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Glycyrrhizic acid inhibits leukemia cell growth and
migration via blocking AKT/mTOR/STAT3 signaling
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Abstract: Glycyrrhizic acid (GA) is the bioactive compound of licorice and has been used as an herbal medicine
because of its anti-viral, anti-cancer, and anti-inflammatory properties. This study was designed to investigate the
effects of GA on leukemia cells growth, migration, and the mechanisms underlying the anti-cancer activities of GA.
MTT test was used to detect the effect of GA on TF-1 leukemia cell growth. Wound closure assay and Transwell were
adopted to assess the effect of GA on TF-1 migration and invasion. Migration and invasion related proteins including
AKT and mTOR were detected by western blot assay. We further used western blot and immunofluorescence assay
to evaluate the effect of GA on STAT3 phosphorylation in vitro. We also evaluated the anti-tumor effect of GAin TF-1
tumor bearing BALB/c mice model. The present study showed GA significant inhibit of TF-1 proliferation in a dose
and time-dependent manner. GA could remarkably inhibit TF-1 cell migration and invasion; meanwhile effectively
suppress AKT, mTOR, and STAT3 phosphorylation in TF-1 cells. GA in 100 mg/kg/ could inhibit the tumor growth in
vivo and down-regulated AKT, mTOR, and STAT3 phosphorylation in TF-1 tumor tissues. Our findings suggest that GA
is a promising therapeutic agent for leukemia that targets the AKT/mTOR/STAT3 pathway.
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Introduction

Leukemia is the most common aggressive
blood cancers and the leading cause of cancer-
related deaths. Therefore, management of leu-
kemia remains a significant clinical challenge
and new therapeutic agents that inhibit leuke-
mia cell growth and metastasis through multi-
ple targeted pathways are urgently needed [1].
Notably, signaling of serine-threonine protein
kinase (AKT)/mammalian target of rapamycin
(mTOR) and signal transduction and activator of
transcription (STAT3) are confirmed to be criti-
cal for leukemia cell survival and proliferation
[2]. STAT3 is persistently activated by non-
receptor tyrosine kinases such as AKT and
mTOR. The AKT/mTOR pathway widely reported
as a potent pro-survival and pro-metastatic sig-
naling axis, and novel agents that specifically
inhibit its activation offer a novel targeted ther-
apeutic approach for many cancers. In addi-
tion, activation of STAT3 leads to tumor-promot-
ing gene products, including cleavage casp-
ase-3, cleavage poly ADP-ribose polymerase
(PARP), cyclin D1, and survivin.

Glycyrrhizic acid (GA) is the bioactive compound
of licorice and has been used as an herbal med-
icine because of its anti-viral, anti-cancer, and
anti-inflammatory properties [3]. Glycyrrhizic
acid was recently demonstrated to induce
apoptosis in human endometrial cancer cells,
and potently inhibited growth of the breast can-
cer stem/progenitor cells via inhibition of AKT/
mTOR signaling [4]. However, the potential ther-
apeutic effects of glycyrrhizic acid and its key
molecular mechanisms have not yet been
explored in leukemia [5]. Here, we show that GA
suppressed STAT3 activation, associated with a
reduction in activation of AKT/mTOR. Inhibition
of STAT3 phosphorylation by GA reduced the
expression of STAT3-regulated cell survival and
proliferation factors such as cleavage cas-
pase-3, cleavage PARP, cyclin D1, and survivin.
Additionally, GA inhibited leukemia cells growth
in vivo, potently suppressed STAT3 activation,
and significantly intervention AKT/mTOR path-
way in vivo. These data suggest that glycyrrhizic
acid is a specific inhibitor of AKT/mTOR signal-
ing and STAT3 activation, and may represent a
viable therapeutic strategy for the treatment
of advanced leukemia.
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Materials and methods
Reagents and cells

Glycyrrhizic acid was purchased from Shanghai
Win Herb Medical Science Corporation (Purity >
98%). Anti-phosphorylated Stat3 (p-Stat3;
Ser727), anti-phosphorylated mTOR (p-mTOR;
Ser2448), anti-phosphorylated AKT (p-AKT;
Ser473), anti-cleaved caspase-3, anti-cleaved
PARP, anti-cyclin D1, anti-survivin, and anti-
GAPDH were purchased from Cell Signaling
Technology, Inc. Anti-Stat3, anti-mTOR, and
anti-AKT were all purchased from Santa Cruz
Biotechnology. Human leukemia cell line TF-1
was from ATCC and was grown in RPMI-1640
supplemented with 10% fetal bovine serum
(FBS).

