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Abstract
Background/Aims  The proton pump inhibitor lansoprazole (LPZ) is clinically used to reduce gastric acid secretion, but little 
is known about its possible hepatoprotective effects. This study aimed to investigate the hepatoprotective effects of LPZ and 
its potential mechanisms using in vitro and in vivo rat models of liver injury.
Methods  For the in vitro model of liver injury, primary cultured rat hepatocytes were treated with interleukin-1β in the 
presence or absence of LPZ. The influence of LPZ on inducible nitric oxide synthase (iNOS) induction and nitric oxide (NO) 
production and on the associated signaling pathways was analyzed. For the in vivo model, rats were treated with D-galac-
tosamine (GalN) and lipopolysaccharide (LPS). The effects of LPZ on survival and proinflammatory mediator expression 
(including iNOS and tumor necrosis factor-α) in these rats were examined.
Results  LPZ inhibited iNOS induction partially through suppression of the nuclear factor-kappa B signaling pathway in 
hepatocytes, thereby reducing potential liver injury from excessive NO levels. Additionally, LPZ increased survival by 50% 
and decreased iNOS, tumor necrosis factor-α, and cytokine-induced neutrophil chemoattractant-1 mRNA expression in the 
livers of GalN/LPS-treated rats. LPZ also inhibited nuclear factor-kappa B activation by GalN/LPS.
Conclusions  LPZ inhibits the induction of several inflammatory mediators (including cytokines, chemokines, and NO) par-
tially through suppression of nuclear factor-kappa B, resulting in the prevention of fulminant liver failure. The therapeutic 
potential of LPZ for liver injuries warrants further investigation.

Keywords  Primary cultured hepatocytes · Acute liver injury · Lansoprazole · d-galactosamine with lipopolysaccharide · 
Inducible nitric oxide synthase · Nuclear factor-kappa B
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Introduction

Lansoprazole (LPZ) is a proton pump inhibitor that is 
used clinically to prevent and treat various acid-related 
diseases, including gastroesophageal reflux disease and 
peptic ulcers [1, 2]. The pharmacological effect of this 
drug is achieved by inhibiting hydrogen potassium aden-
osine triphosphatase, which in turn reduces gastric acid 
secretion from parietal cells.

In addition to its anti-secretory properties, LPZ is 
reported to have anti-inflammatory and anti-bacterial 
effects, and it has been used to treat Helicobacter pylori 
infections [3]. LPZ-induced mediation of inflammatory 
responses may occur partially through upregulation of 
heme oxygenase-1 in gastric mucosal cells [4] and the 
small intestine [5]. Researchers have proposed other mech-
anisms by which LPZ and other proton pump inhibitors 
exert anti-inflammatory effects [6–15]. For example, LPZ 
was found to suppress tumor necrosis factor alpha (TNF-
α) and interleukin 1 beta (IL-1β) production in a human 
monocytic cell line that was induced by lipopolysaccharide 
(LPS) and H. pylori extracts through inhibiting nuclear 
factor-kappa B (NF-κB) and extracellular signal-regu-
lated kinase signaling pathways [16]. LPZ may also have 
hepatoprotective effects because of its ability to induce an 
anti-oxidative stress response in the liver [17]. However, 
few studies have examined if LPZ administration influ-
ences survival in animal models of liver injury.

Excessive nitric oxide (NO) production by inducible 
nitric oxide synthase (iNOS) contributes to liver injury 
[18, 19]. In animal models of acute liver injury (induced 
by ischemia/reperfusion, partial hepatectomy, or endotoxin 
shock), drugs with hepatoprotective effects (e.g., pirfeni-
done [20], edaravone [21], and FR183998 [22, 23]) were 
shown to inhibit iNOS induction and NO production, as 
well as reduce the synthesis of proinflammatory mediators 
such as TNF-α, IL-1β, IL-6, and cytokine-induced neutro-
phil chemoattractant 1/chemokine (C-X-C motif) ligand 1 
(CINC-1/CXCL-1; the rat analog of human IL-8). These 
drugs [22, 24, 25] were also shown to inhibit iNOS induc-
tion and NO production in primary rat hepatocyte cultures 
that are stimulated by IL-1β [26, 27]. Therefore, prevent-
ing iNOS induction and NO production may be considered 
to be indicators of hepatoprotection in hepatocyte cultures 
and animal models.

In this study, we examined the hepatoprotective effects 
of LPZ in in vitro and in vivo models. We first examined 
if LPZ inhibits iNOS induction and NO production in a 
primary cell culture of IL-1β-stimulated rat hepatocytes 
(representing an in vitro model of liver injury [28]) and 
the possible mechanisms behind these hepatoprotective 
effects. Next, we used an in vivo rat model of liver injury 

induced with D-galactosamine hydrochloride and LPS 
(GalN/LPS) to examine if LPZ influences rat survival.

