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Abstract

In nonalcoholic fatty liver disease, oxidative stress is believed to play a crucial role as a second-hit for the
progression of simple steatosis to steatohepatitis. Thioredoxin (TRX) is a potent antioxidant molecule that exerts
anti-apoptotic and anti-inflammatory functions. TRX-binding protein-2 (TBP-2) is an endogenous negative reg-
ulator of TRX. Deficiency of TBP-2 in mice causes hyperlipidemia, hepatic steatosis, hypoglycemia, and bleeding
tendency, resembling Reye syndrome in a fasting=glucose-deficient state. The aim of this study was to inves-
tigate the role of TBP-2 in the development of nonalcoholic steatohepatitis (NASH). TBP-2-deficient (TBP-2�=�)
and wild-type (WT) mice were fed either a normal or methionine-choline-deficient (MCD) diet for up to 10
weeks. Compared with WT mice, TBP-2�=� mice showed severe simple steatosis rather than steatohepatitis.
However, oxidative stress determined by lipid peroxidation and DNA damage, neutrophil infiltration, and
hepatic fibrosis were attenuated in TBP-2�=� mice. PCR analysis showed the expressions of fibrosis-inducing
and inflammatory cytokine-related genes were less in TBP-2�=� mice. Moreover, leptin, SREBP1c, PPARg, and
adipogenesis–lipogenesis-related genes were upregulated in TBP-2�=� mice. These results strongly suggested
that TBP-2 might be involved in pathogenesis of NASH in WT mice, and inhibitors of TBP-2 could be useful in
the prevention or treatment of NASH. Antioxid. Redox Signal. 11, 2573–2584.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a
chronic and progressive liver disease that causes a wide

range of liver damage, from simple steatosis to steatohepatitis
(30). Nonalcoholic steatohepatitis (NASH), which has a his-
topathology similar to that of alcoholic steatohepatitis, ap-
pears in individuals who do not have an alcoholic history and
is associated with underlying conditions such as obesity, hy-
perlipidemia, hypercholesterolemia, diabetes, insulin resis-
tance, and the metabolic syndrome (4, 13, 31, 32). A two-hit
hypothesis has been advocated in the pathogenesis of NASH
(2, 10). In the initial hit, hepatic steatosis is established by the
intake of a lipid- or glucose-rich diet, or the presence of one of
the above conditions, leading to an increased metabolic rate,
peripheral insulin resistance, and accumulation of hepatic
triglycerides (TG) (44). The secondary hit includes steatosis-
mediated oxidative stress, mitochondrial dysfunction, and
increased production of reactive oxygen species (ROS) and

pro-inflammatory cytokines, which leads to hepatocellular
damage, cellular inflammation, and fibrosis, ultimately de-
velopment of NASH (9, 16, 17). NASH can progress to liver
cirrhosis and finally to end-stage liver disease or hepatocel-
lular carcinoma (21, 33). Therefore, oxidative stress and
peroxidative liver damage appear to play a major role in the
development of NASH from simple steatosis.

In mammals, two major in vivo antioxidant systems are
glutathione (GSH)-dependent glutathione peroxidase, and
thioredoxin (TRX)-dependent peroxidase peroxiredoxin (Prx)
scavenges hydrogen peroxide (H2O2). TRX not only acts as
an antioxidant through Prx but as an anti-apoptotic, anti-
inflammatory, and redox regulatory molecule by its redox-
active two-cysteine residues in the active site sequence (23,
36). By use of a two-hybrid screening system, we identified
thioredoxin-binding protein-2 (TBP-2) as a negative regulator
of TRX (39). TBP-2 is identical to vitamin-D3-upregulated
protein 1 (VDUP1) (7), which is also called thioredoxin-
interacting protein (TXNIP) (3). TBP-2 plays an important
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role in suppression of cellular growth (1, 6, 18, 38), promotion of
cellular differentiation (6), induction of apoptosis (6, 24, 28),
development of natural-killer (NK) cells (27), and lipid metab-
olism (3, 40). Overexpression of TBP-2 also involved in an in-
duction of reactive oxygen species (ROS) (45). TBP-2-deficient
(TBP-2�=�) mice develop hematuria, melena, hypoglycemiam
and hypertriglyceridemia in the fasting condition, leading to
death due to liver and renal failure, a state resembling Reye
syndrome (40). A methionine and choline-deficient (MCD) diet
has been widely used to produce an animal model of NASH
(20, 34, 48, 49). In this study, we used this dietary model in
TBP-2�=� and wild-type (WT) mice in order to elucidate the
possible role of TBP-2 in the development of NASH. The results
suggest that deficiency of TBP-2 enhances the development
of simple hepatic steatosis but inhibits the development of
steatohepatitis.

