
versite
de
a, H3C 3J7

e
M
E

Toxicology and Applied Pharmacology171,50–60 (2001)
doi:10.1006/taap.2000.9113, available online at http://www.idealibrary.com on
A Toxicokinetic Model for Predicting the Tissue Distribution and
Elimination of Organic and Inorganic Mercury Following Exposure

to Methyl Mercury in Animals and Humans. II. Application
and Validation of the Model in Humans
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A Toxicokinetic Model for Predicting the Tissue Distribution
and Elimination of Organic and Inorganic Mercury Following
Exposure to Methyl Mercury in Animals and Humans. II. Appli-
cation and Validation of the Model in Humans. Carrier, G., Bou-
chard, M., Brunet, R. C., and Caza, M. (2001). Toxicol. Appl.
Pharmacol. 171, 50–60.

The objective of this study was to develop a biologically based
dynamical model describing the disposition kinetics of methyl
mercury and its inorganic mercury metabolites in humans fol-
lowing different methyl mercury exposure scenarios. The model
conceptual and functional representation was similar to that
used for rats but relevant data on humans served to determine
the critical parameters of the kinetic behavior. It was found that
the metabolic rate of methyl mercury was on average 3 to 3.5
times slower in humans than in rats. Also, excretion rates of
organic mercury from the whole body into feces and hair were
100 and 40 times smaller in humans, respectively, and urinary
excretion of organic mercury in humans was found to be neg-
ligible. The human transfer rate of inorganic mercury from
blood to hair was found to be 5 times lower than that of rats. On
the other hand, retention of inorganic mercury in the kidney
appeared more important in humans than in rats: the transfer
rate of inorganic mercury from blood to kidney was 19 times
higher than in rats and that from kidney to blood 19 times
smaller. The excretion rate of inorganic mercury from the
kidney to urine in humans was found to be twice that of rats.
With these model parameters, simulations accurately predicted
human kinetic data available in the published literature for
different exposure scenarios. The model relates quantitatively
mercury species in biological matrices (blood, hair, and
urine) to the absorbed dose and tissue burden at any point in
time. Thus, accessible measurements on these matrices allow
inferences of past, present, and future burdens. This could
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rove to be a useful tool in assessing the health risks associated
ith various circumstances of methyl mercury exposure. © 2001

cademic Press
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Methyl mercury is a well-known neurotoxic substance
humans (Bakiret al., 1973; Al-Saleemet al., 1976). Expo
sure occurs mainly through consumption of contamin
fish and shellfish (Birkeet al., 1972; Weatley and Parad
1995; Mahaffey, 1999). Outbreaks of methyl mercury
soning in Japan (Tsubaki and Irukayama, 1977) and
(Bakir et al., 1973) have led researchers to documen

ealth risks associated with methyl mercury exposu
owever, the relationship between dose, biological mar
f exposure, and target tissue concentrations of me

orms at any point in time and for different exposure s
arios needs to be further investigated.
The objective of the present study was to adapt to hum
biologically based dynamic model of methyl mercury

norganic metabolites disposition kinetics previously de
ped using experimental data in rats (see companion p
arrier et al., 2001). The model was first constructed
stablishing the biological determinants of methyl merc
isposition using a set of experimental data in rats. Di
ntial equations that describe the temporal changes in t
r compartment uptake and loss were first derived
olved by making extensive use of the different time sc
nvolved in the biological processes. For humans, the m
arameters were determined directly by stepwise fittin

he available data on blood, hair, and excreta time-co
urves. Once validated in humans, the model can be us
rovide new insights into the significance of using spe
iological matrices for evaluating the extent of exposur
ethyl mercury.
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51MODELING OF METHYL AND INORGANIC MERCURY KINETICS
METHODS

Adaptation of the Model to Human Data

Conceptual and functional representation.The multicompartment dy
namical model developed to simulate the disposition kinetics of organi
inorganic forms of mercury following exposure to methyl mercury in
(Carrieret al., 2001) was applied to human data, taking into account app
differences in the toxicokinetics between rats and humans. For pra
reasons, the model detailed in the companion paper (Carrieret al., 2001) is
again presented in Figs. 1 and 2. Symbols and abbreviations used
functional representation of the model are described in Table 1. The
difference in model representation between rats and humans is the inclus
rats of some reabsorption of organic mercury through ingestion of hair d
grooming as well as a transfer of inorganic mercury from ingested hair to
inorganic mercury not being easily absorbed from the gastrointestina
(Farris et al., 1993). Otherwise, to adapt the model to human data, on
values of the intercompartment transfer rates and the tissue–blood pa
coefficients needed to be modified.

