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Abstract: Hepatic fibrosis is a naturally occurring wound-healing reaction, with an imbalance
of extracellular matrix (ECM) during tissue repair response, which can further deteriorate to
hepatocellular carcinoma without timely treatment. Inhibiting activated hepatic stellate cell (HSC)
proliferation and inducing apoptosis are the main methods for the treatment of liver fibrosis. In our
previous study, we found that the TOA-glycine derivative (G-TOA) had exhibited more significant
inhibitory activity against HepG2 cells and better hydrophilicity than TOA, ligustrazine (TMP),
and oleanolic acid (OA). However, inhibiting activated HSC proliferation and inducing apoptosis
by G-TOA had not been reported. In this paper, the selective cytotoxicity of G-TOA was evaluated
on HSC-T6 cells and L02 cells, and apoptosis mechanisms were explored. It was found that G-TOA
could selectively inhibit the proliferation of activated HSC-T6 cells, induce morphological changes,
early apoptosis, and mitochondrial membrane potential depolarization, increase intracellular free
calcium levels, downregulate the expression of NF-κB/p65 and COX-2 protein, and decrease the
ratio of Bcl-2/Bax, thereby inducing HSC-T6 cell apoptosis. Thence, G-TOA might be a potential
antifibrosis agent for the therapy of hepatic fibrosis, provided that it exerts anti-fibrosis effects on
activated HSC-T6 cells.

Keywords: ligustrazine-oleanolic acid glycine derivative; selectively inhibition; apoptosis;
HSC-T6 cells; hepatic fibrosis

1. Introduction

Hepatic fibrosis is a naturally occurring wound-healing reaction, characterized by the imbalance
of synthesis, degradation, and deposition of extracellular matrix (ECM) during tissue repair
response, which can further deteriorate to hepatocellular carcinoma without timely treatment [1–4].
Chronic hepatitis B and C viral infection, alcoholic abuse, hepatic fat accumulation, biliary obstruction,
non-alcoholic steatohepatitis, parasitemia, drug toxicity, inborn errors of metabolism, autoimmune
disease, hereditary hemochromatosis, and other factors can cause damage to hepatocytes and elicit
inflammatory reaction in the liver [5–7]. When liver injury and inflammation reactions are persistent
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and progressive, the liver cannot regenerate normally and cause fibrosis [2]. However, progressive
liver fibrosis can further deteriorate to cirrhosis and ultimately progress to hepatocellular carcinoma
without effective treatment. Currently, there is no approved antifibrotic clinical drug.

The inflammation or necrosis of hepatocytes can activate Kupffer cells to release transforming
growth factor-β (TGF-β), platelet-derived growth factor (PDGF), tumor necrosis factor-α (TNF-α),
reactive oxygen species (ROS), and other soluble agents [1]. These agents can further activate hepatic
stellate cells (HSCs), which are quiescent and produce a small amount of ECM in a healthy liver, to
cause excessive deposition of ECM in the liver, thus lead to a large number of fibrous dysplasia [8].
As the primary ECM-producing cells in liver, prolonged and repeated activation of stellate cells causes
hepatic fibrosis in chronic liver disease [9]. During the regression of hepatic fibrosis, the reduction
of activated HSCs is greatly induced by cellular senescence, apoptosis, or the return to the quiescent
state [10–12]. Therefore, inhibiting activated HSC proliferation and inducing apoptosis are the main
methods for the treatment of liver fibrosis.

Oleanolic acid (OA), an oleanane-type triterpenoid that belongs to the pentacyclic triterpene
family, is well known for protective activity for the treatment of liver injury, chronic liver fibrosis,
cirrhosis, and hepatic carcinoma [13]. In recent reports, due to its favorable properties, OA had been
used as a base molecule for further synthetic modifications to develop lead compounds, in particular as
potential anti-tumor and anti-fibrotic agents [14–23]. In the previous report, the lead compound TOA
exhibited promising anticancer effects in vitro and in vivo [24–26]. It was synthesized by conjugating
ligustrazine (TMP) and oleanolic acid (OA), the active ingredients of traditional Chinese medicine
(TCM) with promising hepatoprotective activity [27–31]. However, TOA and its structural analogs
also demonstrated better inhibitory activity against HSC-T6 than TMP, OA, and other precursor
ingredients [32]. The TOA-glycine derivative (G-TOA) had exhibited more significant inhibitory
activity against tumor cells than TOA in previous research, which was worthy of further study [33].
However, G-TOA’s inhibition of HSC-T6 proliferation had not been carried out.

In the present study, the selective cytotoxicity of G-TOA was evaluated on rat hepatic stellate cell
lines (HSC-T6) and human liver L02 cells by an MTT assay, with colchicine selected as the positive
group. The morphology changes of HSC-T6 cells were observed with HE staining. Apoptosis, cell
cycle, mitochondrial membrane potential, and intracellular calcium levels were analyzed with the
related special fluorescent dyes via flow cytometry. The expression of NF-κB/p65 and COX-2 was
detected via immunohistochemical analysis. The expression of Bcl-2 and Bax proteins and ratio of
Bcl-2/Bax were detected via Western blot.

2. Results

2.1. Inhibition of Cell Proliferation

The G-TOA’s inhibition of HSC-T6 and L02 cell proliferation was evaluated via MTT assay with
colchicine selected as the positive group. As shown in Figure 1a, G-TOA could significantly inhibit
HSC-T6 cell proliferation in a dose-time dependent manner (IC50 = 5.83 ± 0.59 µM) and was superior to
colchicine. However, the effect of G-TOA on the proliferation of L02 cells was bidirectional regulation.
As shown in Figure 1b, it promoted the proliferation at a low concentration (≤2.5 µM) and inhibited at
a high concentration (≥5 µM). The results showed that G-TOA could selectively inhibited HSC-T6
cell proliferation.

Combined with the growth curve of HSC-T6 cells and the effect of G-TOA on the morphological
changes of HSC-T6 and L02 cells under a light microscope, the appropriate time and doses of
administration was selected as 2, 3, and 4 µM for 48 h in order to avoid excessive damage of cells to
explore apoptosis mechanisms.
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Figure 1. The effect of the TOA-glycine derivative (G-TOA) and colchicine on the proliferation of  
HSC-T6 cells and L02 cells. (a) The effect of G-TOA and colchicine on the proliferation of HSC-T6 cells; 
(b) The effect of G-TOA on the proliferation of HSC-T6 cells and L02 cells were determined for 48 h. 
Compared with the normal control group. * p < 0.05; ** p < 0.01. 

2.2. Morphologic Changes 

The morphologic changes of HSC-T6 cells induced by G-TOA were observed via HE staining. 
As shown in Figure 2, HSC-T6 cells grown exuberant with morphology intact, cellular junctions tight 
and arranged in order of control group. After administration, the morphology of HSC-T6 cells was 
normal, but the extension of cell body was slightly inhibited in the low dose group. Apparent apoptosis 
features appeared in the middle dose group, including cell shrinkage and rounding, reduction of 
intercellular connections, nuclear condensation. Moreover, eosinophilic bodies were found in the 
cytoplasm and the nuclei were stained deeply. In the meantime, the cytoplasm appeared dense. 
Chromatin undergoes condensation into compact patches against the nuclear envelope in a process 
known as pyknosis, a hallmark of apoptosis. In the high dose group, normal cell morphology was 
markedly destroyed, cytoplasm and intercellular junction decreased, and vacuoles appeared. The nucleus 
broke into several discrete chromatin bodies or nucleosomal units due to the degradation of DNA. 
Meanwhile, the cells broke apart into multiple vesicles called apoptotic bodies. 
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2.3. Nuclear Fragmentation 

Apoptosis could be differentiated from necrosis by their characteristic nuclear changes. The nuclear 
fragmentation of HSC-T6 cells induced by G-TOA was observed using DAPI staining. As shown in 
Figure 3, the nuclear staining was slightly blue and homogeneous, and cells with smaller nuclei were 

Figure 1. The effect of the TOA-glycine derivative (G-TOA) and colchicine on the proliferation of
HSC-T6 cells and L02 cells. (a) The effect of G-TOA and colchicine on the proliferation of HSC-T6 cells;
(b) The effect of G-TOA on the proliferation of HSC-T6 cells and L02 cells were determined for 48 h.
Compared with the normal control group. * p < 0.05; ** p < 0.01.

