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Abstract

The cysteine (Cys) precursorRR§-n-propylthiazolidine-4R)-carboxylic acid (PTCA) has been shown to protect against acetamino-
phen (APAP)-induced hepatic GSH, GSSG, and Cys depletion and hepatic necrosis. The aim of this study was to determine the effects
PTCA on the concentrations of sulfhydryl compounds in extrahepatic tissues, including renal cortex, whole blood, and brain, in C57BL/l
mice treated with hepatotoxic doses of APAP. PTCA (1-5 mmol/kg, i.p.) was administered 30 min after the administration of APAP at ¢
dose (800 mg/kg; 5.29 mmol/kg, i.p.) that depleted hepatic GSH and Cys at 4 hr by 95 and 86%, respectively. Tissue concentrations of G¢
and Cys were determined by HPLC. At 4 hr following APAP administration, renal cortical GSH and Cys concentrations were decrease
to 64 and 39%, respectively, of vehicle-treated control values, and blood concentrations were decreased to 87 and 30%, respectively
vehicle controls. Brain GSH and Cys were not depleted by APAP. PTCA at 5 mmol/kg (i) attenuated the APAP-induced depletion of GSF
and Cys at 4 hr in renal cortex (78 and 65%, respectively, of vehicle controls), (ii) prevented APAP-induced Cys depletion in blood (670%
of vehicle controls) with no effect on GSH concentration (94% of vehicle controls), and (iii) increased GSH and Cys concentrations in brail
(119 and 411%, respectively, of vehicle controls). The results demonstrate a high degree of tissue selectivity in the APAP-induced depleti
of GSH and Cys, and in the effectiveness of PTCA in maintaining and even elevating sulfhydryl levels in extrahepatic tissues o
APAP-treated mice. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction hepatic necrosis [3,5]. Toxic doses of APAP also cause
depletion of Cys [6], the rate-limiting substrate of GSH
In large doses, the analgesic and antipyretic drug APAP biosynthesis [7]. Protection against GSH depletion and liver
can cause potentially life-threatening hepatotoxicity [1,2]. damage can be effected by the timely administration of
Liver damage involves the formation of a chemically reac- N-acetyl+-cysteine, presumably due to the release of Cys
tive metabolite, NAPQI [3,4]. The NAPQI formed in small necessary for GSH biosynthesis [8,9]. A class of Cys pre-
amounts after the usual therapeutic doses of APAP is de-cursors, the 2-alkylthiazolidine-4-carboxylic acids, which
toxified by conjugation with GSH, but after large, toxic release Cys non-enzymatically, can also protect against
doses of APAP, GSH is severely depleted and the uncon-APAP-induced hepatotoxicity [10,11]. Our recent studies
jugated NAPQI binds to vital macromolecules leading to showed that PTCA protects against hepatotoxicity in mice
by attenuating the APAP-induced depletion of hepatic GSH

« A portion of this work was presented at the Annual Meeting of the and Cys_ [6]. . . . .
Society of Toxicology, Seattle, WA, 1998. Less information is available on the extrahepatic effects
* Corresponding author. Tel.:#1-502-852-7887; fax:+1-502-852- of APAP and PTCA. In humans, APAP overdoses occa-
7868. sionally produce acute renal proximal tubular necrosis with

