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Abstract—If injected intravenously 2 hr before the drug, a dose of more than 175 mg/kg body weight
glutathione (0.57 mmol/kg) protected male mice from acute liver necrosis induced by intraperitoneal
administration of 400 mg/kg (2.65 mmol/kg) paracetamol. Soluble glutathione yielded a limited, and
liposomally entrapped glutathione an optimal dose-dependent protective effect against drug-induced
lipid peroxidation (as measured by in vivo ethane exhalation) liver necrosis (assessed by serum
transaminases) and hepatic giutathione depletion (determined post mortem). N-Acetylcysteine solution

had no effect in this model.

In mammalian cells, the ubiquitous and abundant
intracellular thiol glutathione exerts many different
metabolic functions including redox-, conjugation-
and transpeptidation reactions besides its involve-
ment as an enzymatic cofactor. Its importance for
the integrity of the liver has been recognized for a
long time [1-4]. In the past, many attempts to
ameliorate toxic reactions by administration of glu-
tathione yielded promising results in vitro but failed
to succeed in vivo. The rapid hydrolysis of extra-
cellular glutathione in the circulation has been rec-
ognized only recently [5-8]. The finding that the liver
is essentially impermeable to glutathione [5] may
explain the failure of these attempts.

In large doses, the mild analgesic and antipyretic
drug paracetamol (acetaminophen, 4-hydroxy-ace-
tanilid) produces fulminant liver necrosis in animals
and man (for a recent review see Ref. [9]). In the
previous communication of this series we reported
that this type of drug-induced liver necrosis is
accompanied in our in vivo model by lipid peroxi-
dation and may be the result of it [10]. The extent
of liver damage was dependent on the glutathione,
selenium, and monooxygenase status [10]. Chemo-
therapeutic approaches to paracetamol overdosage
included administration of glutathione precursors
i.e. cysteine or methionine [11] as well as other
sulfhydryl nucleophilic compounds. The most suc-
cessful curative treatments in man seem to have been
achieved by the oral [12] or intravenous [13] admin-
istration of N-acetylcysteine.

A previous communication reports a limited effi-
cacy of i.v. administered glutathione against
paracetamol-induced liver necrosis in mice and the
lack of efficacy of similar doses of liposomally
entrapped glutathione [14]. The actual hepatic glu-
tathione contents after the treatment were unknown.

Thus we were prompted to reinvestigate the influ-
ence of extracellular glutathione on paracetamol-
induced liver necrosis in mice with determination of
serum transaminases, in vivo lipid peroxidation, and
glutathione content in the liver.

MATERIALS AND METHODS

Male albino mice were fed for at least two weeks
a low vitamin E diet C 1018 (Altromin, Lage,
W. Germany) which had the following composition:
53% starch, 22% casein, 10% sucrose, 3% soybzan
oil, 6% mineral salts, 2% vitamin mix. On days 4,
3 and 2 before the experiment the animals received
a single intraperitoneal injection of 20 mg/kg
benzo{a)pyrene. 48 hr before the beginning of the
experiment they were fed a liquid sucrose diet as
described before [10]. Liposomal suspensions and
GSH solution were slowly injected into the tail veins
of the animals without immobilization or anesthesia.
Paracetamol was intraperitoneally injected in
dimethylsulfoxide (2mlkg) as described [10].
Hydrocarbon exhalation was measured as described
[10] over a 4 hr period. The animals were then killed
by cervical dislocation and their livers immediately
perfused with ice-cold saline. The gall-bladder was
removed by freeze-clamping. Glutathione was deter-
mined as described [10]. Serum transaminases were
determined according to Ref. [15] in heparinized
serum obtained from heart-punctured blood. Cyto-
chromes P-450 and bs were measured according to
Ref. [16]. Glutathione conjugates of paracetamol
and free paracetamol were determined by high per-
formance liquid chromatography as described in Ref.
[23].

