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Abstract
One pathogenic mechanism of ethanol-induced liver injury is the excessive production of reactive oxygen species (ROS), 
which may result in alcoholic liver disease (ALD) characterized by cell death due to necrosis and apoptosis. Taurine was 
proved to protect against liver damage. However, whether taurine attenuates ethanol-induced hepatic apoptosis remains 
unknown. The present study aims to elucidate this effect and its underlying mechanism. Taurine was administered to ALD 
rats and an in vitro experiment in which taurine was added to primary rat hepatocytes cultured with ethanol was conducted. 
Mitochondrial function and anti-oxidative capacity of the liver were tested. TUNEL and AO-EB double staining were con-
ducted to detect apoptosis of liver cells. Expressions of factors and proteins involved in mitochondrial and death receptor 
pathways were detected by RT-PCR and Western-blot. The results showed that taurine inhibited the decline of cell functions 
and apoptosis in hepatocytes cultured with ethanol. Furthermore, increased malondialdehyde (MDA) and reduced superoxide 
dismutase (SOD), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), cytochrome c oxidase (COX) and 
NADH dehydrogenase (ND) in ALD rats were mediated by taurine. RT-PCR and western-blot results revealed that taurine 
down-regulated expression of Bax, Fas, Fas ligand (FasL), caspase 3 and caspase 9 while up-regulating the expression of 
Bcl-2 in ethanol-cultured hepatocytes. In summary, taurine inhibit ethanol-induced hepatic apoptosis by regulating mito-
chondrial or death receptor pathways.
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Introduction

Long-term and excessive alcohol intake causes alcoholic 
liver disease (ALD), which is a major complication and 
a cause of morbidity and mortality due to alcohol abuse 
(Mcclain et al. 2004). Researchers have determined that 
alcohol consumption causes apoptosis, a major cellular 
event, in the liver, and ethanol-induced liver damage 
has been observed both in animals with alcohol-induced 
injuries and ALD patients (Allam et al. 2013; Ma et al. 
2015). The metabolic processes initiated by ethanol and 
its metabolite aldehyde generate large quantities of reac-
tive oxygen species (ROS) that lead to oxidative stress in 
the mitochondria of the liver and finally induce intrinsic 
apoptosis among hepatocytes, a process called the mito-
chondrial pathway (Revollo and Li 2013). An additional 
extrinsic apoptosis pathway mediated by death receptors is 
associated with ALD-induced liver injury (Lambert et al. 
2003; Liu 2004; Morio et al. 2013; Zhou et al. 2001). Pre-
vious work demonstrated that apoptosis caused by alcohol 
intake involves both the intrinsic and extrinsic pathways, 
partially in response to ethanol-induced increases in ROS 
(Hoek and Pastorino 2002). Thus, the identification of a 
functional food or medicine to combat oxidative stress and 

apoptosis may be an effective preventative or treatment 
strategy for ALD.

Taurine, a type of β-amino acid that is widely distrib-
uted in the organs of animals and humans, is primarily 
synthesized in the liver, which is often damaged by ethanol 
and its metabolites. Taurine reportedly exerts effects on 
oxidative stress caused by different factors, including liver 
or hepatocyte damage (Basaran-Kucukgergin et al. 2016; 
Li et al. 2017; Nagai et al. 2016; Reeta et al. 2017). Tau-
rine also exerts protective effects during ethanol-induced 
oxidative stress and liver injury (Balkan et al. 2002; Chen 
et al. 2009). Our previous study demonstrated that tau-
rine increases antioxidative capacity and decreases lipid 
peroxidation in the livers of ALD rats (Wu et al. 2009). 
Other researchers found that taurine inhibits apoptosis 
in different organs (Aly and Khafagy 2014; Aydin et al. 
2016; Li et al. 2017; Yang et al. 2015), particularly in 
liver-damaged animals (Das et al. 2010; Lakshmi Devi and 
Anuradha 2010; Yalcinkaya et al. 2009). In addition, tau-
rine was found to be safe at doses up to 3 g/day in healthy 
adults or 1000 mg/kg body weight per day according to 
the European Food Safety Authority (Shao and Hathcock 
2008). Therefore, taurine is safe for use as a functional 
food or medicinal substance to prevent or cure ALD as an 
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antioxidant or anti-apoptotic agent, but the mechanisms 
underlying its effects remain unclear.

