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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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prove to be a useful tool in assessing the health risks associated
with various circumstances of methyl mercury exposure. © 2001
Academic Press

Key Words: methyl mercury; inorganic mercury; toxicokinetics;
modeling; humans.

Methyl mercury is a well-known neurotoxic substance il
humans (Bakiret al., 1973; Al-Saleenet al., 1976). Expo-
sure occurs mainly through consumption of contaminate
fish and shellfish (Birkest al., 1972; Weatley and Paradis,
1995; Mahaffey, 1999). Outbreaks of methyl mercury poi
soning in Japan (Tsubaki and Irukayama, 1977) and Ir:
(Bakir et al., 1973) have led researchers to document tl
health risks associated with methyl mercury exposure
However, the relationship between dose, biological marke
of exposure, and target tissue concentrations of merctL
forms at any point in time and for different exposure sce
narios needs to be further investigated.

The objective of the present study was to adapt to huma
a biologically based dynamic model of methyl mercury an
inorganic metabolites disposition kinetics previously deve
oped using experimental data in rats (see companion par
Carrier et al., 2001). The model was first constructed b
establishing the biological determinants of methyl mercur
disposition using a set of experimental data in rats. Diffe
ential equations that describe the temporal changes in tiss
or compartment uptake and loss were first derived al
solved by making extensive use of the different time scal
involved in the biological processes. For humans, the mod
parameters were determined directly by stepwise fitting -
the available data on blood, hair, and excreta time-cour
curves. Once validated in humans, the model can be usec
Buide new insights into the significance of using specifi
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methyl mercury.
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a(t) and inorganic forms) over several weeks or months together with rou
l estimates of the fraction of organic and inorganic forms in human blood, ha
or excreta have been provided by several authors (Sehih, 1994; Aberget

Glo(t) al., 1969; Miettinenet al., 1971; Kershawet al., 1980). These data, when

incorporated in the model, are sufficient to establish links between expos

‘kabs dose, tissue burdens, and biological matrices. Furthermore, these data allo

T parameters to be determined so that all the simulations are consistent with

Q(t) —— —-— experimental data of the various authors. Empirically, it was found that only

_____ QHyl Hegty narrow range of values for each parameter allowed this consistency with all 1

| \ data sets. The next sections describe the method used to determine the tral

I ———————— + parameters appropriate to human data.
| :
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|
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Fo(t) Organic mercury kinetics. For the modeling of organic mercury kinetics,
the free parameters were determined as follows. Absorption was conside
very rapid (the time of digestion of the meal which is about 3 h) compared
the methyl mercury elimination half-life of several weeks. The absorption ra
k.ps Of 5.544 days' corresponds to an absorption half-life of 3 h. The absorg
tion fraction (f,9 was taken equal to unity since virtually 100% is absorbet
+ according to Aberget al. (1969) and Miettineret al. (1971). According to
! | Al Smith et al. (1994), it was estimated that on average 7.7% of an intraveno
-*—: Bro(t) lL—+’: dose was deposited in the blood volume after a rapid tissue distribution. T
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proportionality constanK between whole body and blood burden of organic
mercury [K = Q°(t)/B°(t)] was therefore estimated to e = 100/7.7 =
12.9870.

No methyl mercury was detected in urine in the study of Smithl. (1994),
———————— which is one of the few studies where organic and inorganic mercury forms
urine were distinguished; hence, the transfer coeffickgptwas considered
FIG. 1. Conceptual representation of organic mercury kinetics. Symborlls?g"gible' Again accor_ding o Smitdat_al. (1994), only a very small percent-
and abbreviations are described in Table 1. age qf total mercury in feces was in the form of organic mercury. Fet_:«
contained on the average 3.5% of methyl mercury from 1 to 8 days followir
exposure, 2.3% from 11 to 30 days and 1.5% from 36 to 71 days. The trans
coefficientkyr was therefore adjusted to obtain a visual best fit based on
available data on the kinetics of total mercury in feces (Abetrgl., 1969;
Miettinenet al., 1971; Smittet al., 1994) and the fraction of organic mercury
Adaptation of the Model to Human Data in feces reported by Smitét al. (1994).

