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Inhibitory Effect of Dimethyl Sulfoxide (DMSO) on Necrosis and
Oxidative Stress Caused by D-Galactosamine in the Rat Liver
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Summary D-Galactosamine (D-Galn: 300 mg/kg) was intraperitoneally administered to
rats. After 6 h the activity of plasma GOT and GPT was significantly higher than that of the
control group and plasma GOT and GPT activities increased thereafter. These results indi-
cated that the necrotic process was initiated at about 6 h and developed thereafter. With co-
administration of DMSO (1 h before administration of D-Galn: 2.5 mL/kg, oral), plasma GOT
and GPT were significantly lower, showing that DMSO inhibited the necrotic action of D-
Galn. After 6-24 h of D-Galn administration, the hepatic level of vitamin C, the most sensi-
tive indicator of oxidative stress, decreased significantly, indicating that oxidative stress was
significantly enhanced 6 h after D-Galn intoxication and thereafter. DMSO significantly
restored the liver vitamin C level 24 h after D-Galn injection, demonstrating that DMSO
effectively ameliorated the oxidative stress caused by D-Galn, resulting in the prevention of
necrosis of the liver. Phosphorylated JNK and phospho-ERK were significantly increased
transiently 6—12 h after treatment with D-Galn. These results indicated that oxidative stress
and the activation of JNK took place almost simultaneously. Phosphorylated p38 MAPK was
not changed and DMSO treatment did not affect the change of these MAPKs by D-Galn.
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Hepatoprotection remains one of the major chal-
lenges in nutritional and clinical therapy to limit liver
injuries such as chronic hepatitis and fulminant hepatic
failure. To study this issue more effectively, experimen-
tal methods are necessary to cause effective hepatic fail-
ure. Chemical toxins such as D-galactosamine (D-Galn)
(1), thioacetamide (2), and carbon tetrachloride (3)
have been used for this purpose. D-Galn is known as a
toxin causing necrosis of the liver by UTP depletion and
inhibition of protein synthesis (4). Recently, we reported
that radical reactions were caused by D-Galn in the
early stage based on a decrease in vitamin C (1), result-
ing in necrosis. In chemically induced hepatitis (1-3),
liver vitamin C was firstly consumed by oxidative stress,
indicating that vitamin C was the most sensitive indica-
tor of oxidative stress (5).

Antioxidants in foods are therefore expected to pro-
tect the liver from oxidative stress caused by these
chemicals. To survey the antioxidative effect of food fac-
tors, it is necessary to investigate effects of a known
antioxidant on the liver. Only limited studies are avail-
able and DMSO is reported to function as an antioxi-
dant in cultured hepatocytes (6) as well as in the rat
liver under thioacetamide intoxication (6—8). In this
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report, we have attempted to investigate whether DMSO
functions in vivo as an antioxidant and protects against
necrosis of the liver caused by D-Galn even in a pharma-
cological dose. For this purpose we evaluated oxidative
stress using hepatic vitamin C level and activation pro-
files of the three major subclasses of the MAPK (mito-
gen activated protein kinase) family, namely, JNK (c-Jun
NH,-terminal kinase), p38 MAPK, and ERK {extracellu-
lar signal-related kinase), which were activated by a
high dose of D-Galn intoxication (9).

MATERIALS AND METHODS

Animals. This study was approved by the Animal
Care Committee of Nara Women’s University. Male rats
(SLC: Wistar strain) were obtained from Japan SLC Co.
(Hamamatsu, Shizuoka, Japan). The animals were
housed in a room at 24+2°C with a 12 h/12 h light-
dark cycle. Animals were fed commercial laboratory
chow (MF, Oriental Yeast Co., Osaka, Japan) and water
ad libitum. Eight-week-old rats were used.

