
Urinary trypsin inhibitor protects against liver injury and
coagulation pathway dysregulation induced by
lipopolysaccharide/D-galactosamine in mice
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Urinary trypsin inhibitor (UTI), a serine protease inhibitor, has been widely used for patients with inflammatory disorders
including disseminated intravascular coagulation, shock, and pancreatitis in Japan. Our recent studies using UTI-null
(�/�) mice have shown that UTI protects against systemic inflammatory responses and acute lung injury. However, the
role of UTI in liver injury has not been elucidated. This study determined the contribution of UTI to liver injury and
coagulatory disturbance induced by lipopolysaccharide and D-galactosamine (LPS/D-GalN) using UTI (�/�) and wild-type
(WT) mice. LPS/D-GalN treatment caused severe liver injury characterized by neutrophilic inflammation, hemorrhagic
change, necrosis, and apoptosis, which was more prominent in UTI (�/�) than in WT mice. In both genotypes of mice,
LPS/D-GalN challenge caused elevations of aspartate amino-transferase and alanine amino-transferase, prolongation of
the prothrombin and activated partial thromboplastin time, and decreases in fibrinogen and platelet counts, as compared
with vehicle challenge. These changes, however, were significantly greater in UTI (�/�) than in WT mice. Circulatory levels
of tumor necrosis factor (TNF)-a (Po0.05) and interferon (IFN)-g were also greater in UTI (�/�) than in WT mice after
LPS/D-GalN challenge. These results suggest that UTI protects against severe liver injury and subsequent coagulatory
disturbance induced by LPS/D-GalN, which was mediated, at least partly, through the suppression of TNF-a production
along with its antiprotease activity.
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Urinary trypsin inhibitor (UTI) is a multivalent Kunitz-type
serine protease inhibitor that is found in human urine and
blood.1 UTI has been widely used as a drug for patients with
disseminated intravascular coagulation (DIC), shock, and
pancreatitis, especially in Japan.1 UTI mainly inhibits in-
flammatory proteases including trypsin, a-chymotrypsin,
plasmin, cathepsin G, and leukocyte elastase as well as
proteases in the coagulation cascade. Furthermore, UTI
reportedly exhibits anti-inflammatory properties aside from
its blocking of the protease pathway in vitro2–4 and in vivo.5–7

In fact, we demonstrated earlier that UTI can protect against
systemic inflammatory responses8 and acute lung injury9

induced by lipopolysaccharide (LPS) using UTI-null (�/�)
mice. However, the role of UTI in the other inflammatory
conditions and/or organ injury has not been elucidated using
gene-knockout mice.

Fulminant hepatic failure is associated with a mortality
rate of 82–97%, if liver transplantation is not available.10 A
variety of toxins accumulating in the body as a result of liver
injury and cytokines released directly from the necrotic liver
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into the circulation are considered to be responsible for
the deterioration of the condition.11 It is also reported that
activated leukocytes and their proteases can contribute to
the pathogenesis of liver injury.12,13 Furthermore, severe
liver injury develops both impaired productive and con-
sumptive coagulatory disturbance resulting in DIC and fatal
outcomes.14,15

In this study, we explored the role of UTI in severe liver
injury induced by the intraperitoneal injection of LPS/D-
galactosamine (D-GalN) using UTI (�/�) mice and the
corresponding wild-type (WT) mice. We also determined the
effects of UTI on coagulatory disturbance during lethal liver
injury. Furthermore, we examined whether liver injury with
coagulatory disturbance is concomitant with altered profiles
of proinflammatory cytokines. Finally, we elucidated the
effects of UTI on apoptosis and oxidative stress related to
LPS/D-GalN.

MATERIALS AND METHODS
Mice
The generation of mice deficient in the UTI gene and normal
control littermates (C57BL/6) was described earlier. 16 These
mice were bred and maintained under a 12-h light–dark cycle
in our Level B pathogen-free facility. Male mice of both
genotypes were used at 10–12 weeks of age and 27–31 g in
weight.

LPS/D-GalN Challenge
Both UTI (�/�) and WT mice were injected in-
traperitoneally (i.p.) with phosphate-buffered saline (PBS)
at pH 7.4 (Invitrogen Co., Carlsbad, CA) or 3 mg/kg of
LPS (Escherichia coli B55: 05, Difco Lab, Detroit, MI) and
800mg/kg of D-GalN dissolved in PBS. The studies were
carried out in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by
the National Institute of Health. All animal studies were
approved by the Institutional Review Board.

