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Abstract: Mercury (Hg) has been identified as one of the most toxic nonradioactive materials known
to man. Although mercury is a naturally occurring element, anthropogenic mercury is now a major
worldwide concern and is an international priority toxic pollutant. It also comprises one of the
primary constituents of dental amalgam fillings. Even though dental mercury amalgams have been
used for almost two centuries, its safety has never been tested or proven in the United States by
any regulatory agency. There has been an ongoing debate regarding the safety of its use since 1845,
and many studies conclude that its use exposes patients to troublesome toxicity. In this review,
we present in an objective way the danger of dental amalgam to human health based on current
knowledge. This dilemma is addressed in terms of an integrated toxicological approach by focusing
on four mayor issues to show how these interrelate to create the whole picture: (1) the irrefutable
constant release of mercury vapor from dental amalgams which is responsible for individual chronic
exposure, (2) the evidence of organic mercury formation from dental amalgam in the oral cavity,
(3) the effect of mercury exposure on gene regulation in human cells which supports the intrinsic
genetic susceptibility to toxicant and, finally, (4) the availability of recent epidemiological data
supporting the link of dental amalgams to diseases such as Alzheimer’s and Parkinson.

Keywords: dental amalgam; mercury; restorative dentistry; methylmercury; oral toxicology;
toxic metals

1. Introduction

The use of mercury in tooth fillings represents some 10% of the total global mercury consumption;
thus, it is the largest consumer of mercury in the world [1]: in the U.S. alone, up to 32 tons are used per
year [2]. Compared to the USA, the dental use of mercury in the European Union—the second largest
consumer—amounts to some 20-25%, although countries such as Norway, Denmark, and Sweden
have recommend banning the use of mercury in dental amalgams [3].

The primary use of mercury amalgam in tooth fillings is to delay tooth decay. This restorative
material is composed of an approximately 50% metal alloy—a mixture of silver, copper, and tin—while
the other 50% consists of elemental mercury [4]. The restorative power relies on the chemical properties
of the mercury to form the amalgam. Through proper guidance, the dentist mixes the powdered alloy
with the liquid mercury to form amalgam putty. The pliable amalgam putty is then placed and shaped
into the tooth cavity, where it is left to harden into a solid state. The benefits provided through this
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restorative procedure are many: it is less expensive, long-lasting, strong, and resistant, thus less likely
to break than any other type of fillings [5]. Recently, however, a research group from England focusing
on Alzheimer’s treatment discovered “Tidegluzib”, a novel GSK3 antagonist, which promotes natural
tooth repair [6].

Mercury, the principal component in dental amalgam, derives the very well-known toxicity from
its high affinity towards proteins and amino acids [7]. In vitro experiments have demonstrated that
elemental mercury is ten times more toxic than lead on neurons (Pb) [8]. Tissues such as the liver,
kidney, and central nervous system (CNS) are the primary targets for bioaccumulation [9-11]. In view
of the proximity of the oral cavity to the brain, the mercury penetrates and deposits in this organ
affecting the CNS. Experiments using rats have shown the immediate fate of mercury release into the
brain [12,13].

Even though dental mercury amalgams have been used for more than 150 years, their safety and
risks have never undergone the regulatory proof-of-safety testing that is required for other medical
implants under the U.S. law. Under the 1976 Amendments to the Federal Food, Drug, and Cosmetics
Act (FDA), Congress directed the FDA to assess the safety of medical and dental devices and to require
premarket approval of safety for any device “intended to be implanted in the human body” [14]; yet, dental
amalgam has been exempted by the FDA [15].

In 1991, the World Health Organization confirmed dental amalgams are the biggest source of
mercury, exposing the people to mercury levels significantly exceeding those set for food, air and
water [16]. Autopsy studies have shown dental amalgam to be the main source of mercury in human
tissues, responsible for at least 60-95% of mercury deposits [8]. From the above, it should be obvious
that the health hazard of mercury amalgam is a serious problem which needs urgent control.

Our point of view regarding the whole dental amalgam dilemma is based on the inherent
toxicity of mercury at different levels. The bulk of the presented data focuses on the toxic effects of
mercury and its derivatives. Not only is its relation to different pathological anomalies considered,
as published by various groups, but also a molecular understanding of its toxicity is addressed.
Our integrated approach focuses on a complete toxicity picture of the mercury constituent in dental
amalgam. The various relevant toxicological factors including molecular mechanisms, gene regulation,
and genetic susceptibility triggered by global gene polymorphism, are considered.

2. Toxicity of Mercury and Its Compounds

The broad spectrum of effects caused by mercury compares to no other metal. Its physical
properties are unique, as it exists at room temperature in the liquid state with an appreciable vapor
pressure; mercury vapor is much more toxic than its liquid state [17]. Mercury exist in various oxidative
states [18], namely the mercurous (Hg*!) and mercuric (Hg*?) ions, which readily react with cysteine
and glutathione to form sulfides [19]. The resulting compounds are methylated by bacteria into
methylmercury (MeHg) and dimethyl mercury (Me,Hg) and organic compounds, which, due to their
greater absorption rate, are even more toxic—Me,Hg being the most potent neurotoxin known to
date—than elemental mercury or the mercury ions [20]. It is of uttermost importance to understand
the cellular damage caused by mercury and its compounds to devise appropriate regulations in the
medical-implant field for the ultimate benefit of mankind.

2.1. Elemental Mercury

Elemental mercury (Hgo) is found in fish, humans, vaccine preservatives, thermometers, cosmetics,
light bulbs, and other products and processes, including dental amalgams [21]. Mercury in its gaseous
form (mercury vapor) is thought to come from the natural degassing of the earth’s crust, yet dental
amalgam fillings are considered a significant source of this toxic gas [16,17]. The greatest concern for
mercury toxicity is its gaseous state—it readily vaporizes at room temperature—because mercury
vapor is odorless and invisible [7,22]. Since mercury vapor is fatal even in small amounts [7,22-24],
lethal concentrations may be present before one realizes any symptoms (comparable to carbon
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monoxide). Mercury vapor is absorbed at a fast rate in the respiratory tract and consequently
distributed throughout the whole body by the bloodstream [7,18]. As mercury vapor is uncharged
and, therefore, highly lipid soluble, it readily passes through the blood-brain barrier and the placenta
before cells oxidize it to Hg*? ions [15,18,25]. The notable affinity of mercury to biomolecules, such as
amino acids, proteins, purines, pyrimidines, and nucleic acids, is the reason for its toxicity, especially
in the central nervous system and kidneys [7]. This interaction of mercury with these biomolecules
inhibits various important enzymes, such as membrane ATPase, enzymes involved in brain pyruvate
metabolism, lactate dehydrogenase, and fatty acid synthetase, causing very serious effects on the
central nervous system and its metabolism [7,22]. Several studies on mercury vapor show that
long-term exposures in dental workplaces (20 ug Hg per m?
on the central nervous system [16]. Concentrations of mercury greater than 0.05 mg/m3 for significant
periods (more than 8 h) is considered unsafe by the Agency for Toxic Substances and Disease Registry
(ATSDR), while a 0.2 ug/ m?® amount is the minimum risk level from chronic mercury inhalation [24,26].
Acute and chronic exposure may induce numerous symptoms such as cough, fever, tremors, delusions,
hallucinations, loss of memory, insomnia, neurocognitive disorders, personality change, and gingivitis,
among others [22,26]. The daily amount of absorbed mercury estimated from atmospheric exposure

air or higher) have detectable toxic effects

in rural areas is about 32-64 ng and about 160 ng in urban areas [27]. This outdoor air exposure to
elemental mercury is marginal when compared to the average estimated daily absorption through
food consumption (£600 ng) or dental amalgam (3000-17,000 ng) [16].

