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carbon tetrachloride-mediated hepatic apoptosis in rats
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Ying-Ying Yang and Han-Chieh Lin

Abstract

Apoptosis is one of the events that are involved in liver fibrogenesis. Thus, factors that affect

apoptosis may be used to modulate liver fibrosis. We have recently reported that Salvia miltiorrhiza

plays a protective role in carbon tetrachloride (CCl4)-induced hepatic fibrosis. In this study, we aimed

to evaluate whether S. miltiorrhiza modulated CCl4-induced hepatic apoptosis in rats. Male Wistar

rats were given orally either vehicle or water-extract of S. miltiorrhiza (50 mg kg�1 twice daily) for

nine weeks beginning from the start of CCl4 administration. A group of normal rats was included for

comparison. Hepatocyte DNA fragmentation and cytosolic caspase-3 and caspase-8 activity were

determined in the experimental animals. Hepatic cytosolic Bax, Bcl-2, cytochrome c, and calpain-�

expressions were measured by Western blot analysis. Hepatic mitochondrial glutathione levels were

assessed by colorimetric assay. Compared with normal rats, rats receiving CCl4 alone showed pro-

found DNA fragmentation associated with an increased cytosolic fraction of cytochrome c and

calpain-� protein expressions and a decreased mitochondrial glutathione level. In contrast, a

decreased laddering of DNA fragmentation was noted in rats receiving CCl4 plus S. miltiorrhiza

extract. The mitochondrial glutathione level was significantly increased in rats receiving CCl4 plus

S. miltiorrhiza extract compared with those receiving CCl4 alone. Additionally, cytosolic caspase-3

activity and cytosolic fractions of Bax, Bcl-2, cytochrome c, and calpain-� protein expressions were

decreased in rats receiving CCl4 plus S. miltiorrhiza extract compared with those receiving CCl4 alone.

The cytosolic caspase-8 activity in rats receiving CCl4 alone was no different from those receiving CCl4

plus S. miltiorrhiza extract. These results indicated that chronic administration of S. miltiorrhiza

ameliorated CCl4-mediatd hepatic apoptosis in rats. This effect may be related to the antioxidant

properties of S. miltiorrhiza.

Introduction

Carbon tetrachloride (CCl4) is widely used in animal models to produce chronic liver
injury (Gasso et al 1996; Lee et al 2003). CCl4 is metabolized by cytochrome P450 to
reactive trichloromethyl radical, which is quickly conjugated by hepatic glutathione,
reacting with membrane lipids to propagate a chain reaction leading to glutathione
depletion and lipid peroxidation that induces cell injury (Basu 2003; Beddowes et al
2003). Based on these results, CCl4 has been assumed to be a typical substance that
produces severe oxidative stress. In addition, formation of apoptotic bodies has been
observed in animals receiving CCl4 (Galle 1997). It is well established that hepatocyte
apoptosis plays an important mechanism in hepatobiliary diseases (Guicciardi &
Gores 2005). In fact, a number of toxic substances including CCl4 are known to induce
apoptosis (Cain & Freathy 2001). Recent evidence has indicated that the generation of
lipid peroxidation (Basu 2003; Beddowes et al 2003), mitochondrial dysfunction
(Krahenbuhl et al 2000; Hernandez-Munoz et al 2003), disruption of calcium home-
ostasis (Hemmings et al 2002), and induction of apoptosis (Cabre et al 1999; Sun et al
2001) are all involved in CCl4-induced hepatotoxicity. It is conceivable that both
hepatocellular necrosis and apoptosis are involved in CCl4-induced hepatic injury.
Regardless of the mechanisms, hepatic apoptosis seems to play a pivotal role in CCl4-
induced acute and chronic liver injury (Shi et al 1998; Cabre et al 1999). Recent studies



have revealed the relationship between oxidative stress and
apoptosis (Ronco et al 2002; Ding & Ong 2003).
Additionally, a number of studies in animals have shown
that administration of Chinese herbs with antioxidative
activity leads to a decrease in tissue injury and apoptosis
(Wasser et al 1998; Lee et al 2003; Satoh et al 2005).

