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Inhibition of γ-glutamyltransferase ameliorates ischaemiareoxygenation tissue damage in rats with hepatic steatosis
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Background and Purpose: Hepatic steatosis may be associated with an increased
γ-glutamyltransferase (γ-GT) levels. Ischaemia-reoxygenation (IR) injury causes several deleterious effects. We evaluated the protective effects of a selective inhibitor
of γ-GT in experimentally induced IR injury in rats with obesity and steatosis.
Experimental Approach: Otsuka Long-Evans Tokushima Fatty (OLETF) rats with
hepatic steatosis were used in the current study. The portal vein and hepatic artery
of left lateral and median lobes were clamped to induce ischaemia. Before clamping,
1 ml of saline (IR group) or 1-ml saline containing 1 mgkg−1 body weight of GGsTop
(γ-GT inhibitor; IR-GGsTop group) was injected into the liver via the inferior vena
cava. Blood flow was restored after at 30 min of the start of ischaemia. Blood was
collected before, at 30 min after ischaemia and at 2 h and 6 h after reoxygenation. All
the animals were killed at 6 h and the livers were collected.
Key Results: Treatment with GGsTop resulted in significant reduction of serum ALT,
AST and γ-GT levels and hepatic γ-GT, malondialdehyde, 4-hydroxy-2-nonenal and
HMGB1 at 6 h after reoxygenation. Inhibition of γ-GT retained normal hepatic glutathione levels. There was prominent hepatic necrosis in IR group, which is significantly
reduced in IR-GGsTop group.
Conclusion and Implications: Treatment with GGsTop significantly increased hepatic
glutathione content, reduced hepatic MDA, 4-HNE and HMGB1 levels and, remarkably, ameliorated hepatic necrosis after ischaemia-reoxygenation. The results indicated that GGsTop could be an appropriate therapeutic agent to reduce IR-induced
liver injury in obesity and steatosis.
KEYWORDS

GGsTop, ischaemia, ischaemia-reoxygenation injury, steatosis, γ-glutamyl transpeptidase

Abbreviations: 4-HNE, , 4-hydroxy-2-nonenal; AEC, 3-amino-9-ethylcarbazole; ALT, alanine transaminase; AST, aspartate transaminase; CCK-1, cholecystokinin-1; GGsTop, 2-amino-4
{[3-(carboxymethyl)phenyl](methyl)phosphono}butanoic acid; H&E, haematoxylin and eosin; HMGB1, high mobility group box 1; IR, ischaemia-reoxygenation; MDA, malondialdehyde; NAFLD,
non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; OLETF, Otsuka Long-Evans Tokushima Fatty; γ-GT, γ-glutamyltransferase.
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1 | I N TRODUC T I ON
What is already known
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic
liver disease throughout the world with an estimate prevalence of
20%–25% people (Huang, Behary, & Zekry, 2020; Thapa et al., 2020).
In individuals with non-alcoholic fatty liver disease, excess hepatic fat
is associated with an increased risk of developing diabetes, hypertension, cardiovascular events, abnormal resting electrocardiography and
endothelial dysfunction (Sanyal, 2011). When considered the hepatic
manifestation of metabolic syndrome, the prevalence of non-alcoholic
fatty liver disease is expected to rise in parallel with the increasing
epidemic of obesity and metabolic syndrome (Kothari, Dhami-Shah, &
Shah, 2019; Yki-Järvinen, 2014). This is especially true in economically
developed countries where the imbalance between caloric intake and
caloric output steadily increasing (Dite, Blaho, Bojkova, Jabandziev, &
Kunovsky, 2020). The subtype of non-alcoholic fatty liver disease,

• GGsTop is a potent inhibitor of γ-glutamyltransferase and
could reduce hepatic ischaemia-reperfusion injury.

What this study adds
• GGsTop can ameliorate oxidative stress and ischaemiareoxygenation injury in rats with obesity and steatosis.

What is the clinical significance
• GGsTop may serve as a potential therapeutic agent for
ischaemia-reperfusion injury in obesity and steatosis.

characterized as non-alcoholic steatohepatitis (NASH), is a potentially
progressive liver disease that can lead to cirrhosis, hepatocellular carcinoma, liver transplantation and eventually death (Younossi, 2019).
This indicates that the number of patients with non-alcoholic fatty
liver disease requiring liver surgery is likely to increase dramatically in
the near future. The use of steatotic grafts for liver transplantation

GGsTop (2-amino-4{[3-(carboxymethyl)phenyl](methyl)phosphono}

has long been associated with poor short-term and long-term out-

butanoic acid) is a novel phosphonate and a potent irreversible inhibitor

comes (Behrns et al., 1998; Tevar et al., 2010). Complications follow-

of γ-GT (Han, Hiratake, Kamiyama, & Sakata, 2007). It specifically

ing hepatic resection are twofold to threefold higher in patients with

inhibits human γ-GT more than 100-fold compared to acivicin and does

moderate to severe hepatic steatosis (Behrns et al., 1998; Belghiti

not affect glutamine amidotransferase (Smith, Ikeda, Fujii, Taniguchi, &

et al., 2000). Steatotic liver responds with increased hepatocellular

Meister, 1995). GGsTop covalently binds between the side chain oxygen

injury when exposed to ischaemic-reoxygenation (IR) insult, leading to

of Thr-381 of human γ-GT1 (hGGT1) and the phosphate of GGsTop

worse

Cornide-Petronio,

resulting in an enzyme-inhibitor complex (Terzyan et al., 2015). No

2019;

Kolachala

abnormalities were observed in behaviour, body weight and amount of

et al., 2017; Selzner & Clavien, 2001). Therefore, it is considerably

food intake for 2 weeks after intravenous administration of GGsTop at a

important to find appropriate modalities to prevent hepatic

single dose of 30 or 100 mgkg−1 in rats (Yamamoto et al., 2011).

ischaemia-reoxygenation (IR) injury in patients with non-alcoholic

Recently, we have observed that treatment with GGsTop significantly

fatty liver disease.

reduces oxidative stress and formation of free radicals in the hepatic

clinical

Gracia-Sancho,

outcome

(Jiménez-Castro,

Casillas-Ramírez,

γ-Glutamyltransferase

(γ-GT)

&

or

Peralta,

γ-glutamyl

transpeptidase

tissue that led to decreased IR-induced liver injury in healthy rats

catalyses the transfer of γ-glutamyl functional groups from molecules

(Tamura et al., 2016). It is well known that serum γ-GT level increases in

such as glutathione (GSH) to an acceptor like amino acid or peptide

patients with non-alcoholic fatty liver disease as well as alcoholic liver

(Hiratake, Suzuki, & Kumagai, 2004). γ-GT catalyses the first step

disease (Sueyoshi et al., 2016). Otsuka Long-Evans Tokushima Fatty

in GSH degradation and transfers the γ-glutamyl moiety of GSH to

(OLETF) rat that has a deletion in the gene encoding (Cckar)

water and amino acids or peptides (transpeptidation) into glutamate

cholecystokinin (CCK1) receptor is a well-known animal model for type

and γ-glutamyl-amino acids or peptides, respectively, with a

2 diabetes mellitus and obesity (Sato, Asahi, Toide, & Nakayama, 1995).

by-product cysteinyl-glycine (Perry, Wannamethee, & Shaper, 1998).

