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ABSTRACT

Environmental exposure to arsenic is a global health concern which is linked to a number
of diseases causing adverse health effects. Chronic arsenic exposure affects an estimated number
of 200 million people worldwide through contaminated groundwater and food. In Bangladesh, the
arsenic problem is very devastating and related health problems have yet not been fully
investigated. There is consistent evidence that chronic arsenic toxicity may cause cancer and
numerous other pathological effects in humans as well as immune toxicity. Several cross-sectional
studies have indicated that arsenic adversely affects the immune system in both children and adults.
However, very few longitudinal studies in human have further indicated that the adverse effects of
the toxicant start from in utero. Exposure to arsenic has also been found to increase risk of anemia
by disrupting cell membranes and declining erythrocyte survival. However, findings from
epidemiological studies are equivocal in support to this association.

This thesis delineates the plausible effects of chronic arsenic exposure from in utero to pre-
adolescent age and the detrimental effects on fetal and infant health and development, as well as
undesirable health effects later in life. The overall objective of the present study has been focused
to investigate the impact of prenatal and concurrent exposure to arsenic in 9 years old school-going
children on anemia and immune function. The studies were nested into a large food and
micronutrient supplementation trial conducted in a rural area of Bangladesh called Matlab.
Mother-child pairs were followed from early gestation to 9 years. Elevated arsenic concentrations
in groundwater are common in Matlab where 95% of the population uses hand-pumped tubewell

water as their main source of drinking water with 43% of the wells exceeding the World Health



Organization (WHO) guideline value of 10 pg/L, and 34% exceeded the Bangladesh standard of
50 pg/L.

Arsenic exposure in the present studies was assessed based on the concentrations of the
sum of inorganic arsenic and its methylated metabolites (monomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA)) in maternal urine during pregnancy and child urine at 4.5 and 9 years
of age (Urinary arsenic: U-As). Hemoglobin (Hb) was measured in whole blood in pregnant
women at gestation week (GW) 14 and 30, and in children at 4.5 and 9 years of age. Other markers
that were studied in 4.5 and 9 years old children were- anemia related biomarkers (soluble
Transferrin Receptor (sTfR), ferritin, vitamin By, folate, vitamin A, hepcidin, zinc), inflammatory
markers (C-reactive protein (CRP)), oxidative stress marker (8-hydroxy-2'-deoxyguanosine (8-
OHdG)) in plasma, and immune marker (signal joint T cell receptor excision circles (sjTRECs)
and indicator of senescence (telomere length (TL)) in peripheral blood mononuclear cells (PBMC).

No effects of arsenic exposure on Hb levels and anemia biomarkers was found in children.
About 28% of the women were found to be anemic at GW 14, 35% at GW30 and 23% at both time
points. The prevalence of anemia was low in 4.5 years old children (5%) that somewhat increased
in 9 years old (15%). Only 2.5% children had iron deficiency anemia according to sTfR cut-off at
9 years. The risk (Odds Ratio (OR)) of being anemic in 9 years of age was 1.8 and 2.3 fold higher
if their mothers were anemic at either GW14 or GW30, respectively, compared to non-anemic
mothers. The chances of having anemia at 9 years was 3 times higher if the mothers were anemic
at both time points (OR=3.05). This risk increased about 6 times (OR=5.9) when the children were
additionally anemic at 4.5 years. No impact of maternal anemia was observed at 4.5 years of age.
Multiple Micronutrient (MM) supplementation significantly improved body mass index-for-age z-

score (BAZ) and reduced markers of inflammation in 9 years old children.



In multivariable-adjusted spline regression analyses, both prenatal (U-As at GW8) and
childhood arsenic exposure (U-As at 4.5 and 9 years of age) above U-As of 45 pg/L (spline knot)
strongly reduced TL and sjTRECs at 9 years. However, concurrent U-As below the spline knot
was significantly positively associated with TL and sjTRECs at 9 years of age. It is plausible that
there is a critical threshold of arsenic exposure beyond which exposed cells either undergo
telomere attrition or elongation of TL. In 9 years old children, fraction of MMA above spline knot
7% were significantly inversely associated with both TL and sjTRECs reflecting increased toxicity
due to less-efficient arsenic metabolism. Prenatal and childhood arsenic exposure were positively
associated with 8-OHdG at 9 years which in turn was inversely associated with sjTRECs at 9 years.
However, adjustment with 8-OHdG did not change the estimated association of U-As with
sJTRECs suggesting that the mechanisms of 8-OHdG-mediated oxidative damage of naive T cells
may be distinct from arsenic-induced oxidative damage with little overlap.

We can, therefore, summarize that chronic arsenic exposure did not appear to have any
impact on anemia status of children. Anemia during pregnancy and early childhood are important
risk factors for the occurrence of anemia in school-age children. Maternal supplementation during
pregnancy with MM had beneficial effects on child nutritional status and reduced markers of
inflammation in the children. Chronic arsenic exposure from early life can result in TL attrition
and lower production of naive T cells potentially leading to immunosenescence and
immunodeficiency. The adverse effects of arsenic on sjTRECs and TL may be mediated by
pathways other than 8-OHdG-induced oxidative stress, e.g. impairment in DNA repair enzymes

and synthesis.
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CHAPTER 1
INTRODUCTION



There is a growing interest on the potential effects of arsenic exposure on maternal and
child health focusing on pregnancy outcomes, child health including immune function and
development. The present thesis emphasized on the effects of prenatal and concurrent exposure to
arsenic on immune function and anemia in 9 years old children.

Mounting evidence suggests that chronic arsenic exposure during pregnancy and early life
is associated with increased risk of infectious diseases, in particular respiratory and gastrointestinal
infections (1-4). Several cross-sectional studies have indicated that arsenic adversely affects the
immune system in both children and adults (5). However, very few longitudinal studies in human
have further indicated that the adverse effects of the toxicant start from in utero (3, 6-10).

Anemia and micronutrients deficiencies in mother and children are common in low-income
settings. These are partly due to maternal malnutrition that may impair child health and
development. Few epidemiologic studies have investigated the impact of arsenic exposure on
anemia despite its high prevalence in the regions which experience groundwater arsenic
contamination. Also, data is scarce on the consequence of long-term effects of maternal nutrition

supplementation on nutritional status in school going children.

1.1 Arsenic in the Environment and its Effects on Human Health

1.1.1 Abundance, forms, and distribution

Arsenic has a long and evil history and is among the ten most important chemicals of major
public health concern according to World Health Organization (WHO). It occurs naturally in the
environment in a wide variety of forms such as elemental, inorganic, organic and gas. It is mostly
present in the trivalent or pentavalent forms when it combines usually with sulfur and other metals.

The main oxidation states are arsenite (Aslll) and arsenate (AsV) in reducing and oxygenated
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conditions respectively (11, 12). The most common inorganic forms in water are arsenite and
arsenate, whereas arsenobetaine, arsenocholine, and arsenosugars are the important organic forms
in certain foods, particularly in sea foods (11). Through natural or anthropogenic processes arsenic
can enter the environment such as mining industry, agriculture, wood preservation activities, coal
combustion etc. (13). The emission of arsenic into the atmosphere is due to these actions and it is
redistributed on the earth’s surface by means of dry fallout and rain. Arsenic is also mobilized by
dissolution in water (14).

1.1.2 Use and source

In present and ancient context, it is known to be used in animal feed (as an additive to
promote growth and prevent infections of animals), ceramics, glass, computers, semiconductors,
herbicides, insecticides, pesticides, rodenticides, metallurgy, wood preservatives, dyes, and for
many other applications (15, 16). Metallic arsenic is used in the manufacture of alloys generally
with lead (e.g. in lead acid batteries) and copper. Gallium arsenide is used in high-speed
semiconductor devices because of its light-emitting and electromagnetic properties (17). Arsine
gas is used in computer chips and fiber optics as a doping agent (18). There were some medicinal
applications of arsenic till the 1970s, for instance, the use of inorganic arsenic in the treatment of
leukemia, psoriasis and chronic bronchial asthma, and organic arsenic in antibiotics for the
treatment of spirochetal and protozoal disease (19). Arsenic originating from different applications
contribute to anthropogenic arsenic pollution of the environment as well as to the naturally present

arsenic (naturogenic pollution).
1.1.3 Human exposure to arsenic

The most important source of human arsenic exposure is drinking groundwater (20, 21).

The WHO guideline of arsenic in drinking water is 10 pg/L. Presently arsenic above this value is
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recognized as a public health problem in many countries, especially in the Southeast Asia,
including India, Bangladesh and China (22). Bangladesh and India have retained the earlier WHO
guideline of 50 ug/L as their standard of arsenic in drinking water (23, 24). An estimated number
of 200 million people worldwide are chronically exposed to arsenic through contaminated
groundwater above 10 pg/L (21). The accumulations of arsenic in surface soils are due to the use
of arsenic-contaminated ground water for irrigation which can cause bio-accumulations of arsenic
in edible plants and crops (25).

Even at low exposure levels, inorganic arsenic (iAs), the main form in both drinking water
and rice, is a potent carcinogen and multi-organ toxicant for human (18, 26). Seafood is another
source of arsenic exposure which mainly contains organic forms and this form is considered to be
less toxic than inorganic. People may be exposed via inhalation of arsenic-containing particulates
in areas with industrial emissions (27). Individuals can also be exposed to arsenic by contaminated
water used in food preparation, smoking tobacco, eating poultry that were fed with organic

arsenicals, and industrial processing (19, 28, 29).
1.1.4 Arsenic exposure in Bangladesh

In Bangladesh, people almost entirely depend on groundwater sources for drinking water
and cooking. The increased use of groundwater for consumption made an outstanding achievement
in reducing the scale of cholera and diarrheal diseases and infant mortality in the 1970s and 80s
(30). However, access to safe drinking water was radically reduced due to the incidence of natural
arsenic in groundwater and its exposure throughout the country especially in the southern half. In
Bangladesh, around 22 million people (31) are affected by arsenic-contaminated water above the
national standard. WHO described the arsenic crisis in Bangladesh as “the largest mass poisoning

of a population in history.” Recent studies have shown that due to use of water from shallow pumps
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for irrigation purposes, arsenic has entered the food chain affecting an even larger population (32,
33). Massive efforts have been carried out to reduce the burden (34-36). In 2009, country-wide
water arsenic screening revealed a substantial improvement showing only 13.4% of the
investigated 14,442 water sources exceeding the Bangladeshi drinking water standard of 50 pug/L
of arsenic, however, the concentrations varied considerably across different areas (31).

1.1.5 Arsenic biotransformation

The major site of arsenic uptake and biotransformation is the human liver (37). After
absorption of ingested iAs in the gastrointestinal tract both in humans and animals (38, 39),
arsenate is first reduced in the blood (40), and then methylated in the liver. Arsenate is reduced to
arsenite in a reaction considered mostly to be dependent on glutathione (GSH) or other endogenous
reductants. Arsenite then undergoes an oxidative methylation to form monomethylarsonic acid
(MMAY). MMAV is reduced to MMA!"" before a subsequent oxidative methylation step yielding
dimethylarsinic acid (DMAY). S-adenosylmethionine (SAM) acts as the methyl donor and Cyt19
(As3MT, arsenic methyltransferase) as the catalyst (41). Little is known about the in vivo reduction
of DMAY to DMA!"! (42). The average proportions of the metabolites in human urine are 10-30%
iAs, 10-20% MMA and 60-80% DMA (43). Exposure to iAs is measured by the sum of these
metabolites, and methylation capacity or efficiency is estimated by the relative proportion of each
metabolite (44). Children were shown to have better methylation capacity than adults in some
studies (45-47).

Trivalent compounds are generally more toxic than pentavalent compounds, organic
compounds are less toxic than inorganic ones, and the toxicity decreases with increasing

methylation. Several in vitro and in vivo studies have exhibited that MMAIII is the most toxic
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arsenical (44, 48, 49). The lower rate of accumulation of pentavalent species is the reason for the

much lower toxicity of these species compared to the trivalent compounds (48, 50).
1.1.6 Toxicity and health effects

Arsenic compounds are identified as very toxic and carcinogenic. The most cases of
arsenic-induced toxicity in humans are due to exposure to iAs (51). Its toxicity depends on dose
and duration of exposure. In humans it can cause death at a single oral dose of 2 mg arsenic/kg
and higher. A dose of 0.05 mg arsenic/kg/day over longer periods (weeks to months) can lead to
gastrointestinal, hematological, hepatic, dermal, and neurological effects. Whereas, long-term
arsenic exposure (years) at a level of 0.001 mg arsenic/kg/day has been linked to skin, bladder,
kidney, lung and liver cancer (19). The International Agency for Research on Cancer (IARC)
defines arsenic as a Group | known human carcinogen which also induces a wide range of other
noncancer effects including non-communicable diseases (NCD) (e.g. cardiovascular diseases,
diabetes, anemia, reproductive, developmental, respiratory, immunological, and neurological
effects), leaving essentially no human organ system free from potential harm (18, 19, 26, 52).
Therefore, these wide array of health problems range from gastrointestinal disturbances to the
development of life-threatening conditions like cancer of the kidney, liver, skin, bladder, prostate
and lung (16, 53-55).

