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A~ct-1-Naphthylisothio~anate (ANIT) is a model compound which causes cholestasisin laboratory 
animals. Various biochemical and mo~bologi~ changes including biliary epithelial and parenchym~ 
cell necrosis occur in the liver of animals treated with ANIT. Although the mech~ism(s) for these 
effects is not understood, a role for glutathione (GSH) in toxicity has been implicated. The possible 
role of GSH in hepat~ellular toxicity caused by ANIT was investigated in this study. Treatment of 
freshly isolated rat hepatocytes with ANIT caused a ~ncentration- and time-de~nde~t depletion of 
cellular GSH that preceded lactate dehydrogenase (LDH) leakage. Analysis of the incubation medium 
indicated that the majority of the cellular GSH which was lost was present extracelluiarly as GSH or as 
a GSH-releasing compound. Mixing ANIT with GSH at pH 75 yielded a compound that was charac- 
terized by HPLC and fast atom bombardment-mass spectrometry (FAB-MS) as S-(N-naphthyl- 
thiocarbamoyl)-r_-glutathione (GS-ANIT). When dissolved in aqueous solutions at neutral pH, 95% of 
GS-ANIT dissociated to yield free ANIT and GSH. Under conditions designed to maximize formation 
and stability of GS-ANIT, GS-ANIT was found in the extracellular medium of hepatocytes treated with 
ANIT. Treatment of hepatocytes with the GS-ANIT caused GSH depletion and LDH leakage similar 
to that observed with equimolar amounts of ANIT. These data suggest that ANIT depletes hepatocytes 
of GSH through a reversible conjugation process. Such a process may play a role in the toxicity of 
ANIT. 

l-Na~hthylisothi~yanate (ANITS) has been used 
for more than twenty years as a model compound 
to study mechanisms of intrahepatic cholestasis. 
When administered acutely to rats and mice, ANIT 
produces necrosis of bile ductuiar epithelial cells, 
followed by bile duct proliferation and bile stasis 
[l-4]. It has been suggested that these changes are 
consequences of the ability of ANIT to increase 
permeability of tight junctions of the biliosinusoidal 
barrier [5,6]. 

In addition to affecting bile ductular cells, ANIT 
also induces mo~hologic and functional changes in 
hepatocytes. These changes include dilation of 
lamellae of Golgi, swelling and membrane damage 
in mitochond~a, release of c~oplasmic enzymes, 
blebbing of plasma membranes, inhibition of 
bilirubin transport, and an impairment of microsomal 
mixed-function oxidase activity [7-111. Because the 
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hepatocyte is affected earlier than the bile ductular 
cells in the acute phase of ANIT intoxication, it has 
been suggested that the acute effects of ANIT in the 
liver are due to its effects on hepatocytes and not 
the bile ductular cells [4,8]. 

Although the mechanism(s) of ANIT-induced 
cholestasis (or hepatocellular toxicity) is currently 
unknown, indirect evidence suggests that the 
cholestatic properties of ANIT may be due to a 
metabolite or metabolites. Microsomal enzyme 
inducers and inhibitors potentiate or ameliorate 
hy~rbili~binemia and cholestasis [ 12-141. Bile duct 
ligation or ~nnulation also inhibits ANIT toxicity 
in uiuo 1151. Furthermore, the disposition of ANIT 
in susceptible and nonsusceptible species differs [16]. 
Although urinary metabolites from susceptible 
species have been separated by thin-layer chroma- 
tography and characterized by Rf values [16], to 
date, none of the metabolic products of ANIT have 
been chemically identified and tested for toxicity. 

In 1977, El-Hawari and Plaa [17] showed that 
pretreatment of rats with sulfhydryl compounds such 
as cysteine, cysteamine, and cystamine protects 
animals against ANIT-induced hyperbilirubinemia. 
These results suggest that ANXT may cause toxicity 
by depleting hepatocytes or bile ductular epithelial 
cells of reduced glutathione (GSH) or other thiols. 
In contrast, results of a recent study indicated that 
pretreatment of rats with GSH-depleting agents such 
as buthio~ne sulfoximine (BSO) and diethyl maleate 
(DEM) protects against ANIT toxicity [18]. These 
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results suggest that the presence of GSH may 
promote, rather than inhibit ANIT toxicity. 

In the past few years, it has become increasingly 
evident that GSH may be involved in bioactivation 
as well as detoxification of chemicals. GSH 
conjugates of both ally1 and benzyl isothiocyanate 
have been found to produce toxicity in isolated rat 
liver epithelial cells [19,20]. Based on results of 
these studies, we hypothesized that the toxicity of 
ANIT toward hepatocytes may be related to its 
conjugation with GSH. The results of experiments 
designed to test this hypothesis are described herein. 

METHODS 

Chemicals. All chemicals were purchased from 
the Sigma Chemical Co. (St. Louis, MO). Solvents 
were HPLC grade (OmniSolv, EM Science, 
Gibbstown, NJ) except for dimethyl sulfoxide 
(DMSO) (AR grade, Mallinckrodt Inc., Paris, KY) 
and deuterated NMR solvents which were purchased 
from the Aldrich Chemical Co. (Milwaukee, WI). 

