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Introduction

Pancreatic ductal adenocarcinoma is the seventh most 
lethal malignancy (1) with a high mortality rate owing to its 
invasiveness, rapid progression, and resistance to treatment. 
Given the particular anatomical location and biological 
characteristics, 90% of pancreatic cancer cases exhibit 
distant metastasis at the time of initial diagnosis such that 
surgical resection is no longer an option (2). Clinical studies 

have reported that gemcitabine can be used as a first-line 
treatment to reduce pain and relieve symptoms, thereby 
improving the quality of life of patients and prolonging 
their survival (3). Nonetheless, gemcitabine chemotherapy 
has a 5-year survival rate of only 1–3% with a median 
survival of 3–5 months, as well as toxic side effects including 
vomiting, nausea, diarrhea, neutrophil reduction, and 
hand-foot syndrome (4). As such, there is an urgent need 
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to identify alternatives to conventional chemotherapeutic 
agents that are toxic to pancreatic cancer cells but do not 
have side effects.

Magnolol is a diallyl diphenyl compound extracted from 
the bark, roots, and stems of Magnolia officinalis that is often 
used in traditional Chinese medicine (5,6). Magnolol has anti-
microbial, -inflammatory, -oxidant, -coagulant, and -tumor 
effects and has been shown to alleviate inflammatory pain (7-9). 
The anti-tumor effects of magnolol have been demonstrated 
in many cancer cell types, including melanoma, prostate 
cancer, colon cancer, liver cancer, and leukemia cells (10-14). 
Magnolol was found to act as a tumor suppressor in SGC-7901 
human gastric cancer cells by inhibiting the phosphorylation 
of phosphoinositide 3-kinase, resulting in a decrease in the 
level of phosphorylated Akt, an increase in the expression of 
B cell lymphoma (Bcl)-associated X protein with concomitant 
reduction in the level of the anti-apoptotic protein Bcl-2,  
and activation of caspase-3-induced apoptosis (15).  
Magnolol was also shown to inhibit the growth of MDA-
MB-231 and MCF-7 breast cancer cells and suppress 
invasion, adhesion, and metastasis of MDA-MB-231  
cells (16). However, the effects and mechanism of action of 
magnolol in human pancreatic ductal adenocarcinoma are 
unknown.

To address this issue, the present study investigated the 
anti-tumor effects of magnolol in four human pancreatic 
cancer cell lines. We found that magnolol inhibited cell 
proliferation and migration, and also induced apoptosis. 
Furthermore, the inhibition of migration by magnolol may 
mediate via inhibition of cathepsin D (CTSD) expression.

Methods

Reagents

Magnolol (purity: 98%) was purchased from Melonepharma 
Biotechnology (Dalian, China) and dissolved in dimethyl 
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) 
to obtain a stock solution of 100 mM that was stored at 
−20 ℃ until use. Gemcitabine hydrochloride for injection 
was purchased from Hansoh Pharmaceutical (Nanjing, 
China) and dissolved in saline to obtain a stock solution of 
80 μM that was stored at −20 ℃. Anti-CTSD antibody was 
purchased from Abcam (Cambridge, MA, USA).

Cell culture

PANC-1, CFPAC-1, ASPC-1, and MIAPaCa-2 human 

pancreatic cancer cell lines were obtained from the American 
Type Cell Collection (Manassas, VA, USA). Cells were 
cultured at 37 ℃ and 5% CO2 in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Hyclone, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (FBS; Sigma-Aldrich).

Cell viability assay

Cell proliferation was evaluated with Cell Counting Kit-8 
(CCK-8) (Beyotime Institute of Biotechnology, Shanghai, 
China) according to the manufacturer’s instructions. Briefly, 
cells (2×103/well) were seeded in 96-well plates. After 24 h,  
the cells were treated with magnolol, or vehicle (DMSO) 
for 48 h. A 10-μL volume of CCK-8 was added to each 
well followed by incubation for 4 h. The absorbance 
at 450 nm was then measured with a microplate reader 
(Power WaveXS2; Biotek, Winooski, VT, USA). Three 
replicates were prepared for each experimental condition. 
The inhibition of cell growth was determined based on 
the difference in optical density between experimental and 
control wells.