E-mail addressischenO01@gwise.louisville.edu (T.S. Chen). or without liver damage [12,13]. In mice, larger doses
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MPA, metaphosphoric acid; NAPQIN-acetylp-benzoquinone imine; (600._].'200 mg/kg) of APAP are required to prpduce neph-
OTC, 2-oxothiazolidine-4-carboxylate; and PTCARZ-n-propylthiazo- rotoxicity [14,15] compared with doses producing hepatox-
lidine-4(R)-carboxylic acid. icity (300-500 mg/kg) [5,16]. Also, the mechanism of
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nephrotoxicity in mice may differ from that producing hep- 1.75, 2.5, or 5.0 mmol/kg) of the compound in 0.9% NacCl
atotoxicity. It has been reported that APAP-induced neph- (pH 7; total volume injected, 10 mL/kg) 30 min after the
rotoxicity involved intrarenal activation of APAP as well as administration of APAP (800 mg/kg). The dose range and
transport of a metabolite derived from the GSH conjugate of time of administration of PTCA after APAP were based on
APAP (e.g. APAP-Cys) that enters renal tubular cells by a the findings of Nagasawet al. [11] that PTCA (2.45 mmol/
probenecid-sensitive system [14,17]. kg) administered i.p. 30 min or 2 hr after APAP, provided
APAP causes less depletion of renal than hepatic GSH in complete protection against mortality in mice, but was less
mice and rats [18,19], but the extent of Cys depletion is not effective if administered at later times. The PTCA solution
known. AlthoughN-acetyl+-cysteine has been reported to was injected immediately after preparation. In control ex-
be ineffective in protecting against APAP-induced renal periments, mice received comparable volumes of the vehi-
toxicity in humans [13,20], it was of interest to ascertain cle alone. In some experiments, PTCA (5 mmol/kg) was
whether PTCA can attenuate the APAP-induced renal sulf- administered to mice not receiving APAP. Animals were
hydryl depletion in a mouse model. APAP has been reportedkilled 4 hr after APAP administration to determine the
to have no effect on brain GSH concentration in rats [21] extent of sulfhydryl depletion, or at 24 hr to determine the
and no effect on blood GSH in mice in doses of 300-500 extent of recovery of sulfhydryl levels.
mg/kg, i.p. [22].
The present studies were undertaken (i) to further eluci- 2.4. Tissue preparation
date the effects of hepatotoxic doses of APAP on GSH and
Cys levels in extrahepatic tissues of mice, including renal  Blood samples (approximately 0.1 mL) were collected
cortex, whole blood, and brain, and (ii) to determine the from the retro-orbital sinus of the mouse into heparinized
effects of PTCA on extrahepatic sulfhydryl levels in APAP- tubes. A 20% blood homogenate in 5% MPA (4% final
treated mice. MPA concentration) was prepared. Mice were killed by
cervical dislocation and decapitation after blood was drawn.
The kidneys and brain were excised, rinsed in ice-cold 0.9%

2. Materials and methods NacCl, trimmed of adherent tissues, and weighed. Samples
were kept on ice and processed as rapidly as possible to
2.1. Chemicals prevent oxidation and degradation of the sulfhydryl com-

pounds. An 11% tissue homogenate (w/v) of brain or kidney
APAP, GSH, Cys, CSSC, GSSG, monochloroacetic acid, cortex was prepared in 4.4% MPA (final concentration 4%),
and heptanesulfonic acid were obtained from the Sigma using an all-glass Tenbroeck homogenizer, and kept on ice.
Chemical Co. MPA was obtained from the Aldrich Chem- After standing for 20—40 min, the homogenate was centri-
ical Co. PTCA was synthesized [11] using the method of fuged for 1 min atLl0,000g, and the acid-soluble fraction
Schubert [23]. was collected for measurement of sulfhydryl and disulfide
compounds.
2.2. Animals
2.5. Chemical analyses
Male C57BL/6 mice (Charles River Laboratories),
weighing 23-28 g, were maintained on a 12-hr light-dark ~ GSH, GSSG, and Cys were quantified by HPLC using
cycle and received food and watad lib. The animals were  electrochemical detection according to the method of Richie
treated between 8:00 and 9:30 a.m. to minimize the possi-and Lang [24] with slight modifications. The details of the
bility of diurnal effects in tissue GSH concentrations influ- procedure have been described previously [6,22]. Although
encing the experimental results. Body weights were re- CSSC was separated from GSH, GSSG, and Cys on the

corded before and after treatments. HPLC column, kidney and brain samples contained a small
unknown peak having a retention time close to that of
2.3. Treatments CSSC, which precluded accurate measurement of this di-

