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Abstract 
 
Methylmercury toxicity in humans was analyzed as a system of three components: a strong negative feedback 
loop mediated by toxic effects of mercury exposure, a weak positive feedback loop mediated by nutritional 
benefits from omega-3 polyunsaturated fatty acids (ω3 PUFA), and a genetic component mediated by a putative 
role of glutathione S-transferases in methylmercury detoxification. The system was implemented as a biological 
model of mercury pharmacokinetics, with a distribution of hair:blood partition coefficient generated by Monte 
Carlo simulation. The model predicted the expected distribution of hair mercury concentrations at any given 
level of methylmercury intake, which was compared to several values for the NOAEL, viz. 11, 12 and 15 ppm in 
hair, in order to evaluate the risk of toxicity. 
 
The sample population from the northern part of Sweden faced negligible risk of mercury toxicity, based on their 
daily intake predicted from RBC mercury concentration. Sufficient space existed to recommend increasing fish 
intake, in order to increase ω3 PUFA intake and maximize health benefits. However, some segments of the 
population may possess genetic polymorphisms that might slow down their metabolism of methylmercury, and 
consequently increase their risk of toxicity. While this link has not been empirically established, its absence has 
to be demonstrated, and this provides rationale for the experimental work that is presently being conducted. 
 
Future revision of the Swedish critical limit to a more stringent value may result in lessening the intake of ω3 
PUFA from fish, because the perception of risk from toxicity discourages fish consumption much more than the 
desire for proper nutrition encourages it. The proposed guideline value could be relaxed, once the absence of 
toxic risk had been demonstrated for genetically more sensitive population subgroups. 
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Introduction 
 
Background of the study 
 
Mercury contamination in fish 
 
Mercury (Hg) is a heavy metal used extensively in commerce and industry which, in vapor form (Hg0), 
ultimately finds its way into the natural environment. Once there, its long atmospheric residence time allows Hg0 
to be transported globally. Hg0 is thus deposited over land and water surfaces, from whence it is either re-emitted 
into the air or converted to methylmercury (MeHg) through biological processes (Schroeder & Munthe 1998). 
MeHg enters the biosphere, and is bioaccumulated by fish and biomagnified up the food chain (Downs et al 
1998). Mercury then ultimately re-enters the anthroposphere as a contaminant in food fish. 
 
The acknowledgment that mercury caused toxic effects sparked the development of a policy for mercury waste 
management in Sweden. The early phases focused on increased mercury content in food fish due to industrial 
discharges, which resulted in the blacklisting of lakes and watercourses, as well as the regulation of industrial 
discharge and the setting of a provisional limit of mercury in fish in 1966. These actions brought results, such 
that some of the blacklisted lakes were declared clean by the early 1970s, and the mercury problem was thought 
to have been solved for the time. The later phases focused on the diffusion of mercury from atmospheric 
transport and old pollution, as well as the uncontrolled spread of mercury-containing products in society. This 
resulted in several decisions by the Swedish parliament to (1) phase out the use of mercury in society, (2) gather 
mercury waste, (3) not recycle mercury, and (4) prepare a scheme for the final disposal of mercury (Lidskog & 
Uggla 2000; Von Rein & Hylander 2000). 
 
The problem of methylmercury contamination of food fish persisted, however, despite the waste management 
policy outlined above. Out of 83 000 lakes all over Sweden, 10 000 contained fish (pike, Esox lucius, was 
analyzed) with mercury concentrations above the blacklisting limit of 1.0 mg/kg; likewise, 40 000 of these lakes 
contained pike with mercury concentrations above the guideline value of 0.5 mg/kg. Using a dynamic model of 
environmental factors regulating lake recovery from pollution, it was estimated that it might take more than three 
centuries for mercury levels in pike to fall from 1.0 mg/kg to 0.5 mg/kg. The modeling also showed that the 
duration of the mercury problem depended not on lake processes, but on land and atmospheric transport 
processes, and ultimately on anthropogenic emission. This implied that the only way to solve the problem would 
be to reduce emissions (Håkanson 1996). Corollary, this implied that the contamination of food fish would have 
to be managed in other ways i.e., controlling the exposure of the population by setting a limit on fish 
consumption (US-EPA 2001). 
 
Human mercury exposure from food fish 
 
Given the high levels of methylmercury in several species of edible fish, the Swedish Food Administration 
defined a critical limit of 0.5 mg/kg fish (Sverdrup 2000). The interpretation of this critical level meant that fish 
containing more mercury than 0.5 mgHg/kg was deemed to pose health risks, and was therefore unacceptable for 
human consumption. Thus, fish advisories were issued against consuming certain types of fish which were 
known to contain mercury above the critical limit (Von Rein & Hylander 2000). The critical limit in fish 
represented a proxy guideline for humans, and corresponded to a mercury intake limit of 40 µg/day from food 
fish (Sverdrup 2000). This is equivalent to 0.57 µg/kgBW/day for a 70-kg person. 
 
Several other guidelines for mercury intake existed, most of which defined the critical limit specifically for 
human beings, and which prescribed intake levels less than 0.57 µg/kgBW/day (Table 1). The Reference Dose 
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(RfD), in particular, has been used in the United States to calculate consumption limits based on measured 
mercury levels in fish tissue. This was derived from a No Observed Adverse Effect Level (NOAEL) obtained 
from the Iraqi mercury poisoning incident (Table 2), divided by an uncertainty factor of 10 (US-EPA 1997). It 
represents the most stringent guideline in the literature today, and had been criticized as being too restrictive 
(Egeland & Middaugh 1997). Given that the Swedish guideline level for mercury corresponds to a higher daily 
methylmercury intake than the RfD, the present paper sought to answer whether or not this entails a higher risk 
of toxicity for the Swedish population. 
 
 

Table 1. Published guidelines for mercury intake from various organizations. 
 

     
Guideline Value 

(µg/kgBW/day) 
Agency NOAEL basis 

(ppm in hair) 
Reference 

     
     
TDI a 0.48 WHO-IPCS d 11 WHO (1990) 
     
RfD b 0.1 US-EPA e 11 US-EPA (1997) 
     
MRL c 0.3 ATSDR f 15 ATSDR (1999) 
     

a Tolerable Daily Intake 
b Reference Dose 
c Minimal Risk Level 
d World Health Organization—International Programme on Chemical Safety 
e United States—Environmental Protection Agency 
f Agency for Toxic Substances and Disease Registry 

 
 

Table 2. Published values for the No Observable Adverse Effect Level (NOAEL) for methyl-
mercury in humans, as measured in maternal hair. The three studies cited below considered the 
toxic effects of dietary methylmercury intake during pregnancy on the neurological development 
of the child.  
 
     
Study NOAEL Source of Manner of Reference 
 (ppm) Mercury Exposure  
     
     
Iraq 11 poisoned grain  acute poisoning Cicmanec (1996), 

US-EPA (1997) 
     
Faroes 12 oceanic fish  long term 

dietary intake 
Dourson et al (2001) 

     
Seychelles 15 oceanic fish  long term 

dietary intake 
Cicmanec (1996), 
Dourson et al (2001) 
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Health benefits from eating fish 
 
The fact that fish consumption is the dominant source of methylmercury exposure does not negate its role as an 
important source of proteins and the very long chain omega-3 polyunsaturated fatty acids (ω3 PUFA). Dietary 
intake of ω3 PUFA is necessary for growth and development of fetal and infant brains, and normal functioning 
of adult brains (Broadhurst et al 2002). The benefits from fish consumption are highlighted by the observation 
that children in the Seychelles showed enhanced visual motor coordination with increasing methylmercury 
exposure (Davidson et al 2000), and children in the Faroes being studied for methylmercury toxicity showed 
excellent visual contrast sensitivity (Grandjean et al 1997). In both instances, the results were interpreted to 
mean that while fish consumption did increase exposure to methylmercury, the consequently high intake of ω3 
PUFA gave superior nutrition. 
 
These nutritional benefits prompted a call to re-examine the basis for setting the US-EPA RfD at 0.1 
µg/kgBW/day, which was much lower than the intake guidelines set by the World Health Organization (WHO 
1990; Table 1). It was feared that such a stringent guideline might produce fish advisories that would severely 
restrict nutritional benefits from a fish diet. (Egeland & Middaugh 1997). Given the expressed need to balance 
mercury toxicity against nutritional benefits of fish consumption, the present study sought to answer whether or 
not fish consumption could be increased to maximize nutritional benefits from ω3 PUFA, without incurring an 
unacceptably high risk of methylmercury toxicity. 
 
Genetic differences in susceptibility to mercury toxicity 
 
The relationship between exposure to methylmercury and the appearance of toxic effects is described by a dose-
response curve, which assumes that all members of the population are equally sensitive to methylmercury, and 
the toxic response was entirely dependent on the magnitude of dose (Stern & Korn 2001). It became apparent, 
however, that certain subgroups were more sensitive that the rest e.g., children, elderly and the infirm. Aside 
from this, certain less-easily identifiable subgroups might be more sensitive, based on genetic differences in 
toxicokinetic processes. Following this line of argument, there might conceivably be genetic differences in 
methylmercury metabolism in a population, which could modify the risk of toxicity. 
 
It is well accepted that a tripeptide called glutathione (GSH) is involved in methylmercury metabolism in the 
human body (WHO 1990; Clarkson 2002). GSH is a broad-spectrum defense mechanism, and protects the body 
against electrophilic substances in general. The glutathione S-transferase enzymes (GSTs) catalyzes the 
complexation of glutathione with these substances, and is in turn produced by a family of GST  genes (Cnubben 
et al 2001). Genetic polymorphisms have been detected in these genes, the most interesting of which are the 
existence of null alleles in the GST genes Mu and Theta, and the presence of a mutation in GST Pi causing an 
amino acid switch from ile105 to val105 (Hayes & Strange 2000). The null allele for Mu produces an inactive 
enzyme, and has been associated with an increased risk for cancer in the lung, bladder, colon and breast (Autrup 
2000; Benhamou et al 2002). The null allele for Theta similarly produces an inactive enzyme, and has been 
associated with multiple clusters of primary tumors in basal cell carcinoma (Strange & Fryer 1999; Strange et al 
2001). Polymorphisms in Pi, on the other hand, have been associated with reduced risk of asthma in individuals 
possessing the val105/val105 genotype (Strange & Fryer 1999; Strange et al 2001). In these three examples, the 
effect of GST genotype on the risk of cancer and asthma was attributed to the role of GST in detoxifying 
pollutants which would otherwise trigger disease. 
 
Given that metabolism and detoxification of methylmercury (an electrophile) is mediated by glutathione 
complexation, and that GSTs are involved in the complexation of electrophilic substances with glutathione, 
could it also be the case that genetic polymorphisms in GST genes would result in differences in sensitivity to 
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methylmercury? While there is yet no support for this in the literature, such an assumed relationship could 
conceivably result in higher risk of toxicity for those persons harboring the null genotypes. This is the third and 
final question that the present paper sought to answer. 
 
Objectives 
 
The general objective of the present study was to describe the interaction between mercury toxicity from fish 
consumption and nutritional benefits from fish-derived ω3 PUFA, and then evaluate the expected effect of 
genetic polymorphisms in GSTs  on the system. The specific objectives were as follows: 
 
1. To construct a model that will relate methylmercury toxicity from fish consumption to nutritional benefits 

from ω3 PUFA 
 
2. Using the model, to estimate the risks of methylmercury toxicity in a Swedish study population, vis-à-vis 

nutritional benefits from fish. 
 
3. To determine whether hypothetically increasing the fish consumption could maximize nutritional benefits 

without increasing the risk of methylmercury toxicity. 
 
4. To determine if genetic polymorphisms in GSTs could hypothetically increase the risk of methylmercury 

toxicity and thus limit the possibility of encouraging fish consumption. 
 
Hypothesis 
 
The relationship of fish consumption to methylmercury toxicity could be described as follows. Increasing fish 
consumption results in increased levels of methylmercury in the body, which in turn causes increased risk of 
toxicity. A rational person is therefore expected to decrease his/her fish intake once becoming aware that he/she 
may be getting exposed to toxic levels of mercury. Thus, the increased risk of toxicity would serve as negative 
feedback, and lead the person to decrease fish consumption. This chain of reasoning is shown diagrammatically 
in Figure 1, and consists of links A, B and C.  
 
The relationship of fish consumption to nutritional benefits could be described thus: increasing fish consumption 
results in increased intake of ω3 PUFA, which in turn leads to increased nutritional benefits. A rational person is 
therefore expected to increase his/her fish intake once becoming aware of the health benefits of ω3 PUFA 
coming from fish. Thus, the increased nutrition would serve as positive feedback in order to further increase fish 
consumption. This chain of reasoning is shown diagrammatically in Figure 1, and consists of links D, E and F.  
 
The expected behavior of fish consumption over time is shown in the inset in Figure 1. Initially, fish 
consumption continually increases, as nutritional benefits accrue from increasing ω3 PUFA intake. There comes 
a point, however, where increasing toxicity from methylmercury discourages any further increase in fish 
consumption, and fish consumption plateaus at the level where the trade-off between toxicity and nutrition is 
deemed acceptable. 
 
The relationship of genetic polymorphisms in the system described above lies on the negative effect of GST 
deletion or substitution genotypes on the production of the active GST enzyme. GST enzyme, along with 
glutathione, is hypothesized to contribute to the metabolism of methylmercury, and ultimately serves to decrease 
the amount of methylmercury in the body. This is represented in Figure 1 as links G, H, I and J. 
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Figure 1. The proposed relationship between fish consumption, mercury toxicity, nutritional 
benefits from ω3 polyunsaturated fatty acids (PUFA) and genotype of glutathione S-transferases 
(GST). The representation above is a causal loop diagram. The boxes represent factors and 
variables, and the arrows represent causal links, or relationships. A positive sign (+) on the arrow 
indicates that a change in the cause variable results in a change in the same direction on the 
effect variable. Conversely, a negative sign (-) on the arrow indicates that a change in the cause 
variable results in a change in the opposite direction on the effect variable. The arrows are 
labeled from A to J, and are discussed in the text. Inset: expected behavior over time of the 
variable fish consumption. 

 
 
Scope and limitations 
 
The study originated from a proposal that the GST genotype of a Swedish population might result in differences 
in the linear regression of the blood concentration of mercury against the blood levels of ω3 PUFA between 
different genotypes. The scope of the project was initially delineated as the experimental determination of the 
relationship between GST genotype, blood PUFA levels and blood mercury concentration. It became impractical 
to perform this experimental work within the allocated time frame, and the scope was shifted to modeling the 
relationship between fish consumption, mercury toxicity and nutritional benefits. The effect of GST 
polymorphisms on this relationship was retained in order to locate the relevance of experimental work in the 
system. The present study was done as part of a GST genotyping project at the Department of Occupational and 
Environmental Medicine of Lund University Hospital.  
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The following have been placed outside the boundaries of the present study: 
 
1. The effect of the model on the sustainability of fishing and fish consumption. The reader is instead referred 

to Pauly et al (2002) for an excellent discussion. 
 
2. The effect of decreasing anthropogenic emissions of mercury and other related pollution-mitigation 

strategies on the toxicity of mercury from fish. It was assumed that the levels of mercury in food fish was a 
constant, inasmuch as it would take until after the year 2360 for mercury levels in fish (pike) to decrease to 
guideline levels (Håkanson 1996). 

 
3. The experimental determination of the relationship between GST polymorphisms and the risk of methyl-

mercury toxicity. The exclusion of experimental work from this thesis study was a matter of necessity, as 
insufficient time was available to perform the analysis. This relationship was instead explored hypothetically 
by modeling scenarios representing possibilities regarding the effect of GST polymorphisms on the risk of 
toxicity. 

 
4. The effect of mercury from other sources, such as mercury vapor and amalgam fillings. Exposure of the 

Swedish population to ambient mercury vapor is assumed to be negligible, due to the effectiveness of past 
and present efforts to eliminate the use of mercury in industry and commercial goods in Sweden (Von Rein 
& Hylander 2000). Exposure from amalgam fillings are believed to be "well below those associated with 
overt toxic effects or even with subtler neurobehavioral and renal effects" (Clarkson 2002, p21). 

