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Diprophylline inhibits non-small cell lung cancer A549
cell proliferation and migration, and promotes apoptosis,
by downregulating PI3K signaling pathway
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Abstract. Diprophylline (DPL) is identified as a methylx-
anthine (MX) derivative. A number of MX derivatives are
reported to have anti-tumor effects. However, it is not clear
whether DPL has a therapeutic effect on non-small cell
lung cancer (NSCLC). The aim of the present study was to
investigate the effects of DPL on NSCLC and to elucidate the
potential underlying mechanism. A Cell Counting Kit-8 assay
was used to evaluate the potential effect of DPL on A549 cell
proliferation. Transwell invasion and migration assays were
performed to assess the effect of DPL on A549 cell migra-
tion and invasion. Furthermore, the percentage of apoptotic
cells was detected by flow cytometric analysis, and proteins
associated with apoptosis, including apoptosis regulator
Bcl-2, apoptosis regulator BAX and active caspase-3, were
examined by western blotting. Finally, the expression levels
of molecules relevant to phosphoinositide 3-kinase (PI3K)
signaling were detected by western blot analysis. The present
study demonstrated that DPL may significantly inhibit A549
cell proliferation, migration and invasion. Furthermore, treat-
ment with DPL may significantly induce A549 cell apoptosis.
Finally, the protein expression levels associated with the PI3K
signaling pathway were significantly inhibited in A549 cells
following treatment with DPL. In conclusion, DPL may inhibit
the proliferation and migration of NSCLC by inactivating
the PI3K signaling pathway, and DPL is a promising novel
therapeutic drug for NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of
lung cancer-associated mortality (1). It has been reported that
NSCLC constitutes nearly 90% of lung cancer (2). Since the
majority of patients diagnosed with NSCLC are in an advanced
stage, the therapeutic outcomes for NSCLC are not optimal (3).
The use of chemotherapy has enhanced the treatment of
NSCLC over the past 50 years (4). In particular, platinum-based
chemotherapy, which is associated with improved survival, is
currently the standard therapeutic treatment for patients with
advanced NSCLC (5). However, a number of patients with
NSCLC develop resistance to platinum-based chemotherapy,
resulting in unsatisfactory treatment outcomes. It has also been
reported that a number of molecules have anti-cancer effects
on NSCLC, while few patients have advanced sites that are
accessible via relatively non-invasive biopsy procedures (6).
Therefore, it is necessary to develop novel chemotherapeutic
drugs for the treatment of NSCLC.

Methylxanthine (MX) is a naturally occurring compound in
animals and plants (7,8). As reported in previous studies, MX may
prevent the proliferation of a number of tumor cells, including
oral cancer (9), breast cancer (10) and lung cancer (11,12). In
addition, it has been demonstrated that caffeine, a class of
MX, blocks the proliferation of hepatocellular carcinoma and
pancreatic cancer cell lines by inhibiting the phosphoinositide
3-kinase (PI3K)/RAC-a serine/threonine-protein kinase (AKT)
pathway (13). Similarly, theophylline, another MX derivative,
possesses the capacity to inhibit the proliferation and migration
of melanoma cancer cells (14). Diprophylline (DPL), known as
a novel MX derivative with fewer adverse effects, is usually
employed for relieving the clinical symptoms of and preventing
bronchial asthma or other respiratory diseases (15,16). In
previous studies, there have been limited reports on the role
of DPL in the treatment of cancer, particularly NSCLC (17).
Therefore, it may be beneficial to investigate the ability of DPL
to inhibit the cell proliferation and migration of A549 cells.

In the present study, the role of DPL in the growth, inva-
sion, migration and apoptosis of NSCLC A549 cells was
studied. Additionally, a potential molecular pathway was also
detected following DPL treatment in A549 cells.
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Materials and methods

Cell culture. The human lung adenocarcinoma cell line
AS549 and normal human bronchial epithelial cells (HBEs)
were purchased from the American Type Culture Collection
(Manassas, VA, USA). The cells were incubated in RPMI-1640
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), peni-
cillin (100 U/ml) and streptomycin (0.1 mg/ml). Cells were
cultured at 37°C in an incubator containing 5% CO, Cells in
the exponential growth phase (~1x10° cells/ml) were used for
the following experiments.

