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Urinary Arsenic Species and CKD in a Taiwanese Population: A
Case-Control Study

Yu-Mei Hsueh, PhD,1 Chi-Jung Chung, MSc,2 Horng-Sheng Shiue, MD,3 Jin-Bor Chen, MD,4

hou-Shan Chiang, MD,5 Mo-Hsiung Yang, PhD,6 Cheng-Wei Tai, MSc,2 and Chien-Tien Su, MD7

Background: Inorganic arsenic has been linked to decreased kidney function through oxidative
damage. Arsenic methylation is believed to be a pathway for arsenic metabolism. Lycopene is an
antioxidant that reduces oxidative stress; however, the association between urinary arsenic species,
plasma lycopene level, and chronic kidney disease (CKD) has seldom been evaluated.

Study Design: Case-control study.
Setting & Participants: 125 patients with CKD and 229 controls were recruited from a hospital-based

pool.
Predictor: Urinary arsenic species and plasma lycopene level.
Outcomes & Measurements: CKD was defined as estimated glomerular filtration rate (eGFR) less

than 60 mL/min/1.73 m2, calculated by using the Modification of Diet in Renal Disease Study equation.
Plasma lycopene was measured by means of high-performance liquid chromatography. Urinary arsenic
species, including arsenite, arsenate, monomethylarsonic acid, and dimethylarsinic acid, were deter-
mined by means of high-performance liquid chromatography and hydride generator–atomic absorption
spectrometry.

Results: Lycopene level was associated positively with eGFR, and participants with a high serum
lycopene level had a significant, inverse association with CKD (odds ratio, 0.41; 95% confidence
interval, 0.21 to 0.81). Total arsenic level was associated significantly with CKD in a dose-response
relationship, especially in participants with a total arsenic level greater than 20.74 compared with 11.78
�g/g creatinine or less (odds ratio, 4.34; 95% confidence interval, 1.94 to 9.69). Furthermore,
participants with a high urinary total arsenic level or participants with a low percentage of dimethylarsinic
acid had a positive association with CKD when their plasma lycopene level was low.

Limitations: Because of the single spot evaluation of plasma antioxidants and urinary arsenic
species and the small sample size, statistical significance should be interpreted with caution.

Conclusions: This study shows that high urinary total arsenic or low plasma lycopene level is
associated positively with CKD. Results suggest that the capacity for arsenic methylation may be
associated with CKD in individuals who ingest low arsenic levels in drinking water and also have a low
plasma lycopene level.
Am J Kidney Dis 54:859-870. © 2009 by the National Kidney Foundation, Inc.

INDEX WORDS: Arsenic; arsenic methylation capacity; lycopene; chronic kidney disease.
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hronic kidney disease (CKD) now is recog-
nized as a common condition that in-

reases the risk of cardiovascular disease.1 The
ational prevalence of CKD in Taiwanese pa-
ients with an estimated glomerular filtration rate
eGFR) less than 60 mL/min/1.73 m2 is 11.93%,
ut only 3.54% of participants are aware of their
isorder.2 CKD is an important public issue
ecause Taiwan ranks first in the world in the
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ncidence of end-stage renal disease.3 Epidemio-
ogical and clinical evidence have shown a link
etween hypertension, diabetes, obesity, and met-
bolic syndrome and the onset and progression
f CKD.4,5

The metalloid arsenic is a naturally occurring
lement in soil, food, and water. Humans are
xposed to inorganic arsenic from mining and
melting metal ores, pesticide manufacturing,
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Hsueh et al860
ood preservatives, and medicines. Food may
ontain both organic and inorganic arsenic,
hereas drinking water contains primarily inor-
anic arsenic. Long-term exposure to inorganic
rsenic has been related to risk of cancer in the
kin, bladder, liver, kidney, and lung.6 Histori-
ally, the arsenic concentration permitted in pub-
ic water supplies in Taiwan was 50 �g/L. How-
ver, in 2000, a new standard of 10 �g/L was
nnounced. Our recent study showed that indi-
iduals with an unfavorable urinary arsenic pro-
le had increased risk of urothelial carcinoma,
ven at low levels of exposure.7 We do not know
hether a urinary arsenic profile within a low

llowable range affects the risk of CKD.
In comparison to other metals, such as lead

nd cadmium, studies of arsenic-induced nephro-
oxicity are rare. However, a report is available
or arsenic-induced kidney damage.8 A recent
tudy from Michigan also has shown an in-
reased rate of kidney disease in people exposed
o arsenic-contaminated drinking water.9 The
echanisms underlying arsenic-induced kidney

