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ARTICLE INFO ABSTRACT

Hepatocellular carcinoma (HCC) is a prevalent malignancy and a leading cause of cancer-related mortality. a-
Humulene (HML) is a natural 11-membered monocyclic terpene with three E-configured double bonds isolated
from Eupatorium odoratum L. We recently showed that HML has significant anti-HCC activity in vitro and in vivo.
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CYtOtOXiFity We found that HML was cytotoxic to HCC cells and induced mitochondrial apoptosis of HCC cells, promoting
iispmm caspase-3 activation and PARP cleavage. HCC cells show abnormal Akt signaling to resist apoptosis.

Mechanistically, HML was found to inhibit Akt activation, subsequently decreasing GSK-3 and Bad phosphor-
ylation, promoting apoptotic induction. HML also inhibited cell proliferation and enhanced apoptosis in HCC
tumor xenografts further highlighting its activity in vivo. Although HML showed minimal cytotoxicity to normal
hepatocytes, weight loss was observed in mice administered HML. Taken together, these data provide important
and novel insights into the anti-HCC effects of HML through its ability to inhibit Akt, reduced HCC cell pro-

liferation, and enhanced HCC cell apoptotic induction in vitro and in vivo.

1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer
related death globally (Siegel et al., 2015). Poor diagnostic tools and
subsequent late stage diagnosis combined with the lack of efficient
chemotherapeutic treatments contributes to poor survival in HCC pa-
tients (Finn et al., 2018; Mittal et al., 2016). More effiective HCC di-
agnostics and anti-HCC therapies are therefore urgently required.

Protein kinase B (Akt) is a serine/threonine-protein kinase that
plays a major role in cell growth, survival, and frequently involves in
carcinogenesis as a proto-oncogene (Mayer and Arteaga, 2016). Akt is
activated through phosphorylation within its carboxy terminus at
Ser473. The typical Akt phosphorylation targets include Bad, c-Raf,
caspase-9, GSK-3a/P and TSC2, all of which are associated with cell
proliferation and survival (Manning and Cantley, 2007). Akt has re-
ceived intense research interest due to its frequent dysregulation in

human cancers including HCC (Hennessy et al., 2005). The majority of
HCC patients with a poor prognosis display hyperphosphorylated Akt in
tumor cells, with no aberrant Akt activation observed in non-tumor
tissue or normal hepatocytes (Chen et al., 2009; Su et al., 2016). Mu-
tations in Akt and its upstream regulators can enhance Akt hyper-
activity in tumors (Zucman-Rossi et al., 2015). Furthermore, it has
shown that the dysregulation of Akt signaling promotes cancer cell
survival and chemotherapy resistance (Altomare and Testa, 2005;
Martini et al., 2014). These findings suggest that Akt is a prospective
therapeutic target in HCC.

In this study, a-Humulene (HML), a natural 11-membered mono-
cyclic terpene with three E-configured double bonds was purified from
Eupatorium odoratum L. (EO) plants. Essential oils containing HML have
been shown to possess antineoplastic properties (Loizzo et al., 2007;
Sylvestre et al., 2005, 2006) but the effects of HML on HCC have not
been studied in detail. We demonstrate that HML inhibits HCC cell
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proliferation and induces HCC cell apoptosis both in vitro and in vivo.
We further show that HML inhibits Akt signaling, explaining its apop-
totic and antiproliferative effects on HCC cells. Collectively, this study
highlights the potential therpeutic benefits of HML to future anti-HCC
treatment regimens.

2. Material and methods
2.1. Chemical elucidation of HML

The isolated compound from the plant species Eupatorium odoratum
L. was identified as a-Humulene (HML) by comparison with NMR with
the published reference data (Neuenschwander et al., 2012). Mass
spectra and NMR of HML could be found in Supplementary Figs. 1-3.