Synthesis of GS-ANZT. Thirty milligrams of ANIT 
(0.16 mmol) was dissolved in 1.0 mL of acetonitrile 
(ACN). Three hundred and fifty milligrams of GSH 
(1.10 mmol) was dissolved in 4.0 mL of 0.10 M Tris 
buffer (pH 7.0) and added dropwise to the ANIT 
solution over a 2-min period. After stirring at room 
temperature for 5 min, the pH of the reaction 
mixture was adjusted to <4 by the addition of 0.5 mL 
of glacial acetic acid. GS-ANIT was purified 
subsequently by injection of aliquots (0.5 mL) of the 
reaction mixture onto a 9.6 x 300 mm reverse-phase 
Cl8 HPLC column (Custom LC, Houston, TX) 
followed by elution with a 20% ACN-O.l% acetic 
acid mobile phase delivered at 3.0 mL/min. The 
post-column effluent was monitored at 308 nm for 
the presence of GS-ANIT. Under these conditions, 
GS-ANIT began eluting at 17 min, at which time 
the post-detector effluent was frozen by diverting it 
to a lyophilization flask immersed in liquid nitrogen. 
Repeated collections of GS-ANIT in this fashion 
were followed by lyophilization of the frozen 
material, and the resulting solid was stored at -80” 
until needed. 

Verification of the synthesized material was 
achieved by fast atom bombardment-mass spec- 
trometry (FAB-MS) and thin-layer chromatography 
(TLC). FAB-MS (negative mode) analysis which 
was carried out on a Kratos MSSOTC RF mass 
spectrometer was with samples dissolved in either 
water, ACN, or a combination of water, ACN, and 
acetic acid, placed in a glycerol matrix, and desorbed 
with a 7 kV xenon neutral beam. For TLC analysis, 
samples were spotted on silica gel G TLC plates 
(Analtech, Newark, DE) and develo ed with 
isopropyl alcohol/water/acetic acid (85/14 P 1). Plates 
were visualized under UV light and ninhydrin spray 
(0.15% in acetone). Rf values were 0.31, 0.26, and 
0.91 for GS-ANIT, GSH, and ANIT, respectively. 
Analysis by proton magnetic resonance (PMR) of 
samples of GS-ANIT dissolved in either D,O/O.Ol% 
Dracetic acid or Dz0/35% Ds-ACN/O.l% Dq- 
acetic acid were unsuccessful in that the peak splitting 
resulting from spin-spin couplings was generally 
unresolved. However, two sets of signals were 

visible: one, in the aromatic region of the PMR 
spectrum; the other, in the region which would be 
considered characteristic of peptides such as GSH. 

Stability of ANIT and GS-ANIT. The stability of 
ANIT and GS-ANIT was determined by UV and 
HPLC analysis. UV spectra of ANIT (0.67 mM) and 
GS-ANIT (0.67 mM) in 20% ACN-0.05 M sodium 
phosphate (pH 7.5) or 20% ACN-O.l% acetic acid 
(pH < 3.5) were obtained with a DW-2000 dual- 
beam UV-Vis spectrophotometer (SLM-Aminco, 
Urbana, IL). For HPLC analysis, ANIT (0.11 mM) 
and GS-ANIT (0.15 mM) were dissolved in 35% 
ACN-0.05 M potassium phosphate buffer (pH 7.5) 
or 35% ACN-O.l% acetic acid (pH < 3.5). All 
incubations were carried out in capped 1.5-mL 
polypropylene microcentrifuge tubes at 25”. At 
various times following the initial addition of ANIT 
or GS-ANIT to the incubation mixture, the tubes 
were vortexed and 0.03-mL aliquots were removed 
and diluted in 0.57mL of 35% ACN-O.l% acetic 
acid. Preliminary studies showed that less than 3% 
of ANIT or GS-ANIT was lost over a lo-hr period 
under these conditions. In some experiments, a 5- 
fold excess of GSH was added to the incubation 
mixture prior to the addition of ANIT or GS-ANIT. 

The concentration of ANIT and GS-ANIT was 
determined by introducing either 0.020mL or 
0.125 mL of the samples onto a 4.6mm x 25 cm, 
reverse-phase Cl8 HPLC column (5 pm ODS, 
Custom LC). A mobile phase consisting of 35% 
ACN-O.l% acetic acid was delivered at 1.0 mL/ 
min. Separation and elution of the various 
components were achieved by linearly increasing the 
ACN content of the mobile phase to 80% over a lo- 
min interval following sample injection. Under these 
conditions, GS-ANIT eluted at 9.0 min (K’ = 5) and 
ANIT at 17min (K’ = 11). To ensure that a fixed 
amount of sample was being examined, a filled-loop 
method of repetitive injections was used. The 
presence of ANIT and GS-ANIT in the post-column 
effluent was detected at 308 nm. 

