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Background/Aims: Pyrrolidine dithiocarbamate (PDTC) is an inhibitor of nuclear factor kappa B (NF-kB) activation.
The present study aimed to investigate the effects of PDTC on lipopolysaccharide (LPS)-induced liver injury in two dif-
ferent models of fulminant hepatitis.

Methods: Mice infected with Bacillus Calmette Guerin (BCG) were challenged with LPS (0.2 mgkg) to induce the
model of inflammatory liver injury. Mice were injected with p-galactosamine (GalN, 600 mg/kg) and LPS (20 pg/kg)
to induce the model of apoptotic liver injury. In the treatment groups, mice were pre-treated with PDTC (100 mg/kg),
initiated 24 h prior to LPS.

Results: PDTC pretreatment reduced the infiltration of inflammatory cells, inhibited NF-kB activation and the
expression of tumor necrosis factor alpha (TNF-a), attenuated nitric oxide production, and alleviated hepatic glutathione
depletion. Correspondingly, PDTC reduced serum alanine aminotransferase, improved hepatic necrosis, and prolonged the
survival in the BCG/LPS model. Conversely, PDTC accelerated death and aggravated liver apoptosis in the GalN/LPS
model, although it reduced nitric oxide production, attenuated glutathione depletion, and inhibited the expression of
TNF-a in liver.

Conclusions: PDTC protects mice against BCG/LPS-induced inflammatory liver injury through the repression of

NF-kB-mediated TNF-o release, while it seems to be detrimental in GalN/LPS-induced apoptotic liver damage.
© 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Lipopolysaccharide (LPS) is a toxic component of the
cell walls of gram-negative bacteria and is widely present
in the digestive tracts of humans and animals [1].
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Humans are constantly exposed to low levels of LPS
through infection. Gastrointestinal distress and alcohol
consumption often increase permeability of LPS from
gastrointestinal tract into the blood [2]. In humans, nan-
ograms of LPS injected into the bloodstream can result
in all the physiological manifestations of septic shock
[3,4]. Hepatic dysfunction after sepsis is a frequent
event, characterized by loss of synthetic function and
hepatocellular necrosis [5,6].

Many studies have demonstrated that mice primed
with Bacillus Calmette Guerin (BCG) are highly sensi-
tive to LPS-induced liver injury [7-9]. BCG priming
induces mononuclear cell infiltration into the liver
lobules and granuloma formation [10]. BCG-activated
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macrophages (such as Kupffer cells) and T lymphocytes
within granuloma are highly responsive to further stim-
uli such as LPS, resulting in a massive release of pro-
inflammatory cytokines, such as tumor necrosis factor
alpha (TNF-a), interleukin (IL)-1f, IL-6 and interferon
(IFN)-y. Thus, a subsequent LPS challenge in mice
primed with BCG elicits acute and massive hepatic
injury with marked mononuclear cell infiltration [11-
13]. In the BCG/LPS model, pro-inflammatory cyto-
kines are the major mediators leading to liver injury
[14,15].

D-galactosamine (GalN) is an amino sugar selectively
metabolized by the hepatocyte, which induces a deple-
tion of the uridine triphosphate pool and thereby an
inhibition of RNA synthesis [16]. When given together
with a low dose of LPS, GalN highly sensitizes animals
to develop lethal liver injury mimicking fulminant hepa-
titis [17]. Although TNF-a is the major mediator leading
to liver injury [18], nitric oxide (NO) also plays an
important role in GalN/LPS-induced apoptotic liver
injury [19,20]. Recent studies have shown that hydrogen
peroxide and glutathione (GSH) depletion sensitized
hepatocytes to TNF-a-mediated apoptosis [21-23]. Con-
versely, antioxidants, such as rosmarinic acid and mela-
tonin, protected against GalN/LPS-induced apoptotic
liver injury [24,25].

Nuclear factor kappa B (NF-kB) activation is a com-
mon pathway that mediates LPS-induced up-regulation
of gene encoding for pro-inflammatory cytokines. Pyr-
rolidine dithiocarbamate (PDTC) is an antioxidant
and an inhibitor of NF-kB activity. An earlier study
showed that PDTC protected against thioacetamide-
induced fulminant liver failure [26]. The present study
aimed to investigate the effects of PDTC on LPS-
induced liver damage in two different models of fulmin-
ant hepatitis.

2. Materials and methods

2.1. Chemicals

Lipopolysaccharide (Escherichia coli LPS, serotype 0127:B8), pyr-
rolidine dithiocarbamate (PDTC) and p-galactosamine (GalN) were
purchased from Sigma Chemical Co. (St. Louis, MO). All other
reagents were purchased from Sigma Chemical Co. (St. Louis, MO)
if not otherwise stated.

Table 1

2.2. Animals and treatments

Female CD-1 mice (6-8 weeks old, 22-24 g) were purchased from
Beijing Vital River (Beijing, China). The animals were allowed free
access to food and water at all times and were maintained on a 12-h
light/dark cycle in a controlled temperature (20-25 °C) and humidity
(50 £ 5%) environment for a period of 1 week before use.

Mice infected intravenously (i.v.) with BCG (2.5 mg, suspended in
0.2 mL saline) were intraperitoneally (i.p.) injected with LPS (0.2 mg/
kg) to induce the model of inflammatory liver injury. Mice were
injected with GalN (600 mg/kg, i.p.) and LPS (20 pg/kg, i.p.) to induce
the model of apoptotic liver injury. In the treatment groups, mice were
pre-treated with PDTC (100 mg/kg, i.p.), initiated 24 h prior to LPS.
All procedures on animals followed the guidelines for human treat-
ment set by the Association of Laboratory Animal Sciences and the
Center for Laboratory Animal Sciences at Anhui Medical University.

