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Abstract

g-Glutamyltransferase (g-GT) catalyzes the hydrolysis of glutathione, glutathione S-conjugates, and g-substituted L-glutamate

derivatives. Acivicin is an irreversible inhibitor of g-GT that has been used to study the role of g-GT in glutathione homeostasis

and glutathione-dependent bioactivation reactions. The present studies were undertaken because of reported conflicting effects of acivicin

on the nephrotoxicity of some haloalkenes that undergo glutathione-dependent bioactivation. The objective of this study was to test the

hypothesis that acivicin may alter renal glutathione concentrations; acivicin-induced changes in renal glutathione concentrations may alter

the susceptibility of the kidney to the nephrotoxic effects of haloalkenes. Hence, diurnal and acivicin-induced changes in renal and hepatic

glutathione concentrations along with renal and hepatic g-GT activities were investigated. The previously observed diurnal variations in

hepatic glutathione concentrations in fed rats were confirmed, but no diurnal variations were observed in renal glutathione concentrations

or in renal or hepatic g-GT activities. Renal and hepatic glutathione concentrations and g-GT activities were measured in tissue

homogenates from rats given 0, 0.1, or 0.2 mmol acivicin/kg (i.p.) and killed 0, 2, 4, 8, 12, or 24 hr later. Renal glutathione concentrations

were increased above control values in acivicin-treated rats, whereas acivicin had no effect on hepatic glutathione concentrations. Renal

g-GT activities decreased within 2 hr after giving acivicin and remained decreased for 24 hr. Acivicin had no effect on hepatic g-GT

activities, except at 24 hr after treatment when values in acivicin-treated rats were elevated compared with controls. Although the present

studies do not afford an explanation of the mechanism whereby acivicin increases the nephrotoxicity of some haloalkenes, they do indicate

that acivicin is not a reliable probe to investigate the role of g-GT in haloalkene-induced nephrotoxicity.
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1. Introduction

g-GT (EC 2.3.2.2) catalyses the hydrolysis or transfer of

the g-glutamyl group of glutathione, glutathione S-con-

jugates, and g-substituted L-glutamate derivatives [1,2].

Acivicin [(aS,5S)-a-amino-3-chloro-4,5-dihydro-5-isoxa-

zoleacetic acid] is an irreversible inhibitor of g-GT [3]

that is used to explore the role of g-GT in glutathione

homeostasis and glutathione S-conjugate biotransforma-

tion and bioactivation.

Although glutathione is a well-established cytoprotec-

tive agent, glutathione-dependent bioactivation reactions

are well known [4]. The selective nephrotoxicity of a range

of haloalkenes is attributable to the cysteine conjugate

b-lyase pathway, which involves glutathione S-conjugate

formation, g-GT- and dipeptidase-catalyzed hydrolysis of

the glutathione S-conjugates to the corresponding cysteine

S-conjugates, active uptake of the cysteine S-conjugates by

renal amino acid transporters, and bioactivation of the

cysteine S-conjugates by cysteine conjugate b-lyase (for

a review, see [5]).

With haloalkenes that undergo b-lyase-dependent bioac-

tivation, acivicin would be expected to block toxicity.

Acivicin inhibits the nephrotoxicity of S-(1,2-dichlorovi-

nyl)glutathione in vivo and in vitro [6,7], but increases the

nephrotoxicity of hexachloro-1,3-butadiene in rats [8] but
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not in mice [9]. Acivicin also increases the nephrotoxicity

of Compound A, a degradation product of the anesthetic

sevoflurane, in vivo [10–13].

Hence, although there is considerable evidence for the

b-lyase-dependent bioactivation of many haloalkenes, the

failure of acivicin to block the nephrotoxicity of some

haloalkenes, notably Compound A, has led to the conten-

tion that their nephrotoxicity is not attributable to b-lyase-

dependent bioactivation in rats [10,11].

The objective of the present studies was to test the

hypothesis that acivicin may alter renal glutathione home-

ostasis. Such alterations in renal glutathione concentrations

may concomitantly alter the susceptibility of the kidney to

the nephrotoxicity of some haloalkene-derived glutathione

S-conjugates. Accordingly, we examined the time- and

dose-dependent effect of acivicin on hepatic and renal

glutathione concentrations and g-GT activities in rats.