Proliferation assay

Cell proliferation was measured with Cell Titer
96 Aqueous One Solution Cell Proliferation
Assay (Promega), which contains MTS. 96-well
plates were seeded with 3,000 cells per well in
RPMI-1640 supplemented with 1% FBS. After
overnight incubation, cells were treated with
varying concentrations of glycyrrhizic acid or
DMSO control. After treatment, MTS was added
to the cells according to the manufacturer’s
protocol and absorbance was measured at 490
nm using an automated ELISA plate reader
(Molecular Devices).

Wound healing migration and transwell inva-
sion assay

TF-1 cells were allowed to grow into full conflu-
ence in 24-well plates and then wounded by
scratching with pipette tips and washed with
PBS. Fresh 1640 was added with different con-
centrations of glycyrrhizic acid or vehicle. Im-
ages were taken by an OLYMPUS inverted digi-
tal camera after 24 hours incubation. Transwell
assay was conducted as described previously
with some modifications [6]. Matrigel diluted in
serum-free medium was added to the top
chamber of 24-well transwell plate (Millipore).
After Matrigel polymerization, the bottom
chambers were filled with 600 puL 1640 medi-
um containing various growth factors. The top
chambers were seeded with 100 uyL 1640
medium and TF-1 cells (4x104 cells per well).
Immediately, 100 yL 1640 medium with vari-
ous concentrations of GA was added to the
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upper chamber. After 24 hours, invasion was
stopped by scraping non-migrated cells on the
top chamber with a cotton swab. Migrated cells
were fixed in 4% paraformaldehyde and stained
with 0.05% Crystal Violet [7]. Images were
taken using a ZEISS digital microscope and
invading cells were counted by manual couning.
The assays were replicated 3 times.

Western blot

Total protein (20 pg) was resolved by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to a polyvinyllidene difluo-
ride membrane. Membranes were blocked for
1 hour at ambient room temperature (ART) in
10% non-fat dry milk in TBST (16 TBS with 0.1%
Tween 20) followed by an overnight incubation
at 4uC with primary antibodies in TBST with 5%
BSA. Horseradish peroxidase-labeled anti-
mouse or anti-rabbit secondary antibodies
were added for 1 hour at ART and detected with
Super Signal West Pico substrate (Pierce).
Bands were measured as optical density using
Image) software. The optical density of each
band was normalized by GAPDH optical den-
sity.

Immunofluorescence

After the treatment of GA (10 uM) for 4 h or 24
h, cells were fixed with 4% paraformaldehyde in
PBS for 20 min, permeabilized with 0.5% Triton
X-100 for 20 min, and blocked with 3% bovine
serum albumin (BSA) for 1 h. Nuclei were coun-
terstained with Hoechst 33258 (Biotime
Biotech, Haimen, China). FITC conjugated go-
at antirabbit secondary antibody was used
to probe the samples for 1 h to analyze
p-Stat3%e727,

In vivo experiments

Female BALB/c mice (7-8 week old) were pur-
chased from NCI. Animal use procedures were
approved by the institutional committee of the
Beckman Research Institute at City of Hope
Medical Center. Mice were implanted s.c. with
2.5%10° TF-1 cells. After tumors reached 5to 7
mm in diameter, GA or vehicle (DMSO) control
was administered peritumorally once every
other day at 100 mg/kg body weight [8]. Tumor
growth was monitored every other day with digi-
tal caliper measurements.
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Figure 1. GA inhibits TF-1 cells proliferation. A, Structure of GA; B. TF-1 cells were exposed to indicated concentra-
tions of GA (1, 5, 10, 20, 30, 40 uM) for 24 h; C. TF-1 cells were treated with 10 uM GA for 6, 12, 24, 36, 48, and
72 h respectively. Cell viability was determined by One solution cell proliferation assay; D. Representative images of
cell morphology in TF-1 cells were taken after 48 h treatment with or without 20 uM GA. Columns, mean (n = 3, in
triplicate); bars, SD. "P < 0.05; P < 0.01; ™*P < 0.001.

Statistical analysis

The data were presented as mean + SD.
Differences in the results of two groups were
evaluated using either two-tailed Student’s t
test or one-way ANOVA followed by post-hoc
Dunnett’s test. The differences with P < 0.05
were considered statistically significant.

