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Abstract

Background: Arsenic exposure increases the risk of several cancers in humans and con-

tributes to genomic instability. Somatic loss of the Y chromosome (LoY) is a potential

biomarker of genomic instability and cancer risk. Smoking is associated with LoY, but

few other carcinogens have been investigated. We tested the cross-sectional association

between arsenic exposure and LoY in leukocytes among genotyped Bangladeshi men

(age 20–70 years) from the Health Effects of Arsenic Longitudinal Study.

Methods: We extracted the median of logR-ratios from probes on the Y chromosome

(mLRR-chrY) from genotyping arrays (n¼1364) and estimated the percentage of cells

with LoY (% LoY) from mLRR-chrY. We evaluated the association between arsenic expo-

sure (measured in drinking water and urine) and LoY using multivariable linear and logis-

tic regression models. The association between LoY and incident arsenic-induced skin

lesions was also examined.

Results: Ten percent of genotyped men had LoY in at least 5% of cells and % LoY

increased with age. Among men randomly selected for genotyping (n¼ 778), higher arse-

nic in drinking water, arsenic consumed and urinary arsenic were associated with in-

creased % LoY (P¼ 0.006, P¼ 0.06 and P¼ 0.13, respectively). LoY was associated with

increased risk of incident skin lesions (P¼ 0.008).

Conclusion: Arsenic exposure was associated with increased LoY, providing additional

evidence that arsenic contributes to genomic instability. LoY was associated with devel-

oping skin lesions, a risk factor for cancer, suggesting that LoY may be a biomarker of
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susceptibility in arsenic-exposed populations. The effect of arsenic on somatic events

should be further explored in cancer-prone tissue types.

Key words: Arsenic, Y chromosome loss, skin lesions, copy number variation

Introduction

Consumption of drinking water contaminated with inor-

ganic arsenic, a known carcinogen, is a serious public

health issue in many countries around the world, including

Bangladesh, Argentina and the USA.1 Arsenic exposure

increases the risk of cancer, specifically cancers of the

skin,2 prostate,3 liver,3,4 lung3,5,6 and bladder.5,7,8 In addi-

tion, arsenic exposure is associated with increased risk of

age-related chronic diseases, including cardiovascular dis-

eases (CVD),9,10 non-malignant respiratory diseases,11 dia-

betes mellitus,12–14 impaired cognitive function,15 as well

as increased overall mortality.16

Although arsenic is a known environmental carcinogen,

its mechanisms of carcinogenicity remain to be fully eluci-

dated. Arsenic may exert its carcinogenic effects via epige-

netic dysregulation, increased cellular inflammation and

oxidative stress, and inhibition of DNA repair17,18—mecha-

nisms that also likely contribute to genomic instability and

ageing.19 Long-term arsenic exposure can cause the develop-

ment of arsenic-induced skin lesions.20 A dose–response re-

lationship between arsenic exposure and these skin lesions is

well established.21–23 The presence of skin lesions is associ-

ated with increased risk of subsequent cancers,24 suggesting

that skin-lesion susceptibility can inform our understanding

of the effect of arsenic on carcinogenesis and ageing.

Somatic loss of chromosome Y (LoY) in men is one of

the most common acquired (i.e. somatic) genetic abnor-

malities known to occur in humans. The percentage of

blood cells affected by LoY increases with age and LoY in

blood cells may be a biomarker of ageing, immune surveil-

lance and genomic instability in men.25 LoY is frequently

observed in hematologic cancers26 and myelodysplastic

syndrome27 and is a potential risk factor for non-

hematologic cancers. Among Swedish men, LoY was asso-

ciated with a 4-fold increased risk of cancer28 and a similar

association between LoY and cancer was identified among

UK Biobank participants, specifically for stomach, lung,

skin and prostate cancers.29 LoY was associated with prev-

alent CVD and diabetes, as well as early mortality among

UK Biobank participants.30 LoY has been shown to be

associated with cigarette smoking in a dose-dependent

manner,31 suggesting that LoY may be a biomarker of

carcinogen-induced genomic damage and cancer suscepti-

bility. In addition, LoY was associated with higher

exposure to air pollution32 and polycyclic aromatic hydro-

carbons.33 To date, the relationship between LoY and en-

vironmental arsenic exposure has not been assessed.

In this study, we utilize log-R ratios (LRRs), generated

from genotyping array intensity data from probes binding

to the Y chromosome, to estimate LoY among Bangladeshi

men participating in the Health Effects of Arsenic

Longitudinal Study (HEALS). Using baseline whole-blood

samples and baseline inorganic arsenic exposure measure-

ments (prior to arsenic mitigation efforts), we characterize

the association between exposure to arsenic, a known envi-

ronmental carcinogen, and somatic LoY in blood. We also

examine LoY in relation to risk of incident and prevalent

skin lesions and all-cause mortality.

