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Abstract

Background and Objective: Amarogentin has been reported to have a preventive effect on liver cancer via inducing cancer cell
apoptosis. We attempted to elucidate the roles of p53-associated apoptosis pathways in the chemopreventive mechanism of amarogentin.
The findings of this study will facilitate the development of a novel supplementary strategy for the treatment of liver cancer.
Materials and Methods: The purity of amarogentin was assessed by high-performance liquid chromatography. The inhibitory ratios of
the liver cell lines were determined using a Cell Counting Kit-8 following treatment with a gradient concentration of amarogentin. Cell
apoptosis was detected by flow cytometry using annexin V-fluorescein isothiocyanate/propidium iodide kits. The gene and protein
expression of p53-associated molecules, such as Akt, human telomerase reverse transcriptase, RelA, and p38, was detected by real-time
quantitative polymerase chain reaction, Western blotting, and immunohistochemical staining in liver cancer cells and mouse tumor tissues
after treatment with amarogentin. Results: The inhibitory effect of amarogentin on cell proliferation was more obvious in liver cancer cells,
and amarogentin was more likely to induce the apoptosis of liver cancer cells than that of normal liver cells. The gene and protein expression
levels of Akt, RelA, and human telomerase reverse transcriptase were markedly higher in the control group than in the preventive group and
treatment groups. Only the expression of human telomerase reverse transcriptase was downregulated, accompanied by the upregulation
of p53. Conclusion: The results of our study suggest that amarogentin promotes apoptosis of liver cancer cells by the upregulation
of p53 and downregulation of human telomerase reverse transcriptase and prevents the malignant transformation of these cells.
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viral hepatitis and jaundice.*> Amarogentin, one of the most
effective compounds extracted from Swertia davidi Franch,
was first reported to have an anticarcinogenic effect on cuta-
neous carcinoma via the induction of apoptosis in cancer
cells.®” Other excellent studies have revealed that amarogentin
prevents liver carcinogenesis by inducing the apoptosis of can-
cer cells and regulating the renewal of liver cancer stem
cells.®” However, the pathways in the mitochondria and endo-
plasmic reticulum that play crucial roles in inducing the apop-
tosis of amarogentin-treated liver cancer cells are poorly
understood.

The mitochondrial apoptotic, endoplasmic reticulum
apoptotic, and death receptor signaling pathways partici-
pate in cell apoptosis.'®'? p53, a tumor suppressor protein,
is a crucial transcription factor involved in the induction of
cell apoptosis.'> Cancer cells are under the control of
active p53, which increases DNA repair to senescence and
induces apoptosis.'®> However, p53 is also regulated by
other important intracellular signaling molecules, such as
protein kinase B (PKB or Akt) RelA, human telomerase
reverse transcriptase (hTERT), and p38, which function in
response to various chemotherapeutic agents and stress. '
Thus, a better understanding of the chemopreventive
mechanism of amarogentin may be achieved by investigat-
ing the p53-associated apoptosis pathways.

In our study, we evaluated the anticarcinogenic efficacy
of purified amarogentin by examining its effects on the
apoptosis of liver cell lines. In addition, the effects of amar-
ogentin on p53-associated apoptosis proteins in liver cancer
cells and on subcutaneous tumors in model mice were also
investigated. The results of our study have revealed that
liver cancer cells are indeed inhibited by amarogentin,
which affects the activities of p53-associated apoptosis
pathways.