sulfide. PTCA was eluted from the column later than any of

Mice were killed by cervical dislocation and decapitation the standards and did not interfere with the analyses.
at designated times after i.p. injection of 800 mg/kg (5.29
mmol/kg) of APAP in 50% propylene glycol (pH 6—7; total 2.6. Statistical analyses
volume injected, 8 mL/kg) to determine the time course of
depletion of renal sulfhydryl compounds. In separate exper-  Analyses were performed using the SPSS for Windows
iments, mice were killed either 4 or 24 hr after i.p. injection computer program (SPSS Inc.). Differences between the
of various doses of APAP (400, 600, 700, or 800 mg/kg; means of two groups were evaluated by a two-tafkéest
total volume injected, 8 mL/kg) to determine the optimal for independent samples. Differences between the means of
dose for further experiments. In experiments on the protec-three or more groups were evaluated by a one-way
tive effects of PTCA, mice received different i.p. doses (1.0, ANOVA. If the ANOVA indicated a significant difference
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Fig. 1. APAP-induced time- and dose-dependent depletion of renal cortical
sulfhydryl compounds. (Left panels) Time dependence: APAP (800 mg/kg)
in 50% propylene glycol was injected i.p. at time zero. Symbols represent
meanst SD (N = 3-17). Key: (a) significantly differenf} < 0.05)from
values in the untreated group (time-zero sample). (Right panels) Dose
dependence: Concentrations of GSH and Cys were determined 4 hr after
the administration of APAP (400—800 mg/kg). Symbols represent
means= SD (N = 3-17). Data presented for 4 hr (left panels) and 800
mg/kg (right panels) are the same. Key: (a) significantly differéht<(
0.05)from values in the vehicle-treated group (dose-zero sample); and (b)
significantly different P < 0.05)from the value in the APAP (400 mg/kg)

group.
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among the groups, the post-hoc test was determined by a
test of homogeneity of variances. If the test indicated equal _.

. L N Fig. 2. Effects of PTCA on renal cortical concentrations of sulfhydryl
variances, the Tukey test was employed; if the test indicated compounds 4 hr after APAP. PTCA was injected i.p. 30 min after APAP

nonequal variances, the Dunnett T3 test was applied. A (800 mg/kg).+ PTCAdenotes groups receiving APAflus PTCA; the
value of P < 0.05 wasconsidered statistically significant. PTCA dose (mmol/kg) is shown in parentheses. Data bars represent
meanst SD (N = 3-17). Key: (*) significantly different® < 0.05)from
the vehicle-treated group; (a) significantly differe® & 0.05) from

A : -0 N
3 Results APAP aloneand (b) significantly differentf < 0.05)from + PTCA (1)

3.1. Depletion of renal cortical GSH and Cys by APAP 32 Effect of PTCA on APAP-induced depletion of

) ) _ sulfhydryl compounds in the kidney
The time course of changes in renal cortical GSH and

Cys concentrations after the administration of APAP (800
mg/kg) is shown in Fig. 1 (left panels). GSH and Cys
concentrations in untreated control mice (time-zero values)
were 4.3 and 0.&umol/g, respectively. The concentration of

GSH decreased to about 50% of the initial control value
over the 4- to 8-hr period following APAP administration.

The concentration of Cys decreased to 26% of the initial
control value at 2 hr and was about 50% of control over the
4-to 12-hr period. By 24 hr, the concentrations of GSH and

APAP-induced decreases in GSH and Cys at 4 hr (64 and
39%, respectively, of values in vehicle-treated controls)
were attenuated only by the highest dose (5 mmol/kg) of
PTCA (78 and 65%, respectively, of vehicle control values)
(Fig. 2). In contrast, the APAP-induced decreases in GSH
and Cys concentrations at 24 hr (77 and 45%, respectively,
of vehicle control values) were prevented completely by
PTCA in doses of both 2.5 mmol/kg (123 and 107%, re-

