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Abstract. Composite ammonium glycyrrhizin (CAG) has 
anti‑inflammatory activity. Lipopolysaccharide (LPS) and 
enrofloxacin (ENR) induce liver damage; however, the 
mechanism underlying LPS/ENR‑induced hepatic injury 
remains to be elucidated. In the present study, the mechanism 
of LPS/ENR‑induced liver injury was investigated in vitro 
and the protective effects of CAG were also evaluated. 
Primary chicken hepatocytes were isolated and a model of 
LPS/ENR‑induced hepatocyte injury was established. mRNA 
and protein expression levels were evaluated by reverse 
transcription‑quantitative polymerase chain reaction and 
western blot, respectively. LPS/ENR exposure significantly 
increased supernatant aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT). In the LPS/ENR‑treated 
group, glutathione (GSH) and the antioxidant enzymes, 
superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GPx) activities were significantly increased. Flow 
cytometry results revealed that the apoptotic rate significantly 
increased in the LPS/ENR‑treated group compared with 
the control, while treatment with CAG given 24 h prior to 
LPS/ENR caused a significant decrease in the apoptotic rate 
compared with the model group. Furthermore, CAG treatment 
reversed LPS/ENR‑associated alterations in the mRNA and 
protein expression of Caspase‑3, apoptosis regulator Bcl‑2 
(Bcl‑2) and Bcl‑2 associated X‑protein. The mitochondrial 
membrane potential significantly decreased and the mitochon‑
drial microstructure was notably altered following exposure 
to LPS/ENR compared with the control. In conclusion, these 
results suggested that LPS/ENR‑treated hepatocytes were 

damaged via apoptotic signaling pathways and CAG prevented 
LPS/ENR‑induced hepatocyte injury.

Introduction

Lipopolysaccharide (LPS) is a component of Gram‑negative 
bacterial cell walls, which releases a variety of inflammatory 
factors that lead to hepatic necrosis (1). Antioxidant enzyme 
levels and free radical scavenging have been reported to 
decrease following LPS exposure (2,3). Drug‑induced liver 
injury (DILI) is a leading limitation of therapeutic drug use 
and often leads to post‑marketing drug withdrawal and attrition 
due to toxicity during drug development (4,5). Between 2004 
and 2007 antibacterial agents accounted for 45.5% of DILI in 
the USA, including amoxicillin/clavulanate multiples, third 
generation cephalosporins, fluoroquinolones and amidealco‑
hols (6‑8). Enrofloxacin (ENR) is a fluoroquinolone, which is 
widely used for the prevention and treatment of poultry‑asso‑
ciated bacterial infections, however the long‑term use of ENR 
may induce liver injury  (9). Previous reports  (10,11) have 
confirmed that ENR induces endotoxin release by disrupting 
the outer membrane of organisms (12).

Composite ammonium glycyrrhizin (CAG) is composed 
of ammonium glycyrrhizin, glycine and methionine (13). The 
primary bioactive components of licorice root are glycyrrhizin 
and glycyrrhizic acid (GA), which are commonly used in Asia 
to treat patients with chronic hepatitis (14,15). As an ammo‑
nium salt of glycyrrhizic acid, ammonium glycyrrhizin also has 
protective functions. GA may promote liver cell proliferation, 
thereby promoting liver regeneration (16). GA also exhibits 
antiviral, anti‑tumor and immunomodulatory activity (17‑19). 
In previous studies, it has been demonstrated that GA may 
prevent liver injury by suppressing lipid peroxidation reactions, 
which enhances the ability of the liver to scavenge free radicals 
and resist free radical damage in the liver (20). CAG has been 
reported to be effective as an anti‑inflammatory, anticancer, 
antihepatotoxic and antioxidant agent (13,16). In addition, its 
antiradical activity has been reported to be responsible for its 
anti‑inflammatory actions (13,21,22).

Although the beneficial effects of CAG have been exten‑
sively studied, it remains unknown as to whether it protects the 
liver from a combination of LPS‑ and ENR‑induced injuries. 
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Therefore, the aim of the present study was to establish an 
in vitro LPS/ENR‑induced liver model and utilize this model to 
evaluate the protective effects of CAG, whilst also examining 
the molecular mechanisms underlying the protective effects.

