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Abstract

graft mice.

Background: Protopine is an isoquinoline alkaloid that possesses various biological activities including the anti-
tumour activity. However, the effects of protopine on liver carcinoma cells are still elusive. The aim of this study is to
examine the effects of protopine on liver carcinoma cells both in vitro and in vivo.

Methods: MTT assay was performed to measure the cell viability. Wound healing and transwell assays were con-
ducted to assess the motility of cells. Cellular apoptosis and ROS levels were measured by the flow cytometry. Western
blotting assay was used to measure the change of proteins. The cytotoxicity of protopine was also evaluated in xeno-

Results: Protopine inhibited viabilities and triggered apoptosis via the intrinsic pathway in a caspase-dependent
manner in liver carcinoma cells. Furthermore, protopine also induced accumulation of intracellular ROS which further
led to the inhibition of PI3K/Akt signalling pathway. Finally, in vivo study showed that protopine also repressed
tumour growth in xenograft mice without noticeable toxicity.

Conclusions: Protopine might be used as a potential therapeutic agent for the treatment of liver carcinoma.
Keywords: Protopine, Liver carcinoma, Apoptosis, ROS, PI3K/Akt

Background

Liver carcinoma is one of the most common tumours
with extremely high morbidity and mortality worldwide
[1]. Liver carcinoma, which has an increasing incidence
every year, is the second leading cause of cancer-related
death according to the statistics of World Health Organi-
zation [2]. Unfortunately, majority of the liver carcinoma
cases were diagnosed at late stage and the surgery or
transplantation is not suitable. Currently, chemotherapy
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is still the most widely used strategy for the treatment
of advanced stage liver carcinoma. However, the appli-
cation of chemotherapeutic agents is often hampered
by unwanted severe toxicity effects on the normal cells.
Hence, its necessary to identify novel anticancer agents/
compounds to improve the prognosis of liver carcinoma.

In recent years, natural products got great attentions
as an important source of novel agents for a wide range
of diseased including the cancers. All the new drugs
approved by the FDA from 1981 to 2019 (n=1881)
are natural products or natural products derivates [3].
Till now, numerous natural products showed promis-
ing activities against the liver carcinoma. For instance,
DMAMCIL, a natural plant-derived guaianolide sesquit-
erpene lactone, has been found inhibited the tumorigen-
esis of liver carcinoma both in vitro and in vivo [4].
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Protopine is an isoquinoline alkaloid that can be found
in a variety of plants such as Papaveraceae and Fumari-
aceae in the northeast part of Asia [5]. Similar to other
natural alkaloids, protopine has been found to possess
various biological activities such as anti-inflammation,
anti-microbial, anti-angiogenic and anti-tumours [6].
Although protopine has been proved to exert anti-
tumour activities against various cancers such as colon
cancer, prostate cancer and pancreatic cancer [7-9].
However, the effects of protopine on the tumorigenesis
of liver carcinoma has not been investigated yet. Con-
sidering that protopine also possesses the hepatoprotec-
tive activity in liver injury [10]. It would be interesting to
study the effects and its underlying mechanisms of proto-
pine on the liver carcinoma.

In the current study, we aimed to evaluate the effects
of protopine on the tumorigenesis of liver carcinoma.
It was found that protopine inhibited the viabilities and
induced apoptosis via the mitochondrial pathway in liver
carcinoma cells. Furthermore, it was also found that pro-
topine inhibited the PI3K/Akt signalling pathway which
relied on the generation of ROS. Finally, protopine could
also inhibit the growth of liver carcinoma cells in vivo.
Our data suggested that protopine might be developed
into a chemotherapeutic agent for the treatment of liver
carcinoma.

Methods

Cell culture and chemicals

The human liver carcinoma cell lines HepG2 and Huh?
were purchased from Shanghai Bank of Cell Culture,
Shanghai Institute of Biological Sciences, Chinese Acad-
emy of Sciences (Shanghai, China). All cells were cultured
in the RPMI1640 medium (Gibco, USA) supplemented
with 10% FBS (fetal bovine serum, Gibco) and 1% penicil-
lin/streptomycin (GIBCO) at 37 °C in a humidified incu-
bator with 5% CO,. Caspase-3 inhibitor (Q-DEVD-OPh),
caspase-8 inhibitor (Z-IETD-FMK), caspase-9 inhibitor
(Z-LEHD-FMK) and pan-caspase inhibitor (z.VAD-FMK)
were obtained from Abcam (USA). All other chemicals
used were obtained from Sigma-Aldrich (USA).