This study established both an ALD rat model and eth-
anol-injured hepatocyte model, and taurine was adminis-
tered in vitro or in vivo. Antioxidative indexes, apoptosis and 
apoptotic pathways were detected to evaluate the antioxidant 
and anti-apoptotic effects of taurine in ALD rats.

Materials and methods

Animals

Ninety male SPF Wistar rats (180 ± 20 g) obtained from 
Chang Sheng Biotechnology Co., LTD, Liaoning Province, 
China, were given free access to standard feed and tap water 
at a temperature of 22 ± 2 °C and a 12-h light/dark cycle. All 
procedures using animals were conducted according to the 
requirements of the Animal Welfare Act and the Guide for 
the Care and Use of Laboratory Animals. The procedures 
were approved by the Animal Care and Use Committee of 
Shenyang Agricultural University (No. 20141013).

Animal studies

The experiments included preventive trial and curative trial. 
In the preventive trial, taurine was administered at the same 
time of ethanol exposure to determine the preventive effect 
of taurine on liver deficiency induced by ethanol. Rats in 
the ALD model group (M) and the taurine preventive group 
(M + T) were both intragastrically treated with 40% ethanol 
(15 mL/kg/d) and pyrazole (24 mg/kg/d), and were given 
free access to tap water or 2% taurine, respectively. Rats 
in the normal control group (N) and taurine control group 
(T) were intragastrically administered with saline, and were 
given free access to tap water or 2% taurine, respectively. 
In the curative trial, taurine were administered after ALD 
model establishment which was the same to M group of 
the preventive trial. Then, ALD model rats were divided 
into the taurine curative group (Tc) and automatic recovery 
group (A), which drank 2% taurine or water, respectively. 
The preventive and curative trials lasted for 12 and 4 weeks, 
respectively. Serum and liver samples were collected for fur-
ther analysis.

Antioxidant indexes and mitochondrial function 
analysis

Antioxidant indexes including glutathione peroxidase (GSH-
Px), superoxide dismutase (SOD), total antioxidant capac-
ity (T-AOC) and malondialdehyde (MDA) were assayed 
with commercial kits (Nanjing Jiancheng Bioengineering 
Institute, China) according to the manufacturers’ protocols. 

GSH-Px and T-AOC were assayed using colorimetric 
method under 412 or 520 nm. SOD was assayed using 
hydroxylamine method under 550 nm, MDA was assayed 
using thiobarbituric acid (TBA) method under 532 nm.

Mitochondrial was extracted from the liver using tradi-
tional dounce homogenization to mince the fresh tissues 
on ice in mitochondria isolation buffer, followed by 800g 
for 5 min centrifugation at 4 °C. The supernatant was col-
lected and centrifuged at 15,000g for 10 min at 4 °C. Collect 
the pellet and resuspend in mitochondria isolation buffer 
followed by centrifugation at 15,000g for 10 min at 4 °C. 
Resuspend the pellet in mitochondria storage buffer and kept 
it on ice. Mitochondrial function were assessed by the meas-
urement of mitochondria cytochrome c oxidase (COX) (My 
BioSource, USA, MBS 700786) and NADH dehydrogenase 
(ND) (Biomatik, USA, EKU06144) activities using com-
mercial ELISA kits by the quantitative sandwich enzyme 
immunoassay technique. Finally, the intensity of the color 
change is measured at 450 nm.

Immunohistochemistry

Apoptosis in rat liver tissue was detected in 5-μm-thick 
deparaffinized sections using a TdT-mediated dUTP nick-
end labeling (TUNEL) apoptosis detection kit (Roche 
Molecular Biochemicals, Germany, No. 11684817910) 
according to the instructions. Apoptotic hepatocytes were 
identified by positive TUNEL staining and morphology. 
Data are presented as the percentage of TUNEL-positive 
hepatocyte nuclei per total nuclei in six different random 
fields from 5 sections for each group.

