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Abstract-To elucidate the significance of the changes in plasma glutathione concentrations associated 
with carbon tetrachloride (Ccl,)-induced liver damage, the changes in the concentrations of reduced 
(GSH) and oxidized glutathione (GSSG) in plasma as well as in the liver were investigated in rats. In 
the liver, the concentration of GSH decreased, and that of GSSG increased 24 hr after the intraperitoneal 
administration of CC&. In the right atria1 plasma, the concentration of both GSH and GSSG increased. 
The GSH/GSSG ratio in the plasma decreased as did that in the liver. The net sinusoidal efflux of GSH 
and GSSG from the liver was calculated by subtracting their concentrations in plasma of the infrahepatic 
inferior vena cava from those of the suprahepatic inferior vena cava. The net efflux of GSH and GSSG 
started to increase as early as 3-6 hr after CC& administration, and reached a plateau 6 and 24 hr after 
CCI, administration, respectively. On the other hand, an elongation of prothrombin time and leakage 
of alanine aminotransferase reached a maximum 24 and 48 hr after CC& administration, respectively. 
Vacuolization in the centri-lobular region and inflammatory infiltration started 3 and 6 hr after CC& 
administration, respectively, and progressed for 48 hr. These results suggest that CCll induced an 
increase in plasma concentrations of GSH as well as GSSG by increasing their efflux from the liver, and 
that the changes in plasma glutathione status might be a useful and sensitive marker for CC&-induced 
liver damage. 

Carbon tetrachloride (CC&) has been widely used 
to elicit experimental liver damage [ 11. CQ-induced 
liver damage has been thought to depend on 
the formation of reactive intermediates such as 
trichloromethyl free radical (‘CC&) produced by the 
cytochrome P450 mixed function oxidase system [ 11. 
The reactive metabolites initiate lipid peroxidation 
or bind covalently to lipids and proteins, resulting 
in destruction of membranes [l, 21. Recently, 
involvement of Kupffer cells and PMNLs in the 
pathogenesis of CC&-induced liver damage has been 
suggested [3-51. Therefore, Ccl,, seems to damage 
the liver by numerative oxidative mechanisms. 

A role of glutathione in the detoxification of 
electrophilic metabolites of xenobiotics and reactive 
oxygen intermediates has been established [6,7]. 
GSH/GSSG$ is the most abundant intracellular 
redox system, and the maintenance of thiol/disulfide 
redox states regulates many cellular processes [8]. 
The liver is not only the major site of detoxification 
reactions but also the major source of extracellular 
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glutathione [9]. Recently, it has been suggested that 
an increase in plasma concentrations of GSSG may 
be a useful marker for oxidative stress [7, 10, 111. 
The effects of Ccl,, administration on hepatic 
glutathione status have been extensively studied, 
and it has been suggested that hepatic GSH plays 
an important role in ameliorating CC&-induced liver 
damage [12-151. However, its effects on plasma 
glutathione concentrations are still unclear. We 
studied the changes in GSH and GSSG concentrations 
in plasma as well as in the liver after the 
administration of CCL, and compared them with 
those in PT, serum ALT activity and light- 
microscopic findings. 

MATERIALS AND METHODS 

Animals. All animal experiments were conducted 
in accordance with the Kyushu University guidelines 
for the care and the use of laboratory animals. 
Seven-week-old, male Wistar rats weighing about 
200 g were used. Food deprivation was started 24 hr 
before the injection of CC& to make the rats 
susceptible to CCL, [ll, 12,15,16], and continued 
until blood samples were taken. Water was offered 
ad fibitum. A 1 mL/kg dose of CC& dissolved in olive 
oil (50% solution) was injected intraperitoneally. 
Control rats were given olive oil, 0.5 mL/kg. Blood 
and liver samples were taken under anesthesia with 
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diethyl ether at the time indicated in the text or 
legends for figures. Ccl4 was purchased from Nakarai 
Chemical (Kyoto, Japan). 

