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Abstract-The effects of diquat on the biliary efflux of nonheme iron in rats were studied as a means 
of examining the possible effects of diquat metabolism on hepatocellular iron metabolism and the 
association of altered iron metabolism with the initiation of acute hepatic necrosis. Administration of 
hepatotoxic doses (0.1 mmol/kg) of diquat to male Fischer-344 rats increased biliary iron concentrations 
from 6 PM to more than 15 pM. However, increases in biliary efflux of iron were not observed during 
the first 60 min following exposure to diquat, despite the rapid increases in biliary glutathione disulfide 
concentrations, which increased maximally within 40 min. Biliary efflux of iron was not altered by 
diquat in Sprague-Dawley rats, which are resistant to hepatic necrosis in response to diquat, despite 
the marked oxidant stress responses observed in these animals. Conversely, hepatotoxic doses of 
acetaminophen (1500 mg/kg) caused significant decreases in biliary iron efflux. The rapid decreases in 
biliary iron caused by acetaminophen and the delay in diquat-induced iron efflux suggested the possibility 
that some fraction of the biliary iron was being excreted as reversibly formed GS-Fe2+ chelates, with 
inhibition of export by glutathione disulfide (GSSG) in the case of diquat, or by 3-(glutathion-S-yl)- 
acetaminophen (GS-AAP) in the case of the acetaminophen-treated animals. However, 5@200 mg/kg 
doses of acetaminophen showed little effect on biliary iron excretion despite producing biliary GS-AAP 
conjugate concentrations almost 1000 times the 6 PM concentrations of iron, which would not appear 
to support the hypothesis of excretion of GS-Fe *+ chelates. The data demonstrate a significant effect 
of diquat on hepatic iron metabolism in Fischer-344 rats, and the possible importance of this iron 
redistribution to reactive oxygen-mediated cell damage in uioo is indicated by the absence of similar 
responses in diquat-treated Sprague-Dawley rats. 
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Reactive oxygen species are thought to contribute 
significantly to many pathologies, presumably 
through the cellular dysfunction caused by chemical 
alterations of critical biological molecules [ 1,2]. For 
this reason, identification of the alterations caused 
by exposure of biological systems to reactive oxygen 
species and understanding the pathophysiological 
consequences of the respective transformations are 
goals of biomedical research that have broad 
implications for the study of many human diseases. 
The hepatic necrosis that is produced in Fischer-344 
rats by administration of diquat appears to be 
mediated by reactive oxygen species generated by 
cyclic reduction and oxidation of the bipyridylium 
[3]. Diquat-treated Fischer-344 rats thus offer a 
useful experimental model for the study of reactive 
oxygen-mediated acute tissue damage in oiuo [4,5]. 

Increased production of (GSSG)? is probably the 
most frequently employed index of exposure of cells 
to reactive oxygen species, but cells can withstand 
truly remarkable increases in disulfide production 
without loss of viability, particularly in uiuo [3]. In 
contrast, rather modest amounts of reactive oxygen 
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can become lethal if the normally tight control over 
redox-active iron chelates is defeated [6-81. Cellular 
iron in excess of immediate requirements is stored 
primarily in the form of ferritin, and this iron can 
be liberated for other cellular functions through 
reduction of the ferritin-bound Fe3+ form [9]. 

Thomas and Aust [lo] showed that diquat 
stimulates the release of iron from ferritin in vitro 
through the transfer of electrons from NADPH- 
cytochrome P450 reductase. Subsequently, Reif et 
al. [ll] showed that administration of diquat to rats 
causes a net loss of ferritin-bound hepatic iron, 
without a decrease in ferritin protein [ 111. However, 
the latter study examined effects observed 36 hr after 
drug exposure, whereas many of the toxicologically 
important interactions occur much earlier [5,7]. 
Release of ferritin-bound iron to intracellular pools 
could provide a source of chemically reactive iron 
chelates if the rates of release exceed the capacities 
for controlled disposition or protected binding of 
the iron. Gregus and Klaassen [12] proposed the 
existence of a similar pool of hepatocellular iron 
based upon their observation that the fraction of an 
i.v. dose of iron that was excreted into the bile 
increased with increasing dose. The latter study 
further suggests that intracellular iron in excess of 
normal binding capacities, which might reasonably 
be expected to be less protected from relatively 
unregulated redox activities, might also be pref- 
erentially excreted into the bile. 
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We therefore investigated the effects of diquat on 
the biliary excretion of iron in Fischer-344 and 
Sprague-Dawley rats as a means of assessing the 
short-term effects of the redox cycling metabolism 
of diquat on intrahepatic iron homeostasis and the 
possible toxicological relevance of any such effects. 

