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a b s t r a c t

TNFa, a mediator of hepatotoxicity in several animal models, is elevated in acute and chronic liver dis-
eases. Therefore, we investigated whether hepatic injury and fibrosis due to bile duct ligation (BDL)
would be reduced in TNFa knockout mice (TNFa�/�). Survival after BDL was 60% in wild-type mice
(TNFa+/+) and 90% in TNFa�/� mice. Body weight loss and liver to body weight ratios were reduced
in TNFa�/� mice compared to TNFa+/+ mice. Following BDL, serum alanine transaminases (ALT) levels
were elevated in TNFa+/+ mice (268.6 ± 28.2 U/L) compared to TNFa�/� mice (105.9 U/L ± 24.4). TNFa
�/� mice revealed lower hepatic collagen expression and less liver fibrosis in the histology. Further,
a-smooth muscle actin, an indicator for activated myofibroblasts, and TGF-b mRNA, a profibrogenic cyto-
kine, were markedly reduced in TNFa�/� mice compared to TNFa+/+ mice. Thus, our data indicate that
TNFa induces hepatotoxicity and promotes fibrogenesis in the BDL model.

� 2008 Elsevier Inc. All rights reserved.

Chronic cholestatic liver disorders are a serious clinical prob-
lem and often require liver transplantation due to cirrhosis [1].
The most common cholestatic liver diseases are primary biliary
cirrhosis (PBC) and primary sclearosing cholangitis (PSC) [2].
Other conditions resulting in hepatic fibrosis and cirrhosis are
alcohol consumption, viral infections, autoimmune and meta-
bolic disorders, all leading to accumulation of extracellular ma-
trix proteins, mainly collagen type I [3]. The hepatic stellate
cell (HSC) is the main cell-type responsible for this hepatic col-
lagen production [4].

Tumor necrosis factor a (TNFa), a cytokine with diverse bio-
logical functions like cytotoxicity, inflammation, growth stimu-
lation and immune modulation is elevated in most liver
diseases [5]. For example, increased TNFa levels are found in
patients with PBC [6], chronic viral hepatitis [7], fulminant he-
patic failure [8], and negatively correlate with survival in pa-
tients with alcoholic liver disease [9]. In addition, TNFa levels
are elevated in the serum of patients with alcoholic liver cirrho-
sis [10] and polymorphisms in the TNFa gene are associated

with advanced fibrosis in alcoholic steatohepatitis [11]. Further,
TNFa aggravates liver fibrosis induced by schistosomiasis in hu-
mans [12].

TNFa mediates liver injury in several animal models such as
alcohol- or dimethylnitrosamine-induced liver injury [13,14] and
plays an important role in perpetuation of HSC activation in vitro
[15]. Further, TNFa induces liver failure or exacerbates liver injury
following exposure to hepatotoxins such as carbon tetrachloride or
amanitin [16,17]. On the other hand TNFa is required for liver
regeneration after partial hepatectomy [18].

In experimental cholestasis induced by bile duct ligation (BDL)
TNFa and IL-6 are elevated [19]. Further, hepatic macrophages
from cholestatic livers exhibit high TNFa levels [20]. In a model
of pulmonary fibrosis, TNFa receptor knockout mice were pro-
tected from the development of fibroproliferative lesions [21].
Also, hepatic injury following administration of the hepatotoxin
carbon tetrachloride was inhibited in TNFa knockout mice [22].
This study was designed to investigate if hepatic injury and fibrosis
due to BDL would be altered in TNFa�/� mice. Experimental cho-
lestasis significantly decreased animal survival in wild-type mice
compared to TNFa�/� mice. In addition, BDL caused liver injury
and fibrosis in TNFa+/+ mice, whereas pathology was largely pre-
vented in TNFa�/� mice, indicating that TNFa plays an important
pathophysiological role in the development of cholestasis-induced
liver fibrosis.
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Materials and methods

Animals. A breeding colony of TNFa�/� mice, a kind gift of
breeding pairs from Michael W. Marino Sloan-Kettering, New York
[23] and TNFa+/+ mice (C57Bl/6) was established at the University
of North Carolina at Chapel Hill. All animals were housed in a facil-
ity approved by the American Association for Accreditation of Lab-
oratory Animal Care and received humane care in compliance with
institutional guidelines. Animals were maintained under standard
conditions.

Operative procedure and experimental protocol. TNFa�/� and
TNFa+/+ mice were allocated randomly to four experimental
groups and either bile duct ligation (BDL) or sham operations were
performed as described previously [24]. On the day of sacrifice,
mice were anesthetized, livers were harvested and blood samples
were collected.

Clinical chemistry. Serum was stored at�20 �C until alanine ami-
notransferase (ALT) was analyzed by a standard quantitative color-
imetric assay, according to the manufacturers’ protocol (Sigma, St.
Louis, MO, USA).

Liver histology and histochemical detection of collagen. Liver sec-
tions were fixed in 10% formalin and embedded in paraffin;
10 lm sections were mounted on glass slides. Sections were depa-
raffinized and the slides were incubated for 30 min in a solution of
saturated picric acid containing 0.1% Sirius red and 0.1% fast green
[24]. Image analysis was performed to quantify sirius red positive
areas, as described [25].

Immunohistochemical staining for a-smooth muscle actin. Ten mi-
cron sections were deparaffinized, rehydrated and placed in phos-
phate buffered saline with 1% Tween 20. Immunohistochemistry
was performed with a monoclonal primary mouse anti-a-smooth
muscle actin antibody (Dako, Carpinteria, CA) and the EnVision
kit (Dako, Carpinteria, CA). The primary antibody was diluted
1:200 with 1% bovine albumin (Sigma, St. Louis, MO) in PBS. The
procedure followed the instructions outlined by the manufacturer.
a-Smooth muscle actin positive cells were counted in 10 non-over-
lapping high power fields (hpf; magnification 400�).