Differential equations modeling the essential features of intercompar
processes are detailed in the first article of this series (Carrieret al., 2001). In
particular, the model is capable of relating mathematically the amoun
organic and inorganic mercury observed in hair segments to the doses ab
and the burdens of diverse organs as they evolve with time. This is usefu
for the biological monitoring of exposure to mercury in humans mer
concentrations in consecutive centimeter or half-centimeter segments o
hair (cut as close as possible to the scalp) are often measured.

Determination of parameters. It is important to note that all the fre
parameters (transfer rates) to be estimated have roles similar to those
in the first article on rats (Carrieret al., 2001) and are presented in Tabl
Contrary to the data of Farriset al. (1993) for rats, detailed tissue distribut
and excretion kinetics of organic and inorganic forms of mercury over
periods of time were not available, to our knowledge, from the publi
literature. However, disposition kinetics of total mercury (the sum of org

FIG. 1. Conceptual representation of organic mercury kinetics. Sym
and abbreviations are described in Table 1.
nd

nt
al

the
le
for
g
s,
ct
e

ion

nt

of
rbed
ce

y
alp

ned

e
d

ic

and inorganic forms) over several weeks or months together with
estimates of the fraction of organic and inorganic forms in human blood
or excreta have been provided by several authors (Smithet al.,1994; Aberget
al., 1969; Miettinenet al., 1971; Kershawet al., 1980). These data, wh
incorporated in the model, are sufficient to establish links between exp
dose, tissue burdens, and biological matrices. Furthermore, these data
parameters to be determined so that all the simulations are consistent w
experimental data of the various authors. Empirically, it was found that o
narrow range of values for each parameter allowed this consistency with
data sets. The next sections describe the method used to determine the
parameters appropriate to human data.

Organic mercury kinetics. For the modeling of organic mercury kineti
the free parameters were determined as follows. Absorption was cons
very rapid (the time of digestion of the meal which is about 3 h) compar
the methyl mercury elimination half-life of several weeks. The absorption
kabs of 5.544 days21 corresponds to an absorption half-life of 3 h. The abs-
ion fraction (fabs) was taken equal to unity since virtually 100% is abso
according to Aberget al. (1969) and Miettinenet al. (1971). According to
Smith et al. (1994), it was estimated that on average 7.7% of an intrave
dose was deposited in the blood volume after a rapid tissue distribution
proportionality constantK between whole body and blood burden of orga
mercury [K 5 Q°(t)/B°(t)] was therefore estimated to beK 5 100/7.7 5
12.9870.

No methyl mercury was detected in urine in the study of Smithet al. (1994),
which is one of the few studies where organic and inorganic mercury for
urine were distinguished; hence, the transfer coefficientkQU was considere
egligible. Again according to Smithet al. (1994), only a very small percen
ge of total mercury in feces was in the form of organic mercury. F
ontained on the average 3.5% of methyl mercury from 1 to 8 days follo
xposure, 2.3% from 11 to 30 days and 1.5% from 36 to 71 days. The tr
oefficientkQF was therefore adjusted to obtain a visual best fit based o

available data on the kinetics of total mercury in feces (Aberget al., 1969
Miettinenet al., 1971; Smithet al., 1994) and the fraction of organic merc
in feces reported by Smithet al. (1994).

Smith et al. (1994) mentioned that blood contained predominantly me
mercury; on average 98% of total mercury in blood was in the organic
from 0 to 56 h and 98.1% from 3 to 7 days. The metabolism rate constakQI

was therefore adjusted to allow a good prediction of the kinetics of
mercury in human blood when compared to the data of Aberget al. (1969),

ls

FIG. 2. Conceptual representation of inorganic mercury kinetics. Sym
and abbreviations are described in Table 1.
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52 CARRIER ET AL.
Miettinenet al. (1971), Kershawet al. (1980), and Smithet al. (1994) and o
the fraction of organic mercury in blood reported by Smithet al. (1994).

The transfer constant of organic mercury from body burden to hair,kQH, was
djusted to fit the data of Kershawet al. (1980) on the time course of to
ercury in hair multiplied by 0.80. This latter value corresponds to the fra
f organic mercury in hair that was found by several authors, whateve
xposure scenario (acute, subchronic, or chronic exposure). They repor
rganic mercury is usually the predominant form of mercury in hair samp

ndividuals exposed mainly to the organic form of mercury. In fact, in m
ircumstances, organic mercury represents more than 70–80% of tota
ury in scalp hair (Bakiret al., 1973; Phelpset al., 1980; Lee and Lee, 199
Whereas for rats, detailed tissue concentration–time profile data al

