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Abstract

Background PABA/NO, O*- {2 4-dinitro-5-[4-(N-methylamino) benzoyloxy] phenyl} 1-(N, N-dimethylamino) diazen-1-ium-
1,2-diolate, is a diazeniumdiolate-based NO-donor prodrug that releases exogenous nitric oxide at high concentrations to
induce apoptosis in many tumor cell lines.

Purpose This study aimed to determine the effects of PABA/NO on hepatocellular carcinoma proliferation and apoptosis
induction both in vitro and in vivo experiments.

Results PABA/NO dramatically inhibited the growth of Bel-7402 hepatocellular carcinoma cells and significantly induced
apoptosis in a concentration-dependent manner, accompanied by down-regulation of Bcl-2 and Bcl-xL, up-regulation of
Bax and Bad, release of Cyt ¢ and activation of cleaved-caspase-9/3 and cleaved-PARP, which were related to suppressing
PI3K/AKT/mTOR and MEK/ERK signaling pathways. LY294002 (a PI3K inhibitor) and U0126 (an ERK inhibitor) prior to
PABA/NO were found to synergistically enhance PABA/NO-induced apoptosis. Carboxy-PTIO as a NO scavenger obviously
attenuated PABA/NO-induced apoptosis. Additionally, H22 tumor-bearing mice experiments demonstrated that PABA/NO
exerted good anti-tumor effects via reducing tumor volume, tumor weight and decreasing the expression of CD34. Further-
more, PABA/NO treatment strongly inhibited the phosphorylation of PI3K/AKT/mTOR and MEK/ERK signaling pathways
in H22 hepatocellular carcinoma tissues.

Conclusions PABA/NO induced apoptosis through inhibition of PI3K/Akt/mTOR and MEK/ERK pathway in hepatocellular
carcinoma cells.

Keywords Nitric oxide - Apoptosis - PABA/NO - Hepatocellular carcinoma

Introduction

Human hepatocellular carcinoma (HCC) is a common malig-
nancy in Eastern Asia and remains the fifth most commonly
diagnosed malignancy around the world. Optimal treat-
ments for HCC include cytotoxic chemotherapy, radiation
treatment and surgery. However, effective treatment options
for many patients with advanced hepatocellular carcinoma
are restricted for various reasons [1, 2]. Some other factors
that facilitate proliferation and restrain apoptosis could not
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be ignored in the long process of hepatocellular carcinoma
development.

The phosphoinositide 3-kinase (PI3K)/AKT/mTOR and
extracellular signal-regulated kinase (ERK) oncogenic sign-
aling pathways are frequently hyperactivated in many can-
cer types, promoting cell proliferation and differentiation,
deregulating control of metabolism, and increasing the pro-
gression of the disease [3, 4]. Both PI3K and ERK signaling
pathways could be compensatory for each other when one of
them is targeted by specific inhibitors, which result in acti-
vation of the other signaling pathway [5, 6]. Therefore, the
initial therapeutic effects of targeting either pathway alone
are diminished, which contributed to drug resistance. Co-
inhibition of the PI3K/AKT/mTOR and MEK/ERK cascades
has become keen pharmaceutical objectives. It is urgent to
search for novel agents that targeting these two signaling
pathways adequately [7, 8].
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Endogenous nitric oxide (NO) in cells is synthesized from
L-arginine by nitric oxide synthetase (NOS). Macrophages
and endothelial cells produce large amounts of endogenous
NO through upregulating the activity of iNOS to kill tumor
cells [9]. The half-life of exogenous NO in the body is rela-
tively short and unstable in aqueous solution. NO donors
can release NO through enzymatic action, prolong the half-
life of NO and inhibit the growth of tumor cells, which are
important tools for detecting the role of NO in cellular signal
transduction processes [10]. Diazeniumdiolate (NONOates)
has obvious advantages in the targeted release of NO [11,
12]. 0%-{2,4-dinitro-5-[4-(N-methylamino) benzoyloxy]
phenyl} 1-(N, N-dimethylamino)diazen-1-ium-1,2-diolate
(PABA/NO) is a diazeniumdiolate-based NO-donor prodrug
[13, 14]. Specifically, PABA/NO reacts with intracellular
glutathione (GSH) under GST catalysis to form a diazeni-
umdiolate anion that spontaneously releases NO. PABA/NO
induces apoptosis and suppresses the proliferation of many
tumor cells, such as breast cancer [15], promyelocytic leu-
kemia [16], and hepatocellular carcinoma [17]. In our previ-
ous study, a novel PABA/NO-based oleanolic acid derivative
induced human hepatoma cell apoptosis via a ROS/MAPK-
dependent mitochondrial pathway [18]. However, the anti-
tumor efficacy and molecular mechanisms of PABA/NO
in vivo have not been further assessed and elucidated.

