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Hispidulin induces mitochondrial apoptosis in acute
myeloid leukemia cells by targeting extracellular
matrix metalloproteinase inducer

Hui Gao'", Yongji Liu?", Kan Li3, Tianhui Wu?, Jianjun Peng?®, Fanbo Jing®

1Qingdao University Medical College, Qingdao, Shandong, 266071, China; 2Qingdao Hiser Medical Center,
Qingdao, Shandong 266000, China; 3Shandong Provincial Hospital Affiliated to Shandong University, Shandong
250021, China; “Qingdao 5th People’s Hospital, Qingdao, Shandong 266000, China; °College of Life Sciences,
Chongqing Normal University, Chongqing 401331, China; ¢The Affiliated Hospital of Qingdao University, Qingdao,
Shandong 266003, China. "Equal contributors.

Received August 18, 2015; Accepted January 12, 2016; Epub February 15, 2016; Published February 29, 2016

Abstract: Acute myeloid leukemia (AML) represents a heterogeneous group of hematological neoplasms with
marked heterogeneity in response to both standard therapy and survival. Hispidulin, a flavonoid compound that
is anactive ingredient in the traditional Chinese medicinal herb Salvia plebeia R. Br, has recently been reported to
have anantitumor effect against solid tumors in vitro and in vivo. The aim of the present study was to investigate
the effects of hispidulin on the human leukemia cell line in vitro and the underlying mechanisms of its actions on
these cells. Our results showed that hispidulin inhibits AML cell proliferation in a dose- and time-dependent man-
ner, and induces cell apoptosis throughan intrinsic mitochondrial pathway. Our results also revealed that hispidulin
treatment significantly inhibits extracellular matrix metalloproteinase inducer (EMMPRIN) expression in both tested
AML cell lines in a dose-dependent manner, and that the overexpression of EMMPRIN protein markedly attenuates
hispidulin-induced cell apoptosis. Furthermore, our results strongly indicated that the modulating effect of hispidu-
lin on EMMPRIN is correlated with its inhibitory effect on both the Akt and STAT3 signaling pathways.
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Introduction

Acute myeloid leukemia (AML), a hematologic
malignancy characterized by uncontrolled pro-
liferation and accumulation of myeloblasts in
the bone marrow (BM), blood, and other organs,
represents a heterogeneous group of hemato-
logical neoplasms with marked heterogeneity
in response to both standard therapy and sur-
vival [1]. The clinical outcomes of AML are very
unpredictable, from survival of a few days to
the complete cure, depending on the age, biol-
ogy, cytogenetic features, deregulated genes,
and classification of the disease [2]. Standard
treatment options for AML are chemotherapy
and hematopoietic stem cell transplantation,
which help ensure long-term, disease-free sur-
vival for many patients; however, the majority of

AML patients will ultimately be diagnosed with
relapsed or refractory disease despite cytotoxic
chemotherapy [3, 4]. For AML patients who
relapse or have a resistant disease, therapeutic
options are limited. The long-term overall sur-
vival rates for AML patients <60 and =60 years
old are 30-40% and <10%, respectively, [5]
which makes AML especially challenging; there-
fore, developing new therapeutic agents that
are less toxic and more specific to AML is
imperative.

Extracellular matrix metalloproteinase inducer
(EMMPRIN), encoded by a gene localized to
19p13.3, is a cell-surface glycoprotein belong-
ing to the immunoglobulin superfamily. EMM-
PRIN has been implicated in many biological-
functions, including embryo implantation, sper-
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matogenesis [6], retinal development [7],
inflammation [8], wound healing [9], and tumor
progression [10]. A number of studies have
shown that elevated EMMPRIN expression is
associated with clinically aggressive behavior
and poor prognoses in a variety of solid tumors
[11-13], which might be associated with the
inducing effect on the synthesis of matrix
metalloproteinase (MMP) in the surrounding
stromal cells [14]. Within the context of hema-
tological malignancy, Fu et al. [15] observed
elevated expressions of EMMPRIN in the BM
leukemia cells of patients with newly diagnosed
AML. Our previous study also showed that shR-
NA-mediated EMMPRIN silencing inhibits AML
U937 cell proliferation and increases chemo-
sensitivity to Adriamycin, [16] which indicates
that EMMPRIN might be a promising therapeu-
tic target in AML.