Conceptual and functional representation.The multicompartment dy- Smith et al. (1994) mentioned that blood pontained prgdominantly '_“Eth)
namical model developed to simulate the disposition kinetics of organic afftf'cu"y; on average 98% of total mercury in blood was in the organic for
inorganic forms of mercury following exposure to methyl mercury in ratfom 0 10 56 h and 98.1% from 3 to 7 days. The metabolism rate corigiant
(Carrieret al., 2001) was applied to human data, taking into account appar&¥#S thergfore adjusted to allow a good prediction of the kinetics of tot
differences in the toxicokinetics between rats and humans. For practiC&f ¢y In human blood when compared to the data of Ale¢rgl. (1969),
reasons, the model detailed in the companion paper (Catiat., 2001) is
again presented in Figs. 1 and 2. Symbols and abbreviations used in the
functional representation of the model are described in Table 1. The sole
difference in model representation between rats and humans is the inclusion for Hi(t)
rats of some reabsorption of organic mercury through ingestion of hair during
grooming as well as a transfer of inorganic mercury from ingested hair to feces,
inorganic mercury not being easily absorbed from the gastrointestinal tract
(Farriset al., 1993). Otherwise, to adapt the model to human data, only the
values of the intercompartment transfer rates and the tissue—blood partition
coefficients needed to be modified.

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

—————

METHODS

Determination of parameters. It is important to note that all the free
parameters (transfer rates) to be estimated have roles similar to those defined
in the first article on rats (Carriegt al., 2001) and are presented in Table 1.
Contrary to the data of Farret al. (1993) for rats, detailed tissue distribution
and excretion kinetics of organic and inorganic forms of mercury over large
periods of time were not available, to our knowledge, from the publishedFIG. 2. Conceptual representation of inorganic mercury kinetics. Symbo
literature. However, disposition kinetics of total mercury (the sum of organand abbreviations are described in Table 1.
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TABLE 1
Symbols and Abbreviations Used in the Functional Representation of the Model Adjusted to Human Data

Variables and parameters Description

Organic mercury

Variables
g(t) Oral dose which can describe time varying inputs
Gl°(t) Burden of organic mercury in the gastrointestinal tract as a function of time
Q°(t) Whole body burden of organic mercury excluding hair and excreta as a function of time
B°(t) Burden of organic mercury in blood as a function of time
Le(t) Burden of organic mercury in liver as a function of time
Ke(t) Burden of organic mercury in kidney as a function of time
Bre(t) Burden of organic mercury in brain as a function of time
R°(t) Burden of organic mercury in the rest of the body as a function of time
He°(t) Cumulative burden of organic mercury in hair as a function of time
ue(t) Cumulative burden of organic mercury in urine as a function of time
Fe(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
Constants
K Constant ratiaQ°(t)/B°(t)
Kabs Oral absorption rate constant
Ko Metabolism rate constant of organic mercury to inorganic mercury
Kor Whole body to feces transfer coefficient of organic mercury
Kou Whole body to urine transfer coefficient of organic mercury
Kon Whole body to hair transfer coefficient of organic mercury
Keiim Whole body elimination rate constant of organic mercury
Inorganic mercury
Variables
B'(t) Burden of inorganic mercury in blood as a function of time
L'(t) Burden of inorganic mercury in liver as a function of time
K'(t) Burden of inorganic mercury in kidney as a function of time
Br'(t) Burden of inorganic mercury in brain as a function of time
H'(t) Cumulative burden of inorganic mercury in hair as a function of time
u'(t) Cumulative burden of inorganic mercury in urine as a function of time
F'(t) Cumulative burden of inorganic mercury in feces as a function of time
Constants
ds Blood to liver transfer coefficient combined with liver metabolism rate constant of organic mercury
desr Blood to brain transfer coefficient combined with brain metabolism rate constant of organic mercury
Kis Liver to blood transfer coefficient of inorganic mercury
Kak Blood to kidney transfer coefficient of inorganic mercury
ke Kidney to blood transfer coefficient of inorganic mercury
Kxu Kidney to urine transfer coefficient of inorganic mercury
Kan Blood to hair transfer coefficient of inorganic mercury
Keu Blood to urine transfer coefficient of inorganic mercury
Kee Blood to feces transfer coefficient of inorganic mercury
K e Liver to feces transfer coefficient of inorganic mercury
Kegr Blood to brain transfer coefficient of inorganic mercury
Kerg Brain to blood transfer coefficient of inorganic mercury

Miettinenet al. (1971), Kershavet al. (1980), and Smitfet al. (1994) and of determination of tissue-blood partition coefficients, this was not possible
the fraction of organic mercury in blood reported by Snettal. (1994). humans for lack of similar data sets.

