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Provincial Engineering and Technological Centre for Biopharmaceuticals, South China University of Technology, Guangzhou,
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Hepatocellular carcinoma (HCC) is the fourth largest cause of cancer-related deaths
worldwide with limited therapeutic interventions. Renewed interest in natural products
as drug leads has resulted in a paradigm shift toward the rapid screening of
medicinal plants for the discovery of new chemical entities. Rotundic acid (RA), a
plant-derived triterpenoid, has been anecdotally reported to possess anti-inflammatory
and cardio-protective abilities. The present study highlights the anti-cancer efficacy of
RA on HCC in vitro and in vivo. The inhibitory effects of RA on HCC cell viability was
determined by MTT. Soft agar colony formation and clonogenic assays also showed that
RA inhibited HCC cell proliferation. Flow cytometry, confocal, and western blot results
further indicated that RA induced cell cycle arrest, DNA damage, and apoptosis by
modulating the AKT/mTOR and MAPK pathways. Besides the suppression of migration
and invasion, tube formation and VEGF-ELISA revealed the anti-angiogenic abilities of
RA on HCC. Moreover, RA also inhibited tumor growth in a HepG2 xenograft mouse
model. To our best knowledge, this is the first extensive study of the anticancer activity
of RA on HCC. The results demonstrate that RA could be a potential drug candidate for
HCC treatment.

Keywords: rotundic acid, hepatocellular carcinoma, DNA damage, apoptosis, anti-angiogenesis

HIGHLIGHTS

- Rotundic acid (RA) exhibits anticancer activity against hepatocellular carcinoma (HCC).
- RA inhibits tumor growth, progression, and angiogenesis in HCC cells in vitro.

- RA abrogates tumor growth in Balb/c nude mice.

- RA can act as a potential lead compound for HCC drug development.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth largest cause of cancer-related deaths worldwide.
The global burden of HCC is on the rise with Asia alone contributing to more than 70% of the total
HCC cases worldwide (1). Despite recent advances in diagnosis and treatment; poor prognosis, high
recurrence, and rapid progression make HCC a highly lethal disease (2). Neovascularization plays a
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crucial role in HCC development, and consequently,
malignancies of the liver are usually found to be hyper-
vascular in nature. Tumor progression, angiogenesis, and
metastases are the major causes underlying HCC related deaths.
As a result, there has been a growing interest focussed toward
the role of new blood vessel formation in the pathogenesis of
HCC (3, 4). Sorafenib, a multiple kinase inhibitor, has emerged
as a standard treatment for advanced HCC (5). More recently,
the FDA approved Regorafenib for HCC treatment (6, 7).
Regorafenib, like its predecessor, inhibits receptor tyrosine
kinases, their downstream mediators and angiogenesis (8).
Although these targeted agents improve survival; limited
therapeutic benefits and absence of durable responses have led to
the suboptimal use of anti-angiogenic therapies (9). Inefficient
therapeutic interventions urge for the rapid development of new
therapies for this aggressive disease with the aim of improving
treatment response and minimizing toxicity for patients with
HCC (10).

Natural products excellent sources for the
development of novel and contemporary medications for
disease treatment. More than 70% of the FDA approved drugs
between 1981 and 2014 are either natural products or their
derivatives (11). Natural products represent the richest source
of novel molecular scaffolds, and hence over the last few
decades, there has been a renewed and increasing interest in
developing natural products as drug candidates (12). Both
pre-clinical and clinical trials have successfully demonstrated
the importance of natural products against HCC and other
diseases (13, 14).

The barks of I. rotunda, commonly known as “Jiu Bi Ying” in
China, is been used extensively as traditional Chinese medicine
(TCM) for the treatment of common cold and fever, urinary
tract infection, bone pain, and cardiovascular diseases (15).
The crude extract of this plant has been reported to possess
diverse bioactivities including protecting the cardiovascular
system, anti-inflammation, anti-bacterial, anti-oxidation, and
has been officially recorded in the Chinese Pharmacopeia
since 2010 (16, 17). Triterpenoids are the major bioactive
compounds obtained from the bark and leaves of I. rotunda
along with diterpenoids, lignans, phenolic acids, and steroids
(18). Rotundic Acid (RA), a naturally occurring triterpenoid
obtained from I rotunda, has been reported to possess anti-
inflammatory and cardio-protective abilities (19). RA and its
derivatives have also been reported to induce cell death by
apoptosis in various cancers (20). However, a comprehensive
analysis of the effects of RA on HCC and its mechanisms
of action are yet to be delineated. In the present study,
we have systematically investigated the anti-cancer efficacy of
RA under in vitro and in vivo conditions. We employed
MTT, colony formation, cell migration, and invasion assays
to determine the inhibitory effects of RA on HCC cells
(HepG2 and SMMC-7721). The inhibitory mechanisms were
determined by cell cycle analysis, DNA damage assay, Annexin
V-FITC/PI staining, western blot, tube formation assay, and
VEGF-ELISA. Moreover, the Balb/c nude xenograft mouse model
was also utilized to evaluate the restrictive effects of RA on
HCC in vivo.