Materials and Methods

Extraction and Purification of Amarogentin

Amarogentin was extracted from Swertia davidi Franch,
which was authenticated by the Chongqing Three Gorges
Institute of Chinese Material Medical according to the Chi-
nese Pharmacopoeia (2010). The isolation methods used were
based on Medda’s report with slight modifications.® Briefly,
coarse powder of Swertia davidi Franch (30.0 g) was dis-
solved in 60% ethyl alcohol (240.0 g) and washed 3 times for
30 minutes each in a numerical control ultrasonic cleaner
(KQ-250DA; Kunshan Ultrasonic Instruments Co, Ltd,
China). After each wash, the solution was filtered, and the
residue was dissolved in 8 volumes of 60% ethyl alcohol.
Amarogentin was successively extracted from the total col-
lected filtrate with petroleum ether, ethyl acetate, and butyl
alcohol. Following extraction with butyl alcohol, the solution
was dried with a rotary evaporator (SY2000; Shanghai Yar-
ong Biochemistry Instrument Factory, China). The purifica-
tion of amarogentin was completed by PUSH Bio-Technology
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Figure 1. The purity of amarogentin was detected by high-
performance liquid chromatography (HPLC). The peak of amaro-
gentin emerged at 13 to 15 minutes. A, The proportion of amarogentin
in an extraction prepared from Swertia davidi Franch, as determined
by HPLC. B, The purity of amarogentin after purification, as deter-
mined by HPLC.

Co, Ltd (Chengdu, China), and its purity was evaluated by
high-performance liquid chromatography (HPLC, LC210A;
Shimadzu, Japan) in comparison with HPLC-grade amaro-
gentin (A9543; AppliChem, Germany). The amarogentin
power was dissolved in PEG400 (39719; Sigma, the USA)/
phosphate-buffered saline (PBS; 40/60).

Cell Culture

LO2, HepG2, and SMMC-7721 cell lines were obtained from
Chongqing Key Laboratory of Hepatobiliary Surgery. The
LO2 line is a normal liver cell line regularly used for the
simulation of the features of normal liver cells in vitro. In
contrast, the HepG2 and SMMC-7721 cell lines are human
liver cancer cell lines used to study apoptosis and the onco-
genic factors for HCC in vitro. Cells were cultured in DMEM
high-sugar medium (SH30243.01B; Hycloen, the USA), con-
taining 10% fetal bovine serum (FBS, SV30087.01; Hyclone,
the USA) and were cultivated in a 37°C incubator at a 5% CO,
and a suitable humidity level.

Proliferation Assay

Each 5 x 10? aliquot of LO2, HepG-2, and SMMC-7721 cells
that had been previously cultured for 12 hours was separately
treated with a gradient concentration of amarogentin (5, 25, 50,
75, 100, and 125 pg/mL/d). The inhibition ratios of the cell
lines were determined using a Cell Counting Kit-8 (CCKS;
C0038; Dojindo, Japan) following treatment for 24, 48, and
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Figure 2. Effects of amarogentin on liver cell proliferation. The inhibitory effect of amarogentin was more obvious in cancer cells than in normal
cells. A, The linear relationships of the LO2 cell concentration with the survival rate at 24, 48, and 72 hours were y,4, = 0.987 — 0.0028x (95%
confidence interval [CI]: 0.969-1.006), y4gn, = 0.923 — 0.003x (95% CI: 0.903-0.943), and y75,, = 0.916 — 0.0036x (95% CI: 0.871-0.962). The
half-maximal inhibitory concentration (ICsg) values of amarogentin for the LO2 cells at 24, 48, and 72 hours were 173.93, 141, and 115.5

png/mL, respectively. B, The linear relationships of the HepG2 cell concentration with the survival rate at 24, 48, and 72 hours were y,4, = 0.912
—0.0031x (95% CT: 0.894-0.931), y4g, = 0.864 — 0.0033x (95% CT: 0.836-0.893), and y72,, = 0.783 — 0.0036x (95% CI: 0.739-0.827). The ICs,
values for the HepG2 cells at 24, 48, and 72 hours were 132.90, 110.30, and 78.61 pg/mL, respectively. C, The linear relationships of the

SMMC-7721 cell concentration with the survival rate at 24, 48, and 72 hours were y,4, = 0.971 — 0.0026x (95% CI: 0.946-0.995), y4gn, = 0.958
—0.0037x (95% CI: 0.934-0.982), and y7,,, = 0.883 — 0.0039x (95% CI: 0.780-0.896). The ICs, values for the SMMC-7721 cells at 24, 48, and

72 hours were 181.15, 123.78, and 86.67 pg/mL, respectively.