2.3. Evaluation of liver injury

Serum ALT was colorimetrically measured using a commercially
available kit. Liver specimen was fixed in 4% formaldehyde phosphate
buffer. Liver sections were stained with hematoxylin and eosin and
scored by two pathologists who were not aware of sample assignment
to experimental groups. The degree of necrosis was expressed as the
mean of twelve different fields within each slide classified on a scale
of 0-3 (normal-0, mild-1, moderate-2, severe-3). The number of inflam-
matory cells was counted in twelve randomly selected fields from each
slide at a magnification of x400.

2.4. Measurement of hepatic GSH

Hepatic GSH content was measured by the method of Griffith [27].
GSH was expressed as nmol mg~"! protein.

2.5. Reverse transcription polymerase chain reaction
(RT-PCR)

Total cellular RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions. RT
and PCR were performed as described previously [28]. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as an internal
positive control standard. The primers were synthesized by Sangon
Biological Technology (Shanghai, China), according to sequence
designs previously described [28]. The number of cycles, annealing tem-
perature and the size of the amplified fragments are given in Table 1.
The amplified PCR products were electrophoresed at 75 v through
1.5% agarose gels (Sigma, St. Louis, MO) for 45 min. The pBR322
DNA digested with Alul was used for molecular markers (MBI Fer-
mentas). Agarose gels were stained with 0.5 pg/ml ethidium bromide
(Sigma, St. Louis, MO) TBE buffer.

2.6. Nitrate plus nitrite assay

Nitrate plus nitrite, the stable end products of L-arginine-dependent
NO synthesis, were measured using a colorimetric method based on the
Griess reaction [29].

The number of cycles, annealing temperature and the size of the amplified fragments

Names Denaturation (°C) Annealing (°C) Extension (°C) The number of cycles () The size of fragments (bp)
GAPDH 94 56 72 25 340
TNF-a 94 60 72 34 307
IL-1B 94 60 72 32 502
1L-6 94 60 72 35 600
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Fig. 1. PDTC protects mice against BCG/LPS-induced death and
prolongs survival. Mice were infected intravenously (i.v.) with BCG
(2.5 mg) and challenged 10 d later with LPS (0.2 mg/kg). In PDTC
group, mice were i.p. injected with PDTC (100 mg/kg), initiated 24 h
prior to LPS. Survival was monitored for 72 h (n = 15 for each group).

2.7. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from liver tissue by the method
of Deryckere and Gannon [30]. For EMSA, a biotin-labeled dou-
ble-strand DNA probe containing the consensus DNA-binding
sequence for NF-kB (5-AGT TGA GGG GAC TTT CCC AGG
C-3 and 5-GCC TGG GAA AGT CCC CTC AAC T-3') was
synthesized by Sangon Biological Technology (Shanghai, China).
EMSA was performed with a LightShift Chemiluminescence electro-
phoretic mobility shift assay kit (Pierce Biotechnology, Inc., Rock-
ford, IL). For competition assays, unlabeled NF-xB consensus
oligonucleotides were used. For supershift assays, 2 pg anti-p65 or
anti-p50 subunit antibody (Santa Cruz Biotechnology) in each reac-
tion was added.

2.8. DNA fragmentation analysis

The liver tissues were homogenized and incubated in 100 mM Tris—
HCI (pH 8.0), 25 mM EDTA, 0.5% SDS, and 0.1 pg/ml proteinase K
at 60 °C for 3 h. DNA was extracted with phenol/chloroform and elec-
trophoresed on 1.5% agarose in TBE buffer.

2.9. Determination of caspase-3 activity

Hepatic caspase-3 activity was measured by a colorimetric method
used previously [25] in a microplate reader at 405 nm.

Table 2
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Fig. 2. Liver histology in BCG/LPS-induced acute liver failure. (A) The
liver section from mice treated with saline. (B) The liver section from mice
treated with BCG alone shows an infiltration of numerous inflammatory
cells (arrow). (C) The liver section from mice treated with LPS alone
displays the infiltration of a few inflammatory cells (arrow). (D) The liver
section from mice treated with BCG/LPS shows numerous inflammatory
cells (arrow) around the necrotic tissue (arrowhead). (E) The liver section
of mice treated with PDTC alone. (F) Mice primed with BCG were i.p.
injected with PDTC, initiated 24 h prior to LPS. The liver section shows
minimal inflammation and necrosis. H & E, magnification: 200x. [This
figure appears in colour on the web].

2.10. Terminal dUTP nick-end labeling (TUNEL) staining

For the detection of apoptosis, paraffin-embedded sections were
stained with the TUNEL technique using an in situ apoptosis detection
kit (Promega) according to the manufacturer’s instructions. The num-
ber of TUNEL-positive cells was counted in 12 randomly selected
fields from each slide at a magnification of x400.

2.11. Enzyme-linked immunosorbent assay (ELISA)

Serum TNF-o concentration was measured with an ELISA kit
(R & D, Minneapolis, MN), following the manufacturer’s instructions.

The effects of PDTC on serum ALT, NO and hepatic GSH in BCG/LPS-treated mice

Groups Animals (n) ALT (IU/Lx + SE) Nitrate/nitrite (umol/L,x & SE) GSH (nmol/mg protein,x + SE)
Saline 12 12.06 + 1.36 10.40 + 1.06 40.35 +2.41

BCG 12 43.43 +5.09'" 17.71 +£0.24 28.13 + 3.08+

LPS 12 17.25+1.96 111.37 + 12.66'" 26.67 + 0.46""

BCG/LPS 12 237.69 + 48.30"T 1157.78 + 183.40"T 13.48 +2.20""

PDTC 12 19.83 +0.93 6.39 &+ 1.31 42.86 + 4.64

PDTC + BCG/LPS 12 59.50 + 8.81"" 516.61 & 121.90" 26.59 + 1.25"

TP <0.05, TP <0.01 as compared with saline group.
"P<0.05, P <0.01 as compared with BCG/LPS group.
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2.12. Statistical analysis

The levels of TNF-a, IL-18 and IL-6 mRNA were normalized to
GAPDH mRNA level in the same samples. The levels of TNF-a, IL-
1B and IL-6 mRNA in the control were assigned as 100%. All quanti-
fied data were expressed as means &+ SE at each point. ANOVA and
the Student-Newmann—Keuls post-hoc test were used to determine dif-
ferences among different groups. Percentages of surviving animals were
compared with Fisher’s exact test.