Hepatocyte isolation and treatment

Rat primary hepatocytes were isolated from male Wistar 
rats by in situ perfusion. The portal vein was cannulated 
in situ and initially perfused with HEPES buffer, followed by 
incubation in 0.025% collagenase IV at 37 °C for 40–60 min 
(Sigma, USA). Viable hepatocytes were separated and puri-
fied by centrifugation at 50g, 5 min at 4 °C for three times. 
Cell viability was observed to exceed 90% in a trypan blue 
exclusion test. Subsequently, hepatocytes were plated in 
Dulbecco’s modified Eagle’s medium (DMEM) with high 
glucose (BioInd, Israel, 11-055-1K) supplemented with 
100 mL/L bovine serum (BioInd, Israel, 04-010-1A). After 
incubation for 24 h, the medium was replaced with DMEM 
(high glucose) containing 10% bovine serum, 0.5 mg/L insu-
lin, 100 nmol/L dexamethasone, and 1% penicillin–strepto-
mycin solution (BioInd, Israel, 03-031-1B). The cells were 
cultured at 37 °C for 24 h, and then periodic acid–Schiff 
(PAS) staining was carried out to identify hepatocytes. The 
hepatocytes were incubated in a 96-well plate with DMEM 
(high glucose) supplemented with either 75 mmol/L ethanol 
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or 10 mmol/L taurine for 48 h. Then, the cells and medium 
were collected for further analysis.

Cell viability assay

Cell viability was determined by a methylthiazol tetrazolium 
(MTT) assay. Briefly, 20 µL of MTT solution (Sigma, USA, 
M5655) was applied to cells, which were incubated for 4 h 
at 37 °C; then, 150 µL of medium was replaced with 150 µL 
of DMSO. 20 min later, optical density was measured at 
A570 nm, and cell viability was expressed as the percentage 
of absorbance in the control group, for which cell viability 
was set as 100%.

Liver function index analysis

Alanine aminotransferase (ALT), aspartate aminotransferase 
(AST) and glutamyl transpeptidase (GGT) activities in cell 
culture medium were measured with commercial kits (Nan-
jing Jiancheng Bioengineering Institute, China) according 
to the manufacturer’s protocols.

Cell apoptosis assay

Hepatocyte apoptosis was identified and quantified by acri-
dine orange (AO) and ethidium bromide (EB) double stain-
ing (Vijayalakshmi and Sindhu 2017) using kits (Solarbio 
Life Sciences, China, CA1140). AO can penetrate intact cell 
membrane and embedded into nuclei DNA to exhibit bright 
green fluorescence, while EB can only penetrate through 
damaged cell membrane and embedded to nuclei DNA to 
exhibit orange fluorescence. The cells were observed under 
a fluorescence microscope (Leica 4000B, Germany) with the 
magnification of 400, apoptotic hepatocytes were identified 
by positive EB staining and morphology. The apoptosis rate 
was calculated as the percentage of EB-positive hepatocyte 
nuclei per total nuclei in six different random fields. Tripli-
cate tests were carried out for each group. Images were taken 
at a magnification of 200, scale bar = 100 μm.

Real‑time PCR analysis

Total RNA from hepatocytes were extracted using Trizol 
(Takara, Dalian, China, 9109), and reverse transcription 
was conducted using a commercial kit (Takara, Dalian, 
China). Real-time PCR was carried out in a total volume of 
20 μL using a SYBR® green kit (ABI, USA, No.4472908) 
on a Bio-Rad iQTM5 detection system (Bio-Rad, Hercu-
les, USA) with the following program: 95 °C for 30 s, fol-
lowed by 40 cycles of 0.05 s at 95 °C and 30 s at 58.8 °C 
for Bcl-2, 60 °C for Bax, 58.8 °C for Fas, 58.8 °C for FasL, 
57.8 °C for caspase 3, and 63.7 °C for caspase 9; finally, 
a melting curve analysis was run for 30 s at 55 °C. The 