Materials and Methods

Animals and treatments

C57BL=6-strained TBP-2-deficient (TBP-2�=�) mice were
generated as previously described (40). Six-week-old, wild-
type C57BL=6 (WT) mice were purchased from CLEA (Tokyo,
Japan) followed by a 2-week acclimatization before beginning
the experiments. Eight-week-old TBP-2�=� (n¼ 10) and WT
(n¼ 10) mice were divided into four groups (5 mice per group;
3 males and 2 females), housed with 12-h light-dark cycle and
fed either a normal diet (Oriental Yeast, Tokyo, Japan) or a
MCD diet (Cat no. 960439; ICN, Aurora, OH) for 2–10 weeks.
Similar experiments were done twice. Therefore, the total
number of animals became 10 in each group (n¼ 10; 6 males
and 4 females). The development and progression of liver
disease was assessed by means of biochemical, histological,
and oxidative-stress tests. All experimental procedures were
performed at least three times according to animal guidelines,
as permitted by the animal experimentation committee of the
Graduate School of Medicine, Kyoto University, Japan.

Serum collection and analysis
of biochemical parameters

All groups of mice were anesthetized with intraperitoneal
injection of pentobarbital before sampling. Total blood was
collected directly from the right ventricle after opening the
chest. Serum was separated from total blood by centrifugation
in a serum separator tube (Cherry-red capped, Terumo
Medical Corp., Somerset, NJ). Serum aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
total bilirubin (T-bilirubin), total cholesterol (T-CH), triglyc-
erides (TG), and glucose were measured by the Blood Re-
search Laboratories (Kyoto, Japan).

Histopathological and immunohistochemical analysis

After the animals were sacrificed, their livers were imme-
diately removed. Each liver was divided into three parts: one
for RNA extraction, one for protein preparation, and the other
for histological analysis. In all experimental groups, 4*8mm
thick sections of 10% formalin-fixed and paraffin-embedded
liver tissues were stained with hematoxylin and eosin, and
examined microscopically. Also, Azan-stained sections and
fresh tissue-tech frozen liver tissue sections, stained with
Oil-Red-O (Nacalai, Kyoto, Japan), were examined for the

degree of hepatic structural change, steatosis, and fibrosis.
For immunohistochemical analysis, tissues were first reacted
with mouse monoclonal anti-8-hydroxy-20-deoxyguanosine
(8-OHdG; Nikken SEIL Co., Fukuroi, Japan) antibody (1–
10 mg=ml in dilution), anti-4-hydroxy-2-nonenal (4-HNE;
Nikken SEIL Co.) antibody (10–20mg=ml in dilution), anti-
hexanoyl-lysine adduct (HEL; Nikken SEIL Co.) antibody
(2 mg=ml in dilution), or rabbit polyclonal anti-myeloperox-
idase (MPO; Neomarkers, Fremont, CA) antibody (1:50 in
dilution). Normal rabbit serum (DAKO Corporation, Kyoto,
Japan) (1:75 dilution) was used to inhibit nonspecific binding
of antibodies. A secondary anti-mouse=rabbit biotinylated
antibody (DAKO Corporation) (1:300 dilution) then was ap-
plied. Finally, antibody binding was visualized by the use of
the avidin-biotin-immuno peroxidase complex method,
with the vectastain ABC-AP kit (Vector Laboratories, Burlin-
game, CA), according to the manufacturer’s instructions.
Counterstaining was performed with Gill’s hematoxylin
(Vector Laboratories). Steatosis, lipid peroxidation, DNA
damage, neutrophil infiltration, and fibrosis were quantitated
in five randomly selected snaps (200 X magnification) derived
from at least five individual liver tissues, using Image J soft-
ware analysis (http:==rsb.info.nih.gov=ij=), as previously de-
scribed (11).

Semiquantitative RT-PCR

Total RNA was extracted from liver tissue, using Trizol
reagent (Invitrogen, Carlsbad, CA). Three micrograms of to-
tal RNA was reverse-transcribed, using a SuperScript First-
Strand Synthesis System (Invitrogen) with oligo dT12–18,

according to the manufacturer’s protocol. The cDNA was
amplified by PCR, using Ex-Taq DNA-polymerase (TaKaRa
Bio Inc., Otsu, Japan) following a standard semiquantitative
RT-PCR technique in which the amplified products were not
saturated at the number of cycles performed. The primers
used for the amplification were enlisted in Table 1. The PCR
products were visualized by electrophoresis in 2% agarose gel
(Nacalai, Kyoto, Japan) with ethidium bromide (0.5 mg=ml;
Nacalai).