oxicity are complex.
Absorbed arsenic undergoes complicated

iomethylation to form monomethylarsonic
cid (MMAV [the superscript indicates an oxi-
ation number of 5 for arsenic]) and dimethyl-
rsinic acid (DMAV), which are excreted by
he kidneys into urine.10 The presumed arsenic
ethylation pathway in the human body is

hown in Fig 1.11-15 A previously published
eport suggests that excessive generation of
eactive oxygen species (ROS) by various met-
ls may cause kidney damage.16 Because ar-
enic also generates ROS during the metabolic
ctivation process,17 whether arsenic metabo-

Figure 1. The presumed arsenic methylation pathway
n the human body. The numbered steps are catalyzed by
he following enzymes: (1) arsenate reductase or purine
ucleoside phosphorylase (PNP), (2) arsenite methyl trans-
erase (As3MT), (3) glutathione S-transferase omega 1 or

(GSTO1, GSTO2), and (4) arsenite methyl transferase
As3MT). Abbreviations: DMA, dimethylarsinic acid; MMA,
f
onomethylarsonic acid; SAHC, S-adenosylhomocys-

eine; SAM, S-adenosylmethionine.
ites are part of the mechanism for arsenic-
nduced nephrotoxicity remains to be deter-
ined.
Lycopene is a potent carotenoid antioxidant.

ycopene most likely is involved in the scaveng-
ng ROS that contribute to defense against lipid
eroxidation.18 A recent study has shown that
ycopene is able to protect against mercuric chlo-
ide–induced nephrotoxicity in rats,19 as well as
isplastin-induced decreased kidney function and
xidative stress in rats.20 Low plasma lycopene
evels and arsenic exposure may be a risk factor
or CKD. Therefore, the primary goal of the
resent study is to examine the association be-
ween the capacity for arsenic methylation, lyco-
ene level, and CKD and the interaction between
he capacity for arsenic methylation and lyco-
ene level in affecting CKD.

METHODS

tudyParticipants, Interview
rocess, andMeasurements

On a weekly basis from September 2005 and December
007, patients (age range, 22 to 88 years) with clinical
vidence of CKD based on urine sample collection were
ecruited from the Department of Internal Medicine/Nephrol-
gy of Shin Kong Wu Ho-Su Memorial Hospital in Taipei,
aiwan, resulting in 125 participants. eGFR traditionally is
onsidered the best overall index of kidney function in
ealth and disease. We used the 4-variable equation from the
odification of Diet in Renal Disease (MDRD) Study1 to

stimate eGFR as 186.3 � (serum creatinine)�1.154 �
age)�0.203 � (0.742 for female) and defined the 5 stages of
KD according to the relevant Kidney Disease Outcomes
uality Initiative guidelines from the National Kidney Foun-
ation. In this study, participants who were in stages 3 to 5
eGFR � 60 mL/min/1.73 m2) for 3 months were defined as
aving CKD. Age frequency–matched control participants
ith no evidence of CKD (eGFR � 60 mL/min/1.73 m2) in a
:1 ratio of controls to cases were accrued weekly from a
ospital-based pool, including those receiving senior citizen
ealth examinations at Taipei Medical University Hospital
nd those receiving adult health examinations at Taipei
unicipal Wan Fang Hospital. A total of 229 control partici-

ants was obtained, and a urine sample was collected from
ach.

Well-trained personnel carried out standardized personal
nterviews based on a structured questionnaire. The informa-
ion collected included demographic and socioeconomic
haracteristics and potential risk factors for CKD, such as
ifestyle, alcohol consumption, cigarette smoking, exposure
o potential occupational and environmental carcinogens
hair dyes and pesticides), medication history, consumption
f conventional and alternative medicines, and personal and

amily histories of hypertension, diabetes, and CKD.
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Arsenic Methylation and Chronic Renal Disease 861
The Research Ethics Committee of Taipei Medical Univer-
ity (Taipei, Taiwan) approved the study. All patients pro-
ided informed consent forms before sample and data collec-
ion. The study was consistent with the World Medical
ssociation Declaration of Helsinki.
A 10-mL blood sample was collected from participants on

ecruitment by use of EDTA-treated vacuum syringes and
isposable needles. Plasma samples were centrifuged at
,000 rpm for 15 minutes at room temperature, separated
nto aliquots, and stored at �80°C until used. Spot urine
amples also were collected from all participants and imme-
iately transferred to a �20°C freezer until further use for
rinary arsenic species analysis.