 
5. The effect of other pollutants in fish, such as PCBs. Another LUMES thesis is being prepared on the topic of 

PCBs in fish, and a synthesis between that study and the present one would have to wait until later. 
 
The paper is structured as follows: 
 
1. The hypothesis is substantiated with studies from the literature which support the assumed links of causality. 

Where no definite causality is evident (as in the case of GST polymorphisms) studies showing the effect of 
GST polymorphisms on metabolism of other chemical toxicants are used to glean the possible range of effect 
that may be expected. This should not imply an unsubstantiated acceptance of the empirical link between 
GST polymorphisms and methylmercury toxicity. Rather, this approach is used to construct hypothetical 
scenarios for analysis. 

 
2. A preliminary evaluation of the extent to which the literature supports the hypothesis is presented prior to the 

description of the methodology. This provides the basis for subsequent model selection and scenario 
generation. 

 
3. The use of a pharmacokinetic model to evaluate scenarios is presented in the methodology. The selection of 

the model from literature and its subsequent modification is described, along with sensitivity testing. The 
model is then used to evaluate a number of scenarios.  

 
4. The results of the scenarios are presented and subsequently discussed in terms of the objectives of the study. 

Finally, conclusions are drawn, along with recommendations regarding future empirical work. 
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Review of Literature 
 
Literature support for the hypothesis 
 
Link A: Methylmercury in the body increases with increasing fish consumption. 
 
Humans are exposed to methylmercury primarily from the diet, and fish is its most important dietary source 
(WHO 1990; US-EPA 2001; Clarkson 2002). Almost all of the ingested methylmercury is absorbed into the 
bloodstream, from where it is rapidly distributed to various tissues in the body. Mercury accumulates in scalp 
hair, at concentrations 250 times greater than in blood. This ratio of hair to blood concentration is, however, 
subject to a wide range of variation, and the coefficient of variation has been pegged at 70% (Clewell et al 1999). 
Three studies relate fish consumption with mercury levels in the body, as described below. 
 
1. A sample of 135 Swedish women showed significant association between methylmercury levels in serum 

and fish consumption, assessed by dietary history (Bergdahl et al 1998). The mean plasma methylmercury 
level was 2.4 nmol/L, and the mean fish consumption was 302 g/week. The women in the study had a mean 
inorganic mercury concentration of 2.5 nmol/L, which was associated with the number of amalgam surfaces, 
but not with the amount of fish intake. 

 
2. Total mercury in erythrocytes (Ery-Hg) was significantly higher in Swedish subjects who reported at least 

one fish meal per week, compared to those who reported less than one fish meal per week (Hallgren et al 
2001). Median Ery-Hg was 3.3 to 3.6 ng Hg/g erythrocyte in subjects with a low fish intake and 5.0 to 5.6 ng 
Hg/g erythrocyte in subjects with a high fish intake. Total mercury in erythrocytes was thus used as a marker 
of fish intake in their study, with the implicit assumption that fish intake was the most significant source of 
mercury, since methylmercury itself was not measured. 

 
3. Organic mercury in erythrocytes was correlated with self-reported fish intake in 68 Latvians from a fishing 

village. Erythrocyte organic mercury was significantly correlated with both fatty- and lean fish intake. High 
fish consumers had a median fatty fish intake of 19 meals per month (mostly salmon and herring), median 
lean fish intake of 8 meals per month (mostly pike), and median erythrocyte organic mercury of 87.1 
nmol/L. Intermediate fish consumers had a median fatty fish intake of 4 meals per month, median lean fish 
intake of 2 meals per month, and median erythrocyte organic mercury of 35.7 nmol/L. Low fish consumers 
had a median fatty fish intake of 0.3 meals per month, median lean fish intake of zero, and median 
erythrocyte organic mercury of 7.4 nmol/L (Hagmar et al 1995). 

 
 
Link B: The risk of toxicity increases with increasing amounts of methylmercury in the body. 
 
The major toxic effects of methylmercury occur in the central nervous system (CNS). In the adult CNS, 
methylmercury exposure is followed by a latent period of weeks or months, after which paresthesia appears; 
afterwards, ataxia, dysarthria, visual field constriction and hearing loss may ensue. It remains a matter of debate 
whether methylmercury itself causes toxic effects, or inorganic mercury derived from methylmercury 
metabolism does. Prenatal exposure of the fetal CNS to methylmercury, on the other hand, can have effects 
ranging from delayed achievement of developmental milestones to severe brain damage. A dose-response 
relationship between methylmercury exposure in the mother and consequent CNS damage in the developing 
fetus has been established (Clarkson 2002), and three large studies investigated prenatal methylmercury toxicity 
in Iraq, the Seychelles, and the Faroes. These are discussed below. 
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1. The methylmercury poisoning episode in Iraq of 1971-72 allowed the derivation of a dose-response 
relationship between maternal exposure and toxic effects on the child. Mercury levels in the mother's hair 
were measured, and correlated with the time when the child started to walk or  speak. The children were also 
subjected to a neurological examination, which yielded a dose-response relationship between prenatal 
exposure and both developmental milestones and neurological score. Results showed that methylmercury 
exposure at maternal hair levels of 70 ppm correspond to a 30% risk for the fetus of developing abnormal 
neurologic signs. Downward extrapolation of this data showed that hair levels of 10-20 ppm imply a 5% risk 
of developing abnormal neurologic signs. Thus a NOAEL of 11 ppm mercury in hair was derived from the 
Iraqi data (Table 2; WHO 1990; US-EPA 1997; Myers et al 2000a).  

 
2. The Seychelles Child Development Study (SCDS) examined the association between low-level 

methylmercury exposure from a maternal diet rich in fish, and subsequent child development. Most 
Seychellois consumed oceanic fish on a daily basis throughout their lives. A prospective longitudinal study 
involving a cohort of 779 children was initiated, which was characterized by the following: (a) mercury 
exposure during pregnancy was accurately measured, (b) the study was double-blind, (c) the study design 
was prospective and longitudinal, (d) a large number of possible neurodevelopmental endpoints was 
examined, and (e) compliance of the cohort was very high (Myers et al 1995b). Total mercury levels in 
maternal hair ranged from 0.5 ppm to 26.7 ppm, with a median of 5.9 ppm. No definite association of 
maternal mercury exposure with child development was discernible at 6½, 19, 29, 66 and 108 months of age. 
The infants from the Seychelles were essentially normal with respect to the performance of various 
cognitive, perceptual, memory, motor and language tasks. A free-standing NOAEL of 15 ppm in hair was 
thus derived from the Seychelles data (Table 2; Davidson et al 1995; Myers et al 1995a & b; Davidson et al 
1998; ATSDR 1999; Davidson et al 2000; Myers et al 2000b).  

 
3. A longitudinal, prospective study in the Faroes examined the association between low-level methylmercury 

exposure in utero from maternal diet and subsequent child development. A cohort of 1022 newborn Faroese 
children was followed up from birth, when the umbilical cord blood was obtained for determination of total 
mercury. This yielded a median of 121 nmol/L mercury. Maternal levels of hair mercury were also 
measured, yielding a median of 22.5 nmol/g. The total mercury levels in cord blood were closely correlated 
with mercury levels in mother's hair at the time of delivery, and unrelated to amalgam fillings (Weihe et al 
1996). The children were subjected to various examinations at 7 years of age, which included physical, 
neurophysiological, and neuropsychological testing. Physical examination showed the children to be 
generally in good health. Neurophysiological testing showed a tendency in some peak latencies of the Visual 
Evoked Potential (VEP) to decrease at increased mercury exposures, and significant delays for peaks III and 
V of the Brainstem Auditory Evoked Potential (BAEP) with increasing exposure. Neuropsychological 
Testing was done to measure several areas of brain function, and showed significant correlation of prenatal 
mercury exposure with impairment in the tests for attention, language and memory. (Grandjean et al 1997). 
A NOAEL of 12 ppm in maternal hair was derived from the results (Table 2; Dourson et al 2001). The effect 
of methylmercury on neuropsychological functioning was shown to be unaffected by simultaneous exposure 
of the study cohort to PCB (Budtz-Jorgensen et al 1999). 

 
 
Link C: Fish consumption decreases with increasing risk of methylmercury toxicity. 
 
Fish consumption limits are calculated by the US-EPA based on the measured mercury levels in fish, using the 
following assumptions: (a) body weight of 70 kg, (b) fish meal size of 227 g, and (c) RfD of 0.1 µg/kgBW/day. 
These calculations showed that eating 16 fish meals a month could be allowed when fish mercury levels were 
less than 0.06 ppm. This decreases with increasing fish mercury levels, becoming zero when fish levels were 
greater than 1.9 ppm (US-EPA 2001). The calculations hinged on the numerical value of the RfD, which allowed 
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fewer fish meals a month for any given fish mercury level, compared to the WHO's TDI of 0.48 µg/kgBW/day 
(Egeland & Middaugh 1997). This RfD value was based on the Iraqi data, which was used to estimate a daily 
intake of 1.1 µg/kgBW/day corresponding to a hair level of 11 µg/g (11 ppm). An uncertainty factor of 10 was 
then applied to account for uncertainties in the data set. The US-EPA interpretation of the RfD is that mercury 
exposure at or below the RfD could be expected to be safe, and exposures above the RfD would not necessarily 
imply the presence of risk. Rather, the risk following exposures above the RfD is uncertain, but risk could be 
expected to increase with increasing exposure (US-EPA 1997). 
 
There are two kinds of risk that need to be addressed regarding mercury toxicity in food advisories: (1) the 
health risks directly associated with methylmercury, and (2) the indirect social, economic and cultural risks 
mediated through the disruption of eating patterns and lifestyle. On the whole, direct health impacts have been 
difficult to prove except in cases of very severe pollution, while indirect health effects from social, economic and 
cultural disruption had been significant. This was especially true in populations that depended on fish as 
subsistence food. In indigenous communities, for instance, contamination of the environment with an invisible 
pollutant such as methylmercury disrupted the traditional lifestyle, especially since both the hazard and the 
ensuing regulatory actions were perceived to be outside community control. Some responded to reports of high 
mercury levels by totally refraining from eating fish. The perception that fish was contaminated led to a dietary 
shift, which was associated with a four-fold rise in the prevalence of diseases such as diabetes. In cases such as 
these, issuing an advisory against eating fish resulted in economic, social and cultural disruption, and the health 
of inhabitants have been affected disproportionately greater than what could be expected from the scientifically-
measured risk from mercury toxicity (Wheatley 1997; Wheatley & Wheatley 2000).  
 
 
Link D: The intake of ω3 PUFA increases with increasing fish consumption. 
 
Fish is the direct source of the very long chain ω3 PUFA in the human diet (Jonnalagadda et al 1995; Stone 
1996; Ollis et al 1999). These so-called marine or fish-derived PUFA are eicosapentaenoic acid (EPA), 
docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA). There are some ω3 PUFA, such as linolenic 
acid (LNA), that do not come from fish. In this paper, the term ω3 PUFA will be used to refer to the fish-derived 
ω3 PUFA i.e., EPA, DPA and DHA. EPA and DHA are the predominant forms of marine ω3 PUFA (Hughes 
1995) and are consequently the ones most commonly reported in the literature (Jonnalagadda et al 1995; 
Elmståhl et al 1999; Hallgren et al 2001; Albertazzi & Coupland 2002), although some studies report values for 
DPA as well (Ollis et al 1999; Harel et al 2001). 
 
Swedish men from Malmö had a median fish intake of 34 to 53 g/day, while Swedish women ate 32 to 45 g/day. 
The resulting median intake of EPA was 0.1 to 0.2 g/day for men, and 0.1 g/day for women; while the median 
intake of DHA was 0.3 to 0.4 g/day for men and 0.2 to 0.3 g/day for women (Elmståhl et al 1999). EPA, DHA 
and DPA in the diet of Australians likewise came mainly from fish, although a significant proportion came from 
meat, due to the large quantities consumed. Their mean intake of fish was 28 g/day, which corresponded to a 
daily intake of EPA+DHA+DPA of 0.20 g/day (Ollis et al 1999). Similarly, EPA and DHA in the diet of North 
Americans came mainly from fish and shellfish, with a mean intake of EPA+DHA at 0.1 g/day for both male and 
female, whether children or adult (Jonnalagadda et al 1995). Another study showed that the percentage of EPA 
and DHA in the fatty acid component of plasma was significantly higher in Swedish subjects who reported at 
least one fish meal per week, in comparison with those who reported less than one fish meal per week. Median 
plasma DHA+EPA was 5.4 to 5.6% in subjects with a low fish intake and 6.1 to 6.5% in subjects with a high 
fish intake (Hallgren et al 2001).  
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Link E: Nutritional benefits increase with increasing intake of ω3 PUFA. 
 
Nutrition for the human brain needs a balanced intake of PUFA, specifically DHA and arachidonic acid (a non-
fish-derived ω6 PUFA), which are necessary for growth and development of the fetal and infant brains, and must 
be adequately supplied from the diet during pregnancy and lactation (Broadhurst et al 2002). Likewise, these 
fatty acids are necessary for sustaining normal brain function in adults. A deficiency of long chain ω3 PUFA 
(e.g., DHA) has been linked to various psychological and behavioral disorders, and intake of ω3 fatty acids was 
considered to be protective from mental ill health. Furthermore, marine ω3 PUFA (EPA and DHA) were 
considered to be protective against ischemic heart disease, and lowered the risk of death, myocardial infarction 
and stroke (Das 2002). As such, an increasing percentage of plasma EPA and DHA in Swedish subjects from 
Västerbotten was significantly associated with decreased risk for the first-ever myocardial infarction (Hallgren et 
al 2001). Aside from this, marine PUFA have anti-atherosclerotic properties, as well as neuro-protective actions, 
and PUFA from a marine diet reduced the incidence of osteoporosis in Greenland Eskimo women (Das 2002) 
 
Due to its desirable nutritional effects, marine PUFA have been used to treat certain diseases. Supplementation 
of ω3 PUFA was associated with improvement in rheumatoid arthritis and psoriasis (Hughes 1995). Likewise, 
supplementation with EPA and DHA was associated with an increase in hip bone mass density among post-
menopausal women (Albertazzi & Coupland 2002).  
 
Link F: Fish consumption increases with increasing nutritional benefits. 
 
This link came from the assumption that humans would rationally maximize nutritional benefits from food. 
However, nutritional awareness does not always translate into action. For instance, American adolescents 
showed awareness that ω3 PUFA is healthy and may prevent heart disease (Harel et al 2001). Most adolescents 
were also aware that ω3 PUFA comes from marine fish. However, their actual fish consumption did not vary 
with this awareness, and self-reported fish consumption ranged from once a week (36%), once a month (29%), 
less than thrice a year (18%), to never (17%). The consumption of ω3 PUFA was calculated from 24-hour 
dietary recall to be 0.037 to 0.043 g/day of EPA+DHA+DPA. This level of intake was lower than the 
recommendations for ω3 PUFA intake, which prescribes 0.3 to 0.4 g/day EPA+DHA+DPA. 
 
The amount of fish oil in the human diet that is necessary to maintain optimal nutrition and health is still 
undetermined; however, the British Nutrition Foundation Task Force on Unsaturated Fatty Acids recommended 
that 0.5% of total energy intake should come from long chain ω3 PUFA (Hughes 1995). They recommended 
eating 35 g/day of fish, which would give 1.25 g/day EPA+DHA. The mean consumption in Western 
populations is however less than this, at 0.25 g/day EPA+DHA (Albertazzi and Coupland 2002). 
 
Link G: Methylmercury in the body decreases with its increasing metabolism. 
 