Hispidulin (4',5,7-trihydroxy-6-methoxyflavone),
a naturally occurring flavonoid, is one of the
major active ingredients of the traditional
Chinese medicinal herb Salvia plebeia R. Br.
[17, 18]. In vivo and in vitro studies have pro-
vided evidence of the antifungal, anti-inflam-
matory, antioxidant, antithrombotic, antiepilep-
tic, neuroprotective, and antiosteoporotic activ-
ities of this compound [19-22]. Recently, the
antiproliferative effect of hispidulin has been
reported in human malignancies, including
pancreatic, gastric, ovarian, and glioblastoma
cancer in vitro [23-26]. Our previous results
also demonstrated that hispidulin induces
apoptosis in hepatocellular carcinomacells [27]
and we reported that hispidulin inhibits the pro-
liferation and enhances the chemosensitivity of
gallbladder cancer cells by targeting HIF-1a
[28]; however, whether the antitumor effect of
hispidulin in a solid tumor can be replicated in
hematological malignancies has never been
studied. Hence, the present study was conduct-
ed to investigate the effects of hispidulin on the
human leukemia cell line in vitro and the under-
lying mechanisms for its action on these cells.

Materials and methods
Cell lines and cultures
Human AML U937 and HL-60 cell lines were

obtained from the Shanghai Institutes for
Biological Science (Shanghai, China). Cells
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were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Gibco, MD,
USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, MD, USA) and 1.0%
L-glutamine in a 5.0% CO,-humidified in-
cubator.

Primary culture of human acute myeloid leuke-
mia cells

Leukemic blasts were obtained from eight AML
patients (ranging from 35 to 65 years old)
undergoing routine diagnostic aspirations. All
patients provided written informed consent in
accordance with the Declaration of Helsinki,
and the study was approved by the Institutional
Review Board of the University of Qingdao,
College of Medicine, Shandong, China. Samples
were separated by centrifugation over Ficoll/
Hypaque (specific gravity: 1.077e1.081; Sigma-
Aldrich Corporation, Shanghai, China) at 400 g
at room temperature. The interface layer con-
taining the primarily blasts was removed using
a sterile Pasteur pipette and resuspended in
medium containing 10% FBS. The purity of the
blast population was confirmed to be 80% by
morphologic evaluation of Wright-stained cyto-
spun cell preparations. Cells exhibiting >95%
viability by trypan blue exclusion were cultured
in the presence of 50 ng/mL rhGM-CSF, 100
ng/mL rhiL-3, and 10 ng/mL rhG-CSF (Sigma-
Aldrich Corporation, Shanghai, China).

Primary culture of human peripheral blood
mononuclear and CD34* mononuclear cells

Peripheral blood mononuclear cells (PBMCs) of
three healthy donors were isolated by centrifu-
gation over lymphocyte separation medium
(Sigma-Aldrich Corporation, Shanghai, China).
The study protocol was reviewed and approved
by the Institutional Review Board of the
University of Qingdao, College of Medicine.
Written informed consent was obtained from
each participant. After three washes in phos-
phate-buffered saline (PBS), PBMCs were
counted and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS,
2.0 mg phytohemagglutinin per mL, 10 ng
phorbol 12-myristate-13-acetate per mL, non-
essential amino acids, 5.0 mM b-mercaptoeth-
anol, 10 mM 2-hydroxyethyl-1-piperazineethan-
esulfonic acid (HEPES), 2.0 mM glutamine, and
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1.0 mM sodium pyruvate (all purchased from
Sigma-Aldrich Corporation, Shanghai, China).
BM aspirates were obtained from three volun-
teer donors using protocols approved by the
Institutional Review Board of the University of
Qingdao, College of Medicine. Following
informed consent, CD34* cells were extracted
using immunomagnetic beads conjugated with
an anti-CD34 antibody (ThermoFisher, Norway,
11301D) following the manufacturer’s instru-
ctions.

In vitro proliferation assay

In vitro proliferation was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay (Sigma-Aldrich
Corporation, St. Louis, MO, USA). Briefly, cells
were plated at a density of 5.0 x 103 cells/well
in 96-well culture plates. After treatment, 20 uL
MTT solution (5.0 mg/mL in PBS) were added
to each well and incubated for 2.0 h. MTT
formazan was dissolved in 150 pL dimethyl
sulfoxide (DMSO) and the absorbance was
measured at 595 nm with an ELISA reader
(Tecan Group Ltd, Mannedorf, Switzerland).
The value of absorbance was normalized to
that of the untreated control group.

