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Abstract 

The contamination of arsenic in drinking water is a global environmental health 

problem affecting hundreds of millions of people throughout the world. Arsenic is a 

metalloid found naturally in the earth’s crust which can enter ground water and surface 

water from natural and anthropogenic sources. Arsenic exerts its toxicity through 

binding to sulfhydryl groups on various proteins throughout the body resulting in a 

cascade of detrimental effects including oxidative stress, disruption to signalling 

pathways and hormonal control, and damage to DNA. Chronic exposure to arsenic can 

lead to the development of numerous cancers and non-malignant diseases including 

respiratory and cardiovascular disease. Early life is a particularly sensitive 

developmental period and arsenic exposure during this time has been linked with more 

frequent and severe respiratory infections and chronic respiratory disease in adulthood. 

Early life arsenic exposure results in deficits in lung function equivalent to those who 

smoke cigarettes throughout adulthood. Arsenic is the only environmental agent that has 

been linked to both malignant and non-malignant respiratory disease following 

ingestion, rather than inhalation, making arsenic a unique toxicant to the respiratory 

system.  

 

This thesis examined the mechanisms linking arsenic exposure in early life to the 

development of chronic lung disease. Specifically this thesis addressed the hypotheses 

that 1) exposure to arsenic in utero impairs somatic growth and lung growth and 

development, 2) the response to in utero arsenic exposure will be genetically 

determined, 3) in utero exposure to arsenic alters the expression of genes involved in 

innate immunity and increased mucous production in the lung, 4) exposure to arsenic in 

utero and throughout postnatal life results in long term impairments in lung mechanics, 

hyper-responsive airways and long term changes to airway structure, and 5) in utero and 

early postnatal exposure to arsenic will reduce the clearance of influenza virus and 

exacerbate the inflammatory response to infection. 

 

The development of a mouse model of in utero arsenic exposure, and combined in utero 

and postnatal arsenic exposure, allowed for the characterisation of the effects of early 

life exposure to arsenic on the lung. These studies revealed that the lungs are highly 

sensitive to early life arsenic exposure. In utero exposure to arsenic resulted in 
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intrauterine growth restriction, impaired lung growth, impaired parenchymal lung 

mechanics, altered airway morphology and altered expression of important genes 

involved in innate immunity, mucous production and lung morphogenesis. Combined in 

utero and postnatal exposure to arsenic resulted in long term deficits in airway 

resistance, increased airway smooth muscle and airway hyper-responsiveness. Exposure 

to arsenic in early life reduced the clearance of influenza virus and exacerbated the 

inflammatory response to infection resulting in additive deficits in lung structure and 

function. The response to early life arsenic exposure on the lung was genetically 

determined and this thesis identified sensitive (C57BL/6) and resistant (BALB/c) strains 

of mice. The sensitivity of the lung to early life exposure was highlighted by the result 

that the adverse effects on the lung were not seen in mice exposed to arsenic in 

adulthood only. 

 

A number of potential mechanisms by which exposure to low dose arsenic in early life 

may increase the susceptibility to developing chronic lung disease were identified in 

this thesis. These results add substantially to the growing body of evidence which 

implicates early life arsenic exposure in the impaired development of the lungs with 

long term implications for lung structure, lung function, infection and the development 

of chronic lung disease. These results highlight the susceptibility of infants and children 

to the adverse health effects of environmental exposures and the role which 

environmental exposures play in the pathogenesis of respiratory disease. The 

detrimental effects of early life arsenic exposure on the lung may place millions of 

children and adults at an increased risk of morbidity and mortality from chronic lung 

diseases. 
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Chapter 1: Literature Review 

2 

1.1 Introduction 

The contamination of drinking water with arsenic is a global environmental health 

problem affecting hundreds of millions of people throughout the world (Mandal and 

Suzuki 2002). Arsenic is a metalloid found naturally in the earth’s crust which can enter 

ground and surface water from natural and anthropogenic sources. Arsenic is both 

acutely and chronically toxic and exerts its effects through binding to sulfhydryl groups 

on various proteins throughout the body resulting in a cascade of detrimental effects 

including oxidative stress, disruption to signalling pathways and hormonal control, and 

damage to DNA (Kumagai and Sumi 2007). Chronic exposure to arsenic can lead to the 

development of numerous cancers and non-malignant diseases including respiratory and 

cardiovascular disease (Smith et al. 1992; Smith et al. 2006; Sohel et al. 2009). Early 

life is a particularly sensitive developmental period and arsenic exposure during this 

time has been linked with more frequent and severe respiratory infections and chronic 

respiratory disease in adulthood (Rahman et al. 2011; Smith et al. 2006). Arsenic is the 

only environmental agent that has been linked to both malignant and non-malignant 

respiratory disease following ingestion, rather than inhalation, making it a unique 

toxicant to the respiratory system. However, there are limited experimental data to 

explain how the ingestion of arsenic leads to morbidity and mortality from respiratory 

disease in arsenic exposed populations. 

1.2 Arsenic and arsenic compounds 

1.2.1 Chemical and physical properties of arsenic 

Elemental arsenic (As) is a member of Group 15 of the periodic table, along with 

nitrogen, phosphorus, antimony and bismuth (Figure 1.1). It has an atomic number of 33 

and an atomic mass of 74.92. Arsenic is classified as a metalloid because it has 

properties of both metals and non-metals and can exist in four valency states (Figure 

1.2). In strongly reducing environments, arsenic occurs as elemental arsenic and arsine 

(-3), in moderately reducing environments, it occurs as arsenite (AsIII) and in 

oxygenated environments, it occurs as the stable oxidation state of arsenate (AsV). 

Arsenic is odourless and tasteless, and forms both inorganic and organic compounds.  
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1.2.2 Sources and levels of arsenic in the environment 

Arsenic is ubiquitous in the environment and distributed widely in the earth’s crust at an 

average concentration of 2mg/kg (World Health Organization 2001). Humans can be 

exposed to arsenic through water, food, air, soil, and cigarette smoking. Airborne 

arsenic levels are low, ranging between 0.2-1.5ng/m
3
 in rural areas, 0.5 and 3ng/m

3
 in 

urban areas and up to 50ng/m
3
 in industrial areas (DG Environmental 2000). Arsenic 

levels in soil range from 1 to 40mg/kg and average 5mg/kg (Beyer and Cromartie 

1987). The ingestion of arsenic in soil and dust are likely to be significant in young 

children due to exploratory behaviour such as high hand-to-mouth behaviour patterns. 

The arsenic found in food is mostly the less toxic organic forms, such as arsenobetaine, 

with the highest concentrations in seafood, then meat and cereals, and vegetables, fruit 

and dairy (World Health Organization 2001). Smoking 40 cigarettes a day results in the 

inhalation of 10µg arsenic (ATSDR 1993). However, the most significant source of 

arsenic exposure in most human populations is through the consumption of arsenic 

contaminated drinking water (World Health Organization 2001).  

 

Figure 1.1 Periodic Table of Elements  
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Figure 1.2 Structure of naturally occurring arsenic species that will be discussed in this 

thesis.  1. Arsenate (As V), 2. Arsenite (As III), 3. Monomethylarsonic acid (MMA), 4. 

Dimethylarsinic acid (DMA). 

1.3 Arsenic in drinking water 

1.3.1 Natural and anthropogenic sources 

The contamination of drinking water with arsenic is a global public health problem. The 

most common source of arsenic in drinking water is through the natural contamination 

of ground water with arsenic salts. Arsenic naturally occurs in over 200 minerals and 

although it is not water soluble in its elemental form, arsenic salts exhibit a wide range 

of solubilities depending on the pH and ionic environment (Boyle and Jonasson 1973). 

Under specific conditions of acidity, oxidation, temperature and solution composition, 

arsenic dissociates and enters groundwater where it combines with other elements such 

as oxygen, chlorine and sulphur. Arsenic can also enter the ground water naturally 

through volcanic and geothermal activity. Arsenate (As V) is the most common form of 

arsenic in well oxygenated surface waters, whereas under reducing conditions, such as 

in deep lake sediments or groundwater, the trivalent form, arsenite (As III) 

predominates. 

 

Arsenic can also enter water from anthropogenic sources including industrial effluents, 

mining wastes, and atmospheric deposition  (IPCS 1981). Arsenic is used commercially 

and industrially as an alloying agent in the manufacture of transistors, lasers and 

semiconductors, as well as in the processing of glass, pigments, textiles, paper, metal 

adhesives, wood preservatives and ammunition. Arsenic is also used in pesticides, feed 

additives and pharmaceuticals (World Health Organization 2001). 

1.3.2 Regulations of arsenic levels in drinking water 

The World Health Organisation (WHO) has had a position on the allowable quantity of 

arsenic in drinking water since 1958 (World Health Organization 1958). At the time of 

the publication of the first International Standards for Drinking Water, the WHO 
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recommended an allowable concentration of 200µg/L and classified arsenic as a 

substance that may give rise to actual danger to health (World Health Organization 

1958). In 1963 the allowable concentration was reduced to 50µg/L (World Health 

Organization 1963) and this limit was maintained in the third revision in 1971 despite 

acknowledgement that epidemiological studies had suggested that arsenic had 

carcinogenic effects (World Health Organization 1971). In 1993, the WHO reduced the 

maximum contaminant level (MCL) of arsenic to 10µg/L (World Health Organization 

1993), consistent with the International Agency for Research on Cancer’s (IARC) 

decision to class arsenic as a group 1 carcinogen (carcinogenic to humans) (IARC 

1987). Skin cancer levels in arsenic exposed regions of Taiwan were used to estimate 

lifetime cancer risk using a multistage model (World Health Organization 1993). Many 

jurisdictions have adopted the WHO limit of 10µg/L arsenic including the European 

Union (European Union 1998), Japan (National Institute for Land and Infrastructure 

2003) and USA (United States Environmental Protection Agency 2008). A limit of 

10µg/L is targeted to achieve the lowest concentration of arsenic that is economically 

achievable with water treatment technologies and reliably measurable using common 

detection techniques. Other countries, including Bangladesh, India and China, have 

adopted the earlier WHO limit of 50µg/L as a national standard or as an interim target.  

 

In Australia, the National Health and Medical Research Council (NHMRC) 

recommended a limit of 7µg/L arsenic in drinking water in 2004 based on the following 

calculation (National Health and Medical Research Council Australia 2004):  

 

7 µg/L = 0.002mg/kg body weight per day x 70kg x 0.1 

2L/day 

 

In this equation 0.002mg/kg body weight per day is the maximum tolerable intake for 

arsenic by humans from all sources; 70kg is the average weight of an adult; 0.1 is the 

proportion of total daily intake attributable to the consumption of water and 2L/day is 

the average amount of water consumed by an adult. However, in 2011, the NHMRC 

revised this limit to 10µg/L to coincide with the WHO MCL (National Health and 

Medical Research Council Australia 2011).  
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1.3.3 Populations exposed to arsenic in drinking water 

Despite attempts to regulate the amount of arsenic in drinking water there are many 

populations around the world exposed to unsafe levels of arsenic in their drinking water 

(Table 1.1). It is estimated that over 200 million people living in rural areas of 

Bangladesh, India, Pakistan, Vietnam, Nepal and Cambodia are exposed to arsenic at 

unsafe levels in drinking water (Chakraborti et al. 2002). Large numbers of people in 

these countries live upon low-lying flat flood plains of rivers that drain the Himalayas 

(Figure 1.3). It is the sediment derived from the weathering of Himalayan rock that is 

thought to lead to the downstream deposition of arsenic in some of the most densely 

populated areas on Earth (Winkel et al. 2008). The mass exposure to arsenic is in the 

Ganges Delta region of Bangladesh and West Bengal has been described as the “largest 

poisoning of a population in history” (Smith et al. 2000 p. 1093). 

 

The problem of arsenic contaminated water in this region has only recently become 

apparent due to the increasing number of tube-wells being used throughout Bangladesh 

and West Bengal since the 1970s. Historically, surface water sources in Bangladesh and 

West Bengal harboured dangerous microorganisms, which when ingested, inevitably 

lead to high levels of acute gastrointestinal disease and consequently high infant and 

child mortality rates. In the 1970s, United Nations Children’s Fund (UNICEF) together 

with the Department of Public Health Engineering installed millions of tube-wells 

throughout the region to provide what was thought at the time to be a safe source of 

drinking water (Chakraborti et al. 2002). The inexpensive tube-wells consisted of 

polyvinyl chloride pipes 5cm in diameter inserted into the ground to depths up to 200m 

and capped with either a cast iron or steel hand pump. Throughout the 1980s millions of 

tube-wells were installed due to financial support from the private sector. By 1997, 

UNICEF indicated in its country report for Bangladesh that it had surpassed its goal of 

providing 80% of the population by 2000 with access to ‘safe’ drinking water in the 

form of tube-wells, ring-wells and taps (UNICEF 1998). Unfortunately, due to the 

shallow nature of the tube-wells and the high level of arsenic-rich pyrite rock within the 

Ganges Delta, a large proportion of the tube-wells contained water contaminated with 

arsenic (Smith et al. 2000).  
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Table 1.1 Arsenic contamination in groundwater and population at risk around the 

world, adapted from Ng et al. (2003). 

Country or 
area 

Population 
at risk 

Groundwater 
concentration 
(µg As l-1) 

Guidelines 
(µg As l-1) 

Discovery 
date 

References 

Argentina 2 000 000 100 - 1000 50 1981 
(Sancha and Castro 
2001) 

Bangladesh 50 000 000 <1 - 4700 50 1980s 

(Ahmad 2001; 
Chakraborti et al. 
2004; Rahman et 
al. 2001) 

Bolivia 20 000  50 1997 
(Sancha and Castro 
2001) 

Chile 437 000 900-1040 50 1971 
(Sancha and Castro 
2001) 

China, 
Guizhoua 

20 000 
100 - 10 000 
(mg/kg) 

8mg/kg 1950s (An et al. 1997) 

China, Inner 
Mongolia 

600 000 1 - 2400 50 1990s (Guo et al. 2001) 

China, 
Xinjiang 
Province 

100 000 1 - 8000 50 1980s (Wang et al. 2000) 

Hungary 220 000 10 - 176 10 1974 
(Sancha and Castro 
2001) 

India, West 
Bengal 

1 000 000 <10 -  3900 50 1980s 
(Chowdhury et al. 
2000; Rahman et 
al. 2001) 

Mexico 400 000 10 - 410 50 1983 
(Sancha and Castro 
2001) 

Nepal Unknown Up to 456 50 2002 
(Sancha and Castro 
2001) 

Peru 250 000 500 50 1984 
(Sancha and Castro 
2001) 

Romania 36 000 10 - 176 10 2001 
(Gurzau and 
Gurzau 2001) 

Taiwan 200 000 10 - 1820 10 1950s 
(Lan et al. 2011; 
Tseng 1977) 

Thailand, 
Ronpibool 

1000 1 - 5000 50  1980s 
(Choprapwon and 
Porapakkham 
2001) 

USA Unknown 10 – 48 000 10 1988 (Welch et al. 1988) 

Vietnam Millions 1 - 3050 10 2001 (Berg et al. 2001) 
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Surveys of Bangladesh and West Bengal to investigate the extent of arsenic exposure 

has occurred since 1989 whereby extensive numbers of tube-wells have been tested for 

arsenic contamination (Chakraborti et al. 2004; Chatterjee et al. 1995; Chowdhury et al. 

2000; Rahman et al. 2001). A summary of the most recent groundwater arsenic 

contamination status for Bangladesh and West Bengal is presented in Table 1.2. Out of 

64 districts in Bangladesh 60 districts have arsenic levels in tube-wells above 10µg/L 

(WHO recommended limit) and 50 have levels above 50µg/L (national limit). Out of 

the 18 districts in neighbouring West Bengal 14 districts have arsenic levels in tube-

wells above 10µg/L and 9 have levels over 50µg/L (Chakraborti et al. 2004). Over 150 

million people are living in these arsenic affected regions and are at serious risk of 

being exposed to arsenic through drinking untreated ground water from tube-wells 

(Chakraborti et al. 2004).  

 

In addition to the extensive problems described in Bangladesh and West Bengal, a large 

number of groundwater contamination incidents have been reported throughout south 

and Southeast Asia (Figure 1.3). A large proportion of states and countries in the 

Ganga-Meghna-Brahmaputra plain, comprising an area over of 500,000 km
2
 and a 

population of over 450 million may be at risk from groundwater arsenic contamination 

(Chakraborti et al. 2004).  

 

Arsenic contamination in Australia is thought to occur mostly through anthropogenic 

sources such as mining activity, the use of arsenical pesticides, and timber treatment 

processes (Smith et al. 2003). In regions of Victoria where gold mining has been 

common high levels of arsenic have been identified in surface and ground water, 

ranging from 1 to 5000µg/L (Hinwood et al. 1998). While the contamination of drinking 

water with arsenic is not a widespread problem in Australia, arsenic levels in drinking 

water in Victoria have been shown to correspond to elevated incidences of prostate and 

breast cancers, as well as melanoma and chronic myeloid leukaemia (Hinwood et al. 

1999). 



Chapter 1: Literature Review 

9 

Table 1.2 Physical parameters of arsenic affected regions of Bangladesh and West 

Bengal, adapted from Chakraborti (2004) and Rahman (2001). 

Physical Parameters Bangladesh 
West 

Bengal 

Area (km
2
) 147,620 89,193 

Population (millions) 122 80 

Total number of districts 64 18 

Number of arsenic affected districts (groundwater > 10 µg/L) 60 14 

Number of arsenic affected districts (groundwater > 50 µg/L) 50 9 

Area of arsenic affected districts (km
2
) 118,849 38,865 

Population of arsenic affected districts (millions) 104.9 50 

Total number of hand tube-well samples analysed 50,515 129,552 

% of samples with arsenic > 10µg/L 43.0 49.6 

% of samples with arsenic > 50µg/L 27.5 24.7 

Number of hand tube-well samples analysed from affected areas 44,696 125,506 

% of samples with arsenic > 10µg/L in affected regions 48.5 51.0 

% of samples with arsenic > 50µg/L in affected regions 31.0 25.5 

Population drinking water with arsenic > 50µg/L (millions) 32 6.5 

Population drinking water with arsenic > 10µg/L (millions) 52 8.7 

Persons from affected villages screened for arsenic poisoning 18,991 92,000 

Number of registered patients with clinical manifestations 3,762 (19.8%) 8,900 (9.7%) 

% of total patients that are children with skin lesions 6.1 1.7 
 

 

Figure 1.3 Groundwater arsenic contamination incidents in Asia (Chakraborti et al. 

2004) 
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1.4 Arsenic metabolism, mode of action and health effects 

Exposure to arsenic has been associated with the development of numerous malignant 

and non-malignant diseases. The adverse health effects of arsenic exposure are 

dependent on the species of arsenic consumed, the concentration of arsenic, the duration 

of arsenic exposure, the efficiency of arsenic metabolism and the characteristics of the 

individual.  

1.4.1 Arsenic metabolism 

Following the ingestion of arsenic contaminated drinking water or food, arsenic is 

absorbed through the gastrointestinal tract and reduced to form arsenite (As III). 

Arsenite is three to ten times more toxic than arsenate (As V) (Petrick et al. 2000). 

Arsenite then undergoes sequential methylation in the liver to form monomethylarsonic 

acid (MMA) and dimethylarsinic acid (DMA) (Figure 1.4)  (Lan et al. 2011). Originally 

it was thought that the methylation of arsenic was a detoxification process, however, 

several studies have since shown the toxicity of some methylated forms, particularly 

MMA, is higher than the inorganic forms (Lindberg et al. 2008b; Petrick et al. 2000). In 

urine, approximately 60-80% of  arsenic is in the form of DMA and 10-20% is the more 

toxic MMA (Vahter 2009). There are various factors that may affect arsenic metabolism 

and biotransformation. Males and females metabolise arsenic differently, with females 

having fractionally higher levels of DMA and lower levels of MMA in their urine 

compared with males (Hopenhayn-Rich et al. 1996b). This more efficient metabolism in 

females may occur during childbearing age as a protective mechanism to reduce arsenic 

transfer to the foetus (Lindberg et al. 2007; Lindberg et al. 2008a).  

 

Arsenic is usually excreted from the body, predominantly though the urine, within a few 

days of ingestion. It therefore does not bioaccumulate or biomagnify in the tissues to the 

same degree as other metals, such as cadmium. As a result, urinary levels of arsenic are 

used as a marker of recent arsenic exposure and methylation efficiency (Mandal et al. 

2004). Small amounts of arsenic do accumulate in the hair and nails due its affinity for 

abundant sulfhydryl groups in keratin, therefore arsenic concentrations in these slow 

growing tissues are a good measure of past exposure (Karagas et al. 1996). Small 

amounts of circulating arsenic products also accumulate in the liver, lungs, kidneys and 

bladder.  
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Figure 1.4 The metabolism of arsenic in the human body, adapted from Lan (2011). 

1.4.2 Mode of action 

Arsenic exerts its toxicity through preferential binding to sulfhydryl groups throughout 

the body, such as glutathione and cysteine, and interfering with phosphorylation 

reactions (Hughes 2002). If arsenic binds to a critical thiol or dithiol, the enzyme may 

be inhibited. Arsenite accumulates in the mitochondria of cells and binds to pyruvate 

dehydrogenase, a critical enzyme involved in adenosine triphosphate production. This 

can result in inhibition of gluconeogenesis and the resultant depletion of carbohydrates, 

as well as uncoupling of oxidative phosphorylation in the mitochondria resulting in the 

production of reactive oxygen species (ROS). The generation of ROS is the main mode 

of action for chronic arsenic toxicity resulting in oxidative DNA damage and lipid 

peroxidation (Chung et al. 2008; Garcia-Chavez et al. 2006). ROS also induce protein-

phosphorylation with subsequent effects on signal transduction and downstream effects 

on gene expression (Kumagai and Sumi 2007). Further, arsenic has been shown to cause 

endocrine disruption and alter cell cycle kinetics (Davey et al. 2008; Kumagai and Sumi 

2007). Exposure to arsenic can also result in inhibition of DNA repair, disruption of 

signalling pathways and chromosomal aberrations (Hei and Filipic 2004; Hei et al. 

1998; Huang et al. 2004; Kumagai and Sumi 2007; Lynn et al. 1997). 

1.4.3 Health effects of chronic arsenic exposure 

The health effects of arsenic exposure are determined by the quantity of arsenic 

consumed, the duration of exposure and the characteristics of the individual. 

Consumption of high concentrations of arsenic in drinking water (>10mg/L) can result 

in acute toxicity resulting in nausea, lethargy, fever, kidney failure, cardiac arrhythmia 

and death (World Health Organization 2001). Consumption of low levels of arsenic 
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(~100µg/L) for long periods of time results in chronic arsenic poisoning. Chronic 

arsenic poisoning over years and decades can result in the development of malignant 

and non-malignant diseases resulting in debilitating morbidity and mortality in early 

adulthood. 

 

Numerous factors relating to the individual can also modify the health effects of arsenic 

exposure, including nutritional status, sex, age and genetic background. Malnourished 

individuals develop more arsenic-induced skin lesions than well-nourished individuals 

(Li et al. 2007; Milton et al. 2004; Miltra et al. 2004; Vahter 2007). The sex of an 

individual is likely to play a role in modifying disease risk with known differences in 

arsenic metabolism, but there are no clear data as to whether one sex is more susceptible 

than the other to disease (Lindberg et al. 2008a; Loffredo et al. 2003; Vahter et al. 

2007). Importantly, the age of the individual when arsenic exposure occurs modifies the 

risk of developing disease. Individuals are highly sensitive to the development of 

disease if the exposure occurs early in life, while organs and systems are still 

developing (Ferm 1977; Hamadani et al. 2010; Raqib et al. 2009). Infants and children 

are also more susceptible to environmental toxins due to their higher metabolic activity 

relative to their body size (higher respiratory rate, fluid and calorie intake), immature 

immune systems, relative proximity to the ground and exploratory behaviours including 

hand to mouth ingestion (Bearer 1995; Merkus 2003). The genetics of a population also 

alters the health effects of arsenic consumption (Ahsan et al. 2007; Engström et al. 

2007; Steinmaus et al. 2007; Vahter 2000). For example, the development of Blackfoot 

disease has been linked to arsenic consumption in Taiwan and northern Mexico, but this 

correlation has not been made in many other countries (Chen et al. 1994; Lan et al. 

2011; Tsai et al. 1999). In addition, the contribution of co-morbidities and co-exposures, 

such as bacterial and viral infections, cigarette smoking and other environmental 

exposures, are likely to contribute to the development of disease (Arain et al. 2009; 

Chen et al. 2006; Hays et al. 2006; Hertz-Picciotto et al. 1992). 

  

Chronic exposure to arsenic results in a range of health effects, both malignant and non-

malignant (Chen et al. 2009; Smith et al. 1992; Smith et al. 2006). The first effects seen 

are often characteristic skin lesions and changes in pigmentation of the skin of the trunk 

and limbs which develop after 6 months to 3 years of exposure, and keratosis of the 

hands and feet which develops following a few years of exposure (Guha Mazumder 
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2007). Arsenic exposure has been shown to increase the risk of developing lung, liver, 

prostate, bladder, kidney and skin cancers (Ferreccio et al. 2000; Haynes 1983; Smith et 

al. 1992; Smith et al. 1998). The increased risk of developing lung cancer is similar 

whether the arsenic has been ingested or inhaled (Smith et al. 2009).  

 

As well as malignant disease, arsenic has been linked to a variety of non-malignant 

diseases. Vascular diseases such as Blackfoot disease and peripheral vascular disease 

have been associated with arsenic exposure along with cardiovascular diseases such as 

ischemic heart disease, cerebrovascular disease, arteriosclerosis, coronary heart disease 

and hypertension (Chen et al. 1994; Navas-Acien et al. 2005; Tseng 1977; Yuan et al. 

2007). Higher incidences of diabetes mellitus have been reported in arsenic exposed 

regions along with sensory and motor neuropathy (Chen et al. 2009; Lai et al. 1994; 

Rahman et al. 1998).  

 

A major cause of morbidity and mortality in arsenic exposed populations is through 

arsenic-induced lung disease. Exposure to arsenic via drinking water has been linked to 

the development of non-malignant respiratory diseases, including bronchiectasis, 

chronic obstructive pulmonary disease (COPD), respiratory infections, chronic cough 

and dyspnoea (Guha Mazumder 2007; Guha Mazumder et al. 2005; Milton et al. 2001; 

Milton and Rahman 2002). Arsenic is a unique toxicant to the respiratory system, as it is 

the only environmental agent known to cause both malignant and non-malignant 

respiratory disease following ingestion. In particular, the risk of lung disease is highest 

when the exposure to arsenic occurs in early life (Rahman et al. 2011; Smith et al. 

2006). The development of non-malignant respiratory disease following early life 

arsenic exposure will form the central focus of this thesis.   

1.5 Early life arsenic exposure and lung disease 

1.5.1 Early life arsenic exposure and birth outcomes 

Arsenic easily passes through the placenta to expose the foetus (Concha et al. 1998b). 

The concentration of arsenic in cord blood is equivalent to that of maternal blood 

(Concha et al. 1998b). DMA, the less toxic end product of the metabolism of inorganic 

arsenic, is the major form of arsenic transferred to the foetus during pregnancy, with 

90% of arsenic in the urine of exposed newborns and mothers in the form of DMA, 

compared with only 70% in non-pregnant women (Concha et al. 1998b). The level of 



Chapter 1: Literature Review 

14 

arsenic in breast-milk is low, even when women are exposed to high levels of arsenic 

and is therefore highly protective against arsenic exposure in infancy (Concha et al. 

1998a; Concha et al. 1998b; Fängström et al. 2008; Samanta et al. 2007).  

 

Exposure to arsenic during pregnancy has been shown to increase the risks of 

spontaneous abortions (odds ratio (OR) range 1.14 – 6.07, 95% confidence interval (CI) 

range 1.04, 24.0) (Hopenhayn-Rich et al. 2000; Milton et al. 2005; Rahman et al. 2010; 

Rahman et al. 2007; von Ehrenstein et al. 2006), still births (OR range 1.23 – 2.5, 95% 

CI range 0.87, 4.9) (Cherry et al. 2008; Milton et al. 2005), neonatal death (OR range 

1.8 – 2.81, 95% CI range 0.9, 10.8) (Hopenhayn-Rich et al. 2000; Milton et al. 2005; 

Myers et al. 2010; von Ehrenstein et al. 2006) and post-neonatal death (relative risk 

(RR) range 1.17 – 1.26, 95% CI range 1.03, 1.32) (Hopenhayn-Rich et al. 2000; 

Rahman et al. 2010; Rahman et al. 2007). Exposure to arsenic during pregnancy is also 

associated with decreased infant birth weight (Huyck et al. 2007; Rahman et al. 2009). 

The mechanism for this is not understood but may be a result of arsenic-induced 

oxidative stress resulting in placental insufficiency or disruption of the endocrine 

control of glucose homeostasis and cellular growth (Bodwell et al. 2004; Davey et al. 

2008). Foetal growth restriction is associated with impaired lung function and greater 

respiratory morbidity in early childhood (Barker et al. 1991; Chan et al. 1989; Rona et 

al. 1993; Shaheen and Barker 1994) and adulthood (Stein et al. 1997; Stick 2000). This 

is significant as children who are small for gestational age are more likely to be 

hospitalised for respiratory tract infections (Taylor and Wadsworth 1987; Vik et al. 

1996). This effect on somatic growth is just one of the potential mechanisms that may 

explain the link between in utero arsenic exposure and the development of chronic lung 

disease. However, as discussed below, there is also evidence to suggest that arsenic can 

have a direct effect on the lung over and above an effect that can be explained by 

impaired somatic growth.  

1.5.2 Early life arsenic exposure and immune development 

Arsenic exposure during pregnancy has been linked with altered immune development 

and increased susceptibility to respiratory infections in infancy (Ahmed et al. 2011; 

Rahman et al. 2010). Arsenic exposure during pregnancy can increase oxidative stress 

and inflammation in the placenta, reduce placental T cells and alter the expression of 

cord blood cytokines (IL-1β, IL-8, IFNγ, TNFα) (Ahmed et al. 2011). Infants exposed 
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to arsenic in utero had evidence of impaired thymic development and higher levels of 

fever, diarrhoea and acute respiratory infections (Raqib et al. 2009). In a community-

based prospective study of 1,552 live-born infants in Bangladesh, exposure to arsenic at 

concentrations above 250µg/L in utero increased the risk of developing lower 

respiratory tract infections by 69% (RR = 1.69, 95% CI 1.36, 2.09), severe lower 

respiratory tract infections by 54% (RR = 1.54, 95% CI 1.21, 1.97) and diarrhoea by 

20% (RR = 1.20, 95% CI 1.01, 1.43) compared to those exposed to arsenic at 

concentrations below 39µg/L (Rahman et al. 2011). Recurrent lower respiratory tract 

infections in early childhood and impaired pulmonary immune defences are important 

risk factors for respiratory morbidity and mortality in childhood, and the development 

of chronic respiratory diseases in adulthood (Barker et al. 1991; King et al. 2006).  

1.5.3 Early life arsenic exposure and respiratory disease in children 

A unique exposure event in Antofagasta, Chile revealed the significance of early life 

arsenic exposure in the development of respiratory morbidity and mortality. In the 

1950s the establishment of a new drinking water source resulted in the residents of 

Antofagasta consuming water containing high concentrations of arsenic (90 – 860µg/L) 

for more than 20 years (Ferreccio and Sancha 2006). Two years after the peak arsenic 

exposure in Antofagasta, children presented with arsenicosis associated with respiratory 

disease, including diffuse and segmentary bronchiectasis (Borgono and Greiber 1971). 

Autopsies performed on five children with evidence of arsenic poisoning, who died 

between 1968 and 1969 in Antofagasta, revealed lung abnormalities in four of the five 

children including evidence of pulmonary interstitial fibrosis and mild bronchiectasis 

(Rosenberg 1974). In a study of school-aged children in Antofagasta, 38.8% of children 

with abnormal skin pigmentation had chronic cough and 15.9% had bronchopulmonary 

disease (n = 144), compared with 3.1% and 6.2% of children with normal skin (n = 36), 

respectively (Borgono et al. 1977). The presence of cough and dyspnoea correlated with 

the mean drinking water arsenic concentrations in 398 children (Zaldivar and Ghai 

1980) and after the installation of a water treatment plant, the prevalence of cough and 

dyspnoea dropped from 38% to 7% (Borgono et al. 1977). Following a series of post-

mortem examinations, Zaldivar (1980) described the pathology of those who died from 

chronic arsenic poisoning in Antofagasta, which included a combination of 

cardiovascular, pulmonary, digestive and neurological abnormalities. Amongst the 

children who were examined, the prevalence of bronchiectasis and bronchopneumonia 
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were 23 and 3.4 times higher in children with chronic arsenic dermatosis than the 

estimated prevalence in the general population of Chilean children (Zaldivar 1980). The 

authors postulated that the combination of malnutrition and dietary arsenic exposure 

was resulting in the high prevalence of bronchiectasis and bronchopneumonia in the 

children of Antofagasta, and arsenic was acting as an immunosuppressant in infants and 

children. These early studies clearly demonstrated the importance of ingested inorganic 

arsenic in determining respiratory health.  

1.5.4 Early life arsenic exposure and respiratory disease in adults 

It was not until a study by Smith and colleagues that the long term impacts of early life 

arsenic exposure, and particularly in utero exposure, were realised (Smith et al. 2006). 

They found that the standardised mortality ratios (SMR) for lung cancer and 

bronchiectasis in those born just prior to the peak exposure event in Antofagasta (1950 

– 1957) and exposed to arsenic in early childhood were 7.0 (95% CI 5.4, 8.9) and 12.4 

(95% CI 3.3, 31.7) respectively. Those born during the peak exposure period (1958 – 

1970), who were exposed to arsenic in utero and early childhood, had corresponding 

SMR of 6.1 (95% CI 3.5, 9.9) for lung cancer and 46.2 (95% CI 21.1, 87.7) for 

bronchiectasis (Smith et al. 2006) (Figure 1.5). This ground breaking study was the first 

to show that in utero and early life exposure to arsenic had pronounced effects on the 

lungs and the long term risk of developing non-malignant lung disease which is 

consistent with the literature on cigarette smoke (DiFranza et al. 2004). In a subsequent 

study Dauphiné and colleagues (2011) showed that a small group of residents of 

Antofagasta, exposed to > 800µg/L arsenic before the age of 10 years (n = 32), had long 

term deficits in lung function as adults, with 11.5% lower forced expiratory volume in 1 

second (FEV1) (p = 0.004), 12.2% lower forced vital capacity (FVC) (p = 0.04) and 

increased breathlessness (OR = 5.94, 95% CI 1.36, 26.0) compared to unexposed adults. 

Surprisingly, the magnitude of lung function deficits as a result of exposure to arsenic in 

early life was equivalent to the effects of smoking cigarettes throughout adulthood. 

These studies provide clear associations between early life exposure to arsenic and long 

term impairment in respiratory health, but do not provide crucial mechanistic data to 

explain these associations.  
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Figure 1.5 Increased mortality from bronchiectasis, COPD and lung cancer following 

exposure to arsenic in early life (adapted from Smith 2006). 

