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Bufalin reverses intrinsic and acquired drug resistance to cisplatin
through the AKT signaling pathway in gastric cancer cells
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Abstract. Cisplatin is the most common chemotherapeutic
agent for gastric cancer (GC), however it activates AKT, which
contributes to intrinsic and acquired resistance. Bufalin, a
traditional Chinese medicine, shows significant anticancer
activity by inhibiting the AKT pathway. It was therefore
hypothesized that bufalin could counteract cisplatin resistance
in GC cells. SGC7901, MKN-45 and BGC823 human GC
cells were cultured under normoxic and hypoxic conditions.
Effects of cisplatin and bufalin on GC cells were measured by
a cell counting kit, apoptosis was analyzed by flow cytometry,
and immunoblotting was used to detect proteins associated
with the AKT signaling pathway. It was demonstrated that
bufalin synergized with cisplatin to inhibit proliferation and
promote apoptosis of GC cells by diminishing the activa-
tion of cisplatin-induced AKT under normoxic and hypoxic
conditions. Bufalin also inhibits cisplatin-activated molecules
downstream of AKT that affect proliferation and apoptosis,
including glycogen synthase kinase, mammalian target of
rapamycin, ribosomal protein S6 Kinase and eukaryotic
translation initiation factor-4E-binding protein-1. To inves-
tigate acquired cisplatin resistance, a cisplatin-resistant cell
line SGC7901-CR was used. It was demonstrated that bufalin
reversed acquired cisplatin resistance and significantly induced
apoptosis through the AKT pathway. These results imply that
bufalin could extend the therapeutic effect of cisplatin on GC
cells when administered in combination.
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Introduction

Gastric cancer (GC) is the fifth most common type of malig-
nancy worldwide and is the third leading cause of cancer-related
mortality (1). Worldwide, 70% of GC cases occur in devel-
oping countries and half in Eastern Asia, predominantly in
China (1). As the majority of GC cases are clinically advanced
at diagnosis, surgery is no longer possible, thus chemotherapy
is essential (2). Cisplatin is the most common chemothera-
peutic agent for GC (3). Although the combination of cisplatin
and S-1 is an established first-line chemotherapeutic strategy
for advanced GC (4,5), intrinsic and acquired resistance to
cisplatin are major obstacles to effective treatment. Under-
standing the underlying mechanisms of cisplatin resistance in
GC is critical to overcoming it.

The phosphatidylinositol 3-kinase (PI3K)/AKT signaling
pathway regulates a number of aspects of cancer progres-
sion (6,7) and is also considered to be a multidrug resistance
locus in cancer (8). In GC, AKT and phosphorylated AKT
(p-AKT) are detected in 74 and 78% of tumors, respec-
tively (9). Overexpression of AKT decreases GC sensitivity
to cisplatin (10,11). AKT activation contributes to acquired
cisplatin resistance in GC (12,13). Hypoxia is another cause
of GC resistance to cisplatin therapy (13-15). Cells in solid
tumors are subjected to a range of low oxygen conditions
and varying hypoxic intensities based on local oxygen diffu-
sion (16). Hypoxia-inducible factor (HIF)-1a is a fundamental
driver of cellular adaptation to hypoxia (14,17). Reportedly,
the PI3K/AKT pathway activation upregulates HIF-1a. expres-
sion (13,18,19), which contributes to cisplatin resistance in
GC cells (13,14). It was therefore suggested that AKT may be
central to intrinsic and acquired cisplatin resistance in GC.

Bufalin, a traditional Chinese medicine, has been shown
to exhibit anticancer activity (20). Our previous study
demonstrated that bufalin markedly inhibits proliferation and
promotes apoptosis through endoplasmic reticulum stress in
hepatocellular carcinoma cells (21). Experimental studies have
shown that bufalin affects cancer cells by inhibiting the AKT
pathway (22-25). The present study demonstrated that intrinsic
and acquired resistance to cisplatin can be diminished by
bufalin, which affects the AKT pathway in GC cells.
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Materials and methods

Cell culture. SGC7901, MKN-45 and BGC823 human GC
cells were obtained from the Chinese Academy of Sciences
Cell Bank (Shanghai, China). The cells were routinely cultured
in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal calf serum (Sigma-Aldrich)
at 37°C in a humidified atmosphere of 5% CO,. To induce
hypoxia, cells were incubated in a hypoxia chamber containing
1% O,, 5% CO, and 94% N, at 37°C.