Instrumentation for HPLC analyses. The HPLC 
solvent delivery system was either an Altex 1OOA 
dual-pump HPLC (Berkeley, CA) controlled by an 
Altex 420 solvent programmer or a Spectra Physics 
SP8700 HPLC (San Jose, CA). Sample injection 
was performed manually with a fixed loop, six-port 
injector (Valco Instruments Inc., Houston, TX), or 
automatically with a Micromeritics 728 autosampler 
(Norcross, GA). The presence of UV-absorbing 
material in the post-column effluent was monitored 
with a variable wavelength Kratos Spectroflow 757 
UV detector or a 4120 Rapid Spectral UV detector 
(LKV, Bromma, Sweden) which was set to scan 
from 250 to 350 nm in 2-nm steps at 0.5-set intervals 
(integration time of 0.5 set). The peak areas were 
integrated with either a Hewlett-Packard 3390A 
(Avondale, PA) or a Shimadzu CRSA Chromatpac 
(Kyoto, Japan) Integrator. 

Preparation and treatment of hepatocytes. Par- 
enchymal cells were isolated from the livers of 
anesthetized, male, Sprague-Dawley rats (180- 
200 g) by collagenase perfusion [21]. They were 
resuspended in modified Fisher’s medium (minus 
sulfur-containing amino acids) containing 2.5 mM 
Ca*+ at a concentration of 2 X 106cells/mL. Initial 
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Fig. 1. Effect of ANIT on (A) intracellular GSH content 
and (B) LDH release from isolated hepatocytes. 
Hepatocytes in suspension were treated with ANIT (SO, 
100 or 500 PM) or DMSO vehicle and were analyzed for 
GSH and LDH release as described in Methods. 
Intracellular GSH is corrected for cell number and is 
expressed as percent of control at each time point. The 
initial and final GSH levels in the control cells were 
13.5 k 3.4 and 7.8 + 1.5 nmol/106 cells, respectively. LDH 
release is expressed as percent total LDH released by 
0.04% Triton X-100. (The average value for this para- 
meter was 1.995 units/ml). Data are means + SEM; N = 
34 for each group. Key: (*) significantly different from 
control at this and subsequent time points (P < 0.05); (‘) 
significantly different from control at only these time points 

(P < 0.05). 

viability, as assessed by trypan blue exclusion, was 
>90% for all experiments. 

Aliquots of cell suspension (15 mL) were treated 
with vehicle (DMSO, lOO~L), ANIT, or GS-ANIT 
at v&ous concentrations. Cells were then placed in 
an incubator (37”) and were rotated slowly under an 
atmosphere of 95% O&% CO2 for up to 4 hr. 
Aliquots of cell suspension were taken from each 
flask prior to and at various times during 
the incubation period for analysis of lactate 
dehydrogenase (LDH) release, malondialdehyde 
(MDA) formation, intracellular and extracellular 
reduced and oxidized glutathione (GSH and GSSG, 
respectively), and GS-ANIT conjugate formation 
(as described below). 

To determine whether a GS-ANIT conjugate was 
formed during incubations of hepatocytes with 
ANIT, cells (5 x 106/mL) were treated with 1.0 mM 
ANIT, and at various times 1.5 mL of the cell 
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Fig. 2. ANIT-induced accumulation of extracellular 
glutathione from hepatocytes. Cells in suspension were 
treated with ANIT (SO, 100 or 500 PM) or DMSO vehicle 
and the medium was analyzed for GSH and GSSG as 
described in Methods. Values are expressed as nmol 
glutathione equivalents (GSH + 2 GSSG) per mL of 
medium (PM). Data are means + SEM, N = 3 for each 
group. Data points from hepatocytes treated with ANIT 
(all concentrations) were significantly different from control 

at all time points (except time 0) (P < 0.05). 

suspension was centrifuged at 12,000 rpm to pellet 
the cells. An aliquot (0.5 mL) of the supernatant 
was removed and immediately frozen in liquid 
nitrogen. Following lyophilization, the samples were 
dissolved in 0.20 mL of 35% ACN containing either 
1.0 M sodium acetate (pH 4.0) or 0.05 M sodium 
phosphate (pH8.0) and centrifuged to remove any 
insoluble material prior to HPLC analysis as 
described above. A mobile phase of 0.05 M sodium 
acetate (pH 4.0)-10% ACN was substituted to 
reflect the differences in sample preparation. After 
injection of samples, the ACN content of the mobile 
phase was linearly increased to 70% over a 15-min 
interval. Under these conditions, GS-ANIT eluted 
at 11 min (K’ = 9) and ANIT at 30 min (K’ = 29). 