Salvia miltiorrhiza Bunge (Labiatae) is officially listed
in the Chinese Pharmacopoeia, and is used for the treat-
ment of cardiovascular disorders and inflammation (Chen
1993; Li 1998). The water-soluble extract of S. miltiorrhiza
contains phenolic compounds that are effective in protect-
ing liver microsomes, hepatocytes, and erythrocytes
against oxidative damage (Liu et al 1992). Wasser et al
(1998) and Nan et al (2001) have demonstrated that
chronic administration of water-soluble S. miltiorrhiza
extract reduced hepatic fibrosis caused by CCl4 adminis-
tration and bile duct ligation in rats. In addition, our
recent study demonstrated that chronic administration of
S. miltiorrhiza extract in rats reduced the severity of CCl4-
induced hepatic fibrosis, probably through its antioxidant
properties (Lee et al 2003). Therefore, this study was
undertaken to evaluate whether S. miltiorrhiza may exert
beneficial effects on CCl4-induced hepatic apoptosis in
rats.

Materials and Methods

Animals

Male Wistar rats (210–230 g; Charles River Laboratories,
Cambridge, MA, USA) were housed in a controlled envir-
onment and were allowed free access to food and water.
Animal studies were approved by the Animal Experiment
Committee of National Yang-Ming University and were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (National Academic Press,
USA, 1996). Hepatic injury was produced in rats by intra-
peritoneal injection of 0.5mL CCl4 diluted 1:1 (v/v) in
olive oil twice per week for nine weeks as described by
Gasso et al (1996). The animals in the vehicle group
received CCl4 only while the experimental groups received
S. miltiorrhiza extract (50mgkg�1 by oral gavage) twice
daily for nine consecutive weeks, beginning at the same
time as the injections of CCl4. The dose of S. miltiorrhiza
extract was chosen as described by Lee et al (2003). A
group of normal rats was included as control.

Preparation of S. miltiorrhiza extract

S. miltiorrhiza extract was prepared as described by Lee
et al (2003). Briefly, dried root of S. miltiorrhiza (400 g)
was powdered and extracted with 1000mL boiled distilled
water for 2 h at 80�C. The resulting extract was filtered
and lyophilized (Virtis, freeze-mobile, NY) to a light
brownish residue with an approximate yield of 25%.
These substances were stored at �20�C until used. Liu
et al (1999) has shown that D(þ)�3,4-dihydroxyphenol
lactic acid is the major component of the aqueous extract
of S. miltiorrhiza. To standardize the S. miltiorrhiza

extract by determining the level of this active component,
the aqueous extract of S. miltiorrhiza was analysed by
reverse-phase high performance liquid chromatography
with a phenyl column (250� 4.6mm i.d.). Linear gradient
elution was conducted with a mobile phase consisting
of acetonitrile:methanol:monosodium phosphoric acid
(1:3:6) with 0.1mM octanesulfonic acid (pH 2.8) for
20min. The flow rate was set at 1.0mLmin�1. The wave-
length of the UV-detector was set at 290 nm. The result
confirmed the presence of this major active component in
the aqueous extract of S. miltiorrhiza.

Isolation of mitochondria and measurement of

mitochondrial glutathione (GSH) levels

Mitochondria were isolated by differential centrifugation
according to the method described by Davis & Lawrence
(1986). Liver tissue was homogenized in ice-cold medium
containing 220mM mannitol, 70mM sucrose, 2mM Hepes,
0.2mM EDTA, 0.36mgmL�1 BSA, and adjusted to pH
7.4. Mitochondria were isolated by differential ultracen-
trifugation at 105 000 g. The final pellet containing mito-
chondria was suspended in the above buffer and
diluted to contain approximately 100mg mitochondrial
proteinmL�1. The mitochondrial GSH concentrations of
liver homogenate were determined with a GSH-400 col-
orimetric assay kit (Calbiochem Co, San Diego, CA,
USA). A 50-�L sample of the centrifuged supernatant
was added into the assay buffer provided by the manufac-
turer to a final volume of 200�L. The reaction mixtures
were incubated at 25�C for 30min and read by a spectro-
photometer at 412 nm. The values of unknown samples
were drawn from a standard curve plotted by assaying
different known concentrations of GSH. The amounts of
GSH were expressed as nmol (mg protein)�1.

