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Aloin promotes A549 cell apoptosis via the reactive
oxygen species-mitogen activated protein kinase
signaling pathway and p53 phosphorylation
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Abstract. Aloin has the potential to be a novel anticancer
agent in cancer therapies. However, the detailed anticancer
effect of Aloin remains to be fully elucidated. The present
study analyzed the p53-dependent mechanisms in response
to Aloin treatment. Using the p53-proficient A549 cells, an
Aloin-induced apoptotic cell model was established, which
was used to evaluate the potential underlying molecular
mechanisms. The results demonstrated that 200, 300 and
400 uM Aloin induced intrinsic cell apoptosis, which was
further confirmed by disruption of the mitochondrial membrane
potential, elevation of cytosolic Ca** levels, and activation of
B-cell lymphoma 2 (Bcl-2) homologous antagonist killer, Bcl-2
X-associated protein, pS3 upregulated modulator of apoptosis
and phorbol-12-myristate-13-acetate-induced protein 1.
Aloin-induced apoptosis was also accompanied by the
induction of p53 phosphorylation on Serine (Ser)15, Threonine
18, Ser20 and Ser392; however, there were no significant
differences in the expression of p53 and mouse double
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minute 2 homolog. Aloin-induced apoptosis was reactive
oxygen species (ROS)- and c-Jun/p38-dependent, as specific
inhibitors for ROS, phosphorylated (p)-c-Jun and p-p38 may
attenuate Aloin-induced A549 cell proliferating inhibition.
In conclusion, these results suggested that Aloin may induce
apoptosis in A549 cells via the ROS-mitogen activated protein
kinase signaling pathway, with p53 phosphorylation. These
results implicate Aloin as a potential therapeutic agent for the
treatment of lung cancer.

Introduction

Aloe, an important medicinal herb, has long been used in
traditional Chinese medicine to treat and cure a number of
diseases. Aloin (C,,H,,0,; Fig. 1A), an anthrocyclic glycoside
compound, is one of the primary active ingredients (15 to 40%)
in aloe plant juice (1). Aloin has exhibited anti-angiogenesis,
anti-inflammatory, antimicrobial and antiviral pharmaco-
logical effects (2). In addition, Aloin has been demonstrated to
reduce cell proliferation and induce cell apoptosis in different
human tumor cells, including Jurkat T-cells, HeLaS3 human
cervical cancer cells and A549 human lung cancer cells (3.4).
Therefore, Aloin may be effective as a novel anticancer agent.
However, the anticancer effect of Aloin remains to be fully
elucidated.

p53 serves a pivotal role in controlling cell cycle progres-
sion and cell apoptosis, which is central to its function as a
tumor suppressor (5-8). In resting cells, p53 is a short-lived
protein that is highly regulated and maintained at low or
undetectable levels, due to degradation via the ubiquitin
proteasome signaling pathway (5). A number of intracellular
and extracellular stressors, including irradiation, chemicals,
oxygen-free radicals, hypoxia and very low nucleotide levels,
lead to rapid activation of the p53 protein (9,10). Under these
conditions, the p53 protein may be rescued from degradation,
accumulate to high levels and become phosphorylated on its
N-terminal activation sites (11). Among these phosphory-
lated sites, phosphorylation of Serine (Ser)15 and 20 have
been revealed to be essential for the stabilization, induction
and transactivation functioning of p53. In addition, phos-
phorylation of Ser392 is responsible for the nuclear import
of p53. Phosphorylation of Threonine 18 (Thrl8) is crucial
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for regulating interactions between p53 and its regulatory
partner mouse double minute 2 (MDM?2) and specific genes,
including AIP1, are induced only when p53 is phosphorylated
on Ser46 (12-16). Phosphorylation of p53 may be mediated
by numerous cellular kinases, including ataxia telangiectasia
mutated gene (ATM), ataxia-telangiectasia and Rad3 related
(ATR), DNA-dependent protein kinase (DNA-PK) and the
mitogen-activated protein kinases (MAPKSs), including p38,
c-Jun N-terminal kinase and extracellular signal-regulated
kinases (ERK) (17-21).

