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Abstract
Extensive epidemiological studies in Taiwan, Chile, and Bangladesh have shown that chronic arsenic exposure is 
associated with increased incidence and prevalence of skin lesions, cancers, as well as non-malignant disorders such as 
hypertension, diabetes mellitus, cardiovascular diseases, and respiratory diseases. However, the underlying mechanisms 
of how arsenic facilitates vascular disorders and diabetes remained unclear. To understand biochemical mechanisms 
related to arsenic-induced non-malignant diseases, we have examined the relationships between disease-related blood 
biomarkers and arsenic exposure levels in the arsenic-contaminated area in the western region of Bangladesh. In this 
review, we presented a summary of the findings of our studies in Bangladesh and discussed their significances in 
comparison with epidemiological observations in Taiwan and Chile. We have identified arsenic-induced changes in 
the biomarkers reflecting oxidative stress, inflammation, dyslipidemia, vasoconstriction, monocyte adhesion, and 
angiogenesis, all related to promoting atherosclerosis and hypertension. Determinations of glucose intolerance, serum 
insulin and creatinine, and lean body mass suggested a potential role of arsenic-induced skeletal muscle atrophy and 
its association with insulin resistance. Respiratory function tests and measurements of serum immunoglobulin E 
and cytokines showed that arsenic-induced T helper 2 (Th2)-dominant immunomodulation might predispose to 
developing Th2-high type asthma. Thus, the investigation of disease-related biomarkers allowed us to provide novel 
insight into biochemical mechanisms of arsenic-associated increases in non-malignant diseases.
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molecule-1; IFN-γ, interferron-γ; IgE, immunoglobulin E; IGT, impaired glucose tolerance; IL, interleukin; LBM, lean body 
mass; LDL, low-density lipoprotein; LOX-1, lectin-like oxidized LDL receptor-1; MMP, matrix metalloprotease; NO, nitric oxide; 
NOX2, NADPH oxidase 2; OR, Odds ratio; oxLDL, oxidized low-density lipoprotein; RAO, reversible airway obstruction; 
senescence-associated secretory phenotypes, SASP; SBP, systolic blood pressure; SMR, standardized mortality ratios; sTM, 
soluble thrombomodulin; Th2, T helper 2; TNF-α, tumor necrosis factor-α; VCAM-1, vascular cell adhesion molecule-1; VEGF, 
vascular endothelial growth factor

1. Introduction
Since ancient times, arsenic has long been known as a poison and used for purposes such as assassination because of its colorless, 

tasteless, and odorless nature. Today, however, arsenic has become an environmental pollutant harming people globally. Arsenic 
pollution occurs mainly from groundwater naturally contaminated by the arsenic leached from the earth's crust, contrasting 
with other toxic metals, such as cadmium, mercury, and lead, originating mainly from mines and industrial products and wastes. 
Health hazards due to groundwater-derived arsenic have been reported in Taiwan, Bangladesh, India, China, and Mongolia 
in Asia and Chile, Argentina, and Mexico in Central and South America. It is estimated that more than 200 million people 
worldwide are exposed to arsenic from drinking water containing arsenic over 10 μg/L, the permissible limit set by WHO [1].

Health hazards caused by chronic arsenic exposure include skin lesions, such as hyperpigmentation, depigmentation and 
keratosis, and cancers of the skin, liver, lung, bladder, and kidneys [2,3]. Chronic arsenic exposure is also linked to non-malignant 
diseases such as cardiovascular diseases (CVDs) [4], diabetes mellitus (DM) [5], and respiratory diseases [6]. However, the causal 
relationships between arsenic exposure and these common diseases and the underlying mechanisms have yet to be clarified because 
many confounding factors are involved in these lifestyle-related diseases.

Although arsenic contamination is a global issue, Taiwan, Chile, and Bangladesh have suffered from particularly severe 
arsenic-related health problems, including non-malignant diseases, each having different modes of arsenic exposure and disease 
development. In the southwestern region in Taiwan, exposure to extremely high concentrations of arsenic from well-water for 
a long time caused a severe peripheral vascular disorder called black foot disease. In a city in Chile, tap water contamination by 
arsenic occurred from 1958 to 1970. More than 40 years’ follow-up studies in Chile have demonstrated delayed health effects on 
CVDs, DM, and respiratory functions even after arsenic contamination had ceased. In Bangladesh, where more than eight million 
tube-wells have been installed throughout the country, an unprecedented scale exposure to arsenic has occurred and is continuing. 

We have been investigating the health effects of chronic arsenic exposure among the residents in arsenic-contaminated areas in 
western Bangladesh, focusing on non-malignant diseases. This review will discuss possible mechanisms underlying arsenic-induced 
non-malignant diseases based on our human studies in Bangladesh. First, we briefly describe the findings of other epidemiological 
studies on the effects of chronic arsenic exposure on non-malignant diseases in Taiwan and Chile. It will clarify the similarities 
and differences among the three countries, including dose levels, exposure durations, and the effects of confounding factors such 
as obesity. Although arsenic exposure similarly elevated the risks of CVDs and DM in the three countries, detailed mechanistic 
approaches have not been fully achieved in Taiwan or Chile because arsenic exposure had occurred more than 50 years ago (Fig. 
1). In Bangladesh, where exposure to arsenic is still ongoing, we were able to use blood biomarkers to examine the mechanisms 
by which arsenic increases the risks of non-malignant diseases.

2. Black foot disease in Taiwan
Arsenic-induced black foot disease (BFD) occurred in the coastal area north of Tainan City in southwestern Taiwan (Fig. 1). 

BFD was found among the people using artesian wells to pump up the groundwater from 120-180 m depth, which contained 
high concentrations of arsenic [7]. They began to use the deep-well groundwater in the 1920s because the groundwater from 
shallow wells (12-18 m depth) was salty in this coastal area. The average arsenic concentration in the groundwater collected from 
the BFD-endemic area in 1959 was 780 μg/L, ranging from 350 to over 1050 μg/L [8]. The incidence of BFD peaked during 
1956-1960, indicating that exposure to high-level arsenic for more than 30 years resulted in developing BFD [9]. 

BFD is a peripheral vascular disease with characteristic blackened skin of the lower limbs, which eventually progresses to 
ulceration and gangrene in the toes and feet, forcing many patients to have their toes and feet amputated. BFD patients also 
showed typical symptoms of arsenic poisoning, including skin pigmentation and keratosis. A 15-year follow-up study of 789 BFD 
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patients showed that the standardized mortality ratios (SMRs) for skin, lung, bladder, and liver cancers were 4.5, 2.8, 2.6, and 
2.5, respectively, compared to the general population in Taiwan [10]. The SMRs of peripheral vascular disease and cardiovascular 
disease were 3.5 and 1.6, respectively. The prevalence of ischemic heart disease increased dose-dependently in the BFD-endemic 
areas [11]. The elevated prevalence of DM [12,13] and hypertension [14] was also found in the BFD-endemic area compared 
with the non-endemic area. Thus, many cancerous and non-cancerous diseases, currently recognized as arsenic-related diseases, 
had already been observed in the BFD-endemic area in Taiwan [7].

Pathological examination of the amputated parts of extremities from 51 BFD patients provided insight into the etiology of 
BFD [7,15]. Notably, histopathological manifestations of all BFD patients were similar to the well-known peripheral arterial 
diseases; 70% of the patients exhibited symptoms similar to arteriosclerosis obliterans, and 30% did thromboangiitis obliterans. 
Arteriosclerosis obliterans are characterized by blood vessel occlusion due to extensive accumulation of atherosclerotic plaques, 
causing limited blood flow to the lower extremities and, eventually, necrosis and gangrene of the toes and feet. Thromboangiitis 
obliterans is another type of peripheral arterial disease characterized by inflammation of the artery walls, causing the development 
of clots and eventually the occlusion of blood vessels in the toes and fingers. Although thromboangiitis obliterans is not directly 
related to atherosclerosis, examinations of the autopsy cases, who had thromboangiitis obliterans, showed extensive atherosclerosis 
in the arteries of the other organs [7]. Thus, both types of BFDs are occlusive vascular diseases with the extensive formation of 
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Fig. 1. (A)  Maps of Taiwan, Bangladesh, and Chile. A, The black foot disease-endemic area in Taiwan; B, Araihazar, C, Matlab, and D, 
our research areas in Bangladesh; E,  Antofagasta in Chile.

 (B)  Roughly estimated duration of arsenic contamination in Taiwan, Chile, and Bangladesh.
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atherosclerosis-related clots, leading to necrosis and gangrene of the lower limbs.
Based on histopathological observations of BFD, arsenic is thought to cause vascular lesions such as atherosclerosis and 

inflammation of blood vessels. Diabetes and hypertension are also the risk factors driving arteriosclerosis obliterans; terminally 
ill diabetic patients may develop arteriosclerosis obliterans, resulting in amputating the lower limbs, even without arsenic 
contamination. Because the prevalence of DM and hypertension was high in the BFD-endemic area [12-14], the arsenic-induced 
peripheral arterial lesions might have been further accelerated by DM and hypertension.

Since the overt BFD has been rarely observed in the other arsenic-contaminated areas than Taiwan, it was initially speculated 
that additional unknown factors unique to this region of Taiwan might be involved in this rare disease. However, many human 
and experimental studies have provided evidence of atherosclerotic changes caused by arsenic exposure [16,17]. In Taiwan, the 
high concentrations (780 μg/L on average) of arsenic in water and the long duration of exposure (20-30 years) might have caused 
BFD, the severest case of atherosclerotic and inflammatory vascular lesions. However, the mechanisms of how arsenic caused 
atherosclerosis, hypertension, and DM in humans remained unclarified.