Histological Examination
After exsanguinations, the livers were fixed with 10% neutral
phosphate-buffered formalin (pH 7.4). All specimens were
embedded in paraffin. Sections of 4 mm thick were routinely
processed with hematoxylin and eosin stain (n¼ 4 in each
group). Neutrophil infiltration was assessed by averaging the
number of neutrophils enumerated in 30 randomly selected
high-power fields (� 400) in each slide. Histological sections
were evaluated in a blind fashion.

Immunohistochemistry
The detection of apoptosis in the liver was examined by
immunohistochemical analysis (n¼ 4 in each group) using
an anti-single-stranded DNA (ss-DNA) polyclonal antibody
(Dako Japan, Kyoto, Japan) according to a previous study,17

because ss-DNA is accepted to be another maker of DNA
fragmentation.18,19.Deparaffinized slides were blocked with

10% goat serum for 1 h. After blocking, anti-ss-DNA anti-
body (0.5 mg/ml) was incubated with the sections for 1 h at
room temperature, followed by the incubation of a biotiny-
lated secondary antibody and streptavidin–peroxidase con-
jugate. Thereafter, the slides were incubated with 3-amino,
9-ethyl-carbazole chromogen, and counterstained with
hematoxylin in an AutoProbe III kit (Biomeda, Foster
City, CA).

Analysis for Coagulation and Fibrinolysis Parameters,
Peripheral Blood Cell Counts, and Liver Transaminases
Blood samples were collected from each mouse (n¼ 4–6 in
each group) into 3.8% sodium citrate at a ratio of 10:1 and
centrifuged at 3000 g for 10min, as conducted earlier.8 The
prothrombin time (PT) was evaluated by incubating 50 ml of
plasma for 5min at 371C and then adding 100 ml of Neo-
plastin Plus (DIAGNOSTICA STAGO, Roche, Tokyo, Japan)
and 30mmol/l of CaCl2. The activated partial thromboplas-
tin time (APTT) was measured by mixing 50 ml of STA APTT
LT (DIAGNOSTICA STAGO, Roche) and 50 ml of murine
plasma followed by incubation for 4min at 371C and dec-
alcification with 50 ml of 25mmol/l of CaCl2. Murine clot-
table plasma fibrinogen was determined using a commercial
kit (DIAGNOSTICA STARGO, Roche) and the values were
compared with a human plasma fibrinogen standard (DI-
AGNOSTICA STARGO, Roche). All assays were measured
using STA Compact (DIAGNOSTICA STAGO, Roche), as
described earlier.8,20,21

In a separate series of experiments, blood samples were
collected and peripheral blood cell counts, aspartate amino-
transferase (AST), and alanine amino-transferase (ALT) were
measured (n¼ 10 in each group).

Assays for Circulatory Cytokines
Blood samples were collected from each mouse (n¼ 9–10 in
each group) and centrifuged at 2500 g for 10min. ELISA for
tumor necrosis factor (TNF)-a (R & D Systems, Minneapolis,
MN) and interferon (IFN)-g (Endogen, Cambridge, MA) in
the serum were conducted using matching antibody pairs
according to the manufacturer’s instructions. The secondary
antibodies were conjugated with horseradish peroxidase.
Readings at 550 nm subtracted from those at 450 nm were
converted to pg/ml using values obtained from standard
curves generated with varying concentrations of recombinant
TNF-a and IFN-g with detection limits of 3.8 and 2 pg/ml,
respectively.

Statistical Analysis
Data are reported as the mean±s.e.m. using Stat view ver-
sion 4.0 (Abacus Concepts Inc., Berkeley, CA). Differences
between groups in PT, APTT, fibrinogen, and neutrophil
number in the liver sections were analyzed by the Kruskal–
Wallis test followed by Mann–Whitney U-test using Stat view.
Differences in other data were examined for significance
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using one-way ANOVA with post hoc analysis (Fisher’s PLSD
test). Significance was assigned to P-values smaller than 0.05.

RESULTS
Role of UTI in Liver Injury Caused by LPS/D-GalN
Challenge
We evaluated the histopathological changes in livers obtained
from both genotypes of mice 5 h after LPS/D-GalN challenge
(Figure 1). Histopathological examination revealed severe
liver injury characterized by neutrophilic infiltration, he-
morrhagic change, apoptosis, and necrosis in UTI (�/�)
mice challenged with LPS/D-GalN, whereas the liver injury
was less prominent in WTmice. Vehicle treatment caused no
histopathological changes in both genotypes of mice. We
performed morphometric analysis to quantitate the number
of neutrophils that had infiltrated into the liver. As compared
with vehicle treatment (mean±s.e.m.: 0.6±0.2 for WT,
0.5±0.2 for UTI [�/�]), LPS/D-GalN treatment significantly
increased the number of neutrophils from both genotypes of
mice (21.2±8.6 for WT, 32.9±9.8 for UTI [�/�]; Po0.01).
In the presence of LPS/D-GalN, the number was greater in
UTI (�/�) mice than in WT mice (P¼ 0.08).