DNA gel electrophoresis

DNA was extracted from liver tissues as described by
Kohli et al (1999). A DNA isolation kit (Gentra Systems,
Minneapolis, MN, USA) was used to extract and purify
the DNA. Briefly, liver tissue was homogenized and pro-
teinase K was added and incubated overnight at 55�C.
The extracts were loaded into the wells of 1.5% agarose
gel containing 100�gmL�1 ethidium bromide. Electro-
phoresis was performed at 90 V for 1 h and imaged with
a UV transilluminator.

Determination of hepatic cytosolic caspase-3

and caspase-8 activity

Cytosolic caspase activity was determined with a colori-
metric assay kit (BioSource International, Inc. Camarillo,
CA, USA). Fresh liver tissues were homogenized with a
Teflon homogenizer in lysis buffer containing 25mmol
L�1 HEPES (pH 7.4), 5mmol L�1 EDTA and 2mmol
L�1 dithiothreitol. The cytosolic fractions were clarified
by centrifugation, and supernatants were used for enzyme
assays. Caspase activity was carried out using specific
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substrates Asp-Glu-Val-Asp-pNA for caspase-3, and Ile-
Glu-Thr-Asp-pNA for caspase-8, according to the proto-
col provided by the manufacturer. The reaction mixtures
were incubated at 37�C for 90min, and were measured by
a spectrophotometer at 405 nm. Specific activity was
expressed as U (mg protein)�1.

Western blot analysis for cytosolic calpain-m,

cytochrome c, Bax, and Bcl-2 expression

Freshly isolated liver tissue was homogenized in a buffer
containing 10mmolL�1 Tris-HCl (pH 7.4) and 1%
sodium dodecyl sulfate (SDS), 1% sodium deoxycho-
late, 1mmol L�1 phenylmethylsulfonyl fluoride, and
5mmolL�1 EDTA. The protein concentration of the tis-
sue homogenate was determined by the method of Lowry
et al (1951) with BSA as the standard. Protein from liver
homogenates (60 or 120�g) was loaded per lane on 8% or
12% polyacrylamide gels and electrophoresed. Proteins
were transferred to nitrocellulose membranes. The mem-
branes were blocked overnight with buffer and then incu-
bated with primary antibodies for 1 h using 1:1000 di-
lution of mouse monoclonal anti-cytochrome c
(Pharmingen, San Diego, CA, USA); 1:500 dilution of
mouse monoclonal anti-calpain-� (Exalpha Biologicals,
Inc., Boston, MA, USA); 1:1000 dilution of mouse poly-
clonal anti-Bax; 1:1000 dilution of mouse monoclonal
anti-Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA); or 1:1000 dilution of goat polyclonal anti-�-actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The
membranes were then washed three times in Tris-buffered
solution for 15min each and incubated with 1:5000 dilu-
tion of alkaline phosphatase conjugated goat anti-mouse
IgG (Calbiochem Com. San Diego, CA, USA) as second
antibody for 1 h. The protein was visualized with an
enhanced chemiluminescence Western blotting detection
kit (Amersham, Arlington Heights, IL, USA). The mem-
branes were finally exposed to X-ray film for 1min. The
relative expression of various proteins was quantified by
densitometric scanning with an Image-Analysis system.

Statistics

The results were expressed as means� s.e.m. Statistical
analyses were performed using one-way analysis of var-
iance followed by Student–Newman–Keuls’ multiple
range test. Significance was determined at P<0.05

Results

Effect of S. miltiorrhiza treatment on DNA

fragmentation by gel electrophoresis

Normal rats showed no laddering of DNA in liver tissue.
In contrast, profound DNA fragmentation in liver tissue
was observed in rats receiving CCl4 alone. In rats receiving
CCl4 plus S. miltiorrhiza extract, marked amelioration in
the DNA fragmentation extracted from livers was noted
compared with rats receiving CCl4 alone (Figure 1).

