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Specific groups in Asia, including the Chinese, are more susceptible to colorectal cancer (CRC). The best
strategy for anticancer drug action is to induce cancer cell apoptosis and autophagy. Bufalin is a potent
inducer of apoptosis in some human cancer cell lines, but bufalin has barely been evaluated in colorectal
cancer cells as a potent autophagy inducing agent. The aim of this study was to investigate the roles and
interactions of bufalin in autophagy and the effects of the drug on human colorectal cancer. We applied

bufalin and autophagy inhibitors (CQ and 3-MA) in LoVo cells to investigate their potential anticancer
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Accepted 6th November 2018 bioactivity under certain concentrations of bufalin to monitor autophagy and cell proliferation in vivo and

in vitro. Bufalin induced autophagy of LoVo and inhibited proliferation of LoVo cells. Bufalin inhibited the
DOI: 10.1039/c8ra065669 expression of autophagy-related (ATG) proteins and tumor growth in vivo. Our studies identified that

rsc.li/rsc-advances bufalin could potentially be a small molecule inhibitor for cancer therapy.

role as an apoptosis-inducing agent in various human tumor
cell lines, including those of lung cancer,” hepatocellular

1. Introduction

Colorectal cancer (CRC) is a worldwide public health challenge
with the fourth-highest cancer death rate, with an estimated
694 000 deaths in 2012. According to various reports, certain
ethnic groups in Asia, including the Chinese, are more
susceptible to CRC." The best strategy for anti-tumor drug
action is to induce apoptosis and autophagy in tumor cells;
therefore, induction of autophagy may be a promising strategy
to increase tumor cell death.>

“Huachansu” in saline is an injectable drug, which has been
officially approved for the cancer treatment program in China.”
Bufalin is the main immune response component of digoxin
and is one of the components of “Huachansu”.®* The results
showed that in patients with liver cancer and pancreatic cancer,
the dose of Huachansu was eight times that of the standard
dose in China (20 mL per m per day or 20-25 mL per adult
patient per day, containing bufalin at 14.3 4+ 0.03 ng mL™").*
This dose is much smaller than the maximum dose recom-
mended by the American Medical Board (<100 pg),” suggesting
that bufalin may display an effective anti-cancer biological
activity at a certain concentration. It has been confirmed that
bufalin has a significant inhibitory effect on the proliferation of
transplanted liver cancer in nude mice.® In addition, results
from in vitro studies have shown that bufalin plays a powerful
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carcinoma,® colorectal cancer,” leukemia,'® prostate cancer™
and gastric cancer.” It has been demonstrated that bufalin
inhibits tumor cell proliferation through cell cycle arrest'> and
apoptosis, but its exact mechanism of action remains unknown.
It has been shown that bufalin induces autophagy-mediated cell
death in human colon cancer cells through reactive oxygen
species generation and JNK activation.” However, there have
been no detailed studies on the effects of autophagy on human
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Fig. 1 Structure of bufalin.
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Fig. 2 Bufalin promoted the expression of autophagy-related proteins (ATGs) in LoVo cells. (A) Western blot analysis of Atg3, Atg12, Atgl6L and
LC3 I/1l expression in LoVo cells treated with bufalin at 10 nM for 0 h, 12 h and 24 h. The amount of B-actin served as the loading control. (B)
Western blot analysis of Atg3, Atgl2, Atgl6L and LC3 I/Il expression in LoVo cells treated with bufalin for 24 h at 0 nM, 5 nM and 10 nM. The

amount of B-actin served as the loading control.

colon cancer in vivo, which is an important way to identify the
effect of bufalin on colon cancer.