Materials and methods

Reagents and materials. CAG (2  mg/ml) was produced 
by the authors in our laboratory [ammonium glycyrrhizin 
(2.8 g; Shaanxi FUJIE Pharmaceutical Co., Ltd., Xianyang, 
China), glycine (2 g) and methionine (2 g, Tianjin Tianyao 
Pharmaceuticals Co., Ltd., Tianjin, China) filled with water to 
1,000 g)]. ENR was purchased from the National Institute for 
the Control of Pharmaceutical and Biological Products (Beijing, 
China). LPS (E. coli L‑2880; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). Dulbecco's modified Eagle's medium 
(DMEM) was purchased from Hyclone; GE Healthcare Life 
Sciences (Logan, UT, USA). Primary antibodies against 
apoptosis regulator Bcl‑2 (Bcl‑2; cat. no. 610538; 1:1,000; 
BD Biosciences, Franklin Lakes, NJ, USA), Bcl‑2 associated 
X‑protein (Bax; cat. no. orb334986; 1:1,000; Biorbyt Ltd., 
Cambridge, UK), caspase‑3 (cat. no. ab115183; 1:1,000, Abcam, 
Cambridge, USA), β‑actin (1:5,000; Sigma‑Aldrich; Merck 
KGaA, A5441) and secondary horseradish peroxidase‑labeled 
goat anti‑rabbit IgG (cat. no. 4201‑100; 1:1,000; Shanghai Pufei 
Biotechnology Co., Ltd., Shanghai, China) were obtained.

Cell isolation and culture. A total of 12 30 day old male 
Hailan chickens (mean weight, 1.5±0.2 kg) were purchased 
from Qinglong Mountain (Nanjing, China) and housed at 22˚C 
with ventilation using 12‑h light/dark cycles. Animals had free 
access to food and water and were fasting 12 h prior to experi‑
ments. Hepatocytes (23,24) were isolated from the chickens 
(using the two‑stage, collagenase type IV perfusion method 
via the portal vein. Briefly, the livers were perfused with solu‑
tion A [33 mM 4‑hydroxyethylpiperazine ethanesulfonic acid 
(HEPES), 127.8 mM NaCl, 3.15 mM KCl, 0.7 mM Na2HPO4 

x 12 H2O and 0.6 mM EGTA; pH 7.6] and solution B (33 mM 
HEPES, 127.8 mM NaCl, 3.15 mM KCl, 0.7 mM Na2HPO4 

x 12 H2O and 3 mM CaCl2; pH 7.6) at room temperature at 
a flow rate of 10‑20 ml/min for 15 min. A total of 100 ml 
0.5% collagenase type IV buffer (C0016; NanJing HoldBio 
E‑Commerce Co., Ltd., Nanjing, China) was perfused for 
20‑25 min at 37˚C at a flow rate of 20 ml/min. The hepato‑
cytes were separated from the other cellular components by 
centrifugation at 167.7 x g for 3 min at 37˚C. Isolated cells 
were washed twice in solution B supplemented with 0.2% 
bovine serum albumin (BSA; Sigma Aldrich; Merck KGaA). 
MTT stock solution (5 µl; 5 mg/ml) was added in each well 
and cells were incubated in a humidified incubator with an 
atmosphere of 5% CO2 for 4 h at 37˚C. Absorbance at 570 nm 
was measured using a microplate reader. Cell yield varied 
between 4 and 5x108 cells/liver and the cell viability varied 
between 90 and 95% as determined by trypan blue exclusion 
(0.04%; Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China). Adherent cells were digested using trypsin 
to prepare single cell suspension. Cell suspension was mixed 
with 0.4% trypan blue solution (9:1). Following 3 min at room 
temperature, living and dead cells were counted. Dead cells 
appeared blue and living cells were colorless/transparent. The 

viable cell rate was defined as: Viable cell rate (%)=total viable 
cells/total cells.

The present study was approved by the Animal Ethics 
Committee of Nanjing Agricultural University (Nanjing, China).

