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Introduction
This study aimed to review the scienti ic evidence on the in luence of 

heavy metals and organic contaminants in foods consumed by pregnant 
and lactating women on child health. Heavy metal toxicity in humans 
is the accumulation of inorganic and organic forms of heavy metals, in 
toxic amounts, in cell, tissues, organs, and bodily luids [1-3]. Symptoms 
and physiological outcomes are directly associated the different heavy 
metals, the location of the accumulation, the amount of accumulation 
and chronicity of the accumulation [4-5]. The poisoning caused by each 
heavy metal will vary depending on its inorganic or organic variant form. 
The most common essential heavy metals in the human body includes 
but are not limited to zinc, copper, chromium, iron and manganese; 
most of these are vital to body function in very small amounts but may 
become toxic if they accumulate and concentrations suf iciently [6]. The 
heavy metals most commonly associated with toxicity and poisoning in 
humans include arsenic, cadmium, lead, and mercury. Most heavy metal 
toxicity is associated with and the result of industrial exposure, air or 
water contamination, food adulteration, medicines, improperly coated 
food containers, tooth amalgam or the ingestion of chips or lakes of lead-
based paints [7-9].

Keywords: Arsenic, Bioaccumulation, Breastfeeding, Breastmilk, 
Cadmium, Fish, Lead, Methyl Mercury, Mercury Toxicity, Minamata 
Mercury Convention, Rice, Vulnerable populations.

Since breastmilk is universally considered the best natural source of 
essential nutrients for all infants, any exposure of breastmilk containing 
toxic heavy metals could potential be harmful to the developing infant 
[10-11]. The World Health Organization (WHO) considers breastfeeding 
as the preferred source of nutrition for all infants worldwide, yet in much 
of the developing world breastmilk is contaminated with hazardous 
environmental pollutants such as heavy metals, pesticides, fungal toxins, 
prescribed and illegal drugs and endocrine and nervous system disrupting 
chemicals [12-13]. Many of these toxic substances are found in women of 
childbearing age and can be transferred via maternal and/or placental 
cord blood to the developing fetus or to the newborn or breastfeeding 
infant through contaminated breastmilk [14-16].

Toxic levels of these contaminants in infants are associated with 
low birth weight, neurobehavioral development and dysfunction, fetal 
growth restrictions and retardations, cognitive dysfunctions, and low 
APGAR and IQ scores [17-19]. These factors may be compounded by 
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Introduction

In this manuscript we will discuss the mountain-top mining 
process within the Appalachian region and its implications in heavy 

at the health risks of various heavy metals that are acquired from 
coal-mining practices and the subsequent consequences on infant 
development when transmitted via lactation. The recommendations 
and composition of breast milk and its role as a route of elimination 
for various toxins like heavy metals is also addressed. Finally, we will 
discuss some of the means to measure general heavy metal deposition 
moving forward, both environmentally using bio-accumulators, and 
biologically via human milk screening and toenail clippings.  

The goal of the literature review was to acquire and integrate as 
much information as possible about heavy metal toxicity, particularly 
arsenic (As), lead (Pb), mercury (Hg) and cadmium (Cd), which are 
the most common heavy metals found in coal-mining regions. The 
literature search was conducted using Virginia Tech Appalachian 
Research Initiative for Environmental Sciences (ARIES) and Google 
Scholar using the following keywords: heavy metal contamination, 
arsenic, lead, mercury, cadmium, mountaintop mining, Appalachian 
region, breastfeeding, and lactation. 

Appalachian Region

Appalachia is a geographical region in the Eastern United States 
that stretches from New York to northern Alabama and Georgia. 
The cultural region on the other hand, typically refers to the central 
and southern portions of the range, from the Blue Ridge Mountains 
of Virginia to the Great Smoky Mountains of Tennessee. This region 
is endowed with abundant natural resources but has long struggled 
and been associated with poverty [1]. To combat poverty, large-scale 

to the Appalachian region in the early 20th century and implemented 
mountaintop removal (MTR) mining [2]. The MTR mining process 
is a form of surface mining that uses explosives to remove up to 400 
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Our review of the literature aimed at looking at the 
organic and inorganic dietary contaminants in women of 
childbearing age in developing countries and at the toxic 
health effects of these contaminants have on nascent embryos 
and breastfeeding infants. We speci�ically focused on heavy 
metals especially methylmercury and its passage into breast 
milk, negatively affecting the developing child. A literature 
search was done using MEDLINE database of references and 
abstracts on life sciences and biomedical topics, and Google 
Scholar with the keywords: Arsenic, bioaccumulation, 
breastmilk, cadmium, �ish, lead, methyl mercury, mercury 
toxicity, Minamata Mercury Convention, rice, and vulnerable 
populations, used in the search. Publications were selected 
that observed the geographic locations with high �ish and rice 
consumption containing organic and inorganic contaminants 
with focus on heavy metals especially methylmercury 
and the transport of methylmercury in breast milk to the 
developing child. Articles used were from 2006 onward, 
and a 1994 paper used due to its explanation of the negative 
effects of methylmercury on early development.