eterminationofUrinaryArsenic Species

It has been shown that urinary arsenic species are stable
or at least 6 months when preserved at �20°C.21 Therefore,
he urine assay was performed within 6 months after collec-
ion. Frozen urine samples were thawed at room tempera-
ure, dispersed by using ultrasonication, filtered through a
ep-Pak C18 column (Mallinckrodt Baker Inc, Phillipsburg,
J) and levels of arsenite (As[III]), arsenate (As[V]), MMAV,

nd DMAV were determined. A urine aliquot of 200 �L was
sed for determination of arsenic species by using high-
erformance liquid chromatography (HPLC; Waters 501;
aters Associates, Milford, MA) with columns obtained

rom Phenomenex (Nucleosil, Torrance, CA). Inorganic ar-
enic and its metabolites were quantified by using hydride
enerator–atomic absorption spectrometry.22 A standard so-
ution of 4 arsenic species was prepared in our laboratory;
he sample and sample-spiked standard solution were deter-
ined by using online HPLC–hydride generator–atomic

bsorption spectrometry. Recovery rates of the 4 arsenic
pecies were calculated by using the following formula:
(sample-spiked standard solution concentration � sample
oncentration)/(standard solution concentration)] � 100.
ecovery rates for As(III), DMAV, MMAV, and As(V)

anged between 93.8% and 102.2%, with detection limits of
.02, 0.06, 0.07, and 0.10 �g/L, respectively. The urinary
oncentration of the sum of inorganic arsenic, MMAV, and
MAV was normalized against urinary creatinine levels

micrograms per gram of creatinine). The colorimetric assay
utomatically determined by the Roche Modular P800 instru-
ent (Roche Inc, Mannheim, Germany) was used to calcu-

ate creatinine level by measuring the creatinine–picric acid
omplex formed by the reaction of creatinine and picric acid.
he standard reference material, SRM 2670, contains 480 �
00 �g/L of inorganic arsenic and was obtained from the
ational Institute of Standards and Technology (Gaithers-
urg, MD). SRM 2670 was used as a quality standard and
nalyzed along with urine samples. The mean value of SRM
670 determined by our system was 507 � 17 �g/L (n � 4).
he arsenic methylation indices were assessed by the percent-
ges of various urinary arsenic species present in the sum of
norganic arsenic, MMAV, and DMAV. The primary methyl-
tion index was defined as the ratio of MMAV to levels of
norganic arsenic, ie, As(III) � As(V), and the secondary

ethylation index was defined as the ratio of DMAV to

MAV.23 p
eterminationof PlasmaAntioxidant
icronutrient Level

Levels of �-carotene, lycopene, �-tocopherol, and retinol
n plasma samples were measured by using HPLC according
o the procedure described previously.24 Analysis was car-
ied out by using reversed-phase HPLC (Hitachi Inc, Tokyo,
apan) with a mobile phase consisting of methanol:acetoni-
rite:chloroform (47:47:6) and multiwave length monitoring.
etinol was detected at 325 nm; �-tocopherol, at 280 nm;
nd lycopene and �-carotene, at 466 nm. Plasma samples for
ach case and control set were thawed from �80°C in dim
ight at room temperature and assayed on the same day to
nsure that temporal variability in laboratory assays would
ffect cases and controls equally. All laboratory personnel
ere unaware of the disease status of participants from
hom plasma samples were tested. Recovery rates for
-carotene, lycopene, �-tocopherol, and retinol were 90% to
00% at the highest concentration and 90% to 107% at the
owest concentration of the standard solution. The precision
coefficient of variance) of �-carotene, lycopene, �-tocoph-
rol, and retinol was 1.0% to 6.0%. We also used an internal
ontrol (�-tocopherol acetate) to reduce systematic error; the
oefficient of variance for �-tocopherol acetate was 2.5%.