Autophagy is a physiological process that allows the degra-
dation of cytoplasmic contents, including unfolded proteins
and membrane organelles under certain stress conditions. This
is a temporary survival mechanism. Certain cellular stresses,
such as oxidative stress, nutrient starvation, misfolded protein
accumulation, and radiation, induce autophagy. Once initiated,
the process delivers cytosolic material to a lysosome through
a double-membrane organelle called autophagosome, which
contains a portion of the cytoplasm and intracellular organ-
elles.™ However, recent studies have shown that autophagy is
also a cell death mechanism and the response from various
cancer cells to different anticancer therapies.”>*” Autophagy is
a highly regulated process involving the activity of autophagy-
associated proteins (ATGs). They can be divided into 4 func-
tional groups. ATG proteins that regulate autophagy include
ATG1 or ULK1, ATG13, and ATG17. The vesicle-nucleated ATG
proteins include ATG6 or BECLN 1 and ATGY9. Other ATG

This journal is © The Royal Society of Chemistry 2018

proteins, such as ATG5, ATG12 and LC3, are involved in the
formation of autophagosomes. Finally, ATG proteins are
responsible for autophagy-related proteins, including ATG2,
ATGY9, and ATG18.'%2° 3-MA, LY294002 and wortmannin can
inhibit the PI3K activity,” which is one of the major upstream
regulators of autophagy. Chloroquine (CQ) can inhibit auto-
phagosome fusion with lysosomes and autophagosome
degradation.”

On this basis, LoVo cells and nude mice were used as
experimental models to verify the hypothesis that bufalin could
reduce proliferation by promoting autophagy. The results
suggest that bufalin has potential application prospects in the
treatment of colorectal cancer.

2. Materials and methods
2.1 Materials and cell culture

Bufalin was obtained from Sigma (St. Louis, MO) and dissolved
in DMSO. LoVo cells were obtained from the American Type

RSC Adv., 2018, 8, 38910-38918 | 38911
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Fig. 3 Autophagy inhibitor (CQ and 3-MA) abated the ability of proliferation and the expression of ATGs induced by bufalin in LoVo cells. (A) The
expression of Atg3, Atg5, Beclin 1 and Atgl2 was detected by Western blot, being treated with bufalin and 3-MA. (B) The ability of LoVo cell
proliferation was detected by CCK-8 being treated with bufalin and 3-MA. (C) The expression of Atg3, Atg5, Beclin 1 and Atgl2 was detected by
Western blot being treated with bufalin and CQ. (D) The ability of LoVo cell proliferation was detected by CCK-8. (*P < 0.05, compared with

control), (#P < 0.05, com

pared with bufalin group).

Culture Collection. LoVo cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (HyClone, Logan, UT,
USA). Cells were supplemented with 10% fetal bovine serum
(FBS) (HyClone, Logan, UT, USA) and maintained in a humidi-
fied atmosphere with 5% CO, at 37 °C.

38912 | RSC Adv., 2018, 8, 38910-38918

2.2 Cell proliferation assay

Cell proliferation was measured by a Cell Counting Kit-8
assay. The cells were suspended in 10% heat-inactivated
bovine serum, plated in 96-well plates, incubated for 24
hours, and divided into treatment groups of different

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Inhibition of tumor growth by bufalin in mice. (A) The tumor volume of each group of nude mice was measured and calculated as V =

(width? x length)/2, **P < 0.01, ***P < 0.001. (B) The morphology of the tumor xenografts in each nude mouse after 17 days of treatment. (C) The
weight of tumor grafts 17 days after the intratumoral injection of 0 mg per kg per day, 0.5 mg per kg per day and 1.0 mg per kg per day, *P < 0.05,

**P < 0.01.

concentrations. Then, the plates were incubated for 1, 2, 3
and 4 days. After incubation, 10 uL of CCK-8 solution was
added to each well and incubated at 37 °C for additional 2
hours. Optical density (OD) value of absorbance at 450 nm
was measured with a Thermo Scientific Fluoroskan Ascent
FL. The results were plotted as the means + SD of three
independent experiments with three determinations per
sample for each experiment.

2.3 Western blotting

Cells were washed in PBS before incubation with lysis buffer
(1% Triton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM
EDTA, 1 mM EGTA, pH 8.0, 0.2 mM NazVO,, 0.2 mM phenyl-
methylsulfonyl fluoride, 0.5% Nonidet P-40) on ice for 10 min.
The cell lysates were centrifuged at 9000 g for 15 min and then,
the supernatant was collected. The protein concentration was
determined with the Coomassie Protein Assay reagent using
bovine serum albumin (BSA) as a standard. An equal amount of
protein extract (30 pg) was separated by 12% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
transferred to a nitrocellulose filter (NC) membrane. The
membrane was blocked in 5% skim milk for 2 hours at room
temperature in Tris-buffered saline containing 0.1% Tween 20
(TBST) and probed with primary antibodies overnight at 4 °C.
The membrane was washed three times with TBST. Then, the
antibody was incubated with horseradish peroxidase-binding
antibody for 1 hour at room temperature. After washing four
times with TBST, the membrane was visualized using ECL from
BIO RAD Laboratories. The Western blots shown represent at
least three independent experiments. Density analysis was
performed using Sigon Image 4.03 to quantitatively determine
the density of each band of the target protein. Mean + SD of
each group of proteins and intensities were determined by
GAPDH/B-actin densitometry in these three experiments.