3. Long-term follow-up studies in Chile
In the South American countries, including Chile, arsenic leaching from volcanic rocks of the Andes Mountains has caused 

contamination of rivers, lakes, and groundwater. Particularly, in Antofagasta city in northern Chile (Fig. 1), significant health 
problems occurred due to the contamination of the municipal tap water that used arsenic-contaminated river water as a water 
source. Residents were exposed to about 860 μg/L arsenic via tap water for 12 years from 1958 to 1970. In 1971, a facility for 
removing arsenic was installed in the water supply system, and the exposure to high concentrations of arsenic ended [18,19]. 
Since there was no alternative water source, most residents in Antofagasta consumed the tap water containing approximately 
the same concentration of arsenic during the same period. Such a unique situation has offered a rare opportunity to conduct 
epidemiological studies with a certainty of information on arsenic exposure levels and durations.

The follow-up studies on the residents in Antofagasta, especially those born between 1958 and 1970, have demonstrated that 
arsenic exposure in utero and early childhood increased the incidences of cancers and non-malignant diseases 20-40 years later 
[18, 19]. The age-adjusted mortality rates from ischemic heart disease, especially acute myocardial infarction, were increased in 
males in the arsenic-contaminated regions more than 20 years after the cessation of high-level arsenic exposure [20]. SMRs for 
acute myocardial infarction among the people born in 1950-1957 were highest at the age of 40-49, and those born in 1958-1970 
were highest at the age of 30-39. These results suggest that high-level arsenic exposure in utero or early childhood increased the 
risk of mortality from myocardial infarction even 20-30 years after the cessation of arsenic exposure. 

A case-control study conducted in 2007-2010 showed that higher levels of arsenic exposure elevated the risk of hypertension 
[21]. The relationship between DM and arsenic exposure was also examined using the same data sources. The odds ratios (ORs) 
for DM after adjustment for sex, age, and BMI were higher in the highest arsenic exposure group than the low exposure group 
in tertiles [22]. However, the BMI-stratified analysis showed a significant increase in the OR of DM by arsenic exposure only in 
the group with BMI >30. These results suggest that arsenic exposure potentiated the risk of DM, which is primarily associated 
with obesity.

Early-life exposure to arsenic also caused increased mortality from bronchiectasis, the end-stage pulmonary disease with 
abnormal bronchial dilatation and epithelial inflammation. Mortality from bronchiectasis at the age of 30-49 years among the 
residents born in Antofagasta between 1958 and 1970 was markedly higher than the mortality in the general population in 
Chile [23]. The residents born in Antofagasta during 1958-1970 showed elevated prevalences of shortness of breath, persistent 
cough, and persistent sputum when examined during 2009-2011 [24]. The prevalence of asthma and chronic bronchitis slightly 
increased but was not statistically significant. The FVC (forced vital capacity) in non-smokers in the residents of Antofagasta 
was lower than that in the uncontaminated area [25]. However, the BMI-stratified analysis showed that only the non-smokers 
with BMI >30 showed significantly lowered FVC.

Thus, decades-long follow-up studies in Antofagasta, Chile, have demonstrated that early-life exposure to arsenic increased 
the risk of cancers, CVDs, DM, and respiratory diseases in later life. In addition, confounding effects of obesity on arsenic-
associated diseases have been observed.
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4. A large-scale arsenic poisoning in Bangladesh
Bangladesh has undergone an unprecedented scale of arsenic poisoning. Since the country's independence in 1971, a tremendous 

number (finally more than 8 million) of tube-wells have been installed with the support of UNICEF to provide pathogen-free 
water instead of surface water from ponds and rivers. Owing to these wells, the incidence of waterborne diseases had decreased. 
However, nationwide groundwater contamination with arsenic was recognized in the 1990s. Arsenic-contaminated groundwater 
over 50 μg/L arsenic (the limit set by the Bangladesh government) has been found in 61 out of 64 districts in Bangladesh [26], 
and the population exposed to arsenic was estimated to be more than 35 million [27]. Due to the difficulties in installing arsenic 
removal equipment in millions of wells and the low coverage of tap water, especially in rural areas, a large population is still 
obliged to use arsenic-contaminated well-water. The prevalence of lifestyle-related disorders such as hypertension and DM is high 
in the arsenic-contaminated areas in Bangladesh, where obesity is low, almost nobody drinks alcohol due to religious reasons, 
and women do not smoke. 

Two large-scale prospective cohort studies have been carried out to examine the health effects of chronic arsenic exposure in 
Bangladesh. In Matlab, located 53 km southeast of Dhaka (Fig. 1), the International Centre for Diarrheal Disease Research, 
Bangladesh (icddr, b) has maintained a Health and Demographic Surveillance System covering 142 villages since 1966. Arsenic 
concentrations in half of the wells in Matlab were higher than 150 μg/L, and about 40% were in a range of 150-500 μg/L [27]. 
In Araihazar, located close to Dhaka (Fig. 1), approximately 12,000 residents have participated in the Health Effects of Arsenic 
Longitudinal Study (HEALS) since 2000 [28]. Arsenic concentrations in about 80% of the wells in Araihazar were less than 180 
μg/L, representing low-to-moderate level arsenic exposure. Studies conducted in the two areas have provided extensive findings 
regarding the effects of chronic arsenic exposure on skin lesions, cancers, and non-malignant diseases [29,30]. 

Since 2009, we have started studying the health effects of arsenic exposure in the western region of Bangladesh, including Jessore, 
Chuadanga, and Kushtia districts (Fig. 1). Several hundred km from big cities like Dhaka, these rural areas were largely left out 
of groundwater mitigation, and most residents continue to use arsenic-contaminated groundwater with average concentrations 
of 170-190 μg/L ranging from low to high (up to about 1,000 μg/L) levels [16,31,32]. Naogaon district in the northwestern 
part was included as a non-endemic low-arsenic area. Because the villages to be surveyed are scattered over a large area, we took 
a cross-sectional approach. The total number of participants was small initially but increased gradually during the past ten years 
to more than 800 [33]. 

Unlike Taiwan and Chile, arsenic exposure is still ongoing, especially in rural areas like our study areas in Bangladesh. This 
situation has rendered us opportunities to examine the changes of disease-related biomarkers induced by the recent exposure 
to arsenic. In Bangladesh, groundwater is also used for rice-field irrigation, and the per capita rice consumption is very high. 
Hence, determining water arsenic concentrations in each well is insufficient to assess the individual arsenic exposure levels. To 
overcome this problem, we measured arsenic concentrations in the residents’ hair and nails, which reflect relatively long-term 
arsenic intake [34,35], in addition to their drinking water. We have attempted to examine dose-response relationships between 
these individual-level arsenic exposure indicators and the changes in biomarkers for various diseases to clarify the mechanisms 
underlying arsenic-induced disease development in humans. The results of our studies thus far published [16,31-33,36-46] are 
summarized in Table 1.

5. Changes in biomarkers related to CVDs by arsenic exposure
Prospective cohort studies conducted in Matlab in Bangladesh have reported that arsenic exposure increased mortality from 

CVDs [47,48].  Another cohort study among the participants in HEALS has also shown that arsenic exposure increased mortality 
from ischemic heart disease and other forms of heart diseases [49]. Prevalence of hypertension was increased dose-dependently 
by arsenic exposure in Matlab [50]. A seven-year follow-up study among the participants in HEALS showed that age-dependent 
increases in blood pressure were accelerated by arsenic exposure [51]. Our studies have also shown that the average levels of SBP 
and DBP and the prevalence of hypertension among the subjects in the arsenic-contaminated areas were significantly higher 
than those in the non-contaminated area [16,31,32,39,42]. 

As a blood biomarker for hypertension, we focused on endothelin-1, a vasoconstrictor secreted from vascular endothelial cells. 
Since the half-life of endothelin-1 in the blood is very short, we measured the plasma levels of its precursor, Big-endothelin-1, 
which has a longer half-life in the blood.  We found that plasma levels of Big-endothelin-1 were higher among the subjects in the 
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arsenic-contaminated areas than those in the non-contaminated area and significantly higher in hypertensive than in normotensive 
individuals [31]. Arsenic concentrations in drinking water, hair, and nails all showed significant positive correlations (r >0.4) with 
plasma Big-endothelin-1 concentrations. It is known that blood endothelin-1 levels reflect abnormalities in vascular endothelial 
cells and are elevated in patients with CVDs and DM [52,53]. Our results suggest that arsenic exposure enhanced secretion of 
endothelin-1 from the damaged vascular endothelial cells, contributing to the elevation of blood pressure. 

We next investigated the relationships between arsenic exposure indicators and the concentrations of blood lipids, inflammation 
markers, and soluble forms of adhesion molecules related to atherosclerosis [16]. We found that plasma levels of triglycerides and 
total cholesterol were not increased by arsenic exposure. However, oxidized LDL (OxLDL) levels were increased, HDL levels 
were decreased, and the ratios of OxLDL/HDL were increased in an arsenic concentration-dependent manner, suggesting the 
involvement of reactive oxygen species (ROS) induced by arsenic. We also found that plasma levels of C-reactive protein (CRP), 
an indicator of inflammation, and circulating adhesion molecules, such as soluble VCAM-1 (sVCAM-1) and sICAM-1, were 
elevated dose-dependently by arsenic exposure. The reduced levels of HDL, which has antioxidant properties, may fail to suppress 
LDL oxidation and OxLDL accumulation in macrophages [54]. These results suggest that arsenic accelerates the initiation 
process of atherosclerosis via enhancing oxidative stress and inflammation and activating circulating monocytes’ adhesion to 
endothelial cells and transmigration to the intima (Fig. 2). 