The transfer constant of organic mercury from body burden to kgirwas Inorganic mercury kinetics. For the modeling of inorganic mercury ki-
adjusted to fit the data of Kershaet al. (1980) on the time course of total netics, the transfer parameters were determined as follows. The rate cons
mercury in hair multiplied by 0.80. This latter value corresponds to the fl'aCtiQ@H was adjusted to fit the data of Kershatval. (1980) on the time course of
of organic mercury in hair that was found by several authors, whatever tigal mercury in hair multiplied by a fraction such that inorganic mercury i
exposure scenario (acute, subchronic, or chronic exposure). They reported fiaatwas less than 20% of total mercury as found by Bakal. (1973), Phelps
organic mercury is usually the predominant form of mercury in hair samples @f al. (1980), and Lee and Lee (1999).
individuals exposed mainly to the organic form of mercury. In fact, in most Differences in mercury kinetics between rats and humans can also
circumstances, organic mercury represents more than 70—-80% of total natributed to variations in the renal handling of inorganic forms of mercury. |
cury in scalp hair (Bakiet al., 1973; Phelpst al., 1980; Lee and Lee, 1999). particular, there seems to be a higher retention of inorganic mercury in t

Whereas for rats, detailed tissue concentration—time profile data allowaman kidney due to binding to metallothionein compared to rats (Zatips
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al., 1993; Hellemanst al., 1999; Yoshibat al., 1999). Renal constarks,, TABLE 2
kqs, andky, and fecal constants - andks- were therefore adjusted to fit the  Numerical Values of Constant Parameters Used in the Model
data of Miettineret al. (1971) on the daily urinary and fecal excretion of total Adjusted to Human Data
mercury and on the time course of the whole-body fraction of total mercury in
blood as well as the data of Aberj al. (1969) on the time courses of total
mercury cumulative urinary and fecal excretion.

A coherence test was carried out by verifying that the previously estimated
values of the renal and fecal parameters provided a good visual fit to the time

Constant parameters Values (days")®

Organic mercury

) . . K 12.9870
profile of total mercury in blood established by Kershatval. (1980). Data K 5.5440
from Smithet al. (1994) on the cumulative urinary and fecal excretion of total ka"s 0'013 a7
mercury as well as on the blood—time profile were used to corroborate values kQI 9 0668>< 10°°

) " oF .
estimated for the renal and fecal constants. It was also verified that the K ~0
parameter values yielded the correct fraction of organic mercury in blood and kQU 2.3825% 10~
) ; . ; oH .
feces described by Smitét al. (1994), hence that of inorganic mercury by
” Keiim 0.01380
difference. Inorganic mercury
Blood-brain exchange parameters for inorganic mercury and brain metab- d 0.1750
olism rate constant {l,, ke dgs} could not be determined specifically for dBL c %d
humans for lack of time profile data. Since the amount of inorganic mercury in kBBQ 0 8920
the brain is very small compared to the total inorganic mercury burden (in the kLB 17' 1234
rat at most 0.011%), precise knowledge of its value was not necessary to kBK 0'0010
determine the mercury kinetics in other organs, blood, hair, and excreta. By kKB 0.006949
default, the exchange parameters used were the same as those for rats (Carrier kKU 0'1 400
et al., 2000). Also, varying the liver to blood transfer rtg and the blood to kBHd 0.06994
BU .

urine secretion ratkg, had no significant impact on the kinetics of inorganic ]
; ; ) Ker 3.9917
mercury in humans and therefore, values were kept as determined using the

ke 1.547

detailed data on rats provided by Fareisal. (1993). kLF d 0 8022
BBr :

Model simulation. Mathematical resolution of the complete model, as Kers 0.0520

represented by the system of differential equations (see the first article of the

series, Carrieet al., 2001), was carried out using the numerical Runge—Kutta = ExceptK which is a ratio and not a rate as are the other parameters.
method. A professional edition of Mathcad PLUS Software (MathSoft, Inc., ® Average value.

Cambridge, MA) was used for this purpose and to provide model simulations The value ofdgs, was considered very small compared to thatlgf
As mentioned in the article on rats, this model can predict the burdens oft The value was kept as in rats.

organic and inorganic mercury in tissues, blood, hair, or excreta at any point
in time after a variety of exposure scenarios to methyl mercury: single,

intermittent, or continuous. . .
' ' et from the whole-body burden to hair was 40 times less than tt

Model Validation obtained for rats.