se€rve as

MATERIALS AND METHODS

Cell Culture

Human HCC cell lines (HepG2, SMMC-7721) and human
umbilical vein endothelial cells (HUVEC) were generously
provided by the School of Pharmaceutical Sciences, Sun Yat-sen
University (Guangzhou, China) and were grown in DMEM,
RPMI-1640, and endothelial cell medium (ScienCell Research
Laboratories, Carlsbad, CA), respectively. LO2 cells were
purchased from Gaining Biological (Shanghai, China) and
cultured in DMEM. Culture mediums for the hepatocytes were
supplemented with 10% FBS, 1% penicillin and streptomycin
solution. The cells were maintained in a humidified atmosphere
of 5% CO; at 37°C. All cell culture reagents were purchased
from Life Technologies, Inc. (Gaithersburg, MD) unless
mentioned specifically.

Cell Viability and Proliferation

The viability of cells was determined by MTT assay as reported
earlier (21). 1 x 10* HCC, endothelial (HUVEC), and normal
hepatic cells (LO2 cells) were seeded per well in 96 well
plates, respectively. After 24h incubation in growth factor
supplemented medium, the cells were treated in triplicate with
various concentrations of RA for 24, 48, and 72h, respectively.
MTT (Aladdin, Shanghai, China) was added and readings were
taken at 570 nm using the SpectraMax 190 microplate reader
(Molecular Devices, Sunnyvale, CA). Furthermore, the long-
term effects of RA on HCC cell proliferation was established
by the clonogenic assay as described previously (22). HCC
cells were trypsinized following 24h incubation with various
concentrations of RA. Cells were counted and 10° control and
RA-treated HCC cells were grown in a controlled humidified
environment for another 10 days, with media change every
2-3 days. Cells were then fixed using 4% paraformaldehyde
(PFA) solution and stained with 0.05% crystal violet (Amersco,
China) solution. Images were taken using the FluorChem M
imaging system (proteinsimple, San Jose, CA). Experiments were
repeated thrice.

Anchorage-Independent Soft Agar Colony

Formation Assay

5 x 10° RA-treated HCC cells were mixed with 0.3% agarose
and were plated over a 0.6% agarose layer (Biowest, Spain) as
mentioned previously (23). The medium was renewed twice
weekly. After 21-30 days, the cells were fixed using 4%
PFA, washed, and further stained with 0.05% crystal violet
solution. The colonies were photographed at 40x magnification
using a camera fitted inverted microscope. Cell colonies with
more than 25 cells were counted manually in five randomly
selected magnification fields and the data are represented
as % of control. At least three independent experiments
were performed.

Migration Assays

Wound migration assay was carried out as described previously
(24). 4 x 10* HepG2 and SMMC-7721 cells were seeded in 24
well plates and allowed to grow till confluence, respectively. The
confluent monolayers of the HCC cells were gently scratched
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using 200 pl pipette tips and the cells were treated with the
indicated concentrations of RA. Wound images were taken
using a camera fitted inverted microscope at 0 and 16-24h,
respectively. Area migrated by the cells (A) was calculated as A =
(Wound Area at 0 h—-Wound Area at 16-24 h) and are expressed
as % wound closure. A minimum of three independent repeats
was carried out.

Boyden chambers were utilized to examine the influence of
RA on the motility of endothelial cells. Briefly, 3 x 10* RA-
treated HUVEC’s were allowed to migrate through the Boyden
chambers under the influence of a chemo-attractant (10% FBS).
The migrated cells were stained with 0.05% crystal violet solution
and the images were obtained using an inverted microscope fitted
with a camera adapter. The experiment was repeated thrice.

Invasion Assay

Cell invasion assay was performed using Matrigel (Corning,
USA) coated transwell inserts (25). The transwells were coated
with 100 wL of 250 wg/mL Matrigel solution and were left
undisturbed for 2h at 37°C. RA-treated HCC cells were
trypsinized and 3 x 10* cells were plated on the Matrigel-coated
Boyden chambers. Following 24h incubation in a controlled
environment, the cells were fixed with 4% PFA for 20 min, washed
with PBS, and then stained with 0.05% crystal violet in 20%
methanol for another 30 min. The transwells were washed thrice
using PBS and cells in the upper chambers were removed by
gently dabbing them with cotton swabs. Images were acquired
at 100-200x magnifications and the number of invading cells
in five random fields of view was counted manually. Data are
represented as % of control. Three independent repeats were
carried out.