Biochemical analyses of hepatocytes. Separation 
of live cells from dead cells and medium was achieved 
by centrifuging an aliquot of cell suspension through 
a layer of dibutyl phthalate (DBH) and into 10% 
perchloric acid (PCA) as previously described [21]. 
The content of GSH and GSSG in the medium 
above the DBH (extracellular) and in the PCA 
extract (intracellular) was determined by the HPLC 
method of Reed et al. [22]. Briefly, this method 
involves the addition of 2-iodoacetic acid followed 
by the derivatization of the S-carboxymethyl products 
with 2,4-dinitrofluorobenzene. Concentrations of 
derivatized GSH and GSSG were determined by 
UV detection (365 nm) following separations on a 
propylamine HPLC column. Intracellular GSH and 
GSSG values were corrected for the number of 
viable cells which came through the DBH as 
determined by the DNA content of the PCA 
precipitate [23] and are expressed per lo6 cells. 
Lactate dehydrogenase (LDH) activity in the medium 
above the DBH was measured as previously 
described [24]. It is expressed as maximal LDH 
release elicited by treatment of cells with Triton X- 
100 (0.04%). Lipid peroxidation was assessed by 
assaying an aliquot (0.25 mL) of cell suspension for 
MDA [25]. 
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Statistics. Data were analyzed using a one-way 
analysis of variance (ANOVA) program from 
Statview (Brainpower, Inc., Calabasas, CA), and 
means were compared by a Dunnett’s t-test. P < 0.05 
was chosen as the level of significance. Data are 
presented as means * SEM. 

RESULTS 

Toxicity of ANIT towards hepatocytes in vitro. 
When exposed to ANIT, isolated hepatocytes 
underwent a time- and concentration-dependent 
depletion of intracellular GSH as seen in Fig. 1A. 
This depletion occurred as early as 30 min after 
incubation of cells with 100 PM ANIT. Whereas the 
GSH concentration recovered to control levels in 
cells treated with 50 PM ANIT after 4 hr of 
incubation, GSH levels were 35 and 0% of control 
in cells treated with 100 or 500,uM ANIT, 
respectively. As shown in Fig. lB, treatment of cells 
with 5OOpM, but not 1OOpM ANIT produced an 
appreciable loss of cell viability as measured by the 
release of LDH. This loss of cell viability was not 
associated with an increase in lipid peroxidation as 
assayed by MDA formation (data not shown). 

As depicted in Fig. 2, treatment with ANIT was 
associated with an accumulation of glutathione in 
the extracellular medium. In both control and ANIT- 
treated cells, more GSH equivalents were present 
in the medium at 4 and 2 hr of incubation, 
respectively, than were originally present in the cells. 
This is likely due to release of GSH synthesized 
within the cells during the experiment [26]. In 
contrast to intracellular GSH depletion, GSH 
accumulation in the incubation medium did not 
appear to occur in a concentration-dependent 
manner. All concentrations caused a similar increase 
in total glutathione content of the medium at all 
time points assayed. Although not shown in the 
figure, at early times, most of the glutathione present 
in the medium of cells treated with ANIT 
was reduced (GSH). Furthemore, whereas the 
concentration of GSH in the medium of cells treated 
with ANIT was greater than that of the control at 
all times prior to 4 hr, the concentration of GSSG 
was not different from control until 4 hr. 

Synthesis of GS-ANIT. To determine if ANIT 
reacted directly with GSH, the disappearance of 
ANIT in the absence or presence of GSH was 
monitored by reverse-phase HPLC. In the absence 
of GSH, approximately 10% of ANIT disappeared 
from a 35% ACN-0.05 M phosphate buffer (pH 7.5) 
over a 1-hr period. The addition of a 5-fold excess 
of GSH (relative to ANIT) to the buffer resulted in 
an initial increase in the rate of disappearance of 
ANIT. The disappearance of ANIT in the presence 
of GSH coincided with the appearance of an 
unidentified peak which eluted prior to ANIT. This 
peak was not apparent in samples of ANIT only. 
The fact that this peak eluted prior to that of ANIT 
indicated that it was a polar product, possibly 
resulting from the conjugation of GSH with ANIT. 
This conclusion was confirmed in the following 
manner. 

The peak tentatively assigned to GS-ANIT was 
collected from a preparative HPLC column and 

immediately frozen by diverting the post-column 
effluent into a container immersed in liquid nitrogen. 
Following lyophilization, the dehydrated material 
was analyzed by FAB-MS. Analysis by FAB-MS 
(negative ion mode) produced a spectrum (Fig. 3) 
in which the predominant signals were at m/z 306 
(the base peak) and at m/z 491. This latter signal, 
the intensity of which was 20% of the base peak, 
was assigned to the parent ion (M-l) of GS-ANIT. 
A number of weaker signals were also observed 
originating as either pseudo-ions from the addition 
of the glycerol matrix or sodium to GS-ANIT, 
or the fragmentation of GS-ANIT. Particularly 
significant were the signals at m/z 274 and 218 which 
most likely arose from cleavage of the thiol and /3- 
carbon bond of the cysteinyl portion of GS-ANIT. 
This suggests that ANIT is covalently attached to 
the thiol of GSH rather than to the amine of GSH. 
This conclusion was also supported by TLC analysis 
of product, which indicated that it was sensitive to 
detection by both UV and ninhydrin. Neither ANIT 
nor GSH was apparent in samples of product which 
were examined by TLC. 