Effect of S. miltiorrhiza treatment on hepatic

cytosolic caspase-3 and caspase-8 activity

In rats receiving CCl4 alone, cytosolic caspase-3 activity
(68.0� 3.7U (mg protein)�1, P<0.05) was significantly
higher than in normal rats (51.1� 3.2U (mg protein)�1)
(Figure 2A). Compared with rats receiving CCl4 alone,
rats receiving CCl4 plus S. miltiorrhiza extract showed a
significant decrease in cytosolic caspase-3 activity
(58.2� 4.3U (mg protein)�1, P<0.05). In contrast, the
cytosolic caspase-8 activity was similar among normal rats
(23.9� 2.1U (mg protein)�1), rats receiving CCl4 alone
(23.1� 1.8U (mg protein)�1), and those receiving CCl4
plus S. miltiorrhiza extract (21.4� 2.4U (mg protein)�1)
(Figure 2B).

S. miltiorrhiza treatment on hepatic cytosolic

Bax, Bcl-2 and cytochrome c protein expression

after CCl4 exposure

Compared with normal rats, increased cytosolic Bax and
Bcl-2 protein content was found in rats receiving CCl4
alone. In contrast, the Bax and Bcl-2 protein content
decreased in rats receiving CCl4 plus S. miltiorrhiza
extract compared with those receiving CCl4 alone
(Figure 3). In addition, cytosolic cytochrome c protein
content increased in rats receiving CCl4 alone compared
with normal rats. The cytochrome c protein content also
decreased in rats receiving CCl4 plus S. miltiorrhiza com-
pared with those receiving CCl4 alone (Figure 4).

Effect of S. miltiorrhiza treatment on

mitochondrial GSH levels

Hepatic mitochondrial GSH levels showed a significant
decrease in rats receiving CCl4 alone (3.5� 0.4 nmol
(mg protein)�1, P<0.05) compared with normal rats

M 1 2 3

M: Marker

3: CCl4 + Sm (50 mg kg–1)

2: CCl4

1: Normal

Figure 1 Agarose gel electrophoresis of DNA extracted from rat

livers. Sm, S. miltiorrhiza extract.
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(7.4� 0.6 nmol (mg protein)�1). Hepatic mitochondrial
GSH levels significantly increased in rats receiving CCl4
plus S. miltiorrhiza extract (5.3� 0.4 nmol (mg protein)�1,
P<0.05) compared with those receiving CCl4 alone
(Figure 5).

S. miltiorrhiza treatment on hepatic cytosolic

calpain-m protein expression after CCl4 exposure

Compared with normal rats, increased hepatic cytosolic
calpain-� protein content was found in rats receiving CCl4
alone. In contrast, the hepatic calpain-� protein content
decreased in rats receiving CCl4 plus S. miltiorrhiza
extract compared with those receiving CCl4 alone
(Figure 6).
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Figure 2 Effect of S. miltiorrhiza extract (Sm) on hepatic cytosolic

caspase-3 (A) and caspase-8 (B) activity in normal rat, rats receiving

CCl4 alone, and rats receiving CCl4 plus S. miltiorrhiza (n¼ 8 in each

group). *P<0.05 vs normal rats; #P<0.05 vs rats receiving CCl4
alone.
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Figure 3 Western blot analysis of hepatic cytosolic Bax and Bcl-2

protein content of normal rats, rats receiving CCl4 alone, and rats

receiving CCl4 plus S. miltiorrhiza extract (Sm). Hepatic cytosolic

fractions (60�g protein per lane) were analysed for immunoreactivity

with an antibody recognizing Bax or Bcl-2, as described in Materials

and Methods.
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Figure 4 Western blot analysis of hepatic cytosolic cytochrome c