MATERIALS AND METHODS 

Male Fischer 344 and Sprague-Dawley rats (20s 
3.50 g) were purchased from Harlan-Sprague Dawley 
and maintained in an air-conditioned room on a 
12 hr light/dark cycle. Food and water were available 
ad lib. Diquat was provided by Dr. Ian Wyatt 
of Imperial Chemical Industries (Macclesfield, 
Cheshire, England). Other reagents were obtained 
from either the Sigma Chemical Co. (St. Louis, MO) 
or Fisher Scientific (Houston, TX). Polyethylene 
tubing was purchased from Clay Adams. 

Animal studies were initiated between 8:00 and 
1O:OO a.m. to minimize possible effects of diurnal 
variations. Animals were anesthetized by adminis- 
tration of sodium pentobarbital (50 mg/kg, i.p.). 

Bile ducts were cannulated with polyethylene tubing 
for timed collections in tared tubes that contained 
100,~L of 0.1 M phosphoric acid. Diquat and 
acetaminophen were dissolved in saline and 
administered i.p. after two collections of 20min 
each, with the time of administration defined as 
Omin. Biliary GSH and GSSG were measured 
enzymatically using an HP 8452A diode array 
spectrophotometer by Tietze-derived methodology 
as previously described [7]. 

Biliary iron was measured using a modification of 
the method of Artiss et al. (131. For these 
determinations, 200 PL of bile was added to 200 PL 
of the trichloroacetic acid-ascorbate-thiourea reagent 
described by Artiss. The samples were vortexed and 
centrifuged for 15 min in a Fisher model 235C Micro 
Centrifuge, and 350 PL of the resulting supernatant 
was removed and mixed with 100 PL of ammonium 
acetate and 25OpL of deionized water. The 
absorbance of this mixture was measured at 594 nm 
before and after addition of 20,~L of the ferene S 
reagent, prepared as described by Artiss. A time 
period of 6 min was allowed for complete color 
development. The concentration of iron in the 
biological sample was calculated by comparison with 
FeCl, standards prepared in 0.1 N HCl. The 
correction of the final measured absorbance for the 
absorbance at 594nm in the absence of ferene-S 
permits correction for possible interfering substances 
in the biological samples and improves the selectivity 
and, therefore, the accuracy of the assay, particularly 
at low concentrations. 

Concentrations of GS-AAP conjugate were 
measured by reverse phase HPLC with detection of 
absorbance at 254 nm [14]. Peak areas of conjugate 
were compared with standard curves obtained by 
injection of known amounts of parent drug. 

Data are given as means +- SEM. Statistical 
comparisons were performed using ANOVA fol- 
lowed by Newman- Keuls, with significance assigned 
at P < 0.05 [15]. 

25 A 

+Sallne 
20 - 4Dlquat 

E 
15 - 

2 
z! 10 - 

5- 

0 ! / ’ I / I I 

-40 -20 0 20 40 60 80 100 120 

TIME (mln) 

150 B 

z 
E 2 125 
m 
UJ 100 

z 
2 75 

5 2 50 

z 25 
i? 

0+-r-r-, ’ 1’ I I /’ 

20 

1 

-40 -20 0 20 40 eo 80 100 120 

TIME (mln) 

-40 -20 0 20 40 60 80 100 120 

TIME (min) 