Cell cycle and apoptosis analysis by flow cytometry

Cell apoptosis of magnolol-treated cells were analyzed by 
flow cytometry. To evaluate apoptosis, cell pellets were 
incubated in Annexin V-fluorescein isothiocyanate and PI 
buffer (Jiangsu KeyGEN Biotech, Nanjing, China) at room 
temperature for 20 min in the dark and then sorted on a 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). 
Annexin V-positive/PI-negative and double-stained cells 
were recorded as early and late apoptotic cells, respectively. 
The DNA content of cells was determined on a FACS 
Calibur flow cytometer using Cell Quest software.

Hoechst staining

Cells were treated for 48 h with medium only or magnolol 
at concentrations up to 100 μM, and apoptotic cells were 
detected by Hoechst staining. Cells were first fixed with 4% 
paraformaldehyde (Kelong, Chengdu, China) for 30 min  
at room temperature, stained with Hoechst (Beyotime 
Institute of Biotechnology) for 20 min, and visualized under a 
fluorescence microscope (DM4000B; Leica, Wetzlar, Germany).

Wound healing and migration assays

Cells (2×105/well) were seeded in a 6-well plate with the 
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medium containing 10% FBS for 24 h. When cells were 
confluent, the plate was scratched with a pipette tip; the 
cells were then washed with PBS and treated with magnolol 
or vehicle (DMSO) for 48 h, and the medium containing 1% 
FBS was exchanged. The width of the wound was evaluated 
under a light microscope.

The cell migration assay was carried out with transwell 
chambers containing 8-μm pore inserts (Corning, Midland, 
MI, USA). Cells were resuspended in DMEM containing 
0.1% bovine serum albumin (Beyotime Institute of 
Biotechnology) and 2×105 cells in 100 μL medium were 
seeded in the upper chamber. DMEM with 10% FBS was 
added to the lower chamber. After incubation for 24 h, 
non-migrated cells were removed with a cotton swab. The 
transwell membranes were fixed with 4% paraformaldehyde 
for 30 min, and stained with Crystal Violet for 20 min. Cells 
that had migrated to the lower surface of the membrane 
were counted under a light microscope.

Western blotting

Cells (5×105/well) were seeded in 6-well plates for 24 h.  
After culturing with magnolol or gemcitabine for 
48 h, cells were collected and then resuspended in 
radioimmunoprecipitation lysis buffer (Beyotime Institute 
of Biotechnology). The protein content of the lysates was 
determined with the Bicinchoninic Acid Protein Assay 
kit (Beyotime Institute of Biotechnology). Proteins were 
separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis, and transferred to a polyvinylidene 
difluoride membrane (Millipore, Bedford, MA, USA) that 
was blocked for 2 h at room temperature in Tris-buffered 
saline containing 0.1% Tween-20 and 5% nonfat milk. 
The membrane was then probed overnight at 4 ℃ with an 
anti-CTSD antibody (1:1000), followed by a horseradish 
peroxidase-conjugated secondary antibody. Protein bands 
were visualized by enhanced chemiluminescence (GE 
Healthcare, Uppsala, Sweden).

RNA interference

ASPC-1 cells were cultured at 37 ℃ and 5% CO2 in DMEM 
supplemented with 10% FBS for 24 h, then transfected 
with short interfering (si)RNA containing the CTSD target 
sequence (5'-GGC UCU GGA UAC AGU GCU CTT-
3' and 5'-GAG CAC UGU AUC CAG AGC CTT-3') or 
control siRNA (Invitrogen, Carlsbad, CA, USA). After 48 h, 

the efficiency of CTSD knockdown was evaluated by western 
blotting and quantitative real-time (qRT)-PCR. Cells with 
CTSD knockdown were used for the cell migration assay.

qRT-PCR

CTSD mRNA expression was examined by qRT-PCR. Total 
RNA was extracted from cells with the TRIzol Plus RNA 
Purification kit (Invitrogen), and qRT-PCR was carried out 
using a 10-μL reaction mixture comprising 5 μL SYBR Select 
Master mix (Invitrogen), 1 μL of each primer, and 3 μL of 
cDNA template. Reactions were carried out in a 96-tube plate 
on a CFX96 real-time system (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Data are expressed as mean ± standard deviation. 
Experiments were performed at least three times. Statistical 
analyses were carried out using SPSS for Windows v.13.0 
software (SPSS Inc., Chicago, IL, USA). Differences 
between groups were evaluated by one- or two-way analysis 
of variance. P<0.05 was considered statistically significant.