Methylmercury in the body is eliminated predominantly through the feces as inorganic Hg2+, through a process 
which begins with secretion of methylmercury from the liver into the bile, mainly in the form of a glutathione 
conjugate (WHO 1990; Clarkson 2002). A fraction of methylmercury in the bile is then acted upon by intestinal 
bacteria to form Hg2+, which is mostly excreted in the feces. Most of the secreted methylmercury, as well as 
about 10% of Hg2+, is reabsorbed from the intestines into the bloodstream, which brings it back to the liver, to be 
excreted anew in the bile. This cycle of secretion and reabsorption, referred to as enterohepatic circulation, 
provides a continuous supply of methylmercury for the intestinal bacteria to convert to excretable inorganic 
Hg2+. This process of methylmercury metabolism and elimination has been described using several models i.e., a 
single compartment model, a physiologically-based pharmacokinetic (PBPK) model, and a biologically-based 
model, and these are discussed below. 
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1. The single compartment model represents the accumulation and excretion of methylmercury in humans, 

and is considered a useful working model for comparing blood or hair levels to daily intake (WHO 1990). 
It has been shown empirically that at continuous exposure, a steady state (where intake equals excretion) 
will be attained in approximately one year. The accumulated amount of methylmercury in the body, A, will 
plateau at a level given by the equation:  

  A = a / b        (equation 1) 

where a is the amount taken up by the body daily, and b is the elimination rate constant (equal to 0.693 
divided by the half-life t½). The whole body half-life ranges from 52 to 93 days, and has an average value 
of 70 days—which corresponds to  b = 0.01/day. The steady-state mercury concentration in blood, C 
(µg/L), is related to the average daily dietary intake,  d (µg), by the equation: 

  C = f . d / b  = [ (0.95) (0.05) d ] / [ (0.01 day-1) (5 L) ]    (equation 2) 

where f is the fraction of daily intake taken up by the body, equal to 0.95. Equation 2 assumes a blood 
volume of 5 L, and that 5% of the absorbed amount goes to the blood. The half-life of methylmercury in 
blood ranges from 39 – 70 days, with a mean of 50 days. The mercury concentration in hair can be 
calculated as 250 times the blood concentration, although there is appreciable inter-individual variation in 
this ratio. The half-life in hair thus follows that in blood, but with a wider variation. This ranges from 35 to 
100 days, with a mean of 65 days. 

 
The single-compartment model was used by the US-EPA to relate hair concentration to blood 
concentration from the Iraqi data, and blood concentration to intake (Stern 1997). In their form of the 
model, the daily oral intake, D, is given by:  

  D = { [ ( 1 / R ) . H . b . V ] / [ A . F ] } / W    (equation 3) 

where R is the ratio of hair concentration to blood concentration, equal to 0.250 (µg/g)/(µg/L); H is the 
benchmark concentration of Hg in hair (NOAEL), equal to 11 µg/g; b is the elimination rate constant in 
blood of 0.014/day; V is the average blood volume of 5 L; A is the fraction of the ingested dose that is 
absorbed, at 0.95; F is the fraction of the absorbed dose that is distributed to the blood compartment, at 
0.05; and W is the average body weight of 60 kg. Uncertainty in this model was shown to reside mostly in 
the variables  R, b and V. Uncertainty in R came from the small size of the Iraqi data set, which limited the 
determination of the variability and distributional form of R. Uncertainty in b was due to the existence of 
individuals with long half-lives. It was not possible to determine whether these were present in all 
populations, or were specific to the Iraqi data. Uncertainty in V came from an inability to discern its 
probability distribution. Additional data on the distributional form of R, b and V would therefore greatly 
reduce uncertainty in the model (Stern 1997). 

 
2. The physiologically-based pharmacokinetic (PBPK) model describes the details of methylmercury 

pharmacokinetics in the body, by separately modeling the individual body compartments, such as red 
blood cells, plasma, kidney, urine, richly-perfused tissue, fat, slowly-perfused tissue, hair, cerebral blood, 
brain, liver, gut, intestine, feces, placenta, fetal plasma, fetal red blood cells, fetal brain, and fetal body 
(Clewell et al 1999; Young et al 2001). The PBPK model assumes that distribution in the blood is limited 
by plasma flow, except for the transport across the placenta, blood-brain barrier, and red blood cell 
membrane, which are limited by diffusion. The use of PBPK models has grown in recent years, and the 
following has been cited as some of its strengths relative to the single-compartment model: (a) it can 
incorporate inter-individual variability in physiological characteristics (Clewell et al 1999); (b) it provides 
an excellent tool in extrapolating animal data to humans (Young et al 2001); and (c) it allows the 
incorporation of genetic polymorphisms in metabolizing enzymes into the model (Haber et al 2002). The 
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PBPK model thus allows direct analysis of the sources of inter-individual variability, which cannot 
otherwise be done using the single-compartment model.  

 
3. A biologically-based dynamical model relates mercury species in blood, hair and urine to the absorbed 

dose and tissue burden (Carrier et al 2001a & b). It is simpler and has fewer parameters than the PBPK 
model, which was justified by the lack of detailed knowledge of internal parameters in humans. It 
describes the rate of change in the amounts of organic and inorganic mercury in a body compartment as 
the difference between rates of uptake and loss, without detailing the physiological processes involved 
(Figure 2; Table 3). Methylmercury concentrations in internal organs is assumed to have a fixed partition 
coefficient with blood, due to the rapid rates of distribution between the blood and these organs. 
Metabolism, demethylation and conjugation are assumed to occur mainly in the liver, utilizing organic 
mercury from the blood. The biological model represents an intermediate level of complexity between the 
single-compartment and PBPK models. 

 

     

A 

B

 
Figure 2. Biological  model of methylmercury distribution and elimination in humans from Carrier et al 
(2001b). Diagram A represents the kinetics of methylmercury, while diagram B represents the kinetics of 
the inorganic mercury that is derived from methylmercury metabolism. Boxes with solid borders represent 
body compartments, while boxes with dashed borders represent sub-compartments. Arrows indicate 
mass flow between compartments. The symbols and abbreviations in the model are reproduced in Table 
3. Methylmercury from dietary intake accrues to a single body compartment, because methylmercury is 
rapidly distributed within the body. Methylmercury concentration in the different sub-compartments 
equilibrate instantaneously, and could be adequately described by proportionality constants to the blood. 
Methylmercury elimination proceeds from first-order demethylation in the liver—defined by the 
metabolism rate constant kQI —which produces inorganic mercury within the body. The inorganic mercury 
is distributed between body compartments at much slower rates than methylmercury. Inorganic mercury 
kinetics are thus represented by discrete tissue compartments. Mercury is subsequently excreted into the 
feces, urine and hair compartments. 
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Table 3. Symbols and abbreviations used in the biological model of methylmercury distribution and 
elimination in humans (from Carrier et al 2001b). 
 

Variables and Parameters Description 

Organic mercury variables  
g(t) Oral dose which can describe time varying inputs 

GIo(t) Burden of organic mercury in the gastrointestinal tract as a function of time 
Qo(t) Whole body burden of organic mercury excluding hair and excreta as a 

function of time 
Bo(t) Burden of organic mercury in blood as a function of time 
Lo(t) Burden of organic mercury in liver as a function of time 
Ko(t) Burden of organic mercury in kidney as a function of time 
Bro(t) Burden of organic mercury in brain as a function of time 
Ro(t) Burden of organic mercury in the rest of the body as a function of time 
Ho(t) Cumulative burden of organic mercury in hair as a function of time 
Uo(t) Cumulative burden of organic mercury in urine as a function of time 
Fo(t) Cumulative burden of organic mercury in feces as a function of time 
I(t) Whole body and excreta burden of inorganic mercury as a function of time 

Organic mercury constants  
K Constant ratio Qo(t)/Bo(t) 

kabs Oral absorption rate constant 
kQI Metabolism rate constant of organic mercury to inorganic mercury 
kQF Whole body to feces transfer coefficient of organic mercury 
kQU Whole body to urine transfer coefficient of organic mercury 
kQH Whole body to hair transfer coefficient of organic mercury 
kelim Whole body elimination rate constant of organic mercury 

Inorganic mercury variables  
B i(t) Burden of inorganic mercury in blood as a function of time 
L i(t) Burden of inorganic mercury in liver as a function of time 
K i(t) Burden of inorganic mercury in kidney as a function of time 
Br i(t) Burden of inorganic mercury in brain as a function of time 
H i(t) Cumulative burden of inorganic mercury in hair as a function of time 
U i(t) Cumulative burden of inorganic mercury in urine as a function of time 
F i(t) Cumulative burden of inorganic mercury in feces as a function of time 

Inorganic mercury constants  
dBL Blood to liver transfer coefficient combined with liver metabolism rate constant 

of organic mercury 
dBBr Blood to brain transfer coefficient combined with brain metabolism rate 

constant of organic mercury 
kLB Liver to blood transfer coefficient of inorganic mercury 
kBK Blood to kidney transfer coefficient of inorganic mercury 
kKB Kidney to blood transfer coefficient of inorganic mercury 
kKU Kidney to urine transfer coefficient of inorganic mercury 
kBH Blood to hair transfer coefficient of inorganic mercury 
kBU Blood to urine transfer coefficient of inorganic mercury 
kBF Blood to feces transfer coefficient of inorganic mercury 
kLF Liver to feces transfer coefficient of inorganic mercury 
kBBr Blood to brain transfer coefficient of inorganic mercury 
kBrB Brain to blood transfer coefficient of inorganic mercury 
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Link H: The metabolism of methylmercury increases with more glutathione. 
 
The metabolism of methylmercury is facilitated by the tripeptide glutathione (GSH). GSH functions as a reaction 
partner for the detoxification of various compounds in the body. It is supported in this role by several enzymes, 
namely glutathione peroxidases which reduce peroxides in the body (Dringen 2000), and GSTs which render 
toxins more water soluble and generally less biologically active (Knapen et al 1999). GSH is consumed in the 
detoxification of xenobiotics, through the formation of glutathione S-conjugates by GST, followed by 
subsequent excretion of these conjugates from the cell (Dringen 2000).  
 
GSH is the major defense mechanism employed by cells against electrophilic substances such as methylmercury. 
It is generally believed that GSH complexes directly with methylmercury, thereby both lessening toxic activity 
and facilitating excretion out of the cell (Sarafian et al 1996). A large fraction of the methylmercury in liver cells 
is bound to glutathione as a glutathione conjugate (CH3Hg.SG), which is then excreted into the bile in order to 
eliminate it from the body (Dutczak & Ballatori 1994). While GSH is considered to be the major cellular defense 
mechanism against methylmercury, other mechanisms involving the metallothioneins, the heat shock proteins, 
and heme oxygenase also play a role (see Sarafian et al 1996). 
 
 
Link I: The metabolism of methylmercury increases with more active GST enzymes; and  
Link J: GST enzyme activity decreases with the deletion or substitution genotypes. 
 
The  GSTs are enzymes that catalyze the nucleophilic attack of the sulfur atom of glutathione (GSH) on 
electrophilic substrates. The natural substrates of these enzymes are basically unknown, and their 
characterization relies mostly on chemical substrates such as chloronitrobenzenes and halogenated hydrocarbons 
(Mannervik & Danielson 1988). Using these substrates, it has been shown that the isozymes of the polymorphic 
GST enzyme family possess differences in enzyme activity. The Mu class isozymes, for instance, show different 
rates of enzyme activity against the substrate trans-stilbene oxide (tSO). A null allele for Mu produces no active 
enzyme and thus confers no activity against the substrate. On the other hand, Pi class isozymes that have val105 
possess seven-fold greater activity against polycyclic aromatic hydrocarbons (PAH) compared to the other Pi 
isozymes. Paradoxically, these val105 isozymes show weaker activity against another substrate, 1-chloro-2,4-
dinitrobenzene (CDNB). As another example, the Theta class enzymes have an active form which metabolize the 
substrates dibromoethane, dichloromethane, ethylene oxide and methyl bromide. A null allele produces inactive 
enzyme and therefore confers no activity against these substrates (Board et al 1998; Bruhn et al 1998; Hayes & 
Strange 2000).  
 
The differences in activity of GST isozymes against organic chemical substrates led to the investigation of the 
effect of these polymorphisms—especially the deletion genotypes—on diseases caused by toxic substances, such 
as cancers, asthma and allergies. These studies are summarized as follows: 
 
1. Deletion of the Mu gene GSTM1 was associated with increased risk for lung, bladder, colon and breast 

cancer in the homozygous null (Autrup 2000). The association of the null allele with lung cancer is ascribed 
to the role of GST enzymes in detoxifying carcinogens in tobacco smoke (Benhamou et al 2002).  

 
2. Polymorphisms in the Pi gene GSTP1 were associated with differences in asthma phenotype. The genotype 

frequency of GSTP1 val105/val105 was reduced in atopic individuals. This genotype is thus associated with 
reduced risk of asthma. The asthma-protective effect of GSTP1 is attributed to its role in detoxifying 
products of oxidant stress associated with airway inflammation (Strange & Fryer 1999; Strange et al 2001).  
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3. The biological effects of polymorphisms in the Theta gene GSTT1 are rather difficult to predict, because the 
enzyme detoxifies substances such as monohalomethanes and ethylene oxides, but activates other substances 
such as methylene chloride. This double nature of GSTT1 could explain the fact that there was no clear 
association of GSTT1 Null with carcinogenesis (Autrup 2000). One study showed that deletion of  GSTT1 is 
associated with differences in basal cell carcinoma (BCC) phenotype, since the frequency of GSTT1 Null 
was significantly greater in BCC patients with multiple clusters of primary tumors. The molecular basis 
behind this was not clear, but may involve the detoxification of products from UV radiation (Strange & 
Fryer 1999; Strange et al 2001). 

 
No publications directly examined the role of GST enzymes in methylmercury metabolism; and therefore, these 
links remain speculative. However, one study investigated the relationship of GST  polymorphisms with allergic 
sensitization to the mercury compound thimerosal (Westphal et al 2000). In that study, deletion of  GSTM1 
and/or GSTT1 was associated with allergic sensitization to thimerosal. GSTM1 Null was significantly more 
frequent in sensitized persons compared to healthy controls; similarly, GSTT1 Null was slightly more frequent in 
the sensitized group. The combined deletion genotype for GSTM1 and GSTT1 was, furthermore, significantly 
more frequent in sensitized patients. These results are consistent with the hypothesis that decreased enzyme 
activity in GSTM1 Null and GSTT1 Null caused a decreased capacity to metabolize and detoxify thimerosal 
and/or its mercury products. As a caveat, mercury in thimerosal exists as ethylmercury, which was previously 
assumed to be toxicologically similar to methylmercury. However, this assumption may not be entirely correct 
(Clarkson 2002). 
 
 
Preliminary evaluation of the hypothesis 
 
The methylmercury toxicity loop: links A, B & C 
 
The literature supports Link A in that increasing fish consumption does increase the amount of methylmercury in 
the body, and that fish consumption is the major source of methylmercury. Total mercury concentration in blood 
has been used as a proxy measure for methylmercury coming from the diet (Hallgren et al 2001), which seems 
justified by the fact that inorganic mercury concentration in blood is up to two orders of magnitude less than 
methylmercury (see section on sensitivity testing, later in the methodology). 
 
Literature support for Link B seems quite straightforward. A dose-response relationship for methylmercury 
exposure and toxicity has been established for high-level exposure (Clarkson 2002). For low-level exposure, the 
critical effect was stipulated to be impairment of fetal brain development from in utero exposure, and the 
NOAEL for prenatal toxicity is expressed in terms of total mercury concentration in maternal hair. The Iraq and 
Faroes studies report a dose-response threshold for low-level toxicity, although the Seychelles study failed to 
detect any response. From these three studies, the NOAEL has been variously set at 11, 12 and 15 ppm (Table 
2), and this introduces uncertainty regarding which value best defines the risk of toxicity. 
 
Link C is supported by literature as being a negative feedback, although the magnitude of its effect is uncertain. 
On the one hand, the modulating effect of methylmercury toxicity on fish consumption is based on the 
assumption that a person's fish intake shouldn't result in the ingestion of methylmercury in excess of the 
guideline value. Therefore, fish consumption should decrease proportionately with increasing methylmercury 
content of the food fish, in order to avoid increasing the risk of toxicity (WHO 1990; US-EPA 2001). On the 
other hand, fish consumption was demonstrated to decrease disproportionately to the actual risk of toxicity, and 
some people stopped consuming fish in response to advisories to merely reduce fish intake (Wheatley 1997; 
Wheatley & Wheatley 2000). Thus, Link C could either mean that increasing risk of methylmercury toxicity 
causes a reduction of fish consumption, or that increasing risk of methylmercury toxicity causes  cessation of 
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fish consumption. Aside from this, the guideline values for methylmercury intake have been variously estimated 
at 0.48, 0.1 and 0.3 µg/kgBW/day (Table 1). This introduces further uncertainty regarding which guideline value 
best protects against risk of toxicity. 
 
