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including SW1990 and PANCI we
48 h, and cell viability was ey

g mouse model was constructed. The effects of
1990 tumor-bearing mice were also evaluated by
ELISA assay.
Results: Specifi lasodine could significantly inhibit the proliferation of
i es SW1990 and PANCI cells. Flow cytometric analysis indicated
duce apoptosis of SW1990 and PANCI cells. Western blot assay
could significantly inhibit the activation of Cox-2/Akt/GSK3p

dwhile, the release of Cytochrome ¢ from mitochondria to cytoplasm

g raise the caspases cascade (C-caspase 3 and C-caspase 9) was significantly
solasodine. In vivo, the results showed that solasodine had potent anti-tumor
ivities with a lower cytotoxicity. In addition, the serum TNF-a, IL-2 and IFN-y levels in
0 tumor-bearing mice after the treatment of solasodine was significantly increased.
Conclusion: Taken together, our results suggested that the solasodine could prevent the
progression of pancreatic cancer by inhibiting proliferation and promoting apoptosis, as well
as stimulating immunity, suggesting that solasodine might be a potential therapeutic strategy
for pancreatic cancer.

Keywords: pancreatic cancer, solasodine, Cox-2/Akt/GSK3p signal pathway, apoptosis,
apoptosis

Introduction

Pancreatic cancer ranks the fourth leading cause of cancer-related deaths in the
western world with the increasing incidence every year.! And a large number of
pancreatic cancer patients are diagnosed with either locally advanced unresectable
disease due to an extensive vascular infiltration, or metastatic disease.? Pancreatic
cancer is difficult to treat because many patients are diagnosed at a later stage in
which the tumor has spread.” However, a lot of patients with later-stage diagnoses
when surgery is not possible, chemotherapy and radiation therapy are available
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treatment options.* Despite many advantages on the var-
ious therapies in pancreatic cancer and its serious effects in
healthy human health, the identification and development
of specific, efficient and low toxicity therapeutic drugs for
pancreatic cancer is still an urgent need.

Recently, several potential chemotherapy drugs and
better action mechanisms against pancreatic cancer have
been developed and studied. Gemcitabine has been con-
sidered as the standard treatment and has been widely
utilized as a first-line drug for advanced pancreatic
cancer.” Two combination regimens for metastatic pan-
creatic cancer turned out to be gold standards in recent
years: S-fluorouracil (5-FU)/leucovorin with irinotecan
and oxaliplatin (FOLFIRINOX).® In addition, a recent
study showed that adjuvant therapy with a modified
FOLFIRINOX (oxaliplatin, irinotecan, leucovorin, and
fluorouracil) regimen brought a profoundly longer survival
than gemcitabine among resected pancreatic cancer
patients.” Despite many advantages in the treatment, the
fundamental reasons for these frustrating outcomes are
related to the development of chemical resistance,® it is
necessary to identify more effective treatment agents for
preventing pancreatic cancer progression.

Solasodine is isolated from Solanum sisymbriifoli
fruits,9 which has been identified to exhibit a series
functions including anti-oxidant, antitumor

isms of solasodine i
and attracted us jg

Cox-2/p-Akt/p-G
progression of vario

B/signaling pathway to prevent the
¥cancers such as gastric cancer, breast
cancer and colon cancer have been identified. For instance,
Compound Wumei Powder (CWP) has been reported to
inhibit invasion and metastasis of gastric cancer through
activating the Cox-2/PGE2-PI3K/AKT/GSK3p/B-catenin
pathway.'” Coagulation factor VIla-mediated activation of
protease-activated receptor 2 can result in B-catenin accu-
mulation via the AKT/GSK3p pathway and contributes to
the development of breast cancer.'® Piroxicam, a traditional