1.6 Chronic arsenic exposure and lung disease 

1.6.1 Chronic arsenic exposure and respiratory symptoms 

A high prevalence of respiratory symptoms has been reported among adults chronically 

exposed to arsenic (Guha Mazumder 2007). In West Bengal, the prevalence of cough, 

shortness of breath and chest sounds correlated positively with arsenic concentrations in 

the drinking water, and were most pronounced in individuals with skin lesions (Guha 

Mazumder et al. 2000). Arsenic exposed men with arsenic skin lesions had a higher 

prevalence of respiratory symptoms compared with arsenic exposed men without skin 

lesions, in particular morning cough (OR = 2.8, 95% CI 1.2, 6.6) and shortness of breath 

(OR = 3.8, 95% CI 0.7, 20.6) (von Ehrenstein et al. 2005). In Pakistani arsenic exposed 

adult males, the correlation between arsenic levels in drinking water and arsenic levels 

in scalp hair was stronger in those with respiratory symptoms (coughing, chest sounds 

and shortness of breath) (r = 0.785, p < 0.001) compared to those without respiratory 

disease (r = 0.511, p < 0.001) and the severity of respiratory symptoms was associated 

with the presence of arsenic skin lesions (Arain et al. 2009). Data from the Health 

Effects of Arsenic Exposure Longitudinal Study (HEALS), a large prospective cohort 

study in Bangladesh, found positive dose-response relationships between arsenic 

exposure and respiratory symptoms (chronic cough, breathing problems or blood in 
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sputum) (Parvez et al. 2010) and the odds of having dyspnoea in the last 6 months was 

1.32 times (95% CI 1.15, 1.52) greater in adults exposed to high dose arsenic 

concentrations (>50µg/L) compared with those exposed to low dose arsenic (<7µg/L, p 

< 0.01) (Pesola et al. 2012). 

1.6.2 Chronic arsenic exposure and lung function 

Chronic arsenic exposure throughout life has also been shown to impair lung function in 

adults. In a study of 107 people in West Bengal who had consumed over 50µg/L arsenic 

in drinking water for at least 3 years, 30.8% had impaired spirometric lung function 

compared with only 8% in controls (n = 52). The pattern of lung function impairment 

varies between studies, with some showing predominantly obstructive lung disease 

(69% obstructive) (De et al. 2004), and others showing predominantly restrictive and 

mixed obstructive/restrictive lung disease (Guha Mazumder 2003; von Ehrenstein et al. 

2005). The degree of lung function impairment is clinically significant, with 256.2 mL 

lower FEV1 (95% CI 113.9, 398.4) and 287.8 mL lower FVC (95% CI 134.9, 440.8) in 

arsenic exposed men with skin lesions in West Bengal (von Ehrenstein et al. 2005). The 

impact of arsenic exposure on lung function suggests that it has the capacity to alter 

lung development or at the very least promote remodelling. As life-time exposure to 

arsenic is difficult to estimate in these populations it is unclear whether these 

observations were due to recent or historic exposure to arsenic. 

1.6.3 Chronic arsenic exposure and the immune system 

Arsenic has been found to be immunosuppressive in humans (Gonsebatt et al. 1994; 

Hernandez-Castro et al. 2009; Wu et al. 2003). A microarray study in the US showed 

that arsenic exposure altered the expression of genes involved in defence responses, 

immune function, cell growth, apoptosis, cell cycle regulation and T-cell receptor 

signalling in human lymphocytes (Andrew et al. 2008). Arsenic exposure has also been 

shown to modify the expression of genes, cytokines and growth factors involved in 

inflammation in human lymphocytes (Wu et al. 2003), alter T cell proliferation 

(Gonsebatt et al. 1994) and impair T cell function (Hernandez-Castro et al. 2009). In 

children exposed to arsenic in drinking water, urinary arsenic levels were associated 

with reduced lymphocyte proliferation and interleukin-2 secretion (Soto-Pena et al. 

2006). Arsenic exposure in adults was associated with loss of cell adhesion capacity and 

impaired phagocytic capacity in macrophages (Banerjee et al. 2009). A study examining 
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humoral immune responses following chronic arsenic exposure found that patients with 

arsenicosis had significantly elevated serum levels of immunoglobulins (IgG, IgE and 

IgA) and subjects with arsenic associated respiratory complications (chest sounds, 

asthma, bronchitis and cough) had higher mean IgE levels than exposed subjects 

without respiratory complications (Islam et al. 2007). An inverse association was also 

found between urinary arsenic and serum Clara cell protein 16 amongst arsenic exposed 

subjects with skin lesions, indicating potential damage to respiratory Clara cells (Parvez 

et al. 2008). Arsenic-induced immunosuppression in adults and children may contribute 

to increased susceptibility to respiratory infections and the development of chronic 

respiratory disease.  

1.6.4 Chronic arsenic exposure and lung disease 

There is strong evidence that chronic exposure to arsenic increases the susceptibility to 

developing respiratory disease. The prevalence of chronic bronchitis and chronic cough 

was found to be significantly higher in arsenic exposed residents of Bangladesh 

compared with unexposed residents and increased with increasing concentrations of 

arsenic (Milton et al. 2001; Milton and Rahman 2002). A study of 108 arsenic exposed 

subjects in West Bengal found an increase in bronchiectasis in patients with arsenic 

related skin lesions (adjusted OR  = 10, 95% CI 2.7, 37) compared to exposed subjects 

without skin lesions (Guha Mazumder et al. 2005). In Taiwan, the risks of developing 

bronchitis were higher in men (SMR = 1.48, 95% CI 1.25, 1.73) and women (SMR = 

1.53, 95% CI 1.3, 1.80) when arsenic associated Blackfoot disease was prevalent 

following the consumption of well water containing 780µg/L arsenic (Tsai et al. 1999). 

After the peak arsenic exposure event occurred in Antofagasta (1958), mortality rate 

ratios for tuberculosis in males started increasing reaching a rate ratio of 2.1 (95% CI 

1.7, 2.6) 20 years after the peak exposure event (Smith et al. 2011). While the SMR for 

COPD over all ages was not significantly increased in Antofagasta, there was a very 

high relative risk for COPD deaths for men and women aged between 30 to 39 years. 

The individuals who died of COPD in this age group would have been children during 

the peak exposure event and thus highlights the significance of early life arsenic 

exposure on the development of respiratory disease (Smith et al. 1998).  
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1.7 Mechanistic data on arsenic exposure and the lung 

Despite many epidemiological studies reporting links between chronic arsenic exposure 

and non-malignant lung disease, these studies are constrained by a range of limitations 

including low sample sizes, unreliable measures of arsenic exposure (when 

mean/median levels in a community are used), heterogeneity of drinking water sources, 

migration, uncertainty of response latency, dose-response relationships and 

population/genetic differences (Chen et al. 2009). Mechanistic studies are therefore 

essential to show causality and unravel the mechanisms by which the ingestion of 

arsenic leads to respiratory disease. 

1.7.1 Mechanistic data on early life arsenic exposure 

Experimental animal models have been critical to our understanding of the impact of 

arsenic on the lung. Some of the earliest animal studies using arsenic exposure were 

able to demonstrate that arsenic can pass through the placenta and expose the foetus 

(Hanlon and Ferm 1977; Lindgren et al. 1984; Willhite and Ferm 1984). Additional 

studies have shown that methylated arsenic products (DMA and MMA) are present in 

foetal blood, lung and liver tissue following in utero arsenic exposure (Devesa et al. 

2006). As described earlier, arsenic exposure in utero is associated with impaired 

somatic growth in humans (Rahman et al. 2009), which may have downstream effects 

on respiratory morbidity and mortality. Importantly, a recent mouse study was able to 

replicate this finding whereby mice exposed to arsenic in utero had significant deficits 

in growth in early life compared with unexposed offspring (Kozul-Horvath et al. 2012). 

These observations highlight the validity of mouse models for exploring the 

mechanisms of arsenic-induced lung disease.  

1.7.2 Mechanistic data for arsenic exposure and immune function 

Various studies have investigated the effect that arsenic has on the immune system. 

Mouse models of in vivo arsenic exposure have shown that arsenic alters the expression 

of key innate immunity genes in the lungs (Andrew et al. 2007; Kozul et al. 2009b). 

Exposing mice to arsenic suppresses antibody formation, inhibiting T cell proliferation 

and macrophage activity and altered cytokine expression (Burns et al. 1991; Corsini et 

al. 1999; Lantz et al. 1994; Sikorski et al. 1989; Soto-Pena and Vega 2008; Vega et al. 

2001). Inhalation of arsenic trioxide in mice increased mortality from a pulmonary 
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bacterial infection and decreased bactericidal activity (Aranyi et al. 1985). Zebrafish 

exposed to arsenic at concentrations of 2 and 10µg/L had drastically reduced ability to 

clear viral and bacterial infections (Nayak et al. 2007). Exposure to drinking water 

containing 100µg/L arsenic in adult mice compromised the lung’s immune response to 

influenza (H1N1) infection, resulting in greater viral load and higher mortality (Kozul et 

al. 2009a). There have been no studies to date which have examined the response to 

infection following in utero exposure to arsenic, which is known to impair the 

development of the immune system and increase infant morbidity and mortality.     

 

In human cell cultures, exposing macrophages to arsenic results in loss of adhesion, 

altered morphology and impaired function (Lemarie et al. 2006). Recent studies have 

found that arsenic increases ubiquitinylation and degradation of cystic fibrosis 

transmembrane conductance regulator (CFTR) chloride channels in the gills of killifish 

(Shaw et al. 2010; Shaw et al. 2007) and human airway epithelial cells (Bomberger et 

al. 2012). The CFTR protein, a chloride channel in the apical membrane of airway 

epithelial cells, regulates the volume of airway surface liquid (ASL) by secreting 

chloride into the periciliary space, which drives the secretion of sodium and fluid into 

the ASL. When the CFTR protein is degraded or defective, as in cystic fibrosis lung 

disease, excess sodium is transported back into the cell and the ASL becomes 

dehydrated. Dehydrated ASL impairs the mucociliary clearance of pathogens and 

increases susceptibility to chronic respiratory infections (Tarran et al. 2006). Therefore 

along with impairing the morphology and function of immune cells, arsenic exposure 

can alter the distribution of cell types in the airway epithelium resulting in impaired 

mucociliary clearance, a significant component of innate immunity. 

 

1.7.3 Mechanistic data for arsenic exposure and lung structure and 

function 

There has been limited research examining the effects of arsenic exposure on lung 

growth and development. One study has shown that in utero and postnatal arsenic 

exposure can irreversibly alter lung structure and lung function in mice (Lantz et al. 

2009). Mice exposed to arsenic (100µg/L) in utero and through the first weeks of life 

via drinking water had hyper-responsive airways, increased airway smooth muscle and 

altered airway matrix proteins compared with controls. These changes were not 



Chapter 1: Literature Review 

22 

reversible and were not observed in mice exposed to arsenic in adulthood alone (Lantz 

et al. 2009). In utero exposure to arsenic has also been shown to reduce lung size and 

alter gene expression in the lungs at birth; particularly genes involved in lung 

development and cell-trafficking (Petrick et al. 2009).  

 

Further investigation into the effects of arsenic exposure on lung structure and function 

is critical to understanding arsenic-induced lung disease (Ramsey et al. 2013b). The 

epidemiological data discussed suggests that exposure to arsenic in early life, 

particularly in utero, can result in long term impairments to lung function and increased 

risk of developing non-malignant lung disease such as bronchiectasis. It is clear that 

arsenic has the potential to modulate in utero lung growth and development and alter 

immune function. Impaired development of the lung, as occurs with in utero cigarette 

exposure, has the potential to alter postnatal lung size, airway and parenchymal 

structure, and alter the response to additional respiratory insults and pathogens. 

Therefore arsenic-induced impairments in lung growth and development may be an 

important mechanism linking arsenic to chronic lung disease, and mechanistic studies, 

such as those described in this thesis, are needed.  

1.8 Aims and hypotheses 

The overarching aim of the research presented in this thesis was to examine the 

mechanisms linking arsenic exposure in early life to the development of chronic lung 

disease.  These studies tested the hypothesis that arsenic exposure in utero and early 

postnatal life impairs growth and development of the lungs. This, in turn, impairs 

structural and functional outcomes and increases the lung’s susceptibility to postnatal 

insults, thus priming the lungs for the development of chronic lung disease.   

 

1.8.1 Specific aims 

Aim 1: To determine the effects of in utero exposure to arsenic on somatic growth 

and lung growth and development 

Hypothesis: Exposure to arsenic in utero will impair both somatic and lung growth 

resulting in postnatal impairments in body size, lung volume and lung mechanics.  
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Aim 2: To determine if the responses to in utero arsenic exposure on lung 

development are genetically determined   

Hypothesis: The response to arsenic will be genetically determined with each strain of 

mouse responding differently to arsenic exposure.   

 

Aim 3: To determine the effects of in utero exposure to arsenic on gene expression 

and airway structure 

Hypothesis: Early life exposure to arsenic will alter the expression of genes involved in 

innate immunity and increase mucous production in the lung. 

 

Aim 4: To determine the effects of in utero and postnatal exposure to arsenic on 

lung mechanics, responsiveness to methacholine and airway remodelling in 

adulthood 

Hypothesis: Exposure to arsenic in utero and throughout postnatal life will result in 

long term impairments in lung mechanics, hyper-responsive airways and long term 

changes to airway structure. 

 

Aim 5: To determine if in utero and postnatal exposure to arsenic exposure alters 

the clearance and severity of inflammatory response to early influenza infection 

Hypothesis: Early life exposure to arsenic will reduce the clearance of influenza virus 

and exacerbate the inflammatory response to infection.    

 

Study approach 

Mouse models of arsenic exposure were used to address the aims of this thesis. A 

separate cohort of mice was used in each sub-study presented in chapters 2, 3 and 4. 

While chapter 3 investigated the effects of arsenic exposure in three strains of mice 

(C57BL/6, BALBc, C3H/HeARC) chapters 2 and 4 focused on the C57BL/6 strain 

which was found to be the most susceptible strain. Three doses of arsenic were 

examined in this thesis. These doses were chosen to represent control, arsenic-free 

conditions (0µg/L), the current WHO MCL (10µg/L) and an environmentally relevant 

high dose of arsenic (100µg/L) commonly found in arsenic exposed populations 

discussed in this literature review.  
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In Utero Exposure to Low Dose 

Arsenic via Drinking Water Impairs 

Early Life Lung Mechanics in Mice 

 

 

 

 

 

 

 

 

 

 

A modified version of this chapter has been published in a peer-reviewed journal: 

 

Ramsey KA, Larcombe AN, Sly PD, Zosky GR (2013) In utero exposure to low dose 

arsenic via drinking water impairs early life lung mechanics in mice, BMC 

Pharmacology and Toxicology, 14:13. 
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2.1 Abstract 

Background: Exposure to arsenic via drinking water is a significant environmental 

issue affecting millions of people around the world. Exposure to arsenic during foetal 

development has been shown to impair somatic growth and increase the risk of 

developing chronic respiratory diseases.  

 

Objective: The aim of this study was to determine if in utero exposure to low dose 

arsenic via drinking water is capable of altering lung growth and postnatal lung 

mechanics.   

 

Methods: Pregnant C57BL/6 mice were given drinking water containing 0, 10 (current 

WHO MCL) or 100µg/L arsenic from gestational day 8 to the birth of their offspring. 

Birth outcomes and somatic growth were monitored. Plethysmography and the forced 

oscillation technique were used to collect measurements of lung volume, lung 

mechanics, pressure-volume curves and the volume dependence of lung mechanics in 

male and female offspring at two, four, six and eight weeks of age.  

 

Results: In utero exposure to low dose arsenic via drinking water resulted in low birth 

weight and impaired parenchymal lung mechanics during infancy. Male offspring were 

more susceptible to the effects of arsenic on growth and lung mechanics than females. 

All alterations to lung mechanics following in utero arsenic exposure were recovered by 

adulthood. 

 

Conclusions: Exposure to arsenic at the current WHO MCL in utero impaired somatic 

growth and the development of lungs resulting in alterations to lung mechanics during 

infancy. Deficits in growth and lung development in early life may contribute to the 

increased susceptibility of developing chronic respiratory disease in arsenic exposed 

human populations. 

2.2 Introduction 

Arsenic is a toxic metalloid that contaminates drinking water through both natural and 

anthropogenic sources (Mukherjee et al. 2006). Millions of people around the world are 

exposed to arsenic in drinking water at levels above the current WHO MCL of 10µg/L 
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(Chakraborti et al. 2004; World Health Organization 2003). Several studies have 

established the link between arsenic exposure and increased lung cancer risk; however, 

emerging data suggest an important role for arsenic in non-malignant lung disease. 

Epidemiological data have linked arsenic exposure via drinking water to chronic cough 

(von Ehrenstein et al. 2005), chronic bronchitis (Milton and Rahman 2002), 

bronchiectasis (Guha Mazumder et al. 2005) and obstructive lung diseases (De et al. 

2004). Ingestion of arsenic in drinking water has also been associated with respiratory 

symptoms such as shortness of breath and morning cough (von Ehrenstein et al. 2005),  

and impairments to lung function, including reduced FEV1 and reduced forced vital 

capacity (Dauphiné et al. 2011; Parvez et al. 2008). 

 

Of particular concern is the mounting evidence that exposure to arsenic in foetal or early 

postnatal life has the greatest effect on respiratory health. Exposure to arsenic in utero, 

through maternal drinking water, has been shown to alter the expression of genes in the 

lungs at birth in rats (Petrick et al. 2009), and result in the development of pulmonary 

tumours in adult mice (Waalkes et al. 2003). Following a discrete human exposure 

event in Antofagasta, Chile in the 1950-1970s,  it was found that exposure to arsenic in 

utero and early postnatal life resulted in a SMR for bronchiectasis in young adults of 

46.2 (95% CI 21.1, 87.7) compared to 12.4 (95% CI 3.3, 31.7) if the exposure only 

occurred postnatally (Smith et al. 2006). These data suggest that early life, particularly 

in utero, exposure to arsenic can have profound effects on lung health decades after the 

exposure event. 

 

Exposure to environmental toxins in utero may have significant effects on growth and 

organ development, and have long term implications for disease risk (Merkus 2003). 

Arsenic is a known transplacental toxin which is able to cross the placenta and enter 

foetal circulation at levels equivalent to maternal circulation (Concha et al. 1998b). In 

contrast, low levels of arsenic are excreted in the breast milk and breastfeeding is 

thought to be protective in arsenic exposed areas (Concha et al. 1998c). In areas of 

Bangladesh and West Bengal, exposure to arsenic during pregnancy is associated with 

infants being born small for gestational age (Huyck et al. 2007) and at a greater risk of 

developing lower respiratory tract infections in infancy (Rahman et al. 2011). A mouse 

study investigating the effects of in utero and postnatal exposure to arsenic, at the 

current WHO MCL of 10µg/L, found that exposed offspring had significant deficits in 
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growth after birth compared with unexposed offspring (Kozul-Horvath et al. 2012), 

highlighting the potency of arsenic as an early life toxicant.  

 

Exposure to arsenic during this critical window of development in foetal life may not 

just restrict growth, but also impair development of the lungs (Barker et al. 1991). 

Foetal growth restriction is associated with worse lung function and greater respiratory 

morbidity in early childhood (Chan et al. 1989; Rona et al. 1993; Shaheen and Barker 

1994) and adulthood (Stein et al. 1997; Stick 2000).  In this study, the effects of in utero 

exposure to low dose arsenic on somatic growth, lung growth and lung mechanics were 

examined using a mouse model. The hypothesis that in utero arsenic exposure alters 

growth and development of the lungs resulting in impairments to postnatal lung 

mechanics was tested.  

2.3 Methods 

2.3.1 Animals and exposure protocol 

Time-mated C57BL/6 dams (Animal Resource Centre; Murdoch, Western Australia) 

were housed at the Telethon Institute for Child Health Research with a 12h:12h 

light:dark cycle. All experiments were conducted with the approval of the Telethon 

Institute for Child Health Research Animal Ethics Committee and conformed to the 

guidelines of the National Health and Medical Research Council of Australia. Dams 

were given drinking water containing 0 (control), 10 or 100µg/L arsenic in the form of 

soluble sodium arsenite (NaAs2O3). This water was provided ad libitum from day 8 

gestation to delivery (~ day 20 of gestation) which ensured that the foetus was exposed 

to arsenic prior to the development of the lung buds (e9) (Burri 1984). Concentrations 

of arsenic in drinking water were confirmed by inductively coupled plasma-mass 

spectrometry (ICP-MS; Geotechnical Services, Western Australia). Maternal water 

consumption, gestation period and litter size were recorded along with somatic growth 

(body weight and snout-vent length at birth and the day lung function measurements 

were taken). Lung function was assessed in male and female offspring at two, four, six 

and eight weeks of age.  



Chapter 2: Arsenic and Lung Growth 

 29 

2.3.2 Animal preparation 

Mice were anaesthetised by intraperitoneal injection of a mixture containing xylazine 

(2mg/mL; Troy Laboratories, New South Wales, Australia) and ketamine (40mg/mL; 

Troy Laboratories, New South Wales, Australia) at a dose 0.1mL/10g body weight. 

Mice were tracheotomised and a tracheal cannula inserted (23G stainless steel for two 

and four week old mice; 1.26 mm outer diameter polyethylene tube for six and eight 

week old mice) and secured with suture. Mice were ventilated (MiniVent, Harvard 

Apparatus, Germany) at a tidal volume of 8mL/kg, respiratory rate of 400 breaths per 

minute and positive end expiratory pressure of 2 cmH2O. This elevated respiratory rate 

was used to suppress spontaneous breathing thus allowing the apnoeic periods required 

for measurement of lung function without the need for paralysis.  

2.3.3 Thoracic Gas Volume 

Plethysmography was used to measure thoracic gas volume (TGV) as described 

previously by Janosi et al. (2006). The trachea was occluded at end expiration 

(transrespiratory pressure, Prs = 0 cmH2O) and the intercostal muscles were stimulated 

with intramuscular electrodes to induce inspiratory efforts. Six 20V pulses of 2-3ms 

duration were delivered over a 6s period while recording changes in tracheal pressure 

and plethysmograph box pressure. TGV was calculated using Boyle’s law after 

correcting for the impedance and thermal properties of the plethysmograph (Janosi et al. 

2006). 

2.3.4 Baseline lung mechanics 

Lung mechanics were measured using the forced-oscillation technique as described 

previously by Sly et al. (2003). The forcing function (9 frequencies from 4 – 38 Hz) 

was generated by a loudspeaker and delivered to the animal via a wave tube during 

pauses in ventilation. The respiratory system impedance spectrum (Zrs) was measured 

and a 4-parameter model with constant phase tissue impedance was fitted to the data to 

partition Zrs into components representing the mechanical properties of the airways and 

parenchyma (Hantos et al. 1992a). This model allowed the calculation of airway 

resistance (Raw) and inertance (Iaw) and coefficients of tissue damping (G) and elastance 

(H). The resistance and inertance of the tracheal cannula were subtracted from Raw and 

Iaw respectively. As most of the inertance is contained in the tracheal cannula, values of 

Iaw were negligible and are not reported. 
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2.3.5 Volume dependence of lung mechanics 

The volume dependence of lung mechanics was assessed during a slow inflation-

deflation (ID) manoeuvre from 0 to 20 cmH2O Prs. Inspiration was induced by applying 

a controlled negative pressure to the plethysmograph and expiration was achieved by 

the slow equilibration of the plethysmograph to atmospheric pressure through a resistor. 

During the manoeuvre, an oscillatory signal was applied to the lung as described above 

(forced-oscillation technique). The 4-parameter model was fitted to the Zrs using 0.5s 

data epochs extracted from the signal during the recording period. By monitoring 

plethysmograph pressure, integrating flow and calculating starting TGV we were also 

able to construct absolute pressure-volume curves.  

2.3.6 Experimental protocol 

To establish a volume history two ID manoeuvres were performed separated by 5 min 

of regular ventilation. The two measurements of TGV were recorded followed by 6 

measurements of baseline lung mechanics at 0 cmH2O Prs. TGV was then recorded 

again before a third ID manoeuvre (used for analyses).  

2.3.7 Statistical analysis 

Maternal and birth outcome means were compared by one-way ANOVA using 

GraphPad Prism (Version 5.02, GraphPad Software, San Diego, CA USA). Somatic 

growth, TGV and lung mechanics within each sex were analysed by two-way ANOVA 

using Sigma Plot with Holm-Sidak post-hoc analysis (Version 11.0, Systat Software, 

Chicago, IL USA). A p value of less than 0.05 was considered significant.    

2.4 Results 

2.4.1 Effects of exposure to arsenic on maternal, birth and growth 

outcomes 

There was no difference in the amount of water consumed per day between dams 

exposed to either concentration of arsenic or control water (p = 0.57), nor were there 

any differences in litter size (p = 0.45) or gestational period (p = 0.32) between arsenic 

and control water exposed mice (Table 2.1). At birth, offspring exposed in utero to 

100µg/L arsenic were significantly smaller in weight (p < 0.001) and length (p < 0.001) 

than controls, but there were no differences in birth weight or length between offspring 
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exposed to 10µg/L arsenic and controls (p > 0.47) (Table 2.1). The number of offspring 

tested from each exposure group at each age is shown in Table 2.2. There was no effect 

of in utero arsenic exposure on body weight in male (p > 0.58) or female (p > 0.22) 

offspring at two, four, six or eight weeks of age. Likewise, there was no effect of arsenic 

on TGV in males (p > 0.30) or females (p > 0.57) at any age (Figure 2.1).  

2.4.2 Effects of in utero exposure to arsenic on early life lung mechanics 

Two week old male offspring exposed to 10µg/L and 100µg/L arsenic had higher tissue 

damping (p < 0.001) and tissue elastance (p < 0.001) compared to male controls (Figure 

2). Two week old male offspring exposed to 10µg/L arsenic had lower airway resistance 

(p = 0.03) compared to male controls (Figure 2.2). There were no differences in airway 

resistance between two week old male mice exposed to 100µg/L arsenic and male 

controls (p > 0.42). Although female mice showed similar trends in the data as males, 

there were no significant effects of arsenic on parenchymal lung mechanics (G, p = 

0.31; H, p = 0.64) or airway resistance (Raw, p = 0.14) in two week old female offspring 

exposed in utero to 10 or 100µg/L arsenic via drinking water (Figure 2.2). 

 

The maximum TGV reached during inflation to Prs = 20 cmH2O was significantly 

lower in two week old male offspring exposed to 100µg/L arsenic (p = 0.02) compared 

to male controls (Figure 2.3). Exposure to arsenic at 10µg/L in utero had no effect on 

maximum TGV during inflation in two week old males (p > 0.95 in all cases). There 

were no significant effects of arsenic, at either dose, on maximum TGV at Prs = 20 

cmH2O in two week old female offspring (p > 0.41 in both cases) (Figure 2.3).  Two 

week old male offspring exposed to 100µg/L arsenic had significantly higher tissue 

elastance and tissue damping at Prs = 20 cmH2O compared to male controls (H p = 0.02; 

G p = 0.03, Figure 2.4). Exposure to arsenic at 10µg/L in utero had no effect on tissue 

elastance or tissue damping at Prs = 20 cmH2O in two week old males (G and H, p > 

0.33). There were no differences in airway resistance at Prs = 20 cmH2O between two 

week old male offspring exposed to arsenic and control water (p > 0.21 in all cases, 

Figure 3). Exposure to arsenic at 10 or 100µg/L in utero had no effect on parenchymal 

mechanics (G or H, p > 0.54) or airway resistance (Raw p > 0.30, in all cases) at Prs = 20 

cmH2O in females at two weeks (Figure 2.4).  
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2.4.3 Effects of in utero exposure to arsenic on lung mechanics 

throughout life 

There were no significant effects of arsenic on tissue damping (p > 0.31) or tissue 

elastance (p > 0.61, Figure 2.5) in male or female offspring at four, six or eight weeks of 

age. There were also no effects of arsenic on airway resistance (p > 0.34) in either male 

or female offspring at four, six or eight weeks of age (data not shown). There were no 

effects of arsenic maximum TGV at Prs = 20 cmH2O in male or female offspring at four, 

six or eight weeks of age compared to controls (p > 0.47 in all cases, data not shown). 

There were also no effects of arsenic on airway or parenchymal mechanics at Prs = 20 

cmH2O in male or female offspring at four, six or eight weeks of age (p > 0.21 in all 

cases, data not shown).  
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Table 2.1 Maternal and birth outcomes for C57BL/6 dams exposed to 0 (control), 10 or 

100µg/L arsenic via drinking water. There were no differences in maternal water 

consumption, gestation period or litter size between control and arsenic exposed mice. 

Offspring exposed to 100µg/L arsenic were born significantly smaller than control mice 

in both weight and length (* indicates significantly different to controls). 

 Control 10µg/L As 100µg/L As 

Maternal water           

consumption (mL/day) 
5.11 ± 1.41 4.97 ± 1.36 4.91 ± 1.33 

Gestation period (days) 20.1 ± 0.92 20.4 ± 0.88 20.0 ± 0.81 

Litter size (pups/dam) 5.63 ± 1.98 4.79 ± 1.87 5.54 ± 2.23 

Birth weight (g) 1.34 ± 0.16 1.35 ± 0.19 1.27 ± 0.18 * 

Birth length (mm) 29.1 ± 1.74 28.8 ± 1.94 28.4 ± 1.90 * 

 

 

Table 2.2 Numbers of offspring tested at each age from each sex and exposure group. 

  Numbers of offspring tested Control 10µg/L As 100µg/L As 

  2 weeks - males 24 11 23 

  2 weeks - females 25 13 15 

  4 weeks - males 22 9 7 

  4 weeks - females 13 9 9 

  6 weeks - males 14 7 24 

  6 weeks - females 14 4 11 

  8 weeks - males 17 5 12 

  8 weeks - females 17 9 12 
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Figure 2.1 Body weight and thoracic gas volume in two, four, six and eight week old 

male and female C57BL/6 offspring exposed in utero to drinking water containing 0 

(control, open circles), 10 (light grey) or 100µg/L (dark grey) arsenic. There were no 

differences in body weight or thoracic gas volume between offspring exposed to arsenic 

and controls at two, four, six or eight weeks of age.  
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Figure 2.2 Airway resistance, tissue damping and tissue elastance at Prs = 0 cmH2O in two week old male and female C57BL/6 offspring 

exposed in utero to drinking water containing 0 (control), 10 or 100µg/L arsenic. Tissue damping and tissue elastance were higher in two 

week old male offspring exposed to 10 or 100µg/L arsenic compared with controls. There was no effect of arsenic, at either dose, on lung 

mechanics in two week female offspring (* indicates significantly different to controls). 
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Figure 2.3 Pressure-volume curve during inflation to Prs = 20 cmH2O and deflation to functional residual capacity plotted against TGV in 

male and female two week old C57BL/6 offspring exposed in utero to drinking water containing 0 (control) or 100µg/L arsenic. Due to 

differences in the pressure – volume relationship during inflation and deflation of the lungs (hysteresis) two data points for TGV are shown 

for each pressure, one during inflation to 20cmH2O and another during deflation back to functional residual capacity. The maximum TGV 

reached during inflation was lower in male offspring exposed to 100µg/L arsenic compared to male controls. There was no effect of 

100µg/L arsenic on maximum TGV in two week female offspring (* indicates significantly different to controls). 
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Figure 2.4 Volume dependence of airway resistance, tissue damping and tissue elastance during inflation to Prs = 20 cmH2O and deflation 

to functional residual capacity in two week old male (A, B, C) and female (D, E, F) offspring exposed in utero to drinking water containing 

0 (control) or 100µg/L arsenic. Tissue damping and tissue elastance at Prs = 20 cmH2O were significantly higher in male offspring exposed 

to 100µg/L arsenic compared to male controls. There was no effect of arsenic exposure on tissue mechanics in females and no effect of 

arsenic on airway resistance in either sex (* indicates significantly different to controls). 
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Figure 2.5 Tissue elastance at Prs = 0 cmH2O in two, four, six and eight week old male and female C57BL/6 offspring exposed in utero to 

drinking water containing 0 (control), 10 or 100µg/L arsenic. Arsenic-induced impairments to lung mechanics in male two week old 

offspring were resolved at four, six and eight weeks of age (* indicates significantly different to controls).   
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2.5 Discussion 

In this study a brief exposure of pregnant mice to low doses of arsenic altered in utero 

growth and lung development of their offspring resulting in deficits in postnatal lung 

mechanics. This is the first study to show that in utero exposure alone to arsenic via 

drinking water is capable of impairing postnatal lung function. Exposure to the current 

WHO MCL of 10µg/L arsenic significantly impaired lung function suggesting that the 

current MCL may fail to protect against the non-malignant effects of arsenic on the 

lung. The lung mechanics of male mice were impaired more than those of female mice 

indicating that males may be more susceptible to the adverse effects of arsenic on the 

lungs. These deficits in lung mechanics were evident in early life but resolved with age.  

 

Arsenic exposure had a direct effect on in utero growth in male offspring exposed to 

100µg/L, resulting in lower birth weight and length in males compared with controls. 

There were no differences in the gestational age at birth between offspring exposed to 

arsenic compared with controls. These mice were therefore small for gestational age, 

indicating that arsenic exposure in utero was causing intrauterine growth restriction. 

Similarly in epidemiological studies, exposure to low dose (<100µg/L) arsenic during 

pregnancy has been linked to low birth weight and size but not to gestational age 

(Huyck et al. 2007; Rahman et al. 2009). The mechanism for this is not fully 

understood but may be a result of arsenic-induced oxidative stress resulting in placental 

insufficiency (Vahter 2007) or disruption of the endocrine control of glucose 

homeostasis and cellular growth (Bodwell et al. 2004; Davey et al. 2008). Being small 

for gestational age can induce alterations in metabolism, hormonal output and 

distribution of cardiac output, and have a lifelong impact on the potential for 

development and survival (Barker 1990; McCormick 1985). Foetal growth restriction is 

associated with increased respiratory morbidity during early childhood (Chan et al. 

1989; Hulskamp et al. 2009; Rona et al. 1993) and children who are small for 

gestational age are more likely to be hospitalised for respiratory tract infections (Taylor 

and Wadsworth 1987; Vik et al. 1996). Low birth weight is significantly associated with 

worse lung function in adulthood and increased mortality from obstructive lung disease 

(Barker et al. 1991; Stein et al. 1997). For example, there are clear associations between 

maternal smoking during pregnancy and small for gestational age infants (Haddow et al. 
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1987), reduced lung function (Stick et al. 1996) and increased respiratory infections in 

early childhood (Strachan and Cook 1997). Therefore, arsenic-induced intrauterine 

growth restriction resulting in low birth weight infants may play a significant role in 

childhood morbidity and increase the susceptibility to obstructive lung disease seen in 

arsenic exposed populations.     

 

Despite the offspring exposed to 100µg/L arsenic being smaller at birth, these mice 

were not smaller in weight or length at two, four, six and eight weeks of age compared 

with age-matched controls. In a similar study by Kozul-Horvath et al. (2012) mice 

exposed to 10µg/L arsenic in utero had normal birth weight, but did have deficits in 

body weight during infancy compared with controls. The low birth weight offspring in 

this study displayed catch-up growth during the first two weeks of life. There is 

evidence that infants who demonstrate catch-up growth and show early and complete 

recovery from intrauterine growth restriction are at greatest risk for developing 

metabolic diseases (Cianfarani et al. 1999). Similarly, in low birth weight infants, 

weight gain during infancy has been shown to be inversely related to lung function in 

infancy (Turner et al. 2008), with one study finding that the lowest lung function 

outcomes were seen in infants of below average birth weight with above average 

postnatal weight gain (Lucas et al. 2004). Therefore, despite showing no deficits in 

body weight later in life, the catch-up growth shown in the first two weeks of life may 

be related to intrauterine stress and poorer outcomes later in life.  

 

As well as altering the pattern of somatic growth in utero exposure to low doses of 

arsenic (10 and 100µg/L) had direct effects on lung development in males resulting in 

deficits in lung function two weeks after birth. The abnormalities detected were mostly 

in the parenchymal tissue of the lungs in arsenic exposed offspring. Both tissue 

elastance and tissue damping were significantly higher in male mice exposed to arsenic 

compared with male controls, indicative of increased stiffness of the parenchymal lung 

tissue. When inflated to Prs = 20cmH2O, male offspring exposed to 100µg/L arsenic 

reached a lower maximum TGV than controls signifying a loss of lung compliance. 

