine, phenylalanyl phenylalanine has been reported to affect protein synthesis and 232 

secretion
39

, potentially indicating the possible relation between endothelium dysfunction and 233 

phenylalanine metabolism disorder. 234 

The relationship between amino acid metabolism and AISL was unclear. The notable alteration of 235 

tryptophan and phenylalanine in this study may well indicate the occurrence of metabolic disorders 236 

due to arsenic exposure, is beneficial on intensive understanding the effects of arsenic toxicity and is of 237 

great importance and realistic value in the early identification of the occurrence as well as delaying the 238 

progression of various arsenic-induced health lesions including AISL. The main strength of this study 239 

might be that the findings were depended on a community-based long-term arsenic exposure cohort 240 

with well-designed quality assurance and quality control throughout the study. However, the findings 241 

are mainly based on case-control study, which only revealed the association between amino acid 242 

metabolism and the risk of AISL rather than confirming their causal relationship. The participants 243 

were mainly exposed to arsenic via drinking water, which would limit the findings extrapolated to the 244 

other arsenic exposure population via food and other ways. Therefore, Additional elaborate 245 

population-based studies are needed to verify our discoveries. 246 
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Taken together, two AAA’s (tryptophan, phenylalanine) reduction were closely linked to the 247 

higher risk of AISL. It also suggests that tryptophan and phenylalanine are useful for distinguishing 248 

AISL earlier or screening of the high-risk individuals from their counterparts in a long-term exposed to 249 

low-level arsenic population via drinking water. 250 
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Figure 1 Association between the peak intensity of tryptophan and phenylalanine and 

arsenic-induced skin lesions based on multivariable locally weighted regression models. a:tryptophan; 

b:phenylalanine. 
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Figure 1  Association between the peak intensity of tryptophan and phenylalanine and arsenic-induced skin 
lesions based on multivariable locally weighted regression models. a: tryptophan; b: phenylalanine. 
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Table S1 

Correlation matrix among four screened amino acids . 

Metabolites Tryptophan Leucine Phenylalanine Phenylalanyl phenylalanine 

Tryptophan - 0.20(0.038) 0.22(0.022) 0.18(0.061) 

Leucine  - 0.86(<.0001) 0.57(<.0001) 

Phenylalanine   - 0.60(<.0001) 

Phenylalanyl phenylalanine    - 
 Data were presented as the coefficient of correlation (p-value).  
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ABSTRACT: 

Objectives To investigate the association of specific serum amino acids (AAs) with the odds of 

arsenic-induced skin lesions (AISL) and their ability to distinguish AISL from the counterparts.

Design Case-control study.

Setting Three arsenic exposed villages in Wuyuan county of Hetao Plain, Inner Mongolia, China.

Participants Among 450 residents aged 18 to 79 years chronically exposed to arsenic via drinking 

water, 56 of them were diagnosed as AISL and defined as the cases. Another 56 participants without 

AISL matched by gender and similar age (±1 year) from the same population were picked out as the 

controls. The inclusion criteria were subjects having the metabolomics determination. Unmatched 

participants and those without serum metabolites data were excluded.

Primary and secondary outcome measures The outcome was whether it suffered from AISL. 

Multivariable conditional logistic regression models and receiver operating characteristic curve 

(ROC) analysis were performed to investigate the relationship between specific AAs and AISL.

Results The level of two aromatic AAs (tryptophan, phenylalanine) were both negatively associated 

with AISL (P<0.05). As compared to the 1st quartile, the adjusted odds of AISL in the 2nd, 3rd and 4th 

quartile decreased by 69%, 90% and 84% for tryptophan, and 14%, 80% and 76% for phenylalanine, 

respectively. The combination of the two aforementioned higher level AAs revealed the lowest odds 

of AISL (OR=0.06; 95%CI: 0.02, 0.22; P<0.001)). Furthermore, both AAs showed moderate ability 

to distinguish AISL from the control, with area-under-curve [(AUC), 95%CI] as 0.67 (0.57, 0.77) for 

tryptophan and 0.70 (0.60, 0.80) for phenylalanine, respectively (all P<0.05). The combined pattern 

with AUC (95%CI) was 0.72 (0.62, 0.81), sensitivity of 76.79% and specificity of 58.93% 

(P<0.001).

Conclusions Specific AAs might be linked to AISL and play an important role in its early 

identification. Additional studies are needed to confirm our findings.

Keywords: Metabolomics; Chronic arsenic exposure; Skin lesions; Amino acid; UPLC-MS/MS. 
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Strengths and limitations of this study

 Our findings were depended on a community-based metabolomics study with paired-design, 

strictly quality assurance and quality control.

 Multivariable conditional logistic models were performed to examine the association between 

specific amino acid levels and AISL, and ROC analysis was applied to evaluate the value and 

feasibility of the AA to distinguish AISL from the counterparts.

 Although the AAs were determined by untargeted metabolomics approach, which can assess a 

large amount of metabolites precisely and efficiently, we only can obtain relative levels of AAs 

instead of their accurate quantitative concentration.

 The findings were based on a case-control study, which only revealed the association between 

the AAs and the odds of AISL rather than confirming their causal relationship. 

 The participants were mainly chronically exposed to arsenic via drinking water, which would 

limit the findings extrapolated to another arsenic exposure population via food or other ways.
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1 INTRODUCTION 

2 Chronic arsenic exposure via drinking water is widely believed as a global health concern, 

3 affecting a large amount of people worldwide. It may give rise to several human health issues and 

4 has been documented to associate with cardiovascular disease, diabetes, cancer and others1 2. With 

5 the industrial boom and dramatic rise of worldwide water pollution including arsenic contamination 

6 in the past, the prevalence and burden of arsenic-induced health damage will continue to increase. 

7 Skin has been confirmed as one of the most common and susceptible target of arsenic-induced health 

8 lesions. Cutaneous skin lesions are typical signs of arsenicosis after persistent arsenic exposure for a 

9 long term which are characterized by hyperkeratosis and hyperpigmentation. Considerable evidences 

10 of the prevalence of arsenical skin lesions had been observed in many countries3-5.

11 As arsenic-induced skin lesions (AISL) have been widely accepted as the major early 

12 manifestation of arsenic toxicity6 and might be indicators of susceptibility to more serious 

13 arsenic-induced health hazards7, it is particularly crucial to identify participants at risk as early as 

14 possible for preventing the onset or delaying the progression of the serious health problems 

15 effectively. Several possible mechanism such as genetic differences8, oxidative stress9 and epigenetic 

16 dysregulation10 and others may explain arsenic poisoning. Previous studies also reported that arsenic 

17 methylation in vivo might be associated with metabolic syndrome11 12.

18  Amino acids (AAs) are the "basic unit" that make up the body's various proteins and necessary 

19 to maintain the health. Some AAs are important regulators of some key metabolic pathways and have 

20 great importance in maximizing efficiency of food utilization, enhancing protein accretion and health 

21 improvement13 14. Abnormal metabolism of AAs will disturb the homeostasis of the body, impairs 

22 growth and development, and even causes death15. So, the levels of serum AAs may be an important 

23 implication for the metabolic status and disease condition. As a powerful tool in system biology 

24 research, metabolomics approach is beneficial on unbiased monitoring changes in endogenous 

25 metabolism-related physiological processes, providing integrative information on the distinctive 
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26 features across multiple functional levels, and offering a window to capture the core attributes 

27 responsible for various phenotypes, which are particularly important in understanding the relevant 

28 pathophysiological changes of a disease and its status, identifying novel biomarkers for risk 

29 screening, diagnosis, treatment and prognosis of important human diseases16-18. 

30 Animal experiments and epidemiological study have reported obvious arsenic-related 

31 metabolomics perturbations19 20. All of these researches substantially suggests that the relationship 

32 between specific metabolites and arsenic-induced health lesions should be investigated. However, 

33 few works have been conducted to comprehensively examine the metabolic mechanism relevant to 

34 AISL, especially for the AAs metabolism. The present study aims to quantitatively examine the 

35 association of several specific AAs with AISL and the ability to identify AISL.

36 Methods

37 Patient and Public Involvement

38 No patients were involved.

39 Study Population

40 This study was originally from a randomized, double-blind, and placebo controlled clinical trial 

41 (NCT02235948) in 2010, in which all subjects were randomly selected using permuted block 

42 randomization from a single rural area in a population chronically exposed to low-level arsenic 

43 drinking water, had similar life style and influences under similar environmental factors. Information 

44 on the inclusion and exclusion criteria of the participants could be found in our previous study21. 

45 Strictly following the criteria of arsenicosis22. AISL was diagnosed as the presence of arsenic- 

46 induced keratosis, hyperpigmentation or depigmentation by a physician from Wenzhou medical 

47 university at the beginning of the trial. Among 450 residents aged 18 to 79 years old enrolled in the 

48 above-mentioned trial, 56 of them were diagnosed as AISL and selected as the case. Another 56 

49 participants without AISL matched by gender and similar age (±1 year) from the same population 
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50 were picked out as the control. The inclusion criteria were subjects having the metabolomic test. 

51 Unmatched participants and those without serum metabolites data were excluded. Informed consent 

52 was obtained from all participants and this study was approved by the ethics committee of Wenzhou 

53 Medical University, Wenzhou, China.

54 Data Collection and Assessment

55 Blood and urine samples were also collected at the time of participants’ enrollment. Detailed 

56 data collection of blood and urine samples and assessment methods for clinical and 

57 sociodemographic variables had been published previously21. The epuration of various urinary 

58 arsenic species were conducted by means of a high-performance liquid chromatography coupled 

59 mass spectrometer system for separation and detection23. The species of arsenic in urine samples 

60 consisted of inorganic arsenic (iAs, [iAsⅢ plus iAsⅤ]), monomethyl arsenate (MMA, [MMAⅢ plus 

61 MMAⅤ]) and dimethyl arsenate (DMA, [DMAⅢ plus DMAⅤ]). All arsenic species were corrected 

62 by creatinine.

63 UPLC-MS/MS Metabonomic Profiling

64 Serum samples（200 µL in microcentrifuge tubes) were thawed to room temperature (25°C) 

65 and 600 µL mixture (90% acetonitrile - 10%water) were added to each sample. The samples were 

66 vigorously mixed for 20 seconds and centrifuged for 5 min at 12000 rpm (20°C). The top 400 µL of 

67 each supernatant were then transferred and dried down in a vacuum concentrator centrifuge. The 

68 dried samples were re-suspended in 130 µL of water (including 15% acetonitrile), mixed vigorously 

69 for 20 seconds and repeated the centrifugation method described above. Two µL of the supernatant 

70 were collected as samples to be determined. Serum metabolic profile acquisition was performed by 

71 using ACQUITY UPLC®/Xevo® G2 QTof/MSE (Waters Corp., Milford, MA, USA). 

72 Chromatographic separation was performed at 50°C using a WATERS HSS T3 column (2.1×100 

73 mm, 1.7 µm) with a flow rate of 0.4mL/min. The mobile phase was a mixture of (A) H2O with 0.1% 

74 formic acid and (B) methanol with 0.1% formic acid. Elution was in linear gradient with the 
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75 programmed gradient at 0 min with 100% A and 0% B, 1.00min with 100%A and 0% B, 8 min with 

76 0%A and 100% B, 13.00 min with 0% A and 100% B. The mass spectrometer was operated under 

77 both positive-ion (ESI+) mode and negative-ion (ESI-) mode electrospray ionization. The scan range 

78 was from 50 to 1200 m/z. Data was collected in both ESI+ and ESI- modes. Capillary voltage was set 

79 at 3000 V and 2500 V, respectively. The desolvation flow rate was 800 L/h at 350°C. Argon was 

80 used as a collision gas, and the collision energy was adjusted from 10 eV to 40 eV for each analysis. 

81 Quantum clustering (QC) samples were prepared by pooling aliquots of each sample and used to 

82 reflect the reliability of further metabolomics analysis. After peak deconvolution, alignment, 

83 integration and normalization, the data including retention time (RT), mass to charge ratio(m/z), and 

84 peak intensity were extracted from raw chromatograms using Progenesis QI 2.0 (Waters Corp., 

85 Milford, MA, USA). The MS/MS mode was performed to obtain metabolites levels processed with 

86 MarkerLynx Applications Manager Version 4.1 (Waters Corp., Milford, MA, USA).

87 Distinct Metabolites Identification

88 The peak intensity of metabolites for the 56 pairs were acquired and then imported to 

89 MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) for statistical analysis. A partial least-squares 

90 discriminant analysis (PLS-DA), which is a supervised and well accepted pattern recognition 

91 approach, was used for the differentiation between the cases and controls. False discovery rate (FDR) 

92 adjusted p-value in univariate analysis were performed to reduce the potential impact induced by 

93 false positive of the results. The criteria used in the selection of metabolites include variable 

94 importance in the project (VIP) scores >1 in PLS-DA and the crude or FDR adjusted p-value all < 

95 0.05. We identified a total of 70 extracted small molecular metabolites that were linked to the 

96 recognition of AISL. Among them, 4 metabolites were confirmed as AAs and obviously 

97 down-regulated in the AISL group.

98 Statistical Analysis

99 The normality of continuous data was assessed using both QQ-plots and Shapiro-Wilk test. The 
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100 comparison between the cases and controls was performed with the paired t-test if they met normal 

101 or similar normal distribution. Otherwise, Wilcoxon signed rank test would be used. Differences in 

102 the proportion of categorical variables between the two groups were evaluated by McNemar-Bowker 

103 tests. We firstly used locally weighted regression (Loess) models to estimate the “real” relationship 

104 between serum AAs levels and the odds of AISL. Then, multivariable conditional logistic regression 

105 models were performed to examine the association between the contributing AAs levels and AISL 

106 after adjusting for some potential confounding factors. The individual impacts of AA metabolites on 

107 the risk of AISL were quantified separately by odds ratio (OR) and 95% confidence interval (CI) in 

108 the following two ways: with AA as a categorical variable (quartiles) and as a continuous variable 

109 [scaled to interquartile range (IQR)]. As the distinct metabolites might be high related to each other, 

110 collinearity should be well considered. To screen appropriate covariates in the logistic models, some 

111 potential risk factors of AISL such as the duration of arsenic exposure, serum folate, cigarette 

112 smoking, alcohol consumption, blood urea nitrogen and others were added in the model as covariate, 

113 respectively. As too many covariates in a multiple regression model will lead to overfitting to some 

114 extent24, we finally select no more than 5 variables as confounding factors to decrease the potential 

115 overfitting when assessing the association between AAs and AISL.  Meanwhile, we used the 

116 variance inflation factor (VIF) based on the VIF package of R software to detect potential 

117 collinearity among the AAs. When the VIF is greater than 1.5, it would be considered as collinearity 

118 existed in the model and the associated variable would be removed from the model. The combined 

119 effects of relevant AAs on AISL were also performed. In addition, receiver operator characteristic 

120 (ROC) analysis was applied to evaluate the value and feasibility of the AAs as the potential sensitive 

121 and specific biomarker to recognize AISL. Data management, analysis and figure drawing were 

122 finished using R version 3.4.4 (Copyright © 2018 The R Foundation for Statistical Computing). All 

123 tests were two-sides and P<=0.05 was set as significant level. 

124 RESULTS
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125 Table 1 summarizes the general characteristics of the study population. The comparison of 

126 demographical, clinical features and urinary arsenic species in the 56 pairs of subjects were presented 

127 in Table 1. The median (1st quartile, 3rd quartile) age of AISL population was 50.30 (44.70, 58.70) 

128 and 50.40 (44.60, 58.70) years for the controls. Both groups have the same proportion of female 

129 population (58.93%), and there were no obvious statistical difference in the urinary arsenic levels 

130 between the two groups. More than half of them had no history of smoking or alcohol consumption. 

131 When compared to the controls, the serum triglycerides level in AISL participants was significantly 

132 lower (P=0.041). While the other variables were similar between AISL participants and the control 

133 (P>0.05). This indicates that the participants in two groups are comparable to some extent.

Table 1 Demographic characteristics of the study population.
Variables AISL (n=56) Non-AISL (n=56) P

Clinical Characteristics
Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425
Exposure year (years) 48.19±11.53 47.62±10.97 0.489
Body mass index (kg/m2) 24.12±3.14 23.91±2.86 0.697
Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137
Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392
Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961
Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603
Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904
Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041
High-density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675
Low-density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110
Women [# (%)] 33(58.93) 33(58.93) 1.000
Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696
Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464
Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252

Urinary arsenic species

iAS% 0.12(0.10,0.17) 0.12(0.08,0.15) 0.148
MMA% 0.25(0.20,0.30) 0.26(0.21,0.32) 0.420
DMA% 0.62(0.57,0.71) 0.62(0.48,0.65) 0.096
tAs (g/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445

 AISL: arsenic-induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the proportion 
of categorical variables between the two groups.
 iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl arsenate (DMAⅢ+DMAⅤ); 
tAs: total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%.
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134 Table 2 shows that the four AAs, which FDR adjusted p-value <0.05 and VIP>1, in the cases 

135 are observed significantly lower than those of the controls. Two of them are aromatic amino acids 

136 (AAA) identified as phenylalanine and tryptophan, one is branched-chain amino acids (BCAA) 

137 appraised as leucine and the last one is phenylalanyl phenylalanine. The individual association of 

138 AAs with AISL were presented in figure1, which clearly reveals obvious “dose-response” 

139 relationships between them. 

Table 2 Distinct metabolites in population with arsenic-induced skin lesions and their counterparts.
Serum amino acid 

metabolites
Retention time 

(min) Mass-to-Charge Ratio VIP 
value p-value Adjusted

p-values

Phenylalanine 3.402 166.087 1.508 <0.001 0.009
Tryptophan 3.886 203.082 1.046 0.003 0.014
Leucine 2.642 132.102 1.014 0.001 0.020
Phenylalanyl 
phenylalanine 5.048 313.155 1.833 0.004 0.033

VIP: variable importance in the project;  Wilcoxon signed-rank test;  Adjusted by false discovery rate (FDR).

140 The relationships between the levels of serum AAs and the odds of AISL were presented in 

141 table S1, table S2, table S3 and table S4 with adding different covariates in the model, respectively. 

142 Finally, 4 variables including body mass index, serum folate, serum triglycerides and urinary total 

143 arsenic were selected as the confounding factors to avoid potential overfitting of the models. Table 3 

144 clearly shows that participants in the 3rd and 4th quartiles of the 4 specific AAs were all significantly 

145 linked to the decreased odds of AISL after adjusting for the potential confounders as compared to 

146 their lowest quartiles, respectively. Significant linear trends existed between AISL and the 4 serum 

147 AAs. Meanwhile, same linear negative association between AISL and per IQR rise of the 4 serum 

148 AAs were observed when these AAs were considered as continuous variables in the present study.
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Table 3 Relationship of amino acids levels with the odds of arsenic-induced skin lesions.

Tryptophan Phenylalanine Leucine Phenylalanyl 
phenylalanineModels

Crude Adjusted Crude Adjusted Crude Adjusted Crude Adjusted

Amino acids as continuous variable
Per 
IQR

0.48
(0.27,0.84)

0.44
(0.24,0.80)

0.57
(0.36,0.91)

0.54
(0.32,0.89)

0.45
(0.25,0.82)

0.45
(0.24,0.83)

0.62
(0.36,1.04)

0.62
(0.36,1.08)

P 0.011 0.007 0.019 0.016 0.010 0.011 0.070 0.090
Amino acids as categorical variable

Q1 1.00
(referent)

1.00
(referent)

1.00
(referent)

1.00
(referent)

1.00
(referent)

1.00
(referent)

1.00
(referent)

1.00
(referent)

Q2 0.50
(0.16,1.54)

0.41
(0.12,1.41)

0.79
(0.22,2.82)

0.86
(0.21,3.51)

0.39
(0.13,1.14)

0.41
(0.12,1.34)

0.16
(0.03,0.75)

0.16
(0.03,0.79)

Q3 0.12
(0.03,0.53)

0.10
(0.02,0.50)

0.18
(0.05,0.66)

0.20
(0.05,0.79)

0.17
(0.05,0.64)

0.14
(0.04,0.58)

0.08
(0.02,0.39)

0.08
(0.01,0.40)

Q4 0.19
(0.05,0.71)

0.16
(0.04,0.67)

0.25
(0.08,0.79)

0.24
(0.07,0.84)

0.18
(0.05,0.61)

0.15
(0.04,0.59)

0.12
(0.02,0.57)

0.13
(0.03,70)

P trend 0.007 0.007 <0.001 <0.001 0.002 0.002 0.005 0.005
Values are odds ratio (95% confidence intervals) for arsenic-induced skin lesions from conditional logistic regression. IQR: 
interquartile range; Q1: the 1st quartile; Q2: the 2nd quartile; Q3: the 3rd quartile; Q4: the 4th quartile.
 Adjusted for: body mass index, serum folate, serum triglycerides and urinary total arsenic. 

149 As these 4 specific AAs are significantly or marginal significantly associated with the odds of 

150 AISL, so it is needed to examine the joint impacts among them on AISL. However, the results of 

151 potential collinearity examination revealed that among these 4 specific AAs, both tryptophan and 

152 phenylalaine had the smallest VIF value (VIF=1.04) and no obvious collinearity existed (Table S5). 

153 Hence, we mainly focus on tryptophan and phenylalaine when assessing the joint impacts of AAs on 

154 AISL and only presented the results associated with these two AAs in the current study. To avoid the 

155 impacts due to insufficient power because of unreasonable grouping on the results, we classified both 

156 tryptophan and phenylalanine into two categories, according to the cut-off values of their mass 

157 spectrum peak area based on the ROC analysis, respectively. The higher levels of these two serum 

158 AA were defined as equal to or over the cut-off values, while the lower categories were considered 

159 as less than the associated values. Table 4 shows the joint impacts of tryptophan and phenylalanine 

160 levels on AISL after considering the collinearity of variables in the model. The proportions of AISL 

161 were 74.3%, 60.0%, 50.0% and 18.2% for participants with lower levels of both tryptophan and 

162 phenylalanine (category A), with higher tryptophan and lower phenylalanine (category B), with 
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163 lower tryptophan and higher phenylalanine (category C), and higher levels of both tryptophan and 

164 phenylalanine (category D), respectively. Obvious decrease trend of the probability of AISL was 

165 observed among these 4 categories. As compared to the category A, adjusted OR (95% CI) for 

166 participants in the category B, C and D were 0.47(0.14, 1.60), 0.36(0.11, 1.15) and 0.06(0.02, 0.22). 

167 Subjects with higher levels of both tryptophan and phenylalanine had the lowest odds of AISL, 

168 significantly decreased by 94% (OR=0.06; 95%CI: 0.02, 0.22; P<0.001), after adjusting for the 

169 impacts induced by some potential confounding factors. This suggested that tryptophan and 

170 phenylalanine were jointly associated with the presence of AISL. While no significant interaction 

171 between the two AAs on the occurrence of AISL could be observed (P=0.270), which indicated that 

172 each AA was independently associated with AISL though their joint impact was significant.