Methods

Study participants

HEALS34 is a population-based prospective cohort study

designed to assess the effects of arsenic exposure on health

Key Messages

• Somatic loss of the Y chromosome (LoY) is one of the most common acquired genetic abnormalities in human blood

cells and a potential biomarker of genomic instability and ageing in men.

• Among arsenic-exposed Bangladeshi men, we observe an association between arsenic exposure (measured in

drinking water and urine) and increased LoY in peripheral blood.

• In this cohort, LoY is also associated with increased risk of incident (subsequent) arsenic-induced skin lesions, an

indicator of arsenic toxicity and risk factor for cancer.

• This is the first study linking arsenic, a modifiable and carcinogenic environmental exposure, to an acquired genetic

abnormality in a non-cancerous human tissue.
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in Araihazar, Bangladesh. From 2000 to 2002, 11 746 par-

ticipants between 18 and 75 years of age were recruited,

providing both blood and urine samples at baseline. A total

of 10 970 wells in the study area were tested for arsenic

and individuals were assigned arsenic exposure values

based on the arsenic concentration in their reported pri-

mary drinking well(s) and in their urine. Follow-up visits

are conducted every 2 years for the entire cohort. The study

protocol was approved by the Institutional Review Boards

of the University of Chicago, Columbia University and the

Bangladesh Medical Research Council. Informed consent

was obtained from all participants.

Arsenic exposure assessment

Arsenic in drinking water was measured using graphite fur-

nace atomic absorption spectrometry (and inductively cou-

pled plasma–mass spectrometry for samples with

concentrations below the limit of detection).35 At baseline,

participants reported their primary drinking well and the

concentration of that well was assigned as their water arse-

nic exposure. Daily arsenic dose (mg/day) was calculated

by multiplying the well water arsenic concentration of the

primary well (mg/day) by the self-reported volume of water

consumed daily from that well (L/day). If participants also

regularly drank from a secondary well (or wells), informa-

tion from that well was included in the estimation of daily

arsenic dose.

Total arsenic concentration in urine (collected at base-

line) was measured using a graphite furnace atomic ab-

sorption spectrometry method with a very low limit of

detection (�1mg/L) in a single laboratory at Columbia

University.36 Creatinine in urine was measured using a col-

orimetric diagnostics kit (Sigma, St. Louis, MO, USA) and

this measure was used in regression models examining uri-

nary arsenic to adjust for hydration status.37

Assessment of skin lesions and mortality

At baseline, HEALS study physicians, trained to detect and

diagnose skin lesions, recorded the following conditions:

melanosis (hyperpigmentation), leucomelanosis (hypopig-

mentation) or keratosis (hyperkeratotic thickening of

skin). Participants were classified as having a baseline le-

sion if any one of these three conditions was present at

baseline and were classified as having an incident lesion if

any of the three conditions was present at any follow-up

visit. Vital status was determined at each biennial follow-

up interview and date of death ascertained primarily from

relatives of deceased participants, with essentially no loss

to follow-up.16,38 A verbal autopsy procedure was used to

investigate and assign the causes of death (previously

validated in a Bangladeshi population39–42). For this study,

we use data on incident skin-lesion cases and deaths occur-

ring from 2002 to 2018.

Participant selection and genotyping

Only male HEALS participants with existing genome-wide

array data generated using DNA from baseline peripheral

blood were included in this study (Figure 1). Men from

genotyping Batches 1 and 2 were genotyped using

Illumina’s HumanCytoSNP-12 v2.1 array. Men from gen-

otyping Batches 3 and 4 were genotyped using Illumina’s

Multiethnic Global array. DNA extraction and genotyping

quality control have been described previously.43,44

HEALS participants selected for genotyping (in prior stud-

ies)44–48 belonged to one of four groups: (i) randomly se-

lected from a cohort independently of skin-lesion or

disease status, (ii) randomly selected from skin-lesion-free

participants, (iii) selected based on incident skin lesions or

(iv) selected on baseline or incident cardiovascular disease

or chronic respiratory disease. All men analysed have been

genetically confirmed to be men based on X chromosome

single-nucleotide polymorphism (SNP) data.43,44 Samples

that failed to pass genotyping quality control for inclusion

in genome-wide studies of arsenic metabolism have also

been excluded in our analysis.