TAB
Symbols and Abbreviations Used in the Functional

Variables and parameters

Organic mercury
Variables

g(t) Oral dose which can descri
GI8(t) Burden of organic mercury
Q8(t) Whole body burden of orga
B8(t) Burden of organic mercury
L8(t) Burden of organic mercury
K8(t) Burden of organic mercury
Br8(t) Burden of organic mercury
R8(t) Burden of organic mercury
H8(t) Cumulative burden of organ
U8(t) Cumulative burden of organ

F°(t) Cumulative burden of organ
I(t) Whole body and excreta bu

Constants
K Constant ratioQ8(t)/B8(t)
kabs Oral absorption rate consta
kQI Metabolism rate constant o
kQF Whole body to feces transfe
kQU Whole body to urine transfe
kQH Whole body to hair transfer
kelim Whole body elimination rate

Inorganic mercury
Variables

Bi(t) Burden of inorganic mercur
L i(t) Burden of inorganic mercur
K i(t) Burden of inorganic mercur
Br i(t) Burden of inorganic mercur
H i(t) Cumulative burden of inorg
U i(t) Cumulative burden of inorg
F i(t) Cumulative burden of inorg

Constants
dBL Blood to liver transfer coeffi
dBBr Blood to brain transfer coef
kLB Liver to blood transfer coeffi
kBK Blood to kidney transfer coe
kKB Kidney to blood transfer co
kKU Kidney to urine transfer coe
kBH Blood to hair transfer coeffi
kBU Blood to urine transfer coef
kBF Blood to feces transfer coe
kLF Liver to feces transfer coeffi
kBBr Blood to brain transfer coef
kBrB Brain to blood transfer coef
n
he
that
of
t
er-

ed

etermination of tissue-blood partition coefficients, this was not possib
umans for lack of similar data sets.

Inorganic mercury kinetics. For the modeling of inorganic mercury
etics, the transfer parameters were determined as follows. The rate c

BH was adjusted to fit the data of Kershawet al. (1980) on the time course
otal mercury in hair multiplied by a fraction such that inorganic mercu
air was less than 20% of total mercury as found by Bakiret al. (1973), Phelp
t al. (1980), and Lee and Lee (1999).
Differences in mercury kinetics between rats and humans can al

attributed to variations in the renal handling of inorganic forms of mercur
particular, there seems to be a higher retention of inorganic mercury
human kidney due to binding to metallothionein compared to rats (Zaluet

1
resentation of the Model Adjusted to Human Data

Description

time varying inputs
he gastrointestinal tract as a function of time
mercury excluding hair and excreta as a function of time
lood as a function of time

iver as a function of time
idney as a function of time
rain as a function of time

he rest of the body as a function of time
ercury in hair as a function of time
ercury in urine as a function of time
ercury in feces as a function of time

n of inorganic mercury as a function of time

ganic mercury to inorganic mercury
oefficient of organic mercury
oefficient of organic mercury
efficient of organic mercury
nstant of organic mercury

blood as a function of time
liver as a function of time
kidney as a function of time
brain as a function of time
mercury in hair as a function of time
mercury in urine as a function of time
mercury in feces as a function of time

nt combined with liver metabolism rate constant of organic mercury
nt combined with brain metabolism rate constant of organic mercury
nt of inorganic mercury
ient of inorganic mercury
ient of inorganic mercury
ient of inorganic mercury
t of inorganic mercury
nt of inorganic mercury

ent of inorganic mercury
nt of inorganic mercury
nt of inorganic mercury
nt of inorganic mercury
LE
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53MODELING OF METHYL AND INORGANIC MERCURY KINETICS
al., 1993; Hellemanset al., 1999; Yoshibaet al., 1999). Renal constantskBK,

KB, andkKU and fecal constantskLF andkBF were therefore adjusted to fit t
data of Miettinenet al. (1971) on the daily urinary and fecal excretion of to
mercury and on the time course of the whole-body fraction of total mercu
blood as well as the data of Aberget al. (1969) on the time courses of to
mercury cumulative urinary and fecal excretion.

A coherence test was carried out by verifying that the previously estim
values of the renal and fecal parameters provided a good visual fit to th
profile of total mercury in blood established by Kershawet al. (1980). Data
from Smithet al. (1994) on the cumulative urinary and fecal excretion of t
mercury as well as on the blood–time profile were used to corroborate
estimated for the renal and fecal constants. It was also verified th
parameter values yielded the correct fraction of organic mercury in bloo
feces described by Smithet al. (1994), hence that of inorganic mercury
difference.

Blood–brain exchange parameters for inorganic mercury and brain m
olism rate constant {kBBr, kBrB, dBBr} could not be determined specifically f
umans for lack of time profile data. Since the amount of inorganic merc

he brain is very small compared to the total inorganic mercury burden (
at at most 0.011%), precise knowledge of its value was not necess
etermine the mercury kinetics in other organs, blood, hair, and excre
efault, the exchange parameters used were the same as those for rats
t al., 2000). Also, varying the liver to blood transfer ratekLB and the blood t

urine secretion ratekBU had no significant impact on the kinetics of inorga
mercury in humans and therefore, values were kept as determined us
detailed data on rats provided by Farriset al. (1993).