NSAID and c-phycocyanin, a newly discovered COX-2

selective inhibitor, constitutes remarkable chemo-
preventive targets in mediating apoptosis in the DMH
(1,2-dimethylhydrazine) induced early rat colon carcino-
genesis via regulating PI3-K/Akt/GSK-3B/PTEN signaling
pathways.'® Meanwhile, an earlier study showed that cas-
pase 3 can promote tumor growth by providing a pro-
angiogenic microenvironment.”’ Cytochrome C normally
functions its role via the association with other molecules to
form a caspase-9-activating complex which plays a key role

in the caspase-dependent apoptotic p av 2! Cytokines

fect of solasodine in
has been identified to

cell growth of pancreatic cancer cell
PANCI cells) by promoting apoptosis
rtially through inhibiting the activation of
kt/p-GSK3p/signaling pathway. Further, the
sults in vivo indicated that solasodine could efficiently
hibit tumor growth than CTX treatment in the SW1990
'mor-bearing mouse model. Our data contributed to
understand the complex mechanism in the progression of
pancreatic cancer and provided that solasodine might be an
efficient therapeutic drug for pancreatic cancer.

Materials and Methods

Materials

Solasodine (purity >98%) was purchased from Wuhan
doctoral Bioengineering Co., Ltd (Wuhan, China) and
used for subsequent experiments. All of the other chemi-
cals and solvents were commercially available and used as
received. The chemical structural of solasodine is shown
in Figure 1.

Cell Culture

Human pancreatic cancer cell lines (SW1990 and PANC1)
were purchased from the American Type Tissue Culture
Collection (ATCC). Cells were cultured with RPMI-1640
medium containing 10% FBS, 100 U/mL penicillin and
0.1 mg/mL streptomycin at 37 °C with 5% CO,.
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Figure | The structural formula of solasodine.

Cell Viability Assay

The antiproliferative and cytotoxic roles of solasodine in
SW1990 and PANCI1 cells were examined by MTT
assay.”* Briefly, approximately 2x10* SW1990 and
PANCI cells were plated into 96-well microplates and
cultured for 12 h. Cells were treated with various concen-
trations of solasodine (0, 2.5, 5, 10, 20 and 40 pg/mL) for
24 h. After treatment, 10 pL. Smg/mL MTT solution was
added to each well and incubated for 10 min, and 150uL
dimethylsulfoxide (DMSO) was added and the absorbance
(570 nm) was detected using an ELISA reader.

Colony Formation Assay
Colony formation assay was performed as previously
described with minor modifications.”> Cells were
into 6-well plates and incubated with DMEM

well was approximately 1000/well. A
different 0, 2.5, 5, 10, 20 and 40 pg/
were washed with PBS, fixed in

ed.?® Briefly, 1 x 10°
ambers with serum-free

cells were fixedQy 4% paraformaldehyde and stained with
crystal violet. The migration assay was performed similarly
without coating the membranes with Matrige]™. The num-
ber of invasion and migration cells were photographed and

counted under a microscope.

Analysis of Apoptosis
Apoptosis-mediated cell death of cells was examined
using Annexin V-FITC/PI

apoptosis  detection kit

according to the manufacturer’s instructions. Flow cyto-
metric analysis was performed using a FACSCalibur flow
cytometer within 1 h after supravital staining.

Western Blot

Total protein of cultured cells was extracted using the RIPA
Lysis Buffer according to the manufacturer’s instructions.
Approximately 50 pg of protein was separated by SDS-
PAGE and then transferred to PVDF membranes. After
blocking with 3% BSA, the membranes were incubated
abridge, MA) for
C-caspase-9,
ight at 4°C,

with primary antibodies (1:100Q

and the bands
system.

iment

-bearing mouse model was con-
described  with
7 SW1990 cells were intraperitoneally

Anim® Ex
1990 tu

as  previously minor
ALB/c nude mice, the ascites was taken
and diluted to 1x10” cells/mL with physiolo-
saline. Then, 0.2 mL of diluted cells was subcuta-
neously injected into the right armpit of mice. This study
was approved by the Animal Ethics Committee of
Shidong Hospital affiliated to the University of Shanghai
For Science and Technology. When tumors reached
approximately ~50 mm>, 60 BALB/c mice (sex in half.
Male; 6-weeks old; 20.0 £ 2.0 g) were randomly divided
into six groups (n=10): PBS group, low-dose group (sola-
sodine, 10 mg/kg), medium-dose group (solasodine,
20 mg/kg), high-dose group (solasodine, 40 mg/kg) and
positive control group (CTX, 25 mg/kg) by peritoneal
injection; 10 days after treatment, mice were sacrificed
through by cervical dislocation, and the tumors from
different groups were also removed and weighed, tumor
volume was calculated every one week for 5 weeks
according to the following formula: tumor volume =
length x width?/2.