Colony formation assay

HL-60 and U937 cells (3.0 x 10%) suspended in
1.6 mL RPMI agarose medium (10% FBS and
0.33% agarose) containing the shogaol analogs
or DMSO were plated in each well of a 6-well
plate over a bottom layer of solidified RPMI aga-
rose medium (10% FBS and 0.5% agarose).
Cultures were maintained for 2.0 weeks with-
out fresh medium feeding at 37°C in a humidi-
fied atmosphere of 95% air and 5.0% COZ, after
which cell colonies >0.1 mm were enumerated
and photographed using the Nikon Eclipse
TE2000-U microscope fitted with Nikon Digital
Camera DXM1200 at a 109 objective.

Trypan blue staining assay

The in vitro viability of both HL-60 and U937
cells was determined by trypan blue dye exclu-
sion. The reduction in viable cell numbers was
examined immediately after treatment with his-
pidulin for 48 h at the indicated concentrations.
Cells without trypan blue stain were considered
viable and the percentage of viable cells was
calculated by the number of cells without the
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trypan blue stain divided by the number of total
cells.

Cell-cycle analysis

Cell-cycle analysis was conducted 48 h after
transfection using the Cell Cycle and Apoptosis
Analysis Kit (Beyotime, Shanghai, China) follow-
ing the manufacturer’s instructions. Briefly,
cells were collected and fixed with 70% cold
ethanol at 4.0°C overnight. DNA was stained
with 0.05 mg/mL propidium iodide and 2.0
mg/mL RNase for 30 min at room temperature.
Cells were then subjected to a FACScan cytom-
etry (Beckman Coulter Inc., Miami, FL, USA) for
cell-cycle analysis. The percentage of cells in
GO/G1, S, and G2/M phases of the cell cycle
was calculated using Cell Lab Quanta SC
software.

Cell apoptosis analysis

The effect of hispidulin treatment on cell apop-
tosis was evaluated by flow cytometry using an
FITC Annexin V apoptosis kit (BD Pharmingen,
Franklin Lakes, NJ, USA) according to manufac-
turer’s instructions. In brief, cells were washed
with ice-cold phosphate buffered saline (PBS)
and resuspended in binding buffer (10 mM
HEPES, pH 7.4, 140 mM sodium chloride, and
2.5 mM calcium chloride) at a concentration of
1.0 x 10° cells/mL. Cells were stained with
annexin V-FITC and propidium iodide (PI) for 15
min in the dark before being analyzed by flow
cytometry. Annexin V-FITC positive cells were
considered to be undergoing apoptosis and
those negative for FITC were considered to be
alive.

Histone/DNA ELISA assay of acute myeloid
leukemia cell apoptosis

After the cells were treated with hispidulin at
the indicated concentrations, the cell death
detection ELISA plus Kit (Sigma-Aldrich
Corporation, Shanghai, China, 11684795910)
was used for quantitatively analyzing apoptosis
in the AML cells following the manufacturer’s
instructions. Briefly, AML cells were lysed and
the cell lysates were overlaid and incubated in
microplate modules coated with antihistone
antibody. Samples were then incubated with
anti-DNA peroxidase followed by color develop-
ment with 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulphonic acid substrate. The absor-
bance of the samples was determined using a
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microplate reader at 405 nm, which was used
as a quantitative measurement of cell
apoptosis.