Model simulation. Mathematical resolution of the complete model,
represented by the system of differential equations (see the first article
series, Carrieret al., 2001), was carried out using the numerical Runge–K
method. A professional edition of Mathcad PLUS Software (MathSoft,
Cambridge, MA) was used for this purpose and to provide model simula
As mentioned in the article on rats, this model can predict the burde
organic and inorganic mercury in tissues, blood, hair, or excreta at any
in time after a variety of exposure scenarios to methyl mercury: si
intermittent, or continuous.

Model Validation

Once the parameters were determined using the previously mentione
the model was validated using the data of Sherlocket al. (1984) and Birkeet
al. (1972).

RESULTS

Model Parameters Adjusted to Human Data

Model parameters adjusted to the available human da
provided in Table 2 (see Table 1 for description of symbols
abbreviations). These values can be compared to those
mined using data on rats (see companion paper, Carrieret al.,
2001). As observed in rats, absorption of methyl mercury
very rapid (2–3 h) compared to its whole-body elimination
kelim, which represents the sum of excretion rates of the org
orm from the body together with the metabolism rate
norganic mercury (kelim 5 kQF 1 kQU 1 kQH 1 kQI). Organic
mercury in feces, urine, and hair was found in humans to
much smaller amounts than in rats. The human transfe
constantkQF of organic mercury from the whole-body burd
o feces was 100 times lower than in rats. The transfer
onstantkQU from the whole-body burden to urine was found

be negligible. The value of the human transfer coefficienkQH
in
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from the whole-body burden to hair was 40 times less than
obtained for rats.

The human metabolism rate constant of organic mer
into inorganic mercurykQI was on average 3 to 3.5 times low
than that of rats. This parameter is likely subject to interi
vidual variations. To best fit the data of various authors, thkQI

value was adjusted to 0.01437, 0.01347, 0.01232, 0.0130
0.005672 days21 to obtain a whole-body elimination half-li
of organic mercury (0.693/kelim) corresponding to 47.1 days
t data of Aberget al. (1969), 50.2 days for those of bo
mith et al. (1994) and Miettinenet al. (1971), 54.8 days fo

hose of Kershawet al. (1980), 51.7 days for those of Sherlo
t al. (1984), and 115.5 days for those of Birkeet al. (1972),
espectively.

The human transfer rate coefficientkBH of inorganic mercur
from blood to hair was found to be 5 times lower than in r
On the other hand, kidney retention was much more impo
in humans than in rats. This brought about a human tra
rate constantkBK of inorganic mercury from blood to kidney
imes higher than in rats and a human transfer coefficientkKB of
inorganic mercury from kidney to blood 19 times sma
Furthermore, the transfer ratekKU of inorganic mercury from
human kidney to urine was twice that of rats. As mentio
previously, the other parameters for inorganic mercury kin
did not appear to be significant determinants of the dispos

TABLE 2
Numerical Values of Constant Parameters Used in the Model

Adjusted to Human Data

Constant parameters Values (days21)a

Organic mercury
K 12.9870
kabs 5.5440
kQI 0.01347b

kQF 9.06683 1025

kQU '0
kQH 2.38253 1024

kelim 0.01380
Inorganic mercury

dBL 0.1750
dBBr

c !dBL

kLB
d 0.8940

kBK 17.1234
kKB 0.0010
kKU 0.006949
kBH 0.1400
kBU

d 0.06994
kBF

d 3.9917
kLF

d 1.5476
kBBr

d 0.0028
kBrB

d 0.0520

a ExceptK which is a ratio and not a rate as are the other parameter
b Average value.
c The value ofdBBr was considered very small compared to that ofdBL.
d The value was kept as in rats.
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54 CARRIER ET AL.
of inorganic mercury in humans and were thus left as d
mined in rats.

Simulation of the Time Course of Mercury Disposition aft
Acute Exposure in Humans

Figure 3 shows that the model simulates the data obtain
Aberg et al. (1969) on the time course of total mercury bo
burden in three male volunteers exposed orally to a single
of 11mg of methyl mercuric nitrate. It is interesting to note t
whole-body elimination of total mercury appears log-lin
over more than 100 days (see Fig. 4). However, when s
lating the profile over a larger time span, total mercury e
ination from the body is shown to be multiphasic. Inde
during the first 100 days postexposure, both organic and
ganic forms contribute to total mercury body burden in su
way as to indicate a quasi log–linear feature. However,
300 days, mostly inorganic mercury remains in the body an
elimination does not follow a log–linear pattern. With time,
kinetics of total mercury body burden approaches that o
organic mercury whose elimination is multiexponential.