In addition to phosphorylation, p53 protein may also be
regulated by the E3 ubiquitin ligase, MDM2, which binds
to the N-terminal transactivation domain (TAD) of p53 and
inhibits its transcriptional activities, targeting itself and p53
for degradation by the proteasome (22). There is a large
body of evidence that suggests that MDM?2 has a number of
p53-independent effects. One previous study revealed that
MDM?2 binds to and ubiquitinates the retinoblastoma protein,
resulting in its degradation and the release of E2F1, which
in turn promotes cell cycle progression (11). Other studies
have demonstrated that MDM?2 may physically interact with
the internal ribosome entry site of the X-linked inhibitor of
apoptosis protein (XIAP) 5'-untranslated region, resulting in
translation of the latter, which generates resistance to cancer
therapy (11,23,24). Therefore, targeting MDM?2 itself or the
MDM2-p53 interaction, may improve outcomes of cancer
therapy.

Following activation, p53 stimulates a large network of
signals that function through two major apoptotic pathways:
The extrinsic and intrinsic pathways. The former involves
regulators of cluster of differentiation (CD)95 (also known as
Fas), which in turn leads to a cascade of caspase activation,
including caspase-3, -8, -9 and -10. The extrinsic pathway
involves regulators of CD95, caspase-8 and -10, and proapop-
totic effectors of B-cell lymphoma 2 (Bcl-2) homologous
antagonist killer (BAK), Bcl-2 X-associated protein (BAX),
p53 upregulated modulator of apoptosis (PUMA) and
phorbol-12-myristate-13-acetate-induced protein 1 (NOXA),
which govern mitochondria-dependent cell apoptosis (25-27).

A previous study indicated that Aloin can induce apop-
tosis in p53 proficient A549 cells and p53 deficient H1299
cells. In addition, the A549 cells were more susceptible to
Aloin-induced apoptosis than H1299 cells, suggesting the
involvement of p53 in Aloin-induced apoptosis (28). The
aim of the present study was to analyze the p53-dependent
mechanisms involved in response to Aloin treatment. Using
the p53-proficient A549 cells, an Aloin-induced apoptotic cell
model was established. Subsequently, the potential underlying
molecular mechanisms were evaluated. The results indicated
that Aloin triggered the generation of reactive oxygen species
(ROS), which in turn activated c-Jun and p38-p53 molecular
pathways, and subsequently induced apoptosis via the intrinsic
apoptotic pathway.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS), the TRIzol® RNA purification kit
and Fluo-4 probe were obtained from Invitrogen; Thermo
Fisher Scientific, Inc. (Waltham, MA, USA). The ROS inhibitor
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(2R, 4R)-4-aminopyrrolidine-2,4-dicarboxylic acid (APDC)
was supplied by Enzo Life Sciences, Inc. (Farmingdale, NY,
USA). The dichlorodihydrofluorescein diacetate (H,DCF-DA)
probe was purchased from Thermo Fisher Scientific, Inc. MTT,
Aloin and rhodamine 123 were purchased from Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany). The commercial kits
for protein isolation and Bicinchoninic acid (BCA) protein
quantification were products of Bio-Rad Laboratories, Inc.
(Hercules, CA, USA). An annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) apoptosis detection kit
was obtained from MultiSciences (Lianke) Biotech Co., Ltd
(Hangzhou, Zhejiang, China). A SYBR® Green polymerase
chain reaction (PCR) Master Mix was purchased from Applied
Biosystems; Thermo Fisher Scientific, Inc. The phosphorylated
(p)-p38 and p-c-Jun inhibitors, SB203580 and SP600125, were
supplied by Beyotime Institute of Biotechnology (Haimen,
China). The PrimeScript Real Time Reagent kit was obtained
from Takara Biotechnology Co., Ltd. (Dalian, China).

Antibodies. Primary antibodies against caspase-3 (cat.
no. sc-56053), caspase-9 (cat. no. sc-81589), caspase-8
(cat. no. sc-81661), caspase-10 (cat. no. sc-6186), CD95
(cat. no. sc-4276), p53 (cat. no. sc-126), p53-Serl5 (cat.
no. sc-101762), p53-Thrl8 (cat. no. sc-135631), p53-Ser20
(cat. no. sc-18,079-R), p53-Serd6 (cat. no. sc-101764),
p53-Ser392 (cat. no. sc-7997), p-DNA-PK (cat. no. sc-101664),
p-ATM (cat. no. sc-47739), p-ATR (cat. no. sc-109912), p-p38
(cat. no. sc-7973), p-c-Jun (cat. no. sc-822) and p-ERK
(cat. no. sc-7976) were all purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). The primary antibody
against f-actin, and the IRDye-conjugated anti-rabbit (cat.
no. 926-32211), anti-goat (cat. no. 926-32214) and anti-mouse
(cat. no. 926-32280) secondary antibodies were purchased
from LI-COR Biosciences (Lincoln, NE, USA).