Based on our results and recent evidence on the processes of atherosclerosis supporting our results [55-66], we propose the 
mechanisms of arsenic-induced vascular damages as illustrated in Fig. 2. Arsenic was shown to activates NADPH oxidase 2 
(NOX2) in vascular endothelial cells, promoting ROS formation [55,56]. ROS-induced OxLDL activates endothelial cells 
via binding to LOX-1, the receptor for OxLDL expressed in endothelial cells [57,58] in addition to the engulfment by intimal 
macrophages. The internalization of OxLDL via LOX-1 plays a crucial role in initiating atherosclerosis by activating various 
downstream genes in endothelial cells, including VCAM-1, ICAM-1, endothelin-1, and CRP, with concomitant production 
of ROS [59-62]. The secreted endothelin-1 and CRP, in turn, enhance the expression of LOX-1 and increases OxLDL uptake 

Table 1.  Lists of biomarkers and their changing tendencies dependent on arsenic exposure in our 
studies in western Bangladesh

Blood biomarkers Changes caused by arsenic exposure Ref.
Choline esterase Choline esterase ↓ 36
Lactate dehydrogenase (LDH) LDH ↑ 37
Alanine succinate transferase (AST),  
Alanine lactate transferase (ALT)

AST ↑, ALT ↑ 38

Big endothelin-1 (precursor of endothelin-1) Big endothelin-1 ↑ 31
Triglyceride, Total cholesterol, LDL, HDL, 
Oxidized LDL (OxLDL), C-reactive protein 
(CRP), sVCAM-1, sICAM-1

OxLDL ↑, HDL ↓, OxLDL/HDL ratio ↑,   
CRP ↑, sVCAM-1 ↑, sICAM-1 ↑

16

Uric acid Uric acid ↑ 39
Vascular endothelial growth factor (VEGF) VEGF ↑ 40
Matrix metalloproteases (MMP) MMP-2 ↑, MMP-9 ↑ 41
Long interspersed nuclear element-1 (LINE-1) Methylation of LINE-1 ↓ 42
sThrombomodulin (sTM) sTM ↑ 32
Fasting blood glucose (FBG), 2h-blood glucose 
at glucose tolerance test

FBG ↑, 2h-blood glucose ↑  
Odds ratio of hyperglycemia ↑ in females

43

Brain-derived neurotrophic factor (BDNF) Cognitive function test ↓, BDNF ↓ 44
Total IgE FEV1 ↓, FEV1/FEV6 ↓, Reversible airway 

obstruction ↑, Asthma-like symptoms ↑,  
Total IgE ↑

33

FBG, Insulin, Creatinine FBG ↑, Insulin ↑, HOMA-IR ↑,  
Creatinine ↓, Lean body mass ↓

45

IL-4, IL-5, IL-13, IFN-γ, TNF-α, Eotaxin IL-4 ↑, IL-5 ↑, IL-13 ↑, Eotaxin ↑ 46
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and downstream gene expression, forming a reinforcing loop [61,63,64]. Notably, treatment of cultured endothelial cells with 
arsenic was shown to increase the expression of LOX-1, thereby accelerating the binding of OxLDL to LOX-1 and downstream 
pathways [65]. Another experimental study showed that the administration of arsenic to mice enhanced ROS-mediated expression 
of VCAM-1 in endothelial cells [66]. We have determined plasma levels of Big-endothelin-1, the precursor to endothelin-1, 
as a vasoconstrictor in our previous study [31]. However, recent evidence has shown that endothelin-1 plays a broader role in 
developing both atherosclerosis and hypertension. 

We also examined other biomarkers related to vascular disorders and CVDs, including vascular endothelial growth factor 
(VEGF), matrix metalloprotease-2 (MMP-2), MMP-9, uric acid, and soluble thrombomodulin (sTM). It is known that VEGF 
and MMPs play critical roles in cancer cell infiltration and invasion, and angiogenesis in cancer tissue [67,68]. VEGF has also 
been shown to promote angiogenesis within atherogenic plaques and cause plaque instability in advanced atherosclerosis 
[69,70]. Intraplaque VEGF expression is induced by hypoxia in the advanced plaques [69], but the OxLDL-LOX-1 interaction 
also upregulates VEGF expression in endothelial cells [71] (Fig. 2). MMP-2 and MMP-9 contribute to the degradation of the 
extracellular matrix, leading to remodeling of the vasculature and instability of plaques [72]. We found that arsenic exposure 
dose-dependently increased serum VEGF, MMP-2, and MMP-9 levels among our study subjects in the arsenic-contaminated 
areas [40,41]. These results suggest that either arsenic directly upregulated the expression and production of these molecules, 
contributing to advancing atherosclerosis, or that the elevations of these molecules in serum merely reflected the consequences 
of arsenic-induced advancement of atherosclerosis. Furthermore, the elevated serum VEGF, MMP-2, and MMP-9 levels may 
partly reflect arsenic-induced cancer cell infiltration, if any.

Because blood levels of uric acid and sTM are known to be elevated in patients with vascular disorders [73-75], we also 
determined the concentrations of these circulating molecules. Under physiological conditions, uric acid plays the role of 
antioxidant, but higher levels of uric acid promote ROS formation in endothelial cells and induce endothelin-1 expression [75]. 
We found plasma uric acid levels among our study subjects in the arsenic-contaminated areas were higher than those in the non-
contaminated area [39]. Hypertensive individuals showed higher levels of plasma uric acid than normotensive individuals in the 
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arsenic-contaminated areas, suggesting the association of uric acid with vascular dysfunctions. Thrombomodulin at the surface 
membrane of endothelial cells plays an antithrombotic role, but the serum levels of sTM reflect the proteolytic degradation of 
thrombomodulin due to endothelial damages [76]. The serum levels of sTM were shown to be elevated in patients with peripheral 
vascular diseases [73,74]. We found that serum levels of sTM were elevated among our study subjects in the arsenic-contaminated 
areas with significant correlations with blood pressure and serum levels of sVCAM-1 and sICAM-1 [32].

Thus, examining the vascular lesion-related blood biomarkers allowed us to find dose-dependent changes in these biomarkers 
by arsenic exposure. All these data suggest that arsenic is a vascular toxicant affecting the expression of various target molecules 
related to hypertension and atherosclerosis in endothelial cells.

6. Arsenic-induced DM and insulin resistance
A link between arsenic exposure and DM has been observed in Taiwan, Chile, Mexico, India, and Bangladesh. Previous 

studies in Bangladesh have shown that fasting blood glucose (FBG) or HbA1c levels were elevated by arsenic exposure [77-79]. 
A study conducted among the participants of HEALS failed to show significant associations of arsenic exposure with HbA1c 
levels, possibly due to the low-to-moderate arsenic concentrations in the well-water (most of them <300 μg/L ) in this area [80].

In our study, a glucose tolerance test (GTT) was carried out in addition to FBG determination [43]. We divided the subjects 
into tertile of low (<10.6 μg/L), moderate (10.6 – 168 μg/L), and high (168 – 1000 μg/L) exposure groups based on water 
arsenic concentration. Both FBG and the blood glucose levels 2 hr after the loading of 75 g glucose increased significantly as 
the arsenic exposure levels increased, suggesting an impaired glucose tolerance (IGT). DM was diagnosed based on GTT results 
according to the WHO’s criteria. The ORs of DM were 3.00 (1.39-6.45) in the moderate and 3.63 (1.7-7.76) in the high arsenic 
exposure group after adjustment for sex, age, BMI, and smoking status. Similar associations were observed with hair and nail 
arsenic concentrations. Sex showed significant confounding effects on the associations, and the prevalences of hyperglycemia 
and IGT were higher in females than in males. 

IGT is caused by either reduced insulin secretion or elevated insulin resistance; the latter generally develops at the initiation 
phase among most patients with type 2 DM. However, the mechanisms underlying arsenic-related DM remain elusive. Both 
possibilities that arsenic causes pancreatic damage, leading to reduced insulin secretion, and that arsenic disturbs insulin signaling in 
glucose-uptaking tissues, causing insulin resistance, have been proposed and argued [5,81]. We, therefore, determined serum insulin 
concentrations among the subjects who participated in the previous DM study [43]. Based on serum insulin concentrations, 
HOMA-IR, an indicator of insulin resistance, and HOMA-β, an indicator of decreased pancreatic function, were calculated. 
We found that serum insulin and HOMA-IR levels were significantly higher in the high arsenic exposure group than in the low 
exposure group [45]. Even the moderate exposure group showed significant increases in serum insulin and HOMA-IR levels in 
females. For the first time, these results provided evidence indicating that arsenic-induced hyperglycemia and DM are primarily 
related to elevated insulin resistance among the populations exposed to moderate-to-high levels of arsenic.

Further analyses of serum biomarkers enabled us to find the involvement of skeletal muscle atrophy as a possible cause for 
developing insulin resistance by arsenic exposure. Initially, we measured serum creatinine levels to see if DM caused kidney 
damages. However, almost none of the subjects showed an increase in serum creatinine concentration. Instead, serum creatinine 
concentrations decreased dose-dependently by arsenic exposure [45]. Consistent with our results, another study in Bangladesh 
also reported that serum creatinine levels among the residents in the arsenic-contaminated area were lower than those in the 
non-contaminated area [82]. Under conditions with no renal dysfunction, serum creatinine levels generally reflect skeletal muscle 
mass [83]. We also found that the levels of lean body mass (LBM), another surrogate marker for skeletal muscle mass, were 
significantly lower in the high exposure group than the low exposure group. The dose-dependent decreases in serum creatinine 
and LBM levels suggest that chronic arsenic exposure might have caused skeletal muscle atrophy.