MTT assay

HepG2 and Huh-7 cells were seeded into 96-well plates
at the density of 5000 cells/well. After treated with vari-
ous doses of protopine under various conditions, cell via-
bilities were measured using the MTT assay (Sigma) as
described previously [11].

Wound healing assay

Cellular migration was measured using the wound heal-
ing assay. Cells were seeded into the 24-well plate at the
density of 1 x 10* cells/well. 24 h later, cells were cultured
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to 90% confluence, a scratch was created by a sterile tip
on the monolayer cells and cells were treated with vari-
ous doses of protopine. 24 h later, the width of wound
was measured under an inverted microscope (Olympus,
Japan) at x 100 magnification and normalized to initial
distance at 0 h.

Invasion assay

Transwell assay was performed to measure cellular inva-
sion. Cells were suspended in serum-free medium con-
taining various doses of protopine at the density of about
400 cells/ul and seeded into the upper chambers of
transwell which was coated with the Matrigel (BD Bio-
sciences, USA), 500 pl of full culture medium with 10%
FBS was placed into the bottom chamber as the chem-
oattractant. After culture for 48 h, the cells remaining in
the top chambers were removed and the cells in the bot-
tom chambers were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. The number of invaded
cells were counted under the inverted microscope (Olym-
pus, Japan) at x 100 magnification.

Cellular apoptosis assay

After being treated with various doses of protopine for
24-h, 1 x 10° cells were collected and staining with 500 pl
Annexin V binding buffer with 5 pl of Annexin V-FITC at
room temperature for 0.5 h and avoid the light. Then cel-
lular apoptosis was measured using the flow cytometer
(BD Biosciences, USA).

Relative caspase activities assay

The relative activities of caspase-3, caspase-8 and cas-
pase-9 were measured by the caspase-3, caspase-8 and
caspase-9 multiplex activity assay kit (Abcam, USA)
according to the manufacturer’s guide. In brief, cells were
treated with various doses of protopine for 24 h, and
cellular lysates were collected. Equal amount of cellular
lysates (10 pl) was added into 96-well plates and 80 pl
of reaction buffer containing various caspase substrates.
After incubated at 37 °C for 4 h, caspase activities were
measured at the absorbance at 450 nm.

ROS measurement

Levels of ROS were measured by staining cells with
2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA;
Sigma-Aldrich) according to the manufacturer’s guide.
After treated with various doses of protopine for 24 h,
then cells were incubated with 10 mM DCFH-DA for
0.5 h to avoid light, and fluorescence was detected by
flow cytometry (BD Bioscience, USA).
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MDA, SOD, LDH and GPX assays

The levels of MDA, SOD, LDH and GPX were measured
by the Lipid Peroxidation (MDA) Assay kit, SOD activ-
ity assay kit, LDH assay kit and Glutathione Peroxidase
(GPX) Assay Kit, respectively according to the manufac-
turer’s guide. All kits were obtained from the Abcam.

RNA sequencing analysis

Cells were treated with or without protopine for 24 h and
total RNA was then extracted for RNA-seq in triplicate.
RNA-seq was performed and analyzed by GeneChem
Ltd (Shanghai, China). Various signalling pathways were
investigated and the significant differentially expressed
genes (P <0.05) were classified into corresponding signal-
ling pathways.

Western blotting assay

Cells were harvested and lysed with RIPA buffer after
transfection. The protein concentrations were assayed a
Bradford protein assay kit (Beyotime). Equal amounts of
protein (20 pg) were separated by 12% SDS-PAGE and
transferred to PVDF membranes (Merck-Millipore Bio-
science) at 100 V for 1 h. The blots were blocked with 5%
skimmed milk at room temperature for 1 h, followed by
incubation with different primary antibodies at 4 °C over-
night. All antibodies were obtained from the Cellular Sig-
nalling Technologies (USA). Signals were visualized using
an enhanced chemiluminescence (ECL; Pierce, USA).