Detecting somatic loss of the Y chromosome

The Illumina HumanCytoSNP-12 v2.1 and Multiethnic

Global arrays measure a total of 2972 and 1598 SNPs, re-

spectively, in the male-specific region of the Y chromosome

(chrY) [2 694 521 to 59 034 049 (hg19/GRCh37) and

2 781 480 to 56 887 902 (GRCh38)]. The LRR is a normal-

ized measure of signal intensity for each SNP included on

the array and it is the log-2 of the ratio between the ob-

served and expected signal intensity from two copies of the

genome. From these arrays, we obtained the LRRs to cal-

culate the median LRR from chrY (mLRR-chrY), median

LRR from chromosome 1 (mLRR-chr1) and SD of LRRs

from chromosome 1 (sdLRR-chr1). For men, mLRR-chrYs

cluster near 0 (one copy of chrY), indicating that chrY is

present in most blood cells, whereas negative mLRR-chrYs

correspond to an increasing proportion of cells that lack a

chrY (i.e. lower mLRR-chrY indicates more LoY among

cells). We removed any samples that had a sdLRR-

chr1> 0.28 (a quality control filter recommended by

Illumina).49 Batch 2 had a high proportion (21%) of sam-

ples that failed this criterion compared with the other

batches (and higher sdLRR-chr1 across all samples com-

pared with the other batches) and the average mLRR-chrY

deviated negatively from zero, indicating the presence of

International Journal of Epidemiology, 2023, Vol. 52, No. 4 1037



bias in the LRRs (Supplementary Figure S1, available as

Supplementary data at IJE online). Therefore, all men gen-

otyped in Batch 2 (n¼ 758) were excluded. After visual in-

spection of chrY LRRs, we observed evidence of an

inherited �3-kilobase deletion on chrY carried by <2% of

genotyped men in our cohort (Supplementary Figure S2,

available as Supplementary data at IJE online). To reduce

the bias of this deletion (and other copy number variable

regions on chrY or poorly performing probes) on mLRR-

chrY, we excluded chrY probes whose LRRs had an abso-

lute mean >1, absolute skewness >5 or SD >0.4 within

each batch (Supplementary Figure S3, available as

Supplementary data at IJE online). These exclusions elimi-

nated <400 probes within each batch, including the probes

affected by the inherited deletion (Supplementary Table

S1, available as Supplementary data at IJE online).

We calculated mLRR-chrY from the LRRs of the

remaining chrY probes. Within each genotyping batch, we

corrected for batch effects by extracting the local regres-

sion median obtained from a kernel density estimation of

the unadjusted mLRR-chrY distribution (using density

function in R) and adjusting each mLRR-chrY by this

median, as previously described (Figure 2).28,31,50,51

mLRR-chrY was inversely correlated with sdLRR-1

(Supplementary Figure S4, available as Supplementary

data at IJE online) and positively correlated with mLRR-

chr1 in all batches (Supplementary Figure S5, available as

Supplementary data at IJE online), indicating that some of

the variance in mLRR-chrY is due to the effect of genome-

wide genotyping quality and variation in LRRs, respec-

tively. Both mLRR-chr1 and sdLRR-chr1 were adjusted

for as covariates in all statistical analyses of LoY. We con-

verted mLRR-chrYs to estimated percentage of cells with

LoY using the formula derived by Danielsson et al.: LoY

(%)¼100� [1 – 2(2�mLRR-chrY)].51 Based on the percent-

age of cells with LoY, we constructed binary LoY variables

based on the percentage of cells with LoY above the fol-

lowing thresholds: 5% and 10%.

Statistical analysis

Prior to analysis, we removed participants selected for gen-

otyping based on baseline or incident cardiovascular dis-

ease or chronic respiratory disease to avoid potential bias

Figure 1 A description of male genotyped HEALS participants in the study and selection for analyses. Frequencies may not sum to the total due to

small amounts of missing data. HEALS, Health Effects of Arsenic Longitudinal Study; LoY, loss of Y chromosome; sdLRR-chr1, standard deviation of

LRR from chromosome 1
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that might occur due to this selection on disease (i.e. selec-

tion bias, collider bias).52 Among the randomly selected

genotyped participants, we examined the association be-

tween categorical and ordinal quartiles of arsenic exposure

(water, daily dose and urinary arsenic) and LoY using lin-

ear (for percentage of cells with LoY) and logistic (for

thresholds of 5% or 10% or more cells with LoY) regres-

sion. Among randomly selected genotyped participants, we

performed covariate-adjustment standardization on uri-

nary arsenic53 in which we (i) adjusted the log-transformed

urinary creatinine by age and categorical body mass index

(BMI) status using linear regression, (ii) calculated the ratio

of observed creatinine to adjusted creatinine (exponenti-

ated) and (iii) divided urinary arsenic by this ratio

(expressed as mg/L).To examine LoY and skin-lesion risk,

we defined two case groups: (i) incident skin-lesion cases

diagnosed during follow-up and (ii) prevalent lesions diag-

nosed at baseline, both including those occurring within

the random sample. These two case groups were compared

with a skin-lesion-free group among the randomly selected

genotyped men who did not have or develop skin lesions

(i.e. control group). We tested the association between

LoY and skin-lesion status using logistic regression. To test

the association between LoY and mortality, we compared

individuals who died during follow-up to individuals who

were alive at the most recent follow-up visit using logistic

regression. For all models, we examined two sets of covari-

ate adjustments: (i) age, sdLRR-chr1, mLRR-chr1, deletion

status and genotyping batch; and (ii) age, sdLRR-chr1,

mLRR-chr1, deletion status, genotyping batch, BMI quar-

tiles (categorical), smoking (categorical: never, former, cur-

rent) and education status (categorical: 0, 1–5, 6–16 years).