Table 4 Joint association between tryptophan and phenylalanine levels with arsenic-induced skin 
lesions.
Tryptophan Phenylalanine Crude Adjusted

<cut-off 
value

<cut-off 
value

N Cases 
(%) OR (95%CI) P OR (95%CI) P

Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
No Yes 20 12(60.0) 0.52(0.16,1.68) 0.273 0.47(0.14,1.60) 0.227
Yes No 24 12(50.0) 0.35(0.12,1.04) 0.059 0.36(0.11,1.15) 0.085
No No 33 6(18.2) 0.08(0.02,0.25) <0.001 0.06(0.02,0.22) <0.001

Interaction 0.320 0.270
 Cut-off value was determined by means of receiver operator characteristic analysis.
 Adjusted for body mass index, serum folate, triglycerides, total arsenic.

173
174 Table 5 shows that, based on the ROC analysis, both serum tryptophan and phenylalanine might 

175 be potential biomarkers in distinguishing AISL from a chronic arsenic exposure population 

176 (P=0.0020 and P=0.0017). The area under the curve (AUC) and its related 95% CI, sensitivity, 

177 specificity, positive predictive value and negative predictive value were 0.67 (0.57, 0.77), 69.64%, 

178 62.50%, 65.00 and 67.31% for tryptophan, and 0.70 (0.60, 0.80), 69.64%, 69.64%, 69.64% and 

179 69.64% for phenylalanine, respectively. The AUC (95% CI), sensitivity, specificity, positive 

180 predictive value and negative predictive value of the combination of them were 0.72 (0.62, 0.81), 

181 76.79%, 58.93%, 65.15 and 71.74%, respectively. Our results suggested that these two AAs could be 

182 either individually or jointly used as indicators of AISL identification. 
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Table 5 Combination of diagnostic indicators and ROC analysis results.
Indicators AUC (95%CI) Sensitivity, % Specificity, % Predict+, % Predict-, % P

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.002
Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.002
Combined 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001

 ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, 
positive predictive value and negative predictive value were calculated at their best cut-off points; Predict+: positive predictive value; 
Predict-: negative predictive value.
 Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model.

183 DISCUSSION

184 In the present study, the association of serum tryptophan and phenylalanine, screened in our 

185 previous non-targeted metabolomics study using UPLC-MS/MS, with AISL and their ability to 

186 indicate AISL occurrences were quantitatively evaluated in individual and joint modes. Our results 

187 clearly showed that AISL are significantly and negatively associated with serum tryptophan and 

188 phenylalanine levels in a chronic arsenic exposure population via drinking water. Participants with 

189 higher level of both AAs would had lowest odds of AISL. These two AAs might also be able to serve 

190 as the indicators of AISL.

191 The probability of the initiation and development of AISL would be affected by a large number 

192 of factors including age, gender, life styles, arsenic exposure, metabolism and others. These factors 

193 would be important confounding factors and will largely affect our results. To adjust for the impacts 

194 due to these cofactors, we firstly selected all participants using permuted block randomization from a 

195 single rural area in which population were chronically exposed to arsenic in a same way, had similar 

196 life style and environmental factors. Secondly, the cases and controls were matched by gender and 

197 age (±1 year). All of these may be the reason why so many potential confounders including arsenic 

198 exposure do not differ significantly between the cases and controls (table 1).

199 Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 

200 The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 

201 population were 17.49 (14.90, 20.53) μg/g and 147.20 (129.00, 167.97) μg/g, respectively. They 

202 were much higher than those in the 20 μg/L exposed to arsenic via drinking water [GM (95% CI): 
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203 0.4 (0.3,0.5) μg/g for iAs and 9.1 (6.5,12.7) μg/g for tAs], while obviously lower than those in the 90 

204 g/L exposed group [GM (95% CI): 39.4 (31.4, 49.6) μg/g for iAs and 248.7 (208.8, 296.3) μg/g]25. 

205 An available report has shown hat AISL cannot be completely cured even though the medical 

206 technology has already made great progress26. So, it is crucial to identify those who are most likely to 

207 progress to overt arsenic damages including AISL among people at risk as early as possible. 

208 Metabolomics study, which mainly focus on thoroughly assessing the variation of metabolites 

209 possibly linked to diseases occurrence and development, has been widely utilized to help us 

210 understand pathogenesis of diseases because of its relevance to the phenotypes as compared to other 

211 ‘OMICs’ study27. Moreover, mathematical modeling to assess the linkage between small molecular 

212 metabolites and arsenic toxicity has grown28. Developing a simple and interpretable modeling 

213 approach for the early detection of arsenic induced health lesions is of great theoretical value and 

214 realistic meaning29, though it might be difficult due to population specific complexities and the 

215 impacts due to some potential unmeasured covariates such as diet and genetic determinants. 

216 Previous studies reported that gene-gene and gene-environment interaction were involved in 

217 arsenicosis through toxicological mechanisms including genomic instability30 and oxidative stress31. 

218 Skin hyperpigmentation and palmoplantar hyperkeratosis could be biomarkers for long-term arsenic 

219 exposure identifying the differences in metabolites that are really associated with phenotypes through 

220 metabolites analysis may promote our understanding and identification of AISL. Animal study 

221 reveals that the disruption of amino acids metabolism upon arsenic exposure in rat which may be 

222 beneficial on understanding arsenic toxicity32. In our previous population-based metabolomics study, 

223 we found that serum metabolites alteration were significantly related to the risk of arsenic-induced 

224 health damages. In the current study, we detected that BCAA or AAA were also signinificantly 

225 relevant to AISL occurrence. Several studies across numerous ethnic backgrounds supports the usage 

226 of BCAA including leucine, isoleucine as well as valine and AAA profile such as phenylalanine, 

227 tryptophan and tyrosine as biomarkers in determining metabolic diseases27 33. Simultaneously, Zhou 
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228 et al reports that arsenic-induced transformed cells exhibit apparent alterations in metabolite profiles 

229 including down-regulated of leucine, tryptophan, and phenylalanine in skin lesions group34. 

230 Consistent with Zhou’s findings, two serum AAA (tryptophan, phenylalanine) levels were also 

231 significantly associated with AISL in our study.

232 Normal metabolism of amino acids are necessary for whole body homeostasis, growth and 

233 development, and health status15. Studies have reported that the changes in the availability of AAA 

234 will affect cell signaling, gene expression, brain, and neuroendocrine function35. Tryptophan, an 

235 amino acid metabolism related biomarker, is also a sensitive and specific indicator of oxidation. 

236 Tryptophan metabolism in mammals is a physiological means of preserving immune homeostasis 

237 associated with oxidative stress and inflammation36 37. In addition, phenylalanine can be transformed 

238 into specific neurotransmitters such as dopamine and adrenaline by the action of related enzymes. 

239 Wu and colleagues38 reported that arsenic exposure would lead to neurotransmitter metabolism 

240 disturbance, which might explain the reduction of phenylalanine. Furthermore, as one of the 

241 peptide-bound phenylalanine, phenylalanyl phenylalanine has been reported to affect protein 

242 synthesis and secretion39, potentially indicating the possible relation between endothelium 

243 dysfunction and phenylalanine metabolism disorder. The relationship between amino acid 

244 metabolism and AISL was still unclear. The notable alteration of tryptophan and phenylalanine in 

245 this study may well indicate the occurrence of metabolic disorders due to arsenic exposure. It is also 

246 beneficial to understand the effects of arsenic toxicity and of great importance in early identification 

247 of occurrences as well as delaying the progression of various arsenic-induced health lesions 

248 including AISL.

249 The current study included 56 AISL cases matched 56 non-AISL controls and the sample size might be 

250 potentially insufficient. To estimate the impact due to this potential insufficient sample size on our conclusion, 

251 the PROC POWER procedure for paired design study in SAS 9.4 (SAS Institute Inc.) was applied to assess 

252 the power of the 4 AAs when assessing their associations with AISL in this study. The results showed that the 

253 lowest power associated with all of these four AAs was 0.911 based on 56 pairs of participants (Figure 1S). It 
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254 suggested that with type I error as 0.05, total sample size as 56 pairs and two-sided test, the powers associated 

255 with these 4 amino acids were all great than 0.8. So, we believed that the sample size for the present study, 56 

256 pairs, would well balance the power of tests. Furthermore, previous metabolomics studies usually have sample 

257 size no more than 40 cases in each group40 41. 

258 The main strength of this study is that the findings were depended on a community-based, 

259 long-term arsenic exposure cohort with well-designed quality assurance and quality control 

260 throughout the study, and the AAs were detected with non-targeted metabolomics approach through 

261 the discovery and validation phases. However, there are also several limitations to this study. Firstly, 

262 although it can assess a large amount of metabolites precisely and efficiently, untargeted 

263 metabolomics approach only provide relative levels of AAs instead of their accurate quantitative 

264 concentration. Secondly, these findings are mainly based on a case-control study, which only reveals 

265 the association between amino acid metabolism and the odds of AISL rather than confirming their 

266 causal relationship. Finally, the participants were mainly exposed to arsenic via drinking water, 

267 which would limit the findings extrapolated to the other arsenic exposure population via food and 

268 other ways. Therefore, additional elaborate population-based studies are needed to verify our 

269 discoveries.

270 In conclusion, specific amino acids might be linked to AISL and amino acids metabolism may 

271 play an important role in AISL early identification. Additional studies are needed to confirm our 

272 findings
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Figure 1. Association between the peak intensity of tryptophan and phenylalanine and 

arsenic-induced skin lesions based on multivariable locally weighted regression models. a: 

tryptophan; b: phenylalanine;c: leucine;d:phenylalanyl phenylalanine 
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Figure 1S_A. Sample size and power estimation__Tryptophan

Figure 1S_B. Sample size and power estimation__Leucinev
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Figure 1S_C. Sample size and power estimation__Phenylalanine

Figure 1S_D. Sample size and power estimation__Phenylalanyl phenylalanine
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Table S1 Relationship of the levels of serum amino acids with arsenic-induced skin lesions.

Metabolite OR (95% CI)
in basic model +Exposure year +Body mass index +Fasting plasma glucose

Tryptophan 0.48(0.27,0.84)* 0.48(0.26,0.85)* 0.47(0.27,0.84)# 0.49(0.28,0.87)*
Phenylalanine 0.57(0.36,0.91)* 0.57(0.36,0.92)* 0.57(0.35,0.91)* 0.57(0.35,0.93)*
Leucine 0.45(0.25,0.82)# 0.45(0.25,0.83)# 0.45(0.25,0.83)# 0.42(0.22,0.81)#
Phenylalanyl
phenylalanine 0.62(0.36,1.04) 0.60(0.35,1.02) 0.60(0.35,1.02) 0.65(0.38,1.12)
OR: odds ratio; CI: confidence interval. The table are presented as OR (95% CI);
* P-value<0.05; #P-value<0.01.

Table S2 Relationship of the levels of serum amino acids with arsenic-induced skin lesions.

OR: odds ratio; CI: confidence interval. The table are presented as OR (95% CI);
* P-value<0.05; #P-value<0.01.

Table S3 Relationship of the levels of serum amino acids with arsenic-induced skin lesions.

Amino acids OR (95% CI) in
basic model +TC +TG +HDL +LDL

Tryptophan 0.48(0.27,0.84)* 0.48(0.27,0.85)* 0.46(0.26,0.82)# 0.48(0.27,0.86)* 0.48(0.27,0.84)*
Phenylalanine 0.57(0.36,0.91)* 0.57(0.35,0.91)* 0.57(0.36,0.91)* 0.55(0.34,0.89)* 0.57(0.36,0.92)*
Leucine 0.45(0.25,0.82)# 0.44(0.24,0.81)# 0.45(0.25,0.84)* 0.45(0.25,0.83)* 0.44(0.24,0.83)*
Phenylalanyl
phenylalanine 0.62(0.36,1.04) 0.62(0.37,1.05) 0.63(0.37,1.08) 0.61(0.35,1.05) 0.65(0.38,1.11)
 OR: odds ratio; CI: confidence interval. Values are odds ratio (95% confidence intervals); TC: Total cholesterol;TG:Triglycerides;
LDL:Low-density lipoprotein ; HDL:High-density lipoprotein; OR: odds ratio; CI: confidence interval.
* P-value<0.05; #P-value<0.01.

Table S4 Relationship of the levels of serum amino acids with arsenic-induced skin lesions.

 OR: odds ratio; CI: confidence interval. iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl
arsenate (DMAⅢ+DMAⅤ); tAs: total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and
DMA%=DMA/tAs*100%;
* P-value<0.05; #P-value<0.01.

Metabolite Odds Ratios
(95% CI) in
Basic Model

+Serum folate +Blood urea
nitrogen

+smoking +drinking

Tryptophan 0.48(0.27,0.84)* 0.47(0.27,0.84)* 0.47(0.27,0.84)* 0.47(0.26,0.84)* 0.49(0.26,0.87)*
Phenylalanine 0.57(0.36,0.91)* 0.59(0.37,0.94)* 0.57(0.36,0.91)* 0.56(0.35,0.90)* 0.55(0.34,0.89)*
Leucine 0.45(0.25,0.82)# 0.46(0.25,0.84)* 0.45(0.25,0.83)# 0.45(0.25,0.83)# 0.42(0.23,0.78)#
Phenylalanyl
phenylalanine

0.62(0.36,1.04) 0.63(0.37,1.07) 0.61(0.36,1.04) 0.62(0.36,1.05) 0.63(0.37,1.07)

Amino acids OR (95% CI)
in basic model +iAs% +MMA% +DMA% +tAS

Tryptophan 0.48(0.27,0.84)* 0.47(0.27,0.84)* 0.49(0.28,0.85)* 0.48(0.28,0.84)* 0.47(0.27,0.83)#
Phenylalanine 0.57(0.36,0.91)* 0.59(0.36,0.95)* 0.57(0.35,0.91)* 0.59(0.36,0.95)* 0.52(0.32,0.87)*
Leucine 0.45(0.25,0.82)# 0.46(0.25,0.84)* 0.46(0.25,0.86)* 0.47(0.25,0.88)* 0.43(0.24,0.80)#
Phenylalanyl
phenylalanine 0.62(0.36,1.04) 0.62(0.36,1.05) 0.64(0.37,1.09) 0.64(0.38,1.10) 0.61(0.36,1.03)
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Table S5 Variance inflation factor of amino acids in different models.

Amino acids Model 1 Model 2 Model 3 Model 4
Tryptophan 1.04 1.04 1.04 1.04
Phenylalanine 4.56 1.50 1.04
Leucine 4.21 1.39
Phenylalanyl Phenylalanine 1.49 1.38 1.48
Model 1: Tryptophan, Phenylalanine, Leucine and Phenylalanyl Phenylalanine;
Model 2: Tryptophan, Leucine and Phenylalanyl Phenylalanine;
Model 3: Tryptophan, Phenylalanine and Phenylalanyl Phenylalanine;
Model 4: Tryptophan and Phenylalanine.
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ABSTRACT: 

Objectives To investigate the association of specific serum amino acids (AAs) with the 

odds of arsenic-induced skin lesions (AISL) and their ability to distinguish AISL from 

the counterparts.

Design Case-control study.

Setting Three arsenic exposed villages in Wuyuan county of Hetao Plain, Inner 

Mongolia, China.

Participants Among 450 residents aged 18 to 79 years chronically exposed to arsenic 

via drinking water, 56 of them were diagnosed as AISL and defined as the cases. 

Another 56 participants without AISL matched by gender and similar age (±1 year) 

from the same population were picked out as the controls. The inclusion criteria were 

subjects having the metabolomics determination. Unmatched participants and those 

without serum metabolites data were excluded.

Primary and secondary outcome measures The outcome was whether it suffered 

from AISL. Multivariable conditional logistic regression models and receiver operating 

characteristic curve (ROC) analysis were performed to investigate the relationship 

between specific AAs and AISL.

Results The levels of tryptophan and phenylalanine were both negatively associated 

with AISL (P<0.05). As compared to the 1st quartile, the adjusted odds of AISL in the 

2nd, 3rd and 4th quartile decreased by 69%, 90% and 84% for tryptophan, and 14%, 80% 

and 76% for phenylalanine, respectively. The combination of the two aforementioned 

higher-level AAs revealed the lowest odds of AISL (OR=0.06; 95%CI: 0.02, 0.22; 

P<0.001)). Furthermore, both AAs showed moderate ability to distinguish AISL from 

the control, with area-under-curve [(AUC), 95%CI] as 0.67 (0.57, 0.77) for tryptophan 

and 0.70 (0.60, 0.80) for phenylalanine, respectively (all P<0.05). The combined pattern 
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with AUC (95%CI) was 0.72 (0.62, 0.81), sensitivity of 76.79% and specificity of 58.93% 

(P<0.001).

Conclusions Specific AAs might be linked to AISL and play an important role in its 

early identification. Additional studies are needed to confirm our findings.

Keywords: Metabolomics; Chronic arsenic exposure; Skin lesions; Amino acid; 

UPLC-MS/MS. 
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Strengths and limitations of this study

 Our findings were depended on a community-based metabolomics study with 

paired-design, strictly quality assurance and quality control.

 Multivariable conditional logistic models were performed to examine the 

association between specific amino acid levels and AISL, and ROC analysis was 

applied to evaluate the value and feasibility of the AA to distinguish AISL from 

the counterparts.

 Although the AAs were determined by untargeted metabolomics approach, which 

can assess a large number of metabolites precisely and efficiently, we only can 

obtain relative levels of AAs instead of their accurate quantitative concentration.

 The findings were based on a case-control study, which only revealed the 

association between the AAs and the odds of AISL rather than confirming their 

causal relationship. 

 The participants were mainly chronically exposed to arsenic via drinking water, 

which would limit the findings extrapolated to another arsenic exposure population 

via food or other ways.
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1 INTRODUCTION

2 Chronic arsenic exposure via drinking water is widely believed as a global health concern, 

3 affecting a large amount of people worldwide. It may give rise to several human health issues and has 

4 been documented to associate with cardiovascular disease, diabetes, cancer and others1 2. With the 

5 industrial boom and dramatic rise of worldwide water pollution including arsenic contamination in the 

6 past, the prevalence and burden of arsenic-induced health damage will continue to increase. Skin has 

7 been confirmed as one of the most common and susceptible target of arsenic-induced health lesions. 

8 Cutaneous skin lesions are typical signs of arsenicosis after persistent arsenic exposure for a long term 

9 which are characterized by hyperkeratosis and hyperpigmentation. Considerable evidences of the 

10 prevalence of arsenical skin lesions had been observed in many countries3-5.

11 As arsenic-induced skin lesions (AISL) have been widely accepted as the major early 

12 manifestation of arsenic toxicity6 and might be indicators of susceptibility to more serious arsenic-

13 induced health hazards7, it is particularly crucial to identify participants at risk as early as possible for 

14 preventing the onset or delaying the progression of the serious health problems effectively. Several 

15 possible mechanisms such as genetic differences8, oxidative stress9 and epigenetic dysregulation10 and 

16 others may explain arsenic poisoning. Previous studies also reported that arsenic methylation in vivo 

17 might be associated with metabolic syndrome11 12.

18 Amino acids (AAs) are the "basic unit" that make up the body's various proteins and necessary to 

19 maintain the health. Some AAs are important regulators of some key metabolic pathways and have 

20 great importance in maximizing efficiency of food utilization, enhancing protein accretion and health 

21 improvement13 14. Abnormal metabolism of AAs will disturb the homeostasis of the body, impairs 

22 growth and development, and even causes death15. So, the levels of serum AAs may be an important 

23 implication for the metabolic status and disease condition. As a powerful tool in system biology 

24 research, metabolomics approach is beneficial on unbiased monitoring changes in endogenous 

25 metabolism-related physiological processes, providing integrative information on the distinctive 
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26 features across multiple functional levels, and offering a window to capture the core attributes 

27 responsible for various phenotypes, which are particularly important in understanding the relevant 

28 pathophysiological changes of a disease and its status, identifying novel biomarkers for risk screening, 

29 diagnosis, treatment and prognosis of important human diseases16-18. 

30 Animal experiments and epidemiological study have reported obvious arsenic-related 

31 metabolomics perturbations19 20. All of these researches substantially suggests that the relationship 

32 between specific metabolites and arsenic-induced health lesions should be investigated. However, few 

33 works have been conducted to comprehensively examine the metabolic mechanism relevant to AISL, 

34 especially for the AAs metabolism. The present study aims to quantitatively examine the association 

35 of several specific AAs with AISL and the ability to identify AISL.

36 METHODS

37 Patient and Public Involvement

38 No patients were involved.

39 Study Population

40 This study was originally from a randomized, double-blind, and placebo controlled clinical trial 

41 (NCT02235948) in 2010, in which all subjects were randomly selected using permuted block 

42 randomization from a single rural area in a population chronically exposed to low-level arsenic 

43 drinking water, had similar life style and influences under similar environmental factors. Information 

44 on the inclusion and exclusion criteria of the participants could be found in our previous study21. 

45 Strictly following the criteria of arsenicosis22. AISL was diagnosed as the presence of arsenic- induced 

46 keratosis, hyperpigmentation or depigmentation by a physician from Wenzhou medical university at 

47 the beginning of the trial. This was a matched case-control study (1:1 matching). Among 450 residents 

48 aged 18 to 79 years old enrolled in the above-mentioned trial, 56 of them were diagnosed as AISL and 

49 selected as the case. Another 56 participants without AISL matched by gender and similar age (±1 
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50 year) from the same population were picked out as the control. The inclusion criteria were subjects 

51 having the metabolomic test. Unmatched participants and those without serum metabolites data were 

52 excluded. Informed consent was obtained from all participants and this study was approved by the 

53 ethics committee of Wenzhou Medical University, Wenzhou, China.

54 Data Collection and Assessment

55 The information on age, gender, exposure year, body mass index, smoking, alcohol consumption, 

56 education level, etc. was collected with a standardized questionnaire. Blood and urine samples were 

57 also collected at the time of participants’ enrollment. Detailed data collection of blood and urine 

58 samples and assessment methods for clinical variables including plasma fasting glucose (FPG), serum 

59 urea nitrogen, serum folate, total homocysteine, total cholesterol (TC), triglycerides (TG), high-density 

60 lipoprotein (HDL), Low-density lipoprotein (LDL) and others had been published previously21. The 

61 epuration of various urinary arsenic species were conducted by means of a high-performance liquid 

62 chromatography coupled mass spectrometer system for separation and detection23. The species of 

63 arsenic in urine samples consisted of inorganic arsenic (iAs, [iAsⅢ plus iAsⅤ]), monomethyl arsenate 

64 (MMA, [MMAⅢ plus MMAⅤ]) and dimethyl arsenate (DMA, [DMAⅢ plus DMAⅤ]). All arsenic 

65 species were corrected by creatinine. The total arsenic (tAs) was the sum of iAs, MMA and DMA. The 

66 percentages of arsenic species were defined as: iAs%=iAs/tAs*100%, MMA% =MMA/tAs*100% and 

67 DMA%=DMA/tAs*100%, respectively.

68 UPLC-MS/MS Metabonomic Profiling

69 Serum samples（200 µL in microcentrifuge tubes) were thawed to room temperature (25°C) and 

70 600 µL mixture (90% acetonitrile - 10%water) were added to each sample. The samples were 

71 vigorously mixed for 20 seconds and centrifuged for 5 min at 12000 rpm (20°C). The top 400 µL of 

72 each supernatant were then transferred and dried down in a vacuum concentrator centrifuge. The dried 

73 samples were re-suspended in 130 µL of water (including 15% acetonitrile), mixed vigorously for 20 

74 seconds and repeated the centrifugation method described above. Two µL of the supernatant were 
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75 collected as samples to be determined. Serum metabolic profile acquisition was performed by using 

76 ACQUITY UPLC®/Xevo® G2 QTof/MSE (Waters Corp., Milford, MA, USA). Chromatographic 

77 separation was performed at 50°C using a WATERS HSS T3 column (2.1×100 mm, 1.7 µm) with a 

78 flow rate of 0.4mL/min. The mobile phase was a mixture of (A) H2O with 0.1% formic acid and (B) 

79 methanol with 0.1% formic acid. Elution was in linear gradient with the programmed gradient at 0 min 

80 with 100% A and 0% B, 1.00min with 100%A and 0% B, 8 min with 0%A and 100% B, 13.00 min 

81 with 0% A and 100% B. The mass spectrometer was operated under both positive-ion (ESI+) mode 

82 and negative-ion (ESI-) mode electrospray ionization. The scan range was from 50 to 1200 m/z. Data 

83 was collected in both ESI+ and ESI- modes. Capillary voltage was set at 3000 V and 2500 V, 

84 respectively. The desolvation flow rate was 800 L/h at 350°C. Argon was used as a collision gas, and 

85 the collision energy was adjusted from 10 eV to 40 eV for each analysis. Quantum clustering (QC) 

86 samples were prepared by pooling aliquots of each sample and used to reflect the reliability of further 

87 metabolomics analysis. After peak deconvolution, alignment, integration and normalization, the data 

88 including retention time (RT), mass to charge ratio(m/z), and peak intensity were extracted from raw 

89 chromatograms using Progenesis QI 2.0 (Waters Corp., Milford, MA, USA). The MS/MS mode was 

90 performed to obtain metabolites levels processed with MarkerLynx Applications Manager Version 4.1 

91 (Waters Corp., Milford, MA, USA).

