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Abstract: In this study, a novel adamantyl nitroxide derivative was synthesized and its antitumor activities in vitro
and in vivo were investigated. The adamantyl nitroxide derivative 4 displayed a potent anticancer activity against
all the tested human hepatoma cells, especially with IC_; of 68.1 uM in Bel-7404 cells, compared to the positive
control 5-FU (IC,,=607.7 uM). The significant inhibition of cell growth was also observed in xenograft mouse model,
with low toxicity. Compound 4 suppressed the cell migration and invasion, induced the G2/M phase arrest. Further
mechanistic studies revealed that compound 4 induced cell death, which was accompanied with damaging mito-
chondria, increasing the generation of intracellular reactive oxygen species, cleavages of caspase-9 and caspase-3,
as well as activations of Bax and Bcl-2. These results confirmed that adamantyl nitroxide derivative exhibited selec-
tive antitumor activities via mitochondrial apoptosis pathway in Bel-7404 cells, and would be a potential anticancer

agent for liver cancer.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most common and deadly human malignan-
cies, accounting for the second leading cause
of cancer related death worldwide [1]. Although
surgical techniques and chemotherapies for
HCC have been improved, the five-year survival
rate of HCC is still significantly lower than other
cancer types [2-4]. Currently, there are several
problems associated with current anti-hepato-
ma drugs, including poor efficacy, drug resis-
tance and toxic side effects [5]. Further devel-
opment of new anti-hepatoma drugs with high
efficiency and low toxicity is still urgently
required.

Nitroxide radicals are stable free radicals that
have unique antioxidant properties and pro-
mote the metabolism of many reactive oxygen
species (ROS). They possess a wide range of
bioactivities, such as radioprotective effect [6],

anti-inflammatory [7], neuroprotective effect
[8], antinociceptive effect [9] and antitumor
[10]. Tempol (4-hydroxy-2, 2, 6, 6-tetramethylpi-
peridine-N-oxyl), one of the nitroxide radicals,
which is characterized by excellent membrane
permeability [11], has been studied intensively.
Furthermore, Tempol was considered as a phar-
maceutical molecule to modify the lead com-
pounds for improvement of the antitumor activ-
ity [12]. For example, it has been reported that
introducing of Tempol moiety into triazene
derivatives (SLTAG) would improve the selectivi-
ty in killing melanoma B16 [13].

Adamantyl group is frequently found in biologi-
cally active compounds. Several adamantyl-
derived drugs play important roles in current
cancer therapy [14]. Incorporation of an ada-
mantyl moiety usually results in increased lipo-
philicity and thus enhanced biological availabil-
ity [15]. Besides, the adamantyl group could
improve the therapeutic efficacy of lead com-
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pounds via a variety of other mechanisms [16].
It has been reported that adamantyl modified
(aryloxyacetylamino)benzoic acid represents a
novel class of HIF-1 inhibitors, which potently
inhibited the HIF-1a protein accumulation in
human hepatocellular carcinoma Hep3B cells
[17]. In addition, the adamantyl-modified reti-
noid showed potent proapoptotic and antian-
giogenesis activity in solid tumors, with an
improved pharmacological profile [18]. There-
fore, hybridization of anticancer drugs with ada-
mantyl moiety would be a rational design to
improve affinity and efficacy, when compared
to the parent drugs [19]. We previously used
the attractive strategy to synthesize a series of
adamantyl nitroxide derivatives, which were
composed of both active pharmacophores of
adamantyl moiety and Tempol. The compound
exhibited antiproliferative activity against
human hepatoma cells [20].

In the current study, a new adamantyl nitroxide
derivative is synthesized, namely compound 4.
Its antiproliferative effects on human hepato-
ma HepG2, SMMC-7721, MHCC-97H, Bel-7404
and human normal L-02 cells are evaluated,
and the possible molecular mechanism for its
biological activity is also explored in this study.

Materials and methods
Chemicals and instrument

All chemical reagents were purchased from
commercial suppliers and used without fur-
ther purification. Melting points were deter-
mined on X-6 melting point apparatus and
were uncorrected. IR was recorded as thin films
on KBr plates with BRUKER TENSOR 27 spec-
trophotometer. Electrospray ionization mass
spectra (ESI-MS) analysis was carried out on
Agilent 6410 mass spectrometer. Elemental
analyses were measured on Elementar VarioEL
Il apparatus.