2.2. Chemical reagents and antibodies

HML was dissolved (50 mg/mL) in DMSO as a stock solution, stored
at —20°C, and diluted with medium before each experiment.
Wortmannin and insulin (human) were purchased from MedChem
Express (Guangzhou, China). Cisplatin (CDDP) was purchased from
Sigma-Aldrich (Shanghai, China). DMSO, PBS and Sodium dodecyl
sulfate polyacrylamide gel kit were purchased from Solarbio (Beijing,
China). The primary antibodies including anti-p53, anti-p21 Wafl/Cip
1, anti-Cyclin D1, anti-caspase-3, anti-PARP, anti-phosphorylation-Akt
(Ser473), anti-Akt, anti-phosphorylation-GSK-3a/f (Ser 21/9), anti-
GSK-3a/f, anti-phosphorylation-Bad (Ser136), anti-Bad and anti-f3-
actin were purchased from Cell Signaling Technology (MA, USA). The
secondary antibodies of anti-mouse IgG and anti-rabbit IgG were pur-
chased from ABclonal (Wuhan, China).

2.3. Cell culture

Huh7, SMMC-7721, HepG2 and Hep3B cells are HCC cells lines of
human origin. LO-2 cells are normal hepatic cell line. HepG2 and Hep3B
were purchased from the American Type Culture Collection (Manassas,
VA, USA); Huh7, SMMC-7721 and L0O-2 were purchased from the
Library of Typical Culture of Chinese Academy of Sciences (Shanghai,
China). After cell thawing, the cells were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM; Sigma-Aldrich, Shanghai, China), sup-
plemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin (Hyclone, UT, USA). All cells were maintained in 25cm? or
75 cm? cell culture flasks in a humidified atmosphere containing 5%
CO, at 37°C.

2.4. Crystal violet staining assay

Crystal violet staining assay was performed as described previously
(Raj et al., 2011). Huh7, SMMC-7721, HepG2 and Hep3B cells were
seeded into 12-well plates and allowed to grow to confluency of
60-70%, and then the cells were incubated with DMSO (1%o V/V), HML
or CDDP for 24h while DMSO-treated group was served as control.
Following the treatment time, mediums were removed; cells were then
washed by PBS and fixed in 3.7% formaldehyde for 15min before
staining with crystal violet stain (Beyotime, Shanghai, China) for visual
quantification of cell viability.

2.5. Cell cytotoxicity by CCK-8 assay

CCK-8 assay was performed following the kit protocol (Beyotime,
Shanghai, China). Equal numbers of Huh7, SMMC-7721, HepG2, Hep3B
and LO2 cells were seeded into 96-well plates and allowed to grow for
24 h, and then the cells were incubated with DMSO (1%o V/V), HML or
CDDP for 6, 12 or 24 h while DMSO-treated group was served as con-
trol. Following the treatment time, mediums were removed, and cells
were then incubated in fresh DMEM with CCK-8 for additional 3h
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before measuring the optical density under 450nm by spectro-
photometer (Thermo Scientific, Vantaa, Finland). Cell inhibition rate
was established utilizing the following Equation:

Inhibition rate (%) =1[1- (ODsample — ODpjank)/(ODcontrot —
ODblani)] % 100

The ICso value is defined as 50% inhibitory concentrations de-
termined by CCK-8 assays and obtained by linear regression analysis
using GraphPad Prism 6.0 Software.

2.6. Trypan-blue exclusion assay

Trypan-blue exclusion assay was performed as described previously
(Raj et al., 2011). Equal numbers of Huh7, SMMC-7721, HepG2 and
Hep3B cells were seeded into 6-well plates and allowed to grow to
confluency of 70-80%. Then the cells were incubated with DMSO (1%o
V/V) or HML for 6, 12 or 24 h while DMSO-treated group was served as
control. Following the treatment time, cells were then collected and
stained with trypan blue (Beyotime, Shanghai, China). The viable and
dead cells (stained by trypan blue) were counted by a hematocyt-
ometer. The percentage of viable cells was plotted graphically with
histogram for quantification of cell viability.