Statistical analysis

All data are shown as means� SDs. Statistical significance
were analyzed with 2-way ANOVA followed by Bonferroni
post hoc test using GraphPad Prism software (Version 5.0)
and considered significant when the p value is <0.05.

Results

MCD diet causes more rapid development and more
severe steatosis in TBP-2�=� mice than in WT mice

Our previous study showed that deficiency of TBP-2 in
fasted mice causes impaired fatty acid utilization due to
dysregulation of acetyl-CoA and hyperinsulinemia, leading
to dyslipidemia, with significantly higher serum triglycerides
(TG) levels (40); in normally fed animals, increased tri-
acylglycerol stores in the liver tissue also were present (12).
In that work and in the present study, TBP-2�=� mice gained
more weight than did WT mice (Fig. 1A) and liver–body
weight ratios were also higher in TBP-2�=� mice than ob-
tained in WT mice (Fig. 1B). These results suggest that TBP-2 is
involved in fat metabolism and its deficiency might be related
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to the development of metabolic diseases. Here we investi-
gated the generation of NAFLD induced by MCD diet feeding
for 2–10 weeks in TBP-2�=� and WT mice. Liver tissue from
TBP-2�=� mice fed a MCD diet for 1 week began to contain
lipid vesicles; however the corresponding tissue from WT
mice did not (data not shown). As shown by H&E staining of
liver tissues, 2 weeks of MCD-diet feeding resulted in the
presence of lipid vesicles that were larger in the TBP-2�=�

mice than in WT mice. After 10 weeks of MCD-diet feeding,
inflammatory cell infiltration was higher in WT mice than in
TBP-2�=�mice (Fig. 1C). Oil-Red-O staining revealed massive
steatosis in TBP-2�=�mice but much less in WT mice (Fig. 1D
and E). RT-PCR showed that TBP-2 expression was mildly
upregulated in MCD-diet fed WT mice (Fig. 1F). No sig-
nificant difference was observed in TRX expression in
MCD diet-fed TBP-2�=� and WT mice, although TRX ex-
pression was upregulated in normal diet-fed TBP-2�=� mice
compared to that in WT mice. Upregulation of leptin and
downregulation of resistin and adiponectin were observed
in TBP-2�=� mice compared to WT mice (Fig. 1F). Genes re-
lated to adipogenesis and lipogenesis, specifically SREBP1c
and PPAR-g, were upregulated in TBP-2�=�mice compared to
WT mice (Fig. 1G).

Serum biochemical analysis revealed
significantly more liver injury and lower triglyceride
levels in WT mice than in TBP-2�=� mice induced
by MCD diet

We next compared serum biochemical markers of hepatic
injury induced by MCD diet in the WT and TBP-2�=� mice.
Our preliminary data showed that there was no significant
difference in the biochemical markers in MCD-fed male and
female mice. We also did not find any significant differences in
2 weeks MCD-diet fed WT and TBP-2�=� mice (data not
shown). At 10 weeks, AST, ALT, ALP, and total bilirubin val-
ues were significantly higher, and T-CH and TG values signif-
icantly lower, in WT mice than in TBP-2�=� mice (Table 2).
Also, the serum glucose levels were significantly lower in both
ND and MCD diet fed TBP-2�=� mice than WT mice. These

results are consistent with our previous report (40) that fatty
acid utilization in TBP-2�=� mice is impaired and energy is
derived only from glucose, leading to hypoglycemia.

MCD diet-induced oxidative stress causes higher
lipid peroxidation in liver tissue of WT mice
than of TBP-2�=� mice

MCD-diet feeding causes oxidative stress by depletion of
GSH and increased generation of H2O2 in liver mitochondria
(19, 43). Steatosis resulting from oxidative stress seems to be
critical for the generation of NASH. Lipid peroxidation, as
measured by anti-4-HNE (Fig. 2A) and anti-HEL (Fig. 2B)
staining, was enhanced in WT mice compared with TBP-2�=�

mice (Fig. 2C). Thus, MCD diet-induced oxidative stress was
attenuated by deficiency of TBP-2.