Once the parameters were determined using the previously mentioned d The hum-an metabolism rate constant of orga_nic rered
the model WZS validated using the data of Shegrlet:k?(1984) z)a/nd Birkeet fifo inorganic mercu.ryQ' was on a\./er.age 3to 3'5 t|m§s |0YV6I
al. (1972). than that _of _rats. This pargmeter is likely gubject to interind
vidual variations. To best fit the data of various authorskihe
value was adjusted to 0.01437, 0.01347, 0.01232, 0.01306, «
0.005672 days to obtain a whole-body elimination half-life
of organic mercury (0.69R/;,) corresponding to 47.1 days to
fit data of Aberget al. (1969), 50.2 days for those of both

Model parameters adjusted to the available human data &mith et al. (1994) and Miettineret al. (1971), 54.8 days for
provided in Table 2 (see Table 1 for description of symbols arlkose of Kershavet al. (1980), 51.7 days for those of Sherlock
abbreviations). These values can be compared to those deteral. (1984), and 115.5 days for those of Birkeal. (1972),
mined using data on rats (see companion paper, Catiak, respectively.

2001). As observed in rats, absorption of methyl mercury wasThe human transfer rate coefficidqf, of inorganic mercury
very rapid (2—3 h) compared to its whole-body elimination raeom blood to hair was found to be 5 times lower than in rat:
Keim, Which represents the sum of excretion rates of the orgai®n the other hand, kidney retention was much more importa
form from the body together with the metabolism rate tmn humans than in rats. This brought about a human trans
inorganic mercury (k. = Kor + Kou + Kon + ko). Organic rate constarkg, of inorganic mercury from blood to kidney 19
mercury in feces, urine, and hair was found in humans to betimes higher than in rats and a human transfer coeffiéignof
much smaller amounts than in rats. The human transfer raterganic mercury from kidney to blood 19 times smaller
constantkyr of organic mercury from the whole-body burderFurthermore, the transfer rakg, of inorganic mercury from
to feces was 100 times lower than in rats. The transfer rdtaman kidney to urine was twice that of rats. As mentione
constanky, from the whole-body burden to urine was found t@reviously, the other parameters for inorganic mercury kineti
be negligible. The value of the human transfer coefficlept did not appear to be significant determinants of the dispositi

RESULTS

Model Parameters Adjusted to Human Data



54 CARRIER ET AL.

100 T T

<

Whole body burden (% of dose)

0 50 100 150 200
fg\B
o 100 T
° 1
s
e
1}]
e
=}
2 s
>
3
e
(3]

| 1 LY | 1

% 019 200 400 600 800 1000
Y | 1 i .
2 0 50 100 150 200 Time (days)

O

FIG. 4. Comparison of model simulations of the whole-body burden tim:
] profiles of total (—), organic (- - -), and inorganic (—@— —) mercury over
b 1000 days with the corresponding time courses of total mercury experimente
determined by Abergt al. (1969) in three volunteers (symbals X, and +)
following an acute oral exposure to 1dg of methyl mercuric nitrate.

-
(=]
(=]

50 - b

‘ , ‘ observed time course of total mercury cumulative excretion
0 50 100 150 200 urine and feces as determined by Abetgal. (1969). Predic-

Time (days) tions were in the same value range as those observed exp

FIG. 3. Comparison of model simulations (lines) with experimental datgentally, although the model slightly underestimated the ui

(symbols which represent values from a single individual) of Abetrgl. nary and fecal excretion. Figure 5 also shows that fec

(1969) on the time course of total mercury body burden over close to 200 dg§ntains mainly (>98%) inorganic mercury (total mercury an
in three volunteers (A, B, C) exposed orally to by of methyl mercuric

nitrate.
40 T T T
of inorganic mercury in humans and were thus left as deter- 35 - 3
mined in rats. - /x/
§ 30 - 7 e
Simulation of the Time Course of Mercury Disposition after 5 7
Acute Exposure in Humans } 25 whe e 7
S e
Figure 3 shows that the model simulates the data obtained by 5 20 o .
Aberg et al. (1969) on the time course of total mercury body > 7
burden in three male volunteers exposed orally to a single dose g 5 S // q
of 11 ug of methyl mercuric nitrate. It is interesting to note that E //
whole-body elimination of total mercury appears log-linear § or e i
over more than 100 days (see Fig. 4). However, when simu- oL /’ |
lating the profile over a larger time span, total mercury elim- - U
ination from the body is shown to be multiphasic. Indeed, 0 Z . nesaspennsessss ittt
during the first 100 days postexposure, both organic and inor- 0 10 2 30 40
Time (days)

