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Abstract-The post-arylative mechanisms by which N-acetylcysteine (NAC) reduces the severity of the 
hepatotoxicity induced by acetaminophen (APAP) were investigated in primary cultures of mouse 
hepatocytes. When administered at selected times immediately following removal of medium containing 
10 mM APAP, 2.0 mM NAC was shown to restore glutathione levels through 16 hr of APAP pre- 
treatment and to minimize the leakage of glutamate-oxaloacetate transaminase resulting from the first 
8 hr of drug exposure. This temporal difference defined a critical period in which cells were responsive 
to NAC and permitted the investigation of potential post-arylative mechanisms of the antidote. In the 
absence of NAC during the recovery period, the cellular loss of covalently-bound APAP could be 
accounted for by the appearance of arylated proteins in the medium without any apparent degradation 
of APAP-bound proteins. By contrast, when NAC was present during the recovery period, there was 
a decrease in intracellular protein-bound APAP which could not be accounted for by that detected in 
the medium. Since during the recovery period the low residual intracellular concentration of APAP 
could not contribute significantly to any additional covalent binding in this system, NAC could not 
merely be acting as a nucleophihc trap for the reactive electrophile. Furthermore, NAC is not likely to 
dissociate covalently bound APAP from proteins. Hence, the overall decrease in covalent binding 
observed in cultures previously exposed to APAP for up to 8 hr must have arisen from an NAC- 
dependent enhancement of the degradation of the arylated proteins. However, after a more prolonged 
exposure to APAP, the ineffectiveness of NAC may have resulted from APAP-induced irreparable 
damage to the intracellular proteolytic system. These data suggest that the post-arylative efficacy of 
NAC may reside in the ability of the antidote to restore the functional capacity of the proteolytic system 
to rid the cells of arylated proteins. 

Centrilobular hepatic necrosis induced by toxic doses 
of the widely used analgesic, acetaminophen 
(APAP), is believed to result from cytochrome P- 
4SO-dependent activation of the drug to a highly 
reactive metabolite, N-acetyl-benzoquinone-imine 
(NAPQI) [l] that is both a strong electrophile and 
a potent oxidizing agent [2]. Covalent binding of 
NAPQI to proteins following a significant reduction 
in the intracellular concentration of glutathione 
(GSH) has been implicated in the resulting organelle 
damage, enzyme leakage, and eventual cell death 
[3,4]. Alternatively, NAPQI may lead to oxidative 
changes in critical macromolecules which may also 
be mechanistically involved in APAP-induced liver 
injury [S]. 

Both mechanisms for APAP-induced hepatic 
injury have been considered in evaluating data 
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obtained in vitro [6-111 and in the development 
of effective antidotal therapy in uivo [12-171. The 
effectiveness of the antidote, N-acetylcysteine 
(NAC), in reducing the severity of liver necrosis has 
been attributed primarily to its direct or indirect (via 
cysteine or GSH) nucleophilic capacity to conjugate 
and detoxify the reactive metabolite [lo, 14, 15, 181. 
This mechanism implies that NAC would be effective 
only as long as the reactive electrophile was still 
being generated. However, the antidotal efficacy of 
NAC and other agents, in the absence of decreased 
covalent binding, has also been demonstrated [19- 
211. This suggests that the antidotes may also act by 
post-arylative mechanisms which prevent or reverse 
functional impairment resulting from the initial 
actions of NAPQI. 

The present study was conducted in cultured 
mouse hepatocytes to determine the nature and 
occurrence of the post-arylative mechanisms that 
may be involved in the antidotal action of NAC 
in ameliorating alterations in cellular homeostatic 
processes. 