following primers were used: Bcl-2 (forward, TGC​AGA​
GAT​GTC​CAG​TCA​GC, and reverse, TCA​AAG​AAG​GCC​
ACA​ATC​CT), Bax (forward, ACG​CAT​CCA​CCA​AGA​
AGC​, and reverse, GCC​ACA​CGG​AAG​AAG​ACC​T), Fas 
(forward, GGG​CAT​GGT​TTA​GAA​GTG​GA, and reverse, 
CCA​CAC​GAG​GTG​CAG​TGA​TA), FasL (forward, GCA​
GAG​GCA​AAG​AGA​AGG​AA, and reverse, CAA​GTA​
GAC​CCA​CCC​TGG​AA), caspase 3 (forward, ACG​GGA​
CTT​GGA​AAG​CAT​C, and reverse, TAA​GGA​AGC​CTG​
GAG​CAC​AG), caspase 9 (forward, CCA​CTG​CCT​CAT​
CAT​CAA​CA, and reverse, TCG​TTC​TTC​ACC​TCC​ACC​
AT), and β-actin (forward, GGA​GAT​TAC​TGC​CCT​GGC​
TCCTA, and reverse, GAC​TCA​TCG​TAC​TCC​TGC​TTG​
CTG​). Each reaction was repeated three times, and the 
melting curve was analyzed. Relative gene expression was 
normalized to the expression of β-actin, which served as 
the internal control, and calculated by the 2−△△Ct method. 
Data are expressed as a fold-change relative to the control 
group.

Western blotting analysis

Proteins were extracted from hepatocytes and measured 
with a protein extraction kit (Beyotime, China) and a BCA 
protein assay kit (Beyotime, China, P0012S). SDS-PAGE 
electrophoresis was used to separate the proteins, which 
were then transferred onto polyvinylidene difluoride (PVDF) 
membranes (Bio-Rad, USA). After blocking the membranes 
with 5% (W/V) non-fat milk in Tris buffer solution (TBS) 
(Applygen, China, B1009) for 2 h at room temperature (RT), 
the membranes were first incubated with antibodies against 
β-actin (anti mouse β-actin, Abcam, Hong Kong, ab8226, 
dilution: 1:10000, 42KD), GAPDH (anti mouse GAPDH, 
Abcam, Hong Kong, ab8245, dilution:1:10000, 37KD), 
Bcl-2 (anti rabbit Bcl-2, Abcam, Hong Kong, ab59348, dilu-
tion: 1:1000, 26KD), Bax (anti rabbit Bax, Abcam, Hong 
Kong, ab32503; dilution: 1:10000, 21KD), Fas (anti rabbit 
Fas, Abcam, Hong Kong, ab82419; dilution: 1:1000, 45KD), 
FasL (anti rabbit FasL, Abcam, Hong Kong, ab15285; dilu-
tion: 1:1000; 31 KD), active cleaved-caspase 3 (anti rabbit 
cleaved-caspase 3, Abcam, Hong Kong, ab49822, dilution: 
1:500; 17 KD) and cleaved-caspase 9 (anti rabbit cleaved-
caspase 9, CST, USA, #9507, dilution: 1:1000, 37KD) at 
4 °C overnight. The membranes were then washed in Tris 
buffer solution Tween (TBST) for 1 h and incubated with 
the appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibody (1:10000, Proteintech, USA, SA00001-
1, SA00001-2) for 1 h at RT. Protein bands were visualized 
with a Super ECL kit (Beyotime, China, P0018), recorded 
with a DNR bio-imaging system (Microchemi 4.2, Israel) 
and quantified with GelQuant v12.3. Relative expression 
was normalized to β-actin or GAPDH.
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Statistical analysis

All values are expressed as the mean ± SEM. Data were ana-
lyzed by one-way ANOVA, followed by LSD and Duncan’s 
multiple range tests using SPSS 17.0. GraphPad Prism 5.0 
was used to create the artwork. A difference at the p < 0.05 
or p < 0.01 level was considered statistically significant or 
extremely significant, respectively.

Results

Taurine increased antioxidant capacity in the livers 
of ALD rats

Oxidative stress and decreased antioxidative capacity are 
thought to contribute to hepatocyte injury and apoptosis in 
response to alcohol exposure. Figure 1 showed that in animal 

experiments, hepatic GSH-Px, SOD and T-AOC in the M 
group dropped markedly, while MDA content increased 
(p < 0.01) compared to the values for the N and T groups 
in the preventive trial. Those changes were ameliorated by 
taurine in the M + T group (p < 0.01). In the curative trial, 
hepatic GSH-Px, SOD and T-AOC in the A group were 
much lower than that in the N and Tc groups (p < 0.01), 
whereas hepatic MDA content was higher (p < 0.01 or 
p < 0.05). The results showed that taurine administered pre-
ventively or curatively increases antioxidant activity in the 
livers of ALD rats.