Design of this study. To evaluate the effect of DMSO
on D-Galn toxicity, 4 groups were prepared. One hour
before intraperitoneal administration of D-Galn (300
mg/kg as a 0.3 mL saline solution), the DMSO group
orally received DMSO (2.5 mL/kg). For comparison, the
D-Galn group received water (2.5 mL/kg) instead of
DMSO. Six, 12, and 24 h after D-Galn injection, deter-
minations were made. Control rats received intraperito-
neally 0.3 mL of saline instead of D-Galn and determi-
nations were made after 6 h. The sham group orally
received DMSO (2.5 mL/kg) as in the DMSO group and
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determinations were made after 7 h.

Analytical methods. Rats were anesthetized with
diethyl ether and killed by collecting the blood from the
inferior vena cava using a syringe containing sodium
heparin as an anticoagulant. After perfusion of ice-
cooled saline through the portal vein, organs were
removed. The excised tissue was homogenized in 5 vol-
umes of phosphate buffered saline (10 mm, pH 7.4)
under ice cooling. All determinations were made in
duplicate experiments with 4—7 animals in each group.
The determination of vitamin C was made according to
a specific and sensitive method (1, 10) involving chemi-
cal derivatization and HPLC. The concentration of -
tocopherol was determined by HPLC (1). The conditions
of HPLC and fluorescence detection (Shimadzu RF-535,
Kyoto, Japan) were reported previously (11). Blood was
centrifuged at 8,400Xg for 5min at 4°C to separate
plasma. The activities of plasma glutamate-oxaloacetate
transaminase (GOT: EC 2.6.1.1) and glutamate-pyru-
vate transaminase (GPT: EC 2.6.1.2) were determined
using diagnostic kits (GOT and GPT-UV Test Wako,
Wako Pure Chemicals Co., Osaka) and expressed as Kar-
men units.

Western blot analysis of JNK, ERK, and p38 MAPK.
Liver tissue was removed and frozen at —83°C until use.

Determination was made as previously described (9).
Homogenization was done basically as reported (12).
The extraction buffer contained 10 mm Tris-HCl (pH
7.5), 0.25 M sucrose, 5 mMm EDTA, 50 mM sodium chlo-
ride, 30 mM sodium pyrophosphate, 50 mM sodium flu-
oride, 100 uM of sodium orthovanadate, 1 ug/mL of
pepstatin A, 2 ug/mL of leupeptin, and 1 mMm of phenyl-
methylsulfonyl fluoride (PMSF). Samples were homoge-
nized in five volumes of the extraction buffer on ice. All
debris and nuclei were removed by centrifugation at
8,400Xg at 4°C for 10 min, and the supernatant
obtained was used for Western blot analysis. Protein
concentrations were determined according to the
method of Lowry et al. (13) using BSA as the standard.
One hundred micrograms of protein were electrophore-
sed on a 10% SDS-PAGE gel, and transferred to
BioTrace NT membranes (Pall Gelman Laboratory, Ann
Arbor, MI, USA).

Detection of phosphorylated p38 MAPK, JNK, and
ERK was done according to the instruction manual pro-
vided by Cell Signaling Technology Inc. (Beverly, MA,
USA) using a PhosphoPlus p38 MAP Kinase (Thr180/
Tyr182) Antibody XKit, a PhosphoPlus SAPK/JNK
(Thr183/Tyr185) Antibody Kit, and a PhosphoPlus
p44/42 MAP Kinase (Thr202/Tyr204) Antibody Kit,

Table 1. Change in plasma GOT and GPT and liver concentrations of vitamins C and E.

