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ABSTRACT: Hepatocytes isolated from rats which have been
pretreated with phenobarbital (80 mg/ kg for 3 days), were able
to take up N-acetylcysteine from surrounding medium and were
able to synthesize the reduced glutathione (GSH *-3) intracel-
lularly. The N-acetylcysteine is quickly deacetylated after the up-
take and increases the pool size of cysteine, which was very
low initially (5 nmol/10" cells). From this increased intracellular
cysteine pool, GSH was synthesized. Freshly isolated rat hepato-
cytes contained a high level of GSH (30 nmol/10° cells), but
upon incubation with the diethylmaleate, it was markedly de-
creased (10 nmol/1 0o’ cells). The hepatocytes with depleted GSH
have lost viability upon incubations with acetaminophen (5mM)
and paraquat (2 mM). However, when the N-acetylcysteine
{1 mM) was added to this incubation condition, these chemical
induced hepatocellular necrosis were prevented for longer dura-
tions. This N-acetylcysteine dependent protective effect against
the hepatotoxic chemicals was lost by adding methionine sulfox-
imine (10 mM), an inhibitor of GSH biosynthesis. Both the car-
bontetrachloride (5 mM) and chloroform (56 mM) added to the in-
cubation medium caused rapid losses of GSH and cell viability,
even without the prior depletion of cellular GSH. However,
again, if the 1 mM N-acetylcysteine was supplemented, the rates
of losses of GSH and cell viability were retarded in both cases.
Even though large amounts of the added N-acetylcysteine was
present in the cell, N-acetylcysteine conjugate of acetaminophen
was not formed. Instead, only large amounts of GSH conjugate
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of the drug was produced. Thus, it is concluded that the added
N-acetylcysteine is taken up and utilized for resynthesis of GSH.
In turn, this resynthesized GSH contributes to the protection
against cytotoxicity inducible with hepatotoxic drugs.

Keywords: N-acetylcysteine, Isolated rat hepatocytes, GSH
biosynthesis, Hepatotoxic agents.

INTRODUCTION

The N-acetylcysteine is a component of mercapturic acids and the mercapturic acids
are conjugates of N-acetylcysteine and toxic metabolites of drugs. The mercapturic
acids are the end products of physiologically very important detoxification process for a
variety of harmful electrophilic compounds (1). The initial state of mercapturic acid
biosynthesis involves conjugation of reactive drug metabolites (electrophilic com-
pounds) with the endogenous intracellular glutathione (GSH). This reaction is usually
catalyzed by the glutathione S-transferases (GST) that exist in most aerobic cells which
are capable of enzymatic detoxication. Large quantities of both GSH and GST are pre-
sent in liver cells (2). The GSH conjugates are then converted to mercapturic acids
(N-acetylcysteine conjugates) in separate sequential stages by (a) removal of the gam-
ma-glutamyl moiety, (b) removal of the glycine moiety, and (c) addition of acetyl moi-
ety to the N-terminal of cysteine in the remaining drug-cysteine conjugate (1).

The GSH is a major physiological tri-peptide involved in maintaining the redox
homeostasis and, as eluded earlier, it is composed of gamma-glutamate, cysteine, and
glycine. The thiol (-SH) included in the cysteine moiety of the GSH molecule is very
reactive toward molecules having an electrophilic center and donates the hydrogen
atom to most carbon-, oxygen-, and nitrogen-centered radicals which are all produced
during metabolic oxidation of chemicals. Under physiological conditions, these reac-
tive metabolic products generated from drugs can readily conjugate with the nucle-
ophilic GSH. While the conjugation reaction can proceed non-enzymatically, it is
usually catalyzed in vivo by the glutathione S-transferases, which make up about 5 to
10% of the cytosolic protein in liver cells (2). As a consequence of the rapid enzyme
-catalyzed conjugation with GSH in vivo, hepatic levels of GSH are depleted and liver
cells are necrotized unless the GSH levels are quickly restored by an active biosynthesis
involving the gamma-glutamy! cycle (3). For this to occur, intracellular pool size or the
rate of supply of cysteine must be increased. In this connection, it was possible for the
N-acetylcysteine moiety cleaved from mercapturic acids could serve as the stable extra-
cellular precursor for the intracellular supply of cysteine.