MCD diet-induced oxidative stress causes
more DNA damage in liver tissue of WT mice
than of TBP-2�=� mice

Oxidative DNA damage, as measured by anti-8-OHdG
staining, was significantly higher in WT mice than in
TBP-2�=� mice (Fig. 3A). Image J cell counting showed that
DNA-damaged cells were 10 times more numerous in WT
mice than in TBP-2�=� mice (Fig. 3B).

Neutrophil infiltration is greater in the liver tissue
of WT mice than in TBP-2�=� mice induced
by MCD diet

Steatosis and oxidative stress-mediated inflammation is
thought to be a prerequisite for the development of liver fi-
brosis in NASH. To address this possibility, we compared
hepatic inflammation in 10-week MCD diet-fed WT mice to
that in TBP-2�=� mice. Neutrophil infiltration, identified im-
munohistochemically with anti-MPO staining, was massive
in WT mice but minimal in TBP-2�=� mice (Fig. 4A). This
observation was confirmed by enumeration of neutrophils
through the use of Image J software (http:==rsb.info.nih.gov=
ij=) (Fig. 4B).

Table 1. Sequences of Primer Used in this Study

Name of genes Forward primer (50- 30) Reverse primer (50- 30)

TBP-2 ATGGTGATGTTCAAGAAGATCA TCACTGCACGTTGTTGTTGTTG
TRX ATGGTGAAGCTGATCGAGA CAGTAATAGAGGCTTCAAGC
Leptin AGTGGGAATGAGAAATCACTTAGC GTGTATTGCTTTCCATCAAGTGTC
Resistin CTGATGTCGGGGAAGTGAGC GTGCAGGTGCCTGTAGAGAC
Adiponectin CGCTTATGTGTATCGCTCAGG TAGAGTCCATTGTGGTCCCCA
SREBP1c ATCGGCGCGGAAGCTGTC CGTTCAAAACCGCTGTGTGTCC
PPAR-g ACCCAATGGTTGCTGATTAC CGGGAAGGACTTTATGTATGAG
aP2 TCCTGTGCTGCAGCCTTTCTCA CCAGGTTCCCACAAAGGCATCA
Adepsin TGAACCCTACAAGCGATGGTATG CCGGTTCATGATTGACACTCTGA
Fas GTCTGACACTGGCAATCTG GGTCACACGGGTAGGTAG
Collagen-I ATGTTCAGCTTTGTGGACCTC TCCCTCGACTCCTACATCTTC
TGF-b1 TACTGCCGCTTCTGCTCCCACT TCAGCTGCACTTGCAGGAGCG
NF-kB ATGGCAGACGATGATCCCTA CAAGGTCAGAATGCACCAGA
TNF-a ATGAGCACAGAAAGCATGATCC TCACAGAGCAATGACTCCAAAG
IL-1b ATGGCAACTGTTCCTGAACTCA GGAAGACACAGATTCCATGGTG
INF-g ATGAACGCTACACACTGCATC TCAGCAGCGACTCCTTTTCC
b-Actin ATGGATGACGATATCGCTGCGCT TAGAAGCACTTGCGGTGCACGAT
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MCD diet-mediated fibrosis and fibrosis-inducing
genes are upregulated in WT mice compared
to TBP-2�=� mice

Steatosis, oxidative stress, inflammation, and, finally, fi-
brosis are considered sequential steps in the development of
NASH. Therefore, we analyzed hepatic fibrosis in Azan-
stained sections from 10-week MCD diet-fed WT and
TBP-2�=� mice. Livers of the WT mice had severe fibrosis in
perivenular, periportal, and portocentral spaces, whereas the
livers of the TBP-2�=� mice had little fibrosis (Fig. 5A). This
observation was confirmed by the use of Image J software
analysis (Fig. 5B). Since collagen-I and transforming growth
factor beta-1 (TGF-b1) are considered fibrosis-inducing genes
(5, 8, 25, 54), we analyzed the expression level of the
genes by semiquantitative RT-PCR. As seen in Fig. 5C, the
genes were highly expressed in liver tissues of MCD diet-fed
WT mice but less expressed in MCD diet-fed TBP-2�=� mice.
In the normal diet-fed mice, the expression level of collagen-I
was substantially decreased and the level of TGF-b1 moder-
ately decreased in TBP-2�=� mice, compared to correspond-
ing values in WT mice. These results indicate that MCD diet-
induced lipid peroxidation (Fig. 2), and DNA damage (Fig. 3)
directly stimulates pro-fibrogenic cells to increase synthesis of
collagen-I as well as stimulates monocyte or macrophage to
upregulate TGF-b1 expression in WT mice. Also, the TBP-2
regulates the expression of collagen-I and TGF-b1. Thus, de-
ficiency of TBP-2 inhibits fibrosis formation by decreasing
TBP-2-mediated activation of collagen-I and TGF-b1.