We also found an inverse association of skeletal muscle mass with insulin resistance. When the subjects were divided into 
tertiles based on their serum creatinine or LBM levels, FBG and HOMA-IR levels increased with decreased serum creatinine 
and LBM levels [45]. These results suggest that arsenic-induced skeletal muscle atrophy is a likely cause of inducing insulin 
resistance. Although there were no sex differences in arsenic-induced reduction in skeletal muscle mass, the contributions of 
the muscle mass loss to the increases in FBG and HOMA-IR levels were more evident in females than males [45]. The higher 
risk of hyperglycemia in females observed in our previous study [43] may be explained, at least partly, by the higher sensitivity 
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of females to the effects of skeletal muscle atrophy on insulin sensitivity.
Skeletal muscle, the largest tissue in the body, plays a vital role in absorbing postprandially increased blood glucose. The 

interaction of DM and sarcopenia, the conditions of skeletal muscle loss and weakness with advanced aging, is currently attracting 
global attention [84]. Many clinical studies have been concerned about the worsening of diabetic symptoms by aging-associated 
sarcopenia. On the other hand, several prospective cohort studies have reported that the individuals with low serum creatinine 
levels at the beginning or those whose serum creatinine levels declined during the study period showed an increased risk of 
developing DM later, suggesting the role of skeletal muscle reduction in initiating DM [83,85-89]. Because our study on the 
association of muscle mass and insulin resistance is cross-sectional, we could not conclude that skeletal muscle mass atrophy is a 
preceding event causing insulin resistance. However, the average ages of our study subjects were below 40 [43,45], suggesting a 
lower possibility of aging-related sarcopenia. Furthermore, experimental studies have shown that arsenic affected the regeneration 
of the muscle [90] and mitochondrial morphology and functions of the muscle in mice [91], supporting our human studies. 
Our study highlighted the novel role of muscle as a target organ of arsenic toxicity and its relation to insulin resistance.

Skeletal muscle is also a target of endothelin-1. Endothelin-1 suppresses glucose uptake in skeletal muscle [92] and induces 
insulin resistance in skeletal muscle [93,94]. Since the high-level glucose is known to cause elevated production of endothelin-1 in 
endothelial cells [95], hyperglycemia may further facilitate endothelin-1-induced insulin resistance in skeletal muscle. Thus, the 
elevation of blood endothelin-1 levels among the arsenic-exposed individuals, which we found in our previous study [31], may 
be associated with multiple events, including hypertension, atherosclerosis, and skeletal muscle-related insulin resistance (Fig. 2).

7. Arsenic-induced respiratory dysfunctions involving immunomodulation 
In Bangladesh, the incidence of respiratory symptoms, such as repeated cough, breathing problems, or blood in their sputum, 

increased in the arsenic-exposed subjects who participated in HEALS [96]. The respiratory functions determined by spirometric 
measures such as FEV1 (forced expiratory volume in one second) and FVC were also decreased by arsenic exposure among the 
participants in HEALS exposed to low-to-moderate level arsenic [97].

Since many people in our study areas also showed respiration difficulties, we conducted respiratory function tests using a 
portable spirometer (Hi-checker) and interviews regarding respiratory symptoms [33]. FEV6 was used as a surrogate for FVC. 
Reduction in FEV1/FEV6 suggests obstructive lung diseases, such as chronic obstructive pulmonary disease (COPD) and asthma. 
Although discriminating COPD and asthma has many difficulties in clinical settings, the recovery of FEV1 more than 12% after 
dosing a bronchodilator is internationally used as the indicator of reversible airway obstruction (RAO), a characteristic feature 
of asthma. We, therefore, examined the frequencies of airway obstruction (FEV1/FEV6 <0.73), RAO (FEV1/FEV6 <0.73 
plus FEV1 recovery >12% by bronchodilator), and the presence of all four asthma-like symptoms (repeated cough, wheezing, 
shortness of breath, and chest tightness). Of 842 subjects participating in our study, 97, 70, and 87 showed airway obstruction, 
RAO, and all four asthma-like symptoms, respectively. The ORs of the airway obstruction, RAO, and asthma-like symptoms 
in moderate and high arsenic exposure groups were 1.94 and 3.65, 1.76 and 3.81, and 2.04 and 3.69, respectively, compared to 
the low exposure group (referent). The dose-dependent increases in the ORs of the RAO and asthma-like symptoms suggest 
that arsenic exposure is likely to enhance the risk of airway obstruction, especially asthma [33]. 

Asthma is not a single entity disease but includes multiple phenotypes and mechanistic pathways (endotypes). Our study showed 
that the average concentration of serum IgE in the subjects showing RAO was about two times higher than the rest of the study 
participants, suggesting a possibility of allergic (atopic) asthma [33]. Allergic asthma overlaps with the Th2-high endotype, the 
major type of asthma that involves the activation of Th2 cytokines and Th2-related inflammatory cascades in the airway [98,99]. 
When allergens are recognized by dendric cells in the lung, naïve CD4+ T cells differentiate to the Th2 phenotype and secrete 
Th2 cytokines such as IL-4, IL-5, and IL-13 [100]. IL-4 and IL-13 activate the switching of B cells to plasma cells producing 
IgE, and IgE activates mast cells, leading to enhanced histamine secretion. IL-5 stimulates the maturation of eosinophils in the 
bone marrow and facilitates the recruitment of eosinophils to the airway, resulting in elevated inflammation in the lung [101]. 
Eotaxin (CCL11), a chemokine, also promotes recruiting eosinophils and Th2 cells to the site of inflammation in the airway [102]. 

Hence, we determined serum levels of Th1 cytokines, IFN-γ and TNF-α, and Th2 cytokines, IL-4, IL-5, and IL-13 among 
the subjects in the previous asthma study [33]. We also determined serum levels of eotaxin. Results showed that serum levels 
of IL-4, IL-5, IL-13, and eotaxin among the residents in the arsenic-contaminated areas were significantly higher than those in 
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the non-contaminated area [46]. In contrast, serum levels of IFN-γ and TNF-α were similar between arsenic-exposed and non-
exposed subjects. When the subjects with RAO and without RAO were compared, the subjects with RAO had higher serum 
levels of IL-4, IL-5, IL-13, and eotaxin. These results suggest that arsenic exposure altered the Th1/Th2 balance toward Th2 
dominance, predisposing the arsenic-exposed subjects to develop Th2-high type asthma.

8. Conclusions and future perspectives
Extensive epidemiological studies in Taiwan and Chile have demonstrated the associations between arsenic exposure and the 

increased risk of non-malignant diseases such as DM, CVDs, and respiratory diseases. However, the mechanisms underlying 
arsenic-induced increases in the risks of these diseases have remained unclear. We have explored biochemical mechanisms by 
examining the dose-response relationships between disease-related biomarkers and individuals’ arsenic exposure indicators. Our 
studies have provided novel insights into biochemical mechanisms of arsenic-related development of hypertension, atherosclerosis, 
insulin resistance, DM, and respiratory diseases. 

The inter-disease and inter-organ communications in the pathogenesis of DM, hypertension, and CVDs have recently been 
studied extensively. DM promotes atherosclerosis [103], insulin resistance exacerbates CVDs [104], and muscle fat infiltration 
develops insulin resistance and CVDs [105,106]. The vasculature is the central place for these interactions mediated by OxLDL, 
LOX-1, endothelin-1, VEGF, MMPs, and adhesion and inflammatory molecules. Our findings suggest that arsenic plays multiple 
roles in accelerating the interactions of these complex networks, facilitating atherosclerosis, hypertension, insulin resistance, and 
DM. However, many other pieces of this puzzle have yet to be investigated. For example, vascular constriction and relaxation 
depend on the balance of endothelin-1 and vasodilator, NO [107], but NO's contribution has not been elucidated in our study 
area. We found that skeletal muscle is a novel target of arsenic toxicity [45], but more detailed mechanisms causing insulin resistance 
via arsenic-related muscle atrophy should be elucidated. Effects of arsenic on muscle quality, such as ectopic lipid accumulation 
by fat infiltration [105,106], in addition to muscle quantity, need to be investigated. The Th2-dominant immunomodulation 
by arsenic exposure, which we found as a possible predisposing factor for developing asthma [46], may also be involved in other 
arsenic-associated diseases such as skin lesions and even cancers. 

CVDs are considered a disease of premature aging of the vasculature [108, 109], and muscular atrophy is a clear reflection of 
aging [110]. In our studies, the increased blood pressure and atherosclerosis-related biomarkers and the reduced skeletal muscle 
mass were found in the participants whose average age was below 40 years [16,31,45]. In another study, we conducted cognitive 
function tests, initially developed for the elderly, among the arsenic-exposed adults with an average age below 40 years and found 
an arsenic concentration-dependent decrease in cognitive function [44]. Thus, there is a possibility that accelerated aging by 
arsenic exposure is the fundamental underlying mechanism of arsenic-induced increases in CVDs, DM, and muscle-related 
dysfunctions. Future studies may be necessary to measure the biomarkers for premature aging, such as senescence-associated 
secretory phenotypes (SASP) factors [111].

