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Abstract-To evaluate the role of glutathione in biliary copper excretion, we studied this process in 
control Wistar rats and in mutant Wistar rats (GY rats), in which the secretion of glutathione into bile 
is deficient. For comparison, biliary zinc excretion was determined simultaneously. In spite of the 
markedly reduced bile How (-45%) in GY rats, biliary output rates of endogenous copper were virtually 
identical in GY and control rats. In contrast, zinc output was drastically reduced in GY rats compared 
to controls (-80%). Biliary excretion patterns after intravenous administration of copper. in doses 
ranging from 65 to 2265 nmoi/lOO g/body wt, showed a distinct rapid and slow phase in control rats. In 
GY rats, on the other hand. the rapid phase in copper excretion was absent but the slow phase appeared 
to be unaffected. Pretreatment of rats with diethylmaleate to deplete hepatic and bihary glutathione 
abolished the rapid phase of copper excretion in control rats, while the slow phase remained unaffected. 
No significant effect of diethylmaleate on the hepatic handling of exogenous copper was observed in 
GY rats. The maximal capacity of the slow copper excretion pathway was 4C!-45 nmol/hr/lOO g body 
wt, both in control and GY rats: the capacity of rapid excretion pathway depended on the administered 
copper load. Intravenous injection of copper induced the biliary excretion of a substantial amount of 
zinc in control rats; but not in GY rats. These results indicate the existence of at least two distinct biliary 
excretory pathways for copper in the rat, i.e. a slow and a rapid pathway, with a glutathione dependency 
of the latter only. The basal excretion of (endogenous) copper, in contrast to that of zinc. can proceed 
independently of glutathione excretion. However. 
secretion of excess copper. 

The biliary pathway is the main route for removal of 
copper from the body [l. 21. A blockade of this 
pathway will cause accumulation of copper in the 
liver and eventually liver cell damage. Two her- 
editary disorders associated with a defective hepato- 
biliary copper transport and accumulation of copper 
in the liver have been described: Wilson’s disease in 
man [3,4] and copper toxicosis in Bedlington terriers 
[3,5]. Both disorders are characterized by a 
decreased biliary copper excretion. but differ from 
each other in the hepatic distribution of the excess 
copper (31. Consequently, the defective step in the 
copper transport cascade may be different in these 
two disorders. However, it is difficult to understand 
these disturbances in terms of a specific defect in 
one of the steps of copper metabolism, because the 
mechanism(s) of normal biliary copper excretion is 
still poorly understood. Several pathways may exist 
for the overall transport of copper from blood to 
bile. Using tracer amounts of radio copper in rats, 
Kressner et al. [6] have proposed the existence of at 
least two transcellular pathways via hepatocytes as 
well as a transcytotic pathway via biliary epithelium. 

It has been suggested that glutathione (GSH) plays 
a key role in the final step in copper excretion from 
hepatocyte into bile, i.e. its transport across the 
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glutathione appears to be involved in the rapid 

canalicular membrane [7]. GSH has also been impli- 
cated in the transfer of zinc from liver to bile [g, 91. 
To evaluate the role of GSH in the hepatic dispo- 
sition of these trace elements, biliary copper and zinc 
excretion were compared in control Wistar rats and 
GY rats [lo]. This latter mutant rat strain shows a 
defective hepatobiliary transport of several organic 
anions [l&13]. In spite of a normal hepatic GSH 
concentration [ll], GSH is virtually absent in the 
bile of these animals [12, 131 and the concentration 
of its constituent amino acids is also greatly reduced 
[12]. These animals therefore provide an excellent 
tool to study GSH dependency of biliary excretory 
processes. 

MATERIALS AND METHODS 

Animals. Normal Wistar rats and GY (Groningen 
Yellow) Wistar rats were bred at the Central Animal 
Laboratory, University of Groningen. The GY rats 
display conjugated hyperbilirubinemia. due to an 
autosomal recessive defect in the hepatobiliary 
excretion of conjugated bilirubin and a number of 
other organic anions [ 10-131 including GSH [ 12, 131. 
Details of the GY rat are described elsewhere [lo]. 
Available data indicate that the genetic defect in the 
GY rat is similar to that of the mutant rat described 
by Jansen et al. [14]. 