In‑vitro LPS/ENR‑induced hepatocyte injury model. Chicken 
hepatocytes were plated at a density of 5x105 cells in 96‑well cell 
plates and cultured for 48 h at 37˚C in DMEM. LPS (30 µg/ml) 
and different concentrations of ENR (40‑120 µg/ml) were 
added to determine the optimal concentration. Cytotoxicity 
was measured using an MTT assay. MTT (0.1%) was added 
to the cell plates and incubated at 37˚C for 4 h. The medium 
was added to 150 µl dimethyl sulfoxide to dissolve the purple 
formazan and the absorbance was measured at a wavelength of 
570 nm using a microplate reader.

Treatment groups. The cells were divided into four groups: 
i)  Control group, not administered with CAG or exposed 
to LPS/ENR; ii)  model group, administered LPS/ENR 
(30/80 µg/ml) for 24 h; iii) CAG group, administered CAG 
400 µg/ml; and iv) combined group, pretreated with CAG 
(25, 50, 100, 200 and 400 µg/ml) for 24 h prior to LPS/ENR 
(30/80 µg/ml).

Analysis of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) enzyme levels in the cell culture 
supernatant. ALT and AST are liver enzyme markers  (1). 
These two enzymes were measured by spectrophotometric 
analysis. Cell supernatants of the different groups were 
obtained by centrifugation (1,006 x g; 10 min; 4˚C) and the 
activity of ALT (C009‑1; Jiancheng Bioengineering Institute 
Co., Ltd., Nanjing, China) and AST (C010‑1; Jiancheng 
Bioengineering Institute Co., Ltd.) were determined according 
to the manufacturer's protocol.

Enzyme activity in hepatocytes. The hepatocytes were 
lysed in a radioimmunoprecipitation assay buffer (RIPA; 
Jiancheng Bioengineering Institute Co., Ltd.) on ice and 
centrifuged at 7,280 x g for 15 min at 4˚C. The cell lysate 
supernatant was aspirated and stored at ‑20˚C prior to gluta‑
thione (GSH) assays (reduced glutathione assay kit; A006‑1; 
Jiancheng Bioengineering Institute Co., Ltd.), superoxide 
dismutatse (SOD) assays (SOD assay kit; A001‑3; Jiancheng 
Bioengineering Institute Co., Ltd.), catalase (CAT) assays 
(CAT assay kit; A007‑1‑1; Jiancheng Bioengineering Institute 
Co., Ltd.), glutathione peroxidase (GPx) assays (GPx assay 
kit; A005; Jiancheng Bioengineering Institute Co., Ltd.) and 
malondialdehyde (MDA) assays (MDA assay kit; A003‑1; 
Jiancheng Bioengineering Institute Co., Ltd.) according to the 
manufacturer's protocols. The protein concentration of each 
sample was determined using the bicinchoninic acid protein 
quantitation cassette.

Flow cytometry analysis. In normal viable cells propidium 
iodide (PI) and Annexin V are negative, while in early apop‑
totic cells Annexin V is positive and PI is negative. In late 
apoptotic cells Annexin V and PI are positive, while in dead 
cells Annexin V is negative and PI is positive. Cells following 
24 h LPS/ENR treatment were collected (560 x g; 5 min; 
4˚C) and stained using an Annexin V‑fluorescein (FITC)/PI 
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Apoptosis Detection kit (BD Biosciences) according to manu‑
facturer's protocol. The cells collected were then analyzed by 
flow cytometry using a BD FACS Calibur Cell Sorting system 
(BD Biosciences, Franklin Lakes, NJ, USA) and FlowJo v10 
(FlowJo LLC, Ashland, OR, USA).

Extraction of total RNA and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Chicken hepatocytes 
following 24  h treatment with LPS/ENR were collected 
(7,280 x g; 15 min, 4˚C) and total RNA was extracted using 
an RNAiso Plus kit (Takara Biotechnology Co., Ltd., Dalian, 
China). RT was performed using the PrimeScript™ RT reagent 
Kit with gDNA Eraser (RR037A; Takara Biotechnology Co., 
Ltd.) at 37˚C for 15 min, followed by 85˚C for 5 sec. RNA 
concentrations were detected using a Qubit RNA Assay 
kit and a Qubit 2.0 fluorometer (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). The primer sequences 
of the genes used for PCR are listed in Table I. SYBR green 
premix (RR820A; Takara Biotechnology Co., Ltd.) was used 
for qPCR analysis. The PCR thermocycling conditions were 
as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 30 sec. Quantification was based on the 
2‑ΔΔCq method (25) and β‑actin was used as the housekeeping 
gene.