3. Results
3.1. PDTC protects against BCG/LPS-induced liver injury

Neither BCG nor LPS alone is lethal at low doses
(data not shown). BCG plus LPS resulted in 40% (6/
15) mortality in 72 h after LPS (Fig. 1). As shown in
Table 2, LPS alone is not hepatotoxic at a low dose.
BCG alone increased, to a lesser extent, serum ALT.
BCG plus LPS dramatically increased serum ALT.
Histopathologic examination showed an infiltration
of numerous inflammatory cells into liver lobules in
liver sections from mice primed with BCG
(Fig. 2B). Numerous inflammatory cells around the
necrotic tissue were observed in liver sections from
mice treated by BCG and LPS (Fig. 2D). PDTC pre-
treatment improved the survival (Fig. 1), reduced
serum ALT (Table 2), and alleviated BCG/LPS-
induced inflammation and necrosis in liver (Fig. 2F
and Table 3).

NF-k B *

Table 3
The effects of PDTC on BCG/LPS-induced histopathologic damage
Groups Animals The number Necrosis

(n) of inflammatory cells (scale,x + SE)

(cells/field,x + SE)

Saline 12 72,1422 0+0
BCG 12 146.0 + 21177 0.60 4+ 0.16""
LPS 12 129.6 + 5.4 0.80 +0.137"
BCG/LPS 12 248.2 4+ 23.5" 2.10 4+ 0.10"
PDTC 12 66.7+ 14 0.30 +0.15
PDTC + BCG/LPS 12 10.6 +4.77 1.00 4+ 0.00"

" P <0.01 as compared with BCG/LPS group.
1 P <0.01 as compared with saline group.

3.2. PDTC inhibits BCG/LPS-induced NF-kB activation

As shown in Fig. 3, BCG alone increased, to a
lesser extent, NF-kB binding activity. LPS aggra-
vated NF-kB activation in mice primed with BCG.
The positive band disappeared in competition assay
with unlabeled consensus oligonucleotides. When
the conjugate of nuclear extract with DNA probes
was preincubated with antibody against the p50 sub-
unit of NF-xB, electrophoretic mobility decreased
and the band shifted to a higher position, whereas
the conjugate did not react with p65 antibody. As
shown in Fig. 3A, PDTC pretreatment completely
inhibited BCG/LPS-induced hepatic NF-xB
activation.

Fig. 3. The effects of PDTC pretreatment on BCG/LPS-induced NF-kB activation. Mice were infected intravenously (i.v.) with BCG (2.5 mg) and
challenged 10 d later with LPS (0.2 mg/kg, i.p.). In PDTC group, mice were i.p. injected with PDTC (100 mg/kg), initiated 24 h prior to LPS. Nuclear
extracts were isolated from liver at 1.5 h after LPS. (A) NF-kB activity was assessed by EMSA. Control (lane 1); BCG (lane 2); LPS (lane 3); BCG/LPS
(lane 4); PDTC (lane 5); PDTC + BCG/LPS (lane 6). (B) For competition analysis, 500-fold excess of unlabeled consensus oligonucleotides was added to
the reaction mixtures. For supershift assays, nuclear extracts were incubated with either pS0 or p65 antibody. Control (lane 1); BCG/LPS (lane 2);
Unlabeled consensus oligonucleotides competed the positive reaction (lane 3); Antibodies against the pS0 subunit (Iane 5) of NF-kB shifted an electric
mobility of the band to the upper position, whereas anti-p65 antibody did not alter the mobility (lane 4).
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Fig. 4. The effects of PDTC pretreatment on BCG/LPS-induced
proinflammatory cytokines. Mice were infected with BCG (2.5 mg, i.v.)
and challenged 10 d later with LPS (0.2 mg/kg, i.p.). Some mice were
pretreated with two doses of PDTC, one (100 mg/kg, i.p.) administered
24 h prior to LPS and the other (100 mg/kg, i.p.) administered 2 h before
LPS. Total RNA was extracted from liver at 1.5 h after LPS. TNF-a,
IL-1p and IL-6 mRNA was determined using RT-PCR. (A) A
representative for TNF-o, IL-1§, IL-6 and GAPDH was shown. Control
(lane 1); BCG (lane 2); LPS (lane 3); BCG/LPS (lane 4); PDTC (lane 5);
PDTC + BCG/LPS (lane 6). (B) The TNF-a, IL-1§ and IL-6 mRNA
was normalized to GAPDH mRNA level in the same samples. The TNF-
o, IL-1p and IL-6 mRNA level of the control was assigned as 100%.
Data were expressed as means X SE (n = 6). P<0.05, TP <0.01 as
compared with control group. P < 0.01 as compared with BCG/LPS
group.

Table 4
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Fig. 5. PDTC accelerates GalN/LPS-induced death. Mice were i.p.
injected with GalN and LPS. In PDTC group, mice were i.p. injected
with PDTC (100 mg/kg), initiated 24 h prior to GaIN/LPS. Survival was
monitored for 72 h (n = 10 for each group).

3.3. PDTC inhibits BCG/LPS-induced expression of
proinflammatory cytokines

As shown in Fig. 4, BCG alone up-regulated the
expressions of TNF-a, IL-1pB and IL-6 mRNA in liver.
LPS aggravated the up-regulation of TNF-a, IL-1J
and IL-6 mRNA, which was completely inhibited by
PDTC pretreatment.

3.4. PDTC attenuates BCG/LPS-induced hepatic GSH
depletion and NO production

The effects of PDTC on BCG/LPS-induced hepatic
GSH depletion and NO production are shown in Table
2. Either BCG or LPS reduced, to a lesser extent, the
level of hepatic GSH and serum NO. BCG plus LPS sig-
nificantly decreased hepatic GSH content and serum
NO level, which was significantly alleviated by PDTC
pretreatment.