6h
Control Sham
D-Galn DMSO
GOT 65.1+8.1 68.7+25.5 470.9+202.5* 530.5=64.5*
(Karmen units) (n=4) (n=4) (n=7) (n=5)
GPT 27.2+3.9 22.1+7.4 224.1+82.6* 204.6x71.4%
(Karmen units) (n=4) (n=4) (n=7) (n=5)
Vitamin C 2,052.0+183.1 2,031.8+236.6 1,397.2+£232.2% 1,566.7+227.2*
{nmol/g liver) (n=4) (n=4) (n=7) (n=5)
Vitamin E 18.4*+1.9 18.8+5.3 28.8+6.8* 30.1x3.2%
(nmol/g liver) (n=4) (n=4) (n=7) (n=5)
24h
D-Galn DMSO D-Galn DMSO
GOT 2,623.9+603.9*%** 778.0£142.3% 8,348.1%x1,717.8%** 3,438.0+935.2*%
(Karmen units) (n=4) (n=4) (n=4) (n=4)
GPT 975.0240,5%** 272.6x70.2% 4,048.8+906.4*** 1,833.3+438.7*
(Karmen units) (n=4) (n=4) (n=4) (n=4)
Vitamin C 1,254.3+41.1* 1,352.5+64.9* 904.2+183.5%** 1,216.1+113.1*
(nmol/g liver) (n=4) (n=4) (n=4) (n=4)
Vitamin E 25.0+£1.2% 29.6+5.6% 32.9+5.8* 33.0x11.7*
(nmol/g liver) (n=4) (n=4) (n=4) (n=4)

D-Galn (300 mg/kg) was administered to rats. One hour before administration of D-Galn, the D-Galn group received H20
(2.5 ml/kg) and the DMSO group received DMSO (2.5 mL/kg). After 6, 12, and 24 h, plasma GOT and GPT, and the liver
concentration of vitamins C and E were determined as described in the text. Control rats received saline and determinations
were made after 6 h. The sham group received DMSO (2.5 mL/kg) and determinations were made after 7 h. Values are
means=SD. The number of rats is shown in paretheses. Single asterisks (*) indicate significant differences from the control
group and double asterisks (**) indicate significant differences from the DMSO group (ANOVA Fisher’s protected least signif-

icant difference test (PLSD)).
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respectively. These kits were purchased from Cell Signal-
ing Technology Inc. (Beverly, MA, USA).

Chemiluminescence was recorded with a cooled CCD
camera system (Type AE-6972, ATTO Co. Ltd., Tokyo,
Japan) and analyzed with ATTO Densitograph Software
Library, CS Analyzer Ver2.0).

Data were expressed as mean=SD. Statistical analysis
was carried out with Statcel (Excel 2000). Differences
between the group means were considered significant
at p<<0.05 using Fisher’s protected least significant dif-
ference test (PLSD), following detection of an effect by
one-way ANOVA.

RESULTS

Liver necrosis caused by D-Galn and its inhibition by DMSO

D-Galn (300 mg/kg) was administered to rats. After
6 h, the activities of plasma GOT and GPT in the D-Galn
group were significantly higher than those of the con-
trol group (Table 1). After 12 and 24 h, plasma GOT
and GPT activities increased drastically compared to the
control group. These results indicated that the necrotic
process was initiated at about 6 h and developed exten-
sively therealter.

Plasma GOT and GPT were significantly lower in the
DMSO group compared to the D-Galn group 12 and
24 h after D-Galn administration (Table 1). Plasma GOT

and GPT of the control were almost identical with those
of the sham group, showing that DMSO did not affect

the normal liver. These results demonstrated that DMSO
significantly inhibited the necrotic action of D-Galn.
Effect of DMSO on the levels of vitamins C and E in rats
treated with D-Galn

In a previous study (1), we demonstrated that D-Galn
caused apoptosis and necrosis by oxidative stress, which
was indicated most sensitively by a decrease in liver
vitamin C (5). Therefore, determinations of antioxida-
tive vitamins C and E were made. Six hours after D-Galn

administration, the hepatic level of vitamin C decreased
significantly and fell thereafter (Table 1). After 24 h,

vitamin C in the liver decreased drastically to less than
a half of the control liver level (Table 1). Although vita-

Fig. 1. MAPK and phospho-MAPK in the livers of rats
6, 12, and 24 h after D-Galn injections (D-Galn and
DMSO groups), the control group, and the sham group.
One hour before administration of D-Galn, the D-Galn