These data suggest that intrauterine stress caused by arsenic exposure is hindering the 

development of the distal airways and alveolar tissue in the lungs. Animal models of 

early life arsenic exposure, that included exposure postnatally, have shown both 

increased smooth muscle actin in small airways (Lantz et al. 2009), which would 
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increase the resistance of the small peripheral airways (tissue damping), and increased 

expression of collagen and elastin in the lung parenchyma (Lantz and Hays 2006), 

which would increase tissue stiffness (tissue elastance). As it is well established that 

sufficient nutrition in utero is essential for the healthy development of the lungs 

(Romieu 2005; Sahebjami 1993), it is unclear from this study whether the changes in 

lung mechanics in arsenic exposed mice are a result of suboptimal nutrition during 

development as a result of arsenic exposure or a direct effect of arsenic itself. 

 

In this study, male offspring were more susceptible to the harmful effects on the lung of 

in utero arsenic exposure than female offspring. While female mice showed similar 

trends in deficits in lung mechanics to males, the deficits were not statistically 

significant. Epidemiological studies also indicate that males may be more susceptible to 

the health effects of arsenic than females (Guha Mazumder et al. 2000; von Ehrenstein 

et al. 2005) which has been attributed to the differences in the way females metabolise 

arsenic (Lindberg et al. 2008b). When inorganic arsenic is ingested, it is absorbed into 

the blood and transported to the liver where it is reduced and sequentially methylated to 

MMA and DMA (Lindberg et al. 2008a). MMA is a highly toxic intermediate product 

and levels of MMA in the urine correlate strongly with levels of MMA found in the 

body (Huang et al. 2008). DMA is a less toxic end product of arsenic methylation and 

can also be identified in urine (Lindberg et al. 2008b). Females have been shown to 

metabolise arsenic more efficiently than males, resulting in less MMA and more DMA 

in the urine (Lindberg et al. 2008b). While it is still largely unknown how the effects of 

arsenic manifest differently in males and females, sex dependent differences in the 

metabolism of arsenic may have contributed to the difference in susceptibility seen in 

this study.  

 

In utero arsenic exposure alone did not produce a lasting effect on respiratory 

mechanics, rather the early life deficits recovered with age. These data have two 

implications from a public health perspective, firstly, early life alterations in lung 

development induced by arsenic exposure may be recovered provided there is access to 

uncontaminated water, and secondly, arsenic-induced impairments of lung development 

may increase the susceptibility to respiratory infections in early life by inhibiting 

effective clearance of pathogens. This is consistent with the observation that there are 

increased respiratory infections in children exposed to arsenic-contaminated drinking 
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water in utero (Rahman et al. 2011). Infancy represents a period of high susceptibility 

to respiratory infections and other harmful environmental exposures. The incidence of 

respiratory infections leading to bronchitis, pneumonia, or whooping cough in infancy 

has been shown to reduce adult lung function and increase the risk of mortality from 

obstructive lung disease (Barker et al. 1991). Additionally, animal studies have shown 

that arsenic compromises the lung’s immune response to viral infections resulting in 

greater viral load and higher mortality (Kozul et al. 2009a). In humans, early life 

exposure to arsenic (before age 10) had long term effects on lung function outcomes in 

adults, with an 11.5% decrease in FEV1 and 12.2% decrease in FVC compared to 

unexposed adults (Dauphiné et al. 2011). It is unclear, however, whether the deficits in 

long term lung function were a result of the direct effects of arsenic on the lung, or an 

effect of arsenic exacerbating the effects of other respiratory infections or 

environmental exposures in early life. Arsenic-induced alterations to somatic growth 

and lung development in utero may result in greater susceptibility to postnatal insults, 

and contribute to long term alterations in lung function and disease risk. 

2.6 Conclusions 

The lung is highly susceptible to the adverse effects of arsenic during the in utero period 

of lung development. Exposure to arsenic for a brief period during gestation impaired in 

utero somatic growth and lung development resulting in impaired lung function two 

weeks after birth which corresponds to infancy in humans.. Alterations to lung function 

during infancy, a period of high susceptibility to respiratory system insults, may 

contribute to the increased susceptibility to respiratory infections and diseases in arsenic 

exposed populations. The deficits following exposure to the current WHO ‘safe’ dose of 

arsenic highlights the potency of arsenic toxicity and draws attention to the need for 

ongoing review of regulations regarding safe contaminant levels in community drinking 

supplies and the particular susceptibility of children to arsenic.  
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A modified version of this chapter has been published in a peer-reviewed journal: 

 

Ramsey KA, Bosco A, McKenna KL, Carter KW, Elliot JG, Berry LJ, Larcombe AN, 

Sly PD, Zosky GR (2013) In utero exposure to arsenic alters lung development and 

genes related to immune and mucociliary function in mice, Environmental Health 

Perspectives 121: 244–250.   



Chapter 3: Arsenic Lung Development Pathways 

 46 

3.1 Abstract 

Background: Exposure to arsenic via drinking water is a global environmental health 

problem. In utero exposure to arsenic via drinking water increases the risk of lower 

respiratory tract infections during infancy and mortality from bronchiectasis in early 

adulthood.  

 

Objectives: The aim of this study was to investigate how arsenic exposure in early life 

alters lung development and pathways involved in innate immunity.  

 

Methods: Pregnant BALB/c, C57BL/6 and C3H/HeARC mice were exposed to 0 

(control) or 100μg/L arsenic via drinking water from day 8 of gestation until the birth of 

their offspring. At two weeks postnatal age mice had somatic growth, lung volume and 

lung mechanics measured. Fixed lungs were utilised for structural analysis. Lung tissue 

was collected for gene expression analysis by microarray.  

 

Results: The response to arsenic was genetically determined and C57BL/6 mice were 

the most susceptible strain. Arsenic exposed C57BL/6 mice were smaller in size, had 

smaller lungs and impaired lung mechanics compared with controls. Exposure to 

arsenic in utero up-regulated the expression of genes in the lung involved in mucous 

production (Clca3, Muc5b, Scgb3a1), innate immunity (Reg3γ, Tff2, Dynlrb2, Lplunc1) 

and lung morphogenesis (Sox2). Arsenic exposure also induced mucous cell metaplasia 

and increased expression of CLCA3 protein in the large airways. 

 

Conclusions: Alterations in somatic growth, lung development and the expression of 

genes involved in mucociliary clearance and innate immunity in the lung are potential 

mechanisms through which early life arsenic exposure impacts respiratory health.    

3.2 Introduction  

Arsenic is a toxic metalloid that contaminates drinking water sources throughout the 

world, affecting hundreds of millions of people (Mandal and Suzuki 2002). Exposure to 

arsenic via drinking water in early life has been shown to increase the risk of mortality 

from bronchiectasis (Smith et al. 2006). Bronchiectasis unrelated to cystic fibrosis (CF) 

is a chronic, progressive lung disease characterised by cough and sputum production, 
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periodic infectious exacerbations and premature death in adulthood (Grimwood 2011). 

Bronchiectasis associated with CF is thought to arise from impaired innate immune 

pathways in the lung (Barker 2002), and while the pathology of non-CF bronchiectasis 

is poorly understood it is likely that similar mechanisms are involved (Grimwood 2011). 

The processes linking arsenic exposure in early life and the development of 

bronchiectasis are unclear. 

 

There is evidence for an effect of in utero arsenic exposure on innate immunity. Arsenic 

exposure during pregnancy induces oxidative stress, increases inflammatory cytokines 

and reduces T-cell numbers in the placenta, and impairs thymic development in the 

infant (Ahmed et al. 2011; Raqib et al. 2009). Arsenic exposure during pregnancy has 

also been shown to increase the risk of lower respiratory tract infections during infancy 

(Rahman et al. 2011). Recurrent lower respiratory tract infections in early childhood 

and defective pulmonary immune defences are important risk factors for the 

development of non-CF bronchiectasis (King et al. 2006). Additionally, in utero 

exposure to arsenic reduces birth weight which is associated with worse respiratory 

health outcomes in later life (Huyck et al. 2007). Low birth weight infants are more 

susceptible to lower respiratory tract infections in infancy (McCall and Acheson 1968), 

have impaired lung function during childhood (Chan et al. 1989) and are at an increased 

risk of death from chronic lung diseases in adulthood (Barker et al. 1991). Taken 

together, these factors suggest that arsenic-induced impairments in growth and 

development of the lung, along with alterations in immune function may contribute to 

the development of bronchiectasis in individuals exposed to arsenic in utero. 

 

The present study investigates the effects of in utero exposure to arsenic on postnatal 

lung mechanics, lung structure and gene expression using a mouse model. The 

hypothesis that in utero exposure to arsenic via drinking water impairs lung 

development and immune pathways in the lung was tested.  

3.3 Methods 

3.3.1 Animals and exposure to arsenic  

Animals were sourced from the Animal Resources Centre (Murdoch, Western 

Australia). Three strains of mice were used; BALB/c, C3H/HeARC (TLR4 intact) and 

C57BL/6. Animals were treated humanely and with regard for alleviation of suffering. 
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All studies were conducted according to the guidelines of the National Health and 

Medical Research Council Australia and approved by the institutional Animal Ethics 

Committee. Pregnant mice were given drinking water containing 0 (control) or 100µg/L 

of arsenic from gestational day 8 until birth of their offspring (~ day 20 of gestation) in 

the form of NaAsO2. The arsenic concentration of drinking water was confirmed by 

inductively coupled plasma-mass spectrometry (ICP MS) (Geotechnical Services, 

Western Australia). After their offspring were born, mothers were all given control 

drinking water. All mice received the same fixed formulation diet (Specialty Feeds, 

Western Australia). The arsenic content in the mouse chow was determined through ion 

chromatography ICP MS to be 0.42 ± 0.02µg/g total arsenic and 0.03 ± 0.001µg/g 

inorganic arsenic (Centre for Environmental Risk Assessment and Remediation, 

University of South Australia). Outcomes were measured in the offspring at two weeks 

of age (BALB/c, n = 29 controls and 24 arsenic exposed; C3H/HeARC, n = 14 controls 

and 17 arsenic exposed; C57BL/6, n = 24 controls and 32 arsenic exposed).  

3.3.2 Thoracic gas volume and lung mechanics 

To measure lung mechanics in vivo, mice were anaesthetised by intraperitoneal injection 

of a mixture containing xylazine (1mg/mL; Troy Laboratories, New South Wales, 

Australia) and ketamine (20 mg/mL; Troy Laboratories, New South Wales, Australia) at 

a dose 0.1 mL/10g body weight. Mice were tracheotomised with a 10 mm tracheal 

cannula (23G stainless steel) inserted and secured with suture. Mice were ventilated 

(MiniVent, Harvard Apparatus, Germany) at a tidal volume of 10 mL/kg, respiratory 

rate of 400 breaths per minute and positive end expiratory pressure of 2 cmH2O.  

 

For plethysmography, the trachea was occluded at end expiration (Prs = 0 cmH2O) and 

the intercostal muscles were stimulated with intramuscular electrodes to induce 

inspiratory efforts. Six 20V pulses of 2-3ms in duration were delivered over a 6s period 

while recording changes in tracheal pressure and plethysmograph box pressure. TGV 

was calculated using Boyle’s law after correcting for the impedance and thermal 

properties of the plethysmograph (Janosi et al. 2006). 

 

To measure lung mechanics using the forced-oscillation technique a forcing function (9 

frequencies from 4 – 38 Hz) generated by a loudspeaker was delivered to the animal via 

a wave tube during pauses in ventilation (Sly et al. 2003). The respiratory system 
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impedance spectrum (Zrs) was measured and a 4-parameter model with constant phase 

tissue impedance was fitted to the data to partition Zrs into components representing the 

mechanical properties of the airways and parenchyma (Hantos et al. 1992b). This model 

allowed the calculation of airway resistance (Raw) and inertance (Iaw) and coefficients of 

tissue damping (G) and elastance (H). The resistance and inertance of the tracheal 

cannula were subtracted from Raw and Iaw respectively. As most of the inertance is 

contained in the tracheal cannula, values of Iaw were negligible and not reported. 

3.3.3 Stereological analysis of lung structure 

Lung structure was assessed using stereology techniques according to ATS/ERS 

guidelines (Hsia et al. 2010). Following euthanasia the tracheal cannula was instilled 

with 2.5% glutaraldehyde at 10 cmH2O. This fixation pressure was chosen to fall within 

the range of volumes that lung function was measured i.e. at elastic-equilibrium lung 

volume (Zosky et al. 2010).  Lungs were randomly oriented and embedded in paraffin 

wax (Nyengaard and Gundersen 2006). Starting at a random distance into the section 

(between 0 - 500µm), 5µm sections were taken at regular 500μm intervals throughout 

the lung and stained with haematoxylin and eosin. Lung volume was calculated using 

the Cavalieri method (Michel and Cruz-Orive 1988) and counting probes were used to 

obtain tissue/air volumes and alveolar surface area. Alveolar number was calculated 

using a physical dissector and Euler’s number (Ochs 2006).   

3.3.4 Gene expression profiling studies 

Peripheral lung tissue was excised from mice and stabilized in RNALater (QIAgen) (n = 

6 litters per treatment group, per strain). The lung tissue was disrupted in TRIzol 

(Invitrogen) employing a rotor stator homogenizer, and extracted with TRIzol followed 

by RNeasy (QIAgen). The quality of the RNA samples was assessed on the bioanalyzer 

(RIN 8.30 ± 0.58). Total RNA samples were labelled and hybridized to Mouse Gene 

ST1.0 microarrays (Affymetrix) by Molecular Genetic Research Services, at the 

Australian Neuromuscular Research Institute. 

 

The raw microarray data were pre-processed employing the PLIER+16 algorithm (gcbg 

background subtraction, quantile normalization, iterPLIER summarization) in 

Expression Consol software (Affymetrix) (Bosco et al. 2009). Two low quality 

microarrays were removed from the analysis. To identify differentially expressed genes, 
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the data were analysed with moderated t-statistics (LIMMA) (Smyth 2004) and plotted 

as volcano plots (Figure 3.1). Genes with an absolute moderated t-statistic greater than 

3.5 and fold change greater than 2 were considered differentially expressed. The 

microarray data are available from the Gene Expression Omnibus repository 

(http://www.ncbi.nlm.nih.gov/geo/) (NCBI 2012) under the accession GSE37831. A 

subset of differentially expressed genes was selected for qRT-PCR validation studies.  

3.3.5 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was reverse-transcribed with QuantiTect Reverse Transcription Kit 

(QIAgen) according to the manufacturer's instructions. Primer assays were purchased 

from QIAgen and qRT-PCR was performed with QuantiTect SYBR Green (QIAgen) on 

the ABI Prism 7900HT (Applied Biosystems). Relative standard curves were prepared 

from serially diluted RT-PCR products. Data were normalized to the Eef1a1 gene and 

multiplied by a scaling factor to obtain whole numbers. 

3.3.6 Quantification of mucous cells and protein in the airways 

To determine the expression of mucous producing cells and protein expression in the 

airways, airway histopathology and immunohistochemistry were performed. Following 

euthanasia the tracheal cannula was instilled with 4% formaldehyde at 10 cmH2O. 

Lungs were embedded in paraffin wax and the left lobe was sectioned for airway 

histology. Alcian Blue/Periodic Acid Schiff stain was used to detect mucous producing 

cells.  

 

Immunohistochemistry, using an avidin-biotin-peroxidase complex method (Sabo-

Attwood et al. 2005), was used to detect CLCA3, MUC5B and REG3γ positive cells. 

Lung tissue sections were deparaffinised in xylene (3 x 5 minutes) and rehydrated in 

isopropanol and graded ethanol (95 – 50%). Slides were rinsed in deionised water and 

microwaved (900W, 2 minutes on high, 10 minutes on low) in 0.01M citric acid (pH 

6.0) to allow antigen retrieval. Endogenous peroxidase activity was inhibited by 

incubating the slides in 1% H202 followed by washes in phosphate-buffered saline 

(PBS) containing 1% H202. Sections were blocked in PBS/Tween 20 containing 5% 

heat-inactivated normal goat serum. After washes, the sections were incubated with 

antibody α-p3b1 (Abcam, Cambridge, MA, USA) diluted 1:500 in PBS/Tween 20 

containing 0.1% bovine serum albumin in a humidified chamber at 4ºC overnight. 

http://www.ncbi.nlm.nih.gov/geo/
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Sections were washed in PBS and incubated with biotinylated goat anti-rabbit 

immunoglobulins (5µg/ml, Vector Laboratories) diluted in PBS/Tween 20 containing 

0.1% bovine serum in a humidified chamber at 4ºC overnight. Colour was developed 

for 60 minutes using freshly prepared avidin-biotin-peroxidase complex solution 

(Vectastain Elite ABC kit, Vector Laboratories) diluted in PBS/Tween 20 with 0.1% 

bovine serum albumin, followed by repeated washes in PBS, and rinsing in water. The 

slides were counterstained with hematoxylin, dehydrated through ascending graded 

ethanol, cleared in xylene, and coverslipped before examination by light microscopy. 

The expression of mucous producing and protein positive epithelial cells was calculated 

as the percentage of positively stained epithelial cells over the total number of epithelial 

cells in the airway. Airways were classified by their basement membrane perimeter 

(small <1,000µm, medium 1,000 - 1500µm and large >1,500µm) (Hirota et al. 2006).  

3.3.7 Statistical analysis 

All statistical analyses were conducted using STATA (v9.2; StataCorp, Texas, U.S.A). 

Group means were compared using t-tests, ANOVA and ANCOVA (where adjustment 

for a continuous variable was required). Data were transformed as necessary to satisfy 

the assumptions of normality and homoscedasticity. A p value of less than or equal to 

0.05 was considered statistically significant.  

3.4 Results 

3.4.1 Maternal and birth outcomes 

There was no difference in water consumption between mothers given 100μg/L arsenic 

compared to control mothers for any strain of mouse (BALB/c, p = 0.46; C3H/HeARC, 

p = 0.34; C57BL/6, p = 0.82) (Table 3.1). There were no differences in litter size 

(BALB/c, p = 0.30; C3H/HeARC, p = 0.87; C57BL/6, p = 0.54) or gestational age at 

birth (BALB/c, p = 0.84; C3H/HeARC, p = 0.21; C57BL/6, p = 0.31) between arsenic 

exposed and control mice. Arsenic exposed C57BL/6 offspring were smaller in birth 

weight and birth length compared to control C57BL/6 offspring (p < 0.001 and p < 

0.001 respectively, Table 3.1). There were no differences in birth weight or length 

between arsenic exposed and control BALB/c (p = 0.15 and p = 0.21) or C3H/HeARC 

offspring (p = 0.18 and p = 0.78). For all analyses reported there was no difference in 

responses between male and female offspring so data were pooled.  
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3.4.2 Thoracic gas volume and lung mechanics 

Arsenic exposed C57BL/6 mice were significantly smaller in body weight (p < 0.001) 

than controls at two weeks of age and had significantly lower TGV than control 

offspring (p < 0.001), even after adjusting for snout-vent length (p = 0.04) (Figure 3.2). 

Arsenic exposed C57BL/6 mice had significantly higher tissue damping and tissue 

elastance (p < 0.001 in both cases) compared with C57BL/6 controls (Figure 3.3). These 

differences were maintained after adjusting for TGV (p = 0.006 and p = 0.004 

respectively). There was no effect of arsenic on airway resistance (p = 0.29) in C57BL/6 

mice which was maintained after adjusting for TGV (p = 0.78).  

 

In C3H/HeARC mice there was no difference in body weight (p = 0.38) at two weeks of 

age for arsenic exposed compared with control mice. TGV was significantly higher in 

arsenic exposed mice compared with controls (p = 0.02) which was maintained after 

adjusting for snout-vent length (p < 0.001) (Figure 3.2). At two weeks of age 

C3H/HeARC mice exposed to arsenic had significantly higher airway resistance 

compared with controls (p = 0.04) which was still higher after adjusting for TGV (p = 

0.002). There was no effect of arsenic on tissue damping or tissue elastance (p = 0.46 

and p = 0.34 respectively) even after adjusting for TGV (p = 0.15 and p = 0.65) (Figure 

3.3).  

 

In BALB/c mice there was no difference in body weight (p = 0.31) for arsenic exposed 

compared with control mice at two weeks of age. TGV was significantly higher in mice 

exposed to arsenic in utero (p = 0.05), however, there was no difference after adjusting 

for snout-vent length (p = 0.20) (Figure 3.2). In BALB/c mice there was no difference 

in airway resistance at 2 weeks of age between the groups (p = 0.82) which was also the 

case after adjusting for TGV (p = 0.28). There was evidence to suggest that both tissue 

damping and tissue elastance were lower in arsenic exposed mice compared with 

controls (p = 0.07 and p = 0.02 respectively), however, these differences were negated 

after adjusting for TGV (p = 0.65 and p = 0.22 respectively) (Figure 3.3). 

3.4.3 Stereological analysis of lung structure 

In C57BL/6 mice, lung volume (calculated by stereology) was significantly smaller in 

arsenic exposed offspring compared with controls (p = 0.03). The number of alveoli in 

the lung (p = 0.01) and the surface area of the lung (p = 0.04) were also smaller in 
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arsenic exposed C57BL/6 mice compared with control mice of the same strain, 

however, there was no difference in the volume of the alveoli (p = 0.41) (Figure 3.4). 

There were no differences in any of the structural parameters measured between arsenic 

exposed and control C3H/HeARC or BALB/c mice. 

3.4.4 Gene expression profiling studies 

Using microarray analysis ten annotated genes in the lung were identified that were 

differentially expressed as a result of in utero exposure to arsenic (Table 3.2). C57BL/6 

mice had seven genes that were differentially expressed, whereas, C3H/HeARC mice 

had two and BALB/c mice had only one differentially expressed gene. Only one gene 

was down-regulated in response to arsenic, Olfr1274, in the C57BL/6 strain. All of the 

other genes identified as differentially expressed were up-regulated in response to 

arsenic exposure.  

 

Three out of the ten genes that were up-regulated (Clca3, Muc5b and Scgb3a1) are 

involved in the regulation and/or secretion of mucous in the airways (Roy et al. 2011). 

These genes were all up-regulated in C57BL/6 mice. Four out of the ten genes 

(Lplunc1, Tff2, Reg3γ and Dynlrb2) that were up-regulated are involved in innate 

immune function (Bingle and Craven 2002; Jin et al. 2009; McAleer et al. 2011; 

Nikolaidis et al. 2003). Lplunc1, Tff2 and Reg3γ were up-regulated in C57BL/6 mice 

and Dynlrb2 was up-regulated in C3H/HeARC mice. A gene involved in lung branching 

morphogenesis and epithelial cell differentiation, Sox2 (Gontan et al. 2008), was up-

regulated in C3H/HeARC mice. In BALB/c mice, an oncogene (Ssxb10) was the only 

up-regulated gene (Chen et al. 2003). 

3.4.5 Validation of array expression using qRT-PCR 

Using qRT-PCR, the expression of four genes in C57BL/6 mice (Clca3, Muc5b, Tff2, 

Reg3g) and one gene in C3H/HeARC mice (Sox2) were validated. In all cases, the 

expression patterns, normalised to the Eef1a1 gene, correlated to those obtained in the 

microarray analysis (Figure 3.5). 

3.4.6 Quantification of mucous and protein in the airways 

Alcian Blue/Periodic Acid Schiff staining and immunohistochemistry were used to 

quantify mucous producing cells, CLCA3, MUC5B and REG3γ protein in the airways 
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of BALB/c, C3H/HeARC and C57BL/6 mice (Figure 3.6). Arsenic exposure in utero 

caused mucous cell metaplasia in the large (p < 0.001) and medium (p = 0.02) airways 

of C57BL/6 mice and increased the expression of CLCA3 (p < 0.01) and REG3γ (p = 

0.02) protein in the large airways of C57BL/6 mice (Figure 3.7). The levels of MUC5B 

protein were low and not differentially expressed between the airways of arsenic 

exposed and control C57BL/6 mice. It is possible that some of the airway surface liquid 

was removed during the collection of BALf in both groups of mice. There were no 

differences in the number of mucous producing cells, CLCA3, MUC5B or REG3γ 

proteins between the airways of arsenic and control mice of either the BALB/c or 

C3H/HeARC strains (data not shown). 
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Figure 3.1 Microarray volcano plots show clusters of differentially expressed genes in 

response to arsenic in C57BL/6 (A), C3H/HeARC (B) and BALB/c (C) mice. 

Annotated genes with an absolute t-statistic greater than 3.5 and fold change greater 

than 2 were considered differentially expressed.    
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Table 3.1 Maternal and birth outcomes for BALB/c, C3H/HeARC and C57BL/6 dams and their offspring exposed to 100µg/L arsenic via drinking 

water or control water from day 8 of gestation to birth (mean ± SD). There were no differences in maternal water consumption, gestation period or 

litter size between control and arsenic exposed mice. C57BL/6 offspring exposed to 100µg/L arsenic were born significantly smaller than control mice 

in both weight and length. (* indicates significantly different to control, p < 0.05).   

 BALB/c C3H/HeARC C57BL/6 

 Control Arsenic Control Arsenic Control Arsenic 

Maternal water consumption 

(mL/day) 
4.43 ± 0.62 5.32 ± 1.34 6.88 ± 1.75 6.09 ± 0.65 5.83 ± 1.38 5.89 ± 1.39 

Gestation period (days) 19.7 ± 0.52 19.6 ± 0.55 19.8 ± 0.50 19.3 ± 0.50 19.8 ± 0.45 19.5 ± 0.93 

Litter size (pups/dam) 5.67 ± 3.39 5.00 ± 1.87 4.25 ± 2.22 4.50 ± 1.73 6.00 ± 0.82 6.62 ± 3.02 

Birth weight (g) 1.32 ± 0.22 1.40 ± 0.19 1.46 ± 0.24 1.55 ± 0.11 1.40 ± 0.18 1.18 ± 0.17* 

Birth length (mm) 28.4 ± 1.63 28.9 ± 1.36 29.4 ± 2.02 29.5 ± 1.25 28.7 ± 1.62 27.2 ± 1.60* 
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Figure 3.2 Body weight and thoracic gas volume (TGV) plotted against body (SV) 

length in two week old offspring from BALB/c, C3H/HeARC and C57BL/6 mice 

exposed to 100 µg/L arsenic (closed circles) via drinking water or control water (open 

circles) from day 8 of gestation to birth. (* indicates significantly different to control, p 

< 0.05). 
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Figure 3.3 Airway resistance (Raw), 

tissue damping (G) and tissue 

elastance (H) plotted against thoracic 

gas volume (TGV) for two week old 

BALB/c (A, B, C), C3H/HeARC (D, 

E, F) and C57BL/6 (G, H, I) mice 

exposed to 100 µg/L arsenic (closed 

circles) via drinking water or control 

water (open circles) from day 8 of 

gestation to birth (* indicates 

significantly different to control, p < 

0.05).  
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Figure 3.4 Lung volume (VL), number of alveoli in the lung (N(a,L)), alveolar surface 

area (Sv(a)), and alveolar volume (Va) for two week old BALB/c, C3H/HeARC and 

C57BL/6 mice exposed to 100 µg/L arsenic (lined bars) via drinking water or control 

water (open bars) from day 8 of gestation to birth (* indicates significantly different to 

control, p < 0.05).   
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Table 3.2 Genes altered by arsenic exposure  

Gene symbols Gene name Function Fold change 

C57BL/6    

Clca3 Chloride channel calcium activated 3 
Regulation of mucous production and secretion 

(Zhou et al. 2002) 
15.05 

Lplunc1 
Long palate, lung and nasal epithelium 

carcinoma-associated protein 1 

Innate immunity in mouth, nose and lungs (Bingle 

and Craven 2002) 
13.72 

Reg3γ Regenerating islet-derived 3 gamma 
Innate immunity – antibacterial properties in the 

mucous secretions (McAleer et al. 2011) 
8.77 

Scgb3a1 Secretoglobin, family 3A, member 1 Secretary cell subtype in the lung (Roy et al. 2011) 5.80 

Tff2 Trefoil factor 2 (spasmolytic protein 1) 
Innate immunity- allergen induced gene, expressed 

in mucous cells (Nikolaidis et al. 2003) 
3.26 

Muc5b Mucin 5, subtype B, tracheobronchial 
Major mucin in respiratory mucous (Kirkham et al. 

2002) 
3.16 

Olfr1274 Olfactory receptor 1274 Olfaction -2.07 

C3H/HeARC    

Dynlrb2 Dynein light chain roadblock-type 2 Regulation of TGF-B pathway (Jin et al. 2009) 2.36 

Sox2 SRY-box containing gene 2 
Lung branching morphogenesis and epithelial cell 

differentiation (Gontan et al. 2008) 
2.27 

BALB/c    

Ssxb10 Synovial sarcoma, X member B, breakpoint 10 Cancer (Chen et al. 2003) 2.41 
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Figure 3.5 Validation of microarray gene expression by qRT-PCR. A subset of genes, 

Muc5b, Clca3, Tff2, Reg3γ, and Sox2, had microarray expression validated using qRT-

PCR. All values were normalized to the Eef1a1 gene (* indicates significantly different 

to control, p < 0.05).   
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Figure 3.6 Airway histology showing that arsenic induces mucous cell metaplasia and 

increases CLCA3 protein expression in the airways of C57BL/6 mice. Lung sections 

stained with Alcian Blue/Periodic Acid Schiff (top) and an antibody to CLCA3 

(bottom) show increased mucus cell (dark purple stain) and CLCA3 protein (brown 

stain) expression in the airways of C57BL/6 mice exposed 100 µg/L arsenic (B, D) via 

drinking water or control water (A, C) from day 8 of gestation to birth. Scale bars 

200µm. 
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Figure 3.7 Quantitation of mucous producing cells, and CLCA3, MUC5B and REG3γ 

positive epithelial cells in the airways of C57BL/6 mice. Values are expressed as the 

percentage of mucous producing epithelial cells and protein positive epithelial cells over 

the total number of epithelial cells in large, medium and small airways of C57BL/6 

mice exposed to 100 µg/L arsenic (closed bars) via drinking water or control water 

(open bars) from d8 gestation to birth (* indicates significantly different to control, p < 

0.05).   
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3.5 Discussion 

Exposure to arsenic in utero has been shown to increase morbidity from lower 

respiratory tract infections in infancy and increase mortality from bronchiectasis in 

adulthood (Rahman et al. 2011; Smith et al. 2006). In this study, the response to arsenic 

in mice was genetically determined and the C57BL/6 strain was the most susceptible of 

the three strains studied. In utero exposure to arsenic impaired somatic growth, lung 

volume and parenchymal lung mechanics in C57BL/6 mice. Additionally, exposure to 

arsenic during gestation was capable of altering the expression of genes which function 

in mucociliary clearance, innate immunity and lung growth. Arsenic also induced 

mucous cell metaplasia and increased expression of CLCA3 protein in the airways of 

C57BL/6 mice. Increased mucous secretion and altered lung growth may impair the 

ability of the airways to clear pathogens and thus provides a potential mechanism by 

which exposure to arsenic increases the risk of developing chronic localised infections 

leading to bronchiectasis.   

 

Exposure to arsenic in utero impaired intrauterine growth and lung development. 

Arsenic exposed C57BL/6 mice were small for gestational age, had lower lung volume, 

lung surface area and alveolar number and impaired lung mechanics compared with 

control mice of the same strain. This finding supports results from a recent study which 

also found that C57BL/6 mice exposed to arsenic in utero had deficits in growth in early 

life (Kozul-Horvath et al. 2012). Smaller body size and lung size during infancy may 

result in airways and alveoli that are prone to closure and collapse thus increasing the 

susceptibility to obstruction and increased pathogen load. Low birth weight is 

associated with impaired lung function and increased mortality from obstructive lung 

disease (Barker et al. 1991; Hulskamp et al. 2009). A potential mechanism for the 

observed intrauterine growth restriction may be oxidative stress caused by arsenic-

induced production of ROS inducing placental insufficiency (Vahter 2007). This is 

supported by the finding that the mouse strain most sensitive to arsenic, C57BL/6 mice, 

are highly susceptible to the oxidative stress effects of cigarette smoke and bleomycin 

compared to other strains (Chen et al. 2001a; Yao et al. 2008). There is evidence from 

cigarette smoke exposure models that intrauterine growth restriction alone can cause 

alterations in early life lung function (Larcombe et al. 2011). It is therefore possible that 

the effects of arsenic exposure on body weight, lung function and lung size in this study 
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were due to arsenic altering the nutritional status of the offspring. However, alterations 

in lung gene expression and airway morphology were also identified that seem to be 

unique to arsenic exposure and have yet to be linked with altered nutritional status. It is 

clear that exposure to arsenic during pregnancy is having a significant effect on 

intrauterine growth which may predispose infants to chronic lung diseases through 

impairments in lung growth and development.  

 

Arsenic exposure during pregnancy was capable of altering the expression of genes in 

the lung at two weeks of age. The differentially expressed genes identified are involved 

in mucous production, innate immunity and lung morphogenesis pathways. The gene 

that was most highly up-regulated was the calcium-activated chloride channel, Clca3 

gene. This gene has been detected in goblet cells within the tracheal and bronchial 

epithelium of mice when metaplasia of mucous cells is present (Leverkoehne and 

Gruber 2002) and is thought to play a role in the mucous hyper-secretion seen in COPD 

and CF in humans (Rogers 2003; Shale and Ionescu 2004). Blocking the production 

and/or activity of Clca3 can inhibit the production of mucous, whereas up-regulation 

can enhance mucous production (Zhou et al. 2002). Clca3 has been implicated in the 

regulation of mucous secretion by controlling the packaging and/or release of secreted 

mucins such as MUC5AC and MUC5B, which are the major gel-forming mucins in 

respiratory secretions. (Nakanishi et al. 2001; Zhou et al. 2002). MUC5B levels are 

increased in sputum from COPD and CF patients compared to sputum from healthy 

airways (Kirkham et al. 2002), and are associated with the overproduction of mucous in 

diseased airways (Chen et al. 2001b). In this study Muc5b gene expression was also up-

regulated and mucous cell metaplasia was present in the airways of C57BL/6 mice. 

Adequate mucous production in the lung is essential for innate immunity processes such 

as mucociliary clearance to occur, however, excess mucous production can hinder the 

ability of the lung to clear inhaled pathogens leading to infection. Mucous cell 

metaplasia is a pathological feature of various respiratory diseases including both CF 

and non-CF bronchiectasis, COPD and asthma (Kim 1997). Mucous hyper-secretion 

can hinder the ability of the cilia to clear mucous from the airways, thus increasing the 

susceptibility to viral and bacterial colonisation and infection (Shale and Ionescu 2004). 

Increased mucous in the airways may also lead to obstruction and contribute to 

abnormalities in lung mechanics (Rose et al. 2001). The mucous cell metaplasia we 

detected in arsenic exposed mice was more prominent in the large and medium airways 
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compared with the small airways. However, there were still a greater number of mucous 

producing cells in the smaller airways in the arsenic exposed mice. Small changes in the 

airway surface liquid volume in the small airways of the lungs would be capable of 

increasing the risk of airway collapse and uneven ventilation. In addition, the reduced 

lung size in the arsenic exposed mice could result in reduced parenchymal tethering and 

reduced airway opening pressure (Rose et al. 2001). Increased mucous production 

resulting in increased susceptibility to respiratory infections combined with airway 

obstruction can lead to chronic localized inflammation: a hallmark of the bronchiectatic 

lung (Barker 2002). 