Materials and Methods

Materials

LPZ was purchased from Takeda Pharmaceutical Co. Ltd. 
(Osaka, Japan), and recombinant human IL-1β (2 × 107 U/
mg protein) was obtained from MyBioSource, Inc. (San 
Diego, CA, USA). GalN and LPS (Escherichia coli 0111: 
B4) were purchased from Wako Pure Chemical Corp. 
(Osaka, Japan) and Sigma-Aldrich Corp. (Saint Louis, MO, 
USA), respectively.

Male Wistar and Sprague–Dawley rats were obtained 
from Charles River Laboratories, Inc. (Tokyo, Japan). 
The rats were housed at 22 °C on a 12-h light/dark cycle 
for ≥ 7 days to allow acclimatization before experiments 
were conducted. Food and water were provided ad libitum. 
Animal care and experiments were performed in accordance 
with the standards outlined in the ARRIVE [29] and PRE-
PARE [30] guidelines. The study protocol was approved by 
the Animal Care Committee at Kansai Medical University 
(Osaka, Japan) (Approval no. X18-027(1)).

Primary Rat Hepatocyte Culture Preparation

Collagenase perfusion was used to isolate hepatocytes from 
male Wistar rats (200–250 g; 6–7 weeks old) (Wako Pure 
Chemical Corp.) [31, 32]. The isolated hepatocytes were sus-
pended in Williams’ medium E at 6 × 105 cells/mL, seeded 
onto 35-mm plastic dishes (2 mL/dish; Falcon Plastics, 
Oxnard, CA, USA), and incubated at 37 °C in a humidified 
chamber (5% CO2). Williams’ medium E was supplemented 
with 10% newborn calf serum, HEPES (5 mmol/L), penicil-
lin (100 U/mL), streptomycin (100 μg/mL), amphotericin B 
(0.25 μg/mL), aprotinin (0.1 μg/mL; Roche, Basel, Switzer-
land), dexamethasone (10 nmol/L), and insulin (10 nmol/L). 
After 2 h, the medium was replaced with fresh serum-free 
Williams’ medium E (1.5 mL/dish). After another 5 h, the 
medium was again replaced with fresh serum- and hormone-
free Williams’ medium E (1.5 mL/dish), and the cells were 
cultured overnight before use. The number of cells attached 
to the dishes was estimated by counting the number of 
nuclei [33] and applying a ratio of 1.37 ± 0.04 nuclei/cell 
(mean ± standard error; n = 7 experiments).

Induction of Acute Liver Injury in Rats

To induce acute liver injury for the in vivo model, male 
Sprague–Dawley rats (240–260 g; 7 weeks old) were anes-
thetized with isoflurane (Abbott Laboratories, Abbott Park, 
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IL, USA) before receiving an intravenous (i.v.) injection 
of GalN/LPS (500 mg/kg GalN and 50 μg/kg LPS) via the 
penile vein [34]. The rats that were randomly assigned to 
receive LPZ were injected (intraperitoneally, i.p.) with one 
of three LPZ doses (50, 100, or 200 mg/kg) 1 h before GalN/
LPS treatment. Survival was monitored for 72 h after GalN/
LPS injection. The rats were euthanized when they appeared 
weak and moribund as liver failure, congestion, and multi-
organ failure progressed. We used the NIH Office of Animal 
Care and Use [35] score and severity assessment to assess 
the animals following liver resection [36]. Liver and blood 
samples were collected from the rats after 1 h and 6 h.

Treatment of the Cultured Hepatocytes with LPZ

LPZ was first dissolved in Williams’ medium E and steri-
lized using a 0.45-μm membrane filter (Millipore, Billerica, 
MA, USA). On the day after cell culture, the hepatocytes 
were washed with fresh serum- and hormone-free Williams’ 
medium E and incubated with IL-1β (1 nmol/L) in the same 
medium either in the presence or absence of LPZ (dose 
range, 25–250 μM).

Determination of NO Production and Lactate 
Dehydrogenase Activity in the Cultured 
Hepatocytes

The amount of nitrite (a stable metabolite of NO) in the 
cell culture medium of the hepatocytes was measured using 
the Griess method [37]. Cell viability was measured based 
on lactate dehydrogenase activity using a commercial kit 
(Roche Diagnostics, Risch-Rotkreuz, Switzerland).

