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Ligustrazine induces the colorectal cancer cells apoptosis via
p53-dependent mitochondrial pathway and cell cycle arrest at the
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Background: Ligustrazine, active ingredients extracted from the natural herb Ligusticum Chuanxiong
Hort, has promising anti-tumor properties on tumor cell lines. However, the potential anti-tumor activity of
ligustrazine on colorectal cancer (CRC) cells and the molecular mechanisms have not been elucidated. In this
study, we explored the critical functions of ligustrazine on SW480 and CT26 cells at cellular levels.
Methods: CCK-8 assay was performed to analyze the cell viability. Flow cytometry analysis was applied to
study cell apoptosis and cell cycle. The expressions of cell apoptosis and cell cycle-associated proteins were
conducted by western blot and qRT-PCR analysis.

Results: Ligustrazine showed significant inhibitory effects on the proliferation of SW480 and CT?26 cells.
Ligustrazine induced cell apoptosis was associated with the up-regulation of pro-apoptotic protein and
the down-regulation of anti-apoptotic protein in an activated mitochondrial-dependent pathway. And it
indicated that ligustrazine induced cell cycle arrest by changing the cell cycle distribution, which leads to cell
cycle arrest at the G0/G1 phase. Besides, the ligustrazine-induced cell apoptosis and cell cycle arrest were
markedly reversed by pifithrin-a (p53 inhibitor), which suggested that ligustrazine-induced cell apoptosis was
achieved by regulating p53-dependent mitochondrial pathway and cell cycle arrest at the GO/G1 phase.
Conclusions: These findings demonstrated that ligustrazine could induce SW480 and CT26 cells
apoptosis via a p53-dependent mitochondrial pathway and cell cycle arrest at the GO/G1 phase. Ligustrazine

may serve as a potential anti-cancer agent for CRC.
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Introduction

Colorectal cancer (CRC) is one of the major clinical
concerns worldwide. It ranks as the 3rd most common
cancer and the fourth leading cause of cancer death
according to the Global Burden of Disease (GBD) study (1).
Its incidence rate indicates an upward trend and the age of
onset is a younger trend. It is estimated that 2.2 million new
cases are diagnosed with CRC and 1.1 million cases die of
CRC by 2030 (2). The global costs for CRC diagnosis and
treatment rise to 100 billion dollars (3). It brings out a huge
burden on individuals and families, as well as the whole
society. However, there is no effective treatment for CRC
until now.

Notably, a variety of evidence (4-6) showed that
natural products and herbal extract had unique advantages
and limited side effects either on improving the cancer
microenvironment or enhancing the anti-cancer effect
in treating cancers. Ligustrazine (C8H12N2) is the
active ingredient that is extracted from the root of herbal
Ligusticum Chuanxiong Hort (Umbelliferae). It has
promising activities with lots of pharmacology characteristics
such as anti-tumor effect, inhibiting angiogenesis, and
reversing multidrug resistance in the treatment of various
cancers both iz vive and in vitro (7-10). However, the
underlying mechanism of ligustrazine on treating CRC has
not been entirely elucidated.

Nowadays, cell apoptosis has gained many attentions
on the antitumor effect. Cell apoptosis is a gene controlled
multi-cells-independent death process, which is a vital
mechanism to maintain homeostasis (11). The balance
between cellular proliferation and apoptosis is very
important in the occurrence, development, and metastasis
of tumor cells. During the cell apoptosis process, the
mitochondrial pathway plays a crucial role in signal
transduction. In this paper, we tried to elucidate the
critical contribution of ligustrazine on inhibiting CRC cell
proliferation and inducing CRC cell apoptosis through the
mitochondrial pathway at the cellular level. We present the
following article in accordance with the MDAR checklist
(available at http://dx.doi.org/10.21037/apm-20-288).