H22 mouse xenograft model is readily available for
evaluating the anti-tumor effects in routine laboratory
experiments [19]. In the present study, experiments were
performed in vitro to demonstrate the inhibitory efficacy
and molecular mechanisms of PABA/NO in H22 hepato-
cellular carcinoma. Our data demonstrated that PABA/NO
inhibiting proliferation and inducing apoptosis of Bel-7402
hepatocellular carcinoma cells were associated with simul-
taneous inhibition of PI3K/AKT/mTOR and MEK/ERK.
In vivo assays with H22 tumor-bearing mice verified the
anti-tumor effects of PABA/NO with the abolition of PI3K/
AKT/mTOR and MEK/ERK pathways. Together, these data
indicate that PABA/NO could potentially improve the thera-
peutic outcome through the regulation of PI3K/AKT/mTOR
and MEK/ERK pathways.

Materials and methods

PABA/NO was prepared as previously described [20]
(Fig. 1a). It was dissolved in 100% DMSO to a concentra-
tion of 10 mM as a stock solution. The final concentra-
tion of DMSO did not exceed 0.1% throughout the study.
Reagents were used in the present study including cell
counting kit-8 (CCK-8) (Cat# CK04-1000T) (Dojindo
Laboratories, Kumamoto, Japan), Annexin V-FITC/PI kit
(Cat#556547) (BD Biosciences, NJ, San Diego, CA, USA)
and DAPI staining solution (Beyotime, Haimen, China).
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The antibodies for Bax (Cat#5023), Bcl-2 (Cat#15071),
Cytochrome C (Cat#11940), cleaved-caspase-3
(Cat#9664), cleaved caspase-9 (Cat#20750), phospho-
PI3Kinase p85 (Tyr458)/p55 (Tyr199) (Cat#17366), p-Akt
(Serd73) (Cat#4060), p-mTOR (Ser2448) (Cat#5536),
p-70S6K (Cat# 9204), p-MEK1/2 (Ser217/221)
(Cat#3958), p-p44/42 MAPK (ERK1/2) (Thr202/Tyr204)
(Cat#4370), p-p90RSK (Ser380) (Cat#11989), LY294002
(Cat#9901) and U0126 (Cat#9903) were supplied by Cell
Signaling Technology (Beverly, MA, USA). HRP-conju-
gated affinipure goat anti-mouse IgG (Cat# SA00001-1),
HRP-conjugated affinipure goat anti-rabbit IgG (Cat#
SA00001-2) and p-actin (Cat# 66009-1-Ig) were supplied
by Proteintech Group, Inc (Wuhan, China). CD34 (Cat#
BAO0532) rabbit polyclonal antibody was purchased from
Boster Biological Technology (Wuhan, China).

Cells culture

PLCS5, Huh-7, Bel-7402, SMMC-7721 and HepG?2 hepa-
tocellular carcinoma cells were obtained from Chinese
Academy of Sciences (Shanghai, China), cultured in RPMI
1640 medium (Gibco, Invitrogen Corporation, Carlsbad,
CA, USA) supplemented with 10% FBS at 37 °C in a
humidified atmosphere containing 5% CO,.

