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Abstract
Urinary trypsin inhibitor (UTI) is a serine protease inhibitor produced in the liver that inhibits the production and activation of

various cytokines, notably transforming growth factor-b (TGF-b), which are associated with the progression of liver fibrosis.

However, the various roles of endogenous UTI in liver fibrosis have not been examined. This study, therefore, examined the

long-term effects of UTI deficiency during both steady-state conditions and thioacetamide (TA)-induced liver fibrosis.

Furthermore, the effects of continuous exogenous UTI administration were examined. Analyses of liver fibrosis marker,

hyaluronic acid (HA), TGF-b concentrations and histological findings at 30 weeks of age showed that homozygous UTI-

knockout (KO) mice had higher HA and TGF-b concentrations than did heterozygous UTI-KO mice and wild-type mice,

although there was no histological evidence of liver fibrosis in these mice. TA treatment for 20 weeks also resulted in

greater HA and TGF-b levels in homozygous mice than in heterozygous and wild-type mice. Furthermore, homozygous

mice had more severe liver fibrosis based on histological analyses. HA and TGF-b levels were lower in homozygous UTI-

KO mice that were continuously administered UTI versus those given distilled water. These findings indicate that UTI

deficiency leads to the production of HA and hepatic TGF-b and that administering exogenous UTI can ameliorate these

changes. We conclude that endogenous UTI is produced in the liver to suppress the production and activation of TGF-b

and that administering exogenous UTI may be therapeutically beneficial for preventing liver fibrosis.

Keywords: urinary trypsin inhibitor, liver fibrosis, knockout mice, ulinastatin, TGF-b

Experimental Biology and Medicine 2011; 236: 1314–1321. DOI: 10.1258/ebm.2011.011173

Introduction

Urinary trypsin inhibitor (UTI) is a serine protease inhibitor
derived from the degradation of pre-a-/inter-a-trypsin
inhibitors synthesized in the liver1,2 in response to biological
insults such as infection, surgery, trauma and inflam-
mation.3 This molecule is believed to serve as an intrinsic
protective factor against biological insults. In Japan, a
highly purified preparation of UTI, ulinastatin, has been
clinically used in the treatment of circulatory shock and pan-
creatitis.3,4 Research using the rat hepatic ischemia–reperfu-
sion injury model found that exogenous administration of
UTI significantly reduced liver damage.5 – 8 However, little
is known about the physiological significance of endogen-
ous UTI for the liver, the organ that secretes this protease
inhibitor.1,2,9

During hepatopathy induced by chronic inflammation
(i.e. chronic hepatitis), damaged tissue is repaired by

accumulated connective tissue, which causes the liver to
ultimately become cirrhotic. As fibrosis is the most impor-
tant factor in the onset of both carcinogenesis and hepatic
failure, one important prophylactic and therapeutic strategy
is to control the progression of hepatic fibrosis.10,11 The pro-
gression of liver fibrosis has been shown to involve trans-
forming growth factor-b (TGF-b), released from activated
stellate cells, as well as plasmin, kallikrein and other liver
serine proteases that activate stellate cells.12 – 14

Extensive investigation has been successfully revealing
the intrinsic protective roles of UTI. One of the key actions
of UTI identified, to date, is the suppression of the pro-
duction of tumor necrosis factor-a, interleukin-1b and
other inflammatory cytokines.15,16 UTI has been recently
reported to inhibit radiation-induced lung fibrosis by poten-
tially suppressing TGF-b synthesis.17 Other important
effects of UTI include the inhibition of the release of
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various proteases by stabilizing the lysosomal membrane.18

Past research has identified that the target proteases of UTI
include trypsin as well as serine proteases involved in the
activation of TGF-b.8,19 – 21

These findings led us to hypothesize that UTI endogen-
ously produced in the liver inhibits the development of
liver fibrosis resulting from viral hepatitis and other
causes by suppressing the production and activation of
TGF-b.

In this study, we employed UTI-knockout (KO) mice to
investigate the physiological significance of endogenously
produced UTI in the prevention of liver fibrosis. We com-
pared the differences among homozygous UTI-KO, hetero-
zygous UTI-KO and wild-type mice in (1) age-related
hepatic changes and (2) the development of liver fibrosis
induced by the potent hepatotoxin, thioacetamide (TA).22

Materials and methods

Animals

The UTI-KO mice used in this study (provided by the Research
Center, Mochida Pharmaceutical Co, Ltd, Shizuoka, Japan)
were generated by replacing exons 8 and 9 of the UTI
gene with the neomycin-resistance gene.23 Specifically,
they were produced as follows: 129/Ola-derived embryonic
stem (ES) cells were first transfected with the gene-targeting
construct containing the neomycin-resistance gene, and
gene-targeted ES cells were selected by screening for neo-
mycin resistance. The selected ES cells were injected into
host C57BL/6 blastocysts, and the blastocysts were trans-
ferred to the uterus of pseudo-pregnant ICR mice to
produce chimeric offspring with a mosaic (black and
white) coat color. Chimeras were then mated with C57BL/6
mice to yield white mice heterozygous for the gene KO
(the coat color was the same as that for the original ES cell
line), and these heterozygous mice were mated to finally
produce homozygous KO mice. Western blot analysis was
used to confirm the constitutive KO. The experimental pro-
tocols were approved by the Animal Care Committee of
Asahikawa Medical University and were in accordance
with the National Institute of Health’s ‘Guide for the Care
and Use of Laboratory Animals’.