Methods
Reagents and antibodies

Ligustrazine (C8H12N2, purity >98%) was provided by
Tokyo Chemical Industry (Japan), which is dissolved in
dimethyl sulfoxide (Sigma-Aldrich, USA) to a proper
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concentration. DMEM medium, 0.25% trypsin (Gibco,
USA), fetal bovine serum (Every Green, China),
penicillin and streptomycin (Sigma-Aldrich, USA),
FITC Annexin V Apoptosis Detection Kit and 7-AAD
(BD Biosciences, USA), CCK-8 (Dojindo, Japan),
DAPI (Beyotime, China), TRIzol reagent (Invitrogen,
USA), First Stand ¢cDNA Synthesis Kit (Thermo
Fisher Scientific, USA), and UltraSYBR One-Step RT-
qPCR Kit (Cwbio, China) were used. All primers were
purchased from GeneScript (China). Primary antibodies
against, p27 (sc-71813), CDK2 (sc-53219), Cyclin D1
(sc-56302), p53 (sc-71819), Bax (sc-20067), Bel-2 (sc-
56015), cleaved PARP (sc-56196) and B-actin were all
purchased from Santa Cruz Biotechnology (USA) and
cleaved caspase-3 [9661] and cleaved caspase-9 (9505 and
9509) were provided by Cell signaling Technology (USA).
The p53 inhibitor (PFT-0, s2929) was got from Selleck
Chemicals (USA).

Cell lines and cell culture

Human CRC cell line SW480, mouse CRC cell line CT26,
and normal colon cells (CCD841) were purchased from
Nanjing Jinyibai Biotechnology Co., Ltd. The cells were
maintained in DMEM medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C, and incubated in a humidified 5%
CO, atmosphere.

Cell viability assay

SW480, CT26, and CCD841 cells (2x10%) were cultured in
96-well plates and allowed to attach for 12 h. Then, the cells
in each plate were cultured with an indicated concentration
of ligustrazine (0, 10, 20, 30 pM) for different exposure
times (0, 12, 24, 48 h), respectively. After incubated with 10
pL CCK-8 solution per well, the cell viability was measured
under a microplate reader (Bio-Rad, USA).

DAPI staining

SW480 and CT26 cells (2x10°) were seeded in 6-well
plates. After attachment, the cells were treated with an
indicated concentration of ligustrazine (0, 10, 20, 30 pM)
for 24 h. The cells were washed and then fixed in 4%
paraformaldehyde. The nuclei of cells of each plate were
stained with DAPI for 5 min, which was viewed under a
fluorescence microscope (Nikon, Japan).
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Cell apoptosis analysis

SW480 and CT26 cells (2x10°) were cultured in 6-well
plates and allowed to attach. After treatment with an
indicated concentration of ligustrazine (0, 10, 20, 30 pM)
for 24 h, the cells were harvested and washed with
phosphate-buffered saline (PBS). Then, the cells were
suspended with 100 pL binding buffer and incubated with
5 pL annexin V-FITC and 5 pL. 7-AAD for 10 min avoiding
light. Cell apoptosis was measured under a flow cytometer
(BD, USA). Moreover, PET-a (10 mmol/L) pretreated cells
for 2 h were then treated with ligustrazine as above and the
cell apoptosis was determined.

Cell cycle analysis

Different treated SW480 and CT26 cells were harvested,
washed with PBS, and fixed in precooling 70% ethanol at
4 °C overnight. The next day, the cells were washed and
suspended in 100 pL. PBS, then incubated with 50 pg/mL
PIand 150 pg/mL RNase in the dark for 30 min. Data were
acquired under the flow cytometer (BD, USA).

Western blot analysis

Cell proteins were extracted by RIPA Protein Extraction
Kit (Beyotime, China) according to the instructions. The
extracted proteins were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
PVDF membranes. Then, the membranes were incubated
with primary antibodies (p27, CDK2, cyclin D1, p53, Bax,
Bcl-2, cleaved caspase-3, cleaved caspase-9 and cleaved
PARP) at 4 °C overnight, and then incubated with the
second antibody (1:2,000) at 37 °C for 1 h. The blots were
viewed under Chemiluminescence Imaging System (Bio-
Rad, USA) and the expression levels of the target proteins
were analyzed by ImageLab Software.