It is now well established that hepatotoxicity produced by many drugs such as acet-
aminophen and CCl4 is mediated by the cytochrome P-450 dependent formation of
reactive electrophilic metabolites and is caused by the subsequent depletion of intracel-
lular levels of reduced glutathione (GSH) (3). Accordingly, the hepatotoxic effect of
such agents may be decreased either by administration of inhibitors of the cytochrome



131

P-450 dependent mixed function oxidase or by increasing the capacity for removal of
the reactive metabolites by administration of sulfur amino acids like cysteine, N-acetyl-
cysteine, and methionine (3). However, it was not certain whether the protective ef-
fects provided by these amino acids is due either to facilitated GSH biosynthesis or to
direct formation of conjugates with these amino acids.

It has previously been reported by Thor et al that the intracellular GSH concentra-
tion is decreased when hepatocytes isolated from phenobarbital treated rats were in-
cubated with bromobenzene (4). However, as the hepatocytes are able to resynthesize
the GSH quickly and overcome the drug induced depletion of GSH, the bromoben-
zene dependent cell damage could not be observed with normal hepatocytes and
under normal incubating conditions. To observe such damage, hepatocellular levels of
cytochrome P-450 had to be increased by pretreaiment of rats with phenobarbital, in-
cubations of hepatocytes with bromobenzene had to be performed in an amino acid
free medium, or the levels of intracellular GSH had to be lowered either by pretreat-
ment of rats with diethylmaleate (DEM) prior to cell isolation or the isolated normal
hepatocytes had to be preincubated with DEM (5).

In any case, the GSH conjugates formed with reactive metabolites of drugs,
together with their catabolic metabolites, are excreted generally into the bile in high
concentrations (6). Accordingly, the GSH, cysteinylglycine, cysteine, and N-acetylcys-
teine (mercapturic acid) conjugates of the corresponding reactive compound have
been detected in the bile of rats (7). The GSH conjugates and their catabolites excreted
into the bile are eventually converted to the original chemical compound not contain-
ing the cysteine moiety by the digestive intestinal enzymes (inclusive of those of intesti-
nal microbial flora). Both the regenerated original chemical compound and the cys-
teinyl metabolites cleaved from the conjugates of these sulfur amino acids and mercap-
turic acids may then be reabsorbed via the enterohepatic recirculation or they may be
excreted in the feces. The cysteinyl moiety of mercapturic acids, as represented by the
N-acetylcysteine, may eventually be reabsorbed by the liver cells and be reutilized
economically in the gamma-glutamyl cycle for the restorative biosynthesis of GSH.
Thus, the present study is designed to determine whether freshly isolated rat hepato-
cytes can take up N-acetylcysteine and whether it is incorporated into the intracellular
GSH by employingMC labeled N-acetylcysteine. The study is also designed to deter-
mine whether a protective effect is observed under conditions of the N-acetylcysteine
dependent facilitated GSH synthesis by employing several well-known hepatotoxic
agents.

MATERIALS AND METHODS

Pretreatment of animals and preparation of liver cells

Male Sprague-Dawley rats weighing about 180-250 g were obtained from the
Animal Breeding Laboratory of Inha Medical College and were acclimatized to the
laboratory conditions for 3 days. During this period, food (donated by Korea Purina,
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Inc.) and water were supplied ad libitum. Rats were given the intraperitoneal injec-
tions of sodium phenobarbital at a daily dose of 80 mg/ kg for 3 days, in order to in-
crease the sensitivity of isolated hepatocytes to toxic chemicals, especially those requir-
ing metabolic activation for demonstration of hepatocellular toxicity.

Isolation of hepatocytes was performed by collagenase perfusion of the liver as
described by Seglen with minor modification (8). Briefly, the liver was perfused initially
for 5 min with EGTA-salt buffer solution and then for another 5 min with the EGTA-
free salt buffer containing the énzymes (collagenase Type I obtained from Sigma) and
calcium chloride (50 mM). The yield of each preparation was 2-4 x 10° cells per
liver and the viability of freshly isolated hepatocytes was about 90% as measured by
exclusion of trypan blue dye and by leakage of lactate dehydrogenase (LDH).