ganic forms contribute to total mercury body burden in such a
way as to indicate a quasi log—linear feature. However, aftelFIG. 5. Comparison of model simulations of the time-dependent cumul.
300 days, mostly inorganic mercury remains in the body and fte urinary (U) and fecal (F) excretion profiles of total (—) and inorganic

elimination does not follow a log-linear pattern. With time, th& ) mercury (total and inorganic mercury curves overlap), over 50 day
.approximately, with the corresponding time courses of total mercury expe

k'”et"?s of total mercury b_Od,y bgrd(_an app,roaCheS that of In{entally determined by Aberegt al. (1969) in two volunteers (symbols and
organic mercury whose e||m|n_at|0n IS mUlt|eXp0nent|_al- O for urine; + and[] for feces) exposed orally to 1ig of methyl mercuric
Figure 5 compares model simulations to the experimentaHyrate.
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Validation of the Model

012 T T
Comparison of model simulations to the available data
01 1 volunteers subchronically or chronically exposed to meth:
T e . mercury shows that the model applies equally well to multipl
o exposure scenarios. Indeed, simulations were in close agr
0.06 | S y ment with the data of Sherlockt al. (1984) on the blood
concentration—time profile of total mercury in volunteers e»
0.04 7 posed to either 42, 77, 101, or 226 per day of methyl
) mercury through fish consumption over 3 months as presen
! in Figs. 9A-9D.
0 50 100 150 200 The model also simulates the data of Birkeal. (1972) on
the elimination kinetics of total mercury concentrations in re

002 5 i

Total mercury daily urinary excretion (% >

B blood cells and hair after a chronic exposure to methyl mercu
4 . l through fish consumption (see Fig. 10). According to the mod
predictions, because of regular intake, organic mercury rep

sl i sents a larger fraction of total mercury concentrations in bloc

and hair over the respective 770 and 945 days experimer

>

Total mercury daily fecal excretion (%)

0 50 100 150 200

01 b

Time (days)

FIG. 6. Comparison of model simulations (lines) with experimental data
(symbols which represent mean values) of Miettie¢ml. (1971) on the time
courses of daily urinary (A) and fecal (B) excretion of total mercury over
approximately 200 days in volunteers following an acute oral exposure to 22
rg of methyl mercuric nitrate through fish consumption.

"~
ekl P
.

0.01 | e ]

—Mercury concentration in blood (ng/ml)

50 100 1‘50 200
inorganic mercury curves almost overlap). In urine, only the
inorganic form of mercury is found.

The model also predicts the time course of daily urinary and
fecal excretion of total mercury in volunteers exposed orally to
an acute dose of 22g of methyl mercury nitrate through fish
consumption when compared to the data of Miettimtral.
(1971) (see Fig. 6). Only in the first few days postexposure are
observed fecal excretion values of total mercury higher than
predicted values.

Figure 7 shows that the model provides a close approxima-
tion to the concentration—time profile of total mercury in blood
and hair as determined by Kershaat al. (1980) in male
volunteers exposed orally to a single dose ofu2pof methyl 1 50 100 150 200
mercury per kilogram of body weight through fish consump- Time (days)
tion. It is also apparent that blood contained essentially thq:IG. 7. Comparison of model simulations of the concentration—-time prc
organic form of mercury (organic and total mercury kineticfies of total (—), organic (- - -), and inorganic (—@— —) mercury in blood
overlap) over 200 days postexposure and that organic merc()/(total and organic mercury blood curves practically overlap) and hair (B
accounted for more than 80% of total mercury in hair. Th‘éi_th the corresponding time courses of total mercury experimentally deFe
model, naturally enough, also provided a good fit to the data Bf'd P Kershavet al. (1980) in blood, over approximately 165 days, and ir

. - . . . consecutive 0.5 cm hair strands of volunteers (symbols which repres
Smithet al. (1994), which were mainly used for the estimatiomean values) exposed orally to an acute dose2d ug of methyl mercury per
of model parameters (Fig. 8). kg of body weight through fish consumption.