Minamata Convention on Mercury
 In January 2013, the Minamata Convention on Mercury 

was agreed upon by 128 nations in Geneva, Switzerland to 
address the ongoing issue of methyl-mercury pollution [53]. 
It was later rati�ied in October of the same year in Kumamoto, 
Japan for implementation [54]. Then in May 2017 the 
documents achieved 50 rati�ications allowing the legally 
binding mercury reduction measures to go into effect in 
August of that same year [54-56]. Since that time, the number 
of nations to ratify the legally-binding documents continue to 
grow, with 113 participants currently [56]. The convention 
was named after Minamata, Japan; considered to be the 
location of one of the worst mercury contamination events 
to date [57]. Under further investigation, this poisoning was 
believed to be caused by wastewater from a local chemical 
factory contaminating one of the city’s main food sources, 
�ish; bringing to light just one of the many sources increasing 
pollution on a daily basis [58]. The Convention addressed 
many aspects of this issue including mercury availability, 
and its use in products such as thermometers [59-60]. It 
also stressed reducing emissions from artisanal and small-
scale gold mining, considered one of the largest culprits 
for the increased mercury emissions over the years [61]. It 
focused on reducing emissions from power plants and metal 
producing facilities as well as encouraged governments to 
have an action plan in place to manage the health effects of 
already occurring mercury exposure [59-60]. 

The �irst bene�it of the Minamata Convention was bringing 
greater attention to the severity of the mercury issue and 
the necessity to remedy that issue [56,60,62]. Participating 
members of the Convention were tested for hair mercury 
levels resulting in a more motivated discussion. Mercury 
was found on every single person and, alarmingly, one third 
of participants were over the safe reference dose, set by 
the US National Research Council [62]. With a motivated 
populace the second bene�it was realized, putting into place 
a foundational start to reducing the participating countries 
contributions to the mercury issue and the adverse health 

many sociodemographic factors such as mother’s age and 
educational levels, smoking, alcohol, drug use and abuse, and 
dietary habits such as eating �ish and rice containing heavy 
metals especially mercury and the associated methylated 
organic compounds it can form [19-21].

Once in the environment, inorganic mercury can 
be methylated to methylmercury by bacteria [22-24]. 

Methylmercury can bio-accumulate in many upper trophic 
level animals, especially humans such that they contain 
contains higher concentrations of methylmercury [25-28]. 
According to Bernhoft (2012) toxicity in human varies 
depending on the form, dose and rate of exposure of mercury. 
The target organ for inhaled mercury vapor is primarily the 
brain, while mercurous and mercuric salts chie�ly damage 
the gut lining and kidney [29]. While methylmercury is 
widely distributed throughout human organs and tissues, 
methylmercury is not the only organic form that mercury 
can be converted to in the human body [30-32].

Mercury can readily attach to carbon-based molecules 
in the methyl, ethyl, phenyl of related organic molecules 
[33-34]. Methyl mercury reacts with sul�hydryl groups 
throughout the body, interfering with cellular or subcellular 
structure [35-36]. Dimethylmercury is a neurodegenerative 
toxic agent that once in the human body can be metabolized 
after several days to methylmercury [29,37-39]. Ethyl 
mercury another toxic organic form of mercury, has its 
origin from thimerosal-containing vaccines [40-41]. All of 
these toxic organic forms of mercury can bio-accumulate 
through the ingestion of foods such as �ish, rice and grains, 
each containing various forms of mercury [29,42-44]. 
Methylmercury is lipid-friendly and can cross the cell 
membranes easily. The placenta cross rate of methylmercury 
is 10 times higher than for other mercury compounds, 
thereby affecting the developing fetus. Organic forms of 
mercury is excreted through breastmilk readily; the half-life 
period of methylmercury in breastfeeding women is shorter 
than in non-lactating women, putting breastfeeding infants 
at greater risk for mercury toxicity [45-47]. In the human 
body, both infant and adult, methylmercury is associated 
with impairment of the nervous and immune system, 
disruption of DNA repair, destruction of mitochondrial 
membranes, chronic fatigue syndrome, neurodegenerative 
diseases resulting in loss of IQ, cardiovascular and 
respiratory diseases, and diseases of the kidney, skin and 
eyes [29,34,43]. Exposure to high levels of methylmercury 
is known as Minamata disease [48,49]. Developing fetuses, 
breastfeeding infants and young children are at greatest 
risk to acute methylmercury exposure, where even low 
levels can have devastating permanent health consequences 
[50-51]. The effects of long-term low-dose exposure to 
methylmercury in this age group remains unclear [7,52].