  

As well as increasing the risk of infection, arsenic exposure in utero may compromise 

the immune response to respiratory infections. In this study four genes were up-

regulated following arsenic exposure that play a role in modulating the immune system. 

Trefoil factor 2 (Tff2) protein has a role in mucosal epithelial restitution and wound 

healing in the gastrointestinal tract (Podolsky 2000). In the lung, TFF2 protein 

expression is increased in mucous cells of allergen challenged mice and is up-regulated 

in airway epithelial cells in subjects with asthma (Kuperman et al. 2005; Nikolaidis et 

al. 2006). Tff2 has also been identified as a candidate gene associated with strain-

dependent differences in lung function in mice (Ganguly et al. 2007). REG3γ is a 

protein with antimicrobial activity known to play a role in innate mucosal immunity in 

the gastrointestinal tract (Zheng et al. 2008) and the lung (McAleer et al. 2011). 

Dynlrb2 is differentially expressed in patients with primary ciliary dyskinesia, a 

condition that can lead to the development of bronchiectasis due to impairment of 

mucociliary clearance (Geremek et al. 2011). Dynlrb2 has also been shown to regulate 

the TGF-β signalling pathway (Jin et al. 2009). Increased production and activation of 

TGF-β has been linked to immune defects associated with the susceptibility to 

opportunistic infection (Letterio and Roberts 1998). LPLUNC1 is a protein thought to 

play a role in innate immunity in the lung, mouth and nose, through either direct 

antibacterial actions or by indirect neutralising activity (Bingle and Craven 2002). 

Mucous metaplasia and altered immune pathways in the lung may partially explain the 

increased susceptibility to and exacerbated response to influenza infection seen in a 

mouse model of arsenic exposure (Kozul et al. 2009a). Importantly, compromised 

innate immune pathways in the lung during infancy may increase the risk of respiratory 
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infections in early life, when susceptibility to infection is high, and also increase the risk 

of developing chronic lung disease in adulthood. 

 

To give these observations context it is important to recognise the limitations of the 

present study. There was a small amount (0.03 µg/g) of inorganic arsenic in the mouse 

chow given to all the mice in this study, which has the potential to alter gene expression 

in the liver and lung (Kozul et al. 2008). However, the concentrations of inorganic 

arsenic in this study were low, the same diet was given to all of the mice (including 

controls) and differences were still detected in a variety of outcomes, including gene 

expression, as a result of the exposure to 100µg/L arsenic in drinking water. Another 

limitation is that only a single concentration of arsenic (100µg/L) was used in this study. 

This represents a relatively high concentration of arsenic (ten times higher than the 

current WHO MCL) and the effects observed in this study may not reflect changes at 

higher or lower doses. The present study only identified a small number of differentially 

expressed genes as a result of arsenic exposure. Even by relaxing the criteria for 

differential expression no functionally coherent pathways were identified using more 

complex methods of analysis. As lung tissue was assessed some time after the arsenic 

exposure had ceased it is possible that some pathways were missed and there is value in 

examining expression networks in lung tissue during exposure in the future (Petrick et 

al. 2009). This study, however, has identified and validated a number of genes that 

potentially provide important clues to the underlying mechanisms and given their 

function are likely to be important in the lung disease phenotype induced by arsenic 

exposure in humans (e.g. infection/bronchiectasis). The effects of arsenic exposure on 

the lung were only examined in offspring at two weeks of age in the present study. The 

long term effects of arsenic exposure on lung development may differ between strains 

whereby changes in parenchymal growth may manifest at different ages (Ngalame et al. 

2012). An analysis of later time points may provide further information about the 

genetic basis of susceptibility to arsenic-induced lung disease.  

3.6 Conclusions 

In utero exposure to arsenic via drinking water impairs lung development, resulting in 

reduced lung size, and impaired lung structure and function. The response to arsenic 

was genetically determined and the C57BL/6 strain was the most susceptible. Arsenic 

exposure in utero altered the expression of genes that regulate innate immunity, mucous 
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production and morphogenesis of the lung. Arsenic-induced alterations in the 

development of lung structure and innate immunity may reduce the ability to clear 

respiratory pathogens, during a period of high susceptibility in infancy (Simoes 1999). 

As respiratory infections are one of the leading causes of mortality in children under 

five in developing countries (World Health Organization 2011), arsenic-induced 

increases in susceptibility to infection can have devastating effects on infant morbidity 

and mortality in affected areas. Additionally, recurrent respiratory infections throughout 

life can contribute to the development of chronic lung diseases, such as bronchiectasis, 

in adulthood. The data from this study shows that in utero exposure to arsenic impairs 

lung development resulting in altered structure, function and gene expression in infancy. 

Further investigation into how arsenic affects lung development in humans will be 

essential to understand and prevent escalating morbidity and mortality from respiratory 

disease in arsenic exposed populations worldwide.   
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Early Life Arsenic Exposure via 

Drinking Water Exacerbates the 

Acute and Long Term Responses to 

Influenza A Infection 

 

 

 

 

 

 

A modified version of this chapter has been published in a peer-reviewed journal:  

 

Ramsey KA, Foong RE, Larcombe AN, Sly PD, Zosky GR (2013) Early life arsenic 

exposure via drinking water exacerbates the acute and long term responses to influenza 

A infection, Under Review, Environmental Health Perspectives 121: 1187-1193.  
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4.1 Abstract 

Background: Arsenic is a significant global environmental health problem. Exposure to 

arsenic in early life has been shown to increase the rate of respiratory infections during 

infancy, reduce childhood lung function and increase the rates of bronchiectasis in early 

adulthood. 

 

Objectives: The aim of this study was to determine if early life exposure to arsenic 

exacerbates the response to early life influenza infection.    

 

Methods: C57BL/6 mice were exposed to arsenic in utero and throughout postnatal 

life. At 1 week of age a subgroup of mice were infected with influenza A. The acute and 

long term effects of arsenic exposure on viral clearance, inflammation and lung 

structure and function were assessed.  

 

Results: Early life arsenic exposure reduced the clearance of and exacerbated the 

inflammatory response to influenza A, and resulted in acute and long term changes in 

lung mechanics and airway structure.  

 

Conclusions: Increased susceptibility to respiratory infections combined with 

exaggerated inflammatory responses throughout early life may contribute to the 

development of bronchiectasis in arsenic exposed populations. 

4.2 Introduction 

Hundreds of millions of people throughout the world are exposed to arsenic through 

their drinking water at doses above the WHO MCL of 10µg/L (Mandal and Suzuki 

2002). Chronic exposure to arsenic via drinking water has been shown to increase the 

risk of developing lung, liver, prostate, bladder, kidney and skin cancers (Ferreccio et 

al. 2000; Haynes 1983; Smith et al. 1992; Smith et al. 1998). Arsenic exposure has also 

been linked to the development of non-malignant lung diseases, including 

bronchiectasis, chronic bronchitis and COPD (Guha Mazumder et al. 2005; Milton et al. 

2001; Smith et al. 1998). An exposure event in northern Chile, whereby the residents of 

Antofagasta consumed high levels of arsenic (90 – 860μg/L) for two decades revealed 

the significance of early life arsenic exposure in the development of respiratory disease. 
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In the years following the exposure event, children from Antofagasta presented with 

cough, dyspnoea, bronchopulmonary disease and bronchiectasis (Borgono et al. 1977; 

Borgono and Greiber 1971; Rosenberg 1974; Zaldivar 1980). Long term follow-up of 

these children revealed that the SMR for bronchiectasis was 46.2 (95% CI 21.1, 87.7) in 

those born during the peak exposure event who were exposed to arsenic in utero and 

early childhood (Smith et al. 2006). Bronchiectasis is a progressive respiratory disease 

characterised by repeated lower respiratory tract infections and an intense inflammatory 

response leading to tissue damage, alterations to lung structure and premature death in 

adulthood (Barker 2002). Understanding whether arsenic exposure is able to increase 

susceptibility, or exacerbate responses to respiratory infections in early life may help to 

explain the link between arsenic exposure and the development of bronchiectasis.  

 

There is evidence that prenatal arsenic exposure can increase the susceptibility to 

respiratory infections in early life. Infants in Bangladesh exposed to arsenic at 

concentrations above 250μg/L in utero had a significantly  increased risk of developing 

lower respiratory tract infections (RR = 1.69, 95% CI 1.36, 2.09) compared with those 

exposed to arsenic at concentrations below 39μg/L (Rahman et al. 2011). This increase 

may be linked to the immunosuppressant activity of arsenic (Raqib et al. 2009) and/or 

the effects of arsenic on impairing growth and development (Ramsey et al. 2013a; 

Ramsey et al. 2013c). Exposure during pregnancy can increase inflammatory cytokines 

and reduce T-cell numbers in the placenta (Ahmed et al. 2011) and impair thymic 

development in infants (Raqib et al. 2009). Prenatal exposure is also associated with 

infants being born small for gestational age (Huyck et al. 2007; Rahman et al. 2009). 

Low birth weight is an important risk factor for the development of respiratory 

infections and impaired lung function in childhood (Barker et al. 1991; Chan et al. 

1989; Rona et al. 1993; Shaheen and Barker 1994; Vik et al. 1996) and mortality from 

chronic respiratory diseases in early adulthood (Stein et al. 1997; Stick 2000). In utero 

exposure to arsenic also impairs lung growth and development, induces mucous cell 

metaplasia in the airways and alters the expression of genes that regulate lung 

morphogenesis and mucociliary clearance in the lung, all of which could contribute to 

the increased risk of respiratory infections in early life (Chapters 2 and 3) (Ramsey et al. 

2013a; Ramsey et al. 2013c). A combination of arsenic-induced impairments to lung 

growth and suppressed immune development are likely mechanisms for the increased 

rate of respiratory infections in early childhood.  



Chapter 4: Arsenic and Influenza Infection 

 72 

Little is known, however, of how arsenic may alter the physiological response to 

respiratory infections. Environmental exposure to cigarette smoke and particulate matter 

increases the susceptibility to respiratory infections and exaggerates the inflammatory 

responses to respiratory infections (Arcavi and Benowitz 2004; Ciencewicki and Jaspers 

2007).  Mice exposed to arsenic in adulthood in combination with an influenza A 

(H1N1) infection have been shown to have diminished ability to clear influenza, 

impaired CD8+ T cell responses, prolonged viral carriage and greater mortality 

compared with mice given influenza alone (Kozul et al. 2009a). Exposure to arsenic in 

early life may increase the susceptibility to, and exacerbate the response to respiratory 

infections during a period of high susceptibility in infancy (Ramsey et al. 2013d). A 

compromised response to influenza infection in early life may have a significant effect 

on infant morbidity and mortality, and play an important role in the development of 

bronchiectasis and other chronic respiratory diseases in arsenic exposed areas.   

 

The present study investigated how exposure to arsenic in utero and throughout 

postnatal life may alter the response to an infection with influenza in infancy, how 

arsenic exposure modifies the acute inflammatory response to influenza infection, as 

well as the long term implications of this response for lung structure and function.  

4.3 Methods 

4.3.1 Animals and exposures  

C57BL/6 mice were sourced from the Animal Resources Centre (Murdoch, Western 

Australia). All studies were conducted according to the guidelines of the National 

Health and Medical Research Council Australia and approved by the institutional 

Animal Ethics Committee. Previously established model of in utero arsenic exposure 

were used whereby pregnant mice were given drinking water containing 0 (control) or 

100µg/L of arsenic from gestational day 8 until birth of their offspring (~ day 20 of 

gestation) in the form of sodium arsenite (Ramsey et al. 2013a; Ramsey et al. 2013c). 

After their offspring were born, maternal exposure to either arsenic or control drinking 

water continued. 

 

At one week postnatal age, offspring were inoculated intranasally with 10
4.2

pfu 

influenza A/Mem71 (H3N1) diluted in 10µL of virus production serum free medium 

(VP-SFM; Life Technologies, Mulgrave VIC) or the same volume of VP-SFM 
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containing a preparation of mock-infected cells. Offspring were weaned at four weeks 

of age and continued to receive arsenic or control drinking water as per the prior 

exposure protocol. Outcomes were measured in offspring at 3 and 7 days post-infection 

(during the acute stage of influenza infection), 21 days post-infection (after recovery 

from influenza infection) and 7 weeks post-infection (adulthood). 

 

To investigate the effects of timing of arsenic exposure on long term lung structure and 

function outcomes, a separate group of female adult (8 week) C57BL/6 mice were 

exposed to either 100µg/L arsenic or control drinking water for the same period of time 

as the mice exposed from day 8 of gestation to 8 weeks postnatal age (10 weeks). 

4.3.2 Inflammatory cells 

Cellular inflammation was measured via total and differential cell counts in 

bronchoalveolar lavage fluid (BALf) taken from all offspring. BALf was sampled from 

all mice by gently washing 0.3mL (0.5mL in adults) of 0.9% saline (Pfizer Pty Ltd., 

WA, Australia) in and out of the lungs three times and collecting the fluid and cells 

from the final wash. The samples were centrifuged at 400g for 4 minutes using an 

Eppendorf AG centrifuge 5415D (Eppendorf, Hamburg, Germany) and the supernatant 

stored at -80°C. The remaining pellet was resuspended in phosphate buffered saline 

(PBS) and total cell counts were performed on 10µL of solution stained with Trypan 

Blue (Sigma, Australia) using a haemocytometer. The remaining suspension was spun 

onto slides in a Sigma 3-15 centrifuge (SIGMA©, Osterode am Harz, Germany) and 

stained using Leishman’s stain (BDH Laboratory Supplies, Poole, England). 

Differential cell counts were carried out on 300 cells using light microscopy.  

4.3.3 Viral titre 

Whole lungs were removed from infected offspring 3 and 7 days post-infection for 

quantification of viral titre. Lungs were weighed and homogenised in VP-SFM. Lung 

viral titre was quantified in clarified homogenate by plaque assay. Madin-Darby canine 

kidney (MDCK) cells were seeded into 6-well plates. Once cells were confluent, serial 

10-fold dilutions of clarified homogenate were inoculated into each well. After 2 days, 

wells were fixed with 5% formaldehyde in saline and stained with 0.5% crystal violet in 

methanol. We quantified influenza virus titres in whole-lung homogenate using TCID50 

(50% tissue culture infective dose) determination.  
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4.3.4 Cytokines 

Inflammatory cytokines were measured in BALf supernatants using a mouse 

inflammation Cytometric Bead Array (BD Biosciences, San Diego, CA, USA) 

following the manufacturer’s instructions. Measurement of total protein content of the 

BALf was carried out using the Bradford technique employing the Bio-rad Protein 

Assay kit according to manufacturer instructions (BIO-RAD, NSW, Australia). 

4.3.5 Thoracic gas volume and lung mechanics 

Lung volume and lung mechanics were measured in offspring at 7 days, 21 days and 7 

weeks post-infection, and in mice exposed to arsenic in adulthood only. To measure 

lung function in vivo, mice were anaesthetised by intra-peritoneal injection of a mixture 

containing xylazine (1mg/mL; Troy Laboratories, New South Wales, Australia) and 

ketamine (20 mg/mL; Troy Laboratories, New South Wales, Australia) at a dose 0.1 

mL/10g body weight. Mice were tracheotomised and a 10mm long tracheal cannula 

inserted (23G stainless steel for 2 and 4 week old mice; 1.26 mm outer diameter 

polyethylene tube for mice 8 weeks or older) and secured with suture. Mice were 

ventilated (MiniVent, Harvard Apparatus, Germany) at a tidal volume of 10mL/kg, 

respiratory rate of 400 breaths per minute and positive end expiratory pressure of 

2cmH2O.  

 

Plethysmography was used to measure TGV as described previously (Janosi et al. 

2006). Whereby the trachea was occluded at end expiration (Prs = 0 cmH2O) and the 

intercostal muscles were stimulated with intramuscular electrodes to induce inspiratory 

efforts. Six 20V pulses of 2-3ms in duration were delivered over a 6s period while 

recording changes in tracheal pressure and plethysmograph box pressure. TGV was 

calculated using Boyle’s law after correcting for the impedance and thermal properties 

of the plethysmograph (Janosi et al. 2006). 

 

Lung mechanics were measured using the forced-oscillation technique as described 

previously by Sly et al. (2003). The forcing function (9 frequencies from 4 – 38 Hz) 

was generated by a loudspeaker and delivered via a wave tube during pauses in 

ventilation. The respiratory system impedance spectrum (Zrs) was measured and a 4-

parameter model with constant phase tissue impedance was fitted to the data to partition 

Zrs into components representing the mechanical properties of the airways and 
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parenchyma (Hantos et al. 1992b). This model allowed the calculation of airway 

resistance (Raw) and inertance (Iaw) and coefficients of tissue damping (G) and elastance 

(H). The resistance and inertance of the tracheal cannula were subtracted from Raw and 

Iaw respectively. As most of the inertance is contained in the tracheal cannula, values of 

Iaw were negligible and not reported. 

4.3.6 Responsiveness to methacholine 

Airway responsiveness to methacholine (MCh) was measured in offspring at 7 weeks 

post-infection and mice exposed to arsenic as adults only. Methacholine was prepared 

using Acetyl - β - methylcholine chloride (minimum 98%) (Sigma-Aldrich, St Louis, 

MO, USA) dissolved in sterile saline to concentrations of 0.1, 0.3, 1, 3, 10 and 

30mg/mL. Mice received a saline aerosol followed by increasing doses of aerosolized 

MCh from 0.1 to 30mg/mL for 90 seconds. Lung function was measured every minute 

for 5 minutes after the conclusion of each aerosol. Dose response curves were 

constructed from the maximal response per dose of MCh.  

4.3.7 Airway remodelling 

Following euthanasia, the lungs of offspring at 7 weeks post-infection were fixed 

through intratracheal instillation of 2.5% gluteraldehyde at 10cmH2O. The left lung was 

embedded in paraffin wax and 5μm sections were cut at proximal, middle and distal 

parts of the lung for airway histology. To calculate the area of the airway smooth 

muscle (ASM) airway sections were stained with Masson’s Trichrome (Sigma Aldrich, 

Castle Hill, NSW). The ASM layer of airway sections was traced at 100x magnification 

using stereological software (newCAST, Visiopharm, Hørsholm, Denmark) and a 

motorised microscopic stage. To normalise for airway size, the square root of the area of 

ASM layer was divided by the perimeter of the basement membrane (Pbm). To 

calculate the number of mucous producing cells, airway sections were stained with 

Alcian Blue (Sigma Aldrich, Castle Hill, NSW). Mucous cell expression was calculated 

as the percentage of mucous positive cells divided by the total number of epithelial cells 

in the airway. Airways were classified by their basement membrane perimeter (small 

<1,000µm, medium 1,000-1,500µm and large >1,500µm (Hirota et al. 2006). 
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4.3.8 Statistical analysis 

Statistical analyses were conducted using SigmaPlot software (v12.3 SPSS Science, 

Chicago, IL, USA). Group means were compared using two-way ANOVA with arsenic 

and influenza exposure as independent variables and Holm-Sidak post hoc analysis. If 

the interaction term was significant (p < 0.05) the interaction p value was reported and 

additional analysis was performed to determine if the effects were synergistic. We 

defined synergy as an interaction between arsenic and influenza which produces an 

effect significantly greater than the sum of the individual effects. We determined if the 

interaction was synergistic by dividing the effect of combined arsenic and influenza by 

the sum of the effects of arsenic and influenza (Bates et al. 2008). A ratio significantly 

greater than one (one sample, two tailed t-test) indicates that the interaction is 

synergistic. Where necessary, data were log transformed to satisfy the assumptions of 

normality and homoscedasticity. A p value less than 0.05 was considered to be 

significant. Data are shown as mean (SD). 

4.4 Results 

4.4.1 Maternal outcomes 

There were no significant effects of arsenic exposure on litter size (p = 0.89) or 

gestation period (p = 0.11). There were no effects of arsenic exposure or influenza 

infection on maternal water consumption (arsenic p = 0.59; influenza p = 0.81) (data not 

shown). At day 7 post-infection (2 weeks of age) and day 21 post-infection (4 weeks of 

age) there were no significant differences in any outcome between male and female 

offspring, so data were pooled.   

4.4.2 Inflammatory cells 

A significant inflammatory response to influenza infection was present at days 3 and 7 

post-infection which was resolved 21 days post-infection (Figure 4.1). At day 3 post-

infection, there were effects of both arsenic and influenza on the number of total cells 

(arsenic p = 0.002; influenza p < 0.001) and number of macrophages (arsenic p = 0.01; 

influenza p < 0.01) in the BALf, which were additive such that the mice exposed to both 

arsenic and influenza had greatest inflammatory response. At three days post-infection 

there was a significant effect of influenza (p < 0.01) on neutrophil number. At day 7 

post-infection, there was a significant interaction between arsenic and influenza on the 
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numbers of total cells (p = 0.01) and neutrophils (p = 0.04) in the BALf, such that the 

number of cells present in response to influenza was significantly higher if the mice had 

also been exposed to arsenic. There was a significant synergistic relationship between 

arsenic and influenza in determining the total number of cells (synergy 2.04 ± 2.49, p = 

0.01) and neutrophils (synergy 2.47 ± 4.54, p = 0.04) in the BALf at day 7 post-

infection. There was also a significant effect of influenza infection in increasing 

lymphocyte number (p = 0.047) at day 7 post-infection. By day 21 and 7 weeks post-

infection the number of inflammatory cells had returned to control levels and there was 

no effect of arsenic (p > 0.17 in all cases) or influenza (p > 0.15 in all cases) on the 

number of inflammatory cells in the BALf.  

4.4.3 Viral titre 

The TCID50 was significantly higher in the lungs of mice exposed to arsenic and 

influenza compared with those exposed to influenza alone at day 7 post-infection (p = 

0.04) (Figure 4.2). There was some evidence of increased viral titre in the arsenic 

exposed group at day 3 post-infection, however this was not statistically significant (p = 

0.06).  

4.4.4 Cytokines 

There was an increase in cytokine levels in the BALf in response to influenza at day 3 

and day 7 post-infection which recovered to baseline levels by day 21 (Figure 4.2). On 

day 3 post-infection there was an increase in IFN-γ (p = 0.049) and IL-6 (p = 0.03) in 

the BALf from influenza infected mice. Arsenic exposure alone had no effect on any 

cytokine at day 3 post-infection (p > 0.22 in all comparisons). At day 7 post-infection 

there was an increase in TNF-α (p < 0.001), IFN-γ (p < 0.001), MCP-1 (p < 0.001) and 

IL-6 (p < 0.001) and protein (p = 0.003) levels with influenza, but no effect of arsenic (p 

> 0.087 in all comparisons).  

4.4.5 Thoracic gas volume and lung mechanics 

At day 7 post-infection (2 weeks of age) offspring infected with influenza were 

significantly smaller in weight (p < 0.001) and had larger TGV (p = 0.01) at day 7 post-

infection compared with uninfected offspring (Table 4.1). There was no effect of arsenic 

on body weight (p = 0.06) or TGV (p = 0.14) at day 7 post-infection. To account for 

differences in TGV between groups, specific lung mechanics were calculated by 
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multiplying the lung mechanics by the thoracic gas volume. There was an additive 

effect of influenza infection (p < 0.001) and arsenic exposure (p = 0.04) on tissue 

damping, such that the mice exposed to both arsenic and influenza had the greatest 

increase in tissue damping compared with controls. Offspring infected with influenza 

had significantly higher tissue elastance (p = 0.002) compared with uninfected 

offspring, but there was no effect of arsenic on tissue elastance (p = 0.17). There was no 

effect of arsenic (p = 0.48) or influenza (p = 0.56) on airway resistance at day 7 post-

infection. 

 

At day 21 post-infection (4 weeks of age) offspring infected with influenza were 

significantly smaller in weight (p = 0.002) than uninfected offspring (Table 4.1). There 

was no effect of arsenic (p = 0.75) on body weight at day 21 post-infection. There was a 

significant effect of both arsenic exposure (p = 0.004) and influenza infection (p = 

0.049) on increasing TGV. To account for differences in TGV between groups, specific 

lung mechanics were calculated. Both arsenic exposure (p = 0.009) and influenza 

infection (p = 0.038) increased tissue damping, resulting in additive effects in the group 

exposed to both arsenic and influenza. Offspring exposed to arsenic had significantly 

higher tissue elastance (p = 0.007) compared with unexposed offspring, but there was 

no effect of influenza infection on tissue elastance (p = 0.20). There were no effects of 

arsenic (p = 0.44) or influenza infection (p =0.86) on airway resistance.  

 

At 7 weeks post-infection (8 weeks of age), there was a significant difference in body 

weight between male and female offspring (p < 0.001), therefore, lung mechanics were 

analysed separately in males and females (Table 4.2). There were additive effects of 

arsenic exposure (males, p < 0.001; females p = 0.04) and influenza infection (males, p 

= 0.048; females p = 0.04) on reducing body weight in both sexes, such that the mice 

exposed to both arsenic and influenza were the smallest. There were no differences in 

TGV between the groups in both males (arsenic, p = 0.09; influenza, p = 0.48) and 

females (arsenic, p = 0.40; influenza, p = 0.10). Offspring exposed to arsenic had 

significantly higher airway resistance compared with offspring exposed to control water 

in both males (p = 0.007) and females (p = 0.01). There was no effect of influenza on 

airway resistance in either males (p = 0.085) or females (p = 0.344). Male offspring 

infected with influenza had significantly higher tissue damping (p < 0.001) and tissue 

elastance (p = 0.001) values compared with uninfected males. There was no effect of 
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arsenic on tissue mechanics (tissue damping, p = 0.07; tissue elastance, p = 0.086) in 

males and no effect of either arsenic (tissue damping, p = 0.32; tissue elastance, p = 

0.60) or influenza (tissue damping, p = 0.30; tissue elastance, p = 0.70) on tissue 

mechanics in female offspring.        

4.4.6 Responsiveness to methacholine 

Responsiveness to methacholine was examined in offspring 7 weeks post-infection 

(Figure 4.3). In female offspring, exposure to arsenic (p = 0.04) and influenza (p = 

0.005) increased airway resistance at the highest dose of MCh, and the effects were 

additive. In male offspring the maximum airway resistance to MCh was higher in 

arsenic exposed offspring (p < 0.001), but was not influenced by influenza infection (p 

= 0.34). In male and female offspring, maximum tissue damping to MCh was higher in 

offspring infected with influenza (male, p = 0.03; female, p = 0.02) compared with 

uninfected offspring, but was not influenced by arsenic exposure (males, p = 0.37; 

females, p = 0.64). In male offspring, maximum tissue elastance to MCh was 

significantly higher in influenza infected offspring (p = 0.02) compared with uninfected 

male controls. There was no effect of influenza infection on maximum tissue elastance 

in female offspring (p = 0.91), and no effect of arsenic exposure on maximum tissue 

elastance in males (p = 0.85) or females (p = 0.48).  

4.4.7 Airway remodelling 

Mice exposed to arsenic throughout life had a greater area of airway smooth muscle in 

the large (p = 0.002) but not medium (p = 0.62) or small (p = 0.88) airways at 8 weeks 

of age compared with control mice (Figure 4.4). There was no effect of influenza 

infection on airway smooth muscle area at 8 weeks (p > 0.11). Mice exposed to 

influenza in early life had greater number of mucous positive cells in the large (p = 

0.02) and medium (p = 0.04), but not the small (p > 0.05) airways at 8 weeks of age 

compared with uninfected mice (Figure 4.4). There was no effect of exposure to arsenic 

on the number of mucous producing cells in any sized airway (p > 0.35) compared with 

mice exposed to control water.  

4.4.8 Effects of exposure to arsenic in adulthood only 

Adult female mice exposed to arsenic for 10 weeks during adulthood were assessed for 

baseline lung mechanics and responsiveness to MCh. Exposure to arsenic in adulthood 
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had no effect on baseline airway resistance (p = 0.63) or parenchymal mechanics (p > 

0.56). Mice exposed to arsenic during adulthood only were not distinguishable from 

controls in terms of maximum airway resistance (p = 0.28) or parenchymal mechanics 

(p > 0.59) in response to MCh (Figure 4.5).  
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Figure 4.1 Total cells, 

neutrophils, macrophages 

and lymphocytes in 

BALf of mice exposed to 

control water, arsenic 

(100µg/L in utero and 

postnatal), influenza or 

combined arsenic and 

influenza at day 3, day 7, 

day 21 and 7 weeks post-

infection (# indicates a 

significant effect of 

arsenic; * indicates a 

significant effect of 

influenza).  
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Figure 4.2 Viral titre for influenza in mice exposed to influenza or combined arsenic 

and influenza at day 3 and 7 post-infection and inflammatory cytokines of mice exposed 

to control water, arsenic (100µg/L in utero and postnatal), influenza or combined 

arsenic and influenza at day 3, 7 and 21 post-infection (# indicates a significant effect of 

arsenic; * indicates a significant effect of influenza).  
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Table 4.1 Body weight, thoracic gas volume and baseline lung mechanics of mice exposed to control water, arsenic (100µg/L in utero and postnatal), 

influenza or both arsenic and influenza at day 7 and day 21 post-infection (# indicates a significant effect of arsenic; * indicates a significant effect of 

influenza). 

 Body weight TGV Raw G H 

 (g) (ml) (hPa.s
-1

) (hPa) (hPa) 

Day 7 post-infection control (n = 20) 6.68 ± 0.54  0.13 ± 0.01  0.090 ± 0.02 4.52 ± 0.82 17.8 ± 4.41 

Day 7 post-infection arsenic (n = 20) 7.13 ± 0.58  0.14 ± 0.02 0.089 ± 0.02 5.23 ± 0.97  # 20.6 ± 4.56 

Day 7 post-infection influenza (n = 17) 6.28 ± 0.81    * 0.15 ± 0.02  * 0.094 ± 0.02 5.70 ± 1.34  * 23.3 ± 6.39  * 

Day 7 post-infection arsenic +  influenza (n = 20) 6.45 ± 0.81    * 0.15 ± 0.02  * 0.091 ± 0.02 5.99 ± 1.78  # * 23.9 ± 7.69  * 

      

Day 21 post-infection control (n = 21) 14.77 ± 2.05 0.20 ± 0.04 0.101 ± 0.02 3.62 ± 0.79 15.1 ± 3.44 

Day 21 post-infection arsenic (n = 20) 14.53 ± 2.36 0.24 ± 0.07  # 0.108 ± 0.05 4.13 ± 1.26  # 18.0 ± 6.07  # 

Day 21 post-infection influenza (n = 16) 13.20 ± 1.79  * 0.22 ± 0.06  *    0.104 ± 0.04 4.23 ± 1.43  * 16.0 ± 4.74 

Day 21 post-infection arsenic  + influenza (n = 16 ) 13.14 ± 1.31  * 0.30 ± 0.03  # * 0.103 ± 0.04 5.31 ± 1.11  # * 19.7 ± 4.99  # 
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Table 4.2 Body weight, thoracic gas volume and baseline lung mechanics of male and female mice exposed to control water, arsenic (100µg/L in utero 

and postnatal), influenza or both arsenic and influenza 7 weeks post-infection (# indicates a significant effect of arsenic; * indicates a significant effect 

of influenza). 

 Body weight TGV Raw G H 

 (g) (ml) (hPa.s.L
-1

) (hPa.L
-1

) (hPa.L
-1

) 

Adult males control (n = 9) 24.23 ± 1.31 0.34 ± 0.03 373.1 ± 64.5 10478 ± 1059 41438 ± 7574 

Adult males arsenic (n = 10) 22.08 ± 0.79   # 0.33 ± 0.06 441.4 ± 66.5    # 11130 ±   948 45364 ± 5286 

Adult males influenza (n = 9) 23.43 ± 1.25   * 0.35 ± 0.07 415.8 ± 53.4 12004 ± 1874  * 49160 ± 4512  * 

Adult males arsenic + influenza (n = 7) 21.39 ± 0.70   # * 0.30 ± 0.05 480.5 ± 82.3    # 13211 ± 1799  * 53085 ± 8458  * 

      

Adult females control (n = 9) 19.00 ± 0.98  0.31 ± 0.06 383.3 ±   56.6 11097 ± 1088 47576 ± 5032 

Adult females arsenic (n = 10) 17.91 ± 1.29   # 0.29 ± 0.05 461.9 ±   87.0  # 11400 ±   602 49478 ± 5590 

Adult females influenza (n = 10) 17.92 ± 0.84   * 0.33 ± 0.06 435.5 ± 106.5 11679 ± 1173  47343 ± 7118  

Adult females arsenic + influenza (n = 10) 17.23 ± 1.78   # * 0.32 ± 0.04 500.5 ±   74.1  # 12274 ± 1961  47992 ± 8886  
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Figure 4.3 Response to methacholine of male and female mice exposed to control 

water, arsenic (100µg/L in utero and postnatal), influenza or both arsenic and influenza 

at 7 weeks post-infection (B indicates baseline measurement, S indicates saline 

measurement; # indicates a significant effect of arsenic; * indicates a significant effect 

of influenza).  
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Figure 4.4 Quantification of airway smooth muscle and airway mucous producing cells 

in large, medium and small airways of mice exposed to control water, arsenic (100µg/L 

in utero and postnatal), influenza or both arsenic and influenza at 7 weeks post-infection 

(# indicates a significant effect of arsenic; * indicates a significant effect of influenza). 
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Figure 4.5 Response to methacholine of female mice exposed to control water or 

arsenic in adulthood only (100µg/L from 8 weeks of age to 18 weeks) (B indicates 

baseline measurement, S indicates saline measurement; # indicates a significant effect 

of arsenic; * indicates a significant effect of influenza). 
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4.5 Discussion 

This study investigated the role that arsenic plays in the acute and long term responses 

to early life influenza infection. Exposure to arsenic in drinking water prior to influenza 

infection increased the viral titre and exacerbated the inflammatory response to early 

life influenza infection compared with infected mice given control water. Exposure to 

arsenic or infection with influenza alone impaired lung mechanics in infant mice, and 

those mice exposed to both arsenic and influenza had the greatest deficits in lung 

mechanics. Arsenic exposure and infection with influenza in early life resulted in long 

term deficits in lung mechanics, airway hyper-responsiveness and altered airway 

structure. These data demonstrate how exposure to arsenic in early life can alter the 

response to influenza infection resulting in both acute and long term effects on 

respiratory health.   

 

Early life exposure to arsenic increased viral titre during acute influenza infection 

suggesting that arsenic may alter the innate immune response to influenza. Impaired 

clearance of viral and bacterial infections has been shown before in zebrafish exposed to 

arsenic through swimming water (Nayak et al. 2007) and adult mice exposed to arsenic 

via drinking water (Kozul et al. 2009a). Arsenic has been shown to be an 

immunosuppressant in humans. Exposure to arsenic can alter the expression of genes 

and cytokines involved in immune function, T-cell receptor signalling and inflammation 

in human lymphocytes (Andrew et al. 2008; Wu et al. 2003) and alter T cell 

proliferation and function (Gonsebatt et al. 1994; Hernandez-Castro et al. 2009). 

Urinary arsenic levels in children exposed to arsenic in drinking water were associated 

with reduced lymphocyte proliferation and interleukin-2 secretion (Soto-Pena et al. 

