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Abstract

Objectives Toxicity caused by pharmacological and chemical substances, including
carbon tetrachloride (CCly), is a major pathological factor for liver injury. Therefore,
strategies to prevent toxicity are needed for maintaining a healthy liver. This study was
designed to determine whether recombinant bovine pancreatic trypsin inhibitor (rBPTI), a
non-specific serine protease inhibitor, prevents CCly-induced liver injury in mice.
Methods Mice were treated with CCly in the presence or absence of co-treatment with
rBPTI. Liver sections were prepared for histopathological assessment. Liver function was
evaluated by detecting serum levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) and liver index. Liver oxidative stress and inflammation were
examined by detecting the liver malondialdehyde level and glutathione and superoxide
dismutase activity, and serum tumour necrosis factor-a level, respectively.

Key findings CCl, induced hepatocyte necrosis, inflammatory cell infiltration and fatty
degeneration, which were ameliorated by co-treatment with rBPTI in a concentration-
dependent manner. Furthermore, rBPTI prevented CCly-induced disruption of liver function.
Importantly, rBPTI reduced CCly-induced liver oxidative stress response and pro-
inflammatory cytokine production.

Conclusions These results indicated that rBPTI exerted a protective effect on CCly-
induced liver injury in mice. Thus, rBPTI may have potential application for prevention of
liver injury induced by metabolism of drugs and toxic substances.

Keywords bovine pancreatic trypsin inhibitor; carbon tetrachloride; liver injury

Introduction

The liver is a major organ responsible for metabolism of drugs and toxic substances.'*!

Some pharmacological and chemical substances, including carbon tetrachloride (CCly),
paracetamol (acetaminophen), p-galactosamine (GalN) and dimethylnitrosamine (DMN),
have been found to induce liver injury. Therefore, one challenge of research into maintaining
a healthy liver is to successfully develop new strategies for the treatment of liver injury.

Bovine pancreatic trypsin inhibitor (BPTI; aprotinin), a 58-amino-acid basic protein, is
produced in several organs, such as the lung, pancreas or parotid glands.®¥ Endogenous
BPTI not only inhibits trypsin activity, but also acts as an inhibitor for chymotrypsin, plasmin
and kallikreine.'>*® BPTI has been reported to relieve liver ischaemia—reperfusion-induced
injury in rats and reduce blood loss during surgery and blood transfusion in humans."”"3!
Thus, BPTI serves as a potential treatment for acute pancreatitis and coagulation disorders,
and a preventive reagent for haemorrhage in surgery.””"'! In addition, the role of protease
inhibitors in inflammation have been reported. Ulinastatin, a human trypsin inhibitor, has
been found to inhibit endotoxin-induced thromboxane B2 production in human
monocytes.'''! Another protease inhibitor, urinary trypsin inhibitor (UTI), has been shown
to protect against bacterial endotoxin-induced systemic inflammatory response and
subsequent organ injuryl12J and acute lung injury[13J through preventing expression of
pro-inflammatory cytokines and chemokines. However, the anti-inflammatory effect of
BPTI in patients with cardiopulmonary bypass surgery is controversial.!'*"!"!

We have generated recombinant BPTI (rBPTI) using the eukaryotic expression system
Pichia pastoris.""® We reported that rBPTI exerts the same activity as that prepared from
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natural sources, such as bovine lung.nsl In this study, we
used a mouse model of CCl-induced liver injury to
investigate the potential hepatoprotective effect of rBPTI
on CCly-induced liver injury. CCly is one of the best-studied
hepatotoxicants, which induces liver injury in many species,
including humans and non-human primates."'”’ Thus mice
treated with CCl, serve as an in-vivo halogenated hydro-
carbon-induced liver injury model.”” Our results showed
that rBPTI exerted a protective effect on CCly-induced liver
injury in mice, which supported rBPTI’s broader application
for prevention of liver injury induced by metabolism of drugs
and toxic substances.

Materials and Methods

Reagents

Carbon tetrachloride (CCly) was purchased from Beijing
Chemistry Plant (Beijing, China). Diammonium glycyrrhizi-
nate was from Jiangsu Chia Tal-tianqing Pharmaceutical
Company (Jiangsu, China). Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) reagent kits were from
the Beijing Chemistry Reagent Company (Beijing, China).
The malondialdehyde (MDA) assay kit, superoxide dismu-
tase (SOD) detection kit and glutathione (GSH) assay kit
were from Jiancheng Institute of Biotechnology (Nanjing,
China). The mouse tumour necrosis factor-« alpha (TNF-a)
ELISA kit was from BD Bioscience (San Diego, USA).