The rats were housed in plexiglass cages with free 
access to food and water. The diet (RMH-B. Hope 
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Table 1. Plasma and bile concentrations and biliary output rates of copper and zinc 
in control and GY rats 

Control GY 

Copper 
Plasma concentration (pmol/L)* 
Bile concentration (pmol/L)t 
Output rate (nmol/hr/lOO g body wt)t 

Zinc 
Plasma concentration (pmol/L)’ 
Bile concentration (pmol/L)t 
Output rate (nmol/hr/lOO g body wt)t 

25.8 2 1.7 31.1 ” 2.2 
26.4 k 0.9 40.6 t 1.7$ 
12.9 t 0.5 12.8 -+ 0.4 

30.0 + 1.5 31.6 +_ 3.1 
1.9 ‘- 0.9 2.7 t O.l$ 
3.8 k 0.4 0.8 2 0.Q 

* Mean values (*SE) of plasma samples collected 30 min after creation of a bile 
fistula in pentobarbital-anesthetized animals. Data represent means of 15 (control) 
and 16 (GY) rats, respectively. 

t Mean values (*SE) of two subsequent 30 min bile samples, collected immedi- 
ately after creation of a bile fistula in pentobarbital-anesthetized animals. Data 
represent means of 15 (control) and 16 (GY) rats, respectively. 

$ Significant difference between control and GY rats. 

Farms NV, Woerden, The Netherlands) contained 
22.4 mg/kg copper and 63.0 mg/kg zinc. For experi- 
ments, only male rats of approximately 300 g were 
used. All experiments followed the institutional 
guidelines for the care and use of laboratory animals 
in research. 

Experimental procedures. All experiments were 
started at 11.00 a.m. to exclude effects of the cir- 
cadian rhythm in bile formation [IS]. The rats were 
anaesthetized with pentobarbital (6 mg/lOO g body 
wt) and anaesthesia was maintained by injection of 
small doses of the drug. During the experiments 
body temperature was maintained at 37.5”-38” by 
means of a heating pad. The rats were equipped with 
silastic catheters (i.d. 0.50 mm, o.d. 0.94 mm) in the 
common bile duct and, via the left jugular vein, in 
the heart. Bile samples were collected into pre- 
weighed vials for 4 hr in 30min intervals. When 
indicated, 0.39 mmol/lOOg body wt of diethyl- 
maleate (DEM) was injected intraperitoneally at 
15 min after the start of bile collection. One hour 
after the start of bile collection, copper was injected 
intracardially via the jugular vein catheter in doses 
of 65 nmol, 305 nmol, 325 nmol or 2265 nmol per 
100 g body wt, respectively. Copper was given in the 
form of CuS04 dissolved in saline, in a final volume 
of 0.2 mL/lOO g body wt. At the end of the exper- 
iment the rats were killed by an overdose of pento- 
barbital. 

Analyses. To prevent contamination, all vials were 
washed prior to use with concentrated HN03 and 
bidistilled water and subsequently dried. Biliary con- 
centrations of copper and zinc were determined by 
Proton Induced X-ray Emission [16]. Total biliary 
glutathione concentration (GSH+GSSG) was 
assayed according to Griffith [17]. 

Calculation and statistics. Results are expressed 
as mean values ? SE for each group. Statistical 
significance of differences was evaluated by Student’s 
t-test. Differences were considered to be significant 
at a level of p < 0.05. 

RESULTS 

Table 1 shows the plasma and bile concentrations 

as well as biliary output rates of endogenous copper 
and zinc in bile of pentobarbital-anesthetized control 
and GY Wistar rats. In spite of the significantly 
lower bile flow in GY rats, (0.483 ? 0.011 vs 0.269 + 
0.011 mL/hr/lOO g/body wt), the biliary output of 
endogenous copper was virtually identical in the 
control and GY rats, due to its 53% higher con- 
centration in the latter. In contrast, the output rate 
of zinc was very markedly reduced in GY rats when 
compared to controls. Plasma concentrations of cop- 
per and zinc were similar in both strains of rats. As 
reported previously [12, 131, GSH was not detectable 
in bile of GY rats, while its concentration in control 
bile averaged 3.5 mM in these experiments. The 
output rates of copper, zinc and GSH remained 
stable during a 4 hr period after creation of the bile 
fistula (data not shown). 