Incubations of hepatocytes were performed at 37 °C in Erlenmeyer flasks under a
95% oxygen and 5% carbondioxide atmosphere at a cell concentration of 10° cells
per m/ in a Krebs-Henseleit buffer, pH 7.4 supplemented with 25 mM HEPES and
an amino acid mixture suggested by Seglen (9). All amino acids were present at the
concentration specified by Seglen (9), except for the N-acetylcysteine, which was
added as indicated in figure legends.

The leakage of LDH test was performed on an aliquot of well-mixed hepatocyte
suspension upon 20 fold dilution in Krebs-Henseleit buffer containing 2% albumin
(obtained from Sigma). NADH (0.1 mM final concentration) and pyruvate (0.8 mM)
were then added. The rate of NADH oxidation dependent on the leaked LDH was
recorded at 340 nm, and the 100% LDH activity was obtained after lysis of the cells by
addition of Triton X-100 (0.5% final concentration) (10).

The intracellular level of reduced glutathione (GSH) was measured by the fluoro-
metric method of Hissin and Hilf (11). Measurements were performed on 10” x 6 cells
after washing once with Krebs-Henseleit buffer by gentle reharvesting centrifugation
(80 x g). In order to deplete the intracellular GSH prior to starting the experiment,
cells were preincubated for 30 min with 1 mM diethylmaleate (DEM). Also, in order to
block the resynthesis of GSH from the added N-acetylcysteine, 10 mM methionine sul-
foximine (MSO) was added to the incubation medium. These compounds were dis-
solved in DMSO prior to addition to hepatocyte suspensions.

The uptake and metabolism of "“C labeled N-acetylcysteine was measured accor-
ding to Reed and Orrenius (12). Briefly, the hepatocytes were incubated at 37°C for
designated durations with the diluted mixtures of labeled (120 mCi/mmol, 97%
radiochemical purity) and un-labeled N-acetylcysteine dissolved in acetone (750 dpm
/nmol). They were added to the incubation medium at a final concentration of 1 mM.
Various metabolites of N-acetylcysteine (e.g., mono-acetylcystine, cystine, cysteine,
glutathione, cysteinylglutathione) present in the supernatant of TCA precipitated fraction
were coupled with the chromophore, 1-fluoro-2,4-dinitrobenzene (FDNB) to the amine
group of cysteine moiety and the separation of different derivatives according to their
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polarities were accomplished with a C,, reverse phase column employing an HPLC
system (Waters Associates, Boston, USA). However, the FDNB will not bind to the
amine group of N-acetylcysteine because the available binding position was already oc-
cupied by the acetyl group. Thus, the N-acetylcysteine was quantitated by collecting
the fractions eluted from the HPLC column and by counting the radioactivity.

Metabolism of acetaminophen and detection for the presence of conjugates of the
drug were performed according to the method described by Moldeus (13) utilizing an
HPLC system (Waters Associates, USA). While various conjugated metabolites (in-
cluding sulfate, glucuronide, and glutathione conjugates) have been detected, only the
sulfur amino acid conjugates were isolated and quantitated. This has been confirmed
by using "C labeled N- -acetylcysteine as the precursor of GSH and the one peak con-
taining radioactivity was identified to be the glutathione conjugate of acetaminophen.
Hepatotoxic agents like acetaminophen (5 mM), paraquat (2 mM), CCl4 (5 mM),
and CCI3 (5 mM) were all individually dissolved in acetone and each was added to
the hepatocyte incubation medium. At the times indicated in Figures, aliquots were
withdrawn for determinations of cell viability, metabolite analysis, and intracellular
GSH levels. The illustrated experiments are the results of “a typical experiment” and,
upon repeating, there were about 25% variability. This method of expression was
chosen for the purpose of clear presentation in Figures.

Collagenase Type I, as well as most other biochemicals were purchased from the
Sigma Chemical Co., St. Louis, MS, USA. The "C labeled N-acetylcysteine was
from the Radiochemical Center, Amersham, Bucks, England. All other chemicals
were of analytical grade and were obtained from local commercial sources.