2.2. Morphologic Changes

The morphologic changes of HSC-T6 cells induced by G-TOA were observed via HE staining.
As shown in Figure 2, HSC-T6 cells grown exuberant with morphology intact, cellular junctions tight
and arranged in order of control group. After administration, the morphology of HSC-T6 cells was
normal, but the extension of cell body was slightly inhibited in the low dose group. Apparent apoptosis
features appeared in the middle dose group, including cell shrinkage and rounding, reduction of
intercellular connections, nuclear condensation. Moreover, eosinophilic bodies were found in the
cytoplasm and the nuclei were stained deeply. In the meantime, the cytoplasm appeared dense.
Chromatin undergoes condensation into compact patches against the nuclear envelope in a process
known as pyknosis, a hallmark of apoptosis. In the high dose group, normal cell morphology
was markedly destroyed, cytoplasm and intercellular junction decreased, and vacuoles appeared.
The nucleus broke into several discrete chromatin bodies or nucleosomal units due to the degradation
of DNA. Meanwhile, the cells broke apart into multiple vesicles called apoptotic bodies.
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Figure 2. The effect of G-TOA on the morphology of HSC-T6 cells.

2.3. Nuclear Fragmentation

Apoptosis could be differentiated from necrosis by their characteristic nuclear changes.
The nuclear fragmentation of HSC-T6 cells induced by G-TOA was observed using DAPI staining.
As shown in Figure 3, the nuclear staining was slightly blue and homogeneous, and cells with
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smaller nuclei were rarely seen. After exposure to different concentrations of G-TOA, the contours
of some cells became irregular, the nuclei condensed (as brightly blue fluorescence indicated),
and apoptotic bodies appeared. The results indicated that G-TOA could induce HSC-T6 cell apoptosis
via nuclear fragmentation.
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Cell cycle was evaluated via propidium iodide (PI) staining using flow cytometry. As shown in 
Figure 5, the cell percentage in the G0/G1 phase had a smaller increase in the middle dose group, 

Figure 3. The effect of G-TOA on the nuclear fragmentation of HSC-T6 cells.

2.4. Apoptosis Analysis

In an attempt to explicate whether the loss in cell viability induced by G-TOA was associated with
apoptosis, the interactions of HSC-T6 cells with G-TOA were further performed via annexin V-FITC/PI
double staining. The apoptosis ratios induced by G-TOA on HSC-T6 cells were quantitatively
determined using flow cytometry. As shown in Figure 4, apoptosis ratios (including the early and late
apoptosis ratios) increased from (7.70 ± 0.290)% to (14.30 ± 1.153)% and (22.40 ± 0.536)%, respectively,
while that of the control was only (4.77 ± 0.218)%. The differences were statistically significant
(p < 0.01). The results indicated that G-TOA could induce apoptosis in HSC-T6 cells.
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2.5. Cell Cycle Measurement

Cell cycle was evaluated via propidium iodide (PI) staining using flow cytometry. As shown in
Figure 5, the cell percentage in the G0/G1 phase had a smaller increase in the middle dose group,
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while the proportion in the G1 phase and the G2 phase did not change significantly (p > 0.05). With the
concentration increased, the percentage in the S phase in the drug intervention group decreased and
then increased. However, a sub-diploid apoptosis peak appeared in the high dose group. This indicated
that there was no significant effect on the cell cycle of HSC-T6 cells, while the high dose of G-TOA
could significantly induce HSC-T6 cell apoptosis.

Molecules 2016, 21, 1599 5 of 13 

 

while the proportion in the G1 phase and the G2 phase did not change significantly (p > 0.05). With 
the concentration increased, the percentage in the S phase in the drug intervention group decreased 
and then increased. However, a sub-diploid apoptosis peak appeared in the high dose group. This 
indicated that there was no significant effect on the cell cycle of HSC-T6 cells, while the high dose of 
G-TOA could significantly induce HSC-T6 cell apoptosis. 

(a) (b)

Figure 5. (a) The effect of different concentrations of G-TOA on the cell cycle of HSC-T6 cells; (b) The ratios 
of different phases of cell cycle on different concentrations of administration. 

2.6. Changes in Mitochondrial Membrane Potential (∆ψm) 

Depolarization of ΔΨm is a critical step that occurs in all cell types undergoing apoptosis. In this 
paper, ΔΨm was measured quantitatively by the fluorescent dye JC-1. As shown in Figure 6, the green 
fluorescent ratio increased from (21.30 ± 0.681)% in the control group to (18.83 ± 0.546)%, (14.15 ± 
0.804)%, and (8.97% ± 0.940)%, respectively, with different concentrations of G-TOA. The results 
indicated that G-TOA could induce mitochondrial membrane potential depolarization and lead to 
HSC-T6 cell apoptosis.  

(a) (b) 

Figure 6. (a) The effect of different concentrations of G-TOA on the mitochondrial membrane potential 
of HSC-T6 cells. (b) The green ratios on different concentrations of administration. Compared with 
the control group. * p < 0.05; ** p < 0.01. 

  

Figure 5. (a) The effect of different concentrations of G-TOA on the cell cycle of HSC-T6 cells; (b) The
ratios of different phases of cell cycle on different concentrations of administration.

2.6. Changes in Mitochondrial Membrane Potential (∆ψm)

Depolarization of ∆Ψm is a critical step that occurs in all cell types undergoing apoptosis.
In this paper, ∆Ψm was measured quantitatively by the fluorescent dye JC-1. As shown in Figure 6,
the green fluorescent ratio increased from (21.30 ± 0.681)% in the control group to (18.83 ± 0.546)%,
(14.15 ± 0.804)%, and (8.97% ± 0.940)%, respectively, with different concentrations of G-TOA.
The results indicated that G-TOA could induce mitochondrial membrane potential depolarization and
lead to HSC-T6 cell apoptosis.
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2.7. Intracellular Free Ca2+ Detection

A sustained increase in intracellular Ca2+ concentrations is recognized as a factor for cell death or
injury [34]. The level of intracellular free Ca2+ was examined by the fluorescent dye Fluo-3AM, which
was converted to Fluo-3 upon deacetylation within the cells, and Fluo-3 increases green fluorescence
upon Ca2+ binding [35]. As shown in Figure 7, with the concentration of G-TOA increasing from 2.0 µM,
3.0 µM to 4.0 µM, intracellular free Ca2+ fluorescence increased dramatically from (77.97 ± 1.128)% to
(91.13 ± 3.763)% and then to (95.30 ± 1.840)%. The differences were statistically significant (p < 0.01).
The results indicate that G-TOA induces HSC-T6 cell apoptosis with the increase in intracellular free
Ca2+ levels.
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2.8. Immunohistochemical Analysis