The results showed that acivicin decreased renal g-GT

activities, but increased renal glutathione concentrations.

2. Materials and methods

2.1. Materials

Acivicin, glutathione, 5,50-dithiobis-(2-nitrobenzoic

acid), trichloroacetic acid, L-g-glutamyl-p-nitroanilide hy-

drochloride, N-glycylglycine hydrochloride, and p-nitroa-

niline were purchased from Sigma-Aldrich Chemical Co.

All other reagents were obtained from commercial sources.

2.2. Animal treatments

Male, Fischer 344 rats (175–200 g, Charles River) were

used. The rats were housed three per cage in the Vivarium

of the University of Rochester under conditions of con-

trolled temperature and humidity. The rats were kept in a

room with a 12-hr light/12-hr dark cycle and were allowed

free access to food and water.

Rats were given 0, 0.1, or 0.2 mmol acivicin/kg (i.p.)

dissolved in 3 mL of normal saline; control rats were given

saline alone. The rats were treated at 9.00 a.m. EST in all

experiments. The rats were anesthetized with ether and

decapitated 0, 2, 4, 8, 12, and 24 hr after treatment. The

livers and kidneys were immediately removed and rinsed

with ice-cold 300 mM sucrose/10 mM Tris/10 mM MgCl2
buffer (pH 7.25). Samples of liver (400 mg) and kidney

(400 mg) were collected, placed in 5 volumes of buffer,

and homogenized. A 2-mL sample of the homogenate was

immediately mixed with 2.5 mL of 0.02 M EDTA solution

and 0.5 mL of 20% trichloroacetic acid solution. The

mixture was centrifuged at 10,000 g for 15 min at 48,
and the supernatant was decanted and stored at 48 until

analyzed for glutathione concentrations. The remainder

of the homogenate was immediately frozen at �808 and

subsequently analyzed for g-GT activity.

2.3. Analyses

Hepatic and renal glutathione concentrations were quan-

tified with Ellman’s reagent [14]. Briefly, 1 mL of the cold

supernatant from the acidified homogenate was mixed with

2 mL of 0.4 M Tris–HCl buffer (pH 8.9) and 50 mL of

0.01 M 5,50-dithiobis-(2-nitrobenzoic acid) dissolved in

methanol. After 15 min, the absorbance at 410 nm was

measured with a 96-well microplate reader (MR 5000,

Dynatech Laboratories Inc.). Glutathione concentrations

were determined from a standard curve prepared with

known concentrations of glutathione dissolved in 0.02 M

EDTA solution (pH 7.25).

Hepatic and renal g-GT activities were determined by

the method of Orlowski and Meister [15]. The liver homo-

genate was used directly, and the kidney homogenate was

diluted 100-fold in 300 mM sucrose/10 mM Tris/10 mM

MgCl2 buffer (pH 7.25). A sample (100 mL) of the homo-

genate was added to a solution containing 100 mL of 5 mM

L-g-glutamyl-p-nitroanilide, 100 mL of 20 mM N-glycyl-

glycine HCl, and 700 mL of 10 mM Tris/10 mM MgCl2
buffer (pH 9.0). The mixture was incubated for 5 min

in a water bath at 378. The reaction was stopped by addition

of 150 mL of 50% trichloroacetic acid solution. The mix-

ture was centrifuged at 13,000 g for 15 min, and 50 mL

of 5 N NaOH was added. Samples were transferred to a

96-well plate reader, and the absorbance was measured at

410 nm. The concentration of p-nitroaniline formed was

determined from a standard curve prepared with known

concentrations of p-nitroaniline dissolved in 1 mL Tris/

MgCl2 buffer (pH 9.0), 150 mL 50% TCA, and 50 mL 5 N

NaOH.

Protein concentrations were determined by the method

of Bradford with bovine serum albumin as the standard

[16]. A 10-mL sample of the homogenate was diluted 100-

fold with deionized water, and 100 mL of the mixture was

mixed with 2.5 mL of 20% Bradford’s reagent (Bio-Rad

Laboratories). The absorbance of the mixture was deter-

mined at 595 nm.