Assays. Assays for free GSH and GSSG in plasma 
and in the liver were done according to the method 
by Shibata et al. [17]. Fresh blood samples were 
immediately mixed with EDTA, 2 mM. Perchloric 
acid at a final concentraion of 0.5 N was immediately 
added to the plasma, followed by centrifugation at 
15,OOOg for 1 min on Himac CR15D centrifuge 
(Hitachi, Tokyo, Japan) at 4”. Liver samples 
(approximately 1 g) were immediately immersed into 
liquid nitrogen and stored at -70”. The frozen 
samples were homogenized in a polytron and Potter- 
Elvehjem homogenizer in the presence of perchloric 
acid, 0.5 N, then centrifuged. The deproteinized 
plasma and the liver extract were neutralized with 
sodium acetate buffer, pH4.2 and KOH, followed 
by centrifugation. The resultant supernatant was 
introduced into a Shimpack CLC-ODS reverse- 
phase HPLC column (Hitachi, 150 mm in length 
6mm in diameter). The column was eluted with 
sodium phosphate, lOOmM, pH 2.3, at a flow 
rate of 1 mL/min. GSH was quantitated by an 
Amperometer 2875 (Irica Instruments Inc., Kyoto, 
Japan) at an electrode voltage of 0.6 V. GSSG was 
quantitated by a SPD-6A ultraviolet spectro- 
photometric detector (Shimadzu Corp., Kyoto, 
Japan) at a wavelength of 220 nm. GSH and GSSG 
for the standards were purchased from the Sigma 
Chemical Co. (St Louis, MO, U.S.A.). 

Serum ALT activity and PT were measured with 
an Ektachem DT60 analyser (Eastman Kodak, 
Rochester,N.Y., U.S.A.)andtheThromboplastinC 
(Baxter Diagnostics, Miami, FL, U.S.A.), respect- 
ively. 

Histological examination of the liver. Samples of 
liver tissue were fixed in 10% formalin and embedded 
in paraffin for light-microscopic examination. 
Sections of liver tissue, 5 pm thick, were stained 
with hematoxylin and eosin. 

Statistical analysis. All results are expressed as 
mean + SD. Statistical analysis of the data obtained 
in each group was performed using the Student’s t- 
test. P < 0.05 was considered statistically significant. 

RESULTS 

Intraperitoneal administration of CC14, 0.5 mL/ 
kg induced the following changes in GSH and GSSG 
concentrations in the liver and in the plasma over a 
period of 24 hr (N = 7-11). In the liver, the 
concentration of GSH decreased from 5.8 5 1.2 to 
4.5 5 1.5 pmol/g of liver (P < 0.0001). This resulted 
in a decrease in the hepatic GSH/GSSG ratio from 
18.4 f 4.8 to 6.2 & 2.3 (P < 0.05). In the plasma 
taken from the right atrium, both the concentration 
of GSH (from 14.8 ? 3.6 to 21.2 ? 7.2 PM, P < 0.05) 
and GSSG (from0.6 + 0.2 to3.6 t 2.6 PM, P < 0.05) 
increased after the injection. As the increase in the 
concentration of GSSG was greater than that in 
GSH, the GSH/GSSG ratio in the plasma decreased 
from 25.3 ? 8.0 to 12.0 * 10.7 (P < 0.0001). 

To examine whether the observed increase in the 
plasma GSH and GSSG concentrations was caused 
by the increase in an influx from the liver, we 

Time (h) Time (h) 

Fig. 1. Time course of the changes in the net sinusoidal 
efflux of GSH and GSSG after CC4 injection in starved 
rats. Rats were divided into five groups (N = 7-11 per 
group). CC14, 0.5 mL/kg, was administered i.p. to 7-week- 
old, male Wistar rats starved for 24 hr. Food deprivation 
was continued, while water was offered ad libitum. Blood 
samples and the liver were taken under anesthesia 0, 3, 6, 
24 and 48 hr after Ccl4 injection. The net efflux was 
calculated by subtracting GSH and GSSG concetrations in 
plasma obtained from the infrahepatic inferior vena cava 
from those obtained from the suprahepatic inferior vena 

cava. *P < 0.05 vs coincident values at 0 hr. 

Time (h) 

Fig. 2. Time course of the elongation of PT and the increase 
in serum ALT activity after Ccl, injection in rats. Blood 
samples taken from the suprahepatic inferior vena cava in 
Fig. 1 were analysed. *P < 0.05 vs coincident values at 

0 hr. 

measured the net efflux of GSH and GSSG by 
subtracting their concentrations in plasma taken at 
the infrahepatic inferior vena cava from those taken 
at the suprahepatic inferior vena cava. The control 
values of the net efflux of GSH and GSSG 
were 6.5 5 3.9 (N = 7) and 1.5 ? 2.2pM (N = 4), 
respectively (Fig. 1). The net efflux of GSSG started 
to increase 6 hr after the injection, and reached its 
maximum 24 hr after the injection. The net efflux of 
GSH started to increase 3 hr after the injection, and 
reached a plateau 6 hr after the injection. 