In the current study, we employed OLETF rats to investigate the effects

The cysteinyl-glycine is one of the most reactive thiol compounds

of GGsTop to protect against ischaemia-reoxygenation injury in

with potent physiological activity. It has been reported that this

obesity-induced hepatic steatosis.

particular thiol can reduce oxygen under normal physiological
conditions by reducing ferric iron Fe3+ into Fe2+ (Stark, Zeiger, &
Pagano, 1993). This process is known as iron redox-cycling and

2 | METHODS

produces reeactive oxygen species (ROS) leading to lipid peroxidation
(Valko, Jomova, Rhodes, Kuča, & Musílek, 2016). GSH-driven

2.1 | Animals

oxidative damage generated by γ-GT could produce preneoplastic foci
in liver and may lead to hepatocarcinogenesis (Stark et al., 1993). This

Otsuka Long-Evans Tokushima Fatty (OLETF) rats were procured from

is very significant in obesity and the increased blood γ-GT level is

Sankyo Labo Service Corporation (Tokyo, Japan). OLETF rats sponta-

considered as a marker for steatosis.

neously develop obesity, steatosis, hyperglycaemia, hyperinsulinemia
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and insulin resistance during their lifespan (Sato et al., 1995). They

inferior vena cava. Ischaemia was induced by clamping the portal vein

depict insulin resistance at about the age of 10–15 weeks and type

and hepatic artery with a microvascular clip (30–60 gmm−2, Cat#

2 diabetes mellitus at about 25–30 weeks (Sato et al., 1995). The

AM-1-30, Bear Medic Corporation, Ibaraki, Japan) to the left lateral

deletion of the gene encoding CCK1 receptor makes the OLETF rats a

and median lobes of the liver. This procedure yields approximately

CCK1 receptor knockout model (Moran & Bi, 2006). Cholecystokinin,

70% partial ischaemia (Colletti et al., 1996; Hirakawa et al., 2019). The

the brain-gut peptide, inhibits food intake by reducing the size and

right and caudate lobes (30% of liver mass) retain intact portal and

duration of a meal and its inhibitory actions are mediated through

arterial inflow and venous outflow, preventing intestinal congestion.

CCK1 receptors. The biochemical and histopathological alterations

Laparotomy was closed by suturing immediately after the start of

observed in adult OLETF rats during obesity and steatosis are similar

ischaemia and the animals were observed for 25 min maintaining at

to the hepatic fatty degeneration present in obese individuals (Ota

37 C on a warm pad. At 30 min after ischaemia, abdominal incision

et al., 2007).

was made again, 1 ml of blood was obtained from inferior vena cava

In the current study, 6-week-old male OLETF rats were housed in

and blood flow was restored by unclamping the vessels. The colour of

stainless steel wire mesh cages in air-conditioned rooms with a

ischaemic lobes was restored gradually within 1 to 1.5 min. The

relative humidity of 50 ± 10% and 10–15 air changes per hour. All the

laparotomy was closed again using suture. The two groups of treated

animals had automatic 12-h light/dark cycles and access to general rat

rats that are not subjected to IR were considered as sham group and

chow and drinking water ad libitum throughout the experiment.

sham-GGsTop group. The animals were spontaneously breathing

Animal studies are reported in compliance with the ARRIVE guidelines

during the whole procedure.

(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020).

At 2 h after reoxygenation, 1 ml of blood was obtained from
orbital venous plexus of each rat using capillary tube. At 6 h after
reoxygenation, all the animals were killed and the blood was collected
immediately. The livers were quickly removed and the median lobe

2.2 | Experimental design

was cut into 3 mm pieces and fixed in 10% phosphate-buffered
formalin for histopathology and the remaining liver tissue was flash

The overall experimental protocol of present study is depicted in

frozen in liquid nitrogen and stored at −80 C until assayed.

Figure 1. Experiments were designed to generate groups of equal size,
using randomization and blinded analysis. About 41-week-old male
OLETF rats were randomly divided into four groups of six rats each as
sham group (body weight 652.9 ± 27.9 g), sham treated with GGsTop

2.3 | Measurement of ALT, AST and γ-GT levels in
serum

(sham-GGsTop group, body weight 645.8 ± 32.6 g), IR group (body
weight 655.9 ± 25.6 g) and IR treated with GGsTop (IR-GGsTop group,

Blood was allowed to clot for 3–5 h at 37 C and serum was separated

body weight 641.5 ± 37.3 g). All animal experiments were carried out

by the conventional method. Serum levels of alanine transaminase

as per the Guide for the Care and Use of Laboratory Animals publi-

(ALT) and aspartate transaminase (AST) were estimated using an auto-

shed by the U.S. National Institutes of Health (NIH Publication

analyser that process only animal blood. Serum γ-GT activity was

No. 86-23, revised 1996). The protocol was approved by the Animal

determined by using

Care and Research Committee of Kanazawa Medical University on

FG11354, Funakoshi, Bunkyo-ku, Tokyo, Japan) according to the

the Ethics of Animal Experiments (#2015-90).

method of Theodorsen and Stromme (1976).

L-γ-glutamyl-3-carboxy-4-nitroanilide

(Cat#

The animals were anaesthetized with intraperitoneal injections of
pentobarbital (4.8 mg/100 g body weight), shaved the abdomen and
disinfected with 70% ethanol. An upper abdominal ventral incision
was made, without harming the internal organs, and 1 ml of blood was

2.4 | Measurement of γ-GT, GSH and
malondialdehyde (MDA) in the liver tissue

collected from the inferior vena cava of all rats in all the four groups.
Then either 1 ml of normal saline (IR group) or 1 ml of normal saline

Hepatic levels of γ-GT, GSH and malondialdehyde (MDA) were

containing 1 mgkg

body weight of GGsTop (Wako Pure Chemical

measured in the liver tissues as described below. About 100 mg of

Industries, Osaka, Japan) (IR-GGsTop group) was injected into the

frozen liver tissue was homogenized in 1 ml of ice-cold 50-mM

−1

F I G U R E 1 Schematic presentation of the
experimental design of ischaemia-reoxygenation
(IR) and GGsTop treatment in rats with hepatic
steatosis
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Tris-HCl buffer (pH 8) containing 150 mmolL−1 NaCl, 1 mmolL−1

were quantified in all the sample images using WinRoof image

EDTA and 1% Triton X-100. Then 50 μl of the homogenate was

analysing software (Mitani, Fukui, Japan). The data are presented

treated with 150 μl of 5% 5-sulfosalicylic acid solution and vortexed

as square microns for HMGB1 (stained area) and percentage

well. It was allowed to stand on ice for 10 min and centrifuged at

square microns for 4-HNE, where the total sample area was

12,000 g for 10 min at 4 C. Then, 50 μl of the supernatant was used

considered as 100%. The immuno-related procedures used comply

to measure hepatic γ-GT activity as per the protocol used for serum

with the recommendations made by the British Journal of

(Theodorsen & Stromme, 1976). The activity of γ-GT in the liver

Pharmacology (Alexander et al., 2018).

homogenate was presented as unitsg−1 fresh liver tissue. One
unit of γ-GT catalyses the transfer of 1 μmol of the glutamyl moiety
from γ-glutamyl-3-carboxy-4-nitroanilide to glycylglycine per minute

2.6 | Histopathological evaluation of the liver tissue

at 37 C.


