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Review

Adverse Effects of Methylmercury: Environmental Health Research Implications
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BACKGROUND: The scientific discoveries of health risks resulting from methylmercury exposure
began in 1865 describing ataxia, dysarthria, constriction of visual fields, impaired hearing, and sen-
sory disturbance as symptoms of fatal methylmercury poisoning.

OBJECTIVE: Our aim was to examine how knowledge and consensus on methylmercury toxicity have
developed in order to identify problems of wider concern in research.

DATA SOURCES AND EXTRACTION: We tracked key publications that reflected new insights into
human methylmercury toxicity. From this evidence, we identified possible caveats of potential sig-
nificance for environmental health research in general.

SYNTHESIS: At first, methylmercury research was impaired by inappropriate attention to narrow
case definitions and uncertain chemical speciation. It also ignored the link between ecotoxicity and
human toxicity. As a result, serious delays affected the recognition of methylmercury as a cause of
serious human poisonings in Minamata, Japan. Developmental neurotoxicity was first reported in
1952, but despite accumulating evidence, the vulnerability of the developing nervous system was not
taken into account in risk assessment internationally until approximately 50 years later. Imprecision
in exposure assessment and other forms of uncertainty tended to cause an underestimation of methyl-
mercury toxicity and repeatedly led to calls for more research rather than prevention.

CoNCLUSIONS: Coupled with legal and political rigidity that demanded convincing documentation
before considering prevention and compensation, types of uncertainty that are common in environ-
mental research delayed the scientific consensus and were used as an excuse for deferring corrective
action. Symptoms of methylmercury toxicity, such as tunnel vision, forgetfulness, and lack of coor-
dination, also seemed to affect environmental health research and its interpretation.

KEY WORDS: empirical research, environmental exposure, epidemiology, methylmercury compounds,
prevention and control, public policy, seafood, toxicology. Environ Health Perspect 118:1137-1145
(2010). doi:10.1289/ehp.0901757 [Online 8 June 2010]

Minamata, Japan, Jun Ui [as quoted by D’ltri
and D’Itri (1978)] wrote:

It might be a coincidence, but a strange, paral-
lel relationship was observed between the actual
symptoms of Minamata Disease and the reactions
of these formal organizations. A constriction of the
visual field was common among all organizations.
Ataxia, a loss of coordination between various parts
of the body, was often exhibited in contradictions
between the measures taken by various parts of the
government. There was also a loss of sensation as
the appeal of the victims went unheard and there
was little effort to grasp the situation as a whole.
Many organizations also reacted with spasmic con-
vulsions when they faced the problem. This was
followed by mental retardation and forgetfulness.

Although the toxicology and environmental
epidemiology of methylmercury have been
recently outlined [Clarkson and Magos
2006; Grandjean et al. 2005; United Nations
Environmental Programme (UNEP) 2002],
the sequence of scientific discoveries and con-
sensus building reveals important caveats and
complications that may have a wider relevance
to environmental health research.

Metallic mercury and its inorganic
salts have been known since antiquity, but
organic mercury compounds with a cova-
lent bond between the mercuric jon and the
organic radical were first described in the
19th century. The toxic actions became read-

ily apparent in laboratory accidents, and the
description of the clinical syndrome noted
the “unique character of their symptoms,
which do not resemble those produced by
any known disease” (Edwards 1865). The
clinical picture included sensory disturbance
of the lower legs, lower arms, and face; visual
field constriction (“tunnel vision”); deafness,
ataxia; and dysarthria. This seminal publica-
tion became widely known at first but was
later forgotten. Major events in the sub-
sequent environmental history of methyl-
mercury are listed in Table 1.

In a commentary on the regulatory delays
in dealing with methylmercury poisoning in
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In the present review we consider the
extent to which such manifestations also
affected the performing, reporting, and rec-
ognition of environmental methylmercury
research.

Early Evidence of Human
Toxicity

Despite Edwards’s alarming report on fatal
methylmercury poisonings (Edwards 1865),
this substance was applied in the search for a
cure for syphilis. Not surprisingly, the experi-
mental treatments resulted in severe side
effects in the patients (Hepp 1887); there-
fore, this approach was not further pursued.
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However, the microbial toxicity was used in
applications of methylmercury as a fungi-
cide, which became important commercially
starting around 1914, initially with few pub-
lished records of adverse effects (Franke and
Lundgren 1956; Hunter and Russell 1954).
This application of mercury became widely
used in developing countries as part of the
“green revolution,” without any monitoring of
dissemination of mercury in the environment
or of associated adverse effects.

With additional clinical cases being
reported, the unique combination of signs
and symptoms became established as a key
to the diagnosis of fully developed methyl-
mercury poisoning. A postmortem examina-
tion of a deceased worker showed damage to
the cerebral and cerebellar cortices that cor-
responded to the patient’s neurological signs
(Hunter and Russell 1954).

Expanded use of mercury fungicides and
improper labeling paved the way for a series
of food poisoning incidents during famines in
several countries, where treated seed grain was
mistakenly used for bread making. The first
cases were reported in Iraq in 1955-1956 and
1959-1960 (Jalili and Abbasi 1961), then in
Pakistan in 1961 (Haq 1963), in Guatemala
in 1965 (Ordonez et al. 1966), and again in
Iraq in 1970-1971 (Bakir et al. 1973). Both
methylmercury and related ethylmercury com-
pounds had been used for seed dressing. Large
numbers of poisonings and deaths occurred,
but the emergency circumstances during a
famine made data collection difficult, with
limited opportunities to record the extent of
the exposures.

The most detailed studies of 93 poisoned
adults in Iraq identified facial paresthesia as the
earliest clinical sign of poisoning, with a clear
dose dependence (Bakir et al. 1973). Official
records acknowledged that 6,530 patients
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were hospitalized and 459 died (Bakir et al.
1973), but the amount of treated grain used
(100,000 tons) would suggest that many more
could have been poisoned, although circum-
stances did not allow follow-up of a represen-
tative group of subjects. The first author of
the 1973 Science report (Bakir et al. 1973),
Farhan Bakir, was later recognized as Saddam
Hussein’s personal physician, now in exile
along with at least one other Iraqi coauthor
(Giles 2003; Hightower 2009). Although any
error or bias in the research reports is diffi-
cult to determine today, one can assume that
methylmercury toxicity was unlikely to have
been exaggerated.

Bakir et al.’s (1973) dose-response data
appeared to confirm a previous risk assess-
ment of methylmercury, as determined
by the Joint Expert Committee on Food
Additives (JECFA) under the World Health
Organization and the Food and Agriculture
Organization of the United Nations (JECFA
1978). These conclusions formed the basis for
risk assessment for the next 25 years (JECFA
2003).

Unexpected Exposure
Pathways

On 1 May 1956, Hajime Hosokawa and
Kaneki Noda submitted a report to the
Minamata Health Centre in Japan on a myste-
rious series of four cases of the same, unknown
neurological disease (Social Scientific Study
Group on Minamata Disease 1999). A few
weeks later, a committee of medical experts
found an additional 30 patients along the
shores of Minamata Bay, among whom

the first cases apparently developed as early
as 1953.

A genetic cause of the disease was soon
ruled out because it occurred in unrelated
subjects (Nagano et al. 1957). However, the
pattern of disease occurrence resembled that
of an infectious agent. In one severe instance,
8 of 11 family members were afflicted, and
the remaining 3 subsequently also appealed
for recognition. Most of the patients were
fishermen and their families who resided near
the coast. Additionally, a mysterious danc-
ing disease had recently emerged in fisher-
men’s cats (Social Scientific Study Group on
Minamata Disease 1999). The experts sus-
pected that a toxic metal had contaminated
the seafood. On 4 November 1956, the day
after the release of this report, the prefec-
tural authorities wisely announced a warn-
ing against eating seafood from Minamata
Bay. However, a ban against eating seafood
from Minamata Bay was not approved by
the Ministry of Health and Welfare in Tokyo
because of uncertainty regarding involvement
of seafood in general in causing the disease
(Harada 2004; Social Scientific Study Group
on Minamata Disease 1999).

During the next 2 years, several stud-
ies failed to pinpoint the exact cause of the
seafood-associated disease, and the avail-
able information caused some confusion.
For example, the Japan Chemical Industry
Association claimed that the disease could be
due to leakage of explosives dumped during
World War II (Mishima 1992). Manganese
was suspected for a while, as were selenium,
thallium, and copper. A summary of these

Table 1. Important early warnings about and recognition of methylmercury (MeHg) toxicity.