It should be argued here about the relationship between obesity and arsenic-induced DM or hypertension. Indeed, obesity 
is the primary risk factor for hypertension, atherosclerosis, DM, and CVDs. However, the average percentage of obesity (BMI 
>30) in Bangladesh in 2016 was 3.6%, while those in Chile, Mexico, and the USA are 28.0, 28.9, and 36.2, respectively [112], 
where the associations of arsenic exposure with DM and CVDs have been extensively investigated [20-22,113,114]. In Chile, 
the risk of DM was increased by early-life arsenic exposure only in the obese (BMI >30) people [22], suggesting that arsenic is 
a potentiating factor for the primarily obesity-associated DM. Even in Bangladesh, obesity has increased (1.0%, 1.9%, and 3.6% 
in 1996, 2006, and 2016, respectively) [112]. However, the participants of our studies in rural areas had an average BMI of 20-
21 constantly during the past ten years [36,45], and only 1.6% of them showed BMI >30 [115]. The OR of hyperglycemia was 
increased even after adjusting BMI [43]. Thus, the confounding effects of obesity on analyzing the association of arsenic exposure 
with DM and hypertension may be minimal in Bangladesh, particularly the rural areas like our study area. Nevertheless, ectopic 
fat accumulation in the muscle or abdominal adipose tissues needs to be explored even among the Bangladesh populations with 
low BMI. Recent studies have implied that skeletal muscle atrophy is linked to intramuscular fat infiltration, which may be the 
ultimate cause for promoting insulin resistance [105,106]. 

The studies in Chile have demonstrated that arsenic exposure in utero and early childhood is crucial for developing cancers 
and non-cancer diseases in adulthood [18,19]. In Bangladesh, health hazards due to arsenic contamination of groundwater were 
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detected in the 1990s. However, long-term monitoring of arsenic concentrations in well-water at Matlab showed that arsenic 
concentrations began to increase in the 1970s [27]. It is necessary to identify the participants in our studies subjected to early-life 
exposure to arsenic and examine their disease development.

Our studies have limitations caused by the cross-sectional approach itself. We have shown the associations of arsenic exposure 
levels with the changes in biomarkers and pathological conditions, but these results are insufficient to prove cause-effect 
relationships. We have proposed several new hypotheses from our cross-sectional studies, such as that arsenic decreases muscle 
mass and increases insulin resistance or that arsenic causes a Th2 shift and promotes the development of asthma. These hypotheses 
require further scientific validation by future epidemiological and experimental studies. 

Fundings
This work was partially supported by two JSPS KAKENHI grants [No. 16H05834 and No. 19H01081] in Japan, and the 

two grants from the Ministry of Science and Technology, Government of the People’s Republic of Bangladesh [grant number: 
39.009.006.01.00.042.2012-2013/ES-21/558 and 2007-2008/BS-135/176/1(5)].

References
[1] Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thompson C, Suk WA: The broad scope of health effects from chronic 

arsenic exposure: update on a worldwide public health problem. Environ Health Perspect 121(3): 295-302. 2013.

[2] IARC Working group on the evaluation of carcinogenic risks to humans: Some drinking-water disinfectants and contaminants, including 
arsenic. IARC Monogr Eval Carcinog Risks Hum 84: 1-477, 2004.

[3] Karagas MR, Gossai A, Pierce B, Ahsan H: Drinking water arsenic contamination, skin lesions, and malignancies: A systematic review of 
the global evidence. Curr Environ Health Rep 2(1): 52-68, 2015.

[4] Moon K, Guallar E, Navas-Acien A: Arsenic exposure and cardiovascular disease: an updated systematic review. Curr Atheroscler Rep 
14(6): 542-555, 2012.

[5] Navas-Acien A, Silbergeld EK, Streeter RA, Clark JM, Burke TA, Guallar E: Arsenic exposure and type 2 diabetes: a systematic review of 
the experimental and epidemiological evidence. Environ Health Perspect 114(5): 641-648, 2006. 

[6] Sanchez TR, Powers M, Perzanowski M, George CM, Graziano JH, Navas-Acien A: A meta-analysis of arsenic exposure and lung function: 
Is there evidence of restrictive or obstructive lung disease? Curr Environ Health Rep 5(2): 244-254, 2018.

[7] Jean JS, Bundschur CJ, Chen CJ, Guo HR, Liu CW, Lin TF, Chen YH (eds) The Taiwan crisis: a showcase of the global arsenic problem. 
CRC Press, London, 2010.

[8] Wang CH. Cause of blackfoot disease: Arsenic in artesian well water. Jean JS, Bundschur CJ, Chen CJ, Guo HR, Liu CW, Lin TF, Chen 
YH (eds) The Taiwan crisis: a showcase of the global arsenic problem. CRC Press, London, 2010, 61-71.

[9] Tseng CH: Blackfoot disease and arsenic: a never-ending story. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev 23(1): 55-74, 2005.

[10] Chen CJ, Wu MM, Lee SS, Wang JD, Cheng SH, Wu HY: Atherogenicity and carcinogenicity of high-arsenic artesian well water. Multiple 
risk factors and related malignant neoplasms of blackfoot disease. Arteriosclerosis 8(5): 452-460, 1988.

[11] Tseng CH, Chong CK, Tseng CP, Hsueh YM, Chiou HY, Tseng CC, Chen CJ: Long-term arsenic exposure and ischemic heart disease 
in arseniasis-hyperendemic villages in Taiwan. Toxicol Lett 137(1-2): 15-21, 2003.

[12] Lai MS, Hsueh YM, Chen CJ, Shyu MP, Chen SY, Kuo TL, Wu MM, Tai TY: Ingested inorganic arsenic and prevalence of diabetes 
mellitus. Am J Epidemiol 139(5): 484-492, 1994.

[13] Tseng CH, Tai TY, Chong CK, Tseng CP, Lai MS, Lin BJ, Chiou HY, Hsueh YM, Hsu KH, Chen CJ: Long-term arsenic exposure and 
incidence of non-insulin-dependent diabetes mellitus: a cohort study in arseniasis-hyperendemic villages in Taiwan. Environ Health 
Perspect 108(9): 847-851, 2000.

[14] Chen CJ, Hsueh YM, Lai MS, Shyu MP, Chen SY, Wu MM, Kuo TL, Tai TY: Increased prevalence of hypertension and long-term arsenic 
exposure. Hypertension 25(1): 53-60, 1995.

[15] Wang CH. History of blackfoot disease. Jean JS, Bundschur CJ, Chen CJ, Guo HR, Liu CW, Lin TF, Chen YH (eds) The Taiwan crisis: 
a showcase of the global arsenic problem. CRC Press, London, 2010, 49-59.

[16] Karim MR, Rahman M, Islam K, Mamun AA, Hossain S, Hossain E, Aziz A, Yeasmin F, Agarwal S, Hossain MI, Saud ZA, Nikkon F, 
Hossain M, Mandal A, Jenkins RO, Haris PI, Miyataka H, Himeno S, Hossain K: Increases in oxidized low-density lipoprotein and other 
inflammatory and adhesion molecules with a concomitant decrease in high-density lipoprotein in the individuals exposed to arsenic in 
Bangladesh. Toxicol Sci 135(1): 17-25, 2013.

[17] States JC, Srivastava S, Chen Y, Barchowsky A: Arsenic and cardiovascular disease. Toxicol Sci 107(2): 312-323, 2009.



rev-42

Arsenic-associated non-malignant diseases Himeno S. et al.

Metallomics Research 2021 (1) #MR202109

[18] Smith AH, Marshall G, Liaw J, Yuan Y, Ferreccio C, Steinmaus C: Mortality in young adults following in utero and childhood exposure 
to arsenic in drinking water. Environ Health Perspect 120(11): 1527-1531, 2012. 

[19] Steinmaus CM, Ferreccio C, Romo JA, Yuan Y, Cortes S, Marshall G, Moore LE, Balmes JR, Liaw J, Golden T, Smith AH: Drinking water 
arsenic in northern chile: high cancer risks 40 years after exposure cessation. Cancer Epidemiol Biomarkers Prev 22(4): 623-630, 2013.

[20] Yuan Y, Marshall G, Ferreccio C, Steinmaus C, Selvin S, Liaw J, Bates MN, Smith AH: Acute myocardial infarction mortality in comparison 
with lung and bladder cancer mortality in arsenic-exposed region II of Chile from 1950 to 2000. Am J Epidemiol 166(12): 1381-1391, 2007.

[21] Hall EM, Acevedo J, López FG, Cortés S, Ferreccio C, Smith AH, Steinmaus CM: Hypertension among adults exposed to drinking water 
arsenic in Northern Chile. Environ Res 153: 99-105, 2017.

[22] Castriota F, Acevedo J, Ferreccio C, Smith AH, Liaw J, Smith MT, Steinmaus C: Obesity and increased susceptibility to arsenic-related 
type 2 diabetes in Northern Chile. Environ Res 167: 248-254, 2018.

[23] Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von Ehrenstein O, Steinmaus C, Bates MN, Selvin S: Increased mortality from lung 
cancer and bronchiectasis in young adults after exposure to arsenic in utero and in early childhood. Environ Health Perspect 114(8): 
1293-1296, 2006.

[24] Steinmaus C, Ferreccio C, Acevedo J, Balmes JR, Liaw J, Troncoso P, Dauphiné DC, Nardone A, Smith AH: High risks of lung disease 
associated with early-life and moderate lifetime arsenic exposure in northern Chile. Toxicol Appl Pharmacol 313: 10-15, 2016.