Large unilammellar neutral liposomes (0.1-0.4 ym
diameter) containing 40-60mmoll. GSH in
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5 mmol/l. potassium phosphate buffer (pH = 6.3)
and 0.15 mol/l. NaCl were obtained from Boehrin-
ger, Mannheim, made according to Ref. [17]: from
66 m! of a freshly prepared chloroform solution con-
taining 20 mg/ml phospholipon-100 (Nattermann,
Kéln) and 9.61 mg/ml cholesterol, the solvent was
evaporated in a 1}l round-bottom-flask under
reduced pressure, 40°, argon atmosphere. The lipid
film was redissolved in 150 ml diethylether and 50 ml
0.05 mol/l. phosphate buffer of pH 6.3. 5.0 g reduced
glutathione were added. The pH was maintained at
pH 6.3 by addition of 5 molA. NaOH.

The system was sonicated (Branson Sonifier B 15,
output control 9, 30% duty cycle) for 15 min under
argon between +1 and +5°. Under reduced pressure
the organic solvent was removed at about 18°. During
this process the material first formed a gel and then
became an aqueous suspension, at a final volume of
50 ml.

Free glutathione was removed from liposomally
entrapped GSH by gel filtration on a Sepharose 4
B column (5 X 35 cm). Agglomerated particles were
removed by two times filtration on glasswool, and
this suspension was concentrated to 10 ml with an
Amicon PM 30 membrane. These suspensions con-
tained an average of 25 mg/ml reduced glutathione
and 40 mg/m! lipid at a molar phospholipid:choles-
terol ratio of about 1:1. Control “empty” liposomes
contained buffer, saline and no glutathione.

RESULTS

In order to work with a standardized animal popu-
lation only mice pretreated with benzo(a)pyrene
were used. The animals exhibited the following bio-
chemical characteristics compared to untreated con-
trols (in parentheses): 1.26 nmol cytochrome P-450
per mg of total liver protein (0.87); 1.14 nmol cyto-
chrome bs per mg protein (0.71); 25 mg microsomal
protein per gram liver wet weight (16.7 mg/g).

Taking into account the diurnal variation of
hepatic glutathione in rodents, all experiments were
begun at 5-9 p.m., when the animals had 25+ 7
(n = 6) nmol hepatic glutathione per mg protein.
The liposome suspensions used contained over 95%
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of the total GSH as entrapped glutathione with a
GSSG content < 15%. They were stable within this
margin for at least three months when stored at 4°
with exclusion of air at pH = 6.3

Pilot experiments showed that the hepatic GSH
levels of mice fed a protein-free diet reached a max-
imum two hours after the liposomal injection. There-
fore, we pretreated mice with different doses of
liposomes and challenged the animals two hours later
with high doses of paracetamol. Table 1 shows that
animals which had not been pretreated exhibited
fulminant liver necrosis, lipid peroxidation and
hepatic GSH depletion. On the contrary, preinjec-
tion with 125 ul or more of liposomal GSH-suspen-
sions (corresponding to a dose of about 10 umol
GSH per animal) greatly decreased the drug-induced
liver damage. The experiments demonstrate that the
pretreated animals, which originally had a hepatic
glutathione content of 25 nmol per mg protein, still
had about twice this concentration of hepatic glu-
tathione 4 hr after a challenge of 400 mg/kg para-
cetamol. Above this dose of liposomally encapsu-
lated GSH, a further increase in hepatic glutathione
does not occur. A similar, but inverse, effect is seen
on ethane exhalation and serum transaminases. The
data indicate a dose-dependent beneficial effect of
the GSH-liposomes on drug-induced liver damage.

The dose-response profiles with respect to para-
cetamol of unpretreated mice were compared with
those of animals pretreated with different forms of
a fixed dose of GSH. Table 2 contains the results of
these experiments with unpretreated animals that
received different doses of paracetamol. It shows
first of all that at 300 mg/kg paracetamol a drastic
decrease of glutathione is accompanied by a large
increase in lipid peroxidation. However, a slight
serum transaminase elevation is observed at
150 mg/kg, and a considerable one at 225 mg/kg par-
acetamol even though little ethane is produced at
these doses. This means that near the toxicity
threshold lipid peroxidation and liver necrosis as
estimated by serum transaminases diverge. Sec-
ondly, a comparison of ethane exhalation and trans-
aminases of animals not treated with paracetamol
compared to animals in Table 1 shows that even at