An elongation of PT started to occur 3 hr after 
CC& injection (P < O.OOS), and reached its maximum 
24 hr after the injection (Fig. 2). Serum ALT activity 
started to increase 3 hr after CC& injection 
(P < O.OOS), and reached a plateau 24-48 hr after 
the injection. 

Light-microscopic examination of liver tissues 
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showed that vacuolar degeneration and inflammatory 
infiltration started to occur 3 and 6 hr after 
CC4 injection, respectively (Fig. 3). Vacuolar 
degeneration progressed up to 48 hr after the 
injection, and massive necrosis of hepatocytes was 
observed 24 hr after the injection. These changes 
were more marked in the cent+lobular region than 
in the peri-portal region. Inflammatory infiltration 
also progressed up to 48 hr after the injection. 

DISCUSSION 

It has been widely accepted that, when the rate 
of oxidation of GSH to GSSG exceeds the capacity 
of GSSG reductase, GSSG is actively transported 
out of the cell to maintain the intracellular GSH/ 
GSSG ratio [7]. We have found that GSH as well 
as GSSG increases in plasma after the administration 
of CC14, 0.5 mL/kg in starved Wistar rats. We have 
also shown that these changes are partly explained 
by an increase in the net sinusoidal efflux of GSH 
and GSSG. The net efflux of GSH seems to increase 
earlier than that of GSSG. Furthermore, the increase 
in the net efflux of GSH reaches a plateau or its 
maximum earlier than GSSG, an elongation of PT 
and an increase in serum ALT activity. 

The possibility that the observed efflux was due 
to leakage secondary to plasma membrane damage 
rather than an active process could be ruled out 
because of the different time courses and magnitude 
of the changes in GSH efflux, GSSG efflux and 
serum ALT activity. Another possibility, that the 
degradation of circulating GSH was suppressed by 
an inactivation of hepatic y-glutamyltransferase due 
to damage of the hepatocyte plasma membrane [18], 
can be ruled out for the same reasons. Inactivation 
of renal y-glutamyltransferase seems unlikely, 
because light-microscopic examination showed no 
change in the kidney (not shown). The increased 
concentration of hepatic GSSG, the decreased 
hepatic GSH/GSSG ratio and the increased efflux 
of GSSG indicate that the liver was under oxidative 
stress [7,10,11]. However, the increased efflux of 
GSSG does not necessarily imply that GSSG is 
transported from hepatocytes. Because hepatic 
endothelial cells have been shown to be damaged 
by Ccl4 [S], it is possible that GSH and GSSG may 
be released from these cells. Furthermore GSSG 
might be formed extracellularly in sinusoids by 
activated Kupffer cells and PMNLs [19]. However, 
GSSG efflux reached its maximum much earlier than 
the infiltration of PMNLs, suggesting that activated 
PMNLs might not be involved in the observed 
increase in GSSG efflux. 

Adams et al. [20] observed that the GSSG 
concentration in femoral venous plasma increased 
30min after the intraperitoneal injection of CCL+, 
about 1.0 mL/kg in non-starved, male Sprague- 
Dawley rats weighing 250-350 g, but they failed to 
detect any increase in plasma GSH concentration 
using enzymatic analysis. The reasons for the 
discrepancy between their results and ours are 
unclear, but the difference in feeding seems to be 
the most likely. It is well known that starvation 
deranges the tissue antioxidant state, including a 
decrease in GSH concentrations both in the liver 

and in plasma [ll, 161. We have reported that the 
administration of CC&, 0.5 mL/kg in non-starved 
rats did not affect plasma GSH concentration after 
24 hr, whereas it did increase plasma GSH 
concentration in rats starved for 24 hr [15]. 
Furthermore, liver damage judged by an increase 
in serum ALT activity and light microscopic 
examination was much more severe in starved rats 
than in non-starved ones, leading to the speculation 
that starvation induces changes in energy and 
glutathione metabolism resulting in impaired liver 
defence against CC4 and repair mechanisms [15]. 
Adams et al. [20] used a different analytical method 
for GSH determination: they used enzymatic 
analysis; we employed amperometric detection 
combined with separation by HPLC. The latter is 
more sensitive and reproducible than the former 