Quantitative real-time polymerase chain reaction (qRT-
PCR) analysis

Total cell RNAs were prepared with TRIzol reagent. The
complementary DNA (cDNA) was determined using the
First Strand ¢cDNA Synthesis Kit. UltraSYBR One-Step
RT-qPCR Kit was applied according to the protocol. The
method of 27**“ was conducted to measure the relative
expression of mRNA. B-actin was served as the internal
control.
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Statistical analysis

All experiments were repeated three times. Data were
expressed as the mean = SD for at least triple experiments
and analyzed using the SPSS version 20.0. The statistical
difference was determined using one-way ANOVA. And
P<0.05 and P<0.01 were considered statistical significance.

Results

Ligustrazine suppressed proliferation in SW480 and CT26

cells

The natural herb, roots of the herb of Chuanxiong,
and chemical structure of ligustrazine are presented in
Figure 14,B,C. The proliferative effects of ligustrazine
at indicated concentrations (0, 10, 20, 30 pM) on CRC
cells (SW480 and CT26) and CCD841 cell for different
exposure times (0, 12, 24, 48 h) were detected by CCK-
8 assay, respectively (Figure 1D,E). Compared with the
control group, ligustrazine inhibited the proliferation of
SW480 and CT26 cells in a dose- and time-dependent
manner. The IC50 values of ligustrazine against SW480
and CT26 were 31.08+3.78 and 32.16+5.74 pM at 24 h,
respectively, as shown in 7able 1. Besides, it showed that
there was weak anti-proliferative ability in CCD841 cells.
It also revealed that a high concentration of ligustrazine
could significantly inhibit the cell proliferation activity of
CRC cells.

Ligustrazine induced apoptosis in SW480 and CT26 cells

The bright filed graph of SW480 and CT26 cells after
treatment with different concentrations of ligustrazine for
24 h were shown in Figure 2A. To further evaluate whether
the anti-proliferative effects of ligustrazine caused by the
induction of cell apoptosis, differently treated SW480 and
CT26 cells were stained with DAPI, and the nuclei of each
group were viewed, as presented in Figure 2B. The results
showed a significant increase of the apoptotic cells in a
ligustrazine-concentration dependent way, as evidenced by
the condensed and fragmented nuclei. Consistently, flow
cytometry assay showed that the SW480 and CT26 cells
apoptosis were induced in a ligustrazine-dose dependent
manner after treatment with different concentrations of
ligustrazine for 24 h (Figure 2C,D). These findings indicated
that the SW480 and CT26 cells apoptosis acted crucial
roles in the anti-proliferative activity of ligustrazine on

SW480 and CT?26 cells.
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Figure 1 Ligustrazine suppressed the proliferation of SW480 and CT26 cells. (A) Natural herb of Chuanxiong. (B) Roots of herbal
Chuanxiong. (C) Chemical structure of ligustrazine. (D,E) CCK-8 assay of SW480, CT26, and CCD841 cells treated with different

concentrations of ligustrazine at different exposure time.

Table 1 IC;,values of ligustrazine against SW480 and CT26 cells

Cell lines 12h 24 h 48 h
SW480 35.24+2.37 31.08+3.78 18.69+2.85
CT26 37.41+3.22 32.16+5.74 24.53+3.10

Note: the cells were cultured with different concentrations of ligustrazine for 12, 24, and 48 h.

Ligustrazine arvested cell cycle in SW480 and CT26 cells

The cell cycle of SW480 and CT26 cells were also
conducted by a flow cytometry assay. It showed that the
cell cycle of ligustrazine-treated SW480 and CT 26 cells
for 24 h was changed with a significant increase trend at
the GO/G1 phase in comparison with the control group
(Figure 34,B). Furthermore, the levels of cell cycle-related
protein expression were carried out by western blot after
the SW480, and CT?26 cells were treated with different
concentrations of ligustrazine for 24 h, respectively. It
indicated that the protein expression levels of Cyclin D1
and CDK2 were decreased while the protein expression
level of P27 was increased after different treatment with
ligustrazine (Figure 44,B). The results were consistent with
those of QRT-PCR (Figure 4C). These findings suggested
that ligustrazine could arrest CRC cell cycle distribution
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at the GO/G1 phase by regulating the cell cycle-related
protein.

