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Abstract

Thioredoxin binding protein 2 (TBP2) plays a regulatory role in lipid metabolism and immune regulation. We
previously reported the effect of TBP2 loss-of-function on lipid metabolism using TBP2 knockout (TBP2KO) mice.
In this study, we employed TBP2 transgenic (TBP2TG) mice to analyze the in vivo effect of TBP2 gain-of-function.
We revealed a decrease in the percentage of hepatic natural killer T (NKT) cells in TBP2KO mice and an increase in
the percentage of hepatic NKT cells in TBP2TG mice. The TBP2KO mice were resistant to concanavalin A (ConA)-
induced hepatitis, but they were highly susceptible to other types of hepatitis. TBP2 modulates lipid metabolism as
well as NKT cell activity. Moreover, TBP2 expression was increased significantly in klotho-deficient mice, which
exhibit a syndrome resembling aging human phenotypes. TBP2 may play multiple roles in lipid metabolism,
innate immunity, and aging. Antioxid. Redox Signal. 11, 2585–2593.

Introduction

Thioredoxin (TRX) is a 12-kDa stress-induced protein
that exhibits disulfide reduction activity (16). We identi-

fied a target molecule of TRX, thioredoxin binding protein 2
(TBP2), by two-hybrid yeast screening (19). TBP2 is identical
to the vitamin D3 upregulated protein 1 (VDUP1) and the
thioredoxin interacting protein (Txnip). VDUP1 was origi-
nally reported as an upregulated gene in HL-60 cells treated
with 1a,25-dihydroxyvitamin D3, an active form of vitamin D3

(4). Overexpression of TBP2 in IL-2-independent T cells sup-
pressed the growth (18). TBP2 knockdown caused the IL-2-
dependent cells to acquire IL-2-independent partial growth
(1). Moreover, we generated TBP2 knockout (TBP2KO) mice
to investigate the in vivo effect of TBP2 loss-of-function (20).
When TBP2KO mice were subjected to fasting conditions,
they showed reduced survival rates associated with severe
bleeding, dyslipidemia, fatty liver, hypoglycemia, and he-
patic and renal dysfunction. In TBP2KO mice, Krebs cycle-
mediated fatty acid utilization was impaired, indicating the

involvement of TBP2 in the regulation of the lipid metabolism.
We suggested that TBP2KO mice might mimic Reye’s syn-
drome, which is a metabolic syndrome due to the disorder
of mitochondrial fatty acid b-oxidation, such as acute en-
cephalopathy, hepatic dysfunction, and fatty infiltration of
the visceral organs. In this study, we employed TBP2 trans-
genic (TBP2TG) mice to analyze the in vivo effect of TBP2 gain-
of-function.

TRX transgenic (TRXTG) mice exhibited extended median
and maximum life spans compared with WT mice. Telomer-
ase activity in spleen tissue in TRX-Tg mice was higher than
that in WT mice. These results suggest that an overexpression
of TRX results in resistance against oxidative stress and a
possible extension of life span without apparent abnormality
in mammals (14). As TBP2 is an endogenous inhibitor of TRX,
we speculate that overexpression of TBP2 may accelerate
aging in mice. The contribution of TBP2 to aging is of interest.

Recent studies have suggested an association between lipid
metabolism and CD1d-restricted natural killer T (NKT) cells
(13). Hepatic NKT cells were depleted in leptin-deficient
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ob=ob mice (7). A high fat diet induced fatty liver disease and
reduced hepatic NKT cells in mice (12). Fatty hepatocytes
from ob=ob mice have significantly less CD1d on their plasma
membranes than normal hepatocytes (35). Hepatic NKT cells
may play a critical role in the pathogenesis of concanavalin A
(ConA)-induced hepatitis, which reflects some aspects of au-
toimmune hepatitis and viral hepatitis in human patients (29,
30). Therefore, we investigated the role of TBP2 on NKT cell
activity during ConA-induced hepatitis using TBP2TG and
TBP2KO mice.