Results

GA inhibits proliferation in leukemia cells

To determine whether GA (Figure 1A) has direct
anti-tumor effects in leukemia cells, dosere-
sponse and time course studies were peformed
in human TF-1 cells. Cells treated with GA
showed significant inhibition of cell prolifera-
tion in a dose (Figure 1B) and time-dependent
manner (Figure 1C). IC50 value was calculated,
showing that GA exerted 50% inhibition at 16
UM after 24 h treatment (Figure 1B). Repre-
sentative images of cell morphology showed
that GA significantly killed TF-1 cells (Figure
1D). Collectively, these data indicate that GA
has potent anti-tumor effects on human leuke-
mia cells.
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GA inhibits leukemia cells migration and inva-
sion

Cell migration is essential for leukemia cells in
tumor growth and metastasis. We performed
wound healing assays to investigate the effects
of GA on cell migration and observed GA at 20
MM strongly inhibited the migration of TF-1 cells
(Figure 2A). Cell invasion is essential for leuke-
mia cells in metastasis, so we performed tran-
swell assays to evaluate the ability of TF-1 cells
to pass through the Matrigel and membrane
barriers of the transwell in the presence of vari-
ous concentrations of GA or vehicle. As shown
in Figure 2B, GA significantly inhibited the inva-
sion activities of TF-1 cells in a concentration-
dependent manner.

GA inhibits AKT/mTOR/STAT3 signaling in
leukemia cells

To explore the underlying mechanisms regulat-
ing the effects of GA on TF-1 cells, we examined
the most important oncogenic signaling path-
way AKT/mTOR/STAT3, which is associated
with leukemia cells growth and migration [9].
Western blot analysis showed that GA dose-
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Figure 2. Effects of GA on TF-1 migration and invasion. A. GA inhibited TF-1 migration in wound healing assay. Cells
were wounded by the pipette and then treated with various concentrations of compounds for 24 hours. Migrated
cells were quantified by manual counting; B. GA inhibited TF-1 cells invasion in transwell assay. The bottom cham-
bers of the transwells were filled with 600 ul 1640 containing various growth factors while the top chambers were
seeded with 4x10* TF-1 in 1640 and treated with different concentrations of GA for 24 hours. Cells invaded through
the membrane were stained and quantified. Columns, mean (n = 3, in triplicate); bars, SD. "P < 0.05; "*P < 0.01;

P < 0.001.

dependently decrease the phosphor-AKT
(Serd73) and phosphor-mTOR (Ser2448) with-
out total protein level changed in TF-1 cells
(Figure 3A). Given that STAT3 is constitutively
activated in diverse cancers, including leuke-
mia, we assessed whether GA-induced tumor
growth and migration inhibition was associated
with STAT3 inhibition. Although GA had no
effects on total STAT3 protein levels in TF-1
cells, it inhibited activated STAT3 as early as 4
hours after GA treatment, with continued inhibi-
tion of STAT3 activation after 24 hours (Figure
3B and 3C).

We further assessed the potential effects of GA
on the STAT3 downstream factors in TF-1 cells
[10]. The results showed that GA treatment of
TF-1 cells reduced expression of several key
anti-apoptotic and pro-proliferative proteins,
including cyclin D1, and survivin (Figure 3D). To
confirm proliferation inhibition in GA-treated
TF-1 cells, we detected the levels of activated
caspase-3 and PARP cleavage and the results
showed that GA increased expression of sever-
al key apoptotic proteins including cleavage
caspase-3 and cleavage PARP in TF-1 cells
(Figure 3D).

GA inhibited leukemia cells growth in vivo

We next assessed whether GA inhibits tumor
growth in vivo. GA treatment (100 mg/kg) of
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resulted in potent inhibition of TF-1 tumor
growth (Figure 4A and 4B), which correlated
with a reduction in AKT, mTOR, and STAT3 activ-
ity in tumors (Figure 4D). Moreover, body weight
loss was not observed in mice treated with GA.
At the end of the experiment, in the GA group,
the body weight was 23.3 + 0.25 g, which is
comparable to the vehicle group 22.5 + 0.49 g.
There was no statistical difference between GA
treated and vehicle group (Figure 4C). Taken
together, these data indicate that GA resulting
in significantly reduced leukemia cells growth
in vivo.