NF-κB/p65 has been shown to be associated with the inhibition of cell apoptosis [36].
COX-2 can promote the metastasis of cells by promoting tumor angiogenesis and by inhibiting
cell apoptosis [37,38]. The expression of NF-κB/p65 and COX-2 protein in HSC-T6 cells was detected
via immunohistochemical analysis. As shown in Figure 8, the expression of NF-κB/p65 and COX-2
protein in HSC-T6 cells decreased in a dose-dependent manner compared with the control group.
The result revealed that G-TOA could prevent NF-κB activation and suppress expression of COX-2.
This indicates that G-TOA might induce HSC-T6 cell apoptosis by suppression of NF-κB/p65 and
COX-2 expression.
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2.9. Expression of Bax, Bcl-2, and the Ratio of Bcl-2/Bax

The balance between Bax and Bcl-2 is critical in activating and deactivating cellular apoptotic
machinery [39,40]. In this study, the expression of Bax, Bcl-2 proteins, and the ratio of Bcl-2/Bax of
HSC-T6 cells induced by G-TOA were determined using Western blot analysis. As shown in Figure 9,
compared with the control group, the expression of Bcl-2 protein decreased significantly after different
concentrations of administration (p < 0.05), while the expression of Bax protein increased, and the
ratio of Bcl-2/Bax decreased with increasing concentrations of administration (p < 0.05). This indicates
that G-TOA can upregulate the expression of Bax and downregulate the expression of Bcl-2 to cause
HSC-T6 cell apoptosis.
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3. Discussion

In recent reports, a large number of oleanolic acid derivatives were designed, synthesized, and
evaluated for antitumor activity, in particular as potential anti-hepatic carcinoma and anti-fibrotic
agents, which had made outstanding progresses [21,23]. The hepatoprotective activity of OA could
be due to its anti-oxidant and anti-inflammatory effects, as well as its effect on drug-metabolizing
enzymes [13]. Most of the derivatives could induce hepatocellular carcinoma cell apoptosis through
the mitochondrial pathway, the ROS generation, and mitochondrial fatty acid oxidation, along with
cell cycle arrest [15]. G-TOA was discovered via the optimization of the ligustrazine-oleanolic acid
derivative (TOA), an anticancer and antifibrotic lead compound [24–26,32]. Moreover, it had better
anti-tumor activity and hydrophilicity [33]. However, the antifibrotic activity of G-TOA has not been
reported. HSCs are the major precursor of activated myofibroblasts that can produce ECM proteins
during liver fibrosis. Currently, many treatments under evaluation can inhibit either their activation or
their proliferation to affect the accumulation of activated HSCs [41]. In the present study, G-TOA could
selectively inhibit the proliferation of activated HSC-T6 cells, while there was no significant inhibition
against L02 cells at low concentrations. G-TOA can induce HSC-T6 early cell apoptosis, change in
normal cellular morphology, and apparent apoptosis features, such as cell shrinkage, nuclear chromatin
margination, condensed nuclei, nuclear fragmentation, and the formation of eosinophilic bodies.

Inhibiting activated HSC proliferation and inducing apoptosis are the main approaches for the
treatment of liver fibrosis. The initiation of apoptosis is regulated by activation mechanisms, including
the intrinsic pathway (the mitochondrial pathway) and the extrinsic pathway [42]. Mitochondrion
is considered to play a key and even central role in the apoptotic process [43,44]. Mitochondrial
dysfunction can participate in the induction of apoptosis and is suggested to be central to the
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apoptotic pathway [45]. It has been demonstrated that the opening of the mitochondrial permeability
transition pore can induce transmembrane potential depolarization to release the apoptogenic factors
generated when cells are stressed from the intermembrane space in the cytosol and from the loss
of oxidative phosphorylation. The intrinsic pathway is activated by intracellular signals generated
when cells are stressed and depends on the release of proteins from the intermembrane space of
mitochondria [42,46–48]. The extrinsic pathway is activated by extracellular ligands that can bind to
cell-surface death receptors to form the death-inducing signaling complex (DISC) [42]. Moreover, as
one of the extrinsic pathways, the increase in intracellular calcium levels induced by the drug can
cause apoptosis via calcium binding protease calpain. Calcium is a small signaling molecule regulating
various biological cell functions [49]. Ca2+ overload plays an important role in the initiation and
regulation of cell apoptosis [50] and leads to the activation of pro-apoptotic factors, resulting in
apoptosis [51]. The pro-apoptotic effect of Ca2+ is mediated by Ca2+-sensitive factors. The Ca2+

dynamics appear to be modulated by the apoptosis-regulating Bcl-2 family proteins [52]. The members
of the Bcl-2 family are important regulators of mitochondrial integrity, mitochondria-initiated
cytochrome C release, and caspase activation, including Bax and Bcl-2. Bax is a pro-apoptotic protein
that can regulate cytochrome C release from mitochondria under a variety of stress conditions, whereas
Bcl-2 is an anti-apoptotic protein that prevents cytochrome C release by heterodimerizing with Bax [53].
In this paper, we found that the expression of Bcl-2 protein decreased significantly after different
concentrations of administration (p < 0.05), while the expression of Bax protein increased, and the ratio
of Bcl-2/Bax decreased, with increasing concentrations of administration (p < 0.05). This indicates
that G-TOA can upregulate the expression of Bax and downregulate the expression of Bcl-2 to cause
HSC-T6 cell apoptosis.

The NF-κB signaling pathway has particular relevance to several liver diseases including
hepatitis, liver fibrosis, cirrhosis, and hepatocellular carcinoma, which is a potential target for
the development of hepatoprotective agents [54]. NF-κB regulates multiple essential functions
in hepatocytes and HSCs [3], and regulates the expression of genes involved in antiapoptosis,
proliferation, and metastasis [55]. The NF-κB signaling pathway is related to ECM protein production
and upregulates proinflammatory genes encoding cytokines, chemokines, and adhesion molecules
in activated HSCs [56]. Associated with apoptosis of HSCs [57], the attenuation of NF-κB activation
in HSCs is based on the development of anti-fibrotic drugs and treatments. In addition, NF-κB, by
inducing COX-2 expression, may regulate human myofibroblastic HSC proliferation negatively [58].
COX-2, an important enzyme in the starting inflammatory reaction, has been confirmed to contribute to
HSC activation [59]. COX-2 can participate in liver fibrosis-mediating liver inflammation and damage,
and the blockage of its expression has been associated with antifibrotic activity [60–62]. In our previous
study, we found that TOA, the precursor of G-TOA, had exerted antitumor activity by preventing
the expression of NF-κB/p65 and COX-2 in vivo and in vitro [25,26]. In the present study, we have
also found that G-TOA can suppress NF-κB activation and downregulate the expression of COX-2 to
suppress HSC proliferation and induce apoptosis.