Recent studies have shown that VDUP1=TBP2 regulates
NK cell activation in the spleen, bone marrow, lymph node,
and lung through the regulation of CD122 expression (11). We
also found that dendritic cells derived from TBP2KO mice are
defective to induce Th1 responses (26). In this study, we in-
vestigated the mechanism for the modulation of NKT cell
activation by TBP2 using TBP2KO as well as TBP2TG mice.

Materials and Methods

Reagents and antibodies

Concanavalin A (type IV-S) was purchased from Sigma (St.
Louis, MO). Fluorescein isothiocyanate (FITC)-conjugated
anti-mouse TCR monoclonal antibody (mAb) and phycoery-
thrin (PE)-conjugated anti-mouse NK1.1 mAb were purchased
from BD Pharmingen (San Jose, CA). Purified anti-asialo GM1
(ASGM1) antibody (Ab) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).

Animals

The animal protocols employed in this study were ap-
proved by the animal research committee at Kyoto University.
TBP2KO C57BL=6 background mice were generated in our
laboratory, as described previously (20), and bred in our ani-
mal laboratory facilities. Human TBP2 cDNA was inserted
in the TBP2TG mice between the b-actin promoter and the
b-actin terminator (Fig. 1A). Expression of the TBP2 transgene
was regulated by a hybrid promoter composed of the cyto-
megalovirus (CMV) enhancer and chicken b-actin promoter
(pCAGGS) (15). The entire cDNA sequence of human TBP2
with EcoRI restriction sites was obtained by the polymerase
chain reaction (PCR) from reverse transcripts of human pla-
cental total RNA, and cloned into the multiple cloning site
(MCS) of pCAGGS. The transgene was microinjected into the
pronuclei of fertilized C57B=6 embryos, which were then tran-
splanted into the oviducts of pseudo-pregnant ICR mice as
foster mothers. The primers used for RT-PCR were as follows:
For mouse TBP2, 50-ATCCTGGGCTGCAACATCCTCA
AAGT-30 and 50-CAGGGGCGTACATAAAGATAGGACTG-
30; for human TBP2, 50-CCGGAATTCCATCATGGTGATG-30

and 50-CCGGAATTCCACATGCTCACTGCAC-30.
In TRXTG mice, the plasmid vector was constructed by

inserting human TRX cDNA between the b-actin promoter
and the b-actin terminator. To generate TRXTG mice, a 5.5-kb
Xba I-Vsp I fragment of the recombinant plasmid was micro-
injected into the pronuclei of the C57BL=6. Animals were
screened by Southern blot analysis of their tail DNA and
the presence of TRX transgene was also confirmed by reverse
transcription-PCR (14).

Mice that exhibited phenotypes resembling human aging
were termed klotho-deficient mice and they were obtained by

the insertional mutation of the rabbit type I sodium proton
exchanger produced by the standard microinjection method.
The genetic background of the original klotho-deficient mice
was a mixture of C57BL=6J and C3H=J (10), and these phe-
notypes were also confirmed by the reproduction of the null
mutation on klotho allele itself (32). The animals were housed
in an environment with a controlled temperature with light–
dark cycles, fed standard mice chow pellets, had access to tap
water from the end of each experimental period, and the
mice were killed by cervical dislocation under pentobarbital
anesthesia.

ConA-induced hepatitis

ConA was dissolved in pyrogen-free PBS and intrave-
nously (i.v.) injected to the mice including TBP2KO, TBP2TG,
and control C57BL=6 mice (male, 6*10 week old) through the
tail vein at a dose of 15 mg=kg body weight. Control mice
received an i.v. injection of PBS.

Histology

For the histopathological studies, harvested livers were
fixed in 10% buffered formalin and embedded in paraffin.
Five-micrometer sections were affixed to slides, deparaffini-
zed, and stained with hematoxylin–eosin to assess morpho-
logic changes.

Preparation of liver mononuclear cells

Liver mononuclear cells were isolated as described pre-
viously with minor modifications (33). Briefly, the liver
mononuclear cells were separated by density gradient cen-
trifugation. The liver mononuclear cells were studied for the
expression of cell surface markers and used for cell sorting
and adoptive transfer.