Cells and animals

Human hepatoma Bel-7404, HepG2, SMMC-
7721, MHCC-97H and human normal liver L-02
were obtained from the State Key Laboratory
of Cancer Biology, Fourth Military Medical
University (Xi'an, China). Cells were cultured in
PRIM-1640 medium (HyClone), supplemented
with 10% FBS and 1% antibiotics (HyClone)
(100 IU/mL penicillin and 100 pg/mL strepto-
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mycin) at 37°C in a 5% CO, atmosphere. Male
nude mice (4-6 weeks old, weight: 18-20 g)
were purchased from Experiment Animal
Center of Fourth Military Medical University. All
animal procedures were performed in accor-
dance with the protocols approved by Animal
Care and Use Committee of Fourth Military
Medical University.

Synthesis of adamantyl nitroxide derivative

Adamantyl nitroxide derivative was prepared
according to our previous study [20]. Dissolving
1, 3-adamantanedicarboxylic acid (4.48 g, 20
mmol) in MeOH (50 mL) and H_SO, (0.25 mL)
gave crude compound 1 as white powder.
Compound 1 was dissolved in THF (25 mL) and
a solution of NaOH (0.8 g) in MeOH (8 mL) was
added. The reaction mixture was stirred at
room temperature overnight. Then the reaction
was treated with water and extracted with
CH,CL,. The alkaline aqueous extraction was
acidified with 6 N HCI until pH=3 and extracted
with CH,CI,. Compound 2 was obtained as a
white solid.

To a solution of compound 2 and thionyl chlo-
ride (3.6 mL, 50 mmol) in THF (20 mL), two
drops of N, N-dimethylformamide were added.
The reaction mixture was refluxed for 3 h and
solvents were evaporated. Subsequently the
intermediate 3 was added to a stirred solution
of Tempol (2.07 g, 12 mmol) and triethylamine
(1.6 mL, 12 mmol) in toluene (50 mL). The
resulting mixture was stirred for 8 h at 70°C.
Column chromatography (petroleum ether/
EtOAc) of the crude product gave Compound 4
as an orange solid (Scheme 1), with parame-
ters: M.p. 99-101°C; IR (KBr, cm™): 2970 (C-H),
1726 (C=0), 1461 (N-0), 1097 (C-0); MS (ESI)
m/z (%): 393.21 [M+H]*; Anal. calc. for
C.H NOs: C, 67.32; H, 8.73; N, 3.57. Found: C,

22" 34

67.19; H, 8.76; N, 3.59.
MTT cell viability assay

Cell viability was measured by MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) (MP, USA) colorimetric assay. Briefly,
cells were seeded in 96-well plates at the den-
sity of 10* cells per well. After 24 h of incuba-
tion at 37°C in 200 uL medium under 5% CO,,
cells were treated with indicated drugs for
another 24 h and 48 h, and then incubated at
37°C with MTT (50 pL, 1 mg/mL) for additional
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Scheme 1. Synthetic route of adamantyl nitroxide derivative.

4 hours. The absorbance at 490 nm was mea-
sured with a MULTISKAN GO microplate reader
(THERMO, USA). The antiproliferative activity
was presented as the percentage of cell viabil-
ity reducion. The experiments were performed
at least three times.

Examination of the cell cycle distribution and
apoptosis by flow cytometry

Cell cycle and apoptosis were analyzed by flow
cytometry (BD FACSAria). A total of 10* cells
were used to analyze the cell cycle distribution
with MultiCycle software (USA). For cell cycle
analysis, the treated cells were washed twice
with PBS, and fixed in pre-cooled alcohol and
PBS (2:1) at-20°C overnight. Cells were treated
with RNase A (0.05 mg/ml) for 30 min at 37°C,
and then were incubated with 10 pL of Pl solu-
tion (50 pg/mL in 500 pL PBS) for 30 min in the
dark. For apoptosis analysis, cells at the loga-
rithmic growth phase were harvested and
seeded at 1 x 10° cells/mL on 6-well plate.
Twenty-four hours after cell seeding, cells were
subjected to indicate treatments for additional
24 or 48 h, and then subjected to Annexin V
and propidium iodide (Pl) staining using an
Annexin V-FITC Apoptosis Detection Kit.