Table 1. Influence of liposomally entrapped GSH on in vivo lipid peroxidation, liver necrosis and
post mortem hepatic glutathione content in benzo(a)pyrene-induced mice treated with 400 mg/

kg paracetamol
GSH Ethane Hepatic
liposomes® exhalation SGPT® glutathione®™*

(u) (nmol/kg - 4 hr) (U (nmol/mg) n m
0 641 = 336 3662 + 2233 6.0=3.0 3 3
50 80 + 35* 1465 + 37 7.1x1.0 3 3
125 29 + 8* 272 = 88* 50.9 = 6.3*** 3 0
250 34 + 5% 190 + 133* 41.5 £ 3.5%** 3 0
350 31 = 5* 279 * 342* 41.6 £ 4.1*** 3 0

n = number of animals.

m = mortality, number of animals that died within 4 hr.

(a) Total volume of a solution containing 25 mg/ml GSH which was intravenously injected
2 hours prior to intraperitoneal injection of paracetamol; (b) expressed in GSH equivalents
= GSH + 2 GSSG per mg protein and (c) determined 4 hr after paracetamol administration or

after death.

Significances according to Student’s r-test: ***P < 0.001, **P < 0.01, *P < 0.05.
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Table2. Dose-response relationship of paracetamol-induced in vivo lipid peroxidation, liver necrosis and hepatic glutathione
depletion in benzo(a)pyrene-induced mice

Dose of Ethane Hepatic
paracetamol exhalation SGOT SGPT glutathione

(mg/kg) (nmol/kg - 4 hr) (UL (UAL) (nmol/mg) nooom
0 13+11 7211 475 28.2+3.4 6 0
75 149 70 = 28 44 =5 26.8+2.6 3 0
150 15+11 103 = 52 89 + 64 24.7 £2.0* 5 0
225 21+13 843 + 770* 928 £ 795** 20.4 +8.3* 8 1
300 569 £ 268*** 4967 + 3374*+ 5380 + 3787** 2.0 £2.0%** 10 3
350 560 = 175*** 6072 + 2596*** 6580 % 2610*** 1.7 £ 2 8%** 6 1
400 548 + 186*** 7837 £ 3639*** 8576 + 3887*** 0.7 £ 0.5%** 8 3
500 356 + 123*** 2735 £ 1126*** 3051 £ 1555*** 0.9 £ 0.5%** 8 2

Table 3. Dose-response relationship of paracetamol-induced in vivo lipid peroxidation, liver necrosis and
hepaticglutathione depletionin benzo(a)pyrene-induced mice which hadbeentreated 2 hr before paracetamol
administration by i.v. injection of 200 ul of a solution containing 25 mg/m! GSH

Dose of Ethane Hepatic
paracetamol exhalation SGOT SGPT glutathione
(mg/kg) (nmol/kg - 4hr) (UAL.) (UAL) (hmolmg)  n m
0 165 68 11 457 394x105 4 0
150 21+7 65+6 52+10 27.5£6.0* 5 0
225 23+6 236 + 244 308 = 368 23.6 £8.7* 5 0
300 94 * 66* 1603 + 2389 1677 = 2490 10.8 = 6.3*** 5 0
400 278 = 217* 4265 = 4481 4562 + 4620 3.4 £ 1.3% 5 1
500 290 + 235* 3153 + 3250 3383 + 3819 2.1+ 1.3*** 5 1

high doses of GSH-liposomes neither normal trans-
aminase levels nor normal ethane exhalation rates
had been reached. At least as far as the ethane
production is concerned, this might be caused by the
polyunsaturated fatty acids in the liposomal mem-
branes, which had been also taken up into the liver.

The results in Table 3 indicate that preinjection
of mice with glutathione solution offers a limited
protection of the animals against drug-induced liver
necrosis: the drastic increase of lipid peroxidation
and transaminases is observed at doses of parace-
tamol which are about 100 mg/kg higher than in
controls (Table 2). The glutathione contents in the
animals injected with GSH solution are considerably
higher than in the controls, and the paracetamol-
induced glutathione depletion becomes manifest at
400 mg/kg paracetamol or more.

