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Cholesterol-rich diets are known to cause hepatic apoptosis, which has been associated with the
pathogenesis of systemic lupus erythematosus (SLE). However, the mechanisms and treatments for
hepatic apoptosis in SLE are poorly understood. To clarify the effects of taurine on hepatic apoptosis
in SLE, NZB/W F1 mice received control, cholesterol, and cholesterol/taurine diets. Significant
reductions of caspase-3 activity, TUNEL-positive cells, and Fas- and mitochondrial- dependent
apoptosis were detected in liver from the cholesterol/taurine group as compared to the cholesterol
group. Moreover, significant increases of phosphorylated AKT, NF-κB (p65), and ERK1/2 proteins
were detected in liver from the cholesterol/taurine group as compared to the cholesterol group. In
contrast, a significant reduction of phosphorylated p38 protein was observed in the cholesterol/taurine
group. These experimental results demonstrated positive effects of taurine against hepatic apoptosis
in NZB/W F1 mice fed a high-cholesterol diet and suggested the therapeutic potential of taurine in
SLE.
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INTRODUCTION

Diets with high amounts of lipids are a known risk factor for
hepatic abnormalities including hypercholesterolemia, steato-
hepatitis, inflammation, and apoptosis (1-5) Recently, a rabbit
model of steatohepatitis using a cholesterol-rich, high-fat diet
has revealed increased oxidative stress, inflammation, and
fibrosis in the liver (6). Additionally, hepatic abnormality has
been associated with the pathogenesis of autoimmune disease,
including systemic lupus erythematosus (SLE) (7, 8). Increased
triglycerides (TGs) and decreased high-density lipoprotein
(HDL) cholesterol concentrations have also been reported in
patients with SLE, which has been postulated to the condition
and pathogenesis of SLE (9, 10). Indeed, these findings suggest
the effect of cholesterol on aggravated conditions in SLE.

SLE is known as an autoimmune disease with unknown
etiology (11). Impaired clearance of apoptotic cells is recognized
to play a crucial role in the pathogenesis of SLE by accumulation
of the apoptotic cells in tissues (12) as well as apoptosis induced
by liver dysfunction. Recently, various studies have indicated
the increased population of SLE patients with hepatic abnor-
mality (9, 13, 14). Notably, our recent study also indicated that
both Fas- and mitochondria-dependent apoptosis were increased
in the livers of NZB/W F1 mice (15). Moreover, growing
evidence has demonstrated that increased hepatic dysfunction,
apoptosis, and fibrosis in patients with SLE are associated with
the condition of disease (7, 8, 16, 17). However, the treatment
for SLE with hepatic abnormality or apoptosis remains obscure.

On the basis of our knowledge, dieting may be the most
natural way to treat physiological disorders. Meanwhile, taurine,
a conditionally essential amino acid, is known to regulate the
immune response and to protect biological systems against
various injuries (18-20). Moreover, taurine has been shown to
possess antioxidant properties and to regulate the proinflam-
matory cytokines (21-24). In a rat model of hepatoxicity,
taurine attenuates hypertension and renal dysfunction induced
by cyclosporine A (25) as well as the protective effect of taurine
in another nephrotoxicity rat model induced by cisplatin (26).
Notably, taurine has also been reported to reduce adult blood
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pressure in a spontaneously hypertensive rat model (27).
Additionally, taurine is known to reduce ischemia-induced
apoptosis in cardiac cells (28) and methotrexate-induced leu-
kocyte death (29). Although these studies indeed demonstrate
the beneficial effects of taurine in biological protection, little is
known about the effect of taurine in SLE. In the current study,
we demonstrate the beneficial effects of taurine in NZB/W F1
mice fed a cholesterol-rich diet by reducing the hepatic apoptosis
and suggest the therapeutic potential of taurine in SLE.