In this manuscript we will discuss and review organic and 
inorganic dietary contaminants, especially heavy metals, in 
women of childbearing age in developing countries and the 
toxic health effects of these contaminants have on developing 
embryos, the quality of breastmilk and in the development 
of breastfeeding infants. We will also discuss the role of �ish 
and rice in the bio-accumulation and bio-magni�ication of 
methylmercury in the above vulnerable populations. 
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vertical feet of mountain in order to expose underlying 

with coal, the Clean Air Act amendments of 1990 pushed 
coal mining companies towards low-sulfur coal in order to 
reduce emissions of sulfur dioxide and oxides of nitrogen 
[4]. MTR mining in Appalachia skyrocketed as a result, 
since low-sulfur coal is abundant in this region [4]. While 
the amendments intended to reduce environmental 
pollution, the drastic increase in coal mining in the 
Appalachian Mountains seemed to have the opposite 

producing area in the United States [5]. This review will 

due to the prevalence of mining in these areas. West 
Virginia is the top coal producer in the region, Kentucky 
is the second top producer and Virginia is the fourth top 
producer [5].

The Appalachian Mountains are typically thought 
of as stable and pristine; however, contamination from 

levels of toxicities pose a serious threat to the populations 
surrounding these regions. Mining corporations are 
not held responsible for cleaning up or monitoring 
environmental pollution in abandoned or out-of-use mines 
[5]. In addition, the transportation of coal with diesel 

nitrogen oxide and particulate matter into the air [3]. While 

it creates large-scale disturbances in local air quality, 
surface water and groundwater [3]. It is a controversial 
practice as subsequent slurry (residue from cleaning coal) 
is impounded in ponds or injected into old underground 
mine shafts [4]. Excess rock and soil are dumped into 
nearby valleys, which may contain more than 300 million 
tons of mining debris and extend downstream as far 
as six miles from the original site [2]. Elevated levels of 

and concerns for potential toxicity [6]. In 2000, a sludge 
impoundment in Kentucky broke and released 300 
million gallons of slurry [5]. This event killed all aquatic 
life within 20 miles and contaminated drinking water in a 
majority of the state [5]. The toxic impurities found in coal 

these areas common sources of heavy metal contaminants 
for local habitants [1]. For example, several reports show 
groundwater sampled from domestic wells in unmined 
areas contain high levels of mine-drainage constituents 
[7]. In one study, well water samples from 18 homes in 
the Appalachian region were tested and found to have 

Additionally, hundreds of homes smelled of hydrogen 

above the tolerable concentration [4]. 

Heavy Metals
Heavy metals have a relatively high density when 

compared with other metals that we regularly encounter 

[8]. They are not decomposable, and are recognized 
as environmental contaminants that cause cytotoxic, 

humans [9]. As, Pb, Cd and Hg are heavy metals that are 
commonly released into the environment during the MTR 
mining process. The Agency for Toxic Substances and 

third, and Cd seventh on their 2019 Substance Priority 
List (SPL) based on frequency, toxicity and potential 
human exposure at various hazardous waste sites [10]. 
The composition of heavy metals found at coal burning 
sites varies based on the soil and rock makeup [9]. Soils 
in the Appalachian region that are exposed to MTR 
mining have been shown to contain Cd levels up to ten 
times higher than nearby soils in areas exempt from 
MTR mining [11]. These levels were at or exceeded the 
maximum contamination levels set forth by the United 
States Department of Agriculture and U.S. soil scientists 
[11]. While coal mining operations are common sources 
of these metals, humans may be exposed in a variety 
of other ways including air and water contamination, 
food adulteration, medicine, improper coating of food 
containers, dental amalgams, ingestion of lead-based 
paints and other environmental hazards [12]. Particularly, 
As is often found in rice and inorganic forms of arsenic 
are easily absorbed in the body if ingested [13]. Pb is often 
produced in activities like mining, smelting and battery 
manufacturing, while Hg is often found in amalgam 

humans [14]. Cd is found in the production of batteries, 
dyes, coatings, plastic stabilizers and ironless alloys [14]. 
It is also prevalent in contaminated soil, manure fertilizer, 
tobacco leaves, jewelry and toys [14].

Toxic metals harm all living organisms when the 

Heavy metals are bio-accumulated in humans through 
inhalation, ingestion and absorption [9]. Ample studies 
have shown that the bioaccumulation of heavy metals in 
humans has been associated with negative developmental 
consequences. Elevated serum levels of heavy metals can 
lead to reduced vital nutrients in the body, which causes 
harm to the immune system, induces growth delay, reduces 
psychosocial abilities, causes malnutrition and causes 
upper gastrointestinal cancer syndromes [9]. Ambient 
particulate matter containing heavy metals and gaseous 
air pollutants associated with coal mining have been 
associated with fetal developmental problems, cognitive 
anomaly risks, heritable gene mutations, and mutations 
in fetal DNA [3]. In a study performed by Cordial et al., 
women in coal mining counties of West Virginia were 16% 
more likely to give birth to low birth weight infants than 
women living in non-coal mining counties [2]. According 
to a published analysis of birth defect data in Kentucky, 
Virginia and West Virginia, infants in counties with MTR 
mining activities are associated with an increased risk of 
birth defects [3]. Similarly, in 2012, births in MTR mining 
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counties had a birth defect prevalence of 0.021 (2.1%) as 
compared to those of non-mountaintop removal mining 
counties with a prevalence of 0.015 (1.5%) [15]. The rates 

1.43 (95% CI; p<0.001) [15]. 