Western blotting analysis. Total protein was extracted from 
chicken hepatocytes using a RIPA buffer. Protein concen‑
trations were determined using bicinchoninic acid assays. 
Equal amounts of protein (100 µg) were separated on 10% 
SDS‑PAGE and then transferred to polyvinylidene difluoride 
membranes. Membranes were blocked with 5% BSA at room 
temperature for 2 h followed by incubation with primary 
antibodies overnight at 4˚C. Membranes were incubated with 
secondary antibodies for 1 h at room temperature. Following, 
membranes were washed with TBST and immunoreactive 
bands were detected by using enhanced chemiluminescence 
(Vazyme, Piscataway, NJ, USA). The western blot bands were 
analyzed using ImageJ software (1.46r; National Institutes of 
Health, Bethesda, MD, USA).

Measurement of Caspase‑3 activity. Caspase‑3 activity was 
measured in all groups following 24 h of LPS/ENR treatment 
using a commercial Caspase‑3 Colorimetric Assay kit (C1115; 
Beyotime Institute of Biotechnology, Shanghai, China) 
according to the manufacturer's protocol.

Transmission electron microscopy (TEM). Cells were fixed 
with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer 
(pH 7.2) for 3 h at 4˚C. Fixed cells were subsequently cut into 
sections for TEM (10‑100 nm). The sections were stained 
with 2% uranyl acetate at 37˚C for 30 min and embedded in 
osmium tetroxide at 37˚C for 30 min and observed under a 
Hitachi TEM (Hitachi, Ltd., Tokyo, Japan).

Mitochondrial membrane potential (MMP) assay. Hepatocyte 
MMP was measured using the membrane‑sensitive JC‑1 dye 
and analyzed with a fluorescence microscope. JC‑1 staining 
solution (1  ml; Mitochondrial Membrane Potential kit; 
Beyotime Institute of Biotechnology) was added to each well 
and mixed. Cells were incubated for 20 min at 37˚C in an incu‑
bator with the JC‑1 stain. Following incubation the supernatant 
was aspirated, cells were washed twice with JC‑1 buffer solu‑
tion at room temperature for 20 sec, 2 ml DMEM were added 
and samples were observed under a fluorescence microscope 
(magnification, x100).

Statistical analysis. All data are expressed as the 
mean ± standard deviation, from ≥3 repeats. Data were analyzed 
using SPSS software version 19.0 (IBM Corp., Armonk, NY, 
USA). One‑way analysis of variance with Dunnett's post hoc 
test was used for the comparison of multiple groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

Establishing of an LPS/ENR‑induced model of liver injury. 
Assessment of the variations in hepatocyte cell viability and 
morphological evaluation following LPS/ENR treatment 
were performed. The results demonstrated that LPS/ENR 
treatment decreased the viability of cells in a dose‑dependent 
manner (Fig. 1A). When cells were treated with LPS/ENR 
30/80‑30/120  µg/ml they demonstrated evident reduced 
cell viability. When the concentration of LPS/ENR was 
30/100 µg/ml, the cell viability was 22.57±0.43%. Exposure of 
cells to 30/120 µg/ml LPS/ENR injury led to a notable reduc‑
tion in cell number and these cells exhibited morphological 
alterations, including the disruption of cell membranes and 
nuclear fragmentation compared with the control cells. At 
LPS/ENR 30/80 µg/ml the cell viability was 48.27±2.50% and 
the cell shape was irregular with clear disruption of the cell 
membrane. Therefore, LPS/ENR 30/80 µg/ml was determined 

Table I. Primer sequences of the target genes used for polymerase chain reaction.