Year(s) Event References
1865 First published record of fatal occupational MeHg poisoning Edwards 1865
1887 First experimental studies on MeHg toxicity Hepp 1887
1930 Report on organic mercury poisoning in acetaldehyde production workers ~ Koelsch 1937
1940-1954 Poisoning cases in workers at MeHg fungicide production plants Franke and Lundgren 1956;
Hunter and Russell 1954
1952 First report on developmental MeHg neurotoxicity in two infants Engleson and Herner 1952
1956 Discovery of a seafood-related disease of unknown origin in Minamata, Japan  SSSGMD 1999
1959 Studies on MeHg toxicity in cats suppressed by the polluting company Eto et al. 2001
1967 Demonstration of mercury methylation in sediments Jensen and Jernelov 1967
1968 Official acknowledgment of MeHg as cause of Minamata disease SSSGMD 1999
19551972 Qccurrence of poisoning epidemics from use of MeHg-treated seed grain ~ Bakir et al. 1973; Borg
for cooking, and decline in exposed wildlife populations 1969
1972 Experimental study of delayed effects due to developmental neurotoxicity ~ Spyker et al. 1972
1972 JECFA exposure limit of 3.3 pg/kg per week based on toxicity in adults JECFA 1972
1973 Report on dose—response relationship in adults from Iragi data Bakir et al. 1973
1986 First epidemiology report on adverse effects in children related to maternal  Kjellstrom et al. 1986
fish intake during pregnancy in New Zealand
1997 Confirmation from prospective study in the Faroe Islands on adverse effects Grandjean et al. 1997
in children from MeHg in maternal seafood intake during pregnancy
1998 White House workshop of 30 scientists identifies uncertainties in evidence  NTP 1998
2000 NRC supports exposure limit of 0.1 pg/kg per day NRC 2000
2003 Updated JECFA exposure limit of 1.6 pg/kg per week JEFCA 2003
2004 European Union expert committee recommends that exposures be minimized EFSA 2004
2005 European Union decides on a ban on mercury exports European Union 2007
2009 International agreement on controlling mercury pollution UNEP 2009

Abbreviations: EFSA, European Food Safety Authority; JECFA, Joint Expert Committee on Food Additives; NRC, National
Research Council; NTP, National Toxicology Program; SSSGMD, Social Scientific Study Group on Minamata Disease.
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findings, along with personal observations,
was published in Lancer (McAlpine and Araki
1958). These authors mentioned that metal
poisoning was suspected and briefly reviewed
methylmercury (citing the report by Hunter
and Russell 1954) along with other neuro-
toxicants. The first international report on
methylmercury as a likely cause of Minamata
disease was published soon thereafter (Kurland
etal. 1960). The source of methylmercury was
later found to be an acetaldehyde plant owned
by the Chisso Company, which used mercury
as a catalyst.

In hindsight, it seems strange that methyl-
mercury was not recognized right away as
the most likely cause of Minamata disease,
given the descriptions by Edwards (1865)
and Hunter et al. (1940) of its unique clinical
features. The similarity in clinical symptoms
was in fact noted (Tokuomi et al. 1960), as
were the pathology findings from autopsies of
deceased victims (Matsumoto 1961; Takeuchi
et al. 1959, 1960). However, thin-layer chro-
matography identification of methylmercury
was not successful until 1962, when the sub-
stance was identified in sludge from the acet-
aldehyde plant and the bottom sediment of
the effluent channel (Irukayama et al. 1962).
Elevated methylmercury concentrations were
subsequently documented in seafood and in
tissues of deceased patients. It seemed highly
unlikely that this exotic substance caused the
contamination of the seafood from Minamata
Bay and surrounding waters: How could an
expensive mercury fungicide be the cause of
the poisonings? Methylmercury was eventually
acknowledged by governmental authorities in
1968 to be the cause of Minamata disease
(Social Scientific Study Group on Minamata
Disease 1999).

In the meantime, new cases of Minamata
disease had been discovered in Niigata,
Japan, in 1965 on the main island of Honshu
(Tsubaki et al. 1969, 1977); methylmercury
releases originated from the same production
processes using mercury as a catalyst. Now
the researchers were better prepared, and
analytical methods were readily available to
apply to environmental samples, tissues, and
hair. Because the Niigata cases in general were
milder, the studies provided useful insights
into less pronounced cases of Minamata dis-
case. Further studies during the 1970s and
1980s identified a variety of delayed symp-
toms in people exposed to methylmercury
(Kinjo et al. 1993), and the adverse effects of
methylmercury pollution were documented
in many communities around the Shiranui
Sea, some of them a substantial distance from
Minamata (Ninomiya et al. 1995; Yorifuji
et al. 2008).

Decades earlier, it had been discovered
that methylmercury could be spontaneously
formed from inorganic mercury employed in
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acetaldehyde production (Vogt and Nieuwland
1921; Zangger 1930), and in fact, cases of
methylmercury poisoning occurred in German
acetaldehyde production workers (Koelsch
1937). The two factories in Minamata and
Niigata had copied the German production
process, but the toxicity reports went unno-

ticed for > 50 years (Ishihara 2002).

Diagnostic Difficulties

Despite the characteristic features of severe
methylmercury poisoning, linkage to a causa-
tive exposure could be complicated by the
latency period of several weeks to months
between the exposure and the development
of clinical symptoms (Edwards 1865; Franke
and Lundgren 1956). In addition, early symp-
toms, as seen in farmers and factory work-
ers, were hard to recognize. In the words of
Ahlmark (1948), “Such symptoms [of methyl-
mercury poisoning] scarcely differ from those
generally found in neurasthenics when they
think that they have been exposed to toxic
risks.” In fact, one worker was thought to
suffer from hysteria and underwent electro-
shock treatment (which did not help) before
being diagnosed with methylmercury poison-
ing (Herner 1945).

In Japan in 1977, the Environment
Agency issued a notice on certification of
patients, and the criteria for Minamata disease
diagnosis became the object of much discus-
sion and legal proceedings (Harada 2004). The
legal requirement to identify bona fide cases of
Minamata disease and to separate this diag-
nosis from other abnormalities unrelated to
such exposure required considerable medical
attention and resources. Meanwhile, increasing
numbers of likely victims were being discov-
ered, in part due to the continued pollution
and environmental dissemination. A court
decision in 2004 provided recognition and
compensation to many additional Minamata
disease patients (most of whom had died by
that time) (Ushijima et al 2010). However,
many thousands were thought to be affected,
although not to a degree justifying compensa-
tion based on the existing case criteria. Only
in 2009 was a law enacted to provide com-
pensation to most of the remaining groups of
victims (Martin 2009).

Part of the inertia was probably due to
previous embarrassments caused by hav-
ing to retract mistaken conclusions of ear-
lier suspected causes, in combination with
legal and political rigidity. The resistance
and lack of cooperation from Chisso were
also an important factor. Most embarrass-
ing, toxicity experiments were carried out in
the late 1950s by Chisso’s company doctor,
Hajime Hosokawa. Ten cats were fed stan-
dard cat food mixed with efluent from the
acetaldehyde plant, where mercury was used
as a catalyst (Eto et al. 2001). At that time,
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the researchers were not aware that the efflu-
ent contained methylmercury. The exposed
cats developed symptoms similar to those
seen in cats that had eaten fish from the bay.
Only in 1969 did Hosokawa reveal that the
results existed and had been suppressed by
his employer. A detailed scientific account
was eventually published after a 40-year delay
(Eto et al. 2001).

Even at a hearing in 1971, a represen-
tative from Chisso, Keiji Higashidaira, still
claimed that Minamata disease was due to
rotten fish and not mercury contamination
from the factory (Mishima 1992). Thus, the
company continued to claim innocence and
lack of proof for many years. Only after legal
defeat did Chisso formally agree to pay com-
pensation to the victims.

Similar problems occurred elsewhere.
Among the best documented cases is the seri-
ous mercury contamination of the Kenora
area in Ontario, Canada. Beginning in
1962, a chloralkali plant released mercury
waste into a local lake, and pulp wastes were
released from a nearby paper production
plant that used phenylmercury in slimicides.
Contamination of freshwater fish affected the
livelihood and health of bands of Ojibway
people and sportsfishers. But the challenge of
“show me someone who had died of mercury
poisoning” became an oxymoron, because
autopsies were not conducted on the exposed
Ojibway, and their blood mercury concentra-
tions were kept secret (D’ltri and D’leri 1978;
Wheatley et al. 1979).