In vivo study

Male BALB/c mice at 6-8 weeks were chosen and ran-
domly divided into four groups (n=>5/group). Cells
were implanted (107 cells/ml) subcutaneously into the
right frontal axils of the mice. When the tumour vol-
ume reached about 100 mm?, the mice were treated
with an intravenous injection of saline (control) or vari-
ous doses of protopine. Tumor volume was measured
once every 3 days and calculated by the formula: vol-
ume = (width? x length)/2. At the end of the treatment,
the tumours were resected and the weight of tumours
were measured. Then the tumours protein was extracted
using the One-Step animal tissue active protein extrac-
tion kit (Sangon Biotech, Shanghai, China) according
to the manufacturer’s guide. All animal experiments
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followed ethical standards and all protocols were
approved by the animal using committee of Zhejiang
University.

Statistical analysis

Data were analysed using SPSS 12.0 software (Chicago,
IL, USA). All experiments were conducted at least three
times. The results are expressed as the mean =+ SD. Dif-
ference between groups was compared using One-way
ANOVA followed Tukey’s post-hoc test. A value of
p <0.05 was considered significantly different.

Results

Protopine inhibited the viability, migration, invasion

and EMT process of liver carcinoma cells

Firstly, we evaluated the toxicity of protopine in two liver
carcinoma cell lines (HepG2 and Huh-7). MTT assay
showed that protopine inhibited the viability of both
HepG2 and Huh-7 cells but not normal liver cell Lo2 in
a dose- and time- dependent manner (Fig. 1A). Wound
healing assay and transwell assay showed that protopine
also repressed the migration and invasion of liver car-
cinoma cells in a dose-dependent manner (Fig. 1B and
C). Given the critical roles of matrix metalloprotein-
ases (MMPs) in the migration and metastasis of tumour
cells, the levels of MMP-2 and MMP-7 were examined
after exposure to protopine in liver carcinoma cells. It
was found that protopine inhibited the protein levels
of MMP-2 and MMP-7 in a dose-dependent manner
(Fig. 1D). Since the epithelial-mesenchymal transition
(EMT) process contributed to the metastasis of tumour
cells, we also studied the markers of EMT. It was found
that the mesenchymal marker N-cadherin was downreg-
ulated while the epithelial maker E-cadherin was upregu-
lated after exposure to protopine in liver carcinoma cells
(Fig. 1D). Taken together, those data suggested that pro-
topine showed selectively cytotoxicity against liver carci-
noma cells.

Protopine induced apoptosis via the intrinsic pathway in a
caspase-dependent manner

In order to further evaluate the cytotoxicity of protopine
in liver carcinoma cells, cellular apoptosis assay was per-
formed. Annexin V-FITC assay showed that protopine

(See figure on next page.)