Western Blot Analysis

Total cell lysates were obtained from the cultured hepato-
cytes using a previously described method with minor modi-
fications [24]. Briefly, cells (1 × 106 cells/35-mm dish) were 
lysed with sample buffer (125 mmol/L Tris–HCl, pH 6.8; 
containing 5% glycerol, 2% SDS, and 1% 2-mercaptoetha-
nol), and protein levels were examined using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 
Frozen liver samples were homogenized in five volumes 
of cell solubilization buffer (10 mmol/L Tris–HCl, pH 7.4; 
containing 1% Triton X-100, 0.5% Nonidet P-40, 1 mmol/L 
ethylenediaminetetraacetic acid [EDTA], 1 mmol/L eth-
ylene glycol-bis[2-aminoethyl ether] tetraacetic acid, and 
150 mmol/L NaCl) with 1 mmol/L phenylmethylsulfonyl-
fluoride (PMSF) and cOmplete™ protease inhibitor cocktail 
(1 ×; Roche Diagnostics) before centrifugation at 16,500g for 
15 min at room temperature. The supernatants were mixed 
with SDS-PAGE sample buffer (2 ×). SDS-PAGE was then 
performed and the separated proteins were electroblotted 

onto polyvinylidene difluoride membranes (Bio-Rad Labora-
tories, Hercules, CA, USA). Immunostaining was performed 
using primary antibodies for mouse iNOS (Affinity BioRe-
agents, Golden, CO, USA), human inhibitor of κB alpha 
(IκBα; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
mouse type-I IL-1 receptor (IL-1RI; Santa Cruz Biotech-
nology), and rat β-tubulin (internal control; Clone TUB2.1; 
Sigma-Aldrich Corp.). Immunoreactive proteins were visu-
alized using an enhanced chemiluminescence detection kit 
(GE Healthcare Biosciences, Piscataway, NJ, USA).

To measure the levels of protein kinase B (Akt) in the 
cultured hepatocytes, total cell lysates from 100-mm dishes 
(5 × 106 cells/dish) were prepared with a cell solubilization 
buffer containing 1 mmol/L PMSF, cOmplete™ protease 
inhibitor cocktail (1 ×; Roche Diagnostics), and phosphatase 
inhibitor cocktail (1 ×; Nacalai Tesque Inc., Kyoto, Japan). 
The extracts were pre-cleared with protein A (Sigma-Aldrich 
Corp.) and mixed with a mouse monoclonal antibody for 
human Akt1 (Akt5G3; Cell Signaling Technology Inc., Bev-
erly, MA, USA) and protein G-Sepharose beads (Pharmacia 
LKB Biotech, Uppsala, Sweden). After overnight incuba-
tion at 4 °C, the immune complexes were centrifuged at 
16,000g for 5 min at room temperature. The beads were 
washed with solubilization buffer, dissolved in SDS-PAGE 
sample buffer, and analyzed using western blot (SDS-PAGE 
in 10% gel) with rabbit polyclonal antibodies for human Akt 
and phospho-Akt (Ser473) (Cell Signaling Technology Inc.) 
as the primary antibodies.

Reverse Transcriptase Polymerase Chain Reaction

Total RNA was extracted from the cultured hepatocytes or 
frozen liver samples using TRIzol® reagent (Sigma-Aldrich 
Corp.) and a guanidinium thiocyanate-phenol–chloroform 
mixture [38]. For strand-specific reverse transcriptase poly-
merase chain reaction (RT-PCR), cDNA was first synthe-
sized from total RNA with strand-specific primers; touch-
down PCR was then performed using a PC-708 thermal 
cycler (Astec Co. Ltd., Fukuoka, Japan) based on a pre-
viously described method with minor modifications [39]. 
We examined iNOS (257 bp), TNF-α (275 bp), CXCL-1 
(231 bp), IL1RI (327 bp), IL-1β (321 bp), IL-6 (286 bp), 
IL-10 (245 bp), and elongation factor 1 alpha (EF-1α; inter-
nal control; 335 bp) mRNA expression using an oligo (dT) 
primer and the relevant primer sets (Table 1). The mRNA 
levels were measured using real-time PCR on a Rotor-Gene 
Q 2plex HRM platform (QIAGEN, Tokyo, Japan). A Rotor-
Gene SYBR™ Green PCR kit (QIAGEN) was used in the 
reaction mixture, and the following touchdown PCR pro-
tocol was used: 1 cycle at 95 °C for 5 min, 45 cycles at 
95 °C for 5 s, and 60 °C for 10 s. The cDNA sequence for 
rat iNOS mRNA was deposited in the DNA Data Bank of 
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Japan/European Bioinformatics Institute/GenBank under 
accession number AB250951.

Electrophoretic Mobility Shift Assay

Nuclear extracts were prepared from the cultured hepatocytes 
or frozen liver samples, and an electrophoretic mobility shift 
assay was performed using a previously described method 
[40]. Liver Sects. (0.1 g) from frozen liver samples were 
homogenized using a Dounce homogenizer (Sigma-Aldrich 
Corp.) in 2 mL of buffer A (10 mmol/L HEPES–KOH, 
pH 7.9; containing 10 mmol/L KCl, 1.5 mmol/L MgCl2, 
1 mmol/L dithiothreitol, 1 mmol/L PMSF, and 5 μg/mL 
aprotinin), allowed to stand for 15 min, and centrifuged at 
1100g for 5 min at 4 °C. The pellets obtained were then 
suspended in 1 mL of lysis buffer (buffer A supplemented 
with 0.1% Triton X-100), allowed to stand for 10 min, and 
centrifuged at 1100g for 10 min at 4 °C. The nuclear pellets 
were then suspended in 80 μL of nuclear extraction buffer 
(20 mmol/L HEPES–KOH, pH 7.9; containing 0.42 M NaCl, 
1.5 mmol/L MgCl2, 1 mmol/L dithiothreitol, 1 mmol/L 
PMSF, 5 μg/mL aprotinin, 0.2 mmol/L EDTA, and 25% [v/v] 
glycerol), incubated for 30 min, and centrifuged at 16,500g 
for 20 min at 4 °C.