2006). Arsenic exposure during pregnancy can increase oxidative stress and 

inflammation in the placenta, reduce placental T cells and alter the expression of cord 

blood cytokines (IL-1β, IL-8, IFNγ, TNFα) (Ahmed et al. 2011) and infants exposed to 

arsenic in utero have impaired thymic development and higher levels of fever, diarrhoea 

and acute respiratory infections in early life (Rahman et al. 2011; Raqib et al. 2009). In 

experimental studies, mice exposed to arsenic had suppressed antibody formation, 

inhibited T cell proliferation and macrophage activity, and altered cytokine expression 

(Burns et al. 1991; Corsini et al. 1999; Lantz et al. 1994; Sikorski et al. 1989; Soto-

Pena and Vega 2008; Vega et al. 2001). Arsenic has also been shown to increase 
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ubiquitinylation and degradation of CFTR chloride channels in the gills of killifish 

(Shaw et al. 2010; Shaw et al. 2007) and human airway epithelial cells (Bomberger et 

al. 2012). Arsenic exposure during pregnancy in mice can also increase the number of 

mucous producing cells and calcium activated chloride channel (CLCA3) protein 

(Ramsey et al. 2013a) (Chapter 3), known to regulate mucous production and secretion 

(Zhou et al. 2002). Altered CFTR and CLCA3 expression in the airways has the 

potential to alter the properties of mucous and airway surface liquid in the lung resulting 

in impaired mucociliary clearance of respiratory pathogens and increased risk of 

bacterial and viral colonisation. Arsenic exposure in early life can impair the clearance 

of respiratory pathogens in infancy during a period of high susceptibility. Recurrent 

respiratory infections in early life can result in morbidity and mortality from respiratory 

disease in early childhood and may increase the risk of developing chronic respiratory 

disease later in life. 

 

Arsenic exposure also exacerbated the inflammatory response to influenza in early 

stages of infection. Exposure to arsenic in early life increased the numbers of 

macrophages and neutrophils in the lung in response to influenza compared with mice 

infected with influenza alone. Excess neutrophils in the lungs of mice exposed to both 

arsenic and influenza at 7 days post-infection corresponded with impaired tissue 

mechanics (tissue damping), indicating increased resistance or closure of the peripheral 

airways of the lung (Lutchen and Gillis 1997; Lutchen et al. 1996a). Exposure to arsenic 

and influenza in early life also resulted in long term alterations to lung structure, lung 

mechanics and increased responsiveness to methacholine. Seven weeks following 

infection with influenza, infected mice had an increased expression of mucous 

producing cells in the airways, increased resistance and stiffness of the lung 

parenchyma (tissue damping and elastance) and increased responsiveness to 

methacholine compared with controls. Mice exposed to arsenic in utero and postnatally 

until adulthood (8 weeks of age) had increased airway smooth muscle mass, increased 

airway resistance and airway hyper-responsiveness. Airway hyper-responsiveness to 

methacholine can reflect a reduced airway caliber, increased airway wall thickness, 

increased airway smooth muscle and/or excess airway mucous production (Bates et al. 

2008; Cockcroft and Davis 2006). These changes in airway structure result from chronic 

inflammation and airway remodeling (Woolcock and Permutt 2011). Airway hyper-

responsiveness is a characteristic feature of chronic obstructive lung disease and often 
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correlates positively with the severity of lung disease in humans (Berend et al. 2008; 

Cazzola et al. 1991; Ward et al. 2002; Yan et al. 1985). Viruses can damage the airway 

epithelial layer and activate Th17 lymphocytes leading to increased neutrophilic 

inflammation. These inflammatory cells are required for the removal of viral pathogens, 

but an exaggerated response can lead to the release of proteases, cytokines and 

chemokines, resulting in progressive damage to the lung. Arsenic exacerbated the 

response to viral infection resulting in the greatest deficits in lung structure, lung 

mechanics and highest levels of airway responsiveness. 

 

The lung is highly sensitive to arsenic exposure in early life. Mice exposed to arsenic in 

utero and postnatal life had significant deficits in lung mechanics at two, four and eight 

weeks of age, and increased airways smooth muscle and airways responsiveness at eight 

weeks. Exposure to arsenic in utero has been shown previously to impair lung growth, 

alter lung mechanics and lung structure early in life which resolves with age if the 

exposure to arsenic ceased after birth (Ramsey et al. 2013a; Ramsey et al. 2013c). The 

current study shows that continued exposure to arsenic after birth results in long term 

alterations to lung mechanics. In contrast, mice exposed to the same dose of arsenic for 

the same period of time beginning in adulthood had no deficits in lung mechanics or 

airway responsiveness. These data support previous work which showed that adult mice 

exposed to 100µg/L arsenic for three months were not hyper-responsive to 

methacholine, whereas mice exposed to the same dose of arsenic in utero and early life 

had hyper-responsive airways (Lantz et al. 2009).  

4.6 Conclusions 

In utero and postnatal exposure to arsenic can increase viral load and exacerbate the 

inflammatory response to influenza A infection in early life. Combined exposure to 

arsenic and infection with influenza resulted in additive deficits in lung mechanics in 

early life and additive effects on airway responsiveness in adulthood. Arsenic and 

influenza exposure resulted in remodelling of the airways through different 

mechanisms, with arsenic increasing airway smooth muscle mass and influenza 

increasing the number of mucous producing cells in the airways. The lungs are 

particularly susceptible to arsenic in early life, as evident by the lack of abnormalities 

seen in mice exposed to arsenic in adulthood only. Infants exposed to arsenic in early 

life may have an exacerbated response to respiratory infections resulting in excess 
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inflammation and structural damage to the lung. Recurrent and exacerbated responses to 

respiratory infections in early life are potential mechanisms for the increased risk of 

developing bronchiectasis in those exposed to arsenic in early life (Smith et al. 2006). 

Further research into the exacerbation of respiratory infections following arsenic 

exposure is needed to determine if arsenic exposed populations are at greater risk of 

morbidity and mortality from lower respiratory infections. 
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5.1 Synthesis of findings and discussion of implications 

The overarching aim of this thesis was to examine the mechanisms linking arsenic 

exposure in early life to the development of chronic lung disease.  The primary goal of 

the research presented was to test the hypotheses that arsenic exposure in utero and 

early postnatal life impairs lung growth and development. These impairments alter 

structural and function outcomes which lead to increased susceptibility to additional 

postnatal insults, thus priming them for the development of chronic lung disease. These 

hypotheses were tested using mouse models of in utero and postnatal arsenic exposure.  

 

The responses to in utero arsenic exposure were examined in three strains of mice 

(C57BL/6, C3H/HeARC and BALB/c) (Chapter 3) (Ramsey et al. 2013a). The response 

to arsenic was genetically determined with the C57BL/6 strain most susceptible to the 

development of impaired structure and function of the lung. Therefore, the majority of 

the experimental work focused on C57BL/6 mice. In addition to being more susceptible 

to the effects of arsenic exposure, previous studies have found that the C57BL/6 is more 

susceptible to the effects of cigarette smoke and bleomycin exposure compared with 

other strains (Chen et al. 2001a; Yao et al. 2008). Depletion of anti-oxidant defence 

systems is C57BL/6 mice is likely to be a common mode of action for cigarette smoke 

and arsenic exposure (Chen et al. 2001a; Chung et al. 2008). The research presented in 

this thesis is the first to investigate the genetic susceptibility to arsenic using different 

mouse strains. Previous studies have shown that methylation efficiency is highly 

variable between different mammalian species (Vahter 1999) and that large inter- and 

intra-individual variation in methylation exists in humans in response to arsenic 

exposure (Concha et al. 2002; Hopenhayn-Rich et al. 1996a; Hopenhayn-Rich et al. 

1996b). Population differences in arsenic-induced disease types also exist, for example, 

vascular Blackfoot disease is elevated in arsenic exposed populations of Taiwan and 

Mexico, but has not been seen in other arsenic exposed regions (Chen et al. 1994). 

Genetic polymorphisms in enzymes required for arsenic methylation are believed to be 

responsible for the majority of these differences (Engström et al. 2007; Loffredo et al. 

2003; Steinmaus et al. 2007; Vahter 2000). However, further investigation into the 

genetic basis of responses to arsenic in the future will assist in understanding the 

mechanisms of arsenic toxicity and potential for remediation. Studies utilising different 

strains of mice known to differ in their response to arsenic may be valuable in these 

studies.  



Chapter 5: General Discussion 

 95 

 

Exposure to arsenic in utero caused intrauterine growth restriction resulting in C57BL/6 

offspring that were small for gestational age (Chapters 2 and 3) (Ramsey et al. 2013a; 

Ramsey et al. 2013c). These findings support epidemiological data whereby exposure to 

arsenic during pregnancy resulted in low birth weight infants (Huyck et al. 2007; 

Rahman et al. 2009) and recent experimental studies that found that mice exposed to 

arsenic in utero have impaired somatic growth in early life (Kozul-Horvath et al. 2012). 

Potential mechanisms for this intrauterine growth restriction include oxidative stress 

caused by arsenic-induced production of reactive oxygen species inducing placental 

insufficiency (Vahter 2007) or disruption of the endocrine control of glucose 

homeostasis and cellular growth (Bodwell et al. 2004; Davey et al. 2008). Low birth 

weight is associated with a range of adverse health outcomes, and with particular 

relevance to respiratory health, is associated with increased respiratory tract infections 

and morbidity during early childhood (Chan et al. 1989; Hulskamp et al. 2009; Rona et 

al. 1993; Taylor and Wadsworth 1987; Vik et al. 1996) and impaired lung function and 

increased mortality from obstructive lung disease in adulthood (Barker et al. 1991; 

Hulskamp et al. 2009; Stein et al. 1997). Low birth weight C57BL/6 offspring 

displayed catch-up growth in the first two weeks of life such that there was no 

significant difference in weight between mice exposed to arsenic in utero and controls 

at this time point. While this may appear to be a positive effect, previous studies have 

shown that infants who display complete recovery from intrauterine growth restriction 

are at greatest risk for developing metabolic diseases and impaired lung function 

(Cianfarani et al. 1999; Turner et al. 2008). Therefore, arsenic-induced intrauterine 

growth restriction is likely to play a significant role in childhood morbidity and 

increased susceptibility to chronic lung disease seen in arsenic exposed populations.  

 

In addition to causing intrauterine growth restriction, exposure to arsenic in utero also 

impaired lung growth and development in C57BL/6 mice resulting in lower lung 

volume, lung surface area and alveolar number and impaired lung mechanics at two 

weeks of age compared with control mice of the same strain (Chapters 2 and 3) 

(Ramsey et al. 2013a; Ramsey et al. 2013c). Impairments to lung growth may result in 

airways and alveoli that are prone to dynamic collapse, leading to airway obstruction 

(Lundblad et al. 2008; Mansell et al. 1972). Small lung size and immature airway 

development can also result in increased pathogen load (Hislop and Haworth 1989; 

Reid 1977). In early life both tissue elastance and tissue damping were increased after in 
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utero exposure to both 10µg/L (WHO limit) and 100µg/L arsenic, indicative of 

increased lung stiffness, increased resistance and/or closure of the peripheral airways 

and alveoli (Bates and Irvin 2003; Lutchen and Gillis 1997; Lutchen et al. 1996b) . 

These data suggest that arsenic exposure in utero hindered the development of the distal 

airways and alveolar tissue in the lungs. Further, these data support previous studies of 

in utero and postnatal arsenic exposure in mouse models which have shown both 

increased smooth muscle actin in small airways (Lantz et al. 2009), which would 

increase the resistance of the small peripheral airways (tissue damping), and increased 

expression of collagen and elastin in the lung parenchyma (Lantz and Hays 2006), 

which would increase tissue stiffness (tissue elastance). Importantly the results from this 

thesis have shown that in utero exposure to arsenic alone is capable of altering the 

development of the lung resulting in detectable changes in lung mechanics in early 

postnatal life.  

 

It is possible that the effects of in utero arsenic exposure on lung size and mechanics in 

this study were in part due to arsenic altering the nutritional status of the offspring. It is 

well established that sufficient nutrition in utero is essential for the healthy development 

of the lungs (Romieu 2005; Sahebjami 1993). However, the impairments in lung 

mechanics in early life were present even after adjusting for lung volume, indicating 

alteration to lung morphology as well as lung size. We also identified responses, such as 

alterations in lung gene expression and airway structure that seem to be unique to 

arsenic exposure and have yet to be linked with altered nutritional status (Chapter 4).  

 

The measured deficits in parenchymal lung mechanics resolved with age if the exposure 

to arsenic ceased after birth (Chapter 2) (Ramsey et al. 2013c). Continued exposure to 

arsenic in postnatal life, which represents the most realistic real-world scenario, 

however, resulted in long term impairments to lung mechanics, increased airway 

smooth muscle and airway hyper-responsiveness in adulthood (Chapter 4). When 

exposure to arsenic continued throughout postnatal life, the alterations in lung 

mechanics progressed from changes to peripheral lung mechanics (increased tissue 

damping and elastance) in early life to changes in airway mechanics (increased airway 

resistance) in adulthood. This pattern of lung function impairment is not unlike the 

progression of obstructive lung diseases such as bronchiectasis, whereby the small 

peripheral airways are initially affected and the structural changes progress to the larger 

central airways. 
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In contrast to early life exposure, mice exposed to the same dose of arsenic for the same 

period of time beginning in adulthood had no deficits in lung mechanics and did not 

display airway hyper-responsiveness compared with age-matched controls (Chapter 4). 

These data support previous work which showed that mice exposed to arsenic in 

adulthood were not hyper-responsive to methacholine, whereas mice exposed to the 

same dose of arsenic in utero and early life had hyper-responsive airways (Lantz et al. 

2009). The results from this thesis add compelling evidence to the notion that the lungs 

are highly sensitive to the harmful effects of arsenic exposure in early life and support 

epidemiological data that suggest that exposure to arsenic in early life results in 

significant impairments to lung function (Dauphiné et al. 2011) and dramatically 

increases the risk of developing chronic lung disease in adulthood (Smith et al. 2006).  

 

The effects of in utero exposure to arsenic on gene expression and airway structure were 

examined to test the hypothesis that in utero exposure to arsenic will alter the 

expression of genes involved in innate immunity and increase mucous production in the 

lung (Chapter 3). Arsenic exposure in utero significantly altered the expression of genes 

which function in mucociliary clearance (Clca3, Muc5b and Scgb3a1) (Roy et al. 

2011), innate immunity (Lplunc1, Tff2, Reg3γ and Dynlrb2) (Bingle and Craven 2002; 

Jin et al. 2009; McAleer et al. 2011; Nikolaidis et al. 2003) and lung morphogenesis 

and epithelial cell differentiation (Sox2) (Gontan et al. 2008). Arsenic exposure induced 

mucous cell metaplasia in the airways, a common pathological feature of various 

respiratory diseases including cystic fibrosis and non-cystic fibrosis related 

bronchiectasis, chronic obstructive pulmonary disease and asthma (Kim 1997). Arsenic 

also increased the expression of CLCA3 protein in the airways, a known regulator of 

mucous production (Nakanishi et al. 2001; Zhou et al. 2002). Clca3 gene expression has 

been shown to be up-regulated in COPD and CF lung diseases where excess mucous 

production is an important pathological feature (Rogers 2003; Shale and Ionescu 2004). 

Mucous hyper-secretion can hinder the ability of the cilia to clear mucous from the 

airways, thus increasing the susceptibility to viral and bacterial infection and 

colonisation (Shale and Ionescu 2004). Increased mucous in the airways may also lead 

to obstruction and contribute to abnormalities in peripheral lung mechanics, such as 

increased lung stiffness and small airway resistance (Rose et al. 2001).  
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Arsenic has also been shown to increase ubiquitinylation and degradation of CFTR 

chloride channels in the gills of killifish (Shaw et al. 2010; Shaw et al. 2007) and 

human airway epithelial cells (Bomberger et al. 2012). Altered CFTR and CLCA3 

expression in the airways will alter the properties of mucous and airway surface liquid 

in the lung resulting in impaired mucociliary clearance. This is important because 

altered airway surface dynamics can increase the risk of bacterial and viral colonisation 

and contribute to airway obstruction leading to chronic localized inflammation 

characteristic of the bronchiectatic lung (Barker 2002). 

 

Four genes (Tff2, Dynlrb2, Lplunc1 and Reg3γ), known to play a role in modulating the 

immune system, were shown to be up-regulated in response to arsenic for the first time 

in this thesis (Chapter 3). Along with impaired innate immune processes in the lung as a 

result of excess mucous production, differential expression of immune genes in the lung 

may alter the susceptibility to viral and bacterial colonisation and response to 

respiratory infections. Differential expression of innate immune genes in response to 

arsenic exposure were identified previously in mice exposed to arsenic in adulthood 

(Andrew et al. 2007) and lymphocytes from humans exposed to arsenic in drinking 

water (Andrew et al. 2008). Arsenic exposure in utero is capable to causing alterations 

in innate immune gene expression in early infancy. Compromised innate immune 

pathways in the lung early in life, when susceptibility to infections is high, has the 

potential to result in increased morbidity and mortality in early life, and a greater risk of 

respiratory complications and chronic lung disease in early adulthood (King et al. 2006; 

Merkus 2003).  

 

Following on from these findings the hypothesis that early life exposure to arsenic will 

reduce the clearance of and exacerbate the inflammatory response to a common 

respiratory system pathogen (influenza A) was tested. Exposure to arsenic has been 

shown to impair the clearance of viral and bacterial infections in zebrafish (Nayak et al. 

2007). Mice exposed to arsenic in adulthood had reduced clearance of influenza A 

(H1N1) (Kozul et al. 2009a). This is the first study, however, to show that in utero and 

early life arsenic exposure is capable of reducing the clearance of influenza virus and 

exacerbating the inflammatory response (Chapter 4). Infancy represents a period of high 

susceptibility to respiratory infections and other harmful environmental exposures. The 

incidence of respiratory infections in infancy has been shown to reduce adult lung 

function and increase the risk of mortality from obstructive lung disease (Barker et al. 
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1991; Cooreman et al. 1990; Kusel et al. 2007; Laraya-Cuasay et al. 1977). Arsenic 

exposure during pregnancy has been shown to increase oxidative stress and 

inflammation in the placenta, reduce placental T cells and alter the expression of cord 

blood cytokines (Ahmed et al. 2011) and infants exposed to arsenic in utero have 

impaired thymic development and higher levels of fever, diarrhoea and acute respiratory 

infections in early life (Rahman et al. 2011; Raqib et al. 2009). Importantly these 

studies show that arsenic exposure in early life can impair the clearance of respiratory 

pathogens in infancy which is a period of high susceptibility. Recurrent respiratory 

infections in early life can result in morbidity and mortality from respiratory disease in 

early childhood and may increase the risk of developing chronic respiratory disease later 

in life.  

 

As well as reducing the clearance of influenza, exposure to arsenic in early life 

exacerbated the inflammatory response to influenza in early stages of infection. 

Exposure to arsenic in early life increased the numbers of macrophages and neutrophils 

in the lung in response to influenza compared with mice infected with influenza alone. 

Excess inflammation in the lungs can result in airway remodelling and permanent 

alterations to lung structure (Fahy et al. 2000; Homer and Elias 2000). Mice exposed to 

both arsenic and influenza had the greatest deficits in parenchymal lung mechanics in 

early life. These deficits in lung function persisted into adulthood with continued 

arsenic exposure, and those mice exposed to both arsenic and influenza had the greatest 

deficits in lung structure, lung mechanics and had the most responsive airways to 

methacholine. Interestingly, arsenic and influenza exposure resulted in remodelling of 

the airways through different mechanisms, with arsenic increasing airway smooth 

muscle mass and influenza increasing the number of mucous producing cells in the 

airways. The different mechanisms of arsenic and influenza in altering airway structure 

may explain the additive effects on lung mechanics and airway hyper-responsiveness. 

The ability of arsenic to modify the response to pathogens and other environmental 

exposures, such as cigarette smoke, suggests that the effects of arsenic exposure extend 

beyond the direct effects of toxicity. The ability of arsenic to exacerbate inflammatory 

responses to pathogens and other exposures may play an important role in the 

development of chronic lung diseases in arsenic exposed populations.  

 

There is strong epidemiological evidence to suggest that arsenic exposure, especially in 

early life, increases the susceptibility to developing bronchiectasis. Bronchiectasis is a 
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chronic, progressive lung disease characterised by recurrent respiratory infections, 

excess pulmonary inflammation and premature death in adulthood (Grimwood 2011). A 

number of potential mechanisms by which exposure to arsenic in early life may increase 

the susceptibility to developing bronchiectasis have been identified in this thesis, 

including: 1) intrauterine growth restriction resulting in low birth weight, 2) impaired 

lung growth and development resulting in impaired lung mechanics, 3) altered airway 

morphology resulting in mucous cell metaplasia, 4) altered expression of innate 

immunity genes, 5) impaired clearance of viral pathogens, and 6) exacerbated 

inflammatory response to influenza infection. The lungs were particularly sensitive to 

exposure to arsenic in utero and early postnatal life compared with adult only exposure. 

The results from this thesis suggest that the ability of early life arsenic exposure to 

impair lung structure, lung function and innate immune pathways increases the lung’s 

susceptibility to recurrent infections and excess pulmonary inflammation, thus priming 

the lungs for the development of bronchiectasis and other chronic lung diseases. 

5.2 Limitations and future directions 

A limitation of the research presented in this thesis is a lack of direct translation into 

human populations. However, there were significant benefits of using mouse models for 

this research as it allowed us to: 1) control the concentrations of arsenic in the drinking 

water and therefore investigate the causal pathways between arsenic and lung structure 

and function; 2) examine the effects of the timing of arsenic exposure and focus on the 

effects of in utero and early postnatal exposure; 3) examine the short and long term 

responses to arsenic exposure over a relatively short period of time (8 weeks) and 4) 

perform a range of measurements and analyses not possible in human studies. Arsenic 

exposure in C57BL/6 mice demonstrated consistencies with human disease including 

impaired lung function (Dauphiné et al. 2011), altered innate immunity gene expression 

(Andrew et al. 2008) and airway epithelial cell distribution (Bomberger et al. 2012). 

These studies were able to demonstrate causality between early life arsenic exposure 

and impaired lung structure and function, and identify potential mechanisms for 

increased risk of developing chronic lung disease. 

 

The research presented here focused primarily on the effects of early life arsenic 

exposure on lung structure and function, and did not simultaneously examine the effects 

of arsenic exposure on immune function. The effects of arsenic on the immune system 

in relation to non-malignant respiratory disease has been examined by others (Andrew 
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et al. 2007; Andrew et al. 2003; Kozul et al. 2009a; Kozul et al. 2009b). These studies 

focused primarily on adult exposure to arsenic and describe the impairments to immune 

function as the primary mechanisms for arsenic-induced lung disease. However, 

impairments in lung development (structure and function) and immune function are 

both likely to be important mechanisms for the development of respiratory disease. 

Further work is required to unite the research on the effect of arsenic on lung 

development with studies on the impact of arsenic on immune function, especially 

involving arsenic exposures in early life. These studies should also examine the effects 

of combining arsenic exposure with bacterial pathogens and repeated viral pathogens 

throughout life to further investigate the pathways involved in the development of 

bronchiectasis. Additional studies could also combine arsenic exposure and cigarette 

exposure to explore the pathways involved in COPD in arsenic exposed populations. 

 

This studies described in this thesis identified a small number of genes that were 

differentially expressed as a result of arsenic exposure in utero. Genetic analysis was 

performed on lung samples collected two weeks after the cessation of arsenic exposure. 

By relaxing the criteria for differential expression no functionally coherent pathways 

were identified using more complex methods of analysis. Despite this a collection of 

genes believed to provide important clues into the mechanisms of arsenic-induced lung 

disease were identified and validated. It would be of value to examine gene expression 

networks in the lungs during in utero and early postnatal exposure to arsenic in the 

future (Petrick et al. 2009). Exposure to arsenic is also thought to cause reprograming of 

the epigenome (Boekelheide et al. 2012) through its potent capacity to cause DNA 

methylation. This has been shown in both population studies (Kile et al. 2012; Smeester 

et al. 2011) and in experimental animal models (Waalkes et al. 2007). As it is likely that 

these processes will impact on lung development, future studies should examine the 

effects of in utero arsenic exposure on epigenetic changes impacting on lung 

development.  

 

Examination of the effects of arsenic exposure in three strains of mice identified strains 

that were highly sensitive to the adverse effects of arsenic exposure in the lung 

(C57BL/6) and also highly resistant (BALB/c). The studies in this thesis focused 

primarily on characterising the response to arsenic in the sensitive C57BL/6 strain. 

Further exploration and characterisation of the three strains of mice used in the study, in 

particular the resistant BALB/c strain may provide additional information on the 



Chapter 5: General Discussion 

 102 

mechanisms involved in the individual susceptibility to arsenic-induced diseases. In 

addition, exploration of treatments that might prevent or ameliorate the effects of 

arsenic exposure on the lung, such as folate, vitamins, nutrients, anti-oxidants, are 

warranted. These treatment studies should focus on therapies that can be delivered to the 

mother during in utero development of the offspring in an effort to prevent impairments 

in lung development.  

5.3 Conclusions 

This thesis suggests that the lungs are highly sensitive to arsenic exposure in early life. 

Exposure to arsenic in utero, even at the current WHO limit (10µg/L), directly impaired 

growth and development of the lungs resulting in detectable changes in postnatal lung 

function. Exposure to arsenic may also reduce the clearance of and exacerbate the 

inflammatory response to infections. Therefore even low concentrations of arsenic in 

early life may significantly increase the susceptibility to non-malignant lung diseases. 

The current WHO MCL for arsenic, based on malignant disease risk in adults, may not 

protect against morbidity and mortality from the non-malignant lung disease, especially 

in young children. 

 

The results from this thesis add to the large body of evidence of the increased 

susceptibility of infants and children to environmental exposures. It is clear that children 

born to mothers exposed to arsenic during pregnancy will be at greater risk of a range of 

health complications throughout life. In order to reduce the burden of disease in arsenic 

exposed populations, the provision of safe drinking water should be targeted towards 

pregnant women. While the problem of arsenic exposure in South and South East Asia 

can seem overwhelming, the installation of deeper tube-wells in arsenic exposed regions 

has been shown to access ground water with significantly lower levels of arsenic and 

reduced waterborne pathogens.  

 

The findings that arsenic exposure impairs clearance of and exacerbates the 

inflammatory response to influenza add evidence to the role which environmental 

exposures play in the pathogenesis of respiratory infections. Exposure to arsenic alone 

may not be responsible for the development of chronic lung diseases, but altering the 

pathogenesis of respiratory infections, especially in early life, can irreversibly damage 

the lungs and increase disease susceptibility. As respiratory infections are one of the 

leading causes of mortality in children under five in developing countries (World Health 
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Organization 2011), arsenic-induced increases in susceptibility to infection can have 

devastating effects on infant morbidity and mortality in affected areas. Additionally, 

recurrent respiratory infections throughout life can contribute to the development of 

chronic lung diseases, such as bronchiectasis, in adulthood. Of particular public health 

concern is the emergence of pandemic and highly pathogenic strains of influenza which 

could put hundreds of millions of people around the world exposed to arsenic in 

drinking water at high risk of mortality.   
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In utero exposure to low dose arsenic via drinking
water impairs early life lung mechanics in mice
Kathryn A Ramsey1,2*, Alexander N Larcombe1,2, Peter D Sly3 and Graeme R Zosky1,2

Abstract

Background: Exposure to arsenic via drinking water is a significant environmental issue affecting millions of people
around the world. Exposure to arsenic during foetal development has been shown to impair somatic growth and
increase the risk of developing chronic respiratory diseases. The aim of this study was to determine if in utero
exposure to low dose arsenic via drinking water is capable of altering lung growth and postnatal lung mechanics.

Methods: Pregnant C57BL/6 mice were given drinking water containing 0, 10 (current World Health Organisation
(WHO) maximum contaminant level) or 100μg/L arsenic from gestational day 8 to birth. Birth outcomes and
somatic growth were monitored. Plethysmography and the forced oscillation technique were used to collect
measurements of lung volume, lung mechanics, pressure-volume curves and the volume dependence of lung
mechanics in male and female offspring at two, four, six and eight weeks of age.

Results: In utero exposure to low dose arsenic via drinking water resulted in low birth weight and impaired
parenchymal lung mechanics during infancy. Male offspring were more susceptible to the effects of arsenic on
growth and lung mechanics than females. All alterations to lung mechanics following in utero arsenic exposure
were recovered by adulthood.

Conclusions: Exposure to arsenic at the current WHO maximum contaminant level in utero impaired somatic
growth and the development of the lungs resulting in alterations to lung mechanics during infancy. Deficits in
growth and lung development in early life may contribute to the increased susceptibility of developing chronic
respiratory disease in arsenic exposed human populations.

Keywords: Animal model, Arsenic, Environmental exposure, Growth & development, Lung function

Background
Arsenic is a toxic metalloid that contaminates drinking
water through both natural and anthropogenic sources
[1]. Millions of people around the world are exposed to ar-
senic in drinking water at levels above the current World
Health Organisation (WHO) maximum contaminant level
(MCL) of 10μg/L [2,3]. Several studies have established
the link between arsenic exposure and increased lung can-
cer risk; however, emerging data suggest an important role
for arsenic in non-malignant lung disease. Epidemiological
data have linked arsenic exposure via drinking water to
chronic cough [4], chronic bronchitis [5], bronchiectasis

[6] and obstructive lung diseases [7]. Ingestion of arsenic
in drinking water has also been associated with respiratory
symptoms such as shortness of breath and morning cough
[8], and decrements in lung function, including reduced
FEV1 (forced expiratory volume in 1 s) and reduced forced
vital capacity [8-10].
Of particular concern, is the mounting evidence that

exposure to arsenic in foetal or early postnatal life has
the greatest effect on respiratory health. Exposure to ar-
senic in utero, through maternal drinking water, has
been shown to alter the expression of genes in the lungs
at birth in rats [11], and result in the development of
pulmonary tumours in adult mice [12]. Following a
discrete exposure event in Antofagasta, Chile in the
1950-1970s, it was found that exposure to arsenic in
utero and early postnatal life resulted in a standardised
mortality ratios for bronchiectasis in young adults of
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46.2 (95% CI, 21.1–87.7) compared to 12.4 (95% CI,
3.3–31.7) if the exposure only occurred postnatally [13].
These data suggest that early life exposure to arsenic can
have profound effects on lung health decades after the
exposure event.
Exposure to environmental toxins in utero may have sig-

nificant effects on growth and organ development, and
have long term implications for disease risk [14]. Arsenic
is a known transplacental toxin which is able to cross the
placenta and enter foetal circulation at levels equivalent to
maternal circulation [15]. In contrast, low levels of arsenic
are excreted in the breast milk and breastfeeding is
thought to be protective in arsenic exposed areas [16]. In
arsenic exposed areas of Bangladesh and West Bengal,
exposure to arsenic during pregnancy is associated with
infants being born small for gestational age [17] and at a
greater risk of developing lower respiratory tract infections
in infancy [18]. A mouse study investigating the effects of
in utero and postnatal exposure to arsenic, at the current
WHO MCL of 10μg/L, found that exposed offspring had
significant deficits in growth after birth compared with
unexposed offspring [19], highlighting the potency of ar-
senic as an early life toxicant.
Exposure to arsenic during the critical window of de-

velopment in foetal life may not just restrict growth, but
also impair development of the lungs [20]. Foetal growth
restriction is associated with worse lung function and
greater respiratory morbidity in early childhood [21-23]
and adulthood [24,25]. In this study, we determined the
effects of in utero exposure to low dose arsenic on som-
atic growth, lung growth and lung mechanics using a
mouse model. We hypothesised that in utero arsenic
exposure would alter the growth and development of
the lungs resulting in impairments to postnatal lung
mechanics.

Methods
Animals and exposure protocol
Time-mated C57BL/6 dams (Animal Resource Centre;
Murdoch, Western Australia) were housed at the Telethon
Institute for Child Health Research with a 12 h: 12 h light/
dark cycle. All experiments were conducted with the ap-
proval of the Telethon Institute for Child Health Research
Animal Ethics Committee and conformed to the guidelines
of the National Health and Medical Research Council of
Australia. Dams were given drinking water containing 0
(control), 10 or 100μg/L arsenic in the form of soluble
sodium arsenite (NaAs2O3). This water was provided
ad libitum from day 8 gestation to delivery (~ day 20 gesta-
tion) which ensured that the foetus was exposed to arsenic
prior to the development of the lung buds (e9) [26].
Concentrations of arsenic in drinking water were con-
firmed by inductively coupled plasma-mass spectro-
metry (ICP-MS; Geotechnical Services, Western Australia).

Maternal water consumption, gestation period and litter
size were recorded along with somatic growth (body weight
and snout-vent length) at birth and the day lung function
measurements were taken. Lung function was assessed in
male and female offspring at two, four, six and eight weeks
of age.

Animal preparation
Mice were anaesthetised by intraperitoneal injection of a
mixture containing xylazine (2mg/mL; Troy Laboratories,
New South Wales, Australia) and ketamine (40mg/mL;
Troy Laboratories, New South Wales, Australia) at a dose
0.1mL/10g body weight. Mice were tracheotomised and a
tracheal cannula inserted (23G stainless steel for two and
four week old mice; 1.26 mm outer diameter polyethylene
tube for six and eight week old mice) and secured with su-
ture. Mice were ventilated (MiniVent, Harvard Apparatus,
Germany) at a tidal volume of 8mL/kg, respiratory rate of
400 breaths per minute and positive end expiratory pres-
sure of 2 cmH2O. This elevated respiratory rate was used
to suppress spontaneous breathing thus allowing the
apnoeic periods required for measurement of lung func-
tion without the need for paralysis.

Thoracic gas volume
Plethysmography was used to measure thoracic gas volume
(TGV) as described previously [27]. Briefly, the trachea
was occluded at end expiration (transrespiratory pressure,
Prs = 0 cmH2O) and the intercostal muscles were
stimulated with intramuscular electrodes to induce inspira-
tory efforts. Six 20V pulses of 2-3ms in duration were
delivered over a 6s period while recording changes in tra-
cheal pressure and plethysmograph box pressure. TGV was
calculated using Boyle’s law after correcting for the imped-
ance and thermal properties of the plethysmograph [27].

Baseline lung mechanics
Lung mechanics were measured using the forced-
oscillation technique as described previously [28]. The for-
cing function (9 frequencies from 4 – 38 Hz) was
generated by a loudspeaker and delivered to the animal via
a wave tube during pauses in ventilation. The respiratory
system impedance spectrum (Zrs) was measured and a
4-parameter model with constant phase tissue impedance
was fitted to the data to partition Zrs into components
representing the mechanical properties of the airways and
parenchyma [29]. This model allowed the calculation of
airway resistance (Raw) and inertance (Iaw) and coefficients
of tissue damping (G) and elastance (H). The resistance
and inertance of the tracheal cannula were subtracted
from Raw and Iaw respectively. As most of the inertance is
contained in the tracheal cannula, values of Iaw were insig-
nificant and are not reported.
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Volume dependence of lung mechanics
The volume dependence of lung mechanics was assessed
during a slow inflation-deflation (ID) manoeuvre from 0
to 20 cmH2O Prs. Inspiration was induced by applying a
controlled negative pressure to the plethysmograph and
expiration was achieved by the slow equilibration of the
plethysmograph to atmospheric pressure through a
resistor. During the manoeuvre, an oscillatory signal was
applied to the lung as described above. The 4-parameter
model was fitted to the Zrs using 0.5s data epochs
extracted from the signal during the recording period.
By monitoring plethysmograph pressure, integrating
flow and calculating starting TGV we were also able to
construct absolute pressure-volume curves.

Experimental protocol
To establish a volume history two ID manoeuvres were
performed separated with 5 min of regular ventilation.
Two measurements of TGV were recorded followed by
6 measurements of baseline lung mechanics at 0 cmH2O
Prs. TGV was recorded again before a final ID manoeuvre
(used for analyses).

Statistical analysis
Maternal and birth outcome means were compared by
one-way ANOVA using GraphPad Prism (Version 5.02,
GraphPad Software, San Diego, CA USA). Somatic
growth, TGV and lung mechanics within each sex were
analysed by two-way ANOVA using Sigma Plot with
Holm-Sidak post-hoc analysis (Version 11.0, Systat Soft-
ware, Chicago, IL USA). A p value of less than 0.05 was
considered significant.