Gelatin Zymography

Conditioned medium of RA-treated HCC cells was collected,
dialyzed, and lyophilized. Ten microgram total protein was
loaded per well and the experiment was carried out as reported
earlier (26). The gel was washed twice with wash buffer (2.5%
Triton X-100, 50 mM Tris-HCI, 5mM CaCl,, 1 wM ZnCl,) and
incubated in freshly prepared incubation buffer (1% Triton X-
100, 50 mM Tris-HCI, 5mM CaCl,, 1M ZnCl,) for 20h at
37°C. The gel was then stained using 0.5% Coomassie brilliant
blue in 50:40:10 water: methanol: acetic acid solution for 30 min
followed by de-staining the gel with two washes of 50:40:10 water:
methanol: acetic acid solution for 30 and 90 min, respectively. Gel
images were taken using the FluorChem M imaging system and
the band intensities were calculated by Image] software (NIH).
The experiment was repeated thrice and the results are expressed
as % of control.

Cell Cycle Analysis

The cell cycle analysis of RA-treated HepG2 cells was performed
as described previously (27). In brief, the control and RA treated
HepG2 cells were fixed overnight in 70% ethanol and then
incubated with PBS containing 1 mg/mL propidium iodide
(Sigma-Aldrich) and 0.1 mg/mL RNase (Sigma-Aldrich) at room
temperature in dark for 30 min. The fluorescence intensities of
the DNA-bound propidium iodide in HepG2 cells were measured

using a FACScan flow cytometer (BD Biosciences, San Jose, CA)
and the results are indicative of the % of total cells in the GI,
S, or G2 phase of the cell cycle. Three independent experiments
were performed.

DNA Damage

Nuclear damage and morphological changes induced by RA in
HepG2 cells were detected by Hoechst 33342 staining (Sigma-
Aldrich) (28). Briefly, RA-treated HepG2 cells were fixed with
4% PFA and the cell nucleus was stained using 5 jLg/mL Hoechst
33342 for 15min at room temperature. The unbounded dye
was washed with PBS and the images were acquired using
a fluorescence microscope. The number of the damaged and
deformed nucleus was counted manually in five randomly
selected magnification fields and is expressed as % of control.
Three repeats were performed.

Annexin V-FITC/PI Staining

Annexin V-FITC/PI staining kit was obtained from Beyotime
biotechnology (Shanghai, China). HCC cells (4 x 10° cells/well)
were grown in 60mm cell culture dishes for 24h and used
for Annexin V-FITC/PI experiments as mentioned earlier
(29). Briefly, the RA treated HCC cells and the control cells
were trypsinized, washed twice with PBS, and collected at a
concentration of 5 x 10° cells/ml in binding buffer. Cells were
then incubated with fluorescein isothiocyanate (FITC)-labeled
Annexin V (10 pg/mL) and PI (20 pg/mL) at 37°C for 20 min
in the dark and analyzed with an Accuri™ C6 flow cytometer
(BD Biosciences, USA) using excitation/emission wavelengths of
488/525 nm and 488/675 nm for Annexin V and PI, respectively.
Apoptosis was determined by the sum of the percentage of cells
present in the Annexin V +ve/PI —ve and Annexin V +ve/PI
+ve quadrants.

Tube Formation Assay

Human Umbilical Vein Endothelial Cells (2 x 10%) were re-
suspended in RA-treated HepG2 cell conditioned medium.
The cells were then plated in a 96 well plate coated with 10
mg/mL Matrigel (30). HUVEC cells grown in the conditioned
medium (CM) of HepG2 cells without RA treatment acted as
the control specimen. Images were taken after 6h incubation
using a Nikon microscope fitted with a camera adapter
at 100x magnification. The number of tubes was counted
manually in five random fields of view and the end-result
is represented as % of control. The experiment was repeated
thrice and in all experiments, primary HUVECs were used at
passages 2-7.