tatistical Analysis

Continuous variables are expressed as mean � SE. Stu-
ent t test was used to compare differences in urinary arsenic
rofiles between case participants and controls. Analysis of
ariance and Scheffe multiple comparison correction were
pplied to compare urinary arsenic profiles between the
aried exposure strata. Unconditional logistic regression
odels were used to estimate multivariate-adjusted odds

atio (OR) and 95% confidence interval (CI). Cutoff values
or continuous variables were the respective tertiles of
ontrols. Significance tests for linear trend among ORs
cross exposure strata were calculated by categorizing expo-
ure variables and treating scored variables as continuous.
or joint-effect analysis, cutoff values for plasma lycopene,
rinary arsenic species percentage, or arsenic methylation
ndices were the respective medians of the controls. The
ynergy index proposed by Rothman25 was computed to
ssess the additive interaction relationship between lyco-
ene levels and urinary arsenic species percentages or ar-
enic methylation indices on CKD risk. An observed syn-
rgy index value that departs substantially from the expected
dditive null, ie, a synergy index not equal to 1, suggests an
dditive interaction effect. ORs and variance covariance
atrixes then were used to calculate values for synergy

ndex and 95% CIs.26

RESULTS

Participants who had higher educational levels
ad a significantly lower risk of CKD than those
ith lower educational levels. Participants with
iabetes or hypertension had a significantly greater
KD risk than those without diabetes (OR, 4.00;
5% CI, 2.04 to 7.76) or those with normal blood

ressure (OR, 2.23; 95% CI, 1.34 to 3.70). Alco-
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Hsueh et al862
ol consumption was related to a significantly lower
KD risk than for nondrinkers. Cigarette smoking
as not associated with CKD risk. A significantly
reater risk was shown in analgesic users than
onusers; however, analgesic use on an as-needed
asis had a significantly lower CKD risk than in
onusers (Table 1). Coffee consumption, pesticide
xposure, and paint or dye use did not affect risk
f CKD (data not shown).
The CKD group had a significantly lower

GFR (28.40 � 1.41 mL/min/1.73 m2; n � 125)
han controls (80.17 � 1.21 mL/min/1.73 m2;
� 229; P � 0.001; Fig 2). Patients with CKD

ad a significantly greater urinary total arsenic
evel, greater MMAV percentage, lower DMAV

ercentage, and lower plasma lycopene level
han controls (Table 2).

Plasma lycopene level was positively associ-
ted and urinary total arsenic level was nega-
ively associated with eGFR (both associations

Table 1. Sociodemographic Characteri

Variables CKD Group

ex
Men 59 (47.20)
Women 66 (52.80)

ge (y) 58.81 � 13.96
ducational level
Illiterate/elementary school 60 (48.00)
Junior/senior high school 40 (32.00)
�College 25 (20.00)
igarette smoking
No 100 (80.65)
Yes 24 (19.35)

lcohol consumption
Never 103 (82.40)
Frequency 12 (9.60)
Occasional 10 (8.00)
iabetes
No 81 (75.70)
Yes 26 (24.30)
ypertension
No 64 (59.81)
Yes 43 (40.19)

nalgesic use
No 97 (77.60)
Yes, routinely 14 (11.20)
Yes, as the need arises 14 (11.20)

Note: Values expressed as number (percent) or mean �
Abbreviation: CKD, chronic kidney disease.
*Adjusted for age and sex, except where indicated.
†Adjusted only for age.
‡Adjusted only for sex.
ere statistically significant; Fig 3), whether 4
djusted for age and sex or multiple covariates.
hen eGFR was adjusted for multiple covari-

tes, greater MMAV percentages correlated with
ignificantly lower eGFRs (ie, inverse correla-
ion), and greater DMAV percentages correlated
ith significantly greater eGFRs (data not

hown).
Compared with men, women had lower
MAV percentages, but significantly greater to-

al arsenic levels. Cigarette smoking, alcohol
onsumption, and habitual analgesic use did not
nfluence the arsenic profile (Table 3).

By performing trend analysis on urinary total
rsenic level, percentage of arsenic species, or
lasma lycopene strata in tertiles, total urinary
rsenic level was associated significantly with the
KD OR in a dose-response relationship, as listed

n Table 4. This was especially true in participants
ith a total arsenic level greater than 20.74 �g/g

reatinine, in whom the OR of CKD was increased

f the CKD Group and Healthy Controls

thy Controls
Odds Ratio*

(95% confidence interval) P

1 (39.74) 1.00
8 (60.26) 0.77 (0.49-1.20)† 0.3
1 � 13.09 0.99 (0.97-1.00)‡ 0.2

3 (27.75) 1.00
9 (30.40) 0.45 (0.25-0.78) 0.005
5 (41.85) 0.13 (0.07-0.27) �0.001