92 Distinct Metabolites Identification

93 The peak intensity of metabolites for the 56 pairs were acquired and then imported to 

94 MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) for statistical analysis. A partial least-squares 

95 discriminant analysis (PLS-DA), which is a supervised and well accepted pattern recognition approach, 

96 was used for the differentiation between the cases and controls. False discovery rate (FDR) adjusted 

97 p-value in univariate analysis were performed to reduce the potential impact induced by false positive 

98 of the results. The criteria used in the selection of metabolites include variable importance in the project 

99 (VIP) scores >1 in PLS-DA and the crude or FDR adjusted p-value all < 0.05 in Wilcoxon signed rank 
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100 test. We identified a total of 70 extracted small molecular metabolites that were linked to the 

101 recognition of AISL. Among them, four amino acid metabolites (Phenylalanine, Tryptophan, Leucine, 

102 Phenylalanylphenylalanine) were identified.

103 Statistical Analysis

104 The normality of continuous data was assessed using both QQ-plots and Shapiro-Wilk test. The 

105 comparison between the cases and controls was performed with the paired t-test if they met normal or 

106 similar normal distribution. Otherwise, Wilcoxon signed rank test would be used. Differences in the 

107 proportion of categorical variables between the two groups were evaluated by McNemar-Bowker tests. 

108 We firstly used locally weighted scatterplot smoothing (LOESS) models to estimate the “real” 

109 relationship between serum AAs levels and the odds of AISL. Then, multivariable conditional logistic 

110 regression models were performed to examine the association between the contributing AAs levels 

111 and AISL after adjusting for some potential confounding factors. The individual impacts of AA 

112 metabolites on the risk of AISL were quantified separately by odds ratio (OR) and 95% confidence 

113 interval (CI) in the following two ways: with AA as a categorical variable (quartiles) and as a 

114 continuous variable [scaled to interquartile range (IQR)]. Variables with p-value less than 0.2 in the 

115 comparison between two groups were selected as potential confounders because the sample size of the 

116 current study was not too large. Then variance inflation factor (VIF) was used to examine the potential 

117 collinarity among them. As too many covariates in a multiple regression model will lead to overfitting 

118 to some extent24, we finally select no more than 5 4 variables as confounding factors to decrease the 

119 potential overfitting when assessing the association between AAs and AISL. Furthermore, as the 

120 distinct metabolites might be high related to each other, collinearity should be well considered. So, we 

121 used the variance inflation factor (VIF) based on the VIF package of R software to detect potential 

122 collinearity among the AAs. When the VIF is greater than 1.5, it was considered as collinearity existed 

123 in the model and the associated variable would be removed. The combined effect of relevant AAs on 

124 AISL were also performed using a multivariable logistic regression model. In addition, receiver 
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125 operator characteristic (ROC) analysis was applied to evaluate the value and feasibility of the AAs as 

126 the potential sensitive and specific biomarker to recognize AISL. Data management, analysis and 

127 figure drawing were finished using R version 3.4.4 (Copyright © 2018 The R Foundation for Statistical 

128 Computing). All tests were two-sides and P<=0.05 was set as significant level. 

129 RESULTS

130 Table 1 summarizes the general characteristics of the study population. The comparison of 

131 demographical, clinical features and urinary arsenic species in the 56 pairs of subjects were presented 

132 in Table 1. The median (1st quartile, 3rd quartile) age of AISL population was 50.30 (44.70, 58.70) for 

133 the cases and 50.40 (44.60, 58.70) years for the controls. Both groups have the same proportion of 

134 female population (58.93%), and there was no obvious statistical difference in the urinary arsenic 

135 levels between the two groups. More than half of them had no history of smoking or alcohol 

136 consumption. When compared to the controls, the serum triglycerides level in AISL participants was 

137 significantly lower (P=0.041). While the other variables were similar between AISL participants and 

138 the control (P>0.05). This indicates that the participants in two groups are comparable to some extent.
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Table 1 Demographic characteristics of the study population.
Variables AISL (n=56) Non-AISL (n=56) P

Clinical Characteristics
Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425
Exposure year (years) 48.19±11.53 47.62±10.97 0.489
Body mass index (kg/m2) 24.12±3.14 23.91±2.86 0.697
Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137
Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392
Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961
Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603
Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904
Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041
High-density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675
Low-density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110
Women [# (%)] 33(58.93) 33(58.93) 1.000
Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696
Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464
Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252

Urinary arsenic species

iAS% 12.26(8.13,14.68) 12.31(10.04,16.54) 0.148
MMA% 24.68(20.11,29.68) 25.85(20.90,31.66) 0.420
DMA% 61.84(56.62,71.01) 61.84(47.85,64.99) 0.096
tAs (g/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445

 AISL: arsenic-induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the proportion 
of categorical variables between the two groups.
 iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl arsenate (DMAⅢ+DMAⅤ); tAs: 
total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%.
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139 Table 2 shows that the four AAs, which FDR adjusted p-value <0.05 and VIP>1, in the cases are 

140 observed significantly lower than those of the controls. Two of them are aromatic amino acids (AAA) 

141 identified as phenylalanine and tryptophan, one of them belongs to aromatic amino acids branched-

142 chain amino acids (BCAA) appraised as leucine and the last one is phenylalanylphenylalanine. The 

143 individual association of AAs with AISL were presented in figure1, which clearly reveals obvious 

144 “dose-response” relationships between them.

Table 2 Distinct metabolites in population with arsenic-induced skin lesions and their counterparts.

Serum amino acid metabolites Retention time 
(min)

Mass-to-
Charge Ratio VIP value p-value Adjusted

p-values

Phenylalanine 3.402 166.087 1.508 <0.001 0.009
Tryptophan 3.886 203.082 1.046 0.003 0.014
Leucine 2.642 132.102 1.014 0.001 0.020
Phenylalanylphenylalanine 5.048 313.155 1.833 0.004 0.033

VIP: variable importance in the project;  Wilcoxon signed-rank test;  Adjusted by false discovery rate (FDR).

145 Table 3 clearly shows that participants in the 3rd and 4th quartiles of the four specific AAs were 

146 all significantly linked to the decreased odds of AISL after adjusting for FPG, LDL, TG and DMA%, 

147 as compared to their lowest quartiles, respectively. The category boundaries of the quartiles were 

148 showed in the Table S1. Significant linear trends existed between AISL and those four serum AAs. 

149 Meanwhile, same linear negative association between AISL and per IQR rise of the four serum AAs 

150 were observed when these AAs were considered as continuous variables in the present study.
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Table 3 Relationship of amino acids levels with the odds of arsenic-induced skin lesions.

Crude Adjusted
Amino acids N Cases (%) OR (95%CI) P OR (95%CI) P

Tryptophan
Per IQR 112 56(50) 0.48(0.27,0.84) 0.011 0.48(0.27,0.86) 0.013
Quartiles

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 15(53.60) 0.50(0.16,1.54) 0.225 0.56(0.16,1.98) 0.370
Q3 28 10(35.70) 0.12(0.03,0.53) 0.005 0.12(0.02,0.60) 0.010
Q4 28 11(39.30) 0.19(0.05,0.71) 0.014 0.21(0.05,0.84) 0.028
P for trend 0.008 0.012

Phenylalanine
Per IQR 112 56(50) 0.57(0.36,0.91) 0.019 0.56(0.33,0.94) 0.028
Quartiles 

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 19(67.90) 0.79(0.22,2.82) 0.712 0.70(0.18,2.76) 0.609
Q3 28 8(28.60) 0.18(0.05,0.66) 0.010 0.20(0.05,0.77) 0.019
Q4 28 9(32.10) 0.25(0.08,0.79) 0.018 0.20(0.05,0.75) 0.017
P for trend <0.001 0.001

Leucine
Per IQR 112 56(50) 0.45(0.25,0.82) 0.019 0.43(0.21,0.86) 0.016
Quartiles 

Q1 28 21(75.00) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 14(50.00) 0.33(0.11,1.03) 0.057 0.31(0.10,1.01) 0.052
Q3 28 11(39.30) 0.22(0.07,0.68) 0.009 0.22(0.07,0.73) 0.014
Q4 28 10(35.70) 0.19(0.06,0.59) 0.004 0.19(0.06,0.65) 0.008
P for trend 0.003 0.007

Phenylalanylphenylalanine
Per IQR 112 56(50) 0.62(0.36,1.04) 0.070 0.71(0.41,1.24) 0.227
Quartiles 

Q1 27 21(77.80) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 29 14(48.30) 0.16(0.03,0.75) 0.021 0.14(0.03,0.73) 0.019
Q3 28 9(32.10) 0.08(0.02,0.39) 0.002 0.09(0.02,0.52) 0.007
Q4 28 12(42.90) 0.12(0.02,0.57) 0.008 0.11(0.02,0.66) 0.016
P for trend 0.006 0.023

Values are odds ratio (95% confidence intervals) for arsenic-induced skin lesions from conditional logistic regression. IQR: 
interquartile range; Q1: the 1st quartile; Q2: the 2nd quartile; Q3: the 3rd quartile; Q4: the 4th quartile.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride and urinary and dimethyl arsenate.

151 As these 4 specific AAs are significantly or marginal significantly associated with the odds of 

152 AISL, so it is needed to examine the joint impacts among them on AISL. However, the results of 

153 potential collinearity examination revealed that among these 4 specific AAs, both tryptophan and 

154 phenylalaine had the smallest VIF value (VIF=1.04) and no obvious collinearity existed (Table S2). 

155 Hence, we mainly focus on tryptophan and phenylalaine when assessing the joint impacts of AAs on 

156 AISL and only presented the results associated with these two AAs in the current study. To avoid the 

157 impacts due to insufficient power because of unreasonable grouping on the results, we classified both 

158 tryptophan and phenylalanine into two categories, according to the cut-off values of their mass 
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159 spectrum peak area based on the ROC analysis, respectively. The higher levels of these two serum AA 

160 were defined as equal to or over the cut-off values, while the lower categories were considered as less 

161 than the associated values. 

162 Table 4 shows the joint impacts of tryptophan and phenylalanine levels on AISL after considering 

163 the collinearity of variables in the model. The proportions of AISL were 74.3%, 60.0%, 50.0% and 

164 18.2% for participants with lower levels of both tryptophan and phenylalanine (category A), with 

165 higher tryptophan and lower phenylalanine (category B), with lower tryptophan and higher 

166 phenylalanine (category C), and higher levels of both tryptophan and phenylalanine (category D), 

167 respectively. Obvious decrease trend of the probability of AISL was observed among these 4 categories. 

168 As compared to the category A, adjusted OR (95% CI) for participants in the category B, C and D 

169 were 0.49(0.15, 1.63), 0.32(0.10, 1.02) and 0.08(0.02, 0.25). Subjects with higher levels of both 

170 tryptophan and phenylalanine had the lowest odds of AISL, significantly decreased by 92% (OR=0.02; 

171 95%CI: 0.02, 0.25; P<0.001), after adjusting for the impacts induced by some potential confounding 

172 factors. This suggested that tryptophan and phenylalanine were jointly associated with the presence of 

173 AISL. While no significant interaction between the two AAs on the occurrence of AISL could be 

174 observed (P=0.419), which indicated that each AA was independently associated with AISL though 

175 their joint impact was significant.
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Table 4 Joint association between tryptophan and phenylalanine levels with arsenic-induced skin 
lesions.

Tryptophan Phenylalanine Crude Adjusted

<cut-off value <cut-off value N Cases (%) OR (95%CI) P OR (95%CI) P
Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
No Yes 20 12(60.0) 0.52(0.16,1.68) 0.273 0.49(0.15,1.63) 0.244
Yes No 24 12(50.0) 0.35(0.12,1.04) 0.059 0.32(0.10,1.02) 0.053
No No 33 6(18.2) 0.08(0.02,0.25) <0.001 0.08(0.02,0.25) <0.001

Interaction 0.320 0.49(0.09,2.78) 0.419
 Cut-off value was determined by means of receiver operator characteristic analysis.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride and urinary and dimethyl arsenate.

176 Table 5 shows that, based on the ROC analysis, both serum tryptophan and phenylalanine might 

177 be potential biomarkers in distinguishing AISL from a chronic arsenic exposure population (P=0.0020 

178 and P=0.0017). The area under the curve (AUC) and its related 95% CI, sensitivity, specificity, positive 

179 predictive value and negative predictive value were 0.67 (0.57, 0.77), 69.64%, 62.50%, 65.00 and 

180 67.31% for tryptophan, and 0.70 (0.60, 0.80), 69.64%, 69.64%, 69.64% and 69.64% for phenylalanine, 

181 respectively. The AUC (95% CI), sensitivity, specificity, positive predictive value and negative 

182 predictive value of the combination of them were 0.72 (0.62, 0.81), 76.79%, 58.93%, 65.15 and 

183 71.74%, respectively. Our results suggested that these two AAs could be either individually or jointly 

184 used as indicators of AISL identification.

Table 5 Combination of diagnostic indicators and ROC analysis results.
Indicators AUC (95%CI) Sensitivity, % Specificity, % Predict+, % Predict-, % P

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.002
Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.002
Combined 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001

 ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, positive 
predictive value and negative predictive value were calculated at their best cut-off points; Predict+: positive predictive value; Predict-: 
negative predictive value.
 Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model.

185 DISCUSSION

186 In the present study, the association of serum tryptophan and phenylalanine, screened in our 

187 previous non-targeted metabolomics study using UPLC-MS/MS, with AISL and their ability to 

188 indicate AISL occurrences were quantitatively evaluated in individual and joint modes. Our results 

189 clearly showed that AISL are significantly and negatively associated with serum tryptophan and 

190 phenylalanine levels in a chronic arsenic exposure population via drinking water. Participants with 
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191 higher level of both AAs would have lowest odds of AISL. These two AAs might also be able to serve 

192 as the indicators of AISL.

193 The probability of the initiation and development of AISL would be affected by a large number 

194 of factors including age, gender, life styles, arsenic exposure, metabolism and others. These factors 

195 would be important confounding factors and will largely affect our results. To adjust for the impacts 

196 due to these cofactors, we firstly selected all participants using permuted block randomization from a 

197 single rural area in which population were chronically exposed to arsenic in a same way, had similar 

198 life style and environmental factors. Secondly, the cases and controls were matched by gender and age 

199 (±1 year). All of these may be the reason why so many potential confounders including arsenic 

200 exposure do not differ significantly between the cases and controls (table 1).

201 Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 

202 The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 

203 population were 17.49 (14.90, 20.53) μg/g and 147.20 (129.00, 167.97) μg/g, respectively. They were 

204 much higher than those in the 20 μg/L exposed to arsenic via drinking water [GM (95% CI): 0.4 

205 (0.3,0.5) μg/g for iAs and 9.1 (6.5,12.7) μg/g for tAs], while obviously lower than those in the 90 g/L 

206 exposed group [GM (95% CI): 39.4 (31.4, 49.6) μg/g for iAs and 248.7 (208.8, 296.3) μg/g]25. An 

207 available report has shown that AISL cannot be completely cured even though the medical technology 

208 has already made great progress26. So, it is crucial to identify those who are most likely to progress to 

209 overt arsenic damages including AISL among people at risk as early as possible. Metabolomics study, 

210 which mainly focus on thoroughly assessing the variation of metabolites possibly linked to diseases 

211 occurrence and development, has been widely utilized to help us understand pathogenesis of diseases 

212 because of its relevance to the phenotypes as compared to other ‘OMICs’ study27. Moreover, 

213 mathematical modeling to assess the linkage between small molecular metabolites and arsenic toxicity 

214 has grown28. Developing a simple and interpretable modeling approach for the early detection of 

215 arsenic induced health lesions is of great theoretical value and realistic meaning29, though it might be 

Page 16 of 27

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

216 difficult due to population specific complexities and the impacts due to some potential unmeasured 

217 covariates such as diet and genetic determinants. 

218 Previous studies reported that gene-gene and gene-environment interaction were involved in 

219 arsenicosis through toxicological mechanisms including genomic instability30 and oxidative stress31. 

220 Skin hyperpigmentation and palmoplantar hyperkeratosis could be biomarkers for long-term arsenic 

221 exposure identifying the differences in metabolites that are really associated with phenotypes through 

222 metabolites analysis may promote our understanding and identification of AISL. Animal study reveals 

223 that the disruption of amino acids metabolism upon arsenic exposure in rat which may be beneficial 

224 on understanding arsenic toxicity32. In our previous population-based metabolomics study, we found 

225 that serum metabolites alteration was significantly related to the risk of arsenic-induced health 

226 damages. In the current study, we detected that BCAA or AAA were also significantly relevant to 

227 AISL occurrence. Several studies across numerous ethnic backgrounds supports the usage of BCAA 

228 including leucine, isoleucine as well as valine and AAA profile such as phenylalanine, tryptophan and 

229 tyrosine as biomarkers in determining metabolic diseases27 33. Simultaneously, Zhou et al reports that 

230 arsenic-induced transformed cells exhibit apparent alterations in metabolite profiles including down-

231 regulated of leucine, tryptophan, and phenylalanine in skin lesions group34. Consistent with Zhou’s 

232 findings, two serum AAA (tryptophan, phenylalanine) levels were also significantly associated with 

233 AISL in our study.

234 Normal metabolism of amino acids are necessary for whole body homeostasis, growth and 

235 development, and health status15. Studies have reported that the changes in the availability of AAA 

236 will affect cell signaling, gene expression, brain, and neuroendocrine function35. Tryptophan, an amino 

237 acid metabolism related biomarker, is also a sensitive and specific indicator of oxidation. Tryptophan 

238 metabolism in mammals is a physiological means of preserving immune homeostasis associated with 

239 oxidative stress and inflammation36 37. In addition, phenylalanine can be transformed into specific 

240 neurotransmitters such as dopamine and adrenaline by the action of related enzymes. Wu and 
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241 colleagues38 reported that arsenic exposure would lead to neurotransmitter metabolism disturbance, 

242 which might explain the reduction of phenylalanine. Furthermore, as one of the peptide-bound 

243 phenylalanine, phenylalanylphenylalanine has been reported to affect protein synthesis and secretion39, 

244 potentially indicating the possible relation between endothelium dysfunction and phenylalanine 

245 metabolism disorder. The relationship between amino acid metabolism and AISL was still unclear. 

246 The notable alteration of tryptophan and phenylalanine in this study may well indicate the occurrence 

247 of metabolic disorders due to arsenic exposure. It is also beneficial to understand the effects of arsenic 

248 toxicity and of great importance in early identification of occurrences as well as delaying the 

249 progression of various arsenic-induced health lesions including AISL.

250 The current study included 56 AISL cases matched 56 non-AISL controls and the sample size 

251 might be potentially insufficient. To estimate the impact due to this potential insufficient sample size 

252 on our conclusion, the PROC POWER procedure for paired design study in SAS 9.4 (SAS Institute 

253 Inc.) was applied to assess the power of the 4 AAs when assessing their associations with AISL in this 

254 study. The results showed that the lowest power associated with all of these four AAs was 0.911 based 

255 on 56 pairs of participants. It suggested that with type I error as 0.05, total sample size as 56 pairs and 

256 two-sided test, the powers associated with these 4 amino acids were all great than 0.8. So, we believed 

257 that the sample size for the present study, 56 pairs, would well balance the power of tests. Furthermore, 

258 previous metabolomics studies usually have sample size no more than 40 cases in each group40 41. 

259 The main strength of this study is that the findings were depended on a community-based, long-

260 term arsenic exposure cohort with well-designed quality assurance and quality control throughout the 

261 study, and the AAs were detected with non-targeted metabolomics approach through the discovery and 

262 validation phases. However, there are also several limitations to this study. Firstly, although untargeted 

263 metabolomics approach can assess a large amount number of metabolites precisely and efficiently, it 

264 only provides relative levels of AAs instead of their accurate quantitative concentration. Secondly, 

265 these findings are mainly based on a case-control study, which only reveals the association between 
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266 amino acid metabolism and the odds of AISL rather than confirming their causal relationship. 

267 Furthermore, as it is suggested that the ratio of approximately 10 to 15 observations per predictor in a 

268 logistic regression model will produce reasonably stable estimations24, we selected only 4 covariates 

269 in the models due to the small sample size and large number of predictors to avoid potential overfitting 

270 and obtain a more stable estimation. Finally, the participants were mainly exposed to arsenic via 

271 drinking water, which would limit the findings extrapolated to the other arsenic exposure population 

272 via food and other ways. Therefore, additional elaborate population-based studies are needed to verify 

273 our discoveries.

274 In conclusion, specific amino acids might be linked to AISL and amino acids metabolism may 

275 play an important role in AISL early identification. Additional studies may be needed to confirm our 

276 findings.
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Figure 1. Association between the peak intensity of tryptophan and phenylalanine and arsenic-induced 
skin lesions based on multivariable locally weighted regression models. a: Tryptophan; b: 
Phenylalanine;c: Leucine;d: Phenylalanylphenylalanine 

 

 

 

  

Page 23 of 27

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Table S1 Amino acids metabolites in serum. 

Amino acids Quartile Quartile Range Number 

Tryptophan 1 1015821.54-1555040.97 28 

 2 1555370.88-1701256.07 28 

 3 1704298.84-1937437.56 28 

 4 1945755.37-2492319.05 28 

Phenylalanine 1 1044964.46-1516708.76 28 

 2 1519993.60-1649420.82 28 

 3 1659818.85-1908125.28 28 

 4 1929946.22-3489918.62 28 

Leucine 1 379957.04-556314.46 28 

 2 558744.08-688759.83 28 

 3 689470.83-806033.16 28 

 4 821492.90-1356991.53 28 

Phenylalanylphenylalanine 1 608200.15-1291853.09 27 

 2 1303597.59-1632678.66 29 

 3 1638204.36-2234283.97 28 

 4 2235250.29-5011775.70 28 

 

Table S2 Variance inflation factor of amino acids in different models. 