This journal is © The Royal Society of Chemistry 2018

2.4 Xenograft tumor models of human CRC

Animal experiments were conducted with the approval of the
Animal Research Committee of Dalian Medical University. Male
nude mice were taken from Dalian Medical University. These
animals (4-6 weeks old, 18-25 grams) were placed in a specific
pathogen free (SPF) environment and provided with sterile
water and food. Mice were tested after 1 week of adaptation.
LoVo cells (5 x 10°) suspended in 200 uL of PBS were subcu-
taneously injected to the right side of the mice. Mice were
randomized into three groups with a tumor volume of 100 m*:
(a) 0 mg per kg per day, (b) 0.5 mg per kg per day, and (c) 1.0 mg
per kg per day. Two different concentrations of bufalin were
injected twice a week for 3 weeks. Systemic weight and tumor
volume were measured every 2 days after tumor inoculation.
Tumor volume was calculated according to the following
formula: tumor volume (MM?) = 1/2 x A (tumor length) x B>
(tumor width). At the end of the experiment, all animals were
sacrificed, tumor tissue was aseptically removed, weight was
recorded and further studies were performed.

2.5 Immunohistochemistry

Serial sections of 6 um were prepared from paraffin-embedded
tissues. The sections were fixed at 60 °C for 3 h, demethylated,
and reconstituted in alcohol. The antigen was removed by
microwave defrosting in citrate buffer for 25 min and washed
with phosphate buffered saline (PBS) after cooling for 1 hour.
Slides were incubated in 3% H,O, for 20 min to block endog-
enous peroxidase activity. After washing in PBS, blockade was
blocked with goat serum at 37 °C for 15 min, and non-specific
binding of the conjugated secondary antibody was eliminated
after incubation with LC3 antibody (1 : 100) overnight at 4 °C.
After washing with PBS, the sections were incubated with bio-
tinylated secondary antibody for 40 min at 37 °C. Next, the
sections were washed with PBS, and then incubated with
streptavidin-horseradish peroxidase for 40 min at 37 °C.

RSC Adv., 2018, 8, 38910-38918 | 38913
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Fig. 5

Immunohistochemical detection of LC3 protein in tumor xenograft samples. H&E staining (A) and immunohistochemistry (B) were

performed after the intratumoral injection of O mg per kg per day, 0.5 mg per kg per day and 1.0 mg per kg per day of bufalin for 17 days.
Immunodetectable LC3 protein is indicated by brown staining; nuclei are counterstained blue. Original magnification, x200.

Positive reactions were visualized with a diaminobenzidine
(DAB)-peroxidase substrate and counterstaining with haema-
toxylin for 30 s. Photomicrographs were taken using an
Olympus TH4-200 microscope (Tokyo, Japan).

2.6 H&E staining

Serial sections of 6 um were prepared from paraffin-embedded
tissues. The sections were fixed at 60 °C for 3 h, demethylated,
and reconstituted in alcohol. Then they were soaked in filtered
Harris hematoxylin for 2 min and rinsed with water twice for
1 min each. The slide was immersed in 0.3% ammonium

38914 | RSC Adv., 2018, 8, 38910-38918

hydroxide and rinsed with water twice for 1 min each. Then, the
slide was soaked in Eosin-Y and washed with water 3 times for
1 min each. The slide was dehydrated for 70% 1 min, 80%
ethanol for 1 min, 95% ethanol for 1 min, 100% ethanol twice
for 1 min, and xylene twice for 1 min each. Then, Permount was
added and the slips were covered.