Treatments and sample collection

Ten-week-old homozygous and heterozygous UTI-KO and
wild-type mice were divided into two groups (n ¼ 10
each), and were orally administered either TA (purchased
from Sigma Chemical Japan, Co, Tokyo, Japan) or vehicle.
Animals were killed 20 weeks after the treatment (at 30
weeks of age). Blood samples were collected from all
mice, and the serum was separated and stored frozen.
Liver lobes were extirpated, and tissues were stored frozen
or fixed with 4% paraformaldehyde. TA was mixed in
drinking water (300 mg/L) for oral administration in accord-
ance with a previous report.24 Two groups of five homozy-
gous UTI-KO mice were randomly selected at 26 weeks of
age, and underwent surgery under sodium pentobarbital
anesthesia (50 mg/kg, intraperitoneally) for implantation

of a mini-osmotic pump (Model 2004; Alza, Palo Alto,
CA, USA; flow rate of 0.25 mL/h, maximum total volume
of 200 mL). This pump was used to continuously deliver
either ulinastatin, UTI agent (10,000 units in 200 mL solution
purchased from Mochida Pharmaceutical Co, Ltd) or vehicle
(distilled water) for four weeks. The amount of ulinastatin
administered per day was calculated at 357 units, resulting
in 12,000 units/kg over the four-week period. Both groups
of mice (treated with ulinastatin and control) were killed
at 30 weeks of age for measurements of serum liver fibrosis
markers and histological examination of liver tissues.

Assessment of liver fibrosis

Serum levels of hyaluronic acid (HA), a fibrosis marker, were
determined at a contract laboratory (SRL Hokkaido, Inc,
Hokkaido, Japan). For histological evaluation of liver
damage, tissue samples were stained with hematoxylin–
eosin and graded according to the criteria reported earlier:
0, no fibrosis; þ1, slight fibrosis located in the central liver
lobule; þ2, moderate wide central fibrosis; þ3, severe fibrosis
extending to the edge of the liver lobule; and þ4, liver cirrho-
sis.25 Separately, liver sections were stained with 0.1% Sirius
red and 0.1% fast green counterstain (Sigma Chemical
Japan) to visualize collagen fibers. Images obtained with a
Nikon microscope and DS Camera Control Unit (DS-L1;
Nikon Co, Tokyo, Japan) were quantitatively analyzed
according to previously reported procedures utilizing NIH
Image software (Version 1.62; National Institutes of Health,
Bethesda, MD, USA) and Adobew Photoshop image
processing software (Adobe Systems Inc, Japan, Tokyo,
Japan).26–28 Alpha smooth muscle actin (a-SMA) has been
advocated as an effective marker for activated stellate cells.
We stained activated stellate cells as per the previously
described polymer immunocomplex method using mouse
monoclonal anti-a-SMA antibody (Dako Japan, Tokyo,
Japan).29 Immunohistochemical staining of mouse tissue
with mouse monoclonal antibody often results in undesirable
background staining because antimouse immunoglobulin
secondary antibodies react with endogenously produced
mouse immunoglobulin present in the mouse tissue speci-
men. The polymer immunocomplex staining method elimin-
ates the adverse influence of endogenous mouse
immunoglobulin and provides highly specific staining. This
method employs a new type of dextran polymer conjugated
with secondary antibody having antimouse immunoglobulin
specificity (EnVision; Dako Japan; 100–500 mL/plate).
Polymer immunocomplex is formed by mixing this reagent
with mouse monoclonal primary antibody and then with
normal immunoglobulin (blocking agent for unbound sec-
ondary antibody) at room temperature for one hour. The
resulting polymer immunocomplex was added to the
mouse tissue sections, which were left standing at 48C over-
night. 3,30-Diaminobenzidine was used to develop the immu-
nostain. The dextran polymer-based detection reagent
(EnVision or Mouse), normal mouse serum (Code no.
X0910), color development substrate (3,30-diaminobenzidine)
and other materials used for immunohistochemical staining
in this study were purchased from Dako Japan. Visual
fields were randomly chosen from the stained images, and
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classified into four groups according to the average pro-
portion of positive cells as described elsewhere21: 0, no posi-
tive cells; 1, positive cells ,1/3; 2, positive cells ,2/3; and
3, positive cells .2/3. Each plate’s score was calculated by
taking the mean value of 20 randomly selected visual fields.25

Reverse transcription polymerase chain reaction

Hepatic mRNA samples were extracted using Sepazol
RNA-I (Nacalai Tesque, Kyoto, Japan), and the TGF-b
expression in liver tissue was determined by reverse tran-
scription polymerase chain reaction (RT-PCR) using
Takara RNA PCR Kit (AMV) Version 3.0 (Takara Bio Inc,
Tokyo, Japan). The sequences for the upstream and down-
stream PCR primers for TGF-b (PCR product size, 353 bp)
were 50 GCC TGA GTG GCT GTC TTT TGA CG 30 and 50

ACT TCC AAC CCA GGT CCT TC 30, respectively. The
upstream and downstream PCR primers for b-actin (PCR
product size, 112 bp) had the following sequences, respect-
ively: 50 TCA GCA AGC AGG AGT ACG ATG A 30 and 50

TGC GCA AGT TAG GTT TTG TCA A 30. The resulting
PCR product bands were quantitatively analyzed by using
the NIH Image and Adobew Photoshop software programs.