content of normal rats, rats receiving CCl4 alone, and rats receiving

CCl4 plus S. miltiorrhiza extract (Sm). The cytosolic fractions (120�g

protein per lane) were analysed for immunoreactivity with an anti-

body recognizing cytochrome c, as described in Materials and

Methods.
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Discussion

Chronic administration of S. miltiorrhiza extract signifi-
cantly attenuated apoptosis induced by CCl4, evident by
the marked amelioration of DNA fragmentation in rats
receiving CCl4 plus S. miltiorrhiza. It has been suggested
that the apoptotic signalling within the cells is mainly via

two pathways: the death receptor pathway (i.e. the extrin-
sic pathway) and the mitochondrial pathway (i.e. the
intrinsic pathway) (Guicciardi & Gores 2005). The extrin-
sic pathway originates at the cell surface, mainly involving
death-mediated receptors such as Fas receptors. Ligand/
receptor binding leads to activation of caspase-8 and initi-
ates the apoptotic pathway. The intrinsic pathway is trig-
gered by different extra- and intra-cellular signals such as
�-irradiation, oxidative stress, toxins, etc., which cause
mitochondrial dysfunction. These factors induce altera-
tion of organelle architecture and membrane permeability
with subsequent release of cytochrome c, which contri-
butes to protease activation such as caspase-3. On the
other hand, the protein Bid may provide crosstalk
between the two pathways, because Bid is activated by
caspase-8 following death receptor engagement and trans-
locates to the mitochondria where it contributes to mito-
chondrial dysfunction.

In this study, the cytosolic caspase-8 activity was not
altered in rats receiving CCl4 plus S. miltiorrhiza extract
compared with those receiving CCl4 alone. In contrast, we
found that cytosolic cytochrome c protein content and
caspase-3 activity increased in rats receiving CCl4 alone,
while these values reduced in rats receiving CCl4 plus
S. miltiorrhiza. It is well established that CCl4 is assumed
to be a typical substance that produces severe oxidative
stress. We have reported also that chronic administration
of S. miltiorrhiza extract in rats reduced the severity of
CCl4-induced hepatic fibrosis, probably through its anti-
oxidant properties (Lee et al 2003). Moreover, in this
study a replenishing of mitochondrial GSH levels in rats
receiving CCl4 with S. miltiorrhiza was observed. Taken
together, our results indicated that the effects of S. miltior-
rhiza extract in the amelioration of CCl4-induced apopto-
sis in rats mainly involved the mitochondrial pathway
through the antioxidant properties of S. miltiorrhiza.

The mitochondria are known to be a vulnerable target
of various toxins and oxidative stress. The mitochondrial
apoptotic pathway is regulated by the Bcl-2 family of
proteins. These consist of both anti-apoptosis (such as
Bcl-2) and pro-apoptosis (such as Bax) proteins (Green &
Reed 1998). In the oxidative stress-induced apoptotic
pathway, activation of the pro-apoptotic Bcl-2 family
of proteins such as Bax is known to play an important
role (Ding & Ong 2003). It has been shown that Bax can
translocate from cytosol to the mitochondria and exhibit
conformational change under the apoptotic process
(Gilmore et al 2000). In this study, we found that Bax
protein content markedly increased in rats receiving CCl4
alone, suggesting that oxidative stress caused by CCl4
administration might have activated Bax. On the other
hand, we also found that Bcl-2 protein content markedly
increased in rats receiving CCl4 alone. In other words,
the Bcl-2 protein content increased during the apoptotic
process. A similar observation regarding an increase in
Bcl-2 protein content during the course of apoptosis of
hepatic stellate cells was reported by Cales (1998). Bcl-2
is a protein found on the intracellular membrane with a
potent inhibition effect on apoptosis. Theoretically,
increased Bcl-2 protein may lead to less hepatic apoptosis
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Figure 5 Effect of S. miltiorrhiza extract (Sm) on mitochondrial

GSH levels in normal rats, rats receiving CCl4 alone, and rats receiv-

ing CCl4 plus S. miltiorrhiza (n¼ 8 in each group). *P<0.05 vs

normal rats; #P<0.05 vs rats receiving CCl4 alone.
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Figure 6 Western blots analysis of hepatic cytosolic calpain-� in

normal rats, rats receiving CCl4 alone, and rats receiving CCl4 plus S.