Preparation of the recombinant BPTI

We generated rBPTTI as described in our previously published
paper.“gj Briefly, the bovine bpti gene was expressed in a
eukaryotic expression system, Pichia pastoris, with human
serum albumin as a signal peptide. Yeast was fermented for
large-scale production of the rBPTI. After the fermentation,
rBPTI was purified using cation exchange chromatography
and reverse-phase chromatography. The purity of rBPTI was
higher than 95% and the purified coefficient was over 60%.
Purified rBPTI was evaporated using a rotary evaporator
under reduced pressure at 50°C and the water extract was
freeze-dried into powder.

Animals and treatments

Kunming mice, 19-23 g, were maintained in a controlled
environment at 21 +2°C and 50+ 5% relative humidity
under a 12-h dark-light cycle and were acclimatized for at
least one week before use. Experiments were performed
according to protocols approved by the National Institute of
Health Guidelines for the Care and Use of Laboratory
Animals at Tianjin Medical University. Mice were randomly
divided into seven groups with 50% male and 50% female in
each group (10 mice per group): Group 1, normal control
(without any treatment); Group 2, model control, mice
treated with CCly only; Groups 3-5, mice treated with CCly
and rBPTI at dosages of 3, 6 or 12 x 10* KIU/kg body
weight, respectively; Group 6, mice treated with CCl, and
BPTI (6 x 10% KIU/kg); Group 7, mice treated with
diammonium glycyrrhizinate (25 mg/kg). rBPTI and BPTI
were solublized in saline and were administered to mice
intraperitoneally once a day for seven days. Saline was given
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to normal control and model control groups. One hour after
final rBPTI or BPTI injection, mice were administered
intraperitoneally with 0.1% CCly in corn oil (20 ml/kg) twice
with a 16 h interval, to induce acute liver injury. Mice in the
control group were treated with corn oil only (20 ml/kg).
Mice were fasted (water was allowed) for 1h before
sacrificing. Blood samples were collected immediately
before mice were sacrificed.

Detection of serum alanine aminotransferase and
aspartate aminotransferase and tumour
necrosis factor-a

Blood samples were heparinized and centrifuged at 3000 rev/
min for 10 min to obtain sera. All serum samples were saved
at —80°C. Serum ALT and AST levels were detected using
ALT and AST reagent kits, respectively, and measured using
an autoanalyser (AU2700; Olympus, Japan). The serum
TNF-« level was measured using a TNF-a ELISA kit,
according to the manufacturer’s instructions.

Detection of liver index, liver malondialdehyde
level and glutathione and superoxide
dismutase activity

Mouse body and liver weights were recorded to determine
the liver index, which was calculated using the following
formula: liver index = (liver weight /body weight) x 100%.

Liver tissues were homogenized in 0.15 M KCl. Home-
genates were then centrifuged at 3000 rev/min for 20 min at
4°C and the supernatant was saved for analysis of MDA and
GSH levels and SOD activity.”*! The level of MDA, a lipid
peroxidation end product in the liver, was analysed by
measuring the level of thiobarbituric acid reactive substance
(TBARS).??! The hepatic GSH level was detected by a
colorimetric method using Ellman’s reagent and glutathione
reductase.'**! The assay to detect SOD activity was based on
the ability of SOD to inhibit the oxidation of oxyamine by the
xanthine—xanthine oxidase system.'**!

Histopathological examination

Liver tissues were fixed in 10% neutral formalin for 24 h for
preparing paraffin-embedded tissue sections. Liver sections
were stained with hematoxylin and eosin (H&E) and
evaluated using light microscopy. The degree of portal
inflammation, hepatocellular necrosis and inflammatory cell
infiltration was evaluated semiquantitatively.”>2% Injury
was graded as follows: absent (0), minimal (I), mild (II),
modest (III) and severe (IV).

