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Abstract

Aims: Accumulating evidence indicates that oxidative stress is associated with inflammation, and the cellular
redox status can determine the sensitivity and the final outcome in response to inflammatory stimuli. To control
the redox balance, mammalian cells contain a variety of oxidoreductases belonging to the thioredoxin super-
family. The large number of these enzymes suggests a complex mechanism of redox regulation in mammals, but
the precise function of each family member awaits further investigations. Results: We generated mice deficient
in transmembrane thioredoxin-related protein (TMX), a transmembrane oxidoreductase in the endoplasmic
reticulum (ER). When exposed to lipopolysaccharide (LPS) and d-(+)-galactosamine (GalN) to induce inflamma-
tory liver injury, mutant mice were highly susceptible to the toxicants and developed severe liver damage. LPS-
induced production of inflammatory mediators was equivalent in both wild-type and TMX- / - mice, whereas
neutralization of the proinflammatory cytokine tumor necrosis factor-a suppressed the toxic effects of LPS/GalN in
the mutant mice. Liver transcriptional profiles revealed enhanced activation of the p53-signaling pathway in the
TMX - / - mice after LPS/GalN treatment. Furthermore, TMX deficiency also caused increased sensitivity to
thioacetamide, which exerts its hepatotoxicity through the generation of reactive oxygen species. Innovation: The
present study is the first to address the role of the oxidoreductase TMX in inflammatory liver injury. The phe-
notype of mice deficient in TMX suggests a functional link between redox regulation in the ER and susceptibility to
oxidative tissue damage. Conclusion: We conclude that TMX plays a major role in host defense under the type of
inflammatory conditions associated with oxidative stress. Antioxid. Redox Signal. 18, 1263–1272.

Introduction

The inflammatory response is a part of a normal host
defense for eliminating pathogens, harmful environ-

mental agents, or tumor cells (13). Excessive reactions or
prolonged activation of the pathway, however, can cause
adverse clinical effects. Accumulating evidence shows that
oxidative stress is associated with inflammation, and the

modulation of the cellular redox status has emerged as a po-
tential therapeutic strategy to block uncontrolled inflamma-
tory processes (31, 37).

To control the redox balance, cells are equipped with the
protective mechanisms consisting of a variety of antioxidants
and redox enzymes. Thioredoxin is one of the most important
regulators of cellular redox homeostasis (30). With the huge
availability of sequence data in public databases, a number of
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oxidoreductases of the thioredoxin superfamily have been
identified. Such oxidoreductases are characterized by thior-
edoxin-like domains with CXXC active-site motifs that are re-
sponsible for catalysis of the thiol–disulfide exchange (5). The
large number of these redox modulators suggests a complex
mechanism of redox regulation, but their physiological func-
tions in the pathogenesis of inflammatory diseases await fur-
ther clarification.

The mammalian endoplasmic reticulum (ER) contains a
number of oxidoreductases that are proposed to catalyze the
formation and rearrangement of protein disulfides (3).
Among them, protein disulfide isomerase (PDI) and ERp57
have been extensively investigated as general folding cata-
lysts in the ER. Although most ER oxidoreductases, including
PDI and ERp57, are soluble luminal proteins, some are inte-
gral membrane proteins classified as members of the TMX
subfamily. To date, four family members (TMX, TMX2,
TMX3, and TMX4) have been reported (14, 24, 27, 36, 40). All
contain one thioredoxin-like domain, but are otherwise not
closely related in regions outside this domain. TMX is the first
functionally characterized member of the membrane-bound
ER oxidoreductases. It has an N-terminal signal peptide that is
cleaved to produce mature proteins of *30 kDa (26). Topo-
logical studies suggest that TMX is a type I transmembrane
protein, and the thioredoxin-like domain containing a CPAC
active-site motif is oriented to the luminal side of the ER.
Recently, we have shown that TMX interacts with the major
histocompatibility complex (MHC) class I heavy chains that
are produced under stress conditions, and protects misfolded
proteins from proteasomal degradation (25).

