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INTRODUCTION

The World Health Organization (WHO) has acknowledged that the prevention of 
environmentally related disease constitutes a tangible and effective way to significantly decrease 
disability-adjusted-life-years (DALYs) around the globe [1]. DALYs are measurements 
that estimate the global burden of disease by assessing years of life lost as a result of both 
premature mortality and years lived in decreased states of health. The WHO concluded that 
environmental factors contribute to 24% of the global DALYs lost [1]. There are many sources 
of environmental exposures that contribute to adverse health effects, including industry-related 
sources, burning/incineration, cigarette smoke, commercial products, natural occurrence, 
geological sources, and automobile exhaust [2]. Likewise, environmental exposures have been 
extensively linked to numerous diseases and adverse human health outcomes [2]. This chapter 
aims to provide information on priority chemicals in the environment, including exposure 
sources, health effects, susceptible populations to exposure and exposure-induced effects, and 
mechanisms of action. An understanding of these factors is critical in order to develop effective 
strategies to reduce the global burden of disease attributable to environmental exposures.

Selection of Contaminants
This chapter focuses on contaminants with high relevance to human health and disease 
and those highly ranked by regulating agencies. The top 10 substances from the Agency 
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for Toxic Substances and Disease Registry (ATSDR) 2013 Substance Priority List were 
selected for discussion in this chapter, as the ATSDR compiles their priority listing based 
on the frequency of occurrence at National Priority List sites in multiple environmental 
media, toxicity, and potential for human exposure [3]. The top 10 substances ranked by 
ATSDR, in descending order, were arsenic, lead, mercury, vinyl chloride, polychlori-
nated biphenyls, benzene, cadmium, benzo[a]pyrene, polycyclic aromatic hydrocarbons, 
and benzo[b]fluoranthene [4].

It was also important to include high-priority environmental contaminants of emerg-
ing concern in this chapter. The Organization for Economic Co-operation and Devel-
opment has predicted that air pollution will be the top environmental cause of mortality 
in the world by 2050, surpassing deaths due to contaminated water and other chemical 
exposures [5]. Therefore, the five organic, hazardous air pollutants associated with the 
highest risk for cancer in the United States identified by Loh et al., were included for 
analysis—namely, 1,3-butadiene, benzene, formaldehyde, dioxin, and chloroform [6]. In 
order to provide a comprehensive analysis of contaminants of emerging concern, three 
other environmental contaminants were selected for inclusion—flame retardants, per-
fluorinated chemicals, and siloxanes. These contaminants are highlighted in Ela et al. [7] 
as future priority contaminants at superfund and hazardous waste sites.

TOP 10 COMPOUNDS FROM THE ATSDR 2013 PRIORITY LIST OF 
HAZARDOUS SUBSTANCES
Arsenic: Background
Arsenic is a naturally occurring, environmental metalloid that is present in many areas 
throughout the world [8–10]. Arsenic can exist in many different forms, but is most 
commonly found as a white or colorless solid that is both odorless and tasteless. There 
are both organic and inorganic arsenic compounds. Inorganic arsenic (iAs) is the more 
predominant form of naturally occurring arsenic and is the major form of arsenic in 
drinking water. iAs compounds are potent human carcinogens and thus more toxic than 
organic arsenic compounds [8–10].

iAs compounds exist in trivalent and pentavalent forms [8–10]. Pentavalent forms of 
iAs metabolites are generally considered to be less toxic than trivalent iAs metabolites 
[11,12]. The proposed explanation for this observation is twofold. First, pentavalent iAs 
metabolites are negatively charged at the biological pH, and trivalent iAs metabolites are 
neutral at the biological pH. Therefore, pentavalent forms are less readily transported 
across the amphipathic cell membrane than trivalent forms. Second, trivalent arsenicals 
are generally more reactive with sulfhydryl groups than pentavalent arsenicals [11,12]. 
Thus, trivalent arsenicals can better bind to sulfur-containing proteins, which, in turn, 
can result in disturbance of biological pathways and homeostasis and cause toxicity [13]. 
However, the pentavalent arsenical (DMMTAV) has been found to be comparable in 
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toxicity to trivalent monomethylated arsenic, incongruous with the general trend of 
arsenic metabolite toxicity [11]. When it was discovered that DDMTAV is also very reac-
tive with thiol compounds [14], increased binding with sulfur-containing proteins 
became the leading hypothesis for the potent toxicity of DDMTAV [11].

Biomethylation of iAs during metabolism also greatly impacts the toxicity of iAs and 
thus the risk of iAs-induced health effects in humans [15]. The metabolism of iAs into 
trivalent and pentavalent monomethylated and dimethylated arsenicals (MMAs and 
DMAs, respectively) differs among individuals, affecting the relative amounts of excreted 
iAs, MMAs, and DMAs, as measured in individuals’ urine [15]. In the 2011 and 2013 
ATSDR rankings, iAs was ranked as the highest priority substance hazardous to human 
health [4].

Exposure Sources of Arsenic
While arsenic levels exceeding the WHO standards have been recorded all over the 
world, affecting over 100 million people [16], arsenic found in drinking water in Ban-
gladesh may account for the largest arsenic poisoning in history [17]. Tube-wells were 
first installed in Bangladesh in efforts to eradicate another public health problem—
namely microorganism contamination of surface water used for drinking and bathing. 
This stagnant surface water accounted for extremely high mortality rates from diarrheal 
disease, especially among Bangladeshi children and infants. As a result, in the 1970s the 
United Nations Children’s Fund (UNICEF) provided funding to install tube-wells 
across Bangladesh. The private sector continued to install large numbers of tube-wells 
throughout the 1980s, resulting in the presence of millions of tube-wells across the 
country. In 1993, there was an initial report of arsenic in the drinking water originating 
from tube-wells in one district of Bangladesh. By 1997, however, UNICEF reported that 
over 80% of the Bangladeshi population had access to “safe” drinking water from tube-
wells. Almost simultaneous with the release of this statement, results from studies under-
taken in response to the discovery of arsenic in the drinking water emerged in 1996, 
confirming that an estimated 21 million Bangladeshi people were exposed to arsenic 
levels over 50 parts per billion (ppb) in their drinking water [17]. Over 40,000 cases of 
skin lesions from arsenic poisoning have been documented in Bangladesh [18]. While 
UNICEF has implemented tube-well screening programs, arsenic poisoning through 
drinking water continues to plague the Bangladeshi people [18].

Humans are primarily exposed to arsenic through food and drinking water consump-
tion [9,10]. Specifically, it is estimated that the total daily average intake of arsenic is 40 μg, 
and rice, seafood, and poultry are foods that have been demonstrated to contain the largest 
amounts of arsenic [8]. Other sources of arsenic exposure include inhalation of arsenic 
compounds produced from glass and pesticide manufacturing facilities, cigarette smoking, 
and burning of fossil fuels [19]. Arsenic production was banned in the United States in 
1985 [19]. In the past, iAs compounds were heavily used as pesticides from the mid-1800s 
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to the mid-1900s, and some arsenic compounds continue to be used in agriculture today 
as pesticides and as an ingredient in one chicken food additive [19–21].

As exemplified by the mass arsenic poisoning through drinking groundwater in  
Bangladesh, arsenic seeps into water supplies through natural processes [9,19]. The WHO 
recognizes that arsenic is present in the geologic composition of the Earth’s crust, and 
thus is likely to be found in groundwater in places where arsenic occurs naturally in the 
terrain. However, the WHO has set the guideline limit for the arsenic concentration in 
drinking water at 10 ppb [22]. Yet, in many places this limit continues to be egregiously 
exceeded. For example, in Nepal, Vietnam, and Mexico, arsenic levels in drinking water 
as high as 1072, 3050, and 236 ppb, respectively, have been recorded [23–25]. In addition, 
arsenic exposure via drinking water is not only a problem in developing countries, but 
is also, in fact, a priority public health concern in the United States. Specifically, arsenic 
levels as high as 800 ppb have been observed in North Carolina drinking water [18], and 
levels reaching 180 ppb have been detected in New Hampshire drinking water [26,27].

While exposure to high concentrations of arsenic is not beneficial to the health of any 
population, certain demographic groups are at increased risk for iAs toxicity. These include 
pregnant women and their developing fetuses, children, and workers who are exposed to iAs 
occupationally [8,19]. iAs exposure in pregnant women can be especially harmful, as iAs can 
cross the placental barrier and is a possible human teratogen [28]. Furthermore, prenatal iAs 
exposure has been associated with impairment of fetal growth and increased rates of infant 
mortality, spontaneous abortion, stillbirth, and preterm birth rates [28]. In China, geographi-
cal correlation studies in areas known to contain high amounts of arsenic in soil have dem-
onstrated a relationship between increased rates of birth defects and residency in an 
arsenic-contaminated area [29,30], and animal studies have demonstrated that arsenic induces 
birth defects in ovo [31,32]. In addition, epigenomic and genomic changes have been observed 
in infants exposed in utero to arsenic [25,33,34]. Children are at greater risk of iAs exposure 
due to their higher hand-to-mouth activity [8]. In addition, environmental toxicants, such as 
arsenic, can be more harmful to children because of their high rates of growth and develop-
mental immaturity [35]. Postnatal arsenic exposure has been shown to be correlated with 
decreased weight and height in girls in the first two years of life [36]. Workers in the smelting, 
wood preservation, and electronic and agrochemical production industries have a higher 
chance of occupational exposure through both dermal contact and inhalation [8,10].

Health Effects of Inorganic Arsenic Exposure and Potential Biological Mechanisms
Acute exposure to high levels of iAs (above 60,000 ppb in drinking water) can result in 
death, while short-term exposure at lower concentrations (300–30,000 ppb in drinking 
water) can result in nausea, vomiting, diarrhea, cardiac arrhythmias, fatigue, and vascular 
bruising [8]. Acute inhalation of As results in throat and lung irritation [8].

Chronic iAs exposure is known to cause many harmful health effects to humans. The 
International Agency for Research on Cancer (IARC) classifies arsenic and iAs 
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compounds as Group 1 human carcinogens, and the United States Environmental Pro-
tection Agency (USEPA) and the National Toxicology Program (NTP) rank arsenic and 
its inorganic compounds as known human carcinogens [19,37]. The skin, lung, and uri-
nary bladder are the primary target sites of iAs-induced carcinogenesis, though iAs 
exposure has also been associated with cancers of the liver, kidney, digestive tract, and 
lymphatic and hematopoietic systems [10,12]. Numerous epidemiological studies have 
confirmed iAs carcinogenicity, and evidence of an exposure–response relationship has been 
found between iAs and different cancers, as reviewed by Cohen et al. [12]. Noncancerous 
health outcomes associated with iAs include diabetes, immunotoxicity, neurotoxicity, 
teratogenicity, and cardiovascular disease [28,38–40].

The mechanism of action of arsenic toxicity is multi-factorial, as arsenic is known to 
induce oxidative stress, inhibit DNA repair, promote chromosomal deletions and rear-
rangements, and alter gene expression, enzymatic function, the epigenome, cell cycle pro-
gression, and telomere length [15]. Mechanisms of action of arsenic-induced toxicity and 
carcinogenesis have been studied at the epigenomic, genomic, transcriptomic, proteomic, 
and metabolomic level [41]. Specifically, studies have highlighted arsenic’s epigenetic 
effects, including arsenic-associated altered DNA methylation [42–46], miRNA changes 
[25], and histone modifications [47,48]. These studies have been important to increase the 
understanding of mechanism of action as arsenic has not been found to directly damage 
DNA [49], yet altered transcript and protein profiles have been associated with arsenic 
exposure [33,50–53]. As reviewed by Bhattacharjee et al., arsenic metabolism generates 
reactive oxygen species that, in turn, induce genomic instability via DNA damage and 
disruption of various biological processes, including DNA repair and apoptosis [54]. In 
addition, the metabolism of arsenic has been demonstrated to play a role in its mechanism 
of toxicity [15]. Specifically, low methylation capacity of iAs into DMA metabolites and 
resulting high proportions of MMA metabolites in the urine has been associated with 
detrimental health outcomes, such as lung cancer, breast cancer, and diabetes [55–57].