Taurine‑protected mitochondria in the livers of ALD 
rats

Changes in COX and ND activities reflect mitochondrial 
function in the liver. As shown in Fig. 2, the activity of these 
two enzymes obviously decreased in the M group in the 

Fig. 1   Effects of taurine on antioxidant activity in the livers of ALD 
rats. a Hepatic MDA concentration; b hepatic GSH-Px concentration; 
c hepatic SOD concentration; d hepatic T-AOC concentration. N, 
normal control group; T, taurine control group; M + T, taurine pre-
ventive group; M, ALD model group; Tc, taurine curative group; A, 

automatic recovery group. All data are expressed as the mean ± SE 
and were analyzed by one-way ANOVA followed by LSD and Dun-
can’s multiple comparisons post hoc test (n = 5). * indicates p < 0.05, 
** indicates p < 0.01



868	 G. Wu et al.

1 3

preventive trial and the A group of the curative trial com-
pared to that in the N group (p < 0.01). In the M + T and 
Tc groups, COX and ND activities in the liver were much 
higher than in the M and A groups (p < 0.01), suggesting 
there is a protective role for taurine in the liver mitochondria 
of ALD rats.

Taurine‑inhibited apoptosis of liver cells induced 
by ethanol

The liver apoptosis rates of the animals are illustrated in 
Fig. 3, with apoptotic DNA fragmentation shown in brown. 
In the preventive trial, apoptosis increased significantly 
in the M group compared to that in the N, T and M + T 
groups (p < 0.01). In the curative trial, apoptosis was highest 

in the A group, while apoptosis in the Tc group was obvi-
ously lower than that in the A group (p < 0.01). The results 
showed that taurine protects the liver from ethanol-induced 
apoptosis.

The apoptosis rate of hepatocytes cultured in  vitro 
is shown in Fig. 4 the cell apoptosis rate in the M group 
increased significantly (p < 0.01) compared to that in the N 
and T groups, while the apoptosis rate was reduced with 
taurine treatment in the M + T group (p < 0.01).

Taurine‑protected hepatocytes 
from ethanol‑induced injury

As shown in Fig. 5, cell viability in the M group declined 
significantly compared to that in the N and T groups, which 

Fig. 2   Protective effects of taurine on mitochondria in the livers of 
ALD rats. a COX activity; b ND activity. N, normal control group; 
T, taurine control group; M + T, taurine preventive group; M, ALD 
model group; Tc, taurine curative group; A, automatic recovery 

group. All data are expressed as the mean ± SE and were analyzed by 
one-way ANOVA followed by LSD and Duncan’s multiple compari-
sons post hoc test (n = 5). * indicates p < 0.05, ** indicates p < 0.01

Fig. 3   Effects of taurine on apoptosis in the livers of ALD rats. a 
TUNEL staining of liver paraffin sections; b apoptosis rate in the liv-
ers of rats. N, normal control group; T, taurine control group; M + T, 
taurine preventive group; M, ALD model group; Tc, taurine curative 

group; A, automatic recovery group. All data are expressed as the 
mean ± SE and were analyzed by one-way ANOVA followed by LSD 
and Duncan’s multiple comparisons post hoc test (n = 5). * indicates 
p < 0.05, ** indicates p < 0.01
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indicates that ethanol administration can seriously damage 
hepatocytes (p < 0.01). Cell viability in the M + T group 
obviously increased compared to that in the M group, indi-
cating that taurine administration in the cell culture medium 
inhibits cell death caused by ethanol (p < 0.01).

Increased liver enzymes in cell culture medium are an 
indicator of hepatocyte injury. ALT, AST and GGT activities 
in the cell culture medium were obviously higher in the M 
group than in the other three groups, indicating significant 
cell injury caused by ethanol (p < 0.01). However, the activi-
ties of these enzymes were significantly lower in the M + T 
group (p < 0.01) than in the M group, suggesting a protective 
effect of taurine in hepatocytes (Fig. 5).