The effects of PDTC on serum ALT, NO and hepatic GSH in GalN/LPS-treated mice

Groups Animals (n) ALT (IU/Lx + SE) Nitrate/nitrite (umol/L.x & SE) GSH (nmol/mg protein,x + SE)
Saline 12 10.50 +1.95 9.36 +£0.87 39.96 + 1.69

GalN 12 32.01 £ 8.03+7 5.28 +£0.90 4323 £3.11

LPS 12 8.37 £0.16 13.19 £ 1.16 40.55 +3.41

GalN/LPS 12 1048.63 & 117.467 14.82 £ 1.007 10.42 £ 1.78+7

PDTC 12 15.52 £3.03 6.99 £ 1.47 42.86 +4.64

PDTC + GalN/LPS 12 3246.16 + 297.64" 2.91£0.84" 2447 £ 1.04”

P <0.05, TP <0.01 as compared with saline group.
" P <0.01 as compared with GalN/LPS group.
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Fig. 6. Liver histology in GalN/LPS-induced acute liver failure. The
liver section from mice treated with GalN and LPS shows massive
infiltration of inflammatory cells (arrowhead), necrosis and erythrocyte
agglutination (arrow) (D). Mice were i.p. injected with PDTC, initiated
24 h prior to GalN and LPS. The liver section displays more necrosis and
erythrocyte agglutination (arrow) than in mice treated with GalN/LPS
(F). Only minimal inflammation and necrosis are observed in the liver
section from control mice treated with either saline (A) or GalN (B) or
LPS (C) or PDTC (E). H & E, magnification: 200x. [This figure
appears in colour on the web].

3.5. Effects of PDTC on GalN/LPS-induced liver injury

Neither GalN nor LPS alone is lethal at low doses
(data not shown). Co-injection with GalN and LPS into
mice resulted in rapid death within 16 h with a mortality
of 90%, with severe congestion in livers of all dead mice.
Although it did not increase mortality, PDTC acceler-
ated death, in which 90% of mice died in 8 h after
GalN/LPS (Fig. 5). As shown in Table 4, LPS alone is
not hepatotoxic at a low dose. GalN alone increased,
to a lesser extent, serum ALT. GalN and LPS dramati-

Table 5
The effects of PDTC on GalN/LPS-induced histopathologic damage

cally increased serum ALT level. Histopathologic exam-
ination showed a widespread destruction of liver
architecture characterized by massive panlobular hem-
orrhage and necrosis as well as an infiltration of inflam-
matory cells in liver sections from mice treated by GalN
and LPS (Fig. 6D). PDTC pretreatment aggravated the
elevation of serum ALT (Table 4) and worsened hepatic
hemorrhage and necrosis (Fig. 6F and Table 5).

3.6. Effects of PDTC on GalN/LPS-induced liver
apoptosis

A clear DNA laddering was shown in liver of mice
treated by GalN and LPS (Fig. 7A). GalN and LPS
greatly increased hepatic caspase-3 activity (Fig. 7B).
As shown in Fig. 7C, numerous apoptotic cells were evi-
denced by the TUNEL assay. PDTC pretreatments
increased the number of apoptotic cells and caspase-3
activity in livers of mice treated by GalN and LPS
(Table 5 and Fig. 7).

3.7. PDTC inhibits GalN/LPS-induced NF-kB activation

As shown in Fig. 8, NF-kB was activated in liver of
mice treated by GalN and LPS. The positive band disap-
peared in competition assay with unlabeled consensus
oligonucleotides. When the conjugate of nuclear extract
with DNA probes was preincubated with antibody
against the p50 subunit of NF-xB, electrophoretic
mobility decreased and the band shifted to a higher
position, whereas the conjugate did not react with p65
antibody. The effects of PDTC on GalN/LPS-induced
NF-kB activation are evaluated. Results showed that
PDTC pretreatment significantly inhibited the activa-
tion of NF-«xB in mouse liver (Fig. 8A).

3.8. PDTC inhibits GalNILPS-induced expression of
proinflammatory cytokines

As shown in Fig. 9, GalN and LPS up-regulated, to a
lesser extent, the expressions of hepatic TNF-a, IL-f
and IL-6 mRNA, which was inhibited by PDTC
pretreatment.

Groups Animals (n) The number of inflammatory Necrosis (scale,x + SE) The number of apoptotic
cells (cells/field,x + SE) cells (cells/fields,x + SE)

Saline 12 72.1+2.2 0+0 0+0

GalN 12 91.6 £ 3.7+ 0.80 +0.13} 0+0

LPS 12 852+ 4.7 0.20 £0.13 0+0

GalN/LPS 12 119.0 £ 7.61+ 2.50 £0.17++ 13.4 £ 117+

PDTC 12 66.7+ 1.4 0.30 £0.15 0+0

PDTC + GalN/LPS 12 130.2 +£5.7 2.90 £ 0.107 177+ 1.2

TP <0.05, 1P <0.01 as compared with saline group.
* P <0.05 as compared with GalN/LPS group.
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Fig.7. The effects of PDTC on GalN/LPS-induced hepatic apoptosis. Mice were i.p. injected with GalN and LPS. In PDTC group, mice were i.p. injected with
PDTC (100 mg/kg), initiated 24 h prior to GalN/LPS. (A) Hepatic DNA fragmentation. The results are a representative of four independent experiments.
Control (lane 1); GalN (lane 2); LPS (lane 3); GalN/LPS (lane 4); PDTC (lane 5); PDTC + GaIN/LPS (lane 6). (B) Hepatic caspase-3 activity. Data were
expressed asmeans * SEM (n = 12). P < 0.05, TP < 0.01 as compared with control group. **P < 0.01 as compared with GaIN/LPS group. (C) TUNEL staining
(arrow) of liver sections from mice treated with GalN/LPS or PDTC plus GalN/LPS. The results are a representative of four independent experiments.
Magnification: 200x. (a) Control; (b) GalN; (c) LPS; (d) GaIN/LPS; (e) PDTC; (f) PDTC + GalN/LPS. [This figure appears in colour on the web)].