72 hours, according to the manufacturer’s instructions. Briefly,
a CCKS8 solution (10 puL) and medium (90 pL) were added to
each well of a 96-well plate, which was then incubated for
2 hours at 37°C in the dark before detection of an enzymatic
analysis microplate reader (ELx800; BioTek Instruments, the
USA) at 450 nm. The experiments were repeated 6 times to
achieve biological significance.

Cell Apoptosis Experiments

The LO2, HepG2, and SMMC-7721 cell lines were separately
treated with amarogentin for 24, 48, and 72 hours. The liver
cells were then resuspended and washed with PBS twice before
being assayed with a cell apoptosis detection kit (KGA-107;
Keygene, China). Specifically, 10° cells were incubated with
500 pL of binding buffer. Then, 5 pL of an annexin V—fluor-
escein isothiocyanate solution and 5 pL of a propidium iodide
solution were added, followed by incubation for 5 minutes in
the dark at room temperature. Finally, the cells were analyzed
by flow cytometry.

Cell Migration Experiments

Each 10° aliquot of HepG2 and SMMC-7721 cells was plated
in 6 well plates and cultured for 12 hours before treatment
with amarogentin for 72 hours. Next, 5 straight lines were
scratched into each culture plate, and suspended cells were
discarded. The cancer cell cultures continued to be main-
tained in DMEM medium with 2% FBS for 48 hours. Cancer
cell migration was observed by optical microscopy every
24 hours. The relative distance of cancer cell migration was
normalized against the control group after observation at 12,
24, and 48 hours.

Cell Invasion Experiments

Each 10° aliquot of HepG2 and SMMC-7721 cells was trans-
ferred to the upper compartment of a Matrigel-coated chambers
(356237; BD, the USA), containing FBS-free DMEM follow-
ing treatment with amarogentin for 24, 48, and 72 hours. The
lower chamber contained medium with 20% FBS. Cells that
remained in the upper compartment were removed after incuba-
tion for 24 hours. Cells that migrated to the lower chamber were
fixed with 4% paraformaldehyde and then stained with hematox-
ylin. The number of fixed cells was averaged from 5 fields. The
experiments were repeated 3 times to achieve biological
significance.

Experimental Animals

Male athymic BALB/c nu/nu mice (5-week-old, 15-20 g, spe-
cific pathogen free) were obtained from the Animal Centre of
Chongqing Three Gorges Medical College. All protocols
involving mice were approved by the ethics committee of
Chongqing Three Gorges Medical College, and all animals
were properly handled according to the National Institutes of
Health Guidelines.

