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Abstract--The biliary excretion of methylmercury was investigated in male rats injected with various 
thiol compounds, methionine and 3’-methyl-4-dimethyl-azobenzene (3’-MeDAB) after the i.v. 
administration of 1.0 mg/kg of Hg as Me203HgCI. All the thiol compounds (2 m-moles of glutathione 
(GSH) and 4 m-moles/kg of cysteine, D-penicillamine or dimercaptosuccinic acid (DMSA) reduced 
the blood concentration of Mego3Hg7, but only cysteine, GSH and D-penicillamine increased the liver 
content of mercury and its biliary excretion. No significant changes were seen in the volume of bile 
flow after treatment. There was no correlation between the increase in non-protein thiol concentration 
in blood and either the liver content or the biliary excretion of Me?03Hg+. Although those thiol com- 
pounds that stimulated the biliary excretion of methylmercury also increased the liver concentration of 
non-protein thiol groups, there was no proportionality between either the extent or time course of 
these effects. An initial inhibition of excretion was caused by 4 m-moles/kg of cysteine though the 
concentration of non-protein thiols in the liver was at that time the highest. After theadministrationof 
cysteine and GSH, excretion increased from 30 to 120 min while the concentration of non-protein 
thiols in the liver declined. 3’-Methyl-4-dimethylazobenzene (3’-MeDAB) and methionine caused a 
larger increase in liver non-protein thiol concentration than GSH but their effect on the biliary 
excretion of Mezo3Hg+ was smaller. 

On the assumption that D-penicillamine spares GSH from other metabolic processes, these results 
are consistent with the role of GSH in the biliary excretion of methylmercury. They do not support a 
direct relationship between free GSH and the biliary excretion of methylmercury. 

The fecal excretion of methylmercury is determined 
by three factors: (1) biliary excretion, (2) shedding of 
the intestinal wall and (3) reabsorption [l]. Since 
reabsorption can be decreased by the oral adminis- 
tration of a non-absorbable polythiolated resin 
[2, 31, any method to increase in the biliary excretion 
of methylmercury is of therapeutic significance. 
However, very little js known about the mechanism 
of methylmercury excretion in bile. It has been shown 
that phenobarbitone, an inducer of glutathione S- 
transferase in the liver [4], increases the biliary 
excretion of methylmercury [5, 61. Methylmercury in 
the bile has been shown to be complexed with 
cysteine [l, 71, glutathione [7], or acompound with a 
mol. wt between that of these two thiols [8] in agree- 
ment with the affinity of methylmercury for thiol 
groups [9]. 

Following the observation by Norseth [IO] that 
the thiol compound, D-penicillamine increased the 
biliary excretion of methylmercury, a variety of thiol 
compounds were tested in the present work. These 
included two physiological compounds, L-cysteine 
and glutathione (GSH) and two compounds known 
to be effective in mobilizing methylmercury, D- 
penicillamine and dimercaptosuccinic acid (DMSA) 
[3, 1 I, 121. 

To learn more about the tnechanism of action of 
these compounds, changes in the biliary excretion of 
methylmercury were compared with changes in 
concentrations of non-protein thiols in blood and 

liver. The thiol compounds were given at doses that 
significantly affected non-protein thiols in tissues. 
Two other compounds were used to enhance tissue 
thiol concentrations: L-methionine and 3’-methyl-4- 
dimethylazobenzene (3’-MeDAB). The former is 
metabolized to homocysteine, cysteine and conse- 
quently to glutathione [l3], the latter inhibits 
glutathione S-transferase thereby increasing the liver 
concentration of glutathione [l4]. 