Models examining urinary arsenic were adjusted for uri-

nary creatinine. All analyses were conducted in R 4.1.2.

Results

LoY determination and quality control

After performing quality control on the array data, we de-

termined mLRR-chrY in 1756 male HEALS participants.

Figure 2 Distribution of unadjusted mLRR-chrY (left), batch-adjusted mLRR-chrY (middle) and estimated percentage of cells with LoY (right) within

each genotyping batch. The observed distributions of unadjusted mLRR-chrY (left) and batch-adjusted mLRR-chrY (middle) are shown as grey bars.

The distribution of experimental variation in mLRR-chrY in the absence of LoY is modelled (solid line). Batch-adjusted (i.e. centred) mLRR-chrY values

(in middle) are obtained by adjusting the unadjusted mLRR-chrY by the local regression median (see ‘Methods’ section). The distribution of the esti-

mated percentage of cells with LoY (right) are shown and lines correspond to the boundaries for 5% and 10% thresholds. These estimated percen-

tages are derived from the batch-adjusted mLRR-chrY values using the formula: 1� 22�mLRRchrYð Þ � 100 (see ‘Methods’ section). mLRR-chrY, median

of LRR from Y chromosome; LoY, loss of Y chromosome
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After removing samples from men selected for genotyping

based on cardiovascular or respiratory disease, there were

1364 (78%) men eligible for inclusion in our analysis and

778 (57%) of these men were randomly selected from

HEALS for genotyping. mLRR-chrY was inversely corre-

lated with age in all genotyping batches (P< 0.05). Age

was not associated with mLRR obtained from other chro-

mosomes for any batch (e.g. P> 0.05 for chromosome 1)

(Supplementary Figure S6, available as Supplementary

data at IJE online). Among the participants included in

this analysis (n¼ 1364), LoY was detected in at least 5%

and 10% of cells for 10% (n¼ 142) and 3% (n¼ 36) of

males (Figure 2).

Relationship between LoY and participant

characteristics

The median age of our randomly selected sample of men

was 40 years (range: 20–70 years). Most of these men were

current smokers (64%). Among all samples, 270 (20%)

and 361 (26%) men had incident or prevalent lesions, re-

spectively (Table 1). Among randomly selected genotyped

men, the percentage of cells with LoY increased with age

across all genotyping batches (Supplementary Figure S7,

available as Supplementary data at IJE online).

Consistently with prior studies, we observed that

non-smokers had a lower percentage of cells with LoY

compared with former (P¼ 0.043) smokers, but this

Table 1 Characteristics of genotyped male HEALS participants included in analyses of LoY

Randomly

selecteda

Randomly selected

and skin-lesion-freeb

Incident

skin lesions

Prevalent

skin lesions

N 778 519 270 361

Age (years)

<30 86 (11.1%) 70 (13.5%) 7 (2.6%) 16 (4.4%)

30–39 282 (36.2%) 204 (39.3%) 55 (20.4%) 92 (25.5%)

40–49 241 (31.0%) 147 (28.3%) 106 (39.3%) 136 (37.7%)

50–59 135 (17.4%) 83 (16.0%) 78 (28.9%) 93 (25.8%)

>59 34 (4.4%) 15 (2.9%) 24 (8.9%) 24 (6.6%)

Body mass index (kg/m2)

<17.5 195 (25.1%) 120 (23.1%) 72 (26.9%) 111 (31.0%)

17.5–18.8 193 (24.8%) 116 (22.4%) 77 (28.7%) 92 (25.7%)

18.9–21.1 195 (25.1%) 141 (27.2%) 62 (23.1%) 94 (26.3%)

>21.1 194 (25.0%) 142 (27.4%) 57 (21.3%) 61 (17.0%)

Cigarette smoking

Never 207 (26.6%) 152 (29.3%) 54 (20.0%) 63 (17.5%)

Former 76 (9.8%) 43 (8.3%) 47 (17.4%) 59 (16.3%)

Current 495 (63.6%) 324 (62.4%) 169 (62.6%) 239 (66.2%)

Education (years)

0 281 (36.1%) 187 (36.0%) 102 (37.8%) 175 (48.5%)

1–5 258 (33.2%) 164 (31.6%) 95 (35.2%) 109 (30.2%)