Mercury concentration in hair (ng/g)
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00 =< 1 w w ' cury in hair and in feces become constant after 1 or 2 years
continuous exposure with values of about 6.6 for hair (sim
~~~ lations not shown) and 1/105 for feces (simulations nc
shown). The ratio of fecal-to-urine daily excretion rate o
inorganic mercury becomes constant after 5 years with a val
of 2.5 (simulations not shown).

Chronic exposure scenario simulations also provide the t

Total mercury burden (% of dose)

w0l q sue—blood concentration partition coefficients of organic ar
S inorganic mercury at steady state, as listed in Table 3. The
) ““‘N values clearly indicate an important bioaccumulation of bof
\ organic and inorganic mercury in hair as well as inorgan
T ~5_| mercury in kidney.
DISCUSSION

I
10 20 30 40 50 60 70 80

Time (days) A biologically based dynamical model of the uptake an
ime (days

disposition of methyl mercury in animals and humans has be
FIG. 8. Comparison of model simulations (lines) with experimental datdeveloped. This model is a refinement of conventional dat
(symbols which represent mean values) of Sreitfal. (1994) on the whole- phased models which allows animal-to-human, route-to-rou
body (Q) and blood (B) burden—time profiles of total mercury over 70 days {0, 13 arisons for various exposure scenarios. The main requi
volunteers exposed intravenously to approximately 3u.850f methyl mer- . I
cury. ment for the development of such a model is the availability ¢
extensive amounts afh vivo experimental data in animals and
) ] o ] humans. An important feature of the current model lies with i
sampling period, compared to the situation after a single &%y parameters compared to physiologically based pharma

posure. o , kinetic (PBPK) models.
The model allows as well the prediction of the time-depen-

dent disposition of organic and inorganic mercury (express%
as a fraction of absorbed daily unit dose) during a chronic
continuous oral exposure to methyl mercury. These simula-For animal-to-human extrapolation of mercury kinetics, crit
tions show that, after 1 to 2 years of exposure, near steady sta#d biological determinants of species differences were dete
levels are reached for organic and inorganic mercury burdemged. The most obvious difference is the blood concentr
in blood, as well as for inorganic mercury levels in liver antion—time profile of organic mercury which, after a single dose
brain. The values predicted are, respectively, 5.6 and 0.8ghibits a monoexponential decrease in humans (Setiti.,
times the daily unit dose for organic and inorganic mercury ib994), whereas elimination is biexponential in rats since the
blood, and 0.4 and 10 times the daily unit dose for inorganicis a feedback loop resulting from the ingestion of hair durin
mercury in liver and brain (simulations not shown). On thgrooming (Farriset al., 1993). In adult monkeys and cats
other hand, equilibrium between tissue uptake and eliminatiponstdistributive elimination kinetics of organic mercury ir
is reached only after 5 years for inorganic mercury in kidnepJood appears similar to that of humans over 100 to 150 da
with a steady state value of 40 times the absorbed daily ufotlowing a single oral methyl mercury exposure (Hollias
dose of methyl mercury (simulations not shown). al., 1975; Evan%t al., 1977; Rice, 1989).

Unfortunately, the data available in humans do not allow the It is also noteworthy that after a single dose, the intern
validation of the kinetics of organic mercury in liver, kidneydistribution quickly settles to a percentage of organic mercu
and brain. Nonetheless, the model predictions provide an d&@dy burden in blood that is different in rats and humans: 7.7
proximation of liver and kidney asymptotic values which arem humans and 30% in rats. This is built in the model to agre
indirectly adjusted to ensure congruence with the blood cowith the observed data of Smitt al. (1994) in humans and
centration—time profile and the urinary and fecal excretion tinfeaarriset al. (1993) in rats. Conversely, the model simulation
courses. As for the predicted brain asymptotic values, they gmedict a maximum total inorganic mercury burden of the boc
tentative and can be viewed as giving an order of magnitude fer16.10% in humans and 5.60% in rats of the administer
this ratio since they are not directly or indirectly determinethethyl mercury dose. This might account for a higher toxi
from human data, but are rather merely an extrapolation frgmotential from methyl mercury exposure in humans (per kil
a combination of human and rat constants. gram of body weight) since inorganic metabolites are thoug

Following a chronic continuous exposure to methyl mete be responsible for much of the neurotoxic effects induced |
cury, itis further interesting to note that the model predicts thatethyl mercury (Friberg and Mottet, 1989; Charlestiral.,
the ratios of daily excretion rate of organic to inorganic meit994; Vahteet al., 1994). However, for humans, the high loa