2.7 Statistical analyses

Data were expressed as the mean + SD for three independent
experiments with GraphPad Prism software. The Student's t-test
was used to make a statistical comparison between groups. One-

This journal is © The Royal Society of Chemistry 2018
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Table 1 Expression of LC3 protein image analysis in tumor xenograft samples”

Vehicle group

Bufalin (0.5 mg
per kg per day) group

Bufalin (1.0 mg
per kg per day) group
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Fig. 6 Effects of bufalin on protein expression of ATGs in xenograft model. The proteins were extracted from tumor xenografts. The Atg3, Atg5,
Beclin 1, Atg7, Atg12, Atgl6L, and LC3 I/Il expression levels were measured by Western blot analysis. *P < 0.05, **P < 0.01.

way analysis of variance (ANOVA) was employed to determine
the statistical significance between different groups. *P < 0.05
was considered statistically significant (Fig. 1).

3. Results

3.1 Bufalin promoted the expression of autophagy-related
proteins (ATGs) in LoVo cells

Previous experiments have determined the concentration of
bufalin in treated tumor cells.”® To determine whether bufalin
induced autophagy-related protein (ATG) expression, LoVo cells
were treated without or with bufalin (10 nM) for 0 h, 12 h and
24 h, and the expression of ATGs was detected by Western Blot.
The results showed that bufalin induced ATGs expression in
a time-dependent manner in LoVo cells (Fig. 2A). We also
studied the dose-dependent response of bufalin (24 h) at 0 nM,
5nM and 10 nM. The result showed that the protein expression
of ATGs increased in a dose-dependent manner (Fig. 2B).

3.2 Autophagy inhibitor (CQ and 3-MA) abated the ability of
proliferation and expression of ATGs induced by bufalin in
LoVo cells

To confirm that bufalin regulation of LoVo proliferation occurs
through autophagy, we used Western Blot and Cell Counting
Kit-8 (CCK-8) to detect the proliferating ability of LoVo. As
shown in Fig. 3A and C, the expressions of Atg3, Atg5, Beclin 1
and Atg12 decreased compared with those observed in control
(*P < 0.05), and reversed by treatment with 3-MA (5 mM) or CQ
(25 uM) (#P < 0.05). As shown in Fig. 3B and D, the bufalin-

treated groups exhibited drastically decreased cell

This journal is © The Royal Society of Chemistry 2018

proliferation compared with control (*P < 0.05), and was
reversed by treatment with 3-MA or CQ (#P < 0.05).

3.3 Inhibition of tumor growth by bufalin in mice

The effect of bufalin on tumor growth was further examined in
nude mice with human colorectal tumor xenografts. LoVo cells
were injected subcutaneously into the armpit of nude mice.
When the tumors were ~100 mm? in size, the animals were
treated with different concentration of bufalin. The volume of
each tumor was measured by sliding calipers at 2 day intervals.
As shown in Fig. 4A, the periodic measurement of the tumor
xenograft volume indicated that the tumor volume in nude mice
decreased significantly in the high-concentration bufalin group
(1.0 mg per kg per body) compared with that observed in the
vehicle group (P < 0.01) after 7 days of the experiment. The
tumor volume also decreased significantly in the low-dose
bufalin group (0.5 mg per kg per body) compared with the
vehicle group (P < 0.01) after 11 days of the experiment. After
three weeks, we executed the mice humanely and found that the
weight of the tumor in the bufalin-treated (0.5, 1.0 mg kg™ " day)
group significantly decreased compared with that of the group
treated with 0 mg kg™ day (Fig. 4B and C).

3.4 Immunohistochemistry analysis of LC3 expression

We examined tumor xenograft samples from each treatment
group for H&E and expression of LC3 using IHC analysis to
further determine the mechanisms involved in bufalin-
mediated induction of autophagy of LoVo cells in vivo. As
shown in Fig. 5A, in the 0 mg per kg per day group, the surface
of the cancer cells was irregular, the nucleus was round, the

RSC Aadv., 2018, 8, 38910-38918 | 38915
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chromatin levels increased, the free ribosome levels were
increasing and abundant mitochondria and endoplasmic
reticulum were found in the cytoplasm. However, cells in 0.5 mg
per kg per day and 1.0 mg per kg per day treatment groups
showed cytoplasmic condensation, chromatin condensation in
the inner nuclear membrane in clumps or crescent, and cyto-
plasm foaming. As shown in Fig. 5B and Table 1, the relative
expression of LC3 in the tumors of nude mice in the high
bufalin dose group increased significantly compared with that
in the vehicle group.