8 (77.73) 1.00
1 (22.27) 0.65 (0.35-1.21) 0.2

7 (64.19) 1.00
2 (13.97) 0.37 (0.17-0.79) 0.01
0 (21.83) 0.20 (0.10-0.44) �0.001

0 (92.11) 1.00
8 (7.89) 4.00 (2.04-7.76) �0.001

4 (76.32) 1.00
4 (23.68) 2.23 (1.34-3.70) 0.002

3 (75.88) 1.00
9 (3.95) 3.00 (1.24-7.27) 0.02
6 (20.18) 0.53 (0.28-1.01) 0.05

ess noted otherwise.
stics o

Heal

9
13

60.6

6
6
9

17
5

14
3
5

21
1

17
5

17

4

SE unl
-fold compared with those with a total arsenic
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Arsenic Methylation and Chronic Renal Disease 863
evel of 11.78 �g/g creatinine or less. Other arsenic
pecies indices were not related to the CKD OR.
lasma lycopene level was related inversely to
KD in a dose-response relationship (participants
ith a plasma lycopene level � 18.64 �g/dL com-
ared with � 8.29 �g/dL; OR, 0.41; 95% CI, 0.21
o 0.81). Plasma retinol level was associated signifi-
antly with CKD risk (data not shown), whereas

Figure 2. The distribution of estimated glomerular filtratio

Table 2. Differences in Urinary Total Arsenic, Percen
Between the CKD Gr

Variables

CKD Group

No. Tested

otal arsenic (�g/g creatinine) 124 31
rsenic species (%)
Inorganic arsenic 125 7
DMA 125 82
MMA 125 10

rimary methylation index 120 2
econdary methylation index 97 29
ycopene (�g/dL) 125 6

Note: Values expressed as mean � SE. Total arsenic ind

Abbreviations: CKD, chronic kidney disease; DMA, dimethylars
ther micronutrients were not related to CKD (data
ot shown).

Additional analyses were carried out to assess
he joint effects of the following pairs of factors
n CKD risk: lycopene and total arsenic levels,
ycopene level and percentage of arsenic species,
r lycopene level and arsenic methylation indi-
es (Fig 4). Trend analysis showed progressively

eGFR) in the chronic kidney disease group and controls.

of Arsenic Species, and Arsenic Methylation Indices
d Healthy Controls

Healthy Controls

PNo. Tested Value

.59 229 20.71 � 1.10 �0.001

.04 229 6.67 � 0.62 0.5

.05 229 87.04 � 0.83 0.03

.77 229 6.29 � 0.49 0.02

.55 219 2.37 � 0.42 0.4

.58 164 26.03 � 3.63 0.6

.43 229 10.40 � 0.89 �0.001

inorganic arsenic � MMA �DMA.
tages
oup an

Value

.95 � 2

.50 � 1

.02 � 2

.49 � 1

.97 � 0

.68 � 5

.22 � 1

icates

inic acid; MMA, monomethylarsonic acid.
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Hsueh et al864
ncreased risks through exposure to no risk
actor, 1 risk factor, or both 2 risk factors.
lthough plasma lycopene level tended to in-

eract additively with total urinary arsenic level,
ercentage of inorganic arsenic, primary meth-
lation index, and secondary methylation in-
ex in modifying CKD risk, the interactions
ere all statistically insignificant, as shown by

he absence of a substantial deviation from 1 in
he synergy index. We also assessed the inter-
ction as a departure from joint multiplicative
ffects by using the product term of 2 risk

Lyco

Total ars

eG
FR

(m
L/

m
in

/1
.7

3 
m

2 )
eG

FR
(m

L/
m

in
/1

.7
3 

m
2 )

Figure 3. The association between estimated glomer
rsenic level.
actors and showed that total arsenic level and l
MA percentage significantly interacted with
ycopene level (Fig 4).

DISCUSSION

The present study showed that patients with
KD compared with control individuals had a

ignificantly greater total urinary arsenic level,
reater MMAV percentage, and lower DMAV

ercentage, indicating a less efficient capacity to
ethylate inorganic arsenic to DMAV. In addi-

ion, it was found that only total urinary arsenic

g/dL)

g/g creatinine)

ration rate (eGFR) and plasma lycopene or urinary total
pene (μ

enic (μ

ular filt
evel was related to CKD risk in a dose-response
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Arsenic Methylation and Chronic Renal Disease 865
elationship adjusted for age and sex or sepa-
ately adjusted for multiple risk factors. Patients
ith CKD had significantly lower plasma lyco-
ene levels, indicating lower antioxidant capabili-
ies than controls.