Statistics

Data are represented as means+SD. Repeated measures
analysis of variance was used for data analysis, and
Duncan’s post hoc analysis was performed for multiple com-
parisons. Mann–Whitney U test was used for two-group
comparison. P values ,0.05 were considered statistically
significant.

Results

The effect of the absence of endogenous UTI on the
liver

Liver tissue samples taken from homozygous UTI-KO, het-
erozygous UTI-KO and wild-type mice were examined by
gross observation (Figure 1), hematoxylin–eosin staining
(Table 2), Sirius red staining (Figure 2 and Table 3) and
a-SMA immunohistochemical staining (Table 4) at 30
weeks of age. None of the groups demonstrated liver fibro-
sis by light microscopic examination. The serum levels of
the fibrosis marker HA were compared among the three
groups of mice (Table 1). The homozygous UTI-KO group
had a higher level of HA than the other groups. The wild-
type and heterozygous UTI-KO groups had very low
levels of hepatic TGF-b mRNA expression. The homozy-
gous UTI-KO group demonstrated a higher level of
hepatic TGF-b mRNA expression than the other two
groups. Quantitative RT-PCR analysis demonstrated a sig-
nificantly higher increase in hepatic TGF-b mRNA
expression for the homozygous UTI-KO group than the
other groups (Figure 3a).

The effect of continuous UTI administration on the liver

Homozygous UTI-KO mice administered ulinastatin
demonstrated a significantly lower level of serum HA
than did the control group of homozygous UTI-KO mice
administered distilled water (Table 1). In addition, quanti-
tative RT-PCR analysis showed that TGF-b expression was
significantly suppressed in homozygous UTI-KO mice

Figure 1 Typical macroscopic presentations of the liver from UTI-knockout (KO) and wild-type mice, treated with or without 20-week administration of thioa-

cetamide. Untreated wild-type and homozygous UTI-KO mouse received no drug treatment. The remaining mouse received 300 mg/L thioacetamide (TA) in

their drinking water for the final 20 weeks of the experiment. (a) Untreated wild-type mouse, 30 weeks of age. (b) Untreated homozygous UTI-KO mouse, 30

weeks of age. (c) Treated wild-type mouse, 30 weeks of age. (d) Treated homozygous UTI-KO mouse, 30 weeks of age. UTI, urinary trypsin inhibitor
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continuously administered ulinastatin than in homozygous
UTI-KO mice administered vehicle only (Figure 3b).

Development of TA-induced liver fibrosis

Administration of TA induced a significant increase in
serum HA in all three groups. However, the homozygous
UTI-KO group showed a significantly higher increase in
serum HA than did the heterozygous UTI-KO and wild-
type groups (Table 1). In addition, TA-induced liver fibrosis
was macroscopically observed in all groups; however, liver
cirrhosis was more severe in the homozygous UTI-KO
group than the other two groups. Homozygous UTI-KO
mice demonstrated macroscopically observable irregular
nodules on the entire liver surface, which indicated severe
cirrhotic changes. Moreover, Sirius red staining revealed
that these mice developed thick fibrous septae that formed
pseudolobules, indicating severe cirrhotic changes
(Figures 1 and 2). According to the histological analysis
based on hematoxylin–eosin staining (Table 2), Sirius red
staining (Figure 2 and Table 3) and a-SMA

immunohistochemical staining (Table 4), the homozygous
UTI-KO group consistently scored significantly higher (indi-
cating more adverse changes) than did the other groups.
With respect to TGF-b mRNA, strong hepatic expression
was found in all groups. However, the homozygous
UTI-KO group showed a significantly higher increase in
TGF-b expression than did the other groups (Figure 3c).

Discussion

TGF-b is produced in its latent form by stellate cells, Kupffer
cells and platelets, and is converted to its active form by pro-
teases.12,30–34 It has been clearly documented that the conver-
sion of latent to active TGF-b in the liver requires a serine
protease.12,29 In particular, the serine protease plasmin has
been shown to play a key role in TGF-b activation during
the development of liver fibrosis and cirrhosis. Another
common protease, kallikrein, is known to activate TGF-b
when liver regeneration is impaired.12,35 We maintain that
endogenous UTI suppresses TGF-b activation and liver fibro-
sis, independent of hepatic pathology type, because it inhibits

Figure 2 Typical histological presentations of the liver from UTI-knockout (KO) and wild-type mice, treated with or without 20-week administration of thioace-

tamide (TA). Untreated wild-type and homozygous UTI-KO mouse received no drug treatment. The remaining mouse received 300 mg/L TA in their drinking water

for the final 20 weeks of the experiment. The sections were stained with Sirius red to detect the extracellular matrix and collagen. Activated hepatic stellate cells

were detected by immunohistochemistry with a monoclonal antibody for alpha smooth muscle actin (a-SMA). (a) Untreated wild-type mouse, 30 weeks of age,