The base peak at m/z 306 observed in the FAB- 
MS spectrum of GS-ANIT (Fig. 3) may have arisen 
from either the presence of GSH (mol. wt 307) 
resulting from dissociation of GS-ANIT to GSH and 
ANIT, or possibly a daughter ion fragment of the 
parent compound. The weak signal at m/z 186 (i.e. 
ANIT) would appear to indicate that only a small 
amount of ANIT was present in the mixture; 
however, subsequent work examining ANIT itself 
by FAB-MS revealed that ANIT alone produced 
little or no parent ion signal. FAB-MS analysis of 
an equimolar mixture of GSH and ANIT produced 
a spectrum in which the base peak was also at m/z 
306. A signal at m/z 491 was observed but was less 
than 5% of the intensity of the base peak. 

Reversion of GS-ANIT to GSH and ANIT. 
Samples of GS-ANIT that were dissolved in 
20% ACN-0.05 M phosphate buffer (pH 7.5) and 
immediately examined by UV spectroscopy showed 
a maximum absorbance at 282 nm (Fig. 4, top); a 
subsequent analysis of the same sample 15 min later 
indicated that a shift in the maximum absorbance to 
308 nm had occurred. The resulting spectrum was 
similar to that produced by ANIT (Fig. 4, bottom). 
In contrast, samples of GS-ANIT that were dissolved 
in 20% ACN-O.l% acetic acid (pH < 3.5) showed 
little change over a 15-min period (results not 
shown). 

Examination of GS-ANIT by HPLC gave similar 
results. A rapid disappearance of GS-ANIT was 
observed when the conjugate was dissolved in 35% 
ACN-0.05 M phosphate buffer, pH7.5 (Fig. 5). 
The disappearance of GS-ANIT resulted in the 
concomitant appearance of ANIT. Within 5 min, an 
apparent equilibrium between ANIT and GS-ANIT 
was reached, with 95% of the ANIT present in the 
free form. Under these conditions, the amount of 
GS-ANIT then remained constant up to the end of 
the 1-hr incubation period. The equilibrium constant 
for GS-ANIToGSH + ANIT was calculated to be 
2.7. As would be expected, the presence of 5-fold 
excess GSH shifted the process in favor of GS-ANIT 
whereupon 20% of the initial GS-ANIT was still 
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Fig. 3. FAB-MS spectrum (negative ion mode) of GS-ANIT placed in a glycerol matrix. The background 
signals originating from the glycerol matrix were subtracted. Note that the intensity of signals >m/z 
400 are magnified 3-fold. The peak at m/z 491 corresponds to that predicted for the molecular ion of 

GS-ANIT (structure as shown). 

present as the conjugate at equilibrium. When GS- 
ANIT was dissolved in 35% ACN-0.1% acetic acid 
(pH < 3.9, less than 3% disappeared over a lo-hr 
period (results not shown). These results indicate 
that the GS-ANIT conjugate is reversible in nature, 
resulting in the formation of ANIT, and that this 
dissociation is dependent on pH. 

Identification of GS-ANIT in vitro. The extra- 
cellular medium of hepatocytes treated with ANIT 
was examined for the presence of GS-ANIT. At 
various times following the addition of ANIT, 
aliquots of the cell incubations were centrifuged to 
remove the cells, and the supernatant was frozen 
immediately with liquid nitrogen. Following lyophi- 
lization, HPLC analysis of samples revealed the 
presence of a peak with a retention time of 11.0 min 
which was identical to that of GS-ANIT (Fig. 6A). 
If the dehydrated material was dissolved in 35% 
ACN-1.0 M sodium acetate ( pH 4.0) prior to HPLC 
analysis, the size of this peak remained constant. 
However, dissolving the dehydrated material in 35% 
ACN-0.05 M sodium phosphate (pH 7.5) 1 hr prior 
to HPLC analysis resulted in the almost complete 
disappearance of this peak (Fig. 6B). If a large 
excess of GSH was added to the 35% ACN- 
0.05 M sodium phosphate buffer (pH 7.5) prior 
to redissolving the dehydrated material, the 
disappearance of this peak was minimal over the l- 
hr period (chromatogram not shown). These results 
were consistent with the previously observed 
behavior of synthetic GS-ANIT. 

Verification of the peak with a retention time of 

11.0 min as GS-ANIT was made by rapid scanning 
of the HPLC post-column effluent from 250 to 
350 nm with a photodiode-array UV detector. This 
enabled the UV spectrum of this peak to be obtained 
and compared to that generated by synthetic GS- 
ANIT. For the sake of comparison, the UV spectrum 
of the GS-ANIT standard was obtained both during 
HPLC analysis of synthetic GS-ANIT itself as well 
as following the addition of an aliquot of synthetic 
GS-ANIT to a sample of ANIT-treated hepatocytes. 
In all three instances, the UV absorbance of the 
material responsible for producing a peak with a 
retention time of 11.0 min was very similar to that 
seen previously with GS-ANIT (Fig. 4). 