6–16 239 (30.7%) 168 (32.4%) 73 (27.0%) 77 (21.3%)

Water arsenic (mg/L)

<17 195 (25.1%) 150 (28.9%) 59 (21.9%) 51 (14.1%)

17–71 191 (24.6%) 142 (27.4%) 40 (14.8%) 80 (22.2%)

72–153 196 (25.2%) 132 (25.4%) 64 (23.7%) 98 (27.1%)

>153 196 (25.2%) 95 (18.3%) 107 (39.6%) 132 (36.6%)

Arsenic dose (mg/day)

<37 195 (25.1%) 150 (28.9%) 58 (21.5%) 46 (12.7%)

37–169 194 (24.9%) 151 (29.1%) 46 (17.0%) 73 (20.2%)

170–419 194 (24.9%) 118 (22.7%) 70 (25.9%) 110 (30.5%)

>419 195 (25.1%) 100 (19.3%) 96 (35.6%) 132 (36.6%)

Urinary arsenic (mg/L)

<50 190 (24.8%) 136 (26.4%) 47 (17.9%) 67 (18.7%)

50–103 192 (25.1%) 145 (28.2%) 55 (20.9%) 67 (18.7%)

104–196 191 (25.0%) 129 (25.0%) 73 (27.8%) 114 (31.8%)

>196 192 (25.1%) 105 (20.4%) 88 (33.5%) 111 (30.9%)

aFrequencies may not sum to the total due to small amounts of missing data.Randomly selected genotyped men may include participants who have or develop

skin lesions (see ‘Methods’ section).
bRandomly selected and skin-lesion-free group were considered our control group and includes randomly selected genotyped men who did not have or develop

skin lesions (i.e. free of skin lesions). HEALS, Health Effects of Arsenic Longitudinal Study; LoY, loss of Y chromosome.
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association was attenuated after adjustment for age, geno-

typing batch and other covariates (Table 2). Normal BMI

(third quartile) was associated with a lower percentage of

cells with LoY compared with underweight BMI (first

quartile) before and after adjustment (P¼ 0.0094 and

P¼ 0.050, respectively). The risk of having �5% cells with

LoY increased with age and with former smoking

(P¼ 0.023), but associations with smoking were attenu-

ated after covariate adjustment.

Arsenic exposure is associated with increased

percentage of cells with LoY

Over 80% of men included in our analysis (n¼1109) con-

sumed arsenic-contaminated water with arsenic concentra-

tions above the WHO action level of 10mg/L. Among

randomly selected genotyped men, increasing arsenic expo-

sure was associated with increased percentage of cells with

LoY (Table 3). Compared with the lowest quartile, the

highest quartile of water arsenic and arsenic dose were as-

sociated with an increased percentage of cells with LoY

(P¼ 0.0054 and P¼ 0.010, respectively). The third quar-

tile of urinary arsenic was associated with an increased per-

centage of cells with LoY compared with the lowest

quartile (P¼ 0.011). The percentage of cells with LoY in-

creased by 0.24 (95% CI: 0.06, 0.42) and 0.16 (95% CI:

–0.02, 0.34) across water arsenic quartiles (P¼ 0.0056)

and arsenic dose quartiles (P¼ 0.061). When we stratified

by genotyping batch, we confirmed that the relationship

between arsenic exposure and the percentage of

cells with LoY was not strongly driven by any single geno-

typing batch (Supplementary Table S2, available as

Supplementary data at IJE online). Risk of having >10%

of cells with LoY increased across quartiles of water arse-

nic by 1.93-fold (95% CI: 0.96, 3.88).

LoY and risk of arsenic-induced skin lesions

A one-unit increase in the percentage of cells with LoY was

associated with increased risk of incident skin lesions [odds

ratio (OR)¼1.10; 95% CI: 1.03, 1.18] after adjustment

(Table 4). Stratifying by genotyping batch, the percentage

Table 2 Association between LoY and selected covariates among the randomly selected genotyped male HEALS participants

(n¼778)

Percentage of cells with LoY (%) >5% of cells

Unadjusted model Full modela Unadjusted model Full modela

n Mean (SD) b (SE) P Beta (SE) P LoY OR (95% CI) P OR (95% CI) P

Age (years)

<30 86 –0.13 (3.03) Ref. – Ref. – 5 1.00 – 1.00 –

30–39 282 0.58 (3.30) 0.71 (0.41) 0.083 0.40 (0.33) 0.24 17 1.04 (0.37, 2.90) 0.94 0.53 (0.13, 2.13) 0.37

40–49 241 1.04 (3.18) 1.17 (0.42) 0.0053 0.89 (0.35) 0.011 21 1.55 (0.56, 4.24) 0.40 0.89 (0.23, 3.47) 0.87