Sirius red staining (�40). (b) Untreated homozygous UTI-KO mouse, 30 weeks of age, Sirius red staining (�40). (c) Treated wild-type mouse, 30 weeks of age,

Sirius red staining (�100). (d) Treated homozygous UTI-KO mouse, 30 weeks of age, Sirius red staining (�100). (e) Treated wild-type mouse, 30 weeks of age,

a-SMA immunohistochemical staining (�100). (f ) Treated homozygous UTI-KO mouse, 30 weeks of age, a-SMA immunohistochemical staining (�100). UTI,

urinary trypsin inhibitor
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a large number of serine proteases and other proteases.
Analysis of the individual effects of UTI on these proteases
was, however, beyond the scope of the present study. Such
analysis will be the focus of future studies.

In the present study, we employed UTI-KO mice and
investigated the various roles of endogenous UTI in the
process of liver fibrosis. To the best of the authors’ knowl-
edge, the present study was the first to investigate the mech-
anisms of liver fibrosis in endogenous UTI-KO mice. The
use of genetically engineered animals is an extremely
useful method for investigating the effects of endogenous
factors possibly involved in the development of liver fibro-
sis.27,36 Our interest focused on the physiological functions

Figure 3 Typical presentations of polymerase chain reaction products for TGF-b mRNA extracted from UTI-knockout (KO) and wild-type mice. (a) Wild, wild-

type mouse, 30 weeks of age; hetero, heterozygous UTI-KO mouse, 30 weeks of age; homo, homozygous UTI-KO mouse, 30 weeks of age. �P , 0.01 versus wild

and hetero. (b) Two groups of five homozygous UTI-KO mice received continuous intraperitoneal administration of either ulinastatin, UTI agent (12,000 units/kg/d)

or vehicle (distilled water) for four weeks using a mini-osmotic pump. Vehicle þ homo, homozygous UTI-KO mouse treated with vehicle; UTI þ homo, homozy-

gous UTI-KO mouse treated with ulinastatin. �P , 0.05 versus vehicle þ homo. (c) The mice, 30 weeks of age, received 300 mg/L thioacetamide (TA) in their drink-

ing water for the final 20 weeks of the experiment. TA þwild, wild-type mouse; TA þ hetero, heterozygous UTI-KO mouse; TA þ homo, homozygous UTI-KO

mouse. �P , 0.05 versus TA þwild and TA þ hetero. AU: Arbitrary units denote the band density ratio of the target gene relative to b-actin. Data are represented

as means+SD (n ¼ 5). UTI, urinary trypsin inhibitor; TGF-b, transforming growth factor-b

Table 1 Serum hyaluronic acid (HA) levels

n HA (ng/mL)

Wild 10 236.4+23.3

Hetero 10 241.6+22.4

Homo 10 436.6+39.6�

TA þwild 10 1039.3+104.8†

TA þ hetero 10 1081.5+260.4‡

TA þ homo 10 2236.1+283.5§||

Ulinastatin þ homo 5 296.4+28.6��

Vehicle þ homo 5 438.4+53.2

UTI, urinary trypsin inhibitor; Wild, wild-type mouse, 30 weeks of age; hetero,

heterozygous UTI-knockout (KO) mouse, 30 weeks of age; homo,

homozygous UTI-KO mouse, 30 weeks of age; TA þwild, wild-type mouse,

30 weeks of age, after 20-week administration of thioacetamide (TA); TA þ
hetero, heterozygous UTI-KO mouse, 30 weeks of age, after 20-week

administration of TA; TA þ homo, homozygous UTI-KO mouse, 30 weeks of

age, after 20-week of administration of TA; ulinastatin þ homo, homozygous

UTI-KO mouse with four-week continuous intraperitoneal administration of

ulinastatin; vehicle þ homo, homozygous UTI-KO mouse with four-week

continuous intraperitoneal administration of distilled water. Data are

represented as mean+SD. The column headed by ‘n’ indicates the

numbers of mice tested
�P , 0.01 versus wild and hetero groups, †P , 0.01 versus wild group, ‡P ,

0.01 versus hetero group, §P , 0.01 versus homo group, ||P , 0.01 versus

TA þwild and TA þ hetero groups and ��P , 0.05 versus vehicle þ homo

group

Table 2 Pathological grading of liver fibrosis based on hematoxylin–
eosin-stained samples

n 0 1 2 3 4 Average score

Wild 10 10 0 0 0 0 0

Hetero 10 10 0 0 0 0 0

Homo 10 10 0 0 0 0 0

TA þwild 10 0 0 3 5 2 2.9+0.2

TA þ hetero 10 0 0 3 6 1 2.8+0.2

TA þ homo 10 0 0 0 2 8 3.8+0.1�

UTI, urinary trypsin inhibitor; Wild, wild-type mouse, 30 weeks of age; hetero,

heterozygous UTI-knockout (KO) mouse, 30 weeks of age; homo,

homozygous UTI-KO mouse, 30 weeks of age; TA þwild, wild-type mouse,

30 weeks of age, after 20-week administration of thioacetamide (TA); TA þ
hetero, heterozygous UTI-KO mouse, 30 weeks of age, after 20-week

administration of TA; TA þ homo, homozygous UTI-KO mouse, 30 weeks of

age, after 20-week of administration of TA. Data are represented as mean+
SD. The column headed by ‘n’ indicates the numbers of mice tested
�P , 0.01 versus TA þwild and TA þ hetero groups
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of endogenous UTI in the liver, in particular its suppressive
potential against liver fibrosis.