Statistical analysis

Data were presented as the mean + standard deviation. To
analyse post-hoc multiple comparisons, one-way analysis of
variance and Student—Newman—Keuls test were used.
Statistical analysis was performed using the SPSS statistical
software package (SPSS Inc., Chicago, USA). P <0.05 was
considered statistically significant.
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Results

Recombinant bovine pancreatic trypsin inhibitor
prevents carbon tetrachloride-induced liver injury

To determine the hepatoprotective effect of rBPTI, we chose
the mouse model of CCly-induced liver injury. We chose the
doses of BPTI for this study based on previously published
studies to detect the protective effects of BPTI on haemor-
rhage in surgery.'*”)

CCly treatment induced various histological changes in
the liver, including hepatocyte necrosis, inflammatory cell
infiltration, fatty degeneration and hydropic degeneration
(Figure 1). To assess these histopathological changes, liver
injury and inflammation were scored by a pathologist blinded
to the treatment (Table 1). CCl, induced mild to severe liver
injury, including hepatocellular necrosis, fatty degeneration
and inflammatory cell infiltration, in 100% of mice. Co-
treatment of mice with 12 x 10* KIU/kg rBPTI resulted in
90% of mice with absence of, or minimal, hepatocellular
necrosis and fatty degeneration, and 100% of mice with
absence of, or minimal, inflammatory cell infiltration. We
also found that the hepatoprotective effect of rBPTI was
concentration dependent. Furthermore, we compared the
effect of rBPTI on preventing liver injury with the effect of
diammonium glycyrrhizinate injection. Diammonium gly-
cyrrhizinate is a commonly used hepatoprotective medicine
and is able to protect the liver cell membrane and improve
liver function. In our study, 100% of mice showed absence
of, or minimal, hepatocellular necrosis, fatty degeneration
and inflammatory cell infiltration when they were co-treated
with diammonium glycyrrhizinate. Thus, rBPTI and dia-
mmonium glycyrrhizinate exerted similar effects on reducing
CCly-induced liver injury. In addition to diammonium
glycyrrhizinate, we found that rBPTI had a similar
hepatoprotective compared with natural BPTI.

Recombinant bovine pancreatic trypsin inhibitor
ameliorates carbon tetrachloride-induced
disruption of liver function

Next, the effect of rBPTI on preventing CCl-induced
disruption of liver function was studied. We detected ALT
and AST serum levels and the liver index as markers for liver
function. CCly disrupted liver function by increasing serum
levels of ALT and AST and increasing the liver index
compared with those in the normal control group (P <0.01;
Table 2). rBPTI significantly decreased serum levels of ALT
and AST and the liver index in CCly-treated mice in a
concentration-dependent manner (Table 2). These data
indicate that rBPTI is able to preserve the liver function in
mice treated with CCly.

Recombinant bovine pancreatic trypsin inhibitor
reduces carbon tetrachloride-induced liver
oxidative stress response and pro-inflammatory
cytokine production

CCly has been shown to induce oxidative stress, leading to
lipid peroxidation and free radical production, which plays an
important pathological role in liver injury.*®! To evaluate the
oxidative status, we detected MDA, an end-product of lipid
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peroxidation. An elevated level of MDA is found in injured
hepatocytes. We found that the CCly-induced increase
in MDA level in the liver was significantly prevented by
co-treatment with rBPTI (Table 3).

Furthermore, GSH levels and SOD activity were inves-
tigated in the liver. Both SOD™! and GSH'*! can inhibit free
radical-induced oxidative stress. The GSH concentration and
SOD activity in the liver homogenate were significantly
decreased in mice treated with CCly; this decrease was
prevented by rBPTI co-treatment (Table 3).

Since an increase in TNF-a level is directly correlated with
the histological evidence of hepatic necrosis, we investigated
the effects of rBPTI on TNF-« production. The level of
TNF-a was significantly increased in mice treated with CCly,
which was decreased by rBPTI co-treatment (Table 4).

These results indicate that the inhibitory effects of rBPTI
on CCly-induced liver oxidative stress and increased pro-
inflammatory cytokine production might mediate the hepa-
toprotective role of rBPTI in mice.

Discussion

These results showed that CCl, induced severe liver damage
and disrupted liver function in mice, and that this was
significant prevented by rBPTI co-treatment. Importantly, we
found that there was no statistically significant difference
between the effects of rBPTI and BPTI. These data indicated
that the protection against acute liver injury of rBPTI was
identical to that of natural BPTIL.