as mean = SD; *P < 0.05; **P < 0.01

Fig. 1 Protopine inhibited the viability, migration, invasion and EMT process of liver carcinoma cells. A Liver carcinoma cells HepG2, Huh7 and
normal liver cell LO2 were treated with various doses of protopine (10 uM, 20 uM, 40 uM) for different time (24 h, 48 h, 72 h, 96 h), then cell viabilities
were measured by the MTT assay. B HepG2 and Huh7 cells were treated with various doses of protopine (10 uM, 20 uM, 40 uM) for 24 h, then
cellular migration was measured by the wound healing assay. C HepG2 and Huh7 cells were treated with various doses of protopine (10 uM, 20 uM,
40 uM) for 48 h, then cellular invasion was measured by the transwell assay. D HepG2 and Huh?7 cells were treated with various doses of protopine
(10 uM, 20 puM, 40 pM) for 24 h, then total cellular lysates were subjected to western blotting analysis with various antibodies. Data were presented
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induced apoptosis in a dose-dependent manner in liver
carcinoma cells (Fig. 2A). In order to further confirm the
apoptosis induced by protopine, relative caspases activi-
ties assay was performed. It was found that protopine
treatment enhanced the activities of caspase-3 and cas-
pase-9 but not caspase-8 in a dose-dependent manner in
liver carcinoma cells (Fig. 2B). Next, the protein levels of
caspases were examined by the western blots. In line with
the caspases activities assays results, it was shown that
protopine treatment led to the cleavage of caspase-3 and
caspase-9 but not caspase-8 in a dose-dependent man-
ner (Fig. 2C). In order to elucidate the role of caspases
in the apoptosis induced by protopine, specific caspases
inhibitor was applied and it was found that pan-caspase
inhibitor z.VAD, specific caspase-3 inhibitor Q-DEVD
and specific caspase-9 inhibitor z.LEHD but not specific
caspase-8 inhibitor could block the apoptosis induced by
the protopine (Fig. 2D). Considering that activation of
caspase-9 and caspase-3 is a hallmark of intrinsic apopto-
sis which was subjected to the regulation of Bcl-2 family
proteins, we also examined the expression of Bcl-2 pro-
teins after exposure to protopine. As indicated in Fig. 2E,
protopine treatment caused decrease of Bcl-2 and Bcl-
xl in a dose-dependent manner in liver carcinoma cells.
Furthermore, protopine treatment also triggered release
of mitochondrial protein cytochrome c into the cyto-
sol in liver carcinoma cells in a dose-dependent man-
ner (Fig. 2F). Taken together, those data suggested that
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protopine induced caspase-dependent apoptosis via the
mitochondrial pathway in liver carcinoma cells.

Protopine inhibited the PI3K/Akt signalling pathway
in liver carcinoma cells
In order to elucidate the detailed mechanisms underly-
ing the apoptosis induced by protopine in liver carci-
noma cells, RNA sequencing analysis was conducted.
It was found that various pathways were affected after
exposure to protopine in liver carcinoma and among the
most enriched pathways was PI3K/Akt pathway (Fig. 3A).
Furthermore, various genes that were affected in Huh7
cells after protopine treatment were presented in a heat
map and it was also found that the expression of proteins
related with PI3K/Akt signalling pathway was affected
(Fig. 3B). Western blots results indicated that both phos-
phorylated PI3K and Akt were repressed after exposure
to protopine in liver carcinoma cells (Fig. 3C). In order to
further confirm the role of PI3K/Akt signalling pathway
in the apoptosis induced by protopine, LPS.
(Lipopolysaccharide) was applied to activate the PI3K/
Akt signalling pathway. As indicated in Fig. 3D, LPS
treatment could reverse the inhibition of protopine on
phosphorylated Akt. Meanwhile the cleavage of cas-
pase-3 caused by protopine was abrogated by the LPS in
liver carcinoma cells (Fig. 3D). Furthermore, enhanced
caspase-3 activities (Fig. 3E) and apoptosis (Fig. 3F)
induced by protopine could also be repressed by LPS.
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were treated with various doses of protopine for 24 h, then relative caspases activities were measured. C HepG2 and HuH-7 cells were treated
with various doses of protopine for 24 h, then cellular lysates were subjected to western blots with indicated antibodies. D HepG2 and HuH-7 cells
were pretreated with different caspases inhibitors for 0.5 h, then cells were treated with protopine (40 uM) for another 24 h and cellular apoptosis
was measured. E HepG2 and HuH-7 cells were treated with various doses of protopine for 24 h, the expression of Bcl-2 and Bcl-xI was measured
by western blots. F HepG2 and HuH-7 cells were treated with various doses of protopine for 24 h, the release of cytochrome c into cytosol was
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HepG2

. .3 - R - oM
H = 10uM 2 =R
S = 20M 33 m 20M
8% g 40 pMt
g E3 I 40uM b 5 =
g2 25
7352 gz
83 o2
2 € H
2z 1 5
] 3
L3 0- &

Caspase-3 Caspase-8 Caspase-d Caspase-3 Caspase8 Caspase-d
E F
Protopine (uM) Protopine (uM)
0 10 20 40 0 10 20 40 0 10 20 40 0 10 20 40
Bz A . e S . Cytochrome ¢ T —— - -

Bl M - — - —

GAPDH

GAPDH W IR W W R W= . -
Cytosolic fraction

HepG2 HuH-7




Nie et al. Cancer Cell Int (2021) 21:396

Page 6 of 10

Cellular metaolism resources -

Cell cycle pathway -

NF-kB signalling pathway 4—]
JAK-STAT signaling pathway 4—]