Western blotting analysis

Following treatment with hispidulin for 24 h, the
cells were harvested from flasks and lysed with
ice-cold lysis buffer (50 mM 2-amino-2-hydroxy-
methyl-propane-1,3-diol-hydrochloric acid [Tris-
HCI], pH 7.4, 150 mM sodium chloride, 1.0 mM
magnesium chloride, 100 pyg/mL phenylmeth-
anesulfonylfluoride, and 1.0 % Triton X-100) for
30 min on ice. Cell lysate was then collected
after centrifugation at 4.0°C and 12000 rpm
for 5.0 min. Equal amounts (50 ug) of lysate
proteins were separated on 10% sodium dodec-
yl sulfate polyacrylamide gel electrophoresis
gels after denaturing by boiling and transferred
onto polyvinylidene difluoridemembranes (Mi-
llipore, MA, USA). Proteins were probed with
specific antibodies following standard proto-
cols. After washing, the membranes were incu-
bated with horseradish peroxidase-conjugated
secondary antibodies (Beyotime Institute of
Biotechnology, Shanghai, China, Product No.
A0208). An enhanced chemiluminescence kit
(Beyotime Institute of Biotechnology, Shanghai,
China, Product No. PO018) was used for detec-
tion of the signals following the manufacturer’s
instructions. The primary antibodies used were
mouse monoclonal antibody to EMMPRIN
(Santa Cruz, USA; 1:1000 dilution, sc-374101),
rabbit polyclonal antibody to cyclin D1 (Santa
Cruz, Santa Cruz, CA, USA; 1:1000 dilution,
sc-753), rabbit polyclonal antibody to cas-
pase-3 (Bioss, Beijing, China; 1:1000, bs-
0081R), rabbit polyclonal antibody to cas-
pase-8 (Bioss, Beijing, China; 1:1000, bs-
0052R), rabbit polyclonal antibody to cas-
pase-9 (Bioss, Beijing, China, 1:1000, bs-
0050R), rabbit monoclonal antibody to phos-
pho-Stat3 (1:1000, Cell Signaling, ON, Canada;
C67ET7), rabbit monoclonal antibody to phos-
pho-Akt (1:12000, Cell Signaling, ON, Canada,
C31EBE), and a rabbit polyclonal antibody to
B-actin (Santa Cruz, Santa Cruz, CA, USA;
1:1000 dilution, sc-7210) used as a gel loading
control (Santa Cruz, Santa Cruz, CA, USA;
1:1,000 dilution).

Measurement of mitochondrial membrane
potential

HI-60 and U937 cells were seeded in 96-well
plates at a density of 1.0 x 10° cells/mL and
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treated with hispidulin at the indicated concen-
trations for 48 h. The mitochondrial membrane
was monitored using the fluorescent dye rhoda-
mine 123, which preferentially partitions active
mitochondria based on the highly negative
mitochondrial membrane potential, as previ-
ously described [37]. Depolarization of mito-
chondrial membrane potential results in the
loss of rhodamine 123 from mitochondria and
intracellular fluorescence is decreased. A final
concentration of 10 uM rhodamine 123 were
added to the harvested cells and analyzed
using a flow cytometer with Summit ver. 4.3
(CyAn ADP, Beckman Coulter, Brea, CA, USA).

Quantitative reverse transcription polymerase
chain reaction analysis

Total RNA was extracted from cells using the
RNA simple Total RNA Kit (DP419) (TIANGEN
Biotech Co., Beijing, China). The primer for
EMMPRIN was synthesized based on the pub-
lished sequence [29] as follows: forward
primer: 5-CAGCGGTTGGAGGTTGT-3’ and re-
verse primer 5-TTTGAGGGTGGAGGTGG-3'. Fir-
st-strand cDNA was synthesized from 1.0 ug
RNA using areverse transcription (RT) system
(TaKaRa Biotech Company, Dalian, China). The
resulting 2.0 ug cDNA were subjected to poly-
merase chain reaction (PCR) amplification. For
the PCR reaction, a master mix was prepared
that comprised SYBR GREEN mastermix
(Solarbio Co., Beijing, China) and a forward
primer, reverse primer, and 10 ng template
cDNA. The PCR conditions were 5.0 min at
95°C followed by 40 cycles of 95°C for 30 s,
60°Cfor 30 s, and 72°C for 30 s. The products
were then kept at 4.0°C.

Overexpression of EMMPRIN

To investigate the effects of EMMPRIN on the
hispidulin-induced antitumor effect in leukemia
cells, EMMPRIN was overexpressed in model
AML cell lines as previously described. Briefly,
the EMMPRIN-coding DNA sequences were
obtained by RT-PCR and cloned into the pEGFP-
N1 vector (Beyotime Institute of Biotechnology,
Shanghai, China, D2602). The resulting plas-
mid was named “pEGFP-N1-EMMPRIN”. AML
cells were transfected with pEGFP-N1-EM-
MPRIN; pEGFP-N1 vector was used as the con-
trol. Two days after transfection, G418 was
added to the cells for selection of the clones
stably transfected with pEGFP-N1-EMMPRIN.
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Figure 1. Hispidulin exerts anti-proliferative effects and inhibits survival in HL-60 and U937 cells in a dose- and
time-dependent manner. A. HL-60 and U937 cells were incubated with hispidulin at the indicated concentrations for
the indicated times before 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays were performed to
determine the effect of hispidulin on cell proliferation. B. Colony-formation assays were performed to determine the
effect of hispidulin on cell growth. C. Trypan blue assayswere performed to determine the inhibitory effect of hispidu-
lin on cell survival. D. The effect of hispidulin on cell viability of primary acute myeloid leukemia (AML) cells, periph-
eral blood mononuclear cells (PMBCs), and CD34* cells was determined by trypan blue assay. *P<0.05, **P<0.01.