Exposure to elevated levels of arsenic in drinking water during pregnancy may increase the
risk of infant mortality, stillbirth, spontaneous abortion, preterm birth, and low birth weight (44,
56-59) because iAs and its methylated metabolites readily cross the placenta (60). Moreover, early-
life arsenic exposure can impair cognitive development in pre-school-aged children (61). Children
are mostly susceptible to arsenic poisoning and likely to have more adverse effects than adults

(31).
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1.1.6.1 Mechanisms of arsenic toxicity

The exact molecular and cellular mechanisms involved in arsenic toxicity are somewhat
remain elusive. Arsenic carcinogenicity acts through epigenetic mechanisms rather than as a
classical mutagen (62). The mechanisms of arsenic toxicity include the ability of its species to
generate reactive oxygen species (ROS) initiating oxidative stress and their differing capacity to
cause DNA methylation (both hypomethylation and hypermethylation via interaction with DNA
methylating enzymes or by depleting SAM) (63). Thioredoxins, which are antioxidants, can be
significantly oxidized by arsenic and that may lead to the generation of ROS (64). The toxicity of
different arsenic species can also be attributed to the fact that trivalent arsenicals can bind to the
thiol (-SH) groups of proteins and enzymes resulting in the disruption of their functions (65), such
as DNA repair enzymes (66) and antioxidant related enzymes, e.g., glutathione peroxidase and
thioredoxin reductase (67). Arsenic also shows its toxicity and genotoxicity by different
mechanisms like chromosomal aberrations, micronuclei formation, modification of cellular
signaling, regenerative cellular proliferation, induction of apoptosis, altered expression and DNA

binding activity of transcription factors, and epigenetic modifications (11, 26, 44, 62, 68, 69).
1.1.7 Immune system and its function

The immune system is the body's defense against infectious organisms and other invaders.
Through a series of steps called the immune response, the immune system attacks organisms and
substances that invade body systems and cause disease. The immune system has two distinct
responses, the innate and the adaptive immune responses, which function synergistically to combat
against infection. The innate immunity is the first line of defense. It includes epithelial barriers and
antimicrobial peptides present in the epithelia, complement proteins, and immune cells such as

macrophages, neutrophils, natural killer cells, dendritic cells, mast cells, eosinophils, and
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basophils. The second line of immune defense is the adaptive immunity, which mainly consists of
T lymphocytes and B lymphocytes, and their products, such as antibodies. Organs in which
lymphocyte precursors mature into antigenically committed, immunocompetent cells and
encounter trapped antigens and are activated into effector cells are called lymphoid organs. In
mammals, the bone marrow and thymus are the primary lymphoid organ in which B-cell and T-
cell maturation occur, respectively. The lymph nodes, spleen, and mucosal-associated lymphoid
tissue (MALT) constitute the secondary lymphoid organs. Hematopoietic stem cells (HSC) reside

in the bone marrow and give rise to all cell types.
1.1.8 Signal joint T-cell receptor excision circle (sjTREC)

The critical role of the thymus in the generation of a diversified population of peripheral T
lymphocytes is well-established. Signal joint T-cell receptor excision circle (SjTREC) is a by-
product of T-cell receptor gene rearrangements, generated during lymphocyte maturation in the
thymus (Figure 1). They are stable because they lack free DNA ends to be attacked by DNA
digesting enzymes, but as they have no origin of replication they do not increase in number when
cells divide. Thus, the sjTREC copy number within peripheral T cell populations provides insight

into the frequency of recent thymic emigrants or naive T cells (70).
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Figure 1: TRECs are circular DNA fragments. They are generated when a section of
chromosome 14 (14g11-2), which contains genes responsible for coding T-cell receptors,
rearranges. The TRECs are amplified by PCR.
(https://newbornscreening.perkinelmer.com/disorders/primary_newborn_screening_disorders/sev
ere_combined_immunodeficiency_(scid))

1.1.8.1 Immunosenescence

Aging of the immune system, or immunosenescence, is defined as a decline in immune
function, particularly with respect to lymphocyte number and function (71). Hematopoietic stem
cells continually renew cells of the immune system but this capacity declines during senescence

which appears to be associated with telomere shortening (72) (discussed in details further below,
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section 1.1.11). Any deficiency in the immune response, whether inherited or acquired is termed
as immunodeficiency. It can result from defects in phagocytosis, humoral immunity, cell-mediated

responses, or some combination of these immune functions.
1.1.9 Immunotoxicity

Immunotoxic effects are often divided into four categories based on the available clinical
experience: immunosuppression, immunostimulation, hypersensitivity, and autoimmunity. Each
category is associated with relatively specific and clinically distinct adverse effects (73).
Immunosuppression is the consequence of an inhibition of the host’s immune response. Flu-like
reactions, increased incidence of autoimmune diseases, increased incidence of hypersensitivity
reactions to varied allergens are characterized by excessive immunostimulation (74, 75). The
pronounced immunotoxic effects of drugs and other chemicals in human beings are the
consequences of hypersensitivity reactions. A specific adaptive immune response against self-

antigens is responsible for autoimmune disease.
1.1.10 Impact of arsenic on immune function

There is adequate evidence for immune dysfunction in mice and humans due to arsenic
exposure. Adverse effects of arsenic exposure on the immune system, in particular
immunosuppression, were demonstrated by effect on natural T regulatory cells, reduced
proliferative response of T cells and IL-2 secretion and apoptosis of immune cells involving adults
and children (6-10 years) in few epidemiological studies (76-79). Elevated levels of serum IgG,
IgA, and IgE were found in arsenic-exposed adults with skin lesions compared to unexposed adults
in Bangladesh (80). Impaired complement function in arsenicosis patients also reveal the
immunotoxicity of arsenic (81). A series of studies showed that arsenic-induced

immunosuppression occurred as a result of reduced child thymic development and decreased
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number of T cells and increased expression of inflammatory cytokines in the placenta (3, 8). They
measured sjTRECs as a metric of thymic function (6). This marker was found to be depressed in
neonatal cord blood. Reduction of thymic function in these newborns due to prenatal arsenic
exposure possibly occurred via induction of oxidative stress and apoptosis of immune cells,
indicating subsequent immunosuppression later in life (6). Again, these children at 4.5 years of
age, exhibited reduced cell-mediated immunity (DTH response) and Thl cytokines that were
associated with concurrent arsenic exposure (9). Further at 9 years of age, these children showed
increased plasma tlgG and tlgE, and impaired mumps vaccine-specific 1gG response due to
continued arsenic exposure (10).

The immunotoxic effects of arsenic have also been demonstrated in experimental studies
(82-84). Lemarie et al. demonstrated that noncytotoxic concentrations of iAs down-regulate
differentiation of human primary macrophages which may contribute to immunotoxicity (85).
Another in vitro study has shown that immune cells of fish leucocytes were specifically vulnerable

to the toxic effects of arsenic (86).
1.1.11 Immunosenescence /Telomere length and arsenic

A telomere is a region of nucleotide repeats (TTAGGG) present at each end of the
eukaryotic chromosome which is highly regulated to protect chromosomes from recombination or
degradation, ensuring integrity during replication. In young humans, telomeres are about 10,000
nucleotides long and lose approximately 50-100 nucleotides per cycle of DNA replication (87).
Telomeres shorten after each replication cycle, hence telomere length (TL) is generally considered
to reflect cellular senescence (88). The enzyme telomerase (TERT) maintains the TL by adding
telomere repeat sequence to the 3’ end of telomeres. Many genetic and environmental factors can

affect TL such as oxidative stress, diet, smoking, infections and different types of cancer and non-
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communicable diseases (89-91). Shorter and longer TL both are associated with risk of cancer (92,
93). Limited studies have addressed the association of arsenic with TL of human immune cells
(94-96) . Here we have discussed the accelerated senescence of immune cells due to chronic arsenic
toxicity.

1.2 Anemia and Micronutrient Deficiency in Children

Anemia is a condition that develops when there is a deficiency of erythrocytes (red blood
cells) or the oxygen-transporting ability of blood cells has been disrupted and hence unable to meet
the physiological requirements of the body (97). It is a public health problem affecting about 1.6
billion people worldwide in both poor and affluent countries (97, 98) with infants and pregnant
women at particularly high risk of impaired cognitive and physical development (52, 99). Iron
deficiency is believed to be the most common cause of anemia (100), however, zinc, folate, vitamin
B12 and vitamin A deficiencies, chronic inflammation, parasitic infections, and inherited disorders
are also potential contributors (101). Ferritin is the most important indicator of the iron status even
in the first stage of iron deficiency and iron deficiency anemia (IDA) is diagnosed by measuring
serum ferritin concentration (102). However, ferritin is elevated in response to inflammation as it
is an acute-phase protein (103). Soluble transferrin receptor (sTfR) is commonly used in the
detection of IDA where infection and inflammation are predominant (104), as sTfR level is less
affected by inflammation (105). Hepcidin plays a primary role in ensuring the maintenance of an
optimal iron store and is used in the diagnosis of IDA and anemia of inflammation (106), in
combination with existing diagnostic methods.

Children are particularly susceptible to anemia and micronutrient deficiencies due to the
rapid development and growth during this period. Iron deficiency anemia is linked with delayed

motor- and neurodevelopment in children (107, 108). The frequency of iron deficiency and IDA
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is higher with zinc deficiency in patients including children (109). Reduced immune function and
impaired growth and development are also the cause of zinc deficiency in infancy (110, 111).
Folate deficiency can lead to impaired synthesis of red blood cells causing megaloblastic anemia
(112, 113). Children with folate deficiency have higher risk for acute lower respiratory morbidity
and their immune system can also be affected (114). Lack of vitamin Bi> can also cause
megaloblastic anemia (112). Neurological development of children might be affected by vitamin
B> deficiency (115, 116). Anemia is associated with low vitamin A status since it has a positive
effect on the growth and differentiation of precursor cells of red blood cells and through its effect
on iron metabolism or through increased morbidity (117). Vitamin A deficiency leads to impaired
immune function and child mortality (110, 118).

The prevalence of anemia in the non-pregnant non-lactating (NPNL) women was 26.0% in
the recent Bangladesh National Micronutrients Survey conducted in 2011-12. In this survey, the

prevalence rate of anemia was 19.1% in school-age (6-11 years) children (119).
1.2.1 Impact of arsenic on anemia and micronutrients

Considerable evidence supports the observation that arsenic can influence many aspects of
the heme system (120-124). Earlier studies have indicated that a suppression of erythropoiesis and
direct cytotoxic or hemolytic effect on the blood cells might be the cause of these effects (125,
126). In spite of the high prevalence of anemia mostly in arsenic-contaminated areas (52), few
epidemiologic studies have explored the impact of arsenic exposure on anemia. Associations with
low-moderate levels of arsenic are even fewer in determining the risk of anemia in pregnant
women and children consuming arsenic-contaminated drinking water. There are conflicting reports
on the contributing effect of arsenic on anemia. Risk of anemia in association with low to high

levels exposure to arsenic via drinking water was observed in arsenic-endemic regions of
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Bangladesh and West Bengal, India (121-123). Studies in animals have indicated that iAs can
adversely affect hemoglobin (Hb) levels (127). On the other hand, one recent study revealed that
prenatal blood arsenic exposure was not a risk factor for the incidence of anemia in pregnant
mothers (128). Moreover, no association of anemia was found in all cases of arsenic exposure in
different populations (129-131). Breton et al. demonstrated that Hb was significantly associated
with arsenic-induced skin lesions only in males but there were no associations between toenail
arsenic or urinary arsenic species and Hb levels (132).

Arsenic toxicity to erythrocytes has not yet been assessed in epidemiological studies. A
change in the shape or deformability of the cell had been recognized as the toxicity to erythrocytes
(133-138). Experimental study revealed that inorganic arsenite can bind to cysteine residues of Hb
in rats and humans (139). The trivalent dimethylated arsenical DMA!"" has shown high affinity to
Hb in rat RBCs (140). Another study identified the major arsenic-binding protein (As-BP) and
suggested that the DMA!"'-Hb complex binds to haptoglobin (Hp) to form the ternary DMA'"-Hb-
Hp complex (141).