Cell culture. A549 lung cancer cells were supplied by the Cell
Bank of Type Culture Collection of the Chinese Academy
of Science (Shanghai, China). The A549 cells were grown in
DMEM medium supplemented with 10% (v/v) FBS and incu-
bated at 37°C in a humidified (5% CO,) incubator.

Inhibitor pretreatments. For experiments that included
pretreatment with inhibitors of p-p38, p-c-Jun and ROS, A549
cells were pretreated with SB203580 (30 M), SP600125
(10 uM) or APDC (25 uM) for 30 min at 37°C prior to Aloin
(400 uM) treatment for 48 h at 37°C. Inhibitors were diluted
in PBS and added to the cell culture supernatant. After 48 h
Aloin treatment, the supernatant was immediately removed
and experiments were performed.

Cell proliferation assay. A549 cells were plated into 96-well
plates at 5x10° cells per well. Following incubation for 24 h,
the cells were exposed to 0 to 400 M concentrations of Aloin.
At 24, 48 and 72 h following exposure, the supernatant was
removed and 100 ul (500 pg/ml) MTT solution was added
to each well. Following 4 h of incubation at 37°C, the MTT
solution from each well was replaced with 150 pl dimethyl
sulfoxide, which was pipetted up and down several times to
dissolve formazan crystals. The optical density was measured
at a wavelength of 570 nm for each well using a microtiter
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Figure 1. Effects of Aloin on A549 cell proliferation and apoptosis. (A) Chemical structure of Aloin. (B) A549 cells were treated with or without Aloin (0, 100,
200, 300 or 400 uM) for 24, 48 and 72 h, and cell viabilities were then determined by an MTT assay; cell viabilities without Aloin treatment were considered
as 100%. (C) A549 cells were treated with or without Aloin (0, 100, 200, 300 and 400 M) for 48 h, then the percentage of apoptotic cells was analyzed by
flow cytometry. (D) Quantification of apoptosis analysis. Data are presented as the mean + standard deviation of three independent experiments. "P<0.05 and

“P<0.01 vs. untreated (0 M) control cells.

plate reader (BioTek Instruments, Inc., Winooski, VT, USA).
The results were expressed as the percentage of the control
(0 uM Aloin).

Measurement of cell apoptosis. The Annexin V-FITC and PI
double staining method was used to analyze the percentage
of cells undergoing apoptosis, according to the manufacturer's
protocol. Briefly, A549 cells were seeded into 6-well plates
at 2x10° cells per well. Following incubation with or without
the indicated concentrations of Aloin (0 to 400 uM) for 48 h,
the cells were trypsinized, washed by PBS, extracted by
centrifugation (1,500 x g for 10 min at 4°C), resuspended in
binding buffer containing 1% (v:v) Annexin V-FITC and 2%
(v:v) PI and incubated in the dark at room temperature for
20 min. Analysis was performed using a flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). At least 1x10° cells
were collected, recorded on a dot plot and analyzed by ModFit
v2.0.0 software (Verity Software House, Inc., Topsham, ME,
USA).

Western blotting analysis. Expression levels of the target
proteins were analyzed by western blotting. Following incu-
bation for 48 h, 1x107 A549 cells treated in the presence or
absence of Aloin (0 to 400 xM) were harvested and lysed with
a radioimmunoprecipitation assay lysis buffer supplied by
Beyotime Institute of Biotechnology (20 Mm Tris-HCI buffer,
pH 7.5, containing 1 mM protease inhibitor mix) for 30 min on
ice. Following this, the lysates were centrifuged at 1,500 x g