The binding reactions (total mixture, 15 μL) were per-
formed by incubating the nuclear extracts in reaction buffer 
(20 mmol/L HEPES–KOH, pH 7.9; containing 1 mmol/L 
EDTA, 60 mmol/L KCl, 10% glycerol, and 1 μg poly[dI-
dC]) with a double-stranded DNA probe (40,000 dpm) 
for 20 min at room temperature. The products were elec-
trophoresed using a 4.8% polyacrylamide gel in high ionic 
strength buffer, and autoradiography was used to analyze 
the dried gels. An NF-κB consensus oligonucleotide (sense 
strand: 5′-AGT​TGA​GGGGA-CTT​TCC​CAGGC) produced 
from a mouse immunoglobulin light-chain mRNA was 
purchased from Promega Corp. (Madison, WI, USA). To 
produce the double-stranded DNA probe, oligonucleotides 
containing a κB site were labeled with [γ-32P]-adenosine-5′- 
triphosphate (DuPont-New England Nuclear Japan, Tokyo, 

Japan) and T4 polynucleotide kinase (Takara Biotechnology, 
Kyoto, Japan). Protein concentrations were measured using 
a binding assay kit (Bio-Rad Laboratories); the Bradford 
method [41] was employed with bovine serum albumin as 
the standard.

Transfection and Luciferase Assay of the Cultured 
Hepatocytes

Transfection of the cultured hepatocytes was performed 
using a previously described method [42]. Hepatocytes 
were cultured at 3 × 105 cells/dish (35 × 10 mm) in Williams’ 
medium E with serum, dexamethasone, and insulin for 7 h 
before undergoing magnet-assisted transfection. Reporter 
constructs pRiNOS-Luc-SVpA (for detecting the transacti-
vation of the iNOS promoter) or pRiNOS-Luc-3′UTR (for 
detecting the stability of mRNA) (1 μg) and the cytomegalo-
virus promoter-driven β-galactosidase plasmid pCMV-LacZ 
(1 ng; internal control) were mixed with a magnet-assisted 
transfection reagent (1 μL; IBA Lifesciences, Göttingen, 
Germany) in fresh serum- and hormone-free Williams’ 
medium E (1 mL/dish). Following a 15-min incubation 
period on a magnetic plate at room temperature, the medium 
was replaced with fresh Williams’ medium E with serum. 
The cells were then cultured overnight and treated with 
IL-1β either in the presence or absence of LPZ. Luciferase 
and β-galactosidase activities in the resulting cell extracts 
were measured using a PicaGene kit (Wako Pure Chemical 
Corp.) and Beta-Glo kit (Promega), respectively.

Histopathological Analysis of the Rat Model

Excised liver specimens from the Sprague–Dawley rats 
collected 1 h and 6 h after GalN/LPS treatment were fixed 
in 4% formalin and embedded in paraffin. Sections of 
3–5 μm in size were cut and stained with hematoxylin and 
eosin (H&E). Apoptotic bodies in the hepatocyte nuclei 
were detected by terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-digoxigenin nick-end 

Table 1   List of RT-PCR primer sets

iNOS inducible nitric oxide synthase; TNF-α tumor necrosis factor-α; CINC-1/CXCL-1 cytokine-induced neutrophil chemoattractant-1/
chemokine (C-X-C motif) ligand 1; IL-1β interleukin-1β; IL-6 interleukin-6; IL-10 interleukin-10; EF elongation factor-1α. F/R forward/reverse