Micronutrients can affect absorption, excretion, transport, binding to target proteins,
metabolism and sequestration of toxic metals in the body (142-144). Folate deficiency is appeared
to decline arsenic methylation  capacity  significantly and thus enhances arsenic-
induced toxicity and apoptosis (145). One comparative study between two different populations
exposed to similar arsenic levels revealed variation in the toxicity due to the deficiency of vitamin
A (146). It was demonstrated that zinc pretreatment was associated with increased elimination of
arsenic (147).

Despite the strong association between arsenic exposure and a range of child health

concerns, the mechanisms by which arsenic elicits these effects remain elusive. The information
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presented above indicate that pregnant women and their offspring are sensitive groups for arsenic
exposure and more studies should focus on the arsenic exposure and associated toxicity in these
populations. Therefore, the preceding background has established the rationale for the

epidemiologic investigations in the forthcoming dissertation.

1.3 AIMS OF THE THESIS

Overall, there are very few studies suggesting adverse effects of arsenic on immunity and
anemia in adults with little or no information available on prospectively collected data on arsenic
exposure and other factors starting in early pregnancy. Therefore, in this study in rural Bangladesh
children born in our prospective mother-child cohort (the MINIMat cohort, described in Materials
& Methods section) were followed-up (9, 148) at 9 years of age, with the aim to examine potential
impacts of prenatal and childhood arsenic exposure on immune function and anemia.

Additionally, the research attempts to evaluate whether maternal micronutrient
supplementation during pregnancy influences nutritional and micronutrient status in school-age
children (~9 years) in a longitudinal mother-child cohort in rural Bangladesh. This study also made
an assessment of whether anemia during pregnancy has a long-term impact on anemia in pre-
adolescent school-age children and whether this is influenced by maternal micronutrient
supplementation.

The two major objectives addressed in the present thesis were to elucidate the effects of
prenatal and concurrent arsenic exposure on
0] anemia related biomarkers (hemoglobin, soluble transferrin receptor, ferritin, vitamin B>,

folate, vitamin A, hepcidin, zinc) (Paper-I) and
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(i) expression of thymus derived naive T cells (signal joint T cell receptor excision circles

(SJTRECSs)) and senescence (telomere length) of immune cells in 9 years old children (Paper-11).
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CHAPTER 2
MATERIALS AND METHODS
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2.1 Study setting

This thesis builds on data from the study “Maternal and Infant Nutrition
Interventions in Matlab” (MINIMat, ISRCTN16581394) carried out in Bangladesh. This trial was
conducted in Matlab (Figure 2), a rural subdistrict 57 km south-east of the capital Dhaka where
the population receives health services from the International Center for Diarrheal Disease
Research, Bangladesh (icddr,b). Here, icddr,b has been operating a health and demographic
surveillance system (HDSS) with a central hospital and four smaller regional health care centers,
covering a population of about 220,000 in more than 140 villages since 1966. The HDSS database
is updated based on information collected through monthly home visits by community health
research workers, who record all vital events such as deaths, marriages, in- and out-migrations,
pregnancies, pregnancy outcomes, and selected child and maternal morbidity events. Matlab is one
of the areas that are most affected by arsenic in drinking water from tube wells in Bangladesh.
More than 95% of the population uses tube-well water as their drinking water (149), with 30%
having arsenic concentrations above 200 pg/l (150, 151). Recent survey (2013-2014) showed 43%
of tube wells in Matlab still contain arsenic >10 pg/L, the WHO guideline value for arsenic in
drinking water and 34% tubewells exceeded the 50 pg/L, the national standard for drinking water
(152). Agriculture is a major source of income in this area. Therefore, there is substantial exposure
to arsenic through food (mainly rice) that comes from the use of arsenic-rich irrigation water from

shallow pumps (33).
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Figure 2: Map of Bangladesh and Matlab study area [adapted from (153) with minor
modifications].

2.2 Study design and population

The MINIMat study evaluated the effects of nutritional intervention during pregnancy on
birth outcomes, child mortality and growth. Add-on studies further investigated effects of arsenic
and other contaminants on maternal and child health including immune function and development.
The present thesis is based on data from pregnant women enrolled in the MINIMat trial, and
children who were born to mothers in the MINIMat trial and thereafter followed-up at 4.5 and 9
years of age. As part of the HDSS activities, community health workers perform monthly
household visits and women were questioned about their last menstrual period and offered a urine
pregnancy test if believed to be pregnant. All women identified as pregnant between November

2001 and October 2003 were invited to participate in the MINIMat-trial. Women who gave their

19



consent were enrolled if not more than 14 weeks pregnant as determined by their last menstrual
cycle. The pregnancy was later confirmed by ultrasound. A total of 4436 women were enrolled in
the MINIMat trial around gestational week (GW) 8. In total, 3591 women had singleton live birth
with anthropometry measurements at birth. The initial urine samples were collected around GW8
for analysis of arsenic concentration. MINIMat was a randomized factorial experiment, where
pregnant women irrespective of their nutritional status were randomized to early (E, at about 9
weeks of pregnancy), or usual invitation (U, at about 20 weeks of pregnancy) to daily (6 days a
week) food supplement and to one of the three types of micronutrient capsules, (i) 30 mg iron (Fe)
and 400 ng folic acid (F) (Fe30F group), or (ii) 60 mg iron and 400 ug folic acid, (Fe60F) or (iii)
the UNICEF preparation of multiple micronutrients (MM) including 30 mg iron and 400 pg folic
acid (MM group) (154). The MM group contained 15 different micronutrients (vitamins A, D, E,
Bi1, B2, Bs, B12, C, Niacin, Folic Acid and minerals Fe, Zn, Cu, I, Se) at the recommended daily
allowance level, except folic acid, which was included at level of 400 pg.

For the purpose of study conducted in Paper-1 and Il, (155, 156) we only considered
women in the MINIMat trial (November 2001 to October 2003) who gave singleton birth in the
Matlab hospital or any of the four connected health care facilities from June 2003 to June 2004.
From these women, we followed 640 mother—child pairs for studying the effects of arsenic
exposure on different biomarkers related to child health and development in children at 4.5 years,
and later at 9 years of age as elaborated below.

A total of n = 2735 MINIMat children were studied at the age of 4.5 years (157, 158). To
reduce the burden of various types of investigations, the children were divided into two groups on
the basis of the calendar year of birth. Group A children (n = 1432) were born between April 2002

to May 2003 and Group B children (n = 1303) were born between June 2003 to June 2004. Group
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B children were selected and earlier involved in various studies for asthma, allergy (total group B
children, n = 1303, referred in Hawlader et al) (159, 160) as well as immune function and bone
growth studies (n = 640 group B children reported in Ahmed et al) from birth and at the age of 4.5
years (3, 6, 8, 9, 161, 162) and followed up at 9 years (Figure 3). The present thesis includes a
sub-set of children belonging to Group B. For the present study, field workers carried out a survey
for availability of 9 years old children (n=640) by visiting their household who were earlier studied
at 4.5 years of age (9). Among these children 39 refused to participate in the follow-up study, 42
migrated, one child was dead, 7 were not available for other reasons, 7 refused to give blood and
4 blood samples were clotted. Finally, 540 blood samples were available for analysis (Paper I).
Adequate blood cells for studying sjTRECs and TL were available from 275 children at 4.5 years
and 351 children at 9 years of age, and among them 213 children were common in both time points

(Figure 3) (Paper I1).
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Figure 3: Flow diagram depicting the recruitment of children in the study nested in the MINIMat

birth cohort study in rural Bangladesh carried out in 2012—-2013.
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2.3 Data Collection and Sampling

Maternal anthropometry and family socioeconomic status were collected in early
pregnancy in the MINIMat trial (154). Baseline data for mothers were taken by trained health
research workers at the first sub-center visit in pregnancy week 8. The study interviewers visited
all participating women and registered pregnancy outcomes (spontaneous abortion, induced
abortion, stillbirth, and live birth). Anthropometry data of children were collected at 4.5 and 9
years (10). Anthropometric measurements were taken at the sub-center clinic visit by trained
nurses. Weight was measured with a digital scale (TANITA HD-318, Tanita Corporation, Japan),
accurate to £10g. Weight scales were standardized daily. Height was measured using a free-
standing stadiometer Leicester Height Measure with millimeter marks (Seca214, UK). The
stadiometer was calibrated before the start of the study and in every 6 months. The measured
weight and height were converted to weight-for-age (WAZ), height-for-age (HAZ) and body mass
index (BMI)-for-age Z-scores (BAZ) (standard deviation (SD) scores), using the WHO
Multicentre Growth Reference Study child growth standards for school-aged children and
adolescents (163). Children with WAZ <-2 SD from WHO reference population were considered
as underweight, with HAZ <-2SD as stunted, and those with BAZ <-2SD were considered as thin.

Based on a set of structured questionnaires, health research workers collected morbidity
information from pregnant women during monthly scheduled home visits. Four specific morbidity
questions were included in the questionnaires concerning respiratory illness (in terms of cold,
cough, or difficult breathing), diarrhea/dysentery (three or more liquid stools in 24 hours or stools
mixed with blood), and urinary tract infections (in terms of burning/pain/difficulty during
urination) with or without concomitant fever. The duration of the illness (number of days) was

also recorded.
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Socioeconomic status (SES) of the families was retrieved from the HDSS databases at the
enrollment in the MINIMat trial. It was defined in terms of assets on the basis of household
ownership of different items (e.g., fan, bicycle, mobile phone, or television), dwelling
characteristics (e.g., flooring and roofing material and number of people per room), type of
household sanitation, type of cooking fuel, and drinking-water sources used. The family SES score
was estimated via an asset index, generated through principal component analysis of household
assets and grouped into tertiles (164). It was further updated during the follow-up studies.

Five ml of fasting venous blood was collected in Lithium heparin treated tubes (Sarstedt
Monevette®, Sweden) by trained paramedics in the subcenters in Matlab. Heparinized blood was
centrifuged to separate plasma from buffy coat. Peripheral blood mononuclear cells (PBMC) was
separated from buffy coat by density-gradient centrifugation and stored in RNALater (Qiagen
GmbH, Hilden, Germany) in -80°C. Urine samples from pregnant mothers during GW8 and their
children at 4.5 and 9 years of age were collected into a disposable metal-free plastic cup (Papyrus,
Gothenburg, Sweden) from which urine was transferred to a 24-mL polyethylene bottle tested
essentially free from trace elements (Zinsser Analytic GMBH, Frankfurt, Germany). In early
pregnancy, spot urine samples were collected in the women’s home whereas the collection of spot
urine from the children at 4.5 and 9 years of age occurred at the health care facilities. After
collection, the samples were chilled and kept cold until frozen (at -80°C) at the end of the day at
the latest. Later, the frozen urine samples were transported to the laboratory in Karolinska

Institutet, Sweden, for measurements of urinary arsenic.
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2.4 LABORATORY ANALYSES

2.4.1 Assessment of plasma biomarkers

A drop of blood from mothers (at GW14 and GW30) and children of 4.5 and 9 years was
used to measure Hb by HemoCueHb 201+ (HemoCue AB, Angelholm, Sweden). The blood
samples were transported to the Matlab Laboratory for separation of plasma which was thereafter
stored in -80°C freezer until transported to the Laboratory in icddr,b, Dhaka. Ferritin, vitamin B12
and folate were analyzed in plasma by chemiluminescence method using Cobas €601 (Roche
Diagnostics, Mannheim, Germany). C-reactive protein (CRP) and soluble transferrin receptor
(STfR) were assessed in plasma using Hitachi 902 (Roche Diagnostics, Mannheim, Germany).
Plasma hepcidin was measured using a commercial ELISA kit (DRG International, GmbH,
Germany). Flame atomic absorption spectroscopy was used to analyze plasma zinc (Zn)
concentrations (Shimadzu Corporation, Kyoto, Japan). Isocratic reverse-phase HPLC and UV
detection were used to analyze concentrations of plasma retinol/vitamin A (Shimadzu Corporation,
Kyoto, Japan). The mean inter-day coefficient of variation was <5% for sTfR, ferritin, folate,
vitamin Biz, Zn, vitamin A, and CRP and <8% for hepcidin. For an independent assessment of the
laboratory’s analytical performance, it participates in external quality assurance programs such as
VITAL EQA of Centers for Disease Control and Prevention (CDC) for the above parameters
excepting Zn.