Results

Magnolol suppresses proliferation of pancreatic cancer cells

We first examined the growth-inhibitory effect of 
magnolol on human pancreatic cancer cell lines. Cells 
treated with magnolol (20–120 μM) showed alterations 
in morphology relative to vehicle (DMSO)-treated cells; 
that is, the cells were shrunken, round, fragmented, and 
became detached from the substratum with increasing 
concentrations of magnolol (Figure 1A). Magnolol induced 
concentration- and time-dependent growth inhibition 
in all four cell lines, as determined by the CCK-8 assay 
(Figure 1B).

Magnolol induces apoptosis in pancreatic cancer cells

Magnolol induced cell apoptosis in a dose- and time-
dependent manner, as determined by Hoechst staining 
and flow cytometry (Figure 2). The fraction of cells with 
apoptotic bodies was greater in magnolol-treated as 
compared to control cells (Figure 2A). The rate of apoptosis 
ranged from 1.7% to 4.6%, from 1.7% to 13.9%, and from 
5.4% to 25.8% upon treatment with 40, 80, and 120 μM 
magnolol, respectively (Figure 2B).
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Figure 1 Magnolol suppresses the proliferation of pancreatic cancer cells. Pancreatic cancer cells grown were treated with magnolol (0, 20, 
40, 60, 80, 100, or 120 μM). (A) Cell morphology was visualized by light microscopy (10× magnification) at 48 h; (B) cell proliferation was 
evaluated with CCK-8 at 24, 48, and 72 h. Values represent the mean ± SD of three independent experiments.
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Magnolol inhibits pancreatic cancer cell migration

Pancreatic cancer cells were treated with high and low 
concentrations of magnolol and cell migration was evaluated 
with the wound healing assay. Wound size was larger in cells 
treated with 120 as compared to 40 μM magnolol and was 
larger in magnolol-treated than in control cells (Figure 3). 
Thus, magnolol suppresses pancreatic cancer cell migration 
in a concentration-dependent manner.

Regulation of CTSD by magnolol

CTSD is an aspartic endoprotease that is overexpressed in 
many malignancies and it plays an important role in tumor 
cell proliferation, invasion, metastasis, and angiogenesis (17). 
We examined whether the magnolol alters CTSD expression 
in PANC-1, ASPC-1, and CFPAC-1 cells by western blotting 
following treatment with magnolol or vehicle (DMSO) for 
72 h. CTSD expression was decreased in a concentration-
dependent manner in the presence of magnolol in all three 
cell lines, although levels were similar in cells treated with 
80 μM magnolol and 80 μM gemcitabine (Figure 4). These 
results indicate that magnolol negatively regulates CTSD 
expression in pancreatic cancer cells.

CTSD knockdown inhibits pancreatic cancer cell migration

Given our observation that magnolol inhibited cell 
migration, and also inhibited CTSD expression in pancreatic 
cancer cells, we speculated that CTSD expression is related 
to cell migration. We therefore investigated the effects of 
siRNA-mediated CTSD knockdown on cell migration with 
the transwell assay (Figure 5). CTSD knockdown suppressed 
migration relative to control siRNA treatment in PANC-1,  
ASPC-1, and CFPAC-1 cells, which phenocopied the 
migration defects observed in cells treated with magnolol or 
gemcitabine (Figure 6). These results suggest that magnolol 
inhibits pancreatic cancer cell migration may through 
negative regulation of CTSD. 