Primer name Nucleotide sequence

iNOS F/R 5′-CCA​ACC​TGC​AGG​TCT​TCG​ATG-3′/5′-GTC​GAT​GCA​CAA​CTG​GGT​GAAC-3′
TNF-α F/R 5′-TCC​CAA​CAA​GGA​GGA​GAA​GTTCC-3′/5′-GGC​AGC​CTT​GTC​CCT​TGA​AGAGA-3′
CINC-1/CXCL-1 F/R 5′-GCC​AAG​CCA​CAG​GGG​CGC​CCGT-3′/5′-ACT​TGG​GGA​CAC​CCT​TTA​GCATC-3′
IL-1β F/R 5′-TCT​TTG​AAG​AAG​AGC​CCG​TCCTC-3′/5′-GGA​TCC​ACA​CTC​TCC​AGC​TGCA-3′
IL-6 F/R 5′-GAG​AAA​AGA​GTT​GTG​CAA​TGGCA-3′/5′-TGA​GTC​TTT​TAT​CTC​TTG​TTT​GAA​G-3′
IL-10 5′-GCA​GGA​CTT​TAA​GGG​TTA​CTTGG-3′/5′-CCT​TTG​TCT​TGG​AGC​TTA​TTAAA-3′
EF F/R 5′-TCT​GGT​TGG​AAT​GGT​GAC​AAC​ATG​C-3′/5′-CCA​GGA​AGA​GCT​TCA​CTC​AAA​GCT​T-3′
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labeling (TUNEL) staining using an apoptosis detection kit 
purchased from Medical and Biological Laboratories Co. 
Ltd. (Nagoya, Japan). Neutrophil infiltration was evaluated 
by staining with myeloperoxidase (MPO) using anti-MPO 
antibodies (rabbit polyclonal; Dako, Carpinteria, CA, USA) 
before H&E staining. The number of TUNEL- and MPO-
positive cells per square millimeter was counted by analysts 
who were blinded to the treatment arm.

Serum Biochemical Analysis of the Rat Model

Blood samples from the Sprague–Dawley rats were collected 
1 h and 6 h after GalN/LPS treatment. Serum aspartate 
transaminase (AST) and alanine transaminase (ALT) levels 
were quantified using commercial kits (Wako Pure Chemi-
cal Corp.). The serum levels of nitrite and nitrate (stable 
metabolites of NO) were also measured using a commer-
cial kit (Roche, Mannheim, Germany) based on the Griess 
method [37].

Statistical Analyses

Quantitative results were obtained from three to four inde-
pendent experiments for each of the various analyses, and 
the mean values and their standard deviations were cal-
culated. Differences between groups and in survival were 
identified using the Student’s t test and log-rank test, respec-
tively. P < 0.05 was considered significant.

Results

LPZ Inhibits iNOS Induction and NO Production 
in Cultured Hepatocytes

IL-1β stimulates iNOS protein expression and NO pro-
duction in primary rat hepatocyte cultures [26]. However, 
our experiments showed that simultaneously adding LPZ 
and IL-1β decreased NO production in a time-dependent 
(Fig. 1a) and dose-dependent manner (Fig. 1b, upper panel). 
Higher LPZ doses continued to reduce iNOS protein expres-
sion (Fig. 1b, middle panel), and inhibited over 80% of iNOS 
protein expression and NO production at a dose of 250 μM 
(92 μg/mL). LPZ showed no cellular toxicity at the indi-
cated concentrations, as evaluated by lactate dehydrogenase 
release and trypan blue exclusion (data not shown). Real-
time PCR showed that LPZ decreased iNOS, TNF-α [43], 
and CXCL-1 [44] mRNA expression (Fig. 1c–e), indicating 
that LPZ affects these genes at the transcriptional and/or 
post-transcriptional levels.

LPZ Decreases iNOS mRNA Synthesis and Reduces 
Its Stability in the Cultured Hepatocytes

iNOS mRNA expression is regulated through activation 
of the iNOS promoter by transcription factors such as 
NF-κB and through post-transcriptional modifications such 
as mRNA stabilization [45]. Transfection was performed 
using pRiNOS-Luc-SVpA and pRiNOS-Luc-3′ UTR, which 
detect iNOS promoter activation (i.e., mRNA synthesis) and 
mRNA stability, respectively [42]. IL-1β increased lucif-
erase activity of these vector constructs, and this effect was 
significantly inhibited by LPZ (Fig. 2).

LPZ Blocks IκB/NF‑κB Signaling in Cultured 
Hepatocytes

iNOS induction is mediated by two main signaling path-
ways: IκB kinase and phosphatidylinositol 3-kinase/Akt 
[46]. IL-1β stimulates IκBα degradation via its phosphoryla-
tion by IκB kinase and subsequent NF-κB activation (caus-
ing nuclear translocation and DNA binding). As shown in 
Fig. 3, LPZ inhibited NF-κB activation, but had no effect on 
IκBα degradation.

LPZ Improves Survival in GalN/LPS‑Treated Rats

GalN-induced liver damage in rats has similar metabolic 
and morphologic aberrations as that caused by human viral 
hepatitis [47]. GalN is often used in combination with LPS 
to produce an animal model of severe acute liver injury with 
almost 100% mortality.

In our rat model of acute liver injury, the GalN/
LPS + LPZ (100 mg/kg) group (Fig. 4a, left panel, filled 
circles) showed a significant increase in survival (50%) 
compared with the GalN/LPS only group (open circles). 
Adverse effects were observed at an LPZ dose of 200 mg/kg 
body weight (Fig. 4b, right panel, filled triangles). AST and 
ALT serum levels were reduced upon treatment with LPZ 
(100 mg/kg) (Fig. 5a, b). The excessive production of NO 
driven by iNOS has an important role in hepatic dysfunc-
tion during endotoxemia. Serum levels of nitrite and nitrate 
increased after GalN/LPS treatment at 6 h; however, LPZ 
inhibited this increase (Fig. 5c).