The presence of multiple oxidoreductases in the mam-
malian genome implies that a complex mechanism of redox
signaling exists in the ER. Although a considerable body of
research has been devoted to this protein family, the in vivo
functions of its individual members are still poorly under-
stood. In this study, we have created TMX-null mutant mice
by targeted gene disruption. We found that TMX-deficient
mice have increased sensitivity to toxic agents, such as li-
popolysaccharide (LPS) or thioacetamide (TAA), which
cause acute liver failure. Our results suggest a potential role
for TMX in controlling the progression of hepatitis.
We discuss the significance of our findings in the context of
the pathophysiology associated with oxidative stress in
mammals.

Results

Generation of TMX gene-deficient mice

The murine TMX gene was inactivated by targeted dis-
ruption of the coding sequence. The first two exons containing
the translation initiator ATG codon and the region encoding
the thioredoxin-like active site were replaced by a neomycin
resistance gene (Fig. 1A). Correct gene targeting in embryonic

FIG. 1. Generation of TMX-deficient mice. (A) Structure
of the targeting vector (top), the wild-type allele (middle),
and the mutant allele (bottom). Exons are represented by
filled boxes. The locations of the PCR primers (arrowheads)
used for screening of ES cells and genotyping, and the
probes for Southern blotting are indicated. (B) Southern blot
analysis of BamHI-digested genomic DNA from wild-type
( + / + ) and targeted ( + / - ) ES cells using the 5¢ probe. wt,
wild-type allele; mt, mutant allele. (C) PCR analysis of ge-
nomic DNA from wild-type ( + / + ), heterozygous ( + / - ),
and homozygous mice ( - / - ). (D) Northern blot analysis of
TMX. Total RNA from liver tissues with the indicated ge-
notypes was electrophoresed and transferred to a membrane.
The blot was hybridized with TMX cDNA as the probe. The
ethidium bromide-stained RNA blot is shown in the lower
panel. (E) RT-PCR analysis. Total RNA extracted from liver
tissues was used to examine the expression of TMX, using
glyceraldehyde-3-phosphate dehydrogenase as an internal
standard. (F) Immunoblot analysis of extracts obtained
from whole embryos. Protein samples from wild-type and
TMX - / - mice were analyzed by immunoblotting with an-
tibodies against TMX. a-tubulin (TUB) was used as a loading
control. ES, embryonic stem; RT-PCR, reverse transcription–
polymerase chain reaction; TMX, transmembrane thioredoxin-
related protein.

Innovation

In the present study, we examined the physiological
significance of redox regulations in an animal model of
drug-induced inflammation. We created the mutant mice
deficient in the oxidoreductase transmembrane thior-
edoxin-related protein (TMX), a transmembrane protein in
the endoplasmic reticulum. The phenotype of TMX-null
mutant mice suggests a potential role for TMX in the host
defense against inflammatory conditions associated with
oxidative stress. Understanding the physiological function
of TMX should have medical implications in the patho-
genesis of many acute and chronic inflammatory disor-
ders, and the modulation of the cellular redox status has
emerged as a potential therapeutic strategy to block un-
controlled inflammatory processes.
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stem cells was verified by Southern blot analysis (Fig. 1B).
Chimeric male mice were mated with wild-type females, and
the resultant heterozygous TMX mutant mice were inter-
crossed to generate homozygotes. Polymerase chain reaction
(PCR) analysis of genomic DNA was used to identify the
mouse genotype (Fig. 1C). In northern blot (Fig. 1D) and re-
verse transcription–polymerase chain reaction analyses (Fig.
1E) of the TMX - / - mice, the TMX gene transcripts were not
detected. The lack of TMX protein in mutant mice was con-
firmed by immunoblotting using an anti-TMX polyclonal
antibody (Fig. 1F). TMX - / - mice were born at the expected
frequency and developed normally. Both sexes were fertile
and showed no major histological abnormalities.