Discussion

Cell proliferation, migration and invasion were
closely related to cancer progression, there-
fore, inhibition of tumor cell growth and migra-
tion might be important method to prevent
tumor progression [11]. Gycyrrhizic acid (GA),
which is the main and sweet component of lico-
rice, has been investigated for its ability to
cause hypermineralocorticoidism with sodium
retention and potassium loss, edema, in-
creased blood pressure, as well as depression
of the renin-angiotensin-aldosterone system.
However, only a small number of studies have
been reported on the anticancer activity of GA
and the mechanism of the antitumor activity of
GA in leukemia cells was not evaluated.
Leukemia cells proliferation plays an import-
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Figure 3. Effects of GA on major oncogenic signaling pathways in TF-1 cells. A. GA reduced AKT/mTOR/STAT3 signal-
ing. TF-1 cells were treated with GA at indicated concentrations for 24 h. Total cell lysates were prepared and west-
ern blots were performed using relevant antibodies to detect total protein levels, with GAPDH used as the loading
control; B. To assess whether GA inhibits the phosphorylation of STAT3 at Ser727, TF-1 cells were treated with GA
for 4, 12, 24 h. Then were subjected to western blot for measuring protein level of phosphor-STAT3 (Ser727). Anti-
GAPDH monoclonal antibody was used as a loading control; C. Pre-incubation of GA inhibited the phosphorylation
of STAT3 (Ser727). TF-1 cells were treated with vehicle, 10 uM GA for 4h or 24 h, and then cells were fixed and incu-
bated with primary antibodies against p-STAT3%¢7%’, TF-1 cells were immunostained with anti-rabbit FITC-conjugated
secondary antibody and then stained with Hoechst 33258. The specimens were visualized and photographed using
a fluorescence microscope (400x, scale bar represents 50 um). D. TF-1 cells were treated with 0, 5, 10 or 20 uM
GA, and then were subjected to western blot for measuring protein levels of cyclin D1, cleavage caspase-3, cleavage
PARP and survivin, respectively.

ant role in the process of leukemia, therefore,
we examined whether GA showed anti-prolifer-
ative effects on leukemia cells. The results
showed that GA markedly inhibited TF-1 leuke-
mia cell proliferation. In this study, we also
demonstrate that GA could effectively inhibit
TF-1 leukemia cells migration and invasion.
Moreover, the effect of GA on TF-1 cells may be
mediated by AKT/mTOR/STAT3 pat-hway.
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The AKT/mTOR/STAT3 pathway is a master
intracellular signaling pathway which is impor-
tant in tumor cell growth and migration [12].
Phosphorylated AKT and mTOR are translocat-
ed into the nucleus to transmit extracellular sig-
nals that regulate cell growth, differentiation,
proliferation, apoptosis, and migration func-
tions [13]. STAT3 was regarded as a prominent
regulatory factor in the regulation of cytoskele-
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Figure 4. GA inhibited growth on TF-1 leukemia cell xenografts. A. Nude mice bearing TF-1 cells were treated daily
with the vehicle or GA at 100 mg/kg/day by intraperitoneal administration for 25 days. Representative mice with
TF-1 xenografts and tumor masses were shown; B. It was found that treatment with GA obviously suppressed tumor
volumes compared to the vehicle control group, indicating that GA could significantly inhibit the TF-1 tumor growth
in vivo (values represent means + SD, n = 3, P < 0.05 versus vehicle group); C. GA resulted in little toxicity effects
in vivo. No significant differences of body weights were detected among all the groups; D. Tumor tissues were
prepared for western blot with specific antibodies against AKT, mTOR, STAT3, cyclin D1, cleavage caspase-3, cleav-
age PARP and survivin. It was found that GA could obviously decrease p-AKT, p-mTOR and p-STAT3 in comparison
with vehicle treatment. Meanwhile, GA treatment could obviously attenuate expressions of cyclin D1, survivin and
increase cleavage caspase-3, cleavage PARP expression, further demonstrating that GA played an important role in

suppressing tumor growth at least in part via AKT/mTOR/STAT3 signaling pathways in vivo.

tal dynamics, transcription, cell cycle progres-
sion and cell transformation [14]. Activation of
the STAT3 has been shown to regulate leuke-
mia cells several functions such as migration
and proliferation. Therefore, targeted drugs of
AKT/mTOR/STAT3 pathway might be helpful for
treatment of cancers [15]. In current studies,
we found that AKT/mTOR/STAT3 pathway was
inactivated by GA treatment.

Besides inhibiting TF-1 leukemia cell growth,
migration and invasion, GA also had a direct

5180

inhibitory effect on TF-1 growth in vivo. GA
inhibited the migration and invasion of TF-1
cells. Nude mice bearing TF-1 tumor were treat-
ed daily with the vehicle or GA at 100 mg/kg/
day by intraperitoneal administration. It was
found that treatment with GA obviously sup-
pressed tumor volumes, indicating that GA
could significantly inhibit the TF-1 tumor growth
in vivo. Meanwhile, western blot results show
that GA treatment could obviously attenuate
expressions of p-AKT, p-mTOR, and p-STAT3 in
tumor tissue. Overall, our study indicated that

Int J Clin Exp Pathol 2015;8(5):5175-5181
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GA at non-toxic dosages exerted potent anti-
tumor growth activities via specifically targeting
AKT/mTOR/STAT3 axis.
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