Flow cytometry

The surface phenotype of the cells was characterized by
two-color flow cytometry. After preincubation with anti-
mouse CD16=32 (2.4G2) mAb, the cells were incubated with a
saturating amount of FITC-conjugated anti-mouse TCR mAb
and PE-conjugated anti-mouse NK1.1 (PK136) mAb, and an-
alyzed on a FACS caliber (Becton Dickinson, San Jose, CA).
Data acquisition was performed with FlowJo (TreeStar Inc.
Ashland, OR).

RT and quantitative PCR

Total RNA extraction and cDNA synthesis was performed
as previously described (21). Real time PCR was performed
using the iQ SYBR Green Supermix and iCycler Real Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA). For
each set of primers, gradient PCR was performed for deter-
mination of optimal annealing temperature. The sequences of
the PCR primers were as follows: Mouse IL-2 50-GTGCTC
CTTGTCAACAGCG-30 and 50-GGGGAGTTTCAGGTTCC
TGTA-30; mouse IL-15 50-GAGGAATACATCCATCTCGTGC-
30 and 50-CCTACACTGACACAGCCCAAAA-30; mouse MTP
50-GTGGAGGAATCCTGATGGTGA-30 and 50-TGATCTTA
GGTGTACTTTTGCCC-30; mouse Fyn 50-ATGGGCTGTGTG
CAATGTAAGG-30 and 50-CCAATCCAGAAGTTTGTGG
GG-30; mouse RelB 50-GATCATGACAGCTACGGTG-30 and
50-GGCAAAGCCATCGTCCAG-30; mouse SAP 50-CCTGTAA
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FIG. 1. Generation of TBP2TG mice. (A) Constructed transgene of human TBP2. (B) TBP2 mRNA expression in the liver by
real time PCR. (C) Expression of TBP-2 protein in the liver of wild-type and TBP2TG mice by Western blot analysis. (D)
Growth curves of male and female mice up to 60 wk. Black open boxes: WT males (n¼ 6), blue filled circles: TBP2TG males
(n¼ 8), red filled boxes: WT females (n¼ 6), and green open circles: TBP2TG females (n¼ 8). (E) HE staining of a tissue section of
subcutaneous fat of the old male mice (*90 weeks old). Typical images of subcutaneous fat in the abdomen are indicated by
thick lines. (F) White adipose tissue of male (*45 weeks old) mice. The images shown are typical examples taken around the
internal organs. (G) Weight of white adipose tissue in the abdomen. (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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TAGCATCTCGCCTGAT-30 and 50-AGTTTTCCAATCCGC
ACTTTAAAG -30.

Real time PCR was performed using iQ SYBR Green Su-
permix and iCycler Real time PCR Detection System (Bio-Rad
Laboratories). For each set of primers, gradient PCR was per-
formed for determination of optimal annealing temperature.
Serial dilutions of cDNA samples were analyzed to determine
efficiency and the dynamic range of the PCR. Stringent assay
requirements were imposed as follows: (a) standard deviation
for the cycle threshold (CT) among three to five replicate
samples<0.3; (b) correlation coefficient of plot of CT versus log
(ng input RNA) >0.99; (c) difference of <5% in PCR efficiency
(E) of samples to be compared, calculated using the formula
E¼ (10�1=m)� 1, where m is the slope of the best fit line for CT
versus log (ng input RNA). The expression of each target
mRNA relative to 18 S rRNA (R) under an experimental, as
compared with control, condition was calculated based on the
threshold cycle (CT) as r¼ 2�D(DCT), where DCT¼CT target�
CT 18S and D(DCT)¼DCT experimental�DCT control.

Western blot analysis

Liver samples were lysed with RIPA buffer, and the ex-
tracts were cleaned by centrifugation. Equal amounts of
protein (100 mg), as estimated by the Bradford method using a
protein assay (Bio-Rad Laboratories Inc.), were electro-
phoresed on a 10% SDS-polyacrylamide gel, and proteins
were then electrophoretically transferred to a poly membrane
(Millipore Corp., Billerica, MA), according to the manufac-
turer’s instructions.