Amino acids Model 1 Model 2 Model 3 Model 4 

Tryptophan  1.04 1.04 1.04 1.04 

Phenylalanine 4.56  1.50 1.04 

Leucine 4.21 1.39   

Phenylalanylphenylalanine 1.49 1.38 1.48  

 Model 1: Tryptophan, Phenylalanine, Leucine and Phenylalanyl Phenylalanine;  

Model 2: Tryptophan, Leucine and Phenylalanyl Phenylalanine;  
Model 3: Tryptophan, Phenylalanine and Phenylalanylphenylalanine; 

Model 4: Tryptophan and Phenylalanine. 
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Table1 The STROBE checklist in this study.

Item 
No Recommendation

Title and 
abstract

1 (a) Indicate the study’s design with a commonly used term in the title 
or the abstract
(b) Provide in the abstract an informative and balanced summary of 
what was done and what was found
Please see detail in the “ABSTRACT” section in the manuscript.

Introduction
Background/ratio
nale

2 Explain the scientific background and rationale for the investigation 
being reported
Please see detail in the second, third, fourth paragraphs of the 

“INTRODUCTION” section in the manuscript.

Objectives 3 State specific objectives, including any prespecified hypotheses
Please see detail in the fourth paragraph of the 
“INTRODUCTION” section in the manuscript.

Methods
Study design 4 Present key elements of study design early in the paper

Please see detail in the “Study Population “of the “METHODS” 

section in the manuscript.

Setting 5 Describe the setting, locations, and relevant dates, including periods 
of recruitment, exposure, follow-up, and data collection
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Participants 6 (a) Give the eligibility criteria, and the sources and methods of case 
ascertainment and control selection. Give the rationale for the choice 
of cases and controls
(b) For matched studies, give matching criteria and the number of 
controls per case
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Variables 7 Clearly define all outcomes, exposures, predictors, potential 
confounders, and effect modifiers. Give diagnostic criteria, if 
applicable
Please see detail in the “Study Population “, “Data Collection and 

Assessment” and “Distinct Metabolites Identification” of the 

“METHODS” section in the manuscript.

Data sources/ 
measurement

8* For each variable of interest, give sources of data and details of 
methods of assessment (measurement). Describe comparability of 
assessment methods if there is more than one group
Please see detail in the “Study Population “, “Data Collection and 
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Assessment” and “Distinct Metabolites Identification” of the 
“METHODS” section in the manuscript.

Bias 9 Describe any efforts to address potential sources of bias
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Study size 10 Explain how the study size was arrived at
Please see detail in the sixth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why
Please see detail in the “Statistical Analysis” of the “METHODS” 

section in the manuscript.

Statistical 
methods

12 (a) Describe all statistical methods, including those used to control 
for confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) If applicable, explain how matching of cases and controls was 
addressed
(e) Describe any sensitivity analyses
No missing values were observed in our database. Others please 
see detail in the “Statistical Analysis” of the “METHODS” 
section in the manuscript.

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 

potentially eligible, examined for eligibility, confirmed eligible, 
included in the study, completing follow-up, and analysed; (b) Give 
reasons for non-participation at each stage; (c) Consider use of a flow 
diagram
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.
(a) Give characteristics of study participants (eg demographic, 
clinical, social) and information on exposures and potential 
confounders
(b) Indicate number of participants with missing data for each 
variable of interest
See Table 1 in the manuscript.

Descriptive data 14*

Outcome data 15* Report numbers in each exposure category, or summary measures of 
exposure
Please see Table 3 in the manuscript.

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make 
clear which confounders were adjusted for and why they were 
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included
Please see Table 3 in the manuscript.
(b) Report category boundaries when continuous variables were 
categorized
Please see Table S1 in the manuscript.
(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses
Please see Table 4 in the manuscript.

Discussion
Key results 18 Summarise key results with reference to study objectives

Please see detail in the first paragraph of the of the 
“DISCUSSION” section in the manuscript.

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias
Please see detail in the seventh paragraph of the of the 
“DISCUSSION” section in the manuscript.

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence
Please see detail in the fifth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Generalisability 21 Discuss the generalisability (external validity) of the study results
Please see detail in the seventh paragraph of the “DISCUSSION” 
section in the manuscript.

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present 
article is based
Please see detail in the “Funding” section in the manuscript.

*Give information separately for cases and controls.
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ABSTRACT: 

Objectives To investigate the association of specific serum amino acids (AAs) with the odds of 

arsenic-induced skin lesions (AISL) and their ability to distinguish AISL from the counterparts.

Design Case-control study.

Setting Three arsenic exposed villages in Wuyuan county of Hetao Plain, Inner Mongolia, China.

Participants Among 450 residents aged 18 to 79 years chronically exposed to arsenic via drinking 

water, 56 of them were diagnosed as AISL and defined as the cases. Another 56 participants without 

AISL matched by gender and similar age (±1 year) from the same population were picked out as the 

controls. The inclusion criteria were subjects having the metabolomics determination. Unmatched 

participants and those without serum metabolites data were excluded.

Primary and secondary outcome measures The outcome was whether it suffered from AISL. 

Multivariable conditional logistic regression models and receiver operating characteristic curve 

(ROC) analysis were performed to investigate the relationship between specific AAs and AISL.

Results The levels of tryptophan and phenylalanine were both negatively associated with AISL 

(P<0.05). As compared to the 1st quartile, the adjusted odds of AISL in the 2nd, 3rd and 4th quartile 

decreased by 69%, 90% and 84% for tryptophan, and 14%, 80% and 76% for phenylalanine, 

respectively. The combination of the two aforementioned higher-level AAs revealed the lowest odds 

of AISL (OR=0.06; 95%CI: 0.02, 0.22; P<0.001)). Furthermore, both AAs showed moderate ability 

to distinguish AISL from the control, with area-under-curve [(AUC), 95%CI] as 0.67 (0.57, 0.77) for 

tryptophan and 0.70 (0.60, 0.80) for phenylalanine, respectively (all P<0.05). The combined pattern 

with AUC (95%CI) was 0.72 (0.62, 0.81), sensitivity of 76.79% and specificity of 58.93% 

(P<0.001).

Conclusions Specific AAs might be linked to AISL and play an important role in its early 

identification. Additional studies are needed to confirm our findings.

Keywords: Metabolomics; Chronic arsenic exposure; Skin lesions; Amino acid; UPLC-MS/MS. 

Page 2 of 28

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Strengths and limitations of this study

 Our findings were depended on a community-based metabolomics study with paired-design, 

strictly quality assurance and quality control.

 Multivariable conditional logistic models were performed to examine the association between 

specific levels of AA and AISL, and ROC analysis was applied to evaluate the value and 

feasibility of the AA to distinguish AISL from the counterparts.

 Although the AAs were determined by untargeted metabolomics approach, which can assess a 

large number of metabolites precisely and efficiently, we only can obtain relative levels of AAs 

instead of their accurate quantitative concentration.

 The findings were based on a case-control study, which only revealed the association between 

the AAs and the odds of AISL rather than confirming their causal relationship. 

 The participants were mainly chronically exposed to arsenic via drinking water, which would 

limit the findings extrapolated to another arsenic exposure population via food or other ways.
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1 INTRODUCTION

2 Chronic arsenic exposure via drinking water is widely believed as a global health concern, 

3 affecting a large amount of people worldwide. It may give rise to several human health issues and 

4 has been documented to associate with cardiovascular disease, diabetes, cancer and others1 2. With 

5 the industrial boom and dramatic rise of worldwide water pollution including arsenic contamination 

6 in the past, the prevalence and burden of arsenic-induced health damage will continue to increase. 

7 Skin has been confirmed as one of the most common and susceptible target of arsenic-induced health 

8 lesions. Cutaneous skin lesions are typical signs of arsenicosis after persistent arsenic exposure for a 

9 long term which are characterized by hyperkeratosis and hyperpigmentation. Considerable evidences 

10 of the prevalence of arsenical skin lesions had been observed in many countries3-5.

11 As arsenic-induced skin lesions (AISL) have been widely accepted as the major early 

12 manifestation of arsenic toxicity6 and might be indicators of susceptibility to more serious 

13 arsenic-induced health hazards7, it is particularly crucial to identify participants at risk as early as 

14 possible for preventing the onset or delaying the progression of the serious health problems 

15 effectively. Several possible mechanisms such as genetic differences8, oxidative stress9 and 

16 epigenetic dysregulation10 and others may explain arsenic poisoning. Previous studies also reported 

17 that arsenic methylation in vivo might be associated with metabolic syndrome11 12.

18 Amino acids (AAs) are the "basic unit" that make up the body's various proteins and necessary 

19 to maintain the health. Some AAs are important regulators of some key metabolic pathways and have 

20 great importance in maximizing efficiency of food utilization, enhancing protein accretion and health 

21 improvement13 14. Abnormal metabolism of AAs will disturb the homeostasis of the body, impairs 

22 growth and development, and even causes death15. So, the levels of serum AAs may be an important 

23 implication for the metabolic status and disease condition. As a powerful tool in system biology 

24 research, metabolomics approach is beneficial on unbiased monitoring changes in endogenous 

25 metabolism-related physiological processes, providing integrative information on the distinctive 
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26 features across multiple functional levels, and offering a window to capture the core attributes 

27 responsible for various phenotypes, which are particularly important in understanding the relevant 

28 pathophysiological changes of a disease and its status, identifying novel biomarkers for risk 

29 screening, diagnosis, treatment and prognosis of important human diseases16-18. 

30 Animal experiments and epidemiological study have reported obvious arsenic-related 

31 metabolomics perturbations19 20. All of these researches substantially suggests that the relationship 

32 between specific metabolites and arsenic-induced health lesions should be investigated. However, 

33 few works have been conducted to comprehensively examine the metabolic mechanism relevant to 

34 AISL, especially for the AAs metabolism. The present study aims to quantitatively examine the 

35 association of several specific AAs with AISL and the ability to identify AISL.

36 METHODS

37 Patient and Public Involvement

38 No patients were involved.

39 Study Population

40 This study was originally from a randomized, double-blind, and placebo controlled clinical trial 

41 (NCT02235948) in 2010, in which all subjects were randomly selected using permuted block 

42 randomization from a single rural area in a population chronically exposed to low-level arsenic 

43 drinking water, had similar life style and influences under similar environmental factors. Information 

44 on the inclusion and exclusion criteria of the participants could be found in our previous study21. 

45 Strictly following the criteria of arsenicosis22. AISL was diagnosed as the presence of arsenic- 

46 induced keratosis, hyperpigmentation or depigmentation by a physician from Wenzhou medical 

47 university at the beginning of the trial. This was a matched case-control study (1:1 matching). 

48 Among 450 residents aged 18 to 79 years old enrolled in the above-mentioned trial, 56 of them were 

49 diagnosed as AISL and selected as the case. Another 56 participants without AISL matched by 
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50 gender and similar age (±1 year) from the same population were picked out as the control. The 

51 inclusion criteria were subjects having the metabolomic test. Unmatched participants and those 

52 without serum metabolites data were excluded. Informed consent was obtained from all participants 

53 and this study was approved by the ethics committee of Wenzhou Medical University, Wenzhou, 

54 China.

55 Data Collection and Assessment

56 The information on age, gender, exposure year, body mass index, smoking, alcohol 

57 consumption, education level, etc. was collected with a standardized questionnaire. Blood and urine 

58 samples were also collected at the time of participants’ enrollment. Detailed data collection of blood 

59 and urine samples and assessment methods for clinical variables including plasma fasting glucose 

60 (FPG), serum urea nitrogen, serum folate, total homocysteine, total cholesterol (TC), triglycerides 

61 (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL) and others had been published 

62 previously21. The epuration of various urinary arsenic species were conducted by means of a 

63 high-performance liquid chromatography coupled mass spectrometer system for separation and 

64 detection23. The species of arsenic in urine samples consisted of inorganic arsenic (iAs, [iAsⅢ plus 

65 iAsⅤ]), monomethyl arsenate (MMA, [MMAⅢ plus MMAⅤ]) and dimethyl arsenate (DMA, 

66 [DMAⅢ plus DMAⅤ]). All arsenic species were corrected by creatinine. The total arsenic (tAs) was 

67 the sum of iAs, MMA and DMA. The percentages of arsenic species were defined as: 

68 iAs%=iAs/tAs*100%, MMA% =MMA/tAs*100% and DMA%=DMA/tAs*100%, respectively.

69 UPLC-MS/MS Metabonomic Profiling

70 Serum samples（200 µL in microcentrifuge tubes) were thawed to room temperature (25°C) 

71 and 600 µL mixture (90% acetonitrile - 10%water) were added to each sample. The samples were 

72 vigorously mixed for 20 seconds and centrifuged for 5 min at 12000 rpm (20°C). The top 400 µL of 

73 each supernatant were then transferred and dried down in a vacuum concentrator centrifuge. The 

74 dried samples were re-suspended in 130 µL of water (including 15% acetonitrile), mixed vigorously 

Page 6 of 28

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

75 for 20 seconds and repeated the centrifugation method described above. Two µL of the supernatant 

76 were collected as samples to be determined. Serum metabolic profile acquisition was performed by 

77 using ACQUITY UPLC®/Xevo® G2 QTof/MSE (Waters Corp., Milford, MA, USA). 

78 Chromatographic separation was performed at 50°C using a WATERS HSS T3 column (2.1×100 

79 mm, 1.7 µm) with a flow rate of 0.4mL/min. The mobile phase was a mixture of (A) H2O with 0.1% 

80 formic acid and (B) methanol with 0.1% formic acid. Elution was in linear gradient with the 

81 programmed gradient at 0 min with 100% A and 0% B, 1.00min with 100%A and 0% B, 8 min with 

82 0%A and 100% B, 13.00 min with 0% A and 100% B. The mass spectrometer was operated under 

83 both positive-ion (ESI+) mode and negative-ion (ESI-) mode electrospray ionization. The scan range 

84 was from 50 to 1200 m/z. Data was collected in both ESI+ and ESI- modes. Capillary voltage was set 

85 at 3000 V and 2500 V, respectively. The desolvation flow rate was 800 L/h at 350°C. Argon was 

86 used as a collision gas, and the collision energy was adjusted from 10 eV to 40 eV for each analysis. 

87 Quantum clustering (QC) samples were prepared by pooling aliquots of each sample and used to 

88 reflect the reliability of further metabolomics analysis. After peak deconvolution, alignment, 

89 integration and normalization, the data including retention time (RT), mass to charge ratio(m/z), and 

90 peak intensity were extracted from raw chromatograms using Progenesis QI 2.0 (Waters Corp., 

91 Milford, MA, USA). The MS/MS mode was performed to obtain metabolites levels processed with 

92 MarkerLynx Applications Manager Version 4.1 (Waters Corp., Milford, MA, USA).

93 Distinct Metabolites Identification

94 The peak intensity of metabolites for the 56 pairs were acquired and then imported to 

95 MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) for statistical analysis. A partial least-squares 

96 discriminant analysis (PLS-DA), which is a supervised and well accepted pattern recognition 

97 approach, was used for the differentiation between the cases and controls. False discovery rate (FDR) 

98 adjusted p-value in univariate analysis were performed to reduce the potential impact induced by 

99 false positive of the results. The criteria used in the selection of metabolites include variable 
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100 importance in the project (VIP) scores >1 in PLS-DA and the crude or FDR adjusted p-value all < 

101 0.05 in Wilcoxon signed rank test. We identified a total of 70 extracted small molecular metabolites 

102 that were linked to the recognition of AISL. The Human Metabolome Database (http://www.hmdb.ca) 

103 was used to identify the name of metabolites. Among them, there were four amino acid metabolites 

104 (Phenylalanine, Tryptophan, Leucine, Phenylalanylphenylalanine).

105 Statistical Analysis

106 The normality of continuous data was assessed using both QQ-plots and Shapiro-Wilk test. The 

107 comparison between the cases and controls was performed with the paired t-test if they met normal 

108 or similar normal distribution. Otherwise, Wilcoxon signed rank test would be used. Differences in 

109 the proportion of categorical variables between the two groups were evaluated by McNemar-Bowker 

110 tests. We firstly used locally weighted scatterplot smoothing (LOESS) models to estimate the “real” 

111 relationship between serum AAs levels and the probability of AISL. Then, multivariable conditional 

112 logistic regression models were performed to examine the association between the contributing AAs 

113 levels and AISL after adjusting for some potential confounding factors. The individual impacts of 

114 AA metabolites on the risk of AISL were quantified separately by odds ratio (OR) and 95% 

115 confidence interval (CI) in the following two ways: with AA as a categorical variable (quartiles) and 

116 as a continuous variable [scaled to interquartile range (IQR)]. Variables with p-value less than 0.2 in 

117 the comparison between two groups were selected as potential confounders, which had been widely 

118 performed in many studies especially when the sample size of the current study was not too large. 

119 Then variance inflation factor (VIF) was used to examine the potential collinarity among them. As 

120 too many covariates in a multiple regression model will lead to overfitting to some extent24, we 

121 finally select no more than 4 variables as confounding factors to decrease the potential overfitting 

122 when assessing the association between AAs and AISL. Furthermore, as the distinct metabolites 

123 might be high related to each other, collinearity should be well considered. So, we used the VIF 

124 based on the VIF package of R software to detect potential collinearity among the AAs. When the 
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125 VIF is greater than 1.5, it was considered as collinearity existed in the model and the associated 

126 variable would be removed. The combined effect of relevant AAs on AISL were also performed 

127 using a multivariable logistic regression model. In addition, receiver operator characteristic (ROC) 

128 analysis was applied to evaluate the value and feasibility of the AAs as the potential sensitive and 

129 specific biomarker to recognize AISL. Data management, analysis and figure drawing were finished 

130 using R version 3.4.4 (Copyright © 2018 The R Foundation for Statistical Computing). All tests 

131 were two-sides and P<=0.05 was set as significant level. 

132 RESULTS

133 Table 1 summarizes the general characteristics of the study population. The comparison of 

134 demographical, clinical features and urinary arsenic species in the 56 pairs of subjects were presented 

135 in Table 1. The median (1st quartile, 3rd quartile) age of AISL population was 50.30 (44.70, 58.70) 

136 for the cases and 50.40 (44.60, 58.70) years for the controls. Both groups have the same proportion 

137 of female population (58.93%), and there was no obvious statistical difference in the urinary arsenic 

138 levels between the two groups. More than half of them had no history of smoking or alcohol 

139 consumption. When compared to the controls, the serum triglycerides level in AISL participants was 

140 significantly lower (P=0.041). While the other variables were similar between AISL participants and 

141 the control (P>0.05). This indicates that the participants in two groups are comparable to some 

142 extent.
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Table 1 Demographic characteristics of the study population.
Variables AISL (n=56) Non-AISL (n=56) P

Clinical Characteristics
Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425
Exposure year (years) 48.19±11.53 47.62±10.97 0.489
Body mass index (kg/m2) 24.12±3.14 23.91±2.86 0.697
Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137
Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392
Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961
Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603
Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904
Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041
High-density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675
Low-density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110
Women [# (%)] 33(58.93) 33(58.93) 1.000
Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696
Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464
Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252

Urinary arsenic species

iAS% 12.26(8.13,14.68) 12.31(10.04,16.54) 0.148
MMA% 24.68(20.11,29.68) 25.85(20.90,31.66) 0.420
DMA% 61.84(56.62,71.01) 61.84(47.85,64.99) 0.096
tAs (g/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445

 AISL: arsenic-induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the 
proportion of categorical variables between the two groups.
 iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl arsenate (DMAⅢ+DMAⅤ); 
tAs: total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%.
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143 Table 2 shows that the four AAs, which FDR adjusted p-value <0.05 and VIP>1, in the cases 

144 are observed significantly lower than those of the controls. Two of them are aromatic amino acids 

145 (AAA) identified as phenylalanine and tryptophan, one of them belongs to aromatic amino acids 

146 branched-chain amino acids (BCAA) appraised as leucine and the last one is 

147 phenylalanylphenylalanine. The individual association of AAs with AISL were presented in figure1, 

148 which clearly reveals obvious “dose-response” relationships between them.

Table 2 Distinct metabolites in population with arsenic-induced skin lesions and their counterparts.

Serum amino acid metabolites Retention time 
(min)

Mass-to-
Charge Ratio VIP value p-value Adjusted

p-values

Phenylalanine 3.402 166.087 1.508 <0.001 0.009
Tryptophan 3.886 203.082 1.046 0.003 0.014
Leucine 2.642 132.102 1.014 0.001 0.020
Phenylalanylphenylalanine 5.048 313.155 1.833 0.004 0.033

VIP: variable importance in the project;  Wilcoxon signed-rank test;  Adjusted by false discovery rate (FDR).

149 Table 3 clearly shows that participants in the 3rd and 4th quartiles of the four specific AAs were 

150 all significantly linked to the decreased odds of AISL after adjusting for FPG, LDL, TG and DMA%, 

151 as compared to their lowest quartiles, respectively. The category boundaries of the quartiles were 

152 showed in the Table S1. Significant linear trends existed between AISL and those four serum AAs. 

153 Meanwhile, same linear negative association between AISL and per IQR rise of the four serum AAs 

154 were observed when these AAs were considered as continuous variables in the present study.
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Table 3 Relationship of amino acids levels with the odds of arsenic-induced skin lesions.

Crude Adjusted
Amino acids N Cases (%) OR (95%CI) P OR (95%CI) P

Tryptophan
Per IQR 112 56(50) 0.48(0.27,0.84) 0.011 0.48(0.27,0.86) 0.013
Quartiles

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 15(53.60) 0.50(0.16,1.54) 0.225 0.56(0.16,1.98) 0.370
Q3 28 10(35.70) 0.12(0.03,0.53) 0.005 0.12(0.02,0.60) 0.010
Q4 28 11(39.30) 0.19(0.05,0.71) 0.014 0.21(0.05,0.84) 0.028
P for trend 0.008 0.012

Phenylalanine
Per IQR 112 56(50) 0.57(0.36,0.91) 0.019 0.56(0.33,0.94) 0.028
Quartiles 

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 19(67.90) 0.79(0.22,2.82) 0.712 0.70(0.18,2.76) 0.609
Q3 28 8(28.60) 0.18(0.05,0.66) 0.010 0.20(0.05,0.77) 0.019
Q4 28 9(32.10) 0.25(0.08,0.79) 0.018 0.20(0.05,0.75) 0.017
P for trend <0.001 0.001

Leucine
Per IQR 112 56(50) 0.45(0.25,0.82) 0.019 0.43(0.21,0.86) 0.016
Quartiles 

Q1 28 21(75.00) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 14(50.00) 0.33(0.11,1.03) 0.057 0.31(0.10,1.01) 0.052
Q3 28 11(39.30) 0.22(0.07,0.68) 0.009 0.22(0.07,0.73) 0.014
Q4 28 10(35.70) 0.19(0.06,0.59) 0.004 0.19(0.06,0.65) 0.008
P for trend 0.003 0.007

Phenylalanylphenylalanine
Per IQR 112 56(50) 0.62(0.36,1.04) 0.070 0.71(0.41,1.24) 0.227
Quartiles 

Q1 27 21(77.80) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 29 14(48.30) 0.16(0.03,0.75) 0.021 0.14(0.03,0.73) 0.019
Q3 28 9(32.10) 0.08(0.02,0.39) 0.002 0.09(0.02,0.52) 0.007
Q4 28 12(42.90) 0.12(0.02,0.57) 0.008 0.11(0.02,0.66) 0.016
P for trend 0.006 0.023

Values are odds ratio (95% confidence intervals) for arsenic-induced skin lesions from conditional logistic regression. IQR: 
interquartile range; Q1: the 1st quartile; Q2: the 2nd quartile; Q3: the 3rd quartile; Q4: the 4th quartile.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride and urinary dimethyl arsenate.