Figure 5 compares model simulations to the experimen

FIG. 3. Comparison of model simulations (lines) with experimental
symbols which represent values from a single individual) of Aberget al.
1969) on the time course of total mercury body burden over close to 200
n three volunteers (A, B, C) exposed orally to 11mg of methyl mercuri
nitrate.
r-

by

se
t
r
u-
-
,
r-
a
er
its

-

ly

observed time course of total mercury cumulative excretio
urine and feces as determined by Aberget al. (1969). Predic
tions were in the same value range as those observed e
mentally, although the model slightly underestimated the
nary and fecal excretion. Figure 5 also shows that f
contains mainly (.98%) inorganic mercury (total mercury

a

ys

FIG. 4. Comparison of model simulations of the whole-body burden
profiles of total (—), organic (- - -), and inorganic (2 2F2 2) mercury ove

000 days with the corresponding time courses of total mercury experime
etermined by Aberget al. (1969) in three volunteers (symbolsE, 3, and1)

ollowing an acute oral exposure to 11mg of methyl mercuric nitrate.

FIG. 5. Comparison of model simulations of the time-dependent cum
tive urinary (U) and fecal (F) excretion profiles of total (—) and inorg
(- - -) mercury (total and inorganic mercury curves overlap), over 50
approximately, with the corresponding time courses of total mercury ex
mentally determined by Aberget al. (1969) in two volunteers (symbols3 and
E for urine; 1 andM for feces) exposed orally to 11mg of methyl mercuri
nitrate.
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55MODELING OF METHYL AND INORGANIC MERCURY KINETICS
inorganic mercury curves almost overlap). In urine, only
inorganic form of mercury is found.

The model also predicts the time course of daily urinary
fecal excretion of total mercury in volunteers exposed oral
an acute dose of 22mg of methyl mercury nitrate through fi
consumption when compared to the data of Miettinenet al.
(1971) (see Fig. 6). Only in the first few days postexposur
observed fecal excretion values of total mercury higher
predicted values.

Figure 7 shows that the model provides a close approx
tion to the concentration–time profile of total mercury in bl
and hair as determined by Kershawet al. (1980) in male
volunteers exposed orally to a single dose of 20mg of methy

ercury per kilogram of body weight through fish consu
ion. It is also apparent that blood contained essentially
rganic form of mercury (organic and total mercury kine
verlap) over 200 days postexposure and that organic me
ccounted for more than 80% of total mercury in hair.
odel, naturally enough, also provided a good fit to the da
mithet al. (1994), which were mainly used for the estimat
f model parameters (Fig. 8).

FIG. 6. Comparison of model simulations (lines) with experimental
symbols which represent mean values) of Miettinenet al. (1971) on the tim

courses of daily urinary (A) and fecal (B) excretion of total mercury
approximately 200 days in volunteers following an acute oral exposure
mg of methyl mercuric nitrate through fish consumption.
e

d
o

re
n
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-
e

s
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alidation of the Model

Comparison of model simulations to the available dat
olunteers subchronically or chronically exposed to me
ercury shows that the model applies equally well to mul
xposure scenarios. Indeed, simulations were in close a
ent with the data of Sherlocket al. (1984) on the bloo

oncentration–time profile of total mercury in volunteers
osed to either 42, 77, 101, or 226mg per day of methy
ercury through fish consumption over 3 months as pres

n Figs. 9A–9D.
The model also simulates the data of Birkeet al. (1972) on

he elimination kinetics of total mercury concentrations in
lood cells and hair after a chronic exposure to methyl mer

hrough fish consumption (see Fig. 10). According to the m
redictions, because of regular intake, organic mercury r
ents a larger fraction of total mercury concentrations in b
nd hair over the respective 770 and 945 days experim

FIG. 7. Comparison of model simulations of the concentration–time
files of total (—), organic (- - -), and inorganic (2 2F2 2) mercury in blood
(A) (total and organic mercury blood curves practically overlap) and hair
with the corresponding time courses of total mercury experimentally d
mined by Kershawet al. (1980) in blood, over approximately 165 days, an
13 consecutive 0.5 cm hair strands of volunteers (symbols which rep
mean values) exposed orally to an acute dose of'20mg of methyl mercury pe
kg of body weight through fish consumption.
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56 CARRIER ET AL.
sampling period, compared to the situation after a single
posure.