Cys had returned to 66 and 53%, respectively, of the initial SPECtVely, of vehicle control values) and 5 mmol/kg (127
control values. The relationship between dose and renal@nd 114%, respectively, of vehicle control values), and in
cortical GSH and Cys concentrations at 4 hr after APAP the case of Cys, a dose of 1.75 mmol/kg (112% of control
administration is also shown in Fig. 1 (right panels). APAP Vvalue) (Fig. 3). GSSG concentrations were below the limit
in doses of 600—800 mg/kg produced significant decreasesOf sensitivity of the analytical method in all of the samples.
in GSH and Cys concentrations; at the highest dose, theThe renal cortical concentrations of GSH and Cys at 4 hr in
concentrations were 64 and 39%, respectively, of the valuesmice receiving PTCA alone at 5 mmol/kg [3# 1.1 and

in vehicle-treated animals. Renal cortical GSSG concentra-0.81 = 0.20 umol/g (N = 6), respectively] were not sig-
tions in all samples were’5 nmol/g, and below the limit of  nificantly different from the respective values in vehicle-
sensitivity of the analytical method used. treated controls.
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Fig. 3. Effects of PTCA on renal cortical concentrations of sulfhydryl APAP (800 mg/kg)+ PTCAdenotes groups receiving APARUSPTCA.
compounds 24 hr after APAP. Data are presented as described in the legendPata bars represent means SD (N = 3-17). Key: (*) significantly
for Fig. 2. Key: (*) significantly different ® < 0.05) from the vehicle- different (P < 0.05) from the vehicle-treated group; and (a) significantly
treated group; and (a) significantly differei® € 0.05)from APAP alone different (° < 0.05) from APAP alone

3.3. Effects of APAP and PTCA on sulfhydryl levels in the tively, of vehicle control values). There were no significant
blood and brain changes in CSSC or GSSG concentrations at 4 or 24 hr (data

not shown). PTCA caused large increases in the whole
Although GSH and Cys levels in the blood and brain Plood concentrations of Cys (670% of vehicle control val-
were measured at all PTCA doses (1-5 mmol/kg), signifi- Ues) 4 hr after APAP administration, but did not affect GSH
cant differences from values in APAP-treated animals were concentrations. At 24 hr, Cys concentrations remained
observed only at a dose of 5 mmol/kg. Therefore, only data higher than in mice receiving APAP alone.
obtained with this dose are reported. The concentrations of Brain GSH and Cys concentrations in untreated control

GSH and Cys at 4 hr in mice receiving PTCA (5 mmol/kg) Mice were 1.9 and 0.0pmol/g, respectively; in vehicle-
alone were 1.3= 0.1 and 0.03= 0.02 mM (N = 6), treated controls, the respective values at 4 hr were 1.9 and

respectively, in blood, and 2.& 0.3 and 0.06+ 0.02 0.06 umol/g. APAP had no effect on sulfhydryl concentra-
umollg (N = 6), respectively, in brain, which were not tions in the brain (Fig. 5). However, PTCA caused large

significantly different from the respective values in vehicle- increases in Cys concentrations in the brain (411% of ve-
treated controls. hicle control values) and augmented GSH concentrations

Whole blood GSH, Cys, CSSC, and GSSG concentra- SOmewhat (119% of vehicle control values) 4 hr after APAP

tions in untreated control mice were 1.3, 0.02, 0.02, and @dministration.

0.06 mM, respectively. In vehicle-treated controls, the re-

spective values at 4 hr were 1.4, 0.02, 0.03, and 0.05 mM.