155 As these 4 specific AAs are significantly or marginal significantly associated with the odds of 

156 AISL, so it is needed to examine the joint impacts among them on AISL. However, the results of 

157 potential collinearity examination revealed that among these 4 specific AAs, both tryptophan and 

158 phenylalaine had the smallest VIF value (VIF=1.04) and no obvious collinearity existed (Table S2). 

159 Hence, we mainly focus on tryptophan and phenylalaine when assessing the joint impacts of AAs on 

160 AISL and only presented the results associated with these two AAs in the current study. To avoid the 

161 impacts due to insufficient power because of unreasonable grouping on the results, we classified both 

162 tryptophan and phenylalanine into two categories, according to the cut-off values of their mass 
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163 spectrum peak area based on the ROC analysis, respectively. The higher levels of these two serum 

164 AA were defined as equal to or over the cut-off values, while the lower categories were considered 

165 as less than the associated values. 

166 Table 4 shows the joint impacts of tryptophan and phenylalanine levels on AISL after 

167 considering the collinearity of variables in the model. The proportions of AISL were 74.3%, 60.0%, 

168 50.0% and 18.2% for participants with lower levels of both tryptophan and phenylalanine (category 

169 A), with higher tryptophan and lower phenylalanine (category B), with lower tryptophan and higher 

170 phenylalanine (category C), and higher levels of both tryptophan and phenylalanine (category D), 

171 respectively. Obvious decrease trend of the probability of AISL was observed among these 4 

172 categories. As compared to the category A, adjusted OR (95% CI) for participants in the category B, 

173 C and D were 0.49(0.15, 1.63), 0.32(0.10, 1.02) and 0.08(0.02, 0.25). Subjects with higher levels of 

174 both tryptophan and phenylalanine had the lowest odds of AISL, significantly decreased by 92% 

175 (OR=0.02; 95%CI: 0.02, 0.25; P<0.001), after adjusting for the impacts induced by some potential 

176 confounding factors. This suggested that tryptophan and phenylalanine were jointly associated with 

177 the presence of AISL. While no significant interaction between the two AAs on the occurrence of 

178 AISL could be observed (P=0.419), which indicated that each AA was independently associated with 

179 AISL though their joint impact was significant.
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Table 4 Joint association between tryptophan and phenylalanine levels with arsenic-induced skin 
lesions.

Tryptophan Phenylalanine Crude Adjusted

<cut-off value <cut-off value N Cases (%) OR (95%CI) P OR (95%CI) P
Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
No Yes 20 12(60.0) 0.52(0.16,1.68) 0.273 0.49(0.15,1.63) 0.244
Yes No 24 12(50.0) 0.35(0.12,1.04) 0.059 0.32(0.10,1.02) 0.053
No No 33 6(18.2) 0.08(0.02,0.25) <0.001 0.08(0.02,0.25) <0.001

Interaction 0.320 0.49(0.09,2.78) 0.419
 Cut-off value was determined by means of receiver operator characteristic analysis.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride and urinary dimethyl arsenate.

180 Table 5 shows that, based on the ROC analysis, both serum tryptophan and phenylalanine might 

181 be potential biomarkers in distinguishing AISL from a chronic arsenic exposure population 

182 (P=0.0020 and P=0.0017). The area under the curve (AUC) and its related 95% CI, sensitivity, 

183 specificity, positive predictive value and negative predictive value were 0.67 (0.57, 0.77), 69.64%, 

184 62.50%, 65.00 and 67.31% for tryptophan, and 0.70 (0.60, 0.80), 69.64%, 69.64%, 69.64% and 

185 69.64% for phenylalanine, respectively. The AUC (95% CI), sensitivity, specificity, positive 

186 predictive value and negative predictive value of the combination of them were 0.72 (0.62, 0.81), 

187 76.79%, 58.93%, 65.15 and 71.74%, respectively. Our results suggested that these two AAs could be 

188 either individually or jointly used as indicators of AISL identification.

Table 5 Combination of diagnostic indicators and ROC analysis results.
Indicators AUC (95%CI) Sensitivity, % Specificity, % Predict+, % Predict-, % P

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.002
Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.002
Combined 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001

 ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, 
positive predictive value and negative predictive value were calculated at their best cut-off points; Predict+: positive predictive value; 
Predict-: negative predictive value.
 Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model.

189 DISCUSSION

190 In the present study, the association of serum tryptophan and phenylalanine, screened in our 

191 previous non-targeted metabolomics study using UPLC-MS/MS, with AISL and their ability to 

192 indicate AISL occurrences were quantitatively evaluated in individual and joint modes. Our results 

193 clearly showed that AISL are significantly and negatively associated with serum tryptophan and 

194 phenylalanine levels in a chronic arsenic exposure population via drinking water. Participants with 
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195 higher level of both AAs would have lowest odds of AISL. These two AAs might also be able to 

196 serve as the indicators of AISL.

197 The probability of the initiation and development of AISL would be affected by a large number 

198 of factors including age, gender, life styles, arsenic exposure, metabolism and others. These factors 

199 would be important confounding factors and will largely affect our results. To adjust for the impacts 

200 due to these cofactors, we firstly selected all participants using permuted block randomization from a 

201 single rural area in which population were chronically exposed to arsenic in a same way, had similar 

202 life style and environmental factors. Secondly, the cases and controls were matched by gender and 

203 age (±1 year). All of these may be the reason why so many potential confounders including arsenic 

204 exposure do not differ significantly between the cases and controls (table 1).

205 Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 

206 The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 

207 population were 17.49 (14.90, 20.53) μg/g and 147.20 (129.00, 167.97) μg/g, respectively. They 

208 were much higher than those in the 20 μg/L exposed to arsenic via drinking water [GM (95% CI): 

209 0.4 (0.3,0.5) μg/g for iAs and 9.1 (6.5,12.7) μg/g for tAs], while obviously lower than those in the 90 

210 g/L exposed group [GM (95% CI): 39.4 (31.4, 49.6) μg/g for iAs and 248.7 (208.8, 296.3) μg/g]25. 

211 An available report has shown that AISL cannot be completely cured even though the medical 

212 technology has already made great progress26. So, it is crucial to identify those who are most likely to 

213 progress to overt arsenic damages including AISL among people at risk as early as possible. 

214 Metabolomics study, which mainly focus on thoroughly assessing the variation of metabolites 

215 possibly linked to diseases occurrence and development, has been widely utilized to help us 

216 understand pathogenesis of diseases because of its relevance to the phenotypes as compared to other 

217 ‘OMICs’ study27. Moreover, mathematical modeling to assess the linkage between small molecular 

218 metabolites and arsenic toxicity has grown28. Developing a simple and interpretable modeling 

219 approach for the early detection of arsenic induced health lesions is of great theoretical value and 
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220 realistic meaning29, though it might be difficult due to population specific complexities and the 

221 impacts due to some potential unmeasured covariates such as diet and genetic determinants. 

222 Previous studies reported that gene-gene and gene-environment interaction were involved in 

223 arsenicosis through toxicological mechanisms including genomic instability30 and oxidative stress31. 

224 Skin hyperpigmentation and palmoplantar hyperkeratosis could be biomarkers for long-term arsenic 

225 exposure identifying the differences in metabolites that are really associated with phenotypes through 

226 metabolites analysis may promote our understanding and identification of AISL. Animal study 

227 reveals that the disruption of amino acids metabolism upon arsenic exposure in rat which may be 

228 beneficial on understanding arsenic toxicity32. In our previous population-based metabolomics study, 

229 we found that serum metabolites alteration was significantly related to the risk of arsenic-induced 

230 health damages. In the current study, we detected that BCAA or AAA were also significantly 

231 relevant to AISL occurrence. Several studies across numerous ethnic backgrounds supports the usage 

232 of BCAA including leucine, isoleucine as well as valine and AAA profile such as phenylalanine, 

233 tryptophan and tyrosine as biomarkers in determining metabolic diseases27 33. Simultaneously, Zhou 

234 et al reports that arsenic-induced transformed cells exhibit apparent alterations in metabolite profiles 

235 including down-regulated of leucine, tryptophan, and phenylalanine in skin lesions group34. 

236 Consistent with Zhou’s findings, two serum AAA (tryptophan, phenylalanine) levels were also 

237 significantly associated with AISL in our study.

238 Normal metabolism of amino acids are necessary for whole body homeostasis, growth and 

239 development, and health status15. Studies have reported that the changes in the availability of AAA 

240 will affect cell signaling, gene expression, brain, and neuroendocrine function35. Tryptophan, an 

241 amino acid metabolism related biomarker, is also a sensitive and specific indicator of oxidation. 

242 Tryptophan metabolism in mammals is a physiological means of preserving immune homeostasis 

243 associated with oxidative stress and inflammation36 37. In addition, phenylalanine can be transformed 

244 into specific neurotransmitters such as dopamine and adrenaline by the action of related enzymes. 
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245 Wu and colleagues38 reported that arsenic exposure would lead to neurotransmitter metabolism 

246 disturbance, which might explain the reduction of phenylalanine. Furthermore, as one of the 

247 peptide-bound phenylalanine, phenylalanylphenylalanine has been reported to affect protein 

248 synthesis and secretion39, potentially indicating the possible relation between endothelium 

249 dysfunction and phenylalanine metabolism disorder. The relationship between amino acid 

250 metabolism and AISL was still unclear. The notable alteration of tryptophan and phenylalanine in 

251 this study may well indicate the occurrence of metabolic disorders due to arsenic exposure. It is also 

252 beneficial to understand the effects of arsenic toxicity and of great importance in early identification 

253 of occurrences as well as delaying the progression of various arsenic-induced health lesions 

254 including AISL.

255 The current study included 56 AISL cases matched 56 non-AISL controls and the sample size 

256 might be potentially insufficient. To estimate the impact due to this potential insufficient sample size 

257 on our conclusion, the PROC POWER procedure for paired design study in SAS 9.4 (SAS Institute 

258 Inc.) was applied to assess the power of the 4 AAs when assessing their associations with AISL in 

259 this study. The results showed that the lowest power associated with all of these four AAs was 0.911 

260 based on 56 pairs of participants (Figure 1S). It suggested that with type I error as 0.05, total sample 

261 size as 56 pairs and two-sided test, the powers associated with these 4 amino acids were all great than 

262 0.8. So, we believed that the sample size for the present study, 56 pairs, would well balance the 

263 power of tests. Furthermore, previous metabolomics studies usually have sample size no more than 

264 40 cases in each group40 41. 

265 The main strength of this study is that the findings were depended on a community-based, 

266 long-term arsenic exposure cohort with well-designed quality assurance and quality control 

267 throughout the study, and the AAs were detected with non-targeted metabolomics approach through 

268 the discovery and validation phases. However, there are also several limitations to this study. Firstly, 

269 although untargeted metabolomics approach can assess a large amount number of metabolites 
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270 precisely and efficiently, it only provides relative levels of AAs instead of their accurate quantitative 

271 concentration. Secondly, these findings are mainly based on a case-control study, which only reveals 

272 the association between amino acid metabolism and the odds of AISL rather than confirming their 

273 causal relationship. Furthermore, as it is suggested that the ratio of approximately 10 to 15 

274 observations per predictor in a logistic regression model will produce reasonably stable estimations24, 

275 we selected only 4 covariates in the models due to the small sample size and these results need to be 

276 confirmed in new studies. Finally, the participants were mainly exposed to arsenic via drinking 

277 water, which would limit the findings extrapolated to the other arsenic exposure population via food 

278 and other ways. Therefore, additional elaborate population-based studies are needed to verify our 

279 discoveries.

280 In conclusion, specific AAs might be linked to AISL and amino acids metabolism may play an 

281 important role in AISL early identification. Additional studies may be needed to confirm our 

282 findings.
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Figure 1. Association between the peak intensity of tryptophan and phenylalanine and 
arsenic-induced skin lesions based on multivariable locally weighted regression models. a: 
Tryptophan; b: Phenylalanine;c: Leucine;d: Phenylalanylphenylalanine
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Table S1 Amino acids metabolites in serum. 

Amino acids Quartile Quartile Range Number 

Tryptophan 1 1015821.54-1555040.97 28 

 2 1555370.88-1701256.07 28 

 3 1704298.84-1937437.56 28 

 4 1945755.37-2492319.05 28 

Phenylalanine 1 1044964.46-1516708.76 28 

 2 1519993.60-1649420.82 28 

 3 1659818.85-1908125.28 28 

 4 1929946.22-3489918.62 28 

Leucine 1 379957.04-556314.46 28 

 2 558744.08-688759.83 28 

 3 689470.83-806033.16 28 

 4 821492.90-1356991.53 28 

Phenylalanylphenylalanine 1 608200.15-1291853.09 27 

 2 1303597.59-1632678.66 29 

 3 1638204.36-2234283.97 28 

 4 2235250.29-5011775.70 28 

 

Table S2 Variance inflation factor of amino acids in different models. 

Amino acids Model 1 Model 2 Model 3 Model 4 

Tryptophan  1.04 1.04 1.04 1.04 

Phenylalanine 4.56  1.50 1.04 

Leucine 4.21 1.39   

Phenylalanylphenylalanine 1.49 1.38 1.48  

 Model 1: Tryptophan, Phenylalanine, Leucine and Phenylalanyl Phenylalanine;  

Model 2: Tryptophan, Leucine and Phenylalanyl Phenylalanine;  
Model 3: Tryptophan, Phenylalanine and Phenylalanylphenylalanine; 

Model 4: Tryptophan and Phenylalanine. 
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Figure 1S_A. Sample size and power estimation__Leucine 

  

Figure 1S_B. Sample size and power estimation__Phenylalanine 
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Figure 1S_C. Sample size and power estimation__Phenylalanylphenylalanine 

  

Figure 1S_D.  Sample size and power estimation__Tryptophan 
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Table1 The STROBE checklist in this study.

Item 
No Recommendation

Title and 
abstract

1 (a) Indicate the study’s design with a commonly used term in the title 
or the abstract
(b) Provide in the abstract an informative and balanced summary of 
what was done and what was found
Please see detail in the “ABSTRACT” section in the manuscript.

Introduction
Background/ratio
nale

2 Explain the scientific background and rationale for the investigation 
being reported
Please see detail in the second, third, fourth paragraphs of the 

“INTRODUCTION” section in the manuscript.

Objectives 3 State specific objectives, including any prespecified hypotheses
Please see detail in the fourth paragraph of the 
“INTRODUCTION” section in the manuscript.

Methods
Study design 4 Present key elements of study design early in the paper

Please see detail in the “Study Population “of the “METHODS” 

section in the manuscript.

Setting 5 Describe the setting, locations, and relevant dates, including periods 
of recruitment, exposure, follow-up, and data collection
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Participants 6 (a) Give the eligibility criteria, and the sources and methods of case 
ascertainment and control selection. Give the rationale for the choice 
of cases and controls
(b) For matched studies, give matching criteria and the number of 
controls per case
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Variables 7 Clearly define all outcomes, exposures, predictors, potential 
confounders, and effect modifiers. Give diagnostic criteria, if 
applicable
Please see detail in the “Study Population “, “Data Collection and 

Assessment” and “Distinct Metabolites Identification” of the 

“METHODS” section in the manuscript.

Data sources/ 
measurement

8* For each variable of interest, give sources of data and details of 
methods of assessment (measurement). Describe comparability of 
assessment methods if there is more than one group
Please see detail in the “Study Population “, “Data Collection and 
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Assessment” and “Distinct Metabolites Identification” of the 
“METHODS” section in the manuscript.

Bias 9 Describe any efforts to address potential sources of bias
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Study size 10 Explain how the study size was arrived at
Please see detail in the sixth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why
Please see detail in the “Statistical Analysis” of the “METHODS” 

section in the manuscript.

Statistical 
methods

12 (a) Describe all statistical methods, including those used to control 
for confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) If applicable, explain how matching of cases and controls was 
addressed
(e) Describe any sensitivity analyses
No missing values were observed in our database. Others please 
see detail in the “Statistical Analysis” of the “METHODS” 
section in the manuscript.

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 

potentially eligible, examined for eligibility, confirmed eligible, 
included in the study, completing follow-up, and analysed; (b) Give 
reasons for non-participation at each stage; (c) Consider use of a flow 
diagram
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.
(a) Give characteristics of study participants (eg demographic, 
clinical, social) and information on exposures and potential 
confounders
(b) Indicate number of participants with missing data for each 
variable of interest
See Table 1 in the manuscript.

Descriptive data 14*

Outcome data 15* Report numbers in each exposure category, or summary measures of 
exposure
Please see Table 3 in the manuscript.

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make 
clear which confounders were adjusted for and why they were 
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included
Please see Table 3 in the manuscript.
(b) Report category boundaries when continuous variables were 
categorized
Please see Table S1 in the manuscript.
(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses
Please see Table 4 in the manuscript.

Discussion
Key results 18 Summarise key results with reference to study objectives

Please see detail in the first paragraph of the of the 
“DISCUSSION” section in the manuscript.

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias
Please see detail in the seventh paragraph of the of the 
“DISCUSSION” section in the manuscript.

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence
Please see detail in the fifth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Generalisability 21 Discuss the generalisability (external validity) of the study results
Please see detail in the seventh paragraph of the “DISCUSSION” 
section in the manuscript.

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present 
article is based
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ABSTRACT

Objectives To investigate the association of specific serum amino acids (AAs) with the odds of 

arsenic-induced skin lesions (AISL) and ability to distinguish AISL from their counterparts.

Design Case-control study.

Setting Three arsenic exposed villages in Wuyuan county of Hetao Plain, Inner Mongolia, China.

Participants Among 450 residents aged 18 to 79 years chronically exposed to arsenic via drinking 

water, 56 of them were diagnosed as AISL and defined as the cases. Another 56 participants without 

AISL matched by gender and similar age (±1 year) from the same population were picked out as the 

controls.

Main outcome measures and methods The intensities of the AAs were determined by 

ultra-high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry 

(UPLC-QTOF-MS)-based metabolomics approach. Potential confounding variables were obtained 

via a standardized questionnaire and clinical examination. Multivariable conditional logistic 

regression models and receiver operating characteristic curve (ROC) analysis were performed to 

investigate the relationship between specific AAs and AISL.

Results The levels of tryptophan and phenylalanine were both negatively associated with AISL 

(P<0.05). As compared to the 1st quartile, the adjusted odds of AISL in the 2nd, 3rd, and 4th quartile 

decreased by 44%, 88%, and 79% for tryptophan, and 30%, 80%, and 80% for phenylalanine, 

respectively. The combination of the two aforementioned higher-level AAs revealed the lowest odds 

of AISL (OR=0.08; 95% CI 0.02 to 0.25; P<0.001). Furthermore, both AAs showed moderate ability 

to distinguish AISL from the control, with area-under-curve [(AUC), 95% CI] as 0.67 (0.57, 0.77) 

for tryptophan and 0.70 (0.60, 0.80) for phenylalanine, respectively (all P<0.05). The combined 

pattern with AUC (95% CI) was 0.72 (0.62, 0.81), sensitivity of 76.79% and specificity of 58.93% 

(P<0.001).
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Conclusions Specific AAs may be linked to AISL and play important roles in its early identification. 

Additional studies are needed to confirm our findings.

Keywords: Chronic arsenic exposure; Skin lesions; Metabolomics; Amino acid.
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Strengths and limitations of this study

 Our findings were based on a community-based metabolomics study with paired-design, strictly 

quality assurance and quality control.

 Multivariable conditional logistic models were performed to examine the association between 

specific levels of AAs and AISL, and ROC analysis was applied to evaluate the feasibility of the 

AAs to distinguish AISL from their counterparts.

 Although the AAs were determined by untargeted metabolomics approach, which can assess a 

large number of metabolites precisely and efficiently, only relative levels of AAs could be 

obtained instead of their accurate quantitative concentration.

 As based on a case control-study, the findings only revealed the association between the AAs 

and the odds of AISL rather than confirming their causal relationship.

 The participants were mainly chronically exposed to arsenic via drinking water, which may limit 

the findings extrapolated to another arsenic exposure population via food or other ways.
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1 INTRODUCTION

2 Chronic arsenic exposure via drinking water is widely believed as a global health concern, 

3 affecting a large number of people worldwide. It may give rise to several human health issues and 

4 has been documented to associate with cardiovascular disease, diabetes, cancer and others1 2. With 

5 the industrial boom and dramatic rise of worldwide water pollution including arsenic contamination 

6 in the past, the prevalence and burden of arsenic-induced health damage will continue to increase. 

7 The skin has been confirmed as one of the most common and susceptible targets of arsenic-induced 

8 health lesions. Cutaneous skin lesions are typical signs of arsenicosis after persistent arsenic 

9 exposure for the long term which are characterized by hyperkeratosis and hyperpigmentation. 

10 Considerable evidence of the prevalence of arsenical skin lesions had been observed in many 

11 countries3-5.

12 As arsenic-induced skin lesions (AISL) have been widely accepted as the major early 

13 manifestation of arsenic toxicity6 and might be indicators of susceptibility to more serious 

14 arsenic-induced health hazards7, it is particularly crucial to identify participants at risk as early as 

15 possible for preventing the onset or delaying the progression of the serious health problems 

16 effectively. Several possible mechanisms such as genetic differences8, oxidative stress9, and 

17 epigenetic dysregulation10 and others may explain arsenic poisoning. Previous studies also reported 

18 that arsenic methylation in vivo might be associated with metabolic syndrome11 12.

19 Amino acids (AAs) are the "basic unit" that make up the body's various proteins and necessary 

20 to maintain the health. Some AAs are important regulators of some key metabolic pathways and have 

21 great importance in maximizing the efficiency of food utilization, enhancing protein accretion and 

22 health improvement13 14. Abnormal metabolism of AAs will disturb the homeostasis of the body, 

23 impairs growth and development, and even causes death15. So, the levels of serum AAs may be an 

24 important implication for the metabolic status and disease condition. As a powerful tool in system 

25 biology research, metabolomics approach is beneficial on unbiased monitoring changes in 
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26 endogenous metabolism-related physiological processes, providing integrative information on the 

27 distinctive features across multiple functional levels, offering a window to capture the core attributes 

28 responsible for various phenotypes, which are particularly important in understanding the relevant 

29 pathophysiological changes of a disease and its status, and identifying novel biomarkers for risk 

30 screening, diagnosis, treatment and prognosis of important human diseases16-18.

31 Animal experiments and epidemiological studies have reported obvious arsenic-related 

32 metabolomics perturbations19 20. All of these researches substantially suggest that the relationship 

33 between specific metabolites and arsenic-induced health lesions should be investigated. However, 

34 few works have been conducted to comprehensively examine the metabolic mechanism relevant to 

35 AISL, especially for amino acid’s metabolism. The present study aims to quantitatively examine the 

36 association of several specific AAs with AISL and the ability to identify AISL.