[25] Nardone A, Ferreccio C, Acevedo J, Enanoria W, Blair A, Smith AH, Balmes J, Steinmaus C: The impact of BMI on non-malignant 
respiratory symptoms and lung function in arsenic exposed adults of Northern Chile. Environ Res 158: 710-719, 2017.

[26] Hossain K, Hasibuzzaman MM, Himeno S. Characteristics and health effects of arsenic exposure in Bangladesh. Yamauchi H, Sun G (eds) 
Arsenic contamination in Asia. Biological effects and preventive measures. Springer Nature, Singapore, 2019, 43-60.

[27] Rahman M, Vahter M, Wahed MA, Sohel N, Yunus M, Streatfield PK, El Arifeen S, Bhuiya A, Zaman K, Chowdhury AM, Ekström EC, 
Persson LA: Prevalence of arsenic exposure and skin lesions. A population based survey in Matlab, Bangladesh. J Epidemiol Community 
Health 60(3): 242-248, 2006.

[28] Ahsan H, Chen Y, Parvez F, Argos M, Hussain AI, Momotaj H, Levy D, van Geen A, Howe G, Graziano J: Health Effects of Arsenic 
Longitudinal Study (HEALS): description of a multidisciplinary epidemiologic investigation. J Expo Sci Environ Epidemiol 16(2): 191-
205, 2006.

[29] Yunus M, Sohel N, Hore SK, Rahman M: Arsenic exposure and adverse health effects: a review of recent findings from arsenic and health 
studies in Matlab, Bangladesh. Kaohsiung J Med Sci 27(9): 371-376, 2011.

[30] Chen Y, Parvez F, Gamble M, Islam T, Ahmed A, Argos M, Graziano JH, Ahsan H: Arsenic exposure at low-to-moderate levels and skin 
lesions, arsenic metabolism, neurological functions, and biomarkers for respiratory and cardiovascular diseases: review of recent findings 
from the Health Effects of Arsenic Longitudinal Study (HEALS) in Bangladesh. Toxicol Appl Pharmacol 239(2): 184-192, 2009.

[31] Hossain E, Islam K, Yeasmin F, Karim MR, Rahman M, Agarwal S, Hossain S, Aziz A, Al Mamun A, Sheikh A, Haque A, Hossain MT, 
Hossain M, Haris PI, Ikemura N, Inoue K, Miyataka H, Himeno S, Hossain K: Elevated levels of plasma Big endothelin-1 and its relation 
to hypertension and skin lesions in individuals exposed to arsenic. Toxicol Appl Pharmacol 259(2): 187-194, 2012.

[32] Hasibuzzaman MM, Hossain S, Islam MS, Rahman A, Anjum A, Hossain F, Mohanto NC, Karim MR, Hoque MM, Saud ZA, Miyataka 
H, Himeno S, Hossain K: Association between arsenic exposure and soluble thrombomodulin: A cross sectional study in Bangladesh. 
PLoS One 12(4): e0175154, 2017.

[33] Siddique AE, Rahman M, Hossain MI, Karim Y, Hasibuzzaman MM, Biswas S, Islam MS, Rahman A, Hossen F, Mondal V, Banna HU, 
Huda N, Hossain M, Sultana P, Nikkon F, Saud ZA, Haque A, Nohara K, Xin L, Himeno S, Hossain K: Association between chronic 
arsenic exposure and the characteristic features of asthma. Chemosphere 246: 125790, 2020.

[34] Karagas MR, Morris JS, Weiss JE, Spate V, Baskett C, Greenberg ER: Toenail samples as an indicator of drinking water arsenic exposure. 
Cancer Epidemiol Biomarkers Prev 5(10): 849-852, 1996.

[35] Gault AG, Rowland HA, Charnock JM, Wogelius RA, Gomez-Morilla I, Vong S, Leng M, Samreth S, Sampson ML, Polya DA: Arsenic in 
hair and nails of individuals exposed to arsenic-rich groundwaters in Kandal province, Cambodia. Sci Total Environ 393(1): 168-176, 2008.

[36] Ali N, Hoque MA, Haque A, Salam KA, Karim MR, Rahman A, Islam K, Saud ZA, Khalek MA, Akhand AA, Hossain M, Mandal A, 
Karim MR, Miyataka H, Himeno S, Hossain K: Association between arsenic exposure and plasma cholinesterase activity: a population 
based study in Bangladesh. Environ Health 9: 36, 2010.

[37] Karim MR, Salam KA, Hossain E, Islam K, Ali N, Haque A, Saud ZA, Yeasmin T, Hossain M, Miyataka H, Himeno S, Hossain K: Interaction 
between chronic arsenic exposure via drinking water and plasma lactate dehydrogenase activity. Sci Total Environ 409(2): 278-283, 2010.

[38] Islam K, Haque A, Karim R, Fajol A, Hossain E, Salam KA, Ali N, Saud ZA, Rahman M, Rahman M, Karim R, Sultana P, Hossain 
M, Akhand AA, Mandal A, Miyataka H, Himeno S, Hossain K: Dose-response relationship between arsenic exposure and the serum 
enzymes for liver function tests in the individuals exposed to arsenic: a cross sectional study in Bangladesh. Environ Health 10: 64, 2011.

[39] Huda N, Hossain S, Rahman M, Karim MR, Islam K, Mamun AA, Hossain MI, Mohanto NC, Alam S, Aktar S, Arefin A, Ali N, Salam 



rev-43

Himeno S. et al.Arsenic-associated non-malignant diseases

Metallomics Research 2021 (1) #MR202109

KA, Aziz A, Saud ZA, Miyataka H, Himeno S, Hossain K: Elevated levels of plasma uric acid and its relation to hypertension in arsenic-
endemic human individuals in Bangladesh. Toxicol Appl Pharmacol 281(1): 11-18, 2014.

[40] Rahman M, Al Mamun A, Karim MR, Islam K, Al Amin H, Hossain S, Hossain MI, Saud ZA, Noman AS, Miyataka H, Himeno S, 
Hossain K: Associations of total arsenic in drinking water, hair and nails with serum vascular endothelial growth factor in arsenic-endemic 
individuals in Bangladesh. Chemosphere 120: 336-342, 2015.

[41] Islam MS, Mohanto NC, Karim MR, Aktar S, Hoque MM, Rahman A, Jahan M, Khatun R, Aziz A, Salam KA, Saud ZA, Hossain M, 
Rahman A, Mandal A, Haque A, Miyataka H, Himeno S, Hossain K: Elevated concentrations of serum matrix metalloproteinase-2 and -9 
and their associations with circulating markers of cardiovascular diseases in chronic arsenic-exposed individuals. Environ Health 14: 92, 2015.

[42] Hossain K, Suzuki T, Hasibuzzaman MM, Islam MS, Rahman A, Paul SK, Tanu T, Hossain S, Saud ZA, Rahman M, Nikkon F, Miyataka 
H, Himeno S, Nohara K: Chronic exposure to arsenic, LINE-1 hypomethylation, and blood pressure: a cross-sectional study in Bangladesh. 
Environ Health 16(1): 20, 2017.

[43] Paul SK, Islam MS, Hasibuzzaman MM, Hossain F, Anjum A, Saud ZA, Haque MM, Sultana P, Haque A, Andric KB, Rahman A, 
Karim MR, Siddique AE, Karim Y, Rahman M, Miyataka H, Xin L, Himeno S, Hossain K: Higher risk of hyperglycemia with greater 
susceptibility in females in chronic arsenic-exposed individuals in Bangladesh. Sci Total Environ 668:1004-1012, 2019.

[44] Karim Y, Siddique AE, Hossen F, Rahman M, Mondal V, Banna HU, Hasibuzzaman MM, Hosen Z, Islam MS, Sarker MK, Nikkon F, 
Saud ZA, Xin L, Himeno S, Hossain K: Dose-dependent relationships between chronic arsenic exposure and cognitive impairment and 
serum brain-derived neurotrophic factor. Environ Int 131: 105029, 2019.

[45] Mondal V, Hosen Z, Hossen F, Siddique AE, Tony SR, Islam Z, Islam MS, Hossain S, Islam K, Sarker MK, Hasibuzzaman MM, Liu LZ, 
Jiang BH, Hoque MM, Saud ZA, Xin L, Himeno S, Hossain K: Arsenic exposure-related hyperglycemia is linked to insulin resistance 
with concomitant reduction of skeletal muscle mass. Environ Int 143: 105890, 2020.

[46] Rahman A, Islam MS, Tony SR, Siddique AE, Mondal V, Hosen Z, Islam Z, Hossain MI, Rahman M, Anjum A, Paul SK, Hossen F, 
Sarker MK, Hossain S, Salam KA, Haque A, Hoque MA, Saud ZA, Xin L, Sumi D, Himeno S, Hossain K: T helper 2-driven immune 
dysfunction in chronic arsenic-exposed individuals and its link to the features of allergic asthma. Toxicol Appl Pharmacol 420: 115532, 2021.

[47] Sohel N, Persson LA, Rahman M, Streatfield PK, Yunus M, Ekström EC, Vahter M: Arsenic in drinking water and adult mortality: a 
population-based cohort study in rural Bangladesh. Epidemiology 20(6): 824-830, 2009.

[48] Rahman M, Sohel N, Yunus M, Chowdhury ME, Hore SK, Zaman K, Bhuiya A, Streatfield PK: A prospective cohort study of stroke 
mortality and arsenic in drinking water in Bangladeshi adults. BMC Public Health 14: 174, 2014.