MATERIALS AND METHODS 

Materials. Uniformly labeled [3H]APAP and L- 
[4,S3H(N)]leucine were purchased from New Eng- 
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land Nuclear-DuPont, Inc. (Boston, MA). Ring- 
labeled [ 14C]APAP and NCS tissue solubilizer were 
obtained from Amersham-Searle (Arlington 
Heights, IL). Collagenase CLS-II was purchased 
from Organon Teknika Corp. (BCA-Cappel) 
(Cooper Biomedical, Inc., Westchester, PA). 
Eagle’s Minimal Essential Medium (MEM) and fetal 
bovine serum (FBS) for cell culture were obtained 
from Flow Laboratories (McLean, VA) and Hyclone 
Laboratories, Inc. (Logan, UT) respectively. All 
other chemicals were obtained from the Sigma 
Chemical Co. (St. Louis, MO) and were of the purest 
grade available. 

Hepatocyte isolation and culture. Hepatocytes 
were isolated by collagenase perfusion (22,231 from 
3-month-old male C57/B16 mice fed ad lib. Cells 
were cultured at a density of 750,000 cells per 35 mm 
Falcon tissue culture dish in 2 ml of MEM sup- 
plemented with the non-essential amino acids (1 mM 
each), 10% FBS, 2pM insulin, 10 PM dexameth- 
asone, 15 mM nicotinamide, 200 units penicillin/ml, 
200 pg streptomycin/ml and 50 fig gentamicin/ml. 
Hepatocytes were maintained in culture for at least 
18 hr prior to the initiation of experiments in fresh 
medium lacking nicotinamide. The binding of 
ligands, such as nicotinamide, to cytochrome P-450 
has been reported to maintain the concentration of 
the enzyme in cultured hepatocytes [24,25]. 
However, it was necessary to remove nicotinamide 
from the culture medium during the experimental 
conditions so as to prevent any possible interference 
with cytochrome P-450-dependent activation of 
APAP. 

Covalent binding of acetaminophen. Covalent 
binding was determined in cultures at 4, 8, and 16 hr 
following the addition of 10 mM [3H]APAP (0.1 &i/ 
pmol) solubilized in medium. This concentration was 
selected based upon earlier dose-response studies 
which demonstrated cytotoxicity in cultured mouse 
hepatocytes within a 24-hr exposure period [22]. At 
selected times, APAP-exposed cultures were either 
harvested immediately (treatment phase) or washed 
twice with 2 ml of fresh medium without APAP and 
divided into two groups for further incubation with or 
without 2 mM NAC for an additional 12 hr (recovery 
phase). Cells from all three groups were washed 
twice with 2 ml of ice-cold phosphate-buffered saline 
prior to harvest into a total volume of 1.2 ml of 
hypotonic buffer (15 mM KCl, 10 mM Tris-HCl, 
1.5 mM magnesium acetate, pH7.5). Cells were 
homogenized with ten strokes of a Teflon-glass 
homogenizer, and isotonicity was restored by the 
addition of one-tenth the volume (120 ~1) of a hyper- 
tonic buffer containing 200 mM N-2-hydroxy- 
ethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 
1.2 mM KCl, and 50 mM magnesium acetate, 
pH7.5. To permit a quantitative comparison 
between the covalently bound metabolite present in 
cells following the initial exposure to APAP and 
that measured 12 hr after APAP removal, medium 
samples from the recovery phase cultures were also 
analyzed for arylated proteins released from the 
cells. Aliquots from the homogenate or medium 
samples were precipitated with perchloric acid 
(PCA) at a final concentration of 1 .O N. The pre- 
cipitated protein pellets were collected by cen- 

trifugation for 5 min at 12,OOOg in an Eppendorf 
model 5412 microfuge and were subsequently 
extracted three times with 80% methanol [3] con- 
taining 10 mM unlabeled APAP. To minimize partial 
solubilization of some proteins in acidic methanol 
[26], the methanol suspension was adjusted to pH 8 
by the addition of 2&40 ~1 of 1 .O N NaOH to each 
pellet. Samples were then digested in NCS tissue 
solubilizer, and the radioactivity was quantitated by 
liquid scintillation spectrometry (Beckman model 
LS 3801) using an external standard for quench 
correction. Total APAP binding to proteins is repre- 
sented as that amount measured in cells alone at the 
end of the treatment phase or as the sum of that 
determined in cells and medium following the recov- 
ery phase. The data are expressed as nanomoles 
APAP bound per milligram of total cellular protein 
per plate. 