Antibodies and reagents. The rabbit anti-human monoclonal
antibodies (Abs) against AKT (#2920; 1:2,000), p-AKT
(Serd73; #4060; 1:2,000), glycogen synthase kinase (GSK)-3f
(#12456; 1:1,000), phosphorylated GSK3p (p-GSK3f; Ser9;
#5558; 1:1,000), mammalian target of rapamycin (mTOR;
#2983; 1:1,000), phosphorylated mTOR (p-mTOR; Ser2448;
#5536; 1:1,000), eukaryotic translation initiation factor 4E
binding protein 1 (4EBP1; #9644; 1:1,000), phosphorylated
4EBP1 (P-4EBP1; Ser65; #9451; 1:1,000), ribosomal protein S6
kinase (S6K; #5707; 1:1,000) and phosphorylated S6K (p-S6K;
Thr389; #9206; 1:1,000) were obtained from Cell Signaling
Technology, Inc. (Shanghai, China). Anti-B-actin (mouse IgGl1;
sc-47778; 1:2,000) and anti-HIF-la (rabbit IgG; sc-10790;
1:500) were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Cisplatin and bufalin were purchased
from Sigma-Aldrich. GDC0068 and Fumonisin Bl were from
Santa Cruz Biotechnology, Inc. The reagents were dissolved
in 100% dimethyl sulfoxide (DMSO; Sigma-Aldrich) and
were diluted with Dulbecco's modified Eagle's medium
(Sigma-Aldrich) to the desired concentrations; all concentra-
tions contained a final DMSO concentration of less than 0.1%.

Establishment of SGC7901 cisplatin-resistant cells. SGC7901
cisplatin-resistant cells were developed by continuous
exposure to cisplatin starting at 0.5 M and increasing in a
stepwise manner to 5 M. Cells that were able to survive in
the medium containing 5 yM cisplatin were considered to be
cisplatin-resistant and termed SGC7901-CR (13,26).

Cell viability and apoptosis assays. SGC7901, MKN-45,
BGC823 cells were randomly divided into different groups.
Each group of cells was cultured under normoxic or hypoxic
conditions, then were treated with 0, 50, 100 or 200 nmol/l
bufalin for 48 h, or were treated with 0.10 xM cisplatin
and/or 0.100 nM bufalin for 48 h. SGC7901 cells were treated
with 5 uM GDCO0068 and/or 10 uM Fumonisin B1 for 6 h,
then were treated with 0.10 M cisplatin and/or 0.100 nM
bufalin under normoxic or hypoxic conditions for 48 h and
were then harvested. Cell viability was measured with a Cell
Counting kit-8 (CCK-8) kit (Dojindo Molecular Technologies,
Inc., Gaithersburg, MD, USA), followed by the addition of
10 ul CCK-8 solution. The cells were then incubated for 2 h
at 37°C, then optical density was read at 450 nm. All experi-
ments were performed in triplicate. Apoptosis was analyzed
by flow cytometry as previously described (21,27). In brief,
cells were seeded at a density of 15x10° cells/well in 6-well
plates, cultured with different reagents for 48 h and harvested.
Cells were washed with phosphate-buffered saline and then
stained with 5 ¢l Annexin V and 5 pl propidium iodide for
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15 min in the dark at room temperature according to the
manufacturers instructions (BD Biosciences, San Jose, CA,
USA). The apoptotic rate (%) of the stained cells was analyzed
using an Epics Altra II flow cytometer (Beckman Coulter,
Inc., Brea, CA, USA). Experiments were repeated three times.