Immunoblotting

The following antibodies were purchased from Cell Signaling
Technology (Danvers, USA): phospho-mTOR (Ser2448), mTOR,
phospho-Akt (Ser473), Akt, phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204), p44/42 MAPK (Erk1/2), phospho-p38 MAPK
(Thr180/Tyr182), p38 MAPK, Bax, Bcl-2, PARP, cleaved
caspase-3, GAPDH, and HRP conjugated secondary antibodies.
Caspase-3, Ki-67, and CD-31 antibodies were acquired from
ABclonal Technology, China. Protein samples were denatured
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FIGURE 1 | Inhibitory effects of rotundic acid (RA) on HCC and endothelial cell growth. MTT assays were performed to determine the effects of RA on HCC and
endothelial cell growth. RA inhibited the cell viability and proliferation of (A) HepG2 cells, (B) SMMC-7721 cells in a time and dose-dependent manner. The dose
survival curves of (C) HepG2 cells, (D) SMMC-7721 cells, (E) HUVEC’s, and (F) LO2 cells after RA treatment. RA exhibited no significant toxicity on the normal hepatic
LO2 cells. Data are represented as mean = SD (n = 3; 38 ## ~p < 0.01 and #, *p < 0.05 vs. control).
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and separated on an SDS-PAGE gel. After the gel run,
the proteins were transferred on to a PVDF membrane by
sandwiching the gel and the membrane between sponges
and filter paper. Transfer was carried out at 225mA for
150min at 4°C. The PVDF membrane was then blocked
using 5% BSA in TBS-T (0.1% Tween-20 in TBS) for
120 min. The membrane was further washed thrice with TBS-
T and incubated overnight at 4°C with primary antibody.
The primary antibody was removed and the membrane
was again washed three times with TBS-T solution for
10min each. The PVDF membrane was then incubated with
secondary antibody for 90 min at room temperature and the
chemiluminescence signals were visualized by FluorChem M
imaging system. All primary and secondary antibodies were used
at dilutions of 1:2,000 and 1:5,000, respectively. Experiments were
repeated thrice.

ELISA

Human VEGF ELISA kit (ARG80124) was purchased from
Arigo bio-laboratories, Taiwan, ROC, and experiments were
performed according to the manufacturer’s instructions.
The optical density of the test samples was plotted
against a VEGF standard curve. Samples were analyzed

in duplicates and three independent repeats were
carried out.

Tumor Xenograft Study

Male nude mice (Balb/c strain), 5 weeks old, were

purchased from Hunan SJA Laboratory Animal Co., Ltd.
(Changsha, China). Mice were housed under pathogen-
free conditions and were allowed free access to food and
water at their own will. The study protocol was approved
by the Institutional Animal Care and Use Committee of
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FIGURE 2 | RA restricts the clonogenic properties of HCC cells in vitro. Clonogenic/Colony formation assay was performed to study the long-term effects of RA on
the survival and proliferation of HCC cells. RA inhibited the colony forming ability of (A,B) HepG2 and (C,D) SMMC-7721 cells in a concentration-dependent manner.
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South China University of Technology (Guangzhou, China,
Ref: 20180009).

Mice xenograft model was used to investigate the anti-tumor
effects of RA in vivo. The right flanks of the mice were injected
subcutaneously with 5 x 10® HepG2 cells. After the formation of
palpable tumors, mice were randomly divided into two groups (3
mice per group) and were treated with intraperitoneal injections
of HBSS and 50 mg/Kg RA every 2 days. Tumor dimensions
and body weights were measured simultaneously. The tumor
dimensions were measured using a digital vernier caliper and the
tumor volumes were calculated as V = (width)? x (length)/2.
Mice were sacrificed after 60 days and the tumors were extracted,
weighed, and photographed. The tumor growth inhibition (TGI)
was assessed by the formula 1-(mean tumor volume of treatment
group/mean tumor volume of the control group) (31). WB was
further performed with the tumor tissue lysates as described in
section Immunoblotting and the blots were developed using the
western blot and chemi-imaging system FUSION Solo S (Vilber
smart imaging, France).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad, CA, USA). Data are represented as mean £ SD.
Student’s t-test was used to determine the statistical significance.
Values of p < 0.05 were considered significant.

RESULTS

Effects of RA on the Growth of HCC and

Endothelial Cells in vitro
HCC and endothelial cells were treated with RA in triplicate
and MTT assay was performed. The results suggested that
RA could inhibit the cell viability and proliferation of HepG2
(Figure 1A) and SMMC-7721 (Figure 1B) cells in a time and
dose-dependent manner. RA also produced cell death of human
umbilical vein endothelial cells (HUVEC) in a concentration-
dependent manner. The ICsy values of RA obtained from the
dose survival curves were found to be 34.04 4+ 0.58 uM for
HepG2 cells (Figure 1C), 62.12 & 1.16 pM for SMMC-7721 cells
(Figure 1D), and 23.25 £ 0.534 pM for HUVEC’s (Figure 1E).
HUVEC and HepG2 cells were found to be more sensitive to RA
treatment as compared to the SMMC-7721 cells. Furthermore,
to find out if the RA induced cell death was specific to cancer
cells, we treated normal hepatocytes (LO2), in triplicate, with
increasing concentrations of RA ranging from 10 to 100 WM.
Fortunately, no significant cell death was observed in LO2 cells
on RA treatment, indicating that RA had minimal toxic effects
on normal hepatic cells as compared to HCC cells (Figure 1F).
Long-term inhibitory effects of RA on HCC cell growth
were demonstrated by their inability to form colonies after RA
treatment. HepG2 cells treated with 30 WM RA produced 20%
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lesser colonies when compared to the colonies formed by the
untreated control cells. The inhibition was >60% in 50 uM
RA treated HepG2 cells (Figures 2A,B). Similarly, more than
20% reduction in the number of SMMC-7721 cell colonies
were observed on plating cells treated with 40 WM RA, which
further escalated to almost 50% when the concentration of RA
was increased to 60 wM (Figures 2C,D). The results exhibited a
concentration-dependent reduction in the number of HepG2 and
SMMC-7721 cell colonies, confirming the persistent effects of RA
on HCC cell proliferation.