2.2. Inorganic Mercury

Inorganic mercury compounds derived from mercuric ions (Hg*?) are formed when mercury
combines with other elements, for example chlorine, oxygen, or sulfur, forming the salts mercuric
chloride, mercuric oxide, and mercuric sulfide [9,12]. Also, in the human body mercury salts may
be produced from elemental mercury. This happens when mercury vapor is inhaled, diffusing
through the lungs into the bloodstream [7,18]. In cells, the elemental mercury is oxidized to its
divalent form (Hg*?) by the hydrogen peroxide—catalase pathway, which occurs predominantly in
the liver, lungs, erythrocytes, and brain [21]. Additionally, exogenous mercury salts are absorbed
through the gastrointestinal tract, possibly via amino acid/peptide transporters and a divalent metal
transporter 1 [16,25]. After absorption, these mercuric salts may produce renal failure, cardiovascular
collapse, severe gastrointestinal damage, and eventually cause death [16]. Although inorganic mercury
does not cause similar short-term effects as elemental mercury, long-term exposure may induce
neurological disturbances and memory problems [28]. Furthermore, it has been reported that mercuric
chloride (HgCl,) effects cell cytotoxicity, causes oxidative stress, increases f-amyloid secretion, and
induces Tau phosphorylation in neuroblastoma cells [29]. These studies indicate that mercury exposure
might play a critical role in the pathophysiological Alzheimer Disease.

While mercury vapor passes readily the blood-brain barrier, while inorganic mercury has a
limited capacity to do so; however, once in the brain the toxicant is bound more strongly [18,30]. This
might explain why the half-life of inorganic mercury in the brain is estimated to be 20 years, while
the biological half-life is approximately 30-60 days [18]. Recent reports on human studies indicate a
half-life of inorganic mercury in the brain of the order of years, contradicting older radioisotope studies
which estimated half-life in the order of weeks to months [31]. Additionally, inorganic mercury may
be produced from organic mercury, as experiments have shown that inorganic mercury levels within
the brain correlate with organomercury administered doses [30,32]. Mercury salts have been shown
to accumulate in exocrine glands, making saliva an excretion pathway [33]. A post-mortem study
performed to assess mercury exposure in the human brain showed that dental amalgam increases the
inorganic mercury concentrations in the brain. At time of death, a significant correlation was found
between inorganic mercury in the blood and the number of surfaces filled with dental amalgam [34].
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2.3. Organic Mercury

Organomercury refers to various organometallic compounds, specifically the extremely neurotoxic
methylmercury (MeHg) and dimethylmercury (Me;Hg). Dimethylmercury is an extremely hazardous
chemical, absorption of less than 0.1 mL produces severe and even fatal reactions [14,35-38]. According
to ATSDR, the minimal risk level of dimethylmercury is 0.0003 mg/kg/day for chronic symptoms
(oral exposure) [24]. The U.S. Environmental Protection Agency (US EPA) has estimated a safe daily
intake for organomercury of 0.1 nug/kg body weight per day. This is based on a study in the Faroe
Islands, in which development test scores for children were compared, whose mothers had been
exposed to organomercury during pregnancy. A European Union scientific review in 2001 has
supported this safe daily intake level [39].

It has been hypothesized that organomercury passes through the blood-brain barrier by way
of neutral amino acid transporters, particularly System L [25]. Although elemental mercury affects
the central nervous system, the organomercury preferentially distributes in portions of the brain that
control sensorimotoric functions. The latter in turn leads to problems with coordination, equilibrium,
and motoric control [10,11]. The precise molecular mechanism that produces organomercury-induced
damage in the brain is still not well understood; yet, oxidative stress and lipid peroxidation represent
important mechanisms in the process of neuronal death [40].

In addition to the transport of organomercury across the blood-brain barrier, such compounds
may also be actively transported to a fetus through the placenta [41]. Studies have revealed that
organomercury concentration in the blood of the fetus is ~2-fold higher than in the mother’s [42-45].
This poses a serious threat to the developing brain since fetuses are more sensitive to organomercury
than adults [37]. Large-scale epidemiological studies have disclosed that child neurodevelopmental
difficulties, including motoric function, attention, deep tendon reflexes, coordination, and visuospatial
organization, are associated with pregnant women eating fish contaminated by a high organomercury
levels (facilitates high in utero exposure) [37,46].

The organomercury in human tissue has been mostly attributed to food, specifically, to certain fish
species. Demonstrated more than 30 years ago and now mostly overlooked is the potential capacity of
oral bacteria (Streptococcus minor, Streptococcus mutans, and Streptococcus sanguis) to methylate elemental
mercury from dental amalgams [47-50]. Consistent with this idea, patients with a higher number of
mercury dental fillings exhibit larger levels of organomercury in their saliva [49,51]. Furthermore,
Leistevuo reported that the levels in saliva ranged from 0 to 174 nmol/L (0-37.523 nug/L), with
a mean estimate of 14.0 nmol/L (3.019 pg/L). Most (60%) salivary secretion originates from the
submandibular gland [52]. The total saliva volume produced per day in five-year-old children is
~500 mL [53]; in adults the value varies from 1 to 2 L [54], a conservative estimate of saliva volume is
at least 800 mL/day. Speciation analyses indicate that the mean extent of biomethylation of inorganic
mercury by oral bacteria is ~2-3 pg/day [49]. A meal of about 200 g fish, which contains a high
amount of organomercury (500 ug/kg), results in an uptake of approximately 100 pg organomercury;
consumption of moderate levels (50 pg/kg) leads to an uptake of ~10 pg. Therefore, the weekly
ingestion of one fishmeal represents in extreme cases as much as 100 g and in moderate cases is 20 pg
organomercury. In contrast, the weekly contribution of organomercury due to the biomethylation (oral
bacteria) of the mercury in amalgam fillings (the average case) is equivalent to consuming moderately
mercury-infested fish. Clearly, humans with dental amalgams eating mercury-containing fish are
extremely endangered by mercury toxicants. Therefore, it should be evident that organomercury
exposure through dental amalgams is an important and relevant health problem. More research on
the toxicity of organomercury deriving from amalgam fillings is necessary to protect the health of
our population.

Organomercury and mercury vapor pose a more serious threat to pregnant women and their
newborns. A study in China concluded that prenatal exposure to low levels of organomercury causes
smaller cerebellum fetal brain development in newborns [55]. It is advisable to perform detailed
neuropsychological tests on these children after 18 months: such tests indicate latent neurological or
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neuropsychological deficits [56]. A Stockholm study monitored postdelivery women for 15 months:
The levels of organomercury, inorganic and elemental mercury in maternal and umbilical cord blood
were determined by automated alkaline solubilization/reduction and cold vapor atomic fluorescence
spectrometry, whereas the total mercury in urine was determined by inductively coupled plasma mass
spectrometry. Approximately 72% of the mercury in blood (n = 148) during early pregnancy was
organomercury (median 0.94 pug/L, maximum 6.8 pug/L); it decreased during pregnancy, probably due
to eating less fish. Moreover, the inorganic mercury in blood (median 0.37 pg/L, maximum 4.2 pug/L)
and the total mercury in urine (median 1.6 nug/L, maximum 12 pg/L) during early pregnancy were
highly correlated with the number of amalgam fillings [41]. It was not clear, however, how much of the
organomercury (72%) was due to fish consumption, and how much was due to the dental amalgam.
The organomercury in umbilical cord blood (median 1.4 ng/L and maximum 4.8 ng/L) was almost
twice that in maternal blood, probably caused by previous exposure of the mother to mercury and the
ability of the placenta to accumulate the toxicant. The concentrations of organomercury decreased
during lactation, presumably due to its excretion in the mother milk. An autopsy study on deceased
newborns and fetus has shown a direct correlation between dental amalgam fillings of the mother in
pregnancy and the mercury levels in the body tissues of the babies or fetus [57].