MATERIALS AND METHODS

Mice and Diets. Female NZB/W F1 mice, a well-known and popular
utilized lupus-prone mice strain, were purchased from the animal center,
National Taiwan University (Taiwan) and housed in an animal room
at 22 + 2 °C with a 12/12 h light-dark cycle under supervision of the
Institutional Animal Care and Use Committee at Chung Shan Medical
University. The disease conditions of the mice were determined by
monitoring the proteinuria biweekly with Albustix test strips from the
age of 12 weeks as described previously (30), and they were scored
according to the manufacturer’s scoring system (Bayer Diagnostics,
Hong Kong). Chow diet, soybean oil, and cholesterol were purchased
(TestDiet Division, PMI Nutrition International/Purina Mills LLC,
Richmond, IN). Taurine was purchased from Sigma (Sigma, St. Louis,
MO), and the ingredients of the experimental diets were prepared as
follows. The control diet was composed of 93% Rodent 5001 chow
diet and 7% soybean oil. The cholesterol diet was composed of 92%
Rodent 5001 chow diet, 7% soybean oil, and 1% cholesterol. The
cholesterol/taurine diet was composed of 91% Rodent 5001 chow diet,
7% soybean oil, 1% cholesterol, and 1% taurine. Thirty female NZB/W
F1 mice that were 112 days old were divided into three groups (10
mice/group) and were given control, cholesterol, and cholesterol/taurine
diets for 12 weeks, respectively. Mice were sacrificed at the age of
196 days old by CO2 asphyxiation and rinsed in 70% ethanol solution.
Liver and heart blood samples of the mice were obtained after CO2

sacrifice and stored at -80 °C until use.
TUNEL Assay. Liver tissues obtained as described above were

embedded into OCT compound (Tissue-Tek, Miles Inc., Elkhart, IN)
and snap frozen in liquid nitrogen. The frozen tissue blocks were
sectioned at 5 µm and fixed in 4% paraformaldehyde (Sigma) in 0.1
M PBS, pH 7.4, for 20 min at room temerpature. After they were
washed for 30 min with 0.1 M phosphate-buffered saline (PBS), the
tissue sections were incubated with 3% H2O2 in methanol for 10 min
at room temperature. The TUNEL reaction mixture was freshly prepared
according to the manufacturer’s instructions (Roche Applied Science,
Inc., United States), and a total volume of 100 µL of terminal
deoxytransferase reaction mixture was incubated with the tissue sections
for 1 h at room temperature in the dark. The tissue sections were then
rinsed with 0.1 M PBS containing DAPI and observed with a
fluorescence microscope. The number and percentage of TUNEL-
positive cells were counted and determined by counting 1 × 103 hepatic
cells from five random selected fields. All measurements were
performed by at least three independent animals in a blinded
manner.

Caspase-3 Activity Assay. A caspase-3 enzyme-linked immunosor-
bent assay kit (BD Pharmingen, San Diego, CA) was used for in vitro
determination of caspase-3 enzymatic activity in 20 µg of liver lysates
derived from NZB/W F1 mice given PBS or cystamine according to
the manufacturer’s instructions.

Western Blot. The liver samples from the 18 mice of each group
were analyzed for immunoblotting, and similar results were observed
in the 18 mice of the same group. The loading sample for each lane of
Western blot was a pool of four randomly selected mice of the same
group. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), using 12.5% acrylamide gel, was performed as previously
described (31). Protein samples were denatured for 5 min in boiling
water with sample buffer (0.0625 M Tris-HCl buffer, pH 6.8, containing
2.3% SDS, 5% 2-mercaptoethanol, and 10% glycerol). Samples applied
to the gel were run at 100-150 V for 1.5 h and electrophoretically
transferred to a nitrocellulose membrane (Amersham Biosciences,

Piscataway, NJ). The membrane was then soaked in PBS with 5%
nonfat dry milk for 30 min at room temperature to saturate irrelevant
protein binding sites. Antibodies against Fas, caspase-9, caspase-8, Bad,
Bax, cytochrome c, Apaf-1, BCL-2, AKT-p, Erk1/2-p, c-JUN-p, p-38,
p38-p, NF-κB (p65-p), and actin (Upstates, Charlottesville, VA; Santa
Cruz Biotechnology, Santa Cruz, CA) were diluted in PBS with 2.5%
bovine serum albumin and incubated for 1.5 h with gentle agitation at
room temperature. The membranes were washed twice with PBS-Tween
for 1 h, and secondary antibody conjugated with horseradish peroxidase
(HRP) was added. Pierce’s Supersignal West Dura HRP Detection Kit
(Pierce Biotechnology Inc., Rockford, IL) was used to detect
antigen-antibody complexes. The blots were also scanned and quanti-
fied by densitometry (Appraise, Beckman-Coulter, Brea, CA).