Ligustrazine induced SW480 and CT26 cells apoptosis by
activating mitochondrial-dependent pathway

Mitochondrial dysfunction plays key roles in cellular
proliferation and apoptosis regulation (12). In the process
of apoptosis, a series of cascade reactions occur (13), during
which many genes and pathways involved. To understand
the mechanism of cell apoptosis induced by ligustrazine, the
mitochondrial apoptosis-related protein was performed
by western blot analysis. The SW480 and CT26 cells
were treated with different concentrations of ligustrazine
for 24 h, respectively. The expression of p53, Bax, Bcl-
2, cleaved caspase-3, cleaved caspase-9, and cleaved
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Figure 2 Ligustrazine induced the apoptosis of SW480 and CT?26 cells. (A) The bright filed graph of SW480 and CT?26 cells treated with
ligustrazine at different concentrations (x100). (B) DAPI staining assay of SW480 and CT26 cells treated with ligustrazine at different

concentrations (x100). (C,D) Flow cytometry analysis of cell apoptosis of different treated SW480 and CT26 cells. Significance: **, P<0.01

compared with the control group; *, P<0.05 and *, P<0.01 compared with the ligustrazine (20 pM) group.

PARP were determined respectively. It demonstrated that
ligustrazine dose-dependently increased the levels of P53
and Bax, and decreased the level of Bcl-2. Besides, the
expression levels of cleaved caspase-3, cleaved caspase-9,
and cleaved PARP were up-regulated after treatment with
ligustrazine in a dose-dependent way (Figure 5A,B). The
results were consistent with those of qRT-PCR (Figure 5C).
Taken together, ligustrazine could promote SW480 and
CT26 cells apoptosis by regulating the apoptosis-associated
protein in an activated mitochondrial-dependent pathway.

Ligustrazine-induced apoptosis was achieved by p53-
dependent mitochondrial pathway and cell cycle arrest at
the GO/G1 phase

It is reported that the p53-mediated mitochondrial pathway
plays pivotal biological functions in cell apoptosis (14).
To further explore the critical role of p53 in ligustrazine-
induced SW480 and CT26 cells apoptosis, PFT-a, as a p53
inhibitor was applied to verify the hypothesis. After pre-

© Annals of Palliative Medicine. All rights reserved.

treatment with or without PFT-a for 2 h, the SW480 and
CT26 cells were treated with 20 pM ligustrazine for 24 h,
the above protein expressions were determined by western
blot. It showed that the expression levels of apoptosis-
related protein were reversed by PFT-a, as presented
in Figure 64,B. Furthermore, the flow cytometry assay
indicated that PFT-a could effectively antagonize the cell
apoptosis and cell cycle arrest induced by ligustrazine
(Figure 2C,D and Figure 34,B). Collectively, the results
suggested that the ligustrazine-induced SW480 and
CT26 cells apoptosis were mediated by p53-dependent
mitochondrial pathway and cell cycle arrest at the G0/G1
phase.

Discussion

Cell apoptosis is a crucial pathological process, which
is closely related to the occurrence, development, and
prognosis of tumors (15,16). It is an important field to
study the underlying mechanisms of anti-tumor efficacy.
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Figure 3 Ligustrazine arrested the cell cycle of SW480 and CT26 cells. (A,B) Flow cytometry analysis of cell cycle of different treated
SW480 and CT?26 cells. Significance: *, P<0.05 and **, P<0.01 compared with the control group; * P<0.05 and ™ P<0.01 compared with the

ligustrazine (20 pM) group.

Mounting studies have focused on various drugs to induce
cell apoptosis in the treatment of various cancers. Although
some studies have achieved great improvement, some
issues especially the side effects cannot be ignored (17).
A variety of herbal extraction with remarkable anticancer
efficacy and lower toxicity i.e., ligustrazine have received
heightened attention on its antioxidant and antitumor
activity. Increasing evidence has reported that ligustrazine
possess the bioactivities of cell apoptosis induction and cell
differentiation through a variety of regulatory mechanism
(18-20). However, the critical mechanism of ligustrazine on
CRC cells is still unknown. In this study, we first uncovered
the underlying pathogenesis of ligustrazine on CRC at the
cellular level.