Aberrant mutations in cancers enable cells to proliferate
without attaching to the extracellular matrix (ECM). Soft agar
colony formation assay is a well-established method to determine
the tumorigenic potential of malignant cells by evaluating their
ability to survive in an anchorage-independent manner. The
inhibitory effects of RA on HCC cell growth were further
validated by the anchorage-independent growth assay, where a
marked difference was observed in the number of cell colonies
in the soft agar. RA treatment resulted in a considerable
decrease in the extracellular matrix-independent survival and
proliferation of HepG2 and SMMC-7721 cells in vitro. HepG2
cells treated with 30 uM RA produced 40% lesser colonies on
soft agar as compared to the untreated cells (Figures 3A,B).
Higher concentrations of RA further inhibited the anchorage-
independent colony forming ability of HepG2 cells. A similar
reduction in the number of colonies formed by the RA
treated SMMC-7721 cells were observed. Forty micromolar RA
treatment resulted in 20-30% reduction in the soft agar colonies
of SMMC-7721 cells w.r.t control and only 15-20% colonies w.r.t
control were observed in the plates containing 80 wM RA treated
SMMC-7721 cells (Figures 3C,D).

RA Abrogates HCC Cell Migration,
Invasion, and MMP-2/-9 Activities

Cell migration is indispensable for cancer cell invasion and
metastasis. Wound healing and matrigel-coated transwell assays
were performed to determine the ability of RA to curb cell
motility and invasiveness of HCC cells. The results revealed
that RA treatment successfully attenuated the wound migration
(Figures 4A,C) and invasion (Figures 4B,D) of HepG2 cells in a
concentration-dependent manner.

For cancer cells to metastasize to distant sites, they need to
degrade and invade through the basement membrane. Matrix
metalloproteinases (MMP’s) enables tumor cells to disintegrate
the extracellular matrix and enter the blood or lymphatic vessels
through which they are transported to distant target organs
and establish secondary tumors. Zymography was consequently
performed to determine the reason underlying the anti-migration
and anti-invasion effects of RA on HepG2 cells. The results
exhibited a dose-dependent reduction in the secretion of matrix
metalloproteinases (MMP-2 and MMP-9) from HepG2 cells
upon RA treatment (Figures 4E,F).

In a similar fashion, RA also restricted the migration
(Figures 5A,B) and invasion (Figures 5C,D) of SMMC-7721
cells in a concentration-dependent manner. RA did not produce
considerable decrease in the MMP secretion of SMMC-7721 cells

at the indicated doses but, significant effects were observed at
higher concentrations (Supplementary Figure S1). Our results
demonstrate that rotundic acid has a promising role in the
prevention of hepatocellular carcinoma tumor metastasis.

RA Inhibits Cell Cycle, Causes DNA
Damage, and Triggers Apoptosis in
HepG2 Cells

Cell cycle analysis was carried out to investigate the effects of
RA on the cell cycle progression in HepG2 cells. RA treatment
resulted in an increased accumulation of HepG2 cells in S-phase
of the cell cycle (Figures 6A,B; Supplementary Figure S2A).
Apoptosis is one of the major causes of cancer cell death and
is accompanied by changes in the cellular morphology, nuclear
degradation along with altered protein expressions. Therefore,
nuclear staining was performed to check for the presence of
the damaged nuclei and to determine whether apoptosis was
involved in RA-mediated death of HepG2 cells. It was found that
RA treatment led to nuclear damage and DNA fragmentation
in HepG2 cells (Figures 6C,D; Supplementary Figure S2D). To
further confirm that RA treatment triggered apoptosis in HepG2
cells, we performed Annexin V—FITC/PI staining of RA treated
HepG2 cells and also determined the expression levels of the pro-
apoptotic protein (Bax), anti-apoptotic protein (Bcl2), caspase-3,
and PARP using western blot. Annexin V - FITC/PI staining
indicated a concentration-dependent increase in the apoptotic
cell population of HepG2 cells (Figures 6E,F). The WB results
displayed a dose-dependent reduction in Bcl2 expression along
with PARP cleavage and increased expressions of Bax, activated
caspase-3 in RA-treated HepG2 cells (Figures 6G-J). Similarly,
RA treatment also triggered apoptosis in SMMC-7721 cells
(Supplementary Figures S2B,C). These results indicated that S-
phase cell cycle arrest and apoptosis contributed to the RA-
induced HCC cell death.