37 METHODS

38 Study Population

39 This study was originally from a randomized, double-blind, and placebo-controlled clinical trial 

40 (NCT02235948) in 2010, in which all subjects were randomly selected using permuted block 

41 randomization from a single rural area in a population chronically exposed to low-level arsenic 

42 drinking water, had similar lifestyle and influences under similar environmental factors. Information 

43 on the inclusion and exclusion criteria of the participants could be found in our previous study21. 

44 Strictly following the criteria of arsenicosis22. AISL was diagnosed as the presence of arsenic- 

45 induced keratosis, hyperpigmentation or depigmentation by a physician from Wenzhou medical 

46 university at the beginning of the trial. This was a matched case-control study (1:1 matching). 

47 Among 450 residents aged 18 to 79 years old enrolled in the trial mentioned above, 56 of them were 

48 diagnosed as AISL and selected as the case. Another 56 participants without AISL matched by 

49 gender and similar age (±1 year) from the same population were picked out as the control. The 
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50 inclusion criteria were subjects having the metabolomic test. Unmatched participants and those 

51 without serum metabolites data were excluded.

52 Data Collection and Assessment

53 The information on age, gender, exposure year, body mass index, smoking, alcohol 

54 consumption, education level, etc. was collected with a standardized questionnaire. Blood and urine 

55 samples were also collected at the time of participants’ enrollment. Detailed data collection of blood 

56 and urine samples and assessment methods for clinical variables including plasma fasting glucose 

57 (FPG), serum urea nitrogen, serum folate, total homocysteine, total cholesterol (TC), triglycerides 

58 (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL) and others had been published 

59 previously21. The epuration of various urinary arsenic species was conducted utilizing 

60 high-performance liquid chromatography coupled mass spectrometer system for separation and 

61 detection23. The species of arsenic in urine samples consisted of inorganic arsenic (iAs, [iAsⅢ plus 

62 iAsⅤ]), monomethyl arsenate (MMA, [MMAⅢ plus MMAⅤ]) and dimethyl arsenate (DMA, 

63 [DMAⅢ plus DMAⅤ]). All arsenic species were corrected by creatinine. The total arsenic (tAs) was 

64 the sum of iAs, MMA and DMA. The percentages of arsenic species were defined as: 

65 iAs%=iAs/tAs*100%, MMA% =MMA/tAs*100% and DMA%=DMA/tAs*100%, respectively.

66 UPLC-QTOF-MS Metabonomic Profiling

67 Serum samples were thawed to a temperature of 4°C and 600 µL mixture (90% acetonitrile - 

68 10%water) were added to each sample (200 µL in microcentrifuge tubes). The samples were 

69 vigorously mixed for 20 seconds and centrifuged for 5 min at 12000 rpm (20°C). The top 400 µL of 

70 each supernatant was then transferred and dried down in a vacuum concentrator centrifuge. The dried 

71 samples were re-suspended in 130 µL of water (including 15% acetonitrile), mixed vigorously for 20 

72 seconds and repeat the centrifugation method described above. Two µL of the supernatant was 

73 collected as samples to be determined. Serum metabolic profile acquisition was performed by using 

74 ACQUITY UPLC®/Xevo® G2 QTof/MSE (Waters Corp., Milford, MA, USA). Chromatographic 
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75 separation was performed at 50℃ using a WATERS HSS T3 column (2.1×100 mm, 1.7 µm) with a 

76 flow rate of 0.4mL/min. The mobile phase was a mixture of (A) H2O with 0.1% formic acid and (B) 

77 methanol with 0.1% formic acid. Elution was in linear gradient with the programmed gradient at 0 

78 min with 100% A and 0% B, 1.00min with 100%A and 0% B, 8 min with 0%A and 100% B, 13.00 

79 min with 0% A and 100% B. The mass spectrometer was operated under both positive-ion (ESI+) 

80 mode and negative-ion (ESI-) mode electrospray ionization. The scan range was from 50 to 1200 m/z. 

81 Data were collected in both ESI+ and ESI- modes. The capillary voltage was set at 3000 V and 2500 

82 V, respectively. The desolvation flow rate was 800 L/h at 350°C. Argon was used as collision gas, 

83 and the collision energy was adjusted from 10 eV to 40 eV for each analysis. Quantum clustering 

84 (QC) samples were prepared by pooling aliquots of each sample and used to reflect the reliability of 

85 further metabolomics analysis. After peak deconvolution, alignment, integration and normalization, 

86 the data including retention time (RT), mass to charge ratio(m/z), and peak intensity were extracted 

87 from raw chromatograms using Progenesis QI 2.0 (Waters Corp., Milford, MA, USA). The MS/MS 

88 mode was performed to obtain metabolites levels processed with MarkerLynx Applications Manager 

89 Version 4.1 (Waters Corp., Milford, MA, USA).

90 Distinct Metabolites Identification

91 The peak intensity of metabolites for the 56 pairs was acquired and then imported to 

92 MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) for statistical analysis. A partial least-squares 

93 discriminant analysis (PLS-DA), which is a supervised and well-accepted pattern recognition 

94 approach, was used for the differentiation between the cases and controls. False discovery rate (FDR) 

95 adjusted p-value in univariate analysis was performed to reduce the potential impact induced by the 

96 false positive of the results. The criteria used in the selection of metabolites include variable 

97 importance in the project (VIP) scores >1 in PLS-DA and the crude or FDR adjusted p-value all < 

98 0.05 in Wilcoxon signed-rank test. We identified a total of 70 extracted small molecular metabolites 

99 that were linked to the recognition of AISL. The Human Metabolome Database (http://www.hmdb.ca) 
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100 was used to identify the name of metabolites. Among them, there were four amino acid metabolites 

101 (phenylalanine, tryptophan, leucine, phenylalanylphenylalanine).

102 Statistical Analysis

103 The normality of continuous data was assessed using both QQ-plots and Shapiro-Wilk test. The 

104 comparison between the cases and controls was performed with the paired t-test if they met normal 

105 or similar normal distribution. Otherwise, the Wilcoxon signed-rank test would be used. Differences 

106 in the proportion of categorical variables between the two groups were evaluated by 

107 McNemar-Bowker tests. We firstly used locally weighted scatterplot smoothing (LOESS) models to 

108 estimate the “real” relationship between serum AAs levels and the probability of AISL. Then, 

109 multivariable conditional logistic regression models were performed to examine the association 

110 between the contributing AAs levels and AISL after adjusting for some potentially confounding 

111 factors. The individual impacts of AA metabolites on the risk of AISL were quantified separately by 

112 odds ratio (OR) and 95% confidence interval (CI) in the following two ways: with AAs as a 

113 categorical variable (quartiles) and as a continuous variable [scaled to an interquartile range (IQR)]. 

114 Variables with a p-value less than 0.2 in the comparison between two groups were selected as 

115 potential confounders, which had been widely performed in many studies especially when the sample 

116 size of the current study was not too large. The variance inflation factor (VIF) was used to examine 

117 the potential collinearity among them. As too many covariates in a multiple regression model will 

118 lead to overfitting to some extent24, we finally select no more than 4 variables as confounding factors 

119 to decrease the potential overfitting when assessing the association between AAs and AISL. 

120 Furthermore, as the distinct metabolites might be highly related to each other, collinearity should be 

121 well considered. So, we used the VIF based on the VIF package of R software to detect potential 

122 collinearity among the AAs. When the VIF is greater than 1.5, it was considered as collinearity 

123 existed in the model and the associated variable would be removed. The combined effect of relevant 

124 AAs on AISL was also performed using a multivariable logistic regression model. Besides, receiver 
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125 operator characteristic (ROC) analysis was applied to evaluate the value and feasibility of the AAs as 

126 the potentially sensitive and specific biomarker to recognize AISL. Data management, analysis, and 

127 figure drawing were finished using R version 3.4.4 (Copyright © 2018 The R Foundation for 

128 Statistical Computing). All tests were two-sided and P<=0.05 was set at a significant level. 

129 Patient and Public Involvement

130 The present study was designed as an observational study, and as such patients and the public 

131 were not involved in the planning, recruitment and conduct of this study. All participants were 

132 informed about the purpose of this study and signed informed consent at the beginning of the study. 

133 The results of this study have not yet been disseminated to the relevant patient population.

134 RESULTS

135 Table 1 summarizes the general characteristics of the study population. The comparison of 

136 demographical, clinical features and urinary arsenic species in the 56 pairs of subjects were presented 

137 in Table 1. The median (1st quartile, 3rd quartile) age of AISL population was 50.30 (44.70, 58.70) 

138 for the cases and 50.40 (44.60, 58.70) years for the controls. Both groups have the same proportion 

139 of the female population (58.93%), and there was no statistical difference in the urinary arsenic 

140 levels between the two groups. More than half of them had no history of smoking or alcohol 

141 consumption. When compared to the controls, the serum triglycerides level in AISL participants was 

142 significantly lower (P=0.041). While the other variables were similar between AISL participants and 

143 the control (P>0.05). This indicates that the participants in the two groups are comparable to some 

144 extent.

Page 10 of 28

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Table 1 Demographic characteristics of the study population.
Variables AISL (n=56) Non-AISL (n=56) P

Clinical Characteristics
Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425
Exposure year (years) 48.19±11.53 47.62±10.97 0.489
Body mass index (kg/m2) 24.12±3.14 23.91±2.86 0.697
Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137
Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392
Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961
Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603
Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904
Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041
High-density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675
Low-density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110
Women [# (%)] 33(58.93) 33(58.93) 1.000
Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696
Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464
Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252

Urinary arsenic species

iAS% 12.26(8.13,14.68) 12.31(10.04,16.54) 0.148
MMA% 24.68(20.11,29.68) 25.85(20.90,31.66) 0.420
DMA% 61.84(56.62,71.01) 61.84(47.85,64.99) 0.096
tAs (g/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445

 AISL: arsenic-induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the 
proportion of categorical variables between the two groups.
 iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl arsenate (DMAⅢ+DMAⅤ); 
tAs: total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%.

145 Table 2 shows that the four AAs, which FDR adjusted p-value <0.05 and VIP>1, in the cases 

146 are observed significantly lower than those of the controls. Two of them are aromatic amino acids 

147 (AAAs) identified as phenylalanine and tryptophan, one of them belongs to aromatic amino acids 

148 branched-chain amino acids (BCAAs) appraised as leucine and the last one is 

149 phenylalanylphenylalanine. The individual association of AAs with AISL were presented in figure1, 

150 which reveal obvious “dose-response” relationships between them.

Table 2 Distinct metabolites in population with arsenic-induced skin lesions and their counterparts.

Serum amino acid metabolites Retention time 
(min)

Mass-to-
Charge Ratio VIP value p-values Adjusted

p-values

Phenylalanine 3.402 166.087 1.508 <0.001 0.009
Tryptophan 3.886 203.082 1.046 0.003 0.014
Leucine 2.642 132.102 1.014 0.001 0.020
Phenylalanylphenylalanine 5.048 313.155 1.833 0.004 0.033

VIP: variable importance in the project;  Wilcoxon signed-rank test;  Adjusted by false discovery rate (FDR).

151 Table 3 shows that participants in the 3rd and 4th quartile of the four specific AAs were all 

152 significantly linked to the decreased odds of AISL after adjusting for FPG, LDL, TG and DMA%, as 
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153 compared to their lowest quartiles, respectively. The category boundaries of the quartiles were shown 

154 in Table S1. Significant linear trends existed between AISL and those four serum AAs. Meanwhile, 

155 the same linear negative association between AISL and per IQR rise of the four serum AAs was 

156 observed when these AAs were considered as continuous variables in the present study.

Table 3 Relationship of amino acid levels with the odds of arsenic-induced skin lesions.

Crude Adjusted
Amino acids N Cases (%) OR (95% CI) P OR (95% CI) P

Tryptophan
Per IQR 112 56(50) 0.48(0.27,0.84) 0.011 0.48(0.27,0.86) 0.013
Quartiles

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 15(53.60) 0.50(0.16,1.54) 0.225 0.56(0.16,1.98) 0.370
Q3 28 10(35.70) 0.12(0.03,0.53) 0.005 0.12(0.02,0.60) 0.010
Q4 28 11(39.30) 0.19(0.05,0.71) 0.014 0.21(0.05,0.84) 0.028
P for trend 0.008 0.012

Phenylalanine
Per IQR 112 56(50) 0.57(0.36,0.91) 0.019 0.56(0.33,0.94) 0.028
Quartiles 

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 19(67.90) 0.79(0.22,2.82) 0.712 0.70(0.18,2.76) 0.609
Q3 28 8(28.60) 0.18(0.05,0.66) 0.010 0.20(0.05,0.77) 0.019
Q4 28 9(32.10) 0.25(0.08,0.79) 0.018 0.20(0.05,0.75) 0.017
P for trend <0.001 0.001

Leucine
Per IQR 112 56(50) 0.45(0.25,0.82) 0.019 0.43(0.21,0.86) 0.016
Quartiles 

Q1 28 21(75.00) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 14(50.00) 0.33(0.11,1.03) 0.057 0.31(0.10,1.01) 0.052
Q3 28 11(39.30) 0.22(0.07,0.68) 0.009 0.22(0.07,0.73) 0.014
Q4 28 10(35.70) 0.19(0.06,0.59) 0.004 0.19(0.06,0.65) 0.008
P for trend 0.003 0.007

Phenylalanylphenylalanine
Per IQR 112 56(50) 0.62(0.36,1.04) 0.070 0.71(0.41,1.24) 0.227
Quartiles 

Q1 27 21(77.80) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 29 14(48.30) 0.16(0.03,0.75) 0.021 0.14(0.03,0.73) 0.019
Q3 28 9(32.10) 0.08(0.02,0.39) 0.002 0.09(0.02,0.52) 0.007
Q4 28 12(42.90) 0.12(0.02,0.57) 0.008 0.11(0.02,0.66) 0.016
P for trend 0.006 0.023

Values are odds ratio (95% confidence intervals) for arsenic-induced skin lesions from conditional logistic regression. IQR: 
interquartile range; Q1: the 1st quartile; Q2: the 2nd quartile; Q3: the 3rd quartile; Q4: the 4th quartile.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride, and urinary dimethyl arsenate.

157 As these four specific AAs are significantly or marginal significantly associated with the odds 

158 of AISL, so it is needed to examine the joint impacts among them on AISL. However, the results of 

159 potential collinearity examination revealed that among these four specific AAs, both tryptophan and 

160 phenylalanine had the smallest VIF value (VIF=1.04) and no obvious collinearity existed (Table S2). 
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161 Hence, we mainly focus on tryptophan and phenylalanine when assessing the joint impacts of AAs 

162 on AISL and only presented the results associated with these two AAs in the current study. To avoid 

163 the impacts due to insufficient power because of unreasonable grouping on the results, we classified 

164 both tryptophan and phenylalanine into two categories, according to the cut-off values of their mass 

165 spectrum peak area based on the ROC analysis, respectively. The higher levels of these two serum 

166 AAs were defined as equal to or over the cut-off values, while the lower categories were considered 

167 as less than the associated values.

168 Table 4 shows the joint impacts of tryptophan and phenylalanine levels on AISL after 

169 considering the collinearity of variables in the model. The proportions of AISL were 74.3%, 60.0%, 

170 50.0% and 18.2% for participants with lower levels of both tryptophan and phenylalanine (category 

171 A), with higher tryptophan and lower phenylalanine (category B), with lower tryptophan and higher 

172 phenylalanine (category C), and higher levels of both tryptophan and phenylalanine (category D), 

173 respectively. An obvious decrease trend of the probability of AISL was observed among these four 

174 categories. As compared to the category A, adjusted OR (95% CI) for participants in the category B, 

175 C and D were 0.49(0.15, 1.63), 0.32(0.10, 1.02) and 0.08(0.02, 0.25). Subjects with higher levels of 

176 both tryptophan and phenylalanine had the lowest odds of AISL, which significantly decreased by 

177 92% (OR=0.08; 95% CI 0.02 to 0.25; P<0.001), after adjusting for the impacts induced by some 

178 potentially confounding factors. This suggested that tryptophan and phenylalanine were jointly 

179 associated with the presence of AISL. While no significant interaction between the two AAs on the 

180 occurrence of AISL could be observed (P=0.419).
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182 Table 4 Joint association between tryptophan and phenylalanine levels with arsenic-induced skin 
183 lesions.

Tryptophan Phenylalanine Crude Adjusted

<cut-off value <cut-off value N Cases (%) OR (95% CI) P OR (95% CI) P
Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
No Yes 20 12(60.0) 0.52(0.16,1.68) 0.273 0.49(0.15,1.63) 0.244
Yes No 24 12(50.0) 0.35(0.12,1.04) 0.059 0.32(0.10,1.02) 0.053
No No 33 6(18.2) 0.08(0.02,0.25) <0.001 0.08(0.02,0.25) <0.001

Interaction 0.320 0.49(0.09,2.78) 0.419
 Cut-off value was determined using receiver operator characteristic analysis.
 Adjusted for plasma glucose, low-density lipoprotein, triglyceride, and urinary dimethyl arsenate.

184 Table 5 shows that, based on the ROC analysis, both serum tryptophan and phenylalanine might 

185 be potential biomarkers in distinguishing AISL from a chronic arsenic exposure population 

186 (P=0.0020 and P=0.0017). The area under the curve (AUC) and its related 95% CI, sensitivity, 

187 specificity, positive predictive value and negative predictive value were 0.67 (0.57, 0.77), 69.64%, 

188 62.50%, 65.00 and 67.31% for tryptophan, and 0.70 (0.60, 0.80), 69.64%, 69.64%, 69.64% and 

189 69.64% for phenylalanine, respectively. The AUC (95% CI), sensitivity, specificity, positive 

190 predictive value and negative predictive value of the combination of them were 0.72 (0.62, 0.81), 

191 76.79%, 58.93%, 65.15 and 71.74%, respectively. Our results suggest that these two AAs could be 

192 either individually or jointly used as indicators of AISL identification.

Table 5 Combination of diagnostic indicators and ROC analysis results.
Indicators AUC (95% CI) Sensitivity, % Specificity, % Predict+, % Predict-, % P

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.002
Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.002
Combined 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001

 ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, 
positive predictive value, and negative predictive value were calculated at their best cut-off points; Predict+: positive predictive value; 
Predict-: negative predictive value.
 Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model.

193 DISCUSSION

194 In the present study, the association of serum tryptophan and phenylalanine, screened in our 

195 previous non-targeted metabolomics study using UPLC-MS/MS, with AISL and their ability to 

196 indicate AISL occurrences were quantitatively evaluated in individual and joint modes. Our results 

197 clearly showed that AISL is significantly and negatively associated with serum tryptophan and 
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198 phenylalanine levels in a chronic arsenic exposure population via drinking water. Participants with a 

199 higher level of both AAs would have the lowest odds of AISL. These two AAs might also be able to 

200 serve as the indicators of AISL.

201 The probability of the initiation and development of AISL would be affected by a large number 

202 of factors including age, gender, lifestyles, arsenic exposure, metabolism, and others. These factors 

203 would be important confounding factors and will largely affect our results. To adjust for the impacts 

204 due to these co-factors, we firstly selected all participants using permuted block randomization from 

205 a single rural area in which the population were chronically exposed to arsenic in the same way, had 

206 a similar lifestyle and environmental factors. Secondly, the cases and controls were matched by 

207 gender and age (±1 year). All of these may be the reason why so many potential confounders 

208 including arsenic exposure do not differ significantly between the cases and controls.

209 Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 

210 The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 

211 population were 17.49 (14.90, 20.53) μg/g and 147.20 (129.00, 167.97) μg/g, respectively. They 

212 were much higher than those in the 20 μg/L exposed to arsenic via drinking water [GM (95% CI): 

213 0.4 (0.3,0.5) μg/g for iAs and 9.1 (6.5,12.7) μg/g for tAs], while obviously lower than those in the 90 

214 g/L exposed group [GM (95% CI): 39.4 (31.4, 49.6) μg/g for iAs and 248.7 (208.8, 296.3) μg/g for 

215 tAs ]25. An available report has shown that AISL cannot be completely cured even though medical 

216 technology has already made great progress26. So, it is crucial to identify those who are most likely to 

217 progress to overt arsenic damages including AISL among people at risk as early as possible. 

218 Metabolomics study, which mainly focuses on thoroughly assessing the variation of metabolites 

219 possibly linked to diseases occurrence and development, has been widely utilized to help us 

220 understand the pathogenesis of diseases because of its relevance to the phenotypes as compared to 

221 other ‘OMICs’ study27. Moreover, mathematical modeling to assess the linkage between small 

222 molecular metabolites and arsenic toxicity has grown28. Developing a simple and interpretable 
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223 modeling approach for the early detection of arsenic-induced health lesions is of great theoretical 

224 value and realistic meaning29, though it might be difficult due to population-specific complexities 

225 and the impacts due to some potential unmeasured covariates such as diet and genetic determinants. 

226 Previous studies reported that gene-gene and gene-environment interaction were involved in 

227 arsenicosis through toxicological mechanisms including genomic instability30 and oxidative stress31. 

228 Skin hyperpigmentation and palmoplantar hyperkeratosis could be biomarkers for long-term arsenic 

229 exposure identifying the differences in metabolites that are associated with phenotypes through 

230 metabolites analysis may promote our understanding and identification of AISL. Animal study 

231 reveals that the disruption of amino acids metabolism upon arsenic exposure in the rat which may be 

232 beneficial in understanding arsenic toxicity32. In our previous population-based metabolomics study, 

233 we found that serum metabolites alteration was significantly related to the risk of arsenic-induced 

234 health damages. In the current study, we detected that some BCAAs or AAAs were also significantly 

235 relevant to AISL occurrence. Several studies across numerous ethnic backgrounds support the usage 

236 of BCAAs including leucine, isoleucine as well as valine and AAAs profile such as phenylalanine, 

237 tryptophan, and tyrosine as biomarkers in determining metabolic diseases27 33. Simultaneously, Zhou 

238 et al reported that arsenic-induced transformed cells exhibit apparent alterations in metabolite 

239 profiles including down-regulated of leucine, tryptophan, and phenylalanine in skin lesions group34. 

240 Consistent with Zhou’s findings, two serum AAAs (tryptophan, phenylalanine) levels were also 

241 significantly associated with AISL in our study.

242 Normal metabolism of amino acids is necessary for whole-body homeostasis, growth and 

243 development, and health status15. Studies have reported that the changes in the availability of AAAs 

244 will affect cell signaling, gene expression, brain, and neuroendocrine function35. Tryptophan, an 

245 amino acid metabolism-related biomarker, is also a sensitive and specific indicator of oxidation. 

246 Tryptophan metabolism in mammals is a physiological means of preserving immune homeostasis 

247 associated with oxidative stress and inflammation36 37. Besides, phenylalanine can be transformed 
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248 into specific neurotransmitters such as dopamine and adrenaline by the action of related enzymes. 

249 Wu and colleagues38 reported that arsenic exposure would lead to neurotransmitter metabolism 

250 disturbance, which might explain the reduction of phenylalanine. Furthermore, as one of the 

251 peptide-bound phenylalanine, phenylalanylphenylalanine has been reported to affect protein 

252 synthesis and secretion39, potentially indicating the possible relation between endothelium 

253 dysfunction and phenylalanine metabolism disorder. The relationship between amino acid 

254 metabolism and AISL was still unclear. The notable alteration of tryptophan and phenylalanine in 

255 this study may well indicate the occurrence of metabolic disorders due to arsenic exposure. It is also 

256 beneficial to understand the effects of arsenic toxicity and of great importance in early identification 

257 of occurrences as well as delaying the progression of various arsenic-induced health lesions 

258 including AISL.