Inflammatory cytokine-related genes, NF-kB, TNF-a,
IL-1b, and INF-g, are also upregulated in WT mice
compared to TBP-2�=� mice mediated by MCD diet

We further analyzed the mRNA expression level of cyto-
kines involved in the regulation of inflammation and fibro-
sis (NF-kB, TNF-a, IL-1b, and INF-g). In MCD diet-fed WT
mice, these genes were highly upregulated, and expression
was diminished in TBP-2�=� mice; in animals fed a normal
diet, there was less difference in levels of gene expression
between TBP-2�=� and WT mice (Fig. 6).These results indi-
cate that deficiency of TBP-2 can reduce the sources of pro-
inflammatory cytokines in MCD diet-fed mice, resulting in
less hepatic inflammation and fibrosis, the characteristic fea-
tures of NASH.

Discussion

Nonalcoholic steatohepatitis (NASH) is an advanced and
progressive chronic liver disease. In this study, we inves-
tigated the pathogenesis of NASH in our TBP-2�=� mice
model with MCD diet feeding. The MCD diet is widely
used to produce an animal model of NASH (34, 53). We
found that 10 weeks of MCD-diet feeding promoted the
development of NASH-like pathology, including a high
grade of oxidative stress, neutrophil infiltration, and fi-
brosis in the liver tissue of WT mice (Figs. 2–5). The
mechanism of MCD diet-mediated generation of NASH is
known to include the development of steatosis through the

FIG. 1. Deficiency of TBP-2 in mice enhanced MCD diet-induced hepatic simple steatosis. (A) Body weights and (B)
liver–body weight ratios of wild-type (n¼ 10) and TBP-2�=� (n¼ 10) mice fed a normal diet. Values are in gram (g)=mice,
means� SDs (*p� 0.05). (C) Hematoxylin and eosin (H&E) staining, and (D) Oil-Red-O staining of representative liver tissue
sections from WT mice (upper rows) or TBP-2�=�mice (lower rows) fed a normal diet (ND) or methionine- and choline-deficient
(MCD) diet for 2 weeks (2W) to 10 weeks (10W). The original magnification was 200� and arrows mark indicating cellular
infiltrations. (E) The degree of simple steatosis was measured on the basis of percentage of fatty droplets in area analysis by
Image-J software in Oil-Red-O-stained liver tissue sections from WT (white bars, n¼ 10) or TBP-2�=� (black bars, n¼ 10) mice
fed a MCD diet or normal diet for 10 weeks. Data are shown as means� SDs (*p� 0.05 and ns, indicating no significance). (F)
Semiquantitative RT-PCR analysis of mRNA expression of TBP-2, TRX, leptin, resistin, and adiponectin (with b-actin as a
housekeeping gene) in the liver tissues of 10-week ND or MCD diet-fed WT or TBP-2�=� mice. Experiments were performed
in triplicate. Similar results were obtained from three separate experiments. (G) Semiquantitative RT-PCR analysis of mRNA
expression of the adipogenic and lipogenic specific genes SREBP1c, PPAR-g, aP2, adepsin, and Fas (with b-actin as a
housekeeping gene) in the liver tissues of 10-week ND- or MCD diet-fed WT or TBP-2�=� mice. Experiments were performed
in triplicate. Similar results were obtained from three separate experiments. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).

‰

Table 2. Serum Biochemical Analysis of Hepatic Injury Induced by MCD Diet Shown in WT and TBP-2�=� Mice

Normal diet MCD diet

WT TBP-2�=� WT TBP-2�=�

(n¼ 10) (n¼ 10) (n¼ 10) (n¼ 10)

AST (IU=L) 55.40� 6.07 53.00� 8.15 558.20� 131.12{,§ 287.60� 41.29
ALT (IU=L) 27.00� 1.87 20.40� 1.34 623.40� 177.31{,§ 288.00� 56.30
ALP (IU=L) 234.60� 40.95 194.20� 27.50 593.00� 81.01{,§ 268.80� 31.07
Total bilirubin (mg=dL) 0.12� 0.04 0.10� 0.00 1.14� 0.21{,§ 0.32� 0.13
Total cholesterol (mg=dL) 72.40� 12.78 105.80� 13.14* 16.00� 4.74{,§ 59.80� 7.40
Triglycerides (mg=dL) 46.20� 16.81 63.00� 20.26 10.40� 2.41{,§ 31.40� 4.93
Glucose (mg=dL) 258.40� 29.94 215.20� 17.48* 78.20� 16.04{ 53.40� 8.35§