for 10 min at 4°C and the supernatant was collected as a whole
cell lysate for western blotting analysis. The whole cell lysate
(~8 ug) was mixed with a loading buffer [125 mM Tris-HCI,
4% sodium dodecyl sulfate (SDS), 10% sucrose, 0.004%
bromophenol blue (BPB) and 10% mercaptoethanol], boiled at
95°C for 5 min and then gel electrophoresis was performed with
8 to 12% SDS-PAGE gels. The protein bands were transferred
to polyvinylidene fluoride (PVDF) membranes following
manufacturer's protocol (EMD Millipore, Billerica, MA,
USA). The PVDF membranes were then blocked with TBS
containing 5% non-fat milk at 4°C for 1 h, rinsed with TBS
with Tween 20 and incubated with specific primary antibodies,
which were diluted in PBS (1:400), at 4°C overnight, followed
by the corresponding IRDye-conjugated secondary antibody,
which were diluted 1:2,000 in PBS, at room temperature for 1 h.
Membranes were detected using an Odyssey Infrared Imaging
System and Odyssey v1.3 software (LI-COR Biosciences). The
relative optical densities of the target proteins were analyzed
using Quantity One software v3.0 (Bio-Rad Laboratories,
Inc.). Relative levels of the proteins were normalized to the
control b-actin bands in each series and for protein loading.
Each test was performed in at least triplicate.

Reverse transcription-quantitative PCR (RT-gPCR). The
mRNA expression level of p53 was analyzed by RT-qPCR
following incubation of the A549 cells with or without the
indicated concentrations of Aloin (0 to 400 M) for 48 h. Total
RNA from ~5x10° cells was isolated using a TRIzol reagent,
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and cDNA was synthesized using the PrimeScript Real
Time Reagent kit according to the manufacturer's protocol.
c¢DNA amplification was performed at 95°C for 10 sec and
56°C for 30 sec (45 cycles) on a 7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.), using
the QuantiTect SYBR® Green PCR kit (Qiagen GmbH,
Hilden, Germany) and 2 ul cDNA, according to the manu-
facturer's protocol. Specific primers for p53 and f-actin were
custom-designed and synthesized by Takara Biotechnology
Co., Ltd. The results from three independent experiments are
expressed as the n-fold change of untreated (0 M) cells and
the relative mRNA level of each sample was normalized to
B-actin using the 2-4% method (29).

Measurement of mitochondrial membrane potential (MMP).
MMP was examined by staining A549 cells with rhodamine
123. In healthy cells, rhodamine 123 accumulates and aggre-
gates in the mitochondria; the loss of MMP leads to the release
of rhodamine 123 from the mitochondria into the cytosol,
increasing intracellular fluorescence (30). Following incuba-
tion for 48 h, 5x10° cells A549 cells treated with or without
the indicated concentrations of Aloin (0 to 400 uM) were
harvested and resuspended in 200 pl1 PBS containing 10 pg/ul
rhodamine 123 at 37°C for 30 min in the dark. Following
staining, the A549 cells were rinsed three times with PBS and
analyzed directly by flow cytometry using ModFit software
v2.0.0 (Verity Software House, Inc.). The percentage of rhoda-
mine 123 fluorescence positive cells was used to evaluate the
extent of mitochondrial depolarization.

Measurement of cytosolic Ca** level. The level of Ca*
released was measured by staining A549 cells with Fluo-4,
which is a fluorescent dye for quantifying the levels of released
mitochondrial Ca?* (31). The A549 cells were incubated with
or without the indicated concentrations of Aloin (0 to 400 M)
for 48 h. A total of 1x10° cells were harvested and resuspended
in 200 pl PBS containing 2.5 uM Fluo-4, prior to incubation
at 37°C for 30 min in the dark. Following staining, the A549
cells were rinsed three times with PBS and analyzed directly
by flow cytometry. The percentage of Fluo-4 fluorescence
positive cells was used to evaluate the extent of mitochondrial
depolarization.

Measurement of intracellular ROS generation. The genera-
tion of ROS was measured by staining A549 cells with a
H,DCF-DA probe, which commonly reacts with a number
of ROS molecules including hydrogen peroxide, hydroxyl
radicals and peroxynitrite (32). Following incubation for 48 h,
1x10° cells A549 cells treated with or without the indicated
concentrations of Aloin (0 to 400 M) were harvested, resus-
pended in 200 ul PBS containing 10 uM H,DCF-DA, and
incubated at 37°C for 30 min in the dark. Following staining,
the A549 cells were rinsed three times with PBS and analyzed
directly by flow cytometry using ModFit software v2.0.0
(Verity Software House, Inc.). The percentage of DCFH fluo-
rescence positive cells were used to evaluate the production
of ROS.