Treatment of the Tumor Models

The toxicity of amarogentin has been previously evaluated in a
hamster model using a much higher dose than that used in this
study.'> Additionally, a dose of 0.2 pg/g has been reported to
elicit a good response in HCC mice.®? Thus, a 0.2 pug/g/d dose
was selected for the animal experiments. A 5 x 10° (0.2 mL)
aliquot of HepG2 cells was injected subcutaneously into the
left flank of each mouse. Next, the injected mice were ran-
domly divided into the following groups, with each group
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Figure 3. Effects of amarogentin on liver cell apoptosis. Amarogentin was likely more effective at “killing” cancer cells than normal liver cells.
A, The liver cell apoptosis rates were detected by flow cytometry. B, The apoptosis rates for the LO2 cells at 24, 48, and 72 hours were 19.32%
+ 1.76%, 22.89% + 2.37%, and 29.10% + 1.54%, respectively; those for the HepG2 cells at 24, 48, and 72 hours were 35.00% + 1.56%,
39.43% + 1.35%, and 48.00% + 1.73%, respectively; those for the SMMC-7721 cells at 24, 48, and 72 hours were 32.25% + 1.17%, 36.01%
+ 0.17%, and 44.21% =+ 2.00%, respectively. *The apoptosis rate for LO2 cells at 24, 48, and 72 hours were significantly lower than those for
the HepG2 and SMMC-7721 cells (P < .05).
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containing 10 mice: the control group (C), in which the mice
received no treatment; the preventive group (P), in which the
mice were treated orally with amarogentin (0.2 pg/g/d) as soon
as they received the injection; and the treatment group (T),
in which the mice were orally administered amarogentin
(0.2 ng/g/d) after the formation of subcutaneously transplanted
tumors (2 weeks) of 0.5 to 0.8 cm in size. All of the experi-
mental mice were killed at the 30th day after the T group mice
received the oral treatment, and the tumors were removed for
analyses by quantitative real-time polymerase chain reaction
(qRT-PCR), Western blotting (WB), and immunohistochem-
ical (IHC) staining. In addition, the liver, renal, cardiac muscle
and pulmonary tissues were collected for histological examina-
tions to determine the toxicity of amarogentin in vivo.

Quantitative Polymerase Chain Reaction Analysis

Total RNA was extracted from HepG2 and SMMC-7721 cells
(10°) that has been previously treated with amarogentin as well as
tumor tissues, using ultrapure RNA kits (CW0597; Cwbiotech,
China). The following primers were used for qRT-PCR analysis:
p53 forward primer 5-TCAACAAGATGTTTTGCCAACTG-
3/, and reverse primer 5-ATGTGCTGTGACT GCTTGTA
GATG-3'; hTERT forward primer 5°-AAGGTG AAGGGG
CAGGACGGC-3’, and reverse primer 5-GAGTG
GATTCGCGGGCACAGA-3’; p38 forward primer 5°-GC
GCTACACCAACCTCTCGT-3/, and reverse primer 5'-CAC
GGTGCAGAACGTTAGCTG-3'; RelA forward primer
5'-CTGCCGGGATGGCTTCTAT-3’, and reverse primer
5'-CCGCTTCTTCACACACTGGAT-3'; Akt forward primer
5'-CTTTCCAGACCCACGACC-3’, and reverse primer
5'-CTCCGAGTGCAGGTAGTCC-3’; glyceraldehyde-3-
phosphate dehydrogenase forward primer 5-TGCACCAC
CAACTGCTTAGC-3’, and reverse primer 5-GGCATG
GACTGTGGTCATGAG-3'. The total RNA samples were
reverse transcribed into cDNA using a Primescript RT Reagent
Kit with gDNA Eraser (RR047A; Takara Biotechnology, Japan),
strictly according to the manufacturer’s protocol. Specifically, 1
pg of each total RNA sample was mixed with 5x gDNA Eraser
Buffer (2 pL), gDNA Eraser (1 pL), and RNase-free water at a
final reaction volume of 10 puL and incubated at 42°C for 2
minutes. Next, the resulting product (10 pL) was mixed with
Primescript RT Enzyme Mix I (1 pL), RT Primer Mix (1 pL),
5x Primescript Buffer (4 pL), and RNase-free water (4 pL) and
incubated at 37°C for 15 minutes, followed by incubation at 85°C
for 5 seconds and storage at 4°C. Polymerase chain reaction was
conducted using an SYBR Premix Ex Taq II Kit (RR820A;
Takara Biotechnology) as follows. First, 25 pL of the total reac-
tion system was added to 2x SYBR Premix Ex Taq I (12.5 pL),
10 pmol/L forward primer (1 pL), 10 pmol/L reverse primer (1
pL), cDNA (2 pL), and RNase-free water (8.5 pL), and then the
mixture was denatured at 95°C for 30 seconds. Next, the mixture
was subjected to 40 cycles of amplification at 95°C for 5 seconds
and annealing at 60°C for 60 seconds. The relative expression
levels of the target genes were determined using the 2(~AACY
method after normalizing against the GADPH gene.