On the whole, the literature supports the hypothesis that links A, B and C constitute a negative feedback loop. 
The uncertainties associated with this loop do not change this negative feedback relationship, but might cause it 
to be more strongly negative than expected. 
 
 
The ω3 PUFA nutrition loop: links D, E & F 
 
The literature supports Link D in that increasing fish consumption does increase the intake of ω3 PUFA, and that 
fish is the major source of ω3 PUFA (Jonnalagadda et al 1995; Stone 1996; Ollis et al 1999), although the shape 
of the relationship between fish consumption and PUFA intake—whether linear, sigmoid or otherwise—has not 
been reported. Literature support for Link E is, likewise, quite straightforward, in that ω3 PUFA intake led to a 
host of nutritional benefits. Link F is supported by literature as a positive feedback, although the magnitude of its 
effect is much weaker than expected. On the one hand, the promotive effect of nutritional benefits on fish 
consumption would imply that a person would rationally eat more fish as he/she realizes greater nutritional 
benefits from doing so. On the other hand, fish consumption has been shown to be less than nutritionally optimal 
(Albertazzi and Coupland 2002), and did not increase with awareness of its beneficial effects (Harel et al 2001).  
 
On the whole, the literature supports the hypothesis that links D, E and F constitute a positive feedback loop. It 
is, however, a weak positive feedback. Therefore the encouraging effect of this loop on fish consumption would 
be less important than the negative effect exerted by the risk of methylmercury toxicity. 
 
 
Metabolism of methylmercury and effect of GST polymorphisms: links G,H,I & J 
 
Link G is well-supported by the literature, and can be numerically described by a number of pharmacokinetic 
models. These range in complexity from one-compartment models (WHO 1990; US-EPA 1997), the biological 
model (Carrier et al 2001a & b), and PBPK models (Clewell et al 1999; Young et al 2001). All three types of 
models for methylmercury metabolism had been validated using experimental data from humans and other 
mammalian species, and therefore represent increasingly detailed representations of the same system. The choice 
of one model over another would not, therefore, result in model uncertainty (sensu Stern 1997). 
 
The role of glutathione (GSH) in the metabolism of methylmercury, described by Link H, is well- established in 
literature (WHO 1990; Clarkson 2002). The role of the GSTs in methylmercury metabolism (Links I & J) is, 
however, not supported by any literature. Only indirect support for this comes from the study linking GST 
polymorphisms to sensitization to the mercury compound thimerosal. Validation of these links, therefore, would 
have to come from experimental investigation of the supposed relationship.  
 
Despite this uncertainty, it is still possible to assume a relationship between GST polymorphisms and 
methylmercury metabolism. At one extreme, the GST genotype may have insignificant effect on methylmercury 
metabolism, resulting in a identical risk of toxicity for persons with the variant genotype compared to the rest of 
the population. At the other extreme, the GST genotype may have significant effect on methylmercury 
metabolism. Persons harboring variant genotypes (esp. the gene deletions that produce inactive enzymes) would 
therefore have impaired methylmercury metabolism and, consequently, greater risk of toxicity. These two 
extremes of possibility can be incorporated in the hypothesis as alternative scenarios: one assuming no effect of 
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genotype, and the other assuming an effect in the harmful direction. This approach was used in the present study, 
by assuming that each person would have the average half-life value of mercury in the blood (about 50 days) in 
the case that differences in GST enzymes, and ergo GST polymorphisms, have no impact on methylmercury 
metabolism. Alternatively, it was assumed that persons with deletion and/or mutant genotypes for GST would 
have a long half-life (more than 100 days, which has been reported in the literature, Birke et al 1972) in the 
hypothetical case that GST polymorphisms have appreciable impact on metabolism.  
 
As a caveat, it should be borne in mind that studies showing statistically-significant associations between GST 
polymorphisms and cancer tended to show only a small magnitude of effect on meta-analysis i.e., an odds ratio 
of 1.17 for increased risk of lung cancer with GSTM1 null (Benhamou et al 2002). The large effect of GST 
polymorphism on methylmercury metabolism that is being assumed in the present study (viz. doubling the half-
life) was made for the purpose of generating alternative scenarios for discussion, and should not be construed as 
reflective of actual empirical findings. The study was limited by the absence of literature directly linking GST 
with methylmercury, and it was not possible to integrate the effect of polymorphisms into the pharmacokinetic 
model (see Haber et al 2002 for a very good discussion of how this has been done for methylene chloride). 
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Methodology 
 
Human data set of mercury concentration and ω3 PUFA levels 
 
A human data set containing total mercury concentrations in red blood cells (RBC) and corresponding levels of 
ω3 PUFA in plasma, was available from a sample population from northern Sweden. It contained 233 
individuals, with corresponding measurements of RBC total mercury (in both nanograms per gram RBC and 
nanomoles per gram RBC), and percentage PUFA composition for both the cholesterolester and phospholipid 
fractions of the blood. This data set was obtained from the University of Umeå as part of a collaborative project 
with the Department of Occupational and Environmental Medicine of Lund University Hospital. It represented 
an anonymous sample which is later to be subjected to GST genotyping. Dietary exposure to methylmercury in 
the sample was assumed to be chronic in nature, in the absence of contrary evidence; hence, the RBC mercury 
concentration in the data set was assumed to represent steady-state levels. 
 
 
Simplification of the hypothesis into a working model 
 
The quantitative relationship between methylmercury intake from fish consumption, accumulation in the body, 
and risk of toxicity was described using the biological model of Carrier et al (2001a & b)(Figure 2), which was 
used in this study for two reasons: (1) it contained sufficient detail to relate the RBC mercury concentration in 
the Swedish data set with the level of methylmercury intake and hair concentration, and (2) it gave the same 
behavior compared to the more complex PBPK models (data not shown). 
 
The relationship between fish consumption, ω3 PUFA intake, and nutritional benefits was not incorporated in 
the model, due to the lack of a quantitative dose-response relationship comparable to the methylmercury model. 
Instead, a range of scenarios with increasing levels of fish consumption was analyzed, and it was assumed that 
the high fish consumption scenarios represented greater nutritional benefits. 
 
The metabolism of methylmercury, mediated by glutathione, was an integral part of the biological model and did 
not need to be constructed separately. The effect of GST polymorphisms, on the other hand, was not explicitly 
incorporated in the model, due to the uncertainty regarding the magnitude of its effect. Instead, the deletion and 
substitution genotypes were assumed to represent a longest half-life of methylmercury available in the literature. 
This represented the worst-case scenario, where GST enzyme is assumed to have a significant effect on 
methylmercury metabolism, and deletion and/or substitution resulted in impaired metabolism. This approach was 
facilitated by the fact that Carrier et la (2001b) had calculated several values for the metabolism rate constant of 
organic mercury to inorganic mercury (kQI). For the purposes of this study, their average value of kQI = 0.01347,  
corresponding to a blood half-life of 50 days, was adopted to represent the hypothesis of no effect of GST 
polymorphisms on methylmercury metabolism. An alternative value of kQI = 0.005672, corresponding to a blood 
half-life of 116 days (from Birke et al 1972), was used to represent the hypothesis of a harmful effect of GST 
deletion and/or substitution.  
 
 
Implementation of the Modified Biological Model 
 
The biological model of  Carrier et al (2001a & b) was implemented on a Pentium II personal computer using 
STELLA Version 5.1.1 for Windows (High Performance Systems Inc., 1998). STELLA is a graphics-oriented 
modeling software which solves a series of differential equations and provides an output in the form of graphs 
and tables. The differential equations of Carrier et al (2001a & b) were rewritten into STELLA, and the 
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correctness of the computer implementation was checked against their figures. Several modifications were made 
in the model to allow direct usage of the data set, and the final version of the methylmercury pharmacokinetic 
model will hereafter be referred to as the Modified Biological Model. The modifications were as follows: 
 
1. The data set contained measurements of total mercury in RBC as nanograms mercury per gram RBC. The 

model, however, calculates methylmercury concentration in whole blood as micrograms per milliliter. 
Several equations were incorporated in the model in order to convert RBC mercury to blood methylmercury. 
First, an RBC:plasma partition coefficient (PRBC:plasma) of 12 was assumed (Clewell et al 1999), such that the 
RBC concentration is equal to 12/13 of the whole blood concentration. Second, RBC mass was converted to 
RBC volume using the factor 1.1104 g/ml RBC (Beutler 1994). Third, RBC volume was assumed to be 27.5 
milliliters per kilogram body weight (ml/kgBW), and blood volume was assumed to be equal to 67 
ml/kgBW. These represent an average between male and female normal values (Petersdorf et al 1983). The 
resulting series of calculations are given in Appendix B in the section on "Partitioning of methylmercury in 
blood to the RBC". 

 
2. Methylmercury intake was standardized to micrograms methylmercury per kilogram body weight per day 

(µg/kgBW/day), in order to have the same units as the guideline values in Table 1. Body weight was 
assumed to be 70 kg (after WHO 1990, and US-EPA 2001) 

 
3. Mercury concentration in hair was calculated from blood methylmercury concentration using a range of 

values for the hair:blood partition coefficient (PH:B) generated by Monte Carlo simulation. This was done to 
address the large variability surrounding the estimated value of PH:B (WHO 1990; Stern 1997), and was 
greatly facilitated by the fact that Clewell et al (1999) has derived a lognormal distribution of PH:B from 
earlier studies, with a mean of 248.7 and coefficient of variation (CV) equal to 0.70. For each run of the 
Modified Biological Model, STELLA generated a random sequence of 100 PH:B values conforming to the 
specified lognormal distribution. One hundred estimates for the hair mercury concentration were thus 
computed for a given blood concentration, which represent a range of possible values, given the large level 
of inter-individual variability in PH:B. No more than 100 Monte Carlo simulations were obtainable within 
STELLA due to limitations of the software. As will be seen later, this produced a rather rough appearance in 
the output distributions of hair concentrations, and led to some undesired variability in the extreme high 
values of hair concentration. 

 
 
Sensitivity testing of the Modified Biological Model 
 
The Modified Biological Model was subjected to sensitivity testing, in order to evaluate the effect of the 
assumptions and modifications described above. Monte Carlo simulation was not performed during sensitivity 
testing; instead, the mean value of PH:B = 248.7 was used for these runs. Sensitivity testing showed the following: 
 
1. Hair mercury concentration was insensitive to whether only methylmercury in blood or both methylmercury 

and inorganic mercury in blood were considered in its calculation. At an inputted intake of 0.1 
µg/kgBW/day, the calculated hair concentration in the model was 2.07 ppm when only methylmercury 
concentration was used, and 2.08 ppm when the sum of methylmercury and inorganic mercury 
concentrations was used. The insensitivity was due to the fact that methylmercury concentration in blood 
(8.32 x 10-3 µg/ml) was greater than inorganic mercury concentration (2.78 x10-5 µg/ml) by two orders of 
magnitude. Thus, methylmercury concentration in the blood compartment—rather than total mercury—was 
used to calculate the expected hair concentrations in the model.  
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2. Hair mercury concentration was insensitive to sexual differences in blood volume and RBC volume. The 
model was run using male values of 69 ml/kgBW blood and 30 ml/kgBW RBC, and afterwards female 
values of 65 ml/kgBW blood and 25 ml/kgBW RBC (Petersdorf et al 1983). The hair concentrations of 
mercury were 2.0 ppm for males and 2.1 ppm for females at a hypothetical dose of 0.1 µg/kgBW/day. Thus, 
the average of the male and female normal values for blood volume and RBC volume were used in the 
model calculations. 

 
3. Hair mercury concentration was sensitive to variation in the hair:blood partition coefficient (PH:B). The mean 

PH:B value of 248.7 yielded 2.0 ppm mercury in hair after a hypothetical chronic dose of 0.1 µg/kgBW/day. 
Using a PH:B value of one standard deviation below the mean yielded 0.6 ppm mercury, while a PH:B value of 
one standard deviation above the mean yielded 3.5 ppm mercury. The sensitivity of hair concentration to the 
value of PH:B justified the use of a probability distribution, rather than a point estimate, to represent PH:B. 
This was the same approach followed by Clewell et al (1999). 

 
4. Hair mercury concentration was sensitive to variation in the rate of methylmercury demethylation in the 

liver, represented by the parameter kQI (Figure 2). Using the average kQI of 0.01347/day (Carrier et al 2001b) 
yielded 2.1 ppm mercury in hair after a hypothetical chronic dose of 0.1 µg/kgBW/day. Using an alternative 
kQI of 0.005672/day, on the other hand, yielded 4.6 ppm mercury in hair. The prolonged kQI value was 
thereafter used to represent the worst-case assumption that presence of GST deletion and substitution 
genotypes would cause impaired metabolism. 

 
 
Model simulation 
 
The final version of the Modified Biological Model takes two input values i.e., the daily intake of 
methylmercury (in µg/kgBW/day) and the metabolism rate constant of organic mercury to inorganic mercury 
(kQI). It uses this input to calculate the blood methylmercury concentration (and also the RBC mercury 
concentration), from which it calculates 100 values for the corresponding hair mercury concentration using 
Monte Carlo simulation. For each of the scenarios given below, model simulations were carried out in STELLA 
using Euler's method of integration. The model was run for 600 model days, in order to achieve steady state. The 
time increment (dt) value was set at 0.1, as it gave the same steady-state values of mercury concentration in hair 
and RBC as relatively finer values of dt. The results of each scenario thus consisted of a frequency distribution 
representing 100 estimated values for the hair mercury concentrations associated with the given level of 
methylmercury intake from the diet. These frequency distributions were plotted as a histogram, and the 95th 
percentile and 99th percentile values of hair mercury concentration were calculated for each scenario using SPSS 
Version 11.0 for Windows (SPSS Inc., 2001). 
 
 
Scenario analysis 
 
Five scenarios were explored in the Modified Biological Model, as follows: 
 
1. The first scenario calculated the daily intake of methylmercury corresponding to the maximum RBC 

mercury concentration in the Swedish data set. This was done in order to estimate the maximum level of 
exposure that the population sample might be being subjected to. This scenario was executed in several 
steps. First, RBC mercury concentrations in the data set were arranged in ascending order to extract the 
uppermost values. Second, the Modified Biological Model was run with an arbitrary sequence of ascending 
levels of daily methylmercury intake as input, until the RBC mercury concentration equaled that of the 

 25



uppermost observed values from the data set. This yielded the level of daily methylmercury intake which 
corresponds to the uppermost values of RBC mercury concentration. Third, the frequency distribution of 
expected hair mercury concentrations was generated from the model using Monte Carlo simulation, and 
subsequently plotted as a histogram using SPSS. The 95th and 99th percentile values of the estimated hair 
mercury concentration were also calculated with SPSS. Lastly, the 95th and 99th percentile values of hair 
concentration were compared to the NOAEL. If the estimated hair concentration exceeded the NOAEL, then 
the level of methylmercury intake would result in a significant risk of toxicity. If, on the other hand, it did 
not exceed the NOAEL, the risk of toxicity could be considered negligible. The 95th percentile value of hair 
concentration was interpreted as follows: "given the specified level of methylmercury intake, there is a 5% 
chance that the resulting hair mercury concentration will be greater than X ppm," where X is the 95th 
percentile value in ppm. Similarly, the 99th percentile value of hair concentration was interpreted as: "given 
the specified level of methylmercury intake, there is a 1% chance that the resulting hair mercury 
concentration will be greater than Y ppm," where Y is the 99th percentile value in ppm. The choice of 
whether to use the 95th or 99th percentile estimates of hair concentrations in comparing with the NOAEL is 
discussed later in the paper. In this first scenario, the metabolism rate constant kQI was set at the average 
value of 0.01347, since this scenario is not concerned yet with GST polymorphisms.  

 
2. The second scenario calculated the frequency distribution of expected hair mercury concentrations at a level 

of intake equal to the US-EPA reference dose (RfD), which is 0.1 µg/kgBW/day. This served as a basis of 
comparison for the risk of methylmercury toxicity in the Swedish data set. Again, the metabolism rate 
constant kQI was set at the average value of 0.01347, since this scenario is not concerned yet with GST 
polymorphisms. 