LPZ Affects Hepatic iNOS Protein Expression 
and NF‑κB Activation in GalN/LPS‑Treated Rats

Similar to the results in the cultured hepatocytes, west-
ern blot analysis demonstrated that GalN/LPS treatment 
increased hepatic iNOS protein expression at 6 h, but LPZ 
reduced this expression (Fig. 6a). Electrophoretic mobility 
shift assay results also indicated that LPZ suppressed NF-κB 
activation by GalN/LPS at 6 h (Fig. 6b).
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LPZ Decreases Hepatic iNOS mRNA 
and Proinflammatory Mediator Expression in GalN/
LPS‑Treated Rats

Although GalN/LPS treatment increased hepatic iNOS 
mRNA expression in GalN/LPS-treated rats, LPZ inhibited 
its expression at 6 h (Fig. 7a). The GalN/LPS + LPZ group 
also had lower TNF-α (1 h), CXCL-1 (1 h), IL-1β (6 h), and 
IL-6 (1 and 6 h) mRNA expression (Fig. 7b–e). However, 
LPZ increased mRNA expression of the anti-inflammatory 
cytokine IL-10 at 1 h (Fig. 7f), but GalN/LPS treatment had 
no significant effect on its expression.

LPZ Decreases Hepatic Apoptosis and Necrosis 
in GalN/LPS‑Treated Rats

The livers of GalN/LPS-treated rats were histologically 
examined 1 h and 6 h after GalN/LPS injection. Representa-
tive images of the H&E-stained liver sections are shown in 
Fig. 8a–d. Liver damage was characterized by inflamma-
tory cell infiltration, hemorrhagic manifestations, and focal 
necrosis (Fig. 8c). Focal necrosis with hemorrhagic mani-
festations and ballooning degeneration were also observed 
in the hepatocytes. However, LPZ reduced the incidence and 
extent of these pathological changes (Fig. 8d). Representa-
tive images of liver sections that were immunostained with 
anti-TUNEL antibodies are shown in Fig. 8e–h. GalN/LPS 
increased apoptosis in the hepatocytes (Fig. 8g), whereas 
LPZ markedly decreased apoptosis (Fig. 8h). Quantify-
ing the number of apoptotic cells in the microscopic fields 
revealed that LPZ significantly decreased (P < 0.01) the 
liver apoptotic index (Fig. 8i). Representative images of 
liver sections immunostained with anti-MPO antibodies 
are shown in Fig. 8j–m. GalN/LPS markedly increased 

Fig. 1   Effects of LPZ on the induction of NO, iNOS protein and 
mRNA, TNF-α mRNA, and CXCL-1 mRNA in IL-1β–stimulated 
hepatocytes. The cells were treated with IL-1β (1  nM) in the pres-
ence or absence of LPZ. a Effect of LPZ (250 μM) treatment for the 
indicated times on NO production (IL-1β, open circles; IL-1β + LPZ, 
filled circles; LPZ, filled triangles; controls without IL-1β or LPZ, 
open triangles). b Effect of 8-h treatment with LPZ (25–250 μM) on 
NO production (upper panel) and iNOS protein levels (middle panel). 
Nitrite levels were measured in the culture medium. The values in 
the bar graphs represent the mean ± standard deviation (n = 3 dishes 
per time-point). *P < 0.05 versus IL-1β alone. In the western blot 
panels, cell lysates (20 μg of protein) were subjected to SDS-PAGE 
in a 7.5% gel and immunoblotted with anti-iNOS or anti-β-tubulin 
antibodies. c–e The cells were treated with IL-1β (1 nM) in the pres-
ence or absence of LPZ (250 μM) for the indicated times. Total RNA 
was analyzed with strand-specific RT-PCR to detect c iNOS mRNA, 
d TNF-α mRNA, and e CXCL-1 mRNA using EF-1α mRNA as the 
internal control
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tion was calculated by dividing luciferase activity by control activ-
ity (without IL-1β or LPZ). The values in the bar graphs represent 
the mean ± standard deviation (n = 4 dishes). *P < 0.05 versus IL-1β 
alone
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Fig. 3   Effects of LPZ on IκBα degradation and NF-κB activation in 
IL-1β-stimulated hepatocytes. Cells were treated with IL-1β (1 nM) 
in the presence or absence of LPZ (250 μM) for the indicated times. 
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anti-IκBα or anti-β-tubulin antibodies. b To examine NF-κB activa-
tion, nuclear extracts (4 μg of protein) were analyzed using an elec-
trophoretic mobility shift assay. The representative results of three 
independent experiments are shown. The NF-κB bands were quan-
tified using densitometry. The values in the bar graph represent the 
mean ± standard deviation (n = 3 experiments). *P < 0.05 versus 
IL-1β alone
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Fig. 5   Effects of LPZ on serum 
AST, ALT, and NO levels in 
GalN/LPS-treated rats. LPZ 
(100 mg/kg) was administered 
(i.p.) 1 h before GalN/LPS 
treatment. Blood samples were 
collected at the indicated times 
after GalN/LPS treatment. The 
levels of a AST, b ALT, and c 
NO2