RA Inhibits Angiogenesis in vitro

Neovascularization and angiogenesis play important roles in
HCC growth and progression. To determine whether RA
inhibited endothelial cell-mediated angiogenesis in HCC, the
effects of RA on HUVEC tube formation were examined.
The anti-angiogenic ability of RA was revealed by the
inability of HUVECs to form 3D-tubular structures on
the basement membrane matrix when incubated with the
conditioned medium (CM) of RA-treated HepG2 cells as
compared to the HUVECs grown in the CM of untreated
HepG2 cells (Figures 7A,B). The above outcome was further
supported by the reduced VEGF (a highly specific mitogen
for endothelial cells and a known angiogenesis inducer)
concentrations in RA-treated HepG2 cell culture supernatants
w.r.t. the untreated control cells (Figure 7C). Endothelial tube
formation assay together with VEGEF-ELISA highlighted the
anti-angiogenic properties of RA in hepatocellular carcinoma.
It was also shown that RA inhibited the transwell migration
(Figure 7D) and invasion (Figure7E) of HUVECs in a
dose-dependent manner. The anti-angiogenic activities of
RA could be attributed to its ability to attenuate VEGF
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secretion from HepG2 cells. Moreover, RA directly inhibited
endothelial cell growth by regulating the expressions of AKT,
mTOR, and MAPK pathway related proteins (Figure 7F;
Supplementary Figures 3A-C).

RA Prevents HCC Growth and Progression
by Regulating the Expressions of
AKT/mTOR and MAPK Pathway Molecules

In order to dissect the mechanisms underlying the inhibitory
effects of rotundic acid on the growth and proliferation
of hepatocellular carcinoma, we performed western blot
experiments with RA treated HepG2 cell lysates to determine
the expression of the proteins involved in PI3K/AKT/mTOR
and MAPK pathways. A concentration-dependent reduction
in the expression levels of phospho-AKT and phospho-mTOR
were observed upon RA treatment (Figures 8A,B). The levels of
the non-phosphorylated forms of the above proteins remained
constant throughout. Conversely, an increase in the levels of
phospho-p44/42 MAPK and phospho-p38 MAPK was observed
under the same conditions. The expression levels of phospho-
p38 MAPK increased in a dose-dependent manner after 30 uM
RA treatment, whereas the expression of phospho-p44/42 MAPK
increased from 20 to 40 uM RA treatment and then again
regressed at 50 uM RA (Figures 8A,B). The expressions of p38
MAPK remained constant throughout whereas the expressions of

p44/42 MAPK decreased wherever there was enhanced phospho-
p44/42 MAPK expression.

Keeping the treatment concentration of RA at 30 uM, we
also performed a time-dependent study to determine the effects
of RA treatment on the expressions of PI3K/AKT/mTOR
and MAPK pathway molecules. A clear cut time-dependent
down-regulation of phospho-AKT was observed upon RA
treatment (Figure 8C). Although the expression levels of
phospho-mTOR were lower in the 6, 12, and 24h cell lysate
samples as compared to the 0 and 3h samples, they were
not significant when compared to each other (Figure 8C). A
significant decrease in the phospho-AKT/AKT and phospho-
mTOR/mTOR ratio w.r.t the control was only observed after
24h (Figure 8D). The AKT and mTOR expression levels were
constant throughout. We also found that the expression levels
of phospho-p44/42 MAPK were higher in the RA treated
HepG2 cell lysates obtained at 3 to 24h time points as
compared to the 0h lysate. The highest expression of phospho-
p44/42 MAPK was observed after 6h of RA treatment. The
phospho-p44/42 MAPK expression levels of 12 and 24 h samples
were >3h sample but <6h sample lysate (Figures8C,D).
Similar to the dose-dependent study, the expression levels
of p44/42 MAPK decreased whenever there was an increase
in phospho-p44/42 MAPK expression. Greater expressions of
phospho-p38 MAPK w.r.t control were observed at 3, 6,
and 24h after RA treatment (Figure 8C). A sudden decrease
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FIGURE 4 | RA restricts the migration and invasion of HepG2 cells by inhibiting MMP-2/MMP-9 secretion. (A,C) RA inhibited the migration of HepG2 cells in a
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dose-dependent manner. (B,D) RA treatment weakened the ability of HepG2 cells to invade through the basement membrane in a concentration-dependent manner.
RA restricted the secretion of matrix metalloproteinases (E) MMP-2 and (F) MMP-9 from HepG2 cells in a concentration-dependent manner. Data are expressed as
mean =+ SD. Images for migration and invasion assays were taken at 100 and 200x magnifications and the scale bars are 50 and 20 wm, respectively (1 = 3 or more;
**p < 0.001, *p < 0.01, “p < 0.05 vs. control).

inhibited angiogenesis and induced apoptosis in HepG2 cells
by modulating the expressions of PI3K/AKT/mTOR and MAPK
pathway molecules.

in phospho-p38 MAPK expression was observed after 12h.
For both dose and time-dependent studies, GAPDH was
used as the loading control. Our results indicate that RA
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FIGURE 5 | Inhibitory effects of RA on the migration and invasion of SMMC-7721 cells. SMMC-7721 cells were treated with various concentrations of RA and
subjected to migration and invasion assays. RA treatment prevented the (A,B) wound closure and (C,D) extracellular matrix invasion of SMMC-7721 cells in a
concentration-dependent manner (n = 3 or more; *p < 0.01, *p < 0.05 vs. control).