MAPK signaling pathway -

[ PI3K/Akt signaling pathway -

Calcium signaling pathway

i

MJ

Notch signaling pathway 4—]
cAMP signaling pathway 4—]
1]

(¢} Protopine (uM)

Huh-7

0 10 20 40 0 10 20 40

P-PISK g - -

PI3K

— —
p-Akt

—— —— . e

Akt

Neuroactive ligand-receptor signaling pathway GAPDH (D SIS SIS SHB cun e ce =
Signaling pathways 0 s 1.0 15 20 Control Treated HepG2 Huh-7
Protein count
D HepG2 Huh-7 E F
LPS -+ - + - - + g 49 . 30 . *
Protopine - + + - - + + E * —
D-Akt —— — —— I S 3] R
@ e, 20
AL s s — — — — %2 [
a B
°
3 2 10+
Caspase-s (M G 8
aspase: ““ o 1 <
2
Cleaved %
caspase-3 x 0- 0-
LPS - + + + - + LPS - + - + - + - +
GAPDH e e — — — = Protopine - - + + - -+ 4 Protopine - - + + - -+ o+
HepG2 Huh-7 HepG2 Huh-7

Fig. 3 Protopine treatment inhibited the PI3K/Akt signalling pathway in liver carcinoma cells. A RNA-sequencing analysis showed the signalling
pathways that were affected after exposure to protopine in Huh-7 cells. B Heatmap of the differentially expressed proteins in Huh-7 cells after
treated with protopine. C HepG2 and Huh-7 cells were treated with various doses of protopine for 24 h, then cellular lysates were subjected to
western blotting with indicated antibodies. D HepG2 and Huh-7 cells were pre-treated with LPS for 0.5 h then cells were treated with or without
protopine for another 24 h, cellular lysates were subjected to western blotting analysis with indicated antibodies. E HepG2 and Huh-7 cells were
pre-treated with LPS for 0.5 h then cells were treated with or without protopine for another 24 h, relative caspase-3 activities were measured.

F HepG2 and Huh-7 cells were pre-treated with LPS for 0.5 h then cells were treated with or without protopine for another 24 h, then cellular
apoptosis was measured. Data were presented as mean & SD; *P < 0.05; **P <0.01

Taken together, those data suggested that inhibition of
PI3K/Akt pathway which is essential for the apoptosis
induced by protopine in liver carcinoma cells.

Protopine treatment caused oxidative stress in liver
carcinoma cells

It was well documented that various alkaloids could trig-
gered oxidative stress which is essential for the cytotoxic-
ity against tumour cells [12]. In order to examine whether
protopine affected the oxidative stress in liver carcinoma
cells, the fluorescent probe DCFH-DA was applied to
study the effect of protopine on the generation of ROS
in liver carcinoma cells. As shown in Fig. 4A, protopine
treatment significantly increased cellular ROS levels in
both HepG2 and Huh-7 cells. Furthermore, it was also
found protopine treatment led to the increase of MDA
and LDH while SOD and GPX activities were inhibited
by protopine in liver carcinoma cells (Fig. 4B-E). In
order to further elucidate the role of ROS in the apopto-
sis triggered by protopine, a well-known ROS scavenger
NAC was applied. As shown in Fig. 4F, NAC treatment
reversed the effects of protopine on the phosphorylation
of Akt and caspase-3 cleavage in liver carcinoma cells.
In addition, increased caspase-3 activities (Fig. 4G) and

apoptosis (Fig. 4H) induced by protopine also be abro-
gated by NAC in liver carcinoma cells. Taken together,
those data suggested that generation of ROS is essential
for the apoptosis and inhibition of PI3K/Akt induced by
protopine in liver carcinoma cells.