Lead: Background
Lead (Pb) is a heavy metal that originally enters the environment through the mining of 
ore [58]. It exists in many forms, both soluble and insoluble, as well as organic and inor-
ganic, that have broad ranges of colors, melting points, and other physical properties 
[58,59]. The ATSDR ranked lead as the second highest priority substance hazardous to 
human health in both 2011 and 2013, and environmental lead exposure remains a risk 
to human health in both developed and developing nations [4].

Exposure Sources of Lead
Lead compounds have been found dating back to 6400 BCE [60]. Civilizations ranging 
from the Romans to ancient Indians mined, refined, and used lead [61,62]. Lead com-
pounds continue to be produced in vast quantities (millions of pounds) annually in the 
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United States [19,59]. Humans are most often exposed to lead through inhalation and 
ingestion, though inhaling lead results in a larger percentage of lead entering into the 
blood stream [19]. While lead compounds do occur naturally, most of the lead-related 
environmental exposures come from anthropogenic sources [58,59].

In the past, lead was used in gasoline in order to improve octane ratings and to 
increase engine performance [63]. The United States required the removal of lead from 
gasoline in 1986, as a consequence of the introduction of the catalytic converter and of 
public health concerns about exposure to lead [63]. Prior to the removal of lead in gaso-
line, automobile emissions were the primary route of exposure for humans to lead, 
constituting 90% of the total man-made lead combustion products [19]. In fact, the aver-
age blood lead levels of Americans plummeted 78% from 1978 to 1991, following the 
trend of declining lead levels in gasoline [58].

Still, lead continues to be released into the environment through many industrial 
operations, including lead smelting itself [19,59]. These exposures to lead occur through 
food, drinking water, cigarette smoke, and occupational exposures in many industries, 
including construction, mining, and battery operations [19,59]. The National Institute 
for Occupational Safety and Health (NIOSH) estimates that over 3 million Americans 
are exposed to lead in their working environment and sets the occupational exposure 
limit at less than 0.1 mg/m3 [59,64]. Particularly, individuals working in the battery and 
lead smelting industries have a significant risk of increased occupational lead exposure 
[19,58,59]. Workers in similar industries in developing countries are often exposed to 
even greater amounts of lead, as a result of less stringent safety procedures and a lack of 
education regarding the hazardous risks associated with certain occupations [65]. Envi-
ronmental lead exposure poses a significant threat to human health, contributing 
$43.4 billion to health care costs in the United States alone [66], and often cooccurs with 
other toxic metal exposures [29,67].

Lead poisoning also poses a great threat to children, pregnant women, and the 
developing fetus [19,59]. Children, particularly, are at risk for lead exposure due to an 
increased propensity to ingest dust or soil containing lead [68]. Furthermore, children 
show a higher relative gastrointestinal absorption of lead [69]. Exposure to lead, a 
known neurotoxicant that can cross the blood–brain barrier, is of particular concern 
in young children, as the developing nervous system is especially susceptible to adverse 
toxic effects [35,58,59]. Wigle et al. compiled evidence from numerous epidemiologic 
studies investigating the relationships between environmental exposures and repro-
ductive and child health outcomes, concluding that there was sufficient evidence for 
childhood lead exposure and cognitive deficits and renal tubular failure in children 
[70]. They also found that there was evidence for relationships between parental lead 
exposure and spontaneous abortion at less than 20 weeks gestation, maternal lead 
exposure and preterm birth, fetal growth deficit, problem behaviors, sensory function, 
and prenatal or childhood lead exposure and developmental delays, height, dental 
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cavities, and delayed onset of menarche [70]. The mobilization of lead stored in bones 
is known to increase during pregnancy, and lead from the mother’s bloodstream can 
cross the placental barrier [59].

Health Effects of Lead Exposure and Potential Biological Mechanisms
Lead poisoning is associated with adverse immediate and long-term health effects 
[19,58,59]. Acute exposure to high concentrations of lead has been demonstrated to 
cause several detrimental health effects including constipation, abdominal pain, nausea, 
vomiting, encephalopathy, and in some severe cases, coma, and even death [19,58,59]. As 
reviewed in the ATSDR toxicological profile of lead, numerous studies have reported 
various ranges in which these symptoms of acute lead poisoning occur [58]. It is gener-
ally concluded that blood lead levels above 60 ppb can induce gastrointestinal symptoms, 
while encephalopathy is most commonly observed when blood lead levels reach approx-
imately 200 ppb. Coma and death usually only occur when blood lead levels exceed 
300 ppb [58]. For reference, the Center for Disease Control and Prevention (CDC) 
blood lead level of concern is 5 ppb in children up to 5 years of age and 10 ppb in adults, 
and the blood lead level of medical intervention is 45 ppb [71].

While lead is a potent, acute toxicant, the long-term health effects of lead exposure 
are also a public health concern. One of the most alarming and well-studied effects of 
chronic lead exposure is neurotoxicity [72]. Lead is particularly detrimental to children’s 
neurodevelopment [73]. Children exposed to lead prenatally and during early childhood 
have been found to have lower measures of cognitive function [74,75], including 
decreased intelligence quotient (IQ) [76,77]. Specifically, Grosse et al. [78] reported that 
a 1.9–3.2 decrease in IQ was associated with a 10 μg/dL average increase in children’s 
blood lead concentration.

Lead and lead compounds are also currently classified by the NTP in the 12th Annual 
Report on Human Carcinogens to be “reasonably anticipated to be human carcinogens” 
[19]. Similarly, the IARC ranks inorganic lead compounds as Group 2A human carcinogens 
[59], while the USEPA reports that lead and lead compounds are “reasonably anticipated to 
be human carcinogens” [79]. Lead exposure has been consistently, but weakly, associated with 
an increased risk of lung, stomach, and urinary bladder cancers in human populations 
[19,58,59]. A dose–response relationship has not been established, and confounding factors, 
especially the frequent coexposure to other heavy metals in conjunction with lead exposure, 
have not been accounted for. Lending support to the limited epidemiological studies of lead 
exposure, many animal studies have reported lead-induced tumorigenesis at different tissue 
sites including the kidney, brain, lung, and hematopoietic system [19,58,59].

Several mechanisms of action of lead toxicity have been proposed [72]. Evidence 
suggests that lead does not damage DNA directly, but rather acts through mechanisms of 
oxidative stress and inhibited DNA synthesis and repair, which, in turn, can lead to lead-
associated disease [80]. There is also evidence that the neurotoxic effects of lead are 
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mediated by increases in proinflammatory cytokine signaling and neuroglial cell activa-
tion [81–83]. Although the adverse health effects have been known and studied for 
decades, environmental exposure to lead continues to threaten the health of people 
around the globe; public health interventions regarding lead exposure ought to continue 
to be prioritized.

Mercury: Background
Mercury is a naturally occurring metal that exists in elemental, organic, and inorganic 
forms [84]. Mercury is the only metal which is a liquid at room temperature. Metallic 
mercury is shimmery silver–white in color and odorless [85]. Mercury compounds most 
commonly exist as white crystals or powders [85]. The ATSDR ranked mercury as the 
third highest priority substance hazardous to human health in both 2011 and 2013, and 
environmental exposure to mercury continues to threaten human health around the 
globe [4,85].

Exposure Sources of Mercury
“Mad as a hatter” is a familiar term, but its obscure origin relates to mercury use and 
toxicity. Beginning in the seventeenth century, mercury began to be used in the making 
of hats in France and Britain [86]. Consequently, hat makers began to exhibit bizarre 
behavior ranging from extreme anxiety and shyness to volatile outbursts of temper [86]. 
While mercury is no longer used in the hat industry, people are ubiquitously exposed to 
extremely low levels (10–20 ppb) of mercury through inhalation, dermal contact, and 
ingestion [85]. Inhalation of contaminated air or handling of contaminated soil at haz-
ardous waste sites can result in exposure to mercury [85].

Individuals with diets high in seafood, particularly larger aquatic animals from waters 
containing large amounts of methylmercury are also at risk for exposure, as metabolic 
processes concentrate methylmercury in the tissues of animals at the top of the food 
chain [84]. A meta-analysis by Visnnjevec et al. [87] found that fish consumption was the 
primary source of mercury exposure in European populations across 50 studies.

Mercury is also present in common household items and various medicinal and 
chemical products [84]. Perhaps the most familiar source of potential mercury exposure 
is a broken or cracked thermometer, which will release metallic mercury fumes into the 
surrounding air at dangerous concentrations. Other common household items that pose 
a threat of mercury exposure include thermostats, fluorescent light bulbs, and electrical 
switches. Another common possible source of mercury exposure is dental amalgam fill-
ings, which are approximately 50% metallic mercury [84]. While the amount of mercury 
released daily from an amalgam varies by the individual, dental amalgams have been 
significantly associated with higher mercury body burdens in children [88]. In addition, 
some fungicides, topical antiseptics or disinfectants, and beauty products contain mer-
cury at levels dangerous to human health [84].
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Exposure to mercury presents a greater risk of harmful health effects in children and 
pregnant or breastfeeding women [84]. Wigle et  al. found that prenatal exposure to 
methylmercury was significantly associated with delayed development, and cognitive, 
motor, auditory, and visual deficits in a review of epidemiologic literature and that child-
hood exposure was associated with visual deficits [70]. Mercury stored in a mother’s 
body can be transferred to a fetus transplacentally or to an infant through breast milk 
[84,85]. Mercury-induced neurotoxicity poses a threat to children and fetuses due to the 
critical development of the nervous system that occurs during these stages [35,89]. As 
the nervous system is not fully developed in children, infants, and fetuses, mercury is 
better able to cross the blood–brain barrier and adversely affect development of the 
central nervous system [89–91].

There have been two documented mass exposures to methylmercury in history, and 
severe health outcomes including seizures, intellectual disabilities, decreased brain mass, 
and death were reported in children exposed prenatally [89]. In the 1950s, large quanti-
ties of dead fish began to appear in the Minamata Bay in southern Japan [92]. Next, cats 
began to exhibit strange behavior and also die in droves. Humans began to demonstrate 
symptoms of a damaged central nervous system, often resulting in death. In 1959, the 
Minamata Disease Research Group of Kumamoto University identified the cause of 
Minamata disease as methylmercury poisoning. Since the etiology of the disease was 
discovered, 2200 people were officially diagnosed with Minamata disease, but it is sus-
pected that more people suffered undiagnosed [92]. Unfortunately, approximately 
10 years later another, larger incident of exposure to methylmercury occurred in Iraq 
[93]. In 1972, 6530 cases of methylmercury poisoning, including 459 fatalities, were 
reported throughout the country. The poisoning was traced back to bread made with 
seeds treated with a fungicide-containing methylmercury. Patients were recorded having 
methylmercury blood concentrations greater than 4000 ppb [93]. Severe detrimental 
health effects including mental, motor, audio and visual impairment were observed in 
children and in infants exposed prenatally in both the Japanese and Iraqi methylmer-
cury-exposed populations [92,94,95].

In addition, workers in the dental, electrical, battery, and laboratory industries are at 
risk of mercury exposure [85]. Mercury and mercury compounds have not been estab-
lished as human carcinogens [96]; however, other severe, detrimental, systemic health 
effects resulting from mercury exposure necessitate the continued attention of public 
health research and interventions.

Health Effects of Mercury Exposure and Potential Biological Mechanisms
Metallic/elemental mercury and organic and inorganic mercury compounds have dif-
fering effects on human health, as they are metabolized by the human body through 
different biological processes [85]. Elemental and organic mercury tend to be character-
ized as neurotoxic compounds, whereas inorganic mercury compounds are identified as 
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nephrotoxic, though these categorizations are not exclusive [97]. Methylmercury, a form 
of organic mercury, has been the most relevant form of mercury in mass environmental 
exposures [97]. It also is the most toxic form of organic mercury [97]. Acute effects of 
metallic mercury exposure through inhalation include difficulty breathing, lung and eye 
irritation, coughing, nausea, vomiting, diarrhea, increased blood pressure, and tachycardia 
[84]. Ingestion of high levels of metallic or organic mercury has caused permanent dam-
age to the central nervous system, while ingestion of large amounts of inorganic mer-
cury causes kidney and gastrointestinal damage [97]. Acute exposure to extremely high 
levels of mercury (>1 g) has been reported to result in renal failure and necrosis, and, in 
some cases, death [85].