APAP caused a small decrease in whole blood GSH con-4. Discussion

centration (87% of vehicle control value) and a large de-

crease in Cys concentration (30% of vehicle control value) 4.1. Effects of APAP

at 4 hr (Fig. 4). In contrast to the kidney cortex, where

partial recovery of sulfhydryl compounds was seen 24 hr  The results of the present study, together with data on
after APAP administration, there were further decreases in hepatic sulfhydryl levels obtained in the same studies [6],
whole blood GSH and Cys at 24 hr (81 and 13%, respec- extend the available information on the tissue selectivity of
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3 content in rat liver cells than kidney cells [25] and greater
GSH . ‘2‘4“[" covalent binding of radiolabeled APAP metabolites to pro-
teins in the liver than in the kidney in mice and rats [18].
2 | The higher concentration of Cys in the kidney than in the
liver could be another contributing factor to the less exten-
- sive depletion of renal GSH by APAP. While the renal
R 1 concentration of GSH (4.@mol/g) was only about one-half
] of the hepatic level (xmol/g) in untreated mice, the renal
% cortical concentration of Cys (0,8mol/g) was greater than
= 0 4-fold the hepatic level (0.2umol/g). Thus, the greater
g availability of Cys, the rate-limiting substrate in GSH bio-
g 0.5 synthesis [7], in the kidney could serve to limit GSH de-
S 04 | pletion in that organ. The proportionately greater depletion
2 ' of Cys (61%) than GSH (36%) observed in the kidney
8 03 | confirms earlier studies in mice [26] and would also be
consistent with proportionately greater conversion of Cys to
0.2 _ GSH and, thereby, less extensive depletion of GSH in the
kidney.
01 The absence of a large effect of APAP on blood GSH
theoretically could be due to a lack of metabolic activation
0.0 in red blood cells. The small magnitude of the APAP-

induced decrease in blood GSH concentration (13%) at a
time of larger decreases in the liver (95%) and kidney (36%)
suggests that blood GSH, greater than 99% of which is
Fig. 5. Effects of PTCA on brai_n concentrat.ions of sulfhydryl com_pounds located in red blood cells [27]’ is not readily available to
4 and 24 hr after APAP. Experimental details and data presentation are as . . . . .
described in the legend for Fig. 4. Key: (a) significantly differefit< re_plemSh_ d_e_plgted _stores in the liver and kidney. S_upportlng
0.05) from APAP alone this possibility is evidence that red blood cells, unlike many
other tissues, export GSSG but not GSH [28]. Also, APAP
did not affect the blood GSSG concentration. Alternatively,
APAP effects. The studies demonstrated tissue differencesthe small magnitude of the decrease in blood GSH could
in APAP-induced sulfhydryl depletion, including differ- theoretically be due to enhanced synthesis from Cys, which
ences in the extent, pattern (relative effects on GSH and Cyswould result in maintenance of GSH levels and would be
levels), and time course of depletion. The extent of GSH consistent with the observed large decrease in blood Cys
depletion 4 hr after APAP administration, expressed in concentration.
terms of the percent decrease in tissue concentration, varied The lack of effect of APAP on brain sulfhydryl concen-
in the order: liver (95% depletior® kidney (36%)> blood trations cannot be attributed to exclusion of the drug from
(13%), while the extent of Cys depletion varied in the order: the central nervous system, since Fisatteal. [29] showed
liver (86%) > blood (70%)> kidney (61%). The extent of  that peak APAP concentrations in the brain were close to
GSH depletion 24 hr after APAP administration varied in those in plasma, liver, and kidney after a toxic dose of
the order: liver (51%)> kidney (23%)= blood (19%), and APAP in mice. However, Emeigh Haet al. [30] demon-
the extent of Cys depletion varied in the order: blood strated binding of anti-APAP antibodies to paraffin sections
(87%) > liver (56%) = kidney (55%). Brain concentrations of liver and kidney but not brain from mice receiving toxic
of sulfhydryls were not affected by APAP in mice (Fig. 5), doses of APAP. Also, the observation that brain cytochrome
thus corroborating the data of Biegt al. [21] who found P450 levels are only about 1-3% of hepatic levels [31]
that APAP had no effect on brain GSH in rats. The above suggests that the lack of effect of APAP on brain sulfhydryl
tissue differences could be due to many factors, including concentrations may be due to the lack of cytochrome P450-
differences in the conversion of APAP to the active metab- mediated conversion to NAPQI.
olite NAPQI, differences in GSH turnover rates (synthesis
and utilization), and differences in the availability of Cys for 4.2. Effects of PTCA
GSH synthesis.