CCl, stimulated oxidative stress, as indicated by the
elevated MDA and GSH concentration and decreased SOD
activity in the liver of mice, which would further induce lipid
peroxidation, initiate free radical damage to the hepatocyte
membrane, and eventually lead to liver injury.ml MDA is
one of the major lipid peroxidation products, and its elevated
level could reflect the degree of injury in hepatocytes. Our
data suggest that the hepatoprotective effect of rBPTI might
be mediated by the suppression of lipid peroxidation since
rBPTI can prevent the CCl,-induced increased MDA level.
SOD is a scavenger of peroxide anion radicals and could
inhibit the initiation of lipid peroxidation by free radicals.'*!
GSH plays a role in the antioxidant defence mechanism
against the toxic effects of free radicals.””! Our finding that
rBPTT restored SOD and GSH levels indicates that rBPTI
treatment reduced CCly-induced injury through its antiox-
idant activity. Therefore, inhibition of CCly-induced oxida-
tive stress may serve as a mechanism of protection against
acute liver injury by rBPTL

TNF-«, a pleiotropic pro-inflammatory cytokine, is
rapidly produced by macrophages in response to tissue
damage."! While a low level of TNF-a may play a role in
cell protection, an excessive amount causes cell impairment.
An increase in the TNF-a level has been directly correlated
with the histological evidence of hepatic necrosis and the
increase in the serum aminotransferase levels.** Our study
showed a significant increase in the serum TNF-« level by
CCly, which was attenuated by rBPTI co-treatment. These
results suggested that regulation of pro-inflammatory cyto-
kine production might mediate the hepatoprotective effects
of rBPTL
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Figure 1 Recombinant bovine pancreatic trypsin inhibitor reduces carbon tetrachloride-induced liver damage in mice. Paraffin-embedded liver tissue
sections were stained with H&E for light microscopic assessment of liver damage (200x magnification). Images shown are representative of ten mice
in each group. (a) Normal control, no treatment. (b) Model control, CCl, only. (c) rBPTI (3 x 10* KIU/kg) + CCly. (d) rBPTI (6 x 10* KIU/kg) +
CCly. (e) rBPTI (12 x 10* KIU/kg) + CCly. (f) BPTI (6 x 10* KIU/kg) + CCly. (g) Diammonium glycyrrhizinate (25 mg/kg) + CCl,
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Table 1 Recombinant bovine pancreatic trypsin inhibitor protects carbon tetrachloride-induced liver damage

Histopathological Control CCly rBPTI rBPTI rBPTI BPTI DGI
grade Model (3 x 10° KIU/kg) (6 x 10° KIU/kg) (12x10° KIU/kg) (6x10* KIU/kg) (25 mg/kg)
Hepatocellular necrosis

Grade 0 10 0 0 2 3 3 3
Grade I 0 0 2 7 6 7 7
Grade 11 0 3 5 1 1 0 0
Grade III 0 5 3 0 0 0 0
Grade IV 0 2 0 0 0 0 0
Fatty degeneration

Grade 0 10 0 0 1 2 1 4
Grade I 0 0 [§ 7 7 8 6
Grade 11 0 5 2 2 1 1 0
Grade III 0 4 2 0 0 0 0
Grade IV 0 1 0 0 0 0 0
Inflammatory cell infiltration

Grade 0 10 0 4 5 7 6 6
Grade 1 0 4 5 5 3 4 4
Grade II 0 5 1 0 0 0 0
Grade 11 0 1 0 0 0 0 0
Grade IV 0 0 0 0 0 0 0

rBPTI, recombinant bovine pancreatic trypsin inhibitor; BPTI, natural bovine pancreatic trypsin inhibitor; DGI, diammonium glycyrrhizinate.
Histopathological grading: 0, absent; I, minimal; IT, mild; III, modest; IV, severe. Data are presented as the number of mice in each histopathological grade.

Table 2  Effect of recombinant bovine pancreatic trypsin inhibitor on regulating liver enzyme levels and liver index in mice treated with carbon
tetrachloride

Group Dose ALT (UN) AST (UN) Liver index
Normal control n.a 68.52 + 3.61 96.04 + 7.62 1.15 £ 0.03

Model control n.a. 145.16 + 15.8% 145.14 + 13.28% 1.40 + 0.12%
rBPTI 3 x 10* KIU/kg 124.35 £ 11.57™ 13539 + 12.42 1.29 + 0.25

rBPTI 6 x 10* KIU/kg 120.94 + 12.65™ 130.26 + 11.76" 1.24 + 0.07"
rBPTI 12 x 10* KIU/kg 112.64 + 1536 128.42 + 13.42" 1.23 + 0.05"
BPTI 6 x 10* KIU/kg 113.42 + 13.28™ 129.68 + 11.42" 1.20 + 0.08"
DGI 25 mg/kg 111.35 £ 12.56™ 128.62 + 12.43" 1.22 + 0.08"

ALT alanine aminotransferase; AST, aspartate aminotransferase; n.a., not applicable; rBPTI, recombinant bovine pancreatic trypsin inhibitor; BPTI,
natural bovine pancreatic trypsin inhibitor; DGI, diammonium glycyrrhizinate. Ten mice were used in each group. Data are shown as mean + SEM.
##p < 0.01 vs control group; P < 0.01 and “P < 0.05 vs model group.