Most toxic substances that humans are exposed to can 
be excreted naturally via sweat, exhalation, urine and feces. 
However, for pregnant or nursing mothers, a small amount 
may be released via breast milk excretions [16]. Both of 

and nursing newborns. Heavy metals have been shown to 
induce oxidative stress in the body that overburdens the 

this period particularly, the placenta has yet to mount 
its protection against free radicals and thus has little 

greater extent than adults and also have a lower capacity 
to excrete compounds in the bile, thus decreasing body 
clearance [14].

Breast Milk and Lactation

The current breastfeeding recommendations 
established by the American Academy of Pediatrics suggest 
exclusive breast milk for six months, and then for at least 
one additional year in combination with supplemental 
foods [18]. In 2018, the Centers for Disease Control (CDC) 
released information on breastfeeding rates for newborns 
born in 2015. The data revealed that the national average 
in the United States for infants that were ever breastfed 

of infants in Kentucky, 81.7% of infants in Virginia and 
68.6% of infants in West Virginia were ever breastfed 
[18]. This suggests that a high proportion of infants in the 
Appalachian region were potentially exposed to toxins 
like heavy metals that may be transferred via mammary 
secretions.

Human milk remains the gold standard of nutrition 

In general, it is made up of 87% water and the remaining 
is a mixture of carbohydrates, lipids, proteins, vitamins 

that also contains immunoglobulins, antimicrobials, 
leukocytes and immune modulators like cytokines that 

the child’s immune system, act as a protective barrier in 

Immunoglobulins (Ig), or antibodies, in breast milk 
represent previous maternal antigen exposure and 
subsequent response of the immune system to protect 
against future exposure to the same foreign antigen. While 
there are several classes of immunoglobulins, breast milk 
primarily contains IgA > IgM > IgG, in that order of 

exposure, while IgG remembers the infection and remains 

membranes [21]. IgA aids in the protective aspect of the 
epithelial barrier and helps with immunosuppression as 
needed within the infant’s gastrointestinal tract [21].

Cytokines are a group of protein hormones 
predominantly  made by helper T cells (Th) and 
macrophages that aim to propagate the body’s immune 
response by triggering and initiating other aspects of 
both the innate and adaptive immune system [22]. They 
also function in embryonic development and stem cell 

human colostrum (the initial mammary gland secretions) 
and milk include interleukin 2 (IL-2), interferon gamma 
(INF-γ), and tumor necrosis factor beta (TNF-β) all 
produced by helper T cells Type 1 (Th1) and IL-4, IL-5, IL-
10 and IL-13 produced by helper T cells Type 2 (Th2) [23]. 
Other cytokines found in breast milk include IL-3, IL-6, 
tumor necrosis factor alpha (TNF-a) and granulocyte-
macrophage colony stimulating factor (GM-CSF) [23]. 
There is a natural balance between the Th1 and Th2 

cytokine production mechanisms are not fully functioning 
directly after birth [19].

within breast milk include maternal factors (age, diet, 
ethnicity, weight gain during pregnancy, environmental 
pollutants and lifestyle), infant factors (birth weight, 
caesarean vs. vaginal delivery and biological needs) and 

time since last feed and length of lactation) [21].  Lactation 
typically begins 40 hours after birth, and it is triggered 

  .]41[ nicotyxo dna nitcalorp ,negortse ,enoretsegorp yb
Physiologically, the composition most markedly changes 

colostrum to transitional milk to mature human milk [24].

for toxic substances such as heavy metals built up in the 
mother’s body. Some heavy metals are even stored in the 
mother’s bones and are unintentionally released when 
bone turnover is increased to provide calcium for the infant 
via mammary secretions [25]. The amount of toxin that is 
actually passed to the infant depends on the chemical and 
physical features of the toxin as well as its half-life both 
within the mother and within the breast milk. Depending 
on its makeup, it can pass from the maternal blood plasma 
into the breast milk; thus, in theory a higher milk-to-
maternal plasma ratio represents a more soluble and 
lipophilic substance that is more likely to dissolve into the 
breast milk and be transported to the infant [16]. It is also 
important to note that milk contamination decreases with 
duration and frequency of breastfeeding as the mother’s 
body rids itself of the toxins [26]. In a study done by Chao et 
al. in Taiwan in 2008, 180 human milk samples from four 
stages of lactation (colostrum, transitional, early mature 
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binding mercury reduction measures to go into effect in 
August of that same year [54-56]. Since that time, the number 
of nations to ratify the legally-binding documents continue to 
grow, with 113 participants currently [56]. The convention 
was named after Minamata, Japan; considered to be the 
location of one of the worst mercury contamination events 
to date [57]. Under further investigation, this poisoning was 
believed to be caused by wastewater from a local chemical 
factory contaminating one of the city’s main food sources, 
�ish; bringing to light just one of the many sources increasing 
pollution on a daily basis [58]. The Convention addressed 
many aspects of this issue including mercury availability, 
and its use in products such as thermometers [59-60]. It 
also stressed reducing emissions from artisanal and small-
scale gold mining, considered one of the largest culprits 
for the increased mercury emissions over the years [61]. It 
focused on reducing emissions from power plants and metal 
producing facilities as well as encouraged governments to 
have an action plan in place to manage the health effects of 
already occurring mercury exposure [59-60]. 