259 The current study included 56 AISL cases matched 56 non-AISL controls and the sample size 

260 might be potentially insufficient. To estimate the impact due to this potential insufficient sample size 

261 on our conclusion, the PROC POWER procedure for paired design study in SAS 9.4 (SAS Institute 

262 Inc.) was applied to assess the power of the four AAs when assessing their associations with AISL in 

263 this study. The results showed that the lowest power associated with all of these four AAs was 0.911 

264 based on 56 pairs of participants (Figure 1S). It suggested that with type I error as 0.05, the total 

265 sample size as 56 pairs and two-sided test, the powers associated with these four AAs were all great 

266 than 0.8. So, we believed that the sample size for the present study, 56 pairs, would well balance the 

267 power of tests. Furthermore, previous metabolomics studies usually have a sample size of no more 

268 than 40 cases in each group40 41. 

269 The main strength of this study is that the findings were based on a community-based, long-term 

270 arsenic exposure cohort with well-designed quality assurance and quality control throughout the 

271 study, and the AAs were detected with non-targeted metabolomics approach through the discovery 

272 and validation phases. However, there are also several limitations to this study. Firstly, although the 
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273 untargeted metabolomics approach can assess a large amount number of metabolites precisely and 

274 efficiently, it only provided relative levels of AAs instead of their accurate quantitative concentration. 

275 Secondly, these findings were mainly based on a case-control study, which only reveals the 

276 association between amino acid metabolism and the odds of AISL rather than confirming their causal 

277 relationship. Furthermore, as it is suggested that the ratio of approximately 10 to 15 observations per 

278 predictor in a logistic regression model will produce reasonably stable estimations24, we selected 

279 only 4 covariates in the models due to the small sample size and these results need to be confirmed in 

280 new studies. Finally, the participants were mainly exposed to arsenic via drinking water, which 

281 would limit the findings extrapolated to the other arsenic exposure population via food and other 

282 ways. Therefore, additional elaborate population-based studies are needed to verify our discoveries.

283 In conclusion, specific AAs might be linked to AISL and amino acid metabolism may play an 

284 important role in AISL early identification. Additional studies may be needed to confirm our 

285 findings.
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Figure 1. Association between the peak intensity of tryptophan and phenylalanine and 
arsenic-induced skin lesions based on multivariable locally weighted regression models. a: 
Tryptophan; b: Phenylalanine;c: Leucine;d: Phenylalanylphenylalanine
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Table S1 Amino acids metabolites in serum. 

Amino acids Quartile Quartile Range Number 

Tryptophan 1 1015821.54-1555040.97 28 

 2 1555370.88-1701256.07 28 

 3 1704298.84-1937437.56 28 

 4 1945755.37-2492319.05 28 

Phenylalanine 1 1044964.46-1516708.76 28 

 2 1519993.60-1649420.82 28 

 3 1659818.85-1908125.28 28 

 4 1929946.22-3489918.62 28 

Leucine 1 379957.04-556314.46 28 

 2 558744.08-688759.83 28 

 3 689470.83-806033.16 28 

 4 821492.90-1356991.53 28 

Phenylalanylphenylalanine 1 608200.15-1291853.09 27 

 2 1303597.59-1632678.66 29 

 3 1638204.36-2234283.97 28 

 4 2235250.29-5011775.70 28 

 

Table S2 Variance inflation factor of amino acids in different models. 

Amino acids Model 1 Model 2 Model 3 Model 4 

Tryptophan  1.04 1.04 1.04 1.04 

Phenylalanine 4.56  1.50 1.04 

Leucine 4.21 1.39   

Phenylalanylphenylalanine 1.49 1.38 1.48  
Model 1: Tryptophan, phenylalanine, leucine and phenylalanylphenylalanine;  

Model 2: Tryptophan, leucine and phenylalanylphenylalanine;  
Model 3: Tryptophan, phenylalanine and phenylalanylphenylalanine; 

Model 4: Tryptophan and phenylalanine. 
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Figure 1S_A. Sample size and power estimation__Leucine 

  

Figure 1S_B. Sample size and power estimation__Phenylalanine 
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Figure 1S_C. Sample size and power estimation__Phenylalanylphenylalanine 

  

Figure 1S_D.  Sample size and power estimation__Tryptophan 
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Table1 The STROBE checklist in this study.

Item 
No Recommendation

Title and 
abstract

1 (a) Indicate the study’s design with a commonly used term in the title 
or the abstract
(b) Provide in the abstract an informative and balanced summary of 
what was done and what was found
Please see detail in the “ABSTRACT” section in the manuscript.

Introduction
Background/ratio
nale

2 Explain the scientific background and rationale for the investigation 
being reported
Please see detail in the second, third, fourth paragraphs of the 

“INTRODUCTION” section in the manuscript.

Objectives 3 State specific objectives, including any prespecified hypotheses
Please see detail in the fourth paragraph of the 
“INTRODUCTION” section in the manuscript.

Methods
Study design 4 Present key elements of study design early in the paper

Please see detail in the “Study Population “of the “METHODS” 

section in the manuscript.

Setting 5 Describe the setting, locations, and relevant dates, including periods 
of recruitment, exposure, follow-up, and data collection
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Participants 6 (a) Give the eligibility criteria, and the sources and methods of case 
ascertainment and control selection. Give the rationale for the choice 
of cases and controls
(b) For matched studies, give matching criteria and the number of 
controls per case
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Variables 7 Clearly define all outcomes, exposures, predictors, potential 
confounders, and effect modifiers. Give diagnostic criteria, if 
applicable
Please see detail in the “Study Population “, “Data Collection and 

Assessment” and “Distinct Metabolites Identification” of the 

“METHODS” section in the manuscript.

Data sources/ 
measurement

8* For each variable of interest, give sources of data and details of 
methods of assessment (measurement). Describe comparability of 
assessment methods if there is more than one group
Please see detail in the “Study Population “, “Data Collection and 
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Assessment” and “Distinct Metabolites Identification” of the 
“METHODS” section in the manuscript.

Bias 9 Describe any efforts to address potential sources of bias
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Study size 10 Explain how the study size was arrived at
Please see detail in the sixth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why
Please see detail in the “Statistical Analysis” of the “METHODS” 

section in the manuscript.

Statistical 
methods

12 (a) Describe all statistical methods, including those used to control 
for confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) If applicable, explain how matching of cases and controls was 
addressed
(e) Describe any sensitivity analyses
No missing values were observed in our database. Others please 
see detail in the “Statistical Analysis” of the “METHODS” 
section in the manuscript.

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 

potentially eligible, examined for eligibility, confirmed eligible, 
included in the study, completing follow-up, and analysed; (b) Give 
reasons for non-participation at each stage; (c) Consider use of a flow 
diagram
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.
(a) Give characteristics of study participants (eg demographic, 
clinical, social) and information on exposures and potential 
confounders
(b) Indicate number of participants with missing data for each 
variable of interest
See Table 1 in the manuscript.

Descriptive data 14*

Outcome data 15* Report numbers in each exposure category, or summary measures of 
exposure
Please see Table 3 in the manuscript.

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make 
clear which confounders were adjusted for and why they were 

Page 27 of 28

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

included
Please see Table 3 in the manuscript.
(b) Report category boundaries when continuous variables were 
categorized
Please see Table S1 in the manuscript.
(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses
Please see Table 4 in the manuscript.

Discussion
Key results 18 Summarise key results with reference to study objectives

Please see detail in the first paragraph of the of the 
“DISCUSSION” section in the manuscript.

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias
Please see detail in the seventh paragraph of the of the 
“DISCUSSION” section in the manuscript.

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence
Please see detail in the fifth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Generalisability 21 Discuss the generalisability (external validity) of the study results
Please see detail in the seventh paragraph of the “DISCUSSION” 
section in the manuscript.

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present 
article is based
Please see detail in the “Funding” section in the manuscript.

*Give information separately for cases and controls.
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ABSTRACT

Objectives We investigated the association of specific serum amino acids (AAs) with the odds of 

arsenic–induced skin lesions (AISL) and their ability to distinguish AISL patients from people 

chronically exposed to arsenic.

Design Case–control study.

Setting Three arsenic–exposed villages in Wuyuan County, Hetao Plain, Inner Mongolia, China 

were evaluated.

Participants Among the 450 residents aged 18–79 years, who were chronically exposed to arsenic 

via drinking water, 56 were diagnosed as having AISL (defined as cases). Another 56 participants 

without AISL, matched by gender and age (±1 year) from the same population, were examined as 

controls.

Main outcome measures and methods AA levels were determined by ultra–high–performance 

liquid chromatography–quadrupole time–of–flight mass spectrometry–based metabolomics analysis. 

Potential confounding variables were identified via a standardized questionnaire and clinical 

examination. Multivariable conditional logistic regression model and receiver operating 

characteristic curve analyses were performed to investigate the relationship between specific AAs 

and AISL.

Results Tryptophan and phenylalanine levels were negatively associated with AISL (P < 0.05). 

Compared with that in the first quartile, the adjusted odds ratio of AISL in the second, third, and 

fourth quartiles were decreased by 44%, 88%, and 79% for tryptophan and 30%, 80%, and 80% for 

phenylalanine, respectively. The combination of these two higher–level AAs showed the lowest odds 

ratio for AISL (OR = 0.08; 95% CI 0.02–0.25; P < 0.001). Furthermore, both AAs showed a 

moderate ability to distinguish patients with AISL from the control, with the area under the curve 

[(AUC), 95% CI] as 0.67 (0.57–0.77) for tryptophan and 0.70 (0.60–0.80) for phenylalanine (P < 
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0.05). The combined pattern with AUC (95% CI) was 0.72 (0.62–0.81), showing a sensitivity of 

76.79% and specificity of 58.93% (P < 0.001).

Conclusions Specific AAs may be linked to AISL and play important roles in early AISL 

identification.

Keywords: Chronic arsenic exposure; Skin lesions; Metabolomics; Amino acid.

Page 3 of 25

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Strengths and limitations of this study

 Our findings were based on a community–based metabolomics study with paired design, and 

strict quality assurance and quality control.

 Multivariable conditional logistic models were used to examine the association between specific 

levels of AAs and AISL, and the ROC analysis was applied to evaluate the feasibility of AAs to 

distinguish patients with AISL from their counterparts.

 Although AAs were determined by untargeted metabolomics approach, which can assess a large 

number of metabolites precisely and efficiently, only relative levels of AAs could be obtained 

instead of their accurate quantitative concentration.

 Based on a case control–study, the findings only revealed the association between AAs and the 

odds of AISL rather than confirming their causal relationship.

 The participants were mainly chronically exposed to arsenic via drinking water, which may limit 

the findings extrapolated to another arsenic exposure population via food or other routes.
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1 INTRODUCTION

2 Chronic arsenic exposure via drinking water is widely considered a global health concern 

3 affecting several people worldwide. This exposure may cause various human health issues such as 

4 cardiovascular diseases, diabetes, and cancer1 2. With the industrial boom and considerable increase 

5 in global water pollution including arsenic contamination in the past, the prevalence and burden of 

6 arsenic–induced health damage will continue to increase. The skin has been confirmed as one of the 

7 most common and susceptible targets of arsenic–induced health effects. Cutaneous skin lesions are 

8 typical signs of arsenicosis after persistent and long–term arsenic exposure. These lesions are 

9 characterized by hyperkeratosis and hyperpigmentation. Considerable evidence of the prevalence of 

10 arsenic–induced skin lesions (AISL) has been reported in several countries3–5.

11 As AISL are widely accepted as the major early manifestation of arsenic toxicity6 and may be an 

12 indicator of susceptibility to more serious arsenic–induced health hazards7, it is critical to identify 

13 people who are at risk as early as possible to prevent the onset or delay the progression of serious 

14 health problems. Several possible mechanisms such as genetic differences8, oxidative stress9, and 

15 epigenetic dysregulation10 may explain arsenic poisoning. Previous studies also suggested that 

16 arsenic methylation in vivo is associated with metabolic syndrome11 12.

17 Amino acids (AAs) are the "basic unit" of all proteins and are necessary to maintain health. 

18 Some AAs are important regulators of key metabolic pathways and also help in maximizing food 

19 utilization, enhancing protein accretion, and improving health13 14. Abnormal metabolism of AAs can 

20 disturb homeostasis in the body, impair growth and development, and even cause death15. Thus, the 

21 levels of serum AAs may be important indicators of metabolic status and disease condition. As 

22 powerful tools in system biology research, metabolomics approaches are beneficial for unbiased 

23 monitoring of changes in endogenous metabolism–related physiological processes, providing 

24 integrative information on distinct features across multiple functional levels. These methods capture 

25 the core attributes responsible for various phenotypes, which are particularly important in 
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26 understanding the relevant pathophysiological changes of a disease and its status, and in identifying 

27 novel biomarkers for risk screening, diagnosis, treatment, and prognosis of important human 

28 diseases16–18.

29 Animal experiments and epidemiological studies have reported obvious arsenic–related 

30 metabolomics perturbations19 20. These results suggest that the relationship between specific 

31 metabolites and arsenic–induced health lesions should be investigated. However, only a few studies 

32 have been conducted to comprehensively examine the metabolic mechanism relevant to AISL, 

33 particularly for AA metabolism. This study was conducted to quantitatively examine the association 

34 of several specific AAs with AISL and their ability to identify AISL.

35 METHODS

36 Study Population

37 The study data were originally obtained from a randomized, double–blind, and 

38 placebo–controlled clinical trial (NCT02235948) performed in 2010, in which all subjects were 

39 randomly selected by permuted block randomization from a single rural area in which a population 

40 was chronically exposed to low–level arsenic drinking water, had similar lifestyles, and were 

41 influenced by similar environmental factors. Information on the inclusion and exclusion criteria of 

42 the participants can be found in our previous study21. Strictly following the criteria of arsenicosis22, 

43 AISL was diagnosed as the presence of arsenic–induced keratosis, hyperpigmentation, or 

44 depigmentation by a physician from the Wenzhou Medical University at the beginning of the trial. 

45 This was a matched case–control study (1:1 matching). Among 450 residents aged 18–79 years 

46 enrolled in the previous trial, 56 were diagnosed as having AISL and selected as the case group. 

47 Another 56 participants without AISL matched by gender and age (±1 year) from the same 

48 population were evaluated as controls. The inclusion criteria were subjects who underwent a 

49 metabolomic test. Unmatched participants and those without serum metabolites data were excluded.

50 Data Collection and Assessment
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51 Information on age, gender, exposure year, body mass index, smoking, alcohol consumption, 

52 and education level, among other factors, was collected using a standardized questionnaire. Blood 

53 and urine samples were also collected at the time of participants’ enrollment. The detailed methods 

54 for analyzing blood and urine samples and assessment methods for clinical variables including 

55 fasting plasma glucose (FPG), serum urea nitrogen, serum folate, total homocysteine, total 

56 cholesterol (TC), triglycerides (TG), high–density lipoprotein (HDL), low–density lipoprotein (LDL), 

57 and others have been published previously21. Various urinary arsenic species were separated and 

58 detected by high–performance liquid chromatography coupled mass spectrometry system23. The 

59 species of arsenic in urine samples consisted of inorganic arsenic (iAs, [iAsⅢ plus iAsⅤ]), 

60 monomethyl arsenate (MMA, [MMAⅢ plus MMAⅤ]), and dimethyl arsenate (DMA, [DMAⅢ plus 

61 DMAⅤ]). All arsenic species were corrected by creatinine. The total arsenic (tAs) was the sum of 

62 iAs, MMA and DMA. The percentages of arsenic species were defined as: iAs% = iAs/tAs*100%, 

63 MMA% = MMA/tAs*100% and DMA% = DMA/tAs*100%, respectively.

64 UPLC–QTOF–MS Metabonomic Profiling

65 Serum samples were thawed to 4°C, and then 600 µL of a mixture of 90% acetonitrile and 

66 10%water was added to each sample (200 µL in microcentrifuge tubes). The samples were 

67 vigorously mixed for 20 s and then centrifuged for 5 min at 12,000 g(20°C). Four hundred 

68 microliters of each supernatant were transferred to a new tube and dried in a vacuum concentrator 

69 centrifuge. The dried samples were re–suspended in 130 µL of water (containing 15% acetonitrile), 

70 mixed vigorously for 20 s, and centrifuged as described above. Two microliters of the supernatant 

71 were collected for analysis. Serum metabolic profile was acquired using ACQUITY UPLC®/Xevo® 

72 G2 QTof/MSE (Waters Corp., Milford, MA, USA). Chromatographic separation was performed at 50

73 °C using a Waters HSS T3 column (2.1 mm × 100 mm, 1.7 µm; Milford, MA, USA) at a flow rate of 

74 0.4 mL/min. The mobile phase was a mixture of (A) H2O with 0.1% formic acid and (B) methanol 

75 with 0.1% formic acid. Elution was performed over a linear gradient as follows: 0 min with 100% A 
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76 and 0% B, 1 min with 100% A and 0% B, 8 min with 0%A and 100% B, and 13 min with 0% A and 

77 100% B. The mass spectrometer was operated under both electrospray ionization positive–ion (ESI+) 

78 mode and negative–ion (ESI–) mode. The scan range was 50–1200 m/z. The capillary voltage was set 

79 to 3000 and 2500 V, respectively. The desolvation flow rate was 800 L/h at 350°C. Argon was used 

80 as the collision gas, and the collision energy was adjusted from 10 to 40 eV in each analysis. 

81 Quantum clustering (QC) samples were prepared by pooling aliquots of each sample and used to 

82 reflect the reliability of further metabolomics analysis. After peak deconvolution, alignment, 

83 integration, and normalization, the data including retention time (RT), mass to charge ratio (m/z), 

84 and peak intensity were extracted from raw chromatograms using Progenesis QI 2.0 (Waters Corp., 

85 Milford, MA, USA). MS/MS was performed to determine metabolite levels using MarkerLynx 

86 Applications Manager Version 4.1 (Waters Corp., Milford, MA, USA).

87 Distinct Metabolite Identification

88 The peak intensities of metabolites for the 56 pairs of subjects were acquired and imported into 

89 MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) for statistical analyses. A partial least–squares 

90 discriminant analysis (PLS–DA), which is a supervised and well–accepted pattern recognition 

91 approach, was used to differentiate between the cases and controls. The false discovery rate (FDR) 

92 adjusted P–value in univariate analysis was determined to reduce the potential effect of 

93 false–positive results. The criteria used to select metabolites included variable importance in 

94 projection (VIP) scores >1 using PLS–DA and a crude or FDR–adjusted P–value < 0.05 using 

95 Wilcoxon signed–rank test. We identified 70 extracted small molecular metabolites linked to the 

96 recognition of AISL. The Human Metabolome Database (http://www.hmdb.ca) was used to identify 

97 the metabolites, which include four amino acid metabolites (phenylalanine, tryptophan, leucine, and 

98 phenylalanylphenylalanine).

99 Statistical Analysis

100 The normality of continuous data was assessed using both QQ–plots and Shapiro–Wilk test. The 
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101 data of cases and controls were analyzed using paired t–test if they showed a normal or similar 

102 normal distribution. Otherwise, Wilcoxon signed–rank test was used. Differences in the proportion of 

103 categorical variables between the two groups were evaluated using McNemar–Bowker test. We first 

104 used locally weighted scatterplot smoothing (LOESS) models to estimate the “real” relationship 

105 between serum AA levels and the probability of AISL. Next, multivariable conditional logistic 

106 regression models were used to examine the association between contributing AA levels and AISL 

107 after adjusting for potential confounding factors. The individual effects of AA metabolites on the risk 

108 of AISL were quantified separately using the odds ratio (OR) and 95% confidence interval (CI) as 

109 follows: with AAs as a categorical variable (quartiles) and as a continuous variable [scaled to an 

110 interquartile range (IQR)]. Variables with a P–value less than 0.2 in the comparison between two 

111 groups were selected as potential confounders. This approach has been widely used in many studies, 

112 particularly for small sample size. The variance inflation factor (VIF) was used to examine the 

113 potential collinearity among variables. As too many covariates in a multiple regression model can 

114 lead to overfitting24, we selected no more than four variables as confounding factors to decrease the 

115 potential of overfitting when assessing the association between AAs and AISL. Furthermore, as 

116 distinct metabolites may be highly related to each other, collinearity should be considered. Thus, we 

117 used the VIF based on VIF package of R software to detect potential collinearity among the AAs. A 

118 VIF greater than 1.5 is considered to indicate collinearity in the model, and the associated variable is 

119 removed. The combined effect of relevant AAs on AISL was also determined using a multivariable 

120 logistic regression model. A receiver operator characteristic (ROC) analysis was applied to evaluate 

121 the value and feasibility of AAs as potentially sensitive and specific biomarkers for recognizing 

122 AISL. Data management, analysis, and figure drawing were performed using R version 3.4.4 

123 (Copyright © 2018 The R Foundation for Statistical Computing). All tests were two–sided and the 

124 results with P values < 0.05 were considered to indicate significance. 

125 Patient and Public Involvement
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126 The present study was designed as an observational study, and as such patients and the public 

127 were not involved in the planning, recruitment and conduct of this study. All participants were 

128 informed about the purpose of this study and signed informed consent at the beginning of the study. 

129 The results of this study have not yet been disseminated to the participants.

130 RESULTS

131 Table 1 summarizes the general characteristics of the study population. Comparisons of the 

132 demographic data, clinical features, and urinary arsenic species in the 56 pairs of subjects are 

133 presented in Table 1. The median (first and third quartile) age of AISL population was 50.30 (44.70 

134 and 58.70) for the cases and 50.40 (44.60 and 58.70) years for the controls. Both groups contained 

135 the same proportion of females (58.93%), and there was no significant difference in urinary arsenic 

136 levels between the two groups. More than half of the subjects had no history of smoking or alcohol 

137 consumption. The serum triglyceride level in subjects with AISL was significantly lower than that in 

138 the controls (P = 0.041). Other variables were similar between the subjects with AISL and controls 

139 (P > 0.05). This indicates that the participants in the two groups were comparable.
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Table 1 Demographic characteristics of the study population.
Variables AISL (n=56) Non–AISL (n=56) P

Clinical Characteristics
Age (years) 50.30(44.70,58.70) 50.40(44.60,58.70) 0.425
Exposure year (years) 48.19±11.53 47.62±10.97 0.489
Body mass index (kg/m2) 24.12±3.14 23.91±2.86 0.697
Fasting plasma glucose (mmol/L) 4.89(4.60,5.25) 5.12(4.53,5.40) 0.137
Folate (ng/mL) 4.00(3.20,5.10) 4.25(3.35,5.40) 0.392
Total homocysteine (µmol/L) 12.30(10.32,16.50) 12.67(11.21,14.69) 0.961
Blood urea nitrogen (mmol/L) 6.45(5.42,7.69) 6.84(5.36,8.80) 0.603
Total cholesterol (mmol/L) 4.58(4.10,5.69) 4.65(3.96,5.95) 0.904
Triglycerides (mmol/L) 1.41(0.90,1.74) 1.45(1.09,2.29) 0.041
High–density lipoprotein (mmol/L) 1.19±0.34 1.16±0.31 0.675
Low–density lipoprotein (mmol/L) 3.04±0.80 3.25±0.84 0.110
Women [# (%)] 33(58.93) 33(58.93) 1.000
Cigarette smoking [# (%)] 20(35.71) 22(39.29) 0.696
Alcohol consumption [# (%)] 17(30.91) 21(37.50) 0.464
Illiteracy [# (%)] 21(37.50) 15(25.00) 0.252

Urinary arsenic species

iAS% 12.26(8.13,14.68) 12.31(10.04,16.54) 0.148
MMA% 24.68(20.11,29.68) 25.85(20.90,31.66) 0.420
DMA% 61.84(56.62,71.01) 61.84(47.85,64.99) 0.096
tAs (g/g creatinine) 140.93(104.41,208.53) 186.77(80.11,217.30) 0.445

 AISL: arsenic–induced skin lesions; the variables met normal distribution was described with mean± standard deviation; otherwise, 
median (1st quartile, 3rd quartile) was used to describe their features. Number of cases (percentage) was used to describe the 
proportion of categorical variables between the two groups.
 iAS: inorganic arsenic (iAsⅢ+iAsⅤ); MMA: monomethyl arsenate (MMAⅢ+MMAⅤ); DMA: dimethyl arsenate (DMAⅢ+DMAⅤ); 
tAs: total arsenic (iAsⅢ+iAsⅤ+MMA+DMA); iAs%= iAS/tAs*100%; MMA%=MMA/tAs*100% and DMA%=DMA/tAs*100%.