The model allows as well the prediction of the time-dep
dent disposition of organic and inorganic mercury (expre
as a fraction of absorbed daily unit dose) during a chr
continuous oral exposure to methyl mercury. These sim
tions show that, after 1 to 2 years of exposure, near steady
levels are reached for organic and inorganic mercury bur
in blood, as well as for inorganic mercury levels in liver a
brain. The values predicted are, respectively, 5.6 and
times the daily unit dose for organic and inorganic mercu
blood, and 0.4 and 1023 times the daily unit dose for inorgan
mercury in liver and brain (simulations not shown). On
other hand, equilibrium between tissue uptake and elimin
is reached only after 5 years for inorganic mercury in kid
with a steady state value of 40 times the absorbed daily
dose of methyl mercury (simulations not shown).

Unfortunately, the data available in humans do not allow
validation of the kinetics of organic mercury in liver, kidn
and brain. Nonetheless, the model predictions provide a
proximation of liver and kidney asymptotic values which
indirectly adjusted to ensure congruence with the blood
centration–time profile and the urinary and fecal excretion
courses. As for the predicted brain asymptotic values, the
tentative and can be viewed as giving an order of magnitud
this ratio since they are not directly or indirectly determi
from human data, but are rather merely an extrapolation
a combination of human and rat constants.

Following a chronic continuous exposure to methyl m
cury, it is further interesting to note that the model predicts
the ratios of daily excretion rate of organic to inorganic m

FIG. 8. Comparison of model simulations (lines) with experimental
symbols which represent mean values) of Smithet al. (1994) on the whole

body (Q) and blood (B) burden–time profiles of total mercury over 70 da
volunteers exposed intravenously to approximately 3.85mg of methyl mer
ury.
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cury in hair and in feces become constant after 1 or 2 yea
continuous exposure with values of about 6.6 for hair (s
lations not shown) and 1/105 for feces (simulations
shown). The ratio of fecal-to-urine daily excretion rate
inorganic mercury becomes constant after 5 years with a
of 2.5 (simulations not shown).

Chronic exposure scenario simulations also provide th
sue–blood concentration partition coefficients of organic
inorganic mercury at steady state, as listed in Table 3. T
values clearly indicate an important bioaccumulation of
organic and inorganic mercury in hair as well as inorg
mercury in kidney.

DISCUSSION

A biologically based dynamical model of the uptake
disposition of methyl mercury in animals and humans has
developed. This model is a refinement of conventional d
based models which allows animal-to-human, route-to-r
comparisons for various exposure scenarios. The main re
ment for the development of such a model is the availabili
extensive amounts ofin vivo experimental data in animals a
humans. An important feature of the current model lies wit
few parameters compared to physiologically based pharm
kinetic (PBPK) models.

Differences in Mercury Kinetics between Rats and Huma

For animal-to-human extrapolation of mercury kinetics,
ical biological determinants of species differences were d
mined. The most obvious difference is the blood conce
tion–time profile of organic mercury which, after a single d
exhibits a monoexponential decrease in humans (Smithet al.,
1994), whereas elimination is biexponential in rats since t
is a feedback loop resulting from the ingestion of hair du
grooming (Farriset al., 1993). In adult monkeys and ca
postdistributive elimination kinetics of organic mercury
blood appears similar to that of humans over 100 to 150
following a single oral methyl mercury exposure (Hollinset
al., 1975; Evanset al., 1977; Rice, 1989).

It is also noteworthy that after a single dose, the inte
distribution quickly settles to a percentage of organic mer
body burden in blood that is different in rats and humans: 7
in humans and 30% in rats. This is built in the model to a
with the observed data of Smithet al. (1994) in humans an
Farriset al. (1993) in rats. Conversely, the model simulati
predict a maximum total inorganic mercury burden of the b
is 16.10% in humans and 5.60% in rats of the administ
methyl mercury dose. This might account for a higher t
potential from methyl mercury exposure in humans (per
gram of body weight) since inorganic metabolites are tho
to be responsible for much of the neurotoxic effects induce
methyl mercury (Friberg and Mottet, 1989; Charlestonet al.,
1994; Vahteret al., 1994). However, for humans, the high lo
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of inorganic mercury in the kidney (Ki(t)), compared to bloo
Bi(t)), might leave less inorganic mercury circulating in blo

and available for transfer to the brain.
In addition, when comparing model simulations of me

mercury kinetics between animals and humans, as we
literature data, it is evident that elimination kinetics is slowe
humans. These findings can be explained in part by the us
slower metabolic rate in humans compared to rats. In
current study, a single set of values for model parameter
been found to apply to all human subjects studied excep
the noteworthy metabolism rate constant. This paramete
vary substantially from one individual to another as a resu
differences in the rate of demethylation and conjugation
Shahristani and Shihab, 1974; Al-Shahristaniet al., 1976)

a
concentration–time profile of total mercury in four groups of volunteers d
and following approximately 96 days of exposure to 42 (A), 77 (B), 101
or 226 (D)mg per day of methyl mercury through fish consumption.