In the United States, Korns (1972)
reported the case of a housewife who had
eaten swordfish daily trying to lose weight;
she had developed blurred vision, fatigue,
ataxia, and headaches. She was under psy-
chiatric treatment for psychosomatic disease
until methylmercury toxicity was recognized.
More cases among dieters emerged (Genuis
2009), and a series of affected patients among
avid sushi eaters was identified by a practicing
specialist in California (Hightower 2009).

Developmental Susceptibility

A new era in methylmercury toxicology was
heralded by the first description of congenital
methylmercury poisoning in 1952 (Engleson
and Herner 1952). A Swedish family had inad-
vertently used flour made from methylmercury-
treated seed grain. One infant had eaten por-
ridge made with this flour since weaning at
9 months of age. The child’s pregnant mother
had also eaten the porridge without suffering
any adverse effects herself. After delivery of
the second child, both children were found
to be mentally retarded and severely deficient
in motor development; their condition was
virtually unchanged 2 years later. Although
the doses received by the mother and her two
children are not known (Engleson and Herner
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1952), this case report suggested that the ner-
vous system was much more vulnerable to
methylmercury toxicity during early develop-
ment, including the fetal stage.

In Minamata, a series of infants poisoned
in their mother’s womb was recorded by
the first investigative team from Kumamoto
University (Kitamura et al. 1957). The
researchers also noted that many children born
from 1955 onward suffered from develop-
mental disturbances that suggested diffuse
cerebral dysfunction (Harada 2004). Children
< 9 years of age appeared to be particularly
numerous among the patients. In many
cases, the pregnant woman appeared com-
pletely healthy, despite carrying a baby who
suffered congenital methylmercury poisoning
(Takeuchi et al. 1964).

Most of these children were not imme-
diately diagnosed because the spastic paresis
syndrome was less distinctive than the clinical
picture of the adult poisoning cases. The early
signs of congenital poisoning (i.e., mental
retardation, movement problems, seizures,
primitive reflexes, and speech difficulty) could
be mistaken for some other disease and over-
looked, especially in mild cases.

In Japan, parents often keep a piece of the
umbilical cord from their children as a tradi-
tional token of luck. During the 1960s, speci-
mens were collected by Masazumi Harada,
who showed that children with recognized
congenital Minamata disease had the highest
concentrations of methylmercury in preserved
umbilical cords, whereas those with “ordi-
nary” mental retardation had levels between
those of the poisoned subjects and those of
the controls (Akagi et al. 1998; Harada et al.
1977; Nishigaki and Harada 1975).

Neuropathology data were also being com-
piled because detailed autopsies were followed
by histological, histochemical, and chemical
examinations. It became clear that the adult
disease was associated with localized lesions
in certain brain areas (e.g., the calcarine, post-
central, precentral, and temporal transverse
cortices and deep structures of the cerebellar
hemispheres of the brain), along with lesions
of peripheral sensory nerve fibers (Takeuchi
and Eto 1999). Methylmercury poisoning in
children showed more widely distributed dam-
age on the brain. However, infants and chil-
dren who had been poisoned prenatally (from
the mother’s diet) showed a diffuse pattern of
damage with disruption to normal structures
(Takeuchi 1968; Takeuchi and Eto 1999).

These findings strongly supported the
notion that early developmental exposure
causes a much more serious disease in chil-
dren than in individuals exposed as adults. As

stated by Harada (1977),

It may thus be supposed that the fetal brain is
more fragile and susceptible to toxic agents, since it
is immature and still undergoing development. . . .
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Clearly, prevention of Minamata disease, especially
congenital cases, is a first requirement, and the
greatest care should be taken by pregnant women
since the fetus has a higher sensitivity.

After the main poisoning incident in Iraq
in 1970-1971, the pediatrician Laman Amin-
Zaki teamed up with colleagues from the
United States to study the effects of methyl-
mercury exposure in 49 children. Although
the exposed children were examined by basic
neurological tests at various ages, the develop-
ment of language and motor function of
children exposed prenatally was found to be
delayed (Amin-Zaki et al. 1978). In a later
report Marsh et al. (1987) described the use
of advanced analytical technology to deter-
mine mercury concentration profiles in single
hair strands, so that the researchers could get
a calendar record of methylmercury exposure
during the entire duration of the pregnancy.
These dose measures suggested that a greater
vulnerability of the developing nervous system
would result in adverse effects at an exposure
that was one-fifth of the doses causing adverse
effects in adults.

“The occurrence of prenatal intoxica-
tion also calls for caution” was the scientific
consensus in 1972 (JECFA 1972). Later on,
JECFA also recognized that “clinical data from
Japan indicate that the fetus is more sensitive
than the mother,” although the committee
refrained from recommending any special pro-
tection (JECFA 1978). The risk assessment
was therefore based on toxicity in adults and
remained that way for the next 25 years.

Experimental Evidence

In the early 1900s, inorganic chemistry pro-
vided a framework for interpreting the very
different properties of methylmercury and
inorganic mercury (Grimm 1925; Jensen
1937), although it was not appreciated by
toxicologists until much later. The first fatal
cases of methylmercury poisoning in humans
inspired experimental studies to examine its
toxic effects in rats, dogs, cats, rabbits, and
one monkey. The common feature was an
ascending paralysis accompanied by move-
ment difficulties, tremors, blindness, dis-
turbance in hearing, and irascibility in the
animals (Hepp 1887; Hunter and Russell
1954). These results were in excellent accor-
dance with the clinical appearance of human
poisoning cases. Hunter and Russell (1954)
also demonstrated lesions in relevant brain
cells and regions as the likely basis of the clin-
ical manifestations. A crucial observation was
that cats given methylmercury and related
organic mercury compounds showed the same
symptoms as cats that had succumbed to eat-
ing seafood from Minamata Bay (Eto et al.
2001; Sebe et al. 1961; Takeuchi et al. 1960).
Although entirely different from those caused
by mercury vapor or inorganic mercury
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compounds, species differences in vulner-
ability complicated the evaluation, and only
recently did the common marmoset emerge as
the best laboratory model of human methyl-
mercury neurotoxicity (Eto et al. 2002).

An important new insight emerged when
delayed effects of developmental neuro-
toxicity were reported in experimental ani-
mals in 1972. The key finding was that rats
exposed during early development showed
adverse effects that at first were not appar-
ent, but later on became obvious as deranged
behavior in the mature animals (Spyker et al.
1972). For the first time these experimen-
tal results confirmed the increased sensitivity
of the brain during development, in sup-
port of the Swedish report 20 years earlier
(Engleson and Herner 1952) as well as the
Minamata evidence. However, at a federal
court hearing in the United States, the first
author of the Spyker et al. (1972) study testi-
fied and presented a movie showing abnor-
mal behavior in prenatally exposed offspring
that had first appeared perfectly normal; the
judge expressed surprise that disabilities in
mice had anything to do with human beings
and questioned whether the abnormalities
could constitute a reason to regulate mercury
(Cranmer J, personal communication).

More recent toxicological studies have
aimed at identifying toxic mechanisms and
vulnerable time windows especially in relation
to brain development (Clarkson and Magos
2006). Since 1980, when the term “methyl-
mercury compounds” was introduced as a
medical subject heading, the U.S. National
Library of Medicine has listed > 1,000 pub-
lications on experimental toxicology of this
substance. At present, methylmercury is one
of the environmental pollutants with the most
extensive toxicology documentation.

Wildlife Poisonings

At Minamata, marine organisms such as
octopi and sea bass were found floating near
the shore starting around 1950, and dying
fish could be scooped up by hand. Crows
were reported to be becoming sick and dying
in the area. By 1953, cats were frequently
dying from cramps with a condition dubbed
“dancing disease.” Kitamura et al. (1957)
reported that 50 of 61 cats bred by families
of Minamata disease patients died in 1953~
1956. By the mid-1950s, the reports of toxic
effects on marine life began to extend to
nearby coasts.

At the time when methylmercury poison-
ing occurred among Japanese fishing popula-
tions, the same substance was being widely
applied for seed dressing in Sweden and other
countries. Along with pollution from the
paper industry and chloralkali plants, these
processes caused environmental accumulation
of methylmercury in food chains.