Control D-CalnD-Caln D-Galn DMSO DMSO DMSO Sham group received H,0 (2.5 mI/kg) and the DMSO group

received DMSO (2.5 mL/kg). After 6, 12, and 24 h, pro-

tein concentrations of MAPK and phosphorylated
MAPK (described as phospho-JNK, phospho-ERK, and
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phospho-p38) in the livers were determined as
described in the text. Control rats received saline and
determinations were made after 6 h. The sham group
received DMSO (2.5 mL/kg) and determinations were
made after 7 h. In (A), a typical result of blotted mem-
branes is shown and in the lower panel (B), densitome-
try of phospho-MAPK is shown. Values are means=SE
of 4 rats. Single asterisks (*) indicate significant differ-
ences from the control group (ANOVA Fisher’s pro-

tected least significant difference test (PLSD)).
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min C is not essential for Wistar rats, oxidative stress
caused by D-Galn led to a depletion of vitamin C. These
results demonstrated that oxidative stress was signifi-
cantly enhanced 6 h after D-Galn intoxication and pro-
gressed thereafter.

By co-administration of DMSO, the liver vitamin C
was lower compared to the control group but signifi-
cantly higher than that in the D-Galn group only 24 h
after D-Galn injection (Table 1). This result indicated
that DMSO effectively attenuated the oxidative stress
caused by D-Galn at a later stage when extensive necro-
sis took place. The vitamin E concentration in the liver
was increased by D-Galn intoxication, consistent with
the previous study (1). DMSO did not affect the change
in liver vitamin E concentration (Table 1). The liver con-
centrations of vitamins C and E in the sham group were
not different from those in the control group, indicating
that DMSO did not influence these vitamins in the nor-
mal liver.

Effect of DMSO on MAPK in rats treated with D-Galn

Phosphorylated JNK at 54kDa significantly
increased transiently 6—12 h after treatment with D-
Galn, when the oxidative stress had significantly
increased as evidenced by decreased liver vitamin C and
liver necrosis was evident based on plasma GOT and
GPT levels (Table 1), while the JNK protein level was
almost the same as that of the control from 6 to 24 h
after D-Galn treatment (Fig. 1). Phospho-JNK protein
was scarcely detected in the control and sham groups
(Fig. 1).

Phosphorylated ERK at 42 kDa was significantly
increased 6—12 h after D-Galn injection, while the level
of ERK1 and ERK2 proteins was almost the same as
that in the control and the sham groups from 6 to 24 h
after D-Galn treatment (Fig. 1). These results indicated
that the activation of ERK took place simultaneously
with an elevation of oxidative stress as evaluated by the
vitamin C level.

Phosphorylated p38 MAPK was not changed from 6
to 24 h after D-Galn treatment (Fig. 1).

Co-administration of DMSO did not affect activation
profiles of these MAPKs (Fig. 1).

DISCUSSION

DMSO effectively inhibited necrosis caused by D-Galn
based on plasma GOT and GPT. Although D-Galn is a
well-established hepatotoxin causing typical necrosis,
we reported that D-Galn at a dose of 1 g/kg body weight
caused severe necrosis involving oxidative stress on the
basis of the decrease in vitamin C and increase in lipid
hydroperoxides (1). However DMSO did not inhibit liver
necrosis at a dose of 1 g/kg (data not shown). Therefore
a lower dose (300 mg/kg) was used in this study where
the effect of DMSO was observed clearly and oxidative
stress and MAPK activation were examined at the
present dose.

In a series of papers (1-3, 5), we demonstrated that
the concentration of vitamin C, abundant and the
strongest antioxidant in animal tissues, reflected oxida-
tive stress most sensitively in the rat liver during chemi-

cal intoxication. The hepatic level of vitamin C
decreased significantly 6 h after D-Galn administration
and decreased further thereafter (Table 1), showing
that oxidative stress was significantly enhanced 6 h
after D-Galn intoxication at a dose of 300 mg/kg. It may
be argued that the decrease in vitamin C is due to the
liver damage i.e., inhibition of vitamin C synthesis, and
not due to the oxidative stress. However we reported
that vitamin C deficiency in ODS rats (inherently scor-
butic rats) for 24 h caused only 15-20% decrease in the
liver vitamin C (14). Therefore the decrease in vitamin
C by 55% during 24 h is mainly due to the oxidative
stress caused by D-Galn.