Various nutrients absorbed through the intestinal mucous
membrane have been documented to reach the liver via the
portal vein. A small amount of bacterial toxins from the
decomposition of dead bacteria in the intestinal flora has
been reported to enter the liver via the portal vein as
well.37–39 Moreover, cirrhotic patients are continuously
exposed to a low concentration of endotoxin.40,41 These
facts suggest that the liver is at a constant risk of being
injured by factors of external and internal origin, even in
healthy individuals. Such injuries can potentially cause liver
fibrosis.11,42 In this study, concentrations of hepatic TGF-b
and serum hyaluronic acid (a surrogate measure for liver
fibrosis) were elevated in the endogenous UTI-KO mice and
were suppressed by administration of exogenous UTI, ulinas-
tatin. Moreover, in our experiment with TA-induced liver
fibrosis using KO mice unable to produce UTI in the liver,
homozygous UTI-KO mice showed a significantly higher
degree of liver fibrosis than did heterozygous UTI-KO and
wild-type mice. These results strongly suggest that the liver
possesses a self-protective mechanism whereby it inhibits
the development of fibrosis through endogenous production

of UTI that suppresses the production and protease-induced
activation of TGF-b. However, our study results require
careful scrutiny, as they failed to demonstrate that the biologi-
cal profiles of all other endogenous substances involved in
liver fibrosis were similar between the genetically engineered
and wild-type mice. TGF-b induces an increase in hepatic col-
lagen a1(I) expression;7,10 therefore, verification of hepatic
collagen a1(I) expression in homozygous UTI-KO mice
would verily provide strong evidence; however, we have
not performed this verification yet. Another possibility is an
unidentified fibrosis-suppression mechanism acting in a fail-
safe manner, thus preventing the development of fibrosis in
UTI-KO mice. These possible mechanisms merit future
research.

TA-induced murine liver fibrosis has been shown to
present with pathological characteristics similar to chronic
hepatitis C infection and liver cirrhosis in humans.24,43,44

One of the limitations of the present study was that we
did not demonstrate the antifibrotic effect of exogenous
UTI in TA-induced liver fibrosis in UTI-KO mice. A pre-
vious study using a rat model of swine serum-induced
liver fibrosis found that the protease inhibitor, camostat
mesilate, had inhibition potential similar to that of UTI in
its suppression of plasmin-dependent TGF-b activation,
and demonstrated that this protease inhibitor was a promis-
ing drug candidate for the treatment of liver fibrosis.14

In preliminary experiments using the mini-osmotic pump
system in TA-treated homogenous UTI-KO mice, we failed
to demonstrate that TA-induced TGF-b upregulation and
liver fibrosis progression were suppressed by continuous
infusion of ulinastatin. Since the plasma half-life of UTI is
a mere 35 min,4 a larger dose of ulinastatin over a longer
period by repeated or continuous administration was poss-
ibly required to establish UTI’s antifibrotic action. Such dose
adjustment is one of the multiple difficulties that we must
address before we can succeed in applying ulinastatin to
the clinical treatment of liver fibrosis.

UTI is covalently linked to one or two polypeptides,
referred to as heavy chain (HC) 1, HC 2, and HC3, via a
chondroitin sulfate chain.45 Homogenous UTI-KO mice
showed no expression of UTI as well as HCs.23 The HCs
are also known as serum-derived hyaluronan-associated
proteins (SHAPs).46 SHAPs covalently bind to hyaluronan
to form the SHAP–HA complex, which is associated with
many inflammatory diseases.47 Some researchers suggest
that the SHAP–HA complex level is a better indicator for
the progression of the stages of liver fibrosis in patients.48

On the other hand, the SHAP–HA complex can also
inhibit the development of inflammation.49 Thus, our
results of this study may provide an incentive for evaluating
the effect of HC deficiency in UTI-KO mice on inflammation
and liver fibrosis in future studies.

In conclusion, our results provide evidence for the poten-
tial that UTI endogenously released from the liver inhibits
TGF-b production as well as proteases involved in TGF-b
activation, thereby modulating the process of liver fibrosis.