Predatory and seed-eating birds started to
develop overt poisoning, and ornithologists
became alarmed (Landell 1968). When the
cause of the problem was eventually realized,
sea eagles and other bird populations were seri-
ously threatened by widespread environmental
mercury contamination. Representatives from
agriculture insisted that mercury treatment of
seeds could not be discontinued without seri-
ous financial losses and that detailed research
would be needed to document the extent
to which mercury might be dispersed in the
environment and contribute to bird mortality
(Landell 1968).

In the early 1960s, the concern about
mercury toxicity inspired some screening
efforts for mercury concentrations in foods
and environmental samples by neutron acti-
vation analysis. When mercury speciation
became possible, biomagnification of methyl-
mercury was documented, with increasing
concentrations in aquatic food chains. The
highest levels were present in predatory fish
and fish-eating birds (ospreys and sea eagles),
which also exhibited numerous cases of poi-
soning and reproductive failure (Borg 1969).

A turn in the debate occurred in 1964,
when unused seed grain treated with methyl-
mercury had been used as chicken feed in
Sweden (Tejning and Vesterberg 1964). In
a small study of two hens and a total of six
eggs laid by these hens, a high mercury con-
tent of 5 mg/kg was found in one of the eggs.
This report spurred a ban in several coun-
tries against the import of Swedish eggs. The
issue of methylmercury transmission in food
chains suddenly became highly relevant both
to human health and commerce and therefore
attracted regulatory attention.

Environmental Mercury
Methylation

It came as a major surprise that methyl-
mercury can be formed from inorganic salts
in the environment, as demonstrated by the
simple experiment conducted by Swedish
researchers (Jensen and Jernelov 1967), who
showed that inorganic mercury could be con-
verted into methylmercury in sediment from
a home aquarium. After autoclaving the sedi-
ment, no methylmercury was formed, thus
suggesting that microorganisms played a role
(Jensen and Jernelov 1967). Extended studies
documented the concentration dependence
as well as the generation of volatile dimethyl-
mercury (Jensen and Jernelov 1969), and
other research showed that methylcobalamin
(vitamin By,) could transfer a methyl group
to the mercuric ion nonenzymatically (Wood
et al. 1968). These methylation processes were
probably of little significance in Minamata
and Niigata, where methylmercury was
formed in the acetaldehyde plants as part of
the catalyst reactions. However, methylation
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of mercury from all sources causes worldwide
contamination of freshwater fish and seafood
by methylmercury.

The widespread use of methylmercury
for seed dressing, along with other mercury
sources such as fungicides used in paper mills,
have added to the pollution of waterways and
coastal waters. Many rivers and lakes became
so polluted with mercury that fish advisories
against eating sport fish were issued, especially
in countries such as Canada, Sweden, and the
United States [U.S. Environmental Protection
Agency (EPA) 2009]. Studies in North
America verified that biomagnification took
place, especially near paper mills and chloral-
kali plants, once again with the highest con-
centrations in top carnivores (Fimreite 1974).
Although methylmercury contamination of
fish had been thought to constitute a local
problem in Japan, it now appeared to occur
worldwide, with serious ecological effects and
dangerous human exposures.

Mercury releases into the aquatic environ-
ment could also come from air pollution, for
example, from municipal incinerators and
power plants burning coal that contains
mercury. The deposition of mercury from the
air is now known to become rapidly available
for methylation and uptake in fish (Harris
et al. 2007).

Today, thousands of lakes and rivers
worldwide are seriously polluted with methyl-
mercury. The extent of the problem is illus-
trated by fish advisories in the United States.
The U.S. EPA maintains a registry of warnings
on fish contamination, where advice is pro-
vided about the safety of eating local fish (U.S.
EPA 2009). The total number of advisories for
mercury has been increasing and, by 2008, it
exceeded 4,000. More than 80% of all adviso-
ries have been issued, at least in part, because
of mercury; they affected > 16 million lake
acres and > 1.3 million river miles in 2008
(U.S. EPA 2009).

Although mercury has been thought to be
a natural component in the biosphere, com-
pilation of mercury analyses from tissues of
Arctic indicator species shows that current-
day levels are increased by a factor of about
10 above those present in preindustrial times
(Dietz et al. 2009).

Regulatory Decisions

After the use of mercury fungicides in agri-
culture had been banned in 1966 in Sweden,
a similar ban was instituted in 1970 in the
United States, spurred by media reports that
mercury-treated grain had been used by a
New Mexico farmer to feed his hogs, and
that contaminated pork from the farm had
entered the market (Davis et al. 1994; D’Itri
and D’Itri 1978).

The first safety evaluation of methyl-
mercury in fish took place in Sweden in 1968
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and relied on the Japanese data (Landell
1968). Seafood from Japan was thought to
contain an average methylmercury concentra-
tion of 50 pg/g (measured as mercury). The
Swedish experts at the National Institute of
Public Health then figured in a safety factor
of 10 and another one of 5 to arrive at a safe
mercury limit of 1 pg/g for all seafood (Landell
1968). However, some confusion occurred,
because the original Japanese data turned out
to be based on dry weight concentrations but
the Swedish monitoring data used wet weights.
Dry weight concentrations are up to five times
higher than wet. The calculated limit then
should logically apply to dry weight concen-
trations, or it should be decreased by 80% if
applied to wet weight. The error was due to a
missed footnote in an English-language report
(Landell 1968). Further refinement was pub-
lished in a detailed risk assessment (Swedish
National Institute of Public Health 1971).
These experts recommended a safe limit for
dietary exposure of 0.4 pg/kg body weight per
day, corresponding to a hair mercury concen-
tration of about 6 pg/g. At that level, an adult
weighing 70 kg could eat 200 g of fish per
week at a mercury concentration of 1 pg/g.
The first international evaluation of
methylmercury toxicity (JECFA 1972) recom-
mended a provisional tolerable weekly intake
of 200 pg (3.3 pg/kg body weight), that is,
virtually the same as the limit proposed in
Sweden, after allowing for the difference
between daily and weekly intake. In a subse-
quent review, the International Programme
on Chemical Safety (1990) concluded that,
based on the data on developmental neuro-
toxicity from the main Iraqi incident, fetal
neurotoxicity might occur when maternal hair
mercury concentrations exceed 10-20 pg/g.
In Japan, mercury analyses of fish had
already begun in the 1960s, but it was only
in 1973 that systematic studies became feasi-
ble. A provisionally tolerable limit of 0.4 pg/g
(as total mercury, and 0.3 pg/g as methyl-
mercury) was set by the Japanese Ministry
of Health and Welfare for fish intended for
human consumption (Endo et al. 2005). This
limit remains in effect, although it does not
apply to tuna, swordfish, and freshwater fish.
In the United States, a limit of 0.5 pg/g
was already in use in 1970, when analyses
of canned tuna revealed that the limit was
exceeded (Mazur 2004). This finding led to a
governmental recall of both tuna and sword-
fish. In 1985, the conundrum of methyl-
mercury accumulation in marine food chains
was resolved by increasing the permissible
limit to 1 pg/g for the relevant species. The
previous recall of mercury-contaminated
fish was therefore criticized as a “false alarm”
(Mazur 2004).
Within the European Union, a common

limit of 0.5 pg/g had been applied to fish in
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general since 1993, but a few species, such as
tuna and swordfish, were allowed to contain
up to 1 pg/g. This regulation proved prob-
lematic because member states reported mer-
cury concentrations exceeding the 0.5 pg/g
limit in many other species. The European
Commission therefore decided in 2001 to add
all of these species to the list of those that had
to comply with the 1 pg/g limit (European
Commission 2001). This decision referred
to the need for transparency and the need to
maintain mercury levels as low as reasonably
achievable, while taking into account “physio-
logical reasons” that mercury concentrates in
the tissues of certain species more easily than
others. However, no assessment of the associ-
ated health risks was produced on this occa-
sion, and no advice was offered to the public.

Widening of Toxicity Risks

Research in the field of developmental neuro-
toxicity was highly inspired by the observation
of dose-dependent effects of environmental
lead exposures (Needleman et al. 1979).
Adverse effects from methylmercury also
seemed to occur as a continuum: the higher
the dose, the more severe the illness. Some
of the most highly exposed populations were
indigenous groups. In Canada, a study of
234 Cree children showed abnormal tendon
reflexes associated with mercury concentra-
tions in maternal hair representing their expo-
sure during pregnancy (McKeown-Eyssen
et al. 1983). These findings suggested that
even slightly increased environmental expo-
sure to methylmercury from fish could lead
to adverse effects on nervous system develop-
ment, just like inorganic lead exposure.