The �irst bene�it of the Minamata Convention was bringing 
greater attention to the severity of the mercury issue and 
the necessity to remedy that issue [56,60,62]. Participating 
members of the Convention were tested for hair mercury 
levels resulting in a more motivated discussion. Mercury 
was found on every single person and, alarmingly, one third 
of participants were over the safe reference dose, set by 
the US National Research Council [62]. With a motivated 
populace the second bene�it was realized, putting into place 
a foundational start to reducing the participating countries 
contributions to the mercury issue and the adverse health 

many sociodemographic factors such as mother’s age and 
educational levels, smoking, alcohol, drug use and abuse, and 
dietary habits such as eating �ish and rice containing heavy 
metals especially mercury and the associated methylated 
organic compounds it can form [19-21].

Once in the environment, inorganic mercury can 
be methylated to methylmercury by bacteria [22-24]. 

Methylmercury can bio-accumulate in many upper trophic 
level animals, especially humans such that they contain 
contains higher concentrations of methylmercury [25-28]. 
According to Bernhoft (2012) toxicity in human varies 
depending on the form, dose and rate of exposure of mercury. 
The target organ for inhaled mercury vapor is primarily the 
brain, while mercurous and mercuric salts chie�ly damage 
the gut lining and kidney [29]. While methylmercury is 
widely distributed throughout human organs and tissues, 
methylmercury is not the only organic form that mercury 
can be converted to in the human body [30-32].

Mercury can readily attach to carbon-based molecules 
in the methyl, ethyl, phenyl of related organic molecules 
[33-34]. Methyl mercury reacts with sul�hydryl groups 
throughout the body, interfering with cellular or subcellular 
structure [35-36]. Dimethylmercury is a neurodegenerative 
toxic agent that once in the human body can be metabolized 
after several days to methylmercury [29,37-39]. Ethyl 
mercury another toxic organic form of mercury, has its 
origin from thimerosal-containing vaccines [40-41]. All of 
these toxic organic forms of mercury can bio-accumulate 
through the ingestion of foods such as �ish, rice and grains, 
each containing various forms of mercury [29,42-44]. 
Methylmercury is lipid-friendly and can cross the cell 
membranes easily. The placenta cross rate of methylmercury 
is 10 times higher than for other mercury compounds, 
thereby affecting the developing fetus. Organic forms of 
mercury is excreted through breastmilk readily; the half-life 
period of methylmercury in breastfeeding women is shorter 
than in non-lactating women, putting breastfeeding infants 
at greater risk for mercury toxicity [45-47]. In the human 
body, both infant and adult, methylmercury is associated 
with impairment of the nervous and immune system, 
disruption of DNA repair, destruction of mitochondrial 
membranes, chronic fatigue syndrome, neurodegenerative 
diseases resulting in loss of IQ, cardiovascular and 
respiratory diseases, and diseases of the kidney, skin and 
eyes [29,34,43]. Exposure to high levels of methylmercury 
is known as Minamata disease [48,49]. Developing fetuses, 
breastfeeding infants and young children are at greatest 
risk to acute methylmercury exposure, where even low 
levels can have devastating permanent health consequences 
[50-51]. The effects of long-term low-dose exposure to 
methylmercury in this age group remains unclear [7,52].
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toxic health effects of these contaminants have on developing 
embryos, the quality of breastmilk and in the development 
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and mature milk) were taken from 45 healthy lactating 
women and concentrations of As, Pb, Cd and aluminum 
(Al) were measured [27]. The overall trend revealed that 
concentrations of these heavy metals declined rapidly as 
the lactation period progressed, possibly due to the fact 
that colostrum has a higher content of protein, lactose and 
fat than other stages of breast milk [27]. The high protein 
increases the binding capacity to toxic metals while the 
lactose and fat levels increase the absorption of the heavy 
metals within the neonatal gastrointestinal tract [28].

Heavy Metals in Breast Milk

Arsenic (As). Arsenic is found in the environment 
in organic forms such as mono-methyl arsenic 
(MMA), dimethyl arsenic (DMA), arsenobetaine and 
arsenocholines and in more toxic, inorganic forms such 
as Arsenite (AsIII) and Arsenate (AsV) [19]. The inorganic 
forms are water soluble and thus most often spread via 
contaminated water; however, it may also spread via air in 
coal burning areas [29]. Inorganic forms and methylated 
forms (MMA and DMA) are able to cross the placental 
barrier. A study conducted by Concha et al. in Argentina 
measured As metabolite concentrations in samples of 
maternal blood and urine before delivery, and cord blood 
and placental concentrations at the time of delivery [30]. 
After delivery, concentrations of As metabolite were 
measured in maternal blood, maternal urine, infant urine, 
and breast milk over the course of 4.4 months [30]. The 
results revealed a high percentage of DMA in the maternal 