The complete blood count (CBC) including mean corpuscular volume (MCV), mean
corpuscular Hb (MCH), mean corpuscular Hb concentration (MCHC) and other blood indices were
determined using Hematology Analyzer (Sysmex XT-1800i, Kobe, Japan). Erythrocyte

Sedimentation Rate (ESR) was measured by Wintrobe Method (NCCLS) (Paper I).
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2.4.1.1 Hemoglobin and anemia

Anemia is defined as Hb<115 g/l for 9 years and <110 g/l for <4.5 years old children
according to WHO guidelines (12) (Table 5). Mild anemia is defined if Hb level is 110-114 g/l,
moderate is 80-109 g/l, and severe anemia is <80 g/l (12). The cut-off to define anemia in
pregnancy was set to Hb<110 g/l according to (52). The cut-off values to define iron deficiency
(ID), iron deficiency anemia (IDA) (12, 165), and micronutrient deficiencies (100, 166, 167) have

been described in Table 5.

2.4.2 Urinary arsenic

Arsenic exposure was assessed based on the concentration of the sum of iAs, MMA and
DMA in urine, hereinafter referred to as urinary arsenic (U-As) reflecting exposure to iAs from
both water and food (33, 168). The arsenic metabolite concentrations in urine were measured using
high-performance liquid chromatography online with hydride generation and inductively coupled
plasma mass spectrometry (HPLC-HG-ICPMS). The intra- and inter-assay coefficients of
variation were approximately 4%, based on the measurements of a reference urine sample (CRM
No0.18, National Institute for Environmental Studies, Tsukuba City, Japan) (9). In order to
compensate for variation in dilution in urine samples all U-As concentrations were adjusted to the
average specific gravity (1.012 g/ml for all urine samples), measured by a digital refractometer
(RD712 Clinical Refractometer; EUROMEX, Arnhem, the Netherlands) using the formula U-As
(2.012-1)/(measured specific gravity of each urine sample-1). The difference in dilution of urine
is caused by variation in fluid intake as well as differences in physical activity and temperature.
Adjustment by specific gravity has been found to be less affected by age, body size, gender, and

season, compared to the more commonly used creatinine adjustment (169) (Paper I1).
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2.4.3 Estimation of sjTRECs

From the frozen PBMC, DNA was isolated by using the QlAamp DNA Mini Kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s instructions. From 200 ng of
DNA/sample, quantification of sjTREC was performed by using SYBR Green real-time
quantitative PCR and CFX96TM real time system (C1000™ Thermal cycler, Bio-Rad Life
Science Research, Hercules, CA) as described earlier (6, 170). The following primers were used:
forward primer 5’AAAGAGGGCAGCCCTCTCCAAGGCAAAS3' and reverse primer 5S’AGGCT-
GATCTTGTCTGACATTTGCTCCG3'. A standard (kindly donated by PT Ngom) was prepared
by using serial dilutions of a known number of copies of a fragment of the sjTREC gene sequence
and included in each run to generate a standard curve (171). A master mix was prepared that
consisted of 10.0 uL SYBR Green (Qiagen), 1.0 uL forward and reverse primers each, and 6.0 pL
deionized water. Then, 18 uL of this master mix was added to the 96-well plate, which was
followed by 2 uL of standards, samples, and negative controls in corresponding wells to obtain a
20 pL reaction volume. Real-time PCR was performed under the following conditions:
denaturation (one cycle) at 95°C for 3 min; preamplification of 40-45 cycles at 95°C for 30 sec,
62°C for 30 sec, 72°C for 45 sec; and amplification (final extension step) cycle at 72°C for 5 min.
The copy number of sjTRECs in the DNA samples was determined automatically using standard
curves and expressed as sjTRECs content (copy numbers/100 ng of DNA) (Paper Il). The
coefficient of variations (CV%) of intra- and inter-run variation of determination of sjTREC level

were 8.5% and 10.2% respectively.
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2.4.4 Estimation of Telomere length

Absolute TL in PBMC DNA was measured based on method reported by O'Callaghan &
Fenech (172) by performing two RT-PCR reactions using 70 ng of DNA samples for each reaction
in a single plate using two different oligomer standards. Telomere oligomer standard was used to
establish telomere standard curve in telomere PCR reaction whereas single copy gene 36B4
oligomer standard was used for creating 36B4 standard curve in 36B4 PCR reaction. The primer
sequences were: telomere forward primer 5CGGTTTGTTTGGGTTTGGGTTT-GGGTTTGGG-
TTTGGGTT3; and reverse primer 5'GGCTTGCCTTACCCTTACCCTTACCC-TTACCC-
TTACCCT3'; 36B4 forward primer 55CAGCAAGTGGGAA-GGTGTAATCC3' and reverse
primer 55CCCATTCTATCATC-AACGGGTACAAZ'. A master mix was prepared that consisted
of 10.0 uL SYBR Green (Qiagen), 1.0 pL forward and reverse primers each, and 6.0 pL deionized
water. Then, 18 uL of this master mix was added to the 96-well plate, which was followed by 1
pL of standards, 1 pL of plasmid DNA, 2 uL of samples, and negative controls in corresponding
wells to obtain a 20 pL reaction volume. Plasmid DNA (pBR322) was used with each standard to
maintain a constant 20 ng of total DNA per reaction tube. Real-time PCR was performed as
described in section 3.4.3. The data obtained from RT-PCR method to measure absolute TL were
analyzed as kb/reaction and genome copies/reaction for telomere and 36B4, respectively. The
telomere kb per reaction value is divided by diploid genome copy number of 36B4 to give a total
TL in kb per human diploid genome (Paper Il). The Ct values within the linear range of the
standard curves and between 15 and 35 threshold cycles were used for analysis. The CV% of intra-

and inter-run variation of TL assessment were <5% and <7.5% respectively.
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2.4.5 Oxidative stress marker

Arsenic is known to produce reactive oxygen species leading to oxidative stress and DNA
damage (173). This can be assessed by determining 8-hydroxy-2'-deoxyguanosine (8-OHdG)
concentration, a known biomarker of oxidative DNA damage. Plasma concentration of 8-OHdG
was analyzed by a competitive ELISA kit (Highly Sensitive 8-OHdG Check ELISA, Japan
Institute for the Control of Aging, Fukuroi, Shizuoka, Japan) (Paper I1). Samples were measured
in duplicates and analysis was repeated if results of duplicate samples differed more than 10%.

The intra- and inter- assay coefficient of variations were 2.85% and 4.6% respectively.

2.5 ETHICAL CONSIDERATION

Both oral and written informed consent was obtained from the pregnant women about their
participation in the MINIMat trial. Written informed consent was obtained from the mother
or legal guardian of each child prior to participation in the present studies. Enrolled mothers and
their children were informed that they could refrain from the study at any time point without
affecting their access to routine health services. The studies have been approved by the Research

Review Committee and Ethical Review Committee at icddr,b, Bangladesh.

2.6 STATISTICAL ANALYSES

Statistical analyses were conducted using the software PASW 20.0 (SPSS Inc., Chicago,
IL) and Stata/IC 13.0 (StataCorp, College Station, Texas, USA). Normality (data distribution
patterns) and homogeneity of variances were formally checked. Associations between exposures,

outcomes, and covariates were initially evaluated using Spearman’s rank correlation (for
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continuous variables), Mann-Whitney U-test, analysis of variance, or Kruskal-Wallis test (for
categorical variables), as appropriate.

Associations between different exposure biomarkers (U-As at 4.5 and 9 years; MMA%,
DMA%, iAs%) and outcomes (sjTRECs and TL) were examined graphically using lowess moving
average curves searching for linear or non-linear associations. When linear associations were
obtained, multivariable-adjusted linear regression analyses were carried out. When deviation from
linearity was found, we applied splines at apparent thresholds. In scatter plots with Lowess curves
(Figure 4A-F), both TL and sjTRECs slightly increased up to 45 pg/L of U-As and then started to
decline showing deviation from a linear pattern. Thus, due to the nature of non-linear curve the
associations of U-As at all-time points (GW8, 4.5 and 9 years of age) with TL and sjTRECs were
assessed by multivariable-adjusted spline regression analyses with a spline knot introduced at 45
Mg/L (logz-transformed: equivalent to 5.5). To obtain normally distributed residuals with a
homogeneous variance, all exposure variables (U-As at GWS8, 4.5 and 9 years of age) were logs-
transformed. We chose logo-transformation of TL and sjTRECs values to simplify the
interpretation of the beta-coefficients in the regression analyses (average changes in outcome
associated with each doubling of exposure). To analyze the influence of arsenic metabolism
efficiency on the associations between U-As and sjTRECs or TL, initially we analyzed by
multivariable-adjusted linear regression. Again, we observed non-linear association between % of
arsenic metabolites and telomere length or sjTRECSs, thus spline regression was applied. The spline
knot values of the metabolites were introduced at 7, 80 and 15 for MMA%, DMA%, iAs%
respectively. Linear mixed effects models were applied to evaluate the effect of exposure over
time (4.5 and 9 years of age) on outcome changes (TL and sjTRECs) with a spline knot at 45 pug/L.

The association between U-As and 8-OHdG was evaluated by linear regression analysis.
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Analysis of covariance with least significant difference (LSD) was used for multiple
comparisons of child nutritional status and plasma biomarkers in relation to supplementation
groups. Linear regression analyses were used to evaluate the influence of plasma biomarkers on
Hb levels. Multivariable adjusted logistic regression analyses were used to evaluate the risk of
having anemia in 9 years old children if they were anemic at 4.5 years of age or their mothers were
anemic during pregnancy.

Statistical models were adjusted for covariates that were significantly associated with both
exposure and outcome, or biologically relevant or changed the effect estimates by 5% or more.
The covariates were child gender, age, BMI, HAZ, SES, mother’s education, mother’s occupation

and plasma CRP. P values <0.05 were considered statistically significant.
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Figure 4: Associations between urinary arsenic concentration (U-As) (logz-transformed) at GWS8,
4.5 and 9 years and telomere length (A, B and C) and signal joint T cell receptor excision circles
(SJTRECS) (logo-transformed) (D, E and F) in 9 years old children. In the scatter plots, the solid
line represents a Lowess (locally weighted scatter plot smoothing) moving-average curve for the

raw data.
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CHAPTER 3
RESULTS
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3.1 General characteristics of women and children

The sample size in the two papers varies as not all biomarkers were assessed for all
individuals, however, all women were randomly selected for use in different subsets (please also
see description in page 19, under 2.2, Figure 3). Basic characteristics of the children were
presented in Table 1. The median age of the children at the different follow-ups were 4.6 years
(range: 4.5-5.2) and 8.8 years (range: 8.6-9.6), respectively and were referred to as 4.5 and 9 years
of age. At 9 years of age, about 22% children were stunted and 40% were underweight. Among
the stunted children, 10% were severely stunted (HAZ<-3SD) while among the underweight
children, 26% were severely underweight (WAZ<-3SD). About 26% children were thin (Table
1); among them 21% were severely thin (BAZ<-3SD).

At 4.5 years of age, about 30% children were stunted, among them, 16% were severely
stunted. About 39% children were underweight and among them about 19% were severely
underweight. Again, about 13% children were thin, of which 10% were severely thin.

The mean Hb concentration of 9 years old children was 123.81+9.06 g/l (mean£SD) (Table
1). There was no difference in the Hb concentration between boys and girls. Mothers’ mean Hb
were 116.98+12.70 g/l (mean+SD) and 113.98+11.55 g/l (mean+SD) at GW14 and GW30
respectively.

Median U-As in the children at 9 years was lower than that of their mothers during
pregnancy (median 88, range 1.9-1576 pg/L) and at 4.5 years of age. The mother’s U-As
concentrations were strongly correlated with children’s exposures (rs=0.48 for 4.5 years and
rs=0.40 for 9 years, both p<0.001) suggesting similar level of arsenic exposure in mothers and
children. Family SES did not change significantly over time from GW8 to 9 years of age. There

was strong association between TL at 9 years with TL at 4.5 years (Figure 5), even though the
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median TL at 9 years was lower than that at 4.5 years (p<0.001). Mean plasma concentration of 8-

OHdG was significantly higher in 9 years-olds compared to 4.5 years-olds (p<0.001) (Table 1).

Table 1: Baseline characteristics of the study participants.