Cell proliferation assay. Following the manufacturer's instruc-
tions, cell proliferation was determined using the Cell Counting
Kit-8 (CCK-8; Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China). Following culture for 72 h, A549 and
HBE cells were treated with DPL (MedChemExpress USA,
Monmouth Junction, NJ, USA) at varying concentrations
(0, 0.1, 1, 10 and 100 uM) with 0 xuM DPL as the control.
In detail, ~1x10° cells/well were seeded into 96-well plates
and cultured in 100 x1 RPMI-1640 medium supplemented
with 10% FBS overnight. Based on the effects of different
concentrations in the A549 and HBE cells, 10 M DPL was
chosen as the effective concentration to be used in subsequent
experiments. To exclude the effects of cell death on cell prolif-
eration, migration, invasion and apoptosis, 1 #M DPL was also
added, in order to perform cell functional analysis, including
cell proliferation, migration, invasion and apoptosis. Cells
were incubated with 1 or 10 uM DPL and 1% DMSO culture
medium as the normal control group (NC). For performing the
CCK-8 assay, 10 ul CCK-8 reagent was added to each well and
the plates were incubated at 37°C for 1.5 h. The cell viability
was measured every 24 h, and the optical density (OD) was
measured at 450 nm using a microplate reader.

Transwell migration and invasion assay. Cell migratory
and invasive abilities were assessed using 24-well Transwell
chambers (EMD Millipore, Billerica, MA, USA) with
membrane pore size of 8.0 ym. In detail, 100 ul serum-free
medium with ~1x10° cells was plated in the upper chambers
of the Transwell plates, while 500 ¢l medium containing 10%
FBS was added to the lower chamber. Following incubation
at 37°C with 5% CO, overnight, non-migrating cells on the
top chamber were scraped off with cotton-tipped swabs, and
cells that had migrated through the membrane were fixed with
4% paraformaldehyde at room temperature for 30 min. Cells
were stained with 0.1% crystal violet at room temperature for
20 min. Subsequently, the migrated cells were counted under
a microscope at x200 magnification using five randomly
selected visual fields. For cell invasion detection, Transwell
membranes were precoated with Matrigel® (BD Biosciences,
San Jose, CA, USA) at 37°C for 30 min prior to the experiment.

Flow cytometry apoptosis assay. Following the manufacturer's
protocol, apoptotic A549 cells were evaluated using an Annexin
V-fluorescein isothiocyanate (Annexin V-FITC)/propidium
iodide (PI) Apoptosis Detection kit (Beijing 4A Biotech Co.,
Ltd., Beijing, China). A549 cells were treated with DPL and
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harvested by trypsinization without EDTA, washed twice
with cold PBS, centrifuged at 560 x g at 4°C for 5 min and
the supernatant was discarded. The cell pellet was resus-
pended in 1X binding buffer and the cell density adjusted to
1-5x10° cells/ml. A total of 5 ul FITC-conjugated Annexin
V and 10 ul PI were added and incubated for 5 min at room
temperature in the dark. Following the addition of PI (10 ul)
and PBS (400 ul), cells were analyzed using a flow cytometer
and the data analyzed using FlowJo 7.6 software (FlowJo LLC,
Ashland, OR, USA).

Western blot analysis. Following treatment with DPL or vehicle
for 24 h, total protein was extracted from cells using radioim-
munoprecipitation assay buffer (CW Biotech, Co., Ltd., Beijing,
China). Following lysis for 30 min on ice, the lysates were centri-
fuged at 13,400 x g at 4°C for 10 min. The Bicinchoninic Acid
Protein Assay kit (CW Biotech, Co., Ltd.) was used to determine
the protein concentration. A total of 20 pg protein/lane was
separated via SDS-PAGE on an 8-10% Tris-glycine gradient
gel. Subsequently, the proteins were transferred onto a poly-
vinylidene diflouride membrane for 2 h and blocked with 5%
non-fat milk in TBS containing 0.1% Tween-20 (pH 7.4) at
room temperature for 1 h. The membranes were incubated with
primary antibodies (1:1,000 dilution) against AKT (ab18785),
phosphorylated (p)-AKT (ab38449), serine/threonine-protein
kinase mTOR (mTOR) (ab87540), p-mTOR (ab131538), Cyclin
D1 (ab226977), p-ribosomal protein S6 kinase -1 (p70S6K)
(ab186753), apoptosis regulator Bcl-2 (Bcl-2) (ab196495),
apoptosis regulator BAX (Bax) (ab53154) and active Caspase-3
(ab32042), and against GAPDH (1:5,000 dilution) (ab181603), at
4°C overnight, and were detected using goat anti-rabbit/mouse
horseradish peroxidase-conjugated secondary antibodies
(ab6721/ab6789, 1:5,000 dilution). Primary and secondary anti-
bodies were from Abcam (Cambridge, MA, USA). Western blot
bands were visualized using an enhanced chemiluminescence
reagent system (PTG Company; USA) and were quantified
using Quantity One 4.6.7 software (Bio-Rad Laboratories,
Hercules, CA, USA).

Statistical analysis. Statistical analysis was performed using
SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism 5 software (GraphPad Software, Inc., La Jolla, CA,
USA). Measurement data are expressed as the mean + standard
deviation. Means were compared using the Student's t-test and
one-way Analysis of Variance (ANOVA). For one-way ANOVA,
post hoc testing was performed using Dunnett's test. P<0.05 was
considered to indicate a statistically significant difference.