[30]. This suggests that either DMA is the main form 
transferred to the fetus in utero or that As methylation 
occurs throughout pregnancy and converts inorganic 
forms into DMA [30]. Comparatively, concentrations of 
As in breast milk were relatively low, despite the ability of 
AsIII to leave the body via aquaglyceroporins in mammary 
glands [30]. A study by Samanta et al. reported a similar 

much lower than in urine, suggesting that urine is the 

supports the claim from Castro et al. that infants are more 
likely to be exposed to As from water in formula than 
through breast milk [32].

in infants or via breast milk transmission, as a majority 
of studies have focused on adult exposure from 
environmental sources. Studies have suggested however, 

and include respiratory, dermal, neurological and 
cardiovascular symptoms [29]. One study conducted by 
Bencko et al. reported that children living near an As-
high coal burning factory were more likely to have hearing 

[33]. While this does not coincide with exposure via breast 
milk, it may suggest that living in the vicinity of a coal 
mining area in the Appalachian Mountains presents an 
environmental hazard to infants.

Lead (Pb). Pb is absorbed into the body via the digestive 
tract, respiratory tract and transdermally [19]. Pb has 
both inorganic and organic forms; however, the inorganic 
forms are most often released into the environment from 
activities like mining [34]. Prior to stricter Pb regulations 
in products, the most common form of exposure was via 
Pb paint and water pipes [35]. 90% of Pb is stored in 
the bone for the duration of a person’s life; however, it 
is released from bone in pregnant and lactating mothers 
when their bone turnover increases to release important 
nutrients like calcium for the child [19]. Chao et al. 
concluded that lactating mothers greater than 30 years of 

mammary secretions when compared to younger mothers 
[27]. Another study reported that the Pb concentrations 

Pb in the mother’s blood and umbilical cord at the time 
of delivery [14]. This observation may provide a novel 
way to estimate the levels of Pb in a mother’s breast milk, 
and to assess the risk versus reward of breastfeeding over 
formula use. Despite the limited research on Pb in breast 
milk, clinicians advise women with Pb blood levels below 
40 µg/dL to continue to breastfeed [36].

Like other heavy metal exposure, both prenatally and 

The World Health Organization (WHO) states that infants 

also have an immature blood brain barrier, making them 

[37]. Pb inhibits the production of Th1 cytokines, thus 
making the newborn more susceptible to infections [19]. 
Furthermore, prenatal exposure has been correlated to 
decreased birth weight, birth length and smaller head 

placental cells [17]. Once in the placenta, Pb interferes 
with placental calcium uptake [17]. Exposures postnatally 
have been shown to decrease IQ and even precipitate the 

aggression [38].

Mercury (Hg). Hg exists in the elemental form (Hg0), 
inorganic forms as Hg+ and Hg2+ and various organic 
forms like methylmercury (MeHg) [39]. It is estimated 
that 80% of the Hg released from human activities like 
mining is in the form of Hgo [39]. Once absorbed, a 
majority is oxidized to Hg2+ and deposited in the kidneys 
[19]. Inorganic forms are excreted mainly via urine or 
feces, and little is currently known about the excretion via 
breast milk [40]. Bose-O’Reilly et al. conducted a study 
on 46 breast-feeding women with close proximity to a 
gold mining area and suggested that breast milk may in 
fact be a source of inorganic Hg for nursing infants [41]. 
MeHg is the most toxic form and is readily absorbed into 
the mother’s bloodstream [40]. It’s lipophilic properties 
also allow it to cross the placenta and break down the fetal 
blood brain barrier [14]. MeHg can be transported to the 
infant postnatally via breast milk [40]. In a study done 
by Drasch et al., the concentration of Hg was measured 
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in 70 in breast milk samples from 46 mothers [42]. The 
results showed a positive correlation between the amount 

future analyses and studies of Hg burden, it is important 
to note that a majority of studies only measure Hg 
exposure via hair samples; however, Bose-O’Reilly et al. 
measured Hg burden via breast milk, urine, blood and 
hair in participants and revealed that levels of Hg in breast 
milk were sometimes high despite a low Hg hair level [41].

The presence of Hg exposure in the developing fetus 
and infant inhibits the production of Th1 cytokines and 

exposure are related to the nervous system and include 
delayed developmental milestones, incoordination, 
blindness, seizures and muscle weakness [39]. 

Cadmium (Cd). Cd mainly enters the body via 
inhalation, and after it binds to proteins it is transported in 
the blood [19]. In utero, the placenta has been shown to be 
slightly protective against Cd as levels in human milk are 
often 5-10% of the levels of Cd in the mother’s blood [43]. 
However, a study by Kippler et al. measured Cd levels in 
mother’s breast milk and erythrocytes and indicated that 
there is no protective barrier against the transportation 
of blood Cd to breast milk [44].  Higher breast milk 
concentrations of Cd have been shown in mothers who 
smoke [19]. In a study by Honda et al. and several other 
studies, the concentrations of Cd were inversely related 
with calcium concentrations—implicating that Cd may 

[45]. This is potentially due to the fact that Cd has 
physicochemical similarities to calcium [14]. Due to its 
resemblance, processes that utilize calcium naturally like 
cell death pathways may also be disrupted [14].