Intracellular concentration of acetaminophen ufter 
drug removal. To determine the intracellular con- 
centration of unbound APAP after drug removal, 
hepatocytes were exposed to 10mM [‘“CIAPAP 
(0.1 pCi/vmol) for 8 hr. Following removal of the 
radiolabeled drug, cells were washed twice with 2 ml 
medium and either harvested immediately (t = 0) or 
incubated in APAP-free medium for selected times 
up to 2 hr. Cultures were washed twice again with 
2 ml of phosphate-buffered saline and homogenized 
directly in 1.0 N PCA. Acid-soluble extracts from 
both cells and medium were neutralized with 3 M 
KHCOs prior to the quantitation of radioactivity. 
The intracellular concentration of APAP and APAP 
conjugates was estimated on the basis of an 85%’ 
cellular water content (5.4 $/mg protein) after cor- 
rection for any residual extracellular medium con 
tamination remaining on the monolayers (271. 

Measurement of protein degradation. Four hours 
after plating, hepatocytes were prelabeled with 
[‘Hlleucine (0.5 &i/ml) for 15 hr. Following 
removal of the radioactive medium. the cultures 
were first washed once and incubated with 2.5 ml of 
nicotinamide-free medium supplemented with 
10mM unlabeled leucine (chase medium) for an 
additional 15 min to deplete the radioactive tracer 
from the intracellular amino acid pool 1281. Fol- 
lowing removal of this medium, the cultures were 
then exposed to 10 mM APAP in chase medium for 
selected times up to 12 hr. Parallel cultures incubated 
in chase medium alone served as controls. Each time 
point was terminated by removing the chase medium, 
rapidly washing the cells with 2 ml of ice-cold phos- 
phate-buffered saline, followed by direct homo- 
genization of the cells in a total volume of 1.2 ml of 
1.0 N PCA. The chase medium was also acidified to 
a final concentration of 1 .O N PCA. The precipitated 
protein pellets were collected by centrifugation for 
5 min at 12,OOOg and were washed three times with 
1.0 N PCA containing 10 mM unlabeled leucine prior 
to digestion in NCS tissue solubilizer. The cor- 
responding acid supernatant fractions from the cells 
and medium were neutralized with 3 M KHCO, prior 
to liquid scintillation spectrometry. Protein degra- 
dation was expressed as the percentage of acid-sol- 
uble radioactivity released into the medium relative 
to the total radioactivity recovered per plate. 

Anulytical procedures. Protein content wa\ deter- 
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Fig. 1. Recovery of GSH in the presence and absence of N-acetylcysteine (NAC) following APAP 
exposure. Primary cultures of mouse hepatocytes either were continuously exposed to 10 mM APAP 
for up to 36 hr (M) or, for the recovery experiments, cultures were washed free of drug at the 
times indicated by the arrows, and incubated for an additional 12 hr in the presence (m-----U) or 
absence (Cl-----O) of 2 mM NAC. The data are expressed as a percentage of the concentration of 
GSH determined in control cells (21.8 2 1.5 nmol/mg cell protein) and are the average ? SE of three 
to seven experiments. The addition of NAC did not alter significantly the GSH content in control 

cultures. 

mined by the method of Lowry et al. [29] using 
bovine serum albumin as a standard. Cellular GSH 
content was assayed by the method of Griffith [30] 
following neutralization with 3 M KHC03 of the acid 
supernatant fractions isolated as described above. 
The functional integrity of the plasma membrane 
was assessed by determining the percentage of glut- 
amate-oxaloacetate transaminase (GOT) released 
into the medium. Hepatocytes were ruptured by 
hypotonic lysis, and the activity of GOT in both cells 
and medium was determined by the calorimetric 
assay of Reitman and Frankel (see legend of Table 1 
for details) [31]. Medium samples were appropriately 

corrected for endogenous GOT activity present in 
FBS. 