The resulting cells that stably expressed approximately 75%. The overexpression of
EMMPRIN were maintained in a medium con- EMMPRIN was confirmed by RT-PCR and west-
taining G418. The transfection efficiency was ern blot.
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Figure 2. Hispidulin treatment leads to cell-cycle blockage and apoptosis in HL-60 and U937 cells. HL-60 and U937 cells were incubated with hispidulin at the in-
dicated concentrations for 48 h. A. Cell cycle distribution was assessed with flow cytometry analysis. B. Effects of hispidulin on cyclin D1 as determined by western
blot. C. Cell apoptosis as determined by flow cytometry. D. Cell apoptosis as determined by histone/DNA ELISA assay. E. Activation of caspase-3 as determined by
western blot. The western blot and the images of flow cytometric assay represent three independently conducted experiments. *P<0.05, **P<0.01.
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Statistical analyses

All of the experiments were performed in tripli-
cate and were repeated three times. The data
are presented as the mean + SD of the values
obtained. Results were evaluated by one-way
analysis of variance using SPSS13.0 (SPSS
Inc., Chicago, Il, USA). P<0.05 was considered
as statistically significant.

Results

Hispidulin inhibits the proliferation of leukemia
cell lines in a dose-dependent manner

To investigate the anti-proliferative effect of
hispidulin on leukemia cells, the leukemia cell
lines HL-60 and U937 were treated with hispid-
ulin at the indicated concentrations for 12, 24,
and 48 h, and cell proliferation was determined
by MTT assay. As shown in Figure 1A, hispidulin
treatment inhibited cell proliferation in both
tested cell lines in a dose-dependent manner.
Following treatment with hispidulin at 12.5,
25.0, and 50.0 yM for 12 h, HL-60 cell prolifer-
ation was reduced to 82.1+9.2%, 61.5+7.8%,
and 45.3+4.2%, respectively, compared that of
cells in the control group. In comparison, U937
cells were less sensitive to hispidulin than
HL-60 cells when treated with hispidulin at the
same concentrations for 24 h. Cell proliferation
decreased further with hispidulin treatment for
48 h but U937 cells were still less sensitive to
hispidulin treatment than HL-60 cells. To dem-
onstrate the inhibitory effect of hispidulin on
cell growth, a colony-formation assay was also
performed. As shown in Figure 1B, colony num-
ber and size were reduced in U937 and HL-60
cells treated with hispidulin compared with tho-
sein the control. Trypan blue assay was also
performed to determine the inhibitory effect of
hispidulin on cell survival. As shown in Figure
1C, treatment with hispidulin for 48 h resulted
in a dose-dependent loss of cell viability in both
tested cell lines. The effect of hispidulin on pri-
mary AML cells was also tested. As shown in
Figure 1D, hispidulin at a concentration of 25
and 50 uM significantly suppressed the surviv-
al of primary AML cells. Moreover, our results
also showed that hispidulin at a concentration
as high as 50 yM did not cause a significant
change in the survival of peripheral blood
mononuclear cells (PMBCs) and normal CD34*
hematopoieticcells (Figure 1D). Taken together,
these results demonstrate that hispidulin has
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selective antileukemiapropertiesthat do not
harm healthy cells.

Hispidulin induces cell-cycle arrest

To further elucidate the mechanism by which
cell growth is inhibited, the cell-cycle distribu-
tion was examined following hispidulin treat-
ment. Following flow cytometry analysis, our
results showed that hispidulin treatment
results in the accumulation of cells inthe GO/
G1 phase, as shown in Figure 2A. In addition,
the increase in cells in the GO/G1 phase was
accompanied with a concomitant decrease of
cells in the S-phase in both cell lines treated
with hispidulin without a significant change in
the cell population in the G2 phase. Because
cyclin D1 plays an important role in regulating
G1 progression and G1-S transition in verte-
brate cells, the level of cyclin D1 was examined
to investigate whether hispidulin treatment
could induce changes in the expression of cell
cycle-related protein. As shown in Figure 2B,
cyclin D1 levels in both U937 and HL-60 cells
were remarkably downregulated by hispidulin
treatment. Collectively, these results suggest-
ed that hispidulin treatment results in a
decrease of cells in the G1 phase and an
increase in the population of cells in the prolif-
erative S phase by regulating cyclin D1 expres-
sion in AML cells.