Statistical analysis. Data are presented as the mean + standard
deviation. Comparisons among groups were performed using
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Figure 2. Effects of Aloin on the extrinsic and intrinsic apoptosis pathways.
A549 cells were treated with or without Aloin (0, 100, 200, 300 and 400 M)
for 48 h. Representative western blot images and quantification of protein
expression levels of (A) cleaved caspase-8 and -10, and CD95, (B) BAK,
BAX, NOXA and PUMA, and (C) cleaved caspase-3 and -9. b-actin served
as an internal control. Data are presented as the mean + standard devia-
tion. "P<0.05 and “P<0.01 vs. untreated (0 xM) control cells. BAK, B-cell
lymphoma 2 homologous antagonist killer; BAX, B-cell lymphoma-2 X asso-
ciated protein; NOXA, phorbol-12-myristate-13-acetate-induced protein 1;
PUMA, p53 upregulated modulator of apoptosis; CD95, cluster of differen-
tiation 95.
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Figure 3. Effects of Aloin on mitochondrial membrane potential and Ca®* levels. A549 cells were treated with or without Aloin (0, 100, 200, 300 or 400 M)
for 48 h. (A) The mitochondrial membrane potential was evaluated using rhodamine 123 staining and flow cytometry. (B) Ca** levels were monitored using
the Fluo-4 fluorescent dye and flow cytometry. (C) Quantification of the three independent experiments performed for (A and B). Data are presented as the

mean + standard deviation of three experiments. "P<0.05 and ““P<0.01 vs. untreated (0 xM) control cells.

least significant difference test. P<0.05 was considered to indi-
cate a statistically significant difference. Statistical analysis was
performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA).

one-way analysis of variance. If the variation was significant,
significant differences between the means of control and of
individual Aloin-treated cell groups were analyzed by Fisher's
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Figure 4. Effects of Aloin on p53 mRNA and protein expression levels,
and p53 phosphorylation. A549 cells were treated with or without Aloin
(0, 100, 200, 300 or 400 M) for 48 h. (A) p53 mRNA levels were deter-
mined by reverse transcription-quantitative polymerase chain reaction.
(B) Representative western blot images and quantification of protein expres-
sion levels of MDM2, p53-Serl5, p53-Ser20, p53-Ser392, p53, p53-Thrl8
and p53-Ser46 in A549 cells. b-actin served as an internal control. Data
are presented as the mean + standard deviation. "P<0.05 and “P<0.01 vs.
untreated (0 M) control cells. MDM2, mouse double minute 2, Ser, serine;
Thr, threonine.

Results

Aloin induces A549 cell viability inhibition and apoptosis. To
evaluate the inhibitory effects of Aloin on the rate of A549
cell proliferation, cells were exposed to various concentrations
(0, 100, 200, 300 and 400 M) of Aloin for 24, 48 and 72 h.
As presented in Fig. 1B, Aloin reduced A549 cell viability in
a dose- and time-dependent manner. When compared with the
untreated (0 M) group, the viabilities of the 200, 300 and
400 uM Aloin treated groups were all significantly reduced at
the 24, 48 and 72 h time points; however, no significant differ-
ence was observed in the cell viabilities at 24, 48 and 72 h for
the 100 xuM Aloin-treated group.

To determine whether the Aloin-induced inhibition of
A549 cell proliferation was the result of apoptosis induction,
cell apoptosis was assessed using flow cytometry. As presented
in Fig. 1C and D, compared with the untreated group (0 uM),
there was a significant increase in the number of apoptotic
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Figure 5. Effects of Aloin on p53 upstream effectors. A549 cells were treated
with or without Aloin (0, 100, 200, 300 or 400 M) for 48 h. Representative
western blot images and quantification of (A) p-DNA-PK, p-ATR and p-ATM
and (B) p-p38, p-c-Jun and p-ERK protein expression levels in A549 cells.
B-actin served as an internal control. Data are presented as the mean + stan-
dard deviation. “P<0.01 vs. untreated (0 #M) control cells. p-, phosphorylated;
DNA-PK, DNA-dependent protein kinase; ATR, ataxia-telangiectasia and
Rad3 related; ATM, ataxia telangiectasia mutated gene; ERK, extracellular
signal-regulated kinase.

A549 cells in the 200, 300 and 400 uM Aloin-treated groups
at 48 h. However, no significant difference was detected in
the level of cell apoptosis in the 100 M Aloin-treated group.
Based on these findings, the 48-h time point was selected for
further analyses.