Protopine inhibited liver carcinoma cells growth in vivo

We further assessed the anti-tumour effects of protopine
in vivo by using the xenograft tumour model in BALB/c
nude mice. Xenograft tumours were created by subcuta-
neous injection of HepG2 or Huh-7 cells in BALB/c mice.
After solid tumour size reached over 100 mm?, mice
were randomly divided into four groups and treated with
saline or various doses of protopine (5 mg/kg, 10 mg/kg,
20 mg/kg). As shown in Fig. 5A, administration of proto-
pine significantly inhibited the growth of liver carcinoma
cells in vivo. 30 days later, mice were sacrificed and the
tumours weight were measured. Tumour weight was sig-
nificantly reduced in the groups treated with protopine
compared with the control group (Fig. 5B). In addition,
there was no obvious loss of body weight in the protopine
treated groups (Fig. 5C). Finally, the xenograft tumour
tissues were subjected to western blotting analysis. Simi-
lar to the in vitro results, treatment of protopine also led
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Fig. 4 Protopine treatment led to the generation of ROS in liver carcinoma cells. A HepG2 and Huh-7 cells were treated with various doses of
protopine for 6 h, intracellular ROS generation was measured by flow cytometer. B HepG2 and Huh-7 cells were treated with various doses of
protopine for 6 h, then the content of MDA was measured. C HepG2 and Huh-7 cells were treated with various doses of protopine for 6 h, then
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E HepG2 and Huh-7 cells were treated with various doses of protopine for 6 h, levels of GPX were measured. F, HepG2 and Huh-7 cells were
pre-treated with NAC (10 mM) for 0.5 h, then cells were treated with or without protopine for 24 h, cellular lysates were subjected to western
blotting analysis with indicated antibodies. G HepG2 and Huh-7 cells were pre-treated with NAC for 0.5 h then cells were treated with or without
protopine for another 24 h, relative caspase-3 activities were measured. H HepG2 and Huh-7 cells were pre-treated with NAC for 0.5 h then cells
were treated with or without protopine for another 24 h, then cellular apoptosis was measured. Data were presented as mean = SD; *P < 0.05;
**P <0.01

to the inhibition of PI3K/Akt and cleavage of caspase-3  PI3K/Akt signalling pathway which relied on the gen-
in vivo. Taken together, those data suggested that proto-  eration of ROS was involved in the apoptosis-induced
pine inhibited the growth of liver carcinoma cells growth by protopine. To our knowledge, this is the first study to

in vivo. indicate that protopine inhibits the viability and induces
apoptosis of liver carcinoma cells both in vitro and

Discussion in vivo.

Liver carcinoma is a common tumour with high inci- Recently, protopine, an isoquinoline alkaloid, has been

dence and mortality. Due to lack of effective therapeutic  shown to exert cytotoxic effects against human cancer
options, its urgent to identify novel potential anti-tumour  cells. For instance, protopine was able to induce both
agents to treat liver carcinoma. In the present study, we  apoptosis and autophagy of colon cancer cells through
showed that protopine could inhibit viability and induce stabilizing p53 [7]. In our scenario, we also found that
apoptosis of liver carcinoma cells in a caspase-dependent ~ protopine showed strong cytotoxicity against liver car-
manner. In addition, it was also found that inhibition of  cinoma cells but not normal liver cells. Liver carcinoma
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are often diagnosed too late to be operable. During the
metastasis, malignant liver carcinoma cells usually gain
migratory and invasive ability and loss junctions between
cells [13]. This phenotypic change of epithelial tumour
cells was known as the epithelial-to-mesenchymal tran-
sition (EMT) process. Multiple proteins such as MMP-
2/7 play essential roles in the migration and invasion of
tumour cells through regulation of degradation of extra-
cellular matrix proteins [14]. In this study, it was found
that protopine treatment inhibited the migration and
invasion of liver carcinoma cells. Furthermore, it was also
observed that protopine treatment inhibited the MMP-
2/7 and EMT biomarkers. Those findings suggested that
protopine might possess the inhibitory effect on the
metastasis of liver carcinoma cells and it would be inter-
esting to test it in more types of carcinoma cells.
Apoptosis is also known as the type I programmed
cell death which is characterized by multiple biophysi-
cal changes such as DNA fragmentation and nuclear
condensation [4, 11]. Apoptosis can be triggered via
two pathways namely the extrinsic and the mitochon-
drial pathway. The extrinsic and mitochondrial apoptotic
pathway can be initiated by the caspase-8 and caspase-9,
respectively. Both the activation of caspase-8 and cas-
pase-9 will lead to the activation of caspase-3 which acts