− and NO3
− (metabolites 

of nitric oxide) were measured. 
The values in the bar graphs 
represent the mean ± standard 
error (n = 5 rats per time-point 
per group). *P < 0.05 versus 
GalN/LPS only rats
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hepatocyte necrosis (Fig. 8l). LPZ significantly decreased 
(P < 0.05) number of MPO-positive cells in the microscopic 
fields (Fig. 8n). These images suggest that LPZ reduced liver 
injury caused by hepatocyte apoptosis and necrosis.

Discussion

Mortality caused by sepsis is high despite current treat-
ments, even when the species of the infected bacteria is 
identified. Sepsis progression is classified as early (warm 
shock, i.e., hyperdynamic state with peripheral vasodilation) 

and late (cold shock, i.e., hypodynamic state without effi-
cient peripheral circulation). Excess NO is assumed to be a 
dominant vasodilator in warm shock and triggers secondary 
responses, including multiple organ failure, in cold shock 
[48]. Sepsis in the endotoxemia rat model is divided into two 
phases, including warm shock (0–3 h after the LPS injec-
tion) and cold shock (6 h or more after the LPS injection). 
Therefore, we administered LPZ 1 h before GalN/LPS treat-
ment to monitor the survival rate and apoptosis in the liver 
by inhibiting hepatic iNOS expression and NO production 
during warm shock.

In this study, we investigated the hepatoprotective effects 
of LPZ using IL-1β-stimulated rat hepatocytes and GalN/
LPS-treated rats as in vitro and in vivo liver injury models, 
respectively. LPZ demonstrated hepatoprotective effects in 
both types of models, and our experiments indicated several 
possible mechanisms for these effects.

Upregulation of iNOS, TNF-α, and other proinflamma-
tory cytokines in inflamed hepatocytes is central to liver 
inflammation. In response to interactions with pathogenic 
bacteria, inflammatory cells increase production of these 
cytokines, which in turn activate other processes that pro-
mote inflammation. Tanigawa et al. reported that LPZ inhib-
its TNF-α and IL-1β production in a THP-1 monocytic cell 
line stimulated by LPS or an H. pylori extract [16]. Naka-
mura et al. [49] observed LPZ uptake in polymorphonuclear 
cells and macrophages in the colonic mucosa of colitic rats. 
These findings suggest that LPZ may exert anti-inflamma-
tory effects in bacteria-induced gastrointestinal inflammation 
via the suppression of proinflammatory cytokine production 
in inflammatory cells.

We found that LPZ suppressed iNOS induction and NO 
production in cultured hepatocytes (Fig. 1) partially through 
inhibiting NF-κB activation (Fig. 3). iNOS mRNA levels 
were reduced by inhibiting mRNA synthesis and reducing 
its stability (Fig. 2). LPZ also decreased TNF-α and CXCL-1 
mRNA levels (Fig. 1), indicating that the hepatoprotective 
effects were also exerted by inhibiting proinflammatory 
cytokine expression. These findings are consistent with 
the results of previous studies [16, 49]. In our rat model of 
acute liver injury, LPZ reduced the appearance of pathologic 
changes such as apoptosis and necrosis (Fig. 8) and attenu-
ated the serum AST and ALT levels (Fig. 5). This led to a 
marked improvement in rat survival (Fig. 4).

LPS has been reported to stimulate Kupffer cells in rat 
livers via toll-like receptor 4 (TLR4) to produce proinflam-
matory cytokines, which then induce hepatic infiltration of 
neutrophils [50]. In our study, LPZ was observed to inhibit 
hepatic iNOS, TNF-α, CXCL-1, IL-1β, and IL-6 mRNA 
expression in GalN/LPS-treated rats (Fig. 7), indicating 
that LPZ prevented the expression of these proinflamma-
tory mediators at the transcriptional level. The earliest events 
following LPS stimulation through TLR4 activate NF-κB 
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Fig. 6   Effects of LPZ on hepatic iNOS induction and NF-kB activa-
tion in GalN/LPS-treated rats. LPZ (100  mg/kg) was administered 
(i.p.) 1  h before GalN/LPS treatment. a For western blot analy-
sis, liver samples were obtained 6 h after GalN/LPS treatment. Cell 
lysates (150 μg protein) were subjected to SDS-PAGE in a 7.5% gel 
and immunoblotted with anti-iNOS (upper band) or anti-β-tubulin 
(lower band) antibodies. The representative results of two independ-
ent experiments are shown. The iNOS bands were quantified using 
densitometry (lower panel; n = 4–5 experiments). b Nuclear extracts 
(4 μg of protein) were prepared from the liver at the indicated times 
after GalN/LPS treatment, and NF-kB was analyzed using an elec-
trophoretic mobility shift assay (upper panel). The NF-kB bands 
were quantified using densitometry (lower panel; n = 5 experiments). 
The values in the bar graphs represent the mean ± standard error. 
*P < 0.05 and **P < 0.01 versus GalN/LPS only rats
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in cells, its translocation from the cytoplasm to the nucleus, 
and DNA binding [47]. In Kupffer cells, GalN increased LPS 
binding to TLR4, which promotes transcriptional upregula-
tion of various proinflammatory mediators including TNF-α, 
CXCL-1, and iNOS [51–54].