2.7. Histological morphology and Hoechst 33258 staining

Histological morphology and Hoechst 33258 staining were per-
formed as described previously (Chen et al., 2018). HepG2, Hep3B and
L-02 cells were seeded into 6-well plates, and allowed to grow to con-
fluency of 70-80%. Then the cells were incubated with DMSO (1%o V/
V) or HML for 12h while DMSO-treated group was served as control.
Following the treatment time, the cells were photographed at a mag-
nification of 200X /400 x under a phase contrast microscope (Leica,
Nussloch, Germany), and the cells were then washed by PBS and fixed
in methanol/acetic acid (3 : 1) for 15 min before stained with Hoechst
33258 (Beyotime, Shanghai, China). Subsequently, the cells were
photographed at a magnification of 200 x /400 X under a fluorescence
microscope (Leica, Nussloch, Germany).

2.8. Protein preparation and Western blot analysis

HepG2 and Hep3B were seeded into 100 mm X 20 mm cell culture
dishes and allowed to grow to confluency of 60-70%. Then the cells
were incubated with designated solutions for 6 or 12h while DMSO-
treated group was served as control. Following the treatment time, cells
or xenografts were collected and lysed in RIPA containing phe-
nylmethanesulfonyl fluoride and PhosSTOP (Solarbio, Beijing, China).
The supernatant containing protein was collected and stored at —80 °C
until use. The measurement of protein contents was performed with a
BCA kit (Beyotime, Shanghai, China). Equivalent amounts of the pro-
teins were separated by SDS-PAGE and transferred to polyvinylidine
difluoride membranes (Bio-Rad, CA, USA). The membranes were
blocked by 5% skim milk in tris-buffered saline with tween 20 (0.5%)
for 2 h. Subsequently, the membranes were incubated with the primary
antibody at 4 °C overnight and incubated with the secondary antibody
at 37 °C for 2 h. The HRP ECL system (Beyotime, Shanghai, China) was
used to visualize the protein band and the gray value was analyzed by
Quantity One software.

2.9. FACS (Annexin-V FITC/PI staining)

HepG2 and Hep3B were seeded into 6-well plates and allowed to
grow to confluency of 60-70%, then the cells were incubated with
designated solutions for 6 or 12h; DMSO-treated group served as
control. Following the treatment time, cells were collected and stained.
Annexin-V FITC/PI staining was performed following kit protocol
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(Beyotime, Shanghai, China). Proportion of apoptotic cells were ana-
lyzed by cytometer (BD Biosciences, USA) and FlowJo V10 software.

2.10. HCC-bearing nude mice model and in vivo administration

HepG2-bearing nude mouse model was established as described
previously (Su et al., 2011). Briefly, 200 uL of HepG2 cells (1 x 107 per
mouse) were subcutaneously transplanted into the right flank of the
nude mice (BALB/c, SPF grade, Female, 16-18 g, 4-5 weeks old). When
tumors reached 100 mm?, the animals were randomized in 4 groups
(n = 5 mice per group) and treated intraperitoneal injection (i.p.) with
HML (10, 20 mg/kg/2 days) for 4 weeks. Body weight was measured
every 2 days; tumor size was measured every 4 days. Following the
treatment time, mice were sacrificed; whole blood samples were col-
lected for hematology; vital organs were dissected out and weighed;
transplanted tumors were removed for assessments. All protocols in-
volved in our animal experiments were in accordance with the proto-
cols approved by the Animal Care and Use Committee of South-Central
University for Nationalities (Wuhan, China).

2.11. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
(TUNEL)

Xenografts were embedded in paraffin and cut into sections (5 pm)
after pretreatment with ice-cold saline and fixed in buffered neutral
10% formalin. The sections were stained following TUNEL assay kit
protocol (Roche Biotechnology, Basel, Switzerland) before photo-
graphing at the magnification of 200 X /400 X . Apoptosis index was
quantified by the yellow-stained apoptotic nucleus. Ten regions were
chosen from the photographs of tumor sections randomly, then blinded
and counted by two people. Their mean values were used in statistical
analysis. To avoid the discrepancy between two observers, a datum was
valid only if the discrepancy between the two observers was less than
10%.

2.12. Immunohistochemical examinations of transplanted tumor tissues
(IHC)

Immunohistochemical examinations were conducted as described
previously (Fang et al., 2014). Briefly, after embedding in paraffin,
xenografts were cut into sections (5um) and incubated with the de-
signated primary antibodies, and visualized by corresponding sec-
ondary antibodies before photographing at the magnification of
200 x /400 X . Positive staining was quantified by Image J software.