Results

DPL inhibits the proliferation of NSCLC A549 cells. The
effect of DPL on the proliferation of A549 cells was analyzed
using the CCK-8 assay. At concentrations of DPL >10 yM,
the viability of HBEs was inhibited (Fig. 1A). The viability
of A549 cells was decreased in a dose-dependent manner at
DPL >1 uM (Fig. 1B). Therefore, 10 uM DPL was selected as
the concentration to be used in subsequent experiments. To
exclude the effect of cell death on cell proliferation, migra-
tion, invasion and apoptosis, experiments using 1 M DPL
were also performed for cell functional analysis, including cell
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Figure 1. DPL is able to inhibit the proliferation of A549 cells. (A) OD values of A549 cells treated with gradient concentrations of DPL, measured by CCK-8
assay. (B) OD values of HBE cells treated with gradient concentrations of DPL, measured by CCK-8 assay. “P<0.01 vs. 0 uM group. (C) Cell viability was
determined by CCK-8 assay for 0, 24, 48 and 72 h following administration of 1 or 10 xM DPL. Data are presented as the mean + standard deviation. "P<0.05
vs. 1 uM DPL; "P<0.05 vs. NC. DPL, diprophylline; NC, negative control; HBE, normal human bronchial epithelial cells; OD, optical density.

proliferation, migration, invasion and apoptosis. As presented
in Fig. 1C, the proliferation of A549 cells treated with DPL
decreased in a time-dependent manner, compared with the
control group, and the OD values were significantly decreased
at 48 and 72 h, compared with the control (P<0.05). These
results demonstrated that the proliferative abilities of A549
cells decreased notably following treatment with DPL.

DPL inhibits the migration and invasion of NSCLC A549
cells. Following 24 h treatment with DPL, Transwell assays
were performed to determine the potential effect of DPL on
cell migration and invasion in A549 cells. As presented in
Fig. 2A, following treatment with 10 uM DPL, the number of
migrated cells was markedly decreased compared with the NC
groups (P<0.05), while there were no detectable alterations in
migrated cell numbers between the NC and 1 M DPL groups.
Likewise, the invaded cell number in the group treated with
10 M DPL was significantly decreased compared with the
NC group (Fig. 2B; P<0.05), while cells treated with 1 yuM
DPL displayed no significant difference compared with the
NC group. These results indicated that DPL may significantly
inhibit migration and invasion in A549 cells.

DPL promotes the apoptosis of NSCLC A549 cells. To
determine whether DPL could induce A549 cell apoptosis,
Annexin-V-FITC/PI was used following 24 h treatment with
DPL. The results demonstrated that the apoptosis rate in cells
treated with 10 M DPL was significantly increased compared
with the NC group (Fig. 3A; P<0.05) while there were no
detectable alterations between cells treated with 1 yM DPL
and the NC group (Fig. 3A; P>0.05). Subsequently, to study
the mechanism mediating DPL-induced apoptosis, a western
blot assay was used to determine the expression of Bcl-2, Bax
and active caspase-3. The results demonstrated that following
treatment with DPL, the expression level of the anti-apoptotic
protein Bcl-2 was reduced, while the expression levels of the
pro-apoptotic proteins Bax and active caspase-3 were increased
significantly (Fig. 3B; P<0.05). The results confirmed that DPL
may promote the apoptosis of A549 cells.

DPL inhibits the PI3K signaling pathway in NSCLC A549
cells. It has previously been demonstrated that the PI3K
signaling pathway is a crucial in a variety of tumors and its key
proteins, including AKT and mTOR, serve important roles in
the proliferation and migration of tumors (18,19). Therefore, a