as an executioner of apoptosis [15]. Our results showed
that protopine treatment led to the activation of cas-
pase-9 and caspase-3 but not caspase-8. In addition, the
release of mitochondrial protein cytochrome c into cyto-
sol was also observed after exposure to protopine. Those
data indicated that protopine triggered apoptosis via the
mitochondrial pathway in liver carcinoma cells. Our find-
ings are in line with previous studies which showed that
protopine also induced apoptosis via the mitochondrial
apoptotic pathway in the prostate and colon cancer cells
[7, 8].

The essential role of PI3K/Akt signalling pathway has
been implied in liver carcinoma development and pro-
gression both in vitro and in vivo [16]. PI3K/Akt signal-
ling pathway is closely correlated with various biological
activities such as cell proliferation, differentiation, metas-
tasis, tumorigenesis and cell death [17]. By RNA-seq
analysis, the PI3K/Akt signalling pathway was identified
to be markedly altered in Huh-7 cells after exposure to
protopine. Hence, PI3K/Akt signalling pathway was cho-
sen for further investigation. By using LPS, an activator of
PI3K/Akt, we found that inhibition of PI3K/Akt is critical
for the apoptosis induced by protopine in liver carcinoma
cells. To our knowledge, it’s the first time indicated that
protopine could act as an inhibitor of PI3K/Akt signalling
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pathway. Considering that targeting PI3K/Akt signal-
ling pathway is a promising strategy for the treatment of
various cancers, it would be meaningful to examine the
inhibitory effect of protopine on PI3K/Akt in more types
of cancer cells.

Amounting evidence indicates that plenty of natural
products exert anti-tumour effects via regulation of the
oxidative stress in tumour cells [18]. We found that pro-
topine treatment not only increases the levels of ROS,
MDA and LDH but also inhibits the SOD activity and
GPX levels. Meanwhile, ROS scavenger could abrogate
the apoptosis induced by protopine. It was well-docu-
mented that multiple natural products induced apop-
tosis via accumulation of ROS which act as an inhibitor
of PI3K/Akt signalling pathway [19]. Similar to previous
studies, we found that ROS generation induced by pro-
topine is critical for the inhibition of PI3K/Akt signalling
pathway. Recently, some studies showed that prolonged
chemotherapy decreases the intracellular levels of ROS
which may led to chemoresistance in the tumours cells
[20]. Therefore, application of agents that able to repress
antioxidant system and to enhance intracellular ROS
levels might be a promising strategy to trigger cell death
and/or overcome chemoresistance of tumours cells [21].
Based on that, it would be interesting to test if protopine
could be used as a useful adjuvant in the treatment of
cancers. Taken together, our data suggest that the gen-
eration of ROS by protopine plays a critical role in the
apoptosis and acts as an upstream regulator of PI3K/Akt
signalling pathway in liver carcinoma cells.

We also showed that administration of protopine inhib-
ited the tumour growth in xenograft mice. Similar to the
in vitro results, inhibition of PI3K/Akt and activation of
caspase-3 were also observed in vivo. In addition, there
were little significant difference of body weights between
the control group and protopine treated groups, indicat-
ing that protopine can be well tolerant. However, there’s
some limitations of our study. Firstly, RNA-sequencing
results showed that protopine affects various signalling
pathways in liver carcinoma cells, it would be interesting
to explore the roles of other signalling pathways in the
biological activities of protopine. Secondly, whether pro-
topine could repress the metastasis was not investigated
in this study and it would be meaningful to study in the
future.

Conclusions

In summary, we have examined the potential anti-tumour
effects of protopine on two human liver carcinoma cell
lines both in vitro and in vivo. Protopine inhibits tumour
cells viability, induces caspase-dependent apoptosis via
the intrinsic pathway and induces ROS which further
blocks PI3K/Akt signalling pathway. Noteworthy, a very
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recent study showed that protopine has hepatoprotective
activity in vivo [22]. Therefore, protopine may be devel-
oped as an effective agent to treat liver carcinoma by fur-
ther investigation.
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