FIG. 10. Comparison of model simulations of the concentration–
profiles of total (—), organic (- - -) (total and organic mercury curves pr
cally overlap), and inorganic (2 2F2 2) mercury in red blood cells (A) an
hair (B) with the corresponding time courses of total mercury experime
determined by Birkeet al. (1972) over approximately 1000 days follow
everal years of exposure to 800mg of methyl mercury per day through fi
onsumption in a volunteer (symbols).
FIG. 9. Comparison of model simulations (lines) with experimental
symbols which represent mean values) of Sherlocket al. (1984) on the bloo
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58 CARRIER ET AL.
Variability in the biological half-life of methyl mercury
humans is quite substantial as shown by Al-Shahristaniet al.
(1976) ranging from 35 to 120 days. According to mo
simulations of kinetic profiles described in various stud
most half-life values required by the model to fit the d
ranged between 45 and 55 days except for the data of Biet
al. (1972), where elimination half-life in one volunteer was
days.

Another important aspect of species differences in elim
tion kinetics is the greater tissue blood flow rate in sm
species than in larger species (Boxenbaum, 1980), result
chemicals being more rapidly carried to organs of clearan
smaller mammals. Indeed, in the current study, to adequ
simulate data in humans starting from the model for
transfer rates of organic mercury to excretory compartm
namely feces, urine, and hair, had to be reduced. Howeve
smaller fecal excretion of organic mercury in humans c
also result from species differences in the biliary excretio
organic mercury, which is partly eliminated in feces thro
this pathway after conjugation to glutathione and its deriva
(Ballatori and Clarkson, 1983). Small rodents such as rats
mice excrete chemical substances to a greater extent int
than larger species (Klaassen and Watkins, 1984). This
nomenon is explained by the higher molecular weight thr
old for biliary excretion in humans (4756 50) compared t
ats (3256 50) (Smith, 1973).

Similarly, inorganic mercury is partly eliminated in fec
hrough biliary excretion, although transfer from blood
ntestinal lumen (i.e., intestinal secretion) also appears to
ignificant excretion route according to animal studies (Za
998; Zalupset al., 1999). The previously mentioned mec
ism would help to understand the relatively higher inorg
ercury excretion in rat feces compared to humans. The
ate route of elimination through urine would thus be pro

ionally more important in humans. This is observed a
igher urinary excretion rate of conjugated inorganic mer

n humans compared to rats. Furthermore, according to
odel simulations and available literature data, there see

TABLE 3
Estimated Human Tissue–Blood Concentration Partition Coef-

cients for Organic, Inorganic and Total Mercury at Near Equi-
ibrium Determined After Simulation of a Chronic Continuous
xposure Over 70 Years

Tissues

Concentration partition coefficientsa

Organic mercury Inorganic mercury Total merc

Hair 291 13,164 333
Kidney — 38,761 —
Liver — 64 —

a Tissue and blood concentrations were estimated by dividing pred
tissue or blood burdens at steady state by weights or volumes repor
Suminoet al. (1975).
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e differences in the renal handling of inorganic merc
etween rats and humans; in particular, there is evidence

ncreased retention of inorganic mercury in the human kid
ue to binding to metallothionein compared to rats (Zalupet
l., 1993; Hellemanset al., 1999; Yoshibaet al., 1999).
On the other hand, in both rats and humans, blood con

redominantly the organic form of mercury which revers
ssociates with proteins or thiol-containing compounds
ause of its high affinity for sulfhydryl groups (Cemberet al.,
968; Sundberget al., 1999). Nonetheless, red blood c
RBCs) to plasma concentration ratio of methyl mercury va
etween rodents and humans (U.S. EPA, 1997) and
esult in differences in tissue distribution. The RBCs to pla
oncentration ratio of methyl mercury has been reported
bout 9–10:1 in humans and 100–200:1 in rats follow
ethyl mercury exposure (Suzukiet al., 1971; Magos, 198
.S. EPA, 1997). There are also differences in the affinit
rganic and inorganic mercury for blood proteins (Suzuket
l., 1971; Hall et al., 1994).Contrary to organic mercur

norganic mercury is equally distributed between erythroc
nd plasma in human blood (ratio 1:1) following inorga
ercury exposure (Hallet al., 1994). Obviously, amounts
ody lipids can also affect tissue distribution, methyl merc
eing lipophilic.
Finally, for humans and rats, the model considers
ethyl mercury either crosses the blood–brain barrier a
emethylated in brain tissues as suggested by some a
Lind et al., 1988; Friberg and Mottet, 1989), or alternativ
t is the inorganic mercury in blood that directly enters
rain to induce its toxic effects (Berlinet al., 1975; Berlin
986) (see article on rats for more details, Carrieret al., 2001)
learly, additional work on this issue is needed to elucidat
echanism of brain toxicity induced by mercury compou