RESULTS AND DISCUSSION 

Effects of NAC addition after acetaminophen 
removal on GSH content and GOT release. Cultured 
mouse hepatocytes continuously exposed to 10 mM 
APAP for up to 36 hr exhibited a progressive decline 
in the intracellular concentration of GSH (Fig. 1). 
By 16 hr, the cellular content of GSH in APAP- 
treated cultures had been reduced to 10% of control. 
Removal of APAP at either 4,8,16, or 24 hr resulted 

Table 1, Effect of 2.0 mM NAC on GOT release during the recovery phase following APAP removal 

Length of 
initial 

exposure (hr) 
Initial GOT release (%) 
Control APAP 

Additional GOT release after 
12-hr recovery (%) 

-NAC +NAC 

Extent of 
improvement 

with NAC (%) 

4 2.2 ‘- 0.4 6.1 2 1.8 6.6 5 1.3 1.4 2 0.4 78.8 -t 10.3* 
8 6.2 2 0.8 12.0 2 2.8 8.0 t 1.5 4.3 ?I 0.7 46.32 6.lt 

16 9.7 ‘- 3.8 21.5 ? 4.3 10.6 t 1.2 10.7 ? 1.3 
20 13.7 25.7 32.5 2 7.6 
28 19.8 t 3.5 62.0 r 3.5 

Cytotoxicity was determined by the release of GOT from cultured mouse hepatocytes exposed to 
APAP for selected times up to 28 hr. Following each period of exposure, drug-containing medium was 
removed, and the cells were washed and incubated for an additional 12-hr recovery period in the presence 
or absence of NAC. Enzyme leakage was expressed as a percentage of GOT activity released into the 
medium during either the initial APAP exposure or recovery periods relative to the total enzyme activity 
per plate. Each plate contained approximately 1 mg of protein and exhibited GOT activity capable of 
converting 0.3 to 0.4 pmol of alpha-keto-glutarate to glutamate/min at 25”, which was measured by the 
rate of formation of the 2,4_dinitrophenylhydrazone at 546 nm [31]. The enzymatic activity in the medium 
was corrected for endogenous GOT activity initially present in FBS. The data are expressed as the 
mean 2 SE for three to five experiments. The extent of improvement with NAC was compared to that 
observed in the absence of NAC, and the statistical significance of the differences was evaluated by 
Student’s paired f-test. 

*t Comparisons of GOT release during the recovery phase in the presence and absence of NAC are 
denoted as significant at “P CT 0.01 or fP CC 0.05. 
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in the return of GSH over the ensuing 12 hr to 90, 
70,40, and 17% of control levels respectively. Thus, 
the extent of GSH repletion upon removal of APAP 
appeared to be dependent upon the duration of 
exposure and the resultant extent of prior GSH 
depletion. However, the rates of GSH repletion 
(estimated from Fig. 1) for exposures of 4,8. or 16 hr 
appeared similar (i.e. 0.5 to 0.7nmol/hr/mg cell 
protein) with a lower rate estimated (0.2nmol/hr/ 
mg cell protein) after a 24-hr exposure. Addition of 
NAC during the recovery period nearly doubled the 
rate of GSH accumulation in cells exposed for 4, 8, 
or 16 hr. By contrast, NAC had no significant effect 
on the rate of GSH repletion after 24 hr of exposure 
to APAP. This suggests that, between 16 and 24 hr 
of exposure, APAP-dependent damage to the GSH 
biosynthetic process has progressed to an irreversible 
stage. 