Statistical Analysis. All of the statistical analyses were performed
using SPSS 10.0 software (SPSS Inc., Chicago, IL). Three independent
experiments were repeated. Statistical analyses were performed using
the analysis of variance plus posterior multiple comparison test to test
the difference. P < 0.05 was considered statistically significant.

RESULTS

Taurine Attenuates Hepatic Apoptosis in Liver from
NZB/W F1 Mice. To clarify the effect of cholesterol and taurine
on hepatic apoptosis in SLE, liver samples from NZB/W F1
mice were detected with TUNEL and caspase-3 activity assays.
A significantly higher caspases-3 activity was detected in the
livers of mice from all experimental groups at the age of 196
days as compared to those at the age of 112 days (Figure 1A).
Moreover, significant caspase-3 activity was revealed in the
livers of mice from the cholesterol group as compared to those
from the control group (Figure 1A). However, a significant
reduction of caspase-3 activity was detected in the livers of mice
from the cholesterol/taurine group as compared to the cholesterol
group (Figure 1A). Figure 1B illustrates the fluorescence results
of nicked DNA labeled by FITC-labeled terminal deoxy-
transferase (TdT) in the livers of mice from the control,
cholesterol, and cholesterol/taurine group, respectively (Figure
1B). Notably, apparent nicked DNA was observed in the livers
of mice from the cholesterol group as compared to those from
the control group, whereas a significant reduction of nicked
DNA was observed in the livers of mice from the cholesterol/
taurine group as compared to those from the cholesterol group.
The percentage of TUNEL-positive hepatic cells is also shown
(Figure 1C).

Taurine Attenuates the Hepatic Apoptosis via Both Fas-
and Mitochondria-Dependent Apoptotic Pathways. Because
Fas engagement is crucial on the induction of hepatic cell
apoptosis (32, 33), here, we investigate the effects of taurine
on Fas-dependent apoptotic proteins in the livers of NZB/W
F1 mice. The expressions of Fas and caspase-8 proteins were
examined by Western blot (Figure 2). A significant increase
of Fas protein was observed in the livers of mice from the
cholesterol group as compared to the control group, whereas a
significant reduction of Fas was detected in the livers of mice
from the cholesterol/taurine group as compared to the cholesterol
group (Figure 2A). Additionally, the expression of caspase-8,
a downstream molecule of Fas protein, and its cleaved forms
were also investigated. Figure 2B shows the Western blot results
of procaspase-8 and its two cleaved forms with molecular
masses at 40 and 23 kDa, respectively. A significant increase
of procaspase-8 was detected in mice from the cholesterol/
taurine group as compared to the control or the cholesterol
group, whereas a significant reduction of both cleaved caspase-8
was observed in the cholesterol/taurine group as compared to
the control or the cholesterol group, respectively (Figure 2B).
To further investigate the effect of taurine on mitochondrial-
dependent apoptosis in the livers from NZB/W F1 mice, Western
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blots were performed to examine the molecules involving the
mitochondria-dependent apoptotic pathway. A significant in-
crease of activate caspase-9 was detected in mice from the
cholesterol group, whereas a significant reduction of active
caspase-9 was observed in the livers of mice from the
cholesterol/taurine group as compared to those from the control
and the cholesterol group, respectively (Figure 3A). Addition-
ally, Apaf-1, the upstream molecule of caspase-9, was signifi-
cantly increased in the livers from the mice of the cholesterol
group as compared to those from the control group. In contrast,
a significant reduction of Apaf-1 expression was detected in
the livers from the mice of the cholesterol/taurine group as
compared to those from the cholesterol group (Figure 3B).
Moreover, a significant increase of Bax and Bad proteins was
detected in the livers of mice from the cholesterol group as
compared to those from the control group, whereas a significant
reduction of both Bax and Bad proteins was observed in the
livers of mice from the cholesterol/taurine group as compared
to those from the cholesterol group (Figure 4). Similar results
were also observed in the expression of cytochrome c protein
that was increased significantly in the livers of mice from the

cholesterol group as compared to those from the control group
(Figure 5A). In contrast, a significant reduction of cytochrome
c protein was detected in the livers of mice from the cholesterol/
taurine group (Figure 5A). Because Bcl-2 is known to play
crucial roles in inhibiting cytochrome c expression (34), herein,
we further examined the expression of Bcl-2 protein. Notably,
the expression of Bcl-2 protein was significantly decreased in
the livers of mice from the cholesterol group as compared to
those from the control group, whereas a significant increase of
Bcl-2 protein was observed in the livers of mice from the
cholesterol/taurine group as compared to those from the
cholesterol group (Figure 5B).