Variables? 4.5 years 9 years
(n=213) (n=351)
Age, Months 559+1.4 104.4£1.2
Gender, Male, n (%) 99 (46.5%) 178 (50.7%)
Weight (kg) 13.7+15 220+31
Height (cm) 100.0 + 4.0 123.0+5.2
Stunted®, n (%) 61(28.6%) 76(21.7%)
Underweight®, n (%) 97(45.5%) 147(41.9%)
Thinness®, n (%) 69 (12.78%) 137 (25.50%)
Hb (g/1) 128.61+13.33 123.81+9.06
U-As (ug/L)® 57.1(12.9,1125.0) 53.9 (8.9, 1268.0)
Telomere length (kb/dg) 188.9 (68.6-464.0) = 164.8 (53.3-455.0)

sjTRECs (copy number/100 ng DNA) 4.8 (0.23-684.0)x10* 5.7 (0.18-84.5)x10*

8-OHdG (ng/mL) 25+ 14 33x17
Family SESY
1st tertile, n (%0) 71 (33.3%) 117 (33.3%)
2nd tertile, n (%) 65 (30.5%) 117 (33.3%)
3rd tertile, n (%) 77 (36.2%) 117 (33.3%)

@/alues are given either as mean + SD or median with range within brackets.

®Defined as children with HAZ, height for age, WAZ, weight for age or BAZ, body mass index (BMI) for age <-2
SDs from the median value of height, weight or BMI for age of reference population, respectively (according to
WHO).

¢Adjusted to average specific gravity of 1.012.

dSES score was estimated via an asset index, generated through principal component analysis of household assets.
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Figure 5: Association of telomere length between 4.5 and 9 years of age (n=211). In the scatter
plots, the solid line represents a Lowess (locally weighted scatter plot smoothing) moving-average
curve for the raw data.

Examinations of the scatter plots (Figure 4A-F) of TL and sjTRECs (log.-transformed)
against U-As (logo-transformed) at GW8, 4.5 and 9 years in 9 years old children indicated clear
nonlinear relationships. Both TL and sjTRECSs slightly increased up to 45 pg/L of U-As and then

started to decline.

3.2 Hb and arsenic exposure

We did not find any association of Hb levels in mothers at GW14 or 30 with U-As at GWS8.
Also, no association was observed between Hb and U-As in children of 4.5 and 9 years of age
(Table 2). Similar outcomes were revealed when the associations between U-As metabolites

(%MMA, %DMA and %iAs) and Hb were considered (Data not shown). Association of U-As
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with anemia related plasma biomarkers was not found as well. However, folate and zinc showed

negative associations with iAs. Zinc also significantly associated with DMA in children of 9 years.

Table 2: Regression analysis of urinary arsenic concentration at gestation week 8, 4.5 and 9

years with hemoglobin at gestation week 14 & 30, 4.5 and 9 years of age.

U-As at GW8 U-Asat4.5years U-Asat9 years

B (95% CI)* B (95% CI)* B (95% CI)*
Mothers at GW14 -0.02(-0.27,0.21) | 0.05(-0.24,0.35)  -0.02(-0.31, 0.27)
Mothers at GW30 -0.01(-0.23,0.21) -0.05(0.33,0.23)  -0.07(-0.34, 0.19)
Children at 4.5 years 0.01(-0.29, 0.30) 0.14(-0.14, 0.43)
Children at 9 years 1.28(-0.65, 15.4)

aAdjusted for child age, height-for-age z-score, gender, plasma C-reactive protein and total leukocytes at 9 years,
family SES at 9 years, mothers’ education.

3.3 Status of nutritional biomarkers (Paper I)

The prevalence of anemia was about 15% in 9 years and 5% in 4.5 years old children.
Among the 9 years old anemic children, 55% had mild, and 45% had moderate anemia. Severe
anemia was not present among the children.

Descriptive statistics of all nutritional biomarkers have been given in Table 3. Folate
deficiency (<5.2 nmol/l) was not observed among the study participants; only 5 children (0.93%)
had vitamin B> deficiency (<182 pmol/l). About 13% children had folate (>29.5 nmol/l) and 3.1%
had vitamin Bi> concentration (>867 pmol/l) above the reference range. Zinc and vitamin A
deficiencies were present in 8% and 6.2% children respectively. All studied children were hepcidin
deficient when 53.5 pg/l was considered as a cut-off, but only 5 children were deficient when the

cut-off was <1 pg/l. Iron deficiency was found in 8.0% children when sTfR cut-off was used.
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However, it was only 0.2% when ferritin cut-off was used. About 2.5% children had IDA
according to the defined sTfR cut-off and 0.2% (one child) when applying the ferritin cut-off

(Table 4).

Table 3. Plasma biomarkers in school-age children in rural Matlab.

All children Fe30F (n=188) Fe60F (n=185) MM (n=167)

(n=540)
sTTR (nmol/l) 44.83+10.96 45.34+11.38 44.67+11.61 44.45%9.69
Ferritin (ug/l) 59.82+31.35 62.04+30.10 59.57+28.55 57.59+35.42
Folate (nmol/l) 23.13+£5.74 23.7845.96 22.531£5.64 23.05+5.57

Vitamin B2 (pmol/l)  469.96+174.67 474.88+167.78 460.38+179.18 | 474.95+177.78

Hepcidin (ug/l) 9.57+5.92 9.85+6.65 9.60+5.69 9.23+5.29
Zinc (umol/l) 13.33+2.54 13.34+2.55 13.36+2.64 13.29+2.43
Vitamin A (umol/l) ~ 1.03+0.22 1.030.22 1.0440.23 1.0120.21

Data is presented as mean + standard deviation.

Based on morphological classification of anemia, about 61% of anemic children (n=50)
and 92% of non-anemic children (n=431) had normocytic normochromic RBC. About 34% of
anemic children and 6.3% of non-anemic children had microcytic RBC while 4.9% of anemic and

1.3% of non-anemic children had normocytic hypochromic RBC (Table 4).
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Table 4. Indicators used in this thesis to define anemia and micronutrient deficiencies in

school-age children.
Condition

Anemia

Iron deficiency (ID)

Iron deficiency anemia
(IDA)

Folate deficiency
Vitamin Bi2 deficiency

Hepcidin deficiency

Zinc deficiency

Vitamin A deficiency
Normocytic normochromic
Anemia

Microcytic anemia
Normocytic hypochromic

anemia

Indicator
Hb

Plasma ferritin or
Plasma sTfR

Plasma ferritin and Hb or

Plasma sTfR and Hb
Plasma folate
Plasma vitamin B12

Plasma hepcidin

Plasma zinc
Plasma vitamin A
MCV and MCH

MCV
MCV and MCH

Cut-off
< 115 g/l for 9 years (12)
<110 g/l for <4.5 years and in
pregnancy (12)
<15 pg/l (12) or
>59 nmol/l (165)
<15 pg/l and <115 g/l (12) or
>59 nmol/l and <115 g/l (12,
165)
<5.2 nmol/l (166)
<182 pmol/l (166)
<1 pg/l (41)
<53.5 pg/l (174)
<9.9 umol/l (167)
<0.7 umol/I (100)
74.4-93.9 fl and 24.3-31.8 pg
(175)
<74.4 fl (175)
74.4-93.9 fl and <24.3 pg
(175)

3.4 Influence of maternal supplementation on child growth and inflammatory

markers (Paper I)

Compared to the Fe30F group, children in the Fe60F as well as MM group had significantly

higher BAZ scores at 9 years of age (Table 5). However, no significant differences were seen in

HAZ or WAZ scores with respect to supplementation. Maternal supplementation did not affect the

number of stunted or underweight children either at 4.5 or 9 years of age. However, 9 years old
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children belonging to the MM and Fe60F groups had fewer thin children (n=36 and 41,
respectively) compared to those in Fe30F group (n=60, p=0.02, and 0.04, respectively) (Data not

shown).

Table 5. Analysis of covariance of child nutritional status and plasma biomarkers in different
supplementation groups
Fe30F
(n=188)

Fe60F
(n=185)

p -value!

Nutritional status

HAZ at4.5years -1.53%0.86 -1.55+0.88 0.59 -1.59+0.87 0.54
HAZ at 9 years -1.27+0.86 -1.27+0.93 0.98 -1.40+0.88 0.19
WAZ at 4.5 years | -1.76+0.84 -1.78+0.83 0.58 -1.76+0.76 0.98
WAZ at 9 years -1.68+1.04 -1.67+1.11 0.80 -1.74+0.96 0.38
BAZ at4.5years -1.17+0.82 -1.18+0.76 0.97 -1.11+0.78 0.33
BAZ at 9 years -1.47+1.09 -1.25+1.08 0.05 -1.23+1.06 0.04
Biomarkers
Hb at 4.5 years 127.76£8.90  129.7949.49  0.15 128.08+8.77  0.76
Hb at 9 years 123.54+12.50 124.26+13.45  0.52 123.56+14.03 | 0.98
Folate (nmol/l) 23.66+5.96 22.60+5.64 0.06 20.03+5.57 0.03
ESR (mm/1st hr) | 16.15+£10.95  15.76+10.43 | 0.75 14.25+10.28 | 0.05
CRP (mg/L) 1.36+2.97 0.91+1.60 0.04 0.60+0.63 0.002
RDW-CV (%) 13.67+1.22 13.43+0.96 0.05 13.54+1.05 0.29
MCH (pg) 26.35%2.25 27.50+6.64 0.01 26.64+2.03 0.57

ISignificant difference between Fe30F and Fe60F

2Significant difference between Fe30F and MM

Models were adjusted for SES, body mass index, child gender, mother’s occupation, mother’s education levels and
plasma concentration of C-reactive protein;

Data are presented as mean + standard deviation.
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When markers of inflammation or infection were considered, children in MM group had
significantly lower levels of CRP and ESR compared to the Fe30F group (Table 5). Children in
the MM group had significantly lower concentration of plasma folate compared to the Fe30F
group.

When considering RBC indices, children in Fe60F group had higher MCH concentration
compared to Fe30F group. RDW values were significantly lower in the Fe60F group compared to

Fe30F group (Table 5).

3.5 Association of Hb with plasma biomarkers and effect of maternal

micronutrient supplementation (Paper I)

In the adjusted linear regression analysis, Hb was significantly inversely associated with
plasma sTfR; when the association between Hb and sTfR was stratified by gender the association
remained significant only in boys (Table 6). Hb was positively associated with hepcidin in all
children and in girls only. Hb was also positively associated with vitamin A in all children (Table
6). A positive tendency was obtained between Hb and Zn in girls, and a positive association was

noted between Hb and vitamin Bi2 in boys only.
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Table 6. Linear regression analyses between hemoglobin concentrations and plasma
biomarkers in all children and boys and girls separately.

Variables All supplementation groups

All children (n=540) Boys (n=263) Girls (n=277)

"Adj.B(95%CI) | P  *Adj.B(95%CI) | p | *Adj.p(95%Cl) p

STTR (nmol/l) -0.75(-1.48,0.01) 0.04  -1.46(-2.38,-0.55) 0.002 0.46(-0.78,1.70)  0.46
Ferritin (pg/l) 0.13(-0.12,0.38)  0.31  0.20(-0.15,0.56)  0.26 | 0.06(-0.30, 0.43) | 0.73
Folate (nmol/l) -0.11(-1.47,1.26) 0.87  -1.01(-2.98,0.96) 0.31  1.03(-0.92,3.00)  0.30

Vitamin B12 (pmol/l) | 0.02(-0.02,0.06)  0.39 | 0.07(-0.001,0.14) | 0.05 | -0.01(-0.07,0.05) | 0.64
Hepcidin (pg/) 1.274(0.26,3.31) 002  1.12(-1.44,3.69) 038 1.92(0.09,3.75)  0.04
zZinc (umol/I) 1.65(-144,473) 029  -0.85(-5.20,3.50)  0.70 | 3.98(-0.48,8.44)  0.08

Vitamin A (umol/l)  2.16(0.88, 3.45) 0.001  3.02(1.04, 5.00) 0.003 1.70(0.01, 3.38) 0.04

Fe60F
All children (n=185) Boys (n=87) Girls (n=98)
STTR (nmol/l) -0.79(-2.06,0.48) | 0.22 -1.06(-2.74, 0.62) 0.21 | -0.5(-3.03, 1.53) 0.51
Ferritin (ug/l) 0.47(-0.02, 0.97) 0.06 0. 72(-0.10, 1.53) 0.08 | 0.37(-0.27, 1.01) 0.25
Folate (nmol/l) 0.32(-2.22, 2.86) 0.80 -1.06(-4.84, 2.72) 0.57 | 3.12(-0.72, 6.96) 0.11

Vitamin B2 (opmol/l)  0.04(-0.04,0.12) 027  0.19(0.04,0.34) | 001 -0.02(-0.11,0.07) 0.66
Hepcidin (ug/1) 2.88(0.35,5.41)  0.02  0.80(-4.31,591) | 075 4.11(1.20,7.02)  0.006
Zinc (umol/l) -1.05(-6.57, 4.47) 070  -5.25(-13.57,3.07) 021 4.29(-4.00,12.57) 0.30
Vitamin A (umol/l)  3.13(0.89,5.38) | 0.006  6.04(2.44,9.64) | 0.001 1.11(-1.84,4.06)  0.45

Data were given as regression coefficient (B) and 95% confidence intervals;

*Adjusted for SES, body mass index, child gender, mother’s occupation, mother’s education levels and plasma
concentration of C-reactive protein;

#Adjusted for SES, body mass index, mother’s occupation, mother’s education levels and plasma concentration of C-
reactive protein.
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To evaluate the influence of maternal supplementation, the associations between Hb and
plasma biomarkers in 9 years old children were stratified by different supplementation groups
(Table 6). In the Fe60F group but not others (Fe30F and MM, data not shown), Hb was strongly
positively associated with plasma hepcidin and vitamin A in all children. When these associations
were stratified by gender, Hb was associated with vitamin A in boys and with hepcidin in girls
(Table 6). Again, in Fe60F group, the significant positive association was noted between Hb and

vitamin B12 only in boys (Table 6).