RA Suppresses in vivo Tumor Growth in

Balb/c Nude Mice

We further examined the effects of RA on HepG2 tumor-
bearing hepatocellular carcinoma mouse model. The data
revealed that the intraperitoneal administrations of 50 mg/Kg
RA every alternate day attenuated HepG2 tumor weights and
tumor volumes significantly as compared to Hank’s balanced
salt solution (HBSS) treated control mice (Figures 9A-F). On
day 60, the mean tumor volumes for the control and the
treatment groups were 323.64 and 78.95 mm?, respectively; and
the tumor growth inhibition (TGI) for the treatment group
was found to be 75.6%. Intraperitoneal injections of RA were

well-tolerated by the tumor-bearing mice without any significant
weight loss.

WB of the tumor tissue lysates demonstrated that RA
treatment induced apoptosis (Supplementary Figure S4A),
inhibited the expression levels of the proliferation marker Ki-67,

angiogenesis marker CD-31 (Supplementary Figure S4A),
and  AKT/mTOR  pathway  proteins  (Figures 9G,H;
Supplementary Figures S4B-G).  Although RA  notably

enhanced he expression levels of phospho-p38 MAPK, significant
changes in the expression levels of the phospho-p44/42 MAPK
(ERK 1/2) was not observed at the given dose (Figure 9H,
Supplementary Figures S4H-I). These results further supported
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FIGURE 7 | RA inhibits VEGF secretion and endothelial cell-mediated angiogenesis in HCC. (A,B) HUVECs grown in the conditioned medium of RA-treated HepG2
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release from HepG2 cells. Moreover, RA treatment also impeded the (D) migration and (E) invasion of HUVEC cells in a concentration-dependent manner. (F) RA
modulated the expressions of AKT/mTOR and MAPK pathway molecules in the endothelial cells (n = 3 or more, 100x magnification, scale bar = 50 um, *p < 0.01
and *p < 0.05 vs. control).

the findings that RA inhibited HCC growth and progression  the barks of Ilex rotunda and has been testified to possess

in vitro. anticancer properties against several types of cancers. RA and
its derivatives have shown to induce apoptosis in cervical
DISCUSSION cancer and hepatoma cells by mitochondrial degradation and

caspase-3 activation (20). In this study, the inhibitory effects
Over the last few decades, traditional medicine and natural — of RA on HCC have been highlighted. The results suggested
products have garnered enormous importance as lead  that RA could restrict the cell viability and proliferation of
compounds for drug discovery (32). Even today, a majority = HepG2 and SMMC-7721 cells in a time and dose-dependent
of the world’s population relies upon medicinal plants or  manner. RA successfully inhibited the migration and invasion
natural product preparations from plants (herbal extracts) of HCC cells. Moreover, RA also abrogated the extracellular
for its primary pharmaceutical care (33-35). Triterpenoids  matrix independent cell growth and MMP secretions from
represent the largest group of phytochemicals present in nature ~ HCC cells.
and an increasing number of these highly multifunctional The PI3K/AKT/mTOR pathway is a pro-survival pathway
molecules have been reported to exhibit anticancer properties  promoting cell growth, metabolism, and angiogenesis in
in vitro as well as in preclinical animal models of cancer (36).  response to extracellular signals. The PI3K/AKT/mTOR pathway
Rotundic acid is a pentacyclic triterpenoid obtained from  regulates many cellular processes, including cell proliferation,
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FIGURE 8 | RA modulates AKT/mTOR and MAPK signaling pathways. Representative immunoblots showing the expression levels of AKT/mTOR and MAPK pathway
related proteins in RA-treated HepG2 cells in an (A) concentration-dependent and (C) time-dependent manner. Densitometric analysis of AKT/mTOR and MAPK
pathway related proteins in RA-treated HepG2 cells in an (B) concentration-dependent and (D) time-dependent manner (n = 3; ***p < 0.001, *p < 0.01 and