 
3. The third scenario explored the impact of increasing fish consumption on the risk of methylmercury toxicity. 

Fish consumption was increased in this scenario in an attempt to maximize the associated nutritional 
benefits. The new level of fish consumption was arbitrarily defined as one that would result in a 
methylmercury intake of 0.3 µg/kgBW/day. This corresponded to the minimal risk level (MRL) set by the 
Agency for Toxic Substances and Disease Registry (ATSDR), and was therefore not expected to result in 
undue risk of toxicity. As in the previous scenarios, the resulting frequency distribution of expected hair 
mercury concentrations was compared to the NOAEL. The metabolism rate constant kQI was set at the 
average value of 0.01347, since this scenario is not concerned yet with GST polymorphisms. 

 
4. The fourth scenario explored the impact of increasing fish consumption to a level corresponding to less than 

the MRL. The frequency distribution of expected hair mercury concentrations was again compared to the 
NOAEL to quantify the risk of toxicity. The metabolism rate constant kQI was set at the average value of 
0.01347, since this scenario is not concerned yet with GST polymorphisms. 

 
5. The fifth scenario simulated the hypothetical effect of GST polymorphism on methylmercury metabolism, by 

using a value of kQI = 0.005672 to reflect a half-life of 116 days. This scenario represents the worst-case 
assumption that the presence of GST deletion and/or substitution genotypes would cause impaired 
methylmercury metabolism. The results of this scenario were intended to show a worst-case situation, in the 
hypothetical case that GST genotype would indeed have a significant impact on methylmercury metabolism. 
Two levels of fish intake were simulated in this scenario: (a) 0.1 µg/kgBW/day, representing the 
approximate level of intake in Scenario 1, and (b) 0.2 µg/kgBW/day, representing the level of 
methylmercury intake that could be expected if the sample population should consume twice as much fish as 
usual (assuming a constant methylmercury concentration in the food fish). As before, a frequency 
distribution of expected hair mercury concentrations was generated from this scenario, and subsequently 
compared to the NOAEL. 
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Results 
 
Baseline behavior of the Modified Biological Model 
 
The Modified Biological Model described the accumulation of methylmercury in the body, given a daily intake 
of methylmercury as input (in µg/kgBW/day), and calculated the resulting mercury concentrations in hair (in 
ppm) and in RBC (in ng/g; see Figure 3). The model behavior was comparable to the described behavior of the 
more widely-used single-compartment model (WHO 1990; US-EPA 1997; ATSDR 1999), as follows: 
 
1. The body burden of methylmercury in the model reaches steady state after about a year, and this is reflected 

by the plateauing mercury concentrations in blood and hair (Figure 3). 
 
2. The body burden at steady state in the model is equal to 72 times the daily intake of methylmercury. This is 

equal to the value predicted from Equation 1, when the whole-body elimination rate constant (kelim) of 
0.01380/day from Carrier et al (2001b) is used (Table 3). 

 
3. The steady-state blood concentration of methylmercury at a hypothetical chronic dose of 0.1 µg/kgBW/day 

is predicted by the Modified Biological Model at 8.3 µg/L. The corresponding blood concentration predicted 
by the single compartment model is 6.6 µg/L, calculated from Equation 2. The difference between the two 
models was due to different assumptions on the fraction of daily intake taken up by the body (f), the fraction 
of the absorbed amount going to the blood, the elimination rate constant b, and blood volume. Substituting 
the value of these parameters in Equation 2 with those used in the Modified Biological Model yielded a 
steady-state blood concentration of 8.2 µg/L in the single compartment model. 

 
The Modified Biological Model calculated a range of values for hair mercury concentration from any given level 
of methylmercury intake, corresponding to the lognormal distribution of the hair:blood partition coefficient 
(PH:B) derived from Monte Carlo simulation (Figure 4).  
 

 

line 1 (µg) 
line 2 (ppm) 
line 3 (ng/g) 

Time (days) 
 

Figure 3. Body burden of methylmercury (line 1, in micrograms) after a hypothetical 
chronic dose of 0.1 µg/kgBW/day, and the resulting mercury concentrations in hair (line 2, 
in parts per million), and red blood cells (RBC; line 3, in nanograms per gram RBC).  
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Figure 4. Range of mercury concentrations in hair (ppm) associated with a hypothetical 
chronic dose of 0.1 µg/kgBW/day. The graph-lines represent hair mercury concentrations 
calculated from a range of estimates for the hair:blood partition coefficient (PH:B), derived 
from Monte Carlo simulation (n=100). PH:B was assumed to be lognormally distributed 
with a mean of 248.7 and CV = 0.70. 

 
 
Scenario 1. Methylmercury exposure in the Swedish data set 
 
The distribution of RBC mercury concentration from the Swedish data set has a mean = 5.1 ng/g and standard 
deviation = 5.2 ng/g (Figure 5). The data conformed to a lognormal distribution (Kolmogorov-Smirnov test, 
P=0.20), and contained two extremely high values of 30.9 ng/g and 66.8 ng/g. The distribution of 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) content in blood phospholipid fraction from the 
Swedish data set has a mean = 6.1% and standard deviation = 1.6% (Figure 6). The data also conformed to a 
lognormal distribution (Kolmogorov-Smirnov test, P=0.20). The scatter plot of RBC mercury concentration 
versus EPA and DHA content in blood phospholipid is shown in Figure 7. The two variables are significantly 
correlated (Pearson coefficient = 0.26; P<0.001), indicating that methylmercury exposure probably came from 
the same source as ω3 PUFA i.e., fish consumption. The extreme values of RBC mercury concentration were 
culled from the data set, since the scatter plot indicated that they might be subject to a different manner of 
exposure compared to the rest of the data set.  
 
The maximum RBC mercury concentration in the Swedish data set was 17.5 ng/g, after culling the two outliers. 
The model was used to calculate the daily methylmercury intake that would give this RBC concentration at 
steady state, which was 0.1037 µg/kgBW/day. This was rounded off to 0.1 µg/kgBW/day. The model also 
calculated a distribution of hair mercury concentrations associated with this level of methylmercury intake 
(Figure 8). The 95th and 99th percentiles of  hair mercury concentration corresponding to the maximum 
methylmercury intake in the data were 5.4 and 7.3 ppm, respectively (Scenario 1a in Table 4). Both of these are 
below the NOAEL, regardless of which NOAEL value was used (Table 2). Therefore, the Swedish sample in the 
data set could be said to have a negligible risk of toxic effects from methylmercury exposure. 
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As an aside, the outliers were subjected to the same analysis above. The lesser of these extreme values (30.9 ng/g 
mercury) corresponded to a daily intake of 0.2 µg/kgBW/day, which gave a distribution of hair concentrations 
with 95th and 99th percentile values of 8.9 and 11.9 ppm, respectively (Figure 9A; Scenario 1b in Table 4). The 
95th percentile value is less than any NOAEL, and may be considered safe. The 99th percentile value, on the other 
hand, is in a gray area, as it is less than the Faroes NOAEL but greater than the Iraq NOAEL. It may be 
stipulated that the Faroes NOAEL represents a better guideline than the Iraq NOAEL, owing to the larger sample 
size and superior study design. Thus, it may be considered that this outlier has negligible risk of toxicity. The 
other extreme value (66.8 ng/g mercury) corresponded to a distribution of hair concentrations with 95th and 99th 
percentile values of 24.9 and 33.6 ppm, respectively (Figure 9B; Scenario 1c in Table 4). This is definitely above 
any NOAEL, and implies that this person was being exposed to mercury levels great enough to entail significant 
risk of toxic effects. It must be emphasized at this point that this outlier was culled out from analysis only 
because he/she did not seem to be exposed in a similar manner as the rest of the sample. It may be inferred from 
Figure 4 that this person might be exposed to other sources of mercury aside from food (e.g., exposure in the 
workplace). Culling out him/her should not mean that his/her health risks were not important, only that the 
assumption in the model that methylmercury exposure came mainly from eating fish may not apply to him/her. 
In any case, additional data needs to be collected from this outlier to substantiate his/her exclusion from the data. 
 

 
Figure 5. Distribution of mercury concentration in red blood cells (RBC) from the Swedish 
data set. Note the presence of two extreme values at 30.9 ng/g and 66.8 ng/g. 

 
Figure 6. Distribution of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
content in the phospholipid fraction of blood from the Swedish data set. 
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Figure 7. Scatter plot of mercury concentration in red blood cells (RBC) versus EPA and 
DHA content in blood phospholipid fraction. The two variables are significantly correlated 
(Pearson coefficient = 0.258, P<0.001). Note that two extreme values of RBC mercury 
concentration (30.9 and 66.8 ng/g) do not follow the same trend as the rest of the data (A). 
Culling out these values gives the scatter plot in (B). 
 

 

 
Figure 8. Distribution of hair mercury concentrations associated with a 
chronic dose of 0.1 µg/kgBW/day, the daily intake corresponding to the 
maximum RBC mercury concentration in the Swedish data set (17.5 ng/g) 
after culling two extremely high values. Y axis represents frequencies 
derived from Monte Carlo simulation (n=100). 
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Table 4. Expected levels of mercury in red blood cells (RBC) and hair at various given 
levels of chronic methylmercury intake. Hair concentrations are presented as the 95th and 
99th percentile of expected values from Monte Carlo simulation (n=100). The average 
value of kQI = 0.01347 was used in scenarios 1 to 4, while the alternative value of kQI = 
0.005672 was used in scenario 5 to simulate a hypothetical effect of GST deletion and/or 
substitution  genotypes on methylmercury metabolism. 
 
     

Scenario Mercury Intake RBC Concentration Hair Concentration (ppm) 
 (µg/kgBW/day) (ng Hg/g RBC) 95th Percentile 99th Percentile 
     

1a 0.1 17.5 5.4 7.3 

1b 0.2 30.9 8.9 11.9 a 

1c 0.4 66.8 24.9 c 33.6 c 

2 0.1 16.9 5.8 10.9 

3 0.3 50.6 14.0 b 22.3 c 

4 0.2 33.7 11.0 13.5 b 

5a 0.1 37.7 11.6 a  14.1 b  

5b 0.2 75.5 20.4 c  32.5 c  

 
a hair concentrations exceeding the Iraq NOAEL of 11 ppm 
b hair concentrations exceeding the Faroes BMD of 12 ppm 
c hair concentrations exceeding the Seychelles NOAEL of 15 ppm, indicated by bold numbers  
 

 
 

 

A B 

Figure 9. Distribution of hair mercury concentrations associated with methylmercury intakes of 0.2 
µg/kgBW/day (A) and 0.4 µg/kgBW/day (B), corresponding to the two extreme values of RBC 
mercury concentration culled from the data (30.9 ng/g and 66.8 ng/g, respectively). Y axis represents 
frequencies derived from Monte Carlo simulation (n=100).  
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Scenario 2: The US-EPA reference dose 
 
The distribution of hair mercury concentrations associated with methylmercury intake equal to the US-EPA 
reference dose (RfD) yielded 95th and 99th percentile values of 5.8 and 10.9 ppm, respectively (Figure 10; 
Scenario 2 in Table 4), which are both less than the Iraq NOAEL. This result was rather expected, since the Iraq 
NOAEL was used by the US-EPA in its derivation of the RfD. This scenario thus serves the purpose of 
validating the Modified Biological Model against the single-compartment model used by the US-EPA in 
deriving the RfD. As shown in this scenario, the present approach of using the biological model of Carrier et al 
(2001b) combined with Monte Carlo simulation to represent the uncertainty in the hair:blood partition 
coefficient (PH:B) gave the same estimate of risk, when compared to the US-EPA's methodology of using a single 
compartment model using a fixed value of PH:B followed by the application of an uncertainty factor of 10 (US-
EPA 1997). This gives greater confidence for using the Modified Biological Model. 
 
It must be mentioned, however, that the random nature of Monte Carlo simulation introduced some degree of 
error in the resulting distributions of hair mercury concentration. Keeping in mind that the level of 
methylmercury intake in Scenario 1 (0.1 µg/kgBW/day) is equal to the RfD, then the shape of Figure 8 is 
expected to be identical to Figure 10. Likewise, the 95th and 99th percentile values, respectively, are expected to 
be identical in Scenarios 1a and 2 (Table 4). This is however not the case, and the divergence is most obvious in 
the 99th percentile hair mercury concentrations. This can only be attributed to the fact that Monte Carlo 
simulation in STELLA generated different sets of random values for PH:B for each of these scenarios. And 
although both sets of random PH:B values conformed to the same lognormal distribution, generating only 100 PH:B 
values was not enough to ensure reproducibility of the results, esp. at the extreme high ends of the distribution. 
This is most apparent at the 99th percentile hair mercury concentration, due to the fact that it represents the single 
highest hair concentration out of 100 (see Figure 4). And since the tail of a lognormal distribution extends to 
positive infinity, the single highest estimate of PH:B can assume any extremely high value and still conform to the 
specified lognormal distribution. In contrast, the 95th percentile hair mercury concentration is subject to a smaller 
amount of random error (5.4 ppm in Scenario 1a versus 5.8 ppm in Scenario 2, in Table 4). Thus, it is preferable 
to use the 95th percentile hair concentration in evaluating the risk of methylmercury toxicity against the NOAEL 
value. The fact remains, however, that 100 Monte Carlo simulations is insufficient for the task at hand, and the 
use of software that would allow a greater number of Monte Carlo runs should be explored in future. 
 

 
Figure 10. Distribution of hair mercury concentrations associated with 
a chronic methylmercury dose of 0.1 µg/kgBW/day, which corresponds 
to the US-EPA reference dose. Y axis represents frequencies derived 
from Monte Carlo simulation (n=100). 
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Scenario 3: Increasing fish intake 
 
As shown by Scenarios 1 and 2, the level of exposure of the Swedish sample population to methylmercury from 
fish was at or below the US-EPA reference dose, with the result that they incurred negligible risk of toxic 
effects. The present scenario then explored the possibility of increasing fish intake, in an attempt to provide more 
ω3 PUFA from the diet. And since methylmercury was assumed to come mainly from the diet, increasing fish 
consumption also results in an increased intake of methylmercury. The new level of fish intake was arbitrarily 
set to give a methylmercury intake of 0.3 µg/kgBW/day. This results in a range of hair concentrations with a 95th 
percentile value of 14.0 ppm (Figure 11; Scenario 3 in Table 4). This value is in a gray area, as it is less than the 
Seychelles NOAEL but greater than the Faroes NOAEL (Table 2). There is no clear guidance from the literature 
regarding which of these two studies is better than the other, since both utilized a powerful study design (double-
blind, prospective, longitudinal study) on large cohorts (1022 and 779 mother-child pairs, respectively). This 
point will be discussed later in the paper. 
 
 

 
Figure 11. Distribution of hair mercury concentrations associated with 
a chronic methylmercury dose of 0.3 µg/kgBW/day, which corresponds 
to the ATSDR minimal risk level (MRL). Y axis represents frequencies 
derived from Monte Carlo simulation (n=100). 

 
Scenario 4. Increasing fish intake by a smaller increment 
 
Since tripling the fish intake led to an equivocal estimate of toxic risk in Scenario 3, the present scenario 
explored the effect of a smaller increment in fish intake. The new level of fish intake was arbitrarily set to 
produce a methylmercury intake of 0.2 µg/kgBW/day, which resulted in a range of hair concentrations with a 
95th percentile value of 11.0 ppm. (Figure 12; Scenario 4 in Table 4). This is below any NOAEL value, and may 
be considered safe unequivocally. Thus, increasing fish consumption two-fold incurred negligible risk of toxic 
effects. 
 
This scenario addresses the concerns aired by Egeland and Middaugh (1997) that the Rfd may unduly restrict 
fish consumption and forego the associated nutritional benefits. As the present results show, there exists 
sufficient space to increase fish consumption to double the present amount without incurring undue risk of toxic 
effects from mercury. These results are consistent with the analysis of Clewell et al (1999), who used a PBPK 
model to demonstrate that the uncertainty factor of 10 applied to the RfD could be reduced to a factor 4.5, in 
order to raise the RfD value to 0.2 µg/kgBW/day. 
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Figure 12. Distribution of hair mercury concentrations associated with 
a chronic methylmercury dose of 0.2 µg/kgBW/day. Y axis represents 
frequencies derived from Monte Carlo simulation (n=100). 