50–59 135 1.61 (3.82) 1.74 (0.46) <0.001 1.76 (0.39) <0.001 17 2.33 (0.83, 6.58) 0.11 2.32 (0.59, 9.23) 0.23

>59 34 2.16 (3.54) 2.29 (0.68) <0.001 1.97 (0.55) <0.001 8 4.98 (1.50, 16.57) 0.0088 4.66 (0.97, 22.32) 0.054

Body mass index (kg/m2)

<17.5 195 1.39 (3.78) Ref. – Ref. – 23 1.00 – 1.00 –

17.5–18.8 193 0.86 (3.18) –0.53 (0.34) 0.12 –0.29 (0.27) 0.28 16 0.68 (0.35, 1.32) 0.25 0.85 (0.37, 1.94) 0.70

18.9–21.1 195 0.50 (2.81) –0.89 (0.34) 0.0094 –0.53 (0.27) 0.050 11 0.45 (0.21, 0.94) 0.035 0.51 (0.20, 1.34) 0.17

>21.1 194 0.82 (3.63) –0.58 (0.34) 0.093 –0.31 (0.28) 0.27 18 0.76 (0.40, 1.47) 0.42 1.02 (0.43, 2.42) 0.97

Cigarette smoking status

Never 207 0.60 (3.36) Ref. – Ref. – 14 1.00 – 1.00 –

Former 76 1.52 (3.50) 0.92 (0.45) 0.043 0.10 (0.37) 0.78 12 2.58 (1.14, 5.88) 0.023 2.81 (0.88, 8.93) 0.081

Current 495 0.92 (3.36) 0.32 (0.28) 0.25 0.19 (0.23) 0.41 42 1.28 (0.68, 2.39) 0.44 2.11 (0.82, 5.43) 0.12

Education (years)

0 281 1.14 (3.58) Ref. – Ref. – 29 1.00 – 1.00 –

1–5 258 0.72 (3.25) –0.42 (0.29) 0.15 –0.14 (0.23) 0.55 19 0.69 (0.38, 1.26) 0.23 0.81 (0.38, 1.71) 0.58

6–16 239 0.79 (3.27) –0.35 (0.30) 0.24 –0.20 (0.24) 0.42 20 0.79 (0.44, 1.44) 0.45 0.84 (0.37, 1.88) 0.67

Results from linear and logistic regression models are presented for participant covariates on percentage of cells with LoY (continuous outcome) and threshold

based on percentage of cells with LoY (i.e. 5%, binary outcome), respectively.
aAll models were adjusted for age, genotyping batch, sdLRR-chr1, mLRR-chr1, deletion status, smoking status, education status and BMI category. For cate-

gorical age, model includes categorical age instead of age. HEALS, Health Effects of Arsenic Longitudinal Study; LoY, loss of Y chromosome; OR, odds ratio;

sdLRR-chr1, standard deviation of LRR from chromosome 1; mLRR-chr1, median of LRR from chromosome 1; BMI, body mass index.
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of cells with LoY showed evidence of association with in-

creased risk of incident skin lesions in Batches 1 and 3

(Supplementary Table S3, available as Supplementary data

at IJE online). We did not observe an association between

the percentage of cells with LoY and increased risk of prev-

alent skin lesions overall or within any genotyping batch

(Supplementary Table S4, available as Supplementary data

at IJE online). Men with >5% of cells with LoY were

more than twice as likely to have incident skin lesions

(OR¼ 2.58; 95% CI: 1.29, 5.18) compared with men with

<5% of cells with LoY after adjustment for age, daily arse-

nic dose and other covariates. For both incident and preva-

lent skin lesions, there was no association between having

�10% cells with LoY and risk of these lesions, possibly

due to the low prevalence within our study population.

Given that the presence of skin lesions is associated with

mortality among Bangladeshi men, we examined mortality

among our samples and observed mortality increased with

percentage of cells with LoY (OR¼ 1.08; 95% CI: 1.03,

1.13) and having �5% cells with LoY (OR¼2.07, 95%

CI: 1.22, 3.51); however, these associations were no longer

present after adjusting for age, genotyping batch and other

covariates (Supplementary Table S5, available as

Supplementary data at IJE online).