By co-administration of DMSO, the decrease in liver
vitamin C was attenuated (Table 1). This result indi-
cated that DMSO inhibited the oxidative stress caused
by D-Galn and functioned as an antioxidant, resulting
in the decrease in necrosis of the liver cells 24 h after D-
Galn injection when necrosis was maximal. The liver
concentration of vitamin E was increased by D-Galn
intoxication as in our previous study (1). The mecha-
nism of this increase in vitamin E remained unexplored.
It was possible that some mechanism mobilizing vita-
min E to a tissue where oxidative stress was enhanced
operated.

Oxidative stress causes many events in cells and
MAPKs have received much attention as a target of
reactive oxygen species. The proteins comprising the
MAPK family are important mediators of signal trans-
duction processes that serve to regulate diverse cellular
responses to extracellular stimuli. The three major sub-
classes of the MAPK family are JNK, ERK, and p38
MAPK. Among them, JNK was activated in the induc-
tion of hepatocyte death by thioacetamide (6), TGF-81
(15, 16), ischemia-reperfusion (12), menadione (17),
carbon tetrachloride (18), and b-Galn (10).

Phosphorylated JNK at 54 kDa and phospho-ERK sig-
nificantly increased transiently 6-12 h after treatment
with D-Galn, when the liver vitamin C decreased as in a
previous study (9). These results indicated that oxida-
tive stress and the activation of JNK and ERK took place
almost simultaneously, as previously reported (9). This
result also indicated that oxidative stress and the activa-
tion of these MAPKs took place without delay if the
former caused the latter as generally assumed.

Although it is still controversial, ERK has been
reported to be cytoprotective against apoptosis triggered
by oxidative stress (17, 19, 20), tumor necrosis factor «
(21, 22) growth factor deprivation (23), and proapop-
totic drugs (24), in contrast to JNK. In addition, hepato-
cyte resistance to oxidative stress depends on protein
kinase C and ERK-mediated down regulation of JNK sig-
naling (17). In the present study, phospho-ERK2 was
clearly augmented 6-12h after the D-Galn injection
(Fig. 1). However, extensive necrosis took place 6 h after
D-Galn administration. These findings implied that the
activation of ERK took place, and that the strong apop-
totic and necrotic signal induced by a high dose of D-
Galn could block cell responses to growth and survival
factors acting through the ERK pathway.
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DMSO treatment did not significantly affect the
change in these MAPKs induced by D-Galn in spite of
significant changes in plasma GOT and GPT as well as
liver vitamin C. It is possible that DMSO inhibited the
liver necrosis without affecting MAPKs. On the other
hand many studies demonstrate that oxidative stress
causes MAPK activation. It may be difficult to detect a
small change by Western blot and densitometric analy-
sis because of its large SD in nature in contrast to chem-
ical analysis such as vitamin C, GOT, and GPT.

Phosphorylated p38 MAPK was not significantly
changed by administration of pD-Galn (300 mg/kg, this
study), while it was increased by D-Galn at a dose of 1 g/
kg (9), where DMSO did not show an appreciable pro-
tective effect (data not shown). This may be due to the
decrease in the dose of D-Galn.

Under oxidative stress not only MAPK but also other
signals such as NF-xB (25) and MAPK phosphatases
(26) are activated. Involvement of these factors in the
hepatitis caused by D-Galn must be examined in future.

In conclusion, D-Galn caused severe necrosis of the
liver by oxidative stress involving changes in MAPKs
such as JNK, ERK, and p38 MAPK. Co-treatment of rats
with DMSO effectively inhibited the liver necrosis by
attenuating the oxidative stress.
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