Author contributions: TK, YK and SK conceived and
designed the study; YK, NC, TA and YE performed the
animal experiments; TK, YK and TA performed the

Table 3 Pathological grading of liver fibrosis based on Sirius red-
stained samples

n Sirius red matrix density (%)

Wild 10 0

Hetero 10 0

Homo 10 0

TA þwild 10 11.1+1.4�

TA þ hetero 10 10.8+1.2�

TA þ homo 10 21.3+2.1� ,†

UTI, urinary trypsin inhibitor; Wild, wild-type mouse, 30 weeks of age; hetero,

heterozygous UTI-knockout (KO) mouse, 30 weeks of age; homo,

homozygous UTI-KO mouse, 30 weeks of age; TA þwild, wild-type mouse,

30 weeks of age, after 20-week administration of thioacetamide (TA); TA þ
hetero, heterozygous UTI-KO mouse, 30 weeks of age, after 20-week

administration of TA; TA þ homo, homozygous UTI-KO mouse, 30 weeks of

age, after 20-week administration of TA. Data are represented as mean+
SD. The column headed by ‘n’ indicates the numbers of mice tested
�P , 0.01 versus wild, hetero and homo groups, respectively. †P , 0.01

versus TA þwild and TA þ hetero groups

Table 4 Evaluation of the activation of stellate cells based on
immunohistochemical staining of alpha smooth muscle actin

n 0 1 2 3 Average score

Wild 10 10 0 0 0 0

Hetero 10 10 0 0 0 0

Homo 10 10 0 0 0 0

TA þwild 10 0 3 6 1 1.8+0.2�

TA þ hetero 10 0 2 5 3 2.1+0.2�

TA þ homo 10 0 0 1 9 2.9+0.1� ,†

UTI, urinary trypsin inhibitor; Wild, wild-type mouse, 30 weeks of age; hetero,

heterozygous UTI-knockout (KO) mouse, 30 weeks of age; homo,

homozygous UTI-KO mouse, 30 weeks of age; TA þwild, wild-type mouse,

30 weeks of age, after 20-week administration of thioacetamide (TA); TA þ
hetero, heterozygous UTI-KO mouse, 30 weeks of age, after 20-week

administration of TA; TA þ homo, homozygous UTI-KO mouse, 30 weeks of

age, after 20-week of administration of TA. Data are represented as mean+
SD. The column headed by ‘n’ indicates the numbers of mice tested
�P , 0.01 versus wild, hetero and homo groups, respectively. †P , 0.01

versus TA þwild and TA þ hetero groups
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molecular biology experiments; TK and YE performed the
histological experiments; and TK and MY analyzed the
data and wrote the manuscript. TK and YK contributed
equally to the study.

ACKNOWLEDGEMENTS

We thank Mr Yoshiyasu Satake for his excellent technical
assistance. The assistance of Miss Keiko Lee with manu-
script preparation is gratefully acknowledged. This study
was supported in part by a grant-in-aid from the Ministry
of Education, Culture, Sports, Science and Technology of
Japan (16659346).

REFERENCES

1 Salier JP, Diarra-Mehrpour M, Sesboue R, Bourguignon J, Benarous R,
Ohkubo I, Kurachi S, Kurachi K, Martin JP. Isolation and characterization
of cDNAs encoding the heavy chain of human inter-alpha-trypsin
inhibitor (I alpha TI): unambiguous evidence for multipolypeptide chain
structure of I alpha TI. Proc Natl Acad Sci USA 1987;84:8272–6

2 Kaumeyer JF, Polazzi JO, Kotick MP. The mRNA for a proteinase
inhibitor related to the HI-30 domain of inter-alpha-trypsin inhibitor also
encodes alpha-1-microglobulin (protein HC). Nucleic Acids Res
1986;14:7839–50

3 Inoue K, Takano H. Urinary trypsin inhibitor as a therapeutic option for
endotoxin-related inflammatory disorders. Expert Opin Investig Drugs
2010;19:513–20

4 Hoogerwerf WA. Pharmacological management of pancreatitis. Curr
Opin Pharmacol 2005;5:578–82

5 Yamaguchi Y, Ohshiro H, Nagao Y, Odawara K, Okabe K, Hidaka H,
Ishihara K, Uchino S, Furuhashi T, Yamada S, Mori K, Ogawa M.
Urinary trypsin inhibitor reduces C-X-C chemokine production in rat
liver ischemia/reperfusion. J Surg Res 2000;94:107–15

6 Okuhama Y, Shiraishi M, Higa T, Tomori H, Taira K, Mamadi T, Muto Y.
Protective effects of ulinastatin against ischemia-reperfusion injury.
J Surg Res 1999;82:34–42

7 Brenner DA, Veloz L, Jaenisch R, Alcorn JM. Stimulation of the collagen
alpha 1 (I) endogenous gene and transgene in carbon
tetrachloride-induced hepatic fibrosis. Hepatology 1993;17:287–92

8 Kudo Y, Egashira T, Yamanaka Y. Protective effect of ulinastatin against
liver injury caused by ischemia-reperfusion in rats. Jpn J Pharmacol
1992;60:239–45

9 Sjoberg EM, Fries E. Biosynthesis of bikunin (urinary trypsin inhibitor) in
rat hepatocytes. Arch Biochem Biophys 1992;295:217–22

10 Kisseleva T, Brenner DA. Mechanisms of fibrogenesis. Exp Biol Med
(Maywood) 2008;233:109–22

11 Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 2005;115:209–18
12 Akita K, Okuno M, Enya M, Imai S, Moriwaki H, Kawada N, Suzuki Y,