Table 1

Diurnal variations in renal and hepatic glutathione concentrations in ratsa

Time (hr) Renal glutathione

concentration

Hepatic glutathione

concentration

0 13.8 � 2.0 28.6 � 6.3

2 16.2 � 4.3 28.8 � 5.9

4 14.7 � 5.0 26.8 � 9.0

8 16.1 � 5.0 16.8 � 3.0b

12 15.9 � 7.3 17.5 � 5.1b

24 15.7 � 4.8 37.8 � 5.9c

a Rats were housed and fed as shown in Section 2, and renal and

hepatic glutathione concentrations were measured at the indicated times

(0 hr ¼ 9.00 a.m. EST). Glutathione concentrations are expressed as mmol/

mg protein; data are shown as means � SD, N ¼ 9. One-way ANOVA with

the Bonferroni post-test.
b Significantly different from values at 0, 2, 4, and 24 hr.
c Significantly different from values at 0, 4, 8, and 12 hr.
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2.4. Statistical analyses

The data were analyzed by one-way ANOVA with Bon-

ferroni post-test (GraphPad Software) for diurnal variations

in glutathione concentrations and g-GT activities (Tables 1

and 2) and by two-way ANOVA with Bonferroni post-test

for the effect of acivicin on glutathione concentrations and

g-GT activities (Figs. 1 and 2). A level of P < 0:05 was

used for acceptance or rejection of the null hypothesis.

3. Results

3.1. Diurnal variations in renal and hepatic glutathione

concentrations

No diurnal variations in renal glutathione concentrations

were observed (Table 1). A decrease in hepatic glutathione

concentrations at 8 and 12 hr compared with 0, 2, 4, or

24 hr was observed, and the value at 24 hr was significantly

different than the values at 0, 2, 4, 8, and 12 hr. (Table 1).

These changes in hepatic glutathione concentrations were

not reflected in renal glutathione concentrations.

3.2. Diurnal variations in renal and hepatic g-GT

activities

No significant diurnal variations in renal or hepatic g-GT

activities were observed, but renal g-GT activities were

much higher than hepatic g-GT activities (Table 2).

3.3. Effect of acivicin on renal and hepatic glutathione

concentrations

In acivicin-treated rats, a significant increase in renal

glutathione concentrations was seen at 4 and 8 hr after treat-

ment in rats given 0.1 mmol acivicin/kg and at 8 and 12 hr

after treatment in rats given 0.2 mmol acivicin/kg (Fig. 1A).

Acivicin had no effect on hepatic glutathione concentrations

(Fig. 1B). Acivicin (0.05 mmol/kg) did not alter renal or

hepatic glutathione concentrations (data not shown).

3.4. Effect of acivicin on renal and hepatic g-GT activities

Acivicin (0.1 and 0.2 mmol/kg) caused significant

decreases in renal g-GT activities within 2 hr of treatment

that persisted for 24 hr (Fig. 2A). Acivicin failed to alter

hepatic g-GT activities, except in rats given 0.2 mmol

acivicin/kg where a significant increase in g-GT activities

was observed 24 hr after treatment (Fig. 2B).

4. Discussion

Cellular glutathione concentrations are an important

determinant of cellular response to injury [17,18], and the

toxicity of xenobiotics is modulated by the selective mod-

ification of tissue glutathione concentrations [2]. Hence, the

present studies were designed to test the hypothesis that

acivicin may alter renal and hepatic glutathione concentra-

tions. Accordingly, the dose- and time-dependent effects

Table 2

Diurnal variations in renal and hepatic g-GT activities in ratsa

Time (hr) Renal g-GT activities Hepatic g-GT activities

0 923 � 264b 0.60 � 0.6b

2 955 � 420 0.23 � 0.09

4 1071 � 237 0.21 � 0.09

8 1287 � 159 0.33 � 0.33

12 945 � 204 0.23 � 0.15

24 929 � 201 0.76 � 0.84

a Rats were housed and fed as shown in Section 2, and renal and

hepatic g-GT activities were measured at the indicated times (0 hr ¼
9.00 a.m. EST). g-GT activities are expressed as mmol/min/mg protein;

data are shown as means � SD, N ¼ 9.
b One-way ANOVA with the Bonferroni post-test showed no significant