Aloin-induced apoptosis is associated with the intrinsic
pathway. To further elucidate the involvement of the apoptosis
pathway initiated by Aloin in A549 cells, the protein expres-
sion levels of apoptosis-associated effectors including cleaved
caspase-8 and -10,CD95, BAK, BAX, PUMA and NOXA were
measured by western blotting. As presented in Fig. 2A, Aloin
treatment failed to induce activation of the extrinsic apoptosis
pathway effectors, cleaved-caspase-8 and -10, and CD95.
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Figure 6. p38 and c-Jun activities in Aloin-induced A549 cell viability. A549
cells were pretreated with or without 30 M SB203580 and 10 xM SP600125,
alone or in combination, for 30 min, then incubated with or without 400 uM
Aloin for 48 h. (A) Representative western blot images and quantification of
protein expression levels of p-p38 and p-c-Jun. 3-actin served as an internal
control. (B) A549 cell viabilities were determined by an MTT assay; the
cell viabilities without SB203580, SP600125 and Aloin treatment were
considered as 100%. Data are presented as the mean + standard deviation.
“P<0.05 and “'P<0.01 vs. untreated (0 M) control cells; **P<0.01 vs. Aloin
only treatment.

However, compared with the untreated (0 M) group, treat-
ment with 200, 300 and 400 M Aloin significantly increased
the protein expression levels of the intrinsic apoptosis pathway
effectors, BAK, BAX, PUMA and NOXA (Fig. 2B). In addi-
tion, as presented in Fig. 2C, treatment with 200, 300 and
400 uM Aloin also significantly increased the protein expres-
sion levels of cleaved caspase-3 and -9, which are downstream
effectors of the intrinsic and extrinsic apoptosis pathways.

Aloin induces the loss of MMP and release of mitochon-
drial Ca®*. To further define the role of the mitochondria in
Aloin-induced A549 cell apoptosis, the MMP and levels of
released mitochondrial Ca** were determined using flow
cytometry. When compared with the untreated (0 #M) group,
treatment with 200, 300 and 400 M Aloin induced a signifi-
cant disruption in the MMP and release of mitochondrial
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Ca?, as indicated by the observed increase in the percentage
of rhodamine 123 or Fluo-4 positive A549 cells, respectively
(Fig. 3).

Aloin induces activation of p53 phosphorylation. It was
hypothesized that Aloin-induced A549 cell apoptosis may be
p53-dependent. To investigate this, the levels of p5S3 mRNA
were measured using RT-qPCR. As presented in Fig. 4A,
100 to 400 xM Aloin did not exert any directly inductive or
inhibitory effects on p53 mRNA expression following treat-
ment for 48 h. Following this, the roles of Aloin in the protein
expression of p53 and its antagonist MDM?2, and p53 protein
phosphorylation status, were investigated. As presented in
Fig. 4B, compared with the untreated (0 M) group, there were
no detectable differences in the protein expression levels of
p53, MDM2 or p53-Ser46. In contrast, treatment with 200, 300
and 400 yM Aloin resulted in strong activation of p53-Serl5,
p53-Thrl8, p53-Ser20 and p53-Ser392. These observations
indicated that the signaling system responsible for p53 phos-
phorylation of Serl5, Thrl8, Ser-20 and Ser-392 was involved
in Aloin-induced apoptosis in A549 cells.

p38 and c-Jun are responsible for Aloin-induced p53
phosphorylation. As DNA-PK and MAPKs are traditionally
phosphokinases responsible for p53 phosphorylation, the extent
of DNA-PK (p-ATM, p-ATR and p-DNA-PK) and MAPK
(p-p38, p-c-Jun and p-ERK) activation in A549 cells following
Aloin exposure were examined. As presented in Fig. 5A, when
compared with the untreated (0 #M) group, treatment with 100
to 400 uM Aloin did not alter the levels of p-ATM, p-ATR and
p-DNA-PK. However, when compared with untreated (0 M)
groups, treatment with 100 to 400 yM and 300 to 400 M
Aloin for 48 h significantly increased p-c-Jun and p-p38
levels, respectively. In addition, Aloin treatment did not alter
the protein expression levels of p-ERK. These results suggest
that c-Jun and/or p38-mediated cell signaling pathways may
contribute to Aloin activities in p53 phosphorylation.