In a cohort-based case—control study of
children exposed to methylmercury from
marine food carried out in New Zealand,
Kjellstrom et al. (1986, 1989) measured the
mercury concentration in the mother’s hair
during pregnancy and then examined the chil-
dren at various ages. They reported delayed
brain development in children from mothers
with hair mercury concentrations > 6 pg/g.
The results were published after peer review
by the Swedish Environmental Protection
Agency; however, the findings were at first
ignored for formal reasons by other regula-
tory authorities because the report had not
appeared in a peer-reviewed scientific jour-
nal—although it was eventually published in
one after additional statistical analyses were
conducted (Crump et al. 1998).

Two large prospective studies were ini-
tiated in the mid-1980s. A study of 1,000
children from the Faroe Islands concluded
that low-level methylmercury exposure during
intrauterine development was associated with
deficits in several brain functions in school-
age children and that significant associations
were apparent well below a maternal hair

1141




Grandjean et al.

mercury concentration of 10 pg/g (Grandjean
et al. 1997). In contrast, largely nonpositive
findings were initially reported in chil-
dren from a similar study in the Seychelles
(Myers et al. 2003). Although statistical
analyses showed that the two studies were
not in mutual disagreement because of wide
confidence limits (Keiding et al. 2003), the
apparent disagreement was perceived as a con-
troversy and fueled a debate on uncertainty
(Grandjean 1999). Additional longitudinal
data later appeared from Japan, Poland, and
the United States in support of the Faroe
Islands conclusions (Jedrychowski et al. 2006;
Lederman et al. 2008; Murata et al. 2006;
Oken et al. 2008). Although less weighty, sev-
eral cross-sectional studies also supported the
existence of low-level exposure neurotoxicity
(Grandjean et al. 2005).

The reasons for the apparent lack of mer-
cury effects in the Seychelles could be that
beneficial nutrients in fish might obliterate
or dampen the mercury toxicity (Clarkson
and Strain 2003). In recent research from the
Seychelles, Strain et al. (2008) reported that
cognitive development in children was not
associated with either maternal fish intake
or methylmercury exposure, when each was
considered separately. If maternal fish intake
and mercury were included in the statisti-
cal analysis at the same time, fish intake was
clearly beneficial, whereas mercury had nega-
tive effects. Also, in the Faroe Islands, the
mercury toxicity became more prominent
after adjustment for the beneficial effects of
the mother’s fish intake during pregnancy
(Budtz-Jorgensen et al. 2007).

Interpretation of Uncertainty

Because of the apparent disagreement between
the two major studies and mercury’s public
health implications, in 1998 the U.S. White
House called for an international workshop
with 30 invited experts, who were asked to
critically examine the scientific evidence.
These experts emphasized a variety of possible
uncertainties and concluded that “there are
inadequate data . . . to draw meaningful con-
clusions at this time” (National Toxicology
Program 1998). Despite the possibility that
subclinical toxicity could be easily missed and
underestimated, the workshop experts were
quite optimistic:
Measurement error can impact significantly on
both the estimated levels of effect and the deci-
sion on the level of exposure at which an effect is
detected because of the potential for misclassifica-
tion. However, the data presented in the work-
shop suggest that the precision of measurements of
methylmercury in hair or cord blood is very good.
(National Toxicology Program 1998)

The experts recommended further research.
At the request of the U.S. Congress, a
new expert panel was then convened by the
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National Research Council (NRC) to deter-
mine whether an exposure limit of 0.1 pg/kg
body weight per day was appropriate, as pro-
posed by the U.S. EPA on the basis of the Iraq
data on adverse effects in children after mater-
nal methylmercury exposure during pregnancy
(NRC 2000). The committee supported the
U.S. EPA limit but recommended that it
should be based on the data from the Faroe
Islands study. In addition, dose—response data
from all three studies (Faroes, New Zealand,
Seychelles) combined were in accordance with
the Faroes findings.

A few years later, JECFA (2003) recon-
sidered its original evaluation from 1972. The
experts decided to exclude the New Zealand
data from consideration and settled on a
weekly intake limit of 1.6 pg/kg body weight.
In reaching this conclusion, the health benefits
of seafood diets were emphasized, along with
the need to prevent consumers from being
afraid to eat fish because of mercury contami-
nation. The JECFA experts (JECFA 2003)
therefore chose a smaller uncertainty factor
than did the NRC committee (NRC 2000).
Not wanting to take sides in a discussion on
key studies and safety factors, the European
Food Safety Authority (2004) recognized both
exposure limits and concluded that exposure
to this food contaminant “should be mini-
mised.” In the United States, federal agencies
currently use different exposure limits when
dealing with safe human methylmercury expo-
sures from commercially traded fish, fish con-
taminated from toxic waste, and fish caught
by sport fishers (Grandjean 1999). Each limit
is supported by a risk assessment that relies on
virtually the same evidence.

Because of the beneficial nutrient contents
of seafood, two seafood dinners per week are
generally recommended as part of a varied
diet. A total weekly seafood intake includ-
ing two fish dinners would represent about
500 g of seafood. The U.S. EPA limit sug-
gests that an adult (weight, 70 kg) should not
exceed a mercury intake of 0.1 pg x 7 days
x 70 kg body weight, or about 50 pg (U.S.
EPA 2001). Therefore, the seafood should
contain an average mercury concentration of
< 0.1 pg/g. However, current regulations in
the United States and the European Union
allow up to 10 times as much.

A more accurate risk calculation would
need to take into account the masking effects
of essential nutrients that promote brain
development (Budtz-Jorgensen et al. 2007).
Further, the above risk assessments did not
take into account the consequences of impre-
cision in exposure assessments and the impli-
cations of misclassification (Budtz-Jorgensen
et al. 2003, 2004). Standard statistical analy-
ses assume that exposure biomarkers are
measured without error, which is not possible
because they are merely proxy indicators of

the true dose to the brain. Statistically, any
random error will cause an underestimation
of the true effect. However, the total impre-
cision of the cord-blood analysis was much
greater than suggested by the laboratory qual-
ity control, and the hair mercury analysis was
even more imprecise (Budtz-Jorgensen et al.
2004). Dose-response relationships based on
the hair mercury concentration therefore sig-
nificantly underestimated the true mercury
effect. Accordingly, the benchmark dose level
decreased by about 50% after adjustment for
the imprecise exposure data (Budtz-Jorgensen
et al. 2004). Thus, the exposure limits esti-
mated by the U.S. EPA and JECFA would
need to be halved. Additional imprecision
may occur from using nonspecific outcome
variables that are affected by other factors.

Sophisticated techniques, such as neuro-
physiological detection of delayed electri-
cal transmission in the brain, have shown
adverse effects at very low mercury exposure
levels (Figure 1) (Murata et al. 2004). Data
seem to indicate that there may not be an
actual threshold for methylmercury toxicity,
although the exact cognitive implications of
slightly delayed electrical signals in the brain
are unclear at this point in time.

The combined evidence led the UNEP to
initiate a global assessment project for mer-
cury, and an international agreement on mer-
cury pollution abatement was approved by the
member states in 2009 (UNEP 2009). The
European Union and the United States have
already decided on a ban on mercury exports,
and mercury is being phased out in thermom-
eters and scientific instruments (European
Union 2007). The time scale in Table 1 sug-
gests that all of these preventive measures fol-
lowed at a substantial delay after the discovery
of environmental health problems, partially
because of disagreement about the impact of
uncertainties.

Lessons for Environmental
Health Research

The first observed cases of methylmercury poi-
soning, almost 150 years ago, occurred from
incautious experimental practices, and many
subsequent poisonings in workers were due to
methylmercury inadvertently formed during
production processes. However, these early
discoveries of the toxicity of methylmercury
and its formation during chemical production
were subsequently forgotten or disregarded,
thereby causing delays in knowledge building
and prevention.

The failure to recognize the distinctive
clinical features of serious methylmercury poi-
soning in adults delayed the identification of
the etiology of Minamata disease and thus
recognition of the full extent of the outbreak.
Even when methylmercury had been estab-
lished as the chemical cause of the disease,
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strict diagnostic requirements and case defini-
tions assumed that the disease was a charac-
teristic all-or-none phenomenon, thereby
excluding less distinctive cases and obscuring
the dose—effect relationship.