The electrophoretic mobility shift assay of nuclear 
extracts from the liver revealed that LPZ decreased NF-κB 
by GalN/LPS activation (Fig. 6), which supports the obser-
vations described above. To minimize the number of ani-
mals used in the experiments, we chose sampling points 
and the minimum number of replicates required to detect 
statistical significance. Although the dose of LPZ (100 mg/

kg) used in this study exceeds that of standard clinical use 
(0.6–1.2 mg/kg), this dose has been previously used in 
experimental studies involving rat models [55]. Our simple 
in vitro model (primary cultured rat hepatocytes) may be 
adequate for screening of liver-protective drugs, because 
it is rapid and inexpensive compared with animal models 
of liver injury. However, the doses used in the in vitro and 
even in vivo (animal model) experiments are relatively high 
compared with clinical use in humans, which is a limitation 
in these models. Thus, the liver-protective effects of high-
dose drugs that are deduced using these models and their 
side effects need to be examined, confirmed, and supported 

Fig. 7   Effects of LPZ on iNOS 
and proinflammatory cytokine 
mRNA expression in the livers 
of GalN/LPS-treated rats. LPZ 
(100 mg/kg) was administered 
(i.p.) 1 h before GalN/LPS treat-
ment. Total RNA was extracted 
from the liver at the indicated 
times after GalN/LPS treatment 
and analyzed using strand-
specific real-time RT-PCR to 
detect a iNOS, b TNF-α, c 
CXCL-1, d IL-1β, e IL-6, and 
f IL-10 mRNA expression. The 
data were calculated as the fold-
change versus GalN/LPS only 
rats (control group). The values 
in the bar graphs represent the 
mean ± standard error (n = 5 
rats per time-point per group). 
*P < 0.05 versus GalN/LPS 
only rats
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in humans. Llorente et al. [56] described that gastric acid 
suppression by proton pump inhibitor increases intestinal 
Enterococcus and promotes alcoholic liver disease. When 

using long time treatment of proton pump inhibitors, these 
side effects should be concerned to chronic liver inflamma-
tion and hepatocyte damage.

Fig. 8   Effects of LPZ on hepatic 
pathological changes in GalN/
LPS-treated rats. LPZ (100 mg/
kg) was administered (i.p.) 1 h 
before GalN/LPS treatment. 
a–d Histologic appearance 
of the liver after GalN/LPS 
treatment. Liver sections of 
rats treated with GalN/LPS (a, 
c) and GalN/LPS + LPZ (b, 
d) were obtained 1 h or 6 h 
after GalN/LPS treatment and 
stained with H&E (magnifica-
tion × 200). Note the areas of 
focal necrosis with inflamma-
tory cell infiltration and massive 
hemorrhage in GalN/LPS rats 
(cv, central vein; arrows, apop-
tosis; bar = 250 μm). e–n Effects 
of LPZ on apoptosis (e–i) and 
necrosis (j–n) in the liver. Liver 
sections of rats treated with 
GalN/LPS (e, g, j, l) and GalN/
LPS + LPZ (f, h, k, m) were 
obtained 1 h or 6 h after GalN/
LPS treatment and staining with 
TUNEL (e–h) or MPO (j–m) 
(magnification × 200). Note the 
brown nuclei in the positive 
cells (arrows, positive cells; 
bar = 100 microns). The num-
bers of i TUNEL-positive cells 
and n MPO-positive cells per 
square millimeter were counted. 
The values in the bar graphs 
represent the mean ± standard 
error (n = 5 rats per time-point 
per group). *P < 0.05 and 
**P < 0.01 versus GalN/LPS 
only rats
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Conclusions

The appropriate regulation of inflammatory reactions 
during the perioperative period is important to prevent 
organ damage and complications from infection. In this 
study, we investigated the hepatoprotective effects of LPZ 
using in vitro and in vivo liver injury models. Our experi-
ments showed that LPZ inhibits proinflammatory media-
tor expression (such as iNOS and TNF-α) by suppressing 
NF-κB activation. Additionally, LPZ was found to signifi-
cantly increase survival in GalN/LPS-treated rats. These 
results suggest that LPZ may aid in preventing liver injury, 
and further in-depth studies are needed to explore its pos-
sible therapeutic applications.
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