Immunoblotting. Protein concentrations of cell lysates were
determined using the Bio-Rad protein assay (Bio-Rad, Rich-
mond, CA, USA). Lysates were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; proteins were
transferred to membranes and immunoblotted as previously
described (21,27) In brief, cells were treated with different
reagents for 48 h, then lysed in lysis buffer [2% sodium
dodecyl sulfate (SDS), 10% glycerol, 62.5 mM Tris-HCI, pH
6.8]. Equal amounts of cell lysate (20 ug) were resolved on
SDS-polyacrylamide gels, and the proteins were transferred
to a nitrocellulose membrane. The membrane was blocked
with 10% non-fat milk in Tris-buffered saline containing
0.1% (v/v) Tween-20 for 50 min and then incubated again with
10% non-fat milk containing the primary antibodies for 2 h at
room temperature. Subsequent to washing, the membrane was
incubated with 10% non-fat milk containing the secondary
antibodies conjugated with horseradish peroxidase for 1 h
at room temperature. The proteins were visualized with
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(Tiangen Biotech Co., Ltd., Beijing, China). Blots were stained
with the anti-B-actin antibody, the relative level (%) of each
protein was normalized to the B-actin band density, and were
evaluated using ImageJ software, version 1.46 (National Insti-
tutes of Health, Bethesda, MD, USA).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Comparisons were made using one-way analysis
of variance followed by Dunnett's t-test. Statistical compari-
sons were performed using SPSS software, version 13.0 (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Cisplatin- and hypoxia-induced AKT activation contributes
to cisplatin resistance in GC cells. The effects of cisplatin
and/or hypoxia on AKT expression and activation in GC
cells were investigated. As predicted, SGC7901, MKN-45
and BGC823 cells treated with cisplatin or cultured under
hypoxia had increased p-AKT levels when compared with
cells in normoxic conditions. When cells were treated with
cisplatin under hypoxia, the p-AKT levels were increased
compared with that of cells treated with cisplatin or hypoxia
alone (Fig. 1A). Levels of total AKT were not significantly
altered by either cisplatin or hypoxia in the three cell lines
(Fig. 1A).

To investigate the exact role of AKT activation in
cisplatin resistance, GDC0068 (a specific AKT inhibitor)
and Fumonisin Bl (a specific AKT activator) was introduced
to SGC7901 cells. The antiproliferation effect of cisplatin
was significantly facilitated by GDC0068 and attenuated
by Fumonisin Bl in SGC7901 cells, under normoxic and
hypoxic conditions (Fig. 1B). Consistent with these results,
cisplatin-induced apoptosis rates were also significantly
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Figure 1. AKT activation and cisplatin resistance in gastric cancer cells. (A) Gastric cancer cell lines were treated with O xM (control) or 10 M cisplatin under
normoxic or hypoxic conditions for 48 h. Cell lysates were immunoblotted and the density of each band was measured. Band densities of p-AKT and AKT
were normalized to B-actin. "P<0.05 compared with untreated cells. “P<0.05 compared with cells treated with cisplatin. ®P<0.05 compared with cells cultured
under hypoxia. SGC7901 cells were treated with or without 10 M cisplatin and/or GDC0068 (5 M) and/or Fumonisin B1 (10 M) under normoxic or hypoxic
conditions for 48 h. (B) Cell viability was measured. (C) Flow cytometry was used to analyze apoptosis and (D) data were quantified. "P<0.05 compared with

cells treated with cisplatin. p-, phosphorylated.

increased by GDC0068 and attenuated by Fumonisin Bl in
SGC7901 cells, in normoxic and hypoxic conditions (Fig. 1C
and D). In addition, it was demonstrated that the efficiency
of cisplatin in SGC7901 cells was significantly limited by
hypoxia (Fig. 1B-D).

Bufalin synergizes with cisplatin to inhibit growth and induce
apoptosis in GC cells. To investigate the effect of bufalin on
AKT activation in GC cells, SGC7901, MKN-45 and BGC823
cells were exposed to varying doses of bufalin under normoxic or
hypoxic conditions. Bufalin significantly downregulated p-AKT
levels in a dose-dependent manner, but did not significantly alter
AKT levels under either normoxia or hypoxia (Fig. 2A). The
combined effect of bufalin and cisplatin was also investigated in
GC cells. Bufalin synergistically enhanced the antiproliferation
effect of cisplatin in normoxic or hypoxic conditions in the 3
GC cell lines (Fig. 2B). Similarly, cisplatin+bufalin significantly
increased the number of apoptotic cells compared with the effect
of cisplatin or bufalin alone under either normoxic or hypoxic
conditions in SGC7901 cells (Fig. 2C and D).

Bufalin eradicates cisplatin-induced activation of the AKT
pathway in SGC7901 cells. The mechanism underlying the
anticancer effect of cisplatin+bufalin in SGC7901 cells was
investigated. Cells treated with cisplatin exhibited markedly
increased expression of p-AKT and its downstream molecules
p-GSK3p, p-mTOR, P-4EBP1 and p-S6K; whereas cells treated
with bufalin exhibited significantly reduced expression of these

five proteins in normoxic and hypoxic conditions, compared
with untreated cells (Fig. 3).