survival, growth, and motility that are critically altered during
tumorigenesis. Inhibition of this pro-survival pathway molecules
has resulted in survival benefits in cancer patients (37-40).
The PI3K/AKT/mTOR pathway activation is also associated
with drug resistance and has hence evolved as an exciting
target for anticancer drug development (41, 42). Activation
of the AKT signaling is considered to be a crucial event in
human hepatocarcinogenesis. AKT phosphorylation at S-473
has been consistently associated with the poor prognosis and
early recurrence of hepatic tumors (43). Once activated, the
AKT molecule can directly inhibit apoptosis by phosphorylating
the pro-apoptotic proteins such as Bad, Bim, etc, and by

controlling the release of cytochrome ¢ from mitochondria, or
else, AKT signaling could indirectly stimulate the transcription
of the pro-survival genes via IKK phosphorylation and NF-
kB activation. AKT also regulates cell survival by activating
its downstream substrate, the mTOR, a master regulator of
protein translation. Similar to AKT phosphorylation, mTOR
activation is also closely associated with the initiation and
progression of liver cancers. Activated mTOR signaling has been
reported to play a critical role in the malignant transition of
hepatocytes to HCC (44). In addition to tumor suppression
via apoptosis, the mTOR signaling blockade is also associated
with enhanced autophagy in HCC cells (45). Studies have
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FIGURE 9 | RA abrogates in vivo tumor formation in Balb/c nude mice. (A) Schematic representation of the experimental protocol. (B) Tumor-bearing control and
RA-treated mice. (C) Mice were euthanized after 60 days; tumors were extracted, weighed, and photographed. Significant reduction of (D) tumor volumes and (E)
tumor weights were observed in the RA-treated group vs. the control group. (F) RA did not yield any adverse effects on the mice body weights ("o < 0.01, *p < 0.05).
Western blot of tumor tissue lysates indicated that RA. (G) attenuated the expressions of Ki-67, CD-31, and induced apoptosis in tumor cells. (H) RA modulated the

revealed that mTOR/AKT pathways are frequently up-regulated
in 40-50% of hepatocellular carcinomas (46-48). Inhibiting
AKT and mTOR signaling have proven beneficial in preventing
HCC progression not only by abrogating VEGF secretion but
also by modulating the expression of other angiogenic factors
such as nitric oxide and angiopoietins (49, 50). Our results
show that RA not only induces apoptosis in HepG2 cells by

caspase-3 activation/PARP cleavage but also inhibits angiogenesis
by suppressing AKT/mTOR signaling pathway molecules in
a concentration and time-dependent manner. The therapeutic
effects of RA, in part, may be due to its ability to regulate
angiogenesis via the AKT/mTOR pathway.

Likewise, aberrant mitogen-activated protein kinase (MAPK)
signaling has been reported to play a crucial role in determining
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response to various treatments in addition to the important part
played in cancer development and progression (51). Abnormal
p44/42 MAPK (ERK1/2) activity has now been linked to one-
third of all human cancers, making it a valuable therapeutic
target. The p44/42 MAPK (ERK1/2) acts as a double-edged sword
by playing roles in both cell survival and apoptosis. Previous
studies suggest that ERK can, both, promote and antagonize
apoptosis by regulating the expressions of Bcl 2 family proteins in
a case-specific manner (52-55). Similar to the ERK1/2 pathway,
dysregulation of the p38 MAPK levels has also been reported
in a variety of malignancies, including hepatocellular carcinoma,
breast cancer, bladder cancer etc. Although the p38 MAPK acts
as a regulator of cell death, it can also mediate cell survival
depending upon the type of stimulus in a cell type-specific
manner. The selectivity of the p38 MAPK signaling pathway in
tumor growth or suppression is unclear (56). Activated p44/42
MAPK (ERK1/2) and its downstream effectors like p38 MAPK
have been implicated as critical mediators of several anti-cancer
agents including doxorubicin, tamoxifen, and cisplatin (57, 58).
As reported earlier, MAPK1/2 and p38 phosphorylation induced
cell death and apoptosis via mitochondrial dysfunctioning
and caspase activation (59-62). The p38 MAPK also acted
as a negative regulator during angiogenesis and played an
important role in inhibiting cell migration and invasion
by downregulating MMP-2/MMP-9 secretion in cancer cells
(63, 64). As shown in this study, RA augmented mitogen-
activated protein kinase cascade activation, which could be
responsible for the suppressive effects of RA on HCC
cell proliferation.

The AKT/mTOR and MAPK signaling pathways have
been widely implicated in carcinogenesis and are targeted by
numerous FDA approved chemotherapeutic agents for cancer
remission and improved survival. Our results are consistent
with the previous reports of chemotherapeutic agents providing
survival benefits in cancers by modulating AKT/mTOR and
MAPK signaling pathways. Our data suggest that rotundic acid
could be used for liver cancer chemotherapies with minimal
chemotoxic side effects.

CONCLUSION

In conclusion, the current study describes RA as an effective
inhibitor of HCC growth and proliferation under in vitro
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