3.9. PDTC attenuates GalNILPS-induced hepatic GSH
depletion and NO production

GalN plus LPS increased, to a lesser extent, serum NO
level. GalN plus LPS dramatically decreased hepatic GSH
level. PDTC significantly attenuated GalN/LPS-induced
hepatic GSH depletion and NO production (Table 4).

3.10. LPS-induced TNF-o.in two models of acute liver injury

Serum TNF-o was measured using ELISA. Results
showed that BCG/LPS greatly increased serum TNF-o
level. However, GalN/LPS increased, to a lesser extent,
the level of serum TNF-a (Fig. 10).

4. Discussion

The present study showed that administration of a
sub-lethal dose of LPS to mice primed with BCG

resulted in 40% mortality. BCG plus LPS significantly
increased serum ALT, with an infiltration of numerous
inflammatory cells into liver lobules and massive hepatic
necrosis. Numerous studies have demonstrated that
TNF-o plays an important role in BCG/LPS-induced
acute liver injury [12-15,31]. NF-«B activation is a com-
mon pathway that mediates LPS-induced up-regulation
of gene encoding for pro-inflammatory cytokines. The
present study showed that BCG plus LPS markedly acti-
vated hepatic NF-kB and up-regulated the expression of
hepatic TNF-a, IL-1p and IL-6 mRNA. These results
suggest that NF-kB-mediated up-regulation of pro-
inflammatory cytokines may be involved in the patho-
genesis of liver injury in model of BCG/LPS-induced
fulminant hepatitis. PDTC is an inhibitor of NF-kB
activation [32]. Several studies showed that PDTC pro-
tected against LPS-induced lethal shock and thioaceta-
mide-induced fulminant liver failure through the
repression of NF-«xB activation [26,33]. In the present
study, we found that PDTC pretreatments reduced
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Fig. 8. The effects of PDTC on GalN/LPS-induced NF-kB activation. Mice were i.p. injected with GalN and LPS. In PDTC group, mice were i.p.
injected with PDTC (100 mg/kg), initiated 24 h prior to GalN/LPS. Nuclear extracts were isolated from liver at 1.5 h after GalN/LPS. (A) NF-kB
activity was evaluated by EMSA. Control (lane 1); GalN (lane 2); LPS (lane 3); GaIN/LPS (lane 4); PDTC (lane 5); PDTC + GalN/LPS (lane 6). (B)
For competition analysis, 500-fold excess of unlabeled NF-kB probes was added to the reaction mixtures. For supershift assays, nuclear extracts were

incubated with either pS0 or p65 antibody.

serum ALT, improved inflammation and necrosis in
liver, and prolonged the survival in the model of
BCG/LPS-induced acute liver injury. Correspondingly,
PDTC completely inhibited NF-kB activation and
down-regulated the expression of pro-inflammatory
cytokines in liver of mice treated by BCG and LPS.
These results suggest that the protection of PDTC
against BCG/LPS-induced liver injury might be, at least
partially, associated with the repression of NF-xB
activation.

There is now substantial evidence that reactive
oxygen species (ROS) contribute to the pathogenesis
of various acute and chronic liver injury induced by
viral, LPS, carbon tetrachloride, alcohol, etc. [34-37].
Numerous studies have focused on the pathogenic sig-
nificance of ROS in experimental models of liver dam-
age. The present study showed that hepatic GSH was
decreased in the BCG/LPS model. PDTC is an antioxi-
dant and exerts its direct antioxidant effect via scaveng-
ing free radicals and inhibiting free radical generation
via its chelating activity for metal ions that may catalyze
formation of free radicals [38]. The present study
showed that PDTC significantly attenuated BCG/LPS-
induced hepatic GSH depletion. These results indicate
that PDTC might protect against BCG/LPS-induced
inflammatory liver injury via its antioxidant effect.

The role of NO in the mechanisms of LPS-triggered
hepatocellular necrosis in mice primed with BCG
remains controversial. Some studies demonstrated that
NO played a protective role against BCG/LPS-induced
liver injury [39]. Conversely, other studies found that
inhibition of inducible nitric oxide synthase (iNOS)
also protected against BCG/LPS-induced liver damage

[40]. The present study showed that BCG plus LPS
greatly increased serum NO level. Moreover, PDTC
pretreatment significantly attenuated the elevation of
serum NO level, suggesting that the PDTC-mediated
protection against BCG/LPS-induced inflammatory
liver injury might be associated with the inhibition of
NO.

In the present study, we investigated the effects of
PDTC on GalN/LPS-induced apoptotic liver injury.
As expected, co-injection of GalN and LPS into mice
resulted in rapid death within 16 h with a mortality of
90%, with severe congestion in the liver of all the dead
mice. Interestingly, PDTC pretreatment accelerated
GalN/LPS-induced death, in which 90% of mice died
in 8 h after GaIN/LPS. PDTC aggravated serum ALT
and worsened the hemorrhage and necrosis in livers of
mice treated by GalN and LPS. GalN/LPS-induced liver
injury is characterized by massive liver apoptosis. PDTC
aggravated liver apoptosis in the GalN/LPS model, as
shown by the higher level of caspase-3 activity and more
apoptotic cells, although it significantly inhibited hepa-
tic TNF-a expression and attenuated hepatic GSH
depletion and NO production.