[49] Chen Y, Graziano JH, Parvez F, Liu M, Slavkovich V, Kalra T, Argos M, Islam T, Ahmed A, Rakibuz-Zaman M, Hasan R, Sarwar G, Levy 
D, van Geen A, Ahsan H: Arsenic exposure from drinking water and mortality from cardiovascular disease in Bangladesh: prospective 
cohort study. BMJ 342: d2431, 2011.

[50] Rahman M, Tondel M, Ahmad SA, Chowdhury IA, Faruquee MH, Axelson O: Hypertension and arsenic exposure in Bangladesh. 
Hypertension 33(1): 74-78, 1999.

[51] Jiang J, Liu M, Parvez F, Wang B, Wu F, Eunus M, Bangalore S, Newman JD, Ahmed A, Islam T, Rakibuz-Zaman M, Hasan R, Sarwar 
G, Levy D, Slavkovich V, Argos M, Scannell Bryan M, Farzan SF, Hayes RB, Graziano JH, Ahsan H, Chen Y: Association between arsenic 
exposure from drinking water and longitudinal change in blood pressure among HEALS cohort participants. Environ Health Perspect 
123(8): 806-812, 2015.

[52] Böhm F, Pernow J: The importance of endothelin-1 for vascular dysfunction in cardiovascular disease. Cardiovasc Res 76(1): 8-18, 2007.

[53] Schneider JG, Tilly N, Hierl T, Sommer U, Hamann A, Dugi K, Leidig-Bruckner G, Kasperk C: Elevated plasma endothelin-1 levels in 
diabetes mellitus. Am J Hypertens 15(11): 967-972, 2002.

[54] Negre-Salvayre A, Dousset N, Ferretti G, Bacchetti T, Curatola G, Salvayre R: Antioxidant and cytoprotective properties of high-density 
lipoproteins in vascular cells. Free Radic Biol Med 41(7): 1031-1040, 2006.

[55] Smith KR, Klei LR, Barchowsky A: Arsenite stimulates plasma membrane NADPH oxidase in vascular endothelial cells. Am J Physiol 
Lung Cell Mol Physiol 280(3): L442-L449, 2001.

[56] Ellinsworth DC: Arsenic, reactive oxygen, and endothelial dysfunction. J Pharmacol Exp Ther 353(3): 458-464, 2015.

[57] Chen M, Masaki T, Sawamura T: LOX-1, the receptor for oxidized low-density lipoprotein identified from endothelial cells: implications 
in endothelial dysfunction and atherosclerosis. Pharmacol Ther 95(1): 89-100, 2002.

[58] Kattoor AJ, Goel A, Mehta JL: LOX-1: Regulation, signaling and its role in atherosclerosis. Antioxidants (Basel) 8(7): 218, 2019.

[59] Yurdagul A Jr, Sulzmaier FJ, Chen XL, Pattillo CB, Schlaepfer DD, Orr AW: Oxidized LDL induces FAK-dependent RSK signaling to 
drive NF-κB activation and VCAM-1 expression. J Cell Sci 129(8): 1580-1591, 2016.

[60] Niemann B, Rohrbach S, Catar RA, Muller G, Barton M, Morawietz H: Native and oxidized low-density lipoproteins stimulate endothelin-
converting enzyme-1 expression in human endothelial cells. Biochem Biophys Res Commun 334(3): 747-753, 2005.

[61] Stancel N, Chen CC, Ke LY, Chu CS, Lu J, Sawamura T, Chen CH: Interplay between CRP, atherogenic LDL, and LOX-1 and its 



rev-44

Arsenic-associated non-malignant diseases Himeno S. et al.

Metallomics Research 2021 (1) #MR202109

potential role in the pathogenesis of atherosclerosis. Clin Chem 62(2): 320-327, 2016.

[62] Nishimura S, Akagi M, Yoshida K, Hayakawa S, Sawamura T, Munakata H, Hamanishi C. Oxidized low-density lipoprotein (ox-LDL) 
binding to lectin-like ox-LDL receptor-1 (LOX-1) in cultured bovine articular chondrocytes increases production of intracellular reactive 
oxygen species (ROS) resulting in the activation of NF-kappaB. Osteoarthritis Cartilage. 2004 Jul;12(7):568-76.

[63] Morawietz H, Duerrschmidt N, Niemann B, Galle J, Sawamura T, Holtz J: Induction of the oxLDL receptor LOX-1 by endothelin-1 in 
human endothelial cells. Biochem Biophys Res Commun 284(4): 961-965, 2001.

[64] Li L, Roumeliotis N, Sawamura T, Renier G: C-reactive protein enhances LOX-1 expression in human aortic endothelial cells: relevance 
of LOX-1 to C-reactive protein-induced endothelial dysfunction. Circ Res 95(9): 877-883, 2004.

[65] Hossain E, Ota A, Karnan S, Damdindorj L, Takahashi M, Konishi Y, Konishi H, Hosokawa Y: Arsenic augments the uptake of oxidized 
LDL by upregulating the expression of lectin-like oxidized LDL receptor in mouse aortic endothelial cells. Toxicol Appl Pharmacol 
273(3): 651-658, 2013.

[66] Lemaire M, Negro Silva LF, Lemarié CA, Bolt AM, Flores Molina M, Krohn RM, Smits JE, Lehoux S, Mann KK: Arsenic exposure 
increases monocyte adhesion to the vascular endothelium, a pro-atherogenic mechanism. PLoS One 10(9): e0136592, 2015.

[67] Apte RS, Chen DS, Ferrara N: VEGF in signaling and disease: Beyond discovery and development. Cell 176(6): 1248-1264, 2019.

[68] Deryugina EI, Quigley JP: Matrix metalloproteinases and tumor metastasis. Cancer Metastasis Rev 25(1): 9-34, 2006.

[69] Sluimer JC, Gasc JM, van Wanroij JL, Kisters N, Groeneweg M, Sollewijn Gelpke MD, Cleutjens JP, van den Akker LH, Corvol P, Wouters 
BG, Daemen MJ, Bijnens AP: Hypoxia, hypoxia-inducible transcription factor, and macrophages in human atherosclerotic plaques are 
correlated with intraplaque angiogenesis. J Am Coll Cardiol 51(13): 1258-1265, 2008.

[70] Camaré C, Pucelle M, Nègre-Salvayre A, Salvayre R: Angiogenesis in the atherosclerotic plaque. Redox Biol 12: 18-34, 2017.

[71] Dandapat A, Hu C, Sun L, Mehta JL: Small concentrations of oxLDL induce capillary tube formation from endothelial cells via LOX-
1-dependent redox-sensitive pathway. Arterioscler Thromb Vasc Biol 27(11): 2435-2442, 2007.

[72] Li T, Li X, Feng Y, Dong G, Wang Y, Yang J: The role of matrix metalloproteinase-9 in atherosclerotic plaque instability. Mediators 
Inflamm 2020: 3872367, 2020.

[73] Blann AD, Seigneur M, Steiner M, Boisseau MR, McCollum CN: Circulating endothelial cell markers in peripheral vascular disease: 
relationship to the location and extent of atherosclerotic disease. Eur J Clin Invest 27(11): 916-921, 1997.

[74] Igari K, Kudo T, Toyofuku T, Inoue Y: The relationship between endothelial dysfunction and endothelial cell markers in peripheral arterial 
disease. PLoS One 11(11): e0166840, 2016.

[75] Yu W, Cheng JD: Uric acid and cardiovascular disease: An update from molecular mechanism to clinical perspective. Front Pharmacol 
11: 582680, 2020.

[76] Conway EM: Thrombomodulin and its role in inflammation. Semin Immunopathol 34(1): 107-125, 2012.

[77] Rahman M, Tondel M, Ahmad SA, Axelson O: Diabetes mellitus associated with arsenic exposure in Bangladesh. Am J Epidemiol 148(2): 
198-203, 1998.

[78] Islam R, Khan I, Hassan SN, McEvoy M, D'Este C, Attia J, Peel R, Sultana M, Akter S, Milton AH: Association between type 2 diabetes 
and chronic arsenic exposure in drinking water: a cross sectional study in Bangladesh. Environ Health 11: 38, 2012.

[79] Pan WC, Seow WJ, Kile ML, Hoffman EB, Quamruzzaman Q, Rahman M, Mahiuddin G, Mostofa G, Lu Q, Christiani DC: Association 
of low to moderate levels of arsenic exposure with risk of type 2 diabetes in Bangladesh. Am J Epidemiol 178(10): 1563-1570, 2013.

[80] Chen Y, Ahsan H, Slavkovich V, Peltier GL, Gluskin RT, Parvez F, Liu X, Graziano JH: No association between arsenic exposure from 
drinking water and diabetes mellitus: a cross-sectional study in Bangladesh. Environ Health Perspect 118(9): 1299-1305, 2010.

[81] Castriota F, Rieswijk L, Dahlberg S, La Merrill MA, Steinmaus C, Smith MT, Wang JC: A state-of-the-science review of arsenic's effects 
on glucose homeostasis in experimental models. Environ Health Perspect 128(1): 16001, 2020.

[82] Nabi AH, Rahman MM, Islam LN: Evaluation of biochemical changes in chronic arsenic poisoning among Bangladeshi patients. Int J 
Environ Res Public Health 2(3-4): 385-393, 2005.

[83] Bao X, Gu Y, Zhang Q, Liu L, Meng G, Wu H, Xia Y, Shi H, Wang H, Sun S, Wang X, Zhou M, Jia Q, Song K, Niu K: Low serum 
creatinine predicts risk for type 2 diabetes. Diabetes Metab Res Rev 34(6): e3011, 2018.