Hepatic GSH content was measured using 50 μl of the above

The formalin-fixed liver samples were processed in an automatic

supernatant diluted with 50 μl of distilled water using a GSH assay kit

tissue processor optimized for liver tissue, embedded in paraffin

(Cat# CS0260, Sigma-Aldrich, St. Louis, USA). Hepatic MDA content

blocks and cut into sections of 5-μm thickness. The sections were

was determined with 30 μl of the supernatant diluted 1:1 with

stained with haematoxylin and eosin (H&E) as per the standard

distilled water employing MDA assay kit (Cat# NWK-MDA01,

protocol The stained sections were examined using an Olympus

Northwest Life Science, Vancouver, WA, USA). Hepatic GSH content

BX51 microscope attached with an Olympus DP71 digital camera

is presented as nmolmg−1 protein and hepatic MDA levels as

and photographed. The degree of IR injury was quantified as per the

nmolg

method of Suzuki, Toledo-Pereyra, Rodriguez, and Cejalvo (1993)

−1

fresh liver tissue.

based on congestion, vacuolization and necrosis. The data are classified into five grades as 0–4, where 0 is no necrosis, 1 is minimal

2.5 | Immunohistochemical staining for 4-hydroxy2-nonenal (4-HNE) and high mobility group box
1 (HMGB1)

(focal, single cell necrosis), 2 is mild (focal necrosis, many cells), 3 is
moderate (continuous, <50% of lobules) and 4 is severe (continuous,
>50% of lobules). The total grade was calculated after examining 10
lobules in each liver section.

Immunohistochemical staining for 4-hydroxy-2-nonenal (4-HNE)
and high mobility group box 1 (HMGB1) was carried out on
paraffin liver sections to evaluate the increased production of

2.7 | Data analysis and statistics

4-HNE and HMGB1. The liver sections were deparaffinized by
using xylene and alcohol, and hydrated to water. The antigen

The

manuscript

complies

with

the

recommendations

and

retrieval for HMGB1 was performed using 1-mM EDTA buffer

requirements of the British Journal of Pharmacology on experimental

(dissolved 0.37-g EDTA in 1-L distilled water, adjusted pH to 8.0

design and data analysis (Curtis et al., 2018). Statistical analysis

with 1-N NaOH and added 0.5-ml Tween 20) at 95 C water bath

was undertaken only for the data set where each group size was

for 20 min. Immunohistochemistry was performed using a broad-

at least n = 5. All declared group size is the number of indepen-

spectrum histostain-plus kit (Invitrogen, Carlsbad, CA, USA). After

dent values and all statistical analyses were done on the indepen-

blocking, the liver sections were treated with either 4-HNE mouse

dent values. Outliers were not excluded from the data set.

monoclonal

Shizuoka,

Arithmetic mean and standard error of the mean (SEM) were calcu-

Japan) or HMGB1 antibody (GeneTex Cat# GTX127344, RRID:AB_

lated for all the data and presented as Mean ± SE. Kruskal–Wallis

11164700)

antibody

(Cat#

HNE-J2,

Nikken

Seil,

a

test was used to compare intragroup differences between various

moisturized chamber (Evergreen Scientific, Los Angeles, CA, USA)

time points. Bonferroni post hoc test was used to determine the

at 4 C overnight. The sections were then washed five times in

level of significance between each time point. The difference

cold

between the IR and IR-GGsTop group at a given time point was

PBS

with

and

appropriate

incubated

dilutions

with

and

incubated

broad-spectrum

in

biotinylated

secondary antibody for 2 h at room temperature. The slides

assessed using Mann–Whitney U test. A value of P < 0.05 was

were washed again and treated with streptavidin-peroxidase

considered statistically significant.

conjugate and incubated for another 1 h. The final stain was
developed

by

using

3%

3-amino-9-ethylcarbazole

(AEC)

in

N,N-dimethylformamide. The stained sections were washed and

2.8 | Nomenclature of targets and ligands

counterstained with Mayer's haematoxylin for 2 min and mounted
by using aqueous-based mounting medium. The slides were

Key protein targets and ligands in this article are hyperlinked

examined under a microscope (Olympus BX51, Tokyo, Japan)

to

attached with a digital camera (Olympus DP71) and photographed.

PHARMACOLOGY http://www.guidetopharmacology.org and are

In the case of treated animals, all the samples were from IR lobes.

permanently archived in the Concise Guide to PHARMACOLOGY

The stained area for HMGB1 and the staining intensity of 4-HNE

2019/20 (Alexander, Christopoulos, et al., 2019).

corresponding

entries

in

the

IUPHAR/BPS

Guide

to

5199

KUBOTA ET AL.

3 | RESULTS

ischaemia. However, in the IR group, serum γ-GT activity was significantly increased at 2 and 6 h after reoxygenation. Ischaemia-

3.1 | Treatment with GGsTop decreased serum ALT
and AST levels and markedly inhibited serum γ-GT
activity

reoxygenation injury leads to hepatic necrosis and spillage of γ-GT
into the blood stream. Treatment with GGsTop inhibited the activity
of γ-GT in IR-GGsTop group and the level was significantly lower compared to IR group. There was no significant difference in the increased

The levels of ALT, AST and γ-GT in the serum before and after

activities of γ-GT between 2 and 6 h after reoxygenation in the IR

ischaemia-reoxygenation are presented in Figure 2. The mean serum

group (Figure 2c).

ALT levels between IR and IR-GGsTop groups at 30 min after
ischaemia and at 2 h after reoxygenation were not significantly
different. At 6 h after reoxygenation, the mean serum ALT level was
significantly reduced in GGsTop treated group (Figure 2a). Serum ALT

3.2 | Effect of GGsTop treatment on hepatic γ-GT,
GSH and MDA after ischaemia-reoxygenation

level was markedly elevated in IR group at both 2 and 6 h, and the
increased values were not significantly different. Treatment with

The effect of the treatment of GGsTop on hepatic γ-GT, GSH and

GGsTop did not reduce increased serum ALT level at 2 h after

MDA during ischaemia-reoxygenation is demonstrated in Figure 3.

reoxygenation (Figure 2a). There was no difference in the serum ALT

Hepatic γ-GT activity was increased significantly in IR group com-

levels between sham and sham-GGsTop groups. Serum AST levels

pared to sham group, which was remarkably and significantly reduced

depicted similar pattern as in the case of ALT before ischaemia and

in IR-GGsTop group (Figure 3a). There was no difference in hepatic

after ischaemia-reoxygenation in sham, sham-GGsTop, IR and

γ-GT activity between sham and sham-GGsTop groups.

IR-GGsTop groups (Figure 2b).

Hepatic GSH content in sham, sham-GGsTop, IR and IR-GGsTop

Serum γ-GT levels in ischaemia and after reoxygenation in sham,

groups is depicted in Figure 3b. GSH content in IR group was signifi-

sham-GGsTop, IR and IR-GGsTop groups are depicted Figure 2c.

cantly lower compared to IR-GGsTop group. Treatment with GGsTop

Serum γ-GT levels were not altered between sham and sham-GGsTop

restored normal levels of GSH in IR-GGsTop group (Figure 3b). The

groups at any time point. Serum γ-GT activities between IR and

difference between mean hepatic GSH content in sham and

IR-GGsTop groups were not different before and at 30 min after

sham-GGsTop groups was not significant.