Long-term exposure to mercury has primarily been associated with neurotoxic 
effects, including diminished cognitive function, increased risk for autism and attention 
hyper deficit disorder [97,98]. Mercury exposure has also been associated with immuno-
toxicity, and is speculated be involved in the pathology of the childhood immune disease, 
Kawasaki disease [99]. In addition, mercury has been reported to act as an endocrine 
system disruptor [100]. While there is some evidence that inorganic mercury can be 
mutagenic and genotoxic [101,102], the NTP does not classify any form of mercury to 
be a “likely” or “reasonably anticipated human carcinogen” [19]. However, the USEPA 
and the IARC classify methylmercury compounds as “possible human carcinogens” 
[96,103]. Both mercuric chloride, a form of inorganic mercury, and methylmercury have 
been demonstrated to induce renal tumorigenesis in rodents [104,105], though noncan-
cer endpoints of mercury toxicity are considered to be a higher global public health 
priority by the WHO [84].

Mechanistic studies of mercury-induced toxicity have implicated various mecha-
nisms. Three primary mechanisms of methylmercury neurotoxicity have been 
described - namely by increasing cellular levels of calcium ions (Ca2+), inducing oxi-
dative stress, and forming complexes with sulfhydryl groups [106,107]. Mercury’s ability 
to bind thiol-containing compounds is known to affect biological homeostasis via 
sequestration of the thiol-containing compound glutathione (GSH) [97,107]. As GSH 
is an endogenous antioxidant and important compound in xenobiotic detoxification 
pathways, the resulting decreased levels of GSH can lead to a greater level of oxidative 
stress [97,107]. Additionally, mercury is suspected to increase extracellular glutamate 
levels [107]. Glutamate is a nonessential amino acid that also functions as an excitatory 
neurotransmitter of the central nervous system. However, an overabundance of gluta-
mate leads to neurotoxicity via a signaling cascade for Ca2+ ions to enter neurons, 
activating pathways related to cytotoxicity and generating mitochondrial oxidative 
stress [107]. Comprehensive toxicogenomic approaches have been suggested for stud-
ies of the neurotoxicity, immunotoxicity, and potential carcinogenicity of mercury and 
other heavy metals and are of high priority in order to understand how exposure can 
lead to adverse health outcomes [108].
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Vinyl Chloride: Background
Vinyl chloride, or chloroethene, is a hazardous air and water pollutant [109]. Vinyl chloride 
does not exist naturally in the environment, but enters the environment either as a by-
product from the plastics industry or through bacterial degradation of chlorinated solvents 
[110]. It was first produced in the United States in the 1920s, though its potential human 
toxicity was not recognized until the 1970s [9,19]. Despite its classification as a known 
carcinogen, vinyl chloride continues to be produced in mass quantities today (>10 billion 
pounds/year) [19]. It is a colorless organic compound that exists as a gas at room tempera-
ture, but is usually stored as a liquid under high pressure [110]. The USEPA has set the 
maximum contaminant limit of vinyl chloride in drinking water at 2 ppb [111], while the 
Occupational Safety and Health Administration (OSHA) mandates that vinyl chloride 
levels must not exceed a 1 ppm average over an 8-hour period or a 5 ppm average over any 
period greater than 15 minutes in occupational settings [110]. The ATSDR ranked vinyl 
chloride as the fourth highest priority hazardous substance in both 2011 and 2013 [4].

Exposure Sources of Vinyl Chloride
Almost all vinyl chloride is produced to make polyvinyl chloride products including pipes, 
wires, and packaging materials [109]. While most vinyl chloride evaporates into the atmo-
sphere upon emission into the environment, groundwater surrounding industrial opera-
tions, landfills, and other hazardous waste sites has been reported to contain vinyl chloride 
[109]. Therefore, humans can be exposed to vinyl chloride through inhalation of contami-
nated air or ingestion of drinking water containing vinyl chloride. Small amounts of vinyl 
chloride have also been found in both primary and secondhand tobacco smoke [109].

Workers in the plastics industry may have an increased risk of exposure to high levels 
of vinyl chloride and accompanying health effects [109]. Additionally, although indus-
trial emissions of vinyl chloride into the environment have decreased, individuals in the 
areas surrounding plastic industrial operations are likely exposed to higher daily average 
levels of vinyl chloride than the rest of the population [110]. Much of the concern about 
environmental exposures to vinyl chloride results not only from its demonstrated carci-
nogenicity at higher levels of exposure, but also from the unknown health effects of 
chronic, low-dose exposure that is ubiquitous throughout the world [110]. As vinyl 
chloride continues to be heavily used in the plastic industry, steps should be taken to 
mitigate the severe health effects that could result from these occupational exposures.

Health Effects of Vinyl Chloride Exposure and Potential Biological Mechanisms
Acute inhalation exposure of very high levels of vinyl chloride (10,000 ppm) can cause 
dizziness, possible fainting, and even death, in extreme cases [110]. Skin will blister and 
become numb upon acute dermatological exposure to vinyl chloride. The acute health 
effects of ingesting vinyl chloride are currently unknown [110].

Vinyl chloride is classified as a “known human carcinogen” by the NTP and the 
USEPA, and as a Group 1 human carcinogen by the IARC, with known target sites 
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including the liver, lung, and connective tissues [19,109,112]. The health effects of vinyl 
chloride exposure through inhalation have been more extensively studied than those of 
exposure through ingestion [109]. Early toxicity studies revealed that ingestion of vinyl 
chloride was associated with adverse health effects in rats, including increased mortality, 
liver angiosarcoma, and necrosis [113–115]. Vinyl chloride is metabolized by the liver 
whether it is inhaled or ingested [116], and, unsurprisingly, the liver is the principal site 
of vinyl chloride-induced toxicity [117]. Vinyl chloride exposure is known to increase 
the risk of angiosarcoma of the liver in humans [118], and there has been some evidence 
that exposure is also associated with increased cirrhosis and hepatocellular carcinoma, 
though these reports remain controversial [118–121].

Vinyl chloride is quickly metabolized via oxidation reactions within the body 
into reactive electrophilic species [122]. Specifically, the chief Phase I oxidation 
enzyme is CYP2E1 and the main Phase I metabolite is chloroethylene oxide. These 
reactive metabolites form DNA adducts with cytosine, adenine, and guanine nucleo-
tide bases. An estimated 98% of the total DNA adducts formed by vinyl chloride 
metabolites are 7-(2-oxoethyl)-guanine, which itself is not a mutagenic adduct. It is 
the promutagenic etheno(ε)-adducts, which constitute the remaining 2% of the 
DNA adducts formed by vinyl chloride metabolites, that are responsible for vinyl 
chloride-induced carcinogenicity. These ε-adducts have been found to induce base 
pair substitutions, deletions, and rearrangements in vitro. It is suspected that these 
coding changes in specific regions of DNA are potential mediators of vinyl chloride 
carcinogenicity [122]. Supporting this hypothesis, polymorphisms in metabolism 
and DNA repair genes have been identified in multiple populations occupationally 
exposed to vinyl chloride [123–125]. Though the mechanism of action of vinyl 
chloride is well understood [109], assessment and mitigation of exposure to this 
potent human carcinogen continues to be of high priority in the field of public 
health [3,4].

Polychlorinated Biphenyls: Background
Polychlorinated biphenyls (PCBs) are organic mixtures of chlorinated compounds that 
are dangerous air, water, and soil contaminants [126]. There are no natural sources of 
PCBs, but they have been produced and heavily used in the electric industry in the 
United States since the 1930s [127]. While PCB production was banned in the United 
States in 1977, PCBs are extremely stable and thus persist in the environment for a long 
time [126]. The ATSDR ranked PCBs as the fifth highest priority hazardous substance 
in both 2011 and 2013 [4].

Exposure Sources of Polychlorinated Biphenyls
Large amounts of PCBs entered the environment during their time of use through spills, 
leaks, and fires of products containing PCBs [126]. Two particularly deplorable PCB 
exposure events occurred in the United States in the Hudson River and in the Great 
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Lakes regions [128,129]. The USEPA reports that from 1947 to 1977, two General Elec-
tric capacitor manufacturing factories discharged approximately 1.3 million pounds of 
PCBs into the Hudson River in New York and New Jersey, polluting an estimated 200 
miles of the river [129]. In a similar manner, mills, chemical and paper factories, and city 
sewage all contributed to high levels of PCBs in multiple areas of the Great Lakes [128]. 
Ingestion of seafood from both of these bodies of water remains a potential source for 
PCB exposure today [129,130].

PCBs continue to be released into the environment from incinerators and power 
plants [126,131]. Once in the environment, PCBs can exist in all three states of matter 
and have been found in well water [126]. Additionally, fish and other small organisms 
that live in PCB contaminated water take up PCBs, which are then concentrated up the 
food chain [19,126]. Consuming such seafood poses a potential risk of high PCB expo-
sure to humans [19,126].

Children may suffer more health impacts from PCB exposure due to their smaller 
body mass [126]. In addition, PCBs can pass the blood–brain barrier, and their potential 
neurotoxicity in children is of great concern [126]. Similarly, PCBs can cross the placen-
tal and lactational barriers, and reviews of prenatal exposures to PCBs have been associ-
ated with impeded psychomotor development, adverse effects on immune and respiratory 
system development, and low birth weight [126,132–135]. Although PCBs are no longer 
produced in the United States, occupational exposure to PCBs through the repair, main-
tenance, and disposal of PCB-containing transformers and capacitors persists as a public 
health concern. Furthermore, they continue to endure in the environment and pose a 
threat to human health through oral, dermal, and inhalation exposures [126].

Health Effects of Polychlorinated Biphenyl Exposure and Potential Biological 
Mechanisms
Acute health effects of exposure to high concentrations of PCBs include chloracne and 
other skin lesions, nose, lung, and gastrointestinal tract irritation, and fatigue [126]. How-
ever, such health effects have only been documented as results of concentrated occupa-
tional exposures. Of greater concern are the human health effects of the low-level, 
long-term exposure of the general population to PCBs [126]. Chronic PCB exposure 
has been associated with adverse noncancerous health outcomes, such as immune and 
endocrine dysregulation [136–139].

In addition, PCBs were reclassified by the IARC from Group 2A human carcinogens to 
Group 1 human carcinogens in 2013 [140], but remain listed only as “probable human car-
cinogens” by the NTP and the USEPA [19,141]. Various cancers have been associated with 
PCB exposure, including those of the kidney, liver, pancreas, brain, and skin [136,142–144].

At a mechanistic level, there is evidence that PCBs induce genomic damage via 
numerous processes, including direct and indirect genotoxic effects [140,145]. Specifi-
cally, PCBs are known to be oxidized by cytochrome P450 enzymes to electrophilic 
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reactive metabolites, which can then form adducts with DNA, induce telomere shorten-
ing, or increase oxidative stress within the cell. These DNA adducts can then result in 
gene mutations and chromosomal breaks and losses [145]. These types of exposure-
induced effects may lead to downstream health consequences, including carcinogenesis 
[140]. Studying the mechanisms by which PCBs enact their numerous harmful health 
effects is of critical importance, as these persistent organic pollutants will likely remain a 
widespread environmental contaminant for years to come [126].

Benzene: Background
Benzene is one of the most common organic compounds and an air pollutant of con-
cern [19,146,147]. It is extremely stable due to its aromatic structure, is only slightly 
soluble in water, and is highly flammable. At room temperature, benzene is a clear, color-
less liquid with a slightly sweet odor. There are both biogenic and industrial sources of 
benzene, although the quantity of benzene produced from industry far exceeds that of 
benzene produced naturally. Benzene has been made in the United States since 1849 and 
is primarily used in gasoline and the chemical and pharmaceutical industries [19,146,147]. 
Benzene has a relatively short half-life in air, persisting only a few days before being 
broken down [146,147]. Benzene was ranked by the ATSDR as the sixth highest prior-
ity hazardous substance in both 2011 and 2013 [4].