The first likely cases of developmental
methylmercury poisoning were described in
1952 (Engleson and Herner 1952) and sub-
sequently reported from Minamata (Harada
2004; Social Scientific Study Group on
Minamata Disease 1999); replication in labo-
ratory animals was published in 1972 (Spyker
et al. 1972), and the first prospective popula-
tion study of prenatal methylmercury toxicity
due to contaminated seafood in humans was
published in 1986 (Kjellstrom et al. 1986).
However, scientific consensus on prena-
tal vulnerability was hampered by focusing
on uncertainties in the evidence, and inter-
national agreement on the need for protection
against prenatal exposures was reached only
in 2003.

Environmental methylation of mercury in
sediment was discovered accidentally because
systematic studies of the environmental fate
of mercury were not conducted and because
initial studies focused only on the total mer-
cury concentration. Recognition of food
chain contamination and environmental bio-
accumulation of methylmercury was therefore
delayed.

A key experiment showing that cats
developed the characteristic disease when fed
effluent water from a polluting factory was
suppressed by the sponsoring company, and
the detailed results became available only after

Environmental health lessons from methylmercury

a delay of 40 years (Eto et al. 2001). Industry
representatives advanced alternative explana-
tions and used the early diversity of scientific
opinions for its legal argument that toxicity was
not the responsibility of industry, nor could it
have been anticipated, thereby causing a sub-
stantial delay of remediation, compensation,
and prevention.

After the publication of new data on
adverse effects of low-level exposures to
methylmercury, regulatory agencies requested
scientific scrutiny. Expert committees empha-
sized uncertainties and weaknesses in the
available data. Less attention was paid to the
question of what could have been known,
given the research methods and possibilities,
and whether developmental neurotoxicity at
low methylmercury doses could be ruled out.
The reports also generally ignored that meas-
urement imprecision most likely resulted
in an underestimation of the true effects.
Instead, more research was recommended.
The insistence on solid evidence promoted
by polluters and regulatory agencies there-
fore agreed with a desire among research-
ers to expand scientific activities in this area.
However, the wish to obtain more complete
proof had the untoward effect of delaying
corrective action.

Although Jun Ufi’s critique (D’Itri and
D’Itri 1978), given in the introduction of
this review, referred to Japanese regulatory
agencies themselves being afflicted by signs
of methylmercury poisoning, here we suggest
that environmental health research, too, has
suffered tunnel vision, forgetfulness, lack of
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Figure 1. Association between brainstem auditory evoked potential (BAEP) latency (interpeak IlI-IV at
20 Hz) and dietary exposure to methylmercury (reflected by hair mercury concentration) in 14-year-old
Faroese children. Data are from examinations of a Faroese cohort of 878 subjects at 14 years of age. Each
vertical line represents one subject, dotted lines indicate the 95% confidence limits, and arrows represent
three methylmercury exposure limits. Modified from Murata et al. (2004).
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coordination, and some of the other symp-
toms noted in poisoning cases. Like methyl-
mercury poisoning itself, such abnormalities
deserve preventative action.

REFERENCES

Ahlmark A. 1948. Poisoning by methyl mercury compounds.
BrJ Ind Med 5(3):117-119.

Akagi H, Grandjean P, Takizawa Y, Weihe P. 1998. Methyl-
mercury dose estimation from umbilical cord concen-
trations in patients with Minamata disease. Environ Res
77(2):98-103.

Amin-Zaki L, Majeed MA, Clarkson TW, Greenwood MR. 1978.
Methylmercury poisoning in Iraqi children: clinical observa-
tions over two years. BMJ 1(6113):613-616.

Bakir F, Damluji SF, Amin-Zaki L, Murtadha M, Khalidi A,
al-Rawi NY, et al. 1973. Methylmercury poisoning in Irag.
Science 181(96):230-241.

Borg K. 1969. Kvicksilverproblematikken inom var terrestriske
fauna, dess upptéckt och vidareutveckling. Nord Hyg
Tidskr 50:9-13.

Budtz-Jorgensen E, Grandjean P, Weihe P. 2007. Separation
of risks and benefits of seafood intake. Environ Health
Perspect 115:323-327.

Budtz-Jorgensen E, Keiding N, Grandjean P. 2004. Effects of
exposure imprecision on estimation of the benchmark
dose. Risk Anal 24(6):1689-1696.

Budtz-Jorgensen E, Keiding N, Grandjean P, Weihe P, White RF.
2003. Consequences of exposure measurement error for
confounder identification in environmental epidemiology.
Stat Med 22(19):3089-3100.

Clarkson TW, Magos L. 2006. The toxicology of mercury and its
chemical compounds. Crit Rev Toxicol 36(8):609-662.

Clarkson TW, Strain JJ. 2003. Nutritional factors may modify
the toxic action of methyl mercury in fish-eating popula-
tions. J Nutr 133(5 suppl 1):1539S-1543S.

Crump KS, Kjellstrom T, Shipp AM, Silvers A, Stewart A. 1998.
Influence of prenatal mercury exposure upon scholastic
and psychological test performance: benchmark analysis
of a New Zealand cohort. Risk Anal 18(6):701-713.

Davis LE, Kornfeld M, Mooney HS, Fiedler KJ, Haaland KY,
Orrison WW, et al. 1994. Methylmercury poisoning: long-
term clinical, radiological, toxicological, and pathological
studies of an affected family. Ann Neurol 35(6):680-688.

Dietz R, Outridge PM, Hobson KA. 2009. Anthropogenic contri-
butions to mercury levels in present-day Arctic animals—a
review. Sci Total Environ 407(24):6120-6131.

D’ltri PA, D’ltri FM. 1978. Mercury contamination: a human
tragedy. Environ Manag 2(1):3-16.

Edwards GN. 1865. Two cases of poisoning by mercuric methide.
Saint Bartholomew’s Hosp Rep 1:141-150.

Endo T, Haraguchi K, Hotta Y, Hisamichi Y, Lavery S,
Dalebout ML, et al. 2005. Total mercury, methyl mercury,
and selenium levels in the red meat of small cetaceans
sold for human consumption in Japan. Environ Sci Technol
39:5703-5708.

Engleson G, Herner T. 1952. Alkyl mercury poisoning. Acta
Paediatr 41(3):289-294.

Eto K, Yasutake A, Korogi Y, Akima M, Shimozeki T, Tokunaga
H, et al. 2002. Methylmercury poisoning in common
marmosets—MRI findings and peripheral nerve lesions.
Toxicol Pathol 30(6):723-734.

Eto K, Yasutake A, Nakano A, Akagi H, Tokunaga H, Kojima T.
2001. Reappraisal of the historic 1959 cat experiment
in Minamata by the Chisso factory. Tohoku J Exp Med
194(4):197-203.

European Commission. 2001. Commission Regulation (EC) No
466/2001 of 8 March 2001 Setting Maximum Levels for
Certain Contaminants in Foodstuffs. Available: http://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2001:077:0001:
0013:EN:PDF [accessed 8 July 2010].

European Food Safety Authority. 2004. Opinion of the Scientific
Panel on Contaminants in the Food Chain Related to
Mercury and Methylmercury in Food. EFSA-Q-2003-030.
Brussels:European Food Safety Authority. Available: http://
www.efsa.europa.eu/en/scdocs/doc/34.pdf [accessed
8 July 2010].

European Union. 2007. Directive 2007/51/EC of the European
Parliament and of the Council of 25 September 2007
Amending Council Directive 76/769/EEC Relating to
Restrictions on the Marketing of Certain Measuring

1143




Grandjean et al.

Devices Containing Mercury. Available: http://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2007:257:00
13:0015:EN:PDF [accessed 8 July 2010].

Fimreite N. 1974. Mercury contamination of aquatic birds in
northwestern Ontario. J Wildl Manag 38(1):120-131.

Franke E, Lundgren KD. 1956. Gewerbehygienische Kontrolle
bei Herstellung von Alkylquecksilberverbindungen. Arch
Gewerbepathol Gewerbehyg 15(2):186-202.

Genuis SJ. 2009. Toxicant exposure and mental health—
individual, social, and public health considerations.
J Forensic Sci 54(2):474-477.

Giles J. 2003. Iragis draw up blueprint for revitalized science
academy. Nature 426(6966):484.

Grandjean P. 1999. Mercury risks: controversy or just uncer-
tainty? Public Health Rep 114(6):512-515.

Grandjean P, Cordier S, Kjellstrom T, Weihe P, Budtz-Jorgensen E.
2005. Health effects and risk assessments. In: Dynamics
of Mercury Pollution on Regional and Global Scales:
Atmospheric Processes and Human Exposures around the
World (Pirrone N, Mahaffey KR, eds). Norwell, MA:Springer,
499-523.