Table 2. Effects of Amarogentin on Liver Cell Apoptosis.”

The Apoptosis Rate of Cell Lines

24 Hours 48 Hours 72 Hours
LO2 19.32% + 1.76%° 22.89% + 2.37%° 29.10% + 1.54%°
HepG2 35.00% + 1.56% 39.43% + 1.35% 48.00% + 1.73%
SMMC- 3225% + 1.17% 36.01% + 0.17% 44.21% + 2.00%
7721
F value 91.73 92.12 95.91
P value .000 .000 .000

?Amarogentin was likely more effective at “killing” cancer cells than normal
liver cells.
bp < .05, LO2 versus HepG2 and LO2 versus SMMC-7721.

Western Blotting Analysis

Total protein was extracted from HepG2 and SMMC-7721 cells
(10°) that has been previously treated with amarogentin as well as
tumor tissues, using RIPA buffer (AR0105; Boster, China) con-
taining phenylmethanesulfonyl fluoride (100 mmol/L) and
sodium fluoride (100 mmol/L). The protein concentrations were
determined using a BCA protein quantitative kit (AR0146; Bos-
ter, China). Protein samples of the same volume and quality were
electrophoresed in 10% sodium dodecyl sulfate-polyacrylamide
gels and transblotted onto polyvinylidene fluoride membranes at
4°C overnight. Then, the membranes were blocked with 5%
bovine serum albumin (BSA) for 1 hour and subsequently incu-
bated with specific primary antibodies (1:1000; anti-p38 [#8690;
CST, the USA], anti-Akt [#4685; CST, the USA], anti-RelA
[#8242; CST, the USA], anti-p53 [#2527; CST, the USA], anti-
hTERT [sc-7215; Santa Cruz Biotechnology, the USA], and anti-
B-actin (BM0005; Boster, China]) at 37°C for 2 hours, followed
by exposure to a horseradish peroxidase—conjugated anti-IgG
secondary antibodies (1:5000) at 37°C for 2 hours. Finally, the
membranes, which had been previously reacted with an enhanced
chemiluminescence buffer (KGP1122; KEYGEN, China), were
visualized using a Chemico-EQ system (Bio-Rad, the USA). The
gray values of the target protein bands were calculated using
Image Lab software. The relative expression levels of the target
proteins were normalized against that of B-actin protein.

Immunohistochemical Analysis

Tumor tissues were fixed using 40 g/L paraformaldehyde at
37°C for 30 minutes before being embedded in paraffin. The
paraffin samples were cut into 3- to 5-mm sections, followed by
dewaxing and hydration. After denaturation of endogenous
peroxidase using 30 mL/L hydrogen peroxide, the sections
were blocked in 5% BSA at 37°C for 2 hours. Then, the sec-
tions were incubated with specific primary antibodies (1:400;
anti-p38, anti-Akt, anti-RelA, anti-p53, and anti-hTERT) at
4°C overnight. Next, they were exposed to a horseradish
peroxidase-labeled secondary antibody, followed by incuba-
tion with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium at a 1:1 ratio (AR1023; Boster, China) at 37°C for
20 minutes at dark place.
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Figure 4. Effects of amarogentin on liver cancer cell migration. A, Liver cancer cell migration following treatment with amarogentin compared
with that of control cells. B, The migrated distances of the treatment group were significantly shorter than those of the control groups.

*P < .05 (magnification 10 x 10).

Statistical Analysis

All data were expressed as the mean (standard deviation) (x +
s) and were analyzed using SPSS18.0 software (Chicago, I1li-
nois). The cell proliferation data were analyzed by unitary

linear recursive analysis. Comparisons of multiple groups
were performed by a single factor analysis of variance, and
pairs of independent samples were analyzed using Student ¢
test. Differences were considered significant at a P value of
less than .05.
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Figure 5. Effects of amarogentin on liver cancer cell invasion. A, The invasion of liver cancer cells following treatment with amarogentin
compared with that of control cells. B, The numbers of invading cells in the treatment group were significantly less than those of in the control

group. *P < .05. (Magnification 10 x 20).