Absence of TMX does not cause severe ER stress

We investigated the expression profiles of several ER-resi-
dent proteins functionally related to TMX. Tissue lysates
prepared from the liver, kidney, and spleen from wild-type
and TMX - / - mice were analyzed by immunoblotting (Fig.
2A and data not shown). The lack of TMX in the TMX - / -

mice did not affect the expression of the ER molecular
chaperone-binding protein (BiP) and calnexin. Neither did we
detect a compensatory upregulation of other oxidoreductases
such as PDI and ERp57. These results suggest that TMX de-
ficiency did not alter the expression of genes activated by ER
stress, which were further confirmed by microarray analysis
as described below. In Figure 2B, we examined the effect of
TMX depletion on the expression levels of several disulfide-
bonded proteins on the cell surface. The TMX - / - cells

showed no defects in cell surface expression of immuno-
globulin family members, including MHC class I, T cell re-
ceptors, cluster-of-differentiation antigen 4 (CD4), CD8, and
CD19 or the integrin family member CD11b, suggesting that
TMX is not essential for oxidative protein folding and trans-
port of these molecules. The unchanged expression levels of
these cell surface markers confirmed that there were no ap-
parent differences in the immune cell populations between
the two genotypes.

TMX - / - mice exhibit increased susceptibility to liver
injury induced by LPS/d-( + )-galactosamine

We investigated the expression pattern and tissue distri-
bution of TMX in wild-type mice. We found that the expres-
sion level of the murine TMX gene was especially high in the
liver (data not shown), which is consistent with the expression
pattern of human TMX (24). The strikingly high expression of
TMX observed in liver tissue led us to examine a potential role
for this redox enzyme in drug-induced liver damage. We
employed an LPS/d-( + )-galactosamine (GalN)-induced liver
injury, a well-characterized model of endotoxin shock in mice,
for this purpose (1, 11, 18, 32). Administration of LPS in
conjunction with GalN is known to sensitize mice to LPS-
induced inflammatory cytokines and causes acute liver
failure. Mice were injected intraperitoneally with the combi-
nation of LPS and GalN, and their serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
activities were determined as an index for hepatic injury. Even
at a low dose of LPS (which does not induce severe liver
damage in wild-type mice), the serum levels of these hepa-
tocellular injury markers were substantially elevated in the
TMX-deficient mice (Fig. 3A). GalN was required for sensiti-
zation to the toxic effects of LPS, and no evidence of liver
damage was observed in the mutant mice treated with LPS
alone (data not shown). TMX - / - mice had normal liver his-
tology indistinguishable from the wild-type mice (Fig. 3B, C).
Upon treatment with LPS/GalN, however, histological evi-
dence of significant liver injury was found in the TMX - / -

mice group (compare Fig. 3D, E).
Terminal deoxynucleotidyl transferase-mediated dUTP

nick-end labeling (TUNEL) assay of the LPS/GalN-treated
liver sections revealed increased numbers of apoptotic cells
in the mutant mice compared with the wild-type mice (Fig.
4A, B). Hepatocyte apoptosis was evaluated by measuring
caspase activation, which is a common feature of apoptotic
cell death. Administration of LPS/GalN induced activation
of initiator caspase 8 and effector caspase 3 in the TMX - / -

mice alone (Fig. 4C). Cleavage of poly(ADP–ribose) poly-
merase, a target of effector caspases, and upregulation of
Bcl2-associated X protein (Bax), a proapoptotic Bcl-2 family
member, occurred only in the mutant mice (Fig. 4C, D).
The level of FLICE inhibitory protein (c-FLIP) did not
change upon LPS/GalN treatment in both groups. From
these results, we conclude that the TMX - / - mice are more
susceptible to liver injury and apoptosis induced by LPS/
GalN.

Tumor necrosis factor-a is a critical effector of LPS/
GalN-induced hepatotoxicity observed in TMX - / - mice

LPS induces production of inflammatory mediators that
are believed to be the major effectors of hepatotoxicity. One

FIG. 2. TMX deficiency does not cause severe ER dys-
function. (A) Liver extracts from wild-type ( + / + ) and
TMX - / - mice were analyzed by immunoblotting with an-
tibodies specific for calnexin (CNX), BiP, TUB, PDI, and
ERp57. (B) Surface expression patterns of disulfide-bonded
membrane proteins. Spleen cells were stained with the in-
dicated antibodies and analyzed by flow cytometry. Wild-
type (WT), shaded; TMX - / - , thick lines; unstained cells
(NC), dotted lines. BiP, binding protein; ER, endoplasmic
reticulum; PDI, protein disulfide isomerase.
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hour after administering the injection, serum levels of inter-
leukin-6 (IL-6), IL-10, monocyte chemotactic protein-1 (MCP-1),
and tumor necrosis factor-a (TNF-a) increased in response to
LPS. Unexpectedly, no statistically significant differences
were observed between wild-type and TMX - / - mice
(Fig. 5A). IL-6, IL-10, and TNF-a levels rapidly decreased,