Results
Effects of exposure to arsenic on maternal, birth and
growth outcomes
There was no difference in the amount of water consumed
per day between dams exposed to either concentration of
arsenic or control water (p = 0.57), nor were there any
differences in litter size (p = 0.45) or gestational period
(p = 0.32) between arsenic and control water exposed
mice (Table 1). At birth, offspring exposed in utero to

100μg/L arsenic were significantly smaller in weight
(p < 0.001) and length (p < 0.001) than controls, but there
were no differences in birth weight or length between
offspring exposed to 10μg/L arsenic and controls (p > 0.47)
(Table 1). The number of offspring tested from each expos-
ure group at each age is shown in Table 2. There was no ef-
fect of in utero arsenic exposure on body weight in male
(p > 0.58) or female (p > 0.22) offspring at two, four, six or
eight weeks of age. Likewise, there was no effect of arsenic
on TGV in males (p > 0.30) or females (p > 0.57) at any
age (Figure 1).

Effects of in utero exposure to arsenic on early life lung
mechanics
Two week old male offspring exposed to 10μg/L and
100μg/L arsenic had higher tissue damping (p < 0.001)
and tissue elastance (p < 0.001) compared to male
controls (Figure 2). Two week old male offspring exposed
to 10μg/L arsenic had lower airway resistance (p = 0.03)
compared to male controls (Figure 2). There were no
differences in airway resistance between two week old
male mice exposed to 100μg/L arsenic and male controls
(p > 0.42). Although female mice showed similar trends in
the data as males, there were no significant effects of ar-
senic on parenchymal lung mechanics (G, p = 0.31; H,
p = 0.64) or airway resistance (Raw, p = 0.14) in two week
old female offspring exposed in utero to 10 or 100μg/L
arsenic via drinking water (Figure 2).
The maximum TGV reached during inflation to Prs =

20 cmH20 was significantly lower in two week old male
offspring exposed to 100μg/L arsenic (p = 0.02) compared
to male controls (Figure 3). Exposure to arsenic at 10μg/L
in utero had no effect on maximum TGV during inflation
in two week old males (p > 0.95 in all cases). There were
no significant effects of arsenic, at either dose, on max-
imum TGV at Prs = 20 cmH20 in two week old female
offspring (p > 0.41 in both cases) (Figure 3).
Two week old male offspring exposed to 100μg/L ar-

senic had significantly higher tissue elastance and tissue
damping at Prs = 20 cmH20 compared to male controls
(H p = 0.02; G p = 0.03, Figure 4). Exposure to arsenic
at 10μg/L in utero had no effect on tissue elastance or

Table 1 Maternal and birth outcomes for C57BL/6J dams exposed to 0 (control), 10 or 100μg/L arsenic via drinking
water (mean ± SD)

Control 10μg/L As 100μg/L As

Maternal water consumption (mL/day) 5.11 ± 1.41 4.97 ± 1.36 4.91 ± 1.33

Gestation period (days) 20.1 ± 0.92 20.4 ± 0.88 20.0 ± 0.81

Litter size (pups/dam) 5.63 ± 1.98 4.79 ± 1.87 5.54 ± 2.23

Birth weight (g) 1.34 ± 0.16 1.35 ± 0.19 1.27 ± 0.18 *

Birth length (mm) 29.1 ± 1.74 28.8 ± 1.94 28.4 ± 1.90 *

There were no differences in maternal water consumption, gestation period or litter size between control and arsenic exposed mice. Offspring exposed to 100μg/
L arsenic were born significantly smaller than control mice in both weight and length (* indicates significantly different to controls).
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tissue damping at Prs = 20 cmH20 in two week old males
(G and H, p > 0.33). There were no differences in airway
resistance at Prs = 20 cmH20 between two week old male
offspring exposed to arsenic and control water (p > 0.21 in
all cases, Figure 3). Exposure to arsenic at 10 or 100μg/L
in utero had no effect on parenchymal mechanics (G or
H, p > 0.54) or airway resistance (Raw p > 0.30, in all cases)
at Prs = 20 cmH20 in females at two weeks (Figure 4).

Effects of in utero exposure to on lung mechanics
throughout life
There were no significant effects of arsenic on tissue
damping (p > 0.31) or tissue elastance (p > 0.61, Figure 5)
in male or female offspring at 4, 6 or 8 weeks of age.
There were also no effects of arsenic on airway resistance

(p > 0.34) in either male or female offspring at 4, 6 or 8
weeks of age (data not shown). There were no effects of
arsenic maximum TGV at Prs = 20 cmH20 in male or
female offspring at 4, 6 or 8 weeks of age compared to
controls (p > 0.47 in all cases, data not shown). There
were also no effects of arsenic on airway or parenchymal
mechanics at Prs = 20 cmH20 in male or female offspring
at 4, 6 and 8 weeks of age (p > 0.21 in all cases, data
not shown).

Discussion
In this study a brief exposure of pregnant mice to envi-
ronmentally low doses of arsenic altered in utero growth
and lung development of their offspring resulting in
deficits in postnatal lung mechanics. This is the first
study to show that in utero exposure alone to low doses
of arsenic via drinking water is capable of impairing
postnatal lung function. Exposure to the current WHO
MCL of 10μg/L arsenic significantly impaired lung func-
tion suggesting that the current MCL may fail to protect
against the non-malignant effects of arsenic on the lung.
The lung mechanics of male mice were impaired more
than those of female mice indicating that males may be
more susceptible to the adverse effects of arsenic on the
lungs. These deficits in lung mechanics were evident in
early life but resolved with age.
Arsenic exposure had a direct effect on in utero

growth in male offspring exposed to 100μg/L resulting
in lower birth weight and length in males compared with

Table 2 Numbers of offspring tested at each age from
each exposure group.

Numbers of offspring tested Control 10μg/L As 100μg/L As

2 weeks - males 24 11 23

2 weeks - females 25 13 15

4 weeks - males 22 9 7

4 weeks - females 13 9 9

6 weeks - males 14 7 24

6 weeks - females 14 4 11

8 weeks - males 17 5 12

8 weeks - females 17 9 12

Figure 1 Body weight and thoracic gas volume in two, four, six and eight week old male and female C57BL/6 offspring exposed in
utero to drinking water containing 0 (control), 10 or 100μg/L arsenic (mean). There were no differences in body weight or thoracic gas
volume between offspring exposed to arsenic and controls at two, four, six or eight weeks of age.
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controls. There were no differences in the gestational
age at birth between offspring exposed to arsenic
compared with controls. These mice were therefore
small for gestational age, indicating that arsenic expos-
ure in utero caused intrauterine growth restriction. Simi-
larly in epidemiological studies, exposure to low dose
(<100μg/L) arsenic during pregnancy was linked to low
birth weight and size but not to gestational age [17,30].
The mechanism for this is not fully understood but may
be a result of arsenic-induced oxidative stress resulting
in placental insufficiency [31] or disruption of the endo-
crine control of glucose homeostasis and cellular growth

[32,33]. Being small for gestational age can induce
alterations in metabolism, hormonal output and distri-
bution of cardiac output, and have a lifelong impact on
the potential for development and survival [34,35].
Foetal growth restriction is associated with increased
respiratory morbidity during early childhood [21,22,36]
and children who are small for gestational age are more
likely to be hospitalised for respiratory tract infections
[37,38]. Low birth weight is significantly associated with
worse lung function in adulthood and increased mortal-
ity from obstructive lung disease [20,24]. There are clear
associations between maternal smoking during pregnancy

Figure 2 Airway resistance, tissue damping and tissue elastance at Prs = 0 cmH20 in two week old male and female C57BL/6 offspring
exposed in utero to drinking water containing 0 (control), 10 or 100μg/L arsenic (mean ± SD). Tissue damping and tissue elastance were
higher in two week old male offspring exposed to 10 or 100μg/L arsenic compared with controls. There was no effect of arsenic, at either dose,
on lung mechanics in two week female offspring (* indicates significantly different to controls).

Figure 3 Pressure-volume curve during inflation to Prs = 20 cmH2O and exhalation to functional residual capacity plotted against TGV
in male and female two week old C57BL/6 offspring exposed in utero to drinking water containing 0 (control) or 100μg/L arsenic
(mean ± SD). The maximum TGV reached during inflation was lower in male offspring exposed to 100μg/L arsenic compared to male controls.
There was no effect of 100μg/L arsenic on maximum TGV in two week female offspring (* indicates significantly different to controls).
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and small for gestational age infants [39], reduced lung
function [40] and increased respiratory infections in early
childhood [41]. Therefore, arsenic-induced intrauterine
growth restriction resulting in low birth weight infants
may play a significant role in the childhood morbidity and

increased the susceptibility to obstructive lung disease
seen in arsenic exposed populations.
Despite the offspring exposed to 100μg/L arsenic being

smaller at birth, these mice were not smaller in weight or
length at two, four, six and eight weeks of age compared
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Figure 4 Volume dependence of airway resistance, tissue damping and tissue elastance during inflation to Prs = 20 cmH2O and
exhalation to functional residual capacity in two week old male (A, B, C) and female (D, E, F) offspring exposed in utero to drinking
water containing 0 (control) or 100μg/L arsenic (mean). Tissue damping and tissue elastance at Prs = 20 cmH2O were significantly higher in
male offspring exposed to 100μg/L arsenic compared to male controls. There was no effect of arsenic exposure on tissue mechanics in females
and no effect of arsenic on airway resistance in either sex (* indicates significantly different to controls).

Figure 5 Tissue elastance at Prs = 0 cmH20 in two, four, six and eight week old male and female C57BL/6 offspring exposed in utero to
drinking water containing 0 (control), 10 or 100μg/L arsenic (mean). Arsenic-induced impairments to lung mechanics in male two week old
offspring were resolved at four, six and eight weeks of age (* indicates significantly different to controls).

Ramsey et al. BMC Pharmacology and Toxicology 2013, 14:13 Page 6 of 9
http://www.biomedcentral.com/2050-6511/14/13



with age-matched controls. In a similar study by Kozul
et al. mice exposed to 10μg/L arsenic in utero had normal
birth weight, but did have deficits in body weight during
infancy compared with controls [19]. The low birth weight
offspring in our study displayed catch-up growth during
the first two weeks of life. There is evidence that infants
who demonstrate catch-up growth and show early and
complete recovery from intrauterine growth restriction
are at greatest risk for developing metabolic diseases [42].
Similarly, in low birth weight infants, weight gain during
infancy has been shown to be inversely related to lung
function in infancy [43], with one study finding that the
lowest lung function outcomes were seen in infants of
below average birth weight with above average postnatal
weight gain [44]. Therefore, despite showing no deficits in
body weight later in life, the catch-up growth shown in
the first two weeks of life may be related to intrauterine
stress and poorer outcomes later in life.
As well as altering the pattern of somatic growth, we have

shown that in utero exposure to low doses of arsenic
(10 and 100μg/L) had direct effects on lung development
in males resulting in deficits in lung function two weeks
after birth. The abnormalities that we detected were mostly
in the parenchymal tissue of the lungs in arsenic exposed
offspring. Both tissue elastance and tissue damping were
significantly higher in male mice exposed to arsenic
compared with male controls, indicative of increased
stiffness of the parenchymal lung tissue. When inflated to
Prs = 20 cmH2O, male offspring exposed to 100μg/L arsenic
reached a lower maximum TGV than controls signifying a
loss of lung compliance. These data suggest that intraute-
rine stress caused by arsenic exposure is hindering the
development of the distal airways and alveolar tissue in the
lungs. Animal models of early life arsenic exposure, that
included exposure post-natally, have shown both increased
smooth muscle actin in small airways [45], which would
increase the resistance of the small peripheral airways
(tissue damping), and increased expression of collagen and
elastin in the lung parenchyma [46], which would increase
tissue stiffness (tissue elastance). As it is well established
that sufficient nutrition in utero is essential for the healthy
development of the lungs [47,48], it is unclear from this
study whether the changes in lung mechanics in arsenic
exposed mice are a result of suboptimal nutrition during
development or a direct effect of arsenic itself.
In our study, male offspring were more susceptible to

the harmful effects of in utero arsenic exposure on the
lung than female offspring. While female mice showed
similar trends in deficits in lung mechanics as males, the
deficits were not statistically significant. Epidemiological
studies also indicate that males may be more susceptible
to the health effects of arsenic than females [8,49] which
has been attributed to the differences in the way females
metabolise arsenic [50]. When inorganic arsenic is

ingested, it is absorbed into the blood and transported to
the liver where it is reduced and sequentially methylated
to monomethylarsonate (MMA) and dimethylarsinate
(DMA) [51]. MMA is a highly toxic intermediate product
and levels of MMA in the urine correlate strongly with
levels of MMA found in the body [52]. DMA is a less toxic
end product of arsenic methylation and can also be identi-
fied in urine [50]. Females have been shown to metabolise
arsenic more efficiently than males, resulting in less MMA
and more DMA in the urine [50]. While it is still largely
unknown how the effects of arsenic manifest differently in
males and females, sex dependent differences in the me-
tabolism of arsenic may have contributed to the difference
in susceptibility seen in our study.
We found that in utero arsenic exposure alone did not

produce a lasting effect on respiratory mechanics, rather
the early life deficits recovered with age. This data has two
implications from a public health point perspective.
Firstly, early life alterations in lung development induced
by arsenic exposure may be recovered provided there is
access to uncontaminated water. Secondly, we postulate
that arsenic-induced impairments lung development may
increase the susceptibility to respiratory infections in early
life by inhibiting effective clearance of pathogens. This is
consistent with the observation that there are increased
respiratory infections in children exposed to arsenic-
contaminated drinking water in utero [18]. Infancy
represents a period of high susceptibility to respiratory
infections and other harmful environmental exposures.
The incidence of respiratory infections leading to bron-
chitis, pneumonia, or whooping cough in infancy has been
shown to reduce adult lung function and increase the risk
of mortality from obstructive lung disease [20]. Addition-
ally, animal studies have shown that arsenic compromises
the lung’s immune response to viral infections resulting in
greater viral load and higher mortality [53]. In humans,
early life exposure to arsenic (before age 10) had long
term effects on lung function outcomes in adults, with an
11.5% decrease in FEV1 and 12.2% decrease in forced vital
capacity (FVC) compared to unexposed adults [9]. It is
unclear, however, whether the deficits in long term lung
function were a result of the direct effects of arsenic on
the lung, or an effect of arsenic exacerbating the effects of
other respiratory infections or environmental exposures in
early life. Arsenic-induced alterations to somatic growth
and lung development in utero may result in individuals
being more susceptible to postnatal insults, and contribute
to long term alterations in lung function and disease risk.

Conclusions
We have shown that the lung is highly susceptible to the
adverse effects of arsenic during the in utero period of
lung development. Exposure to arsenic for a brief period
during gestation impaired in utero somatic growth and
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lung development resulting in impaired lung function
two weeks after birth (infancy). Alterations to lung func-
tion during infancy, a period of high susceptibility to re-
spiratory system insults, may contribute to the increased
susceptibility to respiratory infections and diseases in ar-
senic exposed populations. The deficits following expos-
ure to the current WHO ‘safe’ dose of arsenic highlights
the potency of arsenic toxicity and draws attention to
the need for ongoing review of regulations regarding safe
contaminant levels in community drinking supplies and
the particular susceptibility of children to arsenic.
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In Utero Exposure to Arsenic Alters Lung Development and Genes Related 
to Immune and Mucociliary Function in Mice
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Background: Exposure to arsenic via drinking water is a global environmental health problem. 
In utero exposure to arsenic via drinking water increases the risk of lower respiratory tract infections 
during infancy and mortality from bronchiectasis in early adulthood.

oBjectives: We aimed to investigate how arsenic exposure in early life alters lung development and 
pathways involved in innate immunity.

Methods: Pregnant BALB/c, C57BL/6, and C3H/HeARC mice were exposed to 0 (control) or 
100 μg/L arsenic via drinking water from gestation day 8 until the birth of their offspring. We mea-
sured somatic growth, lung volume, and lung mechanics of mice at 2 weeks of age. We used fixed 
lungs for structural analysis and collected lung tissue for gene expression analysis by microarray.

results: The response to arsenic was genetically determined, and C57BL/6 mice were the most sus-
ceptible. Arsenic-exposed C57BL/6 mice were smaller in size, had smaller lungs, and had impaired 
lung mechanics compared with controls. Exposure to arsenic in utero up- regulated the expression of 
genes in the lung involved in mucus production (Clca3, Muc5b, Scgb3a1), innate immunity (Reg3γ, 
Tff2, Dynlrb2, Lplunc1), and lung morphogenesis (Sox2). Arsenic exposure also induced mucous 
cell metaplasia and increased expression of CLCA3 protein in the large airways.

conclusions: Alterations in somatic growth, lung development, and the expression of genes 
involved in mucociliary clearance and innate immunity in the lung are potential mechanisms 
through which early life arsenic exposure impacts respiratory health.

key words: gene expression, growth and development, innate immunity, mucociliary clearance, 
toxicity. Environ Health Perspect 121:244–250 (2013). http://dx.doi.org/10.1289/ehp.1205590 
[Online 4 December 2012]

Arsenic is a toxic metalloid contaminant in 
drinking water sources throughout the world, 
affecting hundreds of millions of people 
(Mandal and Suzuki 2002). Exposure to 
arsenic via drinking water in early life has 
been shown to increase the risk of mortal
ity from bronchiectasis (Smith et al. 2006). 
Bronchiectasis unrelated to cystic fibrosis (CF) 
is a chronic, progressive lung disease charac
terized by cough and sputum production, 
periodic infectious exacerbations, and pre
mature death in adulthood (Grimwood 2011). 
Bronchiectasis associated with CF is thought to 
arise from impaired innate immune pathways 
in the lung (Barker 2002), and although the 
pathology of nonCF bronchiectasis is poorly 
understood, similar mechanisms are likely to 
be involved (Grimwood 2011). The processes 
linking arsenic exposure in early life and the 
development of bronchiectasis are unclear.

There is evidence for an effect of in utero 
arsenic exposure on innate immunity. Arsenic 
exposure during pregnancy induces oxidative 
stress and increases inflammatory cytokine 
levels and reduces Tcell numbers in the pla
centa and impairs thymic development in 
the infant (Ahmed et al. 2011; Raqib et al. 
2009). Arsenic exposure during pregnancy has 
also been shown to increase the risk of lower 

respiratory tract infections during infancy 
(Rahman et al. 2011). Recurrent lower respi
ratory tract infections in early childhood and 
defective pulmonary immune defenses are 
important risk factors for the development 
of nonCF bronchiectasis (King et al. 2006). 
In addition, in utero exposure to arsenic 
reduces birth weight, which is associated with 
worse respiratory health outcomes in later life 
(Huyck et al. 2007). Low birth weight infants 
are more susceptible to lower respiratory tract 
infections in infancy (McCall and Acheson 
1968), have impaired lung function during 
childhood (Chan et al. 1989), and are at an 
increased risk of death from chronic lung dis
eases in adulthood (Barker et al. 1991). Taken 
together, these factors suggest that arsenic
induced impairments in growth and develop
ment of the lung, along with alterations in 
immune function, may contribute to the 
development of bronchiectasis in individuals 
exposed to arsenic in utero.

In the present study, we investigated the 
effects of in utero exposure to arsenic on post
natal lung mechanics, lung structure, and 
gene expression using mouse models. We 
hypothesized that in utero exposure to arsenic 
via drinking water impairs lung development 
and immune pathways in the lung.

Methods
Animals and exposure to arsenic. Animals were 
purchased from the Animal Resources Centre 
(Murdoch, Western Australia, Australia). 
Three strains of mice were used; BALB/c, 
C3H/HeARC [TLR4 (tolllike receptor 4) 
intact], and C57BL/6. Animals were treated 
humanely and with regard for alleviation of 
suffering. All studies were conducted accord
ing to the guidelines of the National Health 
and Medical Research Council Australia and 
approved by the institutional animal ethics 
committee. Pregnant mice were given drinking 
water containing 0 (control) or 100 µg/L of 
arsenic from gestation day (GD) 8 until birth 
of their offspring (at approximately GD20) in 
the form of sodium arsenite (NaAsO2). The 
arsenic concentration of drinking water was 
confirmed by inductively coupled plasma–mass 
spectrometry (ICPMS) (Geotechnical Services, 
Perth, Western Australia, Australia). After their 
offspring were born, mothers were all given 
control drinking water. All mice received the 
same fixed formulation diet (Specialty Feeds, 
Glen Forrest, Western Australia, Australia). The 
arsenic content in the mouse chow was deter
mined through ion chromatography ICPMS 
to be 0.42 ± 0.02 µg/g total arsenic and 
0.03 ± 0.001 µg/g inorganic arsenic (Centre 
for Environmental Risk Assessment and 
Remediation, University of South Australia, 
Mawson Lakes, South Australia, Australia). 
Outcomes were measured in the offspring at 
2 weeks of age (BALB/c, n = 29 controls and 
24 arsenic exposed; C3H/HeARC, n = 14 con
trols and 17 arsenic exposed; C57BL/6, n = 24 
controls and 32 arsenic exposed).
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Thoracic gas volume (TGV) and lung 
mechanics. To measure lung mechanics in vivo, 
mice were anesthetized, tracheotomized, and 
mechanically ventilated. Plethysmography was 
used to measure TGV as described previously 
(Janosi et al. 2006). Lung mechanics were mea
sured using the forcedoscillation technique 
as described previously (Sly et al. 2003). [For 
further details, see Supplemental Material, p. 2 
(http://dx.doi.org/10.1289/ehp.1205590).]

Stereological analysis of lung structure. 
Lung structure was assessed using stereol ogy 
techniques according to ATS/ERS (American 
Thoracic Society/European Respiratory 
Society) guidelines (Hsia et al. 2010). [For 
further details, see Supplemental Material, p. 3 
(http://dx.doi.org/10.1289/ehp.1205590).]

Gene expression profiling studies. Peripheral 
lung tissue was excised from mice and stabi
lized in RNALater (Qiagen, Hilden, Germany) 
(n = 6 litters per treatment group, per strain). 
The lung tissue was disrupted in TRIzol 
(Invitrogen, Life Technologies, Carlsbad, CA, 
USA) employing a rotor stator homogenizer 
and extracted with TRIzol followed by RNA 
purification using RNeasy (Qiagen). The qual
ity of the RNA samples was assessed on the bio
analyzer (model 2100; Agilent Technologies, 
Santa Clara, CA, USA) [RNA integrity num
ber (RIN) 8.30 ± 0.58]. Total RNA samples 
were labelled and hybridized to Mouse Gene 
ST1.0 microarrays (Affymetrix, Santa Clara, 
CA, USA) by the Molecular Genetic Research 
Services, at the Australian Neuromuscular 
Research Institute, QEII Medical Centre, 
Nedlands, Western Australia, Australia.

The raw microarray data were pre
processed employing the PLIER+16 algorithm 
(gcbg background subtraction, quantile 
normali za tion, iterPLIER summarization) 
in Expression Consol software (Affymetrix) 
(Bosco et al. 2009). Two lowquality micro
arrays were removed from the analysis. To 
identify differentially expressed genes, the 
data were analysed with moderated tstatistics 
(LIMMA R package; http://www.Rproject.
org) (Smyth 2004) and plotted as Volcano 
plots [see Supplemental Material, Figure S1 
(http://dx.doi.org/10.1289/ehp.1205590)]. 
Genes with an absolute moderated tstatistic 
of > 3.5 and fold change > 2 were considered 
differentially expressed. The microarray data are 
available from the Gene Expression Omnibus 
repository (http://www.ncbi.nlm.nih.gov/geo/) 
under accession number GSE37831. A subset 
of differentially expressed genes was selected 
for quantitative realtime polymerase chain 
reaction quantitative realtime polymerase 
chain reaction (qRTPCR) validation studies.

qRT-PCR. Total RNA was reversetran
scribed with QuantiTect Reverse Transcription 
Kit (Qiagen) according to the manufacturer’s 
instructions. Primer assays were purchased 
from Qiagen and qRTPCR was performed 

with QuantiTect SYBR Green (Qiagen) on the 
ABI Prism 7900HT (Applied Biosystems, Life 
Technologies, Foster City, CA, USA). Relative 
standard curves were prepared from serially 
diluted RTPCR products. Data were normal
ized to the Eef1a1 (eukaryotic translation elon
gation factor 1 alpha 1) gene and multiplied by 
a scaling factor to obtain whole numbers.

Quantification of mucous cells and pro-
tein in the airways. We performed airway 
histo pathology and immuno histochemistry to 
determine the expression of mucusproducing 
cells and protein expression in the airways. 
After euthanasia, a tracheal cannula was 
instilled with 4% formaldehyde at 10 cmH20. 
Lungs were embedded in paraffin wax and 
the left lobe was sectioned for airway histol
ogy. Alcian blue–periodic acid–Schiff stain 
was used to detect mucusproducing cells, 
and immunohistochemistry, using an avidin– 
biotin–peroxidase complex method (Sabo
Attwood et al. 2005), was used to detect cells 
positive for CLCA3 (chloride channel cal
cium activated 3 protein), MUC5B (mucin 5, 
subtype B, tracheo bronchial protein) , 
and REG3γ (regenerating islet derived 
3 gamma protein). [For further details, see 
Supplemental Material, pp. 3–4 (http://dx.doi.
org/10.1289/ehp.1205590).] The expression 
of mucusproducing and proteinpositive epi
thelial cells was calculated as the percentage 
of positively stained epithelial cells divided 
by the total number of epithelial cells in the 
airway. Airways were classified by their base
ment membrane perimeter (large > 1,500 µm, 
medium > 1,000 µm, small < 1,000 µm).

Statistical analysis. All statistical analy
ses were conducted using STATA (version 
9.2; StataCorp, College Station, TX, USA). 
Group means were compared using ttests, 
analysis of variance, and analysis of covariance 
(where adjustment for a continuous variable 
was required). Data were transformed as nec
essary to satisfy the assumptions of normality 
and homo scedasticity. A p-value of ≤ 0.05 was 
considered statistically significant.

Results
Maternal and birth outcomes. There was no 
difference in water consumption between 
mothers given 100 µg/L arsenic compared 
with control mothers for any strain of mouse 
(BALB/c, p = 0.46; C3H/HeARC, p = 0.34; 
C57BL/6, p = 0.82) [see Supplemental 
Material, Table S1 (http://dx.doi.org/10.1289/
ehp.1205590)]. There were no differences in 
litter size (BALB/c, p = 0.30; C3H/HeARC, 
p = 0.87; C57BL/6, p = 0.54) or gestational 
age at birth (BALB/c, p = 0.84; C3H/HeARC, 
p = 0.21; C57BL/6, p = 0.31) between 
arsenicexposed and control mice. Arsenic
exposed C57BL/6 offspring were smaller in 
birth weight and birth length compared with 
control C57BL/6 offspring [p < 0.001 and 

p < 0.001, respectively (see Supplemental 
Material, Table S1)]. There were no differences 
in birth weight or length between arsenicex
posed mice and control BALB/c (p = 0.15 and 
p = 0.21) or C3H/HeARC offspring (p = 0.18 
and p = 0.78). For all analyses reported there 
was no difference in responses between male 
and female offspring, so data were pooled.

TGV and lung mechanics. Arsenicexposed 
C57BL/6 mice were significantly smaller in 
body weight (p < 0.001) than control off
spring at 2 weeks of age and had significantly 
lower TGV than controls (p < 0.001), even 
after adjusting for snoutvent length (p = 0.04) 
[see Supplemental Material, Figure S2 (http://
dx.doi.org/10.1289/ehp.1205590)]. Arsenic
exposed C57BL/6 mice had significantly 
higher tissue damping and tissue elastance 
(p < 0.001 in both cases) compared with 
C57BL/6 controls (Figure 1). These differ
ences were maintained after adjusting for TGV 
(p = 0.006 and p = 0.004, respectively). There 
was no effect of arsenic on airway resistance 
(p = 0.29) in C57BL/6 mice, which was main
tained after adjusting for TGV (p = 0.78).

In C3H/HeARC mice there was no differ
ence in body weight (p = 0.38) at 2 weeks of 
age for arsenicexposed mice compared with 
control mice. TGV was significantly higher 
in arsenicexposed mice compared with con
trols (p = 0.02), which was maintained after 
adjusting for snoutvent length (p < 0.001) 
[see Supplemental Material, Figure S2 (http://
dx.doi.org/10.1289/ehp.1205590)]. At 2 weeks 
of age, arsenicexposed C3H/HeARC mice had 
significantly higher airway resistance compared 
with controls (p = 0.04), which was still higher 
after adjusting for TGV (p = 0.002). There was 
no effect of arsenic on tissue damping or tissue 
elastance (p = 0.46 and p = 0.34, respectively) 
even after adjusting for TGV (p = 0.15 and 
p = 0.65, respectively) (Figure 1).

In BALB/c mice there was no difference 
in body weight (p = 0.31) for arsenicexposed 
mice compared with control mice at 2 weeks 
of age. TGV was significantly higher in mice 
exposed to arsenic in utero (p = 0.05); how
ever, there was no difference after adjusting for 
snoutvent length (p = 0.20) [see Supplemental 
Material, Figure S2 (http://dx.doi.org/10.1289/
ehp.1205590)]. In BALB/c mice there was no 
difference in airway resistance at 2 weeks of age 
between the groups (p = 0.82), which was also 
the case after adjusting for TGV (p = 0.28). 
There was evidence to suggest that both tissue 
damping and tissue elastance were lower in 
arsenic exposed mice compared with controls 
(p = 0.07 and p = 0.02, respectively); however, 
these differences were negated after adjusting 
for TGV (p = 0.65 and p = 0.22, respectively) 
(Figure 1).

Stereological analysis of lung structure. 
In C57BL/6 mice, lung volume (calculated 
by stereology) was significantly smaller in 
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arsenicexposed offspring compared with 
controls (p = 0.03). The number of alveoli 
in the lung (p = 0.01) and the surface area 
of the lung (p = 0.04) were also smaller in 
arsenicexposed C57BL/6 mice compared with 
control mice of the same strain; however, there 
was no difference in the volume of the alveoli 
(p = 0.41) (Figure 2). We found no differences 
in any of the structural parameters measured 
between arsenicexposed mice and control 
BALB/c mice or C3H/HeARC.

Gene expression profiling studies. Using 
microarray analysis, we identified 10 anno
tated genes in the lung that were differentially 
expressed as a result of in utero exposure to 
arsenic (Table 1). C57BL/6 mice had 7 genes 
that were differentially expressed, whereas 
C3H/HeARC mice had 2 and BALB/c mice 
had only 1 differentially expressed gene(s). 
Only 1 gene was down regulated in response 
to arsenic, Olfr1274 (olfactory receptor 1274), 
in the C57BL/6 strain. All of the other genes 
identified as differentially expressed were 
up regulated in response to arsenic exposure.

Three of the 10 genes that were up 
regulated [Clca3, Muc5b, and Scgb3a1) 
(secretoglobin, family 3A, member 1] are 
involved in the regulation and/or secretion 
of mucus in the airways (Roy et al. 2011). 
These genes were all up regulated in C57BL/6 
mice. Four of the 10 genes {Lplunc1 [long 
palate, lung, and nasal epithelium carcinoma
associated protein 1], Tff2 [trefoil factor 2 
(spasmolytic protein 1)], Reg3γ, and Dynlrb2 
[dynein light chain roadblock–type 2]} that 
were up regulated are involved in innate 
immune function (Bingle and Craven 2002; 
Jin et al. 2009; McAleer et al. 2011; Nikolaidis 
et al. 2003). Lplunc1, Tff2, and Reg3γ were 
up regulated in C57BL/6 mice, and Dynlrb2 
was up regulated in C3H/HeARC mice. 
We also identified a gene involved in lung 
branching morpho genesis and epithelial cell 
differentiation, Sox2 (Gontan et al. 2008), 
which was up regulated in C3H/HeARC mice. 
In BALB/c mice, an oncogene [Ssxb10 (synovial 
sarcoma, X member B, breakpoint 10)] was the 
only gene up regulated (Chen et al. 2003).

Validation of array expression using qRT-
PCR. Using qRTPCR, we validated the 
expression of four genes in C57BL/6 mice 
(Clca3, Muc5b, Tff2, and Reg3g) and one gene 
in C3H/HeARC mice [Sox2 (SRYbox con
taining gene 2)]. In all cases, the expression 
patterns, normalized to the Eef1a1 gene, cor
related to those obtained in the microarray 
analysis (Figure 3).

Quantification of mucus and protein in the 
airways. We used Alcian blue– periodic acid–
Schiff staining and immunohisto chemistry to 
quantify mucusproducing cells and CLCA3, 
MUC5B, and REG3γ protein in the airways 
of BALB/c, C3H/HeARC, and C57BL/6 
mice (Figure 4). We found that arsenic expo
sure in utero caused mucous cell metaplasia in 
the large (p < 0.001) and medium (p = 0.02) 
airways of C57BL/6 mice and increased 
the expression of CLCA3 (p < 0.01) and 
REG3γ (p = 0.02) proteins in the large air
ways of C57BL/6 mice (Figure 5). The  levels 
of MUC5B protein were low and not dif
ferentially expressed between the airways of 

Figure 1. Airway resistance (Raw; A–C), tissue damping (G; D–F) and tissue elastance (H; G–I) plotted against TGV for 2-week-old BALB/c (A,D,G), C3H/HeARC 
(B,E,H), and C57BL/6 (C,F,I) mice exposed to 100 µg/L arsenic via drinking water or control water from GD8 to birth.
*p < 0.05 compared with control.

1,400

1,200

1,000

800

600

400

200

0

50,000

40,000

30,000

20,000

10,000

0

200,000

150,000

100,000

50,000

0

200,000

150,000

100,000

50,000

0

200,000

150,000

100,000

50,000

0

50,000

40,000

30,000

20,000

10,000

0

50,000

40,000

30,000

20,000

10,000

0

1,400

1,200

1,000

800

600

400

200

0

1,400

1,200

1,000

800

600

400

200

0

R aw
 (h

Pa
/s

ec
-L

)

R aw
 (h

Pa
/s

ec
-L

)

R aw
 (h

Pa
/s

ec
-L

)

G
 (h

Pa
/L

)

G
 (h

Pa
/L

)

G
 (h

Pa
/L

)
H

 (h
Pa

/L
)

H
 (h

Pa
/L

)

H
 (h

Pa
/L

)

0 0.05 0.10 0.15 0.20 0.300.25 0 0.05 0.10 0.15 0.20 0.30

*

*

0.25 0 0.05 0.10 0.15 0.20 0.300.25

0 0.05 0.10 0.15 0.20 0.300.25 0 0.05 0.10 0.15 0.20 0.300.25 0 0.05 0.10 0.15 0.20 0.300.25

0 0.05 0.10 0.15 0.20 0.300.25 0 0.05 0.10 0.15 0.20 0.300.25 0 0.05 0.10 0.15 0.20 0.300.25

BALB/c

TGV (mL) TGV (mL)TGV (mL)

TGV (mL) TGV (mL)TGV (mL)

TGV (mL) TGV (mL)TGV (mL)

C3H/HeARC C57BL/6

Control
100 µg/L arsenic



In utero arsenic exposure impairs lung development

Environmental Health Perspectives • volume 121 | number 2 | February 2013 247

arsenicexposed mice and control C57BL/6 
mice. There were no differences in the number 
of mucusproducing cells or CLCA3, MUC5B, 
or REG3γ proteins between the airways of 
arsenic and control mice of either the BALB/c 
or C3H/HeARC strains (data not shown).