Results

Amarogentin Purity

The proportion of amarogentin in the extract prepared from
Swertia davidi Franch was 18.40% =+ 0.92%. The HPLC anal-
ysis revealed that the purity of amarogentin after industrialized
purification was over 99.3%. The results of HPLC analysis are
presented in Figure 1. The method used for amarogentin extrac-
tion in our study yielded a low level of impurities and efficient
and stable repeatability.

Effects of Amarogentin on Liver Cell Proliferation

The survival rates of the LO2, HepG2, and SMMC-7721 cell
lines were dependent on the concentration and treatment time
of amarogentin. Additionally, the survival rate showed a
strongly linear relationship with the treatment concentration
at each time point (Figure 2, Table 1). The half-maximal inhi-
bitory concentration (ICso) values of amarogentin for the
LO2 cells at 24, 48, and 72 hours were 173.93, 141, and

115.5 pg/mL, respectively; those for the HepG2 cells were
132.90, 110.30, and 78.61 pg/mL, respectively; and those for
the SMMC-7721 cells were 181.15, 123.78, and 86.67 png/mL,
respectively. The inhibitory effects of amarogentin were more
obvious in cancer cells than in normal liver cells. To kill a large
amount of cancer cells with minimal damage to normal liver
cells, we chose 90 png/mL/d amarogentin for 72 hours as the
optimal cancer cell treatment condition in the subsequent
experiments considering the lethal effect of amarogentin on
LO2 cells.

Effects of Amarogentin on Liver Cell Apoptosis

The apoptosis rates of all of the cell lines increased with
increasing treatment time. The apoptosis rates of LO2 cells
treated with 90 pg/mL/d amarogentin for 24, 48, and 72 hours
were much lower than those of HepG2 and SMMC-7721 cells
subjected to the same treatment (Figure 3, Table 2). Addition-
ally, nearly 45% of the cancer cells underwent apoptosis after
72 hours of treatment. Thus, we concluded that amarogentin
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Figure 6. Effects of amarogentin on p53-associated apoptosis signaling pathways in liver cancer cells. A, The p53 messenger RNA (mRNA)
levels were significantly increased following treatment with amarogentin in both the HepG2 and SMMC-7721 cell lines, whereas Akt, RelA, and
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influenced by amarogentin treatment in either the HepG2 or SMMC-7721 cells (P > .05). B, The Akt, RelA, and hTERT mRNA and protein
levels showed similar changes; however, trend was not observed for p38 expression. C indicates control group; T, treatment group.

was likely more effective at “killing” cancer cells than normal
liver cells.

Effects of Amarogentin on Liver Cancer Cell Migration
and Invasion

The migration of liver cancer cells was significantly inhibited
by amarogentin. More interestingly, with longer amarogentin
treatment, more obvious effects of migration on HepG2 were
observed (Figure 4). The invasive capacities of both cell lines
were dramatically inhibited by amarogentin. Additionally, the
inhibitory effect was stronger with increasing treatment time
(Figure 5). Thus, amarogentin was able to inhibit the malignant
transformation of liver cancer cells.

Effects of Amarogentin on p53-Associated Apoptosis
Signaling Pathways in Liver Cancer Cells

The p53 messenger RNA and protein levels were significantly
increased in HepG2 cells after treatment with amarogentin. Akt
plays a crucial role in tumor apoptosis signaling pathways. At both
the gene and protein levels, Akt expression was downregulated
after treatment with amarogentin, and this treatment had a similar
effect on the Nuclear transcription factor kappa b (NF-«kb) path-
way. More interestingly, the gene and protein expression of
hTERT, which is an important apoptosis molecule, was also obvi-
ously suppressed by amarogentin. However, the mitogen-activated
protein kinase pathway showed no relationship with the anticancer
effect of amarogentin. Similar results were observed in SMMC-
7721 cells (Figure 6). According to the aforementioned results, we
assert that the apoptotic effect of amarogentin is closely related to
p53-associated apoptosis signaling pathways in vitro.