Based on the HPLC peak area, the amount of 
GS-ANIT in the medium reached a maximum 1.5 hr 
after the addition of ANIT to the cells (Fig. 6, inset). 
In comparison to the initial concentration of 
intracellular GSH, the amount of GS-ANIT in the 
medium at 2 hr represented <lo% of the GSH that 
was lost from the cells. 

The peak identified as GS-ANIT was not observed 
in samples obtained from untreated hepatocytes or 
from samples of cell-free medium containing ANIT. 
Since the majority of peaks visible in samples of 
ANIT-treated hepatocytes (see Fig. 6) were also 
observed in samples of cell-free medium containing 
ANIT, these most likely result from the reaction 
of ANIT with the various constituents of the 
incubation medium. As noted in Fig. 6, besides the 
11.0 min peak, the peaks with retention times of 8.5, 
13.5, and 17.0min were absent or significantly 
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Fig. 4. UV spectra of GS-ANIT and ANIT. The UV 
spectrum of GS-ANIT both immediately following its 
dissolution in 20% ACN-0.05 M sodium phosphate 
(pH 7.5) and 15 min later is depicted (top). For the sake 
of comparison, the UV spectrum of an equimolar amount 
of ANIT dissolved in 20% ACN-0.05 M sodium phosphate 
(pH7.5) is also shown (bottom). Samples of GS-ANIT 
which were dissolved in 20% ACN-O.l% acetic acid 
(pH < 3.5) showed little change over a 15-min period 

(spectrum not shown). 

smaller in samples of untreated hepatocytes and 
samples of cell-free medium containing ANIT. These 
peaks may therefore represent other metabolites of 
ANIT or products of the reaction of ANIT with 
material exuded by hepatocytes into the medium. 
In contrast to GS-ANIT, the size of these peaks did 

Fig. 5. Kinetics of GS-ANIT disappearance. GS-ANIT 
(0.15 mM final concentration) was dissolved in either 35% 
ACN-0.05 M sodium phosphate (pH 7.5) without GSH 
(open symbols) or with a S-fold excess of GSH (0.75 mM) 
(closed symbols). At various times, aliquots were removed 
and analyzed by HPLC in order to determine the 

concentration of GS-ANIT and ANIT. 

i 
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Tlmm (mln) Time (mm) 

Fig. 6. HPLC analysis of GS-ANIT in incubations of 
hepatocytes. Hepatocytes (5 X 106/mL) were incubated 
with ANIT (1 mM) for 2 hr and the presence of GS-ANIT 
in samples of medium taken at various time points was 
confirmed by HPLC. (A) Sample was dissolved in 35% 
ACN, 1.0 M sodium acetate buffer (pH4.0) prior to 
injection. (B) Sample was dissolved in 35% ACN, 0.05 M 
sodium phosphate buffer (pH 7.5) for 1 hr prior to injection. 
The chromatograms, which were generated by monitoring 
the post-column effluent at 308 nm, are representative of 
samples taken at 15 min. The peak designated by the arrow 
co-chromatographed with that of a GS-ANIT standard. 
The peaks designated by asterisks were not observed in 
samples of untreated hepatocytes or cell-free medium 
containing ANIT. Inset: Time course of appearance of GS- 
ANIT. Peak area integration was used to calculate the 
concentration of GS-ANIT in the medium at various time 
points. N = 3 for each time point. Error bars are obliterated 

by the symbols. 

not diminish if the sample was dissolved in a buffer 
at pH 7.5 prior to HPLC analysis. 

Toxicity of GS-ANIT towards hepatocytes. When 
exposed to synthetic GS-ANIT, cells exhibited 
changes similar to those exposed to equimolar 
amounts of ANIT (compare Fig. 7 with Fig. 1). 
Incubation with 100 or 500 PM GS-ANIT produced 
a marked depletion of intracellular GSH over the 
course of the experiment. Whereas the depletion 
caused by 100 PM GS-ANIT occurred rapidly and 
was sustained at approximately 35% of control for 
several hours, GSH was totally depleted after 3 hr 
of treatment with 500 PM GS-ANIT. As seen in Fig. 
7B, 5OOpM GS-ANIT, but not 100pM GS-ANIT, 
produced toxicity as assessed by LDH leakage. 
Although the same dose of ANIT (5OOpM) was 
required to cause toxicity (see Fig. l), the magnitude 
of LDH leakage was greater in cells treated with 
ANIT (90%) than with GS-ANIT (55%). 

DISCUSSION 

The results of this study indicate that ANIT 
produced a concentration- and time-dependent 
depletion of GSH in isolated hepatocytes. The 
existence of a temporal relationship between LDH 
leakage and the level of GSH depletion incurred by 
nontoxic and toxic doses of ANIT suggests that the 
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These results suggest that ANIT may deplete cells 
of GSH by promoting its transport or leakage from 
the cells or by virtue of its ability to form a reversible 
conjugate. 