Fig. 1. Effect of diquat on biliary effux of iron and GSSG. 
Male Fischer-344 rats were anesthetized with pentobarbital, 
and bile was collected. After two baseline collections. 
animals were given 0.1 mmol/kg of diquat or equal volumes 
of saline, i.p., at Omin. Biliary nonheme iron contents 
were measured with ferene-S, as described in Materials 
and Methods. Data in this and in subsequent figures are 
plotted at the midpoints of the 20-min periods of collection 
of the bile samples, but it should be recognized that the 
data represent average rates and concentrations over the 
collection periods. The biliary iron concentrations (A) and 
efflux rates (concentrations times bile flow rates) (B) in 
the diquat-treated animals were different from saline- 
treated controls, P < 0.05, after 60min (*). Biliary 
concentrations of GSSG, measured by a modification (71 
of the method of Tietze, as described in Materials and 
Methods and shown in C. were significantly different 
from control (P < 0.05) in all samples collected after 
administration of diquat (*). Data are given as 
means Z? SEM of 15 animals per group, and the data were 

evaluated statistically by ANOVA Newman-Keuls. 
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Fig. 2. Effect of diquat on biliary iron concentrations in 
Sprague-Dawley rats. Bihary iron concentrations were 
measured in samples from male Sprague-Dawley rats 
before and after administration of 0.1 mmol/kg of diquat 
or equal volumes of saline, i.p., at Omin. Data are 
means ? SEM of 3 control and 4 diquat-treated rats. 
Increased concentrations of GSSG in these bile samples 
verified significant diquat-induced oxidant stress responses 
in these animals (data not shown), but biliary iron 
concentrations were not statistically different (at P < 0.05) 

in the animals given diquat. 

RESULTS 

Biliary iron concentrations in Fischer-344 rats 
averaged 6 PM and administration of 0.1 mmol/kg of 
diquat to Fischer-344 rats increased biliary iron 
concentrations (Fig. 1A) and rates of efflux (Fig. 
lB, concentrations times rates of bile flow), but the 
observed increases were noticeably delayed relative 
to the rapid increases in biliary GSSG concentrations 
(Fig. 1C). The biliary iron concentrations of diquat- 
treated rats increased to around three times the 
control values by 90min, whereas biliary GSSG 
concentrations rose during the collection of the first 
sample following diquat administration and reached 
the respective maximum levels within the first 40 min. 
A trend toward somewhat higher bile flow rates 
after diquat resulted in the minor differences in the 
time profile of iron efflux when viewed as rates. 
Administration of 0.1 mmol/kg of diquat to male 
Sprague-Dawley rats did not alter biliary export of 
iron (Fig. 2), despite the clear demonstration of 
drug-stimulated redox activity and marked oxidant 
stress that we have reported previously [3] and which 
was documented in these specific animals by observed 
increases in biliary GSSG contents (data not shown). 

The administration of ferrous sulfate i.p. to 
Fischer-344 rats resulted in rapid increases in biliary 
iron concentrations (Fig. 3). Similar increases were 
observed in Sprague-Dawley rats given ferrous 
sulfate (data not shown). Diquat enhances expiration 
of ethane and pentane in Fischer-344 rats [7], which 
suggests drug-induced release of bound iron to a 
pool of more chemically reactive iron chelates 
with subsequent stimulation of pscission of the 
corresponding lipid hydroperoxides [ 161. The diquat- 
induced increases in alkane expiration are significant 
by 30min and are maximal within 60min, and the 
responses are potentiated in animals pretreated 
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Fig. 3. Effect of i.p. administration of ferrous sulfate on 
biliary iron concentrations. Biliary iron contents were 
measured in Fischer-344 rats before and after i.p. 
administration of 0.36 mmol/kg of FeS04 or equal volumes 
of saline, i.p., at 0 min. Data are given as means + SEM 
for 3 control rats and 4 rats given FeSO,. The effects of 
ferrous sulfate were statistically significant (P < 0.05) at all 

time points following administration. 

acutely with ferrous sulfate [7]. However, the rapid 
response of the biochemical markers suggestive of 
redox-active iron (ethane and pentane) contrast with 
the lag observed in biliary iron excretion (Fig. 1). 
One possibility for this difference in the time courses 
was that the mechanisms for excretion of iron from 
the pool of chemically reactive chelates function 
more slowly than do the mechanisms for biliary 
export of GSSG. The rapid increases in biliary iron 
content of the ferrous sulfate-treated rats (Fig. 3) 
suggest that the delays in the increases in biliary iron 
observed in the rats treated with diquat (Fig. 1. A 
and B) are not readily attributable to slower rates 
of excretion of iron from the redox-active intracellular 
pool. However, the involvement of multiple pools 
and routes of transfer of iron to bile in the ferrous 
sulfate-treated animals is certainly possible, and 
additional studies will be needed. 