The observed differences in the extent of APAP-induced  In addition to protecting against APAP-induced hepatic
sulfhydryl depletion in the liver and kidney confirm earlier GSH depletion and toxicity [6,11], PTCA increased sulfhy-
reports that APAP causes greater GSH depletion in the liverdryl levels in kidney, blood, and brain in mice receiving
in mice [18] and rats [18,19] and demonstrate that it also large doses of APAP. As with APAP, there were tissue
causes greater Cys depletion in the liver than the kidney (86 differences in the magnitude and pattern of PTCA effects on
vs 61%). Others have shown a higher cytochrome P450 sulfhydryl levels. It attenuated APAP-induced depletion of
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GSH and Cys in the kidney, as in the liver [6], prevented [2] Proudfoot AT, Wright N. Acute paracetamol poisoning. Br Med J

APAP-induced Cys depletion with no effect on GSH in the 1970;3:557-8. _ _
3] Mitchell JR, Jollow DJ, Potter WZ, Gillette JR, Brodie BB. Acet-

blood, and mcrea_‘sed _Cys (Iarg_e eﬁeCt) and GSH (Sma" aminophen-induced hepatic necrosis. IV. Protective role of glutathi-
effect) concentrations in Fhe _bram' ) ) one. J Pharmacol Exp Ther 1973;187:211-7.

PTCA was less effective in attenuating APAP-induced [4] Dahlin DC, Miwa GT, Lu AYH, Nelson SDN-Acetyl-p-benzoqui-
GSH and Cys depletion in the kidney than in the liver; for none imine: a cytochrome P-450-mediated oxidation product of acet-
example, a dose of 2.5 mmol/kg is effective in the liver [6], aminophen. Proc Natl Acad Sci USA 1984;81:1327-31.

. . . [5] Mitchell JR, Jollow DJ, Potter WZ, Davis DC, Gillette JR, Brodie
whereas a dose of 5 mm0|lkg was requ"ed in the kldney' BB. Acetaminophen-induced hepatic necrosis. |I. Role of drug metab-

Further, a dose of 5 mmol/kg increases GSH and Cys levels  jism. 3 Pharmacol Exp Ther 1973:187:185-94.

by 1,244% and 700%, respectively, in the liver [6] but by [6] Srinivasan C, Wiliams WM, Ray MB, Chen TS. Prevention of
only 23 and 64%, respectively, in the kidney of APAP- acetaminophen-induced liver toxicity by R)-n-propylthiazoli-
treated mice. Some possible explanations of the tissue se- dine-4(R)-carboxylic acid in mice. Biochem Pharmacol 2001;61:

L . . 245-52.
IeCtIVIty include organ differences in uptake of the druQ’ the [7] Meister A. Glutathione metabolism. Methods Enzymol 1995;251:

relative rates of synthesis and utilization of sulfhydryl com- 3-7.

pounds, and the time courses of sulfhydryl depletion by APAP  [8] Prescott LF, Park J, Ballantyne A, Adriaenssens P, Proudfoot AT.
and repletion by PTCA. Another theoretically possible expla- Treatment of paracetamol (acetaminophen) poisoning Miticetyl-
nation for the greater hepatic effect involves the lower concen- _ Cysteine. Lancet 1977;ii:432—4.

. . . : e [9] Lauterburg BH, Corcoran GB, Mitchell JR. Mechanism of action of
tration of Cys in the liver (0.0«mol/g in vehicle-treated N-acetylcysteine in the protection against the hepatotoxicity of acet-

controls and 0.0:umol/g after APAP) than the kidney (1'0 aminophen in ratin vivo. J Clin Invest 1983;71:980-91.

wmol/g in controls and 0.3umol/g after APAP). Naga-  [10] Nagasawa HT, Goon DJW, Zera RT, Yuzon DL. Prodrugs.of
sawaet al [11] have provided evidence that PTCA is cysteine as liver-protective agents Rg-Methylthiazolidine-4-R)-
non-enzymatically converted to Cys and suggested that the carboxylic acid, a latent cysteine. J Med Chem 1982;25:489—91.
rate of conversion is greater at lower Cys concentrations. 11 Nagasawa HT, Goon DIW, Muldoon WP, Zera RT. 2-Substiuted

. . thiazolidine-4R)-carboxylic acids as prodrugs ofcysteine. Protec-
Thus, greater release of Cys in the liver could account for a tion of mice against acetaminophen hepatotoxicity. J Med Chem

greater effect on Cys and GSH levels in this tissue. 1984;27:591-6.