*, {, and § respectively indicating p value� 0.05, in ND (normal diet) fed WT (C57BL=6) vs. TBP-2�=�mice, WT mice ND vs. MCD diet, and
MCD diet fed WT vs. TBP-2�=� mice. Biochemical maker of hepatic injury is significantly higher in WT mice with significantly lower fat
parameters. MCD diet fed TBP-2�=� mice are showing hypoglycemia ( p� 0.05).
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inhibition of phosphatidylcholine synthesis, leading to de-
creased hepatic export of VLDL and increased TG accu-
mulation in liver (52, 55, 56). In addition, MCD-diet feeding
causes mitochondrial dysfunction, decreases ATP synthesis
in the liver cells, and increases mitochondrial production of
H2O2 and ROS, with, ultimately, increased oxidative stress
(19, 47). Furthermore, methionine is an essential component
for biosynthesis of the endogenous antioxidant molecule

GSH (42, 43). MCD feeding decreases the synthesis of GSH,
thus enhancing oxidative stress. Oxidative stress can result in
increased lipid peroxidation, stellate cell activation, increased
release of pro-inflammatory cytokines and inflammatory cell
infiltration (14). NASH and hepatic fibrosis then develop.

In the current study, MCD diet increased leptin and de-
creased resistin and adiponectin in liver tissue. Development
of severe steatosis with upregulation of adipogenic and lipo-

FIG. 2. Deficiency of TBP-2 in mice inhibited
MCD diet-induced lipid peroxidation. (A) 4-HNE
staining and (B) HEL staining of representative
liver tissue sections from 10-week normal diet (ND)
or methionine- and choline-deficient (MCD) diet-
fed WT mice (upper rows) or TBP-2�=� mice (lower
rows). The original magnification was 200�. (C) The
degree of lipid peroxidation was measured on the
basis of HEL-stained intensity recorded by Image-J
software in 10-week ND- or MCD diet-fed WT
(white bars, n¼ 10) or TBP-2�=� (black bars, n¼ 10)
mice. Data are shown as means� SDs (*p� 0.05 and
ns, indicating no significance). (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article at
www.liebertonline.com=ars).
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genic genes in TBP-2�=� mice was also observed (Fig. 1F and
G). The higher expression of PPARg associated with higher
expression levels of adipogenic–lipogenic genes aP2 and Fas
in MCD diet fed liver tissue, indicating adipogenic–lipogenic
transformation of hepatocytes (26, 46). Decreased adiponectin
expression may enhance triglyceride deposition in the liver
tissue to produce simple severe steatosis (51). The deficiency
of TBP-2 seemed to lead to loss of control of activation of
PPAR-g and SREBP-1c, including activation of other adipo-
genic and lipogenic genes, such as aP2 and adepsin, as well as
Fas. Moreover, impaired acetyl-CoA utilization (40) might
help to induce the steatosis in TBP-2�=� mice. Despite less

severe steatosis, the cellular infiltration (Fig. 1C) and liver
injury were greater in WT mice than in TBP-2�=� mice
(Table 2). The serum TG and total cholesterol levels were also
increased in TBP-2�=� mice. It was previously reported that
the TGs might help in protection against the MCD diet-
induced liver damage in TBP-2�=� mice (50). Also another
possibility is that the increased levels of serum TG and total
cholesterol in TBP-2�=�mice might be simply the hallmark of
a more deranged and pro-lipogenic metabolic state rather
than a protective scenario.

Since TBP-2 is a negative regulator of TRX (39) and over-
expression of TBP-2 mediates oxidative stress via suppressing

FIG. 3. Deficiency of TBP-2
in mice inhibited MCD diet-
induced DNA damage. (A)
8-OHdG staining of represen-
tative liver tissue sections from
10-week normal diet (ND)-fed
or methionine- and choline-
deficient (MCD) diet-fed WT
mice (upper row) or TBP-2�=�

mice (lower row). The original
magnification was 200�. (B)
DNA damage was quantified
by DNA-damaged cell counting
with Image-J software, using
8-OHdG-stained liver tissue
sections from 10-week ND- or
MCD diet-fed WT (white bars,
n¼ 10) or TBP-2�=� (black bars,
n¼ 10) mice. Data are shown as
means� SDs (*p� 0.05 and ns,
indicating no significance). (For
interpretation of the references
to color in this figure legend,
the reader is referred to the
web version of this article at
www.liebertonline.com=ars).