Discussion
Exposure to arsenic in utero has been shown to 
increase morbidity from lower respiratory tract 
infections in infancy and increase mortality 
from bronchiectasis in adulthood (Rahman 
et al. 2011; Smith et al. 2006). In the present 

study, our results show that the response to 
arsenic in mice is genetically determined and 
that the C57BL/6 strain is the most suscep
tible of the three strains studied. In utero expo
sure to arsenic impaired somatic growth, lung 
volume, and parenchymal lung mechanics 
in C57BL/6 mice. In addition, exposure to 
arsenic during gestation is capable of alter
ing the expression of genes that function in 
mucociliary clearance, innate immunity, and 
lung growth in the offspring. Arsenic also 
induced mucous cell metaplasia and increased 
expression of CLCA3 protein in the airways 
of C57BL/6 mice. Increased mucus secre
tion and altered lung growth may impair the 
ability of the airways to clear pathogens and 
thus provide a potential mechanism by which 
exposure to arsenic increases the risk of devel
oping chronic localized infections leading 
to  bronchiectasis.

Exposure to arsenic in utero impaired 
intrauterine growth and lung development. 
Arsenicexposed C57BL/6 mice were small for 
gestational age; had lower lung volume, lung 
surface area, and alveolar number; and had 
impaired lung mechanics compared with con
trol mice of the same strain. This finding sup
ports results from a recent study that also found 
that C57BL/6 mice exposed to arsenic in utero 
had deficits in growth in early life (Kozul
Horvath et al. 2012). Impairments to body 

Table 1. Genes altered by arsenic exposure.

Mouse strain/ 
gene symbol Gene name Function Reference Fold change
C57BL/6

Clca3 Chloride channel calcium activated 3 Regulation of mucus production and secretion Zhou et al. 2002 15.05
Lplunc1 Long palate, lung, and nasal epithelium 

carcinoma-associated protein 1
Innate immunity in mouth, nose, and lungs Bingle and Craven 2002 13.72

Reg3γ Regenerating islet-derived 3 gamma Innate immunity–antibacterial properties in the mucus secretions McAleer et al. 2011 8.77
Scgb3a1 Secretoglobin, family 3A, member 1 Secretary cell subtype in the lung Roy et al. 2011 5.80
Tff2 Trefoil factor 2 (spasmolytic protein 1) Innate immunity–allergen induced gene, expressed in mucous cells Nikolaidis et al. 2003 3.26
Muc5b Mucin 5, subtype B, tracheobronchial Major mucin in respiratory mucus Kirkham et al. 2002 3.16
Olfr1274 Olfactory receptor 1274 Olfaction Zhang and Firestein 2002 –2.07

C3H/HeARC
Dynlrb2 Dynein light chain roadblock–type 2 Regulation of TGF-B pathway Jin et al. 2009 2.36
Sox2 SRY-box containing gene 2 Lung branching morphogenesis and epithelial cell differentiation Gontan et al. 2008 2.27

BALB/c
Ssxb10 Synovial sarcoma, X member B, breakpoint 10 Cancer Chen et al. 2003 2.41

Figure 3. Validation of microarray gene expression in a subset of genes (Muc5b, Clca3, Tff2, Reg3γ, and Sox2) using qRT-PCR. All values were normalized to the 
Eef1a1 gene.
*p < 0.05 compared with control.
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size and lung size during infancy may result 
in airways and alveoli that are prone to closure 
and collapse, thus increasing the susceptibility 
to obstruction and increased pathogen load. 
Low birth weight is associated with impaired 
lung function and increased mortality from 
obstructive lung disease (Barker et al. 1991; 
Hulskamp et al. 2009). A potential mechanism 
for the observed intrauterine growth restric
tion may be oxidative stress caused by arsenic
induced production of reactive oxygen species 
inducing placental insufficiency (Vahter 2007). 
This proposed mechanism is supported by the 
knowledge that the mouse strain most sensitive 
to arsenic, C57BL/6, is highly susceptible to 
the oxidative stress effects of cigarette smoke 
and bleomycin compared with other strains 
(Chen et al. 2001a; Yao et al. 2008). There is 
evidence from cigarette smoke exposure mod
els that intrauterine growth restriction alone 
can cause alterations in early life lung function 
(Larcombe et al. 2011). It is therefore possible 
that the effects of arsenic exposure on body 
weight, lung function, and lung size in the 
present study, in the C57BL/6 mice at least, 
were due to arsenic altering the nutritional sta
tus of the offspring. However, we also identi
fied responses, such as alterations in lung gene 
expression and airway morphology that seem 
to be unique to arsenic exposure and have yet 
to be linked with altered nutritional status. It 
is clear that exposure to arsenic during preg
nancy is having a significant effect on intra
uterine growth, which may predispose infants 
to chronic lung diseases through impairments 
in lung growth and development.

We found that arsenic exposure during 
pregnancy was capable of altering the expres
sion of genes in the lung at 2 weeks of age. 
The differentially expressed genes identified are 
involved in mucus production, innate immu
nity, and lung morphogenesis pathways. The 
gene that was most highly up regulated was 
the calciumactivated chloride channel, Clca3 
gene. This gene has been detected in goblet 
cells within the tracheal and bronchial epithe
lium of mice when metaplasia of mucous cells 
is present (Leverkoehne and Gruber 2002) and 
is thought to play a role in the mucus hyper
secretion seen in chronic obstructive pulmo
nary disease (COPD) and CF in humans 
(Rogers 2003; Shale and Ionescu 2004). 
Blocking the production and/or activity of 
Clca3 can inhibit the production of mucus, 
whereas up regulation can enhance mucus pro
duction (Zhou et al. 2002). Clca3 has been 
implicated in the regulation of mucus secretion 
by controlling the packaging and/or release 
of secreted mucins such as MUC5AC and 
MUC5B, which are the major gelforming 
mucins in respiratory secretions (Nakanishi 
et al. 2001; Zhou et al. 2002). MUC5B levels 
are increased in sputum from the airways of 
patients with COPD and CF compared with 

Figure 4. Airway histology showing that arsenic induces mucous cell metaplasia and increases CLCA3 
protein expression in the airways of C57BL/6 mice. Lung sections stained with Alcian blue–periodic acid–
Schiff (A,B) and an antibody to CLCA3 (C,D) show increased mucous cell (dark purple stain) and CLCA3 
protein (brown stain) expression in the airways of C57BL/6 mice exposed 100 µg/L arsenic (B,D) via drink-
ing water or control water (A,C) from GD8 to birth. Bars = 200 µm.

Figure 5. Quantitation of mucus-producing cells (A) and CLCA3- (B), MUC5B- (C), and REG3γ- (D)
positive epithelial cells in the airways of C57BL/6 mice. Values are expressed as the percentage of 
mucus-producing epithelial cells and protein-positive epithelial cells ÷ total number of epithelial cells in 
large, medium, and small airways of C57BL/6 mice exposed to 100 µg/L arsenic via drinking water or con-
trol water from GD8 to birth.
*p < 0.05 compared with control.
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sputum from healthy airways (Kirkham et al. 
2002) and are associated with the overproduc
tion of mucus in diseased airways (Chen et al. 
2001b). In our study, Muc5b gene expression 
was also up regulated and mucous cell meta
plasia was present in the airways of C57BL/6 
mice. Mucous cell metaplasia is a pathological 
feature of various respiratory diseases including 
both CF and nonCF bronchi ectasis, COPD, 
and asthma (Kim 1997). Mucus hyper secretion 
can hinder the ability of the cilia to clear mucus 
from the airways, thus increasing the suscep
tibility to viral and bacterial colonization and 
infection (Shale and Ionescu 2004). Increased 
mucus in the airways may also lead to obstruc
tion and contribute to abnormalities in lung 
mechanics (Rose et al. 2001). Increased mucus 
production resulting in increased susceptibility 
to respiratory infections combined with air
way obstruction can lead to chronic localized 
inflammation: a hallmark of the bronchiectatic 
lung (Barker 2002).

As well as increasing the risk of infection, 
arsenic exposure in utero may compromise the 
immune response to respiratory infections. 
In the present study, we identified four genes 
that play a role in modulating the immune 
system that were up regulated by exposure to 
arsenic. TFF2 protein has a role in mucosal 
epithelial restitution and wound healing in 
the gastrointestinal tract (Podolsky 2000). In 
the lung, TFF2 protein expression is increased 
in mucous cells of allergenchallenged mice 
and is up regulated in airway epithelial cells in 
subjects with asthma (Kuperman et al. 2005; 
Nikolaidis et al. 2006). Tff2 has also been iden
tified as a candidate gene associated with strain
 dependent differences in lung function in mice 
(Ganguly et al. 2007). REG3γ is a protein with 
antimicrobial activity identified as playing a 
role in innate mucosal immunity in the gastro
intestinal tract (Zheng et al. 2008) and more 
recently in the lung (McAleer et al. 2011). 
Dynlrb2 is differentially expressed in patients 
with primary ciliary dyskinesia, a condition 
that can lead to the development of bron
chiectasis due to impairment of muco ciliary 
clearance (Geremek et al. 2011). Dynlrb2 has 
also been shown to regulate the TGFβ (trans
forming growth factor, beta) signalling path
way (Jin et al. 2009). Increased production 
and activation of TGFβ has been linked to 
immune defects associated with the suscepti
bility to opportunistic infection (Letterio and 
Roberts 1998). LPLUNC1 is a protein sug
gested to play a role in innate immunity in the 
lung, mouth, and nose, through either direct 
antibacterial actions or by indirect neutralizing 
activity (Bingle and Craven 2002). Mucous cell 
metaplasia and altered immune pathways in the 
lung may partially explain the increased suscep
tibility to and exacerbated response to influ
enza infection seen in a mouse model of arsenic 
exposure (Kozul et al. 2009). Importantly, 

compromised innate immune pathways in the 
lung during infancy may increase the risk of 
respiratory infections in early life, when sus
ceptibility to infection is high, and increase 
the risk of developing chronic lung disease in 
adulthood.

To put these observations into context, we 
recognize that there were some limitations to 
the present study. In the mouse chow given 
to all the mice in our study, there was a small 
amount (0.03 µg/g) of inorganic arsenic, which 
has the potential to alter gene expression in the 
liver and lung (Kozul et al. 2008). However, 
the concentrations of inorganic arsenic in our 
study were low, the same diet was given to all 
of the mice, and we still detected differences in 
a variety of outcomes, including gene expres
sion, as a result of the exposure to 100 µg/L 
arsenic in drinking water. Another limitation 
of the study is that only a single concentra
tion of arsenic (100 µg/L) was used in our 
study. This represents a relatively high con
centration of arsenic [10 times higher than the 
current World Health Organization (WHO 
2011a) maximum contaminant level], and the 
effects observed in the present study may not 
reflect changes that would occur at higher or 
lower doses. In the present study, we identi
fied only a small number of genes that were 
differentially expressed as a result of arsenic 
exposure. Even by relaxing our criteria for dif
ferential expression, we were not able to iden
tify any functionally coherent pathways using 
more complex methods of analysis. Because 
we assessed the lung tissue sometime after the 
arsenic exposure had ceased, it is possible that 
we missed some pathways and there is value in 
examining expression networks in lung tissue 
during exposure in the future (Petrick et al. 
2009). Our study, however, has identified and 
validated a number of genes that we believe 
provide important clues to the underlying 
mechanisms and, given their function, are 
likely to be important in the lung disease phe
notype induced by arsenic exposure in humans 
(e.g., infection/bronchiectasis). In addition, 
we examined the effects of arsenic exposure 
on the lung in offspring at only 2 weeks of age 
in the present study. The longterm effects of 
arsenic exposure on lung development may 
differ between strains whereby changes in 
parenchymal growth may manifest at differ
ent ages (Ngalame et al. 2012). An analysis of 
later time points may provide further informa
tion about the genetic basis of susceptibility to 
arsenicinduced lung disease.

Conclusions
In the present study, we have shown that 
in utero exposure to arsenic via drinking water 
impairs lung development, resulting in reduced 
lung size and impaired lung structure and 
function. The response to arsenic is geneti
cally determined and the C57BL/6 strain is 

the most susceptible. Arsenic exposure in utero 
altered the expression of genes that regulate 
innate immunity, mucus production, and 
morphogenesis of the lung. Arsenicinduced 
alterations in the development of lung struc
ture and innate immunity may reduce the 
ability to clear respiratory pathogens during a 
period of high susceptibility in infancy (Simoes 
1999). Because respiratory infections are one 
of the leading causes of mortality in children 
under 5 years of age in developing countries 
(WHO 2011b), arsenicinduced increases in 
susceptibility to infection can have devastating 
effects on infant morbidity and mortality in 
affected areas. In addition, recurrent respiratory 
infections throughout life can contribute to the 
development of chronic lung diseases, such 
as bronchiectasis, in adulthood. The evidence 
from our mouse model is that in utero exposure 
to arsenic impairs lung development, resulting 
in altered structure, function, and gene expres
sion in infancy. Further investigation into how 
arsenic affects lung development in humans 
will be essential to understand and prevent 
escalating morbidity and mortality from respi
ratory disease in arsenicexposed populations.
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Methods: 

 

Thoracic gas volume and lung mechanics 

To measure lung mechanics in vivo, mice were anaesthetised by intraperitoneal injection 

of a mixture containing xylazine (1mg/mL; Troy Laboratories, New South Wales, 

Australia) and ketamine (20 mg/mL; Troy Laboratories, New South Wales, Australia) at 

a dose 0.1 mL/10g body weight. Mice were tracheotomised with a 10 mm tracheal 

cannula (23G stainless steel) inserted and secured with suture. Mice were ventilated 

(MiniVent, Harvard Apparatus, Germany) at a tidal volume of 10 mL/kg, respiratory rate 

of 400 breaths per minute and positive end expiratory pressure of 2 cmH2O.  

 

For plethysmography, the trachea was occluded at end expiration (transrespiratory 

pressure, Prs = 0 cmH2O) and the intercostal muscles were stimulated with intramuscular 

electrodes to induce inspiratory efforts. Six 20V pulses of 2-3ms in duration were 

delivered over a 6s period while recording changes in tracheal pressure and 

plethysmograph box pressure. TGV was calculated using Boyle’s law after correcting for 

the impedance and thermal properties of the plethysmograph (Janosi et al. 2006). 

 

To measure lung mechanics using the forced-oscillation technique a forcing function (9 

frequencies from 4 – 38 Hz) generated by a loudspeaker was delivered to the animal via a 

wave tube during pauses in ventilation (Sly et al. 2003). The respiratory system 

impedance spectrum (Zrs) was measured and a 4-parameter model with constant phase 

tissue impedance was fitted to the data to partition Zrs into components representing the 



 

3 
 

mechanical properties of the airways and parenchyma (Hantos et al. 1992). This model 

allowed the calculation of airway resistance (Raw) and inertance (Iaw) and coefficients of 

tissue damping (G) and elastance (H). The resistance and inertance of the tracheal 

cannula were subtracted from Raw and Iaw respectively. As most of the inertance is 

contained in the tracheal cannula, values of Iaw were insignificant and not reported. 

 

Stereological analysis of lung structure 

Lung structure was assessed used stereology techniques according to ATS/ERS 

guidelines (Hsia et al. 2010). Following euthanasia the tracheal cannula was instilled with 

2.5% glutaraldehyde at 10 cmH2O. This fixation pressure was chosen to fall within the 

range of volumes that lung function was measured i.e. at elastic-equilibrium lung volume 

(Zosky et al. 2010).  Lungs were randomly oriented and embedded in paraffin wax 

(Nyengaard and Gundersen 2006). Starting at a random distance into the section 

(between 0 - 500µm), 5µm sections were taken at regular 500μm intervals throughout the 

lung and stained with haematoxylin and eosin. Lung volume was calculated using the 

Cavalieri method (Michel and Cruz-Orive 1988) and counting probes were used to obtain 

tissue/air volumes and alveolar surface area. Alveolar number was calculated using a 

physical dissector and Euler’s number (Ochs 2006).   

 

Quantification of mucous cells and protein in the airways 

To detect CLCA3, MUC5B and REG3γ protein, an avidin-biotin-peroxidase complex 

method was used (Sabo-Attwood et al. 2005). Lung tissue sections were deparaffinised in 

xylene (3 x 5minutes) and rehydrated in isopropanol and graded ethanol (95 – 50%). 
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Slides were rinsed in deionised water and microwaved (900W, 2 minutes on high, 10 

minutes on low) in 0.01M citric acid (pH 6.0) to allow antigen retrieval. Endogenous 

peroxidase activity was inhibited by incubating the slides in 1% H202 followed by washes 

in phosphate-buffered saline (PBS) containing 1% H202. Sections were blocked in 

PBS/Tween 20 containing 5% heat-inactivated normal goat serum. After washes, the 

sections were incubated with antibody α-p3b1 (Abcam, Cambridge, MA, USA) diluted 

1:500 in PBS/Tween 20 containing 0.1% bovine serum albumin in a humidified chamber 

at 4ºC overnight. Sections were washed in PBS and incubated with biotinylated goat anti-

rabbit immunoglobulins (5µg/ml, Vector Laboratories) diluted in PBS/Tween 20 

containing 0.1% bovine serum in a humidified chamber at 4ºC overnight. Colour was 

developed for 60 minutes using freshly prepared avidin-biotin-peroxidase complex 

solution (Vectastain Elite ABC kit, Vector Laboratories) diluted in PBS/Tween 20 with 

0.1% bovine serum albumin, followed by repeated washes in PBS, and rinsing in water. 

The slides were counterstained with hematoxylin, dehydrated through ascending graded 

ethanol, cleared in xylene, and coverslipped before examination by light microscopy.  
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Supplemental Material, Table S1: Maternal and birth outcomes. Outcomes for BALB/c, C3H/HeARC and C57BL/6 dams and 

their offspring exposed to 100µg/L arsenic via drinking water or control water from d8 gestation to birth (mean ± SD). There were no 

differences in maternal water consumption, gestation period or litter size between control and arsenic exposed mice. C57BL/6 

offspring exposed to 100µg/L arsenic were born significantly smaller than control mice in both weight and length. (* indicates 

significantly different to control, p < 0.05).   

 BALB/c C3H/HeARC C57BL/6 

 Control Arsenic Control Arsenic Control Arsenic 

Maternal water 

consumption (mL/day) 
4.43 ± 0.62 5.32 ± 1.34 6.88 ± 1.75 6.09 ± 0.65 5.83 ± 1.38 5.89 ± 1.39 

Gestation period (days) 19.7 ± 0.52 19.6 ± 0.55 19.8 ± 0.50 19.3 ± 0.50 19.8 ± 0.45 19.5 ± 0.93 

Litter size (pups/dam) 5.67 ± 3.39 5.00 ± 1.87 4.25 ± 2.22 4.50 ± 1.73 6.00 ± 0.82 6.62 ± 3.02 

Birth weight (g) 1.32 ± 0.22 1.40 ± 0.19 1.46 ± 0.24 1.55 ± 0.11 1.40 ± 0.18 1.18 ± 0.17* 

Birth length (mm) 28.4 ± 1.63 28.9 ± 1.36 29.4 ± 2.02 29.5 ± 1.25 28.7 ± 1.62 27.2 ± 1.60* 
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Supplemental Material, Figure S1: Microarray volcano plots. Volcano plots show clusters of differentially 

expressed genes in response to arsenic in C57BL/6 (A), C3H/HeARC (B) and BALB/c (C) mice. Annotated 

genes with an absolute t-statistic greater than 3.5 and fold change greater than 2 were considered differentially 

expressed.    
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Supplemental Material, Figure S2: Somatic growth and thoracic gas volume outcomes. Body weight and 

thoracic gas volume (TGV) plotted against body (SV) length in two week old offspring from BALB/c, 

C3H/HeARC and C57BL/6 mice exposed to 100 µg/L arsenic (closed circles) via drinking water or control 

water (open circles) from d8 gestation to birth. (* indicates significantly different to control, p < 0.05).   
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Arsenic Handicap? 
Prenatal Exposure Worsens Influenza Infections in 
Young Mice 
Research in adult animals has provided evidence that exposure to 
in organic arsenic may compromise immune responses to bacterial and 
viral infections.1 Arsenic exposure has also been associated with altered 
gene expression in lung tissue from mice, including reduced expression 
of genes involved in innate immune responses.2 But it’s still unclear how 
arsenic might modify acute inflammatory responses during early-life 
infections and the subsequent effects on lung structure and function.

Now Kathryn Ramsey, a respiratory physiologist at the Telethon 
Institute for Child Health Research in Subiaco, Western Australia, and 
her colleagues show that mice exposed to inorganic arsenic in utero and 
infected with influenza A soon after birth did not fight off the viral infec-
tion as well as unexposed mice. The arsenic-exposed mice also had more 
lung inflammation and airway damage. These findings, reported in this 
issue of EHP, strengthen the connection between early arsenic exposure 
and the development of chronic lung problems.3

Arsenic is a common contaminant of drinking water worldwide, 
and high exposures to the ubiquitous toxicant are known to increase the 
risk of lung, skin, bladder, and other cancers.4 The U.S. Environmental 
Protection Agency (EPA) has set a maximum contaminant level of 
10 ppb for total arsenic in public drinking water supplies—that includes 
both inorganic and the less toxic organic forms of arsenic.5 Foods includ-
ing rice, rice-based products, and apple juice also can be contaminated 
with inorganic arsenic, and diet may constitute a sizeable proportion of 
some people’s total exposure.6 Arsenic is not currently regulated in food, 
although the U. S. Food and Drug Administration recently proposed 
guidance for industry that levels of inorganic arsenic in apple juice not to 
exceed 10 ppb.7

In addition to cancer, inorganic arsenic has been linked to nonmalig-
nant respiratory illnesses including chronic bronchitis, chronic obstruc-
tive pulmonary disease, and bronchiectasis in people, with lung cancer 

and bronchiectasis particularly linked to exposure in utero or during early 
childhood.8 Bronchiectasis is a progressive respiratory disease caused by 
repeated lower respiratory tract infections and exaggerated inflammatory 
responses to respiratory pathogens, which can lead to serious heart and 
lung problems. 

In the current study, pregnant C57BL/6 mice drank either clean 
water or water contaminated with 100 ppb inorganic arsenic.3 One week 
after birth, some pups were intranasally inoculated with the H3N1 strain 
of influenza A. Pups of arsenic-exposed dams drank arsenic-treated water, 
and pups of unexposed dams drank clean water.3

One week after influenza infection, young mice exposed to both 
arsenic and influenza had viral titers and inflammatory responses that 
were 7–8 times higher than controls exposed to clean water and no 
influenza. At 8 weeks of age, the investigators measured cytokine levels 
in bronchoalveolar fluid to evaluate inflammatory responses and airway 
responsiveness to methacholine (a bronchoconstrictor). Mice exposed to 
both arsenic and influenza had significantly more airway resistance and 
greater deficits in lung mechanics than control mice.3

The effects of arsenic on immune function are unlikely to be relevant 
only to influenza, although the degree of lung damage may vary with 
other infections. For example, Ramsey says, exposure to different viruses 
may result in milder pathology. “We would like to combine arsenic 
exposure with repeated bacterial and viral infections to model the devel-
opment of bronchiectasis throughout life,” she says.

“This is a great study that advances the field,” says Bruce Stanton, 
director of the Toxic Metals Superfund Research Program at Dartmouth 
College’s Geisel School of Medicine. He says the results suggest that 
infants and young children exposed to inorganic arsenic may be more 
susceptible to influenza infections and subsequent lung damage. 

Although the 100-ppb arsenic exposure is relevant to water levels 
in some parts of the world, “it’s on the high side for the United States, 
where the EPA limit is 10 ppb,” says Stanton. However, the EPA stan-
dard does not cover private wells; by one estimate, as many as 25 million 
people in the United States who obtain their drinking water from private 
wells may be exposed to arsenic levels above the EPA standard.1 

Stanton suggests repeating the mouse 
experiments with 10 ppb inorganic arsenic 
to see if the influenza response still worsens. 
Given current guidance on arsenic in drink-
ing water and apple juice, “We’d want to 
know that,” says Stanton. 
Carol Potera, based in Montana, has written for EHP since 
1996. She also writes for Microbe, Genetic Engineering 
News, and the American Journal of Nursing.
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Early Life Arsenic Exposure and Acute and Long-term Responses 
to Influenza A Infection in Mice
Kathryn A. Ramsey,1,2 Rachel E. Foong,1,2 Peter D. Sly,3 Alexander N. Larcombe,1,2 and Graeme R. Zosky1,2

1Division of Clinical Sciences, Telethon Institute for Child Health Research, Subiaco, Western Australia, Australia; 2Centre for Child 
Health Research, University of Western Australia, Perth, Western Australia, Australia; 3Queensland Children’s Medical Research Institute, 
University of Queensland, Herston, Queensland, Australia.

Background: Arsenic is a significant global environmental health problem. Exposure to arsenic in 
early life has been shown to increase the rate of respiratory infections during infancy, reduce child-
hood lung function, and increase the rates of bronchiectasis in early adulthood.

oBjective: We aimed to determine if early life exposure to arsenic exacerbates the response to early 
life influenza infection in mice.

Methods: C57BL/6 mice were exposed to arsenic in utero and throughout post natal life. At 1 week 
of age, a subgroup of mice were infected with influenza A. We then assessed the acute and long-
term effects of arsenic exposure on viral clearance, inflammation, lung structure, and lung function. 

results: Early life arsenic exposure reduced the clearance of and exacerbated the inflammatory 
response to influenza A, and resulted in acute and long-term changes in lung mechanics and air-
way structure.

conclusions: Increased susceptibility to respiratory infections combined with exaggerated inflam-
matory responses throughout early life may contribute to the development of bronchiectasis in 
arsenic-exposed populations.

citation: Ramsey KA, Foong RE, Sly PD, Larcombe AN, Zosky GR. 2013. Early life arsenic 
exposure and acute and long-term responses to influenza A infection in mice. Environ Health 
Perspect 121:1187–1193; http://dx.doi.org/10.1289/ehp.1306748

Introduction
Hundreds of millions of people throughout 
the world are exposed to arsenic through 
their drinking water at doses above the World 
Health Organization maximum contaminant 
level of 10 μg/L (Mandal and Suzuki 2002). 
Chronic exposure to arsenic via drinking 
water has been shown to increase the risk of 
developing lung, liver, prostate, bladder, kid-
ney, and skin cancers (Ferreccio et al. 2000; 
Haynes 1983; Smith et al. 1992, 1998). 
Arsenic exposure has also been linked to the 
development of non malignant lung diseases, 
including bronchiectasis, chronic bronchitis, 
and chronic obstructive pulmonary disease 
(Guha Mazumder et al. 2005; Milton et al. 
2001; Smith et al. 1998). An exposure event 
in northern Chile, whereby the residents of 
Antofagasta consumed high levels of arsenic 
(90–860 μg/L) for two decades, revealed the 
significance of early life arsenic exposure in 
the development of respiratory disease. In 
the years following the peak exposure event, 
children from Antofagasta presented with 
cough, dyspnea, broncho pulmonary disease, 
and bronchi ectasis (Borgoño and Greiber 
1971; Borgoño et al. 1977; Rosenberg 1974; 
Zaldivar 1980). Long-term follow-up of these 
children revealed that the standardized mortal-
ity ratio for bronchi ectasis was 46.2 [95% con-
fidence interval (CI): 21.1, 87.7; p < 0.001] 
in those born during the peak exposure event 
and exposed to arsenic in utero and early child-
hood (Smith et al. 2006). Bronchiectasis is a 
progressive respiratory disease charac terized by 

repeated lower respiratory tract infections and 
an intense inflammatory response leading to 
tissue damage, alterations to lung structure, 
and pre mature death in adult hood (Barker 
2002). Understanding whether arsenic expo-
sure is able to increase the susceptibility to 
or exacer bate responses to respiratory infec-
tions in early life may help to explain the link 
between arsenic exposure and the develop ment 
of bronchiectasis.

There is evidence that prenatal arsenic 
exposure can increase the susceptibility to 
respiratory infections in early life. Infants in 
Bangladesh who had been exposed to arsenic 
at concentrations > 250 μg/L in utero had a 
significantly increased risk of developing lower 
respiratory tract infections (adjusted relative 
risk = 1.69; 95% CI: 1.36, 2.09) compared 
with those exposed to arsenic at concentra-
tions < 39 μg/L (Rahman et al. 2011). This 
increase may be linked to the known immuno-
suppressant activity of arsenic and/or the 
known effects of arsenic on impairing growth 
and development. Exposure during pregnancy 
can increase inflammatory cytokines and 
reduce T-cell numbers in the placenta (Ahmed 
et al. 2011) and impair thymic develop ment 
in infants (Raqib et al. 2009). In utero arsenic 
exposure is also associated with infants being 
born small for gestational age (Huyck et al. 
2007; Rahman et al. 2009). Low birth weight 
is an important risk factor for the development 
of respiratory infections and worse lung func-
tion in childhood (Barker et al. 1991; Chan 
et al. 1989; Rona et al. 1993; Shaheen and 

Barker 1994; Vik et al. 1996) and mortal-
ity from chronic respiratory diseases in early 
adult hood (Stein et al. 1997; Stick 2000). We 
have previously shown that in utero exposure 
of mice to arsenic impairs lung growth and 
develop ment, induces mucous cell meta plasia 
in the airways, and alters the expression of 
genes that regulate lung morpho genesis and 
muco ciliary clearance in the lung, all of which 
could contribute to the increased risk of respi-
ratory infections in early life (Ramsey et al. 
2013a). A combination of arsenic-induced 
impairments to lung growth and immune 
development are likely mechanisms for the 
increased rate of respiratory infections in 
early childhood.

We know little, however, about how 
arsenic may alter the physiological response 
to respiratory infections. Both environmental 
exposure to cigarette smoke and particulate 
matter not only increase the susceptibility to 
respiratory infections but also exaggerate the 
inflammatory responses to respiratory infec-
tions (Arcavi and Benowitz 2004; Ciencewicki 
and Jaspers 2007). A previous experimental 
study has shown that mice exposed to arsenic 
in adulthood had a diminished ability to clear 
an influenza A (H1N1) infection, impaired 
CD8+ T-cell responses, prolonged viral car-
riage, and greater mortality compared with 
mice given influenza alone (Kozul et al. 
2009). Exposure to arsenic in early life may 
increase the susceptibility to and exacerbate 
the response to respiratory infections during 
a period of high susceptibility in infancy. A 
compromised response to influenza infection 
in early life may have a significant effect on 
infant morbidity and mortality, and play an 
important role in the development of bronchi-
ectasis and other chronic respiratory diseases in 
arsenic-exposed areas.

Address correspondence to K.A. Ramsey, Division 
of Clinical Sciences, Telethon Institute for Child 
Health Research, 100 Roberts Rd., Subiaco, 
Western Australia, 6008 Australia. Telephone: 61 8 
9489 7822. E-mail: kramsey@ichr.uwa.edu.au

Supplemental Material is available online (http://
dx.doi.org/10.1289/ehp.1306748).

This work was supported by project grant 634420 
from the National Health and Medical Research 
Council (Australia). 

The authors declare they have no actual or potential 
competing financial interests.

Received: 4 March 2013; Accepted: 23 July 
2013; Advance Publication: 22 August 2013; Final 
Publication: 1 October 2013.

http://dx.doi.org/10.1289/ehp.1306748
mailto:kramsey@ichr.uwa.edu.au
http://dx.doi.org/10.1289/ehp.1306748
http://dx.doi.org/10.1289/ehp.1306748
http://dx.doi.org/10.1289/ehp.1306748


Ramsey et al.

1188 volume 121 | number 10 | October 2013 • Environmental Health Perspectives

In the present study we investigated how 
exposure to arsenic in utero and throughout 
post natal life may alter the response to an 
infection with influenza during infancy. We 
examined how arsenic modified both the 
acute inflammatory response to influenza 
infection and the long-term implications of 
this response for lung structure and function.

Materials and Methods
Animals and exposures. C57BL/6 mice were 
obtained from the Animal Resources Centre 
(Murdoch, Western Australia). Animals were 
treated humanely and with regard for allevia-
tion of suffering. All studies were conducted 
according to the guidelines of the National 
Health and Medical Research Council 
Australia and approved by the institutional 
Animal Ethics Committee of the Telethon 
Institute for Child Health Research. We used 
a previously established model of in utero 
arsenic exposure whereby pregnant mice were 
given drinking water containing arsenic, in 
the form of sodium arsenite, at 0 (control) or 
100 μg/L from gestational day (GD) 8 until 
birth of their offspring (approximately GD19) 
Ramsey et al. 2013a, 2013b). After their off-
spring were born, maternal exposure to either 
arsenic or control drinking water continued.

At 1 week of age, offspring were inocu-
lated intra nasally with 104.2 plaque forming 
units (pfu) influenza A/Mem71 (H3N1) 
diluted in 10 μL of virus production serum-
free medium (VP-SFM; Life Technologies, 
Mulgrave Victoria, Australia) or the same 
volume of VP-SFM containing a preparation 
of mock-infected cells. Thus, there were four 
treatment groups: control (no arsenic or influ-
enza), arsenic (no influenza), influenza (no 
arsenic), and arsenic plus influenza. Offspring 
were weaned at 4 weeks of age and continued 
to receive arsenic or control drinking water 
according to the prior exposure protocol. 
We measured outcomes in the offspring at 
3 and 7 days post infection (PI) (during the 
acute stage of influenza infection), 21 days PI 
(after recovery from influenza infection), and 
49 days (7 weeks) PI (adulthood) (Table 1). 

To investigate the effects of timing of 
arsenic exposure on long-term lung structure 
and function outcomes, we exposed a sepa-
rate group of adult (8 week) female C57BL/6 

mice to either arsenic (100 μg/L; n = 7) or 
control (n = 7) drinking water for 10 weeks, 
the same amount of time as the mice exposed 
from GD8 to 8 weeks of age. 

Inflammatory cells, viral titer, and cyto-
kines. Cellular inflammation was measured by 
total and differential cell counts in broncho-
alveolar lavage fluid (BALF) collected from 
all offspring. Whole lungs were removed from 
infected offspring 3 or 7 days PI for quantifi-
ca tion of viral titer. Inflammatory cytokines 
[interferon-γ (IFN-γ), interleukin (IL)-6, 
tumor necrosis factor-α (TNF-α), and mono-
cyte chemo attractant protein-1 (MCP-1)] 
were measured in BALF super natants using 
a mouse inflammation Cytometric Bead 
Array (BD Biosciences, San Diego, CA, USA) 
according to the manufacturer’s instruc-
tions. We measured total protein content 
in BALF using the Bradford technique and 
the Bio-Rad Protein Assay kit (BIO-RAD, 
NSW, Australia) according to manu facturer 
instructions. Additional details are provided in 
Supplemental Material (p. 2).

Thoracic gas volume and lung mechanics. 
We measured lung volume and lung 
mechanics in offspring at 7 days, 21 days, and 
7 weeks PI, and in mice exposed to arsenic 
only in adult hood. For measurement of lung 
mechanics in vivo, mice were anesthetized, 
tracheotomized, and mechanically ventilated. 
We used plethysmography to measure thoracic 
gas volume (TGV) as described previously 
(Janosi et al. 2006). Lung mechanics 
were measured using the forced-oscillation 
technique as described previously by Sly et al. 

(2003). This technique generates measures of 
airway resistance (Raw), tissue damping (G), 
and elastance (H). Further details are provided 
in Supplemental Material (pp. 3–4).

Responsiveness to methacholine (MCh). 
Hyper responsiveness of the respiratory sys-
tem to broncho constricting agents, such as 
MCh, can reflect the presence of pulmonary 
inflammation or altered lung structure such 
as excess mucus production or increased air-
way smooth muscle (Lundblad et al. 2007, 
2008). We measured the responsive ness to 
MCh in offspring at 7 weeks PI and in mice 
exposed to arsenic only in adulthood. Each 
mouse received a saline aerosol followed by 
increasing doses of aerosolized MCh from 
0.1 to 30 mg/ mL for 90 sec (aerosols were 
delivered through a nebulizer). Lung func-
tion was measured every minute for 5 min 
after the conclusion of each aerosol dose. 
Further details are provided in Supplemental 
Material (pp. 4–5).