Kojima S. Impaired liver regeneration in mice by lipopolysaccharide via
TNF-alpha/kallikrein-mediated activation of latent TGF-beta.
Gastroenterology 2002;123:352–64

13 Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFbeta
activation. J Cell Sci 2003;116:217–24

14 Okuno M, Akita K, Moriwaki H, Kawada N, Ikeda K, Kaneda K, Suzuki
Y, Kojima S. Prevention of rat hepatic fibrosis by the protease inhibitor,
camostat mesilate, via reduced generation of active TGF-beta.
Gastroenterology 2001;120:1784–800

15 Ueki M, Taie S, Chujo K, Asaga T, Iwanaga Y, Ono J, Maekawa N.
Urinary trypsin inhibitor reduces inflammatory response in kidney
induced by lipopolysaccharide. J Biosci Bioeng 2007;104:315–20

16 Tsujino T, Kawabe T, Omata M. Antiproteases in preventing post-ERCP
acute pancreatitis. JOP 2007;8:509–17

17 Katoh H, Ishikawa H, Hasegawa M, Yoshida Y, Suzuki Y, Ohno T,
Takahashi T, Nakano T. Protective effect of urinary trypsin inhibitor on
the development of radiation-induced lung fibrosis in mice. J Radiat Res
(Tokyo) 2010;51:325–32

18 Kato Y, Kudo M, Shinkawa T, Mochizuki H, Isaji M, Shiromizu I,
Hoshida K. Role of O-linked carbohydrate of human urinary trypsin
inhibitor on its lysosomal membrane-stabilizing property. Biochem
Biophys Res Commun 1998;243:377–83

19 Takano H, Inoue K, Shimada A, Sato H, Yanagisawa R, Yoshikawa T.
Urinary trypsin inhibitor protects against liver injury and coagulation
pathway dysregulation induced by lipopolysaccharide/D-galactosamine
in mice. Lab Invest 2009;89:833–9

20 Itabashi K, Ito Y, Takahashi T, Ishii K, Sato K, Kakita A. Protective effects
of urinary trypsin inhibitor (UTI) on hepatic microvasculature in
hypotensive brain-dead rats. Eur Surg Res 2002;34:330–8

21 Li XK, Matin AF, Suzuki H, Uno T, Yamaguchi T, Harada Y. Effect of
protease inhibitor on ischemia/reperfusion injury of the rat liver.
Transplantation 1993;56:1331–6

22 Salguero Palacios R, Roderfeld M, Hemmann S, Rath T, Atanasova S,
Tschuschner A, Gressner OA, Weiskirchen R, Graf J, Roeb E. Activation
of hepatic stellate cells is associated with cytokine expression in
thioacetamide-induced hepatic fibrosis in mice. Lab Invest
2008;88:1192–203

23 Sato H, Kajikawa S, Kuroda S, Horisawa Y, Nakamura N, Kaga N,
Kakinuma C, Kato K, Morishita H, Niwa H, Miyazaki J. Impaired
fertility in female mice lacking urinary trypsin inhibitor. Biochem Biophys
Res Commun 2001;281:1154–60

24 Muller A, Machnik F, Zimmermann T, Schubert H.
Thioacetamide-induced cirrhosis-like liver lesions in rats –
usefulness and reliability of this animal model. Exp Pathol
1988;34:229–36

25 Wu XL, Zeng WZ, Wang PL, Lei CT, Jiang MD, Chen XB, Zhang Y, Xu
H, Wang Z. Effect of compound rhodiola sachalinensis A Bor on
CCl4-induced liver fibrosis in rats and its probable molecular
mechanisms. World J Gastroenterol 2003;9:1559–62

26 Hung KS, Lee TH, Chou WY, Wu CL, Cho CL, Lu CN, Jawan B,
Wang CH. Interleukin-10 gene therapy reverses thioacetamide-induced
liver fibrosis in mice. Biochem Biophys Res Commun 2005;336:324–31

27 Bataller R, Schwabe RF, Choi YH, Yang L, Paik YH, Lindquist J, Qian T,
Schoonhoven R, Hagedorn CH, Lemasters JJ, Brenner DA. NADPH
oxidase signal transduces angiotensin II in hepatic stellate cells and is
critical in hepatic fibrosis. J Clin Invest 2003;112:1383–94

28 Chevallier M, Guerret S, Chossegros P, Gerard F, Grimaud JA. A
histological semiquantitative scoring system for evaluation of hepatic
fibrosis in needle liver biopsy specimens: comparison with
morphometric studies. Hepatology 1994;20:349–55

29 Friedman SL. Seminars in medicine of the Beth Israel Hospital, Boston.
The cellular basis of hepatic fibrosis. Mechanisms and treatment
strategies. N Engl J Med 1993;328:1828–35

30 Breitkopf K, Haas S, Wiercinska E, Singer MV, Dooley S. Anti-TGF-beta
strategies for the treatment of chronic liver disease. Alcohol Clin Exp Res
2005;29:121S–31S