time-dependent differences within each experimental group.
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Fig. 1. Dose- and time-dependent effects of acivicin on renal (A) and

hepatic (B) glutathione concentrations. Rats were given 0.1 or 0.2 mmol

acivicin/kg, and glutathione concentrations were measured at the indicated

times (0 hr ¼ 9.00 a.m. EST), as described in Section 2. Glutathione

concentrations are expressed as mmol/mg protein; data are shown as

means � SD, N ¼ 3. (&) Control (0.1 mmol acivicin/kg); (&) treated

(0.1 mmol acivicin/kg); (*) control (0.2 mmol acivicin/kg); (*) treated

(0.2 mmol acivicin/kg). Two-way ANOVA with the Bonferroni post-test:

(A) yP < 0:05, 0.1 mmol acivicin/kg compared with respective control

group at 4 and 8 hr; �P < 0:05, 0.2 mmol acivicin/kg compared with

respective control group at 8 and 12 hr. (B) �P < 0:05, 0.2 mmol acivicin/

kg compared with respective control group at 24 hr.
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of acivicin on renal and hepatic glutathione concentrations

and g-GT activities were measured.

4.1. Diurnal variations in renal and hepatic

glutathione concentrations

Previous studies have demonstrated a significant diurnal

variation in hepatic glutathione concentrations in fed rats.

Beck et al. [19] found that hepatic glutathione concentra-

tions were lowest at 8.00 p.m. to midnight. Similarly,

Jaeger et al. [20] found that hepatic glutathione concen-

trations were lowest at 7.00 p.m. to 10.00 p.m. Similar

results have been reported in fasted rats [21]. Hence, the

present results confirm these earlier studies on diurnal

variations in hepatic glutathione concentrations in rats

(Table 1). No diurnal variations in renal glutathione con-

centrations were observed in the present studies (Table 1);

apparently diurnal variations in renal glutathione concen-

trations have not been investigated previously.

4.2. Diurnal variations in renal and hepatic g-GT

activities

No diurnal variations in renal or hepatic g-GT activities

were observed (Table 2). Apparently diurnal variations in

renal and hepatic g-GT activities have not been investigated

previously. The data do show, however, that the diurnal

variations in hepatic glutathione concentrations are not

paralleled by changes in hepatic or renal g-GT activities.

4.3. Effect of acivicin on renal and hepatic

glutathione concentrations

Previous studies by Kramer et al. [22] showed increases

in renal glutathione concentrations measured only at 16 hr

after treatment in rats given 5 (0.03 mmol/kg) to 30 mg

(0.17 mmol/kg) acivicin/kg. In the present studies, acivicin

at doses of 0.1 and 0.2 mmol/kg increased renal glu-

tathione concentrations at 4–12 hr (Fig. 1A). Acivicin

failed to alter hepatic glutathione concentrations (Fig. 1B).

The mechanism whereby acivicin treatment leads to

increased renal glutathione concentrations is not under-

stood. Previous studies have shown, however, that acivi-

cin-induced inhibition of g-GTon the basolateral membrane

of renal proximal tubular cells leads to an increased uptake

of S-(1,2-dichlorovinyl)glutathione [23]. Similarly, acivicin

treatment increases the nephrotoxicity of S-(2-chloroethyl)-

glutathione, apparently by increasing the uptake of the intact

glutathione S-conjugate [22]. The present studies showed

that acivicin-induced inhibition of g-GT is also associated

with increases renal glutathione concentrations. Although

the mechanism whereby acivicin increases renal glutathione

concentration is not known, it is possible that the acivicin-

induced decrease in glutathione degradation may result in

increased luminal glutathione concentrations, which may

lead to increased tissue glutathione concentrations.

4.4. Effect of acivicin on renal and hepatic g-GT activities

Acivicin is a well-established, irreversible inhibitor of

g-GT [24,25], and the inhibition of g-GT by acivicin was

confirmed in the present studies (Fig. 2). Previous studies

also showed that renal g-GT activities are much higher

than hepatic g-GT activities [26], a finding that was also

confirmed in the present studies.

4.5. What is the relationship between acivicin treatment

and the enhanced nephrotoxicity of some haloalkenes?