Cytotoxicity. as evidenced by GOT release into 
the medium, also increased with the duration of 
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Fig. 2. Intracellular concentration of APAP in cultured 
mouse hepatocytes after drug removal. Hepatocytes cul- 
tured in 2 ml medium were treated with 10 mM (‘%Z]APAP 
(0.1 &Zi/,umol) for 8 hr. Following removal of the drug, 
cells were washed twice with 2 ml medium and either were 
harvested immediately (t = 0) or incubated for the times 
shown to determine the rate of exchange between the 
cellular pool of drug and the fresh medium lacking APAP. 
Cultures were washed twice with phosphate-buffered saline 
and harvested directly into 1 .O N PCA. Radioactivity was 
quantitated in neutralized acid-soluble extracts from both 
cells and medium. The intracellular concentration of APAP 
was calculated on the basis of an 85% cellular water content 
(5.4 ~1 cellular water/mg protein) after correction for resid- 
ual extracellular contamination of the monolayers [23]. 
Less than 5% of the intracellular acid-soluble radioactivity 
was conjugated to low molecular weight adducts (data not 

shown). 

APAP exposure (Table I). Within 4 hr after the 
addition of APAP. 6% of the total GOT activity was 
in the medium and after 28 hr of continuous drug 
exposure the proportion of enzyme released was 
62% of total. In contrast, GOT release from control 
cultures was 2.2% at 4 hr and increased only to 
19.8% by 28 hr. On removal of APAP following 
selected times of exposure, the extent of additional 
GOT release during the recovery period was not 
significantly different from the incremental increase 
in enzyme released from control cells. Comparison 
of total GOT release (initial + recovery) for cells 
washed free of APAP with that for cells continuously 
exposed for the same total period revealed that 
removal of APAP alone significantly diminished 
GOT release during the subsequent 12 hr. For 
example, the data in Table 1 indicate that, by 16 hr. 
the total release of GOT was 21.5% for cells con- 
tinuously maintained in APAP, yet the comparable 
value was only 12.7% for cultures pretreated with 
the drug for 4 hr and then placed in fresh medium 
without APAP for an additional 12 hr (6.1% released 
during the treatment phase and 6.6% during the 12- 
hr recovery period). 

Supplementing APAP-pretreated cultures with 
2 mM NAC during the recovery phase further 
decreased the release of GOT after APAP removal. 
The effectiveness of the antidote also depended upon 
the length of prior drug treatment. For example, the 
addition of NAC to cells exposed to APAP for 4 hr 
reduced the proportion of enzyme released during 
the 12-hr recovery period from 6.6 to 1.4%. cor- 
responding to a 78% improvement. By contrast, 
after a 16-hr APAP pretreatment period, NAC was 
no longer effective in further decreasing enzyme 
leakage beyond the reduction observed by removal 
of APAP alone. Although the incremental increase 
in GOT release was quantitatively similar in control 
and treated cultures, NAC was only effective in 
preventing the increase in APAP-exposed cells. This 
indicated that the mechanisms responsible for GOT 
release were different. The gradual increase in 
release from control cells was probably reflective of 
the age of the cultures, whereas the additional release 
subsequent to APAP exposure was more likely the 
result of APAP-initiated events. Thus, these data 
suggest that the presence of NAC during the recovery 
period specifically interfered with the progression of 
cell injury initiated by prior exposure to APAP. 

Collectively, these data suggest that NAC inter- 
vention in cultured mouse hepatocytes was beneficial 
with respect to GSH resynthesis through 16 hr of 
APAP exposure. However, with respect to inter- 
ference with the progression of toxicity. as evidenced 
by GOT release, NAC was only effective for APAP 
exposures of less than 16 hr. This suggests that some 
irreversible damage to the plasma membrane integ- 
rity [32] had occurred during the exposure interval 
between 8 and 16 hr. 