Taurine regulates the expression of key factors 
involved in apoptotic pathways

Several regulator proteins are involved in the regulation of 
cell apoptosis. In the present experiment, the mRNA and 
protein expression of regulator proteins in cultured hepato-
cytes was detected. As shown in Fig. 6, the mRNA expres-
sion of Bax, Fas, FasL, caspase 3 and caspase 9 increased 
significantly (p < 0.01), whereas mRNA expression of Bcl-
2 in the M group decreased significantly (p < 0.01). In the 
M + T group, mRNA expression of Bax, Fas, FasL, caspase 
3 and caspase 9 was lower and Bcl-2 mRNA expression was 
much higher compared to that in the M group (p < 0.01). 

Figure 7 illustrated that in the M group, protein expression 
of Bax, Fas, FasL, cleaved-caspase 3 and cleaved-caspase 
9 were raised significantly (p < 0.05 or p < 0.01), whereas 
protein expression of Bcl-2 were reduced significantly 
(p < 0.01) compared to the other three groups. The results 
indicated that taurine administration up-regulates anti-apop-
totic proteins and down-regulates pro-apoptotic proteins.

Discussion

Chronic and excessive ethanol exposure seriously damages 
the liver and induces ALD. During ethanol metabolism, 
large quantities of ROS are generated and attack the mito-
chondria in liver cells, which further induces apoptosis and 
necrosis (Liu et al. 2016). Taurine possesses antioxidant and 
anti-apoptotic properties in the liver (Basaran-Kucukgergin 
et al. 2016; Lakshmi Devi and Anuradha 2010). This study 
aims to verify the hypothesis that taurine administration 
reduces oxidative stress and apoptosis induced by ethanol. 
We found that taurine effectively decreases ethanol-induced 
liver injury and lipid accumulation, increases antioxidant 
capacity, inhibits apoptosis and regulates the mitochondrial 
and death receptor apoptotic pathways.

Liver enzymes are primarily synthesized inside liver 
cells, and increases in these enzymes in the extracellular 
medium are indicators of hepatocyte injury. AST and ALT, 

Fig. 4   Effects of taurine on cell apoptosis in hepatocytes exposed to 
ethanol. a AO-EB staining; b cell apoptosis rate. N, normal control 
group in which cells were cultured with DMEM; T, taurine group 
in which cells were cultured with DMEM + taurine; M + T, taurine 
preventive group in which cells were cultured with DMEM + etha-
nol + taurine; M, model group in which cells were cultured with 
ethanol. AO can penetrate intact cell membrane and embedded into 

nuclei DNA to exhibit bright green fluorescence, while EB can only 
penetrate through damaged cell membrane and embedded to nuclei 
DNA to exhibit orange fluorescence. All data are expressed as the 
mean ± SE and were analyzed by one-way ANOVA followed by LSD 
and Duncan’s multiple comparisons post hoc test (n = 6). * indicates 
p < 0.05, ** indicates p < 0.01
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two main aminotransferases inside the hepatic cells under 
normal conditions, are released from damaged hepatocytes 
into the blood to obviously increase serum ALT and AST, 
the concentrations of which are main sensitive indexes of 
liver damage. GGT is present in many tissues including kid-
neys, bile duct, pancreas, gallbladder, spleen, heart, brain 
and seminal vesicles. Under normal conditions, serum GGT 
mainly comes from the liver, in which GGT was mainly 
expressed in the hepatic cytoplasm and bile duct epithelium, 
and has a sensitivity for the diagnosis and prognosis of liver 
disease due to its function in the control of redox status and 
is also a well-known marker of alcohol excess (Dillon and 
Miller 2016). Enhanced ALT, AST and GGT activities were 
observed in culture medium, suggesting there was hepato-
cyte injury under ethanol exposure. Taurine added to the 
medium along with ethanol prevented the increased liver 

enzyme activity, indicating taurine has a protective role 
against ethanol-induced hepatocyte injury, which were in 
accordance to other reports that taurine was shown to protect 
the liver from injury by decreasing blood ALT, AST and 
GGT levels (Devi et al. 2009; Erman et al. 2004; Lee and 
Ko 2016).