MATERIALS AND METHODS 

Male rats of the Sprague-Dawley (Charles-River 
strain) and in experiments with methionine and 3’- 
MeDAB, Porton-Wistar strains of approximately 
180 g body wt were used. Animals were anaesthe- 
tized with sodium pentobarbital (6.5 mg/kg) and 
kept at a constant body temperature of 37” on a 
mesh above a heated water bath throughout the 
experiments. The jugular vein and the bile duct were 
cannulated with PE-10 tubing. Methylmercury 
chloride (K &K Labs) labelled with 203Hg (New 
England Nuclear, Boston, MA, U.S.A.) was injected 
into the jugular cannula in a dose of 1 mg Hgikg. 
The volume of the injection solution was 1 ml!kg 
and the specific activity of Hg was approximately 2.5 
/Ci/pg. Bile, collected every 30 min was weighed and 
203Hg determined in a gamma scintillation counter. 
Thiol compounds or L-methionine (Sigma Chemical 
Co., London, U.K.) were given by i.p. injections in 
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Table 1. Effects of different thiol compounds on the concentration of non-protein thiol groups in the 
plasma and liver* 

Treatment 

Dose in Shift in thiol concentration (mean& S.E.M.) compared with paired controlst 
m-moles/ ~moles/ml plasma pmoles/g liver 

kg No.: 30 Min 60 Min 120 Min 30 Min 60 Min 120 Min 

L-Cysteine 4 5 0.54?0.041§ 0.29+0.052§ 0.05+0.0125 3.43+0.47# 1.77+0.25$ l.24*0.48$ 
Glutathione 2 6 0.13+0.023§ 0.03?0.014 0.02?0.018 1.63k0.395 2.16+0.37# I .40* 0.46 3 
D-Penicillamine 4 4 1.41kO.1475 0.92+0.181§ 0.49+0.094§ 2.30+0.37$ 2.19+0.61 s I .21 * 0.70 
DMSA 4 6 5.49+0.63§ 1.69+0.307§ 0.29aO.lllg: 1.49+0.21§ -0.14+0.35 -0.19+0.02 

* Thiol compounds were i.p. administered in a volume of 5.0 ml/kg. Controls were given equal volume of saline. 
t The control values were for plasma: 0.01 + 0.001 ~moles/ml (N = 21) and for liver 6.00 k 0.11 /bmoles/g 

(N = 34). In a few cases the same control served as a pair for two experimental animals killed at the same time. 
$ Liver non-protein concentration was estimated only in four animals per group. 
9 Significant increase with the directional Student’s ‘t’ test. 

saline (volume 5 ml/kg, pH neutral) at the end of 
the fourth 30 min period. Bile flow and excretion 01 
*03Hg in the post-treatment period were expressed as 
a percentage of the values measured in the I-hr 
period before treatment in order to minimize the 
individual differences unrelated to treatment. 3’- 
MeDAB (Eastman Kodak) was administered i.p. in 
arachis oil (6 ml ‘kg) 24 hr before the administration 
of methylmercury. The effects of thiol compounds 
and of methionine or 3’-MeDAB on tissue non- 
protein thiol levels were estimated in different 
animals which were not given, methylmercury. 
Controls paired with the experimental ones received 
equal volumes of saline at the same time. 

Animals were sacrificed by decapitation, blood 
was collected in a beaker, the liver and kidneys were 
removed, washed, weighed and their ‘OsHg contents 
were estimated. 

Non-protein thiol groups were estimated with 
5,5’-dithiobis-2-nitrobenzoic acid (DTNB). Two 
different procedures were used depending on whether 
only total non-protein thiols were estimated, or 
whether distinction was made between cysteme and 
GSH thiol groups. Procedure 1 was based on the 
method of Sedlak and Lindsay [15]. Whole blood 
was diluted in the ratio of 1 : 1 with distilled 
water. Plasma or diluted whole blood were pre- 
cipitated with an equal volume of loo;, trichloro- 
acetic acid Procedure 2 was based on the method of 
Ball [16] with slight modifications. A 2.5:, (w/v, 

liver homogenate was made in 59’; sulfosalicyclic 
acid. After centrifugation the supernatant was 
diluted in a ratio of 1 : 4 with 0.5 M phosphate 
buffer, pH 7.2, containing 20 mM EDTA. A sample 
of diluted supernatant (5 ml) was incubated at 60” 
with 1 ml 2”,, glyoxylic acid (Sigma) in EDTA 
phosphate buffer (each solution was pre-warmed 
before mixing). After a 5-min incubation, the sample 
was cooled to room temperature in melting ice and 
mixed with 1 ml O.lSO;, DTNB reagent. Reading 
against a reagent blank at 412 rnp enables estimation 
of the total non-protein thiol concentration minus 
the concentration of cysteine. For the estimation of 
total non-protein thiol concentration, 1 ml DTNB 
reagent was added to the 5 ml diluted supernatant 
followed by 1 ml Z”/, glyoxylic acid and the absorb- 
ance was measured at 412 rnk without incubation. 
Whole blood was first diluted in the ratio 1 : 1 with 

distilled water and precipitated by an equal volume 
of 10:; sulfosalicylic acid. 