Upon entering the body, arsenic targets ubiqui-
ous enzyme reactions and affects nearly all
rgan systems.27 Several trace elements, includ-
ng arsenic, cadmium, lead, and mercury, have
een implicated in the decrease in kidney func-
ion.28 A study in Utah has shown increased rates
f nephritis and nephrosis in people drinking
rsenic-contaminated well water.29 According to
nimal studies, vacuolation of renal tubular epi-
helium was observed in a case of low-dose
rsenic exposure, whereas pathologically moder-
te glomerular sclerosis and severe tubular necro-
is were shown in the case of exposure to high
oses of arsenic.30 However, a case report by
rasad and Rossi31 showed that tubulointerstitial
ephritis is associated with increased urinary
rsenic concentration.

According to the Taipei Water Department of

Table 3. Distribution of Urinary Total Arsenic, Perce
According to Sex, Cigarette Smoking

Variables
No. of

Participants

Total Arsenic
(�g/g

creatinine)

Arseni

Inorganic
Arsenic

ex
Men 150 21.72 � 1.55 6.50 � 0.56 9.2
Women 204 26.84 � 1.71 7.31 � 0.85 6.7
P 0.03 0.4

igarette smoking
No 277 24.79 � 1.30 6.89 � 0.58 7.2
Yes 75 24.23 � 2.88 7.26 � 1.41 9.6
P 0.9 0.8

lcohol
consumption

No 249 24.89 � 1.93 7.08 � 0.65 7.7
Yes 44 23.96 � 2.89 5.30 � 0.48 7.6
Occasional 60 24.22 � 4.50 7.71 � 1.73 7.9
P 0.9 0.5

nalgesic use
No 269 25.12 � 1.45 7.00 � 0.56 7.4
Yes, routinely 23 25.82 � 3.74 10.35 � 4.34 7.6
Yes, as needed 60 22.37 � 2.12 5.53 � 1.15 9.2
P 0.8 0.3

Note: Values expressed as mean � SE. Total arsenic
istory and analgesic use data were unavailable for 1 and 2
Abbreviations: CKD, chronic kidney disease; DMA, dim
ethylation index; SMI, secondary methylation index.
*Significantly different from those who consume alcohol,
†Significantly different from occasional drinker, P � 0.05
he Taipei City Government, average arsenic m
oncentration in Taipei tap water is 0.7 �g/L and
anges from undetectable to 4.0 �g/L. However,
he concentration range of urinary arsenic of
tudy participants of approximately 20 to 30
g/g creatinine in this study possibly resulted

rom exposure to some foods. Although our
tudy participants drank tap water with no evi-
ence of arsenic contamination, we also found
hat total urinary arsenic level and MMAV per-
entage were associated significantly with de-
reased eGFR in this study. However, the precise
echanism of arsenic-induced nephrotoxicity
ay be difficult to assess because of the complex

iological chemistry associated with arsenic.32

Absorbed arsenic is excreted mainly through
rine, suggesting that the kidney is a primary
arget for arsenic toxicity. Kidney arsenic toxic-
ty may be complicated by methylation of inor-
anic arsenic to the less toxic MMAV and DMAV,
hich are excreted rapidly by the kidney.10

MAIII and DMAIII have been identified in
uman urine.33,34 Many studies have shown that
hese trivalent methylated arsenic species are

of Arsenic Species, and Arsenic Methylation Index
ol Consumption and Analgesic Use

s (%)

PMI SMI
Lycopene
(�g/dL)DMA

2 84.28 � 1.32 2.44 � 0.46 25.63 � 4.24 13.88 � 1.09
1 85.99 � 1.24 2.69 � 0.47 29.01 � 4.45 14.83 � 0.91

0.4 0.7 0.6 0.5

9 85.84 � 1.00 2.62 � 0.41 27.35 � 3.43 15.06 � 0.77
9 83.12 � 2.19 2.45 � 0.46 27.75 � 6.95 12.25 � 1.64

0.2 0.8 0.9 0.1

1 85.16 � 1.15 2.83 � 0.45 30.18 � 3.98 14.75 � 0.86*,†
6 87.06 � 2.13 2.09 � 0.63 30.98 � 10.60 10.26 � 1.20
3 84.39 � 1.91 1.92 � 0.26 14.45 � 1.65 16.13 � 1.78