F I G U R E 2 Serum levels of alanine transaminase (ALT), aspartate transaminase (AST) and γ-glutamyltransferase (γ-GT) before and after
ischaemia-reoxygenation and effects of GGsTop treatment in rats with hepatic steatosis. (a) Serum levels of ALT. The mean serum ALT level at
6 h after ischaemia-reoxygenation was significantly lower in IR-GGsTop group compared to ischaemia-reoxygenation (IR) group. (b) Serum levels
of AST. The mean serum AST level at 6 h after ischaemia-reoxygenation was significantly less in IR-GGsTop group compared to IR group.
(c) Serum levels of γ-GT. Serum γ-GT levels at 2 and 6 h after ischaemia-reoxygenation maintained same level as sham in GGsTop treated group
compared to IR group. The values are mean ± SE (n = 6). **P < 0.01 and ***P < 0.001, when compared to the respective mean values in IR group
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F I G U R E 3 Levels of
γ-glutamyltransferase(γ-GT),
glutathione (GSH) and
malondialdehyde (MDA) in the
liver tissue of sham, shamGGsTop, ischaemia-reoxygenation
(IR) and IR-GGsTop groups in rats
with hepatic steatosis. (a) Hepatic
γ-GT activities. Treatment with
GGsTop inhibited the increase of
hepatic γ-GT activity. (b) Hepatic
GSH contents. Treatment with
GGsTop restored significantly
reduced hepatic GSH content in
IR group. (c) Hepatic MDA levels.
Treatment with GGsTop
significantly reduced the elevated
MDA levels in IR group. The
values are mean ± SE (n = 6)

Malondialdehyde (MDA) is an indicator of excessive generation of
ROS that results in oxidative stress leading to cellular damage. The

3.4 | Treatment with GGsTop reduced generation of
HMGB1

levels of hepatic MDA in ischaemia and after reoxygenation are presented in Figure 3c. The mean MDA level in the liver tissue was

HMGB1 promotes inflammatory response to sterile and infectious

increased markedly in IR group compared to sham group. Treatment

signals and is involved in the coordination and integration of innate

with GGsTop during ischaemia resulted in significant reduction of

and adaptive immune responses (Bianchi & Manfredi, 2007). During

MDA levels in the hepatic tissue (Figure 3c). There was no significant

necrosis, the reduced HMGB1 moves to the extracellular compart-

difference between the mean hepatic MDA level in sham-GGsTop and

ment and acts as a chemokine. The results of the immunohistochem-

IR-GGsTop groups.

ical staining for HMGB1 on paraffin liver sections after antigen
retrieval using 1-mM EDTA buffer are presented in Figure 5.
Staining for HMGB1 was completely absent in sham and sham-

3.3 | GGsTop decreased production of 4-HNE

GGsTop group liver sections. Marked staining for HMGB1 was present as conspicuous spots on liver sections from IR group

Excessive production of ROS results in tissue oxidative stress that

(Figure 5a). The staining was prominent in necrotic zone. HMGB1

leads to lipid peroxidation and formation of a variety of aldehydes.

translocates

4-Hydroxy-2-nonenal is an α,β-unsaturated aldehyde formed by per-

reoxygenation injury (inset). Treatment with GGsTop resulted in sig-

oxidation of omega-6 unsaturated fatty acids such as linoleic acid and

nificant reduction in HMGB1 staining and only few spots were pre-

arachidonic acid (Hirakawa et al., 2019). The results of the immunohis-

sent on liver sections from IR-GGsTop group animals. Quantification

tochemical staining for 4-HNE in ischaemia and after reoxygenation

of HMGB1 stained area on liver sections using computer assisted

are presented in Figure 4. Since the present experimental animals are

image analysis software is depicted in Figure 5b. The area of

obese rats with hepatic steatosis, there was mild to moderate staining

HMGB1 staining in IR-GGsTop group was significantly lower com-

for 4-HNE in the livers obtained from sham and sham-GGsTop groups,

pared to the IR group.

from

nucleus

to

cytoplasm

during

ischaemia-

especially in pericentral zone and areas with fatty degeneration
(Figure 4a). Remarkable and strong staining of 4-HNE was present in
the necrotic zone with steatosis in the IR group (Figure 4a). On the
other hand, only moderate staining was observed, especially in

3.5 | Treatment with GGsTop prevented hepatic
necrosis during ischaemia-reoxygenation

pericentral areas with steatosis in the liver sections from IR-GGsTop
group. Quantification of the staining intensity of 4-HNE is presented

The histopathological alterations of liver tissue during IR injury and

in Figure 4b. The staining intensity of 4-HNE was significantly higher

effects of GGsTop treatment are demonstrated in Figure 6. There was

in IR group compared to IR-GGsTop group.

macrovesicular steatosis, hepatocyte ballooning and moderate
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F I G U R E 4 Immunohistochemical staining for 4-hydroxy-2-nonenal (4-HNE) after ischaemia-reoxygenation and effects of GGsTop treatment
in rats with hepatic steatosis. (a) Staining for 4-HNE in the liver sections from sham, sham-GGsTop, ischaemia-reoxygenation (IR) and IR-GGsTop
groups. Moderate staining for 4-HNE was present in the liver sections from sham and sham-GGsTop groups in areas with fat globules and
surrounding central veins. Marked and strong staining of 4-HNE was present in pericentral areas and necrotic zone in IR group. However, staining
for 4-HNE was markedly and significantly reduced in IR-GGsTop group (×40). (b) Quantification of the staining intensity of 4-HNE. The data are
mean ± SE (n = 6)

necrosis, especially in pericentral areas in the liver sections from sham

with GGsTop prevented intense hepatic necrosis and retained normal

and sham-GGsTop group animals (Figure 6a). Massive hepatic necrosis

architecture of the liver after reoxygenation. Furthermore, there was

with infiltration of mononuclear cells, sinusoidal congestion and

decrease of fat globules after reoxygenation in GGsTop treated group.

vacuolization was present in many lobules in IR group (Figure 6a).

Figure 6b represents the degree of hepatic IR injury quantified by

Severe and haemorrhagic necrosis was prominent in pericentral areas.

Suzuki's criteria based on congestion, vacuolization and necrosis. The

However, only mild necrosis and moderate congestion were present

degree of hepatic injury in IR group was significantly higher compared

in livers obtained from IR-GGsTop group rats (Figure 6a). Treatment

to IR-GGsTop group.
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F I G U R E 5 Immunohistochemical staining of high mobility group box 1 (HMGB1) after ischaemia-reoxygenation and effects of GGsTop
treatment in rats with hepatic steatosis. (a) Staining for HMGB1 in the liver sections from sham, sham-GGsTop, ischaemia-reoxygenation (IR) and
IR-GGsTop groups. Staining for HMGB1 was completely absent in sham and sham-GGsTop groups. Conspicuous staining of HMGB1 was present
in the necrotic zone with fat globules in IR group, while only few cells stained for HMGB1 in IR-GGsTop group (×100). Inset: higher magnification
demonstrating translocation of HMGB1 from nucleus to cytoplasm during ischaemia-reoxygenation injury (×200). (b) Measurement of the
staining area of HMGB1. The data are mean ± SE of six rats per group