Role of UTI in the Induction of Apoptosis in the Liver
Induced by LPS/D-GalN Challenge
To elucidate the role of UTI in liver cell apoptosis induced by
LPS/D-GalN, the induction of apoptosis was estimated 5 h
after intraperitoneal administration (Figure 2). LPS/D-GalN
challenge induced apoptosis in the livers from both geno-
types of mice. However, the intensity was apparently stronger
in UTI (�/�) than in WT mice.

Effects of UTI Deficiency on the Changes in Liver
Transaminases, Coagulatory and Fibrinolytic
Parameters, and Peripheral Blood Cell Counts after LPS/
D-GalN Challenge
We next evaluated the levels of liver transaminases, coagu-
latory and fibrinolytic parameters, and peripheral blood cell
counts 5 h after intraperitoneal challenge with LPS/D-GalN or
vehicle (Figure 3). LPS/D-GalN treatment showed elevations
of liver transaminases as compared with vehicle treatment,
especially in UTI (�/�) mice (Po0.01 for UTI [�/�]). In
the presence of LPS/D-GalN, the levels of AST and ALT were
significantly greater in UTI (�/�) than in WT mice
(Po0.01). LPS/D-GalN challenge significantly prolonged PT

Figure 1 Histopathological findings of the liver obtained from urinary trypsin inhibitor (UTI) null (�/�) mice injected i.p. with 3 mg/kg body weight of

lipopolysaccharide (LPS) and 800mg/kg of D-galactosamine (D-GalN), wild-type (WT) mice injected with LPS/D-GalN, UTI (�/�) mice injected with vehicle,

and WT mice injected with vehicle (n¼ 4 in each group). Five h after injection, mice were killed and examined. Original magnification � 200.
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in both genotypes of mice as compared with vehicle challenge
(Po0.01). In the presence of LPS/D-GalN, PT was sig-
nificantly longer in UTI (�/�) than in WT mice (Po0.01).
APTT was also significantly longer in LPS/D-GalN-treated
UTI (�/�) than in vehicle-treated UTI (�/�) (Po0.01) or
LPS/D-GalN-treated WTmice (Po0.05). Levels of fibrinogen
and counts of platelets were significantly lower in LPS/D-
GalN-challenged than in vehicle-challenged mice in the same
genotypes (Po0.05 for WT, Po0.01 for UTI [�/�]). In the
presence of LPS/D-GalN, they were significantly lower in UTI
(�/�) than in WTmice (Po0.01). As compared with vehicle
challenge, LPS/D-GalN challenge significantly decreased
white blood cell (WBC) counts only in UTI (�/�) mice
(Po0.05), not in WT mice.

Role of UTI in Circulatory Levels of TNF-a and IFN-c after
LPS/D-GalN Challenge
To determine the role of UTI in the systemic inflammatory
response related to LPS/D-GalN, levels of serum TNF-a and
IFN-g proteins were estimated 5 h after intraperitoneal ad-
ministration (Figure 4). The level of TNF-a was greater in

LPS/D-GalN-treated than in vehicle-treated mice (Po0.05
for UTI [�/�]). In the presence of LPS/D-GalN, the level was
significantly greater in UTI (�/�) than in WT mice
(Po0.05). The level of IFN-g was also greater in LPS/D-
GalN-treated than in vehicle-treated mice (Po0.05 for UTI
[�/�]). In the presence of LPS/D-GalN, the level was greater
in UTI (�/�) than in WT mice, however, it did not reach
significance.

DISCUSSION
This study demonstrated that LPS/D-GalN challenge induces
severe liver injury characterized by hemorrhagic change, ne-
crosis, apoptosis, and neutrophilic infiltration, which is far
more prominent in UTI (�/�) than in WT mice. As com-
pared with WT mice, UTI (�/�) mice show significant ele-
vations of liver transaminases such as AST and ALT,
significant prolongations of PT and APTT, and significant
decreases in fibrinogen, WBC, and platelet counts after LPS/
D-GalN challenge. Circulatory levels of IFN-g and TNF-a are
greater in UTI (�/�) than in WT mice after LPS/D-GalN
challenge.