Statistical Analysis

The data are presented with means + SD method and
analyzed by the SPSS software (version 18.0). Difference
was tested using unpaired f-test (two groups) or ANOVA
method (multiple groups) followed by a post hoc test.
With P < 0.05 as the significant threshold.
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Results
Solasodine Inhibited the Cell Viability of
SW1990 and PANCI Cells in vitro

The chemical structure of solasodine is shown in Figure 1. We
first explored the effect of different concentrations of solaso-
dine (0, 2.5, 5, 10, 20 and 40 pg/mL) in the pancreatic cancer
cell lines (SW1990 and PANCI1) for 24 h, and the results
indicated that 10, 20 and 40 pg/mL solasodine significantly
inhibited the cell viability of SW1990 (Figure 2A) and PANCI1
(Figure 2B). In addition, we found that 20 and 40 pg/mL

A

mm 24h
1509 == 36h
m 48h
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cell viability ( %)
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25 5 10 20 40

SW1990
C Solasodine(ug/pL)

10 Solasodine (ug/mL)

SW1990

Solasodine (ug/mL)

solasodine could significantly inhibit the colony formation of
SW1990 cells (Figure 2C) and PANCI cells (Figure 2D).
These results suggested that solasodine could efficiently inhi-
bit the growth of pancreatic cancer cells in vitro.

Solasodine Inhibited the Invasion and
Migration of SW1990 and PANCI Cells
in vitro

To explore the effect of solasodine on migration and inva-

sion of pancreatic cancer cells, SW19 PANCI cells

B
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Figure 2 Solasodine inhibited the cell viability of SW1990 and PANCI cells. (A and B) SW1990 and PANCI cells were treated with different concentrations of solasodine
for indicated times, and the cell viability was detected by MTT assay. (A) The cell viability of SW 1990 cells. (B) The cell viability of PANCI cells. (C and D) SW1990 and
PANCI cells were induced by different concentrations of solasodine for 48 h, and the colony formation was detected. (C) The colony formation and colony numbers of
SW1990 cells. (D) The colony formation and colony numbers of PANCI cells. N = 3, **P < 0.01.
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were treated with different concentrations of solasodine for
24 h. The results demonstrated that 20 and 40 pg/mL
solasodine  could  significantly  inhibit  invasion
(Figure 3A) and migration (Figure 3B) of both SW1990
and PANCI cells. These results suggested that solasodine
could efficiently restrain the migration and invasion of
pancreatic cancer cells in vitro.

Solasodine Promoted Apoptosis of
SW1990 and PANCI Cells in vitro

Next, the effect of solasodine on the apoptosis of SW1990 and
PANCI cells was detected by flow cytometry. And the results
indicated that the apoptosis rates of both SW1990 and PANCI1
cells were significantly increased by 20 and 40 pg/mL sola-
sodine (Figure 4). These data indicated that solasodine-
induced cell death was principally due to apoptosis induction.

Solasodine Inhibited the Activation of
Cox-2/Akt/GSK3p Signaling Pathway in
SW1990 Cells

Further, solasodine could significantly downregulated the pro-
tein expression level of the Cox-2, and the phosphorylation

A

Migration cell numb

500

400

300

200

Invasion cell number

100

0

SW1990

level of p-Akt and p-GSK3f in SW1990 cells (p <0.01), while
showed no obvious effect on Akt and GSK3[ expression
(Figure 5). These results suggested that solasodine could inhi-
bit the activation of Cox-2/Akt/GSK3p signal pathway in

pancreatic cancer cells.

Solasodine Promoted the Release of
Cytochrome C Expression and the

Activities of Caspase-Related Proteins in
SW1990 Cells

Next, the expression of cytg

The results indic
c-caspase-3 w

). These data were consistent of that sola-
gnificantly promote cell apoptosis.
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Figure 3 Solasodine inhibited the migration and invasion of SW1990 and PANCI cells. SW1990 and PANCI cells were treated with different concentrations of solasodine
for 48 h, and the cell migration and invasion were analyzed by transwell assay. (A) The migration ability of SW 1990 and PANCI cells induced by solasodine. (B) The invasion

ability of SW1990 and PANCI cells induced by solasodine. N = 3, **P < 0.01.
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in vivo
To further conf

showed a signific¥@increase (p < 0.01), suggesting that
solasodine had a lower toxicity than CTX; While, the
tumor inhibition in the solasodine group and CTX group
were all effective, meanwhile, low-, medium- and high-
dose solasodine could significantly inhibit the growth of
tumor (Table 1).