3. Oral Exposure to Mercury Amalgam

Numerous epidemiological studies have assessed the impact of mercury exposure from oral
dental amalgam. In a recent study, males with high mercury levels in hair (1 > ppm) had a 50% higher
probability of having periodontitis than females with normal mercury levels (1 < ppm). The results
suggest that mercury exposure, irrespective of gender, is associated to periodontitis [58]. Anaerobic
bacteria from periodontal diseases produce hydrogen sulfide (H,S) and methyl mercaptan (CH3SH) are
responsible for gingivitis [59]. These sulfur compounds react with the mercury amalgam to produce a
black gum tissue called “amalgam tattoos”, consisting of mercuric sulfide (HgS) [60]; mercuric sulfide
is extremely toxic causing oral and systemic diseases [58].

Risks to Dental Personnel

It is worth noticing that dentists and personnel involved in amalgam restorations are at higher
risk since they are exposed to more mercury vapor during a work day. An interesting study from 1992
compared a population of dentists subjected to mercury vapor to a control population with no mercury
exposure. The experiment measured chronic neurobehavioral effects based on tests including motoric
speed, visual scanning, visio-motoric coordination, visual memory, and verbal memory, inter alia.
These performance tests showed that the population exposed daily for 5.5 years (a dose of 14 pug/m3,
which is below the threshold limit recommended by American Conference of Governmental Industrial
Hygienists) was affected significantly worse than the control subjects [61].

A recent study, performed in a dental training school on 45 students, reported mercury exposure
from two sources: bound to particulate matter and from direct vapor [62]. Levels of particulate-bound
mercury ranged from 0.1 to 1.2 pg/m?, while mercury vapor ranged from 1100 to 3300 pg/m? during
the clinic training. The mercury levels ranged from 0.01 to 0.02 ug/m? for particle bound mercury
and 13.6 to 102.7 pug/m? in vapor. The mercury vapor levels were several times higher than permitted
by OSHA (100 pg/m?). Even though there is evidence for high mercury levels in the dental working
environment, regulation of the mercury levels in the clinic environments are not enforced. Clearly,
personnel working in dental clinics are exposed to inhaling mercury vapor, as well as of fine amalgam
particles, which comprises a potential health risk. This is due the fact that they become more exposed
to mercury since they are involved in preparing amalgam, waste management, and polishing dental
amalgam [63].

It had been shown that inorganic mercury induces immunosuppression by decreasing the
production of thymus gland hormone (thymulin) in young mice [64]. Recently, a study in human
(dental staff workers, dentists, and nurses) showed a significant increases of mercury levels in urine
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and blood compared to nondental personnel, and a concomitant reduction of thymulin hormone and
nitric oxide in blood [65]. This study confirms the findings in humans of those previously reported
with laboratory animals. Moreover, this effect was more evident in dental nurses. Yet another dental
occupation study found a correlation with mercury body burden and dental amalgam vapor release.
On average, urinary mercury levels were above control subjects and most of the urinary mercury was
above the Health and Safety Executive health guidance value of 20 umol/ mol~! creatinine [66].

4. Mercury Amalgam Fillings and Neurodegenerative Disorders

The constant release of mercury vapor from dental amalgam (determined by highly sensitive
analytical techniques) is absorbed in blood through pulmonary airways and additionally more
less amounts through the tooth pulp or gingiva [7,8,67,68]. The ability of mercury vapor to pass
easily through the blood-brain barrier into the neurons and mitochondria, thereby potentially
causing neurological impairment, is of significant health concern [69]. Of utmost importance is
the direct relationship between the number of amalgam surfaces and mercury accumulation, as
evidenced in brain tissue of cadavers [16,50,70-73]. As the brain is a nearby target for mercury uptake,
its bioaccumulation in the brain may be the cause for various neurological diseases such as Parkinson
and Alzheimer’s Diseases or even Amyotrophic Lateral Sclerosis [74]. Even if there were low mercury
levels in the brain, genetically susceptible individuals, particularly, may be at higher risk [7,9,18].
In a study using brain tissue from autopsies on 32 individuals—10 with dental amalgam fillings and
22 without—the mercury deposition was determined in the parietal lobe. It was found that 60% of the
subjects with amalgam fillings had considerably higher levels of mercury compared to only 36% of
the amalgam-free group [75]. Nevertheless, no correlation was found between the mercury levels in
the brain of the subjects with dental (mercury level of 0.97 & 0.83 pg/g) or without dental amalgam
(mercury level of 1.06 £ 0.57 ug/g); however, these results are not reliable because some patients
were included whose teeth had been removed but had dental amalgam in earlier times. The level
of total mercury in the brain was determined to be in the pg/g range (see above), while the level of
organomercury was reported in the range of 4 to 5 ng/g, indicating that organomercury is an order of
magnitude lower [34].

For all these years the lack of convincing epidemiological investigations which demonstrate
possible links between dental amalgams and neurological disorders have been strong arguments
against removing dental amalgams. New epidemiological studies are starting to emerge providing
stronger evidence favoring a connection of dental amalgams with some neurological diseases. While
little if any convincing evidence had been reported in most studies, a New Zealand investigation
claimed a link between amalgam exposure and multiple sclerosis [75]. Extensive epidemiological work
in Taiwan (using over 200,000 subjects) reported a higher risk of Alzheimer disease for individuals
(age 65 and over) with dental amalgams compared to the no-amalgam control. The data showed
that Individuals exposed to amalgam fillings had higher risk of Alzheimer’ s disease (odds ratio,
OR =1.105, 95 % confidence interval, CI = 1.025-1.190) than their nonexposed counterparts. The ‘odds
ratio” for Alzheimer’s disease was 1.07 (95 % CI = 0.962-1.196) in men and 1.132 (95 % CI = 1.022-1.254)
in women [76]. For the first time we have been alarmed about an association between amalgam
exposure from dental fillings and gender. Moreover, a survey (also from Taiwan) on more than
20,000 individuals revealed the impact of dental amalgam on the development of Parkinson’s disease.
Patients with amalgam fillings had a significantly higher risk of PD after adjusted hazard ratio
HR = 1.583, 95% confidence interval (CI) = 1.122 4 2.234, p = 0.0089) than those who did not [77].
Clearly, these recent data are slowly emerging, and some are presenting a direct links between dental
amalgam, Alzheimer’s, and Parkinson’s diseases.

5. Genetic Susceptibility and Mercury Exposure

A genetic predisposition, also referred as genetic susceptibility, represents a likely increase of
developing a particular disease based on a person’s genetics. These alterations correlate with the
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development of distinct pathologies, yet are usually not considered a direct cause. Thus, it is important
that these individual genetic differences be taken into consideration when dealing with the toxic
mercury effects. Polymorphic human genes that mediate the toxicokinetics of mercury influence
its bioaccumulation and toxicity. A study performed in an Amazon community (Brazil) exposed to
organomercury assessed how polymorphisms are associated with organomercury detoxification. Given
that the biotransformation of organomercury uses mainly glutathione (GSH) in the bile, mediated by
glutathione transferase [78], polymorphisms in the GSTM1 and GSTT1 genes alter the levels of this
neurotoxin. Their study displayed individual variations of the mercury levels in blood and hair of
71 men and 73 women. The genetic variations suggested that the GSTT1 gene plays an important role in
mercury metabolism. In this population the reduced enzyme activity also decreased mercury excretion
via Hg-GSH conjugation, which raised mercury retention in the body. No significant correlation
was noted between GSH levels and GST polymorphisms, suggesting that other genetic factors may
influence this phenomenon [79,80]. Moreover, there is evidence for other potentially harmful mercury
effects such as DNA methylation, particularly at the TCEANC?2 region (a transcription elongation
factor). A shift in methylation within blood cells constitutes another mercury effect and manifests
inability of detoxification [81].