Figure 2 Immunohistochemical staining for single-stranded DNA of the liver obtained from UTI (�/�) mice injected with LPS/D-GalN, WT mice injected

with LPS/D-GalN, UTI (�/�) mice injected with vehicle, and WT mice injected with vehicle (n¼ 4 in each group). Five h after injection, mice were killed

and examined. Arrows denote positive staining. Original magnification � 300.
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UTI is a multivalent Kunitz-type serine protease inhibitor.
Although the therapeutic effects of UTI on circulatory shock
and pancreatitis have been recognized, especially in Japan,1

detailed explanations of the mechanisms remain un-
satisfactory. Tani et al6 have reported that UTI protects
against septic shock induced by Gram-negative bacteria
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Figure 3 Changes in coagulatory parameters, peripheral blood cell counts, and liver transaminases after LPS/D-GalN challenge. Blood samples were

collected 5 h after i.p. injection of vehicle or LPS/D-GalN. Coagulatory parameters (n¼ 4–6 in each group), white blood cell (WBC) and platelets counts, and

the levels of liver transaminases (n¼ 10 in each group) in the sera were measured. *Po0.05 vs vehicle-treated mice; **Po0.01 vs vehicle-treated mice;
#Po0.05 vs LPS/D-GalN-treated WT mice; ##Po0.01 vs LPS/D-GalN-treated WT mice. Values are expressed as the mean±s.e.m. PT; prothrombin time, APTT;

activated partial thromboplastin time, AST; aspartate amino-transferase, ALT; alanine amino-transferase.

Figure 4 Serum levels of cytokines after LPS/D-GalN challenge. Sera of both WT (open symbols) and UTI (�/�: filled symbols) mice were harvested 5 h after

i.p. injection of vehicle or LPS/D-GalN (n¼ 9–10 in each group). Tumor necrosis factor-a and interferon-g levels were measured by ELISA. *Po0.05 vs vehicle-

treated mice, #Po0.05 vs LPS/D-GalN-treated WT mice. Values are the mean±s.e.m. in each group.
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in vivo, by estimating clinical signs such as the cardiac index,
blood pressure, lactic acid, blood glucose, and blood baseline
values. Another group has reported that UTI improves he-
morrhagic shock through its protective effect on myocardial
mitochondrial functions.7 Previously, we showed the pro-
tective role of UTI in two models related to inflammation
using gene-knockout mice. In our first report, UTI protected
against systemic inflammation including hyperfibrino-
genemia induced by the intraperitoneal administration of LPS.8

Also, the aggravated systemic inflammation in UTI (�/�) mice
was associated with the more prominent inflammatory organ
(lung, liver, and kidney) damage and cytokine expressions in
the organs. Secondly, UTI (�/�) mice revealed aggravated
lung injury induced by the intratracheal administration of
LPS.9 The deteriorated lung injury in UTI (�/�) mice was
concomitant with the enhanced lung expression of pro-
inflammatory cytokines such as IL-1b, chemokines such as
macrophage inflammatory protein (MIP)-1a, macrophage
chemoattractant protein (MCP)-1, keratinocyte chemo-
attractant (KC), and intercellular adhesion molecule-1.

On the other hand, activated neutrophils release various
kinds of mediators, including proteases.22 Protease–anti-
protease imbalance has been reportedly involved in a variety
of inflammatory diseases.23,24 Harbrecht et al13 have de-
monstrated that liver cell damage by activated neutrophils is
mediated by proteases in vitro. In addition, Sauer et al12 have
reported the importance of proteases in neutrophil-mediated
liver injury in vivo. Thus, this study has focused on the effects
of UTI on inflammatory liver injury.

GalN is metabolized by enzymes participating in the ga-
lactose pathway. As this pathway consumes uridine nucleotide,
GalN challenge leads to a rapid depletion of these nucleotides
primarily in the liver, and to a decrease in RNA synthesis.
Injection of a large dose of GalN into animals induces liver cell
necrosis with apoptosis similar to that in human viral hepati-
tis.25 An earlier study in patients with acute and fulminant
hepatitis has indicated the close relationship between plasma
and urine levels of UTI and the severity of liver damage and
corresponding coagulatory and fibrinolytic dysfunction,26

implicating UTI as a contributor to this pathological condition.
In this study, liver injury induced by LPS/D-GalN was far more
prominent in UTI (�/�) than in WT mice. Also, in the pre-
sence of LPS/D-GalN, the levels of liver-derived transaminases
such as AST and ALTwere much greater in UTI (�/�) than in
WT mice. These results suggest that UTI should be protective
against inflammatory liver injury.