Inhibition of p-p38 and/or p-c-Jun attenuates the effect of Aloin
on A549 cell viability. To determine whether Aloin-induced
A549 cell death is attributable to the activation of p-p38 and/or
p-c-Jun MAPKSs, the specific inhibitors of p-p38 and p-c-Jun,
SB203580 (30 uM) and SP600125 (10 uM), were used to
pre-treat A549 cells for 30 min. The inhibiting efficiencies of
SB203580 and SP600125 are shown in Fig. 6A. The levels of
p-p38 and p-c-Jun in the SB203580 and SP600125 pretreated
groups were significantly reduced when compared with the
group treated with 400 M Aloin only; the levels observed were
nearly equal to those of the untreated group (0 M Aloin). The
impact of SB203580 and SP600125 on Aloin-induced A549 cell
death was evaluated by MTT assay. As presented in Fig. 6B,
SB203580 and SP600125 pretreatment, alone or in combination,
significantly attenuated the Aloin-induced decrease in A549
cell viabilities. These results further support the hypothesis that
Aloin-induced A549 cell apoptosis is associated with the c-Jun-
and p38-mediated cell signaling pathways.

Aloin induces ROS production in A549 cells. It has been widely
reported that the generation of ROS induces the activation of
MAPKs and subsequently, apoptosis (33,34). To investigate
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Figure 7. Effects of Aloin on ROS production. (A) A549 cells were treated with or without Aloin (0, 100, 200, 300 and 400 M) for 48 h. Flow cytometric
analysis and (B) quantification of ROS production. (C) A549 cells were pre-treated with or without 25 yM antioxidant APDC for 30 min and the cells
were then treated with or without 400 #M Aloin for 48 h. (C) Flow cytometric analysis and (D) quantification of ROS production. (E) A549 cells were
pre-treated with or without 25 yM APDC for 30 min, followed by and treatment with or without 400 #M Aloin for 48 h. Cell viability was determined by
an MTT assay; cell viabilities without Aloin treatment were considered as 100%. Data are presented as the mean + standard deviation of three independent
experiments. “P<0.01 vs. untreated (0 uM) control cells. ROS, reactive oxygen species; H,DCF-DA, dichlorodihydrofluorescein diacetate; APDC,

4-aminopyrrolidine-2 4-dicarboxylic acid.

whether ROS generation is associated with Aloin-induced
activation of c-Jun and p38, and apoptosis, the levels of ROS
in Aloin-treated A549 cells were evaluated by flow cytometry
following 48 h incubation and H,DCF-DA probe labeling. As
presented in Fig. 7A and B, when compared with the untreated
(0 uM) group, treatment with 200, 300 and 400 yM Aloin
induced a significant accumulation of ROS. To further define
the role of ROS in the Aloin-induced decrease in cell viability,
the ROS inhibitor, APDC (25 uM), was used for A549 cell
pretreatment for 30 min. As presented in Fig. 7C and D,
APDC pretreatment inhibited the 400 M Aloin-induced
generation of ROS in A549 cells. When compared with the
untreated group, APDC pretreatment attenuated the 400 M
Aloin-induced inhibition of A549 cell viability (Fig. 7E).
These results indicated that ROS generation may serve a
crucial role in Aloin-induced apoptosis.

Discussion

Aloin, the main active component of aloe, has long been
used in traditional Chinese medicine. However, it has been
reported to induce apoptosis in a number of different cancer
cell types (2,3). In agreement with these previous studies, the
present study demonstrated that Aloin at concentrations of
200 to 400 uM significantly inhibited the proliferation rates
of A549 cells 48 h post-treatment. These results were further
confirmed by flow cytometric analysis, which demonstrated

that 200 to 400 #M Aloin increased apoptosis in A549 cells
following treatment for 48 h.