The diquat-induced increases in biliary iron efflux 
also could have been secondary to tissue injury. 
With the initial intent of testing this hypothesis, we 
examined the effects of a second hepatotoxin, 
acetaminophen, on biliary release of iron in Fischer- 
344 rats. Administration of a dose (1.5 g/kg) of 
acetaminophen that causes hepaticinjurycomparable 
in magnitude to that caused by 0.1 mmol/kg of 
diquat [3,17] produced a rapid decline in biliary iron 
concentrations (Fig. 4A). Addition of known 
amounts of iron to bile samples from acetaminophen- 
treated rats showed the expected increases in 
measured iron content, indicating that the effects 
we observed were not due to inhibition of our assay 
method by metabolites of acetaminophen. Biliary 
iron excretion rates also decreased in these 
animals (Fig. 4B), indicating that the decreases in 
concentration were not simply due to dilution 
by iron-poor bile during acetaminophen-induced 
choleresis. 

Dose-response studies on the effects of acetamino- 
phen revealed that doses as low as 200 mg/kg could 
produce statistically significant decreases in biliary 
iron concentrations (Fig. 5A). Moderate effects were 
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Fig. 4. Effects of hepatotoxic doses of acetaminophen on 
biliary iron concentrations and rates of efflux. Biliary iron 
concentrations (A) and rates of efflux (B) are shown for 
Fischer-344 rats given 1.5 g/kg of acetaminophen or saline, 
i.p., as indicated. Data are means 2 SEM for 15 control 
and 4 acetaminophen-treated animals, respectively. By 
ANOVA Newman-Keuls, the effects of acetaminophen 
were statistically significant (P < 0.05) at all time points 

following administration of drug (*). 

observed following 50 or lOOmg/kg doses, but the 
effects were not uniformly different from the saline- 
treated animals. The administration of acetamino- 
phen at 50,100, or 200 mg/kg did produce significant 
increases in bile flow in these animals (data not 
shown), and the biliary iron efflux rates were 
not statistically different in the animals given 
acetaminophen (Fig. 5B). The effects of the 200 mg/ 
kg dose approached statistical significance (at 
P < 0.05) at some time points, but the major effect 
of the lower doses of acetaminophen on biliary iron 
concentrations appeared to be one of dilution. 
Biliary GSH concentrations were not depleted 
substantially in these animals (Fig. 5C), indicating 
that decreased biliary iron concentrations were not 
likely to be due to depletion of intrahepatic GSH to 
levels low enough to compromise the formation of 
a hypothetical GS-Fe chelate with intracellular iron. 
Biliary GSSG concentrations were significantly lower 
in animals given the highest dose of acetaminophen 
than in the saline-treated controls (Fig. 5D). 

The biliary concentrations of the S-glutathionyl 
conjugate of acetaminophen, measured in these 
animals, are presented in Fig. 6. The data show that 
even the lowest dose (50 mg/kg) of acetaminophen 

results in millimolar concentrations of GS-AAP in 
bile. The lack of a change in the iron export processes 
that lead to concentrations in the low micromolar 
range, during the export of GS-AAP conjugate at 
concentrations that are almost three orders of 
magnitude greater, would not appear to support the 
idea that the effects of acetaminophen reflect 
competitive inhibition of the excretion of a GS-Fez+ 
chelate [18]. 

DISCUSSION 

The diquat-induced increases in biliary iron 
concentrations and rates of efIIux (Fig. 1) demon- 
strated a drug-induced change in hepatic iron 
homeostasis that is consistent with a stimulation of 
release of iron from bound stores and subsequent 
biliary excretion of some part of this iron. However, 
the delay in increased biliary efflux of iron relative 
to the rapid increase in diquat-induced redox stresses 
indicated by efflux of GSSG (Fig. 1C) suggests the 
involvement of other factors or mechanisms. 