The same type of experiment was now done using
GSH-filled liposomes for injection. It is evident from
Table 4 that this pretreatment rendered the mouse
liver much less susceptible to the deleterious effect
of drug overdosage. After pretreatment of the ani-
mals with these GSH-liposomes, only the highest
paracetamol doses produced a GSH depletion.
Serum transaminase activities and ethane exhalation
were much lower than at the corresponding dose of
paracetamol in untreated controls as well as in mice
injected with GSH solution. Although the mortality
reported is of limited value because the experiment
was terminated after 4 hr it is noteworthy that none
of the liposome-treated animals died. In a number
of animals the total amount of free paracetamol and
the glutathione conjugate was determined in the gall-
bladder. The amount of glutathione conjugate did

Table4. Dose-response relation of paracetamol-induced in vivo lipid peroxidation, liver necrosis and hepatic
glutathione depletion in benzo(a)pyrene-induced mice which had been treated 2 hr before paracetamol
administration by i.v. injection of 200 ul of liposomally entrapped glutathione (25 mg GSH/ml suspension)

Dose of Ethane Hepatic
paracetamol exhalation SGOT SGPT glutathione
(mg/kg) (nmol/kg - 4 hr) (un) (UA) (nmol/mg) n m
0 247 66 7 435 40.0 £2.0 5 0
150 30+21 64 = 11 42+12 36.1 £ 2.6%* 6 0
225 28%5 104 x 67 80 = 67 34.7 £3.2** 6 0
300 25+ 17 130 = 76* 106 = 79 24.8 £ 5. 7% 6 0
350 40 = 13* 132 + 63* 110 £ 58* 227 £ 5.2%** 4 0
400 75 + 45* 285 + 183* 317 = 231* 11.7 £ 2.8%** 6 0
500 110 = 56** 182 + 75%* 160 + 94** 9.0 £ 1.6*** 5 0
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Table 5. Influence of different types of pretreatments on paracetamol-induced lipid peroxidation, liver necrosis and hepatic
GSH depletion of benzo(a)pyrene-induced mice

Ethane Hepatic
exhalation SGOT SGPT glutathione

Pretreatment (nmol/kg - 4 hr) (U1.) (un) (nmol/mg) n m
None 548 + 186 7837 = 3639 8576 + 3887 0705 8 3
N-Acetyl cysteine 467 = 154 7450 * 2355 8112 = 2460 0.8+0.2 6 2
GSH-liposomes 75 = 45%** 285 * 183*** 317 = 231%** 11.7 £ 2.8*** 6 0
GSH solution® 278 £ 217* 4265 + 4481 4562 + 4620 3.4 £ 1.3%* 5 1
Empty liposomes 700 = 246 2224 + 1383* 2946 + 2130* 1.1+0.8 4 3
GSH solution +
empty liposomes 771 = 135 4808 + 2192 5659 + 2931 1.0 +£0.7 4 2

Pretreatment by i.v. injection of the same volume 2 hr prior toi.p. injection of 400 mg/kg paracetamol (250 ul per animal;
none: isotonic saline; GSH solution: 25 mg GSH/ml; N-acetylcysteine: 13.2 mg/ml).
(a) One animal in this series did not respond at all to the paracetamol intoxication.

not depend on the dose of paracetamol above
150 mg/kg and was independent of the pretreatment
(206 = 102 nmol conjugate per bladder, 17 + 9 ul
biles, n = 39). The gall-bladders of the unpretreated
mice contained 92.5 = 4.4% (n = 13) GSH conju-
gate, those of the animals which had received GSH
solution 91.6 * 5.9% (n = 16) and those of the mice
injected with GSH-liposomes 92.6 £ 5.7% (n = 10).
This indicates that the pretreatment had no influence
on phase IT metabolism of paracetamol.