RESULTS 

Table 1 shows that 30 min after their adminis- 
tration, all the thiol compounds used in these experi- 
ments increased significantly the concentration of 
non-protein thiol groups in plasma and liver. After 
30 min the plasma non-protein thiol concentration 
exponentially decreased in L-cysteine, D-penicil- 
lamine and DMSA-treated rats with half-times of 24, 
51 and 21 min. The kinetics of decline of plasma thiol 
groups after glutathione can not be defined accurate- 
ly because of the scatter of the points. It can be seen 
that at 30 min L-cysteine produced the highest 
increase in non-protein thiols in the liver followed 
closely by o-penicillamine. Glutathione and DMSA 
compared with L-cysteine and D-penicillamine cause 
significantly smaller increases, but from 30 to 60 min 
there was an increase in liver non-protein thiol 
concentration in glutathione treated rats. At 60 and 
120 min after their administration there was no 
difference in non-protein thiol concentrations in the 
liver between L-cysteine, glutathione and D-penicil- 
lamine-treated rats. At this time, in DMSA-treated 
animals, the non-protein thiol concentration was 
below those of the controls. 

Bile flow was minimally affected by these thiol 
compounds. A significant decrease occurred in 
DMSA-treated rats in the first hr while GSH, and 
penicillamine-treated rats showed an increase in the 
middle collection periods (Fig. 1). However, this 
change was never more than 25 per cent of the control 
value and could not account for changes in biliary 
excretion of methylmercury. 

Figure 2 shows the change in the biliary excretion 
of zo3Hg after the administration of the same thiol 
compounds. It can be seen that the biliary excretion 
pattern does not follow either the change in plasma 
or in liver non-protein thiol groups. DMSA, which 
cause the highest increase in the plasma non-protein 
thiol groups, did not stimulate the biliary excretion 
of methylmercury and in the last two collection 
periods (at 150 and 180 min) depressed it. The other 
three thiol compounds produced significant increases 
in the biliary excretion of methylmercury although 
the time course differed from one compound to the 
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Fig. 1. Effect of thiol groups on bile flow in methyl- 
mercury-treated rats. Thiol compounds were administered 
i.p. 2 hr after the i.v. administration of 1 mg Hg/kg as 
Me2*3HgCI in the following doses: t-cysteine (n-n), 
n-penicillamine (A- - -A), and dimercaptosuccinic acid 
(O- - -_ ‘3) 4 m-moles/kg; glutathione (cl-!I) 2 
m-moles/kg. Controls ((1>------0) were given equivalent 
voiurne of saline. Solid symbols mark significant differ- 
ences between the geometric means of the experimental 
and control animals (two directional Students ‘t’ test, 
P-zO.131). The number of animals were, control = 12; 
cysteine, g~utath~one and ~-p~~~cil~am~ne = 6 each and 

dimer~ptos~~inic acid N = 9, 

other. D-Penicillamine produced a peak excretion in 
bile collected at 30 min followed by a progressive 
decrease: cysteine and glutathione produced the 
largest stimulation of biliary excretion, but this did 
not occur until 120-180 min. The time response to 
cysteine is remarkable: at 30 and 60 min collection 
times, the biliary excretion was actually significantly 
depressed by cysteine. As Table 2 shows, cysteine 
concentration in blood and liver declined at roughly 
the same rate with a half-time of about 30 min and 
in bfood all the increase in the ~o~-prote~~ thiol 
concentration was caused by uncharged cysteine. In 
the liver the contribution of cysteine to thiol group 
increase was somewhat less. Again there was no 
similarity between the change in total thiol groups or 
cysteine on the one hand and in change of the biliary 
excretion of methylmercury. 