Cisplatin-resistant GC cells show sensitivity to bufalin with
active AKT pathways. To examine the contribution of the AKT
pathway to acquired cisplatin resistance, SGC7901 cells were
exposed to gradually increasing concentrations of cisplatin.
After 6 months of culture, the resulting SGC7901-CR cells
had recovered their proliferative capacity comparable to that
of parental cells (Fig. 4A). However, the acquired resistance
of SGC7901-CR cells was reversed by bufalin (Fig. 4B). Flow
cytometry showed that bufalin induced a significant increase
in the number of apoptotic SGC7901-CR cells compared with
untreated controls (Fig. 4C and D). Although SGC7901-CR
cells expressed higher levels of p-AKT, p-GSK3p, p-mTOR,
p-4EBP1 and p-S6K than their parental SGC7901 cells (Fig. 4E),
SGC7901-CR cells treated with bufalin expressed significantly
less of these five proteins than untreated SGC7901-CR cells
(Fig. 4E).

Discussion

Cisplatin remains a common chemotherapeutic agent for GC (3).
Unfortunately, intrinsic and acquired resistance to cisplatin is
common. The present study demonstrated that activation of the
AKT pathway contributes to intrinsic and acquired resistance to
cisplatin, and blocking the AKT pathway with bufalin enhances
the efficacy of cisplatin in GC cells.
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Figure 2. Synergistic effect of bufalin and cisplatin in gastric cancer cells. (A) Gastric cancer cells were treated without or with bufalin at different con-
centrations under normoxic or hypoxic conditions for 48 h; cell lysates were then immunoblotted. (B) Gastric cancer cells were treated without or with
cisplatin (10 M) and/or bufalin (100 nM) under normoxic or hypoxic conditions for 48 h; cell viability was then measured. Black lines: synergistic threshold.
“P<0.05 compared with cells treated with cisplatin only. SGC7901 cells were treated as in (B) and were subjected to flow cytometry for analyzing apoptosis.
(C) Representative dot plots of SGC7901 cells subjected to flow cytometry to analyze apoptosis patterns. (D) Apoptosis rates. "P<0.05 compared with cells
treated with cisplatin. “P<0.05 compared with cells treated with bufalin. p-, phosphorylated.

Bufalin, a bioactive component of skin and parotid venom
glands of the Venenum bufonis toad (20), has been tested in
clinical trials to treat advanced hepatocellular carcinoma,
non-small-cell lung cancer and pancreatic cancer (28); and
has been shown experimentally to inhibit cancer through the
AKT pathway (22-25). In the present study, bufalin inhibited
the activation of AKT and its downstream molecules GSK-30,
mTOR, S6K and 4EBPI; and when combined with cisplatin,
inhibited proliferation and promoted apoptosis of GC cells
by diminishing activation of the AKT y under normoxic and
hypoxic conditions. Bufalin also reversed acquired cisplatin
resistance and induced apoptosis in SGC7901-CR cells
through the AKT pathway.

AKT is a member of a family of serine/threonine kinases
and acts downstream of PI3K to phosphorylate various mole-
cules involved in several cancer-related processes (7,8,29).
Activation of the ATK pathway is frequently implicated in
resistance to anticancer therapies; thus, inhibitors of the
AKT pathway are being evaluated in pre-clinical and clinical
studies to determine whether they can restore sensitivity to
combinations of therapeutic agents (7,30-32). Overexpres-
sion and activation of AKT has been shown to contribute to
cisplatin resistance in GC cells (10-13). Cisplatin is gener-
ally considered a cytotoxic drug that kills cancer cells by
damaging DNA, inhibiting DNA synthesis and mitosis, and
inducing apoptosis (33). Cisplatin-induced DNA damage
reportedly triggers PI3K/AKT activation, which in turn

phosphorylates its downstream molecules and promotes
survival of cancer cells (34,35). The present study demon-
strated that AKT activation causes intrinsic and acquired
resistance to cisplatin in GC cells. p-AKT upregulates its
downstream molecules p-GSK3f, p-mTOR, P-4EBP1 and
p-S6K. Treatment with a combination of bufalin and cispl-
atin inhibited p-AKT, and inhibited the growth and induced
apoptosis of GC cells.