RESULTS
Uptake and metabolism of N-acetylcysteine

As shown in Fig. 1, freshly isolated hepatocytes obtained from rats pretreated with
phenobarbital took up N-acetylcysteine in a linear fashion. Within 30 min, two-thirds
of the amino acid taken up was deacetylated within hepatocytes and formed cysteine,
mono-acetylcystine, cystine, glutathione, and cysteinylglutathioine (Fig. 2). The order
of elution of these metabolites identified with respective standards from the C,, reverse
column of HPLC was cystine, mono-acetylcystine, cysteine, N-acetylcysteine, cys-
teinyl S-glutathione, glutathione (GSH), and glutathione disulfide (GSSG). As the
chromophore FDNB could not bind the N-acetylcysteine, its quantitation had to rely
soly on the scintillation counting of the collected fractions. However, all other meta-
bolites of the amino acid could be quantitated either by UV detector set at 350 nm or
by scintillation counting of the collected peak fractions. These metabolites were found
mainly from the supernatant portion after the TCA precipitation. There were no or
minimal accumulation of the radio-label in the TCA precipitable protein fractions.
Also, it was not possible to demonstrate any increased secretion of GSSG or GSH into
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Fig. 1. Uptake of 14-C N-acetylcysteine by isolated rat liver cells.: Rat hepatocytes (10° cellslmi)
were incubated at 37°C with 4C labeled N-acetylcysteine (1 mM). At the times indicated. 1 ml
aliquots were withdrawn and the cells collected on Millipore filters were washed with 10 m/ of
Krebs-Henseleit buffer. The filters were dried and their radioactive contents were determined.

the surrounding medium by hepatocytes incubated with the "C labeled N-acetylcys-
teine.

Effect of N-acetylcysteine on cell necrosis inducible with hepatotoxic
chemicals

The possible protective effect of N-acetylcysteine against various well-known hepa-
totoxic chemicals has been examined using the isolated hepatocytes. Acetaminophen,
which by itself is not toxic, causes hepatocellular necrosis only after activation by the
cytochrome P-450 dependent microsomal mixed function oxidase. Upon activation, a
reactive benzoquinoneimine metabolite is known to be produced from acetaminophen
and this reactive metabolite readily binds to GSH. As the consequence, intracellular
GSH is depleted and liver cells die (3). Isolated hepatocytes from normal rats are usu-
ally not susceptible to necrosis by acetaminophen because, they have inadequate
amounts of cytochrome P-450 dependent mixed function oxidase activity, have high
levels of intracellular (about 30 nmol/ 10° cells, e.g., Figs. 5,6,7), and have active
biosynthetic ability to restore the depleted GSH level.
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Fig. 2. Intracellular concentration of 14-C labeled sulfur amino acids derived from N-acetylcysteine. : Rat
hepatocytes (10° cellsim) were pre-incubated for an hour at 37°C with the radioactive
N-acetyleysteine (1 mM) for pre-loading purposes and then, started the experimental incubation
with the non-radioactive N-acetylcysteine. At the times indicated after initiating the incubation
with the non-radioactive amino acid, 1 ml aliquots were withdrawn and derivatized with FDNB
for HPLC determination of the N-acetylcysteine metabolites, the quantitation being by scintilla-
tion counting of eluted fractions. O , N-acetylcysteine; ®, cysteine; [J, monoacetylcystine; o ,
cysteinylglutathione; a , glutathione; M, cystine.