Clearance of intracellular acetaminophen after 
removal of acetaminophen from the culture medium. 
A possible complicating factor in the interpretation 
of the above results would arise if residual APAP 
remained within the hepatocytes subsequent to 
removal of APAP-containing medium and washing 
the cells. Preliminary investigations revealed that, 
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in cultured cells washed free of APAP-containing 
medium, approximately 85-90% of the total radio- 
labeled APAP within the intracellular pool was acid 
soluble. Since the interpretation of cellular recovery 
studies could be confounded by the residual intra- 
cellular pool of unbound APAP, additional studies 
were undertaken to determine the clearance of 
unbound APAP from the cultured cells. Hepato- 
cytes, pretreated with 10 mM [14C]APAP for 8 hr, 
were washed free of radioactive medium and further 
incubated for selected times up to 120 min. From the 
specific radioactivity of the drug (0.1 @/pmol) and 
the estimated volume of the water space within the 
hepatocytes (5.4 $/mg cellular protein) [27], one 
can calculate the concentration of intracellular 
APAP that might be available for further 
metabolism. Immediately upon removal of the 
APAP-containing medium, the intracellular con- 
centration of free APAP (8.8 mM) approximated 
the 10 mM concentration that was originally present 
extracellularly. There was a rapid decline to 1.5 mM 
by 30 min (Fig. 2) with a slower decline to 0.5 mM 
by 2 hr after APAP removal. These data indicate 
that residual APAP was cleared rapidly from the 
cells upon changing the medium, and that any con- 
tribution of residual intracellular APAP to the tox- 
icity after APAP removal would be minimal. For 
example, if one extrapolates the intracellular APAP 
concentration depicted in Fig. 2 for the remaining 
10 hr of the recovery period and integrates the area 
under the curve, then the maximal intracellular con- 
centration throughout the 12-hr recovery period 
would be equivalent to less than 20 additional min 
of exposure to 10mM APAP. Whereas cultured 
mouse hepatocytes treated with 0.5 mM APAP or 
less did not demonstrate significant covalent binding 
or depletion of GSH [22], the possibility remains 

that a persistent low intracellular concentration of 
APAP may be of toxicological significance to cells 
previously exposed to higher APAP concentrations 
and already containing significant amounts of 
NAPQI-arylated proteins. It is possible that a low 
level of electrophile production following APAP 
removal may result in the arylation or oxidation of 
critical target proteins which could be involved in 
the progression of cell damage. Therefore, one pur- 
pose of the following experiments was to determine 
if there were any detectable continued arylation of 
proteins after APAP removal. 

Effect of NAC on covalent binding after removal 
of acetaminophen. Cultured mouse hepatocytes con- 
tinuously exposed to 10 mM [3H]APAP for up to 
16 hr demonstrated a progressive increase in the 
amount of reactive metabolite covalently bound to 
proteins (Table 2, column A). During the first 16 hr 
of drug exposure, the rate of covalent binding aver- 
aged approximately 0.4 nmol of APAP bound per 
mg cellular protein per hr. Comparison between 
the amount of protein covalent binding during the 
treatment period and after recovery in the absence 
of NAC indicated that total (cells + medium) bind- 
ing did not increase during the 12-hr period but 
remained equivalent to that initially present at the 
time the drug was removed (compare columns A and 
D). Based on the estimated amount of the residual 
intracellular APAP concentration during the recov- 
ery period (i.e. the equivalent of 20 min of 10 mM), 
the maximum amount of additional covalent binding 
that could have occurred would be no greater than 
0.14 nmol bound/mg cellular protein. Thus, if there 
were any continued formation of NAPQI during 
the recovery period from any residual intracellular 
APAP, it could not have contributed significantly to 
the total extent of covalent binding. 