One possible reason for the delay in iron excretion 
relative to increased redox activity is that the biliary 
excretion of iron from the putative intracellular pool 
of redox-active iron is a measurably slower process. 
In Fischer-344 rats, ethane and pentane expiration 
are elevated significantly within 30 min following 
administration of diquat [7]. Inasmuch as the most 
probable mechanism for the production of ethane 
and pentane in vivo is through the iron-catalyzed p- 
scission of the corresponding lipid hydroperoxides, 
the rapid rise in alkane expiration indicates a 
similarly rapid increase in the intracellular availability 
of reactive iron chelates following administration of 
diquat. Intraperitoneal administration of ferrous 
sulfate was found to potentiate the diquat-induced 
increases in ethane and pentane expiration [7], 
suggesting that at least some of the administered 
iron accessed the pool of reactive chelates. In the 
present studies, similar i.p. doses of ferrous sulfate 
were found to increase biliary iron efflux (Fig. 3), 
but without the delay seen with diquat-induced 
effects on endogenous iron (Fig. 1). These data do 
not support the idea that the time-course of increased 
biliary iron efflux after diquat is the result of an 
inherent slowness of the process of excretion of iron 
from the redox-active pool. However, other pools 
or routes of transport [19] of the exogenous iron to 
the bile may obscure the relevant time-course 
response through functional intracellular pools. 

The possibility that the diquat-induced increase in 
biliary iron efflux was a result of cell damage rather 
than a marker of a mechanism contributing to 
initiation of injury also was considered. Therefore, 
with the initial intent of testing this hypothesis, we 
examined the effects of comparably damaging doses 
[3, 171 of a mechanistically different hepatotoxin. 
The rapid decrease in biliary iron excretion caused 
by acetaminophen (Fig. 4) did not resolve the initial 
hypothesis, but did suggest the possibility of the 
involvement of GS-dependent mechanisms in the 
cellular export of the iron. The involvement of the 
GS-conjugate export pump would explain the effects 
of the hepatotoxic doses of acetaminophen, because 
the formation and excretion of the GS-acetamino- 
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Fig. 5. Effects of moderate doses of acetaminophen on biliary excretion of iron and glutathione. Biliary 
iron concentrations (A) and rates of efflux (B) are shown for male Fischer-344 rats given the indicated 
doses of acetaminophen (0, 50, 100, or 200 mg/kg), i.p., at 0 min. Iron concentrations were significantly 
different (P < 0.05) in the animals given 200 mg/kg of acetaminophen (a) than in controls. The effects 
of 100 mg/kg (b) and 50 mg/kg (c) of acetaminophen on biliary iron concentrations were statistically 
significant (P < 0.05) in some time periods. No statistical differences in the rates of iron efflux (B) were 
indicated by ANOVA. Biliary GSH concentrations (C) in the animals given 200 mg/kg of acetaminophen 
were not statistically different (P < 0.05) from the animals given 50 mg/kg or saline except for points 
labeled (a) and (*) respectively. Biliary GSSG concentrations (D) differed significantly from control 
(*P < 0.05) at the 200 mg/kg dose of acetaminophen from 20 to 80 min.(*) Rates of efflux of GSH and 
GSSG were not altered significantly in these animals by the doses of acetaminophen employed (data 

not shown). Data in all panels are given as means 2 SEM for 4-7 animals per group. 
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Fig. 6. Biliary concentrations of the S-glutathionyl conjugate 
of acetaminophen (GS-AAP). Biliary concentrations were 
measured by HPLC in samples collected from the Fischer- 
344 rats, described in Fig. 5, given up to 200 mg/kg of 
acetaminophen. Data are means 2 SEM of 4-7 animals 

per group. 

phen conjugate are rapid enough (Fig. 6) to account 
for the time-course of the decreased biliary iron 
export caused by hepatotoxic doses of acetaminophen 
(Fig. 4). The involvement of the conjugate export 
pump also would offer an explanation for the lag in 
biliary excretion of iron following administration of 
diquat (Fig. l), because the rapid increase in hepatic 
formation and biliary export of GSSG [7], which has 
been shown to compete with other GS-conjugates 
for pump activity [Ml, could suppress biliary export 
of intracellular GS-Fe chelates. 