31 Marek A, Brodzicki J, Liberek A, Korzon M. TGF-beta (transforming
growth factor-beta) in chronic inflammatory conditions – a new
diagnostic and prognostic marker? Med Sci Monit 2002;8:RA145–51

32 Okuno M, Moriwaki H, Imai S, Muto Y, Kawada N, Suzuki Y, Kojima S.
Retinoids exacerbate rat liver fibrosis by inducing the activation of latent
TGF-beta in liver stellate cells. Hepatology 1997;26:913–21

33 Okuno M, Moriwaki H, Muto Y, Kojima S. Protease inhibitors
suppress TGF-beta generation by hepatic stellate cells. J Hepatol 1998;
29:1031–2

34 Okuno M, Sato T, Kitamoto T, Imai S, Kawada N, Suzuki Y, Yoshimura
H, Moriwaki H, Onuki K, Masushige S, Muto Y, Friedman SL, Kato S,
Kojima S. Increased 9,13-di-cis-retinoic acid in rat hepatic fibrosis:
implication for a potential link between retinoid loss and TGF-beta
mediated fibrogenesis in vivo. J Hepatol 1999;30:1073–80

35 Braulio VB, Kouyoumdjian M, Zucoloto S, Figueiredo F, Borges DR.
Plasma-kallikrein clearance during liver regeneration after partial
hepatectomy in the rat. Liver 1998;18:371–7

36 Schnur J, Olah J, Szepesi A, Nagy P, Thorgeirsson SS.
Thioacetamide-induced hepatic fibrosis in transforming growth factor
beta-1 transgenic mice. Eur J Gastroenterol Hepatol 2004;16:127–33

37 Kamiya K, Kono T, Iwamoto J, Yoneda M, Kotani H, Kasai S. The
cytoprotective role of lipopolysaccharide-induced nitric oxide against
liver damage during early phase of endotoxemia in rats. Shock
2000;14:229–33

................................................................................................................................................
1320 Experimental Biology and Medicine Volume 236 November 2011



38 Jacob AI, Goldberg PK, Bloom N, Degenshein GA, Kozinn PJ. Endotoxin
and bacteria in portal blood. Gastroenterology 1977;72:1268–70

39 Nolan JP. Endotoxin, reticuloendothelial function, and liver injury.
Hepatology 1981;1:458–65

40 Lumsden AB, Henderson JM, Kutner MH. Endotoxin levels measured by
a chromogenic assay in portal, hepatic and peripheral venous blood in
patients with cirrhosis. Hepatology 1988;8:232–6

41 Tarao K, So K, Moroi T, Ikeuchi T, Suyama T. Detection of endotoxin in
plasma and ascitic fluid of patients with cirrhosis: its clinical significance.
Gastroenterology 1977;73:539–42

42 Liu X, Hu H, Yin JQ. Therapeutic strategies against TGF-beta signaling
pathway in hepatic fibrosis. Liver Int 2006;26:8–22

43 Natarajan SK, Thomas S, Ramamoorthy P, Basivireddy J, Pulimood AB,
Ramachandran A, Balasubramanian KA. Oxidative stress in the
development of liver cirrhosis: a comparison of two different
experimental models. J Gastroenterol Hepatol 2006;21:947–57

44 Strnad P, Tao GZ, Zhou Q, Harada M, Toivola DM, Brunt EM, Omary
MB. Keratin mutation predisposes to mouse liver fibrosis and unmasks
differential effects of the carbon tetrachloride and thioacetamide models.
Gastroenterology 2008;134:1169–79

45 Thogersen IB, Enghild JJ. Biosynthesis of bikunin proteins in the human
carcinoma cell line HepG2 and in primary human hepatocytes.

Polypeptide assembly by glycosaminoglycan. J Biol Chem
1995;270:18700–9

46 Zhao M, Yoneda M, Ohashi Y, Kurono S, Iwata H, Ohnuki Y, Kimata K.
Evidence for the covalent binding of SHAP, heavy chains of
inter-alpha-trypsin inhibitor, to hyaluronan. J Biol Chem
1995;270:26657–63

47 McDonald B, McAvoy EF, Lam F, Gill V, de la Motte C, Savani RC,
Kubes P. Interaction of CD44 and hyaluronan is the dominant
mechanism for neutrophil sequestration in inflamed liver sinusoids.
J Exp Med 2008;205:915–27

48 Shen L, Zhuo L, Okumura A, Ishikawa T, Miyachi M, Owa Y, Ishizawa T,
Sugiura N, Nagata Y, Nonami T, Kakumu S, Kimata K. The
SHAP-hyaluronan complex in serum from patients with chronic liver
diseases caused by hepatitis virus infection. Hepatol Res 2006;34:178–86

49 Zhu L, Zhuo L, Kimata K, Yamaguchi E, Watanabe H, Aronica MA,
Hascall VC, Baba K. Deficiency in the serum-derived
hyaluronan-associated protein-hyaluronan complex enhances airway
hyperresponsiveness in a murine model of asthma. Int Arch Allergy
Immunol 2010;153:223–33

(Received May 21, 2011, Accepted July 18, 2011)

................................................................................................................................................
Kono et al. Effect of urinary trypsin inhibitor on liver fibrosis 1321