All thethiolcompoundsdecreased theconcentration 
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Fig. 2. The effect of thiol compounds on the biliary 
excretion of methylmercury. Thiol compounds were 
administered Lp. 2 hr after the i.v. administration of 
1 mg Hg/Kg as Mezo3HgCI in the following doses: L- 

cysteine (c1 -A), D-penicillamine (A- - -a), and 
dimercaptosuccinic acid (D- - -II) 4 m-moles/kg; 
glutathione (1-D) 2 m-moles/kg. Controls 
to -J) were given equivalent volume of saline. Solid 
symbols mark significant differences between the geo- 
metric means of the experimental and control animals 
(two directional Students “f ’ test, P < 0.01). The ~~rnbe~ of 
animals were; control = 12, eysteine, ~l~tath~~~e and D- 
pe~jei~lamine = 6 each and d~rnerea~~os~~~~jc acid 

Iv= 9. 

of methylmercury in blood (Table 3). in contrast, 
liver concentrations of methylmercury were elevated 
but only in the case of the two physiological com- 
pounds, cysteine and glutathione, was this increase 
in concentration significantly different from controls, 
The biliary excretion rate of methylmercury in the 
last collection period as reported in Fig. 2 shows a 
high correlation with the liver mercury levels as 
reported in Table 3, [v2 = 0.81. A mLllti~inear 
regression comparing these same biliary excretion 
rates with both Hood and liver mercury levels 
reported in Table 2 yields a slightly higher degree of 
correlation [Y” = 0.91. Although Ever concentrations 
of mercury appeared to account for most of the 
variance, the possibility that blood levels may play a 
minor role in determining biliary excretion of 
methylmercury can not be excluded. 

This close correlation between liver levels and 

l-able 2. The concentration of total non-protein thiol groups and cysteine in whole blood and liver after the adminis- 
tration of r_-cysteine* 

Total thiofs in blood 
Cyst&e in blood 
Totaf thiols in liver 
Cysteine in liver 

Control 
N= 12 

0.98 + 0.55 
0.10 + 0.08 
5.89 rt 0.15 
0.14 + 0.06 

pmolesfg (mean _t S.E.M.) 
Time after tr~tment, min 
30 60 

N=4 N=4 

2.02 + 0.32: 1.47 L- 0.09t 
1.10 2 0.181 0.47 + 0.07$ 
9.45 * 0.40f 7.27 + O.&f 
2.18 * 0.19f 0.67 +- 0.08: 

120 
N=4 

1.19 1_ 0.04 
0.18 rt: 0.142 
6.64 &- 0.43 
0.44 _t 0.20 

* Animals were given cysteine, 4 m-moles/kg i.p. or an equal volume of isotonic saline. Controls were killed at the 
same time as the paired experimental animals. 

t Significantly different with the directional Student’s ‘t’ test for paired control samples, P< 0.01. 
1 Significantly different with the directional Student’s ‘t’ test for paired control samples, PcO.05. 
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Table 3. The eifcct of thioi ~~~~p~~~nds on the content of mercury in whole MXN~ and liver five hours after ~e~~~~~C1 

Treatment* 
Dose 

m-moles/kg No. 

Micrograms Hg (mean rt S.E,M) 

In 1 ml blood in total iiver/iOO g body wt 

* Thiol compounds were given i.p. 2 hr after I mg Hg/kg i.v. as MezonfigCl, 
t Sign~fican~ty difkter~t from the controls with the non-parametric dawn-Whitney CT test, I’< 0.01. 