Table 2. Comparison of covalent binding of APAP in the presence and absence of NAC following removal of APAP 
from the culture medium 

Covalent binding 12 hr after APAP removal 
Length of initial APAP Covalent binding 

exposure after initial APAP exposure In cells In medium Total 

(hr) A B C D 

-NAC 
2.68 _t 0.32 +NAC 

% Change 
with NAC 

-NAC 
4.42 * 0.42 +NAC 

% Change 
with NAC 

-NAC 
7.47 2 0.97 +NAC 

% Change 
with NAC 

2.11 + 0.11 0.77 2 0.12 2.88 2 0.14 
1.50 2 0.12 0.33 2 0.08 1.84 rt 0.15 
28.9 + 1.7 57.1 k 4.8 36.1 rt 2.1* 

3.09 k 0.29 1.20 k 0.23 4.30 -t 0.11 
2.62 2 0.37 0.80 2 0.14 3.43 2 0.31 
15.2 + 2.1 33.3 + 4.1 20.2 -t 3.1t 

5.94 + 0.94 1.39 2 0.13 7.34 rt 0.89 
5.37 2 1.06 1.00 + 0.11 6.38 I 1.02 

9.6 2 1.6 28.0 2 3.8 13.1 2 2.2 

The covalent binding of APAP was determined in cultures treated as described in Table 1. The values are expressed 
as nanomoles of L3H]APAP bound per milligram of total cellular protein per plate during either the initial APAP 
treatment or in both cells and medium during the 12-hr recovery periods after APAP removal. The extent of improvement 
upon addition of 2.0 mM NAC was compared to that observed in the absence of the antidote. Data are expressed as the 
mean 2 SE for three to five experiments. Statistical significance of the differences was evaluated by Student’s paired t- 
test. 

** Comparisons between covalent binding in the presence and absence of NAC were denoted as significant at *P < 0.01 
or tP < 0.05. 
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Closer inspection of the data in Table 2 revealed 
that, in the absence of NAC, the amount of arylated 
intracellular proteins was reduced by approximately 
25% during the 12-hr recovery period (compare 
columns B and A). This decrease could readily be 
accounted for by the amount of arylated proteins 
detected in the medium (column C). Since the per- 
centage of total GOT activity released during the 
recovery period remained below 11% (Table l), the 
proportion of arylated proteins in the medium during 
this period may not simply be attributed to altered 
plasma membrane permeability but may represent a 
protective mechanism by which the cells attempt to 
dispose of the arylated proteins. Although we cannot 
exclude the possibility that the electrophile may 
escape from the cell and subsequently bind directly 
to serum proteins in the medium, the highly reactive 
properties of NAPQI (33,341 make this an unlikely 
possibility. 

NAC appeared to accelerate the clearance of pro- 
tein-bound APAP from the hepatocytes. The effec- 
tiveness of NAC diminished as a function of the 
duration of the initial drug exposure. In contrast to 
the unsupplemented cultures, the decrease in intra- 
cellular covalent binding during the recovery period 
could not be accounted for by the amount of cov- 
alently-bound proteins detected in the medium. In 
fact, the amount of arylated proteins in the medium 
of NAC-supplemented cultures actually decreased 
relative to that in unsupplemented cultures (column 
C). Thus, the addition of NAC was effective in 
reducing the total amount of arylated proteins 
recovered from cultures previously exposed to 
APAP for 4 and 8 hr, but NAC had little effect in 
cultures pretreated for 16 hr (compare columns D 
and A). Since the continued generation of NAPQI 
during the recovery phase is likely to be minimal, 
and since it is unlikely that covalently bound APAP 
can be readily released from its protein conjugates, 
these data suggest that the loss in total protein-bound 
APAP resulted from the selective degradation of the 
arylated proteins to soluble products. In addition, 
the ineffectiveness of NAC supplementation in 
decreasing total covalent binding when the APAP 
exposure was increased to 16 hr is consistent with 
the inability of NAC to prevent further GOT release 
after this duration of APAP exposure. These obser- 
vations suggest that APAP may selectively affect 
different cellular processes and imply that, although 
the cellular concentration of GSH was partially 
restored and enzyme leakage reduced, a prolonged 
initial drug exposure may have resulted in irreparable 
damage to the proteolytic system. 