4 | DISCUSSION

increasing in Asian countries also in analogous with the West. It has
been asserted that steatotic livers are less tolerant of ischaemia-

Hepatic steatosis, the accumulation of fat globules within the liver, is

reoxygenation injury leading to worst clinical outcome during liver

parallel with the increasing epidemic of obesity and metabolic syn-

transplantation (Chu, Hickey, Phillips, & Bartlett, 2013). Furthermore,

drome in the Western world. Due to the economic development in

the production of ROS would be high in obese individuals compared

many Asian countries during the two last decades, obesity, steatosis

to healthy people, which could exacerbate the situation. In the current

and the associated non-alcoholic fatty liver disease are dramatically

study, we used a rat model with steatosis in order to study the
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F I G U R E 6 Histopathological alterations in the liver tissue after ischaemia-reoxygenation and effects of GGsTop treatment in rats with
hepatic steatosis. (a) Haematoxylin and eosin (H&E) staining of liver sections from sham, sham-GGsTop, ischaemia-reoxygenation (IR) and IRGGsTop groups. Fatty degeneration, macrovesicular steatosis, hepatocyte ballooning and moderate necrosis were present especially in pericentral
areas in sham and sham-GGsTop groups. Massive necrosis, sinusoidal congestion and vacuolization of hepatocytes were observed in IR group,
which were prominent in pericentral areas. However, only mild congestion and slight necrosis were present in IR-GGsTop group. Treatment with
GGsTop prevented intense hepatic necrosis and retained normal architecture of the liver after reoxygenation (×40). (b) Suzuki's modified IR score.
The degree of hepatic IR injury was quantified following Suzuki's criteria based on congestion, vacuolization and necrosis. The data are mean ± SE
(n = 6)

beneficial effects of GGsTop to ameliorate the numerous adverse

acceptor compound forming glutamate (Hiratake et al., 2004). Serum

events associated with ischaemia-reoxygenation injury in obese

level of γ-GT increases in several pathological conditions and consid-

individuals.

ered as a potent marker for alcoholic liver disease (Sueyoshi

γ-GT is an important enzyme that involved in the transfer of

et al., 2016). In the liver, γ-GT is mainly present in hepatocyte micro-

γ-glutamyl functional groups from molecules such as GSH to an

somes and biliary epithelial cells. Ischaemia-reoxygenation injury leads
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to extreme hepatic necrosis that results in spillage of γ-GT into the

activity of γ-GT is an important step to prevent cellular oxidative

blood stream and subsequent elevation of serum γ-GT levels. In the

stress and subsequent membrane damage. In the current study, arrest

current study, we also noticed a significant increase of hepatic γ-GT

of γ-GT activity employing GGsTop resulted in retaining normal GSH

activity after IR-injury. Hepatic Kupffer cells are activated during IR-

levels and prevented increase of hepatic MDA levels. This observation

injury resulting in increased production of several pro-inflammatory

is in par with our previous report of maintaining normal hepatic GSH

cytokines, especially TNF-α (Hirakawa et al., 2019; Tamura

levels and blocking MDA formation during GGsTop treatment

et al., 2016). Hepatocytes and hepatic stellate cells could also produce

(Tamura et al., 2016).

TNF-α following IR-injury. Elevated levels of TNF-α along with other

The aldehyde, 4-hydroxy-2-nonenal (4-HNE) is a major end-prod-

inflammatory cytokines cause marked increase of ROS levels, which in

uct of peroxidation of omega-6 unsaturated fatty acids such as linoleic

turn up-regulate nuclear transcription factors like NF-κB. During IR-

acid and arachidonic acid (Ayala, Muñoz, & Argüelles, 2014). It has

injury, the up-regulated NF-κB translocates to nucleus and drive up

three reactive groups consisting an aldehyde, a double-bond at carbon

the synthesis of several molecules including γ-GT that leads to an

2 and a hydroxyl group at carbon 4. The formation of excessive

increased

4-HNE is considered as one of the most reliable biomarker of lipid

hepatic

γ-GT

activity

during

IR-injury

(Konishi

&

peroxidation during liver injury (Poli, Biasi, & Leonarduzzi, 2008). In

Lentsch, 2017).
GGsTop is a potent, non-toxic, highly selective and irreversible

the present study, immunohistochemical staining for 4-HNE demon-

inhibitor of γ-GT with inhibitor constant, Ki of 170 μM for human

strated that treatment with GGsTop significantly reduced ROS pro-

γ-GT (Kamiyama et al., 2016). GGsTop depicted no cytotoxicity

duction and subsequent cellular membrane lipid peroxidation. Staining

towards human fibroblasts and hepatic stellate cells up to 1-mM con-

for 4-HNE will be completely absent in healthy normal rat liver. The

centration (Kamiyama et al., 2016). X-ray crystallography with

current experiment was carried out in adult OLETF rats that have dia-

Escherichia coli γ-GT, sequence alignment and site-directed mutagene-

betes, obesity and steatosis, which are conditions accompanied with

sis of human γ-GT revealed a critical electrostatic interaction between

excessive ROS production and oxidative stress. Therefore, moderate

the terminal carboxylate of GGsTop and the active-site residue

staining for 4-HNE was present in liver sections from sham and sham-

Lys562 of human γ-GT for potent inhibition (Kamiyama et al., 2016).

GGsTop groups, especially in pericentral areas where steatosis is

GGsTop promoted collagen production in oral mucosa and has thera-

prominent. This is in par with our previous study on oxidative stress

peutic effects on oral mucositis (Shimamura, Takeuchi, Terada, &

and pathogenesis of NASH from obesity-induced simple steatosis in

Makino, 2019). It was reported that inhibition of γ-GT activity in lung

OLETF rats (Minato et al., 2014). Overall, the current data demon-

lining fluid increased GSH levels and protected lung airway epithelial

strated that GGsTop could markedly reduce the formation of 4-HNE,

cells against oxidative stress injury and associated inflammation in a

which plays potent role in the pathogenesis and progression of liver

mouse of model of asthma and recommended GGsTop as a novel

diseases.

pharmacological agent for the treatment of asthma (Tuzova

High mobility group box 1 is an abundant and conserved nuclear

et al., 2014). It was demonstrated that enhanced γ-GT activity contrib-

protein that is released by necrotic cells and acts in the extracellular

utes to cardiac impairment after myocardial ischaemia/reperfusion

environment

through oxidative stress and subsequent norepinephrine overflow and

et al., 2005). HMGB1 actively secretes from a variety of immune and

treatment with GGsTop has potential therapeutic implications to pre-

non-immune cells such as macrophages, monocytes, neutrophils, den-

vent myocardial ischaemia/reperfusion injury (Koyama et al., 2019). In

dritic cells and natural killer (NK) cells in response to various stimuli

the present study, we have observed that treatment with GGsTop sig-

such as LPSs and cytokines (Gardella et al., 2002). Tissue oxidative

nificantly reduced serum levels of ALT and AST at 6 h after ischaemia-

stress is one of the key factors that induce the secretion of HMGB1

reoxygenation. Furthermore, treatment with GGsTop completely

from the nucleus and its relocation to extracellular matrix to play piv-

as

a

primary

proinflammatory

signal

(Dumitriu

prevented increase of serum γ-GT activity after ischaemia-

otal roles in regulation of the cellular response to stress (Yu, Tang, &

reoxygenation at all time points. These data indicate that GGsTop

Kang, 2015). It was reported that HMGB1 is important for oxidative

could be used as a therapeutic agent to arrest IR-induced liver injury.

stress-mediated autophagy and serves as a new target for the treat-

Generation of tissue oxidative stress from overproduction of ROS

ment of stress-associated disorders (Tang, Kang, Livesey, Zeh, &

leads to lipid peroxidation that forms a variety of reactive aldehydes.