Discussion

In this study of arsenic-exposed Bangladeshi men, we ob-

served an association between arsenic exposure assessed in

both urine and drinking water and increased risk of so-

matic LoY in peripheral blood. Although arsenic is known

to affect processes that promote carcinogenesis and con-

tribute to genomic instability (e.g. DNA repair, methyla-

tion), this is the first study to link arsenic exposure to LoY,

a potential biomarker of genomic instability, in an epide-

miological study. LoY is the most common acquired ge-

netic alteration and frequently observed form of clonal

mosaicism known to occur in humans, and this study pro-

vides further evidence that LoY can be induced by modifi-

able carcinogenic environmental exposures. We also found

suggestive evidence that LoY was associated with increased

risk of developing arsenical skin lesions, an indicator of ar-

senic toxicity and a risk factor for cancer.24

Table 3 Association between arsenic exposure and LoY within randomly selected genotyped male HEALS participants (n¼ 778)

Percentage of cells with LoY (%) >5% of cells >10% of cells

n Mean (SD) b (SE) P LoY OR (95% CI) P LoY OR (95% CI) P

Water arsenic (mg/L)

<17 195 0.39 (3.18) Ref. – 13 1.00 – 3 1.00 –

17–71 191 0.78 (3.25) 0.42 (0.27) 0.11 11 1.14 (0.41, 3.13) 0.80 2 0.72 (0.05, 10.87) 0.81

72–153 196 1.06 (3.35) 0.55 (0.27) 0.043 25 2.90 (1.16, 7.23) 0.022 2 0.36 (0.03, 5.04) 0.45

>153 196 1.35 (3.66) 0.75 (0.27) 0.0054 19 1.54 (0.60, 3.93) 0.37 9 5.38 (0.68, 42.42) 0.11

Ordinalb 0.24 (0.09) 0.0056 1.22 (0.92, 1.62) 0.18 1.93 (0.96, 3.88) 0.066

Arsenic dose (mg/day)

<37 195 0.35 (3.18) Ref. – 12 1.00 – 3 1.00 –

37–169 194 1.29 (3.58) 0.92 (0.27) <0.001 20 2.82 (1.10, 7.19) 0.030 4 1.77 (0.16, 19.08) 0.64

170–419 194 0.74 (3.22) 0.45 (0.27) 0.093 19 2.36 (0.90, 6.21) 0.082 1 0.19 (0.01, 4.34) 0.30

>419 195 1.21 (3.46) 0.70 (0.27) 0.010 17 1.30 (0.47, 3.54) 0.61 8 6.08 (0.68, 54.59) 0.11

Ordinalb 0.16 (0.09) 0.061 1.03 (0.77, 1.37) 0.85 1.69 (0.82, 3.48) 0.16

Urinary arsenic (covariate adjusted, mg/L)a

<56 191 0.42 (3.28) Ref. – 15 1.00 – 2 1.00 –

56–98 191 0.97 (3.45) 0.57 (0.27) 0.033 16 1.46 (0.59, 3.63) 0.41 4 9.15 (0.75, 111.18) 0.082

99–168 191 1.10 (3.44) 0.69 (0.27) 0.011 19 1.69 (0.68, 4.18) 0.26 4 8.56 (0.69, 106.50) 0.095

>168 191 0.95 (3.30) 0.40 (0.27) 0.14 15 0.77 (0.30, 2.00) 0.59 6 9.87 (0.79, 123.69) 0.076

Ordinalb 0.13 (0.09) 0.13 0.95 (0.71, 1.26) 0.70 1.76 (0.88, 3.52) 0.11

Results from linear and logistic regression models are presented for categorical arsenic quartile exposure on percentage of cells with LoY (continuous outcome)

and thresholds based on percentage of cells with LoY (i.e. 5% and 10%, binary outcome), respectively. All models were adjusted for age, genotyping batch,

sdLRR-chr1, mLRR-chr1, deletion status, smoking status, education status and BMI category.
aUrinary arsenic was corrected for urinary creatinine using a covariate-adjustment approach. Creatinine was adjusted for age and BMI category. See ‘Methods’

section.
bArsenic quartile exposures treated as an ordinal predictor in statistical models. Association estimate corresponds to a unit increase in the arsenic quartile.

HEALS, Health Effects of Arsenic Longitudinal Study; LoY, loss of Y chromosome; OR, odds ratio; sdLRR-chr1, standard deviation of LRR from chromosome

1; mLRR-chr1, median of LRR from chromosome 1; BMI, body mass index.
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Although this is the first human study to report an asso-

ciation between arsenic exposure and LoY, arsenic com-

pounds have been shown in vitro to induce genomic

instability and aneuploidy in human fibroblasts,54 Chinese

hamster cells55 and human lung epithelial and keratino-

cytes.56 The mechanisms of arsenic-induced carcinogenesis

are not well understood but oxidative stress, inflammation

and epigenetic alterations have been implicated as poten-

tially important mechanisms.57 Prior studies of tissues

from arsenic-exposed individuals from Argentina and

Chile point to genome instability as an observable compo-

nent of arsenic-induced carcinogenesis. Among arsenic-

exposed Andean women, urinary arsenic was associated

with increased copy number alterations in blood.58 Higher

arsenic exposure was also associated with higher levels of

chromosomal instability in bladder tumours59 and numer-

ous copy number alterations in squamous cell lung

tumors60 diagnosed in Argentinian and Chilean patients.

