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Abstract: In order to elucidate the mechanism of action of
curcumin against hepatic fibrosis, cultured rat hepatic stel-
late cells (HSC) (HSC-T6) were incubated with curcumin for
24 h, after which apoptosis was measured by flow-cytome-
try. The protein levels of the pro-apoptotic factors Fas and
p53b as well as of the anti-apoptotic factor Bcl-2 were moni-
tored by immunocytochemical ABC staining after incuba-
tion with curcumin for 24 h. In the case of 20 uM curcumin,
not only was the respective apoptosis index increased, but
also the abundance of the pro-apoptotic factors Fas and
p53 were amplified, whereas that of the anti-apoptotic
factor Bcl-2 decreased. All these effects were highly repro-
ducible (P<0.05). Consequently, curcumin has an up-reg-
ulating effect on pro-apoptotic factors like Fas and p53 as
well as a down-regulating effect of the anti-apoptotic fac-
tor Bcl-2, thus inducing apoptosis in HSC.
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1 Introduction

Hepatic stellate cells (HSCs) are the major type of mesen-
chymal cells in liver tissue and play a crucial role in the
pathogenesis of hepatic fibrosis. The latter is character-
ized by their massive proliferation, accompanied by the
production and deposition of an excess of extracellular
matrix (ECM) in the perisinusoidal space. This prolifera-
tion later results in liver cirrhosis and finally in hepato-
cellular carcinoma unless interrupted or treated [1]. Being
capable of both autocrine and paracrine signalling, HSCs
can further synthesize pro-inflammatory cytokines and
growth factors such as transforming growth factor (TGF),
tumor necrosis factor (TNF), and connective tissue growth
factor (CTGF).

Nevertheless, only very few effective antifibrogenic
therapies have been developed until now in conventional
medicine. On the other hand, several medicinal plants of
Traditional Chinese Medicine (TCM) have a long history of
successful application for curing chronic liver diseases.
Among these, the famous turmeric (Curcuma longa L.)
and its major constituent curcumin (Figure 1) exert anti-
inflammatory, anti-tumor, immune modulatory, as well as
tissue protection and repair effects [2-9].

Curcumin was recently found to possess significant
curative potential against hepatic fibrosis not only in in
vitro studies but also in an in vivo model system developed
in our laboratory during preliminary experiments for the
present study. This activity is directly connected with the
above mentioned liver tissue protective effects and attenu-
ates hepatic fibrosis by inhibiting HSC proliferation while
inducing HSC apoptosis [10, 11]. Other pharmacological
targets like the prevention of lipid peroxidation play a
minor, less well understood role [1, 12, 13].

A very important, but as yet unknown, point are the
signalling pathways leading to apoptosis after contact
with curcumin. However, these are essential for devel-
oping a strategy for curing hepatic fibrosis by inducing
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Figure 1: Structure of curcumin.

apoptosis in HS cells. In a previously published in vitro
study, proliferation inhibition and apoptosis induc-
tion in HSCs appeared to be related to the activation of
the peroxisome proliferator [14], a key regulator of both
apoptosis and the normal cell cycle. In studies on fully
malign cancer cells, curcumin has been shown to induce
apoptosis by down-regulating the expression of the anti-
apoptotic factors Bcl-2 and Bcl-xL [15] as well as up-reg-
ulating the caspases and the pro-apoptotic factors Bax
and Bak [16]. It is presently unknown if these pharmaco-
logical targets are also responsible for the induction of
apoptosis in HSCs before genuine malign cancer cells are
developed.

The present study aims to clarify the pathway between
curcumin induced HSC apoptosis and the modulation of
the expression of the apoptosis related growth factors Fas,
p53, and Bcl-2.

2 Materials and methods
2.1 Preparation of the curcumin stock solution

Curcumin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
40 uL of dimethyl sulfoxide (DMSO) equivalent to <0.1 % of the final
volume. This solution was mixed rapidly with Dulbecco’s modified
Eagle’s medium (DMEM) (Hyclone-Gibco; ThermoFisher, Grand
Island, NY, USA) to provide a solution of 10 mM curcumin, which was
sterilized by filtration through a 0.22 pm syringe filter. Aliquots were
stored in the dark at —20°C. For the negative-controls, a correspond-
ing control solution with equal amounts of DMSO and DMEM but
without curcumin was prepared.