In order to evaluate the effect of mercury exposure on gene regulation in the liver, a recent
study was performed using Affymetrix oligonucleotide microarray with probe sets complementary
to more than 20,000 genes. The incentive was to determine whether patterns of gene expressions
differ between controls and mercury-treated (1-3 pug/mL) cells [82]. The results from a cluster analysis
identified 2211 affected genes. Most of these genes were downregulated, while forty-three were
significantly overexpressed. The transforming growth factor beta (TGF-) superfamily of cytokines
was overexpressed (associated with regulating the cell cycle essentially for maintenance of normal
immunological homeostasis and lymphocyte proliferation). Many of the genes are categorized as
control and regulatory genes for metabolic pathways involving the cell cycle (cyclin-dependent
kinases), apoptosis, cytokine expression, Na*/K* ATPase, stress responses, G-protein signal
transduction, transcription factors, DNA repair, as well as metal-regulatory transcription factor
1, MTF1, HGNC, and ATP-binding cassette (ABC transporters), among many others. Significant
alterations in these specific genes provide new directions for deeper mechanistic investigations. These
would lead to a better understanding of the molecular basis of mercury-induced toxicity and human
diseases that may result from disturbances in the immune system.

The ABC transporter genes have been implicated with organomercury toxicity as a cause for
neurodevelopmental defects, for which polymorphisms is responsible. In particular, the SNPs in
the ABC transporter maternal genes have been implicated with organomercury concentrations in
hair during pregnancy, which affects child development. Of these genes, seven were associated with
concentrations of mercury in maternal hair, of which one SNP is highly effective in neurodevelopment
of the child. Implications for these doses of organomercury in the development of the child is
still to be evaluated and further investigated, yet variation in ABC transporters genes are related
to maternal mercury concentrations [83]. To stress, correlation does not imply causation; thus,
these ABC transporter genes need further research of the organomercury metabolism in genetically
predisposed individuals.

Adding to these recent studies a genetic association of single nucleotide polymorphism
was performed on 308 participants from an ADA (2012) annual meeting [84]. Single nucleotide
polymorphisms (88 SNPs in classes relevant to Hg toxicokinetics) were evaluated in samples of
hair, blood, and urine as possible Hg exposure biomarkers. A total of 38 SNPs were suggested as
candidates to influence Hg biomarker levels. These SNPs were associated with glutathione metabolism,
selenoproteins, metallothioneins, and xenobiotic transporters. Among their findings were the SNPs of
rs732774 (BDNF) and rs1061472 (ATP7B) associated with lower hair Hg, and GCLC SNP rs138528239,
which is associated with lower bHg concentrations overall. This work expands on the list of previously
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discussed genes. Moreover, it is important to mention that mercury toxicity in neurons is mediated by
calcium in addition to the ones mentioned above [85].

A classic study was performed at the University of Washington where the susceptibility to mercury
exposure was investigated and how it varies with the individual genetics. The polymorphisms
of various children genes, particularly metallothionein, were examined. This family of proteins
participate in the distribution and excretion of mercury and other toxic metals; moreover, MT1 and
MT?2 gene isoforms are involved in the mercury dispersal and storage of the central nervous system [11].
The distribution and storage of mercury will depend on the differences of the proteins and SNPs in
relevant genes including those involved in glutathione metabolism, selenoproteins, metallothioneins,
and xenobiotic transporters. The same study evaluated other proteins, which are crucial in mercury
metabolism, namely catechol-O-methyltransferase (COMTregulates catecholamine neurotransmitters),
the tryptophan 2,3-dioxygenase (TDO2 is involved in the rate-limiting step in the catabolism of
tryptophan), and GRIN2A-GRIN2B (glutamatergic receptors, which mediate central nervous system
excitatory neurotransmission). Neurodegenerative disorders have also been associated with mercury
exposure and regulation of gene expression. Some of these disorders are Parkinson’s disease, myalgic
encephalopathies, epilepsy, Alzheimer’s disease, and others. Studies have shown a correlation in
psychiatric disorders—mainly anxiety and panics fits—due to chronic mercury toxicity [86].

Mercury toxicity, for example, in neurological health, has been widely studied in regard to the
ability of the toxic metal to surpass freely the blood-brain barrier. One of the most explored cases
is Alzheimer’s disease, as previously discussed. A report points out that polymorphisms in the
lipoproteins APO-E2, APO-E3, and APO-E4 are related to an increased risk for Alzheimer’s disease.
A correlation has been established between sulthydryl (HS) groups on the surface of the APO-E protein
(binds Hg2+ ions) and the removal of mercury from the brain. The increased risk of acquiring the
Alzheimer’s disease may be up to 80% greater if the APO-E4 form predominates over the APO-E2
form [60]. Since these housekeeping APO-E proteins are involved in removing toxic metals (including
mercury), as well as oxidized lipids, this condition may exacerbate in genetically sensitive people [85].
The levels of mercury in the brain of Alzheimer’s-affected subjects need to be evaluated in accordance
to genetic susceptibility of previously discussed genes and the pathological conditions.

6. Summary

Enough data have been presently assembled to be concerned with the mercury health problem.
The mayor sources of mercury in humans are dental amalgams and the food chain. The constant
release of mercury and its presence in saliva, as well as the added consumption of contaminated fish
and seafood products, constitute a serious and exacerbated burden in humans. However, much of
the commercial fish are now being grown in fish hatcheries and the restrictions of release of mercury
into the environment are enforced in many countries, which should lead to a reduction in mercury
body burden in the future. Although much of the detrimental mercury is eliminated, part of it is
accumulated and biotransformed into organomercury compounds. These find their way into the
brain, where they may persist in the order of years. Due to such acute or chronic exposure, many
pathological conditions have been ascribed to mercury toxicity: immunosuppression, neurological
disorders, cardiovascular diseases, hormonal imbalance, and gingivitis, to mention a few of the more
serious ones. Consequently, the development of the pathological conditions associated with mercury
exposure constitutes a serious health burden, which adds constraints and limits lifespan. Indeed,
recent studies have revealed an association of dental amalgams with Alzheimer and Parkinson disease.
Many genes (GCLC, MT1M, MT4, ATP7B, and BDNF, currently used as biomarkers) respond to
mercury exposure, which either enhances mercury excretion or accumulation. Therefore, relevant
individual polymorphism in mercury-responsive genes can alter its availability, bioaccumulation in
specific tissues and, hence, its toxicity.



Int. J. Environ. Res. Public Health 2019, 16, 1036 90f 13

Author Contributions: B.J.-V. and H.J.-C. conceived the main idea. B.].-V., H.J.-C., ].M.-]., W.A. and L.G.-P. were
involved in the literature review and had equal contribution to the overall content. All authors discussed the
results and contributed to the final manuscript.

Funding: This project was funded in part by the MBRS Research Initiative for Scientific Enhancement
(RISE)—Grant #R25GM061838 and U54 MD007600 (National Institute on Minority Health and Health Disparities)
from NIH.

Acknowledgments: The authors would like to thank the Center for Environmental and Toxicological Research for
their discussions and critical reading of the manuscript. The authors are also grateful to the Biomedical Sciences
division of the University of Puerto Rico School of Medicine for their support towards our graduate students.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  UNEP. UNEP 2008 Annual Report, Environment. 2008. Available online: www.unep.org (accessed on
24 January 2018).