1171. 
The changes in the sinusoidal efflux of GSH under 

pathological conditions have not been given much 
attention until recently, because plasma GSH 
concentrations have been thought to reflect mainly 
hapatic GSH concentrations [ 11,211, and the increase 
in plasma GSSG concentrations alone has been 
emphasized as a useful marker for oxidative stress 
in vivo [7,10,11,20-251. Recently, there have 
appeared several reports showing an increase in 
plasma concentrations of GSH as well as GSSG 
under pathological conditions in which oxidative 
mechanisms have been thought to be involved 
[19,24-291. The sinusoidal efflux of GSH has been 
shown to increase in rats which ingest ethanol 
chronically [26]. Jaeschke and Farhood [19] have 
demonstrated that ischemia/reperfusion of rat liver 
induces an increase not only in GSSG but also in 
GSH concentrations in plasma, which precedes an 
increase in plasma ALT activity. Metzger et al. [24] 
have also observed an increase in perfusate 
GSH concentrations by ischemia/reperfusion using 
perfused rat liver, but they focused on an increase 
in GSSG. Adams et al. [20] have observed an 
increase, although not significant, in plasma 
concentrations of GSH in rats injected intra- 
peritoneally with t-butyl hydroperoxide. We have 
obtained similar results in rats given small 
simultaneous doses of endotoxin and D-gal- 
actosamine intraperitoneally (submitted for pub- 
lication). The increased efflux of GSH despite a 
decrease in hepatic GSH concentration must have 
some pathophysiological significance. Circulating 
GSH may be an important determinant of the plasma 
thiol/disulfide ratio and may play a critical role in 
regulating functions of serum proteins and receptors 
[8]. It seems possible that an increased efflux of 
GSH from the liver plays a role in maintaining the 
plasma GSH/GSSG ratio. The difference in the time 
course between the GSH and GSSG efflux, however, 
suggests the involvement of other factors in the 
increase in the sinusoidal efflux of GSH in spite of 
the decreased hepatic GSH concentration. The low 
concentrations of hepatic GSH do not necessarily 
mean production of hepatic GSH is suppressed [9]. 
A decrease in hepatic GSH concentration seems to 
be explained by oxidation to GSSG, an increased 
efflux, an adduct formation with CC& metabolites 
[13], and protein mixed disulfide formation [14]. 
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Fig. 3. Time course of the histological changes in the liver after CC4 injection in rats. The liver tissues 
taken were fixed in 10% formalin followed by staining with hematoxylin and eosin. Figures 3a-e were 

taken 0, 3, 6, 24 and 48 hr after CC& injection, respectively. (Magnification, x70.) 

Although oxidative stress in the liver has been shown 
to induce an increase in biliary efflux of GSH and 
GSSG, an increase in biliary excretion of GSH has 
not been reported in rats given CC& [30]. 

The GSH efflux associated with oxidative stress 
might occur in organs other than the liver. Ischemia/ 
reperfusion of the heart has been shown to increase 
both GSH and GSSG concentrations in the perfusate 
[27] or in the coronary sinus plasma [28]. Ischemia/ 
reperfusion of rat intestine [25] and intravenous 
administration of endotoxin in rats [29] have also 
been shown to increase both GSH and GSSG 
concentrations in plasma, although the source of 
GSH and GSSG has not been identified. Because 
glutathione may play a role in the cellular uptake of 
amino acids (y-glutamyl cycle) and may be a reservoir 

of cysteine [8,11], it should be elucidated whether 
an increase in a sinusoidal efflux of GSH is associated 
with oxidative stress in organs other than the liver. 

Another observation in the present paper is that 
an increase in the net sinusoidal efflux of GSH and 
GSSG reached its maximum earlier than the changes 
in PT, serum ALT activity and light-microscopic 
changes. This is also the case in rats exposed to 
small doses of endotoxin and D-gaktCt0Sark-E 

(submitted for publication). The clinical relevance 
of measuring plasma GSH and GSSG in various 
conditions induced especially by oxidative mech- 
anisms, and the biochemical basis for the increased 
sinusoidal efflux of GSH and GSSG should be 
elucidated. Quantitation of the increased efflux of 
GSH and GSSG is also required, because we did 
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not measure the blood flow in the suprahepatic and 
the infrahepatic inferior vena cava. 
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