In the GalN/LPS model, TNF-a is the major media-
tor leading to apoptotic liver injury and acute liver fail-
ure [16]. However, TNF-a binding to the TNF receptor
(TNFR) initiates apoptosis and simultaneously activates
NF-«xB, which suppresses apoptosis [41,42]. Thus, either
recombinant TNF-a, at a dose as low as 10 pg/kg, or
LPS, at a dose as low as 20 pug/kg, is not hepatotoxic.
Actually, either LPS or TNF-a, at a low dose, initiates
a lethal apoptotic process only under transcriptional
inhibition. Administration of GalN induces a selective
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Fig. 9. The effects of PDTC pretreatment on GalN/LPS-induced
expression of hepatic pro-inflammatory cytokines. Mice were i.p.
injected with GalN and LPS. In PDTC group, mice were i.p. injected
with PDTC (100 mg/kg), initiated 24 h prior to GalN/LPS. Total RNA
was extracted from liver at 1.5 h after LPS. TNF-a, IL-1§ and IL-6
mRNA was determined using RT-PCR. (A) A representative for TNF-a,
IL-1p, IL-6 and GAPDH was shown. Control (lane 1); GalN (lane 2);
LPS (lane 3); GalN/LPS (lane 4); PDTC (lane 5); PDTC + GalIN/LPS
(lane 6). (B) TNF-a, IL-1p, IL-6 mRNA was normalized to GAPDH
mRNA level in the same samples. The TNF-a, IL-1p, IL-6 mRNA level
of the control was assigned as 100%. Data were expressed as
means = SE (n=6). TP <0.05, TP <0.01 as compared with control
group. “*P < 0.01 as compared with GalN/LPS-treated group.

transcriptional inhibition in hepatocytes and thus
increases the sensitivity of animals to LPS or TNF-a
up to as much as a 1000-fold. On the other hand, NF-xB
activation is the critical intracellular signal that deter-
mines whether TNF-a stimulates hepatocyte prolifera-
tion or apoptosis. An earlier study showed that TNF-o
resulted in apoptosis in hepatocytes sensitized with acti-
nomycin D that specifically blocked NF-xB-dependent
genes, which counteracted the pro-apoptotic effects of
TNFRI1 activation [43]. Moreover, pretreatment with
TNF-a or IL-1PB, which activated NF-xB, dramatically
protected mice against GalN/TNF-o-mediated liver
apoptosis [44]. In the present study, PDTC pretreatment
significantly inhibited NF-xB activation and thus aggra-
vated GalN/LPS-induced liver apoptosis. However, as
shown above, PDTC completely inhibited hepatic
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Fig. 10. LPS-induced TNF-a in two models of acute liver injury. In the
BCG/LPS model, mice were infected intravenously (i.v.) with BCG
(2.5 mg) and challenged 10 d later with LPS (0.2 mg/kg). In the GalN/
LPS model, mice were i.p. injected with GalN and LPS. Serum TNF-a
was measured 1.5 h after LPS using ELISA. Data were expressed as
means £ SE (n=12). TP <0.05, TP <0.01 as compared with control
group.

NF-kB activity, but it protected the acute liver injury
in the BCG/LPS model. Indeed, LPS is a potent activa-
tor of NF-kB not only in Kupffer cells but also in hepa-
tocytes [45,46]. LPS activates NF-xB in Kupffer cells
and stimulates the release of TNF-a. Conversely, LPS-
induced NF-«xB activation in hepatocytes may play an
anti-apoptotic effect. The present study showed that
BCG/LPS produced far higher levels of TNF-o than
GalN/LPS. Thus, inhibition of NF-xB in Kupffer cells
may be more important in the BCG/LPS model thereby
limiting the release of TNF-a and hepatocyte death,
whilst in the GalN/LPS model hepatocyte NF-xB acti-
vation is more important for survival. The beneficial
effects of PDTC might result from the inhibition of
NF-kB-mediated TNF-a release in Kupffer cells in the
BCG/LPS model, whilst the harmful effects might be
attributed to the repression of NF-kB-mediated anti-
apoptotic effect in the GalN/LPS model.

In the present study, we only investigated LPS-
induced liver damage and the protective effects of PDTC
in female mice. A recent study found that male mice
were more susceptible to acute liver inflammation and
damage [47]. Thus, additional work is required to deter-
mine the effects of PDTC on LPS-induced liver injury in
male animals.

In summary, the present results indicate that PDTC
has differential effects on LPS-induced liver damage in
two different models of fulminant hepatitis. PDTC pro-
tects mice against BCG/LPS-induced inflammatory liver
injury through the repression of NF-kB-mediated TNF-
o release, while it seems to be detrimental in GalN/LPS-
induced apoptotic liver injury.



J.-W. Lu et al. | Journal of Hepatology 48 (2008) 442—452 451

Acknowledgement

This project was supported by National Natural Science
Foundation of China (30371667, 30572223, 30671786).

References

[1] Jacob AL, Goldberg PK, Bloom N, Degenshein GA, Kozinn PJ.
Endotoxin and bacteria in portal blood. Gastroenterology
1977;72:1268-1270.

[2] Fukui H, Brauner B, Bode JC, Bode C. Plasma endotoxin
concentrations in patients with alcoholic and nonalcoholic liver
disease: reevaluation with an improved chromogenic assay. J
Hepatol 1991;12:162-169.

[3] Michie HR, Manogue KR, Spriggs DR, Revhaug A, Dwyer SI,
Dinarello A, et al. Detection of circulating tumor necrosis factor
after endotoxin administration. N Engl J Med 1988;318:
1481-1486.

[4] Van Deventer SJ, Buller HR, ten Cate JW, Aarden LA, Hack CE,
Sturk A. Experimental endotoxemia in humans: analysis of
cytokine release and coagulation, fibrinolytic and complement
pathways. Blood 1990;76:2520-2526.

[5] Moulin F, Copple BL, Ganey PE, Roth RA. Hepatic and
extrahepatic factors critical for liver injury during lipopolysac-
charide exposure. Am J Physiol Gastrointest Liver Physiol
2001;281:1423-1431.

[6] Su GL. Lipopolysaccharides in liver injury: molecular mechanisms
of Kupffer cell activation. Am J Physiol Gastrointest Liver Physiol
2002;283:256-265.