returning to normal within 6 h postchallenge with LPS/GalN
in both the wild-type and TMX - / - mice (Fig. 5B). MCP-1
levels peaked at 3 h and were still elevated 6 h post-treatment.
No detectable IL-12p70 and interferon-c (IFN-c) were ob-
served throughout the study period. Similar results were
obtained from the in vitro studies using primary macro-
phages, and LPS-induced TNF-a production was equivalent
in both wild-type and TMX-deficient cells (Fig. 5C). In addi-
tion, there were no significant differences observed between
the two genotypes in their surface expression levels of Toll-
like receptor 4, which mediates LPS-induced immune re-
sponses (2) (Fig. 5D). Taken together, these results indicate
that loss of TMX did not substantially affect the magnitude
and duration of the early inflammatory response induced by
LPS/GalN.

TNF-a has been implicated as a critical early mediator of
acute liver injury induced by endotoxin (6, 29). To test whe-
ther the increased liver damage in TMX - / - mice was medi-
ated by TNF-a-induced toxicity, we examined the protective
effect of neutralizing antibodies against TNF-a in the LPS/

FIG. 3. Increased sensitivity to LPS/GalN-induced liver
damage in TMX - / - mice. (A) Mice were injected intraperi-
toneally with LPS/GalN and their serum levels of AST and
ALT measured as indicated. Data represent mean val-
ues – SD of four to seven animals. *p < 0.05; **p < 0.001 (Stu-
dent’s t-test). (B–E) Liver sections from untreated (B, C) or
LPS/GalN-treated mice [24 h post-injection (D, E)] of the
wild-type ( + / + ) and TMX - / - genotypes were stained with
hematoxylin and eosin. Bars represent 100 lm. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; GalN,
d-( + )-galactosamine; LPS, lipopolysaccharide; SD, standard
deviation.

FIG. 4. LPS/GalN-induced liver apoptosis in TMX - / -

mice. (A, B) Apoptotic cells were detected by TUNEL assays
performed on liver sections prepared from LPS/GalN-trea-
ted wild-type ( + / + ) and TMX - / - mice. Bars 100 lm. (C, D)
Liver extracts were prepared from mice 24 h post-LPS/GalN
administration and analyzed by immunoblotting with the
indicated antibodies. The full-length (asterisk) and the
cleaved fragments of PARP (arrowhead) are indicated (C).
The relative expression levels of Bax and FLIP were quanti-
fied and normalized to TUB (D). Bax, Bcl2-associated X
protein; FLIP, FLICE inhibitory protein; PARP, poly(ADP–
ribose) polymerase; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling.
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GalN model of liver injury. As shown in Figure 6A, LPS/
GalN-induced liver damage in TMX - / - mice was almost
completely suppressed by pretreatment with anti-TNF-a an-
tibody. The high degree of protection afforded by the anti-
TNF-a antibody clearly indicates that the liver damage
observed was mainly mediated by the toxic effects of secreted
TNF-a in response to LPS. Since the expression levels of TNF
receptor 1 (TNF-R1), which has been shown to mediate the
majority of TNF-a activities (7, 22, 42), were equivalent both in
wild-type and TMX - / - mice (Fig. 6B, C), the increased liver
damage observed in the mutants may be due to defects in the
hepatocellular response against TNF-a toxicity, most likely in
the signaling pathway downstream of the TNF receptor.

Upregulation of p53 target genes in LPS/GalN-treated
TMX - / - mice

TNF-a treatment results in the activation of multiple re-
sponses involving an apoptotic pathway and a survival
pathway mediated by nuclear factor-jB (NF-jB). We exam-
ined the TNF-a-mediated activation of NF-jB and c-Jun N-
terminal kinase ( JNK), both of which play crucial roles in
TNF-a-induced survival and the apoptotic pathway, respec-
tively (4, 43, 44). TNF-a induced the phosphorylation and
subsequent degradation of inhibitor of jB-a in a similar way
in the wild-type and TMX - / - fibroblasts; transient activation
of JNK was also not affected by TMX deficiency (Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/ars). These results suggest that the
TMX - / - cells were not severely impaired in activating the
key components of the TNF signaling pathway.