Table 3 Effect of recombinant bovine pancreatic trypsin inhibitor on regulating levels of malondialdehyde and glutathione and superoxide
dismutase activity in mice treated with carbon tetrachloride

Group Dose MDA (nmol/g) SOD (U/mg protein) GSH (U/mg protein)
Normal control n.a. 3.36 + 0.86 25.23 + 2.36 81.54 + 8.36
Model control n.a. 12.33 + 1.53" 8.65 + 3.58" 56.65 + 7.53%
rBPTI 3 x 10* KIU/kg 5.98 + 0.46™ 13.65 + 3.87 70.16 + 6.87""
rBPTI 6 x 10* KIU/kg 527 + 1.43" 17.16 + 4.02™" 75.32 + 7.52"
rBPTI 12 x 10* KIU/kg 454 £ 1217 21.08 + 521 78.65 + 8.86""
BPTI 6 x 10* KIU/kg 432+ 1177 20.25 + 4.56™ 80.24 + 8.72™"
DGI 25 mg/kg 433 + 123" 21.75 + 3.86™ 79.31 + 9.75™

MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; n.a., not applicable; rBPTI, recombinant bovine pancreatic trypsin inhibitor;
BPTI, natural bovine pancreatic trypsin inhibitor; DGI, diammonium glycyrrhizinate. Ten mice were used in each group. Data are shown as mean +
SEM. P < 0.01 vs control group; P < 0.01 and "P < 0.05 vs model group.




rBPTI prevents CCls-induced liver injury

Table 4 Effect of recombinant bovine pancreatic trypsin inhibitor on
regulating tumour necrosis factor-a level in mice treated with carbon
tetrachloride

Group Dose TNF-a (pg/ml)
Normal control n.a. 21.86 £ 5.4

Model control n.a. 193.56 + 46.73"
rBPTI 3 x 10* KIU/kg 65.98 + 19.47"
BPTI 6 x 10* KIU/kg 75.27 + 23.63"
rBPTI 12 x 10* KIU/kg 81.43 + 21.81"
BPTI 6 x 10* KIU/kg 80.32 + 23.54™
DGI 25 mg/kg 84.36 + 24.64™

TNF-q, tumour necrosis factor-c;; n.a., not applicable; rBPTI, recombi-
nant bovine pancreatic trypsin inhibitor; BPTI, natural bovine pancreatic
trypsin inhibitor; DGI, diammonium glycyrrhizinate. Ten mice were
used in each group. Data are shown as mean + SEM. *P < 0.01 vs
control group; "P < 0.01 and “P < 0.05 vs model group.

For the future clinical application of rBPTI, we chose the
doses of BPTI based on the previously published studies to
detect the protective effects of BPTI on haemorrhage in
surgery.””] However, since this study was designed to test
the preventive effects of rBPTI on CCly-induced liver injury,
studies regarding the treatment effects of rBPTI are needed to
further its clinical application. Therefore, we are performing
experiments to detect the effect of rBPTI on chronic liver
injury induced by CCly. These data will provide information
about the treatment effects of rBPTI on liver injury.

In addition, we should consider the side effects of rBPTI
in its clinical application. For example, BPTI has been
reported to induce anaphylactic reactions and anaphylactic
shock in patients.[33’34] To limit the side effects of rBPTI,
future clinical trials are needed to asses the correct dosage,
combination with other medications, and patients’ physiolo-
gical conditions, which may improve the efficacy of this
treatment for liver injury and other diseases.

In summary, our results support the involvement of rBPTI
in suppression of the oxidative responses in liver cells and
inhibition of systemic inflammatory cytokine production as a
mechanism of rBPTI preventing liver inflammation and
injury. Therefore, rBPTI may serve as a potential reagent for
injury and inflammation-related liver diseases.

Conclusions

In summary, our studies demonstrate that rBPTI exerts a
hepatoprotective effect on acute liver injury induced by CCly.
Thus rBPTI may serve a potential role in the prevention of
liver injury induced by metabolism of drugs and toxic
substances.
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