Although the g-GT-dependent mercapturic acid pathway

is largely associated with the detoxication of xenobiotics,

the glutathione-dependent toxicity of a range of com-

pounds is also well known [4]. Several haloalkenes are

selective nephrotoxins, and previous studies have eluci-

dated the glutathione-, g-GT-, and b-lyase-dependent

bioactivation of haloalkenes to cytotoxic intermediates [5].
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Fig. 2. Dose- and time-dependent effects of acivicin on renal (A) and

hepatic (B) g-GT activities. Rats were given 0.1 or 0.2 mmol acivicin/kg,

and glutathione concentrations were measured at the indicated times

(0 hr ¼ 9.00 a.m. EST), as described in Section 2. g-GT activities are

expressed as mmol/min/mg protein; data are shown as means � SD, N ¼ 3.

(&) Control (0.1 mmol acivicin/kg); (&) treated (0.1 mmol acivicin/kg);

(*) control (0.2 mmol acivicin/kg); (*) treated (0.2 mmol acivicin/kg).

Two-way ANOVA with the Bonferroni post-test: (A) �P < 0:05, 0.1 or

0.2 mmol acivicin/kg compared with respective control group at 2, 4, 8, 12,

and 12 hr. (B) �P < 0:05, 0.2 mmol acivicin/kg compared with respective

control group at 24 hr.
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Acivicin has been used to investigate the role of g-GT in

the bioactivation of nephrotoxic haloalkenes and haloalk-

enes, but conflicting results have been reported. Acivicin

increases the nephrotoxicity of S-(2-chloroethyl)glu-

tathione [22], a direct-acting nephrotoxin, apparently by

increasing the uptake of the intact glutathione S-conjugate

in the kidney. Although a role for the b-lyase-dependent

bioactivation of hexachloro-1,3-butadiene has been estab-

lished [27,28], acivicin increases the nephrotoxicity of

hexachloro-1,3-butadiene in rats [8] but inhibits its nephro-

toxicity in mice [9]. In contrast, acivicin blocks the

nephrotoxicity of S-(1,2-dichlorovinyl)glutathione in rats

and its cytotoxicity in isolated rat renal proximal tubular

cells [6,7]. Compound A is nephrotoxic in rats [29,30],

and considerable evidence is available that supports the

concept that Compound A undergoes glutathione- and

b-lyase-dependent bioactivation [31–34]. Acivicin, how-

ever, increases the nephrotoxicity of Compound A in vivo

[10–13]. The present studies do not, however, shed light on

the mechanisms by which acivicin increases the nephro-

toxicity of some haloalkenes.

The proposed mechanism for renal uptake of glutathione

and glutathione S-conjugates synthesized in the liver is

associated with g-GT- and dipeptidase-catalyzed hydrolysis

of glutathione and the uptake of cysteine or cysteine

S-conjugates by the kidney [35], although intact glutathione

or glutathione S-conjugates are taken up by the kidney or

kidney cells when g-GT is inhibited [22,23]. Hence, acivi-

cin-induced inhibition of g-GT may promote the uptake of

intact glutathione or glutathione S-conjugates by the kidney,

which would explain the present observations.

The present studies do not, however, provide an expla-

nation for the observation that acivicin increases the

nephrotoxicity of some haloalkenes that undergo glu-

tathione- and b-lyase-dependent bioactivation. The present

studies do demonstrate that acivicin is not a reliable probe

for investigating the role of g-GT in the bioactivation of

nephrotoxic haloalkenes.
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[21] Tuñón MJ, González P, López P, Salido GM, Madrid JA. Circadian

rhythms in glutathione and glutathione-S transferase activity of rat

liver. Arch Int Physiol Biochim Biophys 1992;100:83–7.

[22] Kramer RA, Foureman G, Greene KE, Reed DJ. Nephrotoxicity of S-

(2-chloroethyl)glutathione in Fischer rat: evidence for g-glutamyl-

transpeptidase-independent uptake by the kidney. J Pharmacol Exp

Ther 1987;242:741–8.

[23] Lash LH, Jones DP. Uptake of the glutathione conjugate S-(1,2-

dichlorovinyl)glutathione by renal basal-lateral membrane vesicles

and isolated kidney cells. Mol Pharmacol 1985;28:278–82.