3.5 Effects of bufalin on protein expression of ATGs in
xenograft model

We used a LoVo cells xenograft model to further study the
antitumor effect of bufalin on the protein expression of auto-
phagy in vivo. The relative protein expression levels of Atg3,
Atg5, Beclin 1, Atg7, Atg12, Atg 16 L and LC3 I/II in tumor tissues
were determined by Western Blot. These results showed that
bufalin treatment significantly upregulated the protein expres-
sion of Atg3, Atg5, Beclin 1, Atg7, Atg12, Atg 16L and LC3 /Il in
a dose-dependent manner compared with the vehicle group (P <
0.05 to 0.01, Fig. 6). Thus, bufalin might exert an anti-tumor
effect via the autophagy pathway.

4. Discussion

Over the past decade, a combination of multiple anticancer
drugs has significantly improved survival rates in patients with
CRC in Phases III and IV.** However, 30% of CRC patients
experience disease recurrence in stage III, even though radical
resection of the primary tumor has been performed.>® There-
fore, a new strategy is urgently needed to minimize residual
tumors.

Bufalin has been reported to play a key role in cancer cell
death and differentiation in ovarian and prostate cancers and is
less toxic to normal cells at low doses.?® Bufalin can also induce
ROS production in lung cancer cells.”” However, the effect of
bufalin on autophagy in colorectal cancer in the null mice
model has not been thoroughly investigated.

In this study, the dose-dependent and time-dependent
expression of autophagy-related proteins was monitored by
Western blotting when cells were treated with bufalin. CCK-8
and Western blot analysis showed that CQ and 3-MA could
reverse the proliferation and autophagy-related protein expres-
sion of LoVo cells induced by bufalin. In addition, we demon-
strated that bufalin can inhibit tumor growth by promoting
autophagy in vivo.

Autophagy is involved in promoting or inhibiting cancer cell
death, depending on the cellular background and the intensity
and duration of stress stimuli. However, the molecular mech-
anism of the dual role of autophagy remains unclear. Typically,
autophagy promotes a portion of the cytoplasm and organelles
to enter autophagic vesicles as part of a stress response. More-
over, under continuous autophagy stimulation, excessive auto-
phagy depletion of organelles and key proteins eventually leads
to caspase-independent cell death. In this regard, autophagy
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may be used as a therapeutic target only if it is highly activated
in cancer cells. Our data demonstrated that induction of auto-
phagy by bufalin causes cell death in colon cancer cells.

In previous studies in this laboratory, we have reported that
bufalin promotes apoptosis in colon cancer cells. Many
apoptosis-inducing stimuli often induce autophagy, such as
ceramide treatment in breast cancer and colon cancer, and both
apoptosis and autophagy are simultaneously upregulated.”® In
the clinical trial of arsenic trioxide treatment of T lymphocytes,
it was also found that both apoptosis and autophagy were
activated simultaneously,” and the antibacterial drug chlor-
oiodoquinoline induced autophagic death and apoptosis in
leukemia and myeloma cells by disrupting the mTOR signaling
pathway.>® Targeting knockout of the autophagy-associated
protein ATG7 or autophagy inhibitor 3-methyladenine inhibits
caspase activation and reduces apoptosis.** In many cases, the
potential for autophagy-induced cell death is apoptotic inhibi-
tion, but it plays a key role in the defect of apoptotic function.
Cell autophagy was up-regulated in mouse embryonic fibro-
blasts with apoptosis-deficient Bax/Bak /'~ treated with etopo-
side, toxic carrot lactone, etc., and specific inhibitors inhibited
cell survival after autophagy.®* In these cases, autophagy and
apoptosis together trigger cell death through synergistic,
complementary, or alternative mechanisms.

In the present study, we found that bufalin as an effective
agent for inducing autophagy in human colon cancer cells and
nude mice will pave the way for further development of the
clinical treatment of colorectal cancer.
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