Effects of Amarogentin on p53-Associated Apoptosis
Signaling Pathways in Mouse Models

Most of the mouse tumor models used in this study were success-
fully created in 2 weeks. The numbers of failures in the control,
preventive, and treatment groups were 1, 2, and 0, respectively.
In the control group, 2 mice died during the experimental time.
At the end of 30 days, there were 7, 8, and 10 mice remained in
the control, preventive, and treatment groups, respectively. The
tumor weights of the control group were significantly larger than
those of the preventive group, but they were only slightly larger
than those of the treatment group (Figure 7a).

The IHC analysis revealed that p53 protein expression in the
tumor tissues was the highest in the preventive group, followed
by the treatment and the control groups. Similar p53 expression
levels were detected by WB and qRT-PCR analyses. The gene
and protein Akt, RelA, and hTERT expression levels in the
control group, as determined by IHC, WB, and qRT-PCR, were
markedly higher than those in the preventive and treatment
groups. The expression of p38 did not differ among the groups
with the use of the 3 different analyses. More interestingly,
only the expression of hTERT was downregulated, accompa-
nied by the upregulation of p53. Thus, the expression of
hTERT in the preventive group was the lowest among all of
the groups, followed by the treatment and control groups.
Taken together, these results showed that the therapeutic
effects of amarogentin were closely related to p53-associated
apoptosis in the mouse models. Moreover, the chemopreven-
tive effects of amarogentin relied heavily on the p53-hTERT
pathway (Figure 7). Additionally, histological examination of
the tissue revealed that amarogentin had no adverse effects on
the mice in the preventive and treatment groups compared with
those in the control group (Figure 8).
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Discussion evident that the inhibitory effect of amarogentin on cell pro-
liferation was more obvious in liver cancer cells and that amar-
ogentin was more likely to induce the apoptosis of liver cancer
cells than that of normal liver cells. Second, migration and

In our study, the anticarcinogenic molecular mechanism of
amarogentin was assessed in both liver cancer cells and model
nude mice with subcutaneously implanted tumors. First, it was
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Figure 8. Histological examination of amarogentin-treated mice. No observed adverse effects of amarogentin were observed in the mice in the
preventive or treatment groups compared with those in the control group. A, Liver tissue. B, Cardiac muscle tissue. C, Renal tissue. D,
Pulmonary tissue. CG indicates control group; PG, preventive group; TG, treatment group (magnification 10 x 20).

invasion of liver cancer cells were significantly inhibited by
amarogentin. More importantly, the chemopreventive effects
of amarogentin were demonstrated to involve the p53-hTERT
pathway, which induced the apoptosis of liver cancer cells.
Apoptosis is a major conserved process for cell removal.'®
Most anticancer drugs affect cancer cells by inducing cell
apoptosis networks in malignant cells.'” Anticarcinogenic
effects of amarogentin, which is extracted from a medicinal
plant belonging to the genus Swertia (Gentianaceae), have been
reported by Saha and colleagues.®” They have asserted that
amarogentin inhibits malignant proliferation by downregulat-
ing the expression of Cox-II and by triggering apoptosis by
activation of caspase-3 in a mouse skin carcinogenesis model.
A similar report has demonstrated that amarogentin induces
apoptosis of liver cancer cells by upregulating the Bcl2-asso-
ciated X protein (Bax)/B-cell lymphoma-2 (Bcl2) (Bax/Bcl2)
ratio and triggering caspase-3 and poly adenosine diphosphate
ribose polymerase cleavage in a mouse liver carcinogenesis
model.® However, this report emphasized the preventive effects
of amarogentin, although its therapeutic effects are much less
important during carcinogenesis. Another report has recently