FIG. 4. Deficiency of TBP-2
in mice inhibited MCD
diet-induced neutrophil infil-
tration. (A) MPO staining of
representative liver tissue sec-
tions from 10-week normal
diet (ND)- or methionine- and
choline-deficient (MCD) diet-
fed WT mice (upper row) or
TBP-2�=� mice (lower row). The
original magnification was
200�. (B) Neutrophil infiltration
was quantified by a cell count-
ing with Image-J software in
MPO-stained liver tissue sec-
tions from 10-week ND- or
MCD diet-fed WT (white bars,
n¼ 10) or TBP-2�=� (black bars,
n¼ 10) mice. Data are shown as
means� SDs (*p� 0.05 and ns,
indicating no significance). (For
interpretation of the references
to color in this figure legend,
the reader is referred to the
web version of this article at
www.liebertonline.com=ars).
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the TRX function (22), deficiency of TBP-2 in mice may en-
hance the antioxidant and anti-inflammatory functions of
TRX (23, 35). In support of this evidence, we observed the
higher TRX expression in ND-fed TBP-2�=�mice (Fig. 1F). The
enhanced activities of TRX might account for the decreased
development of steatohepatitis in the TBP-2�=� mice. TBP-2
also has unique functions independent to TRX, such as
extensive involvement in fat metabolism, cell-growth sup-
pression, induction of apoptosis, and NK-cell development (1,
6, 18, 24, 27). Therefore, deficiency of TBP-2 also might ac-
count for the attenuation of MCD diet-induced apoptosis
in liver parenchyma cells and ultimately decreased develop-
ment of steatohepatitis in the TBP-2�=� mice. Although we
have no data in the present study, further studies will show
the direct evidence that TBP-2 deficiency may inhibit the pro-
apoptotic effect of TBP-2. Deficiency of TBP-2 in TBP-2�=�

mice results in impaired acetyl-CoA utilization and increased
triacylglycerol stores in liver by enhancing lipogenesis and

fatty acid esterification (12). A Reye-like syndrome has been
reported in fasted TBP-2�=� mice, characterized by hyper-
triglyceridemia, hepatic steatosis, renal failure, severe coa-
gulopathy, and hypoglycemia (40). Enforced expression of
TBP-2 increased ROS production in endothelial cells (45). In
contrast, TBP-2 transgenic mice had higher ROS production
(41). Therefore, deficiency of TBP-2 in TBP-2�=� mice may
interfere with the production of ROS in MCD diet-fed ani-
mals, resulting in less production of pro-inflammatory cyto-
kines and less inflammation. Indeed, here we showed that
MCD diet-mediated oxidative stress-induced lipid peroxida-
tion and DNA damage were less in TBP-2�=�mice than in WT
mice (Figs. 2 and 3). The increased lipid peroxidation and
DNA damage in WT mice fed a MCD diet likely induces a
high level of oxidative stress, which induces the production of
fibrosis by increasing the synthesis of collagen and TGF-b (14,
17, 25, 33, 37). In support of this possibility, it was our finding
that MCD diet-induced induction of collagen-I and TGF-b1

FIG. 5. Deficiency of TBP-2 in mice inhibited
MCD diet-induced induction of fibrosis and fibrosis-
inducing genes. (A) Azan staining of representative
liver tissue sections from 10-week normal diet (ND)-
or methionine- and choline-deficient (MCD) diet-fed
WT mice (upper row) or TBP-2�=�mice (lower row). The
original magnification was 200�. (B) The degree of fi-
brosis was quantified from HEL-stained intensity by
Image-J software in the 10-week ND- or MCD diet-fed
WT (white bars, n¼ 10) or TBP-2�=� (black bars, n¼ 10)
mice. Data are shown as means� SDs (*p� 0.05 and
ns, indicating no significance). (C) Semiquantitative
RT-PCR analysis of mRNA expression of the fibrosis-
inducing genes collagen-I and TGF-b1 (with b-actin as
housekeeping gene) from the liver tissues of 10-week
ND- or MCD diet-fed WT or TBP-2�=� mice. Experi-
ments were performed in triplicate. Similar results
were obtained from three separate experiments. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article at www.liebertonline.com=ars).
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expression was less in TBP-2�=�mice than in WT mice (Fig. 5).
The collagen-I expression in TBP-2�=� mice was down-
regulated only by deficiency of TBP-2. This finding coincides
with the results of previous reports that the overexpression of
TBP-2 causes upregulation of collagen synthesis, and addition
of anti-TGF-b antibody significantly suppressed collagen-I
synthesis as well as TBP-2 (24, 25). Moreover, it was also re-
ported that TBP-2 is upregulated by TGF-b1 (18). Therefore,
TBP-2 might have important regulatory effect on collagen-I as
well as on TGF-b1. However, further investigation should be
done to clarify the regulatory mechanism. In the present
study, MCD diet feeding promoted more oxidative stress and