- 1 

0.0 1.0 2.0 3:0 4; 

80, 

Results of our experiments in vitro indicate that 
GS-ANIT was produced when ANIT and GSH 
were mixed together at room temperature and 
physiolo~cal pH. Results of experiments with this 
compound revealed that in the absence of GSH (at 
pH 7.5), the majority (>95%) of GS-ANIT reverted 
to GSH and ANIT within 5 min. This sharply 
contrasts with the behavior of the GSH conjugates 
of benzyl and ally1 isothiocyanates which at pH 7.5, 
achieve an equilibrium where > 85% of the initial 
compound remains conjugated with GSH [20]. These 
differences are surprising in view of the structural 
similarities of ANIT and benzyl isothiocyanate, but 
may explain why previous investigators were able to 
detect the mercapturate in urine of animals treated 
with benzyl isothiocyanate and not with ANIT [19]. 

“I I 

0.0 1 .o 2.0 3.; 4.0 

Time (hr) 

Fig. 7. Effect of GS-ANIT on (A) GSH content and (B) 
LDH leakage from isolated hepatocytes. Hepatocytes were 
treated with GS-ANIT (0, 100 or SOOflM) and were 
analyzed for intracell~ar GSH and LDH. leakage as 
described in the legend to Fig. 1. The average amount of 
total LDH released by the c&s was 1.995 t&its/ml. The 
initial GSH level was 19.2 * 3.6 nmol/l@’ cells. Data are 
means t SEM, N = 3 for each group, Key: (*) significantly 
different from control at this and subsequent time points 

(P < 0.05). 

Under conditions designed to maximize the 
fo~ation and stability of GS-ANIT during sample 
collection and analysis we were able to detect this 
metabolite in medium of hepatocytes treated with 
ANIT. Because results of our experiments suggested 
that the reaction of ANIT with GSH was readily 
reversible under conditions of our hepatocyte 
incubation, we hypothesized that administration of 
an equimolar amount of GS-ANIT to hepatocytes 
would produce a similar degree of GSH depletion 
and cell death as that of ANIT. As with ANIT, 
500 PM GS-ANIT was required to cause severe GSH 
depletion and cell death. Although the time scale of 
appearance of toxicity was similar between the two 
agents, GS-ANIT caused slightly less LDH leakage 
from the cells than ANIT. A possible explanation 
for this result is that GSH released from the 
conjugate had some cellular protective effect. Since 
GSH conjugates are unable to enter hepatocytes 
[31], it is also possible that less ANIT entered cells 
that were treated with GS-ANIT than cells treated 
with ANIT. However, because of the extreme 
propensity of the GSH conjugate to revert to ANIT 
and GSH, the latter possibility is somewhat unlikely. 

mechanism by which ANIT caused toxicity is 
associated with GSH depletion. In cells treated with 
a nontoxic concentration (100 PM), intracellular 
GSH decreased to about 25% of the initial value, 
whereas GSH was totally depleted in cells treated 
with a toxic concentration (500#&). Cytotoxicity 
occurred in hepatocytes only after intracellular GSH 
fell below lO-15% of the initial value, which is the 
amount normally associated with mitochondria [27- 
301. 

When hepatocytes are treated with various 
oxidants, GSH is utilized by the cell as a means of 
detoxifying hydroperoxides. As a result, GSH is 
oxidized to GSSG, which, in turn, is exported out 
of the cell. ANIT did not appear to deplete GSH 
via this mechanism, for it failed to induce lipid 
peroxidation or increase GSSG release from the 
celis. The majority of intracellular GSH which was 
lost from cells exposed to ANIT was present in the 
medium as GSH or a GSH-releasing compound. 

Although conjugation of agents with GSH is 
generally regarded as a means of detoxification, in 
the past few years it has become increasingly evident 
that GSH conjugation can sometimes result in 
bioactivation 1321. Some reactive GSH conjugates 
such as the S-2-(haIoethyI)glutathione conjugates do 
not require further bioactivation to cause toxicity. 
Metabolism of stable GSH conjugates by y-glutamyl- 
transpeptidase and other dipeptidases to nephrotoxic 
cysteine conjugates has also been demonstrated 
[33,34]. Mercapturates which are formed by further 
metabolism of cysteine conjugates are also toxic to 
the kidney [35]. As GS-ANIT dissociates rapidly to 
ANIT and GSH, it is unlikely that this conjugate 
produced toxicity directly or was metabolized to a 
toxic cysteine conjugate or mercapturate. As 
suggested by Van Bladeren and associates [ZO], 
reversible GSH conjugates such as those formed 
with benzyl and ally1 isothiocyanate may produce 
toxicity by serving as transport agents for the 
toxic parent compounds. As they hypothesized, 
conjugation with GSH might lead to a different 



2178 L. CARPENTER-DEYO et al. 

distribution of the parent compound through the 
body and a propensity towards toxicity occurring at 
distant sites where GSH concentration is low or 
where conditions favor the release of the free agent. 
Because GSH conjugates are secreted avidly into 
bile [36,37], conjugation of ANIT with GSH may 
serve to promote ANIT accumulation in bile. 
Accumulation of ANIT by this mechanism may 
explain why biliary epithelial cells are targets for 
ANIT toxicity in uiuo. These cells may also be 
extremely sensitive to the GSH-depleting ability of 
ANIT, as they contain two-thirds less GSH than 
hepatocytes [38]. Additional studies designed to 
address these possibilities are currently in progress. 