Hispidulin induces mitochondrial apoptosis in
leukemia cells

Apoptotic cell death was determined by both
flow cytometry analysis and histone-DNA ELISA
assay. As shown in Figure 2C and 2D, results
from both assays showed that treatment with
hispidulin for 48 h induces dose-dependent
apoptosis in both tested cell lines compared to
that in the control group. (Early apoptosis of
HL-60 might be accurately presented by flow
cytometric assay because they do not readily
expose PS at the outer cell membrane during
early apoptosis). Apoptotic markers including
caspase-3 cleavage were also observed in his-
pidulin-treated cells, which further suggested
that hispidulin-induced cell death is mainly a
result of apoptosis (Figure 2E). Apoptosis is
mainly mediated by the death receptor-trig-
gered extrinsic pathway and the mitochondrial-
initiated intrinsic pathway, prompted by the
activation of caspase-8 and caspase-9, respec-
tively [30]. To determine the mechanism by
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Figure 3. Hispidulin induces mitochondrial apoptosis in HL-60 and U937 cells. HL-60 and U937 cells were incu-
bated with hispidulin at the indicated concentrations for 48 h. Effects of hispidulin on activation of caspase-8 and
-9, respectively (A and B) as determined by western blot. (C) Mitochondrial membrane potential as determined by
flow cytometry analysis. (D) Effects of hispidulin on cytochrome ¢ as determined by western blot. Western blot and
the images of flow cytometric assay represent three independently conducted experiments. *P<0.05, **P<0.01.

which hispidulin induces apoptosis in AML
cells, the activation status of both caspase-8
and caspase-9 was examined. As shown in
Figure 3A and 3B, although no marked activa-
tion of capase-8 was triggered by hispidulin at
any dose, hispidulin did cause dose-dependent
activation of caspase-9 in both HL-60 and
U937 cells, suggesting that hispidulin induces
apoptosis through an intrinsic mitochondrial
pathway. To further confirm the role of mito-
chondria in hispidulin-induced apoptosis, the
change in the mitochondrial membrane poten-
tial and the release of cytochrome ¢ from the
mitochondria to the cytosol were examined.
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The results demonstrated that hispidulin treat-
ment causes a marked increase in the cells
with a loss in mitochondrial membrane poten-
tial relative to the corresponding control, as
shown in Figure 3C, and western blot showed
an increase in cytosol cytochrome c (Figure
3D), both supporting the role of mitochondria in
hispidulin-induced apoptosis.

Overexpression of EMMRPIN attenuates his-
pidulin-induced cell apoptosis

Previous research has suggested that
EMMPRIN might be a promising therapeutic

Am J Transl Res 2016;8(2):1115-1132
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target for AML [16]; therefore, the effect of
hispidulin treatment on the expression of
EMMPRIN was investigated. As shown in Figure
4A, the expression of EMMPRIN is remarkably
reduced in a dose-dependent manner at both
the mRNA and protein levels.

To explore the role of EMMPRIN in hispidulin-
induced apoptosis, both HL-60 and U937 cells
were transfected with an EMMPRIN-over-
expressing plasmid and the effect of hispidulin
on EMMPRIN-overexpressing AML cells was
examined. As shown in Figure 4B, both HL-60
and U937 cell lines transfected with EMMPRIN-
overexpressing plasmid were significantly more
resistant to hispidulin-induced apoptosis, sug-
gesting an involvement of EMMPRIN modula-
tion in hispidulin-triggered  mitochondrial
apoptosis.