Therefore, rats were pretreated with phenobarbital in order to increase the mixed
function oxidase activity, and the isolated hepatocytes were pre-incubated with DEM
to deplete the GSH levels. Furthermore, methionine sulfoximine (MSO), an inhibitor
of GSH biosynthesis (14), was added to suppress the resynthesis of GSH from the
given N-acetylcysteine. Results shown in Fig. 3 have demonstrated that hepatocytes
isolated from the phenobarbital treated rats and pre-incubated with DEM could become
necrotic when incubated with 5 mM acetaminophen. In the presence of MSO, how-
ever, hepatocellular necrosis occurred even faster. Results shown in Fig. 4 were ob-
tained under the same experimental conditions as performed for Fig. 3 and they have
demonstrate that when the biosynthesis of GSH was inhibited with MSO, cell viability
decreased and less amount of acetaminophen-glutathione conjugates was formed
(Fig. 4).
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Fig. 3. Effect of methionine sulfoximine on the N-acetylcysteine derived protection against acetamino-
phen.: Rat hepatocytes (10° cells ml) were pre-incubated for 30 min with DEM (1 mM).
then incubated with acetaminophen (5 mM) and N-acetylcysteine (1 mM), with or without the
addition of methionine sulfoximine (10 mM). At the times indicated, aliquots were withdrawn for
determination of cell viability, measured as percentage of cells which leaked lactate dehydrogen-
ase. ®, DEM treated hepatocytes incubated with acetaminophen and N-acetylcysteine; o, as
above with the addition of MSO.
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Fig. 4. Effect of methionine sulfoximine on the N-acetylcysteine derived formation of acetaminophen
-glutathione conjugate.: Rat hepatocytes (10° cells/mi) were pre-incubated for 30 min with
1 mM DEM, then incubated with acetaminophen (5 mM) and N-acetylcysteine (1 mM), with and
without the addition of MSO (10 mM). At the times indicated, aliquots were withdrawn for HPLC
determination of the acetaminophen conjugates. o, DEM treated hepatocytes incubated with
acetaminophen and N-acetylcysteine; ®, as above with the addition of MSO.
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Fig. 5. Effect of paraquat on the loss of cell viability and depletion of glutathione.: Rat hepatocytes
(10° cells/mi) were pre-incubated for 30 min with 1 mM DEM, then incubated with paraquat
{2 mM). At the times indicated, aliquots were withdrawn for determinations of cell viability and
intracellular GSH levels. 0, GSH concentration without N-acetylcysteine; ®, with the amino
acid; 3, cell viability without N-acetylcysteine; B, with the amino acid.

100
{30

2

g o :

ol

g

§ 60} 120 E

9 =

S

7 lo 3

2 9

B2 20} E
L , A ;

30 60 _ 120 180
INCUBATION TIME (MIN)

Fig. 6. Effect of carbontetrachloride on the loss of cell viability and depletion of glutathione. : Rat hepato-
cytes (10° cells/m)) were incubated with CC14 (5 mM), in the presence and absence of the
added N-acetylcysteine (1 mM). At the times indicated, aliquots were withdrawn for determina-
tions of cell viability and intracellular GSH levels. o, GSH concentration without N-acetylcyste-
ine; ®, with the amino acid; 0J, cell viability without N-acetylcysteine; M, with the amino acid.
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Fig. 7. Effect of chloroform on the loss of cell viability and depletion of glutatione.: Rat
hepatocyted (10° cellslm)) were incubated with chloroform (5 mM), in the presence and
absence of the added N-acetylcysteine (1 mM). At the times ipdicated, aliquots were withdrawn
for determinations of cell viability and intracellular GSH levels. A, GSH concentration without
N-acetylcysteine; a, with the amino acid; OJ, cell viability without N-acetylcysteine ; B, with the
amino acid.

As with the acetaminophen, paraquat was also toxic to liver cells which have al-
ready been depleted of GSH. Cell viability decreased for the hepatocytes not supple-
mented with N-acetylcysteine and the GSH levels were decreased steadily (Fig. 5). For
hepatocytes supplemented with the amino acid, cells can actively synthesize GSH and
are protected from the paraquat toxicity for longer durations. Therefore, 1 mM N-ace-
tylcysteine can provide some measure of protection against the paraquat inducible
hepatocellular necrosis.

Carbontetrachloride (CCH4, tetrachloromethane) has long been known as a strong
hepatotoxin. It depleted cellular GSH rapidly and caused necrosis even for the hepato-
cytes containing normal levels of GSH (Fig. 6). The presence of N-acetylcysteine in the
incubation medium has decreased the rate of GSH depletion and of cell death. Chlo-
roform (CCI3, trichloromethane) was also very toxic to hepatocytes and appeared to
have similar necrotic effect as the CCl4. It depleted the cellular GSH rapidly and caus-
ed rapid cell death (Fig. 7). The presence of N-acetylcysteine in the incubation medi-
um, however, retarded the rate of GSH depletion and helped maintain cells viable for
longer durations.
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METABOLISM OF N-ACETYLCYSTFINE
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Fig. 8. Schematic diagram for the metabolism of N-acetylcysteine.