Fig. 3. Mercury in btood (squares) and liver (circles) in 
rats given 1 mg Hg!kg as methyl “*SHgCI i.v. and treated 
2 hr later with saline (controls) or 4 m-moles/kg L- 

cysteine i.p. (arrow). The continuous line connects 
symbols of animals given cysteine. Solid symbols indicate 
significant differences from controls (two directional 
Student’s ‘t’ test, P < 0.01). Every point before treatment 
is the mean of two animals; at 21 hr the mean of 3; at 
3 hr, controls = 4, experimentals = 6; at 4 and 5 hr 
controls = 5, experimentats = 8. The standard errors arc 

~ndicatcd by the horizontal bars. 

bifiary excretion of m~thylmercury is not vatici for 
the whole time course as evidenced by the data in 
Fig. 3. The mercury content of blood and liver were 
investigated in rats treated with L-cysteine, the only 
thiol compound which showed a biphasic effect on 
biliary excretion. The data in Fig. 3 indicates that 
4 m-moles kg cysteine resulted in a 50 per cent 
decrease in the blood levels of methylmercury within 
30 min and that these levels remained at 50 per cent 
of control values up to 5 hr. The five-r content of 
mercury in the cysteine-treated animals increased by 
only 15 per cent in the first 60 min and thereafter 
remained a~~rox~mateIy constant. it should be noted 
that in periods after 60 min, ~~ono~~c~d stisl~l~l~tjon 
in biliary excretion of methyimercn1.y had occurred 
(Fig. 3). Indeed, the switch from depressed mcthyl- 
tnercury excretion ratesto highly stimulated excretion 
rates, which occurred just after the SO min collection, 
was accompanied by no significant changes in either 
blood or liver concentrations of methylmercury. 

The biphasic effect of cysteine was found to be 

dose-dependent. When a lower dose (0.4 m-mote/ 
kg cysteine) was used, the initial inhibition of 
metl~ylmerc~lry excretion disappeared. In the first 
30 min cokction period, biliary excretion o~~~~e~c~~r~r 
increased to 152 per ctnt of the pretre~~ti~~er~t value 

Table 4. The effect of ~~rnet~~o~~n~ on the biiiary excretion of m~th~~i~lercury chloride and fiver n~~n~p~~tci~ thiol 
concentration* 

Collection period 
post mercury, min 

O-30 
30-60 

GO-90 
90-l 20 

t B-150 
150-180 

-I Biliary excretion of 20”Hg Liver non-protein 
% of the pretreatment excretion thiol concentration /rmolc?/g 

Control Methionine Control Methionine 
N=5 N=7 

91.1 tL: 4*83 91.2 * 4.01 
98.0 * 7.56 95.5 + 5.99 4.75 t 0.62 7.92 _t O,SY~ 

N ~~ 4 N -c 4 

92.1 4 2.63 loo.1 & 7.56 
102.3 t 3.02 101.2 li_: 6.20 4.93 * 0.26 7.06 & o.r&I 

N = 4 IV=4 
87.7 f 5.33 110.0 + 5.851- 
94.9 & 4.50 115.7 I 8.43? 4.31 t_ 0.24 7.74 * 0.32.~ 

N= 12 N= 12 

* L-Methionine (2 m-moles/kg, i.p.) was given either to untreated rats (for thiol group estimation) or 2 hr after an 
Lv. injection of 1 mg Hg/kg as Me”03HgCl (for bile collection). Controls received saline. Bile was collected immediately 
after administration of mercury. The biliary excretion of mercury for the 1 hr pretreatment period was 6.17rtO.22 
pg/kglhr for controls (N= 5); and 5.83 kO.31 /cg/kg/hr for treated animals (N= 7). Animals were sacrificed at 
1, 2 and 3 hr post-treatment for thiol estimations. 

t Significantly different from the control with the directional Student’s ‘t’ test, P< 0.05. 
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Table 5. Etfects of 3’-MeDAB on liver non-protein thiol 
concentration and the biliary excretion of methyl mercury* 

Control 

3’-MeDAB 

Liver thiol Biliary excretion 
concentration of Hg 

,rhmoles/g pg/kg/Hr 
(Mean+ S.E.M.) (Mean+S.E.M.) 