Cd, like many other heavy metals inhibits the 

the developing immune system in neonates [19]. In a 
study by Wang et al. that measured Cd serum levels in 

preterm birth in mothers with elevated Cd serum levels as 
compared to those with lower concentrations [46]. There 
have also been associations of elevated Cd levels and the 
development of asthma [19]. Additionally, Cd has been 

placental progesterone production [8].

Future Studies

Assessing the risks and health consequences that 
exposure to As, Pb, Hg and Cd pose to infants in the 
Appalachian region is of the utmost importance. Risk 

Exposure Assessment, and (4) Risk Characterization [14]. 

through laboratory and human epidemiological studies, 
a vast array of methods must be explored to assess the 

exposure and characterize the risk to nursing infants in the 
Appalachian mining region [14]. 

One such method that should be explored is screening 
breast milk provided to the infant from its mother, or from 
a human milk bank, which is a place where breast milk can 
be purchased or sold by individuals or commercial entities 
[48]. Breast milk is a non-invasive form of detecting 
environmental contaminants and allows the exposure of 
both the mother and the baby to be assessed at the same 
time [14]. The WHO and UNICEF recommend that if 

another healthy lactating mother, milk from a human milk 
bank, or supplement formula [47]. Prospective milk bank 
donors are commonly screened for recreational drug use 
through behavioral questionnaires, but are not routinely 
tested for pharmaceuticals or environmental substances 
[48]. For example, the Human Milk Banking Association, 
which is one of the most common milk banks in North 
America, screens donors for medical and lifestyle risk 
factors, and tests for select diseases, but does not evaluate 
the milk for environmental contaminants [49]. Further 
screening of breast milk, whether provided by the mother 
or by a regional milk bank, should be screened  in areas 
known to have increased heavy metal contaminants. 

Future research should also focus on measuring the 
heavy metal concentrations in local water supplies and 
cow’s milk in order to characterize the risk  and assess the 

Infant formula prepared with local water has been found 
to have higher amounts of heavy metals than breast milk 
in some areas [28]. Akayezu et al., reported that cow’s milk 
is often a source of Hg, Pb, and lipophilic organochlorine 
pesticides for infants [50].  A variety of other methods 
to assess exposure risk of heavy metals exist by utilizing 
environmental and biological methods. For example, 
plant species which act as bioaccumulators can be used to 
monitor heavy metal pollutants in the air in MTR mining 
regions and could indicate whether a population is at risk. 
These pollutants are measured when deposition occurs on 
the plant canopy or air pollutants accumulate in and on 
leaves [9]. Mosses may also be able to assist in monitoring 
these pollutants because they have high cation exchange 
capacity, which causes them to be hyper-accumulants 
of metals and metal complexes [51]. Another method 
to monitor contaminant accumulation may be through 
toenail clippings, which have shown to be successful in 
assessing environmental exposures to trace elements like 
heavy metals [52]. Due to the slow rate of toenail growth, 
toenail measurements represent exposures over three to 
twelve months and remain relatively stable [53]. Toenail 
samples could be collected from women of childbearing 
age in the Appalachian region as a potentially less invasive 
way to detect chronic exposures to heavy metals. 

Conclusion

Infants being breastfed in the Appalachian region are 
at an increased risk of heavy metal contamination from an 
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unlikely source - their own mothers and the life-giving milk 
that they provide. Many studies presented in this report 
have shown how heavy metals accumulate in the human 
body and are subsequently transferred to infants through 

exposure are clear: pre- and post-natal birth defects that 
have severe developmental consequences. This paper 
suggests that screening breast milk of the mother and milk 
provided by milk banks located in the Appalachian region 
could be a useful tool in assessing an infants’ exposure and 
characterizing the risk to heavy metals. It also suggests 
that this can be done by monitoring concentrations of 
heavy metal contamination in local water supplies, cow’s 
milk and through bioaccumulation in plants and toenail 
clippings. While breastfeeding will likely remain the gold 
standard for infant nutrition, heavy metal exposure to 
breastfed infants as a result of MTR mining practices in 
the Appalachian region requires additional study. 
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Our review of the literature aimed at looking at the 
organic and inorganic dietary contaminants in women of 
childbearing age in developing countries and at the toxic 
health effects of these contaminants have on nascent embryos 
and breastfeeding infants. We speci�ically focused on heavy 
metals especially methylmercury and its passage into breast 
milk, negatively affecting the developing child. A literature 
search was done using MEDLINE database of references and 
abstracts on life sciences and biomedical topics, and Google 
Scholar with the keywords: Arsenic, bioaccumulation, 
breastmilk, cadmium, �ish, lead, methyl mercury, mercury 
toxicity, Minamata Mercury Convention, rice, and vulnerable 
populations, used in the search. Publications were selected 
that observed the geographic locations with high �ish and rice 
consumption containing organic and inorganic contaminants 
with focus on heavy metals especially methylmercury 
and the transport of methylmercury in breast milk to the 
developing child. Articles used were from 2006 onward, 
and a 1994 paper used due to its explanation of the negative 
effects of methylmercury on early development.