Cell migration and invasion assay

Cells were seeded on Transwell insert of the
24-Well Cell Migration and Invasion Assay Kit
(BD-Falcon, USA), with the top chamber uncoat-
ed and coated respectively. In the bottom
chamber, 10% FBS was used as the chemoat-
tractant. The 24-well dish was incubated at
37°C for 24 h. The unmigrated cells on the top
chamber were removed. The migrated and
invaded cells on the lower membrane surface
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were stained with Crystal

COOCH;,
Violet and counted under a
microscope (Olympus, Japan).

COOH

9 Transmission electron mi-
croscopy (TEM) assay
Cells were fixed in 2.5%

N-O" glutaraldehyde (pH=7.4) for

48 h, followed by osmium

tetroxide. Samples were dehy-

drated in ethanol, infiltrated

and embedded with Epon

812 at 60°C for 24 h, and

then sectioned to 70 nm in
thickness. Analysis was performed by trans-
mission electron microscopy (x 6000 and x
26500, TECNAI spirit, FEI).

Measurement of intracellular reactive oxygen
species (ROS) level

Reactive oxygen species are able to oxidize the
cleaved DCFH (2’, 7’-dichlorofluorescein diace-
tate) to DCF, which is highly fluorescent at 530
nm [21]. To measure ROS generation induced
by 25, 76, 128 uM of compound 4, Bel-7404
cells were harvested after 48 h exposure and
washed twice with PBS, and then fresh medium
containing 10 uM DCFH-DA was added to previ-
ously treated cells. For ROS scavenge, Bel-
7404 cells were pretreated for 4 h with the 10
mM ROS scavenger (N-acetyl-cysteine, NAC)
before 48 h of exposure to 128 pyM of com-
pound 4. After 30 min incubation, cells were
washed again and observed immediately by
flow cytometric assay (BD FACSAria).

Western blot analysis

Western blot was used to detect the expre-
ssion levels of Bax, Bcl-2, cleaved caspase-9
and caspase-3 proteins in Bel-7404 cells.
Immunoblotting was performed as described
[22]. Blots were quantitated by densitometry
using Image Software (Odyssey, LI-COR, USA)
and normalized to a housekeeper marker
B-actin.

Bel-7404 xenograft nude mice model

Male nude mice (six-week-old, n=25) were hus-
banded with sterilized diet and water. Mice
were randomly divided into five groups for injec-
tion of cancer cells. Bel-7404 cells were har-
vested for implantation by trypsin and washed

Am J Cancer Res 2016;6(6):1271-1286



Synthesis of an adamantyl nitroxide derivative with anti-hepatoma activity

Table 1. Compound 4 inhibited the growth of HCC cells?

IC,, (UM) 48 h (n=3)

Compounds
HepG2 Bel-7404 MHCC-97H SMMC-7721 L-02
4 81.0+£7.2 68.11+5.2 120.8+7.8 131.0+£10.3 811.5+9.7
Tempol 6098.2+7.9 3104.5+6.0 5365.7+8.2 1785.514.6 27188.0+5.9
5-FU 3669.5+7.5 607.7£7.9 4124.1+11.2 296.2+6.9 1425.145.8
2Values are expressed as the mean + standard deviation from 3 independent experiments.
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Figure 1. The effect of compound 4 inhibits proliferation in Bel-7404 and L-02 cells. A. The growth-inhibitory effect
of various concentrations of compound 4 on Bel-7404 cells for 24 h and 48 h. B. The cytotoxicity of compound 4 on
L-02 cells for 24 h, 48 h and 72 h. The data are expressed as the mean + standard deviation (n=3).

with sterile PBS, followed by suspending in
iced-cold PBS and matrigel (1:1) at 5 x 107
cells/mL. Bel-7404 cells were injected into the
mice subcutaneously at a dose of 1.0 x
107/200 uL per mouse. Twenty one days after
injection, neoplasm growth was observed mac-
roscopically on the mice. Compound 4 was
intraperitoneally injected at one day interval.
The vehicle physiologic saline and 1% alcohol
was used as control, and 5-FU was used as
positive control. Body weights of animals were
measured before initiation and during the
experiment. Tumor growth was measured every
two days over 21 d. Tumor volume (V) was
determined by measuring the length (a) and the
width (b) and calculated using the equation:
V=(a x b?) /2.