The pattern of PTCA effects on blood sulfhydryl levels [12] Boyer TD, Rouff SL. Acetaminophen-induced hepatic necrosis and
resembled its effects on the brain (i.e. a predominant in- _ renal failure. J Am Med Assoc 1971;218:440-1. o
crease in Cys). Since Cys is taken up by red blood cells [32]’ [13] pavgnport A, Finn R._Paracgtamol (acetfamlnophen) poisoning result-

. . . ing in acute renal failure without hepatic coma. Nephron 1988;50:
the failure of a high blood Cys level (670% of vehicle control) 55_6.
after PTCA to replenish the depleted GSH presumably is not [14] Emeigh Hart SG, Beierschmitt WP, Bartolone JB, Wyand DS,
due to an inability of Cys to enter the cells. The lack of effect Khairallah EA, Cohen SD. Evidence against deacetylation and for
of PTCA on blood GSH could be due to a low GSH cytochrome P450-mediated activation in acetaminophen-induced

synthetic capacity and turnover of red blood cells [33,34]. zgg’hlri’tlc;x'c'ty in the CD-1 mouse. Toxicol Appl Pharmacol 1991;

The selectivity of the effects of PTCA on brain sulfhydryls [15] Hu JJ, Lee MJ, Vapiwala M, Reuhl K, Thomas PE, Yang CS.
in mice treated with APAP was similar to that reported for Cys Sex-related differences in mouse renal metabolism and toxicity of
and the Cys precursor OTC in untreated mice and rats. As with acetaminophen. Toxicol Appl Pharmacol 1993;122:16—26.

PTCA, which increased brain Cys and GSH to 411 and 118%, [16] Williamson JM, Boettcher B, Meister A._Intracellular gysteine de_liv-
respectively, of vehicle-treated control levels, Anderson and E%tf]fstizmptrzfgt,\lp;gti‘éi‘ dasgg'féffggé’.%J’;ZQ“S'”Q glutathione
_MeISter [35] fo_””d tha_t C_ys and O_TC eaCh_ Cause(_j a large [17] Emeigh Hart SG, Wyand DS, Khairallah EA, Cohen SD. Acetamin-
increase in brain Cys with little or no increase in GSH in fasted ophen nephrotoxicity in the CD-1 mouse. II. Protection by probenecid
mice and rats. Pileblad and Magnusson [36] demonstrated  and AT-125 without diminution of renal covalent binding. Toxicol
regional differences in the effects of OTC and Cys in the brain. Appl Pharmacol 1996;136:161-9. o

OTC increased Cys in the striatum and substantia nigra but did!18] Mudge GH, Gemborys MW, Duggin GG. Covalent binding of me-

. . . . . tabolites of acetaminophen to kidney protein and depletion of renal
not increase GSH in either region. Similarly, Cys caused a glutathione. J Pharmacol Exp Ther 1978:206:218—26.

large increase in Cys in some regions and a small increase in19] Trumper L, Monasterolo LA, Elias MM. Nephrotoxicity of acetamin-
GSH in only one of the regions studied [36]. ophen in male Wistar rats: role of hepatically derived metabolites.

In conclusion, the present results demonstrate a high J Pharmacol Exp Ther 1996;279:548-54. _
degree of tissue selectivity in APAP-induced depletion of [20] Blakely P, McDonald BR. Acute renal failure due to acetaminophen

. . . ingestion: a case report and review of the literature. J Am Soc
GSH and Cys, as well as in the effectiveness of PTCA in Nephrol 1995:6:48-53.

increasing sulfhydryl levels in APAP-treated mice. [21] Bien E, Vick K, Skorka G. Effects of exogenous factors on the
cerebral glutathione in rodents. Arch Toxicol 1992;66:279—85.
[22] Chen TS, Richie JP Jr, Lang CA. Life-span profiles of glutathione and
acetaminophen detoxification. Drug Metab Dispos 1990;18:882-7.
References [23] Schubert MP. Compounds of thiol acids with aldehydes. J Biol Chem
1936;114:341-50.
[1] Boyd EM, Bereczky GM. Liver necrosis from paracetamol. Br J [24] Richie JP Jr, Lang CA. The determination of glutathione, cyst(e)ine,
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