NKT cell depletion

To deplete NK and=or NKT cells, the mice were treated i.p.
with 500 mg of either control Ab or anti-NK1.1 (PK136) mAb
and=or anti-asialo GM1 (ASGM1) Ab on day 0 and day 3 (2,
24, 31). On day 4, each group was injected with 15 mg=kg of
Con A, and mouse sera were collected 18 h later.

Isolation of primary-cultured hepatocyte
and Ito cell from the mice

Primary hepatocytes and hepatic stellate cells (HSC) were
obtained from murine livers as previously described (22). Cell
purity was always more than 95% as assessed by a typical
star-like configuration and by detecting vitamin A auto-
fluorescence.

Insulin reduction assay

The activity of TRX was determined by the insulin reduc-
tion assay, according to the method described previously with
minor modifications (9, 19). After homogenizing tissue, the
supernatants were added to a DTT activation buffer (1 M Tris-
HCl (pH 7.5), 100 mM EDTA-Na (pH 7.5), 20 mg=ml bovine
serum albumin (BSA), and 100 mM DTT) at 378C for 30 min,
and then incubated with the reaction mixture of 1 M Tris-HCl
(pH 7.5), 100 mM EDTA-Na (pH 7.5), 2 mM NADPH (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), and 1 U=ml
yeast TRX reductase (Oriental Yeast Co. Ltd., Tokyo, Japan) at
258C. The reduction in absorbance at 340 nm was measured
with a spectrophotometer at 15 s intervals. The values of
=Vmax= (DOD=min) were determined from Lineweaver–
Burk plots (Softmax software, Molecular Devices, CA).

Statistics

The values presented as bar graphs are means� standard
deviation (SD). The differences between groups were exam-
ined for significance with Student’s t-test, with p values<0.05
considered significant.

Results

Generation of TBP2TG mice

We generated TBP2TG mice lines. Fusion of the entire
human TBP2 coding sequence with the chicken beta-actin
promoter region and the rabbit b-globin 30 non-coding se-
quence (Fig. 1A) was confirmed by Southern blotting (data not
shown) and RT-PCR using TBP2 primer (Fig. 1B). To estimate
the overall expression of TBP2, we performed Western blot-
ting using an antibody recognizing both mouse and human
TBP2, and showed an approximately threefold increase in the
expression of TBP2 in the liver of TBP2TG mice (Fig. 1C).

The body weight of the TBP2TG mice was consistently
10%–15% lower after weaning, compared with age-matched
and sex-matched WT mice (Fig. 1D). The volume of subcu-
taneous fat seemed to be lower in TBP2TG mice, compared
with the WT mice (Fig. 1E). The weight of white adipose tissue
and subcutaneous fat was significantly lower in TBP2TG mice
(Fig. 1F), and the actual weight of white adipose tissue was
decreased in TBP2TG mice (Fig. 1G).

TBP2 modulates the percentage of NKT cell in the liver

In the liver, TBP2KO mice had a significantly less number
of hepatic NKT cells than that shown in WT mice, whereas
TBP2TG mice had a significantly higher number of hepatic
NKT cells (Fig. 2). No significant changes were observed in
hepatic NK cells between the KO, WT, and TG animals (Fig. 2).
Hepatic NKT cells are known to play a critical role in the
pathogenesis of ConA-induced hepatitis (29). In order to in-
vestigate the in vivo effect of TBP2 on NKT cell function, we
subjected genetic engineered mice to ConA-induced hepatitis.
Histological findings showed the area of necrotic change was
smaller in the liver of TBP2KO mice than in WT mice, whereas
the area of necrotic change was wider in the liver of TBP2TG
mice than in WT mice (Fig. 3A). Consistent with the histo-
logical findings, the serum ALT level was significantly re-
duced in TBP2KO mice, compared with WT mice after ConA
administration, whereas the serum ALT level was signifi-
cantly increased in TBP2TG mice (Fig. 3B).