2.13. Statistical analysis

All data are shown as mean *+ SD from three independent experi-
ments. GraphPad Prism 6.0 software was used for analysis. Statistically
differences were analyzed using one-way analysis of variance (ANOVA)
and P-values < 0.05 were considered significant.

3. Results
3.1. HML inhibits the proliferation of HCC cells in vitro

HML is a natural sesquiterpene isolated from Eupatorium odoratum
L. (Supplementary Fig. 2A). Essential oils that possess antineoplastic
properties contain HML as their active ingredient (Legault et al., 2003),
but the effects of HML on HCC and its anti-tumor mechanisms are
poorly understood. In this study, we examined the effects of HML on
HCC cells and normal hepatocytes. HML treatment, like CDDP treat-
ment (10 pg/mL), significantly induced cell death in the HCC cell lines
(Huh7, SMMC-7721, HepG2 and Hep3B) at 15 pg/mL (Fig. 1A). CCK-8
assays showed that the ICso values of HML were 15.09 + 1.84,
17.31 = 2.03, 11.22 *= 1.25 and 13.78 = 1.46 ug/mL in Huh7,
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SMMC-7721, HepG2 and Hep3B respectively and 115.69 = 3.52pug/
mL in normal hepatocytes (L-02) in 12h. These data showed that the
cytotoxicity of HML in normal hepatocytes significantly lower in HCC
cells, suggesting cancer-selective cytotoxicity (Fig. 1B). Photo-
micrographs further showed that HML treatment induced HCC cell
shrinkage, distortion, and a loss of the cellular matrix with no obvious
effects on L-02 cells (Fig. 1C). Both inhibition curves and cell viability
assays indicated that HML inhibited HCC cells in a concentration- and
time-dependent manner (Fig. 1D and E). Notably, HepG2 expresses
wild-type p53 and p21 but Hep3B is p53 defective. In this study, we
found that cytotoxic effects of HML both occurred in HepG2 and Hep3B,
while HepG2 was more sensitive to HML. Western blot analysis further
showed that the expression of the antiproliferative proteins p53 and
p21 was enhanced by HML, with an accompanying decrease in Cyclin
D1 expression in HepG2 cells. As expected, p53 was undetectable in
Hep3B cells, but the induction of Cyclin D1 expression was decreased
accompanying a slight increase of p21, suggested HML-mediated anti-
proliferation in Hep3B cells was a p53-independent event.
(Supplementary Fig. 4). These results indicated that HML preferentially
inhibits the proliferation of HCC cells and the sensitivity of HML-in-
duced antiproliferation was modulated by the expression of p53.

3.2. HML inhibits HepG2 cell proliferation in xenograft nude mouse models

The in vivo anti-HCC effects of HML were evaluated in a HepG2-
bearing nude mouse model. When the tumor volume grew to 100 mm?,
HML was administered i. p. every 2 days for 4 weeks. Significant
growth inhibition of the HepG2 xenografts was observed in HML-ad-
ministered HepG2-bearing mice (Supplementary Fig. 5, Fig. 2A and B).
HML treatment decreased the tumor weights in a dose-dependent
manner compared to DMSO-controls, and in a degree comparable to
CDDP (Fig. 2C). To detect potential toxic side-effects, we monitored
body weight every two days and collected whole blood samples as well
as vital organs for hematology and organ index analysis. Although HML
and CDDP treatment were not lethal, both compounds increased weight
loss in the mice, compared to DMSO-treated controls. The weight loss
was more pronounced in CDDP compared to HML treated mice
(Supplementary Fig. 6). No obvious differences in blood biochemical
parameters or organ indices were evident between DMSO- and HML-
treated groups. CDDP led to greater liver and kidney damage in com-
parison to HML (Supplementary Tables 1 and 2). Taken together, these
data suggest that HML has fewer toxic effects on HepG2-bearing nude
mice than CDDP, but some weight loss does occur following HML
treatment.