To identify the signaling pathway that may be associated
with LPS/GalN-induced liver failure, transcriptional profiles
were compared using a microarray dataset from untreated or
LPS/GalN-treated wild-type and TMX - / - mice. Proin-
flammatory mediators, including S100 proteins (12, 41), an-
nexins (28, 34), and C–C motif chemokines such as MCP-1/
Ccl2, were upregulated in the TMX - / - group, but not in the
wild type (Fig. 7A and data not shown). Upregulation of these
previously identified markers for inflammation-associated
disorders validated the experimental results. Endotoxin and

FIG. 5. Cytokine production in LPS/GalN-treated mice.
(A) Serum concentrations of IL-6, IL-10, MCP-1, and TNF in
wild-type ( + / + ) and TMX - / - mice were determined 1 h
after LPS/GalN injections. Data represent the mean val-
ues – SD of five animals for each group. None of the cyto-
kines were detectable in untreated mice. (B) After LPS/GalN
treatment, blood samples were collected periodically and
serum cytokine levels measured. Data are expressed as the
mean values – SD of three animals. (C) TNF concentrations in
the culture supernatants of peritoneal macrophages stimu-
lated with LPS (10 ng/ml). Data represent the mean val-
ues – SD of two independent experiments. (D) Surface
expression of TLR4 in the phagocyte fraction of liver
cells. Nonparenchymal cells prepared from the livers of wild-
type and TMX - / - mice were stained with allophycocyanin-
anti-CD11b and phycoerythrin-anti-TLR4. The expression of
TLR4 was quantified by flow cytometry on the CD11b-
positive phagocyte fraction. IL, interleukin; MCP-1, mono-
cyte chemotactic protein-1; TLR4, Toll-like receptor 4; TNF,
tumor necrosis factor.
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TNF-a have been shown to induce ER stress in a reactive
oxygen species (ROS)-dependent manner (19, 45). In our
study, LPS/GalN treatment induced a slight upregulation of
at least two known ER stress markers, C/EBP homologous
protein (CHOP) and BiP, to a similar extent in both genotypes
(data not shown).

Next, we focused on genes whose expression level increased
more than twofold after LPS/GalN treatment. We compared
the fold changes of the expression of such genes in both ge-
notypes, and extracted 28 genes exhibiting a higher expression
level (at least twofold) in TMX - / - mice than in wild type
(Supplementary Table S1). To exclude false positives, some of
the differentially expressed genes were verified by quantitative
real-time PCR. Intriguingly, LPS/GalN treatment induced the
expression of several p53 target genes, including Bax, p21, and
members of growth arrest and the DNA damage-inducible
gene family (Gadd45b and Gadd45g); induction of these p53
targets by LPS/GalN was considerably increased in the
TMX - / - mice (Fig. 7B and data not shown). Given that the
activation of p53 and its downstream pathway is implicated in
cell cycle arrest and cell death, it is suggested that enhanced
expression of such target genes contribute to the type of in-
flammatory tissue injury observed in TMX - / - mice.

TMX protects against oxidative stress-mediated
cellular damage

Taking these findings together, we hypothesized that the
change in the redox environment potentially caused by TMX
deficiency might render hepatocytes more sensitive to the
inflammatory conditions associated with oxidative stress,
which could contribute to an increased severity of liver fail-
ure. Oxidative damage in the liver was assessed by measuring
the formation of protein adducts with the lipid peroxidation
product 4-hydroxy-2-nonenal (HNE). The immunohisto-
chemical staining of liver sections shows that administration
of LPS/GalN resulted in a marked accumulation of HNE-
modified proteins in TMX - / - mice compared with wild-type
animals (Fig. 8C, D). The extensive staining observed in LPS/
GalN-treated TMX - / - mice clearly suggests increased oxi-
dative stress leading to a severe damage in the liver tissues.