Hepatic failure is often associated with coagulatory and
fibrinolytic disturbance. It is, at least partly, a result of ex-
hausted coagulatory factors synthesized by the liver. In par-
ticular, liver injury reportedly leads to the tissue factor-
initiated consumption of Factor II, V, VII, and X.15 In this
study, UTI (�/�) mice showed a significant prolongation of
PT and APTT, and significant decreases in fibrinogen and
platelet counts as compared with WTmice in the presence of
LPS/D-GalN. These results suggest that UTI can protect

against coagulatory disturbance in fulminant hepatic failure
that can result in DIC. In contrast, LPS/D-GalN-treated mice
showed a septic state including a high circulatory level of
proinflammatory cytokines such as TNF-a (Figure 3), IL-1b
(data not shown), and IL-6 (data not shown), which are
implicated in the development of sepsis.27 Thus, it cannot be
excluded that sepsis is considerably related to the patho-
genesis of DIC in this study. In other words, it could be
proposed that both pathologies are attributable to the fatal
outcome.

Recent studies have demonstrated that protease inhibitors
may have anti-inflammatory roles rather than merely sup-
pressive effects on protease actions during inflammation. UTI
inhibits IL-84 and TNF-a28 in vitro. Also, in our recent study,
protein levels of MCP-1 in the lungs, MCP-1 and KC in the
kidneys, and IL-1b, MIP-2, MCP-1, and KC in the liver are
significantly greater in UTI (�/�) than in WTmice after LPS
challenge.8 On the other hand, LPS is known to stimulate the
production and release of a variety of cytokines. Of these,
TNF-a is considered to be the most responsible for the
lethality seen on LPS/D-GalN challenge.12 In this study, ser-
um TNF-a levels were markedly higher in UTI (�/�) than in
WT mice in the presence of LPS/D-GalN. These results sug-
gest that the protective effects of UTI on LPS/D-GalN-related
injury should be mediated, at least partly, through the sup-
pression of TNF-a production.

Liver cell apoptosis represents not only a crucial step in
acute hepatic failure, but also functions as a signal for leu-
kocyte infiltration in parenchymal cells,29,30 thereby estab-
lishing a vicious circle with the augmentation of leukocyte
inflammation and cell death, although necrosis is also likely
to markedly contribute to the liver injury in view of the
elevation of serum liver transaminase levels and histological
findings (see Leonis et al25 and Figures 1 and 4 in this study).
Consistent with this, preventing apoptosis in hepatocytes by
caspase inhibition reportedly suppresses leukocyte transmi-
gration and leukocyte-dependent liver cell necrosis accom-
panied by apoptosis.30 Furthermore, as a mechanistic hint,
the sequential analysis of proapoptotic and antiapoptotic
gene expression in LPS/D-GalN-exposed liver has indicated
that there is an early block in the transcription of anti-
apoptotic Bcl-2 and Bcl-XL after the LPS/D-GalN exposure,
before the proapoptotic gene Bax is transcriptionally acti-
vated.31 On the other hand, UTI reportedly reduces lym-
phocyte apoptosis,32 although its mechanistic pathway
remains unclear. In this study, apoptotic lesions in the liver
were profoundly larger and more severe in UTI (�/�) than
in WTmice in the presence of LPS/D-GalN. Thus, our genetic
approach also suggests that UTI can protect against apoptosis
in vivo, which may, at least in part, correlate with the sup-
pressive effects on leukocyte migration.

Finally, there is one major limitation regarding this study.
We did not confirm whether exogenous UTI administration
abrogates the changes to clearly show that LPS/D-GalN
is acting in concert with UTI, and not independently. In
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previous studies, UTI experimentally ameliorated several
inflammatory models such as ischemia-reperfusion injury,5

septic shock,6 hemorrhagic shock,7 and glomerulonephritis33

in vivo. In these models, however, the animals were treated
with human-derived UTI as a foreign protein. Accordingly,
this critical point should be clarified using appropriate UTI
derived from corresponding species in the future.

In conclusion, UTI protects against fulminant liver injury
and coagulatory disturbance induced by LPS/D-GalN, pos-
sibly through the suppression of TNF-a production, and
apoptosis, aside from its antiprotease activity. These results
provide direct molecular evidence for the ‘rescue’ therapeutic
utility of UTI against fulminant hepatic failure, particularly,
that associated with DIC.
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