	 Primer sequence (5'→3')
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 Forward	 Reverse

β‑actin	 ATGTGGATCAGCAAGCAGGAGTA	 TTTATGCGCATTTATGGGTTTTGT
Bax	 GTGATGGCATGGGACATAGCTC	 TGGCGTAGACCTTGCGGATAA
Bcl‑2	 ATCGTCGCCTTCTTCGAGTT	 ATCCCATCCTCCGTTGTCCT
Caspase‑3	 AAGGCTCCTGGTTTATTC	 CTGCCACTCTGCGATTTA

Bcl‑2, apoptosis regulator Bcl‑2; Bax, Bcl‑2 associated X‑protein.
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Figure 1. (A) Effect of different concentrations of LPS/ENR on cytomorphology (magnification, x20) and hepatocyte viability. Images of (a) normal cells; and 
cells treated with (b) 30/40 µg/ml; (c) 30/60 µg/ml; (d) 30/80 µg/ml; (e) 30/100 µg/ml; and (f) 30/120 µg/ml LPS/ENR. The effect of CAG on (B) cell viability, 
(C) AST, (D) ALT, (E) GSH, (F) SOD and (G) CAT activity was determined.
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to be the most appropriate concentration and was used in the 
model groups for all further experimentation.

CAG attenuates LPS/ENR‑induced hepatocyte injury. 
ALT and AST activities were measured in the supernatant 
and the cell viability was evaluated using an MTT assay. 
Following treatment with CAG (400 µg/ml) the cell viability 
was 97.39±0.75%, which was similar to the negative control 
group and indicated the non‑toxic nature of CAG (Fig. 1B). 
Treatment with LPS/ENR (30/80 µg/ml) induced a significant 
elevation in ALT (Fig. 1C) and AST (Fig. 1D) concentrations 
(P<0.01) compared with the control, while treatment with CAG 
(50‑400 µg/ml) caused a dose‑dependent decrease compared 
with the model group (P<0.05 and P<0.01).

LPS/ENR (30/80 µg/ml) treatment of hepatocytes signifi‑
cantly reduced the cell viability of the hepatocytes compared 
with the control group (P<0.01; Fig. 1B). Hepatocytes treated 
with CAG demonstrated a dose dependent improvement in 
cell growth and all groups treated with CAG had significantly 
improved cell viability compared with the model group (all 
P<0.01).

MDA and assays of the antioxidant enzymes GSH, SOD, CAT 
and GPx. Treating hepatocytes with LPS/ENR (30/80 µg/ml) 
for 24 h caused a significant reduction in activity of GSH 
(P<0.01; Fig. 1E), SOD (P<0.01; Fig. 1F), CAT (P<0.01; Fig. 1G) 
and GPx (P<0.01; Fig. 1H) compared with the control group. 
Treatment with LPS/ENR caused a significant elevation in 
MDA levels (P<0.01; Fig. 1I) compared with the control group. 
CAG treatment provided a protective effect as evidenced by 
the restoration of these biomarkers. The highest dose of CAG 
(400 µg/ml) attenuated protein MDA levels and caused an 
increase in GSH protein levels and the activities of the SOD, 
CAT and GPx antioxidant enzymes (P<0.01; Fig. 1E‑I).

Apoptosis assay using Annexin V‑FITC/PI staining and 
flow cytometry. To confirm apoptotic activity, flow cytom‑
etry analysis of hepatocytes was performed using dual stain 
Annexin V‑FITC/PI (Fig. 2). In the control group there was 
a high percentage of surviving cells (91.40±3.74%) and a low 

percentage of early apoptotic (2.69±0.79%) and late apoptotic 
(3.05±1.81%) cells. In the LPS/ENR group the percentage of 
surviving cells (17.26±3.98%) was significantly decreased 
compared with the control group. The number of early apop‑
totic (73.03±3.36%) and late apoptotic (10.42±2.15%) cells 
were significantly increased following LPS/ENR (30/80 µg/ml) 
treatment in comparison with the control group. The number 
of early apoptotic cells (66.92±2.73, 41.73±4.07, 31.32±2.74%, 
13.82±2.07 and 11.53±1.17%) notably reduced in a dose‑depen‑
dent manner with increasing concentrations of CAG (25, 50, 
100, 200 and 400 µg/ml, respectively). All groups treated with 
CAG had a significantly reduced number of apoptotic cells 
compared with the model group (73.03±3.36%; P<0.05).