odel Predictions and Human Data

Taking into consideration all the critical determinants
nimal-to-human differences in the kinetics of mercury,
odel predicted adequately the available literature data
odel did however slightly underestimate the initial fe
xcretion of total mercury measured by Aberget al.(1969) and
iettinen et al. (1971). This is likely due to the fact th

virtually all of the orally administered methyl mercury do
was assumed here to be absorbed as reported by Aberget al.
(1969) and Falket al. (1970). If rather a 97% absorption ra
of ingested methyl mercury is applied, a perfect fit is obtai
These figures were not represented in the current articl
cause model parameters were determined assuming a
absorption ratio. Another explanation provided by Smith
Farris (1996) is that the high initial levels of fecal merc
result from the presence of inorganic mercury in the do
materials for both the studies of Aberget al. (1969) and

iettinen et al. (1971).
The model also provided a good fit to the data of Mietti

ed
by
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59MODELING OF METHYL AND INORGANIC MERCURY KINETICS
et al.(1971) on the daily urinary excretion of total mercury
those of Smithet al. (1994) on the cumulative urinary exc
tion of total mercury, although it slightly underestimated
cumulative urinary excretion of total mercury observed
Aberg et al. (1969). Differences between model predicti
and the experimental data of the latter authors possibly
from the substantial recorded variations in the daily urin
excretion of total mercury. This causes an increased u
tainty when expressing values as a cumulative percenta
dose. Increased renal accumulation of inorganic mercury c
also result in an enhanced urinary excretion of the metab
at the expense of fecal excretion.

Importance of Time of Sampling and Metal Speciation

Model simulations of the time course of organic and in
ganic mercury in the whole body as well as in blood and
further illustrate the importance of the time of sampling r
tive to the time of exposure for the biological monitoring
exposure to methyl mercury. For example, since the ur
excretion levels of inorganic mercury, the main form of m
cury in urine (Smithet al.,1994), is strongly influenced by t

istory of past exposure, it is important to determine j
iously the best sampling strategy. Indeed, data ana
Aberget al., 1969) and model predictions show that, altho
norganic mercury excretion in urine is a minor route of me

ercury elimination, it increases with time after a chro
xposure. This is due to the long retention of inorganic m
ury in kidney. It is corroborated by data of Cappon and S
1981) on deceased Canadian Indians who chronically
umed fish with high levels of methyl mercury (.0.5 ppm)
here the mercury accumulated in the kidney was most

he inorganic form, that is, approximately 94%.
Furthermore, model simulations emphasize as well the

or metal speciation to better predict toxic outcomes. In
icular, blood and hair are often used as biological matrice
xposure estimates. According to model simulations, th
anic form of mercury in blood and hair is the predomin
ercury species (more than 90 and 80%, respectively) d
constant exposure to methyl mercury and during the firs

ears following cessation of exposure. A significant increa
he fraction of inorganic mercury in these biological matri
ompared to the above, during the previously mentioned
eriod following cessation of exposure would suggest a
omitant exposure to metallic mercury by dental amalgam
ndustrial emissions.

teady State Levels and Tissue–Blood Partition Coefficie

The proposed model also estimates the time needed to
ffective steady state levels in blood and tissues (measu
fraction of daily dose) given a chronic continuous expo

o methyl mercury and thus provides tissue–blood conce
ion partition coefficients at near equilibrium. The mo
learly supports the hypothesis that kidney accumulates
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ganic mercury as proposed by some authors (Farriset al., 1993
Sallstenet al., 1994; Smithet al., 1994). Indeed, steady st
evels of inorganic mercury in the kidney are reached only
ve years of continuous exposure, whereas those of b
iver, and brain are reached after one or two years. At that
idney–blood concentration partition coefficient of inorga
ercury burden is about 600 times the liver–blood conce

ion partition coefficient.
The model also predicts a hair-to-blood concentration

f total mercury in humans of 333 on average at near eq
ium (i.e., following a year or more of constant exposure).
ompares well with the mean value of 292 reported by
haw et al. (1980) and the 200:1–300:1 range of ratios
iewed by Katz and Katz (1992).
Overall, the current model succeeded in integrating va

xperimental data to uncover critical determinants of me
ercury kinetics in animals as well as in humans. The m
redicts the time courses of various tissue burdens for diff
ose regimens and exposure scenarios. It also generat
othesis as to the experimental uncertainties that shou
ddressed.
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