Histopathological analysis

The animals were killed 14 days after com-
pound 4 treatment initiation. The tumor tissues
were immediately fixed in 4% neutral buffered
formalin at 4°C overnight, then dehydrated and
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embedded in paraffin. The fixed tissues
were divided into two blocks per mice and then
processed for paraffin embedding. Tissue sec-
tions (5 um) were cut and stained by hematoxy-
lin and eosin (H&E) for general histological
examination.

Terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay

The apoptotic cells in tumor tissue sections
were detected using TUNEL assay according to
the manufacturer’s instructions (Roche, USA).
The tissue sections were incubated with
Proteinase K for 30 min, and subsequently
incubated with the TUNEL reaction mixture that
contained terminal deoxynucleotidyl transfer-
ase (TdT) and fluorescein-dUTP (1:9) in a humid-
ified chamber for 60 min at 37°C. Slides were
rinsed with PBS, and the signal was amplified
with horseradish peroxidase-conjugated strep-
tavidin. Sections were counterstained with 4/,
6-diamidino-2-phenylindole (DAPI) for 5 min.
Cells undergoing apoptosis (green) and nuclei
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Synthesis of an adamantyl nitroxide derivative with anti-hepatoma activity

A Con 25 uM 76 uM 128 pM
J \ . i R A :
24h" | w o & o A
] G1 52.20% 2 . G1 48.57% G1 47.68% L G1 47.15%
3 'S 36.70% S 31.99% 35‘ S 2990% S 26.79%
G2 11.10% G2 19.44% ; G2 22.42% G2 26.05%

i

t‘ 4,
"F‘m ' "\l,}\

" S ———

g [+ . 0 128 i b & ® 2% ’ e : & e - N p
Shannels FLI LNFLY L Cannes FLILNFILN Crannets (FLY LR-FLI LN Channels (FL3 UNFLY LN

| B E LS :
48h" A ‘B :
1 , G1 54.85% ] G1 54.02% ] G1 49.95% ' G1 49.89%

S 1842%
G2 31.69%

S 2848% . S 2546%
G2 16.67% . G 2082% I

S 20.36% "
G2 29.69%

\
\
ity

-

(=}

o
]

<4
(=}
1

o
o
1

1y
(=}
1

N
o
1

o
1

Percentage of cells in different phase
Percentage of cells in different phase

S

1275 Am J Cancer Res 2016;6(6):1271-1286



Synthesis of an adamantyl nitroxide derivative with anti-hepatoma activity

Figure 2. The effects of compound 4 on the cell cycle in Bel-7404 cells. A. Representative images of cells cultured
for 24-48 hours from two independent experiments, the results were analyzed with FACS. B, C. Representative re-
sults from two independent experiments indicated the percentage of cells in the different phases.

(blue) were examined using a fluorescence
microscopy (CK30, Olympus, Japan).

Statistical analysis

The statistical analyses were performed using
GraphPad Prism statistical software (GraphPad
Software, Inc.). Analysis of variance (ANOVA) or
t-test was used for comparing the difference
between experimental groups. All results were
expressed as mean + standard derivation (SD).
The p value of < 0.05 was considered as
significant.

Results
Synthesis and characterization of compound 4

The adamantyl nitroxide derivative compound
4 was synthesized using the routes outlined in
Scheme 1. Briefly, dimethyl-adamantane-1,
3-dicarboxylate 1 was prepared starting with 1,
3-adamantanedicarboxylic acid through esteri-
fication with methanol. The di-esters 1 was
subsequently subjected to mono-hydrolysis
with 1 N NaOH in methanol to provide com-
pound 2, according to literature procedures of
Eaton [23]. The compound 4 was derived by the
reaction between the acyl chloride intermedi-
ate 3 and Tempol, and its structure was charac-
terized and confirmed by IR, ESI-MS and ele-
mental analysis.

Cell growth inhibition and cytotoxicity of com-
pound 4

The proliferation and cytotoxicity effects of
compound 4 on different HCC cell lines (HepG2,
MHCC-97H, SMMC-7721, Bel-7404) and nor-
mal L-02 cells were evaluated using MTT assay.
Tempol and 5-FU were also included as a bench
marker. As shown in Table 1, compound 4
exhibited a remarked anticancer activity
against all the tested HCC cells with IC_ value
in a range of concentrations from 68.1 to 131.0
uUM. Especially, compound 4 showed stronger
inhibitory activity against Bel-7404 cells (IC,,=
68.1 pM) than the positive control 5-FU (IC,=
607.7 uM). Compound 4 displayed obvious cell
death in a dose- and time-dependent manner
on Bel-7404 cells (Figure 1A). In contrast, there
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was no significant cell death in L-02 normal
cells after exposure to various concentrations
of compound 4 for 24 h or 72 h (Figure 1B).