CAG modifies caspase‑3, Bax and Bcl‑2 mRNA expres‑
sion. Treatment with LPS/ENR (30/80 µg/ml) significantly 
increased hepatocyte caspase‑3 (Fig. 3A) and Bax (Fig. 3B) 
mRNA expression 19.45±1.87‑ and 11.43±2.35‑fold, respec‑
tively compared with the control group (P<0.01). Treatment 
with 25‑400 µg/ml CAG significantly inhibited Caspase‑3 
expression (P<0.01; Fig.  3A). Treatment with ≥50  µg/ml 
CAG significantly inhibited Bax mRNA expression (P<0.05; 
Fig.  3B). LPS/ENR (30/80  µg/ml) treatment markedly 
suppressed Bcl‑2 expression, while CAG treatment at doses 
of 100 and 200 µg/ml significantly increased Bcl‑2 mRNA 
expression compared with the control (P<0.01; Fig.  3C). 
Interestingly, at 400 µg/ml Bcl‑2 mRNA was not significantly 
decreased (P>0.05).

CAG treatment affects the protein expression of caspase‑3, Bax 
and Bcl‑2. Western blot analysis was performed to confirm the 
apoptotic data (Fig. 3D). Bcl‑2 and caspase‑3 protein expression 
levels were significantly upregulated in the LPS/ENR group 
compared with the control group (P<0.01; Fig. 3E and F). The 
results also revealed that Bax protein expression was notably 
increased in the LPS/ENR group, while this was significantly 
reversed by CAG treatment (25, 200 and 400 µg/ml) for 24 h 
prior to LPS/ENR treatment (P<0.01; Fig. 3G). Caspase‑3 
activity was further examined using a colorimetric assay; 
the results demonstrated that 24 h exposure to LPS/ENR 

Figure 1. Continued. The effect of CAG on (H) GPx and (I) MDA activity was determined. LPS/enrofloxacin was given at a dose of 30/80 µg/ml. Hepatocytes 
were collected following CAG treatment for 24 h. Data are expressed as the mean ± standard deviation (n=3). ##P<0.01 vs. the control group; *P<0.05, **P<0.01 
vs. the model group treated with 30/80 µg/ml LPS/ENR. LPS or L, lipopolysaccharide; CAG, composite ammonium glycyrrhizin; AST, aspartate aminotrans‑
ferase; ALT, alanine aminotransferase; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; MDA, malondialdehyde; 
ENR or E, enrofloxacin.
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caused a significant increase in caspase‑3 activity compared 
with the control (P<0.01). In addition, when the hepatocytes 
were exposed to CAG (50‑400 µg/ml) the caspase‑3 activity 
significantly decreased compared with the LPS/ENR group 
(all P<0.01; Fig. 3H).

Alterations in mitochondrial ultrastructure and MMP. 
Mitochondria serve an important role in the apoptotic‑signaling 
pathway  (26). In the present study, normal ultrastructure 
features were observed in the control group, including a round 
nucleus, nuclear membrane integrity and normal mitochondrial 
cristae (Fig. 4A). In the LPS/ENR treatment group, the mito‑
chondria were swollen with clear vacuolization and loss of the 
crest (Fig. 4B). Following treatment with CAG (25‑400 µm/ml) 
for 24 h these modifications were alleviated (Fig. 4C‑G). The 
MMP was also investigated using JC‑1 dye. In normal mito‑
chondria, JC‑1 accumulates in the mitochondrial matrix to 

form polymers and the polymer emits intense red fluorescence. 
Unhealthy mitochondria may be present in the cytoplasm 
in monomeric form due to a decrease or loss of membrane 
potential and produces green fluorescence (10). In the model 
group green f﻿﻿luorescence was increased compared with red 
f﻿luorescence. However, in the CAG group, red fluorescence was 
increased compared with green fluorescence (Fig. 4H).