3.3. HML induces HCC cell apoptosis in vitro

The data thus far suggested that HML can induce apoptosis in HCC
cells. To investigate the potential apoptotic effects of HML, HepG2 and
Hep3B cells were treated with 10 and 15 pg/mL HML (base on the ICso
values determined by CCK-8 assay) for 12 h. We found that the apop-
totic characteristics triggered by CDDP (chromatin condensation and
apoptotic body) were also observed in HML-treated HCC cells (Fig. 3A).
FACS analysis of PI and Annexin-V stained cells confirmed that HML
treatment resulted in an increased apoptotic populations (Q2 and Q3)
to a greater degree than CDDP (Fig. 3B). Cleavage of caspase-3 and
PARP is essential for apoptosis as an activated form (Yap et al., 2011).
Western blot analysis showed that HML induced the cleavage of cas-
pase-3 and PARP (Fig. 3C) in a concentration dependent manner con-
firming its apoptotic effects on HCC cells in vitro. These results sug-
gested that HML showed pro-apoptotic effects on HCC cells.

3.4. HML induced HepG2 xenograft apoptosis in nude mouse models

Given the pro-apoptotic activity of HML against HCC cells in vitro,
we next examined its in vivo effects. Xenografts were collected from
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Fig. 1. HML inhibits the proliferation of HCC cells in vitro. (A) Crystal violet cell viability staining of HCC cells (Huh7, SMMC-7721, HepG2 and Hep3B) following
HML (15 pg/mL) or CDDP (10 pg/mL) treatment for 24 h. (B) The cancer-selective cytotoxic effects of HML. HCC cells and normal hepatocytes (L-02) were grown in
96 well plates and treated with HML at 1.25-150 ug/mL for 12 h. Cytotoxicity assessed through CCK-8 assays, and ICs, values were calculated. The cytotoxic effects
of HML in normal hepatocytes were significantly lower in HCC cells. (C) Morphological observations of HepG2, Hep3B and L-02 cells following HML treatment. HML
induced HepG2 and Hep3B cells shrinkage, distortion and a loss of the cellular matrix with no obvious impact on L-02 cells at the effective concentrations. (D) HML
exhibited significant cytotoxicity in HepG2 and Hep3B cells in a concentration- and time-dependent manner. HepG2 and Hep3B cells were grown in 96 well plates
and treated with HML at 1.25-50 pg/mL for 6, 12 or 24 h. Cytotoxicity assessed through CCK-8 assays, and ICs, values were calculated. (E) HML inhibits HCC cell
viability in a time dependent manner. Viability was measured by trypan-blue exclusion assays. Statistical analysis was performed using a one-way ANOVA,
*P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

HepG2-bearing nude mice and visualized by HE, TUNEL staining, and
IHC. HE staining showed that HML treatment caused tumor chromatin
condensation and a loss of tumor structure. TUNEL staining revealed
that HML led to a dose-dependent increase in apoptotic cells in the
xenograft sections. Similar results were observed for IHC staining. HML-
and CDDP-treated xenograft samples exhibited high levels of caspase-3
cleavage compared to DMSO-treated tumor samples (Fig. 4A). Western
blot analysis and IHC staining suggested that HML-induced apoptosis

through the intrinsic mitochondrial caspase cascade (Fig. 4B). Taken
together, these results indicated that HML can induce HCC cell apop-
tosis in vitro and in HepG2-bearing nude mouse models through mi-
tochondrial associated apoptotic pathways.