We first found that the proliferative ability of SW480
and CT26 cells were significantly inhibited by ligustrazine
in a time- and dose-dependent manner. It indicated that
the inhibitory effect of ligustrazine on cell proliferation was
a positive correlation to the concentration and treatment

© Annals of Palliative Medicine. All rights reserved.

time. The findings demonstrated that ligustrazine had
significant anti-tumor activity, which was consistent with
previous studies (21-23).

Proliferation and apoptosis of tumor cells are closely
related to the regulation of the cell cycle, and tumor
cell cycle arrest is an important indicator to evaluate the
effect of anti-tumor therapy (24). In the current study, we
found that ligustrazine could restrict cell proliferation by
arresting cells at the GO/G1 phase. It demonstrated that
ligustrazine might function on SW480 and CT26 cells
at the GO/G1 phase, and make some cells at the stage of
stagnation, thereby inhibiting the proliferation of SW480
and CT26 cells. The cell cycle is divided into four stages,
that is, G1, S, G2, and M. These four stages are regulated
by a panel of important modulators, such as Cyclin D1,
CDK2, and p27 (25). Cyclin-CDK complexes, which are
closely associated with the G1 phase in the progress of cell
cycle, are downregulated; and p27 as the CDK inhibitory
gene is upregulated for accelerating cell cycle arrest (26).
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Figure 6 Ligustrazine-induced apoptosis was achieved via p53-dependent mitochondrial pathway and cell cycle arrest at the GO/GI phase.

(A,B) Western blot analysis of the protein expressions of SW480 and CT26 cells with different treatments.

Currently, our results showed that ligustrazine could induce
cell apoptosis through promoting G0/G1 phase arrest
by regulating the expression levels of cell cycle-related
proteins, which indicated that special anti-tumor effects of
ligustrazine on SW480 and CT?26 cells growth.

Cell apoptosis is a cell death-related progress, which
is regulated by the p53 signal pathway (27). P53 is an
important tumor suppressor gene, and it is also the most
commonly mutated gene in human malignant tumors
(28,29). A substantial amount of evidence has shown that
p53 is related to a variety of malignant tumors, including
liver, gastric, and pancreatic cancer. And p53 plays a key role
in the regulation of cell cycle, DNA repair, and apoptosis
induction (30-32). Thus, p53 might become a crucial target
of tumor therapy. The p53-mediated cell death is mainly
mediated by the mitochondrial-regulated pathway via
regulating expressions of the apoptosis-associated family
members, such as Bcl-2 and Bax (14). Bax is a pro-apoptotic
protein belonging to the Bcl-2 family; it can inhibit the
activity of Bel-2 and form a heterodimer with Bel-2, a kind
of anti-apoptotic protein, leading to the dysfunction of
mitochondrial (33). Then, a series of caspases are activated

© Annals of Palliative Medicine. All rights reserved.

and cleaved-caspases are generated following the triggered
apoptotic pathway. The caspase proteins family play crucial
roles in caspase cascade. Caspase-9 is the promotor in the
caspase cascade, which can activate the apoptotic effectors,
i.e., caspase-3 and PARP. The activated cascade reaction
eventually leads to cell death. In our study, we found that
ligustrazine up-regulated p53 and pro-apoptotic protein
expression levels, and down-regulated the anti-apoptotic
protein expression levels. The results were confirmed by
p53 inhibitor assays. All the above evidence indicated that
ligustrazine might induce SW480 and CT26 cells apoptosis
mainly via the p53-dependent mitochondrial apoptotic
pathway.

To conclude, our findings revealed that ligustrazine
could inhibit the proliferation of SW480 and CT26 cells
by changing the cell cycle distribution, which leads to cell
cycle arrest at the GO/G1 phase. Besides, ligustrazine could
promote the expression of p53 protein and regulate relative
apoptotic protein expression, resulting in cell apoptosis
via the mitochondrial pathway (Figure 7). The evidence
suggested that ligustrazine might serve as a potential anti-
tumor agent.
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Ligustrazine

Cell cycle arrest at
GO0/G1 phase

—

" Mitochondrial
dysfunction

Figure 7 Ligustrazine promoted the SW480 and CT?26 cells apoptosis via a p53-dependent mitochondrial pathway and arrested the cell

cycle at the GO/G1 phase.
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