Grandjean P, Weihe P, White RF, Debes F, Araki S, Yokoyama K,
et al. 1997. Cognitive deficit in 7-year-old children with
prenatal exposure to methylmercury. Neurotoxicol Teratol
19(6):417-428.

Grimm HG. 1925. On construction and sizes of non-metallic
hydrides. Z Elektrochem Angew Phys Chem 31:474-480.

Hagq IU. 1963. Agrosan poisoning in man. BMJ 1(5345):1579-1582.

Harada M. 2004. Minimata Disease (Sachie T, George TS,
trans). Tokyo:lwanami Shoten (originally published 1972).

Harada M, Fujino T, Kabashima K. 1977. A study on methyl-
mercury concentration in the umbilical cords of the inhabi-
tants born in the Minamata area [in Japanese]. No To
Hattatsu 9:79-84.

Harada Y. 1977. Congenital alkyl mercury-poisoning (congenital
Minamata Disease). Paediatrician 6(1):58-68.

Harris RC, Rudd JW, Amyot M, Babiarz CL, Beaty KG,
Blanchfield PJ, et al. 2007. Whole-ecosystem study shows
rapid fish-mercury response to changes in mercury depo-
sition. Proc Natl Acad Sci USA 104(42):16586-16591.

Hepp P. 1887. Uber quecksilberéthylverbindungen und iiber das
verhaltniss der quecksilberathyl- zur quecksilbervergif-
tung. Naunyn Schmiedebergs Arch Exp Pathol Pharmacol
23:91-128.

Herner T. 1945. Poisoning from organic compounds of mercury
[in Swedish]. Nord Med 26:833-836.

Hightower JM. 2009. Diagnosis Mercury: Money, Politics, and
Poison. Washington, DC:Island Press/Shearwater Books.

Hunter D, Bomford RR, Russell DS. 1940. Poisoning by methyl
mercury compounds. Quart J Med 9(3):193-213.

Hunter D, Russell DS. 1954. Focal cerebellar and cerebellar
atrophy in a human subject due to organic mercury com-
pounds. J Neurol Neurosurg Psychiatry 17(4):235-241.

International Programme on Chemical Safety. 1990. Methyl-
mercury. Environmental Health Criteria 101. Geneva:World
Health Organization.

Irukayama K, Kai F, Fujiki M, Kondo T. 1962. Studies on the
origin of the causative agent of Minamata disease. Il
Industrial wastes containing mercury compounds from
Minamata factory. Kumamoto Med J 15(2):57-68.

Ishihara N. 2002. Bibliographical study of Minamata disease [in
Japanese]. Nippon Eiseigaku Zasshi 56(4):649-654.

Jalili MA, Abbasi AH. 1961. Poisoning by ethyl mercury toluene
sulphonanilide. Br J Ind Med 18(4):303-308.

JECFA (Joint Expert Committee on Food Additives, Food and
Agriculture Organization/World Health Organization).
1972. Evaluation of Mercury, Lead, Cadmium and the Food
Additives Amaranth, Diethylpyrocarbonate, and Octyl
Gallate. WHO Food Additives Series, No. 4. Geneva:World
Health Organization. Available: http://www.inchem.org/
documents/jecfa/jecmono/v004je02.htm [accessed 8 July
2010].

JECFA (Joint Expert Committee on Food Additives, Food and
Agriculture Organization/World Health Organization). 1978.
Evaluation of Certain Food Additives and Contaminants.
WHO Technical Report Series, No. 631. Geneva:World
Health Organization. Available: http://whqlibdoc.who.int/
trs/WHO_TRS_631.pdf [accessed 8 July 2010].

JECFA (Joint Expert Committee on Food Additives, Food and
Agriculture Organization/World Health Organization).
2003. Summary and Conclusions. Joint FAO/WHO Expert
Committee on Food Additives, Sixty-first Meeting, Rome,
10-19 June 2003. Available: http://www.who.int/ipcs/food/
jecfa/summaries/en/summary_61.pdf [accessed 8 July 2010].

1144

Jedrychowski W, Jankowski J, Flak E, Skarupa A, Mroz E,
Sochacka-Tatara E, et al. 2006. Effects of prenatal expo-
sure to mercury on cognitive and psychomotor function
in one-year-old infants: epidemiologic cohort study in
Poland. Ann Epidemiol 16(6):439-447.

Jensen KA. 1937. Constitution of metal organic bases and salts
[in German]. Z Anorgan Allgemeine Chem 230(3):277-285.

Jensen S, Jernelov A. 1967. Biosynthesis of methylmercury [in
Swedish]. Nordforsk Biocidinformation 10:4-5.

Jensen S, Jernelov A. 1969. Biological methylation of mercury
in aquatic organisms. Nature 223(5207):753-754.

Keiding N, Budtz-Jorgensen E, Grandjean P. 2003. Prenatal
methylmercury exposure in the Seychelles [Letter]. Lancet
362(9384):664—665.

Kinjo Y, Higashi H, Nakano A, Sakamoto M, Sakai R. 1993. Profile
of subjective complaints and activities of daily living among
current patients with Minamata disease after 3 decades.
Environ Res 63(2):241-251.

Kitamura S, Miyata C, Tomita M, Date S, Ueda K, Misumi H, et al.
1957. Epidemiological investigation of the unknown central
nervous disorder in the Minamata district. Kumamoto Med
J 31(suppl 1):1-9.

Kjellstrom T, Kennedy P, Wallis S, Mantell C. 1986. Physical and
Mental Development of Children with Prenatal Exposure
to Mercury from Fish. Stage 1: Preliminary Tests at Age 4.
Report 3080. Solna:National Swedish Environmental
Protection Board.

Kjellstrém T, Kennedy P, Wallis S, Stewart A, Friberg L, Lind B.
1989. Physical and Mental Development of Children
with Prenatal Exposure to Mercury from Fish. Stage II:
Interviews and Psychological Tests at Age 6. Report 3642.
Solna:National Swedish Environmental Protection Board.

Koelsch F. 1937. Gesundheitsschédigungen durch organische
Quecksilberverbindungen. Arch Gewerbepathol Gewerbehyg
8:113-116.

Korns RF. 1972. The frustrations of Bettye Russow. Nutr Today
7(6):21-23.

Kurland LT, Faro SN, Siedler H. 1960. Minamata disease. The
outbreak of a neurologic disorder in Minamata, Japan, and
its relationship to the ingestion of seafood contaminated
by mercuric compounds. World Neurol 1:370-395.

Landell NE. 1968. Fagelddd Fiskhot Kvicksilver [in Swedish].
Stockholm:Bonniers.

Lederman SA, Jones RL, Caldwell KL, Rauh V, Sheets SE,
Tang D, et al. 2008. Relation between cord blood mer-
cury levels and early child development in a World Trade
Center cohort. Environ Health Perspect 116:1085-1091.

Marsh DO, Clarkson TW, Cox C, Myers GJ, Amin-Zaki L,
Al-Tikriti S. 1987. Fetal methylmercury poisoning. Relationship
between concentration in single strands of maternal hair
and child effects. Arch Neurol 44(10):1017-1022.

Martin A. 2009. New Minamata Relief Law Enacted. The Japan
Times, 9 July. Available: http://search.japantimes.co.jp/
cgi-bin/nn20090709a4.html [accessed 8 July 2010].

Matsumoto H. 1961. Neuropathological study of Minamata dis-
ease [in Japanese]. Kumamoto Igakkai Zasshi 35:1133-1169.

Mazur A. 2004. True Warnings and False Alarms: Evaluating
Fears about the Health Risks of Technology, 1948-1971.
Washington, DC:Resources for the Future.

McAlpine D, Araki S. 1958. Minamata disease: an unusual
neurological disorder caused by contaminated fish. Lancet
2(7047):629-631.

McKeown-Eyssen GE, Ruedy J, Neims A. 1983. Methyl mercury
exposure in northern Quebec. Il. Neurologic findings in
children. Am J Epidemiol 118(4):470-479.

Mishima A. 1992. Bitter Sea, the Human Cost of Minamata
Disease (Gage RL, Murata SB, trans). Tokyo:Kosei.

Murata K, Sakamoto M, Nakai K, Dakeishi M, lwata T, Liu XJ,
et al. 2006. Subclinical effects of prenatal methylmercury
exposure on cardiac autonomic function in Japanese chil-
dren. Int Arch Occup Environ Health 79(5):379-386.