Signaling Pathway Involved in the Taurine-Reduced
Hepatic Apoptosis in NZB/W F1 Mice. To clarify the possible
signaling pathway involved in the effect of taurine on the livers

Figure 1. Detection of apoptosis. (A) The activity of caspase-3 was
measured in 20 µg of liver lysates of NZB/W F1 mice from the control,
cholesterol, and cholesterol/taurine groups, respectively. The UV-induced
apoptotic U937 lysate that comes along with the kit was used as a positive
control. (B) TUNEL assay of liver sections of NZB/W F1 mice from the
control, cholesterol, and cholesterol/taurine groups. FITC-labeled terminal
deoxy-transferase was bound to the nicked end of DNA as the arrows
indicate. (C) The percentage of TUNEL-positive cells in liver sections of
NZB/W F1 mice from the control, cholesterol, and cholesterol/taurine
groups. Three independent experiments were performed, and * indicates
the significant difference.

Figure 2. Expression of Fas and caspase-8. Liver lysates obtained from
the control, cholesterol, and cholesterol/taurine groups were probed with
antibody against (A) Fas or (B) caspase-8, respectively. Densitometric
analysis is shown in the lower panel. Similar results were obtained in
three independent experiments, and * indicates the significant difference.
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from NZB/W F1 mice that were fed with a high-cholesterol
diet, various signaling molecules, including AKT-p, Erk1/2-p,
p38-p, and NF-κB (p65-p), were examined. The expression of
both phosphorylated AKT and NF-κB (p65) protein was
significantly increased in the livers of mice from the cholesterol/
taurine group as compared to those from the cholesterol group
(Figure 6A). The quantified results are shown in the lower
panel. Similar results were observed that phosphorylated ERK-
1/2 increased significantly in the livers of mice from the
cholesterol/taurine group as compared to those from the
cholesterol group (Figure 6B). Additionally, the expression of
p38 protein was also examined, and no variation of total p38
was detected among all experimental groups (Figure 7).
However, the expression of phosphorylated p38 protein was
significantly increased in the livers of mice from the cholesterol
group as compared to those from the control group (Figure 7).
Notably, a significant decrease of phosphorylated P38 protein
was detected in the livers of mice from the cholesterol/taurine
as compared to those from the cholesterol group (Figure 7).
The quantified results are shown in the lower panel (Figure 7).

DISCUSSION

High-cholesterol diets are known to cause various disorders
including hepatic apoptosis, which has been recognized to play
crucial roles in the pathogenesis of SLE. However, the mech-
anisms and treatments for hepatic apoptosis in SLE have been

poorly understood. For the first time, this study revealed the
aggravated condition of disease in NZB/W F1 mice fed a high-
cholesterol diet by increased hepatic apoptosis. However, the
treatment with taurine significantly reduced both Fas- and
mitochondrial-dependent apoptosis in the liver from NZB/W
F1 mice that were fed a high-cholesterol diet.

Liver dysfunction is known to induce apoptosis in patients
with SLE and is recognized as an important factor for self-
antigen exposure (7, 35). Indeed, hepatic abnormality is more
common in SLE than is usually thought (9, 13, 14) and is
postulated to the pathogenesis of SLE (12). Notably, increased
abnormal lipid metabolism has been reported in patients with
SLE and is considered as a consequence of hepatic abnor-
mality (9, 10). Another study of lupus-prone mice, Ldl-r
(-/-) strain, and a high-cholesterol diet could enhance arterial
apoptosis and inflammation and accelerate atherosclerosis (36).
These studies did postulate a connection among high-cholesterol
diets, hepatic abnormality, and pathogenesis of SLE. In this
study, beneficial effects of taurine are revealed in NZB/W F1
mice. A significant increase of Fas- and mitochondrial-depen-
dent apoptosis was observed in the livers of NZB/W F1 mice
from the cholesterol group. In contrast, a significant reduction
of caspase-3 activity, TUNEL-positive cells, Fas, cleaved
caspase-8, caspase-9, Bad, Bax, cytochrome c, and Apaf-1 was
observed in the livers of NZB/W F1 mice from the cholesterol/
taurine group. These experimental results suggest multiple