Exposure Sources of Benzene
Humans are chronically exposed to low levels of benzene within the atmospheric envi-
ronment [19,146,147]. Natural sources of benzene include forest fires and oil seeps, 
while anthropogenic sources include various industrial operations, automobile exhaust, 
and tobacco smoke [19,146,147]. The ATSDR estimated that cigarette smoke consti-
tutes approximately half of the United States’ exposure to benzene [146]. Ambient out-
door air concentrations of benzene in the United States are reported to range from 
approximately 0.02–112 ppb, where higher levels of benzene are commonly present in 
urban environments [19,146,147]. The difference in benzene levels between rural and 
urban areas is thought to reflect the greater amount of automobile emissions in cities in 
comparison to those in the country. Oral exposure to benzene can occur through inges-
tion of contaminated food and drinking water, though inhalation is the primary route of 
exposure for benzene [19,146,147].

Occupational exposure to benzene can occur in a variety of industries, including 
the chemical, pharmaceutical, textile, and oil industries [146,147]. The National 
Occupational Exposure Survey estimated that almost 300,000 workers were exposed 
to benzene occupationally in the United States between 1981 and 1983 [148]. In 
2003, van Wijngaarden and Stewart found that levels of occupational exposure to 
benzene averaged 0.33 ppm [149]. Although this average exposure was well below 
the 1 ppm limit for an 8-h workday in a 40-h workweek instituted by OSHA 
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[19,147,149], chronic exposure to low levels of benzene is still concerning to public 
health [146].

Occupational exposure and cigarette smoking both present greater risks of exposure 
to high concentrations of benzene [146]. Benzene exposure is also suspected to pose 
greater health risks to pregnant women. Benzene can cross the placental barrier, though 
it is not known what specific effects benzene may have on the developing fetus [146]. 
A limited number of animal studies demonstrate an association between benzene inhala-
tion during pregnancy and low birth weight, delayed bone formation, and bone marrow 
damage [150–153].

Occupations that threaten to expose workers to high levels of benzene include taxi 
or bus driving and employment at gas stations, as well as working in the chemical, phar-
maceutical, and oil refining industries [136,137]. Benzene remains a public health con-
cern, as it is consistently released into the atmosphere at low concentrations [146]. While 
benzene is known to be severely harmful to human health at higher concentrations, the 
undetermined specific health effects of chronic low-dose exposures continue to be 
high-priority issues for human health worldwide [19,146,147].

Health Effects of Benzene Exposure and Potential Biological Mechanisms
Acute inhalation exposure to very high concentrations of benzene (>10,000 ppm) can 
lead to death [146]. At lower levels (700–3000 ppm), benzene exposure can result in eye 
irritation, confusion, tachycardia, headaches, drowsiness, dizziness, and fainting [146]. 
These health effects related to acute benzene exposure subside after exposure ceases. 
Vomiting, gastrointestinal irritation, tachycardia, coma, drowsiness, and death can all be 
effects of acute or long-term oral exposure to high levels of benzene. Dermal exposure 
to benzene has been reported to cause red sores [146].

Chronic exposure to benzene has been associated with adverse health effects on the 
hematopoietic, immune, and reproductive systems [146]. Most notably, benzene is classi-
fied as a “known human carcinogen” by the NTP and the USEPA, and as a Group 1 
human carcinogen by the IARC [19,137,146]. The association between benzene expo-
sure and leukemia, specifically acute myelogenous leukemia, is well established 
[137,154,155]. Other types of other lymphatic and hematopoietic cancers among ben-
zene-exposed populations have also been reported [147,156–159]. A dose–response rela-
tionship between benzene and leukemia was established by an extensive meta-analysis of 
32 benzene exposure epidemiological studies by Savitz and Andrews in 1997 [160]. 
Additionally, exposure to benzene has been associated with anemia and some adverse 
effects on female reproductive organs including irregular menstruation and decreased 
ovary size [146].

Benzene is suspected to induce leukemia and cancers of the lympathic system via 
two distinct mechanisms [147]. Particular to benzene’s mode of action as a leukomogen, 
benzene has been found to induce DNA damage in bone marrow [161]. However, the 
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mechanism of benzene-associated lymphatic carcinogenesis is less clear, as benzene has 
been found to disrupt many biological functions, including circulating levels of immune 
cells and cellular apoptosis and proliferation [162,163].

Cadmium: Background
Cadmium is a naturally occurring, odorless metal, but is only found in complexes with 
various other elements in nature [19,164]. Pure cadmium, which exists as either soft, 
silver-white metal or light gray powder, is only produced commercially [19,164]. Pure 
cadmium is characterized by certain physical properties that make it very useful in 
industrial settings, namely malleability, corrosion resistance, a low melting point, and 
higher electrical and thermal conductivity [165]. Cadmium is also produced commer-
cially in a broad range of compounds that have varying physical properties, but tend to 
be fairly reactive [19]. Natural cadmium is most often found as cadmium sulfide in zinc 
ore [19]. Cadmium has an oxidation state of +2 and is insoluble in water [19]. The 
ATSDR ranked cadmium as the seventh highest priority hazardous substance in both 
2011 and 2013 [4].

Exposure Sources of Cadmium
Cadmium and cadmium compounds have been used in various commercial and industrial 
applications since the early 1900s [19,164,165]. Today, cadmium is primarily used in bat-
teries, though other cadmium-containing products include pigments, electroplates and 
coatings, and plastic stabilizers. However, humans are primarily exposed to cadmium 
through food and cigarette smoke [19,164,165]. The ATSDR estimates that smoking ciga-
rettes approximately doubles one’s body burden of cadmium [164]. The ATSDR further 
notes that smoking one pack of cigarettes per day leads to the absorption of 1–3 μg of 
cadmium per day [164], while the NTP reports that smokers are exposed to an average of 
1.7 μg of cadmium per cigarette [11]. Food can also contribute substantially to the body 
burden of cadmium. Legumes, green, leafy vegetables, potatoes, and grains are foods that 
contain the highest amounts of cadmium, and the estimated daily intake of cadmium from 
food for a United States adult ranges from 18.9 to 30 μg/day [19,165].

In the early 1900s, a massive outbreak of cadmium poisoning occurred in the Jinzu 
River region of Japan due to contamination of rice paddies via contaminated irrigation 
waters [166]. The suspected source of the cadmium was a zinc mine upstream on the 
Jinzu River. Residents in the area began to develop symptoms of intense bone pain, 
bone softening, and renal tubular failure that were summed into a diagnosis of “Itai–Itai 
disease,” or “Ouch–ouch disease,” when translated from Japanese [166]. Less than 200 
deaths resulting directly from cases of Itai–Itai disease were documented [167], but sub-
sequent studies of populations in affected areas revealed thousands of victims of higher 
cadmium body burdens, and increased rates of mortality and renal disease/dysfunction 
were found in affected areas [168–170].
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Workers in industries that use or produce cadmium and cadmium compounds, such 
as the battery, pigment, plastics, construction, and electroplating industries are at risk for 
increased cadmium exposure [19,164,165]. The OSHA mandates that the levels of cad-
mium in workplace air not exceed an average of 5 ppm over an 8-h workday [164]. The 
workers who are at greatest risk for cadmium exposure are those whose jobs involve the 
heating of cadmium and cadmium compounds, as these substances release harmful 
vapors when their temperature is increased [11,122]. The National Occupational Expo-
sure Survey reported that workers in the United States were occupationally exposed to 
19 different cadmium compounds and isotopes between 1981 and 1983 [148]. The cad-
mium compounds that posed a risk to the greatest number of workers from 1981 to 
1983 were cadmium sulfide, cadmium mercury sulfide, cadmium selenide, cadmium 
selenide sulfide, and cadmium oxide [148]. Estimates of total workers exposed to cad-
mium and cadmium compounds at any level range from 150,000 to greater than 500,000 
[11,164].

Cadmium is known to be able to cross the placental barrier [171], and is known to 
have teratogenic effects [172]. Although cadmium cannot cross the blood–brain barrier 
in mature adults, it is suspected that a fetus’ or neonates’ immature central nervous system 
may be susceptible to neurotoxic effects of cadmium via prenatal or early life exposure 
[171]. Additionally, neonates can be further exposed to cadmium through lactation [164]. 
There is some evidence that children absorb more cadmium than adults, so infants and 
youth may also constitute at-risk populations of cadmium-induced health effects [164].

Health Effects of Cadmium Exposure and Potential Biological Mechanisms
Chronic exposure to cadmium is a more pressing and relevant public health concern 
than short-term exposures, though such acute exposures do occur [164]. Oral exposure 
to cadmium in humans is more common than inhalation exposure [19,164,165]. Acute 
inhalation exposure leads to lung and nasal cavity damage, while acute oral exposure to 
cadmium results in stomach irritation, vomiting, and diarrhea [164]. In severe cases of 
either route of exposure, death can occur [164].

Cadmium has an extremely long half-life in human body tissue, with estimates typi-
cally ranging between 10 and 30 years [164,171,173,174]. Cadmium is a systemic toxi-
cant in the human body, though its primary target site is the kidney [164,173,174]. 
Long-term exposure to cadmium can lead to accumulation of cadmium in the kidney 
[175]. Specifically, cadmium targets the proximal tubules in the kidney, which can result 
in kidney disease [175,176]. Other toxic effects of cadmium include neurotoxicity, car-
cinogenicity, teratogenicity, decreased bone health, and endocrine and reproductive sys-
tem disruption [173,177]. Additionally, there is an established association between 
cadmium exposure and cardiovascular disease [178].

Although cadmium is known to target the kidneys, reviews have highlighted nonre-
nal health effects of cadmium exposure. For instance, low-level cadmium exposures have 
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been associated with decreased bone mineral density and increased risk of osteoporotic 
fractures [174], and other research has found an association between cadmium exposure 
and osteoporosis occurrence in a review of seven articles [179]. A meta-analysis found 
that cadmium has toxic effects on both the central and peripheral nervous systems, and 
that the olfactory neuron is a primary target for cadmium. Neurological health effects 
associated with cadmium exposure include learning disabilities, behavioral disorders, 
decreased attention and memory, brain atrophy, and Parkinsonism [171]. Cadmium has 
also been demonstrated to have adverse health outcomes on paternal, maternal, and 
embryonic health, including sperm maturation disruption, suppressed oocyte matura-
tion, implantation failure, and higher risks of birth defects [172]. Evidence also suggests 
a relationship between cadmium exposure and preeclampsia [180,181].

Cadmium and cadmium compounds are classified as “known human carcinogens” by 
the NTP, as Group 1 human carcinogens by the IARC, but only as “probable human 
carcinogens” by the USEPA [19,165,182]. Cadmium exposure has been associated with 
multiple cancer target tissue sites including the lung, prostate, pancreas, kidney, urinary 
bladder, and breast tissue [165].

Several mechanisms of cadmium-induced disease have been investigated. For both 
cancer and noncancer endpoints, cadmium is suspected to generate oxidative stress via 
induction of reactive oxygen species, and to disrupt apoptotic pathways and cellular tight 
junctions [173,175,176,183]. Mechanisms of action of cadmium-induced carcinogenesis 
also include altered gene expression, inhibition of DNA repair, altered DNA methyla-
tion, endocrine disruption, and cellular proliferation, but cadmium does not directly 
damage DNA [184,185]. The family of the methallothionein (MT) genes expresses pro-
teins that are known to have roles in binding and sequestering cadmium in the body 
[171,184,186]. Specifically, increases in expression of MT genes have consistently been 
found to be associated with cadmium exposure, and are speculated to be a protective 
mechanism of cadmium-induced carcinogenesis and toxicity [171,184]. In addition, sys-
tems biology approaches to investigating cadmium toxicity have revealed the possible 
importance of epigenetics in the mechanism of cadmium toxicity [187]. Changes in 
DNA methylation, histone modification, and miRNA expression have all been associ-
ated with cadmium exposure [187].