H. Chen, et al.

A

Food and Chemical Toxicology 134 (2019) 110830

Fig. 2. HML inhibits HepG2 cell growth in xeno-
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3.5. HML inhibits Akt signaling

3.5.1. HML reduces Akt activity in HCC cells

The PI3K-Akt signaling axis suppresses cell apoptosis and Akt is
frequently hyperphosphorylated in cancer cells. Our data shows that
HML inhibited p53-wild-type/defective HCC cells. Interestingly, we
observed the increase in p21 and the accompanying decrease in Cyclin
D1 in both HepG2 and Hep3B. Previously, several molecular targets of
Akt, including p21 and Cyclin D1 associated with the proliferation have
been assessed (Kakuda et al., 2009; Li et al., 2018). We therefore in-
vestigated the effects of HML on Akt signaling. Western blot analysis
showed that HML treatment downregulated the phosphorylation of Akt
in a concentration dependent manner, which was accompanied by de-
creased GSK-3o/f3 and Bad phosphorylation, most notably in HepG2
cells. Wortmannin was included as a known PI3K inhibitor (Dienstmann
et al.,, 2014) in these assays and showed comparable levels of p-Akt
inhibition in HepG2 cells (Supplementary Fig. 7A, Fig. 5A). We further
measured the levels of p-Akt in xenograft tissue. Similarly, HML ad-
ministration inhibited p-Akt, p-Bad and p-GSK-3a/p levels in the tumor
tissues of nude mouse models (Supplementary Fig. 7B, Fig. 5B) con-
firming that the effects of HML are conserved in vivo (Fig. 5C). These
results confirmed that HML inhibits Akt activation, which may con-
tribute to its anti-HCC effects.

3.5.2. Akt inhibition of HML induces HCC cell apoptosis and inhibits cell
proliferation

To investigate if the inhibition of Akt mediates HML-induced HCC
cell apoptosis, we used insulin to stimulate p-Akt (Zhang et al., 2017) in
HepG2 and Hep3B cells co-treated with a range of HML concentrations.
Akt related proteins were quantified by Western blot analysis, HCC cell
apoptosis was measured by FACS, and HCC cell viability was assessed
via trypan-blue exclusion assays. Western blot analysis showed that the
inhibition of p-Akt by HML was partially reverse by insulin treatment,
which led to increased p-Akt, p-Bad, and p-GSK-3a/f levels
(Supplementary Fig. 8, Fig. 6A). Moreover, the effects of HML on HCC

cell apoptosis and proliferation were partially reversed by insulin
treatment (Fig. 6B and C). Collectively, these results demonstrate that
Akt inhibition mediates the effects of HML on HCC cell apoptosis and
proliferation.

4. Discussion

Plant essential oils are an important source of anticancer natural
products, the activity of which generally originates from terpenoids
(Gautam et al., 2014; Rabi and Bishayee, 2009). In this study, HML, a
natural 11-membered monocyclic terpene with three E-configured
double bonds, was isolated from the plant species Eupatorium odoratum
L. HML is widely distributed in the essential oils of various plants. In-
terestingly, these essential oils containing HML have known anti-
neoplastic properties while the anti-cancer effects of HML appear to be
tumor-selective (Costa et al., 2015; Da Silva et al., 2007; El Hadri et al.,
2010; Legault et al., 2003; Loizzo et al., 2008). Recently, some anti-
oxidant agents including Vitamin C, Vitamin E, Trolox and NAC
(Piskounova et al.,, 2015; Sayin et al., 2014; Schafer et al., 2009;
Subramani et al., 2014; Velauthapillai et al., 2017) and regulators of
antioxidant pathway (Wang et al., 2016) were found to promote me-
tastasis or survival by decreasing the inhibition from ROS in cancer.
HML thus may pose a survival strategy for cancer cells. To definitively
investigate whether HML has anti-HCC activity, we investigated its
cytotoxicy and anti-proliferative effects in an array of HCC cell lines in
vitro. Our data revealed that HML has selective killing properties among
HCC cell lines and hepatocytes, and exhibited concentration- and time-
dependent antiproliferative effects on HepG2 and Hep3B cells. Similar
result can observe in a preliminary literature, which suggested that
HML treatment induced a decrease in cellular GSH content and an in-
crease in ROS production, which may be implicated in its cytotoxicity
(Legault et al., 2003). Furthermore, HepG2-bearing nude mouse models
were used to confirm the in vivo anti-HCC effects of HML. Significant
antiproliferative effects on xenograft models were observed in HML-
administered HepG2-bearing mice, indicating that HML has favorable
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Fig. 3. HML induces HCC cell apoptosis in vitro. (A) Hoechst 33258 staining of HepG2 and Hep3B cells. Hoechst 33258 was used to stain nuclear DNA. Following
HML or CDDP treatment for 12 h, the HCC cell nuclei showed apoptotic characteristics (chromatin condensation and the formation of apoptotic bodies). (B) FACS (PI
and Annexin-V) analysis of HML-treated HCC cells. HML treatment resulted in increased numbers of apoptotic populations in a concentration-dependent manner. (C)