Lotze, 2011). In the present study, immunohistochemical staining for

Malondialdehyde (MDA) is a final product of lipid peroxidation of

HMGB1 demonstrated that GGsTop treatment significantly reduced

polyunsaturated fatty acids and one of the best markers of ROS and

the secretion of HMGB1 to the extracellular compartment in

oxidative stress (Del Rio, Stewart, & Pellegrini, 2005). It is a highly

ischaemic rat liver with steatosis. It was reported that ischaemia-

reactive compound and mutagen that forms nucleic acid and protein

reperfusion injury induces HMGB1 translocation and expression in

adducts. The protein adducts formed from MDA are referred as

ischaemic areas and also to the adjacent non-ischaemic lobes (Liu

advanced lipoxidation end-products (ALEs) analogous to advanced

et al., 2011). In another study, hydrogen-enriched saline treatment

glycation

protected hepatic IR injury by reducing oxidative stress and HMGB1

end-products

(AGEs)

(Moldogazieva,

Mokhosoev,

Mel'nikova, Porozov, & Terentiev, 2019). Since increased levels of

release (Liu et al., 2014). In the current study, inhibition of γ-GT

γ-GT degrade GSH and forms the highly reactive thiol compound

employing GGsTop resulted in significant decrease of oxidative stress,

cysteinyl-glycine, which in turn produce ROS, inhibition of increased

which is evidenced through marked reduction in hepatic MDA and
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4-HNE productions. This could explain the significant diminish in

OR CID

secretion of HMGB1 and apparent decrease of hepatic necrosis in the

Joseph George

https://orcid.org/0000-0001-5354-7884

animals treated with GGsTop.
One of the reasons of hepatic necrosis and tissue injury is
increased oxidative stress resulting from elevated levels of ROS that
leads to damage to cellular components, especially to membrane
lipids. Treatment with GSH, the most potent natural antioxidant, could
reduce renal ischaemia-reperfusion injury in rats (Ahmadvand,
Babaeenezhad, Nasri, Jafaripour, & Khorramabadi, 2019). It was
observed that increased γ-GT activity contributes to cardiac damage
after myocardial ischaemia/reperfusion due to increased oxidative
stress (Koyama et al., 2019). In the current study, treatment with
GGsTop protected hepatic parenchyma from necrotic damage after
ischaemia-reoxygenation. Furthermore, inhibition of γ-GT activity
reduced fat globules in IR-GGsTop group, which could be attributed
to the decreased ROS and oxidative stress. Since the major cause of
tissue damage during ischaemia-reoxygenation is due to oxidative
stress, GGsTop may serve as an efficient modality to prevent
ischaemia-reoxygenation associated hepatic injury in obesity and
steatosis.
In conclusion, the results of the present study demonstrated that
GGsTop treatment inhibits the elevation of γ-GT activity during
ischaemia-reoxygenation that resulted in significant reduction of
serum AST and ALT activity and increase of hepatic GSH levels.
Furthermore, it depicted marked decrease in hepatic MDA and
4-HNE productions, drastic diminish in the secretion of HMGB1 and
the ultimate protection of hepatic parenchyma in ischaemic rat liver.
Thus, the data indicate that GGsTop could serve as a potential
therapeutic agent to prevent IR-induced injury in livers with steatosis.
ACKNOWLEDGEMEN T
This work was supported in part by Grant for Specially Promoted
Research from Kanazawa Medical University (Grant SR 2012-04)
to Mi.T.
AUTHOR CONTRIBUTIONS
Mi.T. and Mu.T. involved in conception and design of the study,
obtained funding and provided technical and material support. R.K.,
N.H., K.K., T.S. and K.O. carried out all the major experiments and
collected the data. Y.U. carried out histopathological evaluation.
J.G. analysed and interpreted the data and wrote the manuscript.
CONF LICT OF IN TE RE ST
The authors declare no conflicts of interest.
DECLARATION OF TRAN SPARENCY AND S CIENTI FIC
RI GOUR
This Declaration acknowledges that this paper adheres to the
principles for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design and Analysis,
Immunoblotting and Immunochemistry and Animal Experimentation,
and as recommended by funding agencies, publishers and other
organisations engaged with supporting research.

RE FE RE NCE S
Ahmadvand, H., Babaeenezhad, E., Nasri, M., Jafaripour, L., &
Khorramabadi, R. M. (2019). Glutathione ameliorates liver markers,
oxidative stress and inflammatory indices in rats with renal ischemia
reperfusion injury. Journal of Renal Injury Prevention, 8(2), 91–97.
https://doi.org/10.15171/jrip.2019.18
Alexander, S. P. H., Roberts, R. E., Broughton, B. R. S., Sobey, C. G.,
George, C. H., Stanford, S. C., … Ahluwalia, A. (2018). Goals and
practicalities of immunoblotting and immunohistochemistry: A
guide for submission to the British Journal of Pharmacology. British Journal of Pharmacology, 175, 407–411. https://doi.org/10.1111/bph.
14112
Alexander, S. P. H., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A.,
Veale, E. L., … Davis, J. A. (2019). The Concise Guide to PHARMACOLOGY 2019/20: Enzymes. British Journal of Pharmacology, 176(Suppl 1),
S297–S396. https://doi.org/10.1111/bph.14752
Ayala, A., Muñoz, M. F., & Argüelles, S. (2014). Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde and
4-hydroxy-2-nonenal. Oxidative Medicine and Cellular Longevity, 2014,
360438. https://doi.org/10.1155/2014/360438 PMID: 24999379
Behrns, K. E., Tsiotos, G. G., DeSouza, N. F., Krishna, M. K., Ludwig, J., &
Nagorney, D. M. (1998). Hepatic steatosis as a potential risk factor for
major hepatic resection. Journal of Gastrointestinal Surgery, 2(3),
292–298. https://doi.org/10.1016/s1091-255x(98)80025-5 PMID:
9841987
Belghiti, J., Hiramatsu, K., Benoist, S., Massault, P., Sauvanet, A., &
Farges, O. (2000). Seven hundred forty-seven hepatectomies in the
1990s: An update to evaluate the actual risk of liver resection. Journal
of the American College of Surgeons, 191(1), 38–46. https://doi.org/10.
1016/s1072-7515(00)00261-1 PMID: 10898182
Bianchi, M. E., & Manfredi, A. A. (2007). High-mobility group box
1 (HMGB1) protein at the crossroads between innate and adaptive
immunity. Immunological Reviews, 220, 35–46. https://doi.org/10.
1111/j.1600-065X.2007.00574.x PMID: 17979838
Chu, M. J., Hickey, A. J., Phillips, A. R., & Bartlett, A. S. (2013). The impact
of hepatic steatosis on hepatic ischemia-reperfusion injury in experimental studies: A systematic review. BioMed Research International,
2013,
192029.
https://doi.org/10.1155/2013/192029
PMID:
24062999
Colletti, L. M., Kunkel, S. L., Walz, A., Burdick, M. D., Kunkel, R. G.,
Wilke, C. A., & Strieter, R. M. (1996). The role of cytokine networks in
the local liver injury following hepatic ischemia/reperfusion in the rat.
Hepatology, 23(3), 506–514. https://doi.org/10.1002/hep.510230315
PMID: 8617430
Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, G. H.,
Giembycz, M. A., & Ahluwali, A. (2018). Experimental design and analysis and their reporting II: updated and simplified guidance for authors
and peer reviewers. British Journal of Pharmacology, 175, 987–993.
doi: https://doi/org/10.1111/bph.14153
Del Rio, D., Stewart, A. J., & Pellegrini, N. (2005). A review of recent studies on malondialdehyde as toxic molecule and biological marker of oxidative stress. Nutrition, Metabolism, and Cardiovascular Diseases, 15(4),
316–328. https://doi.org/10.1016/j.numecd.2005.05.003 PMID:
16054557
Dite, P., Blaho, M., Bojkova, M., Jabandziev, P., & Kunovsky, L. (2020).
Nonalcoholic fatty pancreas disease: Clinical consequences. Digestive
Diseases, 38(2), 143–149. https://doi.org/10.1159/000505366 PMID:
31865317
Dumitriu, I. E., Baruah, P., Valentinis, B., Voll, R. E., Herrmann, M.,
Nawroth, P. P., … Rovere-Querini, P. (2005). Release of high mobility
group box 1 by dendritic cells controls T cell activation via the receptor