Discussion

Magnolo l  i s  u sed  in  Chinese  medic ine  to  t rea t 

gastrointestinal disorders, cough, anxiety, and anaphylaxis. 
A previous study reported that magnolol inhibited 
angiogenesis to suppress tumor growth (18), and magnolol 
derivatives inhibited proliferation and metastasis in 
PC-3 prostate cancer cells by inducing autophagy and 
blocking tumor angiogenesis (19). Magnolol was also 
shown to promote apoptosis in prostate cancer cells 
by activating p38 mitogen-associated protein kinase, 
resulting in the release of tumor necrosis factor-α and 
upregulation of matrix metalloproteinase (MMP)-9  
expression (20). In this study, we found that magnolol 
treatment inhibited proliferation and migration and 
induced apoptosis in four pancreatic cancer cell lines while 
negatively regulating CTSD expression.

CTSD is an aspartic endoprotease that is distributed in 
lysosomes where it acts as a protein-degrading enzyme (21).  
Under normal circumstances, CTSD contributes to 
protein metabolism and hormone and antigen processing 
by degrading extracellular matrix and other proteins. 
Moreover, cytoplasmic concentrations of CTSD are 
typically very low (22).  However, it  was reported 
that CTSD is overexpressed and secreted into the 
extracellular milieu by many tumor cell types, which 
could be significant for tumor proliferation, migration, 
and angiogenesis (23). Thus, in tumor tissues, CTSD 
may degrade the extracellular matrix and basement 
membrane to promote migration. High expression of 
CTSD in tumors has been linked to rapid growth, poor 
differentiation, early migration, and poor prognosis. One 
study found that CTSD and MMP-7 expression was 
higher in pancreatic ductal adenocarcinoma patients than 
in healthy controls (24), and tumor cells overexpressing 
CTSD had high migration potential in a rat model (25). 
CTSD was found to stimulate the proliferation of MCF-7  
cells (26) as well as breast, prostate, ovarian, and lung 
cancer cells (27-29).

In conclusion, we found that magnolol inhibited 
proliferation, migration, and induced apoptosis in four 
human pancreatic cancer cell lines by negatively regulating 
the expression of CTSD. These results suggest that 
magnolol is an effective natural alternative to currently used 
chemotherapeutic agents for the treatment of pancreatic 
cancer.



906 Zhou et al. Magnolol inhibits tumor cell growth in human pancreatic cancer cell

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(5):901-909 tcr.amegroups.com

ASPC-1

ASPC-1

ASPC-1

0 μM

0 μM

80 μM

80 μM

80 μM

40 μM

40 μM

Control

120 μM

120 μM

CFPAC-1

CFPAC-1

CFPAC-1

*

*

*

*

O
f a

po
pt

ot
ic

 c
el

ls
 (%

)

PANC-1

PANC-1

PANC-1

MIAPaCa-2

MIAPaCa-2

MIAPaCa-2

30

25

20

15

10

5

0

A

B

C

Figure 2 Magnolol induces apoptosis in pancreatic cancer cells. 
Apoptosis was assessed by (A) Hoechst staining (10× magnification)  
and (B) flow cytometry followed by Annexin V-fluorescein 
isothiocyanate/PI staining; (C) quantitative analysis of apoptotic 
cells. Values represent the mean ± SD of four independent 
experiments. *, P<0.05 vs. Control (Student’s t-test).

Figure 3 Magnolol inhibits cell migration. (A) Cells were treated 
with indicated concentrations of magnolol and migration was 
evaluated with the wound healing assay (10× magnification). The 
width of the wound was measured after 48 h; (B) quantitative 
analysis of migration cells. Values represent the mean ± SD of four 
independent experiments. *, P<0.05 vs. Control (Student’s t-test).

Figure 4 Regulation of CTSD by magnolol in pancreatic cancer 
cells. Cells were treated with magnolol or gemcitabine for 72 h, 
and CTSD expression was analyzed by western blotting. CTSD, 
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Figure 6 CTSD knockdown inhibits pancreatic cancer cell migration. (A) ASPC-1, CFPAC-1, and PANC-1 cells were transfected with 
control or CTSD siRNA or treated with magnolol or gemcitabine, and migration was assessed with the transwell assay. The cells were 
stained with Crystal Violet (20× magnification); (B) quantitative analysis of migration cells. Values represent the mean ± SD of four 
independent experiments. *, P<0.05 vs. Control (Student’s t-test). 
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