Airway remodeling. Following euthanasia, 
the lungs of offspring at 7 weeks PI were fixed 
through intra tracheal instillation of 2.5% 
gluteraldehyde at 10 cmH20. The left lung 
was embedded in paraffin, and 5-μm sections 
were cut at proximal, middle, and distal parts 
of the lung for airway histology. Airway sec-
tions were stained and scored blind for air-
way smooth muscle and airway mucous cells. 
Further details are provided in Supplemental 
Material (p. 5).

Statistics. Statistical analyses were con-
ducted using SigmaPlot software (version 12.3; 
SPSS Science, Chicago, IL, USA). Group 

Table 1. The number of mice tested at each time 
point for each treatment group. 

Treatment group

No. of days PI

3 7 21 49 
Control 12 20 21 18
Arsenic 15 20 20 20
Control plus influenza 13 17 16 19
Arsenic plus influenza 13 20 16 17

PI, post infection. Intranasal inoculation with 104.2 pfu 
influenza A/Mem71 (H3N1) or mock-infected cells 
occurred at 1 week of age. 

Figure 1. Number (mean ± SD) of total cells (A), neutrophils (B), macrophages (C), and lymphocytes (D) in 
BALF of mice exposed to control water, arsenic (As; 100 μg/L in utero and postnatal), influenza (flu), or both 
As and flu. Data are from day 3, day 7, and day 21, and 7 weeks post infection (PI). The number of animals per 
treatment group at each time point are given in Table 1.
#Significant effect of As exposure (p < 0.05), *significant effect of flu exposure (p < 0.05), and †significant interaction between 
As and flu treatments (p < 0.05), by two-way ANOVA with Holm–Sidak post hoc analysis. 
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means were compared using two-way analysis 
of variance (ANOVA), with arsenic exposure 
and influenza exposure as independent vari-
ables, and Holm–Sidak post hoc analysis. If 
the inter action term was significant (p < 0.05), 
the inter action p-value was reported and 
additional analysis was performed to deter-
mine whether the effects were super additive. 
We define “super additive” as an inter action 
between arsenic and influenza that produces an 
effect significantly greater than the sum of the 
individual effects. To determine whether the 
interaction was super additive, we divided the 
effect of combined arsenic and influenza by the 
sum of the effects of arsenic alone and influ-
enza alone, as described by Bates et al. (2008). 
A ratio significantly greater than 1 (one sample, 
two tailed t-test) indicates that the inter action 
is super additive. Where necessary, data were 
log transformed to satisfy the assumptions of 
normality and homo scedasticity. A p-value 
< 0.05 was considered to be significant. Data 
are shown as mean ± SD.

Results
Maternal outcomes. We observed no signifi-
cant effects of arsenic exposure on maternal 
body weight (p = 0.51), litter size (p = 0.89), 
or gestation period (p = 0.11). There were 
no effects of arsenic exposure or influenza 
infection on maternal water consumption 
(arsenic, p = 0.59; influenza, p = 0.81) (data 
not shown). In offspring at day 7 PI (2 weeks 
of age) and day 21 PI (4 weeks of age), we 
observed no significant differences in any 
outcome between male and female offspring; 
therefore, data for males and females 
were pooled. 

Inflammatory cells. We observed a 
signifi cant inflammatory response to influ-
enza infection at days 3 and 7 PI, which was 
resolved at 21 days PI (Figure 1). At day 3 PI, 
there were effects of both arsenic and influ-
enza on the number of total cells (arsenic, 
p = 0.002; influenza, p < 0.001) and the num-
ber of macrophages (arsenic p = 0.01; influ-
enza p < 0.01) in BALF, which were additive: 
The mice exposed to both arsenic and influ-
enza had a higher inflammatory response than 
mice treated with arsenic or influenza alone. 
At 3 days PI, there was a significant effect of 
influenza (p < 0.01) on neutro phil number. 
At day 7 PI, there was a signifi cant inter action 
between arsenic and influenza on the num-
bers of total cells (p = 0.01) and neutrophils 
(p = 0.04) in BALF; that is, the number of 
cells present in response to influenza was sig-
nificantly higher if the mice had also been 
exposed to arsenic. We observed a significant 
super additive relationship between arsenic 
and influenza on the total number of cells 
(ratio, 2.04 ± 2.49; p = 0.01) and neutro-
phils (ratio, 2.47 ± 4.54; p = 0.06) in BALF at 
day 7 PI. We also observed a signifi cant effect 

of influenza infection on lymphocyte num-
ber (p = 0.047) at day 7 PI. By day 21 and 
7 weeks PI, the number of inflammatory cells 
had returned to control levels, and there was 
no effect of arsenic (p > 0.17 in all cases) or 
influenza (p > 0.15 in all cases) on the num-
ber of inflammatory cells in BALF.

Viral titer. The median tissue culture 
infective dose (TCID50) was significantly 
higher in the lungs of mice exposed to both 
arsenic and influenza compared with those 
exposed to influenza alone at day 7 PI 
(p = 0.04) (Figure 2). We found some evi-
dence of increased viral titer in the arsenic plus 
influenza group compared with the group that 
received influenza alone at day 3 PI; however, 
this was not statistically significant (p = 0.06).

Cytokines. We observed an increase in 
cytokine levels in BALF in response to influ-
enza at day 3 and day 7 PI, which recovered 
to baseline levels by day 21 (Figure 2). On 
day 3 PI, there was an increase in IFN-γ 
(p = 0.049) and IL-6 (p = 0.03) in BALF from 
influenza-infected mice. Arsenic exposure 
alone had no effect on any cytokine at day 3 PI 
(p > 0.22 in all comparisons). At day 7 PI, 

TNF-α (p < 0.001), IFN-γ (p < 0.001), 
MCP-1 (p < 0.001), IL-6 (p < 0.001), and 
total protein level (p = 0.003) were increased 
in animals exposed to influenza, but there was 
no effect in animals exposed to arsenic alone 
(p > 0.087 in all comparisons). We found no 
significant inter actions between arsenic expo-
sure and influenza infection on cytokine levels 
at any time point (p > 0.19 in all comparisons).

Thoracic gas volume and lung mechanics. 
At day 7 PI (2 weeks of age), offspring 
infected with influenza had significantly lower 
body weight (p < 0.001) and higher TGV 
(p = 0.01) than uninfected offspring (see 
Supplemental Material, Table S1). Arsenic 
had no effect on body weight (p = 0.06) or 
TGV (p = 0.14) at this time point. To 
account for differences in TGV between 
groups, we calculated specific lung mechanics 
by multiplying the lung mechanics (airway 
resistance, tissue damping, and tissue elastance) 
by the TGV. At day 7 PI, arsenic exposure 
alone (p = 0.04) and influenza infection alone 
(p < 0.001) significantly increased tissue 
damping. There was also an additive effect of 
the combination of arsenic and influenza on 

Figure 2. Influenza (flu) viral titer in mice exposed to flu or arsenic (As) plus flu at days 3 and 7 post infection 
(PI) (A) and inflammatory cytokines in mice exposed to control water, As (100 μg/L in utero and postnatal), flu, 
or As plus flu at days 3, 7, and 21 PI (B–F). (B) TNF-α, (C) IFN-γ, (D) MCP-1, (E) IL-6, and (F) protein. Values are 
mean ± SD. The number of animals per treatment group at each time point are given in Table 1.
#Significant effect of As exposure (p < 0.05), and *significant effect of flu exposure (p < 0.05), by two-way ANOVA with 
Holm–Sidak post hoc analysis. 
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tissue damping (see Supplemental Material, 
Table S1). Offspring infected with influenza 
had significantly higher tissue elastance 
(p = 0.002) than did uninfected offspring, 
but arsenic had no effect on tissue elastance 
(p = 0.17). There was no effect of arsenic 
(p = 0.48) or influenza (p = 0.56) on airway 
resistance at day 7 PI.

At day 21 PI (4 weeks of age) influenza-
infected offspring were significantly smaller in 
weight (p = 0.002) than uninfected offspring 
(see Supplemental Material, Table S1), but 
we saw no effect of arsenic on body weight 
(p = 0.75). Arsenic exposure alone (p = 0.004) 
and influenza infection alone (p = 0.049) sig-
nificantly increased TGV. In addition, we 
observed an additive effect of arsenic plus 
influenza on TGV (Supplemental Material, 
Table S1). To account for differences in 
TGV between groups, we again calculated 
specific lung mechanics. Both arsenic expo-
sure (p = 0.009) and influenza infection 
(p = 0.038) increased tissue damping, result-
ing in additive effects in the group exposed to 
both arsenic and influenza. Offspring exposed 
to arsenic had significantly higher tissue elas-
tance (p = 0.007) than control offspring, but 
influenza infection had no effect on tissue 
elastance (p = 0.20). We observed no effects 
of arsenic (p = 0.44) or influenza infection 
(p = 0.86) on airway resistance at day 21 PI. 

At 7 weeks PI (8 weeks of age), males 
weighed significantly more than females 
(p < 0.001). Therefore, we analyzed lung 
mechanics separately for males and females 
(see Supplemental Material, Table S2). We 
observed additive effects of arsenic expo-
sure (males, p < 0.001; females p = 0.04) 
and influenza infection (males, p = 0.048; 
females p = 0.04) on reducing body weight 
in both sexes, such that the mice exposed to 
both arsenic and influenza were the smallest. 
There were no differences in TGV between 
the groups in either males (arsenic, p = 0.09; 
influenza, p = 0.48) or females (arsenic, 
p = 0.40; influenza, p = 0.10). Mice exposed 
to arsenic had significantly higher airway 
resistance than mice exposed to control water 
(males, p = 0.007; females, p = 0.01). We 
saw no effect of influenza on airway resis-
tance in either males (p = 0.085) or females 
(p = 0.344). Influenza-infected male offspring 
had significantly higher tissue damping 
(p < 0.001) and tissue elastance (p = 0.001) 
values compared with uninfected males. Also 
at 7 weeks PI, there was no effect of arsenic 
on tissue damping (p = 0.07) or tissue elas-
tance (p = 0.086) in males, and no effect of 
either arsenic (tissue damping, p = 0.32; tissue 
elastance, p = 0.60) or influenza (tissue damp-
ing, p = 0.30; tissue elastance, p = 0.70) on 
tissue mechanics in female offspring.

Responsiveness to MCh. We examined 
respon siveness to MCh in offspring 7 weeks PI 

(Figure 3). Airway resistance was increased 
in females exposed to arsenic (p = 0.04) and 
influenza (p = 0.005) at the highest dose 
of MCh, which was additive. In males, 
the maximum airway resistance to MCh 
was higher in arsenic-exposed offspring 
(p < 0.001) but was not influenced by 
influenza infection (p = 0.34). In both males 
and females, maximum tissue damping 
to MCh was higher in mice infected with 
influenza (males, p = 0.03; females, p = 0.02) 
compared with uninfected mice, but it was 
not influenced by arsenic exposure (males, 
p = 0.37; females, p = 0.64). In males, 
maximum tissue elastance to MCh was 
significantly higher in influenza-infected 
mice (p = 0.02) compared with uninfected 
controls. We observed no effect of influenza 
infection on maximum tissue elastance in 
females (p = 0.91) and no effect of arsenic 
exposure on maximum tissue elastance in 
males (p = 0.85) or females (p = 0.48).

Airway remodeling. At 8 weeks of age, 
there was a greater area of airway smooth 
muscle in the large (p = 0.002)—but not 

medium (p = 0.62) or small (p = 0.88)—
airways of arsenic-exposed mice compared with 
control mice (Figure 4); however, we saw no 
effect of influenza infection on airway smooth 
muscle area (p > 0.11). Eight-week-old mice 
exposed to influenza in early life had a greater 
number of mucus-positive cells in the large 
(p = 0.02) and medium (p = 0.04), but not 
the small (p > 0.05), airways compared with 
uninfected mice (Figure 4). Arsenic exposure 
did not affect the number of mucus-producing 
cells in any size airway (p > 0.35) compared 
with mice that received control water. 

Effects of exposure to arsenic in adulthood 
only. Adult female mice exposed to arsenic 
for 10 weeks during adulthood were assessed 
for baseline lung mechanics and respon-
siveness to MCh. Exposure to arsenic in 
adulthood had no effect on baseline airway 
resistance (p = 0.63) or parenchymal mechan-
ics (p > 0.56). In response to MCh, arsenic-
exposed mice were not distinguishable from 
controls in terms of maximum airway resis-
tance (p = 0.28) or parenchymal mechanics 
(p > 0.59) (Supplemental Material, Figure S1). 

Figure 3. Response to methacholine (MCh) in male (A,C,E) and female (B,D,F) mice exposed to control 
water, arsenic (As; 100 μg/L in utero and postnatal), influenza (flu), or As plus flu at 7 weeks post infection 
(PI) (mean ± SD). (A,B) Airway resistance. (C,D) Tissue damping. (E,F) Tissue elastance. The number of 
animals per treatment group at each time point are given in Table 1.
#Significant effect of As (p < 0.05), and *significant effect of flu (p < 0.05), by two-way ANOVA with Holm–Sidak post hoc 
analysis. 
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Discussion
In this study we investigated the role that 
arsenic plays in the acute and long-term 
responses to early life influenza infection. In 
mice exposed both in utero and postnatally to 
arsenic in drinking water prior to influenza 
infection, the numbers of total cells and macro-
phages in BALF were increased at day 3 PI. 
At day 7 PI, arsenic exposure increased viral 
titer, and there was a signifi cant super additive 
inter action between arsenic exposure and 
influenza infection on the number of total 
cells and neutro phils in BALF. Although 
arsenic exposure altered the inflammatory 
cell response to influenza in BALF, arsenic 
exposure had no effect on the level of cyto-
kines measured in BALF at the time points we 
measured. Exposure to arsenic and infection 
with influenza independently impaired lung 
mechanics in infant mice, and those mice 
exposed to both arsenic and influenza had 
the greatest deficits in lung mechanics (tissue 
damping). At 8 weeks of age (7 weeks PI), 
arsenic-exposed mice had increased airway 

resistance, increased airway responsiveness to 
MCh, and increased airway smooth muscle 
mass compared with control mice. We 
observed increased tissue damping and tissue 
elastance at baseline (lung mechanics measure-
ments taken without MCh) with the maximum 
dose of MCh, as well as an increased number 
of mucus-producing cells in the airways, of 
influenza-exposed mice compared with control 
mice. Combined exposure to arsenic and 
influenza resulted in additive increases in airway 
responsiveness in 8-week-old females. These 
data demonstrate how exposure to arsenic in 
early life can alter the response to influenza 
infection, resulting in both acute and long-term 
effects on respiratory health.

Early life exposure to arsenic increased 
viral titer during acute influenza infection (at 
day 7 PI), suggesting that arsenic may alter 
the innate immune response to influenza. 
Impaired clearance of viral and bacterial infec-
tions has been reported in zebrafish exposed 
to arsenic through water (Nayak et al. 2007) 
and in adult mice exposed to arsenic via 
drinking water (Kozul et al. 2009). Arsenic 
has been shown to be an immuno suppressant 
in humans. For example, exposure to arsenic 
can alter the expression of genes and cytokines 
involved in immune function, T-cell receptor 
signaling, and inflammation in human 
lymphocytes (Andrew et al. 2008; Wu et al. 
2003) and also alter T-cell proliferation and 
function (Gonsebatt et al. 1994; Hernandez-
Castro et al. 2009). Urinary arsenic levels 
in children exposed to arsenic in drinking 
water were associated with reduced lympho-
cyte prolifera tion and IL-2 secretion (Soto-
Pena et al. 2006). Arsenic exposure during 
pregnancy can increase oxidative stress and 
inflamma tion in the placenta, reduce placental 
T cells, and alter the expression of cord blood 
cyto kines (IL-1β, IL-8, IFN-γ, TNF-α) 
(Ahmed et al. 2011). Infants exposed to arsenic 
in utero have been reported to have impaired 
thymic develop ment and higher levels of fever, 
diarrhea, and acute respiratory infections in 
early life (Rahman et al. 2011; Raqib et al. 
2009). In experimental studies, mice exposed 
to arsenic had suppressed antibody formation, 
inhibited T-cell proliferation and macrophage 
activity, and altered cytokine expression 
(Burns et al. 1991; Corsini et al. 1999; Lantz 
et al. 1994; Sikorski et al. 1989; Soto-Pena 
and Vega 2008; Vega et al. 2001). Arsenic 
has also been shown to increase ubiquitinyla-
tion and degradation of cystic fibrosis trans-
membrane conductance regulator (CFTR) 
chloride channels in the gills of killifish (Shaw 
et al. 2007, 2010) and human air way epithelial 
cells (Bomberger et al. 2012). In utero arsenic 
exposure in mice can also increase the number 
of mucus-producing cells and the level of 
calcium activated chloride channel (CLCA3) 
protein, which is known to regulate mucus 

production and secretion (Ramsey et al. 
2013a). Altered CFTR and CLCA3 expression 
in the airways has the potential to alter the 
properties of mucus and airway surface liquid 
in the lung, resulting in impaired muco-
ciliary clearance of respiratory pathogens and 
increased risk of bacterial and viral colonization 
(Long et al. 2006). We have shown that 
arsenic exposure in early life can impair the 
clearance of respiratory pathogens in infancy. 
The first years of life represent a period of high 
susceptibility to pathogens (World Health 
Organization 2011). Recurrent respiratory 
infections in early life can result in morbidity 
and mortality from respiratory disease in 
early childhood and may increase the risk of 
developing chronic respiratory disease later in 
life (Barker et al. 1991). In the present study, 
arsenic exposure exacerbated the inflammatory 
response to influenza in the early stages of 
infection. Although cytokine expression was 
not altered by arsenic at the time points we 
measured, mice developmentally exposed to 
arsenic had increased numbers of macrophages 
(day 3 PI) and neutrophils (day 7 PI) in 
the lung in response to influenza infection 
compared with mice exposed to influenza 
alone. Excess neutrophilia in the lungs of 
mice exposed to both arsenic and influenza 
at 7 days PI corresponded with impaired 
tissue mechanics (tissue damping), indicating 
increased resistance or closure of the peripheral 
airways of the lung (Lutchen and Gillis 1997; 
Lutchen et al. 1996). Results of the present 
study indicate that developmental exposure 
to arsenic may exacer bate (in a super additive 
manner) the inflammatory response to 
influenza infection in early life. However, in 
a study of mice exposed to arsenic in adult-
hood, Kozul et al. (2009) found delayed and 
attenuated inflammatory response to influenza 
infection. There are two major differences 
between these studies that may explain the 
alternate responses. First, the mice in the 
present study were infected with influenza 
at 1 week of age; therefore, the peak inflam-
matory period occurred when the mice 
were young (10–14 days) during a period of 
immature immune develop ment, compared 
with the adult infection study in which the 
mice were 12 weeks of age during the acute 
inflam matory response to influenza (Kozul 
et al. 2009). We have previously shown that 
mice infected with influenza at 3 weeks of 
age have higher a viral titer, a higher level of 
inflamma tion, and worse lung function than 
mice infected with influenza in adult hood 
(Larcombe et al. 2011). Second, the mice 
in the present study were exposed to arsenic 
in utero and early postnatal life, which has been 
shown to impair immune function (Ahmed 
et al. 2011; Raqib et al. 2009). 

In the present study, we found that expo-
sure to arsenic and influenza in early life also 

Figure  4. Quantification of airway smooth mus-
cle  (ASM; A) and airway mucus-producing  (B)
cells in large, medium, and small airways of mice 
exposed to control water, arsenic (As; 100 μg/L 
in utero and postnatal), influenza (flu), or As plus flu 
at 7 weeks post infection (PI) (mean ± SD). To nor-
malize for airway size, the square root of the area of 
the ASM layer was divided by the perimeter of the 
basement membrane (Pbm). Mucous-positive cells 
are presented as a percentage of the total number 
of epithelial cells in the airway. Airways were clas-
sified by their basement membrane perimeter (large, 
> 1,500 μm; medium, > 1,000 μm to < 1,500 μm; small, 
< 1,000 μm). The number of animals per treatment 
group at each time point are given in Table 1.
#Significant effect of As (p < 0.05), and *significant effect 
of flu (p < 0.05), by two-way ANOVA with Holm–Sidak 
post hoc analysis. 

0.08

0.06

0.04

0.02

0

60

40

20

0

Large Medium

Airway size

Airway size

M
uc

ou
s 

ce
lls

 (%
 to

ta
l e

pi
th

el
iu

m
)

Small

Large Medium Small

#

*

*

#

Control
As
Flu
As + flu

A
SM

 (√
ar

ea
/P

bm
)



Ramsey et al.

1192 volume 121 | number 10 | October 2013 • Environmental Health Perspectives

resulted in long-term alterations in lung struc-
ture, lung mechanics, and responsiveness to 
MCh. At 7 weeks PI, influenza-only mice had 
increased expression of mucus-producing cells 
in the airways, increased resistance and stiff-
ness of the lung parenchyma (tissue damping 
and elastance), and increased responsive ness to 
MCh compared with controls. Mice exposed 
to arsenic only had increased airway smooth 
muscle mass, increased airway resistance, 
and airway hyper responsiveness. Exposure to 
both arsenic and influenza resulted in addi-
tive increases in airway responsiveness in 
female mice at 8 weeks of age. Airway hyper-
responsiveness to MCh can reflect a reduced 
airway caliber, increased airway wall thick-
ness, increased airway smooth muscle, and/ or 
excess airway mucus production (Bates et al. 
2008; Cockcroft and Davis 2006). These 
changes in airway structure result from 
chronic inflammation and airway remodel-
ing (Woolcock and Permutt 2011). Airway 
hyper responsiveness is a charac teris tic feature 
of chronic obstructive lung disease and often 
correlates with the severity of lung disease in 
humans (Berend et al. 2008; Cazzola et al. 
1991; Ward et al. 2002). Thus, we have iden-
tified alternate mechanisms by which arsenic 
exposure and influenza infection are able to 
independently modify airway structure, lung 
mechanics, and responsiveness to MCh.

Here we have shown that the lung is 
highly sensitive to arsenic exposure in early 
life: Mice exposed to arsenic in utero and in 
post natal life had significant deficits in lung 
mechanics at 2, 4, and 8 weeks of age, and 
increased airway smooth muscle and hyper-
responsive airways at 8 weeks of age. In previ-
ous studies (Ramsey et al. 2013a, 2013b), 
we observed that exposure to arsenic in utero 
resulted in impaired lung growth, altered lung 
mechanics, and lung structure early in life, 
which resolved with age if the exposure to 
arsenic ceased after birth. The present study 
shows that continued exposure to arsenic after 
birth results in long-term alterations to lung 
mechanics. In contrast, mice exposed to the 
same dose of arsenic for the same period of 
time beginning in adult hood had no deficits 
in lung mechanics or airway responsiveness. 
Our data support the study of Lantz et al. 
(2009), who reported that adult mice exposed 
to 100 μg/L arsenic for 3 months were not 
hyper responsive to MCh, whereas mice 
exposed to the same dose of arsenic in utero 
and early life had hyper responsive airways. 

Conclusions
In the present study we observed that in utero 
and postnatal exposure to arsenic can increase 
viral load and exacerbate the inflammatory 
response to influenza A infection in early 
life. In animals develop mentally exposed to 
both arsenic and influenza, we saw addi tive 

deficits in lung mechanics in early life and 
additive effects on airway responsive ness in 
adulthood. This combined exposure resulted 
in remodeling of the air ways through different 
mecha nisms, with arsenic increasing airway 
smooth muscle mass and influenza increasing 
the number of mucus-producing cells in the 
airways. The lungs are particularly susceptible 
to arsenic in early life, as evident by the lack of 
abnormalities seen in mice exposed to arsenic 
in adult hood only. We postulate that infants 
exposed to arsenic in early life will have an 
exacerbated response to respira tory infec tions 
that may result in excess inflamma tion and 
structural damage to the lung. Recurrent and 
exacerbated responses to respiratory infections 
in early life are potential mechanisms for 
the increased risk of developing bronchi-
ectasis in those exposed to arsenic in early 
life (Smith et al. 2006). Further research into 
the exacerba tion of respira tory infections 
after arsenic exposure is needed to determine 
whether arsenic-exposed popula tions are at 
greater risk of morbidity and mortality from 
lower respiratory infections.
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Methods 

Inflammatory cells 

Cellular inflammation was measured via total and differential cell counts in bronchoalveolar 

lavage fluid (BALf) taken from all offspring. BALf was sampled from all mice by gently 

washing 0.3 mL (0.5 mL in adults) of 0.9 % saline (Pfizer Pty Ltd., WA, Australia) in and out of 

the lungs three times and collecting the fluid and cells from the final wash. The samples were 

centrifuged at 400 g for 4 minutes using an Eppendorf AG centrifuge 5415D (Eppendorf, 

Hamburg, Germany) and the supernatant stored at -80 °C. The remaining pellet was resuspended 

in phosphate buffered saline (PBS) and total cell counts were performed on 10 µL of solution 

stained with Trypan Blue (Sigma, Australia) using a haemocytometer. The remaining suspension 

was spun onto slides in a Sigma 3-15 centrifuge (SIGMA©, Osterode am Harz, Germany) and 

stained using Leishman’s stain (BDH Laboratory Supplies, Poole, England). Differential cell 

counts were carried out on 300 cells using light microscopy. 

Viral titer 

Whole lungs were removed from infected offspring 3 and 7 days post-infection for quantification 

of viral titer. Lungs were weighed and homogenized in VP-SFM. Lung viral titer was quantified 

in clarified homogenate by plaque assay. Madin-Darby canine kidney (MDCK) cells were 

seeded into 6-well plates. Once cells were confluent, serial 10-fold dilutions of clarified 

homogenate were inoculated into each well. After 2 days, wells were fixed with 5 % 

formaldehyde in saline and stained with 0.5 % crystal violet in methanol. We quantified 

influenza virus titers in whole-lung homogenate using TCID50 (50 % tissue culture infective 

dose) determination. 
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Cytokines 

Inflammatory cytokines were measured in BALf supernatants using a mouse inflammation 

Cytometric Bead Array (BD Biosciences, San Diego, CA, USA) as per the manufacturer’s 

instructions. Measurement of total protein content of the BALf was carried out using the 

Bradford technique employing the Bio-rad Protein Assay kit according to manufacturer 

instructions (BIO-RAD, NSW, Australia). 

Thoracic gas volume and lung mechanics 

Lung volume and lung mechanics were measured in offspring at 7 days, 21 days and 7 weeks 

post-infection, and in mice exposed to arsenic in adulthood only. To measure lung function in 

vivo, mice were anaesthetized by intra-peritoneal injection of a mixture containing xylazine (1 

mg/mL; Troy Laboratories, New South Wales, Australia) and ketamine (20 mg/mL; Troy 

Laboratories, New South Wales, Australia) at a dose 0.1 mL/10 g body weight. Mice were 

tracheotomised and a 10 mm long tracheal cannula inserted (23G stainless steel for 2 and 4 week 

old mice; 1.26 mm outer diameter polyethylene tube for mice 8 weeks or older) and secured with 

suture. Mice were ventilated (MiniVent, Harvard Apparatus, Germany) at a tidal volume of 10 

mL/kg, respiratory rate of 400 breaths per minute and positive end expiratory pressure of 2 

cmH2O. 

Plethysmography was used to measure thoracic gas volume (TGV) as described previously 

(Janosi et al. 2006). Briefly, the trachea was occluded at end expiration (transrespiratory 

pressure, Prs = 0 cmH2O) and the intercostal muscles were stimulated with intramuscular 

electrodes to induce inspiratory efforts. Six 20 V pulses of 2-3 ms in duration were delivered 

over a 6 s period while recording changes in tracheal pressure and plethysmograph box pressure. 
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TGV was calculated using Boyle’s law after correcting for the impedance and thermal properties 

of the plethysmograph (Janosi et al. 2006). 

Lung mechanics were measured using the forced-oscillation technique as described previously 

(Sly et al. 2003). The forcing function (9 frequencies from 4 – 38 Hz) was generated by a 

loudspeaker and delivered to the animal via a wave tube during pauses in ventilation. The 

respiratory system impedance spectrum (Zrs) was measured and a 4-parameter model with 

constant phase tissue impedance was fitted to the data to partition Zrs into components 

representing the mechanical properties of the airways and parenchyma (Hantos et al. 1992). This 

model allowed the calculation of airway resistance (Raw) and inertance (Iaw) and coefficients of 

tissue damping (G) and elastance (H). The resistance and inertance of the tracheal cannula were 

subtracted from Raw and Iaw respectively. As most of the inertance is contained in the tracheal 

cannula, values of Iaw were insignificant and not reported. 

Responsiveness to Methacholine 

Hyper-responsiveness of the respiratory system to bronchoconstricting agents, such as 

methacholine, can reflect the presence of pulmonary inflammation or altered lung structure such 

as excess mucous production or increased airway smooth muscle (Lundblad et al. 2007, 2008). 

Airway responsiveness to methacholine (MCh) was measured in offspring at 7 weeks post-

infection and mice exposed to arsenic as adults only. Methacholine was prepared using Acetyl -

β - methylcholine chloride (minimum 98%) (Sigma-Aldrich, St Louis, MO, USA) dissolved in 

sterile saline to concentrations of 0.1, 0.3, 1, 3, 10 and 30 mg/mL. Mice received a saline aerosol 

followed by increasing doses of aerosolized MCh from 0.1 to 30 mg/mL for 90 seconds. Lung 
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function was measured every minute for 5 minutes after the conclusion of each aerosol. Dose 

response curves were constructed from the maximal response per dose of MCh. 

Airway remodeling 

Following euthanasia, the lungs of offspring at 7 weeks post-infection were fixed through 

intratracheal instillation of 2.5 % gluteraldehyde at 10 cmH20. The left lung was isolated and 

bisected into superior and inferior portions at the entrance of the left primary bronchus. The 

inferior portion of the left lung was embedded with the bisected face down to obtain transverse 

cross sections of the primary bronchus for airway morphology. Airway sections, 5µm thick, were 

cut at proximal, middle and distal parts of the lung for airway histology. To calculate the area of 

the airway smooth muscle (ASM) airway sections were stained with Masson’s Trichrome (Sigma 

Aldrich, Castle Hill, NSW). The ASM layer was traced at 100x magnification in circular airways 

using stereological software (newCAST, Visiopharm, Hørsholm, Denmark) and a motorized 

microscopic stage. To normalize for airway size, the square root of the area of ASM layer was 

divided by the perimeter of the basement membrane (Pbm). The histological scoring was 

performed by the corresponding author who was blind to the treatment group of each sample 

until final analysis was performed. To calculate the number of mucous producing cells airway 

sections were stained with Alcian Blue (Sigma Aldrich, Castle Hill, NSW) to measure mucous 

producing cells. Mucous cell expression was calculated as the percentage of mucous positive 

cells divided by the total number of epithelial cells in the airway. Airways were classified by 

their basement membrane perimeter (large >1,500 µm, medium > 1,000 µm, small <1,000 µm) 

(Hirota et al. 2006). 
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Supplemental Material, Table S1: Body weight, thoracic gas volume (TGV) and baseline lung mechanics (Raw = airway resistance, G = tissue 

damping, H = tissue elastance) of mice exposed to control water, arsenic (100 µg/L in utero and postnatal), influenza or both arsenic and 

influenza at day 7 and day 21 post-infection (mean ± SD). 

Treatment group Body weight TGV Raw G H 
(g) (ml) (hPa.s-1) (hPa) (hPa) 

Day 7 post-infection control (n = 20) 6.68 ± 0.54 0.13 ± 0.01 0.090 ± 0.02 4.52 ± 0.82 17.8 ± 4.41 
Day 7 post-infection arsenic (n = 20) 7.13 ± 0.58 0.14 ± 0.02 0.089 ± 0.02 5.23 ± 0.97# 20.6 ± 4.56 
Day 7 post-infection influenza (n = 17) 6.28 ± 0.81* 0.15 ± 0.02* 0.094 ± 0.02 5.70 ± 1.34* 23.3 ± 6.39* 
Day 7 post-infection arsenic +  influenza (n = 20) 6.45 ± 0.81* 0.15 ± 0.02* 0.091 ± 0.02 5.99 ± 1.78#* 23.9 ± 7.69* 

Day 21 post-infection control (n = 21) 14.77 ± 2.05 0.20 ± 0.04 0.101 ± 0.02 3.62 ± 0.79 15.1 ± 3.44 
Day 21 post-infection arsenic (n = 20) 14.53 ± 2.36 0.24 ± 0.07# 0.108 ± 0.05 4.13 ± 1.26# 18.0 ± 6.07# 
Day 21 post-infection influenza (n = 16) 13.20 ± 1.79* 0.22 ± 0.06* 0.104 ± 0.04 4.23 ± 1.43* 16.0 ± 4.74 
Day 21 post-infection arsenic  + influenza (n = 16 ) 13.14 ± 1.31* 0.30 ± 0.03#* 0.103 ± 0.04 5.31 ± 1.11#* 19.7 ± 4.99# 

Two way ANOVA with Holm-Sidak post hoc analysis; # indicates a significant effect of arsenic; * indicates a significant effect of influenza; p < 0.05. 
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Supplemental Material, Table S2: Body weight, thoracic gas volume (TGV) and baseline lung mechanics (Raw = airway resistance, G = tissue 

damping, H = tissue elastance) of male and female mice exposed to control water, arsenic (100 µg/L in utero and postnatal), influenza or both 

arsenic and influenza 7 weeks post-infection (mean ± SD). 

Treatment group Body weight TGV Raw G H 
(g) (ml) (hPa.s.L-1) (hPa.L-1) (hPa.L-1) 

Adult males control (n = 9) 24.23 ± 1.31 0.34 ± 0.03 373.1 ± 64.5 10478 ± 1059 41438 ± 7574 
Adult males arsenic (n = 10) 22.08 ± 0.79# 0.33 ± 0.06 441.4 ± 66.5# 11130 ± 948 45364 ± 5286 
Adult males influenza (n = 9) 23.43 ± 1.25* 0.35 ± 0.07 415.8 ± 53.4 12004 ± 1874* 49160 ± 4512* 
Adult males arsenic + influenza (n = 7) 21.39 ± 0.70#* 0.30 ± 0.05 480.5 ± 82.3# 13211 ± 1799* 53085 ± 8458* 

Adult females control (n = 9) 19.00 ± 0.98 0.31 ± 0.06 383.3 ± 56.6 11097 ± 1088 47576 ± 5032 
Adult females arsenic (n = 10) 17.91 ± 1.29# 0.29 ± 0.05 461.9 ± 87.0# 11400 ± 602 49478 ± 5590 
Adult females influenza (n = 10) 17.92 ± 0.84* 0.33 ± 0.06 435.5 ± 106.5 11679 ± 1173 47343 ± 7118 
Adult females arsenic + influenza (n = 10) 17.23 ± 1.78#* 0.32 ± 0.04 500.5 ± 74.1# 12274 ± 1961 47992 ± 8886 
Two way ANOVA with Holm-Sidak post hoc analysis; # indicates a significant effect of arsenic; * indicates a significant effect of influenza; p < 0.05. 
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Supplemental Material, Figure S1: Response to methacholine of female mice exposed to 

control water or arsenic in adulthood only (100 µg/L from 8 weeks of age to 18 weeks) (mean 

± SD). Two way ANOVA with Holm-Sidak post hoc analysis; bars with # indicates a 

significant effect of arsenic; brackets with * indicates a significant effect of influenza; p < 

0.05. 
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