Although secretion of bile acids into bile is a 
primary driving factor for the osmotic gradient which 
drives bile flow, results of numerous studies suggest 
that GSH contributes to this process. Agents that 
promote GSH secretion into bile (e.g. furosemide) 
stimulate bile flow [39,40], whereas agents that 
cause GSH oxidation (e.g. ~-butylhydroperoxide) or 
depletion (e.g. BSO) lead to a decrease in bile flow 
[39-X2], Results of our experiments suggest that 
ANIT depleted hepatocytes of GSH by conjugation. 
Therefore, the decrease in bile flow which may be 
afforded by depletion of intracellular GSH by ANIT 
may be compensated for by an increase in bile flow 
caused by the added presence of the GSH conjugate 
in bile. However, it is possible that secretion of the 
reversible GS-ANITconjugate into bile may promote 
cholestasis by increasing ANIT exposure to biliary 
epithelial cells. This mechanism may explain why 
both administration of sulfhydryl reagents and a 
depletion of hepatic GSH reportedly protect animals 
against ANY-inducedcholestasis[l7,18]. Sulfhydryl 
reagents could protect hepatocytes and/or biliary 
epithelial cells from the effects of GSH-depletion 
caused by ANIT, thereby preserving junctional 
integrity and bile acid secretion. Conversely, 
depletion of cellular GSH by BSO may inhibit 
formation of GS-ANIT and therefore lead to a 
decrease in the biliary excretion of GS-ANIT. This, 
in turn, may spare biliary epithelial cells of the toxic 
effects of ANIT. Clearly, additional experiments 
need to be performed to adequately address these 
possibilities. 

The demonstration that inducers of cytochrome 
P450 (i.e. phenobarbital) enhance and that inhibitors 
(i.e. SKF 525-A, piperonyl butoxide) ameliorate 
ANIT-induced cholestasis and h~erbilirubinemia 
suggests that metabolism by cytochrome P450 is 
required for ANIT to produce liver toxicity [12-14]. 
These results imply that neither ANIT nor GS-ANIT 
is directly involved in the mechanism of cholestasis. 
However, in addition to inducing cytochrome P450, 
phenobarbital increases GSH S-transferase activity 
and GSH secretion in hepatocytes [39,43]. Although 
we did not demonstrate that the conjugation of 
ANIT with GSH occurred enzymatically as well as 
nonenzymatically, compounds with similar structure 
(ally1 and benzyl isothiocyanate) undergo enzymatic 
and nonenzymatic conjugation with GSH [19]. 
Therefore, we believe enzymatic conjugation of 
ANIT with GSH is likely to occur within cells. 
Accordingly, an increase in GSH Stransferase 
activity afforded by phenobarbital could lead to an 

increase in GS-ANIT formation and a concomitant 
decrease in GSH in hepatocytes and/or epithelial 
cells. As seen in Fig. 5, the stability of the conjugate 
was increased by adding GSH to the incubation 
medium. An increase in GSH secretion caused 
by phenobarbital could, therefore, increase the 
concentration of GS-ANIT in bile. Since the 
~orementioned cytochrome P450 in~bito~ inhibit 
GSH S-transferase activity and/or decrease hepatic 
GSH content [44-46], it is possible that these agents 
may protect against ANIT toxicity in uiuo by 
inhibiting the formation of GS-ANIT. Therefore, 
direct involvement of ANIT or GS-ANIT in 
cholestasis should not be discounted based on results 
of experiments with cytochrome P450 inducers or 
inhibitors. Nor do we believe that our results discount 
involvement of cytochrome P450 metabolism in 
ANIT toxicity. It is possible that a toxic metabolite 
of ANIT bound to GSH or some other moiety could 
be formed during or after metabolism of ANIT by 
cytochrome P450, The presence of several peaks in 
the chromatogram of the medium from ANIT- 
treated hepatocytes suggests that several other 
metabolites of ANIT may be formed in the liver. 
Clearly, identification of these metabolites is 
necessary before the role of metabolism in ANIT 
toxicity can be fully understood. 

In conclusion, results of our experiments suggest 
that ANIT depletes hepatocytes of GSH in uitro by 
virtue of its ability to form a reversible GSH 
conjugate. Severe GSH depletion occurs prior to 
cell death, suggesting that GSH depletion is involved 
in the pathogenesis of ANIT toxicity to isolated 
hepatocytes. Whether GSH depletion and/or 
formation of GS-ANIT is involved in the mechanism 
of ANIT-induced cholestasis is a matter which 
remains to be addressed. 
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