Figure 3. Expression of caspase-9 and Apaf-1. Liver lysates obtained
from the control, cholesterol, and cholesterol/taurine groups were probed
with antibody against (A) caspase-9 or (B) Apaf-1, respectively. Densi-
tometric analysis is shown in the lower panel. Similar results were obtained
in three independent experiments, and * indicates the significant difference.

Figure 4. Expression of Bax and Bad. Liver lysates obtained from the
control, cholesterol, and cholesterol/taurine groups were probed with
antibody against (A) Bax or (B) Bad, respectively. Densitometric analysis
is shown in the lower panel. Similar results were obtained in three
independent experiments, and * indicates the significant difference.
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antiapoptosis effects of taurine in the livers from NZB/W F1
mice by inhibiting both Fas- and mitochondrial-dependent
apoptotic pathways.

Taurine is known as the 2-aminoethanesulfonic acid and is
important in bile salt synthesis, which is involved in a number
of crucial physiological processes including modulation of
calcium flux and neuronal excitability, osmoregulation, detoxi-
fication, and membrane stabilization (37). Various studies have
demonstrated the protective effect of taurine against free radical-
mediated damage in biological systems, including heart, liver,
and kidney (26, 38), as well as the protective effect in the
inhibition of hepatic apoptosis induced by bile acid in rats (39, 40).
Recently, taurine and its derivatives have been indicated to
promote the cell survival by activation of the ERK 1/2 and Akt/
PKB signaling pathway, including the downstream effector of
NF-kB (41-44). Additionally, taurine has been demonstrated
to attenuate the phosphorylation of p38 protein (45) that is
known as a mediator of apoptotic cell death (46). Notably, a
similar effect of taurine in alleviating hepatic apoptosis was
observed in this study. The phosphorylation of Akt, NF-kB, and
ERK1/2 proteins increases significantly in the livers of mice
from the cholesterol/taurine group as compared to those from
the cholesterol group, whereas the significant decrease of
phosphorylated-p38 protein in the cholesterol/taurine group as
compared to the cholesterol group. These results indicated the
involvement of the MAPK survival signaling pathway and p38-
mediated apoptotic pathway in taurine-induced antihepatic
apoptosis in NZB/W F1 mice. However, the physiological

activities of taurine and their precise mechanisms are still unclear
and merit further investigation.

Taken together, this study first demonstrated the beneficial
effect of taurine by attenuating both Fas- and mitochondrial-
dependent apoptosis in the livers from NZB/W F1 mice that
were fed with a high-cholesterol diet. Besides, increased
phosphorylation of AKT, ERK1/2, and NF-kB proteins and

Figure 5. Expression of cytochrome c and Bcl-2. Liver lysates obtained
from the control, cholesterol, and cholesterol/taurine groups were probed
with antibody against (A) cytochrome c or (B) Bcl-2, respectively.
Densitometric analysis is shown in the lower panel. Similar results were
obtained in three independent experiments, and * indicates the significant
difference.

Figure 6. Expression of phosphoryalted Akt and ERK1/2. Liver lysates
obtained from the control, cholesterol, and cholesterol/taurine groups were
probed with antibody against phosphorylated (A) Akt or (B) ERK 1/2,
respectively. Densitometric analysis is shown in the lower panel. Similar
results were obtained in three independent experiments, and * indicates
the significant difference.

Figure 7. Expression of phosphorylated p38. Liver lysates obtained from
the control, cholesterol, and cholesterol/taurine groups were probed with
antibody against total p38 and phosphorylated p38. Densitometric analysis
is shown in the lower panel. Similar results were obtained in three
independent experiments, and * indicates the significant difference.
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decreased phosphorylation of p38 protein contributed to the
taurine-induced antiapoptosis in the livers of NZB/W F1 mice
that were fed a high-cholesterol diet. Indeed, these experimental
results strongly suggest therapeutic potential of taurine supple-
ments in SLE.
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