Compound 4 induces cell cycle arrest and
apoptosis

The effect of compound 4 on cell cycle progres-
sion in Bel-7404 cells was determined by flow
cytometry. As indicated in Figure 2A, there was
a significant increase in the proportion of G2/M
phase, especially when the concentration of
compound 4 was > 76 uM for 48 h (Figure 2B,
2C). Induction of apoptosis is essential for can-
cer treatment. In the present study, we have
also investigated whether the cell death of HCC
induced by compound 4 was due to the apopto-
sis. As expected, compound 4 clearly induced
apoptosis in Bel-7404 cells in a dose-depen-
dent manner (Figure 3A-C). To investigate the
mechanism on the induction of apoptosis, the
effects of compound 4 on the expressions of
apoptosis-related protein including Bax, Bcl-2,
caspase-9 and caspase-3 were detected by
western-blot assay, and [-actin was served as
the internal standard. As shown in Figure 3D,
compared to the controls, compound 4 had
decreased expression levels of Bcl-2, and
markedly increased expression levels of Bakx,
cleaved caspase-9 and caspase-3 in a dose-
dependent manner, further confirming the
effects of compound 4 on cell apoptosis.

Compound 4 reduces migration and invasion

Migration and invasion are the initial and criti-
cal events in metastasis. The effects of com-
pound 4 on cell migration and invasion in Bel-
7404 cells were studied using the transwell
assay. As expected, compound 4 remarkably
decreased migratory capability of Bel-7404
cells (Figure 4A and 4C) in a dose-dependent
manner. Similarly, as shown in Figure 4B and
4D, the invasive capability of Bel-7404 cells
was also significantly inhibited by high concen-
tration of compound 4 (> 76 uM).

The effects of compound 4 on cell morphology

Changes in the morphology of Bel-7404 cells
with characteristic apoptotic appearance were

Am J Cancer Res 2016;6(6):1271-1286
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Figure 3. Compound 4 treatment induced apoptosis in Bel-7404 cells. Apoptosis value using FCM or western blot analysis was examined. A. Annexin V-FITC staining
of cells were observed in the cells cultured with compound 4 for 24 h and 48 h. B, C. The percentage of apoptosis were showed as mean + S.D. (n=2), *P < 0.05,
**P < 0.01, vs control. D. Western blotting analysis of Bax, Bcl-2, caspase-9 and caspase-3 protein expression, B-actin was used as a control.
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Figure 4. Compound 4 obstructed migration and invasion in Bel-7404 cells. The Bel-7404 cells treated with com-
pound 4 (25 uM, 76 uM and 128 uM) and 5-FU for 48 h using transwell assay, respectively. (A, B) The cell migration
and invasion were detected by uncoated (A) and coated (B) transwell chambers assay. (C, D) Quantitative results
were illustrated for the cell migration (C) and invasion (D). *P < 0.05; **P < 0.01 vs control.

observed after treatment with compound 4. As
shown in Figure 5, Bel-7404 cells in the control
group showed a complete cellular ultrastruc-
ture: the membrane was integrity, and mito-
chondria and endoplasmic reticulum could be
clearly observed in the cytoplasm. After treat-
ment with compound 4 for 48 h, the cells were
round and floated, and the connection between
cells became loose. Distinct cytoplasmic
shrinkage, membrane blebbing, formation of
apoptotic bodies was clearly observed (Figure
5). Notably, the extent was much more obvious
than that of 5-FU treatment.