 
 
Scenario 5. Modeling the putative effect of GST polymorphisms 
 
This scenario was based on the assumptions that (1) since complexation with glutathione is an important step in 
methylmercury metabolism and subsequent excretion, the GSTs, which are responsible for producing glutathione 
conjugates of various electrophiles, might be involved in the process as well; (2) since genetic polymorphisms in  
GST lead to differences in susceptibility to environmentally-induced diseases such as cancer and asthma, GST 
polymorphisms might also cause differences in susceptibility to methylmercury toxicity; and (3) if the active 
forms of GST were assumed to have a role in methylmercury metabolism, those genotypes with deleted or 
substituted GST genes would be expected to cause impairment in methylmercury metabolism and thus lead to 
greater susceptibility to toxic effects. The effect of genetic polymorphisms, if any, would therefore be in the 
harmful direction, and could be represented by a worst-case scenario with a lengthened elimination half-life. 
This scenario was translated to a kQI value of 0.005672 in the Modified Biological Model, which results in a half 
life of 116 days (Carrier et al 2001b). 
 
The distribution of hair mercury concentrations associated with a methylmercury intake of 0.1 µg/kgBW/day 
yielded a 95th percentile value of 11.6 ppm when kQI = 0.005672 (Figure 13A; Scenario 5a in Table 4). This is 
below both the Faroes and Seychelles NOAEL, and thus carries negligible risk of toxic effects. Since the 
maximum intake in the Swedish data set is equal to this level (Scenario 1), the implication is that even at the 
worst case, the present level of methylmercury exposure would not result in increased risk of toxic effects to 
those persons harboring the GST deletion and/or substitution genotypes. 
 
On the other hand, the distribution of hair mercury concentrations associated with the increased methylmercury 
intake of 0.2 µg/kgBW/day yielded a 95th percentile value of 20.4 ppm when kQI = 0.005672 (Figure 13B; 
Scenario 5b in Table 4). This is well above any NOAEL, and thus carries a significant risk of incurring toxic 
effects. This implies that at the worst case, doubling the fish intake to twice the present levels might result in an 
increased risk of methylmercury toxicity to those persons harboring the GST variant  genotypes. Therefore, it 
becomes relevant to empirically determine the existence—and measure the magnitude—of any effect that GST 
polymorphisms might have on the metabolism of methylmercury. This scenario serves as a caveat to Scenario 4. 
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In the best case, therefore, namely that GST polymorphisms has no measurable effect on methylmercury 
metabolism, the risks of toxicity associated with doubling the fish consumption would be negligible as described 
in Scenario 4. However, invoking the precautionary principle means that the absence of an effect of GST 
polymorphisms must first be experimentally demonstrated, before any actions to encourage more fish 
consumption (for better nutrition) would be initiated. 
 
 

 

A B 

Figure 13. Distribution of hair mercury concentrations associated with a chronic methylmercury 
dose of 0.1 µg/kgBW/day (A) and 0.2 µg/kgBW/day (B), when kQI = 0.005672, representing 
impaired metabolism. Y axis represents frequencies derived from Monte Carlo simulation (n=100).  
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Discussion 
 
Risks of methylmercury toxicity in the Swedish sample population 
 
The first objective of the study was to analyze whether or not having a less stringent mercury exposure guideline 
than the RfD carried a higher risk for mercury  toxicity in the Swedish population. The typical U.S. consumer is 
described to be in no danger of consuming harmful levels of methylmercury in fish, and should not limit fish 
consumption out of concern for mercury poisoning (US-EPA 2001). This advice is considered to be applicable to 
people who consume less than 10 g/day of fish, at fish mercury concentrations not exceeding 0.15 ppm. The 
median fish intake of the Swedish consumer, in contrast, ranges from 32 to 53 g/day fish (Elmståhl et al 1999), 
and the Swedish critical limit for mercury allows levels as high as 0.5 ppm in fish tissue (Von Rein & Hylander 
2000). Does this mean that the Swedish is exposed to inordinately high risks of mercury toxicity? 
 
The results of Scenario 1 showed that the Swedish sample population faces negligible risk of methylmercury 
toxicity from food fish. This should not be interpreted to mean that the Swedish population in general faces 
negligible risk, since the study sample was limited to people from the northern part of Sweden, and was not 
meant to be representative of the entire Swedish population. Still, these results were within the range reported by 
dietary studies, which estimated the mercury intake from the Swedish diet to be from 0.65 µg/day (Jorhem et al 
1998) to 1.8 µg/day (Becker & Kumpulainen 1991)—equal to 0.09 µg/kgBW/day and 0.26 µg/kgBW/day, 
respectively, for a 70-kg person. Following this line of reasoning, it may be inferred that the present low levels 
of RBC mercury in the study sample might have been due to either (1) a decreased consumption of the mercury-
contaminated fish species, or (2) a decrease in the mercury content of the normally-consumed food fish. If 
Håkanson (1996) is to be believed that mercury levels in contaminated fish species would not decrease to safe 
levels until after three centuries, the conclusion would be that the low level of mercury exposure in the sample 
population must have been due to decreased consumption of contaminated fish species. Furthermore, the blood 
load of methylmercury in Swedish women was shown to have decreased from the late 1960s to the early 1980s, 
which was attributed to decreased consumption of contaminated fish (Bergdahl et al 1998). Ergo, the results 
imply that Swedish food advisories proscribing the consumption of potentially-contaminated fish had been 
effective in protecting the sample population from mercury toxicity (Pederby 1995). 
 
It must be remembered that food advisories in Sweden are based on a critical limit of 0.5 mg/kg in fish, which is 
a proxy value representing a critical limit of 40 µg/day in humans (Sverdrup 2000). While this corresponds to a 
mercury intake limit of 0.57 µg/kgBW/day (for a 70-kg average person), the end result of the fish advisories had 
been to decrease mercury exposure to much lower levels. In the study population at least, this resulted in 
mercury exposure that was equivalent to the much more stringent US-EPA RfD of 0.1 µg/kgBW/day (compare 
Scenarios 1 and 2). This behavior is consistent with the earlier assertion about Link C (Figure 1) that the 
negative feedback of an increasing perception of risk of mercury toxicity on fish consumption could be 
disproportionately greater than the actual magnitude of risk. This is, of course, desirable behavior, since it means 
that the guidelines have produced error on the side of safety.  
 
 
Increasing fish intake 
 
Given that the Swedish do not seem to be facing an inordinate risk of mercury toxicity from fish, and that fish 
consumption is associated with numerous health benefits, the next question was whether or not fish consumption 
could be increased to maximize nutritional benefits without incurring an unacceptably high risk of 
methylmercury toxicity. As shown by the results in Scenarios 3 and 4, fish consumption could be increased to 
levels that would double or maybe even triple the levels of mercury intake (from the present level of 0.1 
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µg/kgBW/day), without incurring significant risks of toxic effects. Thus, Table 4 shows that at double the 
methylmercury intake from fish (Scenario 4), the 95th percentile of expected hair concentration is below the 
NOAEL, and at triple the methylmercury intake from fish (Scenario 3), the 95th percentile of expected hair 
concentration is below the Seychelles NOAEL, although this is above the Faroes NOAEL. 
 
There is, however, a price to pay for increasing fish consumption. As shown in Scenario 5, the present low level 
of methylmercury intake results in negligible risk of toxicity even for those members of the population which 
may be more sensitive than the rest of the population (presumably because of an inherited impairment in 
methylmercury metabolism). Thus, on the worst-case assumption that bearers of GST deletion and/or 
substitution genotypes have a longer mercury half-life in the body, intake of 0.1 µg/kgBW/day gives rise to hair 
mercury concentrations with a 95th percentile value below both the Faroes and Seychelles NOAELs (Scenario 5a 
in Table 4). However, these persons could be expected to have hair mercury concentrations with a 95th percentile 
value greater than the NOAEL if they increase their fish consumption to levels that would give twice the amount 
of mercury in the diet (Scenario 5b in Table 4). Any recommendation to increase fish consumption beyond 
present levels would have to be tempered by this caveat. There is presently no empirical evidence that GST 
variant  genotypes confer impaired methylmercury metabolism. However, there are enough reasons to suspect 
the link, based on the putative role of GST on glutathione conjugation of electrophiles, and the established role 
of glutathione in detoxifying the electrophile methylmercury. The onus then is to falsify the hypothesis that the 
link exists—through empirical investigation—before recommending that fish intake be increased. This seems to 
be a reasonable application of the precautionary principle.  
 
 
Choosing between several estimates of the NOAEL 
 
The presence of significant risk of toxic effect in the various scenarios of methylmercury intake was analyzed in 
the preceding discussion in terms of three distinct estimates of the NOAEL (Table 2). This introduces 
uncertainty over which level of the NOAEL is most preferable, and the following discussion emphasizes the 
point that a precautionary principle provides too little guidance to settle the issue. The three values of the 
NOAEL given in Table 2 represent different measures of the same critical endpoint i.e., neurodevelopmental 
toxicity in the fetus coming from prenatal exposure. The differences lay in their origin from three separate field 
studies, as follows: 
 
1. The Iraq NOAEL of 11 ppm was derived from a retrospective study on a small sample (81 mother-child 

pairs) that was acutely exposed to methylmercury in poisoned grain. The data suffered from confounders, 
since: (a) interviews were done through interpreters, (b) birth dates were not remembered exactly in the Iraqi 
culture, (c) the background prevalence of neurological abnormalities were unknown, and (d) social and 
economic covariates which could affect child development were not investigated (Myers et al 2000a). 
Despite these limitations, the Iraqi data was used by the US-EPA in its derivation of the RfD, since statistical 
analysis of the Faroes and Seychelles data were still pending at the time (US-EPA 1997).  

 
2. The Faroes NOAEL of 12 ppm was derived from a more powerful study design (a double-blind, prospective, 

longitudinal study) that investigated long-term dietary exposure in a large cohort (1022 children), using a 
wide array of physical, neurophysiological and neuro-psychological tests (Weihe et al 1996; Grandjean et al 
1997). As such, the United States National Academy of Sciences recommended using the Faroes NOAEL in 
future revision of the RfD (Dourson et la 2001). However, the potential confounding effect of PCB co-
exposure was considered a serious limitation (Clewell et al 2000), despite the study group's claims to the 
contrary (Budtz-Jorgensen et al 1999).  
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3. The Seychelles NOAEL of 15 ppm was derived from a double-blind, prospective, longitudinal study that 
investigated long-term dietary exposure in a large cohort (779 children), again using a wide array of 
neurodevelopmental tests (Myers et al 1995b). This study is considered to be relatively free from 
confounders, and was used by ATSDR to derive its minimal risk level (MRL). 

 
Due to the limitations of the Iraqi study, the choice of which NOAEL value to use in the present paper could be 
narrowed down to either the Faroes or Seychelles NOAEL. A precautionary approach in this case could be 
interpreted to mean choosing the more conservative Faroes value. However, doing so could limit the possibility 
of allowing the population to maximize nutritional benefits from eating more fish (Scenario 3). As shown in 
Table 4, the 95th percentile of hair mercury concentrations associated with the dose of 0.3 µg/kgBW/day is 14.0 
ppm—which would be considered safe based on the Seychelles NOAEL, but not so by the Faroes NOAEL. 
Therefore, if the main interest lay in maximizing nutrition (as in the present study), then it might be preferable to 
accept the Seychelles NOAEL as final guide, given that there seems to be no general consensus in the literature 
regarding how to choose between these two NOAEL values. This means that a precautionary approach does not 
always provide the best or final guide, especially in a situation involving a trade-off between risk and benefit 
(see Fairman et al 1998, p18, for a more thorough discussion). 
 
 
Modeling the effect of genetic polymorphisms 
 
This paper attempted to model the putative effect of GST polymorphisms on methylmercury metabolism by 
assuming two scenarios, viz. one scenario of no effect, represented by using the average kQI value corresponding 
to a half-life of 50 days, and an alternative scenario of a worst-case effect, represented by using the alternative 
kQI value corresponding to a half-life of 116 days. This approach is admittedly much too simplified, and was the 
result of a lack of detailed information regarding the mechanism of effect of GST enzymes on methylmercury 
metabolism. The intent of the above modeling was to show that GST polymorphisms could potentially affect the 
estimation of risk, and should therefore be explored in greater detail to elucidate how, and by which 
mechanisms, it might impact methylmercury metabolism. And since the worst-case scenario half-life has 
actually been observed in reality (Birke et al 1972), it only remains to be established whether GST 
polymorphisms could actually affect metabolism to this great extent, or have much lesser impact. Preliminary 
data from our laboratory have shown no clear trends regarding the effect of GST Mu, Pi or Theta on the RBC 
mercury concentration of 166 individuals from the Swedish data set. It remains to be seen whether this is due to 
an insufficient sample size to detect such differences, or whether this indicates that GST polymorphism has 
indeed no impact on methylmercury. More work is currently underway to answer this question. 
 
It must be kept in mind that the GSTs are but one of the many enzymes acting on glutathione (Knapen et al 
1999; Dringen 2000), and that the glutathione system is but one of many mechanisms utilized by mammalian 
cells as a defense against mercury toxicity, although it is considered to be the most important (Sarafian et al 
1996). The relative contribution of such GSH-associated enzymes as glutathione peroxidases, and of other 
cellular defense mechanisms such as metallothioneins, heat shock proteins, and heme oxygenases has to be 
evaluated experimentally before the impact of genetic polymorphisms can be integrated into the pharmacokinetic 
modeling of methylmercury. This fault is by no means unique to the present paper. Haber et al (2002), for 
instance, pointed out that insufficiency of data regarding (1) the relative contribution of multiple enzyme systems 
and (2) the effect of large numbers of low-frequency alleles remain common gaps which increase uncertainty in 
this kind of modeling.  
 
Lastly, it must be remembered that genetic polymorphisms is but one source of overall variation in the human 
population with respect to methylmercury susceptibility. Non-genetic sources such as age and infirmity could 
also contribute to increased susceptibility to methylmercury exposure. The general trend in the literature is, 

 38



however, to start integrating data on genetic polymorphisms in the estimation of risk, especially since the two 
large studies on methylmercury toxicity (viz. Faroes and Seychelles) effectively excluded a large number of 
covariates from confounding their data. In particular with the Seychelles, the presence of as yet unidentified 
intrinsic differences in the study population with respect to methylmercury susceptibility has been suggested as 
one of the possible reasons why the data failed to show any discernible effect even in the upper ranges of 
exposure (Stern & Korn 2001). One of the postulated sources of variability is the presence of genetic 
polymorphisms. Another one could be intrinsic differences in the rate of physiological processes in the body 
(Haber et al 2002). The present trend in the literature is to use PBPK models in order to account for inter-
individual physiological variability, while at the same time attempting to integrate the relative contribution of 
genetic polymorphisms in key enzyme systems, as well as the population frequency of these polymorphic alleles, 
into the PBPK model. While this approach is fraught with numerous sources of uncertainty at present, it is felt 
that this limitation only sets the stage for future empirical work which will help decrease the uncertainty (Haber 
et al 2002).  
 
 
A systems approach to mercury toxicity 
 
This paper has shown that the risk of mercury toxicity from food fish can be analyzed as a system of three main 
parts i.e., a strong negative feedback loop mediated by the toxic effects of mercury exposure, a weak positive 
feedback loop mediated by nutritional benefits from fish-derived ω3 PUFA, and a genetic component mediated 
by a putative role of GST in methylmercury metabolism and detoxification (Figure 1). The present state of the 
system for the Swedish sample population could be described as having negligible risk of mercury toxicity from 
fish consumption (Figure 14A). This is due to previous efforts by government agencies to set a critical limit on 
the mercury content of fish, accompanied by food advisories about which fish were safe to eat. This was also due 
to the fact that the population tended to heed this advice and modify their diet accordingly. 
 
The paper also demonstrated that sufficient space existed to encourage the population to consume more fish, in 
view of the expected nutritional benefits to be gained from ω3 PUFA. The caveat, however, was that an 
empirical study is needed to show that such action would not affect their risk of mercury toxicity. On the 
assumption that genetic differences in mercury susceptibility might be mediated by the enzymes GSTs, such 
empirical study is needed to falsify the assumption that persons with deletion and/or substitution genotypes for 
these enzymes carry an increased risk of toxicity at high levels of fish intake. This constitutes an application of 
the precautionary principle on the study system. 
 