Ethanol has been shown to elevate the formation of lipid 
radicals and consequently cause oxidative stress in the liver 
(Livero and Acco 2016). As shown in the current results, 
ethanol intake led to an increase in hepatic MDA and a 
decrease in hepatic SOD, GSH-Px and T-AOC in the M 
group. However, these parameters were reversed by taurine, 
which was given preventively or curatively. The ability of 
ethanol to promote oxidative damage and the role of free 
radicals in alcoholic liver injury have been widely studied 
because antioxidants such as N-acetylcysteine (NAC) or 

Fig. 5   Protective effects of taurine on hepatocytes exposed to ethanol. 
a Cell viability of hepatocytes; b ALT activity in culture medium; c 
AST activity in culture medium; d. GGT activity in culture medium. 
N, normal control group in which cells were cultured with DMEM; 
T, taurine group in which cells were cultured with DMEM + taurine; 
M + T; taurine preventive treatment group in which cells were cul-

tured with DMEM + ethanol + taurine; M, model group in which cells 
were cultured with ethanol. All data are expressed as the mean ± SE 
and were analyzed by one-way ANOVA followed LSD and Duncan’s 
multiple comparisons post hoc test (n = 6). * indicates p < 0.05, ** 
indicates p < 0.01
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Fig. 6   Effects of taurine on the mRNA expression of key factors 
involved in the apoptotic pathways. a Bcl-2 mRNA expression; b Bax 
mRNA expression; c Fas mRNA expression; d FasL mRNA expres-
sion; e Caspase-3 mRNA expression; f Caspase-9 mRNA expression. 
N, normal control group in which cells were cultured with DMEM; 
T, taurine group in which cells were cultured with DMEM + taurine; 

M + T, taurine preventive group in which cells were cultured with 
DMEM + ethanol + taurine; M, model group in which cells were cul-
tured with ethanol. All data are expressed as the mean ± SE and were 
analyzed by one-way ANOVA followed by LSD and Duncan’s mul-
tiple comparisons post hoc test (n = 6). * indicates p < 0.05, ** indi-
cates p < 0.01
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Vitamin E are therapeutically applied to treat ALD (Lee 
et al. 2013; Ronis et al. 2005). Taurine also acts as an anti-
oxidant during organ or cellular injury, accompanied by 
lower MDA and higher SOD, GSH-Px and T-AOC activi-
ties, which was confirmed in the present study (Reeta et al. 
2017; Yang et al. 2015; Yildirim et al. 2007).

Mitochondrion is a vital organ that maintains bio-
logical functions of a cell by providing energy. Defective 
mitochondria result in shortage in ATP, leakage of ROS, 
accumulation of fat, and activation of intrinsic apoptotic 
cell death pathway, the dysfunction of which has been 
reported to be the earliest event in the development of 
ALD (Sun et al. 2017). Mitochondria function in the pre-
sent study was assayed by the activation of COX and ND, 
which are key enzymes of the mitochondrial respirator 
chain. COX is the last enzyme in the respiratory electron 
transport chain located in the mitochondrial membrane. 
It receives an electron from each of four cytochrome c 
molecules, and transfers them to one oxygen molecule, 
converting molecular oxygen to two molecules of water. 
ND, also referred to as complex I, is the first enzyme of 
the mitochondrial electron transport chain that translocates 
four protons across the inner membrane per molecule of 
oxidized NADH, helping to build the electrochemical 
potential difference used to produce ATP. Deficiency in 
the activities of COX and ND can decrease the ATP level 
and destroys respiratory function of mitochondria which 
further damages the liver cells. Chronic ethanol consump-
tion have been proved to results in decreased mitochon-
drial protein synthesis, impairment of the oxidative phos-
phorylation system, depression in ATP synthesis, leakage 
of ROS, and further cause mitochondrial depolarization 
and Δψm alteration that were proved to induce the activa-
tion of intrinsic apoptotic pathway (Sun et al. 2017; Xie 
et al. 2018). Taurine was reported to diminish the increase 
in mitochondrial ROS, resulting in the recovery of COX 
activity in the hippocampus (Jia et al. 2016), whereas a 
lack of taurine may underlie mitochondrial dysfunction. 
This dysfunction manifests in the form of decreased COX 
in rat islets (Lee et al. 2011) and down-regulates ND in 
cardiomyocytes (Jong et al. 2012). The results are similar 
to those in the present study in ALD rats, which showed 

that decreased COX and ND activities in the liver of ALD 
rats, indicating that the respiratory electron transport chain 
was imbalanced by ethanol, while taurine administration 
can prevent or reverse mitochondrial dysfunction.