Discussion

LPS‑ and drug‑induced liver toxicity are common causes of 
liver injury (1). Common compound liver injury models use 
Bacille Calmette Guerin and LPS or D‑galactosamine and 
LPS (1) and to the best of the authors' knowledge, there are no 
previous reports investigating antimicrobial drugs in combi‑
nation with LPS‑induced liver injury. In the present study, 
primary cells were separated using a modified two‑step colla‑

Figure 2. (A) Apoptosis was assessed by Annexin V‑fluorescein isothiocyanate/propidium iodide staining via flow cytometry assay in hepatocytes. Apoptosis 
was measure in (a) control group, (b) model group, (c) CAG group (25 µg/ml), (d) CAG group (50 µg/ml), (e) CAG group (100 µg/ml), (f) CAG group (200 µg/ml) 
and (g) CAG group (400 µg/ml). (B) Analysis of the total percentage of early apoptotic cells in different groups. Data are expressed as the mean ± standard 
deviation (n=3). ##P<0.01 vs. the control group; *P<0.05, **P<0.01 vs. the model group. LPS, lipopolysaccharide; CAG, composite ammonium glycyrrhizin; 
model group, cells treated with 30/80 µg/ml LPS/enrofloxacin.
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Figure 3. Effects of CAG treatment on the expression of (A) Caspase‑3, (B) Bax and (C) Bcl‑2. (D) Western blot analysis. Quantitative analysis of protein expres‑
sion levels of (E) Bcl‑2, (F) Caspase‑3 and (G) Bax. β‑actin was used as the reference gene. (H) Caspase‑3 activity. Data are expressed as the mean ± standard 
deviation (n=3). ##P<0.01 vs. the control group; *P<0.05, **P<0.01 vs. the model group treated with 30/80 µg/ml LPS/enrofloxacin. LPS, lipopolysaccharide; 
CAG, composite ammonium glycyrrhizin; Bcl‑2, apoptosis regulator Bcl‑2; Bax, Bcl‑2 associated X‑protein.
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genase type IV ex‑situ perfusion method. Primary hepatocytes 
displayed a high level of viability and purity. Unpublished 
results suggested the LPS and ENR doses required to induce 
hepatocyte injury in addition to their respective IC50 values, 
with LPS at 60  µg/ml and ENR at 180  µg/ml. LPS/ENR 
treatment resulted in a dose‑dependent increase in cell death; 
therefore a lower concentration of each component was used 
than required for modeling separately. In the present study 
it was observed that CAG relieved liver injury. Preliminary 
experiments demonstrated that LPS/ENR treatment signifi‑
cantly decreased cell viability and increased ALT and AST 
levels in the supernatant, and treatment with CAG improved 
these indicators. These results indicate that LPS/ENR induced 
in vitro liver injury and CAG may represent a promising thera‑
peutic tool for the treatment of acute hepatic damage. Further 
investigation was also performed into the mechanisms behind 
LPS/ENR hepatotoxicity and the hepatoprotective effects of 
CAG, including hepatocyte apoptosis, hepatic oxidative stress 
and the expression of apoptosis‑associated genes.

Protective effects on hepatocytes may be associated with 
antioxidant capacity via scavenging of reactive oxygen species 
(ROS) (27). The balance of intracellular ROS depends on the 
production of aerobic metabolism in normal cells in addition to 
non‑enzymatic substances, such as MDA and enzyme antioxi‑
dants, including GSH, SOD, CAT and GPx (28). In the present 
study, high levels of MDA were collected from cell lysates in 
the model group, which indicated that LPS/ENR triggered the 

oxidation of liver cell membranes. The results demonstrated 
that CAG has the ability to restore lipid peroxidation of liver 
cells induced by LPS/ENR. It has been previously established 
that cellular antioxidant enzymes are the most important 
biomolecules for the prevention of oxidative stress  (29). 
Antioxidants balance the cellular antioxidant system by inhib‑
iting free radical production, thereby preventing toxin‑induced 
hepatocyte injury (30). A previous study demonstrated that 
glycyrrhizin is effective at inhibiting lipid peroxidation and 
enhancing the capacity to eliminate free‑radicals, revealing 
the antioxidative effects of CAG (20). The present study has 
demonstrated that LPS/ENR may initiate ROS overproduction 
and cause a reduction in the cellular anti‑oxidant enzymes 
GSH, SOD, CAT and GPx in hepatocytes. The results also 
revealed that LPS/ENR treatment reduced antioxidant enzyme 
activity and increased lipid peroxidation. CAG pretreatment 
increased antioxidant enzyme levels.