[84] Mesinovic J, Zengin A, De Courten B, Ebeling PR, Scott D: Sarcopenia and type 2 diabetes mellitus: a bidirectional relationship. Diabetes 
Metab Syndr Obes 12: 1057-1072, 2019.

[85] Hu H, Nakagawa T, Honda T, Yamamoto S, Okazaki H, Yamamoto M, Miyamoto T, Eguchi M, Kochi T, Shimizu M, Murakami T, 
Tomita K, Ogasawara T, Sasaki N, Uehara A, Kuwahara K, Kabe I, Mizoue T, Sone T, Dohi S, Japan Epidemiology Collaboration on 
Occupational Health Study Group: Low serum creatinine and risk of diabetes: The Japan Epidemiology Collaboration on Occupational 
Health Study. J Diabetes Investig 10(5): 1209-1214, 2019.

[86] Kashima S, Inoue K, Matsumoto M, Akimoto K: Low serum creatinine is a type 2 diabetes risk factor in men and women: The Yuport 



rev-45

Himeno S. et al.Arsenic-associated non-malignant diseases

Metallomics Research 2021 (1) #MR202109

Health Checkup Center cohort study. Diabetes Metab 43(5): 460-464, 2017.

[87] Harita N, Hayashi T, Sato KK, Nakamura Y, Yoneda T, Endo G, Kambe H: Lower serum creatinine is a new risk factor of type 2 diabetes: 
the Kansai healthcare study. Diabetes Care 32(3): 424-426, 2009.

[88] Takeuchi M, Imano H, Muraki I, Shimizu Y, Hayama-Terada M, Kitamura A, Okada T, Kiyama M, Iso H: Serum creatinine levels and risk 
of incident type 2 diabetes mellitus or dysglycemia in middle-aged Japanese men: a retrospective cohort study. Vet Rec 6(1): e000492, 2018.

[89] Moon JS, Lee JE, Yoon JS: Variation in serum creatinine level is correlated to risk of type 2 diabetes. Endocrinol Metab (Seoul) 28(3): 
207-213, 2013.

[90] Yen YP, Tsai KS, Chen YW, Huang CF, Yang RS, Liu SH: Arsenic inhibits myogenic differentiation and muscle regeneration. Environ 
Health Perspect 118(7): 949-956, 2010.

[91] Ambrosio F, Brown E, Stolz D, Ferrari R, Goodpaster B, Deasy B, Distefano G, Roperti A, Cheikhi A, Garciafigueroa Y, Barchowsky 
A: Arsenic induces sustained impairment of skeletal muscle and muscle progenitor cell ultrastructure and bioenergetics. Free Radic Biol 
Med 74: 64-73, 2014.

[92] Shemyakin A, Salehzadeh F, Böhm F, Al-Khalili L, Gonon A, Wagner H, Efendic S, Krook A, Pernow J: Regulation of glucose uptake by 
endothelin-1 in human skeletal muscle in vivo and in vitro. J Clin Endocrinol Metab 95(5): 2359-2366, 2010.

[93] Shemyakin A, Salehzadeh F, Esteves Duque-Guimaraes D, Böhm F, Rullman E, Gustafsson T, Pernow J, Krook A: Endothelin-1 reduces 
glucose uptake in human skeletal muscle in vivo and in vitro. Diabetes 60(8): 2061-2067, 2011.

[94] Horinouchi T, Hoshi A, Harada T, Higa T, Karki S, Terada K, Higashi T, Mai Y, Nepal P, Mazaki Y, Miwa S: Endothelin-1 suppresses insulin-
stimulated Akt phosphorylation and glucose uptake via GPCR kinase 2 in skeletal muscle cells. Br J Pharmacol 173(6): 1018-1032, 2016.

[95] Padilla J, Carpenter AJ, Das NA, Kandikattu HK, López-Ongil S, Martinez-Lemus LA, Siebenlist U, DeMarco VG, Chandrasekar B: 
TRAF3IP2 mediates high glucose-induced endothelin-1 production as well as endothelin-1-induced inflammation in endothelial cells. 
Am J Physiol Heart Circ Physiol 314(1): H52-H64, 2018.

[96] Parvez F, Chen Y, Brandt-Rauf PW, Slavkovich V, Islam T, Ahmed A, Argos M, Hassan R, Yunus M, Haque SE, Balac O, Graziano JH, 
Ahsan H: A prospective study of respiratory symptoms associated with chronic arsenic exposure in Bangladesh: findings from the Health 
Effects of Arsenic Longitudinal Study (HEALS). Thorax 65(6): 528-533, 2010.

[97] Parvez F, Chen Y, Yunus M, Olopade C, Segers S, Slavkovich V, Argos M, Hasan R, Ahmed A, Islam T, Akter MM, Graziano JH, Ahsan 
H: Arsenic exposure and impaired lung function. Findings from a large population-based prospective cohort study. Am J Respir Crit 
Care Med 188(7): 813-819, 2013.

[98] Fahy JV: Type 2 inflammation in asthma--present in most, absent in many. Nat Rev Immunol 15(1): 57-65, 2015.

[99] Papi A, Brightling C, Pedersen SE, Reddel HK: Asthma. Lancet 391(10122): 783-800, 2018.

[100] Lambrecht BN, Hammad H, Fahy JV: The cytokines of asthma. Immunity 50(4): 975-991, 2019.

[101] Nakagome K, Nagata M: Involvement and possible role of eosinophils in asthma exacerbation. Front Immunol 9: 2220, 2018.

[102] Mattes J, Foster PS: Regulation of eosinophil migration and Th2 cell function by IL-5 and eotaxin. Curr Drug Targets Inflamm Allergy 
2(2): 169-174, 2003.

[103] Shah MS, Brownlee M: Molecular and cellular mechanisms of cardiovascular disorders in diabetes. Circ Res 118(11): 1808-1829, 2016.

[104] Laakso M, Kuusisto J: Insulin resistance and hyperglycaemia in cardiovascular disease development. Nat Rev Endocrinol 10(5): 293-302, 2014.

[105] Miljkovic I, Cauley JA, Wang PY, Holton KF, Lee CG, Sheu Y, Barrett-Connor E, Hoffman AR, Lewis CB, Orwoll ES, Stefanick ML, 
Strotmeyer ES, Marshall LM; Osteoporotic Fractures in Men (MrOS) Research Group: Abdominal myosteatosis is independently associated 
with hyperinsulinemia and insulin resistance among older men without diabetes. Obesity (Silver Spring) 21(10): 2118-2125, 2013.

[106] Miljkovic I, Kuipers AL, Cauley JA, Prasad T, Lee CG, Ensrud KE, Cawthon PM, Hoffman AR, Dam TT, Gordon CL, Zmuda JM; 
Osteoporotic Fractures in Men Study Group: Greater skeletal muscle fat infiltration is associated with higher all-cause and cardiovascular 
mortality in older men. J Gerontol A Biol Sci Med Sci 70(9): 1133-1140, 2015.

[107] Tousoulis D, Kampoli AM, Tentolouris C, Papageorgiou N, Stefanadis C: The role of nitric oxide on endothelial function. Curr Vasc 
Pharmacol 10(1): 4-18, 2012.

[108] Costantino S, Paneni F, Cosentino F: Ageing, metabolism and cardiovascular disease. J Physiol 594(8): 2061-2073, 2016.

[109] McCarthy CG, Wenceslau CF, Webb RC, Joe B: Novel contributors and mechanisms of cellular senescence in hypertension-associated 
premature vascular aging. Am J Hypertens 32(8): 709-719, 2019.

[110] Larsson L, Degens H, Li M, Salviati L, Lee YI, Thompson W, Kirkland JL, Sandri M: Sarcopenia: Aging-related loss of muscle mass and 
function. Physiol Rev 99(1): 427-511, 2019.

[111] Okamura K, Suzuki T, Nohara K: Gestational arsenite exposure augments hepatic tumors of C3H mice by promoting senescence in F1 
and F2 offspring via different pathways. Toxicol Appl Pharmacol 408: 115259, 2020.



rev-46

Arsenic-associated non-malignant diseases Himeno S. et al.

Metallomics Research 2021 (1) #MR202109

[112] Ritchie H, Roser M: Obesity. Published online at OurWorldInData.org. Retrieved from: 'https://ourworldindata.org/obesity' [Online 
Resource] 2017.

[113] Del Razo LM, García-Vargas GG, Valenzuela OL, Castellanos EH, Sánchez-Peña LC, Currier JM, Drobná Z, Loomis D, Stýblo M: 
Exposure to arsenic in drinking water is associated with increased prevalence of diabetes: a cross-sectional study in the Zimapán and 
Lagunera regions in Mexico. Environ Health 10: 73, 2011.

[114] Gribble MO, Howard BV, Umans JG, Shara NM, Francesconi KA, Goessler W, Crainiceanu CM, Silbergeld EK, Guallar E, Navas-Acien 
A: Arsenic exposure, diabetes prevalence, and diabetes control in the Strong Heart Study. Am J Epidemiol 176(10): 865-874, 2012.

[115] Sarker MK, Tony SR, Siddique AE, Karim MR, Haque N, Islam Z, Islam MS, Khatun M, Islam J, Hossain S, Saud ZA, Miyataka M, Sumi 
D, Barchowsky A, Himeno S, Hossain K: Secondary methylation capacity is inversely associated with arsenic exposure-related   muscle 
mass reduction, Int J Environ Res Public Health 18: 9730, 2021.