the recruitment of more hepatic inflammatory cells (Fig. 4),
via activation of NF-kB (29) and other cytokines (TNF-a,
IL-1b, and INF-g) (Fig. 6) in WT mice than in TBP-2�=� mice.
The induction of TNF-a in WT mice may cause mitochondrial
dysfunction, leading to more ROS production and exagger-
ated pathogenesis of NASH (15). MCD diet-induced inflam-
mation was less in TBP-2�=�mice than in WT mice. This result
might be explained by the presence of fewer NKT cells,
leading to less production of NKT cell related cytokines in the
TBP-2�=� mice (41), as it was already known that TBP-2 is
required for the development of NKT cells (27). However,
further investigation will be needed to clarify the exact
mechanism. Our proposed molecular mechanism by which
TBP-2 deficiency can inhibit MCD diet-induced development
of NASH is illustrated in Fig. 7.

In summary, in the presence of TBP-2 in WT mice, MCD
diet feeding enhanced the development of NASH by inducing
oxidative stress, increasing the release of pro-inflammatory
cytokines and resultant inflammatory cellular infiltrate, and
activating fibrosis. In contrast, lack of TBP-2 in TBP-2�=�mice
inhibited the development of NASH by lowering oxidative
stress, blocking pro-inflammatory cytokine release, inhibiting
cellular infiltration and fibrosis, and may be attenuating ap-
optosis of liver parenchyma cells. Thus, it appears that TBP-2
plays a key role in the pathogenesis of NASH, at least in MCD
diet-induced animal model. Various compounds have been
reported to induce TBP-2 expression (6, 7, 18, 24), but no
TBP-2 inhibitor has thus far been described. We suggest the
possibility that TBP-2 inhibitor substances could be useful in
the prevention or treatment of NASH.
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ALP ¼ alkaline phosphatase
ALT ¼ alanine aminotransferase

ANOVA ¼ analysis of variance
aP2 ¼ adaptin protein complex 2

AST ¼ aspartate aminotransferase
Fas ¼ fatty acid synthetase

GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase
GSH ¼ glutathione
HEL ¼ hexanoyl-lysine adduct

4-HNE ¼ 4-hydroxy-2-nonenal
H2O2 ¼ hydrogen peroxide
IL-1b ¼ interleukin-1b
INF-g ¼ interferon-g
MCD ¼ methionine and choline deficient
MPO ¼ myeloperoxidase

mRNA ¼ messenger RNA
NAFLD ¼ nonalcoholic fatty liver diseases

NASH ¼ nonalcoholic steatohepatitis
NK ¼ natural-killer

NKT ¼ natural-killer T

O2
� ¼ superoxide

8-OHdG ¼ 8-hydroxy-2’-deoxyguanosine
PCR ¼ polymerase chain reaction

PPAR-g ¼ peroxisome proliferators-activated receptor-g
Prx ¼ peroxiredoxin

ROS ¼ reactive oxygen species
SDs ¼ standard deviation of the mean

SOD ¼ superoxide dismutate
SREBP1c ¼ sterol regulatory element binding protein 1c

T-bilirubin ¼ total bilirubin
TBP-2 ¼ thioredoxin-binding protein-2

TBP-2�=� ¼ thioredoxin-binding protein-2 deficient
T-CH ¼ total cholesterol

TG ¼ triglycerides
TGF-b1 ¼ transforming growth factor-b1
TNF-a ¼ tumor necrosis factor-a

TRX ¼ thioredoxin
TXNIP ¼ thioredoxin-interacting protein

VDUP1 ¼ vitamin-D3 upregulated protein 1
WT ¼ wild-type
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