RNase protection assay. Total RNA was isolated from liver tissue
using RNA STAT 60 (Tel-Test Inc., Friendswood, TX). RNase protec-
tion assays were performed using the RiboQuant multiprobe assay
system (BD Biosciences, San Jose, CA) as described previously [25].

Western blot. Protein extraction and Western blotting were per-
formed as described [26]. After electrophoresis the proteins were
transferred onto nitrocellulose membranes and stained with 0.5%
Ponceau S to assess equal protein loading and transfer. Membranes
wereincubatedwithanti-collagentypeIantibody(1:1000,Rockland,
PA, USA) or anti-a-tubulin (1:1000, Santa Cruz, CA, USA), followed by
incubation with the corresponding secondary antibodies. Immuno-
detected proteins were visualized using the enhanced chemilumi-
nescentECLassaykit(AmershamPharmaciaBiotech,Piscataway,NJ).

Gelatin zymography. Twenty micrograms of whole liver cell ex-
tract were subjected to SDS–PAGE using a 0.1% gelatin containing
polyacrylamide gel (Invitrogen, Carlsbad, CA). After electrophoresis
the gel was exposed to renaturing buffer (2,5% Triton X-100) for
1 h, followed by developing buffer (50 mM Tris–HCl, pH 7.5 con-
taining 0.15 M NaCl, 10 mM CaCl2, 0.02% NaN3) for 24 h. Gels were
stained with 0.1% Coomassie brilliant blue and destained with a
solution of 10% methanol and 10% acetic acid. MMP activity was
determined by densitometric scanning of the 62 and 68 kD prote-
olytic bands, corresponding to MMP activity.

Statistical analysis. Analysis of variance (ANOVA) or Tukey’s
post-hoc tests were used for the determination of statistical signif-
icance, if appropriate. The Mann–Whitney rank sum test was used
for statistical analysis of survival. P < 0.05 was selected as the level
of significance. Data are expressed as means ± SEM.

Results

Body weight, liver to body weight ratios, survival and serum chemistry

Sham operation resulted in a body weight loss of about 10% in
mice of both groups (Fig. 1A). BDL caused a decrease in body weight
in wild-type mice by about 20% in week one and 30% in week three.
In contrast, body weight loss was blunted in TNFa�/� mice.
However, there was only a statistical trend which did not reach
the level of significance.

Liver to body weight ratios were 3.9% and 4.0% in control mice
(Fig. 1B). BDL caused a liver enlargement to 6.9% in TNFa+/+ mice
and 6.0% in TNFa�/� mice (P = 0.017).

Survival was 100% in both groups of sham-operated mice
whereas only 60% of wild-type mice survived the experimental
period of 3 weeks. In contrast, 90% of TNFa�/� mice survived
the experimental period (Fig. 1C).

The average ALT levels of wild-type and TNFa�/� mice were
54.9 ± 26.1 U/L and 70.1 ± 30.8 U/L after sham operation (Fig. 1D).
BDL significantly increased serum ALT levels to 268.6 ± 28.2 U/L
in TNFa+/+ mice but only 105.9 ± 24.4 U/L in TNFa�/� mice
(P < 0.004).

Histological and immunohistochemical evaluation of fibrosis

Sirius red fast green staining and image analysis were per-
formed to detect extracellular matrix proteins (ECM). No staining
was observed in livers of sham-operated mice (Fig. 2A, panel I:
0.8 ± 0.3% sirius red positive area; panel III: 1.0 ± 0.2% sirius red po-
sitive area). In contrast, strong staining was found in bile duct li-
gated wild-type mice compared to control mice (Fig. 2A, panel II:
4.1 ± 0.5% sirius red positive area; P < 0.001). Fibrosis with bridging
was predominantly present in periportal areas. In addition, necro-
tic foci were detected in bile duct ligated wild-type mice (data not
shown). However, BDL did not cause significant fibrotic or necrotic
changes in the livers of TNFa�/�mice (Fig. 2A, panel IV: 1.5 ± 0.3%
sirius red positive area; P < 0.001).

a-Smooth muscle actin (a-SMA) is marker for activated HSC. a-
SMA positive cells could not be detected in livers of sham operated
mice (Fig. 2B, panel I; III), while a-SMA positive cells were identi-
fied in wild-type mice after BDL, mainly in necrotic foci and around
portal areas (Fig. 2B, panel II: 47.7 ± 16.9 cells/hpf; P < 0.001). In
contrast, positive staining was decreased in TNFa�/� mice after
BDL (Fig. 2B, panel IV: 11.5 ± 6.2 cells/hpf; P < 0.001).

Evaluation of collagen expression

Collagen I protein expression was evaluated by Western blot-
ting (Fig. 2C). In sham operated animals collagen I was not detect-
able. BDL resulted in a strong increase in the expression of collagen
I in TNFa+/+ mice, while collagen I protein was not detectable in
TNFa�/�mice. a-Tubulin served as a control to ensure equal load-
ing (Fig. 2C, lower panel).

TGF-b mRNA expression and MMP activity

TGF-b mRNA levels were analyzed by RNase protection assay.
TGF-b mRNA was undetectable in livers of sham operated mice.
BDL significantly increased TGF-b mRNA levels in both wild-type
and TNFa�/� mice but the increase was less in TNFa�/� mice,
indicating a decrease in the profibrogenic response in TNFa�/�
mice after BDL (Fig. 2D).

To determine the activity of matrix metalloproteinase 2 and 9
(MMP-2, �9), gelatin zymography was performed (Fig. 2E). MMP
activity was absent in mice after sham operation. MMP activity
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