Compound 4 induces ROS production

ROS induction centers the mechanism for che-
motherapy in cancer. FCM and fluorescence
microscope were used to test the levels of ROS
that were induced by compound 4 exposure. As

1279

shown in Figure 6A, the intracellular ROS levels
in Bel-7404 cells showed a definite increase
after various concentrations of compound 4
for treatment 48 h (p < 0.05), compared with
the control. Pretreatment of Bel-7404 cells
for 4 h with the ROS scavenger NAC (10 mM)
prior to compound 4 exposure significantly
decreased cellular ROS levels (Figure 6B).
Co-treatment of Bel-7404 cells with 10 mM
NAC and different concentrations of compound
4 for 48 h remarkably alleviated cell growth
inhibition induced by compound 4 (Figure 6C).
The results revealed that oxidant damage might
key to the apoptotic effects induced by com-
pound 4 in Bel-7404 cells.

Antitumor activity of compound 4 in vivo

To confirm the critical role of compound 4 anti-
tumor effect in vivo, we established mouse

Am J Cancer Res 2016;6(6):1271-1286
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Figure 5. Morphological changes of cells observed by TEM (picture magnification x 6000, x 26500). Cells were

treated with the control, compound 4 (76 yM) and 5-FU.

xenograft model bearing inoculated Bel-7404
cells. Compound 4 dose dependently reduced
the tumor volume, with 60 mg/kg displayed sig-
nificantly tumor growth inhibition (Figure 7A,
7B), while moderate effects were seen in the
low concentration of compound 4 group (20
mg/kg), which was similar to 5-FU (20 mg/kg).
Moreover, treatment with compound 4 showed
the maintenance of body weight. In contrast,
there was a marked loss in body weight in the
5-FU group (Figure 7C). In addition, no obvious
color fade and hair removal were seen in the
compound 4 group. The absence of these side-
effects signs indicates low or no toxic effects
for compound 4 in mice.

Furthermore, the tumor tissues from each
group were characterized by H&E staining. As
shown in (Figure 8, upper panel), Bel-7404 cells
in mice as control group presented typical fibro-
blast-like morphology and active cell prolifera-
tion, as evidenced by a high density of nuclear
staining. In contrast, the density of the tumor
cells was significantly reduced in the tumor tis-
sues sections in compound 4 and 5-FU treated
groups, suggesting that the tumor cell growth/
proliferation in mice was markedly inhibited by
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test-drugs. Cell apoptosis in these tumor tis-
sues was examined by TUNEL assay, as shown
in (Figure 8, lower panel), consistent with the in
vitro date. The positive stain of apoptotic cells
was barely seen in the tissue sections of con-
trol group, while was obviously seen in test-
drugs groups, particularly in those receiving
high concentration group that caused cell
death mostly. The 5-FU group (20 mg/kg) was
associated with less cell apoptosis than an
intermediate concentration of compound 4 (40

mg/kg).

Discussion

Hepatocellular carcinoma (HCC) is the most
common tumors, with a mean survival rate of
less than 5% [24, 25]. Tempol has been inten-
sively studied as a unique and interesting class
of anticancer agents against various tumors,
including HCC [26]. In recent years, adamantyl
derivatives have emerged as important func-
tional groups in anticancer compounds
because of their special space structure and
tumor targeting specificity, which could effec-
tively improve its activity and selectivity [27-
29]. In previous study, we found a hybridized
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Figure 6. Effects on compound 4 induced ROS levels and cell growth inhibition in Bel-7404 cells. A. Intracellular ROS
levels in Bel-7404 cells treated with compound 4 (25 pM, 76 uM and 128 pM) for 48 h using fluorescence assay,
respectively. B. Effects of pretreatment for 4 h with 10 mM NAC before 128 uM compound 4 for 48 h induced ROS
on Bel-7404 cells. C. The effect of co-treatment with 20 mM NAC for 48 h on cell growth inhibition in Bel-7404 cells.
Values are expressed as means * S.D (n=3). Symbols (*, **) indicate significant difference (P < 0.05, P < 0.01) to

the corresponding control, respectively.

compound composed of both active pharmaco-
phores of adamantyl moiety and Tempol, which
displayed strong inhibitory activity against HCC
[20]. To develop new anticancer agents, a novel
adamantyl nitroxide derivative 4 was synthe-
sized. Our current observations indicated that
compound 4 did exhibit significant inhibition
of proliferation and induction of apoptosis on
Bel-7404 cells in vitro and in vivo.