4.52kO.14 6.11 f0.33 
N=8 N=8 

7.69k0.55.j’ 7.73+0.33? 
N=5 N=5 

* MeZo3HgCI was i.v. administered at a dose of 1 .O mg 
Hg/kg 24 hr after the i.p. administration of 165 mgikg 
of 3’-MeDAB or saline. Bile was collected for 5 hr 
after treatment. 

f Significantly different from the control with the two 
directional Student’s ‘I’ test for paired samples, P < 0.01. 

and for the following 30 min collection periods it 
was: 322, 306, 290,237, and 209 per cent. Thirty min 
after the administration of this dose of cysteine, no 
detectable change could be found in plasma non- 
protein thiol groups (N = 4) but an average of 
0.92,~mole/g increase was found in the liver. This 
increase was lower than that seen at higher doses of 
cysteine and with other thiol compounds. Neverthe- 
less the increase in biliary excretion within the first 
30 min was higher than that produced by the other 
thiol compounds except for penicillamine. A ten 
times lower dose of cysteine [0.04 m-mole’kg] had 
no effect on either the biliary excretion of methyl- 
mercury or on the concentration of liver non-protein 
thiol groups. 

A dose of 2 m-moles ‘kg methionine was able to 
increase biliary excretion of methylmercury only 2 hr 
after administration (Table 4). The increase was 
much less than that seen with either cysteine or 
glutathione after 120 min although methionine was 
able to increase liver concentrations of non-protein 
thiols by 3 pmoles/g above controls about I hr prior 
to the significant elevation in biliary excretion rates 
of methylmercury. 

3’-Methyl-4-dimethylazobenzene (an inhibitor of 
glutathione transferase activity) was able to signifi- 
cantlyelevate liver non-protein thiol concentrations by 
slightly more than 3 pmoles/g (Table 5). Compared 
with controls, this was accompanied by a small (23 
per cent) increase in methylmercury excretion in bile 
over a 5-hr period. 

DISCUSSION 

Our results have indicated that several sulfur- 
containing compounds increased biliary excretion of 
methylmercury and these increases were accom- 
panied or preceded by elevations in non-protein 
bound thiol concentrations in liver. Since no 
quantitative correlation could be found, the increase 
in biliary excretion of methylmercury can not be due 
directly to elevated non-protein thiol concentrations 
in liver or plasma. Thus the form of the non-protein 
thiols seems to be critical. The biliary excretion of 
methylmercury was increased by 0.4 m-mole kg 
cysteine immediately although it was inhibited 
temporarily by 4 m-moles kg. As a high proportion 

of the increase in plasma and liver non-protein thiols 
was due to the presence of unchanged cysteine, it 
seems reasonable to suppose that cysteine above a 
certain threshold actually inhibited the biliary 
excretion of methylmercury. As concentration of 
cysteine declined the bihary excretion of methyl- 
mercury increased. 

It may be, as evidenced in one report in the litera- 
ture [7] that methylmercury is excreted as the 
glutathione complex. This would be consistent with 
our findings that glutathione appears to be the most 
effective thiol compound in elevating biliary excre- 
tion of mercury in rats. The stimulatory effects of 
cysteine and methionine could be explained by the 
metabolism of these compounds to glutathione. D- 

penicillamine, by replacing glutathione in other 
metabolic processes, could make a substantial 
proportion of liver glutathione free for promoting 
methylmercury excretion. However, our data do not 
allow elucidation of the precise role that glutathione 
plays. Elevation of free GSH in liver is not, in itself, 
responsible for increased mercury excretion. For 
example, the stimulatory effect of cysteine was not 
accompanied by a significant increase in free thiol 
concentration except for cysteine itself. Furthermore, 
methionine or the inhibitor of glutathione transfer- 
ase produced a larger increase in non-protein thiols 
in liver than glutathione and had only minimal 
effects on the biliary excretion of methylmercury. 

Finally we must consider firstly that the GSH 
concentration in the liver was three order higher than 
the concentration of methylmercury; and secondly 
that the affinity constant of methylmercury for thiol 
groups is Log,,K = 17 [9]. Thus even a substantial 
change in the concentration of GSH could not affect 
the availability of GSH for MeHg+. Consequently a 
mechanism more complicated than the direct effect 
of free GSH on the biliary excretion of methyl- 
mercury must be considered. Such mechanisms 
might include interaction of GSH and mercury [ 17, 
181 with proteins, like ligandin and the facilitated 
diffusion of methylmercury in tissues. 
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