A final experiment was performed to learn
whether packaging GSH-liposomes has any effect.
The results (Table 5) indicate that pretreatment of
the animals with empty liposomes had no significant
effect on ethane exhalation and GSH depletion;
however, it decreased or delayed the transaminase
release from the liver to some extent. On the other
hand, the administration of empty liposomes sim-
ultaneously with soluble glutathione seemed to
diminish the effect of the glutathione treatment on
ethane exhalation and glutathione depletion, but did
not significantly reduce the transaminase levels.
More important the data indicate that empty lipo-
somes alone do not interfere with ethane exhalation
and the extent of paracetamol-induced glutathione
depletion. However, a significant decrease of serum
transaminases by pretreatment with empty liposomes
alone is observed at this fixed treatment regimen.
Finally the data in Table 5 show that an analogous
treatment of the animals with N-acetylcysteine was
ineffective in our system.

DISCUSSION

Previous work showed that neutral liposomes con-
taining equimolar amounts of phospholipid and cho-
lesterol should be suitable to prevent leakage of a
relatively small molecule like GSH in vitro [18] as
well as to minimize lipid transfer to high density
lipoproteins [19]. They are non-toxic with an LDsg
in the range of 10 g/kg [20], attain a half-life of ~2 hr
in rodents and are taken up in mice by liver, spleen
and kidney [21]. The results obtained in this work
are fairly consistent with these observations. How-
ever, our present knowledge on the interaction of
liposomes with the highly differentiated cells of

mammalian organs seems too limited to allow further
conclusions about the site of uptake or distribution.
Thus this discussion remains confined to the observed
pharmacological effects and their biochemical cor-
relates. The pharmacokinetics and organ distribution
of various forms of intravenously administered glu-
tathione will be reported in a separate communi-
cation [22]. The results reported here clearly dem-
onstrate that intravenous injection of glutathione
solution into mice results in an increase in hepatic
glutathione due to de novo synthesis [5] yielding
limited prevention of paracetamol-induced liver
necrosis. Pretreatment with liposomally entrapped
glutathione leads to a similar glutathione increase
in the liver but yields much better protection against
this type of drug-induced liver necrosis. At the first
glance, the effect of both treatments seem to be due to
an enhanced hepatic glutathione content. This state-
ment needs a more detailed discussion: mouse liver
contains a total of about 6 umol glutathione under the
dietary conditions used here. Injection of 16 umol
glutathione led to a hepatic glutathione content from
initially 6 up to 8.6 umol glutathione, irrespective of
whether it was injected in free or encapsulated form
(Tables 2—4 first line). The biological potency of this
liver glutathione, however, was extremely different,
i.e.itishighly unlikely that an even distribution within
the organ took place. This different availability is also
reflected in the dose-dependence of the GSH deple-
tion: if we consider the data for a dose of 300 mg/kg
paracetamol, comparison of Tables 2-4 shows a
depletion to 2 nmol per mg glutathione in untreated
mice but only to 11 nmol/mg in GSH-treated and to
25 nmol/mg in GSH-liposomes-treated animals. The
observation that no significantly enhanced conjugate
formationis found in any of the differently pretreated
animals rules out a feasible apparent protection by a
block in drug metabolism caused by the pretreatment.
On the other hand this finding includes the possibility
that a GSH-dependent reaction other than phase II-
conjugation of the drug to form a premercapturic acid
may be responsible for the protection, i.e. reduction
of hydroperoxide via glutathione peroxidase [10].
Our observations are in agreement with previous
work [14] as far as the limited protection by free
glutathione is concerned. They differ from the find-
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ings reported in Ref. [14] with respect to the effect
of liposomes, which were there found to offer even
less protection than the faint amount observed for
free glutathione. This divergence might be due to
several reasons:

(1) The liposomes used in the earlier work were
different. They were small, probably multilammeliar
vesicles and did not contain cholesterol to prevent
leakage of the entrapped compound.

(2) A dose of 4 x 112 to 124 mg/kg was given
15-105 min after administration of 500 mg/kg para-
cetamol, i.e. a curative effect was investigated. Here
we used a single dose of about 175 mg/kg GSH and
looked at a preventive effect.

(3) In the earlier studies GSH was entrapped at
pH 7.6 where autoxidation to GSSG is possible.

Further investigations are needed with respect to
different treatment regimens of liposomally
entrapped GSH. The ultimate aim, human treatment
after overdosage with suicidal intention, requires a
curative treatment after admission, which is usually
at least several hours after drug intake.
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