Effects of HML on mitochondrial apoptotic proteins were analyzed by Western blot analysis in HepG2 and Hep3B cells. HML treatment led to caspase-3 activation and
PARP cleavage in HCC cells. Statistical analysis was performed using a one-way ANOVA, *P < 0.05.
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Fig. 4. Pro-apoptotic effects of HML in HepG2-bearing nude mouse models. (A) Tumor sections of HepG2-bearing nude mouse models were prepared and
subjected to HE staining, TUNEL staining, and IHC. HE-stained tumor tissue sections were used for histological analysis. Quantification of apoptotic cells was
determined by TUNEL staining. Cleaved caspase-3 levels were visualized and quantified by IHC. HML-treated sections showed chromatin condensation and a loss of
structural integrity. Similar observations were observed in CDDP-treated sections. HML treatment increased the proportion of apoptotic cells in HCC tissues. High
levels of cleaved caspase-3 staining were also observed in HML-treated samples. (B) Effects of HML on mitochondrial apoptotic proteins were analyzed by Western
blot in xenograft lysates. Similarly, HML administration promoted the cleavage of caspase-3 and PARP in vivo. Statistical analysis was performed using a one-way
ANOVA, *P < 0.05.



H. Chen, et al. Food and Chemical Toxicology 134 (2019) 110830
A HepG2 Hep3B
a-Humulene = 10 15 - - 10 15 - pg/mL
Worthmanning = - - 100 - = -
S D a
p-Akt ﬁ & £ 1.4 - @8 HepG2
(Ser473) _; ™ 2z p-AK/AKL BB Hepsw
R i i .S
aa
o
Akt — e w— w— E 50-7
5
E o
- % 0.0
B-actin | s se— — — —— — —— :
HML= 1015 = = 10 15 =pgmL
Worthmanning = = = 100 = = = 100 M
o-Humulene a-Humulene
B DMSO (10 mg/kg) (20 mg/kg)
p-Akt : o 10 p-Akt/Akt
i —— -—— v ©.9
Sera73) | IR O O O O &3 .
005
: ZEo *
Akt | S - . .- — O
M T
(mg/kg)

HML (mg/kg)

THC
(p-Akt S473)
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GSK-3a/f. (B) Similar results were obtained in the tumor tissues of nude mouse models. (C) IHC observations show weak p-Akt (Ser473) staining in HML-treated
tumor tissue sections. Statistical analysis was performed using a one-way ANOVA, *P < 0.05.

anti-HCC activity in vivo. Conclusively, HML in our experimental con-
centration has not pose a survival strategy for HCC cells. In contrast,
HML shows a chemotherapeutics potential to anti-HCC treatment.

We next focused on the systemic toxicological effects of HML in
HepG2-bearing mice. CDDP is a conventional chemotherapeutic drug
recommended for clinical HCC treatment, but its use is limited by
several toxic side effects (Oun et al., 2018). Hematologic and viscera
results showed that CDDP treatment induced significant nephrotoxicity
and hepatotoxicity in nude mice. In contrast, no significant hematologic
alterations in mice administered HML were observed when compared to
DMSO-treated groups and non-tumor groups. It is worth noting that
both of HML and CDDP treatment induced weight loss, though these
effects were lower for HML compared to CDDP, suggesting HML had
potential side effects. Previous studies suggested that the side effects of
HML are associated with its metabolism, tissue distribution (Chaves
et al., 2008) and ability to inhibit CYP3A (Nguyen et al., 2017).