The desired new state of the system is represented in Figure 14B. This future state is described as having 
increased fish consumption, while maintaining a negligible risk for mercury toxicity. The hill illustrated in the 
figure blocks the ball and keeps the system from shifting to a new state where increased fish consumption also 
leads to increased risk of toxicity. This hill represents those protective mechanisms that protect against incurring 
toxic effects. On the institutional level, these represent regulatory efforts by government agencies to define a 
critical limit for mercury and convert this information to fish advisories that are then communicated to the 
public. On the personal level, these represent the perception that fish consumption carries a risk of fish toxicity, 
which leads people to heed the government's regulatory advice regarding fish consumption. 
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Figure 14. Ball-and-topography analogy depicting two alternative stable states of the system 
under study, with respect to both methylmercury toxicity and nutritional benefits from PUFA. 
Valley α represents a state of low risk of mercury toxicity resulting from a low fish consumption, 
which also results in relatively small nutritional benefits from fish-derived PUFA. Valley β 
represents a state of greater nutritional benefits from PUFA resulting from greater fish 
consumption, which also results in higher risk of toxicity from mercury. The ball depicts the 
present state of the system, and could roll from one valley to another in much the same manner 
as a rubber ball rolls on the ground. Frame A above shows the state of the system as deduced 
from the Swedish data set i.e., low methylmercury toxicity resulting from a controlled intake of 
fish. Frame B depicts a new desirable state of the system, where fish consumption is increased 
in order to maximize nutritional benefits from PUFA, but not to the extent that the ball rolls down 
to Valley β and results in increased mercury toxicity. The hill blocking the ball, thereby keeping 
it from rolling into Valley β, represents the sum of all protective mechanisms—both personal 
and institutional—which prevent the human population from being exposed to levels of 
methylmercury that would cause toxic effects. The ball-and topography analogy was adapted 
from Holling et al (1995). 

 
 
Setting a new critical limit 
 
The remaining part of this paper explores the implications of the above modeling—or systems—approach of 
analyzing the risks from methylmercury toxicity on the proposal to set a new and stricter Swedish critical limit 
for mercury exposure. The Ad Hoc Expert Meeting on Setting Critical Limits for Heavy Metals in Bratislava 
proposed two alternative uptake levels for mercury in the human, depending on the definition of risk as being 
based either on a precautionary principle (Pp) or a maximum acceptable damage (MDp) approach (Sverdrup and 
Ashmore 2001). The resulting critical limits will be 10 µg/day (Pp) and 22 µg/day (MDp), which correspond to 
0.14 µg/kgBW/day (Pp) and 0.31 µg/kgBW/day (MDp), respectively, at an average body weight of 70 kg. If it is 
assumed that mercury exposure occurs chiefly through the diet, then the Pp critical limit would correspond to a 
level only slightly above the US-EPA RfD. The distribution of hair mercury concentrations associated with 
methylmercury intake equal to the Pp critical limit yields a 95th percentile value of 7.8 ppm (data not shown). 
This is below the NOAEL, and poses the same negligible risk of toxicity as the RfD. Given the similarity 
between the Pp critical limit and the RfD, then it may also be said that the Pp critical value might severely 
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restrict fish consumption and its associated nutritional benefits. And similar to the RfD, the possibility of slightly 
relaxing the Pp critical limit should be explored, since Scenario 4 has demonstrated that ample room exists to 
increase fish consumption without incurring an unduly high risk of mercury toxicity. Once again, the caveat is 
that an empirical study is needed to show that relaxing the critical limit would not increase the risk of mercury 
toxicity, by showing that even sensitive members of the population would only incur negligible risk. 
 
Additionally, setting a more stringent critical limit for mercury in Sweden would require the same broad public 
debate that accompanied the setting of the present threshold value during the 1960's. At that time, fishermen 
voiced out a concern that setting a critical limit would cause undue economic loss (Lidskog & Uggla 2000). 
Today, that concern is still a valid part of the discussion, since there are still about 3 000 professional fishermen 
who presumably wouldn't want the stricter guidelines to reduce their profits (Von Rein & Hylander 2000). Apart 
from them, such future debate should represent those parties interested in maintaining and/or improving the 
nutrition of the Swedish population. This is an important component of the issue, since (1) fish consumption 
yields various nutritional benefits; (2) the perception of mercury toxicity strongly discourages fish consumption, 
while an awareness of its nutritional benefits only weakly encourages fish consumption; and (3) sufficient space 
exists to relax the proposed Pp critical limit in order to maximize nutrition without increased risk of toxicity. 
 
An added concern is that a restrictive critical limit on mercury intake might potentiate social and cultural 
problems resulting from economic dislocation and/or loss of traditional lifestyle (Wheatley 1997; Wheatley and 
Wheatley 2000). This is arguably not expected to pose much of a problem in Sweden, given that the affected 
parties (e.g., fishermen and associated occupations) would be involved in social discussion. Furthermore, there 
exist both sufficient forms of alternative employment and sources of food fish, unlike the situation in indigenous 
communities of subsistence fishermen. Finally, close monitoring should follow the implementation of any new 
food advisories, to assess its impact not only on the risk of toxicity, but also on human nutrition and any social 
dislocation. This means that future proposals to redefine the Swedish critical limit based on a more stringent 
definition of risk should be accompanied by studies that will closely measure the actual results of the resulting 
food advisories on fish consumption. While it is perhaps desirable to define a critical level based on a 
precautionary principle, great care must be taken to ensure that its final application does not cause fish 
consumption to decrease to too low levels, which might compromise getting a proper nutrition. 
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Summary and Conclusions 
 
The problem of methylmercury toxicity in humans was analyzed in terms of a dynamic system composed of 
three components: (1) a strong negative feedback loop mediated by the toxic effects of mercury exposure; (2) a 
weak positive feedback loop mediated by nutritional benefits from fish-derived ω3 PUFA; and (3) a genetic 
component mediated by a putative role of GSTs in methylmercury metabolism and detoxification. The system 
was implemented in silico using a modified biological model of mercury pharmacokinetics. There was sufficient 
basis in the literature to allow the uncertainty in the hair:blood partition coefficient to be represented as a 
lognormal distribution, which was implemented in the model using Monte Carlo simulation. The model was 
used to predict the expected distribution of hair mercury concentrations, given a certain level of daily 
methylmercury intake from fish consumption. A comparison of the 95th percentile value of the expected hair 
mercury concentration with the NOAEL derived from the Iraq, Faroes and Seychelles studies allowed a 
numerical evaluation of the risks associated with each given level of exposure. 
 
The Swedish sample population faced negligible risk of mercury toxicity, since the level of daily intake 
predicted from the maximum RBC mercury concentration in the sample corresponded to a 95th percentile of 
expected hair concentrations less than the NOAEL. This is within the range reported by dietary studies in the 
literature, and implies that the present critical limit of 0.5 mg/kg mercury in fish sufficiently protected this 
population from harmful levels of exposure. Furthermore, the resulting level of mercury intake (0.1 
µg/kgBW/day) was disproportionately lower than the calculated levels corresponding to the established critical 
limit (0.57 µg/kgBW/day). This implies that the population reacted conservatively to fish consumption 
advisories, and limited their consumption much more than was originally intended.  
 
Sufficient space existed to recommend increasing fish intake, in order to increase the population's intake of fish-
derived ω3 PUFA and maximize their health benefits. Increasing the fish intake to levels that would give twice 
or even thrice the present mercury intake would not result in an increased risk of mercury toxicity. However, 
some segments of the population may possess genetic polymorphisms that might slow down their metabolism of 
methylmercury, and consequently increase their risk of toxicity. While this link between genetic polymorphisms 
in the GST enzymes and methylmercury toxicity has not been empirically established, the precautionary 
principle posits that the absence of this link has to be demonstrated before any attempts were made to encourage 
increased fish intake. This provides a rationale for experimental work, which is now being conducted by the 
author and his associates in the laboratory. 
 
Lastly, future revision of the Swedish critical limit to a more stringent value based on a precautionary principle 
may result in overly restrictive fish consumption advisories that lessen the intake of ω3 PUFA from fish. This is 
because the population's perception of risk from mercury toxicity discourages fish consumption much more than 
the desire for proper nutrition encourages it. The possibility of relaxing the proposed guideline value is therefore 
suggested, with the caveat that the absence of toxic risk must again be demonstrated even for genetically more 
sensitive subgroups in the population. 
 
 

 42



Literature Cited 
 
Albertazzi P & K Coupland. 2002. Polyunsaturated fatty acids: Is there a role in postmenopausal osteoporosis prevention. Maturitas 

42:13-22 
ATSDR. 1999. Toxicological profile for methylmercury. United States Department of Health and Human Services, Public Health Service, 

Agency for Toxic Substances and Disease Registry. Appendix A: Minimal Risk Level Worksheet. pp A10- A15 
Autrup H. 2000. Genetic polymorphisms in human xenobiotica metabolizing enzymes as susceptibility factors in toxic response. Mutation 

Research 464:65-76  
Becker W & J Kumpulainen. 1991. Contents of essential and toxic mineral elements in Swedish market-basket diets in 1987. British 

Journal of Nutrition 66:151-160 
Benhamou S, WJ Lee, AK Alexandrie, P Boffetta, C Bouchardy, D Butkiewicz, J Brockmöller, ML Clapper, A Daly, V Dolzan, J Ford, L 

Gaspari, A Haugen, A Hirvonen, K Husgafvel-Pursiainen, M Ingelman-Sundberg, I Kalina, M Kihara, P Kremers, L Le 
Marchand, SJ London, V Nazar-Stewart, M Onon-Kihara, A Rannug, M Romkes, D Ryberg, J Seidegard, P Shields, RC 
Strange, I Stücker, J To-Figueras, P Brennan, E Taioli. 2002. Meta- and pooled analyses of the effects of glutathione S-
transferase M1 polymorphisms and smoking on lung cancer risk. Carcinogenesis 23(8):1343-1350 

Bergdahl IA, A Schutz, M Ahlqwist, C Bengtsson, L Lapidus, L Lissner, B Hulten. 1998. Methylmercury and inorganic mercury in 
serum—correlation to fish consumption and dental amalgam in a cohort of women born in 1922. Environmental Research 
Section A 77:20-24 

Beutler E. 1994. Chapter 31: Composition of the Erythrocyte. In: WJ Williams, E Beutler, AJ Erslev, MA Lichtman [eds.]. Hematology. 
Fourth edition, McGraw Hill, New York. p. 317 

Birke G, AG Johnels, LO Plantin, B Sjöstrand, S Skerfving, T Westermark. 1972. Studies on humans exposed to methyl mercury through 
fish consumption. Archives of Environmental Health 25:77-91. 

Board P, M Harris, J Flanagan, L Langton, M Coggan. 1998. Genetic heterogeneity of the structure and function of GSTT2 and GSTP1. 
Chemico-Biological Interactions 111-112:83-89 

Broadhurst CL, Y Wang, MA Crawford, SC Cunane, JE Parkington, WF Schmidt. 2002. Brain-specific lipids from marine, lacustrine, or 
terrestrial food resources: Potential impact on early African Homo sapiens. Comparative Biochemistry and Physiology Part B 
131:653-673 

Bruhn C, J Brockmöller, R Kerb, I Roots, HH Borchert. 1998. Concordance between enzyme activity and genotype of glutathione S-
transferase theta (GSTT1). Biochemical Pharmacology 56:1189-1193 

Budtz-Jorgensen E, N Keiding, P Grandjean, RF White, P Weihe. 1999. Methylmercury neurotoxicity independent of PCB exposure. 
Environmental Health Perspectives 107(5):A236- A237 

Carrier G, RC Brunet, M Caza, M Bouchard. 2001a. A toxicokinetic model for predicting the tissue distribution and elimination of 
organic and inorganic mercury following exposure to methyl mercury in animals and human. I. Development and validation of 
the model using experimental data in rats. Toxicology and Applied Pharmacology 171:38-49 

Carrier G, M Bouchard, RC Brunet, M Caza. 2001b. A toxicokinetic model for predicting the tissue distribution and elimination of 
organic and inorganic mercury following exposure to methyl mercury in animals and human. II. Application and validation of 
the model in human. Toxicology and Applied Pharmacology 171:50-60 

Cicmanec JL. 1996. Comparison of four human studies of perinatal exposure to methylmercury for use in risk assessment. Toxicology 
111:157-162  

Clarkson TW. 2002. The three modern faces of mercury. Environmental Health Perspectives 110(suppl 1):11-23 
Clewell HJ, JM Gearhart, PR Gentry, TR Covington, CB VanLandingham, KS Crump, AM Shipp. 1999. Evaluation of the uncertainty in 

an oral reference dose for methylmercury due to interindividual variability in pharmacokinetics. Risk Analysis 19(4):547-558 
Clewell HJ, KS Crump, PR Gentry, AM Shipp. 2000. Site-specific reference dose for methylmercury for fish-eating populations. Fuel 

Processing Technology 65-66:43-54   
Cnubben NHP, IMCM Rietjens, H Wortelboer, J van Zanden, PJ van Bladeren. 2001. The interplay of glutathione-related processes in 

antioxidant defense. Environmental Toxicology and Pharmacology 10:141-152 
Das UN. 2002. Estrogens, statins, and polyunsaturated fatty acids: Similarities in their actions and benefits—Is there a common link? 

Nutrition 18:178-188 
Davidson PW, GJ Myers, C Cox, CF Shamlaye, DO Marsh, MA Tanner, M Berlin, J Sloane-Reeves, E Cernichiari, O Choisy, A Choi, 

TW Clarkson. 1995. Longitudinal neurodevelopmental study of Seychellois children following in utero exposure to 
methylmercury from maternal fish ingestion: Outcomes at 19 and 29 months. NeuroToxicology 16(4):677-688 

Davidson PW, GJ Myers, C Cox, C Axtell, C Shamlaye, J Sloane-Reeves, E Cernichiari, L Needham, A Choi, Y Wang, M Berlin, TW 
Clarkson. 1998. Effects of prenatal and postnatal methylmercury exposure from fish consumption on neurodevelopment: 
Outcomes at 66 months of age in the Seychelles Child Development Study. Journal of the American Medical Association 
280(8):701-706 

Davidson PW, D Palumbo, GJ Myers, C Cox, CF Shamlaye, J Sloane-Reeves, E Cernichiari, GE Wilding, TW Clarkson. 2000. 
Neurodevelopmental outcomes of Seychellois children from the pilot cohort at 108 months following prenatal exposure to 
methylmercury from a maternal fish diet. Environmental Research Section A 84:1-11  

Dourson ML, AE Wullenweber, KA Poirier. 2001. Uncertainties in the Reference Dose for Methylmercury. NeuroToxicology 22:677-689  

 43



Downs SG, CL Macleod, JN Lester. 1998. Mercury in precipitation and its relation to bioaccumulation in fish: a literature  review. Water, 
Air, and Soil Pollution 108:149-187 

Dringen R. 2000. Metabolism and functions of glutathione in brain. Progress in Neurobiology 62:649-671 
Dutczak WJ, N Ballatori. 1994. Transport of the glutathione-methylmercury complex across liver canalicular membranes on reduced 

glutathione carriers. Journal of Biological Chemistry 269(13):9746-9751  
Egeland GM, JP Middaugh. 1997. Balancing fish consumption benefits with mercury exposure. Science 278:1904-1905 
Elmståhl S, O Holmqvist, B Gullberg, U Johansson, G Berglund. 1999. Dietary patterns in high and low consumers of meat in a Swedish 

cohort study. Appetite 32:191-206 
Fairman R, CD Mead, WP Williams. 1998. Evaluation of risk and risk management. Environmental Risk Assessment: Approaches, 

Experiences and Information Sources. European Environment Agency, Copenhagen. Chapter 8, pp 121-132 
Grandjean P, P Weihe, RF White, F Debes, S Araki, K Yokoyama, K Murata, N Sorensen, R Dahl, PJ Jorgensen. 1997. Cognitive deficit 

in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicology and Teratology 19(6):417-428 
Haber LT, A Maier, PR Gentry, HJ Clewell, ML Dourson. 2002. Genetic polymorphisms in assessing interindividual variability in 

delivered dose. Regulatory Toxicology and Pharmacology 35:177-197 
Hagmar L, T Hallberg, M Leja, A Nilsson, A Schutz. 1995. High consumption of fatty fish from the Baltic Sea is associated with changes 

in human lymphocyte subset levels. Toxicology Letters 77:335-342 
Hallgren CG, G Hallmans, JH Jansson, SL Marklund, F Huhtasaari, A Schutz, U Strömberg, B Vessby, S Skerfving. 2001. Markers of 

high fish intake are associated with decreased risk of a first myocardial infarction. British Journal of Nutrition 86:397-404 
Harel Z, S Riggs, R Vaz, L White, G Menzies. 2001. Omega-3 polyunsaturated fatty acids in adolescents: Knowledge and Comsumption. 