DISCUSSION

Freshly isolated rat hepatocytes were able to utilize the N-acetylcysteine added to
the medium for biosynthesis of GSH and were able to maintain their intracellular GSH
concentration. Following uptake (Fig. 1), the amino acid was quickly deacetylated and
provided cysteine (Fig. 2). The initial level of cysteine in the freshly isolated hepatocy-
tes was found to be low (5 nmol/ 10° cells) and this observation supported the pre-
vious report on the cysteine content of liver as being very low, about 0.2 to 0.3 mM
(15). It has been known that hepatocytes can quickly oxidize the added extracellular
cysteine to cystine and, as the exogenous cystine is not taken up, added cysteine is not
useful for increasing the intracellular pool size of cysteine (16). In support of this, the
depleted GSH from hepatocytes (e.g., upon incubation with DEM) could not be re-
plenished by additions of cysteine to the medium (unpublished observation). Thus, itis
of practical and physiological importance that the N-acetylcysteine could serve as a
stable extracellular precursor for the intracellular cysteine, which is unstable in the
plasma and is not useful for intracellular biosynthesis of GSH (10).

Upon incubation of the hepatocytes with N-acetylcysteine, the intracellular concen-
tration of cysteine was increased by 3 to 4 fold initially and, with the onset of produc-
tion of GSH and cystine, the cysteine concentration was then decreased. In the mean-
time, the concentration of mono-acetylcystine continued to increase steadily (Fig. 2).
Based on such a sequential changes in the levels of these metabolites, a diagramatic
metabolic scheme for the intracellular metabolism of N-acetylcysteine has been con-
structed (Fig. 8).

The presence of stable extracellular precursor (N-acetylcysteine) for intracellular
biosynthesis of GSH in the incubation medium could facilitate the resynthesis of GSH
and could protect the hepatocytes from drug induced necrosis (Figs. 5,6,7). Even
though the rate of GSH biosynthesis from N-acetylcysteine appeared to be slow (Fig.
2), it was apparently sufficient to demonstrate a significant protection against CCM4
and CCI3 induced cell necrosis (Figs. 6,7). The protective effect against paraquat pro-
vided by the added amino acid was, however, demonstrable only after preincubation
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of isolated cells with DEM for a prior depletion of a significant proportion of intracel-
lular GSH (Fig. 5). Furthermore, the protective effect against the acetaminophen indu-
cible toxicity provided by the added amino acid was lost by including methionine sul-
foximine (MSO), a well-known inhibitor of GSH biosynthesis from cysteine (Fig. 3)
(14).

Although N-acetylcysteine is known to form direct chemical conjugates with reactive
electrophilic compounds in vitro, evidences obtained with acetaminophen (Ref. 13
and Fig. 4) have indicated that the N-acetylcysteine conjugate of the drug was not
formed, or at least, it could not be detected. Instead, only the glutathione conjugate
was formed in large amounts. In this experimental system, it appeared that the added
N-acetylcysteine facilitated the biosynthesis of GSH, which in turn, formed the GSH-
conjugate of the drug. In support of this, the obtained result (Fig. 4) also showed that
when the biosynthesis of GSH from the added amino acid was suppressed with MSO,
less of the GSH-acetaminophen conjugate was formed. This and other results obtain-
ed with acetaminophen (Fig. 4 and Ref. 18) supported the suggestion made from
microsomal experiments (19), which indicated that the reactive metabolites of drugs
produced intracellularly can interact only with GSH. Furthermore, within the cell, this
reaction is mediated by the glutathione S-transferases, which is specific for GSH.

In summary, N-acetylcysteine is utilized by the liver cells to facilitate the GSH syn-
thesis. This, in turn, protects hepatocytes from necrosis inducible with hepatotoxic
drugs. In support of this, both cysteine and N-acetylcysteine have been used clinically
to decrease the liver damage caused by accidental overdose of therapeutic drugs (20).
However, the N-acetylcysteine has been reported to be more effective than the cys-
teine (21). This may be due to the fact that cysteine is unstable within gastro-intestinal
tract or in plasma. Therefore, the N-acetylcysteine moiety cleaved from mercapturic
acids by the intestinal digestive enzymes may eventually become reabsorbed by the
liver cells via the enterohepatic recirculation in vivo. Thereupon, it is'economically
reutilized for restoration of GSH levels in the liver. This pathway may provide an effi-
cient conservation mechanism for the physiologically important sulfur amino acids.
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