3.6 Long term impact of maternal anemia in school-age children (Paper I)

Among mothers during pregnancy, about 28% and 35% of the women at GW14 and GW30,
respectively, were found to be anemic, and 23.6% women were anemic at both time points.
Percentage of anemia was higher in children at 9 years of age (15%) compared to 4.5 years of age
(5%). Notably, thirteen children who were anemic at 4.5 years of age (45%) remained anemic at 9
years of age. Sixty nine children who were non-anemic at 4.5 years became anemic at 9 years. In
adjusted model, the odds (OR) of being anemic in 9 years of age was 1.81 (95% CI 1.07, 3.05; p
=0.027) and 2.34 (1.37, 4.00; p =0.002) fold higher if their mothers were anemic at either GW14
or GW30, respectively, compared to non-anemic mothers (Figure 6). The odds of having anemia
at 9 years was even higher if the mothers were anemic at both time points (OR=3.05, 95% CI 1.42,
6.14; p =0.002). The odds increased, about 6 times (OR=5.92, 95% CI 2.64, 13.25; p <0.001) when
they were also anemic at 4.5 years. However, no impact of maternal anemia was observed at 4.5
years of age (at GW14, OR=0.45, 95% CI 0.15, 1.34; p =0.15; at GW30, OR=1.28, 95% CI 0.54,

3.04; p = 0.56 and at both time points, OR=0.66, 95% CI 0.18, 2.43; p =0.54).
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When the analyses were stratified by supplementation groups, the odds of having anemia
at 9 years of age was 2.34 (95% CI 0.49, 11.04; p =0.28), 3.95 (95% CI 1.09, 14.38; p =0.03) and
4.15 (95% CI 1.25, 13.76; p =0.02) times higher in the Fe30F, Fe60F and MM groups, respectively,
if their mothers were anemic both at GW14 and GW30 (Figure 6). Again, the odds of having
anemia at 9 years of age was 11.16 (95% CI 2.73, 45.59; p =0.001), 6.35 (95% CI 1.50, 26.81; p
=0.01) and 3.50 (95% CI 0.76, 16.09; p =0.10) times higher in the Fe30F, Fe60F and MM groups,

respectively, if they were anemic at early childhood (4.5 years).

44



e

=
= 8B
E =
=2
-

=

MM
4130

ne

e

635 @

GWLE N

159
Ancrne ot

Feo0F

1.6
Ancrine

iR }
Ancnne

Anenne

kY |

Fe30F

Min

b )

kI
GWI &3

14

All supplementation groups

141 &

100

L e TN

430
04

OIES SPPC)

Figure 6: The odds of having anemia at 9 years of age if the mothers were anemic at GW14 or

GWa30 or if the children were anemic at 4.5 years of age.
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3.7 Chronic arsenic exposure and telomere length (Paper I1)

Adjusted regression models showed significant inverse associations between maternal
(GW8) and childhood U-As (4.5 and 9 years of age) and TL at 9 years of age above the spline knot
5.5 (Table 7). In contrast, concurrent U-As below the spline knot was significantly positively
associated with TL at 9 years of age. In 4.5 years old children, U-As at GW8 and concurrent U-As
above the spline knot were inversely associated with TL, although the associations were not
statistically significant. These associations remained unchanged when total available children
(n=275) at 4.5 years of age were considered (Figure 3). The estimates of the associations between

U-As at GW8 with TL at 4.5 (B=-9.7) and 9 years (B=-10.4) were similar (Table 7).
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Table 7: Regression analysis of urinary arsenic concentration at gestation week 8, 4.5 and 9
years and arsenic metabolites at 9 years with telomere length at 4.5 and 9 years of age.

Children at 4.5 years Children at 9 years

U-As at GW8
<5.5P

>5.5

U-As at 4.5 years
<5.5P

>5.5

U-As at 9 years
<5.5P

>5.5

MMA in urine (%)
<7.0°

>7.0

DMA in urine (%)
<80.0°

>80.0

IAs in urine (%)
<15.0°

>15.0

(n=213)

B (95% CI)?

7.1(-26.9, 41.0)
-9.7(-19.4, 0.05)

-8.7(-42.8, 25.4)
-4.7(-16.0, 6.6)

0.01(-0.08, 0.10)
-0.02(-0.05, 0.01)

0.01(-0.02, 0.03)
0.003(-0.02, 0.03)

0.02(-0.01, 0.04)
-0.07(-0.13, -0.003)*

(n=351)
B (95% CI)®

10.4(-8.4, 29.1)
-10.4(-16.9, -3.9)*

-3.3(-25.7, 19.2)
-15.6(-23.6, -7.6)*

23.2(5.9, 41.6)*
-33.9(-41.9, -25.9)*

0.02(-0.05, 0.08)
-0.05(-0.07, -0.02)*

0.02(-0.004, 0.04)
0.02(-0.01, 0.04)

-0.001(-0.02, 0.02)
-0.03(-0.09, 0.02)

aAdjusted for child age, height-for-age z-score, gender, plasma C-reactive protein and total leukocytes at 9 years,
family SES at 9 years, mothers’ education.

bSpline regression model using spline knot at log; urinary arsenic 5.5 (corresponding to 45pg/L), fraction of MMA at
7%, fraction of DMA at 80% and fraction of iAs at 15%.

*indicates p<0.05 and *indicates p<0.10
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To evaluate long term changes of arsenic on TL, we evaluated the association of childhood
exposure to arsenic in relation to TL at 4.5 and 9 years of age by mixed effect models. A significant
inverse association was found between childhood arsenic exposure above the spline knot and
childhood TL (p=-15.4, 95% Cl= -22.19, -8.64; p<0.001) (Figure 7). Adjustment with U-As at
GWS8 did not change the estimates.

The TL was significantly inversely associated with the fraction of MMA above the spline
knot of 7% in 9 years old and above 15% for iAs in 4.5 years old children (Table 7) likely reflecting

increased toxicity due to poor methylation of arsenic in these children.
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Figure 7: Linear mixed effects models of U-As over time (4.5 and 9 years of age) on outcome
changes of telomere length (A) and sjTRECs (B) in children with a spline knot introduced at 5.5
(corresponding to 45 ng/L of U-As). The models were adjusted with covariates (child age, height-
for-age z-score, gender, family SES at 4.5 and 9 years of age, plasma CRP concentration at 9 years,
mother’s education and U-As at GW 8.
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3.8 Chronic arsenic exposure, siTRECs and immune cells (Paper I1)

Significant inverse associations were found between U-As at GWS8, 4.5 and 9 years of age
and sjTRECs at 9 years of age above the spline knot 5.5 (Table 8). Only in 9 years old children a
significant positive association of sjTRECs was obtained with U-As below the spline knot. To
examine whether elevated levels of sjTRECs were linked with illness in these children, we
evaluated association between sjTREC concentrations and morbidity outcomes and found no
association. However, children with U-As below the spline knot had higher counts of lymphocytes
(p=0.01) and monocytes (p=0.05) but lower counts of total leukocyte (p=0.006), eosinophils
(p=0.01) and platelets (p=0.01) compared to children with U-As above the spline knot. The
presence of higher numbers of lymphocytes supported the finding of higher concentrations of
SJTRECs in children with U-As below 5.5. No significant associations were noted between sjTREC
concentrations at 4.5 years (considering either n=213 or n=275) and prenatal and concurrent
arsenic exposures (Figure 3; Table 8).

The mixed effect model with spline function showed an inverse association between
childhood arsenic exposure and sjTRECs (p=-0.68, 95% CIl= -0.85, -0.49; p<0.001) above the
spline knot at 5.5. However, a positive association was found between childhood arsenic exposure
and sjTRECs in all children (f=0.70, 95% CI=0.29, 1.10; p<0.001) below the spline knot (Figure
7). Further the estimates remain unchanged after adjustment with U-As at GW8.

Significant negative correlation of MMA% with sjTRECs levels was found above spline
knot of 7% at 9 years of age. No other significant association of sjTRECs was found with other

arsenic metabolites at either time points (Table 8).
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Table 8: Regression analysis of urinary arsenic concentration at gestation week 8, 4.5 and 9

years and arsenic metabolites at 9 years with sJTRECSs at 4.5 and 9 years of age.

SJTRECs 4.5 years old children 9 years old children
(n=213) (n=349)
Model 1 Model 1 Model 2
B (95% CI)? B (95% CI)? B (95% CI)°
U-As at GW8
<5.5¢ 0.72 (-0.02, 1.5) 0.29(-0.23, 0.81) 0.32(-0.20, 0.85)
>5.5 -0.12 (-0.33, 0.09) -0.43(-0.61, -0.25)* -0.42(-0.61, -0.24)*

U-As at 4.5 years

<5.5¢

>5.5

U-As at 9 years

<5.5¢

>5.5

MMA in urine (%)
<7.0°
>7.0

DMA in urine (%)
<80.0°¢
>80.0

1As in urine (%)
<15.0¢

>15.0

0.36 (-0.39, 1.1)
-0.11 (-0.35, 0.14)

-0.03(-0.32, 0.26)

-0.05(-0.14, 0.04)

-0.03(-0.11, 0.06)

0.04(-0.04, 0.13)

-0.02(-0.10, 0.07)

0.15(-0.06, 0.36)

0.03(-0.58, 0.65)
-0.62(-0.84, -0.40)*

1.3(0.87, 1.8)*
-1.3(-1.5, -1.1)*

0.19(-0.04, 0.42)

-0.16(-0.24, -0.08)*

0.03(-0.04, 0.11)

0.03(-0.04, 0.10)

0.01(-0.07, 0.08)

0.04(-0.16, 0.23)

0.09(-0.55, 0.73)
-0.59(-0.82, -0.36)*

1.3(0.80, 1.8)*
-1.3(-1.5, -1.1)*

0.04(-0.08, 0.16)

-0.26(-0.38, -0.14)*

0.05(-0.03, 0.14)

0.02(-0.05, 0.10)

-0.01 (-0.09, 0.07)

0.14 (-0.10, 0.38)

aModel 1. Adjusted for child age, height-for-age z-score, gender, plasma C-reactive protein and lymphocytes at 9

years, SES of the family at 9 years of age, mothers’ education.
®Model 2. Variables additionally adjusted by 8-OHdG at 9 years.

Spline regression model using spline knot at log urinary arsenic 5.5 (corresponding to 45ug/L), fraction of MMA at
7%, fraction of DMA at 80% and fraction of iAs at 15%.

*indicates p<0.05.
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3.9 Arsenic exposure, oxidative stress, telomere length and sjTRECs (Paper I1)

Prenatal and childhood urinary arsenic were significantly positively associated with plasma
8-OHdG at 9 years of age, but not at 4.5 years of age (Table 9). Again, linear regression analysis
showed a significant inverse association between 8-OHdG and sjTRECs at 9 years of age (p=-
0.17; 95% ClI, -0.30, -0.04; p=0.01), but not at 4.5 years of age (f=-0.15; 95% ClI, -0.37, 0.08;
p=0.195). However, we did not observe similar associations between TL and 8-OHdG either at 4.5
or 9 years of age.