[7] Ferluga J. Tuberculin hypersensitivity hepatitis in mice
infected with Mycobacterium bovis (BCG). Am J Pathol 1981;
105:82-90.

[8] Kondo Y, Takano F, Hojo H. Suppression of lipopolysaccharide-
induced fulminant hepatitis and tumor necrosis factor production
by bisbenzylisoquinoline alkaloids in bacillus Calmette-Guerin-
treated mice. Biochem Pharmacol 1993;46:1861-1863.

[9] Kobayashi S, Nishihira J, Watanabe S, Todo S. Prevention of
lethal acute hepatic failure by antimacrophage migration inhib-
itory factor antibody in mice treated with bacille Calmette—Guerin
and lipopolysaccharide. Hepatology 1999;29:1752-1759.

[10] Tsuji H, Harada A, Mukaida N, Nakanuma Y, Bluethmann H,
Kaneko S, et al. Tumor necrosis factor receptor p55 is essential for
intrahepatic granuloma formation and hepatocellular apoptosis in
a murine model of bacterium-induced fulminant hepatitis. Infect
Immun 1997;65:1892-1898.

[11] Fujioka N, Mukaida N, Harada A, Akiyama M, Kasahara T,
Kuno K, et al. Preparation of specific antibodies against murine
IL-Ira and the establishment of IL-lra as an endogenous
regulator of bacteria-induced fulminant hepatitis in mice. J
Leukoc Biol 1995;58:90-98.

[12] Kamijo R, Le J, Shapiro D, Havell EA, Huang S, Aguet M, et al.
Mice that lack the interferon-gamma receptor have profoundly
altered responses to infection with Bacillus Calmette-Guerin and
subsequent challenge with lipopolysaccharide. J Exp Med
1993;178:1435-1440.

[13] Tsutsui H, Matsui K, Kawada N, Hyodo Y, Hayashi N, Okamura
H, et al. IL-18 accounts for both TNF-a- and Fas ligand-mediated
hepatotoxic pathways in endotoxin-induced liver injury in mice. J
Immunol 1997;159:3961-3967.

[14] Bopst M, Garcia I, Guler R, Olleros ML, Riilicke T, Miiller M,
et al. Differential effects of TNF and LTalpha in the host defense
against M. bovis BCG. Eur J Immunol 2001;31:1935-1943.

[15] Liu DF, Wei W, Song LH. Upregulation of TNF-alpha and IL-6
mRNA in mouse liver induced by bacille Calmette-Guerin plus
lipopolysaccharide. Acta Pharmacol Sin 2006;27:460-468.

[16] Decker K, Keppler D. Galactosamine hepatitis: key role of the
nucleotide deficiency period in the pathogenesis of cell injury and
cell death. Rev Physiol Biochem Pharmacol 1974;71:77-105.

[17] Galanos C, Freudenberg MA, Reutter W. Galactosamine-induced
sensitization to the lethal effects of endotoxin. Proc Natl Acad Sci
USA 1979;76:5939-5943.

[18] Tiegs G, Wolter M, Wendel A. Tumor necrosis factor is a terminal
mediator in galact-hepatitis in mice. Biochem Pharmacol
1989;38:627-631.

[19] Morikawa A, Kato Y, Sugiyama T, Koide N, Chakravortty D,
Yoshida T, et al. Role of nitric oxide in lipopolysaccharide-induced
hepatic injury in D-galactosamines-ensitized mice as an experimen-
tal endotoxic shock model. Infect Immun 1999;67:1018-1024.

[20] Liu J, Saavedra JE, Liu T, Song JG, Waalkes MP, Keefer LK.
0O(2)-Vinyl-1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate protection
against D-galactosamine/endotoxin-induced hepatotoxicity in
mice: genomic analysis using microarrays. J Pharmacol Exp Ther
2002;300:18-25.

[21] Nagai H, Matsumaru K, Feng G, Kaplowitz N. Reduced
glutathione depletion causes necrosis and sensitization to tumor
necrosis factor-alpha-induced apoptosis in cultured mouse hepa-
tocytes. Hepatology 2002;36:55-64.

[22] Matsumaru K, Ji C, Kaplowitz N. Mechanisms for sensitization
to TNF-induced apoptosis by acute glutathione depletion in
murine hepatocytes. Hepatology 2003;37:1425-1434.

[23] Han D, Hanawa N, Saberi B, Kaplowitz N. Hydrogen peroxide
and redox modulation sensitize primary mouse hepatocytes to
TNF-induced apoptosis. Free Radic Biol Med 2006;41:627-639.

[24] Osakabe N, Yasuda A, Natsume M, Sanbongi C, Kato Y, Osawa
T, et al. Rosmarinic acid, a major polyphenolic component of
Perilla frutescens, reduces lipopolysaccharide(LPS)-induced liver
injury in D-galactosamine (D-GalN)-sensitized mice. Free Radic
Biol Med 2002;33:798-806.

[25] Wang H, Xu DX, Lu JW, Ning H, Wei W. Melatonin attenuates
lipopolysaccharide (LPS)-induced apoptotic liver damage in D-
galactosamine-sensitized mice. Toxicology 2007;237:49-57.

[26] Bruck R, Aeed H, Schey R, Matas Z, Reifen R, Zaiger G, et al.
Pyrrolidine dithiocarbamate protects against thioacetamide-
induced fulminant hepatic failure in rats. J Hepatol
2002;36:370-377.

[27] Griffith OW. Determination of glutathione and glutathione
disulfide using glutathione reductase and 2-vinylpyridine. Anal
Biochem 1980;106:207-212.

[28] Xu DX, Wei W, Sun MF, Wu CY, Wang JP, Wei LZ, et al.
Kupffer cells and ROS partially mediate LPS-induced down-
regulation of nuclear receptor Pregnane X receptor and its target
gene CYP3A in mouse liver. Free Radic Biol Med 2004;37:10-22.