Journal of Adolescent Health 28:10-15 
Hayes JD, RC Strange. 2000. Glutathione S-transferase polymorphisms and their biological consequences. Pharmacology 61:154-166  
Holling CS, DW Schindler, BW Walker, J Roughgarden. 1995. Biodiversity in the functioning of ecosystems: An ecological synthesis. 

In: C Perring, KG Mäler, C Folke, CS Holling, BO Jansson [eds.]. 1995. Biodiversity Loss: Economic and Ecological Issues. 
Cambridge University Press. Chapter 2, p. 52 

Hughes DA. 1995. Fish oil and the immune system. Nutrition and Food Science 95(2):12-16 
Håkanson L. 1996. A simple model to predict the duration of the mercury problem in Sweden. Ecological Modelling 93:251-262 
Jonnalagadda SS, SK Egan, JT Heimbach, SS Harris, PM Kris-Etherton. 1995. Fatty acid consumption pattern of Americans: 1987-1988 

USDA Nationwide Food Consumption Survey. Nutrition Research 15(12):1767-1781 
Jorhem L, W Becker, S Slorach. 1998. Intake of 17 elements by Swedish women, determined by a 24-h duplicate portion study. Journal 

of Food Composition and Analysis 11:32-46 
Knapen MFCM, PLM Zusterzeel, WHM Peters, EAP Steegers. 1999. Glutathione and glutathione-related enzymes in reproduction: A 

review. European Journal of Obstetrics & Gynecology and Reproductive Biology 82:171-184  
Lidskog R & Y Uggla. 2000. Mercury waste management in Sweden: Historical perspectives and recent trends. Journal of Environmental 

Planning and Management 43(4):561-572 
Mannervik B & UH Danielson. 1988. Glutathione transferases—Structure and catalytic activity. CRC Critical Reviews in Biochemistry 

23(3):283-337 
Myers GJ, DO Marsh, PW Davidson, C Cox, CF Shamlaye, M Tanner, A Choi, E Cernichiari, O Choisy, TW Clarkson. 1995a. Main 

neurodevelopmental study of Seychellois children following in utero exposure to methylmercury from a maternal fish diet: 
Outcome at six months. NeuroToxicology 16(4):653-664 

Myers GJ, PW Davidson, C Cox, CF Shamlaye, MA Tanner, DO Marsh, E Cernichiari, LW Lapham, M Berlin, TW Clarkson. 1995b. 
Summary of the Seychelles child development study on the relationship of fetal methylmercury exposure to neurodevelopment. 
NeuroToxicology 16(4):711-716 

Myers GJ, PW Davidson, C Cox, C Shamlaye, E Cernichiari, TW Clarkson. 2000a. Twenty-seven years studying the human 
neurotoxicity of methylmercury exposure. Environmental Research Section A 83:275-285  

Myers GJ, PW Davidson, D Palumbo, CF Shamlaye, C Cox, E Cernichiari, TW Clarkson. 2000b. Secondary analysis from the Seychelles 
Child Development Study: The child behavior checklist. Environmental Research Section A 84:12-19 

Ollis TE, BJ Meyer, PRC Howe. 1999. Australian food sources and intakes of Omega-6 and Omega-3 polyunsaturated fatty acids. Annals 
of Nutrition and Metabolism 43:346-355 

Pauly D, V Christensen, S Guenette, TJ Pitcher, UR Sumaila, CJ Walters, R Watson, D Zeller. 2002. Towards sustainability in world 
fisheries. Nature 418:689-695, August 2002 

Pederby H. 1995. Gravida, ammande och storkonsumenter bör undvika vissa fiskar. Vår föda 47:7-9. As cited by: Von Rein K & LD 
Hylander. 2000. Experiences from phasing out the use of mercury in Sweden. Regional Environmental Change 1(3-4):126-134 

Petersdorf RG, RD Adams, E Braunwald, KJ Isselbacher, JB Martin, JD Wilson [eds.]. 1983. Appendix: Laboratory values of clinical 
importance. Harrison's Principles of Internal Medicine. Tenth edition, McGraw Hill. New York.  

Sarafian TA, DE Bredesen, MA Verity. 1996. Cellular resistance to methylmercury. NeuroToxicology 17(1):27-36 
Schroeder WH & J Munthe. 1998. Atmospheric mercury—an overview. Atmospheric Environment 32(5):809-822 
Stern AH. 1997. Estimation of the interindividual variability in the one-compartment pharmacokinetic model for methylmercury: 

implications for the derivation of a reference dose. Regulatory Toxicology and Pharmacology 25:277-288 

 44



Stern AH, LR Korn. 2001. How useful is linear regression analysis in detecting the existence of dose-response relationships in large-scale 
epidemiologic studies when only a fraction of the population is sensitive? The case of methylmercury. Regulatory Toxicology 
and Pharmacology 33:29-36 

Stone NJ. 1996. Fish consumption, fish oil, lipids and coronary heart disease. Circulation 94:2337-2340 
Strange RC & AA Fryer. 1999. The glutathione S-transferases: Influence of polymorphism on cancer susceptibility. Metabolic 

Polymorphisms and Susceptibility to Cancer. IARC Scientific Publications No. 148. International Agency for Research on 
Cancer, Lyon. Chapter 19, pp 231-249 

Strange RC, MA Spiteri, S Ramachandran, AA Fryer. 2001. Glutathione-s-transferase family of enzymes. Mutation Research 482:21-26  
Sverdrup H. 2000. Setting critical limits for mercury, cadmium and lead to be used in calculation of critical loads for different receptors. 

Background paper to Ad Hoc Expert workshop at Bratislava, 2000. 
Sverdrup H & M Ashmore. 2001. The Ad Hoc Expert group on critical limits; Setting critical limits for mercury, cadmium and lead to be 

used in calculation of critical loads for different receptors. Conclusion from the Ad Hoc Expert meeting on setting critical limits 
for heavy metals. 11-13 October 2000 in Bratislava, Slovakia.  

US-EPA. 1997. Mercury Study Report to Congress. Volume I: Executive Summary. Office of Air Quality Planning & Standards, and 
Office of Research and Development. Environmental Protection Agency. United States of America. Vol I, Sec 3, pp 26-29 

US-EPA. 2001. Mercury update: Impact on fish advisories. United States Environmental Protection Agency, Office of Water 4305. EPA-
823-F-01-011. 

Von Rein K & LD Hylander. 2000. Experiences from phasing out the use of mercury in Sweden. Regional Environmental Change 1(3-
4):126-134 

Weihe P, P Grandjean, F Debes, R White. 1996. Health implications for the Faroe Islanders of heavy metals and PCBs from pilot whales. 
The Science of the Total Environment 186:141-148 

Westphal GA, A Schnuch, TG Schulz, K Reich, W Aberer, J Brasch, P Koch, R Wessbecher, C Szliska, A Bauer, E Hallier. 2000. 
Homozygous gene deletions of the glutathione S-transferases M1 and T1 are associated with thimerosal sensitization. 
International Archives of Occupational and Environmental Health 73:384-388  

Wheatley B & MA Wheatley. 2000. Methylmercury and the health of indigenous peoples: a risk management challenge for physical and 
social sciences and for public health policy. The Science of the Total Environment 259:23-29 

Wheatley MA. 1997. Social and cultural impacts of mercury pollution on aboriginal peoples in Canada. Water, Air and Soil Pollution 
97:85-90  

WHO. 1990. Environmental Health Criteria 101. Methylmercury. World Health Organization, Geneva 
Young JF, WD Wosilait, RH Luecke. 2001. Analysis of methylmercury disposition in humans utilizing a PBPK model and animal 

pharmacokinetic data. Journal of Toxicology and Environmental Health, Part A, 63:19-52 

 45



Appendix A: STELLA Diagram of the Modified Biological Model 
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The diagram above is STELLA’s graphical representation of the Modified Biological Model, and was included to 
allow the interested reader to test the model on his/her computer. It consists of three general parts: (1) a network 
of boxes and arrows on the upper right-hand side, which represent the kinetics of organic mercury in Figure 2a; 
(2) a network of boxes and arrows on the bottom part, which represent the kinetics of inorganic mercury in 
Figure 2b; and (3) a network of circles and arrows on the upper left-hand side, which represent the various 
calculations which allow the model to calculate both the RBC and hair mercury concentration from blood 
methylmercury. The STELLA code corresponding to the above figure is given in Appendix B. 
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Appendix B: STELLA Code of the Modified Biological Model 
 
{Body Compartments of Organic Mercury} 
 
Body_organic(t) = Body_organic(t - dt) + (Absorptn - QH - QU - QF - QI) * dt 
  
INIT Body_organic = 0 
 INFLOWS: 
  Absorptn = k_abs * GI_organic {intestinal absorption} 
 OUTFLOWS: 
  QH = k_QH * Body_organic  {body to hair outflow} 
  QU = k_QU * Body_organic  {body to urine outflow} 
  QF = k_QF * Body_organic  {body to feces outflow} 
  QI = k_QI * Body_organic  {metabolism to inorganic mercury} 
GI_organic(t) = GI_organic(t - dt) + (Intake - Absorptn) * dt 
  
INIT GI_organic = 0 
 INFLOWS: 
  Intake = d * Body_Weight  {daily intage from the diet} 
 OUTFLOWS: 
  Absorptn = k_abs * GI_organic {absorption by the body} 
Feces_organic(t) = Feces_organic(t - dt) + (QF) * dt 
  
INIT Feces_organic = 0 
 INFLOWS: 
  QF = k_QF * Body_organic  {body to feces inflow} 
Hair_organic(t) = Hair_organic(t - dt) + (QH) * dt 
  
INIT Hair_organic = 0 
 INFLOWS: 
  QH = k_QH * Body_organic  {body to hair inflow} 
Urine_organic(t) = Urine_organic(t - dt) + (QU) * dt 
 INIT Urine_organic = 0 
 INFLOWS 
  QU = k_QU * Body_organic  {body to urine inflow} 
 
{Body Compartments of Inorganic Mercury} 
 
Inorganic_pool(t) = Inorganic_pool(t - dt) + (QI) * dt 
 
 INIT Inorganic_pool = 0 
 INFLOWS: 
  QI = k_QI * Body_organic  {metabolism to inorganic mercury} 
Blood_inorganic(t) = Blood_inorganic(t - dt) + (LB + KB + BrB - BF - BH - BK - BBr) * dt 
  
INIT Blood_inorganic = 0 
 INFLOWS: 
  LB = k_LB * Liver_inorganic  {liver to blood inflow} 
  KB = k_KB * Kidney_inorganic  {kidney to blood inflow} 
  BrB = k_BrB * Brain_inorganic  {brain to blood inflow} 
 OUTFLOWS: 
  BF = k_BF * Blood_inorganic  {blood to feces outflow} 
  BH = k_BH * Blood_inorganic  {blood to hair outflow} 
  BK = k_BK * Blood_inorganic  {blood to kidney outflow} 
  BBr = k_BBr * Blood_inorganic {blood to brain outflow} 
Brain_inorganic(t) = Brain_inorganic(t - dt) + (BBr - BrB) * dt 
 INIT Brain_inorganic = 0 
 INFLOWS: 
  BBr = k_BBr * Blood_inorganic {blood to brain inflow} 
 OUTFLOWS: 
  BrB = k_BrB * Brain_inorganic  {brain to blood outflow} 
Kidney_inorganic(t) = Kidney_inorganic(t - dt) + (BK - KB - KU) * dt 
 
 INIT Kidney_inorganic = 0 
 INFLOWS: 
  BK = k_BK * Blood_inorganic  {blood to kidney inflow} 
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 OUTFLOWS: 
  KB = k_KB * Kidney_inorganic  {kidney to blood outflow} 
  KU = ( k_KU * Kidney_inorganic ) + ( k_BU * Blood_inorganic ) {outflow to urine} 
Liver_inorganic(t) = Liver_inorganic(t - dt) + (Inorganic_Load - LB - LF) * dt 
  
INIT Liver_inorganic = 0 
 INFLOWS: 
  Inorganic_Load = d_BL * Blood_organic {metabolism to inorganic mercury} 
 OUTFLOWS: 
  LB = k_LB * Liver_inorganic  {liver to blood outflow} 
  LF = k_LF * Liver_inorganic  {liver to feces outflow} 
Feces_inorganic(t) = Feces_inorganic(t - dt) + (LF + BF) * dt 
  
INIT Feces_inorganic = 0 
 INFLOWS: 
  LF = k_LF * Liver_inorganic  {liver to feces inflow} 
  BF = k_BF * Blood_inorganic  {blood to feces inflow} 
Hair_inorganic(t) = Hair_inorganic(t - dt) + (BH) * dt 
 INIT Hair_inorganic = 0 
 INFLOWS: 
  BH = k_BH * Blood_inorganic  {blood to hair inflow} 
Urine_inorganic(t) = Urine_inorganic(t - dt) + (KU) * dt 
  
INIT Urine_inorganic = 0 
 INFLOWS 
  KU = ( k_KU * Kidney_inorganic ) + ( k_BU * Blood_inorganic ) 
 
{Subcompartments of Organic Mercury} 
 Blood_organic = Body_organic / K 
 Brain_organic = k_Br * Blood_organic 
 Kidney_organic = k_K * Blood_organic 
 Liver_organic = k_L * Blood_organic 
 Rest_organic = k_R * Blood_organic 
 
{Pharmacokinetic Parameters from Carrier et al 2001b} 
 K = 12.987   k_abs = 5.5440  k_BBr = 0.0028  k_BF = 3.9917 
 k_BH = 0.1400   k_BK = 17.1234  k_Br = 0.007134  k_BrB = 0.0520 
 k_BU = 0.06994  k_K = 0.1140  k_KB = 0.0010  k_KU = 0.006949 
 k_L = 0.1490   k_LB = 0.8940  k_LF = 1.5476  k_QF = 9.0668e-5 
 k_QH = 2.3825e-4  k_QI = 0.01347  k_QU = 0   k_R = 2.0254 
 d_BL = 0.1750 
 
{Input Variables} 
 d = 0.1  {daily dose of methylmercury in micrograms per kilogram body weight} 
 
{Output Variables} 
 C_blood = Blood_organic / Blood_Volume  {blood concentration in micrograms per ml} 
 C_RBC = RBC / RBC_mass   {RBC concentration in micrograms per gram} 
 C_hair = C_blood * P_hair_blood   {hair concentration in ppm} 
 
{Partitioning of methylmercury in blood to the RBC} 
 Body_Weight = 70   {assumed average body weight in kilograms} 
 Blood_Fraction = 67    {males 69 ml/kgBW; females 65 kg/kgBW } 
 Blood_Volume = Blood_Fraction  * Body_Weight 
 
 RBC_fraction = 27.5    {males 30 mL/kgBW; females 25 mL/kgBW } 
 RBC_Volume = RBC_fraction * Body_Weight 
 RBC_mass = RBC_Volume * 1.1104 {g/ml } 
 
 P_RBC_plasma = 12    {RBC:plasma partition coefficient}} 
 RBC = P_RBC_plasma * Blood_organic  / ( P_RBC_plasma + 1 ) 
 
{Partitioning of mercury into hair] 
 P_hair_blood = EXP(log_P_hair_blood) {hair:blood partition coefficient} 
 log_P_hair_blood = 5.516247   {natural logarithm of the hair:blood partition coefficient}  
 
{end of STELLA code} 
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