Meanwhile, we found that different concentrations of sola-

in WI1990 tumor-bearing mice

sodine all obviously decreased tumor volume compared with
CTX group (p < 0.05), while low-dose solasodine exhibited
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a better inhibitory effect compared with medium- and high-
dose group (Figure 7A). In addition, the acute toxicity pretest
was also performed, and the results showed that: after the
administration of solasodine, mice were subjected to gastric
stress induced by dilatation for 1-3 min, and then returned to
normal. Mice in each group were continuously observed for
14 days, and there were no abnormalities in eating, drinking
water, activity and mental state, smooth fur and normal
excreta. None of the mice in each group died, the LD50 in
each group was all greater than 5 g/kg (BW), and the max-
imum dose was 15.7 g/kg (BW). The size, appearance, color,
congestion, bleeding and edema of the main organs were not
changed by naked eyes (data not shown). According to the
classification standard of relative toxicity of chemical sub-
stances, LD50 >5 g/kg (BW) indicates that the tested
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Figure 5 Solasodine inhibited Cox-2/Akt/GSK3f pathway in SW1990 cells. SW1990 cells were treated with s
of Cox-2, Akt, p-Akt, GSK3p, p-GSK3f was detected by Western blot. f-Actin was used as tl

by Image]. N = 3, **P < 0.01.

material is actually non-toxic, and LD50 >15 g/kg (BW)
indicates that the tested substance is non-toxic.”® J
solasodine might be considered as a non-toxic agent.
results indicated that solasodine could efficiently inhi

tumor growth with a lower toxicity in viv

Solasodine Enhanced th

Bearing Mice
Finally, the effects of

tumor-bearing

e (Figure 7B).

Discussion

Pancreatic cancer is the fifth leading cause of cancer death
in western countries and is also the second in incidence
among gastrointestinal tumors.”’ Pancreatic cancer has
become the worst prognosis among all gastrointestinal
malignancies.*® During pancreatic cancer, tumors are

highly invasive with potential for early metastasis and

Solasodine (ug/mL)

mm Cox-2 GSK3p
1.5- ' Akt == p-GSK3B
’ mm p-Akt

protein relative level

ine for the indicated time periods, and the protein level

Mcs, and the 5-year survival rate of pancreatic cancer
(less than 5%) has not improved significantly. Recently,
a series of therapeutic targets have been identified to
potentially apply to the treatment of pancreatic cancer.
For example, long non-coding RNA H19 might act as
a sponger of miR-675 to promote pancreatic ductal ade-
nocarcinoma cell proliferation by enhancing E2F-1
expression.>? Keratin 17 (KRT17) knockdown can signifi-
cantly inhibit cell growth, colony formation, migration and
tumor growth through affecting ERK1/2/Bad signaling in
pancreatic cancer.>® Overexpression of stanniocalcin 2
(STC2) in pancreatic cancer contributes to the metastasis
through the promotion of epithelial-mesenchymal transi-
tion (EMT) process, suggesting that STC2 is a potential
prognostic biomarker and therapeutic target for pancreatic
cancer.>* However, taken into consideration drugs resis-
tance and other cytotoxicity, it is more necessary to iden-
tify new and potent therapeutic drugs for the treatment of
pancreatic cancer.