To further explore the protective role for TMX in oxidative
stress-mediated cellular damage, we examined the effect of
TMX deficiency in a second animal model of liver injury using
TAA (17). TAA is a thionosulfur-containing compound, and
intraperitoneal injection with it causes acute liver failure
in mice; ROS involvement in this process has been postulated
(8, 20, 35). Twenty-four hours after TAA injection, AST and

FIG. 6. TNF-a is a critical effector of hepatotoxicity in-
duced by LPS/GalN in TMX - / - mice. (A) Inhibition of TNF-
a protects the liver from LPS/GalN-induced damage. Mice
were intraperitoneally injected with saline ( - ) or anti-TNF-a-
neutralizing antibodies ( + ) 6 h before LPS/GalN adminis-
tration. Serum levels of AST and ALT were measured 24 h
after the LPS/GalN challenge. Data represent the mean
values – SD of two to three animals. (B) Immunoblots of liver
extracts for TNF-R1 and TUB. The protein expression of
TNF-R1 was quantified and normalized to TUB. (C) Serum
levels of soluble TNF-R1 (sTNF-R1) were determined by
enzyme-linked immunosorbent assay before and 1 h after
injection of LPS/GalN. sTNF-R1 generated by the proteolytic
cleavage of the molecule on the cell surface has been shown
to bind TNF-a and regulate circulating TNF-a activity.
Concentrations of sTNF-R1 were measured in duplicate, and
data represent the mean values – SD of six animals.

FIG. 7. Upregulation of p53-target genes in LPS/GalN-treated TMX - / - mice. (A, B) Induction of S100A8, annexin A1,
p21/Waf1, Bax, and Gadd45c was verified by real-time quantitative PCR performed in triplicate. mRNA expression levels
were normalized to that of 18S ribosomal RNA. The graphs show the fold changes for each gene compared with the untreated
wild-type mice. Data are the mean values – SD of two animals.
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ALT levels were significantly higher in the TMX - / - mice
than in the wild-type animals (Fig. 8E). Thus, as shown in the
LPS/GalN model of liver injury, TMX - / - mice exhibited a
significantly higher sensitivity to TAA.

We have searched for proteins that potentially interact with
TMX to gain more information of its protective roles in the
inflammatory response. Using TMX-conjugated affinity
microparticles, proteins were purified from mouse liver
membrane fractions and identified by mass spectrometry
(Supplementary Fig. S2; Supplementary Table S2). The ER-
associated proteins identified include a member of the long-
chain acyl-CoA synthetase family, a fatty acid transport
protein, and Derlin-1, a component of the ER-associated
degradation machinery (21). Additional studies should eval-
uate the possibility that TMX contributes to the regulation of
liver homeostasis and stress response through cooperative
interactions with such membrane proteins.

Discussion

In this article, we found a hypersensitivity of TMX-deficient
mice to LPS/GalN, resulting in marked aggravation of oxi-
dative stress-induced hepatitis. LPS-induced liver injury is a

classical model of endotoxin shock. The tissue damage is
mediated mainly through the cytotoxic effect of TNF-a (10),
which can induce a variety of mechanisms to initiate cell
death, and the signaling events activated seem to be closely
interlinked. Although the downstream signaling pathways
have been examined rather intensively, the mechanism of
aggressive and fatal hepatitis has not been clarified com-
pletely neither in an animal model nor clinically.

Accumulating evidence shows that oxidative stress is as-
sociated with inflammation. During liver injury, hepatocytes
are exposed to ROS generated from inflammatory cells. ROS
are also produced intracellularly upon activation of inflam-
matory responses and play a critical role in a TNF-a-induced
cell death pathway (33, 39). Among a variety of mechanisms
and cellular responses against inflammation, we have attrib-
uted the increased liver damage in TMX - / - mice to elevated
oxidative stress, which was clearly demonstrated by a marked
accumulation of HNE–protein adducts in the mutant mice.
The production of ROS and the resulting oxidative protein
modifications can impose diverse effects of protein function
and promote cell death (9). In addition, several antioxidant
genes were downregulated in TMX - / - mice treated with
LPS/GalN (Supplementary Table S3). Microarray data also
revealed enhanced activation of the p53 signaling in TMX - / -

mice after an LPS/GalN challenge. Excess ROS can cause
oxidative damage to cellular macromolecules such as DNA,
and induce genotoxic effects leading to activation of the p53-
dependent cell death pathway. Although TMX localized on
the ER membrane would not possibly regulate the p53 sig-
naling via direct interaction, we consider it one of the impor-
tant pathways contributing to the oxidative liver damage. In
agreement with this study, a recent microarray analysis in-
dicates that transcriptional regulation by p53 is involved in
hepatotoxicant-induced liver injury (16). Furthermore, Scha-
fer et al. showed that inhibition of p53 attenuated hepatocel-
lular death induced by LPS (38). Although the precise
mechanisms by which ROS exert their toxic effects in in-
flammatory liver injury are not fully understood, our work,
together with the previous studies, shows the crucial in-
volvement of oxidative stress-induced cell death in inflam-
matory liver damage.