Furthermore, accumulating evidence suggests oxida-
tive stress may frequently initiate cell injury mediated by 
mitochondria or death receptor pathways (Liu et al. 2016). 
Alcoholic mitochondrial damage induced by redundant ROS 
initiates the mitochondrial membrane permeability transition 
pore (MPTP) opening (Xie et al. 2018), and the transloca-
tion of Bax to the mitochondria from the cytosol and pro-
motes the release of cytochrome C, which can associate with 
pro-caspase 9 and Apaf-1(Heaton et al. 2011). The complex 
processes pro-caspase 9 to cleave and further active caspase 
3, which cleaves and initiate a caspase cascade leading to 
apoptosis (Mo et al. 2017). Meanwhile, the up-regulation 
of FasL has been reported as another mechanism connected 
to hepatocyte apoptosis induced by alcohol (Darwish et al. 
2012). The combination of Fas and FasL initiates signal 
transduction, followed by the activation of caspase proteases, 
which is known as the death-receptor-mediated extrin-
sic pathway leading to apoptosis (McVicker et al. 2006). 
In the present study, a TUNEL assay and AO-EB staining 
indicted a substantial increase in apoptosis compared to 
that in hepatocytes cultured with ethanol in vitro and in the 
livers of ALD rats. The present results showed increased 
gene expression of Bax, Caspase9, Caspase3, Fas and FasL 
and reduced mRNA expression of Bcl-2 in ethanol-treated 
hepatocytes. Western-blot results further proved that pro-
tein expression of Bax, cleaved-caspase 9, cleaved-caspase 
3, Fas and FasL were lowered, while protein expression of 
Bcl-2 were raised by ethanol. Taurine decreases apoptosis 
when administered both in vivo and in vitro. Furthermore, 
down-regulation of the expression of pro-apoptotic factors, 
including Bax, cleaved-caspase 9, cleaved-caspase 3, Fas 
and FasL, and up-regulation of the anti-apoptotic factor 
Bcl-2 in hepatocytes have been observed in groups treated 
with taurine. Similar anti-apoptotic effects of taurine were 
found in 2,5-hexanedione-treated PC12 cells and rats with 
iron-potentiated alcoholic liver fibrosis, and the opening of 
MPTP in taurine deficiency animals were found to induce 
the release of cytochrome c from the mitochondria and the 
onset of the apoptotic cascade (Jong et al. 2011), indicating 
that treatment with taurine may prevent apoptosis by inhib-
iting a mitochondria-dependent pathway (Lakshmi Devi 
and Anuradha 2010; Li et al. 2017). Meanwhile, caspase 
3, caspase 9 and apoptosis levels were found to increase in 
taurine-deficient mice (Jong et al. 2017), and taurine admin-
istration can decrease mRNA expression of Fas and Bax in 
acute hepatic damaged animals (Nagai et al. 2016). Based on 
these results, taurine exerts anti-apoptotic effects on ethanol-
induced hepatocyte apoptosis through the mitochondrial and 
death receptor pathways.

Fig. 7   Effects of taurine on the protein expression of key factors 
involved in the apoptotic pathways. a Bcl-2 protein expression; b Bax 
protein expression; c Fas protein expression; d FasL protein expres-
sion; e cleaved-caspase-3 protein expression; f cleaved-caspase-9 
protein expression. N, normal control group in which cells were 
cultured with DMEM; T, taurine group in which cells were cultured 
with DMEM + taurine; M + T, taurine preventive group in which cells 
were cultured with DMEM + ethanol + taurine; M, model group in 
which cells were cultured with ethanol. All data are expressed as the 
mean ± SE and were analyzed by one-way ANOVA followed by LSD 
and Duncan’s multiple comparisons post hoc test (n = 6). * indicates 
p < 0.05, ** indicates p < 0.01
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Conclusions

In conclusion, our results show that taurine protects liver 
cells from ethanol injury by improving the antioxidant 
capacity of hepatocytes and decreasing the apoptosis of 
hepatocytes exposed to ethanol through the regulation of 
mitochondrial or death receptor pathways.
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