2. Vandeven, J.A.; Mcginnis, S.L. An Assessment of Mercury in the Form of Amalgam in Dental Wastewater in
the United States. Water Air Soil Pollut. 2005, 164, 349-366. [CrossRef]

3. Heavey, S. Mercury Teeth Fillings May Harm Some: FDA, Reuters. 2008. Available online:
https:/ /www.reuters.com/article/us-fda-dentalfillings /mercury-teeth-fillings-may-harm-some-
fda-idUSN0439217520080605 (accessed on 5 December 2017).

4. Khwaja, M.A.; Abbasi, M.S.; Mehmood, F.; Jahangir, S. Study of high levels indoor air mervury contamination
from mercury amalgam use in dentistry. Sci. Technol. Dev. 2014, 46, 94-106.

5. Fleming, M.; Janosky, J. The Economics of Dental Amalgam Regulation. IAOMT Library. Available online:
http:/ /library.iaomt.org/document/economics-dental-amalgam-regulation (accessed on 14 June 2018).

6. Neves, V.C.M.; Babb, R.; Chandrasekaran, D.; Sharpe, P.T. Promotion of natural tooth repair by small
molecule GSK3 antagonists. Sci. Rep. 2017, 7, 39654. [CrossRef] [PubMed]

7.  Spencer, A.]. Dental amalgam and mercury in dentistry. Aust. Dent. ]. 2000, 45, 224-234. [CrossRef] [PubMed]

8. Mutter, J. Is dental amalgam safe for humans? The opinion of the scientific committee of the European
Commission. J. Occup. Med. Toxicol. 2011, 6, 2. [CrossRef] [PubMed]

9.  USEPA. Toxicity and Exposure Assessment for Children’s Health. Available online: https:/ /archive.epa.
gov/region5/teach/web/html/index.html (accessed on 14 June 2018).

10. Woods, J.S.; Heyer, N.J.; Russo, J.E.; Martin, M.D.; Pillai, P.B.; Bammler, TK.; Farin, EM. Genetic
Polymorphisms of Catechol-O-Methyltransferase Modify the Neurobehavioral Effects of Mercury in Children.
J. Toxicol. Environ. Health Part A 2014, 77,293-312. [CrossRef] [PubMed]

11.  Woods, ].S.; Heyer, N.J.; Russo, J.E.; Martin, M.D.; Farin, EM. Genetic polymorphisms affecting susceptibility
to mercury neurotoxicity in children: Summary findings from the Casa Pia Children’s Amalgam Clinical
Trial. Neurotoxicology 2014, 44, 288-302. [CrossRef] [PubMed]

12.  Stortebecker, P. Mercury poisoning from dental amalgam through a direct nose-brain transport. Lancet 1989,
1,1207. [CrossRef]

13. Pamphlett, R.; Coote, P. Entry of low doses of mercury vapor into the nervous system. Neurotoxicology 1998,
19, 39-47.

14. LII, 40 CFR 273.4—Applicability—Mercury-Containing Equipment. Available online: https://www.law.
cornell.edu/cfr/text/40/273.4?qt-ecfrmaster=3#qt-ecfrmaster (accessed on 14 June 2018).

15. Homme, K.G.; Kern, ] K.; Haley, B.E.; Geier, D.A.; King, P.G.; Sykes, L.K.; Geier, M.R. New science challenges
old notion that mercury dental amalgam is safe. Biometals 2014, 27, 19-24. [CrossRef]

16. World Health Organization (WHO). Elemental Mercury and Inorganic Mercury Compounds: Human Health
Aspects; World Health Organization: Geneva, Switzerland, 2003; Available online: http:/ /www.who.int/
ipcs/publications/cicad /en/cicad50.pdf?ua=1 (accessed on 23 June 2018).

17. Magos, L.; Clarkson, T.W. Overview of the clinical toxicity of mercury. Ann. Clin. Biochem. 2006, 43, 257-268.
[CrossRef] [PubMed]

18. Park, J.-D.; Zheng, W. Human exposure and health effects of inorganic and elemental mercury. J. Prev. Med.
Public Health 2012, 45, 344-352. [CrossRef] [PubMed]


www.unep.org
http://dx.doi.org/10.1007/s11270-005-4008-1
https://www.reuters.com/article/us-fda-dentalfillings/mercury-teeth-fillings-may-harm-some-fda-idUSN0439217520080605
https://www.reuters.com/article/us-fda-dentalfillings/mercury-teeth-fillings-may-harm-some-fda-idUSN0439217520080605
http://library.iaomt.org/document/economics-dental-amalgam-regulation
http://dx.doi.org/10.1038/srep39654
http://www.ncbi.nlm.nih.gov/pubmed/28067250
http://dx.doi.org/10.1111/j.1834-7819.2000.tb00256.x
http://www.ncbi.nlm.nih.gov/pubmed/11225523
http://dx.doi.org/10.1186/1745-6673-6-2
http://www.ncbi.nlm.nih.gov/pubmed/21232090
https://archive.epa.gov/region5/teach/web/html/index.html
https://archive.epa.gov/region5/teach/web/html/index.html
http://dx.doi.org/10.1080/15287394.2014.867210
http://www.ncbi.nlm.nih.gov/pubmed/24593143
http://dx.doi.org/10.1016/j.neuro.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25109824
http://dx.doi.org/10.1016/S0140-6736(89)92789-X
https://www.law.cornell.edu/cfr/text/40/273.4?qt-ecfrmaster=3#qt-ecfrmaster
https://www.law.cornell.edu/cfr/text/40/273.4?qt-ecfrmaster=3#qt-ecfrmaster
http://dx.doi.org/10.1007/s10534-013-9700-9
http://www.who.int/ipcs/publications/cicad/en/cicad50.pdf?ua=1
http://www.who.int/ipcs/publications/cicad/en/cicad50.pdf?ua=1
http://dx.doi.org/10.1258/000456306777695654
http://www.ncbi.nlm.nih.gov/pubmed/16824275
http://dx.doi.org/10.3961/jpmph.2012.45.6.344
http://www.ncbi.nlm.nih.gov/pubmed/23230464

Int. J. Environ. Res. Public Health 2019, 16, 1036 10 of 13

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

Stricks, W.; Kolthoff, .M. Reactions between Mercuric Mercury and Cysteine and Glutathione. Apparent
Dissociation Constants, Heats and Entropies of Formation of Various Forms of Mercuric Mercapto-Cysteine
and -Glutathione. |. Am. Chem. Soc. 1953, 75, 5673-5681. [CrossRef]

Castoldi, A.F,; Coccini, T.; Manzo, L. Neurotoxic and molecular effects of methylmercury in humans.
Rev. Environ. Health 2003. [CrossRef]

UNEP. Minamata Convention on Mercury—Text and Annexes; UNEP: Nairobi, Kenya, 2013.

Timbrell, J. Biochemical Mechanisms of Toxicity. In Principals of Biochemical Toxicology, 4th ed.; CRC Press:
Boca Raton, FL, USA, 2009; pp. 387-390.

United States Environmental Protection Agency. Mercury Study Report to Congress, Volume IV:
An Assessment of Exposure to Mercury in the United States (EPA-452/R-97-006). December 1997. Available
online: https://www.epa.gov/sites/production/files/2015-09/documents/volumel.pdf (accessed on
12 June 2018).

Agency for Toxic Substances and Disease Registry. Minimal Risk Levels (MRLs); Agency for Toxic Substances
and Disease Registry, U.S. Department of Health & Human Services: Washington, DC, USA, 2016.