Hispidulin inhibits the expression of EMMPRIN
through inhibiting both Akt and STAT3 signal-

ing

The aforementioned results showed that his-
pidulin induces apoptosis in AML cells by modu-
lating EMMPRIN, and our previous studies
showed that hispidulin can suppress the activa-
tion of STAT3 and Akt signaling [27, 31, 32];
therefore, the question was raised as to wheth-
er hispidulin  modulates the expression of
EMMPRIN by affecting these two signaling
pathways. As shown in Figure 5A, both STAT3
and Akt signaling is inhibited in AML cell lines
in a dose-dependent manner when treated
with hispidulin. Next, specific STAT3 inhibitor
Stattic and Akt signaling inhibitor LY294002
were used as positive controls to examine the
role of EMMPRIN expression on inhibiting the
signaling pathway. As shown in Figure 5B, inhi-
bition of either STAT3 or Akt signaling resulted
in significantly suppressed expression of
EMMPRIN, while hispidulin at 50 uM led to a
slightly more profound suppressing effect on
EMMPRIN by inhibiting both signaling path-
ways. In addition, activators of both signaling
pathways (IL.-6 and IGF-I for STAT3 and Akt sig-
naling, respectively) were used in combination
with hispidulin to further demonstrate the
mechanism by which hispidulin modulates the
expression of EMMEPRIN. As shown in Figure
5B, the inhibiting effect of hispidulin on
EMMPRIN levels in both AML cell lines was sig-
nificantly attenuated by either activator of
these two signaling pathways. The attenuating
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effects on EMMPRIN levels were also reflected
in the ability to induce apoptosis. As shown in
Figure 5C, either STAT3 or Akt activator was
able to significantly abolish the apoptosis-
inducing effect of hispidulin. Taken together,
our results suggested that hispidulin regulates
the level of EMMPRIN by inhibiting both STAT3
and Akt signaling.

Discussion

Epidemiological studies have suggested that
high consumption of flavonoids decreases the
risk of a variety of cancers [33]. While investi-
gating the anticancer properties of flavonoids,
a few recent studies have focused on a small
flavonoid, hispidulin [23-27]. This study was
designed to evaluate the therapeutic effects of
hispidulin on AML and to investigate the under-
lying mechanism(s) of its action.

Previous studies have shown that hispidulin
exerts anti-proliferative effects on solid tumors,
including glioblastoma, pancreatic cancer, gas-
tric cancer, ovarian cancer, hepatocellular car-
cinoma, gallbladder cancer, and renal cell carci-
noma in vitro [23, 25, 27, 34-36]. Consistent
with these previous reports, our results demon-
strated that hispidulin treatment inhibits the
proliferation of AML cells in a dose- and time-
dependent manner, as confirmed by MTT assay
and colony formation tests. Moreover, our
results revealed that hispidulin can arrest the
AML cell cycle. In the present study, hispidulin
treatment led to a cell-cycle blockat the GO/G1
phase. Given that suppression of cyclin D1
blocks the S-entry phase without altering the
length of the cell cycle [37, 38], the level of cell
cycle-related protein cyclin D1 was evaluated to
further elucidate the underlying mechanisms
by which hispidulin mediates cell-cycle arrest in
AML cells. Our results revealed a lower expres-
sion of cyclin D1 in both HL-60 and U937 cells
treated with hispidulin at all tested concentra-
tions, suggesting another mechanism by which
hispidulin inhibits the proliferation of AML cells.
In the present study, hispidulin induced an
increase in the GO/G1 cell population with a
decrease in both the S and G2/M phase cell
populations, which agrees with our previous
findings using hepatocellular carcinoma and
gallbladder cancer cells [27, 35]. In contrast, Yu
et al. [26] reported that hispidulin induced
G1/S arrest, as shown by the increase in both
GO/G1 and S phase cells. It appears that the

Am J Transl Res 2016;8(2):1115-1132
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effect of hispidulin on cell-cycle progression is
cell specific, the proof of which would need fur-
ther study on more cancer cell lines.