The suggestion that the proteolytic system may be 
impaired following APAP exposure is supported by 
our finding that, within 4-8 hr of continued APAP 
exposure, the degradation of prelabeled proteins in 
cultured hepatocytes was reduced significantly (Fig. 
3) and was accompanied by an accumulation of 
enlarged autophagic vacuoles containing undegraded 
cellular organelles [35]. Maximal differences in the 
relative rates of degradation were calculated from 
the percentage of acid-soluble radioactivity released 
into the medium between 4 and 12 hr as 1.7%/hr 
compared to l.O%/hr for control and APAP-treated 
cells respectively. Since the majority of liver protein 

T TIME AFTER ADDITION OF CHASE (hr) 

APAP ADDED 

Fig. 3. Effect of APAP exposure on the degradation of 
prelabeled proteins. Hepatocytes were prelabeled with 
[3H]leucine (0.5 MCi/ml medium) for 15 hr in MEM sup- 
plemented with the non-essential amino acids, 2 PM insulin. 
10 ,nM dexamethasone, 10% FBS, 15 mM nicotinamide, 
200 units penicillin/ml, 200 pg streptomycin/ml, and 50 pg 
gentamicin/ml. Following removal of the radioactive 
medium, cultures were washed and incubated for 15 min 
in nicotinamide-free medium supplemented with 10 mM 
unlabeled leucine (chase medium). Cultures were then 
incubated in the presence (M) or absence (M) 
of 10 mM APAP solubilized in chase medium for the times 
shown. Protein degradation was determined from the 
accumulated release of acid-soluble [jH]leucine into the 
medium and is expressed as a percentage of the total 
radioactivity recovered per plate (40-50,000 dpm/plate = 
-1 mg protein). The data are the average 2 SE for three 

experiments. 

catabolism occurs within the lysosomal compartment 
[36-381, these observations suggest that APAP 
administration may have disrupted lysosomal 
function. It is well documented that the lysosomal 
thiol proteases (Cathepsins B, H, and L) require 
GSH or cysteine for catalytic activity and are con- 
sidered to be rate-limiting enzymes for proteolysis 
within the compartment [39]. It has also been 
reported previously that as much as 50% of the 
intracellular cysteine for GSH biosynthesis in hepa- 
tocytes can be derived from protein catabolism [40]. 
Thus, it is likely that, when proteolysis is reduced, 
cysteine may become rate-limiting for cellular 
biosynthetic or catalytic functions. This could explain 
the inability of cultured hepatocytes in the present 
study to decrease the amount of covalently modified 
proteins in the absence of NAC. However, in the 
presence of NAC, sufficient cysteine would become 
available to maintain biosynthetic and catabolic reac- 
tions and facilitate the catabolism of arylated pro- 
teins until such a time as the proteolytic enzymes are 
themselves damaged and beyond repair. 
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Alternatively, APAP alterations in the cellular 
redox state may also play an important role in the 
impaired clearance of arylated proteins. APAP- 
induced decreases in the protein sulfhydryl content 
in cultured hepatocytes have been attributed to the 
oxidative properties of NAPQI and have been cor- 
related with the extent of cell damage [41]. Fur- 
thermore. both lysosomal and nonlysosomal 
proteolytic functions may be regulated by the intra- 
cellular thiol redox state [42,43]. Thus, the effec- 
tiveness of NAC in facilitating the catabolism of 
arylated proteins may also be mediated through 
GSH-dependent restoration of the intracellular thiol 
redox state. 

In summary, the ability of antidotal treatments to’ 
reduce the severity of hepatic necrosis following 
APAP exposure has been attributed to mechanisms 
which both precede [14, 151 and follow [19-211 
arylation. Data obtained in this study provide 
additional evidence for a post-arylative mechanism 
and suggest that the protective action afforded by 
NAC may be mediated, in part, by restoring the 
activities of the intracellular proteolytic systems ?nd 
imply that the normal functioning of this system in 
eliminating the arylated proteins may be essential for 
cellular homeostasis. Efforts are currently directed 
toward elucidating the mechanisms responsible for 
the elimination of the arylated proteins. 
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