Expression profiles in the liver showed that TMX deficiency
in mice did not significantly induce the unfolded protein re-
sponse, suggesting that the mutant mice are not exposed to
persistent ER stress at a steady state. Furthermore, after an
LPS/GalN challenge, only a slight upregulation of ER stress
markers, such as CHOP and BiP, was observed to a similar
extent in wild-type and TMX - / - mice. These observations
indicate that the lack of TMX does not cause obvious pheno-
types of ER dysfunction, and ER stress would not be a major
contributing factor to the liver injury in our LPS/GalN model.
Elevated oxidative stress in TMX - / - mice receiving LPS/
GalN suggests that the mutant mice may fail to control the
intracellular redox balance under inflammatory conditions.
Mitochondria are the primary source of ROS, and their dys-
function has been implicated in oxidative stress-mediated li-
ver injury (10). It has been reported very recently that a group
of ER proteins, including TMX, are enriched on the mito-
chondrion-associated membrane (MAM), a subdomain of the
ER forming close contacts with mitochondria (15, 23). Al-
though the physiological significance of ER–mitochondria
interactions in inflammatory liver injury has not been

FIG. 8. Loss of TMX enhances liver damage associated
with oxidative stress. (A–D) Increased lipid peroxidation in
LPS/GalN-treated TMX - / - mice. Representative images of
HNE staining in liver sections from wild-type ( + / + ) or
TMX - / - mice treated with vehicle (A, B) or LPS/GalN (24 h
postinjection (C, D). Bars represent 100 lm. (E) Loss of TMX
enhances liver damage induced by TAA. Serum levels of
AST and ALT were measured 24 h after TAA injection. Data
represent the mean values – SD of four animals. *p < 0.05
(Student’s t-test). HNE, 4-hydroxy-2-nonenal; TAA, thioace-
tamide.
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elucidated thus far, TMX could potentially participate in the
cellular protection from oxidative damage through the tar-
geting to MAM.

Our results also show that the absence of TMX augments
the cellular response against oxidative stress evoked not only
by LPS/GalN but also by TAA. Collectively, these results may
suggest that TMX might have broader roles in the host de-
fense against inflammatory conditions associated with oxi-
dative stress such as viral infection, ischemia reperfusion
damage, and even cancer. Considering that the cellular redox
status might determine the sensitivity and the final outcome
in response to inflammatory stimuli, understanding the pro-
tective role of TMX should have medical implications in
the pathogenesis of such acute and chronic inflammatory
diseases.

The present study is the first to address the role of the
oxidoreductase TMX in inflammatory liver injury. The phe-
notype of mice deficient in TMX suggests a functional link
between redox regulation in the ER and susceptibility to ox-
idative stress-mediated tissue damage. This animal model
might be useful for targeting therapeutic agents for the
treatment of hepatitis progression, and also for dissecting the
role of TMX in the redox-signaling network connecting the ER
and the extra-ER environment.

Materials and Methods

Reagents

LPS from Escherichia coli 0111:B4 (L4391) and GalN hy-
drochloride (G1639) were purchased from Sigma and TAA
from Wako.

Generation of TMX-deficient mice

The TMX-mutant mice (Acc. No. CDB0445K: http://
cdb.riken.jp/arg/mutant%20mice%20list.html) were gener-
ated as described (http://cdb.riken.jp/arg/Methods.html; for
a detailed description, please see Supplementary Materials
and Methods). TMX-mutant mice were backcrossed for more
than 10 generations to the C57BL/6J background, and main-
tained in a specific pathogen-free facility. All experiments
were conducted according to the Institutional guidelines and
regulations.