ROS have the ability to interact with cellular proteins,
lipids and DNA, resulting in oxidative stress, which in turn
stimulates extrinsic and/or intrinsic apoptosis (35,36). ROS
may also serve as cell signaling molecules and cause damage
to foreign bodies (37). Overproduction of ROS may be induced
by a number of intra- and extracellular stressors (38-40). In the
present study, the production of ROS in Aloin-treated A549
cells was evaluated. Elevated ROS levels were concurrent
with the increased level of apoptosis. The results indicated
that the elevation in ROS may be an important initial cellular
event that occurs during Aloin-induced apoptosis. This was
further confirmed by experiments using the specific ROS
inhibitor, APDC, which attenuated the Aloin-induced inhi-
bition of cell proliferation. These results, coupled with the
disruption of the MMP, increased levels of cytosolic Ca**
and activation of BAK, BAX, PUMA and NOXA, suggested
that the accumulation of ROS contributes to the induction of
mitochondria-dependent cell apoptosis under these experi-
mental conditions. These observations further confirmed the
hypothesis that chemotherapeutic agents may be selectively
toxic to tumor cells as they increase oxidative stress to cells
and induce apoptosis.

p53 may be activated by oncogene expression, DNA
damage and oxidative stress (41,42). Under these conditions,
phosphorylation of its N-terminus residues may stabilize p53



MOLECULAR MEDICINE REPORTS 16: 5759-5768, 2017

and activate its anticancer activity via the intrinsic and/or
extrinsic apoptosis pathways (43,44). In the present study, key
observations were made concerning the phosphorylation of p53
on the Serl5, Thrl8, Ser20, Ser46 and Ser392 residues. With
the concentrations that induced apoptosis, Aloin exposure
increased p53-Serl5, p53-Thrl8, p53-Ser20 and p53-Ser392
protein expression levels, whereas phosphorylation of Ser46
was not induced. In contrast, in Aloin-treated A549 cells,
the mRNA and protein expression levels of p53 were not
increased. Phosphorylation of Ser-15, -20 and -392, and Thrl8,
alone or in combination, may be induced in response to a
number of chemotherapeutic agents, including camptothecin,
cisplatin and ionizing radiation (45-49). Therefore, the present
study demonstrated that Aloin also induces the phosphoryla-
tion of the p53 protein on Ser-15, -20 and -392, and Thrl8. The
specific roles of each phosphorylated residue requires further
determination.

MDM2, as a target gene of p53, inhibits p53-induced trans-
activation by inducing ubiquitination of the p53 N-terminus
and serving as a E3 ubiquitin ligase to mark p53 for rapid
degradation (5,50). In addition, MDM?2 has p53-independent
anti-apoptotic functions (50,51), and amplification of MDM?2
genes or overexpression of the MDM?2 protein are features
of a number of tumor types (41). Thus, developing treatments
to reduce the levels of MDM?2 may be viable strategies for
cancer therapy. Specific alkylating agents used in cancer
chemotherapy treatments have been reported to downregulate
the expression of MDM?2 (52-54). For example, the DNA
alkylating agents mitomycin C and methylmethane sulfonate,
induced a reduction in MDM?2 protein expression in RKO
cells. These decreased levels of MDM?2 coincided with the
downregulation of ubiquitinated p53 and p53/MDM2 binding
complexes (54). In another study, triptolide, a natural product
with anticancer properties, induced apoptosis in lymphoblastic
leukemia cells by inhibiting the MDM2-XIAP cell signaling
pathway (55). However, in the present study, the expression of
MDM?2 in Aloin-treated A549 cells was not altered. Together
with the findings of previous studies, these results indicated
that inhibition of MDM?2 may be cell-type-specific and/or
stress-type-dependent events.

The MAPK family includes c-Jun, p38 and ERKs (56).
Among the MAPK family, activation of ERKSs is usually
involved in cell survival or differentiation, whereas activation
of c-Jun and p38 are commonly associated with promoting
cell apoptosis and death, particularly under oxidative-stress
conditions (57). In addition, phosphorylation of p53 may be
mediated by c-Jun and p38 (17,58). Consistent with previous
studies, the present study demonstrated that c-Jun and p38 were
essential for the Aloin-induced inhibition of cell proliferation.
This was further confirmed by pretreatment with c-Jun and
the p38 MAPK specific inhibitors, SP600125 and SB203580,
alone or in combination, which significantly attenuated the
Aloin-induced inhibition of cell proliferation. However, the
interactions between c-Jun and p38, and p53 phosphorylation,
require further investigation in future studies.

In conclusion, the present study demonstrated that Aloin
treatment induces ROS accumulation in A549 cells, which in
turn triggers apoptosis via the intrinsic pathway. Aloin-induced
apoptosis was associated with p53 phosphorylation and was
dependent on c-Jun and p38 activation. These results provided
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mechanistic insight into the therapeutic potential of Aloin in
clinical treatments for lung cancer; however, further study is
required to confirm these mechanisms in vivo.
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