erences in Mercury Kinetics between Rats and Humans
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FIG. 10. Comparison of model simulations of the concentration—time
profiles of total (—), organic (- - -) (total and organic mercury curves pract
cally overlap), and inorganic (— @— —) mercury in red blood cells (A) and
hair (B) with the corresponding time courses of total mercury experimental
determined by Birkeet al. (1972) over approximately 1000 days following
several years of exposure to 80@ of methyl mercury per day through fish
consumption in a volunteer (symbols).

of inorganic mercury in the kidneyK((t)), compared to blood
(B'(t)), might leave less inorganic mercury circulating in blooc
and available for transfer to the brain.

In addition, when comparing model simulations of methy
mercury kinetics between animals and humans, as well
literature data, it is evident that elimination kinetics is slower i
humans. These findings can be explained in part by the usue
slower metabolic rate in humans compared to rats. In tl
current study, a single set of values for model parameters |
been found to apply to all human subjects studied except f
the noteworthy metabolism rate constant. This parameter c
vary substantially from one individual to another as a result «
differences in the rate of demethylation and conjugation (A
Shahristani and Shihab, 1974; Al-Shahristatial., 1976).

concentration—time profile of total mercury in four groups of volunteers durin

Comparison of model simulations (lines) with experimental datand following approximately 96 days of exposure to 42 (A), 77 (B), 101 (C
(symbols which represent mean values) of Sherkeicil. (1984) on the blood or 226 (D) ug per day of methyl mercury through fish consumption.
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TABLE 3 be differences in the renal handling of inorganic mercur

Estimated Human Tissue-Blood Concentration Partition Coef-  between rats and humans; in particular, there is evidence for

ficients for Organic, Inorganic and Total Mercury at Near Equi-  jncreased retention of inorganic mercury in the human kidne

librium Determined After Simulation of a Chronic Continuous  qe to binding to metallothionein compared to rats (Zaleps
Exposure Over 70 Years al., 1993; Hellemanst al., 1999; Yoshibat al., 1999).

On the other hand, in both rats and humans, blood contal

predominantly the organic form of mercury which reversibl

Concentration partition coefficierits

Tissues Organic mercury Inorganic mercury Total mercury@ssociates with proteins or thiol-containing compounds b
_ cause of its high affinity for sulfhydryl groups (Cemtwtral.,
Hair 291 13,164 333 1968; Sundberget al., 1999). Nonetheless, red blood cell

Kidney — 38,761

(RBCs) to plasma concentration ratio of methyl mercury varie
between rodents and humans (U.S. EPA, 1997) and col

“Tissue and blood concentrations were estimated by dividing predicté@sult in differences in tissue distribution. The RBCs to plasn
tissue or blood burdens at steady state by weights or volumes reporteddgncentration ratio of methyl mercury has been reported to
Suminoet al. (1975). about 9-10:1 in humans and 100-200:1 in rats followin

methyl mercury exposure (Suzuét al., 1971; Magos, 1987,

Variability in the biological half-life of methyl mercury in U.S. EPA, 1997). There are also differences in the affinity
humans is quite substantial as shown by Al-Shahristar@l. organic and inorganic mercury for blood proteins (Suzeiki

(1976) ranging from 35 to 120 days. According to modell.,, 1971; Hallet al.,, 1994).Contrary to organic mercury,

simulations of kinetic profiles described in various studiesorganic mercury is equally distributed between erythrocyte
most half-life values required by the model to fit the datand plasma in human blood (ratio 1:1) following inorgani
ranged between 45 and 55 days except for the data of Birkemercury exposure (Hakt al., 1994). Obviously, amounts of
al. (1972), where elimination half-life in one volunteer was 1200dy lipids can also affect tissue distribution, methyl mercur
days. being lipophilic.

Another important aspect of species differences in elimina-Finally, for humans and rats, the model considers th
tion kinetics is the greater tissue blood flow rate in smallenethyl mercury either crosses the blood—brain barrier and
species than in larger species (Boxenbaum, 1980), resultingdemethylated in brain tissues as suggested by some autt
chemicals being more rapidly carried to organs of clearance(icind et al., 1988; Friberg and Mottet, 1989), or alternativel
smaller mammals. Indeed, in the current study, to adequatélys the inorganic mercury in blood that directly enters th
simulate data in humans starting from the model for ratsrain to induce its toxic effects (Berliet al., 1975; Berlin,
transfer rates of organic mercury to excretory compartmeni®86) (see article on rats for more details, Cargieal., 2001).
namely feces, urine, and hair, had to be reduced. However, @learly, additional work on this issue is needed to elucidate tl