In the present study, the cell growth inhibition
and cytotoxicity assays showed that compound
4 had remarked anticancer activity on Bel-7404
cells in a dose-dependent manner (IC50=68.1
uM) compared to positive control of Temopl
(IC,,=3104.3 pM) and 5-FU (IC, =607.7 pM).
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Additionally, there was a limited cytotoxic effect
in L-02 normal cells even after high concentra-
tion and long time compound 4 exposure. Mice
models bearing inoculated Bel-7404 cells were
established to investigate the anticancer effect
and toxicity of compound 4 in vivo. Compared
with control group, the significant suppression
of tumor growth was observed in mice treated
with compound 4 without increasing tissue tox-
icity. After the treatment of 60 mg/kg com-
pound 4, the inhibitory rate of tumor weight was
as high as 78.87%, while the mice have no rep-
resentation of body weight loss and faded
color. Based on the above observations, we
then focused on evaluating the mechanism of
tumor growth inhibition by compound 4.
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Figure 7. Suppression of Bel-7404 cells growth in mice. A. Gross tumors removed from animals after 14 days treat-
ment. B. The tumor size was measured each two days and the volume was calculated by 0.5 x length x width2. C.

The body weight of mice in different group. Data represent the mean + S.D. (n=

Cell cycle arrest is an essential mechanism for
eliminating cancer cells [30]. Our study here
has observed that compound 4 inhibited the
proliferation via G2/M phase arrest. Besides
cell cycle arrest, FCM assay also displayed that
compound 4 had an apparent induction of
apoptosis in Bel-7404 cells in a time- and dose-
dependent manner.

Mitochondrial damage is one of the main ways
of cell apoptosis, which is a hot spot in the
research of apoptosis. Reactive oxygen species
(ROS), which are predominantly produced in the
mitochondria, play a key role in the apoptotic
pathway [31, 32]. ROS, if excessive, may dam-
age a series of cellular components, such as
mitochondria, leading to the release of apopto-
sis-inducing factors that activate caspase cas-
cades and induce the apoptosis of the cells
[33]. The present results are highly consistent
with these views. After treatment with com-
pound 4 for 48 h, the mitochondrial swelling
and deformation was clearly observed, and
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5).

there were a large number of apoptosis bodies
in the cell membrane. At the same time, we
found that the level of intracellular ROS levels
in Bel-7404 cells was significantly increased by
compound 4. Hence it would be highly specu-
lated that compound 4 could easily break anti-
oxidant firewall in Bel-7404 cells, which in turn
remarkably alleviated cell growth inhibition
and increased the cell survival rate. These
results revealed that compound-induced ROS
accumulation was involved in Bel-7404 cells
apoptosis.

Besides ROS, the anti-apoptotic protein Bcl-2
and pro-apoptotic protein Bax, which regulate
the permeability of the mitochondrial mem-
brane and induce the activation of caspase, are
also important for the process of drug-induced
apoptosis [34]. Mitochondrial damage facili-
tates the release of cytochrome C from mito-
chondria into the cytoplasm and the formation
of apoptotic bodies to activate caspase-9 and
caspase-3, which leads to activation of the cas-

Am J Cancer Res 2016;6(6):1271-1286
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pase cascades and mitochondria-mediated
apoptosis [35]. We analyzed the expression of
Bcl-2, Bax, caspase-9 and caspase-3 in Bel-
7404 cells treated with compound 4 at differ-
ent concentrations. Our results showed that
compound 4 clearly decreased expression lev-
els of Bcl-2 and increased expression levels of
Bax, caspase-9 and caspase-3 in a dose-
dependent manner. These data further sug-
gested that compound 4 induced apoptosis of
Bel-7404 cells by regulating mitochondrial
apoptosis pathway. Our data in vitro and in vivo
indicated that the antitumor effect of com-
pound 4 might have a relationship not only
with the triggered oxidative stress but also with
the mitochondria damage induced by other
mechanisms.

In conclusion, the adamantyl nitroxide deriva-
tive 4, which was composed of both active
pharmacophores of adamantyl moiety and
Tempol, showed strong cancer inhibitory activi-
ties against Bel-7404 cells in vitro and in vivo.
Mechanistically, compound 4 acted via reduc-
tion of cell proliferation, migration, invasion,
and inducing apoptosis. These activities of
compound 4 were associated with mitochon-
drial apoptosis pathway and oxidative stress.
This study provides evidence that compound 4,
as an adamantyl nitroxide derivative, is a prom-
ising candidate for treatment of liver cancer,
which still requires further investigation.
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