The pattern of biliary copper excretion in control 
and GY rats after injection of three different doses 
of copper (65, 325 and 2265 nmol/lOO g body wt, 
respectively) is shown in Fig. la-c. After injection 
of the low dose, copper excretion showed a small 
peak and stabilized afterwards at a somewhat lower 
level in control rats (Fig. la). During this exper- 
iment, copper excretion in control rats was slightly 
higher than in GY rats, resulting in a higher fractional 
copper excretion after three hours (Table 2). After 
injection of 325 nmol copper/100 g body wt (Fig. 
lb), copper was excreted more rapidly in control rats 
than in GY rats, with peak excretion rates observed 
within 30 min after injection and a gradual decline 
thereafter. In GY rats no peak excretion was 
observed, but copper output gradually increased and 
stabilized after 60 min. The absence of peak copper 
excretion in GY rats resulted in a significant lower 
recovery of copper after 3 hr (Table 2). With the 
highest dose of copper, the maximal excretion rate 
in control rats was 105 nmol/hr/lOO g body wt. How- 
ever, this excretion rate was only obtained after 2 hr 
(Fig. lc). The fractional excretion obtained with the 
highest dose was much lower than with the inter- 
mediate and low dose (Table 2). In GY rats, copper 
excretion pattterns did not significantly differ 
between the high and intermediate dose. The maxi- 
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Table 2. Biliary copper secretion (nmol) and its fractional excretion (% dose) 
during 3 hr after intravenous injection of copper* 

Dose 
(nmol/lOO g body wt) Control GY 

65 78.7 t 10.4 (41.4) 32.9 -t 6.1 (17.3)$ 
325 217.1 + 15.8 (22.4) 138.4 f 11.6 (14.3)$ 
2265 487.9 2 14.4 (14.4) 147.7 2 2.5 (2.1); 
DEM+ + 305 130.3 5 14.0 (14.5) 178.0 t 9.3 (19.3)s 

N = 4-6 in all experimental conditions. 
* Data are expressed as nmoles excreted during 3 hr after injection (mean t 

SE) and as the percentage of the injected dose, calculated after subtraction of the 
basal copper output. 

t Diethylmaleate (0.39 mmol/lOO g body wt) administered 45 min prior to cop- 
per injection. 

$ Significantly different from control rats at P i 0.05. 

ma1 excretion rate observed was approximately 
40 nmol/hr/lOO g body wt in both cases. 

The GSH output in the bile of GY rats was 
<O.OOl ~mol/hr/lOO g body wt, while in control rats 
the basal GSH output was 1.57 ? 0.21 pmol/hr/lOO g 
body wt (N = 5). Treatment with DEM (0.39 mmol/ 
1OOg body wt) reduced the biliary GSH output to 
less than 0.1 pmol/hr/lOO g body wt in control rats 
within 30 min after administration (data not shown). 
Treatment of rats with DEM reduced basal copper 
excretion by 4&50% in both strains of rats (data not 
shown), which is comparable to the results obtained 
by Alexander and Aaseth [7]. 

The pattern of biliary copper excretion after injec- 
tion of an intermediate dose of copper was markedly 
changed in control rats after DEM pretreatment 
(Fig. 3). Peak copper excretion was absent and the 
recovery after 3 hr was lower than that in untreated 
controls and in GY rats treated with DEM (Table 
2). DEM treatment did not significantly influence 
the copper excretion pattern in GY rats after copper 
injection (compare Figs lb and 3). 

A steep rise in the biliary excretion of zinc was 
observed within 30 min after injection of the inter- 
mediate and the high copper dose in control rats. In 
contrast, zinc excretion remained unchanged in GY 
rats (Fig. 4). In addition, biliary output of endogen- 
ous zinc fell substantially (32%) in control rats after 
DEM treatment. No significant effect of DEM on 
zinc output was observed in GY rats. 

In the present study, we have focused on the 
mechanism of biliary copper excretion in the rat. 
Alexander and Aaseth (71 have provided evidence 
that GSH may be involved in this process; these 
authors were able to demonstrate that the biliary 
excretion of endogenous copper was uniformly 
inhibited in rats after depletion of hepatic and biliary 
GSH with diethylmaleate (DEM). However, the 
excretion of copper was only reduced to 50% of its 
basal value in these experiments in spite of the fact 
that GSH excretion was almost completely inhibited, 
suggesting that at least a part of biliary copper 
excretion is GSH-independent. 
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Fig. 2. Biliary excretion of copper after injection of 
0.39 mmol DEM/lOO g body wt at minus 45 min (arrow) 
and 305 nmol copper100 g body wt at time = 0. Control rats 
are represented by (0) and GY rats by (v). Vertical bars 
indicate SD; N = 4 (GY) and 5 (control), respectively. 
Significant differences between control and GY rats are 

indicated by an asterisk. 