The malignant transformation of HCC is driven by mutations in both
oncogenes and tumor suppressor genes (Luo et al., 2009). Transfor-
mational cells with a large number of gene defects frequently manifest
as enhanced cellular stress and an apoptotic fate. During the adaptation
to cell stress, tumor cells enhance survival signals. Targeting these
signals may enhance cytotoxic signaling, sensitizing tumor cells to
apoptotic induction (Yap et al., 2011). Our preliminary study showed
that HML has more potent antiproliferative and pro-apoptotic effects on
HepG2 cells, but p53 defect did not completely blind its effects, sug-
gested that more signaling mechanism remains related. Interestingly,

we observed the increase in p21 and the accompanying decrease in
Cyclin D1 in both HepG2 and Hep3B. Previous reports indicated that
Akt acts as an upstream of p21 to encourage antiproliferation and cell
death (Li et al., 2018; Tak et al., 2019). Akt also positively influences
proliferation by preventing the GSK-3 mediated phosphorylation and
degradation of Cyclin D1 (Manning and Cantley, 2007). Moreover, Akt
can inhibit p53 through its ability to activate MDM2 (Matsuda et al.,
2018). Basing on these findings, we inferred that the inhibition of Akt
signaling may mediate the effects of HML on HCC cells. We further
revealed that the phosphorylation of Akt in HCC cells was down-regu-
lated by HML treatment. Apoptosis and proliferation are tightly regu-
lated through a plethora of highly orchestrated signaling pathways. Akt
is one such regulator that promoted cell survival and proliferation when
phosphorylated at Ser473. Accordingly, tumor cells frequently display
Akt hyperphosphorylation to resist cell stress and apoptosis. Active Akt
inhibits apoptosis through the phosphorylation and inactivation of
several pro-apoptotic proteins including Bad and caspase-9. Phosphor-
ylation of Bad at Ser136 promotes its binding to 14-3-3 proteins and
prevents the association between Bad and Bcl-2/Bcl-xL (Zha et al.,
1996). To explore this theory, HCC cells were co-treated with insuling
(an Akt activator) and treated with HML. HML showed weak anti-
proliferative and pro-apoptotic effects in insulin-treated HCC cells, in-
dicating that HML induced HCC cell apoptosis and antiproliferative
effects were mediated by Akt signaling (outlined in Fig. 7).

Akt is a frequently activated oncoprotein in human cancers and a
common target for anticancer therapy. Akt is hyperactivated in tumor
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Fig. 6. AKT inhibition mediates HML-induced HCC cell apoptosis and its antiproliferative effects. (A) The inhibition of HML on Akt was partially reversed by
insulin stimulation. HepG2 and Hep3B were incubated with DMSO (1%o V/V), 100 nM insulin or 15 pug/mL HML alone or in combination for 6 h. Cell lysates were
processed for Western blot analysis. (B) HCC cell apoptosis was measured by FACS (PI and Annexin-V). (C) Cell viability was measured by trypan-blue exclusion
assay. Statistical analysis was performed using a one-way ANOVA, *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

cells by multiple mechanisms, inculding activating mutations in the
catalytic subunits of PI3K, inactivating mutations in the tumor sup-
pressor PTEN, and directly activating mutations in the Akt protein
(Zucman-Rossi et al., 2015). Epidemiological studies show that steato-
hepatitis and virus infection are two high risk factors for hepatocarci-
nogenesis, both of which can activate Akt signaling in hepatocytes
(Golob-Schwarzl et al., 2017; Liu et al., 2014). To-date, multiple clinical
trials have supported this therapeutic strategy with HCC patients
showing benefits when treated with Akt inhibitors (Dienstmann et al.,
2014; Fruman and Rommel, 2014). These findings highlight the critical
role of Akt in hepatocarcinogenesis and the progression of HCC, and

strengthens the evidence that Akt signaling is a promising therpaeutic
target for precision HCC treatment.

5. Conclusions

In summary, this study reports that HML has selective inhibitory
effects on HCC by suppressing proliferation and inducing apoptosis in
vitro and in vivo. Mechanistically, HML negatively regulates Akt sig-
naling to inhibit HCC cell proliferation and promote apoptosis. HML
therefore represents a novel and promising chemotherapy drug for
precision HCC therapy.
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