5206

for advanced glycation end products. Journal of Immunology, 174(12),
7506–7515. https://doi.org/10.4049/jimmunol.174.12.7506 PMID:
15944249
Gardella, S., Andrei, C., Ferrera, D., Lotti, L. V., Torrisi, M. R.,
Bianchi, M. E., & Rubartelli, A. (2002). The nuclear protein HMGB1 is
secreted by monocytes via a non-classical, vesicle-mediated secretory
pathway. EMBO Reports, 3(10), 995–1001. https://doi.org/10.1093/
embo-reports/kvf198 PMID: 12231511
Han, L., Hiratake, J., Kamiyama, A., & Sakata, K. (2007). Design, synthesis,
and evaluation of γ-phosphono diester analogues of glutamate as
highly potent inhibitors and active site probes of γ-glutamyl transpeptidase. Biochemistry, 46(5), 1432–1447. https://doi.org/10.1021/
bi061890j PMID: 17260973
Hirakawa, Y., Tsuchishima, M., Fukumura, A., Kinoshita, K., Hayashi, N.,
Saito, T., … Tsutsumi, M. (2019). Recombinant thrombomodulin
prevented hepatic ischemia-reperfusion injury by inhibiting highmobility group box 1 in rats. European Journal of Pharmacology, 863,
172681.
https://doi.org/10.1016/j.ejphar.2019.172681
PMID:
31542482
Hiratake, J., Suzuki, H., & Kumagai, H. (2004). γ-Glutamyl transpeptidase
and its precursor. In A. J. Barrett, N. D. Rawlings, & J. F. Woessner
(Eds.), Handbook of proteolytic enzymes (2nd ed.) (pp. 2090–2094).
London: Academic Press.
Huang, T. D., Behary, J., & Zekry, A. (2020). Non-alcoholic fatty liver disease: A review of epidemiology, risk factors, diagnosis and management. Internal Medicine Journal, 50(9), 1038–1047. https://doi.org/10.
1111/imj.14709 PMID: 31760676
Jiménez-Castro, M. B., Cornide-Petronio, M. E., Gracia-Sancho, J., CasillasRamírez, A., & Peralta, C. (2019). Mitogen activated protein kinases in
steatotic and non-steatotic livers submitted to ischemia-reperfusion.
International Journal of Molecular Sciences, 20(7), 1785. https://doi.org/
10.3390/ijms20071785 PMID: 30974915
Kamiyama, A., Nakajima, M., Han, L., Wada, K., Mizutani, M., Tabuchi, Y., …
Hiratake, J. (2016). Phosphonate-based irreversible inhibitors of
human γ-glutamyl transpeptidase (GGT). GGsTop is a non-toxic and
highly selective inhibitor with critical electrostatic interaction with an
active-site residue Lys562 for enhanced inhibitory activity.
Bioorganic & Medicinal Chemistry, 24(21), 5340–5352. https://doi.org/
10.1016/j.bmc.2016.08.050 PMID: 27622749
Kolachala, V. L., Palle, S., Shen, M., Feng, A., Shayakhmetov, D., &
Gupta, N. A. (2017). Loss of L-selectin-guided CD8+, but not CD4+,
cells protects against ischemia reperfusion injury in a steatotic liver.
Hepatology, 66(4), 1258–1274. https://doi.org/10.1002/hep.29276
PMID: 28543181
Konishi, T., & Lentsch, A. B. (2017). Hepatic ischemia/reperfusion: Mechanisms of tissue injury, repair, and regeneration. Gene Expression, 17(4),
277–287.
https://doi.org/10.3727/105221617X15042750874156
PMID: 28893351
Kothari, S., Dhami-Shah, H., & Shah, S. R. (2019). Antidiabetic drugs and
statins in nonalcoholic fatty liver disease. Journal of Clinical and Experimental Hepatology, 9(6), 723–730. https://doi.org/10.1016/j.jceh.
2019.06.003 PMID: 31889754
Koyama, T., Tsubota, A., Sawano, T., Tawa, M., Watanabe, B., Hiratake, J.,
… Ohkita, M. (2019). Involvement of γ-glutamyl transpeptidase in
ischemia/reperfusion-induced cardiac dysfunction in isolated rat
hearts. Biological & Pharmaceutical Bulletin, 42(11), 1947–1952.
https://doi.org/10.1248/bpb.b19-00434 PMID: 31685777
Lilley, E., Stanford, S. C., Kendall, D. E., Alexander, S. P., Cirino, G.,
Docherty, J. R., … Ahluwalia, A. (2020). ARRIVE 2.0 and the British
Journal of Pharmacology: Updated guidance for 2020. British Journal of
Pharmacology.
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.
1111/bph.15178
Liu, A., Dirsch, O., Fang, H., Sun, J., Jin, H., Dong, W., & Dahmen, U.
(2011). HMGB1 in ischemic and non-ischemic liver after selective
warm ischemia/reperfusion in rat. Histochemistry and Cell Biology, 135

KUBOTA ET AL.