Apoptosis is essential for maintaining multicellular 
organism development and the stability of the internal 
environment by eliminating excess or unwanted cells (31). 
Under pathological conditions (including chemically‑induced 
lesions), the apoptotic balance may be disrupted, which leads 
to excessive and persistent apoptosis (32). Hepatocyte apop‑
tosis has been revealed to serve an important role in viral 
and non‑viral‑induced acute liver injury (33,34). The positive 
effect of CAG may be due to its ability to scavenge free radi‑
cals. Hepatocyte apoptosis is the most important molecular 

Figure 4. Ultrastructural features of chicken primary hepatocytes. (A) Control, (B) model group, (C) CAG group (25 µg/ml), (D) CAG group (50 µg/ml), 
(E) CAG group (100 µg/ml), (F) CAG group (200 µg/ml) and (G) CAG group (400 µg/ml). The arrows indicate mitochondria. (H) ΔΨm was measured using 
a fluorescent microscope (magnification, x100). In the model group the green fluorescence was increased compared with the red fluorescence compared with 
control group, CAG relieved these alterations. CAG, composite ammonium glycyrrhizin.
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mechanism associated with liver failure (35,36). Therefore, 
exploring the underlying mechanisms of apoptosis provides a 
basis for LPS/ENR‑induced liver injury. Animal experiments 
have demonstrated that hepatocyte apoptosis significantly 
increased following LPS treatment (37). Conversely, glycyr‑
rhizin was revealed to inhibit apoptosis in CCl4‑induced liver 
injury in rats (38). In the present study, the results demon‑
strated an increase in the number of apoptotic hepatocytes in 
the LPS/ENR‑treated group; these cells primarily comprised 
early apoptotic cells. In the CAG‑treated group the number of 
early apoptotic cells decreased in a dose‑dependent manner, 
indicating that CAG relieved liver injury caused by LPS/ENR.

The current study focused primarily on a variety of genes 
associated with cell death and the protease cascade system. 
Caspase‑3 is an apoptosis effector, which has been reported to be 
a key factor in the apoptotic process (39). In addition, following 
examination of apoptotic chromatin condensation and DNA 
fragmentation, which are essential for the process of disassem‑
bling cells and the formation of apoptotic bodies, it was revealed 
that caspase‑3 was required (40). The results of the present study 
demonstrated that mRNA and caspase‑3 activity increased 
following treatment with LPS/ENR, while CAG pretreatment 
significantly attenuated caspase‑3 activity and its mRNA levels. 
In addition, mitochondria were observed to be swollen and vacu‑
olated in the model group as revealed by TEM. The effect of 
LPS/ENR on MMP will be included in further studies.

The Bcl‑2 family contains pro‑apoptotic (Bax and Bid) and 
anti‑apoptotic (Bcl‑2 and Bcl‑xl) proteins, which regulate the 
mitochondrial apoptotic signaling pathway (41). In addition, 
cell survival and death may be regulated by blocking death 
receptor formation and binding with the mitochondrial outer 
membrane (42). Bcl‑2 and Bax have opposite effects on cell 
death; when Bcl‑2 is higher than Bax it causes the inhibition 
of cell death, whereas Bax levels higher than Bcl‑2 cause 
the acceleration of apoptosis (43). The results of the present 
study suggest that the Bcl‑2 mRNA level was decreased 
in the LPS/ENR‑treatment group results of the present 
study indicated that the protective effect of CAG against 
LPS/ENR‑induced liver injury may be partly mediated by 
regulation of the apoptotic signaling pathway.

In conclusion, the present study demonstrated that ENR in 
combination with LPS exacerbate toxicity in chicken hepato‑
cytes, whereas CAG relieves this toxicity. Therefore, CAG may 
have potential as a novel prophylactic agent for the treatment 
of hepatic liver disease. However, further studies are required 
to confirm the clinical viability of this treatment.
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