860 ZHAO et al: DIPROPHYLLINE INHIBITS A549 CELLS PROLIFERATION AND MIGRATION

A Migration

Migrated cell number
8

NC 1uMDPL 10uMDPL

NC 1 uM DPL 10 yM DPL

B Invasion

Invaded cell number

NC 1uMDPL 10 puMDPL

NC 1 uM DPL 10 uM DPL

Figure 2. DPL inhibits the migration and invasion of A549 cells. Cell migration and invasion ability were measured by Transwell assay. Representative images
of crystal violet-stained invasive cells are presented. (A) DPL notably reduced the number of cells migrating to the chamber. (B) DPL markedly reduced the
number of cells invading the chamber. Data are presented as the mean + standard deviation. "P<0.05 vs. NC. DPL, diprophylline; NC, negative control. x200
magnification.
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Figure 3. DPL promotes the apoptosis of A549 cells. (A) The percentages of apoptotic cells were observed following staining with Annexin-FITC/PI via flow
cytometry. The number of apoptotic cells was significantly increased following treatment with DPL. (B) Expression levels of the apoptosis-associated proteins
including Bcl-2, Bax and active caspase-3 were determined by western blot analysis. All data are presented as the mean + standard deviation. "P<0.05 vs. NC.
DPL, diprophylline; NC, negative control; FITC, fluorescein isothiocyanate; Bcl-2, apoptosis regulator Bcl-2; Bax, apoptosis regulator BAX; PI, propidium
iodide.
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Figure 4. DPL downregulates the PI3K signaling pathway. The expression levels of key proteins associated with PI3K signaling, including AKT, p-AKT,
mTOR, p-mTOR, p-p70S6K and Cyclin DI, were detected by western blot analysis. Data are presented as the mean + standard deviation. "P<0.05 vs. NC.
DPL, diprophylline; NC, negative control; p, phosphorylated; AKT, RAC-a serine/threonine-protein kinase; mTOR, serine/threonine-protein kinase mTOR;

p70S6K, ribosomal protein S6 kinase [3-1.

series of specific key proteins were detected using western blot
analysis, to determine the effect of DPL on the PI3K signaling
pathway. As presented in Fig. 4, treatment of A549 cells with
DPL led to a decrease in the phosphorylation levels of AKT
and mTOR, yet there were no significant alterations in the total
AKT and mTOR levels. The activity and expression levels of
PI3K downstream molecules, including p-p70S6K and Cyclin
D1, were reduced following treatment with DPL. Therefore,
DPL may have the ability to downregulate the PI3K signaling
pathway in A549 cells.

Discussion

In the present study, the potential therapeutic effect of DPL
in NSCLC was studied. It was reported that DPL signifi-
cantly inhibited A549 proliferation, migration and invasion,
and induced apoptosis. In addition, it was revealed that the
anti-tumor effect of DPL may be regulated through inhibition
of the PI3K signaling pathway.

The ability of DPL to inhibit NSCLC A549 cell prolifera-
tion and metastasis is due to numerous mechanisms. Firstly, as a
derivative of MX, DPL possesses a variety of pharmacological
effects (20,21). Additionally, DPL is a nonselective phospho-
diesterase (PDE) inhibitor. PDE inhibitors have been reported
to be used to treat tumor growth and migration, for example
in NIH3T3 fibroblasts (22) and hepatocellular carcinoma
cells (23). In the present study, it was demonstrated that DPL
had anti-proliferative and anti-migratory effects in A549 cells.
However, whether this effect is mediated via the MX pathway
or the pathway of PDE inhibition requires further investiga-
tion. According to previous studies relating to DPL utilization
in the clinic, DPL (20 xM) exerts stimulatory effects on the

contractility of jejunal segments in low-contractile states, and
suppressive roles in high-contractile states (24). Additionally,
according to the results of the present study, 10 M DPL was
selected as the effective concentration for the majority of the
experiments.

Apoptosis inhibits cancer cell survival. In the present study,
it was reported that the expression levels of the anti-apoptotic
protein Bcl-2 were reduced, while the expression levels of the
pro-apoptotic proteins Bax and active caspase-3 were increased
significantly, in cells treated with DPL. The results suggested
that DPL may be involved in the regulation of apoptosis. It
has been reported in recent years that PDE inhibitor regulation
is one of a series of newly developed strategies in to explore
targeted therapies in different types of cancer (25). In addition,
Domvri et al (26) identified that the PDE inhibitors roflumilast
and theophylline enhance apoptosis, thereby inhibiting tumor
cell proliferation.

In the present study, the phosphorylation levels of AKT and
mTOR were decreased and the activity and expression levels
of the PI3K downstream molecules p-P70S6K and Cyclin
D1 were reduced following treatment with DPL. It is widely
reported that the deregulation of the PI3K signaling pathway
is involved in the development of lung tumors and is associ-
ated with high-grade tumors and advanced disease (27). The
regulation of PI3K signaling has been proposed as a potential
therapeutic target in NSCLC. Mutations of numerous key
factors in this pathway are associated with NSCLC (28) and
four of the tested factors in this pathway, p-AKT, p-mTOR,
p-p70S6K and Cyclin D1, may respond to the overexpression
and knockdown of DPL. It may be that DPL is an inhibitor of
the PI3K pathway, mediating cell invasion and apoptosis by
regulating a number of the key factors in the PI3K pathway.
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In summary, the present study elucidated that DPL may
inhibit A549 cell proliferation, migration and invasion, in
addition to promoting apoptosis. DPL may regulate the expres-
sion levels of p-AKT, p-mTOR, p-p70S6K and Cyclin D1, and
act as an inhibitor of the PI3K pathway. Therefore, DPL may
be a promising novel drug for NSCLC treatment. However,
there are limitations to this preliminary study; for example,
further investigations into the underlying mechanisms of DPL
may be beneficial, and the use of animal models may also be
advantageous. Thus, further studies are required in the future.
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