To investigate the role of GSH in biliary copper 
excretion, we made use of a mutant rat strain (GY) 
in which biliary GSH concentrations are below detec- 
tion limits [12,13], whereas hepatic GSH con- 
centrations are in the same range as those of control 
Wistar rats [ll]. The observation that the excretion 
of endogenous copper was almost identical in GY 
and control rats clearly demonstrates that under 
basal conditions the presence of GSH in bile is not 
required to maintain adequate copper excretion. As 
a consequence of the lower bile flow in GY rats, when 
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Fig. 3. Bihary excretion of zinc after injection of 2265 nmol 
copper/100 g body wt at time = 0. Control rats are repre- 
sented by (0) and GY rats by (v). Vertical bars indicate 
SD; N = 4. Significant differences from basal values are 

indicated by an asterisk. 

compared to controls, biliary copper concentrations 
were significantly higher in the first group of animals. 
The ability of GY rats to maintain copper balance 
was also evident from plasma concentrations very 
similar to those in control rats. The reduction of 
endogenous copper excretion after DEM-treatment 
observed by Alexander and Aaseth [7], which was 
confirmed in the present study both in control and 
GY rats, may be due to interactions of DEM with 
other compounds involved in copper excretion, or 
to non-specific effects of DEM on intracellular 
metabolism [18]. The effect of depletion of intra- 
cellular GSH in itself has no distinct effects on biliary 
Cu excretion as shown by other experiments (unpub- 
lished results). 

In contrast to copper excretion, the excretion of 
endogenous zinc was very strongly reduced in GY 
rats when compared to controls. This is indicative 
for a strong GSH-dependency for this metal, as was 
also suggested in a number of other studies [8,9]. 

The hepatic disposition of copper after intravenous 
administration of varying doses of ionic copper, how- 
ever, appeared to be partly dependent upon GSH. 
The copper excretion profiles observed in control 
rats in the present study were very similar to those 
reported by Nederbragt and Lagerwerf [19], with a 
distinct rapid phase and a slow phase. We were able 
to inhibit this rapid phase, without affecting the 
slow phase, by depletion of biliary GSH through 
administration of DEM. Similarly, the rapid phase 
in biliary copper excretion was absent in untreated 
GY rats while the slow excretion proceeded at a rate 

similar to that in control rats. DEM treatment of GY 
rats did not alter the pattern of copper excretion 
after injection of a copper load and even slightly 
increased, albeit not significantly, its fractional 
recovery in bile. Up to now, we have no explanation 
for this latter observation, 

Taken together, presented data indicate that the 
removal of copper via bile after an intravenous load 
is executed via (at least) two mechanisms, giving rise 
to a rapid and a slow excretion phase, and that 
the rapid phase is mediated by a GSH-dependent 
process. To what extent this GSH-dependency 
relates to the proposed transcellular pathways for 
copper excretion [6] and to the subcellular loca- 
lization (e.g. lysosomes) of bile-destined copper [20] 
remains to be established. The maximal transport 
rate of the GSH-dependent pathway increased when 
larger amounts of copper were injected. However, 
this increase was not proportional to the admin- 
istered dose, resulting in a lower fractional excretion 
with the higher doses. This dose-dependent copper 
excretion has also been observed in previous studies 
[21]. The maximal capacity of the “slow pathway” 
was approximately 40 nmol/hr/lOO g body wt both 
in controls and GY rats, i.e. only three to four times 
the value of basal copper excretion in these animals. 
Whether this will be sufficient to maintain copper 
balance in GY rats under the condition of increased 
dietary copper is currently under investigation. 

Injection of copper resulted in a significant rise in 
biliary zinc excretion in control rats. We suggest that 
this is due to displacement of zinc by copper from 
hepatic metallothionein followed by its excretion 
into bile, since it is known that metallothionein has 
a higher affinity for copper than for zinc [22]. This 
effect was not observed in GY rats or in control rats 
treated with DEM, giving further support to the 
requirement of GSH in biliary zinc excretion. In 
addition to zinc, GSH has been shown to play an 
important role in the biliary disposition of other 
metals, such as cadmium and mercury (see Ref. 23 
for review); the GY rat may provide a useful animal 
model to study the toxicity of these metals in relation 
to the process of their elimination from the body. 
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