miltiorrhiza extract (Sm). The cytosolic fractions (120�g protein per

lane) were analysed for immunoreactivity with an antibody recogniz-

ing calpain-� as described in Materials and Methods.
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in rats receiving CCl4 alone. However, it has been shown
that Bax can dimerize with Bcl-2, inhibiting their func-
tion and thereby promoting apoptosis (Reed 1994). In
addition, Miyashita et al (1995) demonstrated that the
half-life of Bax was increased by the over-expression of
Bcl-2. Accordingly, these effects may probably mask the
beneficial effect of increased anti-apoptotic protein (Bcl-2)
content during the course of apoptosis in rats receiving
CCl4 alone. In this study, both Bax and Bcl-2 protein
contents markedly decreased in rats receiving CCl4 plus
S. miltiorrhiza extract. We demonstrated previously (Lee
et al 2003) that chronic administration of S. miltiorrhiza
extract in rats exposed to CCl4 caused a reduction in
hepatic transforming growth factor-�1 levels. It is
known that transforming growth factor-�1 is a potent
hepatic apoptogen (Lin & Chou 1992; Oberhammer et al
1993). Therefore, the production of less transforming
growth factor-�1 in rats receiving CCl4 plus S. miltior-
rhiza may result in a lesser degree of hepatic apoptosis
and a lower level of Bax protein content. Thereafter, the
Bcl-2 protein content decreased also because of a lesser
degree of hepatic apoptosis. However, whether S. mil-
tiorrhiza exerted a direct effect on the Bcl-2 family of
proteins needs to be elucidated further.

Calpain-� is considered as participating in various
intracellular signalling pathways mediated by Ca2þ

(Sorimachi et al 1997). In addition, calpain-� is a major
Ca2þ-dependent cytosolic protease that has been impli-
cated as an intracellular mediator leading to apoptosis
(Squier et al 1994) as well as necrosis (Mezey et al 2001).
It has been suggested that changes in mitochondrial per-
meability lead to the release of mitochondrial Ca2þ (Ding &
Ong 2003), and oxidative stress may be one of the impor-
tant factors that cause alteration in the mitochondrial
Ca2þ concentration. In rats receiving CCl4 alone, the
metabolites of CCl4 might have stimulated hepatic reac-
tive oxygen species generation and enhanced mitochon-
drial Ca2þ release, thereafter activating calpain. This
study observed an increase in calpain-� protein content
during the course of apoptosis in rats receiving CCl4
alone. Similar observations regarding over-expression of
calpain have been seen in human diseases marked by overt
apoptosis (Saito et al 1993). In contrast, in rats receiving
CCl4 plus S. miltiorrhiza extract, a decrease in calpain-�
protein content was found. Our results suggested that in
rats receiving CCl4 plus S. miltiorrhiza, the decrease in
oxidative stress following S. miltiorrhiza extract adminis-
tration may have decreased mitochondrial Ca2þ release.
Accordingly, the calpain-� content decreased in rats
receiving CCl4 plus S. miltiorrhiza. However, we cannot
exclude the possibility that S. miltiorrhiza administration
caused hepatocyte necrosis to a lesser degree, and there-
fore a lower expression of calpain-� content. Further
studies are needed to clarify this phenomenon.

Conclusions

Chronic administration of S. miltiorrhiza extract amelio-
rated CCl4-mediatd hepatic apoptosis in rats. The benefi-
cial effect of S. miltiorrhiza extract in the amelioration of

CCl4-induced apoptosis in rats may have involved mainly
the mitochondrial pathway, which probably acted through
the antioxidant properties of S. miltiorrhiza.