In summary, our results demonstrate that G-TOA can selectively inhibit the proliferation of
activated HSC-T6 cells, cause apoptosis through multiple channels, induce mitochondrial membrane
potential depolarization, increase intracellular free calcium levels, downregulate the expression of
NF-κB/p65 and COX-2 protein, upregulate the expression of Bax, and downregulate the expression
of Bcl-2 to decrease the ratio of Bcl-2/Bax. Therefore, G-TOA is a potential antifibrosis agent for
the therapy of hepatic fibrosis, provided that it exerts anti-fibrosis effects on activated HSC-T6 cells.
However, it needs to be determined whether G-TOA suppresses the development of liver fibrosis in
both animal models and humans.
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4. Materials and Methods

4.1. Inhibition of Cell Proliferation

The HSC-T6 cells and L02 cells were purchased from the Chinese Academy of Medical Sciences
Peking Union Medical College. Cells were cultured in DMEM medium supplemented with 10% (v/v)
fetal bovine serum and 1% (v/v) penicillin-streptomycin (Thermo Technologies, New York, NY, USA) at
37 ◦C in a humidified atmosphere with 5% CO2. The growing cells at a density of 3 × 103 cells/100 µL
were exposed to various concentrations of G-TOA and incubated in a 96-well microtiter plate for 72 h
(37 ◦C, 5% CO2). After a MTT solution (20 µL/well, 5 mg/mL) was added to each well, the plate
was incubated for 4 h. Then, the media was removed. Formazan crystals were dissolved with DMSO
(150 µL/well). After shaking for 10 min, the absorbance was quantified at 490 nm with the BIORAD
550 spectrophotometer (Bio-Rad Life Science Development Ltd., Beijing, China). Wells containing
no drugs were used as blanks. The IC50 values were defined as the concentration of compound that
produced the 50% reduction of surviving cells and calculated using the Logit method. The cell growth
inhibitory rate was calculated with Equation (1):

Inhibition (%) = (1 − OD Administration − OD Blank
OD Control − OD Blank

)× 100% (1)

4.2. The Morphologic Change

Cells were seeded at a concentration of 3 × 104 cell/mL in 12-well tissue culture plates and
pretreated with G-TOA at different concentrations (2, 3, and 4 µM) for 48 h. Cover slips were washed
twice with PBS, removed, and treated with acetone for 10 min at −20 ◦C. Then, cells were washed
with PBS and stained with hematoxylin for 3 min. The stained nuclei were rinsed with running water
for 1 h followed by eosin staining for another 2 min. Finally, stained sections were dehydrated using
gradient ethanol and cleared in xylene [63,64]. The cellular morphology was photographed via light
microscopy (Nikon, Kobe, Japan).

4.3. DAPI Staining

DAPI staining was performed according to our previous study with minor modifications [22].
In brief, HSC-T6 cells were seeded at a concentration of 3 × 104 cell/mL in 12-well tissue culture plates
and pretreated with G-TOA at different concentrations (2, 3, and 4 µM) for 48 h. Then, the culture
medium containing compounds was removed and washed with PBS twice, and cells were fixed in
ethanol for 10 min and stained with DAPI. After the cells were washed with PBS twice, they were
photographed under a fluorescence microscope.

4.4. Apoptosis Analysis

An Annexin V-FITC/PI apoptosis detection kit was used according to the manufacturer’s
protocol. Briefly, HSC-T6 cells (3 × 104 cells/mL) were treated with G-TOA (2, 3, and 4 µM) for
48 h. Total cells were then washed with cold PBS twice and re-suspended gently in 200 µL of binding
buffer. According to the manufacturer’s instructions, Annexin V-FITC and PI (YEASEN, Shanghai,
China) were added to each sample. The mixture was incubated for 20 min in a dark place and then
analyzed via a BD FACSCanto II fluorescence-activated cell sorter (Becton Dickinson and Company,
Franklin Lakes, NJ, USA).

4.5. Cell Cycle Measurements

HSC-T6 cells (3 × 104 cells/mL) treated with G-TOA for 48 h were harvested, washed twice in
PBS, and exposed to 0.1% Triton X-100 in PBS supplemented with RNA-ase (20 µg/mL) for 30 min at
37 ◦C. Afterwards, DNA was stained by propidium iodide (50 µg/mL) for 10 min in a dark place and
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then analyzed by a BD FACSCanto II fluorescence-activated cell sorter. A minimum of 100,000 cells
per sample was analyzed at a flow rate of 300 cells·s−1.

4.6. Intracellular Free Ca2+ Detection

The level of intracellular free Ca2+ was examined by the fluorescent dye Fluo-3AM. HSC-T6 cells
(10 × 104 cells/mL) in a logarithmic growth phase were cultured in 6-well plates for 24 h at 37 ◦C
in an incubator with 5% CO2. After the cells were exposed to different concentrations of G-TOA
(2, 3, and 4 µM) for 48 h, they were harvested and washed twice with cold PBS, then resuspended
in HBSS buffer with 10 µM Fluo-3AM (Shanghai Beyotime Biotech. Co., Ltd., Shanghai, China),
and incubated for 30 min at 37 ◦C in the dark. Detection of intracellular Ca2+ was carried out by a flow
cytometer at 506 nm excitation wavelength [34,35].

4.7. Mitochondrial Membrane Potential Assay

Prepared HSC-T6 cells were washed with PBS and incubated in a medium containing JC-1 dye
for 20 min at 37 ◦C in the dark. The mitochondrial depolarization patterns of the cells were observed
by flow cytometry analysis according to the manufacturer’s instructions (Beyotime, Shanghai, China).

4.8. Immunohistochemical Staining

HSC-T6 cells were treated with or without G-TOA (2, 3, and 4 µM) for 48 h. Total cells were fixed
in 4% formaldehyde for 30 min at 37 ◦C, and then washed three times with PBS. Subsequently, cells
were treated with 2% H2O2 in methanol for 20 min to block endogenous peroxidase activity, followed
by another wash, and then blocked with 10% BSA for 30 min. The cells were incubated with a primary
antibody (anti-p65 and COX-2) at 4 ◦C overnight. The next day, cells were washed three times in PBS
and then incubated with a second antibody. After being washed with PBS three times, cells were
treated with SABC for 30 min at 37 ◦C and then developed with DBA. After being counterstained
nuclei with hematoxylin, cells were photographed via Olympus IX71 inverted microscopy (Olympus,
Tokyo, Japan) with 400× actual magnification.

4.9. Expression of Bax, Bcl-2, and the Ratio of Bcl-2/Bax

The cells were harvested following treatment. They were subsequently lysed in a buffer
(50 mmol/L Tris–HCl, pH 8.0; 100 mmol/L NaCl; 1 mmol/L EDTA; 1 mmol/L dithiothreitol; 1%
Triton X-100; 0.1% sodium dodecyl sulfate; 50 mmol/L sodium fluoride, and 1 mmol/L sodium
vanadate) containing a mixture of protease inhibitors. The lysate was incubated on ice for 30 min
and then centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatant was collected, and protein
concentration was determined using a BCA kit. Equal amounts of protein were fractionated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and subsequently transferred to a nitrocellulose
membrane (Amersham Pharmacia Biotech, London, UK). The membrane was incubated in a fresh
blocking buffer (containing Tris-buffered saline, 0.1% Tween-20 in Tris-buffered saline, pH 7.4) at room
temperature for 1 h and then incubated with an anti-Bcl-2 antibody and an anti-Bax antibody overnight
at 4 ◦C. The blots were washed three times in TBS-T for 5 min and then incubated with specific
peroxidase-coupled secondary antibodies (anti-mouse IgG-HRP or anti-rabbit IgG-HRP). The bound
antibodies were visualized using an enhanced chemiluminescent detection system and then exposed
to X-ray films (Kodak, Rochester, NY, USA). The images were scanned with a GS800 Densitometer
Scanner (Bio-Rad, Hercules, CA, USA), and OD data were analyzed using Quantity One software
(Bio-Rad). In these analyses, β-actin was used as an internal reference.
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4.10. Statistics

Statistical significance was evaluated with a one-way ANOVA, with Bonferroni multi-comparison
post-test correction, and with Dunnett’s test using SPSS 17.0 (SPSS Inc., Kraków, Poland).
p-Values < 0.05 were considered significant, and p-values < 0.01 were considered very significant.