To investigate whether the estimated effects of arsenic on sjTRECs may be mediated via
arsenic-induced oxidative stress, we adjusted the associations of prenatal and childhood U-As with
SJTRECs by 8-OHdG in children at 9 years. The estimates of the associations of U-As with
SJTRECs did not change after being additionally adjusted for 8-OHdG above or below the spline
knot of 5.5 (Table 8). At 9 years, concentration of plasma 8-OHdG above the spline knot was
significantly higher (mean 3.6 ng/mL) than below (mean 3.0 ng/mL) the spline knot (p=0.007),

but this was not the case at 4.5 years of age.

Table 9: Regression analysis of urinary arsenic concentration at gestation week 8, 4.5 and 9
years with 8-OHdG at 4.5 and 9 years of age.
8-OHdG at 4.5 years 8-OHdG at 9 years

(n=213) (n=335)
Unadjusted Adjusted? Unadjusted Adjusted?
U-As at GW8 -0.06(-0.20, 0.07) = -0.06(-0.19, 0.08) | 0.13(0.02, 0.24)* 0.13(0.01, 0.24)*

U-As at 4.5 years -0.07(-0.24, 0.09) -0.08(-0.24, 0.09) 0.23(0.09, 0.36)* 0.22(0.08, 0.36)*
U-Asat9vyears - - 0.30(0.17, 0.43)* | 0.32(0.19, 0.45)*
Data were expressed as regression coefficient (B) and 95% confidence intervals
aAdjusted for child age, height-for-age z-score, gender, plasma C-reactive protein at 9 years, SES at 9 years of age,

and mothers’ education.
*indicates p<0.05.
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CHAPTER 4
DISCUSSION
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The studies that form the basis for this thesis were population based longitudinal studies
on rural Bangladeshi women and their children with a background of wide use of arsenic
contaminated tube-well water for drinking and cooking purposes. It is acommunity-based nutrition
trial with a large pregnancy cohort (the MINIMat trial) that provided the prospect to determine
even smaller increases in risk that might be of public health significance.

The analyses focus on epidemiological associations of prenatal and childhood (4.5 and 9
years) arsenic exposures with anemia related plasma biomarkers and immune markers in children.
The present longitudinal studies have revealed that chronic arsenic exposure from in utero to pre-
adolescent age do not influence the anemia status but has a profound adverse effect on immune
function.

Data are conflicting in regards to the effect of arsenic on Hb. Binding of arsenic in a
complex with glutathione in RBC (as seleno-bis-(S-glutathionyl) arsinium ion [(GS).AsSe]) is one
mechanism of detoxification by the body (176). Naranmandura et al. (141) isolated and identified
a major arsenic binding protein as the ternary DMA"'-Hb-haptoglobin complex in rat plasma after
a single oral administration of arsenite. They suggested that DMA"'-Hb complex was first formed
in RBCs of rats and then released on hemolysis into the plasma where it bound to haptoglobin to
form the ternary complex. A study in West Bengal, India depicted that chronic arsenic exposure
(meantSD U-As, 391.49+226.67 pg/L in exposed versus 28.66+19.02 pg/L in unexposed)
destructed human erythrocytes by destabilizing cell membranes resulting in release of Hb and thus
increasing the risk of anemia (120). A higher prevalence of anemia particularly pregnancy anemia
was reported among women with low-moderate level [median (25", 75" %tile) U-As, 1.46 (0,
3.61) pg/L in anemic versus 0.10 (0, 2.39) pg/L in non-anemic] drinking water arsenic exposure

(177).
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In rural Bangladesh, a study in male adults revealed that even with arsenic exposure as
high as [mean (range) U-As, 1730.4 (100-11160) pg/g], there was no effect on Hb but RBC counts
were reduced. However, among a sub-group (smokers) an inverse association was found between
U-As and Hb (124). Islam et al (178) demonstrated that chronic arsenic toxicity [median (range)
U-As, 129.7 (20.0 — 1764.0) pg/L] was associated with poor nutritional status and anemia was
present among 26% of adult patients with arsenicosis (i.e. skin lesions). However, they did not
show any association between exposure and anemia. Similarly, in another study in Bangladesh
using a larger sample size (n=1984), no association was found between arsenic exposure and Hb
in adults with and without skin lesions (median water As, 39.0 ug/L). However, the influence of
arsenic on Hb was only evident in male subjects (132). Further investigations in a sub-sample
(n=147) from the above cohort among anemic and non-anemic women revealed that arsenic-
induced skin lesions (medianzinterquartile range water As, 37.7+268.0 ug/L) is more common in
anemic women (179). Merrill et al. (130) found no relationship between arsenic levels in drinking
water (water As, >50 pg/L in 12% of tubewells) and prevalence of anemia among women of
reproductive age. In contrast, increased maternal blood arsenic levels (mean+SD blood As,
12.443.4 pg/L in anemic versus 14.844.0 pg/L in non-anemic) were found to be related to
decreased anemia during pregnancy in a longitudinal study (128).

There is limited data available in children. To study the association of anemia with heavy
metals, a study in Mexico found that average arsenic level in dry blood was higher in the anemic
children compared to non-anemic children (180). In a study in Mexican school children evaluating
the associations of U-As (mean+SD, 58.1+33.2 pg/L) with several cognition tests found no

association between U-As and Hb in these 6-7 years old children (181). The findings of the above
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studies do not clearly show an association between arsenic and Hb; rather it indicates that low Hb
levels serve to exacerbate the harmful health effects of chronic arsenic exposure.

Among the MINIMat children, even though there were about 22-40% undernourished
children, the proportion of anemia was similar to normal children. We did not find any influence
of chronic exposure on anemia in these children. It may be noted that the exposure levels of arsenic
in most adult populations of the above studies were much higher than our MINIMat children.
Moreover, the duration and magnitude of exposure to arsenic were lower in children (<9 years
only) compared to pregnant mothers (median U-As: 88 ug/L in pregnancy, 57.1 pug/L in 4.5 years
and 53.9 pg/L in 9 years). Furthermore, there was 40% reduction in the proportion of arsenic-
contaminated tubewells in rural Bangladesh by the successful intervention of the Water, Sanitation
and Hygiene (WASH) program of BRAC in collaboration with the government of Bangladesh
(182) along with other mitigation programs. Installation of deep tubewells occurred in later years
(after birth) in these locations could have contributed to relatively lower arsenic exposure in older
children. This level of exposure might not be sufficient to influence the concentration of Hb and
other anemia related biomarkers in the school-going children. The abundance of folate in the
MINIMat children (without folate deficiency) may also have reduced arsenic toxicity via efficient
metabolism since arsenic metabolic pathway is folate dependent (183). Moreover, our study-
children were generally breastfed and thus were less exposed to arsenic during the critical window
of development.

The prevalence of anemia in 9 year old MINIMat children (15%) was slightly lower than
the prevalence rate of 19% obtained in the Bangladesh National Micronutrient Survey conducted
in school-age (6-11 years) children in 2011-2012 (119). One recent study of school-based

micronutrient fortification program in rural Bangladesh for children aged 6-11 years determined
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slightly lower rate (12.5%) of anemia at baseline status (184). Earlier studies have shown much
higher rates of anemia in children. According to the WHO database on anemia in Bangladesh, the
prevalence of anemia in school-age children (5-12 years) was 34% in 2007 (185). The anemia
prevalence survey carried out by Bangladesh Bureau of Statistics/UNICEF in 2003 demonstrated
about 46% anemia in rural Chittagong Hill Tracts and 24% anemia in urban Dhaka in 13-14 year
old boys and girls (186). A nutritional survey conducted in 2001 by Helen Keller International
(HKI) in collaboration with the Institute of Public Health Nutrition showed that 33.5% of the
school-age children (5-11 years) in rural Bangladesh suffered from anemia (187). The reasons for
decline in anemia prevalence in this age group could be multi-factorial. (i) One factor could be the
high iron content in groundwater in the rural areas where the main source of drinking and cooking
water is from tubewells. The Bangladeshi standard for iron in drinking water is 0.3-1.0 mg/L (188).
British Geological Survey demonstrated that 23% of tubewell water contained >5 mg/L where
10% had >10 mg/L iron in Bangladesh (189). In Matlab, the Fe concentrations in 78% of the
shallow wells (<50 meters) were above the recommended limit of 0.3 mg/L of WHO and United
States Environmental Protection Agency (190). Again in 2014, Bhattacharya et al showed that the
mean iron content in 243 tubewells in Matlab was 4.2 mg/L which was 14 fold higher than the
WHO recommended cut-off for iron in drinking water (191). Merrill et al. demonstrated that
groundwater contributed significantly to the daily iron intake of rural women which might protect
them from ID and IDA; the iron intake through water and food was compared with iron status in
the body (192). According to the National Micronutrient Survey, low prevalence of iron deficiency
in preschool and school-age children, and non- pregnant, and non-lactating women was associated
with frequent use of tubewell water and low IDA was attributed to consumption of high iron

containing groundwater (119). In agreement with these findings, 99.3% of the children in the
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present study had normal ferritin levels indicating lack of iron deficiency. (ii) Another factor could
be the high coverage of vaccination (84%) and vitamin A supplementation (93%) by the age of
23-59 months (according to survey of Expanded Programme on Immunization 2014), various
nutritional intervention programs for mothers and children (such as Bangladesh Maternal Infant
and Young Child Nutrition-Home Fortification Programme; The National Food Security
Nutritional Surveillance Project; The Nutritional Surveillance Project of HKI; the Poverty
Reduction Strategy and the Health, Nutrition and Population Sector Program for 2001-13)- all of
which may have contributed to improved overall health and nutritional status, resulting in reduced
mortality and morbidity due to infectious diseases (193). According to Bangladesh Demographic
and Health Survey, the level of stunting has declined from 51% to 36% and underweight from
43% to 33% among children below 5 years of age in the last decade (from 2004 to 2014) (194). In
a study carried out in Matlab during 2000-2012, Das et al. also demonstrated a marked reduction
in stunting and underweight among under-five children (195). (iii) Prevalence of diarrhea in
Bangladesh has declined from 7% in 2007 to 4.3% in 2014 (194). Such health indicators suggest
a positive impact on the health outcomes in children of rural Bangladesh all of which may
contribute to reduced anemia.

We have found that none of the children had folate deficiency; iron (8% or 0.2%) and
vitamin B2 deficiencies (0.9%) were also minimal suggesting that a major cause of anemia in
children was not related to iron, folate or B1> deficiency. These results are in line with the findings
at 4.5 years as reported earlier on MINIMat children (196). The presence of normocytic
normochromic anemia in more than half (about 61%) of the anemic children could indicate
presence of recent infections, deficiency of vitamin B> (riboflavin) and genetic disorders such as

sickle cell anemia, red blood cell membrane disorders etc. that may cause hemoglobinopathies in
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children of this age group (197). Microcytic anemia can be attributed to IDA, vitamin Be
(pyridoxine) deficiency and thalassemia (197). The exact nature of anemia (whether genetic or B>
or Be deficiency) could not be determined in these children, however, parents were notified, and
suspected children were referred to specialists.

When we investigated the consequence of long-term effects of maternal nutrition
supplementation in the 9 years old children, we have found that Hb concentrations did not differ
by supplementation groups in children. This finding was in line with the original MINIMat trial
where supplementation did not affect Hb concentration in pregnant women at GW30 (154). In the
majority of the children (85-95%), Hb concentration was well within the normal range as earlier
reported in a larger MINIMat cohort (n=1354) (196). The positive association between Hb and
plasma concentration of ferritin, B12, hepcidin and vitamin A mainly in Fe60F group (but not in
the Fe30F and MM groups) indicated a beneficial impact of the higher dose of antenatal iron on
Hb concentration in 9 years old children. Vitamin A has an important role in iron mobilization into
Hb of developing RBC (117). Iron status impacts plasma and liver levels of vitamin A (198).
Supplementation with 60 mg iron and folate during pregnancy increased hepcidin concentration
in iron deficient Tanzanian women (serum ferritin <12 pg/L) (199). In support of our study, iron
deficiency was low among pregnant women in rural Bangladesh who showed positive association
between Hb levels and plasma concentrations of Zn, vitamin Biz, and a-tocopherol (200).
Improved outcome of iron supplementation on Hb recovery was observed in anemic or
iron deficient children but not in adolescents or adults (201).