Another intrinsic cause of cisplatin resistance is the
hypoxic microenvironment that commonly exists in solid
tumors (13,14,17). The aberrant microvasculature of solid
tumors leads to deficient oxygen delivery in certain regions,
creating zones of hypoxia (16). Thus, attacking normoxic and
hypoxic cells, which are mixed within the tumors in different
regions of differing oxygen partial pressures, is a reasonable
strategy to treat solid cancers. The present study shows that
hypoxic GC cells were refractory to cisplatin-induced growth
inhibition and apoptosis and had high levels of p-AKT and
its downstream molecules p-GSK3p, p-mTOR, P-4EBP1 and
p-S6K. Downregulation of p-AKT by treatment with bufalin
significantly improved the efficacy of cisplatin in hypoxic
GC cells. These data show that hypoxia induces cisplatin
resistance at least partially by activating the AKT pathway.
Hypoxia-induced AKT activation has been elucidated in a
number of types of cancer (36). Reportedly, AKT activation
increases expression of HIF-la (13,18,19), which in turn
aggravates hypoxia. This indicates positive feedback, whereby
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Figure 3. Bufalin potentiates the effects of cisplatin by inhibiting the AKT
pathway. SGC7901 cells were treated without or with cisplatin (10 zM) and/or
bufalin (100 nM) under normoxic or hypoxic conditions for 48 h. Cell lysates
were immunoblotted and the density of each band was measured. Band densities
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respective total form. "P<0.05 compared with untreated cells. “P<0.05 compared
with cells treated with cisplatin. p-, phosphorylated; GSK, glycogen synthase;
mTOR, mammalian target of rapamycin; 4EBP1, eukaryotic translation initia-
tion factor 4E binding protein 1; SO6K, ribosomal protein S6 kinase.

hypoxia is induced by p-AKT and HIF-1a, which increases
cisplatin resistance. Thus breaking the cycle by inhibiting
AKT is a reasonable strategy to overcome cisplatin resistance
under hypoxia.

1821
A B 100-
~ 300 E s04
3 BSGCT901 < 80
0S8GC7901-CR = 60
:.5‘ 200 z
_'§ > 401-+—5GC7901-CR *#
3 100 a 20 4= 8GC7901
S [+ $GC7901-CR+Bufalin
24h 48h T72h 0 25 5 10 20 40
Cisplatin (uM)
. SGC7901-CR
- = 20 *
. SGC7901 SGC7901-CR +Bufalin I3
i, e . = 15
2 2 B
h o 10
L -] B . =
% 3 ; £ s
- B i E 53
-3 i3 = q% 0
o s e i T S A A § 5 Slrg
5 = - =
3 & K¢
b ~ ™~
(S
E 2 3
5GC7g9
1
SGC799, " CR _
Bufalin - - -

p-AKT
AK
p-GSK3
GSK3
p-mTOR:
mTOR-
p-4EBP1
4EBP1

p-S6K  p-4EBP1 p-mTOR p-GSK3f p-AKT

p-S6K-
S6k

B-acti

Figure 4. Activation of the AKT pathway contributes to acquired cis-
platin resistance. (A) SGC7901 and SGC7901-CR cells were cultured for
24,48 or 72 h; cell viability was then measured. (B) SGC7901 cells and
SGC7901-CR cells treated without or with bufalin (100 nM) were cultured
with indicated concentrations of cisplatin for 48 h; cell viability was then
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cells. (E) Cell lysates were immunoblotted and the density of each band
was measured. Band densities of p-AKT, p-GSK3p, p-mTOR, P-4EBP1
and p-S6K were normalized to the respective total form. "P<0.05 compared
with untreated cells. “P<0.05 compared with cells treated with cisplatin. CR,
cisplatin resistant; p-, phosphorylated; GSK, glycogen synthase; mTOR,
mammalian target of rapamycin; 4EBP1, eukaryotic translation initiation
factor 4E binding protein 1; S6K, ribosomal protein S6 kinase.

In conclusion, the present results indicate that adminis-
tering cisplatin in combination with bufalin may overcome
or delay resistance to cisplatin and extend the efficacy of
cisplatin in treating GC, thus suggesting a novel strategy
for treatment of advanced GC to be investigated further in
clinical trials.
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