Four out of the top 10 toxic substances of the ATSDR Substance Priority List are 
metals [4]. An additional manner by which these metals continue to threaten human 
health around the globe is their capacity for molecular and ionic mimicry of essential 
metals [188,189]. Toxic metals often follow the same metabolic pathways and transport 
pathways for cellular entry as essential metals, such as copper (Cu), iron (Fe), calcium 
(Ca), and zinc (Zn) [188,189]. Cadmium is a particularly relevant example of this mech-
anism of metal toxicity [190]. As described previously cadmium is essentially an “oppor-
tunistic evil twin of other divalent essential metals such as Ca2+, Fe2+, and Zn2+” [190]. 
Recognition of the ability of toxic metals to mimic essential metals is crucial not only 
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in understanding the mechanisms by which these toxicants act [189], but also in design-
ing therapies to mitigate or prevent their effects, as therapies designed to target toxic 
metals, such as chelators, can have harmful side effects as a result of also affecting metab-
olism and uptake of essential metals [191].

Polycyclic Aromatic Hydrocarbons: Background
The ATSDR eighth, ninth, and tenth top priority substances on both the 2011 and  
2013 hazardous substance priority lists were benzo[a]pyrene (B[a]P), polycyclic aromatic 
hydrocarbons (PAHs), and benzo[b]fluoranthene (B[b]F), respectively [4]. Organic 
chemical compounds consisting of two or more aromatic fused rings are considered to 
be polycyclic aromatic hydrocarbons [19,192,193]. Both B[a]P and B[b]F consist of five 
fused aromatic rings, and are, therefore, considered to be PAHs [19]. Therefore, these 
compounds will be discussed under the broader term of PAHs.

PAHs are slightly water- and ethanol-soluble, and most are soluble in benzene [19]. 
They are lipophilic, which enables them to cross biological membranes with relative ease 
[192]. Some PAHs have heteroatoms, such as nitrogen or sulfur, contained in their rings 
[19]. PAHs exist at room temperature as plate, needle, prism, or crystal solids. PAHs can 
be colorless or orange, yellow, green, or blue, and most are fluorescent. Specifically, B[a]
P exists as pale yellow needles at room temperature, while B[b]F consists of colorless 
needles [19].

The physical state in which a PAH is present in the environment is largely dependent 
on its various physical properties [192,193]. For example, lower molecular weight PAHs, 
often classified as those compounds with fewer than four rings, are more volatile and 
thus exist mainly in the gas phase. Higher weight PAHs are usually found in complexes 
with air particulate matter and are also less soluble in water, as each additional aromatic 
ring decreases solubility in water [192,193].

Exposure Sources of Polycyclic Aromatic Hydrocarbons
All humans are exposed to a baseline level of PAHs via inhalation, oral, and dermal routes 
[19,192,193]. While pure PAHs are not produced in the United States, PAHs are ingre-
dients in coal tar, creosote, bitumens, asphalt, and mineral oils—various products used in 
construction and paving. Biogenic sources of PAHs include forest fires and volcanic 
eruptions. However, most PAHs enter the environment through anthropogenic means; 
specifically, incomplete combustion of fossil fuels [19,192,193]. Mean ambient air con-
centrations of singular PAHs range from 1 to 30 ppb in urban settings [194], but those 
that are used in residential heating units show wide season variation and are considerably 
higher in the winter months when heating units are run consistently [19,192].

For the general population, major sources of PAH exposure are tobacco smoke and food, 
though PAHs are also found at low concentrations in water [19,193]. The NTP states that 
PAHs in cigarette smoke total 1–1.6 μg/cigarette [19]. PAHs can accumulate in the soil and 
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contaminate food, though PAHs do not tend to bioaccumulate in the food chain [19]. How-
ever, PAHs are often generated on the surface of grilled or barbecued meat, so both plant 
matter and meat present exposure sources to PAHs [192,193]. Dermal contact with PAH-
contaminated soil or use of pharmaceutical products containing coal tar also represent poten-
tial exposure routes of PAHs [192,193]. PAHs are also known to be able to cross the placental 
membrane, making prenatal exposure to PAHs an additional public health concern [192].

Workers in the coal melting, combustion, and coal product combustion industries 
can be exposed to high levels of PAHs through inhalation or dermal contact [19,192,193]. 
The OSHA set the permissible exposure limit for carbon black, a substance produced in 
the partial combustion of hydrocarbons, and thus the compound used to assess general 
PAH exposure, at 3.5 mg/m3 per 8-h workday [195]. The NIOSH expanded this man-
date to a recommended exposure limit for carbon black for a 10-h workday during a 
40-h workweek of 0.1 mg PAHs/m3 [195]. The number of workers exposed to PAHs 
was not estimated in the 1981 to 1983 National Occupational Exposure Survey [148]. 
While exposure to B[b]F was not assessed, the survey reported only 896 United States 
workers were estimated to be exposed to B[a]P [148].

Health Effects of Polycyclic Aromatic Hydrocarbon Exposure and Potential  
Biological Mechanisms
Although the long-term health effects of exposure to low levels of PAHs in ambient air 
are a greater public health concern, concentrated exposure to certain PAHs or mixtures 
of PAHs can result in lung, skin, and eye irritation, difficulty with breathing, nausea, 
vomiting, diarrhea, and, in extreme cases, death [192,193,196]. In cases of sustained 
exposure to PAHs, noncancer health outcomes include immunosuppression, teratoge-
nicity, cytotoxicity, and genotoxicity [192,193].

National registries such as the NTP, the IARC, and the USEPA classify PAHs individu-
ally in terms of their carcinogenicity to humans. The NTP lists 15 individual PAHs that are 
“reasonably anticipated to be human carcinogens,” including B[a]P and B[b]F. The IARC 
classifies B[a]P as a Group 1 human carcinogen, while the USEPA ranks it as a “probable 
human carcinogen” [193,197]. Likewise, the IARC classifies B[b]F as a Group 2B human 
carcinogen, and the USEPA ranks it as a “probable human carcinogen” [193,198]. Carcino-
genicity of PAHs has been suggested to increase with increasing molecular weight [192,193]. 
Cancer target sites of PAHs include the skin, lungs, bladder, and gastrointestinal tract, and 
often the site of cancer development is correlated with the route of exposure [192].

It is known that many PAHs are metabolized to become reactive species that then 
can bind with DNA to generate DNA adducts, induce DNA damage, or cause muta-
tions [192,193,199]. The bioaccessibility of PAHs—which itself varies widely and is 
dependent on numerous factors, including PAH molecular weight, mode of entry to the 
body, body fat composition, fast or fed condition, and gut microflora population—also 
plays an important role in PAH-induced toxicity and carcinogenesis [200]. In the interest 
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of investigating the downstream effects of PAH entry to the body and genotoxic effects, 
Verma et al. reviewed the existing proteomic data of B[a]P toxicity [201]. This study 
highlighted the importance of a systems biology approach to studying toxicological 
mechanisms, as it enables researchers to understand how epigenomic, genomic, and met-
abolic changes translate to differences in activity at the protein level [201]. PAHs remain 
an urgent area of environmental health research not only because of widespread expo-
sure, but also due to systemic detrimental health effects [192].

CARCINOGENIC, ORGANIC HAZARDOUS AIR POLLUTANTS
1,3-Butadiene: Background
1,3-Butadiene is an alkene with the chemical formula C4H6 [19,202,203]. It is insoluble 
in water, and exists as a colorless gas at room temperature with a gasoline-like odor 
[19,104,105]. 1,3-Butadiene has been emitted as an industry-related air pollutant in the 
United States since the 1930s as a by-product of ethylene manufacture [19,104]. It is 
used in the synthesis of many polymers and chemicals and is most commonly used dur-
ing the production of synthetic rubber [19,202,203]. Furthermore, 1,3-Butadiene has 
been classified as a “known human carcinogen” by the NTP and the USEPA, and as a 
Group 1 human carcinogen by the IARC [19,203,204].

Exposure Sources of 1,3-Butadiene
Low levels of 1,3-butadiene are present in urban atmospheres [205], as it is emitted 
into the environment from industrial applications [202]. In addition, 1,3-butadiene 
is present in cigarette smoke and automobile gasoline and exhaust [19,202,203]. 
According to the ATSDR Toxicological Profile for 1,3-butadiene, the mean concen-
tration of 1,3-butadiene in outdoor air can range from 0.04–0.09 ppb in urban set-
tings [202]. The OSHA mandates that levels of 1,3-butadiene not exceed an average 
of 1 ppm over an 8-h workday [19,202]. The primary biogenic source of 1,3-butadiene 
is forest fires [202].

Only limited animal studies have indicated that 1,3-butadiene has adverse effects on 
the developing fetus, including low birth weight and skeletal defects [202,203,206]. It is 
also unknown whether children are more sensitive to potential health effects induced by 
exposure to 1,3-butadiene [202]. Workers in the polymer industry, forest firefighters, and 
smokers may be at higher risk for exposure to 1,3-butadiene [202,203]. The 1981 to 
1983 National Occupational Exposure Survey estimated that 52,000 people were 
exposed to 1,3-butadiene in the occupational setting [148].

Health Effects of 1,3-Butadiene Exposure and Potential Biological Mechanisms
There are limited human studies investigating noncancerous health effects of 1,3-butadiene 
[202]. Acute and chronic exposure to 1,3-butadiene has been associated with irritation 
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and inflammation of respiratory tissue in humans and rodents. Some rodent studies have 
shown that very high levels of 1,3-butadiene (>1000 ppm) can cause other health effects, 
including increased intrauterine death, decreased fetal growth, anemia, and increased 
mortality. However, it is important to note that such high exposures do not represent 
environmentally relevant conditions, as the highest reported 1,3-butadiene emission 
from a polymer plant was under 500 ppm [202].

Numerous epidemiological studies have established 1,3-butadiene as a human car-
cinogen with primary target sites of the blood and the lymphatic system [19,202–204]. 
A dose–response relationship between 1,3-butadiene exposure and increased rates of 
leukemia has been observed among a population of employees of the synthetic rubber 
industry [207]. Notably, this study used an exposure-monitoring program to correlate 
1,3-butadiene exposure levels with specific jobs within the manufacturing plant itself 
and found that workers with tasks that exposed to them to higher levels of 1,3-butadiene 
had a significantly increased occurrence of leukemia [207–210].

Like many environmental contaminants, the speculated mechanism of 1,3-butadiene 
carcinogenesis involves its metabolism to epoxide species [202–204]. These toxic metab-
olites then can induce point mutations, other DNA damage, or micronucleus formation 
[211]. This damage and mutagenicity is thought to culminate in the silencing of tumor 
suppressor genes and activation of oncogenes, thus leading to cancer [212,213]. Loh et al. 
identified 1,3-butadiene as an organic air pollutant of top concern in the United States 
due to its high exposure risk and carcinogenic properties [6].

Formaldehyde: Background
Formaldehyde is a simple aldehyde with the chemical formula CH2O [19,214,215]. It 
exists as a colorless, flammable gas at room temperature, and, at high levels, formaldehyde 
can be recognized by an acrid odor [19,214,216]. Formaldehyde is soluble in water and 
has a half-life of a maximum of seven days in surface water and 14 days in groundwater 
[216]. Therefore, formaldehyde does not bioaccumulate to large amounts in water 
sources [216]. Similarly, the half-life of formaldehyde in air is estimated between 7 h and 
3 days, though it varies widely depending on sunlight, temperature, and other environ-
mental conditions [216]. Formaldehyde enters the environment through both biogenic 
and anthropogenic sources and is commonly present throughout indoor and outdoor 
atmospheres [19,214,215]. Formaldehyde has been associated with many adverse health 
effects in humans and is classified as a “known human carcinogen” by the NTP and as a 
Group 1 human carcinogen by the IARC [19,215].