We found beneficial effects of multiple micronutrients (MM) on child nutritional status
(BAZ scores). In a larger cohort of MINIMat children (n=1634), Khan et al showed that maternal

MM supplementation increased the proportion of stunting in boys only at 4.5 years of age (202).
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However, we did not find any impact of MM supplementation on the proportion of stunting or
underweight children either at 4.5 or 9 years of age, not even in boys. Data on child growth beyond
5 years of age in relation to maternal supplementation are scarce. A meta-analysis of randomized
controlled trials reported that maternal multi-micronutrient supplementation had a significant
positive effect on head circumference of under-5 children without any effects on weight, height,
WAZ, HAZ and WHZ (203). In a randomized controlled trial in Vietnam, children born to mothers
who received low-dose iron (120 mg per week) during pregnancy had significantly lower height
and HAZ compared to children born to mothers who received higher-dose (420 mg per week)
antenatal iron supplementation regimens (204).

In our study, supplementation with MM also markedly reduced markers of inflammation
and infection in 9 year old children. The MM supplement of UNICEF/WHO/UNU contained
important antioxidants such as vitamin E, vitamin C and selenium which are known to reduce
inflammatory responses. It is possible that prenatal MM supplementation improved the immune
reserve of the growing fetus that persists and aid in combating infections in later childhood. Very
few studies have reported effects of MM supplementation during pregnancy on disease outcomes
of older children. Multi-vitamin supplementation of HIV-infected women during pregnancy and
lactation was shown associated with reduced rate of all types of diarrhea among under-5 HIV-
negative children (205). Maternal vitamin A supplementation enhanced natural antibody
concentrations in Nepalese children at preadolescent age (9 to 13 years); the authors postulated
that pre-natal supplementation leads to a higher reservoir and sustained natural immunity in these
children (206). An increasing body of evidence suggests that maternal nutritional status including

micronutrients, life-style, exposure to pollutants etc. from preconception through lactation causes
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fetal or neonatal epigenetic changes that might account for altered mechanisms of growth,
metabolism and diseases observed later in life (207).

One important finding of this study was that anemia during pregnancy and in early
childhood was an important risk factors for anemia in pre-adolescent age (Paper I). Several studies
indicate that the nutritional background of a woman during pregnancy and especially during early
life is a critical determinant of her offspring’s subsequent health outcomes such as suboptimum
growth and mortality, suggesting an intergenerational transfer of poor health from mother to child
(208, 209). Maternal conditions such as anemia affecting the gestational environment can cause
fetal or neonatal epigenetic changes that accounts for altered mechanisms of growth and
metabolism observed later in childhood (207). Indeed, a study in Burma reported association
between maternal anemia and anemia in 6-36 months old children (210). To the best of our
knowledge, this is the first report that shows that this risk is also apparent at 9 years of age. A study
involving 3 generations of Sami people in Sweden exhibited the age of 8-12 years as a sensitive
period where food availability might induce epigenetic or other changes that could be transmitted
to the next generations impacting health outcomes (211). In line with this, we also found that the
influence of maternal anemia during pregnancy emerged in pre-adolescent age (9 years) and not
earlier at 4.5 years. An interesting finding of the present study was that Hb level at 4.5 years of
age was a stronger risk factor than maternal Hb (~2 folds higher) for being anemic in 9 years of
age. The findings reflect that early childhood nutritional status is also very important besides
prenatal nutrition for optimum health outcome at later age and highlighting the public health
importance of these findings.

We studied the effects of arsenic on immune function in 9 years old children. Our findings

exhibited that persistent exposure to arsenic from fetal life up to 9 years reduced telomere length
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and thymic output in PBMC where concurrent exposure had the strongest effect (Paper I1). There
is mounting interest in studies on environmental exposures and telomere attrition which have
mostly been carried out in adults in cross-sectional studies. However, longitudinal birth cohort
studies are lacking. We found that arsenic concentrations that are considered safe in Bangladesh
(cut-off <50 pg/L) are actually affecting the immune system at relatively low levels. Alteration in
the immune system are already apparent at relatively low levels of arsenic (27% of the wells in
Matlab exceeded the national standard (33)). Here we found that prenatal and persistent childhood
exposure to arsenic above 45 pg/L of U-As reduced TL in children. For every doubling of arsenic
exposure, there was a decrease in 34 kb/dg of telomere length in 9 years old children. One study
showed that adults with chronic exposure to arsenic (average total U-As >19.3 pg/L) have
shortened TL in leukocytes in presence of hOGG1 Cys polymorphism indicating that arsenic-
mediated telomere shortening was influenced by defects in DNA excision repair (212). However,
other epidemiological studies in adults have shown longer TL in PBMC in relation to high arsenic
exposure. One study in West Bengal (213) reported that people with arsenic-induced skin lesions
(mean U-As 290 pg/L) exhibited telomerase-independent elongation of TL compared to subjects
with lower exposure (mean U-As 30.5 pg/L). Studies conducted in people chronically exposed to
high arsenic showed significantly longer telomeres being associated with higher urinary arsenic
(median U-As 230 pg/L (96); 80-196 pg/L (94); mean U-As 856.0 pg/g of creatinine (95)). In the
latter three studies, poor arsenic methylation efficiency and elongated TL appeared to play an
important role in arsenic-related carcinogenesis. In our 9 years old children, higher fraction of
MMA (above the spline knot of 7%) also decreased TL significantly. Therefore, poor methylation
efficiency was found to be related with shortening of TL among these children. The seemingly

counterintuitive findings of shortening or elongation of TL by arsenic exposure could depend on
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various environmental and other factors (such as arsenic dose, duration of exposure, age, DNA
repair mechanisms) that can manipulate the telomere length maintenance machinery and have
opposing directions of effects (214, 215). For example, median U-As concentrations in our study
(88, 57 and 54 ug/L at GWS, 4.5 years and 9 years respectively) were much lower than the above
studies. Ours was a birth cohort study and the negative association of arsenic exposure (above U-
As of 45 ug/L) with TL remained evident at each time point as opposed to the above cross-
sectional, case-control studies in adults. It is plausible that far longer duration of arsenic exposure
in adults compared to children influences the outcome.

In contrast to the above findings, we found that U-As concentrations below 45 ug/L
appeared to be associated with longer telomeres in the children. An ex vivo study demonstrated
that treatment with lower concentration (0.0001 uM) of iAs markedly increased TL in cord blood
leukocytes but at higher concentration (1 uM) significantly decreased the TL; this occurred in
parallel to decreased telomerase expression (82). Similarly, an in vitro study (216) indicated that
arsenite at low concentrations (<1 uM) promoted telomerase activity and maintained TL in cell
lines, while at high concentrations (>1 uM) there was drastic reduction in TL and increased
apoptosis. Treatment with arsenic (0.75 pM) inhibited telomerase transcription and resulted in TL
shortening and chromosomal end lesions with a dominance of chromosomal end-to-end fusions in
yet another in vitro study (217). Thus, shorter telomeres may promote genomic instability and
initiation of carcinogenesis or reduce cell survival through enhanced apoptosis (218). There may
be a critical threshold of arsenic exposure beyond which exposed cells either undergo attrition or
elongation of TL. However, it is difficult to directly compare the in vitro conditions with far more

complex in vivo microenvironment.
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We have earlier shown in the MINIMat cohort that arsenic exposure reduced thymic size (3)
and decreased thymic output in infants/neonates reflected by reduced sjTRECs levels (6). Here we
extend those findings by demonstrating that both prenatal and childhood arsenic exposure
decreased sjTRECs levels at 9 years of age with progressively stronger association being evident
with concurrent exposure. Thymic involution begins from an early age of 1 year and with
progression of age a shift occurs from efficient thymic lymphopoiesis to T-cell generation through
peripheral replication which becomes the dominant mechanism of replenishing the T-cell pool
(219). Decrease in sjTREC concentrations reflects immunodeficiency, a well-known phenomenon
in clinical conditions including HIV-infection (220, 221), chemotherapy, bone marrow
transplantation, severe respiratory syncytial virus (RSV) infections in neonates (222). Several trials
of HAART (highly active antiretroviral therapy) treatment of HIVV/AIDS patients, both adult and
pediatric, have demonstrated regeneration of sjTRECs containing T lymphocytes and recovery
from immunodeficiency (223, 224). Thus, reduction of sjTRECs due to arsenic exposure suggests
depletion of T cell pool in the children eventually leading to immunodeficiency. Our findings are
in keeping with previous studies demonstrating reduced frequency of T cells in children and adults
with chronic arsenic exposure (76, 77, 79). One of the mechanisms of immunosuppressive effects
of arsenic is to induce cell apoptosis (77). We have previously shown that arsenic exposure during
pregnancy reduced T cell counts in the placenta and cord blood and upregulated apoptosis related
genes in cord blood (6, 8). Childhood arsenic exposure reduced T cell-mediated function in these
MINIMat children at 4.5 years (9) and impaired mumps-vaccine specific responses at 9 years of
age (10). T cells are required for an effective adaptive immune response. Depletion of T cells is
likely to hamper adaptive immunity while aging T lymphocytes (with shorter TL) are

hyporesponsive to infection or vaccination (225). Thus, our findings of inadequate production of
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SJTRECs or naive T cells and cellular exhaustion due to persistent arsenic exposure in childhood
are closely linked to accelerated aging of immune cells (immunosenescence) that may
subsequently result in mounting of suboptimal immune responses and increased disease
susceptibility. Recent reports suggest that having a short or long TL may be largely established
early in life and serve as a marker of susceptibility to chronic diseases and cancer in later life (226,
227).

In vitro and experimental studies have revealed that oxidative stress causes telomere
attrition (228). Our earlier studies have shown that arsenic exposure during pregnancy increased
8-OHdG expression with increased inflammatory responses and reduced T cells in the placenta
and cord blood (6, 8). In support of our early reports, we found that prenatal and childhood arsenic
exposure increased oxidative stress, and again oxidative stress appeared to reduce sjTRECS levels
in 9 years old children but not at an earlier age of 4.5 years. However, as plasma 8-OHdG did not
affect the relationship between U-As and sjTRECs, the mechanisms of 8-OHdG-mediated
oxidative damage of naive T cells may be distinct from arsenic-induced oxidative damage with
little overlap. The possible modes of action of arsenic toxicity other than increased oxidative stress
are direct genotoxic effects, altered expression of growth factors, impairment of enzymes involved
in DNA synthesis and repair (229).

Follow-up studies in MINIMat children who are exposed from in utero will give a unique
opportunity to help gain better insights into the mechanisms by which health in later life is

influenced.
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5 CONCLUSIONS

Our results indicate that maternal micronutrient supplementation confers beneficial health
effects on pre-adolescent school-age children although the effects were not apparent at an earlier
age of 4.5 years. The prevalence of anemia in 9 years old children in Matlab, Bangladesh was
lower than expected; however, it remains a public health problem and debates are ongoing whether
it is still a necessity to continue programs concerning anemia alleviation in Bangladesh. Anemia
during pregnancy and in early childhood appeared to be important risk factors for anemia in pre-
adolescent age. This information might aid the public health services to take initiatives aimed at
reducing anemia and micronutrient deficiencies in early childhood in addition to the programs
being carried out for women during pregnancy.

Our findings also suggest that chronic arsenic exposure from early life, even at relatively
low exposure, can result in TL attrition and lower production of naive T cells potentially leading
to immunosenescence and immunodeficiency. Therefore, environmental exposure to arsenic
during early life may result in lifelong changes in health trajectories. In summary, we may draw

the following conclusions from this thesis:

= Arsenic exposure had no effect on Hb levels and anemia related biomarkers (sTfR, ferritin,
vitamin Bio, folate, vitamin A, hepcidin, zinc) in 9 years old school-going children.

= About 28% of the women were found to be anemic at GW14, 35% at GW30 and 23% at
both time points.

= The prevalence of anemia was 5% in 4.5 and 15% in 9 years old children.
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Anemia during early childhood was a greater risk factor than pregnant mother’s anemia
(during pregnancy) for these children. The risk of anemia in 9 years old children
- was 3-fold higher if their mothers were anemic during pregnancy.
- increased (about 6 times) when children were also anemic at a younger age
(4.5 years).
2.5% children had IDA according to sTfR cut-off and 0.2% (one child) when applying the
ferritin cut-off.
Multiple micronutrient supplementation during pregnancy had positive effects on
nutritional status (improved BMI z-scores) and inflammation markers (CRP) in 9 years old
children.
Persistent arsenic exposure from fetal life up to 9 years was associated with reduced
-Telomere Length in PBMC
-Naive T cells and thymic output (sjTRECS)
with strongest effects being observed at concurrent exposure
Significant negative correlation of MMA% with TL and sjTRECs levels were found above
spline knot of 7% in 9 years old children.
With prenatal and childhood arsenic exposure, increased oxidative stress (8-OHdAG) was

evident at 9 years of age, but not at an earlier age of 4.5 years.
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