Acknowledgments: This study was financially supported by the National Natural Science Foundation of China
(No. 81173519 and No. 81073017) and the Graduate Independent Topics of Beijing University of Chinese Medicine
(2014-JYBZZ-XS-118).

Author Contributions: Fuhao Chu, Mina Wang, Siling Bi, Penglong Wang, Haimin Lei, and Yuzhong Zhang
designed the research and discussed the data; Mina Wang, Siling Bi, Bi Li, Huazheng Zhang, and Liwei Ren
performed the experiments; Fuhao Chu provided the sample; Liang Xu and Pei Mao analyzed the data;
Yuzhong Zhang analyzed the pharmacological data and elaborated the cell morphology; Siling Bi and Fuhao Chu
wrote the paper; Wenbo Guo and Huazheng Zhang modified the language of the paper. All authors read and
approved the final manuscript.

Conflicts of Interest: The authors declare that there were no conflicts of interest regarding the publication of
this paper.

References

1. Wu, J.; Zern, M.A. Hepatic stellate cells: A target for the treatment of liver fibrosis. J. Gastroenterol. 2000, 35,
665–672. [CrossRef] [PubMed]

2. Schon, H.T.; Bartneck, M.; Borkham-Kamphorst, E.; Nattermann, J.; Lammers, T.; Tacke, F.; Weiskirchen, R.
Pharmacological intervention in hepatic stellate cell activation and hepatic fibrosis. Front. Pharmacol. 2016, 7,
1–22. [CrossRef] [PubMed]

3. Luedde, T.; Schwabe, R.F. NF-κB in the liver—Linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev.
Gastroenterol. Hepatol. 2011, 8, 108–118. [CrossRef] [PubMed]

4. Philips, G.M.; Chan, I.S.; Swiderska, M.; Schroder, V.T.; Guy, C.; Karaca, G.F.; Moylan, C.; Venkatraman, T.;
Feuerlein, S.; Syn, W.K.; et al. Hedgehog signaling antagonist promotes regression of both liver fibrosis and
hepatocellular carcinoma in a murine model of primary liver cancer. PLoS ONE 2011, 6, e23943. [CrossRef]
[PubMed]

5. Ramachandran, P.; Iredale, J.P. Liver fibrosis: A bidirectional model of fibrogenesis and resolution. QJM
2012, 105, 813–817. [CrossRef] [PubMed]

6. Iredale, J.P. Models of liver fibrosis: Exploring the dynamic nature of inflammation and repair in a solid
organ. J. Clin. Investig. 2007, 117, 539–548. [CrossRef] [PubMed]

7. Iredale, J.P. Cirrhosis: New research provides a basis for rational and targeted treatments. Br. Med. J. 2003,
327, 143–147. [CrossRef] [PubMed]

8. Czaja, A.J. Hepatic inflammation and progressive liver fibrosis in chronic liver disease. World J. Gastroenterol.
2014, 20, 2515–2532. [CrossRef] [PubMed]

9. Yin, C.; Evason, K.J.; Asahina, K.; Stainier, D.Y. Hepatic stellate cells in liver development, regeneration, and
cancer. J. Clin. Investig. 2013, 123, 1902–1910. [CrossRef] [PubMed]

10. Kisseleva, T.; Cong, M.; Paik, Y.H.; Scholten, D.; Jiang, C.; Benner, C.; Iwaisako, K.; Moore-Morris, T.; Scott, B.;
Tsukamoto, H. Myofibroblasts revert to an inactive phenotype during regression of liver fibrosis. Proc. Natl.
Acad. Sci. USA 2012, 109, 9448–9453. [CrossRef] [PubMed]

11. Troeger, J.S.; Mederacke, I.; Gwak, G.Y.; Dapito, D.H.; Mu, X.; Hsu, C.C.; Pradere, J.P.; Friedman, R.A.;
Schwabe, R.F. Deactivation of hepatic stellate cells during liver fibrosis resolution in mice. Gastroenterology
2012, 143, 1073–1083. [CrossRef] [PubMed]

12. Krizhanovsky, V.; Yon, M.; Dickins, R.A.; Hearn, S.; Simon, J.; Miething, C.; Yee, H.; Zender, L.; Lowe, S.W.
Senescence of activated stellate cells limits liver fibrosis. Cell 2008, 134, 657–667. [CrossRef] [PubMed]

13. Liu, J. Oleanolic acid and ursolic acid: Research perspectives. J. Ethnopharmacol. 2005, 100, 92–94. [CrossRef]
[PubMed]

14. Xu, K.; Chu, F.; Li, G.; Xu, X.; Wang, P.; Song, J.; Zhou, S.; Lei, H. Oleanolic acid synthetic oligoglycosides:
A review on recent progress in biological activities. Die Pharm. Int. J. Pharm. Sci. 2014, 69, 483–495.

http://dx.doi.org/10.1007/s005350070045
http://www.ncbi.nlm.nih.gov/pubmed/11023037
http://dx.doi.org/10.3389/fphar.2016.00033
http://www.ncbi.nlm.nih.gov/pubmed/26941644
http://dx.doi.org/10.1038/nrgastro.2010.213
http://www.ncbi.nlm.nih.gov/pubmed/21293511
http://dx.doi.org/10.1371/journal.pone.0023943
http://www.ncbi.nlm.nih.gov/pubmed/21912653
http://dx.doi.org/10.1093/qjmed/hcs069
http://www.ncbi.nlm.nih.gov/pubmed/22647759
http://dx.doi.org/10.1172/JCI30542
http://www.ncbi.nlm.nih.gov/pubmed/17332881
http://dx.doi.org/10.1136/bmj.327.7407.143
http://www.ncbi.nlm.nih.gov/pubmed/12869458
http://dx.doi.org/10.3748/wjg.v20.i10.2515
http://www.ncbi.nlm.nih.gov/pubmed/24627588
http://dx.doi.org/10.1172/JCI66369
http://www.ncbi.nlm.nih.gov/pubmed/23635788
http://dx.doi.org/10.1073/pnas.1201840109
http://www.ncbi.nlm.nih.gov/pubmed/22566629
http://dx.doi.org/10.1053/j.gastro.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/22750464
http://dx.doi.org/10.1016/j.cell.2008.06.049
http://www.ncbi.nlm.nih.gov/pubmed/18724938
http://dx.doi.org/10.1016/j.jep.2005.05.024
http://www.ncbi.nlm.nih.gov/pubmed/15994040


Molecules 2016, 21, 1599 12 of 14

15. Rufino-Palomares, E.E.; Perez-Jimenez, A.; Reyes-Zurita, F.J.; Garcia Salguero, L.; Mokhtari, K.;
Herreramerchan, A.; Medina, P.P.; Peragon, J.; Lupianez, J.A. Anti-cancer and anti-angiogenic properties of
various natural pentacyclic triterpenoids and some of their chemical derivatives. Curr. Org. Chem. 2015, 19,
919–947. [CrossRef]

16. Reyeszurita, F.J.; Medinao’Donnell, M.; Ferrermartín, R.M.; Rufinopalomares, E.E.; Martinfonseca, S.;
Rivas, F.; Martinez, A.; Garcia-Granados, A.; Perez-Jimenez, A.; GarciaSalguero, L.; et al. The oleanolic
acid derivative, 3-O-succinyl-28-O-benzyl oleanolate, induces apoptosis in B16-F10 melanoma cells via the
mitochondrial apoptotic pathway. RSC Adv. 2016, 6, 93590–93601. [CrossRef]

17. Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Martinez, A.; Martin-Fonseca, S.; Garcia-Granados, A.;
Ferrer-Martín, R.M.; Lupiañez, J.A.; Parra, A. Semi-synthesis and antiproliferative evaluation of PEGylated
pentacyclic triterpenes. Eur. J. Med. Chem. 2016, 118, 64–78.