Exposure Sources of Formaldehyde
The general population is potentially exposed to formaldehyde through air, food, and water, 
though the most common exposure route is inhalation [19,214,215]. Formaldehyde enters 
the air through emissions from industrial and automobile combustion sources. Individuals are 
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also exposed to formaldehyde by means of many commercial products, including cigarettes, 
wood and paper products, cosmetics, household cleaning products, paint, and furniture. 
Formaldehyde is even formed endogenously in mammals via oxidative metabolism 
[11,117,215]. Ambient outdoor air usually contains less than 10 ppb formaldehyde [215], 
though indoor levels of formaldehyde tend to be greater, resulting in an estimated range of 
0.5–2.0 mg of formaldehyde exposure daily [19]. The OSHA’s maximum limit for formalde-
hyde in the workplace is 0.75 ppm for an 8-h workday in a 40-h workweek, and toxic acute 
exposure can occur when formaldehyde air concentrations reach 20 ppm [19,214].

Embalmers, paper workers, and pathologists face a higher risk of occupational form-
aldehyde exposure due to the presence of formaldehyde in the reagents with which they 
work [19,214,215]. It is unknown whether formaldehyde has a greater effect on children 
compared with adults [214]; however, childhood asthma has been associated with chronic 
formaldehyde inhalation exposure [217]. The health effects of chronic exposure to 
formaldehyde and its potential mechanism of carcinogenesis at sites distal to exposure 
contact sites are currently topics on the leading edge of environmental health research 
[218–220]. In fact, the Integrated Risk Information System report for formaldehyde is 
currently under review at the USEPA [221].

Health Effects of Formaldehyde Exposure and Potential Biological Mechanisms
Acute exposure to formaldehyde has been associated with respiratory tract inflam-
mation and irritation of the eyes and skin [214]. The effects of long-term formalde-
hyde exposure at levels commonly found in the environment are also of great 
concern in the field of environmental public health. Chronic exposure to formalde-
hyde through inhalation has been associated with increased risk of childhood asthma 
[217], upper respiratory tract inflammation [222], nasopharyngeal cancer [223], and 
possibly leukemia [224].

The classification of formaldehyde as a leukemogen is controversial, as inhaled form-
aldehyde does not reach the circulating blood or sites distal to the respiratory tract 
[218,225,226]. Furthermore, many toxicological findings do not provide in vivo evi-
dence supporting potential mechanisms underlying formaldehyde-induced leukemo-
genesis [219,227–229]. It is, therefore, important to increase the understanding of 
formaldehyde-associated health effects and mechanisms of action linking formaldehyde 
exposure to disease.

Many molecular events have been shown to associate formaldehyde inhalation expo-
sure and nasopharyngeal carcinogenesis [215]. Specifically, toxicological studies have 
shown clear associations between formaldehyde exposure and tissue damage [230,231], 
increases in cell proliferation [230,231], DNA damage [219,227], inflammation [232], 
changes in microRNA expression patterns [220], and changes in mRNA expression 
patterns [220,232] in proximal target regions of exposure. These effects may mechanisti-
cally link formaldehyde inhalation exposure to effects in the respiratory tract, including 
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upper respiratory tract inflammation/irritation and nasopharyngeal carcinoma [215]. 
Particularly when considering the high occurrence of human exposure, formaldehyde 
continues to be one of the highest prioritized environmental air pollutants [6,19,215].

Dioxins: Background
Dioxins are a family of compounds encompassing seven polychlorinated dibenzo dioxins 
(PCDD), 10 polychlorinated dibenzo furans (PCDFs), and 12 PCBs [233]. Dioxins affect 
harm through similar biological pathways and share common structures. Most dioxins are 
lipophilic and tend to bioaccumulate and thus persist in the environment and the human 
body for long periods of time [19,234,235]. The PCDD 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (2,3,7,8-TCDD) is a particularly toxic tetra-chlorinated dibenzo dioxin on which 
much toxicological research has been conducted, though it is expected that exposure to 
2,3,7,8-TCDD accounts for only 10% of total risk exposure to dioxins [233].

Exposure Sources of Dioxins
Dioxins are released into the environment by many industries, including the paper, 
chemical, and agricultural industries, and the primary sources of environmental dioxin 
are combustion and incineration processes [19,234,235]. Almost all humans are regularly 
exposed to low-levels of dioxins through inhalation, ingestion, or dermal contact. Inges-
tion of food containing dioxins accounts for 90% of the daily exposure to dioxin for the 
average population. Meat, dairy products, and fish contain particularly high levels of 
dioxins, as dioxins bioaccumulate up the food chain. Likewise, dioxins amass in the 
human body in the liver and fat tissue, extending the effects of exposure [19,234,235]. 
Therefore, the classification of dioxins as high priority air pollutants may seem mislead-
ing, but massive historical exposures to dioxins that have continuing effects today 
occurred primarily through inhalation [19,234].

Although dioxins were used as an ingredient in several herbicides in the United 
States in the 1960 and 1970s, 2,3,7,8-TCDD is infamously known as a component of 
the infamous herbicide, Agent Orange [19,234,235]. Agent Orange was sprayed over 
huge stretches of the Vietnamese countryside by the United States in the Vietnam War as 
part of Operation Ranch Hand in order to defoliate the landscape on which the Viet 
Cong relied for guerilla warfare tactics and to decrease the Vietnamese food supply 
[236]. Veterans of the United States Air Force who sprayed Agent Orange had 2,3,7,8-
TCDD levels up to 55 parts per trillion (ppt) in their adipose tissue several years after the 
end of the Vietnam War, in contrast to average levels of 6–10 ppt in the average United 
States population [237,238]. Likewise, 2,3,7,8-TCDD levels of individuals living in the 
southern part of Vietnam, where 2,3,7,8-TCDD was most heavily used, averaged 28 ppt 
in a study conducted more than 10 years after exposure to Agent Orange [239].

There have been three other chemical disasters leading to extremely high exposures 
to dioxins among human populations—two of which occurred in the United States. In 
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the Love Canal neighborhood in Niagara Falls, New York, 21,000 tons of toxic waste, 
including large amounts of dioxins, were deposited by Hooker Chemical Research 
Company in the 1940 and 1950s [240]. In Times Beach, Missouri, oil containing dioxins 
was sprayed on all the roads in the town from 1972 to 1976 to prevent dust rising from 
the road [241]. Levels of dioxins in the soil of these two sites were found to range up to 
672 ppm and 1200 ppb, respectively, in studies conducted in the 1980s [242,243]. The 
third chemical disaster involving dioxins occurred in 1976 in Seveso, Italy, a small town 
north of Milan. Approximately 45,000 people were acutely exposed to high concentra-
tions of 2,3,7,8-TCDD when a chemical reactor released a cloud of at least 1.2 kg of 
2,3,7,8-TCDD into the air [244,245]. Levels of 2,3,7,8-TCDD as high as 20,000 ppm 
in the soil surrounding the reaction site were documented [246]. For comparison, the 
CDC’s level of concern for 2,3,7,8-TCDD in residential soil is 1 ppb [234]. Adverse 
health effects resulting from these mass exposures were observed in all three sites 
[247–250].

There is evidence that dioxins are endocrine disruptors and teratogens, and thus 
exposure to dioxins poses a health threat to potential fathers, pregnant women, and the 
developing fetus [251]. It is currently unknown if children are more susceptible to 
induced health effects from dioxins [234]. Individuals with increased risk for high-level 
exposure to dioxins include those who eat large amounts of meat, seafood, and dairy 
products [19,234,235]. Employees of the waste incineration, paper and pulp, and chemi-
cal production industries are at risk of occupational exposure to dioxins [19,234,235]. 
Historically, dioxins have caused extensive harm to global human health, and these con-
taminants continue to threaten millions of people worldwide through their persistence 
in the environment [19,235].

Health Effects of Dioxin Exposure and Potential Biological Mechanisms
Many detrimental health effects have been observed in the individuals exposed to diox-
ins in Vietnam, the Love Canal, Times Beach, and Seveso [247–250,252,253]. Chloracne 
is the most typical immediate side effect of exposure to dioxins, though other dermal 
disfigurations such as rashes, changes in pigmentation, and growth of excess body hair 
have been reported to occur [234].

It is of great concern that the half-lives of dioxins in the human body tend to be long 
with many compounds persisting in the body for over 5 years and some ranging up to 
22 years [254]. Specifically, the half life of 2,3,7,8-TCDD is estimated to be 7.2 years 
[255]. Extended exposure to dioxins has been associated with immune system disruption 
[244,256], and reproductive and carcinogenic adverse health effects [251,257]. Altered 
sperm count and motility and increased rates of birth defects, miscarriages, and preterm 
births have all been related to exposure to dioxins [249,252,258,259]. Additionally, 
2,3,7,8-TCDD is recognized as a “known human carcinogen” by the NTP and IARC, 
while the USEPA has yet to release their latest cancer assessment for 2,3,7,8-TCDD 
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[19,235,260]. The USEPA has previously characterized the entire family of dioxin com-
pounds as “likely human carcinogens” [233]. A long-term study of inhabitants exposed 
to dioxins in Seveso, Italy, found a 1.3 rate ratio of overall deaths from any cancer [247]. 
The IARC reported a similar relative risk of mortality from all cancers in dioxin-exposed 
populations of 1.4 from a metaanalysis of cohort studies [235]. However, many studies 
have demonstrated greater mortality rates from cancers of the rectum, lung, and prostate, 
in addition to soft tissue sarcomas and nonHodgkin lymphomas [247,261–263]. Fur-
thermore, a dose–response relationship of dioxin exposure and overall cancer mortality 
was found in an occupationally exposed cohort in Germany [262].

Extensive research has suggested that the mechanism of toxicity and carcinogenicity 
of dioxins primarily involves the transcription factor family of aryl hydrocarbon recep-
tors (AhRs) [256,264]. In general, it is thought that dioxins bind to AhRs in the cyto-
plasm and induce a signaling cascade which results in altered gene transcription in the 
nucleus [264]. Downstream targets of this signaling cascade are numerous and include 
cellular functions of apoptosis, cell growth, cell cycle progression, hormone response, and 
intracellular signaling [264]. Chopra and Schrenk highlighted the ability of dioxins, par-
ticularly 2,3,7,8-TCDD, to inhibit and promote apoptotic signaling within various cell 
types, contributing various adverse health effects [256]. However, the mechanism of 
action of dioxins is not yet fully understood, as AhR activation does not fully account 
for the toxicity of dioxins [265]. Elucidation of this mechanism at a systems biology level 
could identify new biomarkers of dioxin exposure for clinical use and valuable insight 
into how to mediate dioxin toxicity [265].

Chloroform: Background
Chloroform is a trichlorinated organic substance with the chemical formula of CHCl3 
[19,266,267]. It is a clear liquid at room temperature and has a pleasant, sweet odor. 
Chloroform is only slightly soluble in water and evaporates quickly into surrounding air, 
increasing the risk of inhalation exposure [19,266,267]. In addition, chloroform persists 
for a long time in both water and air [266]. There are no natural sources of chloroform, 
but this contaminant enters the environment through a variety of industrial operations, 
including the chlorination of water [19,266,267]. Humans can be exposed to chloro-
form through inhalation, ingestion, and dermal contact [19,266,267].

Exposure Sources of Chloroform
Humans are potentially exposed to low levels of chloroform daily through drinking 
water and contaminated air [19,266,267]. The USEPA mandates that drinking water 
concentrations of chloroform do not exceed 100 μg/L, and the WHO recommends 
a maximum limit of 200 μg/L of chloroform in drinking water [140,141]. However, 
the ATSDR estimates that drinking water, with the exception of water located near 
hazardous waste sites, does not usually exceed 44 μg/L in the United States [266]. 
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Similarly, OSHA set a maximum limit of chloroform in workplace air for an 8-h day 
at 50 ppm, while ambient air concentrations typically do not exceed 1 ppm [266].

Chloroform was first produced in the United States in 1903, and exports of chloro-
form continue to number in the millions of pounds [19,266,267]. Until 2010, chloro-
form was primarily made during the production of the refrigerant, chlorodifluoromethane 
[19,266]. Presently, the most common exposure source of chloroform is chlorinated 
water, both treated drinking water and chlorinated swimming pools [19,266,267].