smaller fecal excretion of organic mercury in humans couldechanism of brain toxicity induced by mercury compound
also result from species differences in the biliary excretion of
organic mercury, which is partly eliminated in feces througfyqqel predictions and Human Data
this pathway after conjugation to glutathione and its derivatives
(Ballatori and Clarkson, 1983). Small rodents such as rats andraking into consideration all the critical determinants o
mice excrete chemical substances to a greater extent into kilémal-to-human differences in the kinetics of mercury, th
than larger species (Klaassen and Watkins, 1984). This phesdel predicted adequately the available literature data. T
nomenon is explained by the higher molecular weight thresmodel did however slightly underestimate the initial fece
old for biliary excretion in humans (47% 50) compared to excretion of total mercury measured by Abetal. (1969) and
rats (325= 50) (Smith, 1973). Miettinen et al. (1971). This is likely due to the fact that

Similarly, inorganic mercury is partly eliminated in fecewirtually all of the orally administered methyl mercury dose
through biliary excretion, although transfer from blood tevas assumed here to be absorbed as reported by Atherg
intestinal lumen (i.e., intestinal secretion) also appears to b¢1®69) and Fallet al. (1970). If rather a 97% absorption ratio
significant excretion route according to animal studies (Zalups,ingested methyl mercury is applied, a perfect fit is obtaine
1998; Zalup<set al., 1999). The previously mentioned mechafhese figures were not represented in the current article |
nism would help to understand the relatively higher inorgan@ause model parameters were determined assuming a 1C
mercury excretion in rat feces compared to humans. The altabsorption ratio. Another explanation provided by Smith an
nate route of elimination through urine would thus be propoFarris (1996) is that the high initial levels of fecal mercur
tionally more important in humans. This is observed as rasult from the presence of inorganic mercury in the dosir
higher urinary excretion rate of conjugated inorganic mercurgaterials for both the studies of Abem al. (1969) and
in humans compared to rats. Furthermore, according to thkettinenet al. (1971).
model simulations and available literature data, there seems tdhe model also provided a good fit to the data of Miettine

Liver — 64 —
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et al.(1971) on the daily urinary excretion of total mercury andanic mercury as proposed by some authors (Faras, 1993;
those of Smithet al. (1994) on the cumulative urinary excre-Sallstenet al., 1994; Smittet al., 1994). Indeed, steady state
tion of total mercury, although it slightly underestimated thkevels of inorganic mercury in the kidney are reached only aft
cumulative urinary excretion of total mercury observed bijve years of continuous exposure, whereas those of bloc
Aberg et al. (1969). Differences between model predictionkver, and brain are reached after one or two years. At that tinr
and the experimental data of the latter authors possibly sté&dney—blood concentration partition coefficient of inorgani
from the substantial recorded variations in the daily urinamercury burden is about 600 times the liver—blood concentr
excretion of total mercury. This causes an increased uncBon partition coefficient.
tainty when expressing values as a cumulative percentage of he model also predicts a hair-to-blood concentration rat
dose. Increased renal accumulation of inorganic mercury cowltitotal mercury in humans of 333 on average at near equili
also result in an enhanced urinary excretion of the metabolitam (i.e., following a year or more of constant exposure). Thi
at the expense of fecal excretion. compares well with the mean value of 292 reported by Ke
shaw et al. (1980) and the 200:1-300:1 range of ratios re
Importance of Time of Sampling and Metal Speciation viewed by Katz and Katz (1992).

Model simulations of the time course of organic and inor- Overall, the current model succeeded in integrating vario

. . . experimental data to uncover critical determinants of meth
ganic mercury in the whole body as well as in blood and halif T : .
mercury kinetics in animals as well as in humans. The mod

further illustrate the importance of the time of sampling rela_redicts the time courses of various tissue burdens for differe

tive to the time of exposure for the biological monitoring of . ;
dose regimens and exposure scenarios. It also generates

exposure to methy! mercury. For example, since the Unnai¥thesis as to the experimental uncertainties that should
excretion levels of inorganic mercury, the main form of mer-

cury in urine (Smithet al., 1994), is strongly influenced by theaddressed.

history of past exposure, it is important to determine judi-

ciously the best sampling strategy. Indeed, data analysis REFERENCES
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