18. Fang, Y.; Yang, Z.; Ouyang, H.; Wang, R.; Li, J.; Huang, H.; Jin, Y.; Feng, Y.; Yang, S. Synthesis and biological
evaluation of Hederacolchiside A 1 derivatives as anticancer agents. Bioorg. Med. Chem. Lett. 2016, 26,
4576–4579. [CrossRef] [PubMed]

19. Wei, G.; Luan, W.; Wang, S.; Cui, S.; Li, F.; Liu, Y.; Liu, Y.; Cheng, M. A library of 1,2,3-triazole-substituted
oleanolic acid derivatives as anticancer agents: Design, synthesis, and biological evaluation.
Org. Biomol. Chem. 2015, 13, 1507–1514. [CrossRef] [PubMed]

20. Parra, A.; Martin-Fonseca, S.; Rivas, F.; Reyes-Zurita, F.J.; Medina-O'Donnell, M.; Martinez, A.;
Garcia-Granados, A.; Lupiañez, J.A.; Albericio, F. Semi-synthesis of acylated triterpenes from olive-oil
industry wastes for the development of anticancer and anti-HIV agents. Eur. J. Med. Chem. 2014, 74, 278–301.
[CrossRef] [PubMed]

21. Fu, L.; Lin, Q.X.; Liby, K.T.; Sporn, M.B.; Gribble, G.W. An efficient synthesis of methyl
2-cyano-3,12-dioxoursol-1,9-dien-28-oate (CDDU-methyl ester): Analogues, biological activities, and
comparison with oleanolic acid derivatives. Org. Biomol. Chem. 2014, 12, 5192–5200. [CrossRef] [PubMed]

22. Huang, Z.; Fu, J.; Liu, L.; Sun, Y.; Lai, Y.; Ji, H.; Knaus, E.E.; Tian, J.; Zhang, Y. Glycosylated
diazeniumdiolate-based oleanolic acid derivatives: Synthesis, in vitro and in vivo biological evaluation as
anti-human hepatocellular carcinoma agents. Org. Biomol. Chem. 2012, 10, 3882–3891. [CrossRef] [PubMed]

23. Wu, L.M.; Wu, X.X.; Sun, Y.; Kong, X.W.; Zhang, Y.H.; Xu, Q. A novel synthetic oleanolic acid derivative
(CPU-II2) attenuates liver fibrosis in mice through regulating the function of hepatic stellate cells.
J. Biomed. Sci. 2008, 15, 251–259. [CrossRef] [PubMed]

24. Wang, P.; She, G.; Yang, Y.; Li, Q.; Zhang, H.; Liu, J.; Cao, Y.; Xu, X.; Lei, H. Synthesis and biological evaluation
of new ligustrazine derivatives as anti-tumor agents. Molecules 2012, 17, 4972–4985. [CrossRef] [PubMed]

25. Zhang, C.; Yan, W.; Li, B.; Xu, B.; Gong, Y.; Chu, F.; Zhang, Y.; Yao, Q.; Wang, P.; Lei, H. A new ligustrazine
derivative-selective cytotoxicity by suppression of NF-κB/p65 and COX-2 expression on human hepatoma
cells. Part 3. Int. J. Mol. Sci. 2015, 16, 16401–16413. [CrossRef] [PubMed]

26. Wang, P.; Zhang, Y.; Xu, K.; Li, Q.; Zhang, H.; Guo, J.; Pang, D.; Cheng, Y.; Lei, H. A new ligustrazine
derivative—Pharmacokinetic evaluation and antitumor activity by suppression of NF-κB/p65 and COX-2
expression in S180 mice. Die Pharm. 2013, 68, 782–789.

27. Zhang, F.; Kong, D.S.; Zhang, Z.L.; Lei, N.; Zhu, X.J.; Zhang, X.P.; Chen, L.; Lu, Y.; Zheng, S.Z.
Tetramethylpyrazine induces G0/G1 cell cycle arrest and stimulates mitochondrial-mediated and
caspase-dependent apoptosis through modulating ERK/p53 signaling in hepatic stellate cells in vitro.
Apoptosis 2013, 18, 135–149. [CrossRef] [PubMed]

28. Zhang, X.; Zhang, F.; Kong, D.; Wu, X.; Lian, N.; Chen, L.; Lu, Y.; Zheng, S. Tetramethylpyrazine inhibits
angiotensin II-induced activation of hepatic stellate cells associated with interference of platelet-derived
growth factor β receptor pathways. FEBS J. 2014, 281, 2754–2768. [CrossRef] [PubMed]

29. Wu, X.; Zhang, F.; Xiong, X.; Lu, C.; Lian, N.; Lu, Y.; Zheng, S. Tetramethylpyrazine reduces inflammation in
liver fibrosis and inhibits inflammatory cytokine expression in hepatic stellate cells by modulating NLRP3
inflammasome pathway. IUBMB Life 2015, 67, 312–321. [CrossRef] [PubMed]

30. Lin, C.; Wen, X.; Sun, H. Oleanolic acid derivatives for pharmaceutical use: A patent review. Expert. Opin.
Ther. Pat. 2016, 26, 643–655. [CrossRef] [PubMed]

31. Zheng, X.; Zheng, Q.; Bo, S.; Zeng, X.; Wei, Y.; Lei, S.; Xiao, X.; Xiao, J.; Wang, Z. Advances in research on
hepatoprotective activity and synthesis of oleanolic acid derivatives. J. Appl. Biopharm. Pharmacokinet. 2015,
3, 27–33. [CrossRef]

http://dx.doi.org/10.2174/1385272819666150119225952
http://dx.doi.org/10.1039/C6RA18879F
http://dx.doi.org/10.1016/j.bmcl.2016.08.077
http://www.ncbi.nlm.nih.gov/pubmed/27592134
http://dx.doi.org/10.1039/C4OB01605J
http://www.ncbi.nlm.nih.gov/pubmed/25476168
http://dx.doi.org/10.1016/j.ejmech.2013.12.049
http://www.ncbi.nlm.nih.gov/pubmed/24480359
http://dx.doi.org/10.1039/c4ob00679h
http://www.ncbi.nlm.nih.gov/pubmed/24915424
http://dx.doi.org/10.1039/c2ob25252j
http://www.ncbi.nlm.nih.gov/pubmed/22473516
http://dx.doi.org/10.1007/s11373-007-9216-9
http://www.ncbi.nlm.nih.gov/pubmed/17922224
http://dx.doi.org/10.3390/molecules17054972
http://www.ncbi.nlm.nih.gov/pubmed/22547319
http://dx.doi.org/10.3390/ijms160716401
http://www.ncbi.nlm.nih.gov/pubmed/26193270
http://dx.doi.org/10.1007/s10495-012-0791-5
http://www.ncbi.nlm.nih.gov/pubmed/23247439
http://dx.doi.org/10.1111/febs.12818
http://www.ncbi.nlm.nih.gov/pubmed/24725506
http://dx.doi.org/10.1002/iub.1348
http://www.ncbi.nlm.nih.gov/pubmed/25847612
http://dx.doi.org/10.1080/13543776.2016.1182988
http://www.ncbi.nlm.nih.gov/pubmed/27113324
http://dx.doi.org/10.14205/2309-4435.2015.03.01.4