References

Basu, S. (2003) Carbon tetrachloride-induced lipid peroxidation:
eicosanoid formation and their regulation by antioxidant
nutrients. Toxicology 189: 113–127

Beddowes, E. J., Faux, S. P., Chipman, J. K. (2003) Chloroform,
carbon tetrachloride and glutathione depletion induce second-
ary genotoxicity in liver cells via oxidative stress. Toxicology
187: 101–115

Cabre, M., Ferre, N., Folch, J., Paternain, J. L., Hernandez, M.,
del Castillo, D., Joven, J., Camps, J. (1999) Inhibition of
hepatic cell nuclear DNA fragmentation by zinc in carbon
tetrachloride-treated rats. J. Hepatol. 31: 228–234

Cain, K., Freathy, C. (2001) Liver toxicity and apoptosis: role of
TGF-�1, cytochrome c and the apoptosome. Toxicol. Lett.
120: 307–315

Cales, P. (1998) Apoptosis and liver fibrosis: antifibrotic strate-
gies. Biomed. Pharmacother. 52: 259–263

Chen, W. Z. (1993) Pharmacology of Salvia miltiorrhiza. Acta.
Pharm. Sin. 19: 876–880

Davis, N. T., Lawrence, C. B. (1986) Studies on the effect of copper
deficiency on rat liver mitochondria. III. Effects on adenine
nucleotide translocase. Biochim. Biophys. Acta. 848: 294–304

Ding, W. X., Ong, C. N. (2003) Role of oxidative stress and
mitochondrial changes in cyanobacteria-induced apoptosis
and hepatotoxicity. FEMS Microbiol. Lett. 220: 1–7

Galle, P.R. (1997)Apoptosis in liver disease. J.Hepatol. 27: 405–412
Gasso, M., Rubio, M., Varela, G., Cabre, M., Caballeria, J.,

Alonso, E., Deulofem, R., Camps, J., Gimenez, A., Pajares, M.,
Pares, A., Mato, J. M., Rodes, J. (1996) Effects of S-adenosyl-
methionine on lipid peroxidation and liver fibrogenesis in carbon
tetrachloride-induced cirrhosis. J. Hepatol. 25: 200–205

Gilmore, A. P., Metcalfe, A. D., Romer, L. H., Streuli, C. H.
(2000) Integrin-mediated survival signals regulate the apopto-
tic function of Bax through its conformation and subcellular
localization. J. Cell. Biol. 149: 431–446

Green, D. R., Reed, J. C. (1998) Mitochondria and apoptosis.
Science 281: 1309–1312

Guicciardi, M. E., Gores, G. J. (2005) Apoptosis: a mechanism
of acute and chronic liver injury. Gut 54: 1024–1033

Hemmings, S. J., Pulga, V. B., Tran, S. T., Uwiera, R. R. (2002)
Differential inhibitory effects of carbon tetrachloride on the
hepatic plasma membrane, mitochondrial and endoplasmic
reticular calcium transport systems: implications to hepato-
toxicity. Cell Biochem. Funct. 20: 47–59

Hernandez-Munoz, R., Sanchez-Sevilla, L., Martinez-Gomez,
A., Dent, M. A. (2003) Changes in mitochondrial adenine
nucleotides and in permeability transition in two models of
rat liver regeneration. Hepatology 37: 842–851

Kohli, V., Madden, J. F., Bentley, R. C., Clavien, P. A. (1999)
Calpain mediates ischemic injury of the liver through modula-
tion of apoptosis and necrosis. Gastroenterology 116: 168–178

Krahenbuhl, L., Ledermann, M., Lang, C., Krahenbuhl, S.
(2000) Relationship between hepatic mitochondrial functions
in vivo and in vitro in rats with carbon tetrachloride-induced
liver cirrhosis. J. Hepatol. 33: 216–223

Lee, T. Y., Wang, G. J., Chiu, J. H., Lin, H. C. (2003) Long-term
administration of Salvia miltiorrhiza ameliorates the carbon
tetrachloride-induced chronic hepatic fibrosis in rats. J.
Pharm. Pharmacol. 55: 1561–1568

664 Tzung-Yan Lee et al



Li, L. N. (1998) Biologically active components from traditional
Chinese medicines. Pure. Appl. Chem. 70: 547–554

Lin, J. K., Chou, C. K. (1992) In vitro apoptosis in the human
hepatoma-cell line induced by transforming growth factor-
beta-1. Cancer Res. 52: 385–388