Protein extraction and immunoblotting

Tissue samples were homogenized in a lysis buffer con-
taining 50 mM Tris–HCl, pH 7, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.5% sodium dodecyl sulfate. Ly-
sates were clarified by centrifugation at 20,000 g for 10 min,
and immunodetection was carried out as described previ-
ously (25). The antibodies used are listed in the Supplemen-
tary Materials and Methods.

Flow cytometry

Spleen cell suspensions were obtained by passing the tis-
sues through a 40-lm nylon cell strainer (BD Falcon). After
removal of erythrocytes using a red blood cell lyzing buffer
(Sigma), cells were stained with the fluorescence-labeled an-
tibodies for 20 min at 4�C, and analyzed using FACSCalibur
(Becton Dickinson) and FlowJo software (Tree Star).

Liver injury model

Female mice at 11–15-week old (20–23 g) were used. Mice
were injected intraperitoneally with a combination of 3 ng LPS
and 10 mg GalN in a total volume of 0.2 ml per animal. Blood
samples were obtained before and after LPS/GalN challenge
for serum analysis. Liver samples were collected 24 h postin-
jection. In the TAA-induced liver injury model, mice were
given a 75 mg/kg body weight intraperitoneal injection of
10 mg/ml TAA solution.

Histological analysis

Liver specimens fixed in 10% neutral formalin were embed-
ded in paraffin, sectioned, and stained with hematoxylin and
eosin. Apoptotic cells were detected via TUNEL assays per-
formed on paraffin sections using the MEBSTAIN apoptosis kit II
(MBL). Lipid peroxidation was assessed using mouse mono-
clonal antibodies specific for HNE-modified protein (NOF Cor-
poration) and Histofine Mousestain kit (Nichirei Biosciences).

Determination of cytokine concentrations

The concentrations of selected cytokines (i.e., IL-6, IL-10,
MCP-1, IFN-c, TNF-a, and IL-12p70) were determined using a
cytometric bead array mouse inflammation kit (BD Bios-
ciences) following the manufacturer’s protocol.

Enzyme-linked immunosorbent assay

Release of soluble TNF-R1 (sTNF-R1) was measured by
enzyme-linked immunosorbent assay using the Quantikine
mouse sTNF-R1 immunoassay kit (R&D Systems).

Quantitative real-time PCR

For cDNA synthesis, 1 lg of total RNA was reverse tran-
scribed using High-Capacity RNA-to-cDNA Master Mix
(Applied Biosystems). Gene expression was quantitated using
the Power SYBR Green PCR Master Mix and ABI PRISM 7000
Sequence Detection System (Applied Biosystems). The se-
quences of the primers used are provided in the Supplemen-
tary Materials and Methods (Supplementary Table S4).
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Abbreviations Used

ALT¼ alanine aminotransferase
APC¼ allophycocyanin
AST¼ aspartate aminotransferase
Bax¼Bcl2-associated X protein
BiP¼ binding protein

CHOP¼C/EBP homologous protein
ER¼ endoplasmic reticulum
ES¼ embryonic stem

FITC¼fluorescein isothiocyanate
FLIP¼ FLICE inhibitory protein

GalN¼d-(+)-galactosamine
GAPDH¼ glyceraldehyde-3-phosphate dehydrogenase

HNE¼ 4-hydroxy-2-nonenal
IFN-c¼ interferon-c

IL¼ interleukin
JNK¼ c-Jun N-terminal kinase
LPS¼ lipopolysaccharide

MAM¼mitochondrion-associated membrane
MCP-1¼monocyte chemotactic protein-1

MHC¼major histocompatibility complex
NF-jB¼nuclear factor-jB
PARP¼poly(ADP–ribose) polymerase

PDI¼protein disulfide isomerase
PE¼phycoerythrin

ROS¼ reactive oxygen species
RT-PCR¼ reverse transcription–polymerase chain reaction

SD¼ standard deviation
sTNF-R1¼ soluble TNF-R1

TAA¼ thioacetamide
TLR4¼Toll-like receptor 4
TMX¼ transmembrane thioredoxin-related protein

TNF-a¼ tumor necrosis factor-a
TNF-R1¼TNF receptor 1

TTF¼ tail-tip fibroblasts
TUB¼ a-tubulin

TUNEL¼ terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling
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