(5), 443–452. https://doi.org/10.1007/s00418-011-0802-6 PMID:
21431875
Liu, Y., Yang, L., Tao, K., Vizcaychipi, M. P., Lloyd, D. M., Sun, X., … Yu, W.
(2014). Protective effects of hydrogen enriched saline on liver ischemia reperfusion injury by reducing oxidative stress and HMGB1
release. BMC Gastroenterology, 14, 12. https://doi.org/10.1186/1471230X-14-12 PMID: 24410860
Minato, T., Tsutsumi, M., Tsuchishima, M., Hayashi, N., Saito, T.,
Matsue, Y., … George, J. (2014). Binge alcohol consumption aggravates
oxidative stress and promotes pathogenesis of NASH from obesityinduced simple steatosis. Molecular Medicine, 20(1), 490–502. https://
doi.org/10.2119/molmed.2014.00048 PMID: 25180626
Moldogazieva, N. T., Mokhosoev, I. M., Mel'nikova, T. I., Porozov, Y. B., &
Terentiev, A. A. (2019). Oxidative stress and advanced lipoxidation
and glycation end products (ALEs and AGEs) in aging and age-related
diseases. Oxidative Medicine and Cellular Longevity, 2019, 3085756.
https://doi.org/10.1155/2019/3085756 PMID: 31485289
Moran, T. H., & Bi, S. (2006). Hyperphagia and obesity of OLETF rats lacking CCK1 receptors: Developmental aspects. Developmental Psychobiology, 48(5), 360–367. https://doi.org/10.1002/dev.20149 PMID:
16770763
Ota, T., Takamura, T., Kurita, S., Matsuzawa, N., Kita, Y., Uno, M., …
Kaneko, S. (2007). Insulin resistance accelerates a dietary rat model of
nonalcoholic steatohepatitis. Gastroenterology, 132(1), 282–293.
https://doi.org/10.1053/j.gastro.2006.10.014 PMID: 17241878
Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M.,
… Würbel, H. (2020). The ARRIVE guidelines 2.0: Updated guidelines
for reporting animal research. PLoS Biology, 18(7), e3000410. https://
doi.org/10.1371/journal.pbio.3000410
Perry, I. J., Wannamethee, S. G., & Shaper, A. G. (1998). Prospective study
of serum γ-glutamyltransferase and risk of NIDDM. Diabetes Care, 21
(5), 732–737. https://doi.org/10.2337/diacare.21.5.732 PMID:
9589232
Poli, G., Biasi, F., & Leonarduzzi, G. (2008). 4-Hydroxynonenal-protein
adducts: A reliable biomarker of lipid oxidation in liver diseases. Molecular Aspects of Medicine, 29(1–2), 67–71. https://doi.org/10.1016/j.
mam.2007.09.016 PMID: 18158180
Sanyal, A. J. (2011). NASH: A global health problem. Hepatology Research,
41(7), 670–674. https://doi.org/10.1111/j.1872-034X.2011.00824.x
PMID: 21711426
Sato, T., Asahi, Y., Toide, K., & Nakayama, N. (1995). Insulin resistance in
skeletal muscle of the male Otsuka Long-Evans Tokushima Fatty rat, a
new model of NIDDM. Diabetologia, 38(9), 1033–1041. https://doi.
org/10.1007/BF00402172 PMID: 8591816
Selzner, M., & Clavien, P. A. (2001). Fatty liver in liver transplantation and
surgery. Seminars in Liver Disease, 21(1), 105–113. https://doi.org/10.
1055/s-2001-12933 PMID: 11296690
Shimamura, Y., Takeuchi, I., Terada, H., & Makino, K. (2019). Therapeutic
effect of GGsTop, selective γ-glutamyl transpeptidase inhibitor, on a
mouse model of 5-fluorouracil-induced oral mucositis. Anticancer
Research, 39(1), 201–206. https://doi.org/10.21873/anticanres.13098
PMID: 30591459
Smith, T. K., Ikeda, Y., Fujii, J., Taniguchi, N., & Meister, A. (1995). Different
sites of acivicin binding and inactivation of γ-glutamyl transpeptidases.
Proceedings of the National Academy of Sciences USA, 92(6),
2360–2364.
https://doi.org/10.1073/pnas.92.6.2360
PMID:
7892271
Stark, A. A., Zeiger, E., & Pagano, D. A. (1993). Glutathione metabolism by
γ-glutamyltranspeptidase leads to lipid peroxidation: Characterization
of the system and relevance to hepatocarcinogenesis. Carcinogenesis,
14(2), 183–189. https://doi.org/10.1093/carcin/14.2.183 PMID:
8094645
Sueyoshi, S., Sawai, S., Satoh, M., Seimiya, M., Sogawa, K., Fukumura, A., …
Nomura, F. (2016). Fractionation of γ-glutamyltransferase in patients
with nonalcoholic fatty liver disease and alcoholic liver disease. World

5207

KUBOTA ET AL.

Journal of Hepatology, 8(36), 1610–1616. https://doi.org/10.4254/
wjh.v8.i36.1610 PMID: 28083083
Suzuki, S., Toledo-Pereyra, L. H., Rodriguez, F. J., & Cejalvo, D. (1993).
Neutrophil infiltration as an important factor in liver ischemia and
reperfusion injury. Modulating effects of FK506 and cyclosporine.
Transplantation,
55(6),
1265–1272.
https://doi.org/10.1097/
00007890-199306000-00011 PMID: 7685932
Tamura, K., Hayashi, N., George, J., Toshikuni, N., Arisawa, T., Hiratake, J.,
… Tsutsumi, M. (2016). GGsTop, a novel and specific γ-glutamyl transpeptidase inhibitor, protects hepatic ischemia-reperfusion injury in
rats. American Journal of Physiology. Gastrointestinal and Liver Physiology, 311(2), G305–G312. https://doi.org/10.1152/ajpgi.00439.2015
PMID: 27365338
Tang, D., Kang, R., Livesey, K. M., Zeh, H. J., & Lotze, M. T. (2011). High
mobility group box 1 (HMGB1) activates an autophagic response to
oxidative stress. Antioxidants & Redox Signaling, 15(8), 2185–2195.
https://doi.org/10.1089/ars.2010.3666 PMID: 21395369
Terzyan, S. S., Burgett, A. W., Heroux, A., Smith, C. A., Mooers, B. H., &
Hanigan, M. H. (2015). Human γ-glutamyl transpeptidase 1: Structures
of the free enzyme, inhibitor-bound tetrahedral transition states, and
glutamate-bound enzyme reveal novel movement within the active
site during catalysis. The Journal of Biological Chemistry, 290(28),
17576–17586. https://doi.org/10.1074/jbc.M115.659680 PMID:
26013825
Tevar, A. D., Clarke, C., Wang, J., Rudich, S. M., Woodle, E. S.,
Lentsch, A. B., & Edwards, M. L. (2010). Clinical review of nonalcoholic
steatohepatitis in liver surgery and transplantation. Journal of the
American College of Surgeons, 210(4), 515–526. https://doi.org/10.
1016/j.jamcollsurg.2010.01.020 PMID: 20347746
Thapa, K., Grewal, A. S., Kanojia, N., Rani, L., Sharma, N., & Singh, S. (2020).
Alcoholic and non-alcoholic liver diseases: Promising molecular drug
targets and their clinical development. Current Drug Discovery Technologies. https://doi.org/10.2174/1570163817666200121143959 PMID:
31965945
Theodorsen, L., & Stromme, J. H. (1976). γ-Glutamyl-3-carboxy14-nitroanilide: The substrate of choice for routine determinations of
γ-glutamyl-transferase activity in serum? Clinica Chimica Acta, 72(2),

205–210. https://doi.org/10.1016/0009-8981(76)90074-7 PMID:
10105
Tuzova, M., Jean, J. C., Hughey, R. P., Brown, L. A., Cruikshank, W. W.,
Hiratake, J., & Joyce-Brady, M. (2014). Inhibiting lung lining fluid glutathione metabolism with GGsTop as a novel treatment for asthma.
Frontiers in Pharmacology, 5, 179. https://doi.org/10.3389/fphar.2014.
00179 PMID: 25132819
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