The GSH-dependent biliary excretion of other 
transition metals has been described by a number of 
investigators, including the recent reports from 
Gyurasics et al. [20,21]. These investigators showed 
that intravenous administration of soluble salts of 
antimony, arsenic, and bismuth results in biliary 
excretion of the metals and in the stimulation of 
biliary GSH efflux in parallel. They further showed 
that substrates for GSH conjugation and subsequent 
biliary excretion by the GE&conjugate export pump, 
bromosulfophthalein and diethyl maleate, inhibit 
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Fig. 7. Scheme indicating possible sites of drug-induced alterations in intrahepatic iron metabolism that 
could be reflected in altered biliary concentrations or rates of efflux of nonheme iron. The data presently 
available do not support the significant contributions of GS-Fe excretion to the biliary export of 

nonheme iron as depicted. 

metal excretion and prevent the metal-induced 
increases in biliary GSH concentrations. Their data 
strongly suggest the reversible formation of GS 
metal chelates that appear to be recognized by the 
GS-conjugate export pump. Following excretion into 
the bile, the thiol ligands can dissociate, particularly 
under conditions for measurement of GSH. Although 
free iron would not be expected to show a high 
affinity for GSH, the stability of iron complexes with 
thiol ligands is greater for Fe*+, which is a softer 
electrophile than is Fe3 + [22], and complex stability 
could be enhanced further by the stereoelectronic 
influences of the other ligands in the presumably 
hexacoordinate complex. 

The lack of an increase in biliary iron efflux in 
diquat-treated Sprague-Dawley rats (Fig. 2), despite 
the marked intrahepatic redox stress observed in 
these animals in the form of GSSG production, 
further suggests the release of iron to redox active 
intracellular pools as a significant step in initiation 
of lethal injury by reactive oxygen species because 
of the resistance of Sprague-Dawley rats to diquat- 
induced hepatic damage [3,23]. Additional evidence 
that altered iron metabolism is important to the 
initiation of diquat-induced hepatic injury is provided 
by recent studies in which we observed hepatic injury 
in diquat-treated Sprague-Dawley rats if those rats 
were pretreated with ferrous sulfate (Gupta et al., 
unpublished). 

Additional support for a critical role for redox- 
active iron in diquat-induced cell injury has been 
published recently by Rikans and Cai [4] who 
reported a greater cytotoxicity of diquat to 
hepatocytes isolated from old Fischer-344 rats than 
hepatocytes isolated from younger mature animals. 
The difference in susceptibilities that they observed 
did not appear to be due to rates of GSH depletion 
or inherent sensitivities to iron-induced lipid 
peroxidation, which were the same in both groups 
of hepatocytes, or in the rates of diquat-induced 

microsomal generation of superoxide, which were 
significantly lower in the older animals. A greater 
diquat-induced formation of thiobarbituric acid 
reactive substances (TBARS) was observed in the 
hepatocytes from the older rats, and these 
investigators speculate that differences in the 
availability of iron to react with diquat-generated 
hydrogen peroxide may account for the increased 
sensitivity of the hepatocytes from the older rats. 

In another study, Rikans et al. reported greater 
concentrations of nonheme iron and of a low 
molecular weight chelatable pool of iron in 
hepatocytes from older rats [24], but did not 
characterize the possible effects of diquat on 
intracellular redistribution of iron. We found no 
significant difference in hepatic nonheme iron in 
Fischer-344 and Sprague-Dawley rats [25], but we 
did find that administration of diquat results in 
measurable redistribution of nonheme iron in the 
Fischer rats, whereas no significant changes are 
observed in the Sprague-Dawley rats. In related 
studies, we have also found Fischer-344 rats to be 
more susceptible to hyperoxic lung injury than are 
Sprague-Dawley rats (261, which again coincides 
with a measurable redistribution of nonheme iron 
content in the lungs of the Fischer rats during 
hyperoxic exposure, whereas no similar change was 
observed in the Sprague-Dawley rats [27]. 

The data presently available do not enable us to 
distinguish between cause and effect in the 
relationship between altered iron metabolism and 
reactive oxygen-mediated hepatic injury in the 
diquat-treated animals, but this uncertainty is similar 
to that encountered in the numerous studies in which 
lipid peroxidation has been invoked as a causal 
mechanism of cell damage. The ideas of cause versus 
effect are not necessarily conflicting, because both 
iron metabolism and lipid peroxidation probably are 
affected by the processes associated with cell damage, 



and both are capable of contributing to the expansion 
or progression of the injury. 
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