Apoptosis, also referred to as programmed cell
death, has been proposed as the major mecha-
nism by which cancer is treated [39] and the
mechanism by which many anticancer agents
achieve therapeutic efficacy [40]. In our study,
it was also revealed that hispidulin at tested
dosages significantly increases apoptosis in
AML cells. Apoptosis mainly involves two signal-
ing pathways-the death receptor extrinsic path-
way and the mitochondrial intrinsic pathway
[30]. Caspase-8 activation and BH3 interact-
ing-domain proteins are involved in the execu-
tion of the extrinsic pathway, whereas the
intrinsic pathway requires activation of cas-
pase-9 [30]. In this study, it was found that the
apoptosis induced by hispidulin in AML cells
occurs only through the intrinsic pathway, as
evidenced by caspase-9 activation, loss of
mitochondrial membrane potential, and release
of cytochrome ¢ from the mitochondria to the
cytosol. The results in the present study coin-
cided with our results of the study on hepato-
cellular carcinoma cells and Yu’s results of the
study on gastric cancer cells, both also demon-
strating the inducing effect of hispidulin on
mitochondrial apoptosis [26, 27]; however, in
contrast to these findings, an early study
showed that hispidulin activates both the intrin-
sic and extrinsic apoptosis pathways by induc-
ing p53 expression human glioblastoma multi-
forme cells [24]. The different apoptosis mech-
anisms induced by hispidulin might be
explained by the use of different cancer cells
tested and/or the difference in target molecule
expressions.

EMMPRIN is a glycoprotein highly expressed on
the surface of various malignant tumor cells
and whose function in inducing the secretion of
matrix metalloproteinases (MMPs; mainly
MMP-1, MMP-2, and MMP-9) and thus promot-
ing invasion and metastasis has been well
established [41]. Besides its function in inva-
sion and metastasis, recent evidence has
revealed the association between EMMPRIN
and apoptosis in a variety of human tumor cells
[44]. In particular, our recent work showed that
shRNA-mediated EMMPRIN silencing inhibits
AML U937 cell proliferation and increases che-
mosensitivity to adriamycin [16], which also
suggests that EMMPRIN has the potential to
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serve as a target molecule for antitumor che-
motherapeutic agents. In this study, our results
revealed that the apoptosis-inducing effect of
hispidulin on the AML cell lines HL60 and U937
is mediated, at least partly, by suppressing
EMMPRIN expressions, which is well correlated
with the results of our previous work. On the
other hand, EMMPRIN has been found to be
involved inthe regulation of autophagy or
autophagic cell death in tumor cells [42] and
agents that downregulate EMMPRIN have been
shown to induce autophagic cell death in
human hepatoma cells [43, 44]; therefore, by
downregulating EMMPRIN, hispidulin  might
also increase autophagy of AML cells. Coupled
with the established inhibitory effect on cell
migration and the invasion of EMMPRIN, his-
pidulin might be able to exert an antitumor
effect on AML cells by causing changes in mul-
tiple facets of cellular behaviors by downregu-
lating EMMPRIN.

The expression of EMMPRIN is regulated by a
number of signaling pathways that are involved
in the survival or metastasis of cancer cells,
including PI3K/Akt, STAT3, ERK, and JNK [45,
46]. In our previous studies, we showed that
hispidulin induces apoptosis in hepatocellular
carcinoma cells and that it prevents hypoxia-
induced EMT in colon cancer cells, which are
mediated, at least in part, by inhibiting the
PI3k/Akt signaling pathway [27, 47]. Another of
our studies showed that hispidulin synergizes
with sunitinib in renal carcinoma in vitro and in
vivo by inhibiting STAT3 signaling [36]. We then
postulated whether hispidulin  modulates
EMMPRIN expression by working on both sig-
naling pathways. The results show that hispidu-
lin causes simultaneous dose-dependent inhi-
bition in both signaling pathways. Moreover, by
using an activator of both signaling pathways,
inhibition of both using hispidulin is involved in
hispidulin-induced modulation of EMMPRIN lev-
els and apoptosis in both AML cell lines. In the
present study, we found that STAT3 acts
upstream and plays a role in regulating
EMMPRIN expression; however, it has also
been reported that STAT3 signaling can be acti-
vated by EMMPRIN overexpression and can
mediate pancreatic cancer development
through CD44 [48]. In this case, it is possible
that a more complicated association between
EMMPRIN and STAT3 signaling is present in
tumor cells, which needs to be investigated in
future studies.
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Conclusions

The results of the present study showed that
hispidulin exerts potent antitumor effects
against AML cell lines by inducing mitochondri-
al apoptosis. Other studies also revealed that
hispidulin downregulates EMMPRIN in AML
cells and induces apoptosis by modulating
EMMPRIN. Furthermore, the results strongly
indicated that the modulating effect of hispidu-
lin on EMMPRIN is correlated with its inhibitory
effect on both Akt and STAT3 signaling. Given
the low toxicity of hispidulin to healthy organs
and tissues as a natural compound, our results
suggested that hispidulin might be a promising
agent for the treatment of AML, although more
data must be collected.
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