Murata K, Weihe P, Budtz-Jorgensen E, Jorgensen PJ,
Grandjean P. 2004. Delayed brainstem auditory evoked
potential latencies in 14-year-old children exposed to
methylmercury. J Pediatr 144(2):177-183.

Myers GJ, Davidson PW, Cox C, Shamlaye CF, Palumbo D,
Cernichiari E, et al. 2003. Prenatal methylmercury expo-
sure from ocean fish consumption in the Seychelles child
development study. Lancet 361(9370):1686—1692.

Nagano S, Harada Y, Nishihama S, Ueno T, Hashiguchi K,
Nagayoshi T, et al. 1957. Studies of encephalopathy from an
unknown cause in Minamata district: in relation to the inci-
dence and paediatric observation [in Japanese]. Kumamoto
lgakkai Zasshi 31(suppl 1):10-22.

National Toxicology Program. 1998. Report of the Methyl-
mercury Workshop on Scientific Issues Relevant to
Assessment of Health Effects from Exposure to Methyl-
mercury. Available: http://ntp.niehs.nih.gov/index.
cfm?objectid=03614B65-BC68-D231-4E915F93AFIA6872
[accessed 7 July 2010].

Needleman HL, Gunnoe C, Leviton A, Reed R, Peresie H, Maher C,
et al. 1979. Deficits in psychologic and classroom perfor-
mance of children with elevated dentine lead levels. N Engl
J Med 300(13):689-695.

Ninomiya T, Ohmori H, Hashimoto K, Tsuruta K, Ekino S. 1995.
Expansion of methylmercury poisoning outside of Minamata:
an epidemiological study on chronic methylmercury poison-
ing outside of Minamata. Environ Res 70(1):47-50.

Nishigaki S, Harada M. 1975. Methylmercury and selenium
in umbilical cords of inhabitants of the Minamata area.
Nature 258(5533):324-325.

NRC (National Research Council) Committee on the
Toxicological Effects ofMethylmercury. 2000. Toxicological
Effects of Methylmercury. Washington, DC:National
Academy Press.

Oken E, Radesky JS, Wright RO, Bellinger DC, Amarasiriwardena
CJ, Kleinman KP, et al. 2008. Maternal fish intake during
pregnancy, blood mercury levels, and child cognition at age
3years in a US cohort. Am J Epidemiol 167(10):1171-1181.

Ordonez JV, Carrillo JA, Miranda M, Gale JL. 1966. Epidemiologic
study of a disease believed to be encephalitis in the region
of the highlands of Guatemala [in Spanish]. Bol Oficina Sanit
Panam 60(6):510-519.

Sebe E, Matsumoto S, Akahoshi M, Ituno Y, Matuoka T. 1961.
Research on the organic mercury compound. I-Il [in
Japanese]. Kumamoto Med J 35:1219-1233.

Social Scientific Study Group on Minamata Disease. 1999. In
the Hope of Avoiding Repetition of Tragedy of Minamata
Disease. Minamata, Japan:National Institute for Minamata
Disease. Available http://www.nimd.go.jp/syakai/
webversion/SSSGMDreport.html [accessed 8 July 2010].

Spyker JM, Sparber SB, Goldberg AM. 1972. Subtle conse-
quences of methylmercury exposure: behavioral deviations
in offspring of treated mothers. Science 177(49):621-623.

Strain JJ, Davidson PW, Bonham MP, Duffy EM, Stokes-Riner A,
Thurston SW, et al. 2008. Associations of maternal long-
chain polyunsaturated fatty acids, methyl mercury, and
infant development in the Seychelles Child Development
Nutrition Study. Neurotoxicology 29(5):776-782.

Swedish National Institute of Public Health. 1971. Methylmercury
in fish. A toxicologic and epidemiologic evaluation of risks.
Nord Hyg Tidskr 4(suppl 4):1-364.

Takeuchi T. 1968. Pathology of Minamata disease. In: Minamata
Disease (Kutsuna M, ed). Kumamoto, Japan:Kumamoto
Shuhan, 141-252.

Takeuchi T, Eto K. 1999. The Pathology of Minamata Disease. A
Tragic Story of Water Pollution. Fukuoka:Kyushu University
Press.

Takeuchi T, Kambara T, Morikawa N, Matsumoto H, Shiraishi Y,
Ito H. 1959. Pathologic observations of the Minamata dis-
ease. Acta Pathol Jpn 9(suppl):769-783.

Takeuchi T, Kambara T, Morikawa N, Matsumoto M,
Shiraishi K, Ito H, et al. 1960. Discussion on the cause of
Minamata disease from the standpoint of pathological
studies [in Japanese]. Kumamoto |gakkai Zasshi 34(suppl
3):521-530.

Takeuchi T, Matsumoto M, Koya G. 1964. A pathological study
on the fetal Minamata disease, diagnosed clinically so-
called infant cerebral palsy [in Japanese]. Adv Neurol Sci
8:867-873.

Tejning S, Vesterberg R. 1964. Alkyl mercury-treated seed in
food grain. Poult Sci 43(1):6-11.

Tokuomi H, Okajima T, Kanai J, Tsunoda M, Ichiyasu Y,
Misumi H, et al. 1960. The fifth report on Minamata dis-
ease: the cause in the light of clinical and experimental
studies [in Japanese]. Kumamoto Igakkai Zasshi 34(suppl
3):490-510.

Tsubaki T, Shirakawa K, Hirota K, Kondo K, Sato T,
Kanbayashi K. 1977. Case history of Niigata. In: Minamata
Disease: Methylmercury Poisoning in Minamata and
Niigata, Japan. Tokyo:Elsevier, 57-78.

Tsubaki T, Shirakawa K, Kambayashi K, Hirota K. 1969. Clinical
features of organic mercury poisoning in the Agano River
area [in Japanese]. Shinkei Kenkyu No Shimpo 13(1):85-88.

United Nations Environmental Programme (UNEP). 2002. Global
Mercury Assessment. Geneva:UNEP Chemicals. Available:
http://www.unep.org/GC/GC22/Document/UNEP-GC22-
INF3.pdf [accessed 8 July 2010].

voLume 118 | Numser 8 | August 2010 - Environmental Health Perspectives



United Nations Environment Programme (UNEP). 2009. Legally
binding instrument on mercury. Available: http://www.
chem.unep.ch/mercury/OEWG/Meeting.htm [accessed
8 July 2010].

U.S. EPA (U.S. Environmental Protection Agency). 2001.
Water Quality Criterion for the Protection of Human
Health: Methylmercury. Available: http://www.epa.gov/
waterscience/criteria/methylmercury/pdf/mercury-
criterion.pdf [accessed 8 July 2010].

U.S. EPA (U.S. Environmental Protection Agency). 2009. Biennial
National Listing of Fish Advisories. 2008. EPA-823-F-09-007.

Environmental health lessons from methylmercury

Available: http://www.epa.gov/waterscience/fish/advisories/
tech2008.pdf [accessed 8 July 2010].

Ushijima K, Sung W, Kawakita M, Tanaka S, Mukai Y, Tamura K,
et al. 2010. Effect of Minamata disease status and the
perception of unfairness on ill health and inequalities in
health amongst residents of Shiranui Sea communities.
Stress Health; doi 10.1002/smi.1310 [Online 8 March 2010].

Vogt RR, Nieuwland JA. 1921. The role of mercury salts in the
catalytic transformation of acetylene into acetaldehyde,
and a new commercial process for the manufacture of
paraldehyde. J Am Chem Soc 43(9):2071-2081.

Wheatley B, Barbeau A, Clarkson TW, Lapham LW. 1979.
Methylmercury poisoning in Canadian Indians—the elusive
diagnosis. Can J Neurol Sci 6(4):417-422.

Wood JM, Kennedy FS, Rosen CG. 1968. Synthesis of methyl-
mercury compounds by extracts of a methanogenic bacte-
rium. Nature 220(5163):173-174.

Yorifuji T, Tsuda T, Takao S, Harada M. 2008. Long-term expo-
sure to methylmercury and neurologic signs in Minamata
and neighboring communities. Epidemiology 19(1):3-9.

Zangger H. 1930. Erfahrungen iiber Quecksilbervergiftungen.
Arch Gewerbepathol Gewerbehyg 1:539-560.

Environmental Health Perspectives - voLume 118 | Numser 8 | August 2010

1145