FIG. 2. NKT cell population in TBP2KO and TBP2TG
mice. The percentage of NKT and NK cells in the liver
mononuclear cells. Results are expressed as the mean� SD of
three mice per group. *p< 0.05.
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Hepatic NKT cells are critical for ConA-induced
hepatitis in TBP2TG mice

We conducted tests to determine if hepatic NKT cells
caused severe hepatitis in TBP2TG mice. Treatment with anti-
NK1.1 monoclonal antibody (mAb), which depletes NK
and NKT cells in vivo, inhibited ConA-induced hepatitis in
TBP2TG mice (Fig. 4). However, treatment with anti-asialo
GM1 Ab, which depletes NK but not NKT cells, did not af-
fect the instances of ConA-induced hepatitis in TBP2TG mice
(Fig. 4). These results indicate that hepatic NKT cells, not NK
cells, contribute to ConA-induced hepatitis, and hepatic NKT
cells cause severe hepatitis in TBP2TG mice.

Altered gene expression in the liver by TBP2

In order to investigate how TBP2 regulates the percentage
of hepatic NKT cell, we analyzed the mRNA expression of
various genes related to NKT cell activation and develop-
ment, and conducted RT-PCR (Fig. 5A). The gene expression
of IL-2 in TBP2KO mice was less than that shown in WT mice,
whereas IL-2 in TBP2TG mice was more than that shown in
WT mice. IL-15 expression in TBP2KO mice was less than that
shown in WT mice. However, IL-15 expression in TBP2TG
mice was not more than that shown in WT mice. The gene
expression of microsomal triglyceride transfer protein (MTP),
which is loading CD1d with lipids in the endoplasmic retic-
ulum and endosomal compartments, were less in TBP2KO
mice than that shown in WT mice (3). However, MTP in
TBP2TG mice was not more than that shown in WT mice.

The signaling lymphocytic activation molecule (SLAM)-
associated protein, SAP, and the Src family tyrosine kinase,
Fyn, play a crucial role during NKT development (6, 17). RelB,

one of the Rel=NF-kB proteins, also plays an essential role
during NKT cell development (25). There was no difference in
Fyn expression among the TBP2KO, WT, and TBP2TG mice.
RelB and SAP expression in TBP2KO mice was almost same
as that in the WT mice, although the gene expression of these
molecules in TBP2TG mice was more than that shown in WT
mice. These results indicate that only IL-2 was related to TBP2
expression in the liver, and IL-2 might contribute to the effect
of TBP2 on the number of hepatic NKT cells.

CD1d and CD122 expression

CD1d is a family of major histocompatibility complex
(MHC) class I-related molecules that functions in glycolipid
and lipid antigen presentation to NKT cells (8). A recent study
showed that fatty hepatocytes from ob=ob mice have signifi-
cantly less CD1d on their plasma membranes than normal
hepatocytes. However, we did not find any correlation be-
tween TBP2 and CD1d expression in CD11c dendritic cells,
F4=80 macrophages, hepatocytes and Ito cells (Figs. 5B and
5C). Another recent study showed VDUP1=TBP2 regulates
NK cell activation in the spleen, bone marrow, lymph node,
and lung through the regulation of CD122 expression. How-
ever, we did not find any correlation between TBP2 and
CD122 expression in hepatic NKT cells (Fig. 5D).

TRX is known to be a negative regulator of TBP2 (19). To
check whether TRX contributes to TBP2-dependent regula-
tion of hepatic NKT cell activation, we analyzed the per-
centage of hepatic NKT cells in TRX transgenic (TRXTG) mice.
The percentage of hepatic NKT cells in the liver of TRXTG
mice was almost the same as that shown in WT mice (Fig. 5E).