Bridges, C.C.; Zalups, RK. Mechanisms involved in the transport of mercuric ions in target tissues.
Arch. Toxicol. 2017. [CrossRef] [PubMed]

Counter, S.A.; Buchanan, L.H. Mercury exposure in children: A review. Toxicol. Appl. Pharmacol. 2004.
[CrossRef]

WHO; UNEP DTIE Chemicals Branch. Guidance for Identifying Populations at Risk from Mercury Exposure;
WHO: Geneva, Switzerland, 2013; Available online: www.who.int/foodsafety/publications/chem/
mercuryexposure.pdf (accessed on 14 June 2018).

Centers for Disease Control and Prevention, Mercury. 2009. Available online: https://www.cdc.gov/
biomonitoring/pdf/Mercury_FactSheet.pdf (accessed on 11 March 2018).

Olivieri, G.; Brack, C.; Miiller-Spahn, F; Stahelin, H.B.; Herrmann, M.; Renard, P.; Brockhaus, M.; Hock, C.
Mercury induces cell cytotoxicity and oxidative stress and increases beta-amyloid secretion and tau
phosphorylation in SHSY5Y neuroblastoma cells. J. Neurochem. 2000, 74, 231-236. [CrossRef] [PubMed]
Ishitobi, H.; Stern, S.; Thurston, S.W.; Zareba, G.; Langdon, M.; Gelein, R.; Weiss, B. Organic and Inorganic
Mercury in Neonatal Rat Brain after Prenatal Exposure to Methylmercury and Mercury Vapor. Environ. Health
Perspect. 2009, 118, 242-248. [CrossRef]

Rooney, J.P.K. The retention time of inorganic mercury in the brain—A systematic review of the evidence.
Toxicol. Appl. Pharm. 2014, 274, 425-435. [CrossRef]

Clarkson, T.W. The three modern faces of mercury. Environ. Health Perspect. 2002. [CrossRef]

Joselow, M.M.; Goldwater, L.J.; Alvarez, A.; Herndon, J. Absorption and Excretion of Mercury in Man.
Arch. Environ. Health Int. |. 1968, 17, 39-43. [CrossRef]

Bjorkman, L.; Lundekvam, B.F,; Laegreid, T.; Bertelsen, B.I.; Morild, I; Lilleng, P.; Lind, B.; Palm, B.;
Vahter, M. Mercury in human brain, blood, muscle and toenails in relation to exposure: An autopsy study.
Environ. Health 2007, 6, 30. [CrossRef] [PubMed]

Witt, S. OSHA Hazard Information Bulletins; Occupational Safety and Health Administration, United States
Department of Labor: Washington, DC, USA, 1991.

Knobeloch, L.; Steenport, D.; Schrank, C.; Anderson, H. Methylmercury exposure in Wisconsin: A case study
series. Environ. Res. 2006, 101, 113-122. [CrossRef] [PubMed]

Dos Santos, A.; Appel Hort, M.; Culbreth, M.; Lopez-Granero, C.; Farina, M.; Rocha, ]J.B.T.; Aschner, M.
Methylmercury and brain development: A review of recent literature. J. Trace Elem. Med. Biol. 2016.
[CrossRef]

Kirkpatrick, M.; Benoit, J.; Everett, W.; Gibson, J.; Rist, M.; Fredette, N. The effects of methylmercury exposure
on behavior and biomarkers of oxidative stress in adult mice. Neurotoxicology 2015, 50, 170-178. [CrossRef]
[PubMed]

Rice, D.C. The US EPA reference dose for methylmercury: Sources of uncertainty. Environ. Res. 2004, 95,
406-413. [CrossRef]

Martinez-Finley, E.J.; Caito, S.; Slaughter, J.C.; Aschner, M. The Role of skn-1 in Methylmercury-Induced
Latent Dopaminergic Neurodegeneration. Neurochem. Res. 2013, 38, 2650-2660. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ja01118a060
http://dx.doi.org/10.1515/REVEH.2003.18.1.19
https://www.epa.gov/sites/production/files/2015-09/documents/volume1.pdf
http://dx.doi.org/10.1007/s00204-016-1803-y
http://www.ncbi.nlm.nih.gov/pubmed/27422290
http://dx.doi.org/10.1016/j.taap.2003.11.032
www.who.int/foodsafety/publications/chem/mercuryexposure.pdf
www.who.int/foodsafety/publications/chem/mercuryexposure.pdf
https://www.cdc.gov/biomonitoring/pdf/Mercury_FactSheet.pdf
https://www.cdc.gov/biomonitoring/pdf/Mercury_FactSheet.pdf
http://dx.doi.org/10.1046/j.1471-4159.2000.0740231.x
http://www.ncbi.nlm.nih.gov/pubmed/10617124
http://dx.doi.org/10.1289/ehp.0900956
http://dx.doi.org/10.1016/j.taap.2013.12.011
http://dx.doi.org/10.1289/ehp.02110s111
http://dx.doi.org/10.1080/00039896.1968.10665185
http://dx.doi.org/10.1186/1476-069X-6-30
http://www.ncbi.nlm.nih.gov/pubmed/17931423
http://dx.doi.org/10.1016/j.envres.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16198333
http://dx.doi.org/10.1016/j.jtemb.2016.03.001
http://dx.doi.org/10.1016/j.neuro.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26151194
http://dx.doi.org/10.1016/j.envres.2003.08.013
http://dx.doi.org/10.1007/s11064-013-1183-0
http://www.ncbi.nlm.nih.gov/pubmed/24194349

Int. J. Environ. Res. Public Health 2019, 16, 1036 11 of 13

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bjornberg, K.A.; Vahter, M.; Berglund, B.; Niklasson, B.; Blennow, M.; Sandborgh-Englund, G. Transport
of methylmercury and inorganic mercury to the fetus and breast-fed infant. Environ. Health Perspect. 2005.
[CrossRef] [PubMed]

Diez, S. Human health effects of methylmercury exposure. Rev. Environ. Contam. Toxicol. 2009, 198, 111-132.
Sakamoto, M.; Kubota, M,; Liu, X.J.; Murata, K.; Nakai, K.; Satoh, H. Maternal and Fetal Mercury and n-3
Polyunsaturated Fatty Acids as a Risk and Benefit of Fish Consumption to Fetus. Environ. Sci. Technol. 2004.
[CrossRef]

Stern, A.H.; Smith, A.E. An assessment of the cord blood:maternal blood methylmercury ratio: Implications
for risk assessment. Environ. Health Perspect. 2003, 111, 1465-1470. [CrossRef] [PubMed]

Vahter, M.; Akesson, A.; Lind, B.; Bjors, U.; Schiitz, A.; Berglund, M. Longitudinal Study of Methylmercury
and Inorganic Mercury in Blood and Urine of Pregnant and Lactating Women, as Well as in Umbilical Cord
Blood. Environ. Res. 2000, 84, 186-194. [CrossRef]

Castoldi, A.F,; Johansson, C.; Onishchenko, N.; Coccini, T.; Roda, E.; Vahter, M.; Ceccatelli, S.; Manzo, L.
Human developmental neurotoxicity of methylmercury: Impact of variables and risk modifiers. Regul.
Toxicol. Pharm. 2008. [CrossRef] [PubMed]

Heintze, U.; Edwardsson, S.; Dérand, T.; Birkhed, D. Methylation of mercury from dental amalgam and
mercuric chloride by oral streptococci in vitro. Scand. J. Dent. Res. 1983, 91, 150-152. [CrossRef] [PubMed]
Lyttle, H.A.; Bowden, G.H. The Level of Mercury in Human Dental Plaque and Interaction in vitro between
Biofilms of Streptococcus mutans and Dental Amalgam. J. Dent. Res. 1993, 72, 1320-1324. [CrossRef]
[PubMed]

Leistevuo, J.; Leistevuo, T.; Helenius, H.; Pyy, L.; Osterblad, M.; Huovinen, P,; Tenovuo, J. Dental Amalgam
Fillings and the Amount of Organic Mercury in Human Saliva. Caries Res. 2001, 35, 163-166. [CrossRef]
Guzzi, G.; Grandi, M.; Cattaneo, C.; Calza, S.; Minoia, C.; Ronchi, A.; Gatti, A.; Severi, G. Dental Amalgam
and Mercury Levels in Autopsy Tissues. Am. . Forensic Med. Pathol. 2006, 27, 42-45. [CrossRef] [PubMed]
Guzzi, G.; Minoia, C.; Pigatto, P; Lucchiari, S.; Severi, G. Mercury and dental patients: Toxicology,
immunology and genetic connection [Abstract]. Toxicol. Lett. 2005, 1585, S239.