0.7 0.5 0.1 0.06

0 85.53 � 0.99 2.49 � 0.38 26.65 � 3.19 13.66 � 0.70
8 82.01 � 5.66 2.40 � 0.93 46.12 � 23.30 19.25 � 3.84
3 85.25 � 2.09 3.11 � 0.91 24.37 � 7.18 15.46 � 2.15

0.8 0.9 0.5 0.2

es inorganic arsenic � MMA � DMA. Cigarette smoking
ipants, respectively.
rsinic acid; MMA, monomethylarsonic acid; PMI, primary

05.
ntages
, Alcoh

c Specie

MMA

2 � 1.1
1 � 0.9
0.08

7 � 0.7
3 � 1.5
0.2

6 � 0.9
4 � 2.0
0 � 0.9
0.9

7 � 0.8
4 � 3.3
9 � 1.7
0.8

indicat
partic
ethyla

P � 0.
ore toxic than inorganic compounds.35,36 How-
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ver, trivalent methylated arsenic metabolites
ave a short half-life. Whether they can be de-
ected depends on the conditions and tempera-
ure of sample storage and concentrations in
rine. The reason we did not observe trivalent
ethylated metabolites in the study is that the

nalytical method used lacks the requisite speci-
city. In general, arsenic methylation is consid-
red a detoxification process in which MMAV

nd DMAV generally are considered nontoxic.

Table 4. Dose-Response Relationship Between CK
Species, Arsenic Methylatio

Variables
CKD Group/Healthy

Controls

otal arsenic (�g/g creatinine)
�11.78 19/75
11.78-20.74 30/78
�20.74 76/76

rsenic species (%)
Inorganic arsenic

�2.75 40/75
2.75-5.86 40/78
�5.86 45/76

MMA
�1.29 39/75
1.29-7.60 43/77
�7.60 43/77

DMA
�85.62 45/76
85.62-93.40 44/77
�93.40 36/76

PMI
�0.28 40/83
0.28-1.86 42/73
�1.86 43/73

SMI
�8.44 61/119
8.44-17.18 26/54
�17.18 38/56

Plasma lycopene (�g/dL)
�8.29 74/76
8.29-18.64 24/76
�18.64 27/77

Note: Total arsenic indicates inorganic arsenic � MMA �
Abbreviations: CKD, chronic kidney disease; DMA, dim
ethylation index; SMI, secondary methylation index.
*Adjusted for age and sex.
†Adjusted for age, sex, educational level, paternal and

se, hypertension, and diabetes history.
‡P � 0.001.
§P � 0.05.
�P � 0.01.
ew studies have examined arsenic metabolism t
n decreased kidney function in humans. One
tudy reported that the main detectable species
ere the relatively nontoxic compounds arseno-
etaine and DMA, whereas levels of such toxic
norganic arsenic compounds as arsenite and
rsenate were less than the detection limit in
erum.37 In the present study, we found that
atients with CKD had significantly greater uri-
ary total arsenic levels, greater MMAV percent-
ges, and lower DMAV percentages than con-

and Urinary Total Arsenic, Percentages of Arsenic
ces, and Plasma Lycopene

Odds Ratio*
(95% confidence interval)

Odds Ratio†
(95% confidence interval)

Ptrend � 0.001 Ptrend � 0.001
1.00 1.00

1.73 (0.89-3.40) 1.41 (0.62-3.19)
5.66 (2.96-10.85)‡ 4.34 (1.94-9.69)‡

Ptrend � 0.8 Ptrend � 0.6
1.00 1.00

0.86 (0.50-1.51) 1.01 (0.52-1.98)
0.99 (0.58-1.72) 1.20 (0.61-2.36)

Ptrend � 0.9 Ptrend � 0.7
1.00 1.00

1.03 (0.60-1.78) 0.63 (0.32-1.23)
0.97 (0.56-1.68) 0.87 (0.45-1.71)

Ptrend � 0.7 Ptrend � 0.5
1.00 1.00

1.00 (0.59-1.70) 0.58 (0.30-1.13)
0.88 (0.50-1.53) 0.79 (0.40-1.55)

Ptrend � 0.6 Ptrend � 0.7
1.00 1.00

1.12 (0.65-1.93) 0.75 (0.38-1.49)
1.14 (0.66-1.96) 0.88 (0.46-1.69)

Ptrend � 0.8 Ptrend � 0.4
1.00 1.00

0.90 (0.51-1.58) 0.48 (0.24-0.99)§
1.31 (0.78-2.20) 0.79 (0.42-1.50)