2.2 HSC-T6 culture

The rat HSC cell line HSC-T6, which possesses an activated pheno-
type, was a generous gift from Professor Lie-Ming Xu (Division of
Liver Diseases, Shanghai TCM University, China). These cells were
cultured in DMEM supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin, and 10 % new-born calf serum (Hyclone-Gibco). Cells
were incubated in a cell culture flask at 37°C under 5 % CO,/95 %
air with saturated humidity. The culture medium was changed every
2 days. When cell density reached 80 %-90 %, cultures were trans-
ferred into new medium at a ratio of 1:4 after digestion with 0.02 %
EDTA and 0.25 % trypsin.
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2.3 Cytotoxicity test

Cells in logarithmic growth phase were transferred to a 96-well plate,
applying 100 puL of the culture to each well, resulting in an initial cell
density of 1.25 x 10°/ml. Twenty-four hours later, they were treated
and subsequently cultured with different concentrations of cur-
cumin, namely 0, 20, 30, 40, 50, 60, 70, 80, 90, 100 uM with five rep-
etitions for each concentration. The morphology of the HSC-T6 cells
was observed using an inverted microscope.

2.4 Detection of apoptosis by flow cytometry

Cells in logarithmic growth phase were transferred into T-25 culture
flasks at an initial cell density of 1.25 x 10°/ml and incubated for 24 h
before treatment with 0, 10, 20, 30, or 40 uM curcumin for the next
24 h. Both suspended and adherent cells were harvested completely
and washed once with cold phosphate-buffered saline (PBS). Subse-
quently, cells were incubated using the Annexin-V-FLUOS Staining
Kit (Roche Diagnostics, Penzberg, Germany) in accordance with the
instructions of the manufacturer. After this treatment, the amount of
apoptotic cells was measured using a BD Biosciences FACS Calibur
flow cytometer (San Jose, CA, USA).

2.5 Immunocytochemical experiment

HSCs in logarithmic growth phase were transferred into six-well
plates at an initial cell density of 1.25 x 10°/ml and incubated for 24
h. Then they were incubated with 20 uM curcumin for another 24 h.
HSCs were washed three times with PBS after which 4 % (w/v) para-
formaldehyde was added to fix the cells. Negative-control groups of
HSCs were treated identically during the entire experiment with the
above described control solution without curcumin, applying a dose
of DMSO equivalent to that used with the highest curcumin doses.
Amongst these negative-control groups, an additional blank-control
(Figure 2) was treated identically to all other experimental setups but
without the addition of the primary antibody described in the fol-
lowing paragraph. Subsequent immunocytochemical tests were per-
formed according to the manual of the respective reagent kit, namely
the Bcl-2 Antibody kit (Santa Cruz Biotechnology, Dallas, TX, USA)
and the p53 and Fas Antibody kits (both from BosterBio, Pleasanton,
CA, USA). After immunological staining was completed, the cells
were counterstained with haematoxylin. Positive staining for p53,
Bcl-2, or Fas is visible as brown grains in the nucleus, at the mem-
brane, or both at the membrane and in the cytosol, respectively. Both
the absolute number of cells and the amount of positively stained
cells were counted using an Olympus BX50-32HO1 optical micro-
scope (Olympus, Tokyo, Japan) for a total of 400 samples from each
of which 10 individual fields of vision were selected randomly. The
average percentage of positively stained cells in comparison to the
total cell count was defined as the ratio of positive expression.

2.6 Statistical analysis

The SPSS11.0 software package was used for statistical analysis. All
results were expressed as means + SD. Multiple comparisons between
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Figure 2: Blank-control. HSCs of a negative-control group that was
treated identically to all other experimental setups but without the
addition of the primary antibody.

different groups were performed by ANOVA, whereas paired compari-
sons were performed by the t-test. Categorical data were compared
via y*test. P<0.05 was considered statistically significant.

3 Results

3.1 Cytotoxicity test of curcumin

When observed through an inverted microscope, each
group of cultured cells displayed their normal cellular
morphology as fusiform, stellate or irregular cells with
intact cellular membranes. The cells looked like typical
fibroblasts and neither cell debris nor cells with deformed
nuclei were observed. No significant differences between
normal and curcumin treated cells could be detected
for those groups which received the 20 uM and 80 UM
dosages, suggesting that curcumin did not harm the HSCs
at concentrations less than or equal to 80 puM.

3.2 Apoptosis of HSCs

After treatment with 10, 20, 30, and 40 uM curcumin for
24 h, the apoptosis indices of the respective HSCs were
6.5+ 1.9 %, 11.6 £ 2.8 %, 52.0 + 4.4 %, and 87.1 + 12.6 %,
respectively, demonstrating a clear statistically significant
concentration-dependence (P<0.05). Compared with the
apoptosis index of 3.8 + 0.6 % measured for the negative-
control group, which was lower than that of all curcumin
groups, there was an even clearer statistical difference
(P<0.01).
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3.3 Abundance of the proteins Fas, p53 and
Bcl-2

Following the treatment of HSCs with 20 uM curcumin, a
substantial increase in the abundance of both Fas and p53
was observed, while that of Bcl-2 was reduced (Figure 3).
When compared with the negative-control group, these
differences were clearly significant (P<0.05) for all three
proteins (Table 1). In contrast, no significant changes were
observed in the 10 uM samples. In the case of the 30 and
40 uM samples, apoptosis occurred so fast that the ABC
staining could not be carried out properly.