Dawes, C.; Wood, C.M. The contribution of oral minor mucous gland secretions to the volume of whole
saliva in man. Arch. Oral Biol. 1973. [CrossRef]

Watanabe, S.; Ohnishi, M.; Imai, K.; Kawano, E.; Igarashi, S. Estimation of the total saliva volume produced
per day in five-year-old children. Arch. Oral Biol. 1995, 40, 781-782. [CrossRef]

Ekstrom, J.; Khosravani, N.; Castagnola, M.; IMessana, I. Saliva and the Control of its Secretion. Med. Radiol.
2012, 39, 191-197. [CrossRef]

Cace, I.B.; Milardovic, A.; Prpic, I.; Krajina, R.; Petrovic, O.; Vukelic, P; Spiric, Z.; Horvat, M.; Mazej, D.;
5noj, J. Relationship between the prenatal exposure to low-level of mercury and the size of a newborn’s
cerebellum. Med. Hypotheses 2011. [CrossRef] [PubMed]

Bose-O’Reilly, S.; McCarty, K.M.; Steckling, N.; Lettmeier, B. Mercury exposure and children’s health.
Curr. Probl. Pediatr. Adolesc. Health Care 2010, 40, 186-215. [CrossRef] [PubMed]

Drasch, G.; Schupp, I.; Hofl, H.; Reinke, R.; Roider, G. Mercury burden of human fetal and infant tissues.
Eur. . Pediatr. 1994, 153, 607-610. [CrossRef] [PubMed]

Han, D.-H.; Lim, S.-Y,; Sun, B.-C.; Janket, S.-J.; Kim, J.-B.; Paik, D.-I; Paek, D.; Kim, H.-D. Mercury
Exposure and Periodontitis among a Korean Population: The Shiwha-Banwol Environmental Health Study.
J. Periodontol. 2009, 80, 1928-1936. [CrossRef] [PubMed]

Shinada, K.; Ueno, M.; Konishi, C.; Takehara, S.; Yokoyama, S.; Zaitsu, T.; Ohnuki, M.; Wright, FA.C;
Kawaguchi, Y. Effects of a mouthwash with chlorine dioxide on oral malodor and salivary bacteria:
A randomized placebo-controlled 7-day trial. Trials 2010, 11, 14. [CrossRef] [PubMed]

Haley, B.E. The relationship of the toxic effects of mercury to exacerbation of the medical condition classified
as Alzheimer’s disease. Med. Verit. 2007, 4, 1510-1524. [CrossRef]

Ngim, C.H.; Foo, S.C.; Boey, KW,; Jeyaratnam, J. Chronic neurobehavioural effects of elemental mercury in
dentists. Br. |. Ind. Med. 1992, 49, 782-790. [CrossRef] [PubMed]

Gioda, A.; Hanke, G.; Elias-Boneta, A.; Jiménez-Velez, B. A pilot study to determine mercury exposure
through vapor and bound to PM10 in a dental school environment. Toxicol. Ind. Health 2007, 23, 103-113.
[CrossRef]


http://dx.doi.org/10.1289/ehp.7856
http://www.ncbi.nlm.nih.gov/pubmed/16203251
http://dx.doi.org/10.1021/es034983m
http://dx.doi.org/10.1289/ehp.6187
http://www.ncbi.nlm.nih.gov/pubmed/12948885
http://dx.doi.org/10.1006/enrs.2000.4098
http://dx.doi.org/10.1016/j.yrtph.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18367301
http://dx.doi.org/10.1111/j.1600-0722.1983.tb00792.x
http://www.ncbi.nlm.nih.gov/pubmed/6222462
http://dx.doi.org/10.1177/00220345930720091101
http://www.ncbi.nlm.nih.gov/pubmed/8360382
http://dx.doi.org/10.1159/000047450
http://dx.doi.org/10.1097/01.paf.0000201177.62921.c8
http://www.ncbi.nlm.nih.gov/pubmed/16501347
http://dx.doi.org/10.1016/0003-9969(73)90156-8
http://dx.doi.org/10.1016/0003-9969(95)00026-L
http://dx.doi.org/10.1007/174_2017_143
http://dx.doi.org/10.1016/j.mehy.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21195558
http://dx.doi.org/10.1016/j.cppeds.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20816346
http://dx.doi.org/10.1007/BF02190671
http://www.ncbi.nlm.nih.gov/pubmed/7957411
http://dx.doi.org/10.1902/jop.2009.090293
http://www.ncbi.nlm.nih.gov/pubmed/19961376
http://dx.doi.org/10.1186/1745-6215-11-14
http://www.ncbi.nlm.nih.gov/pubmed/20152022
http://dx.doi.org/10.1588/medver.2007.04.00164
http://dx.doi.org/10.1136/oem.49.11.782
http://www.ncbi.nlm.nih.gov/pubmed/1463679
http://dx.doi.org/10.1177/0748233707078219

Int. J. Environ. Res. Public Health 2019, 16, 1036 12 of 13

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Karahalil, B.; Rahravi, H.; Ertas, N. Examination of urinary mercury levels in dentists in Turkey. Hum. Exp.
Toxicol. 2005, 24, 383-388. [CrossRef]

Valentino, M.; Santarelli, L.; Pieragostini, E.; Soleo, L.; Mocchegiani, E. In vitro inhibition of thymulin
production in mercury-exposed thymus of young mice. Sci. Total Environ. 2001, 270, 109-112. [CrossRef]
Farahat, S.; Rashed, L.; Zawilla, N.; Farouk, S. Effect of occupational exposure to elemental mercury in the
amalgam on thymulin hormone production among dental staff. Toxicol. Ind. Health 2009. [CrossRef]
Ritchie, K.A.; Burke, FJ.T.; Gilmour, W.H.; Macdonald, E.B.; Dale, .M.; Hamilton, R.M.; McGowan, D.A.;
Binnie, V.; Collington, D.; Hammersley, R. Mercury vapour levels in dental practices and body mercury
levels of dentists and controls. Br. Dent. J. 2004, 197, 625-632. [CrossRef]

Fredin, B. Biological aspects of root filling therapy in dentistry. Int. J. Risk Saf. Med. 1994, 6, 35-38. [CrossRef]
[PubMed]

Libonati, A.; Marzo, G.; Klinger, EG.; Farini, D.; Gallusi, G.; Tecco, S.; Mummolo, S.; De Felici, M.;
Campanella, V. Embryotoxicity assays for leached components from dental restorative materials. Reprod.
Biol. Endocrinol. 2011, 9, 136. [CrossRef]

Rathore, M.; Singh, A.; Pant, V.A. The dental amalgam toxicity fear: A myth or actuality. Toxicol. Int. 2012,
19, 81-88. [CrossRef] [PubMed]

Clarkson, T.W.; Vyas, ].B.; Ballatori, N. Mechanisms of mercury disposition in the body. Am. J. Ind. Med.
2007. [CrossRef]

Reinhardt, ].W. Side-Effects: Mercury Contribution to Body Burden from Dental Amalgam. Adv. Dent. Res.
1992, 6, 110-113. [CrossRef] [PubMed]

Eggleston, D.W.; Nylander, M. Correlation of dental amalgam with mercury in brain tissue. J. Prosthet. Dent.
1987. [CrossRef]

Nylander, M.; Friberg, L.; Lind, B. Mercury concentrations in the human brain and kidneys in relation to
exposure from dental amalgam fillings. Swed. Dent. ]. 1987, 11, 179-187.