[29] Grisham MB, Johnson GG, Lancaster Jr JR. Quantitation of
nitrate and nitrite in extracellular fluids. Methods Enzymol
1996;268:237-246.

[30] Deryckere F, Gannon F. A one-hour minipreparation technique
for extraction of DNA-binding proteins from animal tissues.
Biotechniques 1994;16:405.

[31] Yajima T, Nishimura H, Saito K, Kuwano H, Yoshikai Y.
Overexpression of interleukin-15 increases susceptibility to lipo-
polysaccharide-induced liver injury in mice primed with Myco-
bacterium  bovis bacillus Calmette-Guerin. Infect Immun
2004;72:3855-3862.

[32] Liu SF, Ye X, Malik AB. Inhibition of NF-kappaB activation by
pyrrolidine dithiocarbamate prevents in vivo expression of pro-
inflammatory genes. Circulation 1999;100:1330-1337.

[33] Lauzurica P, Martinez-Martinez S, Marazuela M, Gomez del
Arco P, Martinez C, Sanchez-Madrid F, et al. Pyrrolidine
dithiocarbamate protects mice from lethal shock induced by
LPS or TNF-alpha. Eur J Immunol 1999;29:1890-1900.

[34] Hsieh YH, Su IJ, Wang HC, Chang WW, Lei HY, Lai MD, et al.
Pre-S mutant surface antigens in chronic hepatitis B virus



452 J.-W. Lu et al. | Journal of Hepatology 48 (2008) 442—452

infection induce oxidative stress and DNA damage. Carcinogen-
esis 2004;25:2023-2032.

[35] Dey A, Cederbaum AI. Alcohol and oxidative liver injury.
Hepatology 2006;43:S63-S74.

[36] Tsuji K, Kwon AH, Yoshida H, Qiu Z, Kaibori M, Okumura T,
et al. Free radical scavenger (edaravone) prevents endotoxin-
induced liver injury after partial hepatectomy in rats. J Hepatol
2005;42:94-101.

[37] Basu S. Carbon tetrachloride-induced lipid peroxidation: eicosa-
noid formation and their regulation by antioxidant nutrients.
Toxicology 2003;189:113-127.

[38] Shi X, Leonard SS, Wang S, Ding M. Antioxidant properties of
pyrrolidine dithiocarbamate and its protection against Cr(VI)-
induced DNA strand breakage. Ann Clin Lab Sci
2000;30:209-216.

[39] Wang GS, Liu GT. Role of nitric oxide in immunological liver
damage in mice. Biochem Pharmacol 1995;49:1277-1281.

[40] Guler R, Olleros ML, Vesin D, Parapanov R, Vesin C,
Kantengwa S, et al. Inhibition of inducible nitric oxide synthase
protects against liver injury induced by mycobacterial infection
and endotoxins. J Hepatol 2004;41:773-781.

[41] Beg AA, Baltimore D. An essential role for NF-kB in preventing
TNF-a-induced cell death. Science 1996;274:782-784.

[42] Van Antwerp DJ, Martin SJ, Kafri T, Green D, Verma IM.
Suppression of TNF-a-induced apoptosis by NF-kB. Science
1996;274:787-789.

[43] Xu Y, Bialik S, Jones BE, Iimuro Y, Kitsis RN, Srinivasan A,
et al. NF-kappaB inactivation converts a hepatocyte cell line
TNF-alpha response from proliferation to apoptosis. Am J
Physiol 1998;275:C1058-C1066.

[44] Nagaki M, Naiki T, Brenner DA, Osawa Y, Imose M, Hayashi H,
et al. Tumor necrosis factor alpha prevents tumor necrosis factor
receptor-mediated mouse hepatocyte apoptosis, but not fas-
mediated apoptosis: role of nuclear factor-kappaB. Hepatology
2000;32:1272-1279.

[45] Liu S, Gallo DJ, Green AM, Williams DL, Gong X, Shapiro RA,
et al. Role of toll-like receptors in changes in gene expression and
NF-kappa B activation in mouse hepatocytes stimulated with
lipopolysaccharide. Infect Immun 2002;70:3433-3442.

[46] Tran-Thi TA, Decker K, Baeuerle PA. Differential activation of
transcription factors NF-kappa B and AP-1 in rat liver macro-
phages. Hepatology 1995;22:613-619.

[47] Naugler WE, Sakurai T, Kim S, Maeda S, Kim K, Elsharkawy
AM, et al. Gender disparity in liver cancer due to sex
differences in MyD88-dependent IL-6 production. Science
2007;317:121-124.



	Differential effects of pyrrolidine dithiocarbamate on TNF- alpha -mediated liver injury in two different models of fulminant hepatitis
	Introduction
	Materials and methods
	Chemicals
	Animals and treatments
	Evaluation of liver injury
	Measurement of hepatic GSH
	Reverse transcription polymerase chain reaction (RT-PCR)
	Nitrate plus nitrite assay
	Electrophoretic mobility shift assay (EMSA)
	DNA fragmentation analysis
	Determination of caspase-3 activity
	Terminal dUTP nick-end labeling (TUNEL) staining
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	PDTC protects against BCG/LPS-induced liver injury
	PDTC inhibits BCG/LPS-induced NF- kappa B activation
	PDTC inhibits BCG/LPS-induced expression of proinflammatory cytokines
	PDTC attenuates BCG/LPS-induced hepatic GSH depletion and NO production
	Effects of PDTC on GalN/LPS-induced liver injury
	Effects of PDTC on GalN/LPS-induced liver apoptosis
	PDTC inhibits GalN/LPS-induced NF- kappa B activation
	PDTC inhibits GalN/LPS-induced expression of proinflammatory cytokines
	PDTC attenuates GalN/LPS-induced hepatic GSH depletion and NO production
	LPS-induced TNF- alpha  in two models of acute liver injury

	Discussion
	Acknowledgement
	References