People at the highest risk for chloroform exposure include employees of swimming 
pools, water treatment plants, pulp and paper factories, and sites of chemical production 
of chloroform [266]. According to the 1981to 1983 National Occupational Exposure 
Survey, approximately 96,000 workers in the United States could have been exposed to 
chloroform in this time frame [148]. It is of great concern that humans are consistently 
exposed to low levels of chloroform, especially as limited epidemiological data exist on 
the chronic health effects of this persistent environmental contaminant [266].

Health Effects of Chloroform Exposure and Potential Biological Mechanisms
Acute health effects of chloroform exposure include dizziness, fatigue, headaches, liver 
damage, and, at extreme concentrations, death [266,267]. Chronic exposure to chloroform 
has been associated with renal and hepatic system damage, in addition to adverse 
reproductive outcomes. Animal studies demonstrating similar adverse effects have also 
contributed to the understanding of the health effects associated with long-term exposure to 
chloroform [266,267].

Additionally, chloroform is classified as “reasonably anticipated to be a human car-
cinogen” by the NTP, as Group 2B human carcinogens by the IARC, and as “likely to 
be carcinogenic to humans by all routes of exposure,” but only “under high-exposure 
conditions that lead to cytotoxicity and regenerative hyperplasia in susceptible tissues,” 
by the USEPA [19,267,268]. Evidence establishing the carcinogenicity of chloroform in 
humans is limited. The available studies most strongly support an association between 
chloroform exposure and urinary bladder cancer [269–272]. However, kidney and liver 
cancer rates have consistently been found to be elevated in mice and rats chronically 
exposed to chloroform [266,267].

The mechanism of action of chloroform toxicity begins with its metabolism by the 
cytochrome P450 isoform, CYP2E1, found in the kidney and liver [273]. Its major 
metabolite, phosgene, is a very reactive cytotoxicant and induces cell damage and 
death of the surrounding hepatocytes and renal cells. Cellular repair and proliferation 
in response to phosgene toxicity increases the likelihood of mutations of protoonco-
genes to oncogenes, contributing to unregulated cell growth [273]. Chloroform is 
only one of many drinking water disinfection byproducts, and this broad class of envi-
ronmental contaminants recently has been emphasized as pollutants of growing public 
health concern [274–277].
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ENVIRONMENTAL CONTAMINANTS OF EMERGING CONCERN

One of the great challenges in the field of environmental public health is identifying 
which contaminants to prioritize for regulation and research. Reviews of water con-
taminants have identified multiple new contaminants of concern [277–279]. Descrip-
tions of three of these emerging contaminants as contaminants of concern at Superfund 
hazardous waste sites are included.

However, other environmental toxicants have been identified in multiple reviews as 
emerging environmental contaminants of concern. These are bisphenol A, drinking 
water disinfection byproducts, ionic liquids, and nanomaterials [277,280,281]. These 
contaminants and their exposure sources and health effects have been summarized in 
Table 2.

Flame Retardants: Background
Flame retardants refer to a broad class of chemicals used in the production of a variety 
of commercial goods [282,283]. Flame retardants can be composed of many different 
materials, but brominated compounds, including polybrominated diphenyl ethers 
(PBDEs) and polybrominated biphenyls, hexabromocyclododecanes, and tetrabromobi-
sphenol A are the compounds of greatest concern [282–284]. Compounds with fewer 
bromines are expected to be more toxic [285]. Brominated flame retardants (BFRs) are 
semivolatile organic compounds and are lipophilic [286,287].

BFRs are either additive or reactive [288]. Of great concern in the context of 
environmental health, additive BFRs do not form chemical bonds with the parent 
material and are therefore much more likely to leach out of the product [288]. In 
the controversy surrounding the endocrine-disrupting nature of BFRs, alternative 
“novel” BFRs and halogen-free flame retardants have been produced [284,286]. 
There are insufficient data to provide an accurate risk assessment of these new prod-
ucts, although some may be promising alternatives to the BFRs currently used 
[284,289].

Exposure Sources of Flame Retardants
BFRs are not naturally occurring and have only been manufactured in the United 
States since the mid-1900s [290]. BFRs are incorporated into many different items 
used daily, including textiles, toys, cars, plastics, wiring, and electronics [286,287]. 
Humans can be exposed to BFRs through inhalation, ingestion, and dermal contact 
[287]. Due to their lipophilic nature, BFRs bioaccumulate up the food chain and 
therefore dairy products, fish, meat, eggs, and poultry contain the highest concentra-
tions of BFRs. BFRs also persist within the human body for a long period of time 
after ingestion, as they are stored in lipid deposits [287]. Being fat soluble, BFRs can 
cross most biological membranes, including the placental and lactational membranes, 
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increasing the risk for prenatal and infant exposure [283,287]. Children are also at 
increased risk of exposure to BFRs due to higher hand-to-mouth behavior and 
closer proximity to the ground [285,287]. Fetuses, infants, and children are also at a 
greater risk of BFR-induced health effects, as their metabolic detoxification mecha-
nisms are not fully developed and their immature biological systems are more sus-
ceptible to toxicity [287,288].

BFRs are typically found at higher concentrations in inside air than outside, as most 
products containing BFRs are used indoors, and there is less air flow by which BFRs 
could be dispersed from the air [288]. Some of the highest indoor exposures to BFRs are 
occupational exposures in the electronic waste recycling industry, although offices and 
production sites of BFR-containing goods also present opportunities for exposure 
[285,288].

Health Effects of Flame Retardant Exposure and Potential Biological Mechanisms
Acute exposures to BFRs can result in vomiting, nausea, dizziness, and difficulty 
breathing, though such concentrated exposures are rare in humans [291]. Chronic 
BFR exposure has been associated with increased risks for cancer, adverse reproduc-
tive and neurobehavioral health effects, diabetes, metabolic syndrome, and thyroid 
function dysregulation [282,285,287,292]. Cancer target sites associated with BFR 
exposure are the digestive and lymphatic systems, and the liver [285,287]. Polybro-
minated biphenyls are classified as Group 2A carcinogens by the IARC [140]. The 
only BFR included in the NTP’s 12th Report on Carcinogens is tris(2,3-dibromo-
prophyl) phosphate, which is categorized as “reasonably anticipated to be a human 
carcinogen” [19]. The USEPA has only released information concerning brominated 
dibenzofurans, and they classify these compounds as “not classifiable as to human 
carcinogenicity” [293].

As demonstrated by their wide range of adverse health effects, BFRs are systemic toxi-
cants and influence human health by a variety of mechanisms [282,292]. BFRs are suspected 
to induce many of their toxic effects by interrupting the homeostasis of the endocrine sys-
tem, though most mechanistic studies have focused on PBDEs [282,292]. There is evidence 
of PBDEs affecting numerous nuclear hormone-mediated pathways, including the thyroid 
hormone receptor, estrogen receptor, androgen receptor, progesterone receptor, and AhR 
pathways [292]. However, the manner in which PBDEs interact with the pathway, whether 
as an antagonist, agonist, cofactor recruiter, or transcriptional modifier, has been demon-
strated to vary and to affect the biological outcome [292]. For example, it has been shown 
PBDEs that cause antiestrogenic activity bind to a different area of the human estrogen 
receptor alpha than those that induce estrogenic activity [294]. Additionally, there is some 
evidence from animal studies that PBDEs may affect thyroxin hormone levels, glucose oxida-
tion by insulin, and lipolysis [282]. Kamstra et al. found that tetrabrominated diphenyl ether 
induced adipocyte differentiation by various mechanisms, including increased gene 
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expression and DNA hypomethylation [295]. Gassmann et al. reported that PBDEs may 
induce neurodevelopmental toxicity by disrupting calcium homeostasis [296]. The evidence 
of PBDEs epigenetic, genetic, proteomic, and metabolic effects underscores the importance 
of a systems biology approach to studying BFRs.

Perfluorinated Chemicals: Background
Perfluorinated chemicals are a broad class of hydrocarbon compounds in which all the 
hydrogens have been replaced with fluorine molecules [297]. Two of the most well-
known perfluorinated chemicals are perflurooctane sulfonate (PFOS) and perfluroocta-
noic acid (PFOA) [277,297]. Perfluorinated chemicals are both hydrophoboic and 
lipophobic due to the unique chemical properties of fluorine. These properities, in addi-
tion to the stability of the covalent carbon–fluorine bonds, make perfluorinated chemi-
cals very persistent in the environment [277,297]. Multiple reviews have identified 
perfluorinated chemicals of emerging environmental contaminants of concern 
[277,280,281], including a review by Ela et al. on next-generation Superfund and haz-
ardous waste site contaminants [7].

Exposure Sources of Perfluorinated Chemicals
Perfluorinated chemicals do not occur naturally and were first produced in the 1940s 
[297]. Presently, they are considered ubiquitous environmental contaminants, being 
found at high levels in water and human blood serum and tissues [298–300]. Due to 
their lipophobic and hydrophobic nature, perfluorinated chemicals are used in a wide 
range of commercial products, including stain repellents on fabrics and carpets, paints, 
waxes, electronics, and food packaging material [277]. Food and drinking water also 
present potential exposure sources to perfluorinated chemicals [301,302].

Perfluorinated chemicals can cross the placental barrier, placing pregnant women at 
increased risk of adverse reproductive health effects from perfluorinated chemical exposure 
[303]. In addition, perfluorinated chemicals are excreted through human breast milk, plac-
ing breastfeeding infants at increased risk of exposure as well [304]. Workers in plants 
where perfluorinated chemicals are used, processed, or produced have been reported to 
have higher body burdens of perfluorinated chemicals than the average population [305].

Health Effects of Perfluorinated Chemical Exposure and Potential Biological 
Mechanisms
The categorization of perfluorinated chemicals as emerging environmental contami-
nants stems from the numerous adverse health effects resulting from long-term, low-
dose exposure, and acute health effects of concentrated exposure to perfluorinated 
chemicals have not been documented in humans [277,305,306]. Perfluorinated chem-
icals have long half-lives in humans, with PFOS and PFOA persisting an estimated 5.4 
and 3.8 years in the human body, respectively [307]. Perfluorinated chemicals are 
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reproductive, immune, and endocrine system toxicants [301,303,305]. Specifically, 
perfluorinated chemicals cause thyroid hormone imbalance and increases in hepatic 
enzyme and serum cholesterol levels [301]. Increased mortality from diabetes and 
prostate, kidney, liver, and bladder cancer has also been observed in exposed popula-
tions [301,305]. Interestingly, both the half-lives of perfluorinated chemicals and the 
associated toxic effects of exposure have been reported to vary by gender [305–307].

While perfluorinated chemicals probably have numerous mechanisms of toxic 
action [308], activation of the nuclear transcription factor peroxisome proliferator-
activated receptor α has consistently been linked with biological responses to perfluo-
rinated chemicals in rodent studies, including changes in gene expression [305,309,310]. 
However, rodent studies have reported that the expression nuclear receptors such as 
constitutive activated/androstane receptor (CAR) and pregnane X receptor also 
increase in response to perfluorinated chemical exposure [309,311,312]. An in vitro 
systems toxicology study of PFOA revealed changes in gene expression related to 
many metabolic pathways, corresponding to lipid homeostasis disturbance [313]. This 
publication is an excellent example of the value of systems biology/toxicology. Not 
only did the researchers identify new biomarkers of PFOA exposure, but they also 
were able to identify biological pathways by which PFOA causes toxicity [313]. There 
is a substantive body of literature about the occurrence and toxicity of perfluorinated 
chemicals underscoring their role as an emerging environmental contaminant of con-
cern [297,314].

Siloxanes: Background
Siloxanes, also known as silicones, are manmade saturated silicone-oxygen hydrides 
[315]. They occur in both cyclic and linear forms [277]. Siloxanes are used in many com-
mercial and industrial applications due to the compounds’ hydrophobicity, low thermal 
conductivity, and high flexibility [316]. Some of the most common siloxanes include 
octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5), dodecamethyl-
cyclohexasiloxane (D6), and polydimethylsiloxanes [278]. Siloxanes have been included 
in multiple reviews concerning emerging pollutants [280,281], including Richardson 
and Ternes 2009 review, Water Analysis: Emerging Contaminants and Current Issues, and 
were highlighted in a review by Ela et al. in 2011on potential future contaminants of 
concern at superfund and hazardous waste sites [7,277–279].