Molecules 2016, 21, 1599 13 of 14

32. Xu, K.; Xu, X.; Chu, F.; Wang, M.; Wang, P.; Li, G.; Song, J.; Zhang, Y.; Lei, H. Synthesis and biological
evaluation of T-OA analogues as the cytotoxic agents. Res. Chem. Intermed. 2015, 41, 6257–6269. [CrossRef]

33. Chu, F.; Xu, X.; Li, G.; Gu, S.; Xu, K.; Gong, Y.; Xu, B.; Wang, M.; Zhang, H.; Zhang, Y.; et al. Amino
acid derivatives of ligustrazine-oleanolic acid as new cytotoxic agents. Molecules 2014, 19, 18215–18231.
[CrossRef] [PubMed]

34. Wang, M.; Ruan, Y.; Chen, Q.; Li, S.; Wang, Q.; Cai, J. Curcumin induced HepG2 cell apoptosis-associated
mitochondrial membrane potential and intracellular free Ca2+ concentration. Eur. J. Pharmacol. 2011, 650,
41–47. [CrossRef] [PubMed]

35. Liu, Z.; Gong, L.; Li, X.; Ye, L.; Wang, B.; Liu, J.; Qiu, J.; Jiao, H.; Zhang, W.; Chen, J.; et al. Infrasound increases
intracellular calcium concentration and induces apoptosis in hippocampi of adult rats. Mol. Med. Rep. 2012,
5, 73–77. [CrossRef] [PubMed]

36. Kucharczak, J.; Simmons, M.J.; Fan, Y.; Gélinas, C. To be, or not to be: NF-κB is the answer–role of Rel/NF-κB
in the regulation of apoptosis. Oncogene 2003, 22, 8961–8982. [CrossRef] [PubMed]

37. Von Rahden, B.H.A.; Stein, H.J.; Pühringer, F.; Koch, I.; Langer, R.; Piontek, G.; Siewert, J.R.; Höfler, H.;
Sarbia, M. Coexpression of cyclooxygenases (COX-1, COX-2) and vascular endothelial growth factors
(VEGF-A, VEGF-C) in esophageal adenocarcinoma. Cancer Res. 2005, 65, 5038–5044. [CrossRef] [PubMed]

38. Costa, C.; Soares, R.; Reis-Filho, J.S.; Leitão, D.; Amendoeira, I.; Schmitt, F.C. Cyclo-oxygenase 2 expression
is associated with angiogenesis and lymph node metastasis in human breast cancer. J. Clin. Pathol. 2002, 55,
429–434. [CrossRef] [PubMed]

39. Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,
2, 647–656. [CrossRef] [PubMed]

40. Borner, C. The Bcl-2 protein family: Sensors and checkpoints for life-or-death decisions. Mol. Immunol. 2003,
39, 615–647. [CrossRef]

41. Bataller, R.; Brenner, D.A. Hepatic stellate cells as a target for the treatment of liver fibrosis. Semin. Liver Dis.
2001, 21, 437–451. [CrossRef] [PubMed]

42. Bruce, A.; Alexander, J.; Julian, L.; David, M.; Martin, R.; Keith, R.; Peter, W. Molecular Biology of the Cell,
6th ed.; Garland Science: New York, NY, USA, 2015; pp. 2, 1023, 1024, 1029, 1032. ISBN: 978-0815344322.

43. Green, D.R.; Reed, J.C. Mitochondria and apoptosis. Science 1998, 281, 1309. [CrossRef] [PubMed]
44. Desagher, S.; Martinou, J.C. Mitochondria as the central control point of apoptosis. Trends Cell Biol. 2000, 10,

369–377. [CrossRef]
45. Ly, J.D.; Grubb, D.R.; Lawen, A. The mitochondrial membrane potential (∆ψm) in apoptosis; an update.

Apoptosis 2003, 8, 115–128. [CrossRef] [PubMed]
46. Vayssiere, J.-L.; Petit, P.X.; Risler, Y.; Mignotte, B. Commitment to apoptosis is associated with changes in

mitochondrial biogenesis and activity in cell lines conditionally immortalized with simian virus 40. Proc. Natl.
Acad. Sci. USA 1994, 91, 11752–11756. [CrossRef] [PubMed]

47. Zoratti, M.; Szabo, I. The mitochondrial permeability transition. Biochim. Biophys. Acta 1995, 1241, 139–176.
[CrossRef]

48. Kroemer, G.; Reed, J.C. Mitochondrial control of cell death. Nat. Med. 2000, 6, 513–519. [CrossRef] [PubMed]
49. Xu, X.; Chen, D.; Ye, B.; Zhong, F.; Chen, G. Curcumin induces the apoptosis of non-small cell lung cancer

cells through a calcium signaling pathway. Int. J. Mol. Med. 2015, 35, 1610–1616. [CrossRef] [PubMed]
50. Li, J.H.; Yue, W.; Huang, Z.; Chen, Z.; Zhan, Q.; Ren, F.; Liu, J.; Fu, S. Calcium overload induces C6 rat glioma

cell apoptosis in sonodynamic therapy. Int. J. Radiat. Biol. 2011, 87, 1061–1066. [CrossRef] [PubMed]
51. Seo, S.R.; Seo, J.T. Calcium overload is essential for the acceleration of staurosporine induced cell death

following neuronal differentiation in PC12 cells. Exp. Mol. Med. 2009, 41, 269–276. [CrossRef] [PubMed]
52. Hajnóczky, G.; Davies, E.; Madesh, M. Calcium signaling and apoptosis. Biochem. Biophys. Res. Commun.

2003, 304, 445–454. [CrossRef]
53. Hu, J.; Zhao, T.Z.; Chu, W.H.; Luo, C.X.; Tang, W.H.; Yi, L.; Feng, H. Protective effects of 20-hydroxyecdysone

on CoCl2-induced cell injury in PC12 cells. J. Cell. Biochem. 2010, 111, 1512–1521. [CrossRef] [PubMed]
54. Sun, B.; Karin, M. NF-κB signaling, liver disease and hepatoprotective agents. Oncogene 2008, 27, 6228–6244.