Minamata Convention on Mercury
 In January 2013, the Minamata Convention on Mercury 

was agreed upon by 128 nations in Geneva, Switzerland to 
address the ongoing issue of methyl-mercury pollution [53]. 
It was later rati�ied in October of the same year in Kumamoto, 
Japan for implementation [54]. Then in May 2017 the 
documents achieved 50 rati�ications allowing the legally 
binding mercury reduction measures to go into effect in 
August of that same year [54-56]. Since that time, the number 
of nations to ratify the legally-binding documents continue to 
grow, with 113 participants currently [56]. The convention 
was named after Minamata, Japan; considered to be the 
location of one of the worst mercury contamination events 
to date [57]. Under further investigation, this poisoning was 
believed to be caused by wastewater from a local chemical 
factory contaminating one of the city’s main food sources, 
�ish; bringing to light just one of the many sources increasing 
pollution on a daily basis [58]. The Convention addressed 
many aspects of this issue including mercury availability, 
and its use in products such as thermometers [59-60]. It 
also stressed reducing emissions from artisanal and small-
scale gold mining, considered one of the largest culprits 
for the increased mercury emissions over the years [61]. It 
focused on reducing emissions from power plants and metal 
producing facilities as well as encouraged governments to 
have an action plan in place to manage the health effects of 
already occurring mercury exposure [59-60]. 

The �irst bene�it of the Minamata Convention was bringing 
greater attention to the severity of the mercury issue and 
the necessity to remedy that issue [56,60,62]. Participating 
members of the Convention were tested for hair mercury 
levels resulting in a more motivated discussion. Mercury 
was found on every single person and, alarmingly, one third 
of participants were over the safe reference dose, set by 
the US National Research Council [62]. With a motivated 
populace the second bene�it was realized, putting into place 
a foundational start to reducing the participating countries 
contributions to the mercury issue and the adverse health 

many sociodemographic factors such as mother’s age and 
educational levels, smoking, alcohol, drug use and abuse, and 
dietary habits such as eating �ish and rice containing heavy 
metals especially mercury and the associated methylated 
organic compounds it can form [19-21].

Once in the environment, inorganic mercury can 
be methylated to methylmercury by bacteria [22-24]. 

Methylmercury can bio-accumulate in many upper trophic 
level animals, especially humans such that they contain 
contains higher concentrations of methylmercury [25-28]. 
According to Bernhoft (2012) toxicity in human varies 
depending on the form, dose and rate of exposure of mercury. 
The target organ for inhaled mercury vapor is primarily the 
brain, while mercurous and mercuric salts chie�ly damage 
the gut lining and kidney [29]. While methylmercury is 
widely distributed throughout human organs and tissues, 
methylmercury is not the only organic form that mercury 
can be converted to in the human body [30-32].

Mercury can readily attach to carbon-based molecules 
in the methyl, ethyl, phenyl of related organic molecules 
[33-34]. Methyl mercury reacts with sul�hydryl groups 
throughout the body, interfering with cellular or subcellular 
structure [35-36]. Dimethylmercury is a neurodegenerative 
toxic agent that once in the human body can be metabolized 
after several days to methylmercury [29,37-39]. Ethyl 
mercury another toxic organic form of mercury, has its 
origin from thimerosal-containing vaccines [40-41]. All of 
these toxic organic forms of mercury can bio-accumulate 
through the ingestion of foods such as �ish, rice and grains, 
each containing various forms of mercury [29,42-44]. 
Methylmercury is lipid-friendly and can cross the cell 
membranes easily. The placenta cross rate of methylmercury 
is 10 times higher than for other mercury compounds, 
thereby affecting the developing fetus. Organic forms of 
mercury is excreted through breastmilk readily; the half-life 
period of methylmercury in breastfeeding women is shorter 
than in non-lactating women, putting breastfeeding infants 
at greater risk for mercury toxicity [45-47]. In the human 
body, both infant and adult, methylmercury is associated 
with impairment of the nervous and immune system, 
disruption of DNA repair, destruction of mitochondrial 
membranes, chronic fatigue syndrome, neurodegenerative 
diseases resulting in loss of IQ, cardiovascular and 
respiratory diseases, and diseases of the kidney, skin and 
eyes [29,34,43]. Exposure to high levels of methylmercury 
is known as Minamata disease [48,49]. Developing fetuses, 
breastfeeding infants and young children are at greatest 
risk to acute methylmercury exposure, where even low 
levels can have devastating permanent health consequences 
[50-51]. The effects of long-term low-dose exposure to 
methylmercury in this age group remains unclear [7,52].

In this manuscript we will discuss and review organic and 
inorganic dietary contaminants, especially heavy metals, in 
women of childbearing age in developing countries and the 
toxic health effects of these contaminants have on developing 
embryos, the quality of breastmilk and in the development 
of breastfeeding infants. We will also discuss the role of �ish 
and rice in the bio-accumulation and bio-magni�ication of 
methylmercury in the above vulnerable populations. 
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