Exposure Sources of Siloxanes
Beginning in the 1940s, and continuing today, siloxanes are used in many cosmetic, electronic, 
household, and medical device products [315]. In addition, siloxanes are used in the automo-
bile industry, both as car waxes and fuel additives [277]. Humans are, therefore, frequently 
exposed to siloxanes through personal product use and food ingestion, though wastewater, 
industrial processes, and sewage sludge also present potential routes of exposure [277].
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Siloxane waste has been shown to concentrated in sewage sludge and downstream sedi-
ments from wastewater treatment plants [317]. Potential at-risk populations of siloxane expo-
sure could include those living near wastewater treatment plants or near landfills. People 
receiving silicone breast implants constitute another population that is at-risk for exposure to 
siloxanes. Breast augmentation remains the most popular cosmetic surgery in the United 
States, and silicone continues to be used in over half of the surgeries performed annually 
[318]. Following the introduction of silicone breast implants in 1964, reports of an increased 
occurrence of connective tissue disorders and autoimmune diseases in patients with silicone 
implants led to the Food and Drug Administration issuing a moratorium on silicone implants 
in 1992 [319–321]. Due to a lack of conclusive evidence of a causal relationship between sili-
cone implants and these adverse health effects, the moratorium was revoked in 2006, though 
contentious reports of the risks of silicone implants continue to be produced [322–325]. For 
instance, Hajdu et al. concluded that a fibroproliferative inflammation definitely occurred in 
response to silicone implants, while others claimed that there is no association between sili-
cone breast implants and connective tissue disease [322,326].

Health Effects of Siloxane Exposure and Potential Biological Mechanisms
Safety reviews of both cyclic and linear siloxanes concluded that these compounds, as they 
are currently used in consumer products, are safe [327,328]. Acute toxicity studies of silox-
anes have been conducted in rats and have found no toxic effects in response to acute 
dermal or oral doses comparable to those of human exposure [327,328]. Short-term inha-
lation exposure to cyclic siloxanes has demonstrated to be associated with an increase in 
liver weight [327].

Chronic exposure to siloxanes has become a high-priority public health concern, as 
siloxanes have begun to appear in measurable concentrations in wastewater, river water, 
and landfill gases [277]. Little is known about the toxic effects of long-term exposure to 
low concentrations of siloxanes, as they first emerged as a priority environmental pollut-
ant in 2010 [280,281]. However, limited data indicate that the cyclic siloxane com-
pounds induced hyperplasia in multiple tissues and are potential genotoxicants, 
cytotoxicants, and immune system disruptors [327].

The broad range of biological targets of siloxanes suggest that these compounds elicit 
effects through several mechanisms. An increase in antisilicone antibodies has been 
detected in the plasma and capsular tissue of patients with silicone implants, though it 
remains unclear how and if this increase contributes to immune disorders [324,329,330]. 
D4 and D5 are known to induce liver cytochrome P450 (CYP) enzymes and CAR 
expression in rodents, indicating that both compounds are potentially regulators of 
important xenobiotic metabolic pathways [327]. In addition, it has been reported that 
D4 induces weak estrogenic effects [331]. A review by Hajdu et al. [322] focusing on the 
association of autoimmunity and silicone exposure through breast implants underscores 
that there are multiple reasonable pathways of siloxane toxicity.
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CONCLUSIONS

Environmental contaminants threaten human health around the globe and continue 
to be of significant public health concern. Their presence in the environment occurs 
through a variety of anthropogenic and natural sources (Figure 1). This chapter details 
the basic properties, sources of exposure, susceptible populations, health effects, and 
biological mechanisms of action of some of the highest prioritized pollutants and 
emerging contaminants of concern in the environment today. A summary of these 
environmental contaminants, exposure sources, and health effects is provided in Tables 
1 and 2.

This chapter has detailed the wide variety of the health outcomes that can result from 
exposure to environmental contaminants (Figure 2). Current research suggests the role 
of multiple factors in environmental exposure-induced disease, including the timing of 
exposure and the role of inter-individual differences in genetics and epigenetics. An 
increased understanding of the biological mechanisms underlying exposure-induced 
health effects and disease could lead to the identification of biological targets for disease 
treatment and prevention. As environmental factors continue to account for a large por-
tion of the global disease burden [1], greater understanding and awareness of the health 
threats of environmental exposures presents an opportunity to improve the length and 
quality of human life.

Figure 1  There are many sources of environmental contamination. Both biogenic and anthropogenic 
processes contribute to this contamination.
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Table 1  Summary of Priority Environmental Contaminants, Common Sources of Exposure, and Health Effects of Exposure
Prioritization 
Resource 
and Ranking Substance Name Sources of Exposure Health Effects

Acute Chronic

ATSDR #1 Arsenic Food, drinking water [8–10] Nausea, vomiting, 
diarrhea, fatigue, heart 
arrhythmias, dark spots 
on skin [8–10]

Cancers of the skin, lung, bladder, 
liver, kidney, lymphatic and hemato-
poietic systems, birth defects [8–10]

ATSDR #2 Lead Lead dust, food, drinking 
water, cigarette smoke, 
mining, battery operations; 
historically: gasoline [31,32]

Nausea, vomiting, 
constipation, encepha-
lopathy [31,32]

Neurotoxicity, birth defects, cancers 
of the lung, stomach, and bladder 
[31,32]

ATSDR #3 Mercury Seafood, dental amalgams 
[85]

Nausea, diarrhea, ulcers, 
brain damage, kidney 
damage, kidney failure 
[85]

Behavioral and personality changes, 
fatigue, headaches, paraesthesia, 
diminished cognitive function [85]

ATSDR #4 Vinyl chloride Plastic industries, drinking 
water, air, cigarette smoke 
[109,110]

Dizziness, fainting 
[109,110]

Liver damage, nerve damage, immune 
disruption, cancers of the liver, lung, 
and connective tissues [109,110]

ATSDR #5 Polychlorinated  
biphenyls

Electric industry, seafood 
[126,332]

Chloracne, nose, lung, 
and gastrointestinal tract 
irritation, fatigue [126]

Cancers of the kidney, liver, pan-
creas, brain, and skin; immune and 
endocrine dysregulation [126,332]

ATSDR #6 Benzene Chemical, pharmaceutical, 
textile, and oil industries, 
automobile exhaust, 
cigarette smoke, forest fires, 
oil seeps [146,147]

Eye irritation,  
confusion, Tachycardia, 
headaches, drowsiness, 
dizziness, fainting [146]

Leukemia, cancers of the  
lymphatic systems [146]

ATSDR #7 Cadmium Batteries, electroplates and 
coatings, plastics, food, 
cigarette smoke [19,164,165]

Lung and nasal cavity 
damage, stomach 
irritation, vomiting, 
diarrhea [164]

Kidney disease [164], osteoporosis and 
low bone mineral density [174,179], 
neurotoxicity [171], dysregulation of 
the reproductive system [172,180,181], 
cancers of the lung, bladder, breast, 
prostate, pancreas, and kidney{IARC, 
2012 #910

Continued
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ATSDR 
#8–10

Polycyclic 
aromatic 
hydrocarbons 
[9] (Benzo[a]
pyrene [8] & 
Benzo[b]
fluoranthene 
[10]

Incomplete combustion of 
fossil fuels, construction and 
paving operations, cigarette 
smoke, food, drinking water 
[192]

Lung, skin, and eye 
irritation, difficulty 
breathing, nausea, 
vomiting, diarrhea 
[192]

Immunosuppression, birth defects, 
cancers of the skin, lung, bladder, 
and gastrointestinal tract [192]

Lo et al. 
2007#1

1,3-Butadiene Chemical, pharmaceutical, 
textile and oil industries, 
automobile exhaust, 
cigarette smoke, gasoline, 
forest fires [202]

Respiratory irritation 
and inflammation 
[19,202–204]

Cancers of the lymphatic and 
hematopoietic systems [19,202–204]

Lo et al. 
2007#2

Formaldehyde Industrial combustion, 
automobile exhaust, 
cigarette smoke, cosmetics, 
furniture, wood and paper 
products [214,215]

Respiratory irritation 
and inflammation, eye 
and skin irritation [214]

Immune system dysregulation [220], 
upper respiratory tract inflammation 
[222], nasopharyngeal cancer [223]

Lo et al. 
2007#3

Dioxin Paper, chemical, and 
agricultural industries, 
combustion operations, 
incineration processes 
[234,235]

Chloracne, skin 
irritation and discolor-
ation, excess growth of 
body hair [234]

Cancers of the rectum, lung, 
prostate, soft tissue sarcomas, 
nonHodgkin lymphoma, birth 
defects [251,257]

Table 1  Summary of Priority Environmental Contaminants, Common Sources of Exposure, and Health Effects of Exposure—cont’d
Prioritization 
Resource 
and Ranking Substance Name Sources of Exposure Health Effects

Acute Chronic
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Lo et al. 
2007#4

Chloroform Chlorinated water, air 
[266,267]

Dizziness, fatigue, 
headaches, liver damage 
[266,267]

Cancers of the urinary bladder, 
kidney, and liver [266,267, 
269–272]

Ela et al. 
2011

Flame retardants Food, especially dairy 
products, eggs, meat, and 
poultry [285], various 
commercial goods (textiles, 
plastics, electronics, etc.) 
[283,286,287]

Vomiting, nausea, 
dizziness, difficult 
breathing [291]

Diabetes [287], thyroid homeostasis 
disruption [292], reproductive, 
metabolic, neurobehavioral, and 
developmental disorders [287], 
cancers of the liver and digestive and 
lymphatic systems [285,287]

Ela et al. 
2011

Perfluorinated 
chemicals

Drinking water, food, 
various commercial goods 
(textiles, electronics, paints, 
etc.) [277]

Not documented Reproductive, immune, and 
endocrine system dysregulation, 
diabetes, cancers of the liver, bladder, 
and kidney [301]

Ela et al. 
2011

Siloxanes Wastewater [317], sewage 
sludge [317], cosmetics 
[317], car wax [277], car fuel 
[277], silicone implants 
[322,323], common 
electronic and household 
items [315]

Increase in liver weight 
[327]

Autoimmune disorders [322], hyper-
plasia [327], endocrine disruption 
[331]
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Table 2  Summary of Other Environmental Contaminants of Emerging Concern, Common Sources of Exposure,  
and Health Effects of Exposure
Substance Name Classification Sources of Exposure Health Effects

Acute Chronic

Bisphenol A Chemical monomer 
predominantly used in 
plastics [333]

Plastics, food, paper, 
medical devices, dust, 
epoxy resins, dental 
materials [334]

Eye and skin  
sensitivity [335]

Adverse reproductive health 
effects, metabolic disease, 
cardiovascular disease, liver 
function, obesity, immune 
and endocrine system 
dysregulation [336]

Drinking water 
disinfection  
by-products

Chemical products  
formed from reactions  
of drinking-water  
disinfectants with  
natural materials or  
other contaminants [277]

Drinking water, 
swimming  
pools [274]

Liver and kidney 
damage [337]

Cancers of the bladder  
and colon, adverse birth 
outcomes [274–276]

Ionic liquids Organic salt solvents made 
of ions; often used as a 
“green” alternative to 
existing organic solvents 
[338]

Wastewater,  
contaminated  
soil [338]

Dermal irritation  
in rats, enzyme 
inhibition in vitro 
[339]

Tertaogenic in zebrafish, 
cytotoxic in vitro [339]

Nanomaterials Anthropogenic materials 
ranging from 1 to 100 nm 
in size [277]

Air, food, drinking 
water pharmaceuticals, 
clothing, toothpaste, 
sunscreen, shampoo, 
detergent [277]

Myocardial  
infarction, lung 
inflammation [340]

Increase in heart rate,  
blood pressure, increased  
risk of cardiovascular and 
respiratory disease [340], 
genotoxicity
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