[CrossRef] [PubMed]
55. Shishodia, S.; Amin, H.M.; Lai, R.; Aggarwal, B.B. Curcumin (diferuloylmethane) inhibits constitutive NF-κB

activation, induces G1/S arrest, suppresses proliferation, and induces apoptosis in mantle cell lymphoma.
Biochem. Pharmacol. 2005, 70, 700–713. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11164-014-1737-z
http://dx.doi.org/10.3390/molecules191118215
http://www.ncbi.nlm.nih.gov/pubmed/25387350
http://dx.doi.org/10.1016/j.ejphar.2010.09.049
http://www.ncbi.nlm.nih.gov/pubmed/20883687
http://dx.doi.org/10.3892/mmr.2011.597
http://www.ncbi.nlm.nih.gov/pubmed/21946944
http://dx.doi.org/10.1038/sj.onc.1207230
http://www.ncbi.nlm.nih.gov/pubmed/14663476
http://dx.doi.org/10.1158/0008-5472.CAN-04-1107
http://www.ncbi.nlm.nih.gov/pubmed/15958546
http://dx.doi.org/10.1136/jcp.55.6.429
http://www.ncbi.nlm.nih.gov/pubmed/12037025
http://dx.doi.org/10.1038/nrc883
http://www.ncbi.nlm.nih.gov/pubmed/12209154
http://dx.doi.org/10.1016/S0161-5890(02)00252-3
http://dx.doi.org/10.1055/s-2001-17558
http://www.ncbi.nlm.nih.gov/pubmed/11586471
http://dx.doi.org/10.1126/science.281.5381.1309
http://www.ncbi.nlm.nih.gov/pubmed/9721092
http://dx.doi.org/10.1016/S0962-8924(00)01803-1
http://dx.doi.org/10.1023/A:1022945107762
http://www.ncbi.nlm.nih.gov/pubmed/12766472
http://dx.doi.org/10.1073/pnas.91.24.11752
http://www.ncbi.nlm.nih.gov/pubmed/7972136
http://dx.doi.org/10.1016/0304-4157(95)00003-A
http://dx.doi.org/10.1038/74994
http://www.ncbi.nlm.nih.gov/pubmed/10802706
http://dx.doi.org/10.3892/ijmm.2015.2167
http://www.ncbi.nlm.nih.gov/pubmed/25847862
http://dx.doi.org/10.3109/09553002.2011.584938
http://www.ncbi.nlm.nih.gov/pubmed/21961969
http://dx.doi.org/10.3858/emm.2009.41.4.030
http://www.ncbi.nlm.nih.gov/pubmed/19299916
http://dx.doi.org/10.1016/S0006-291X(03)00616-8
http://dx.doi.org/10.1002/jcb.22877
http://www.ncbi.nlm.nih.gov/pubmed/20872795
http://dx.doi.org/10.1038/onc.2008.300
http://www.ncbi.nlm.nih.gov/pubmed/18931690
http://dx.doi.org/10.1016/j.bcp.2005.04.043
http://www.ncbi.nlm.nih.gov/pubmed/16023083


Molecules 2016, 21, 1599 14 of 14

56. Elsharkawy, A.M.; Wright, M.C.; Hay, R.T.; Arthur, M.J.; Hughes, T.; Bahr, M.J.; Degitz, K. Persistent
activation of nuclear factor-κB in cultured rat hepatic stellate cells involves the induction of potentially novel
rel-like factors and prolonged changes in the expression of IκB family proteins. Hepatology 1999, 30, 761–769.
[CrossRef] [PubMed]

57. Lang, A.; Schoonhoven, R.; Tuvia, S.; Rippe, R.A. Nuclear factor κB in proliferation, activation, and apoptosis
in rat hepatic stellate cells. J. Hepatol. 2000, 33, 49–58. [CrossRef]

58. Gallois, C.; Habib, A.; Tao, J.; Moulin, S.; Maclouf, J.; Mallat, A.; Lotersztajn, S. Role of NF-κB in the
Antiproliferative Effect of Endothelin-1 and Tumor Necrosis Factor-α in Human Hepatic Stellate Cells
Involvement of Cyclooxygenase-2. J. Biol. Chem. 1998, 273, 23183–23190. [CrossRef] [PubMed]

59. Bitencourt, S.; de Mesquita, F.C.; Caberlon, E.; da Silva, G.V.; Basso, B.S.; Ferreira, G.A.; de Oliveira, J.R.
Capsaicin induces de-differentiation of activated hepatic stellate cell. Biochem. Cell Biol. 2012, 90, 683–690.
[CrossRef] [PubMed]

60. Efsen, E.; Bonacchi, A.; Pastacaldi, S.; Valente, A.J.; Wenzel, U.O.; Tosti-Guerra, C.; Pinzani, M.; Laffi, G.;
Abboud, H.E.; Gentilini, P. Agonist-specific regulation of monocyte chemoattractant protein-1 expression by
cyclooxygenase metabolites in hepatic stellate cells. Hepatology 2001, 33, 713–721. [CrossRef] [PubMed]

61. Jeong, S.W.; Jang, J.Y.; Lee, S.H.; Kim, S.G.; Cheon, Y.K.; Kim, Y.S.; Cho, Y.D.; Kim, H.S.; Lee, J.S.; Jin, S.
Increased expression of cyclooxygenase-2 is associated with the progression to cirrhosis. Korean J. Intern. Med.
2010, 25, 364–371. [CrossRef] [PubMed]

62. Zhao, Y.; Wang, Y.; Wang, Q.; Liu, Z.; Liu, Q.; Deng, X. Hepatic stellate cells produce vascular
endothelial growth factor via phospho-p44/42 mitogen–activated protein kinase/cyclooxygenase-2 pathway.
Mol. Cell. Biochem. 2012, 359, 217–223. [CrossRef] [PubMed]

63. Ren, Z.L.; Zuo, P.P. Neural regeneration: Role of traditional Chinese medicine in neurological diseases
treatment. J. Pharmacol. Sci. 2012, 120, 139–145. [CrossRef] [PubMed]

64. Chan, J.K.C. The Wonderful Colors of the Hematoyxlin–Eosin Stain in Diagnostic Surgical Pathology. Int. J.
Surg. Pathol. 2014. [CrossRef] [PubMed]

Sample Availability: Samples of the compound GTOA are available from the authors.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/hep.510300327
http://www.ncbi.nlm.nih.gov/pubmed/10462383
http://dx.doi.org/10.1016/S0168-8278(00)80159-2
http://dx.doi.org/10.1074/jbc.273.36.23183
http://www.ncbi.nlm.nih.gov/pubmed/9722548
http://dx.doi.org/10.1139/o2012-026
http://www.ncbi.nlm.nih.gov/pubmed/22905849
http://dx.doi.org/10.1053/jhep.2001.22761
http://www.ncbi.nlm.nih.gov/pubmed/11230753
http://dx.doi.org/10.3904/kjim.2010.25.4.364
http://www.ncbi.nlm.nih.gov/pubmed/21179273
http://dx.doi.org/10.1007/s11010-011-1016-x
http://www.ncbi.nlm.nih.gov/pubmed/21863308
http://dx.doi.org/10.1254/jphs.12R06CP
http://www.ncbi.nlm.nih.gov/pubmed/23099323
http://dx.doi.org/10.1177/1066896913517939
http://www.ncbi.nlm.nih.gov/pubmed/24406626
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Inhibition of Cell Proliferation 
	Morphologic Changes 
	Nuclear Fragmentation 
	Apoptosis Analysis 
	Cell Cycle Measurement 
	Changes in Mitochondrial Membrane Potential (m) 
	Intracellular Free Ca2+ Detection 
	Immunohistochemical Analysis 
	Expression of Bax, Bcl-2, and the Ratio of Bcl-2/Bax 

	Discussion 
	Materials and Methods 
	Inhibition of Cell Proliferation 
	The Morphologic Change 
	DAPI Staining 
	Apoptosis Analysis 
	Cell Cycle Measurements 
	Intracellular Free Ca2+ Detection 
	Mitochondrial Membrane Potential Assay 
	Immunohistochemical Staining 
	Expression of Bax, Bcl-2, and the Ratio of Bcl-2/Bax 
	Statistics 