Moreover, we checked the possible roles of TBP2 in the
regulation of aging, because some of the phenotypes in
TBP2TG mice were similar to the phenotypes in the klotho-
deficient mice (10). The expression of the TBP2 gene was
three times higher in the klotho-deficient mice than that
shown in the WT mice, even without the administration of
1a,25-dihydroxyvitamin D3 (Fig. 5F). TBP2 expression was

FIG. 3. ConA-induced hepatitis in TBP2KO and TBP2TG
mice. (A) Histology in the liver. HE staining of the livers 18 h
after ConA injection. Data are representative of nine inde-
pendent experiments in each group. (B) ALT levels in the
serum. Mice were injected i.v. with ConA (15 mg=kg). After
18 h, serum ALT levels were measured. Data were collected
from nine mice in each group. Results are expressed as the
mean� SD of nine mice per group. *p< 0.05. (For interpre-
tation 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. Hepatic NKT cells are critical for ConA-induced
hepatitis in TBP2TG mice. Blocking NKT cell function by
antibody. TBP2TG mice were injected i.p. with antibody
against NK1.1 (500 mg) or asialo GM1 (500 mg) on day 0 and
3. On day 4, TBP2Tg mice were injected with ConA. Eighteen
hours after ConA injection, the serum ALT levels were
measured. Lane 1: WT mice control, lane 2: WT mice injected
with ConA (white bar), lane 3: TBP2TG mice injected with
ConA (black bar), lane 4: TBP2TG mice pretreated with control
IgG (dotted bar), lane 5: TBP2TG mice pretreated with anti-
NK1.1 antibody (gray bar), lane 6: TBP2TG mice pretreated
with anti-asialo GM1 antibody (hatched bar). Data are col-
lected from three independent experiments. Results are ex-
pressed as the mean� SD of three mice per group. *p< 0.05.
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FIG. 5. CD1d and CD122 expression. (A) Analysis of gene expression in the liver by real time PCR. (B) CD1d expression in
CD11cþ dendritic cell and F4=80þ macrophage. (C) CD1d expression in hepatocyte and Ito cell. Green line: WT mice, blue line:
TBP2KO mice, red line: isotype control. (D) CD122 expression in hepatic NKT cell. Gray line: CD122 expression, black line:
isotype control. (E) NKT cell population in the liver of TRXTG mice. (F) TBP2 gene expression in klotho-deficient mice
analyzed by Northern blot. (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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increased significantly in klotho-deficient mice, which exhibit
a syndrome resembling human aging phenotypes.

Discussion

In this study, we generated TBP2TG mice to investigate the
in vivo effect of TBP2 gain-of-function. TBP2TG mice showed a
high level of glucose in the serum under fasting conditions,
and a low level of pyruvate and lactate in the plasma, strongly
suggesting upregulations of the TCA cycle (data not shown).
As expected, all of the results found in TBP2TG mice were
opposite to those found in TBP2KO mice, in terms of lipid
and glucose metabolism (20). These results clearly indicate
that TBP2 profoundly contributes to lipid and glucose me-
tabolism. TBP2TG mice exhibited growth retardation after
weaning, associated with the reduction of the amount of
subcutaneous fat (Figs. 1D–1G). We also observed a lower
reducing activity of the endogenous TRX and enhanced pro-
duction of ROS in TBP2TG mice (data not shown), suggesting
that oxidative stress was increased in TBP2TG mice.

It is noteworthy that these phenotypes in TBP2TG mice
were partially similar to the klotho-deficient mice (10). Some
phenotypes of the klotho-deficient mice can be explained by
excessive vitamin D levels leading to altered calcium and
phosphorus metabolism (32, 36), but an elucidation for the
massive reduction of white adipose tissues and other lipid
markers associated with aging has remained unknown. In this
study, we found that the expression of TBP2 increased dras-
tically in the klotho-deficient mice (Fig. 5F). We speculated that
TBP2 overexpression may partially contribute to the pheno-
type resembling aging. The possible roles of TBP2 in the
regulation of aging have also been discussed (37, 38).