Ptrend � 0.001 Ptrend � 0.003
1.00 1.00

0.31 (0.18-0.55)‡ 0.33 (0.17-0.64)�
0.35 (0.21-0.61)� 0.41 (0.21-0.81)�

rsinic acid; MMA, monomethylarsonic acid; PMI, primary

al ethnicity, cigarette smoking, coffee drinking, analgesic
D Risk
n Indi

DMA.
ethyla

matern
rols. Of these variables, only total arsenic level
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Figure 4. Multiple logistical regression analysis of the combination of urinary total arsenic, arsenic species percentage, and
lasma lycopene on chronic kidney disease. * P � 0.05; ** P � 0.01; *** P � 0.001. The unit of total arsenic is �g/g creatinine. The
elative proportion of each arsenic species (% inorganic As, % MMA and % DMA) was calculated by dividing the levels of each
pecies by the total arsenic level. Abbreviations: PMI, primary methylation index; SMI, secondary methylation index. High is
efined as a value greater than the median; low, as a value equal to the median or less. Odds ratios (ORs) based on analyses
djusted for age, sex, educational level, paternal and maternal ethnicity, cigarette smoking, coffee drinking, hypertension, and

iabetes history. P represents statistical interaction as a departure from joint multiplicative effects.
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Hsueh et al868
as associated significantly with CKD risk.
hether the capacity of arsenic methylation is

elated to patients with CKD when they ingest
ow arsenic levels in drinking water needs fur-
her investigation.

Inorganic arsenic-induced oxidative damage
esults in chronic kidney pathological states in-
olving ROS production, reduction/oxidation-
elated gene expression, and cytotoxicity.38 How-
ver, oxidative stress has been identified as an
mportant mechanism in arsenic-induced de-
reased kidney function through accumulation of
rsenic in kidney tissue; increased levels of se-
um urea nitrogen, creatinine, and lipid peroxida-
ion end products; and reduced glutathione in a
ouse model.39 Our recent study showed that

rsenic methylation species were associated with
xidative damage assessed by using urinary 8-hy-
roxy-2=-deoxyguanosine,40 suggesting that ar-
enic metabolites are related to oxidative stress.

Antioxidants could be considered an alterna-
ive approach to mitigate arsenic-induced oxida-
ive damage.41 In our previous study, a signifi-
ant inverse dose-response relationship was
bserved between arsenic-related ischemic heart
isease and serum �- and �-carotene levels.42

ur study also showed that serum �-carotene
evel was related negatively to arsenic-induced
kin cancer.43 In the present study, we found that
articipants with high plasma lycopene levels
ad a significantly decreased risk of CKD com-
ared with patients with low plasma lycopene
evels. Additionally, participants with low plasma
ycopene levels were at greater risk of having
KD when they presented with at least 1 of high

otal arsenic level or low DMAV percentage.
lthough these data suggest that participants
ith low antioxidant capacity may not easily
itigate oxidative stress produced by arsenic
etabolites and therefore may be at risk of CKD,

hese findings need additional study.
Our study had some important limitations that

eed to be considered when interpreting results.
irst, there is the possibility of selection bias
ecause cases and controls were recruited from 2
ifferent hospitals; however, bias was minimized
ecause these hospitals both belonged to medical
enters and were located in Taipei. Furthermore,
he majority of cases and controls lived in Taipei
nd were similar in age and sex distribution

Table 1) with respect to demographic character- s
stics. Possible selection bias may have occurred
ecause the recruited CKD cases more often had
n elementary school education than controls.
owever, in a large-scale screening program, it
as been reported that participants with a high
evel of education had lower CKD risk than those
ith a low level of education in Taiwan.2 Sec-
nd, the accuracy of a single spot evaluation of
lasma antioxidants and urinary arsenic species
ay be in doubt. However, the values might be

eliable because all participants had no change in
ifestyle and appeared to maintain their homeo-
tatic metabolism. Third, because of the small
ample size, statistical significance should be
nterpreted with caution. Fourth, CKD cases were
ecruited in this study; however, we cannot ex-
lude that the findings of an association between
ycopene or arsenic and its various metabolites
nd CKD might be the result and not the cause of
KD.
In conclusion, this is the first study showing

hat high urinary total arsenic levels or low
lasma lycopene levels are associated positively
ith CKD. Similarly, our data suggest that the

apacity for arsenic methylation may be associ-
ted with CKD in individuals who also had low
lasma lycopene levels when they ingested low
rsenic levels in drinking water.
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