Solasodine has been reported that can be potentially
applied to the treatment of various cancers through differ-
ent manners. For example, solasodine can inhibit the inva-

sion of human lung cancer cell via downregulating miR-21

Drug Design, Development and Therapy 2021:15

submit your manuscript

1515

Dove


http://www.dovepress.com
http://www.dovepress.com

Fan et al Dove
A B
0 10 20 40 Solasodine (ug/mL) 0 10 20 40 Solasodine (pg/mL)
CyloC | W A— A Boo G W —
C-caspase 3 Bax =~ = —
— — G G |
C-caspase 9 B-actin -m
T
mm Cyto C == Bcl-2
c-caspase 3
2.0q ™= c-caspase9

s °

3 3

P 3

2 2

s s

e e

£ .

r 3

3 °

s s

0 10 20 40

Solasodine(pg/pL)

Figure 6 Solasodine regulated the expression of apoptosis-associated genes. SW

detected. N = 3, *P < 0.0I.

and (tissue inhibitor of metallo
expression.”>  Solasodine

EMT and decreases MMPs e

feration, apoptosis-i
antimetastatic actiyiti

cct of solasodine in pancrea-

tic cancer has been well studied. In this study, we

demonstrated that solasodine could significantly inhibit
the growth of pancreatic cancer cells through inducing
cell apoptosis in vitro.

Cox-2/Akt/GSK3p signaling pathway has been reported to
participate in the progression of most human cancers.’’~*
Cyclooxygenase 2 (Cox-2) has been identified to promote
the tumorigenicity of pancreatic cancer cells.’® AKT can be
activated by PI3K, and the prolonged activation is closely
related to the occurrence and development of tumor.
Through phosphorylation, AKT is able to activate a variety

of downstream target genes and regulates cell proliferation,

Table | Effects of Solasodine on Body Weight and Tumor Growth in SW1990 Tumor-Bearing Mice

Group Initial Weight (g) Final Weight (g) Tumor Weight (g) Tumor Inhibitory Rate (%)
PBS 21.35£0.57 25.47+1.45 1.72+0.29 0

CTX 21.39£0.67 26.02%1.11% 0.51£0.20"* 66.42
Solasodine/L 21.37£0.69 26.23%1.08** 1.170.17%* 33.79
Solasodine/M 21.3240.64 27.45%| 45%* 0.75£0.15%* 47.59
Solasodine/H 21.42+0.47 28.42+1.6 1% 0.62+0.2 | ** 56.83

Notes: Data are expressed as mean +SD. n=10, *p < 0.01 vs CTX group, “p < 0.05, *p < 0.01 vs PBS group.
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Figure 7 Solasodine inhibited tumor growth and enhanced serum cytokine levels in SW1990 tumor-bearing mice. The SW1990 t
CTX, low-, medium- and high-dose solasodine. (A) Tumor volume. (B) The levels of TNF-0, IL-2 and IFN-y in serum were detd

PBS group; **P < 0.01 vs CTX group.

differentiation and apoptosis.** Glycogen synthase kinase-3p
(GSK3p), one of the major components of the Wnt/B-catenin
signaling pathway, is the major target protein of AKT. GSK3[3
can be phosphorylated by p-AKT and phosphorylated GSK33
can inhibit the degradation of B-catenin.*' In this study, we
demonstrated that solasodine could significantly downregulate
the expression of Cox-2 and decrease the phosphorylation
level of p-Akt and p-GSK3p, suggesting that solasodine
could remarkably inhibit the activation of Cox-2/Akt/
signaling pathway.

Apoptosis or programmed cell death majzasai

cancer cell lincS@acluding SW1990 and PANCI cells in vitro.

To further explore the antitumor effect of solasodine in
mice in vivo, the SW1990 tumor-bearing mice model was
constructed. Moreover, we found that solasodine could effi-
ciently inhibit the growth of tumor with a lower toxicity.
Meanwhile, we demonstrated that the expression of serum
immune factors was significantly increased after solasodine
treatment than that with CTX treatment, suggesting that
solasodine could inhibit the growth of tumor by enhancing

1c factor and the regulation

ession of various human cancers,*>* it

y inhibiting the activation of NF-kB pathway.*’
dy provided that the combined treatment with sola-
sodine and CTX might be a novel therapeutic strategy to
prevent against pancreatic cancer progression.

Conclusion

In summary, our results demonstrated that solasodine had
potent antitumor activity in pancreatic cancer through inhi-
biting proliferation, invasion, migration and inducing apop-
tosis of pancreatic cancer cells by activating Cox-2/Akt/
GSK3p signaling pathway, as well as stimulating immunity
in vitro and vivo, suggesting that solasodine might be
a potential therapeutic strategy against pancreatic cancer.
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STC2,
kinase-3f; Cox-2, cyclooxygenase 2.
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