[24] Griffith OW, Meister A. Translocation of intracellular glutathione

to membrane-bound g-glutamyl transpeptidase as a discrete step in the

g-glutamyl cycle: glutathionuria after inhibition of transpeptidase.

Proc Natl Acad Sci USA 1979;76:268–72.

H.B.M. Lantum et al. / Biochemical Pharmacology 67 (2004) 1421–1426 1425



[25] Reed DJ, Ellis WW. Influence of g-glutamyl transpeptidase inactiva-

tion on the status of extracellular glutathione and glutathione con-

jugates. Adv Exp Med Biol 1982;136A:75–86.

[26] Hinchman CA, Ballatori N. Glutathione-degrading capacities of liver

and kidney in different species. Biochem Pharmacol 1990;40:1131–5.

[27] Nash JA, King LH, Lock EA, Green T. The metabolism and disposi-

tion of hexachloro-1:3-butadiene in the rat and its relevance to

nephrotoxicity. Toxicol Appl Pharmacol 1984;73:124–37.

[28] Ishmael J, Lock EA. Nephrotoxicity of hexachlorobutadiene and its

glutathione-derived conjugates. Toxicol Pathol 1986;14:258–62.

[29] Gonsowski CT, Laster MJ, Eger II EI, Ferrell LD, Kerschmann RL.

Toxicity of compound A in rats. Effect of a 3-hour administration.

Anesthesiology 1994;80:556–65.

[30] Gonsowski CT, Laster MJ, Eger II EI, Ferrell LD, Kerschmann RL.

Toxicity of compound A in rats. Effect of increasing duration of

administration. Anesthesiology 1994;80:566–73.

[31] Jin L, Davis MR, Kharasch ED, Doss GA, Baillie TA. Identification in

rat bile of glutathione conjugates of fluoromethyl 2,2-difluoro-1-

(trifluoromethyl)vinyl ether, a nephrotoxic degradate of the anesthetic

agent sevoflurane. Chem Res Toxicol 1996;9:555–61.

[32] Spracklin DK, Kharasch ED. Evidence for metabolism of fluoro-

methyl 2,2-difluoro-1-(trifluoromethyl)vinyl ether (Compound A), a

sevoflurane degradation product, by cysteine conjugate b-lyase. Chem

Res Toxicol 1996;9:696–702.

[33] Iyer RA, Anders MW. Cysteine conjugate b-lyase-dependent bio-

transformation of the cysteine S-conjugates of the sevoflurane degra-

dation product 2-(fluoromethoxy)-1,1,3,3,3-pentafluoro-1-propene

(Compound A). Chem Res Toxicol 1997;10:811–8119.

[34] Iyer RA, Baggs RB, Anders MW. Nephrotoxicity of the glutathione

and cysteine conjugates of the sevoflurane degradation product

2-(fluoromethoxy)-1,1,3,3,3-pentafluoro-1-propene (Compound A)

in male, Fischer 344 rats. J Pharmacol Exp Ther 1997;283:1544–

51.

[35] Anders MW, Lash L, Dekant W, Elfarra AA, Dohn DR. Biosynthesis

and biotransformation of glutathione S-conjugates to toxic metabo-

lites. CRC Crit Rev Toxicol 1988;18:311–41.

1426 H.B.M. Lantum et al. / Biochemical Pharmacology 67 (2004) 1421–1426


	Acivicin-induced alterations in renal and hepatic glutathione concentrations and in gamma-glutamyltransferase activities
	Introduction
	Materials and methods
	Materials
	Animal treatments
	Analyses
	Statistical analyses

	Results
	Diurnal variations in renal and hepatic glutathione concentrations
	Diurnal variations in renal and hepatic gamma-GT activities
	Effect of acivicin on renal and hepatic glutathione concentrations
	Effect of acivicin on renal and hepatic gamma-GT activities

	Discussion
	Diurnal variations in renal and hepatic glutathione concentrations
	Diurnal variations in renal and hepatic gamma-GT activities
	Effect of acivicin on renal and hepatic glutathione concentrations
	Effect of acivicin on renal and hepatic gamma-GT activities
	What is the relationship between acivicin treatment and the enhanced nephrotoxicity of some haloalkenes?

	Acknowledgements
	References