indicated that amarogentin decreases the number of CD44-
positive liver cancer stem cells, inhibits the expression of
B-catenin, and secreted frizzled-related proteins 1/2, which are
the key regulatory molecules in the Wnt pathway, decreases the
expression of glioma-associated oncogene homolog 1, sonic
hedgehog ligand and smoothened, and upregulates the expres-
sion of Protein patched homolog 1 (PTCH1), which are major
regulatory molecules involved in the hedgehog pathway that
downregulate the expression of epidermal growth factor recep-
tor both in vivo and in vitro.® These researchers have suggested
that the anticarcinogenic effects of amarogentin mainly depend
on regulation of the self-renewal pathway of liver cancer cells.
In our study, we have demonstrated that amarogentin is not
only more effective at “killing” liver cancer cells than normal
liver cells but that it also inhibits the malignant transformation
of liver cancer cells in vitro. Additionally, the activity of a key
molecule involved in apoptosis-promoting signaling pathways,
p53, is significantly enhanced. The activities of other
molecules involved in apoptosis-suppressing signaling path-
ways, including Akt, RelA, and hTERT, are strongly inhibited.
Notably, Pal and colleagues have reported that p53 has less
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obvious preventative effects against liver carcinogenesis than
the Bax-Bcl2 signaling pathway.” However, our results indi-
cate that the p53-hTERT pathway is involved in the primary
mechanism by which amarogentin suppresses proliferation and
induces apoptosis in liver cancer.

Mice with defective or inactive p53 are more likely to have
rapidly developing tumors.'®!'® Thus, p53 protects against
tumor development via the Akt, NF-xb, and hTERT path-
ways.”*? In addition, a few studies have reported that p38 is
regulated by p53 to induce cancer cell apoptosis,”*** and our
results have shown that the expression of p38 is not affected by
amarogentin in liver cancer cells. In our study, amarogentin
also suppressed the expression of Akt, NF-kb, and hTERT.
More interestingly, only the expression of hTERT was down-
regulated, accompanied by the upregulation of p53, in the
mouse models. Thus, we have shown that the p5S3-hTERT path-
way is the primary effective route by which amarogentin sup-
presses the proliferation and induces the apoptosis of liver
cancer cells. The hTERT expression has been previously
reported to be increased in liver cancer cells compared with
normal liver cells.”> Suppression of hTERT is an effective way
to promote apoptosis of cancer cells. Thus, amarogentin is
more likely to induce the apoptosis of liver cancer cells than
that of normal liver cells.

Accumulating evidence has shown that the activity of telo-
merase is strongly correlated with the aggressiveness and meta-
static potentials of various tumors.?*® The regulation of
telomerase activity by hTERT results in inhibition of cancer
cells apoptosis. Thus, hTERT is one of the most important
targeted molecules of p53. Overexpression of hTERT blocks
the activation of p53, and activated p53 inhibits the expression
of hTERT; however, activated p53 does not directly regulate
hTERT because of the lack of a binding site for p53 in the
promoter of the hTERT gene.>>**° Several studies have
confirmed that c-Myc and/or Sp-1, which are direct down-
stream targets of hTERT, are required for the activation of
hTERT promoter.®'-* Regrettably, our study did not examine
additional p53-targeted molecules that may play very signif-
icant roles in the anticarcinogenic mechanism of amarogentin
liver cancer.

In conclusion, our results suggest that amarogentin pro-
motes the apoptosis of liver cancer cells by upregulation of
p53 and downregulation of hTERT as well as by prevention
of the malignant transformation of liver cancer cells. However,
more research is needed on the directly targeted molecules of
amarogentin that may trigger the p5S3-hTERT pathway, result-
ing in anticarcinogenic effects on liver cancer cells.
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