140 Table 2 shows that the four AAs, with an FDR–adjusted P–value of < 0.05 and VIP of > 1, 

141 were significantly lower in the cases than in the controls. Two were aromatic amino acids (AAAs) 

142 identified as phenylalanine and tryptophan, one was a branched–chain amino acid (BCAA) identified 

143 as leucine, and the last AA was phenylalanylphenylalanine. The individual associations of AAs with 

144 AISL are presented in Figure 1, which shows obvious “dose–response” relationships.

Table 2 Distinct metabolites in population with arsenic–induced skin lesions and their counterparts.

Serum amino acid metabolites Retention time 
(min)

Mass–to–
Charge Ratio VIP value p–values Adjusted

p–values

Phenylalanine 3.402 166.087 1.508 <0.001 0.009
Tryptophan 3.886 203.082 1.046 0.003 0.014
Leucine 2.642 132.102 1.014 0.001 0.020
Phenylalanylphenylalanine 5.048 313.155 1.833 0.004 0.033

VIP: variable importance in the project;  Wilcoxon signed–rank test;  Adjusted by false discovery rate (FDR).

145 Table 3 shows that participants in the third and fourth quartiles of the four specific AAs were 

146 significantly linked to decreased odds of AISL after adjusting for FPG, LDL, TG, and DMA%, as 

147 compared with that of their lowest quartiles. The category boundaries of the quartiles are shown in 
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148 Table S1. Significant linear trends were detected between AISL and the four serum AAs. The same 

149 linear negative association between AISL and per IQR increase in the four serum AAs was observed 

150 when these AAs were considered as continuous variables in the present study.

Table 3 Relationship of amino acid levels with the odds of arsenic–induced skin lesions.

Crude Adjusted
Amino acids N Cases (%) OR (95% CI) P OR (95% CI) P

Tryptophan
Per IQR 112 56(50) 0.48(0.27,0.84) 0.011 0.48(0.27,0.86) 0.013
Quartiles

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 15(53.60) 0.50(0.16,1.54) 0.225 0.56(0.16,1.98) 0.370
Q3 28 10(35.70) 0.12(0.03,0.53) 0.005 0.12(0.02,0.60) 0.010
Q4 28 11(39.30) 0.19(0.05,0.71) 0.014 0.21(0.05,0.84) 0.028
P for trend 0.008 0.012

Phenylalanine
Per IQR 112 56(50) 0.57(0.36,0.91) 0.019 0.56(0.33,0.94) 0.028
Quartiles 

Q1 28 20(71.40) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 19(67.90) 0.79(0.22,2.82) 0.712 0.70(0.18,2.76) 0.609
Q3 28 8(28.60) 0.18(0.05,0.66) 0.010 0.20(0.05,0.77) 0.019
Q4 28 9(32.10) 0.25(0.08,0.79) 0.018 0.20(0.05,0.75) 0.017
P for trend <0.001 0.001

Leucine
Per IQR 112 56(50) 0.45(0.25,0.82) 0.019 0.43(0.21,0.86) 0.016
Quartiles 

Q1 28 21(75.00) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 28 14(50.00) 0.33(0.11,1.03) 0.057 0.31(0.10,1.01) 0.052
Q3 28 11(39.30) 0.22(0.07,0.68) 0.009 0.22(0.07,0.73) 0.014
Q4 28 10(35.70) 0.19(0.06,0.59) 0.004 0.19(0.06,0.65) 0.008
P for trend 0.003 0.007

Phenylalanylphenylalanine
Per IQR 112 56(50) 0.62(0.36,1.04) 0.070 0.71(0.41,1.24) 0.227
Quartiles 

Q1 27 21(77.80) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
Q2 29 14(48.30) 0.16(0.03,0.75) 0.021 0.14(0.03,0.73) 0.019
Q3 28 9(32.10) 0.08(0.02,0.39) 0.002 0.09(0.02,0.52) 0.007
Q4 28 12(42.90) 0.12(0.02,0.57) 0.008 0.11(0.02,0.66) 0.016
P for trend 0.006 0.023

Values are odds ratio (95% confidence intervals) for arsenic–induced skin lesions from conditional logistic regression. IQR: 
interquartile range; Q1: the 1st quartile; Q2: the 2nd quartile; Q3: the 3rd quartile; Q4: the 4th quartile.
 Adjusted for plasma glucose, low–density lipoprotein, triglyceride, and urinary dimethyl arsenate.

151 As these four specific AAs were significantly or marginally significantly associated with the 

152 odds of AISL, we examined their combined effects on AISL. However, analysis of potential 

153 collinearity revealed that among the four specific AAs, both tryptophan and phenylalanine had the 

154 smallest VIF value (VIF = 1.04), and no obvious collinearity existed (Table S2). Thus, we mainly 

155 focused on tryptophan and phenylalanine to assess the combined effects of AAs on AISL and only 
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156 presented the results associated with these two AAs in the present study. To avoid the effects of 

157 insufficient power because of unreasonable grouping of the results, we classified both tryptophan and 

158 phenylalanine into two categories, according to the cut–off values of their mass spectrum peak area 

159 based on the ROC analysis, respectively. The higher levels of these two serum AAs were defined as 

160 equal to or higher than the cut–off values, while the lower categories were considered as less than the 

161 associated values.

162 Table 4 shows the combined effects of tryptophan and phenylalanine levels on AISL after 

163 considering the collinearity of variables in the model. The proportions of AISL were 74.3%, 60.0%, 

164 50.0%, and 18.2% for participants with lower levels of both tryptophan and phenylalanine (category 

165 A), with higher level of tryptophan and lower level of phenylalanine (category B), with lower level 

166 of tryptophan and higher level of phenylalanine (category C), and higher levels of both tryptophan 

167 and phenylalanine (category D), respectively. An obvious decrease in the probability of AISL was 

168 observed among these four categories. Compared with that of category A, the adjusted OR (95% CI) 

169 for participants in categories B, C, and D was 0.49 (0.15–1.63), 0.32 (0.10–1.02), and 0.08 (0.02– 

170 0.25), respectively. Subjects with higher levels of both tryptophan and phenylalanine had the lowest 

171 odds of AISL, which significantly decreased by 92% (OR=0.08; 95% CI 0.02–0.25; P<0.001), after 

172 adjusting for the effects of some potential confounding factors. This suggests that tryptophan and 

173 phenylalanine are jointly associated with AISL, although no significant interaction between the two 

174 AAs and occurrence of AISL was observed (P = 0.419).

175 Table 4 Joint association between tryptophan and phenylalanine levels with arsenic–induced skin 
176 lesions.

Tryptophan Phenylalanine Crude Adjusted

<cut–off value <cut–off value N Cases (%) OR (95% CI) P OR (95% CI) P
Yes Yes 35 26(74.3) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.
No Yes 20 12(60.0) 0.52(0.16,1.68) 0.273 0.49(0.15,1.63) 0.244
Yes No 24 12(50.0) 0.35(0.12,1.04) 0.059 0.32(0.10,1.02) 0.053
No No 33 6(18.2) 0.08(0.02,0.25) <0.001 0.08(0.02,0.25) <0.001

Interaction 0.320 0.49(0.09,2.78) 0.419
 Cut–off value was determined using receiver operator characteristic analysis.
 Adjusted for plasma glucose, low–density lipoprotein, triglyceride, and urinary dimethyl arsenate.
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177 Table 5 shows that, based on the ROC analysis, both serum tryptophan and phenylalanine levels 

178 might be potential biomarkers in distinguishing AISL from a chronic arsenic exposure population (P 

179 = 0.0020 and P = 0.0017). The area under the curve (AUC) and its related 95% CI, sensitivity, 

180 specificity, positive predictive value and negative predictive value were 0.67 (0.57–0.77), 69.64%, 

181 62.50%, 65.00 and 67.31% for tryptophan, and 0.70 (0.60–0.80), 69.64%, 69.64%, 69.64% and 

182 69.64% for phenylalanine, respectively. The AUC (95% CI), sensitivity, specificity, positive 

183 predictive value and negative predictive value of the combination of them were 0.72 (0.62–0.81), 

184 76.79%, 58.93%, 65.15 and 71.74%, respectively. Our results suggest that these two AAs could be 

185 either individually or jointly used as indicators of AISL identification.

Table 5 Combination of diagnostic indicators and ROC analysis results.
Indicators AUC (95% CI) Sensitivity, % Specificity, % Predict+, % Predict–, % P

Tryptophan 0.67(0.57,0.77) 69.64 62.50 65.00 67.31 0.002
Phenylalanine 0.70(0.60,0.80) 69.64 69.64 69.64 69.64 0.002
Combined 0.72(0.62,0.81) 76.79 58.93 65.15 71.74 <0.001

 ROC: a receiver operator characteristic; AUC: area under the roc curve; CI: confidence interval; The sensitivities, specificity, 
positive predictive value, and negative predictive value were calculated at their best cut–off points; Predict+: positive predictive value; 
Predict–: negative predictive value.
 Combined: tryptophan and phenylalanine. The combination is modeled according to the formula β1X1 + β2X2, with Xj denoting the 
standardized value for the jth amino acid and βj denoting the regression coefficient from the logistic regression model.

186 DISCUSSION

187 In the present study, the association of serum tryptophan and phenylalanine, screened in our 

188 previous non–targeted metabolomics study using UPLC–MS/MS, with AISL and their ability to 

189 indicate AISL occurrence were quantitatively evaluated in individual and joint modes. Our results 

190 clearly showed that AISL was significantly and negatively associated with serum tryptophan and 

191 phenylalanine levels in a chronically arsenic–exposed population via drinking water. Participants 

192 with a higher level of both AAs showed the lowest odds of AISL. These two AAs may be useful as 

193 indicators of AISL.

194 The probability of initiation and development of AISL is affected by numerous factors including 

195 age, gender, lifestyles, arsenic exposure, and metabolism. These factors may be important 

196 confounding factors and largely affect our results. To adjust for the effects of these co–factors, we 
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197 first selected all participants using permuted block randomization from a single rural area in which 

198 the population was chronically exposed to arsenic in the same route, had a similar lifestyle, and was 

199 influenced by similar environmental factors. Secondly, the cases and controls were matched by 

200 gender and age (±1 year). All of these may be the reason for the so many potential confounders 

201 including arsenic exposure, which did not differ significantly between the cases and controls.

202 Participants enrolled in the current study were chronically exposed to arsenic via drinking water. 

203 The geometric mean (GM) and its related 95% CI of urinary iAs/creatinine and tAs/creatinine in this 

204 population were 17.49 (14.90–20.53) μg/g and 147.20 (129.00–167.97) μg/g, respectively. They 

205 were much higher than those in the 20 μg/L exposed to arsenic via drinking water [GM (95% CI): 

206 0.4 (0.3–0.5) μg/g for iAs and 9.1 (6.5–12.7) μg/g for tAs], while obviously lower than those in the 

207 90 g/L exposed group [GM (95% CI): 39.4 (31.4–49.6) μg/g for iAs and 248.7 (208.8–296.3) μg/g 

208 for tAs ]25. An available report has shown that AISL cannot be completely cured even though 

209 medical technology has already made great progress26. Therefore, it is crucial to identify those who 

210 are most likely to progress to overt arsenic damages including AISL among people at risk as early as 

211 possible. Metabolomics study, which mainly focuses on thoroughly assessing the variation in 

212 metabolites possibly linked to disease occurrence and development, has been widely utilized to help 

213 understand the pathogenesis of diseases because of its relevance to the phenotypes compared to other 

214 “OMICs” study27. Moreover, mathematical modeling to assess the linkage between small molecular 

215 metabolites and arsenic toxicity has advanced 28. Developing a simple and interpretable modeling 

216 approach for the early detection of arsenic–induced lesions is of great theoretical value and realistic 

217 meaning29, although it might be difficult due to population–specific complexities and effect of some 

218 potential unmeasured covariates such as diet and genetic determinants. 

219 Previous studies have reported that gene–gene and gene–environment interactions are involved 

220 in arsenicosis through toxicological mechanisms including genomic instability30 and oxidative 

221 stress31. Skin hyperpigmentation and palmoplantar hyperkeratosis may be biomarkers for long–term 
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222 arsenic exposure and useful for identifying differences in metabolites associated with phenotypes. 

223 Metabolite analysis may improve the understanding and identification of AISL. An animal study 

224 revealed that examining the disruption in AA metabolism upon arsenic exposure in rats may be 

225 beneficial for understanding arsenic toxicity32. In our previous population–based metabolomics 

226 study, we found that serum metabolite alterations were significantly related to the risk of 

227 arsenic–induced health damages. In the present study, we found that some BCAAs or AAAs were 

228 significantly related to AISL occurrence. Several studies across numerous ethnic backgrounds 

229 support the use of BCAAs including leucine, isoleucine, valine, and AAA profiles such as those of 

230 phenylalanine, tryptophan, and tyrosine as biomarkers for identifying metabolic diseases27 33. Zhou et 

231 al. reported that arsenic–induced transformed cells had altered metabolite profiles including 

232 downregulation of leucine, tryptophan, and phenylalanine in the skin lesion group34. Consistent with 

233 these findings, the levels of two serum AAAs (tryptophan and phenylalanine) were significantly 

234 associated with AISL in our study.

235 Normal metabolism of AAs is necessary for whole–body homeostasis, growth, and 

236 development, and health15. Studies have reported that changes in the availability of AAAs affect cell 

237 signaling, gene expression, brain function, and neuroendocrine function35. Tryptophan, an AA 

238 metabolism–related biomarker, is a sensitive and specific indicator of oxidation. Tryptophan 

239 metabolism in mammals is a physiological means of preserving immune homeostasis associated with 

240 oxidative stress and inflammation36 37. Additionally, phenylalanine can be transformed into specific 

241 neurotransmitters such as dopamine and adrenaline via the action of related enzymes. Wu et al.38 

242 reported that arsenic exposure can lead to neurotransmitter metabolism, which may explain the 

243 reduction in phenylalanine. Furthermore, as a peptide–bound phenylalanine, 

244 phenylalanylphenylalanine has been reported to affect protein synthesis and secretion39, indicating a 

245 relationship between endothelium dysfunction and phenylalanine metabolism disorder. The 

246 relationship between AA metabolism and AISL remains unclear. The notable alteration of tryptophan 
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247 and phenylalanine in this study indicates the occurrence of metabolic disorders due to arsenic 

248 exposure. These results are also beneficial for understanding the effects of arsenic toxicity and 

249 importance of early identification of exposure for delaying the progression of various 

250 arsenic–induced lesions, including AISL.

251 The main strength of this study is that the findings were based on a community–based, 

252 long–term arsenic exposure cohort with well–designed quality assurance and quality control 

253 throughout the study. However, there were some limitations to this study. Firstly, although the 

254 untargeted metabolomics approach can assess a large amount number of metabolites precisely and 

255 efficiently, it only provided relative levels of AAs instead of their accurate quantitative concentration. 

256 Secondly, these findings were mainly based on a case–control study, which only reveals the 

257 association between AA metabolism and the odds of AISL rather than confirming their causal 

258 relationship. Furthermore, the study included 56 AISL cases–matched and 56 non–AISL controls and 

259 the sample size might be potentially insufficient. Although metabolomics studies usually have a 

260 sample size of no more than 40 cases in each group40 41, our study may be under–powered and thus 

261 larger studies are needed in the future. Besides, as it is suggested that the ratio of approximately 

262 10–15 observations per predictor in a logistic regression model will produce reasonably stable 

263 estimations24, we selected only four covariates in the models due to the small sample size and these 

264 results need to be confirmed in further studies. Finally, the participants were mainly exposed to 

265 arsenic via drinking water, which would limit the findings from being extrapolated to other arsenic 

266 exposure populations via food and other routes. Therefore, additional elaborate population–based 

267 studies are needed to verify our findings.

268 In conclusion, specific AAs may be linked to AISL and AA metabolism may play an important 

269 role in early AISL identification. Additional studies are needed to confirm our findings.
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Figure 1. Association between the peak intensity of tryptophan and phenylalanine and 
arsenic–induced skin lesions based on multivariable locally weighted regression models. a: 
Tryptophan; b: Phenylalanine;c: Leucine;d: Phenylalanylphenylalanine
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Table S1 Amino acids metabolites in serum. 

Amino acids Quartile Quartile Range Number 

Tryptophan 1 1015821.54-1555040.97 28 

 2 1555370.88-1701256.07 28 

 3 1704298.84-1937437.56 28 

 4 1945755.37-2492319.05 28 

Phenylalanine 1 1044964.46-1516708.76 28 

 2 1519993.60-1649420.82 28 

 3 1659818.85-1908125.28 28 

 4 1929946.22-3489918.62 28 

Leucine 1 379957.04-556314.46 28 

 2 558744.08-688759.83 28 

 3 689470.83-806033.16 28 

 4 821492.90-1356991.53 28 

Phenylalanylphenylalanine 1 608200.15-1291853.09 27 

 2 1303597.59-1632678.66 29 

 3 1638204.36-2234283.97 28 

 4 2235250.29-5011775.70 28 

 

Table S2 Variance inflation factor of amino acids in different models. 

Amino acids Model 1 Model 2 Model 3 Model 4 

Tryptophan  1.04 1.04 1.04 1.04 

Phenylalanine 4.56  1.50 1.04 

Leucine 4.21 1.39   

Phenylalanylphenylalanine 1.49 1.38 1.48  

 Model 1: Tryptophan, Phenylalanine, Leucine and Phenylalanyl Phenylalanine;  

Model 2: Tryptophan, Leucine and Phenylalanyl Phenylalanine;  
Model 3: Tryptophan, Phenylalanine and Phenylalanylphenylalanine; 

Model 4: Tryptophan and Phenylalanine. 
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Table1 The STROBE checklist in this study.

Item 
No Recommendation

Title and 
abstract

1 (a) Indicate the study’s design with a commonly used term in the title 
or the abstract
(b) Provide in the abstract an informative and balanced summary of 
what was done and what was found
Please see detail in the “ABSTRACT” section in the manuscript.

Introduction
Background/ratio
nale

2 Explain the scientific background and rationale for the investigation 
being reported
Please see detail in the second, third, fourth paragraphs of the 

“INTRODUCTION” section in the manuscript.

Objectives 3 State specific objectives, including any prespecified hypotheses
Please see detail in the fourth paragraph of the 
“INTRODUCTION” section in the manuscript.

Methods
Study design 4 Present key elements of study design early in the paper

Please see detail in the “Study Population “of the “METHODS” 

section in the manuscript.

Setting 5 Describe the setting, locations, and relevant dates, including periods 
of recruitment, exposure, follow-up, and data collection
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Participants 6 (a) Give the eligibility criteria, and the sources and methods of case 
ascertainment and control selection. Give the rationale for the choice 
of cases and controls
(b) For matched studies, give matching criteria and the number of 
controls per case
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Variables 7 Clearly define all outcomes, exposures, predictors, potential 
confounders, and effect modifiers. Give diagnostic criteria, if 
applicable
Please see detail in the “Study Population “, “Data Collection and 

Assessment” and “Distinct Metabolites Identification” of the 

“METHODS” section in the manuscript.

Data sources/ 
measurement

8* For each variable of interest, give sources of data and details of 
methods of assessment (measurement). Describe comparability of 
assessment methods if there is more than one group
Please see detail in the “Study Population “, “Data Collection and 
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Assessment” and “Distinct Metabolites Identification” of the 
“METHODS” section in the manuscript.

Bias 9 Describe any efforts to address potential sources of bias
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.

Study size 10 Explain how the study size was arrived at
Please see detail in the sixth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why
Please see detail in the “Statistical Analysis” of the “METHODS” 

section in the manuscript.

Statistical 
methods

12 (a) Describe all statistical methods, including those used to control 
for confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed
(d) If applicable, explain how matching of cases and controls was 
addressed
(e) Describe any sensitivity analyses
No missing values were observed in our database. Others please 
see detail in the “Statistical Analysis” of the “METHODS” 
section in the manuscript.

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers 

potentially eligible, examined for eligibility, confirmed eligible, 
included in the study, completing follow-up, and analysed; (b) Give 
reasons for non-participation at each stage; (c) Consider use of a flow 
diagram
Please see detail in the “Study Population “of the “METHODS” 
section in the manuscript.
(a) Give characteristics of study participants (eg demographic, 
clinical, social) and information on exposures and potential 
confounders
(b) Indicate number of participants with missing data for each 
variable of interest
See Table 1 in the manuscript.

Descriptive data 14*

Outcome data 15* Report numbers in each exposure category, or summary measures of 
exposure
Please see Table 3 in the manuscript.

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make 
clear which confounders were adjusted for and why they were 
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included
Please see Table 3 in the manuscript.
(b) Report category boundaries when continuous variables were 
categorized
Please see Table S1 in the manuscript.
(c) If relevant, consider translating estimates of relative risk into 
absolute risk for a meaningful time period

Other analyses 17 Report other analyses done—eg analyses of subgroups and 
interactions, and sensitivity analyses
Please see Table 4 in the manuscript.

Discussion
Key results 18 Summarise key results with reference to study objectives

Please see detail in the first paragraph of the of the 
“DISCUSSION” section in the manuscript.

Limitations 19 Discuss limitations of the study, taking into account sources of 
potential bias or imprecision. Discuss both direction and magnitude 
of any potential bias
Please see detail in the seventh paragraph of the of the 
“DISCUSSION” section in the manuscript.

Interpretation 20 Give a cautious overall interpretation of results considering 
objectives, limitations, multiplicity of analyses, results from similar 
studies, and other relevant evidence
Please see detail in the fifth paragraph of the of the 
“DISCUSSION” section in the manuscript.

Generalisability 21 Discuss the generalisability (external validity) of the study results
Please see detail in the seventh paragraph of the “DISCUSSION” 
section in the manuscript.

Other information
Funding 22 Give the source of funding and the role of the funders for the present 

study and, if applicable, for the original study on which the present 
article is based
Please see detail in the “Funding” section in the manuscript.

*Give information separately for cases and controls.
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