4 Discussion

In the present study, curcumin was clearly demonstrated
to induce apoptosis of HSCs in a concentration-dependent
manner. Furthermore, this curcumin-induced apopto-
sis was shown to be related to increased abundance of
the pro-apoptotic proteins Fas and p53 as well as on the
reduced level of the anti-apoptotic protein Bcl-2.

Hepatic fibrosis has been demonstrated to be com-
pletely reversible if the factor(s) of continuous injury can
be eliminated and anti-fibrotic therapy for protecting
hepatic tissue is performed. In contrast, untreated chronic
hepatic injury inevitably progresses, leading to hepatic
cirrhosis and finally hepatocellular carcinoma. Neverthe-
less, no fully effective method for the treatment of hepatic
fibrosis has been developed to date. The further prolifer-
ation of HSCs is considered a key element in the patho-
genesis of hepatic fibrosis. Consequently, preventing
proliferation or inducing apoptosis of HSCs has become a
prime target of research for anti-fibrotic therapies.

In this context, medicinal plant extracts used in TCM,
which constitute a variety of multi component mixtures,
have received increasing attention due to their parallel
action on multiple pharmacological targets on multiple
levels of disease mechanisms, which is in strong contrast to
the single target activity of chemical monomolecular drugs.

Curcumin, the main phenolic constituent of turmeric
(C. longa L.), plays an important role in TCM due to its
anti-inflammatory, anti-oxidative, anti-neoplastic, and
anti-fibrotic activity. The present study demonstrates that
after treatment with curcumin for 24 h, apoptosis of HSC
increases significantly and in close correlation with the
applied curcumin concentration.

Apoptosis of HSCs is a complex process which is regu-
lated by several molecular pathways. It has already been
demonstrated in experiments with cultured HSCs that
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Figure 3: Abundance of Fas, p53 and Bcl-2 in control and curcumin-treated HSCs. Fas (A, B): HSCs of the negative-control group (A), which
was treated identically to the other groups, but in the absence of curcumin. HSCs treated with 20 uM curcumin (B). Dark grains, revealing
the presence of Fas in both membrane and cytosol after immunocytochemical staining, are significantly more numerous in B as compared
to A. p53 (C, D): HSCs of the negative-control group (C), and of the curcumin-treated group (D). Dark grains, revealing the presence of p53
in the nuclei after immunocytochemical staining, are significantly more numerous in D as compared to C. Bcl-2 (E, F): HSCs of the negative-
control group (E) and of the curcumin-treated group (F). Dark grains, revealing expression of Bcl-2 at the cell membrane after immunocyto-
chemical staining, are significantly more numerous in E as compared to F.

both CD95 (APO-1/Fas) and CD95L (APO-1-/Fas-ligand)
become increasingly abundant during apoptosis. Further-
more, apoptosis could be blocked completely by CD95-
binding antibodies, even in HSCs already entering the
apoptotic pathway [17]. Conversely, CD95-activating anti-
bodies induced apoptosis in more than 95 % of the HSCs
[17]. The expression of the apoptosis-regulating proteins

Bcl2 and p53 was found to increase during apoptosis,
which is especially interesting as p53 expression could be
induced by CD95-activating antibodies [18].

In the present study, we have demonstrated that the
abundance of Fas and p53 increased significantly upon
treatment with curcumin, whereas in the case of Bcl2 an
equally significant decrease was observed. These data
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Table 1: Abundance of Fas, p53, and Bcl-2 following curcumin treat-
ment (20 uM).

Groups Positively stained cells in percent of total

number of cells counted

Fas p53 Bcl-2

20.6+7.2%
43.1+£7.3 %

95.4+3.6 %
28.7+5.9 %

Negative-control group 33.1+3.1%
Curcumin group 87.4+2.8 %

aSignificantly different from the negative-control group (P<0.05).
For experimental details, see text.

suggest that effects on the expression of apoptosis related
growth factors are at least partly responsible for the cur-
cumin - and by extension, the C. longa extract — induced
apoptosis of HSCs.

In conclusion, the present in vitro study revealed the
concentration-dependent induction of apoptosis in HSCs
by exposure to curcumin, accompanied by enhanced
abundance of Fas and thp53, in addition to a reduced
abundance of Bcl2. These data suggest that upregula-
tion of the pro-apoptotic factors Fas and p53 as well as
down regulation of the anti-apoptotic factor Bcl-2 may
be involved in curcumin-induced apoptosis of HSC cells,
similar to the processes previously reported for fully
malign cancer cells [15, 16].
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