In this study, we found that the percentage of hepatic NKT
cells in TBP2TG mice was twice that in the WT mice, and the
percentage of hepatic NKT cells in TBP2KO mice was half that
in the WT mice. Lee et al. reported that TBP2KO mice showed
a profound reduction of NK cells in the spleen, bone marrow,
lymph node, and lung through the regulation of CD122 ex-
pression (11). We speculated that there is a liver-specific
mechanism related to how TBP2 regulates the number of
hepatic NKT cells rather than NK cells in the liver.

NKT cells are selected exclusively by CD1d-glycolipid
complexes expressed by other cortical CD4þCD8þ thymo-
cytes (28). However, we did not find any difference in
CD1d expression (Figs. 5B–5D). Recently, it has been reported
that the signaling lymphocytic activation molecule (SLAM)-
associated protein SAP plays a crucial role during NKT de-
velopment (17, 23). Fyn, RelB, IkB, and NF-kB also contribute
to NKT cell development (5, 6, 25, 27, 34). However, we did
not find any difference in the expression of these genes
(Fig. 5A). IL-2 expression in TBP2KO mice was less than that
shown in the WT mice, whereas IL-2 in TBP2TG mice
was more than that shown in the WT mice (Fig. 5A), indi-
cating IL-2 might contribute to the effect of TBP2 on NKT cell
population.

The blockade of lipid catabolism in TBP2KO mice may re-
sult in the deficiency of endogenous ligands (lipid antigens)
for NKT cell activation, whereas the enhancement of lipid
mobilization in TBP2TG mice may increase lipid antigens on
CD1d to promote NKT cell activation, resulting in prominent
inflammatory and immune response. Acute hepato-renal
failure in the TBP2KO mice under fasting conditions could be

due to energy deficiency. Indeed, glucose could rescue acute
hepato-renal failure in the TBP2KO mice under fasting con-
ditions, as is the case with Reye’s syndrome. The marked
deviation of NKT cell population in TBP2KO and TBP2TG
mice indicates that endogenous ligands for NKT activa-
tion might be under the control of TBP2-dependent lipid
oxidation.

ConA-induced hepatitis in mice represents viral hepatitis
and autoimmune hepatitis in human. TBP2 regulates not
only hepatic inflammation through NKT cells but also lipid
metabolism, suggesting that TBP2 plays a role in the patho-
genesis of human liver diseases. Recently, we found that
methionine-choline deficient (MCD) diet-induced inflamma-
tion was attenuated in TBP2KO mice (Ahsan et al., in press),
suggesting that TBP2 may also be involved in the develop-
ment of nonalcoholic steatohepatitis (NASH) in humans. The
modulation of TBP2 could offer a novel approach in the
treatment of human liver diseases in the future.

In conclusion, our findings provide evidence that TBP2
regulates lipid metabolism and hepatic NKT cell activity to
control ConA-induced hepatitis.
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Abbreviations Used

CMV¼ cytomegalovirus
ConA¼ concanavalin A

DMEM¼Dulbecco’s Modified Eagle Medium
FBS¼ fetal bovine serum

FITC¼fluorescein isothiocyanate
HBSS¼Hanks’ balanced salt solution

i.v.¼ intravenously
mAb¼monoclonal antibody
MCD¼methionine-choline deficient
MCS¼multiple cloning site

MHC¼major histocompatibility complex
MTP¼microsomal triglyceride transfer protein

NASH¼nonalcoholic steatohepatitis
NK¼natural killer

NKT¼natural killer T
PBS¼phosphate-buffered saline

pCAGGS¼ chicken b-actin promoter
PCR¼polymerase chain reaction

PE¼phycoerythrin
ROS¼ reactive oxygen species
SAP¼ SLAM-associated protein

SLAM¼ signaling lymphocytic activation molecule
TBP2¼ thioredoxin binding protein 2

TBP2KO¼TBP2 knockout
TBP2TG¼TBP2 transgenic

TRX¼hioredoxin
TRXTG¼TRX transgenic

Txnip¼ thioredoxin interacting protein
VDUP1¼vitamin D3 up-regulated protein 1
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