Kullmann, J.P.; Pamphlett, R. A comparison of mercury exposure from seafood consumption and dental
amalgam fillings in people with and without amyotrophic lateral sclerosis (ALS): An international online
case-control study. Int. |. Environ. Res. Public Health 2018, 15, 2874. [CrossRef]

Ertas, E.; Aksoy, A,; Turla, A.; Karaarslan, E.S.; Karaarslan, B.; Aydn, A.; Eken, A. Human brain mercury
levels related to exposure to amalgam fillings. Hum. Exp. Toxicol. 2014. [CrossRef] [PubMed]

Bates, M.N.; Fawcett, ].; Garrett, N.; Cutress, T.; Kjellstrom, T. Health effects of dental amalgam exposure:
A retrospective cohort study. Int. J. Epidemiol. 2004. [CrossRef] [PubMed]

Sun, Y.-H.; Nfor, O.N.; Huang, J.-Y.; Liaw, Y.-P. Association between dental amalgam fillings and Alzheimer’s
disease: A population-based cross-sectional study in Taiwan. Alzheimers. Res. Ther. 2015, 7, 65. [CrossRef]
Hsu, Y.-C.; Chang, C.-W.; Lee, H.-L.; Chuang, C.-C.; Chiu, H.-C.; Li, W.-Y,; Horng, ].-T.; Fu, E. Association
between History of Dental Amalgam Fillings and Risk of Parkinson’s Disease: A Population-Based
Retrospective Cohort Study in Taiwan. PLoS ONE 2016, 11, e0166552. [CrossRef] [PubMed]

Barcelos, G.R.M.; De Marco, K.C.; Grotto, D.; Valentini, J.; Garcia, S.C.; Braga, G.U.L.; Barbosa, F. Evaluation
of glutathione s-transferase GSTM1 and GSTT1 polymorphisms and methylmercury metabolism in an
exposed amazon population. J. Toxicol. Environ. Health Part A Curr. Issues 2012. [CrossRef]

Goodrich, ].M.; Wang, Y.; Gillespie, B.; Werner, R.; Franzblau, A.; Basu, N. Glutathione enzyme and
selenoprotein polymorphisms associate with mercury biomarker levels in Michigan dental professionals.
Toxicol. Appl. Pharm. 2011, 257, 301-308. [CrossRef]

Bakulski, KM.; Lee, H.].; Feinberg, ].I.; Wells, E.M.; Brown, S.; Herbstman, J.B.; Witter, ER.; Halden, R.U.;
Caldwell, K.; Mortensen, M.E.; et al. Prenatal mercury concentration is associated with changes in DNA
methylation at TCEANC2 in newborns. Int. |. Epidemiol. 2015. [CrossRef]

Ayensu, WK.; Tchounwou, P.B. Microarray analysis of mercury-induced changes in gene expression in
human liver carcinoma (HepG2) cells: Importance in immune responses. Int. J. Environ. Res. Public Health
2006, 3, 141-173. [CrossRef]

Engstrom, K.; Love, TM.; Watson, G.E.; Zareba, G.; Yeates, A.; Wahlberg, K.; Alhamdow, A.; Thurston, S.W.;
Mulhern, M.; McSorley, E.M.; et al. Polymorphisms in ATP-binding cassette transporters associated with
maternal methylmercury disposition and infant neurodevelopment in mother-infant pairs in the Seychelles
Child Development Study. Environ. Int. 2016. [CrossRef]


http://dx.doi.org/10.1191/0960327105ht541oa
http://dx.doi.org/10.1016/S0048-9697(00)00779-8
http://dx.doi.org/10.1177/0748233709105270
http://dx.doi.org/10.1038/sj.bdj.4811831
http://dx.doi.org/10.3233/JRS-1994-6104
http://www.ncbi.nlm.nih.gov/pubmed/23511451
http://dx.doi.org/10.1186/1477-7827-9-136
http://dx.doi.org/10.4103/0971-6580.97191
http://www.ncbi.nlm.nih.gov/pubmed/22778502
http://dx.doi.org/10.1002/ajim.20476
http://dx.doi.org/10.1177/08959374920060010201
http://www.ncbi.nlm.nih.gov/pubmed/1292449
http://dx.doi.org/10.1016/0022-3913(87)90424-0
http://dx.doi.org/10.3390/ijerph15122874
http://dx.doi.org/10.1177/0960327113509662
http://www.ncbi.nlm.nih.gov/pubmed/24178888
http://dx.doi.org/10.1093/ije/dyh164
http://www.ncbi.nlm.nih.gov/pubmed/15155698
http://dx.doi.org/10.1186/s13195-015-0150-1
http://dx.doi.org/10.1371/journal.pone.0166552
http://www.ncbi.nlm.nih.gov/pubmed/27906991
http://dx.doi.org/10.1080/15287394.2012.695232
http://dx.doi.org/10.1016/j.taap.2011.09.014
http://dx.doi.org/10.1093/ije/dyv032
http://dx.doi.org/10.3390/ijerph2006030018
http://dx.doi.org/10.1016/j.envint.2016.05.027

Int. J. Environ. Res. Public Health 2019, 16, 1036 13 of 13

84.

85.

86.

Parajulia, R.P.; Goodrich, ].M.; Chou, H.N.; Gruninger, S.E.; Dolinoy, D.C.; Franzblau, A.; Basua, N. Genetic
Polymorphisms are Associated with Hair, Blood, and Urine Mercury Levels in the American Dental
Association (ADA) Study Participants. Environ. Res. 2016, 149, 247-258. [CrossRef] [PubMed]
Pendergrass, J.C.; Haley, B.E.; Vimy, M.].; Winfield, S.A.; Lorscheider, F.L. Mercury vapor inhalation inhibits
binding of GTP to tubulin in rat brain: Similarity to a molecular lesion in Alzheimer diseased brain.
Neurotoxicology 1997, 18, 315-324. [PubMed]

Eyeson, J.; House, I.; Yang, Y.H.; Warnakulasuriya, K.A.A.S. Summary of: Relationship between mercury
levels in blood and urine and complaints of chronic mercury toxicity from amalgam restorations. Br. Dent. ].
2010. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1016/j.envres.2015.11.032
http://www.ncbi.nlm.nih.gov/pubmed/26673400
http://www.ncbi.nlm.nih.gov/pubmed/9291481
http://dx.doi.org/10.1038/sj.bdj.2010.181
http://www.ncbi.nlm.nih.gov/pubmed/20186178
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Toxicity of Mercury and Its Compounds 
	Elemental Mercury 
	Inorganic Mercury 
	Organic Mercury 

	Oral Exposure to Mercury Amalgam 
	Mercury Amalgam Fillings and Neurodegenerative Disorders 
	Genetic Susceptibility and Mercury Exposure 
	Summary 
	References