Liu, G. T., Zhang, T. M., Wang, B. E., Wang, Y. W. (1992)
Protective action of seven natural phenolic compounds against
peroxidative damage to biomembranes. Biochem. Pharmacol.
43: 147–152

Liu, J., Yang, C. F., Lee, B. L., Shen, H. M., Ang, S. G., Ong, C.
N. (1999) Effect of Salvia miltiorrhiza on aflatoxin B1-induced
oxidative stress in cultured rat hepatocytes. Free Radic. Res.
31: 559–568

Lowry, O. H., Rosebrough, N. J., Farr, A. L., Randall, R. J.
(1951) Protein measurements with Folin phenol reagent. J.
Biol. Chem. 193: 265–275

Mezey, E., Rennie-Tankersley, L., Potter, J. J. (2001) Liver
alcohol dehydrogenase is degraded by the ubiquitin-protea-
some pathway. Biochem. Biophys. Res. Commun. 285: 644–648

Miyashita, T., Kitada, S., Krajewski, S., Horne, W. A., Delia, D.,
Reed, J. C. (1995) Overexpression of the Bcl-2 protein increases
the half-life of p21Bax. J. Biol. Chem. 270: 26049–26052

Nan, J. X., Park, E. J., Kang, H. C., Park, P. H., Kim, J. Y.,
Sohn, D. H. (2001) Anti-fibrotic effects of a hot-water
extract from Salvia miltiorrhiza roots on liver fibrosis
induced by biliary obstruction in rats. J. Pharm.
Pharmacol. 53: 197–204

Oberhammer, F., Bursch, W., Tiefenbacher, R., Froschl, G.,
Pavelka, M., Purchio, T., Schulte-Hermann, R. (1993)
Apoptosis is induced by transforming growth factor-beta-1
within 5 hours in regressing liver without significant fragmen-
tation of the DNA. Hepatology 18: 1238–1246

Reed, J. C. (1994) Bcl-2 and the regulation of programmed cell
death. J. Cell Biol. 124: 1–6

Ronco, M. T., de Alvarez, M. L., Monti, J., Carrillo, M. C.,
Pisani, G., Lugano, M. C., Carnovale, C. E. (2002)
Modulation of balance between apoptosis and proliferation
by lipid peroxidation (LPO) during rat liver regeneration.
Mol. Med. 8: 808–817

Saito, K., Elcs, J. S., Hamos, J. E., Nixon, R. A. (1993)
Widespread activation of calcium-activated neutral proteinase
(calpain) in the brain in Alzheimer disease: a potential mole-
cular basis for neuronal degeneration. Proc. Natl Acad. Sci.
USA 90: 2628–2632

Satoh, A., Yokozawa, T., Kim, Y. A., Cho, E. J., Okamoto, T.,
Sei, Y. (2005) The mechanisms underlying the anti-aging activ-
ity of the Chinese prescription Kangen-karyu in hydrogen
peroxide-induced human fibroblasts. J. Pharm. Pharmacol.
57: 1335–1343

Shi, J., Aisaki, K., Ikawa, Y., Wake, K. (1998) Evidence of
hepatocyte apoptosis in rat liver after the administration of
carbon tetrachloride. Am. J. Pathol. 153: 515–525

Sorimachi, H., Ishiura, S., Suzuki, K. (1997) Structure and phy-
siological function of calpains. Biochem. J. 328: 721–732

Squier, M. K., Miller, A. C., Malkinson, A. M., Cohen, J. J.
(1994) Calpain activation in apoptosis. J. Cell Physiol. 159:
229–237

Sun, F., Hamagawa, E., Tsutsui, C., Ono, Y., Ogiri, Y., Kojo, S.
(2001) Evaluation of oxidative stress during apoptosis and
necrosis caused by carbon tetrachloride in rat liver. Biochim.
Biophys. Acta. 1535: 186–191

Wasser, S., Ho, J. M., Ang, H. K., Tan, C. E. (1998) Salvia
miltiorrhiza reduces experimentally-induced hepatic fibrosis
in rats. J. Hepatol. 29: 760–771

Salvia miltiorrhiza and hepatic apoptosis 665