Arsenic-exposed individuals with skin lesions from West

Bengal had higher levels of chromosomal aberrations com-

pared with exposed individuals without lesions.61

LoY in blood may be an important biomarker to utilize

to better understand the potential carcinogenicity of envi-

ronmental exposures. Although the link between LoY in

blood and cancer risk remains to be elucidated, LoY in

blood may be a biomarker of prior carcinogenic exposure

or indicate impaired immune cells that cannot properly re-

move precancerous cells from tissues.29 Cigarette smok-

ing—a mixture of numerous carcinogens, including

arsenic—increases risk of LoY.31 Among older US men

(>65 years), PM10, a Group I carcinogen and air pollut-

ant, was associated with increased leukocyte LoY.32

Higher exposure to carcinogenic polycyclic aromatic

hydrocarbons (PAHs) was also associated with increased

LoY in middle-aged male coke oven workers.33 Although

PAHs are directly genotoxic and arsenic is not, their associ-

ations with LoY indicate that these exposures may contrib-

ute to genomic instability in blood.

The association of arsenic exposure with both LoY and

cancer risk2,5–8,24 could be attributable to one or more pro-

posed hypotheses.28,31 The first is that exposure may cause

multiple chromosomal abnormalities, including LoY, and

LoY serves as a biomarker of exposure-induced chromo-

somal damage and/or instability. These genetic abnormali-

ties (including LoY in itself) could contribute to

carcinogenesis and increase cancer risk. In this scenario,

associations between LoY and subsequent health outcomes

are not necessarily causal, as LoY may be a proxy for other

chromosomal abnormalities that promote carcinogenesis.

Furthermore, LoY in blood may be a proxy for LoY (and

other abnormalities) in other tissue types if exposures have

common effects across multiple tissues. Future studies needT
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to examine the extent to which LoY is shared across hu-

man tissues and whether environmental exposures contrib-

ute to that sharing. The second hypothesis is that LoY in

blood is an indicator (and potentially a cause) of impaired

immune function.28 Interestingly, there is ample evidence

indicating that arsenic exposure can lead to impaired im-

mune responses.62 Thus, exposures that increase LoY in

leukocytes and reduce immune surveillance could increase

cancer risk by reducing the tumour suppressor activities of

the immune system. This reduced immune surveillance

could likely have implications for a wide array of health

conditions. Additional research is needed to characterize

the relationship between LoY and immune function and

the connection to health outcomes.

Our study has several limitations. Many of our partici-

pants were aged <60 years and the frequency of LoY in

cells is expected to be lower in younger men. In addition,

there may be residual and unmeasured confounding related

to unmeasured exposures, lifestyle factors, technical geno-

typing artefacts and other factors. Although the water

from many of the wells with arsenic-contaminated ground-

water in Bangladesh may also have high levels of other

toxic metals,63 it did not appear that the water from wells

in the Araihazar area also contained high levels of these

metals that could modestly contribute to the observed as-

sociation between arsenic and LoY. Within HEALS, a

small study found that urinary cadmium, lead and other

metal levels (besides arsenic) were low in HEALS and

within US reference ranges, indicating that this population

is not likely co-exposed to other toxic metals at high lev-

els.64 It is important to acknowledge that this is a single

measurement of LoY taken at baseline and technical arte-

facts related to genotyping and cell-type distribution could

contribute to measurement error in LoY estimates. Our

study cannot evaluate the impact of arsenic on the longitu-

dinal change in LoY. We analysed the association between

arsenic exposure and LoY among randomly selected

genotyped men to minimize selection biases. Analyses of

skin-lesion risk and LoY are also not likely to be influenced

by selection bias given the case–cohort design of our geno-

typing study in which we attempted to genotype all skin-

lesion cases. Although our LoY estimates were obtained

from genotyping array data, prior studies have shown that

LoY estimated from genotyping arrays is highly concor-

dant with estimates from next-generation sequencing28

and qPCR.65 Additionally, the estimated proportion (3%)

of men included in our analysis that had �10% cells with

LoY in their blood is consistent with a prior estimate that

5% of men at age 50 years have >10% of cells with

LoY.66 Our study’s strengths included a broad range of ar-

senic exposure taken at baseline that also reflects a rela-

tively constant exposure, especially when measured in

water, multiple approaches for assessing arsenic exposure

and a large sample of arsenic-exposed individuals with

genotyping data.

In conclusion, we provide evidence that arsenic expo-

sure, assessed in both urine and drinking water, is associ-

ated with increased LoY in peripheral blood among

Bangladeshi men. LoY showed suggestive evidence of an

association with increased risk of incident skin lesions—a

hallmark of chronic arsenic exposure and risk factor for

cancer in arsenic-exposed individuals. Based on these find-

ings, we consider LoY to be a promising candidate bio-

marker of the effect of arsenic exposure and susceptibility

to arsenic toxicity.
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