Cell counting kti-8 (CCK-8) proliferation assays

Cells at a final density of 1.0x 10* cells/well were seeded
into 96-well cell plates overnight and incubated with
various concentrations of PABA/NO for 24, 48 or 72 h.
Thereafter, the medium with PABA/NO was removed
and rapidly replaced with 100 pL medium containing
10pL CCK-8 reagent. After incubation at 37 °C for 2 h,
the absorbance was measured using a spectrophotometer
(Tecan, Switzerland) at a wavelength of 450 nm. Experi-
ments were conducted in triplicate.

Inhibition rate = (%)
= [(OD control — OD treated)/OD control] X 100%.

Annexin V-FITC/Pl double staining assay

Cells were treated with different concentrations of PABA/
NO for 24 h. Then, the cells were collected and resus-
pended in 500 pL binding buffer after treatment with
PABA/NO. Five microliters of Annexin V-FITC and 5 pL.
PI were then added to these cells, which were kept in the
dark for 10 min. The stained cells were analyzed by flow
cytometry and calculated by Cell Quest software.
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Fig. 1 Effects of PABA/NO on proliferation and apoptosis in hepato-
cellular carcinoma cells (HCC). a Chemical structure of PABA/NO. b
Different half-growth inhibition concentration (IC50) of PABA/NO in
the five HCC cells through CCK-8 assay. ¢ Concentration- and time-
dependent effects of PABA/NO on the growth of Bel-7402 cells. d
Different apoptotic rates of PABA/NO in five HCC cells. The cells
were treated with PABA/NO at 40 pM for 24 h and determined by

DAPI staining assay

Cells were seeded into 6-well cell plate for 12 h and then
treated with PABA/NO for 24 h. Then the cells were washed
with PBS twice, and incubated with DAPI in accordance
with the manufacturer’s instructions. After staining, the cells
were immediately observed by a fluorescence microscope
(Olympus, IX-70, Japan).

Western blot analysis

The protein of total cell lysis was prepared according to
the manufacturer’s instructions. Protein was separated by
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto polyvinylidene
difluoride membrane (PVDF, Millipore, USA). The
membranes were blocked with 5% nonfat milk in TBS-T
(Tris-buffered saline and 1% Tween 20) and incubated
with primary antibodies at 4 °C overnight. The primary

PABA/NO(20uM)

PABA/NO (20uM)

PABA/NO(40uM)

PABA/NO (40pM)

the Annexin V-FITC/PI double staining assay. e Effects of PABA/
NO on the apoptotic rate in Bel-7402 cells. The cells were treated
with PABA/NO at different concentrations for 24 h and determined
by the Annexin V-FITC/PI double staining assay. f Morphologi-
cal observation under fluorescence microscopy after DAPI staining
(x400magnification). Data are mean+SD. n=3 for each concentra-
tion. *P <0.05, **P <0.01, vs. control group

antibodies were used at 1:1000 dilution and beta-actin
were used at 1:5000 dilution. HRP-conjugated goat anti-
rabbit IgG or goat anti-mouse IgG were incubated for 2 h
as the secondary antibodies. The secondary antibody was
used at 1:10,000 dilution. Signals were visualized by Bio-
Rad Universal Hood Gel Imaging System.

Animals

Male Balb/c mice, 20-22 g, acquired from Experimental
Animal Center of Medical College in Henan University of
Science and Technology (Luoyang, China), were acclima-
tized under standardized conditions (23 +2 °C, 60+ 10%
humidity, 12 h light/dark cycle) for 1 week prior to use.
All experimental procedures were approved by and per-
formed in accordance with the guidelines set out by the
Institutional Animal Experiment Committee of Henan
University of Science and Technology, China.
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H22 transplanted model establishment

According to the established protocol (21, 22), H22 cells
were subcutaneously injected the mice and grown for 7 days
before implantation. The ivory white ascites were extracted
from mice under sterile conditions. Normal saline was then
added to adjust the tumor cell density to about 1x 107 cells/
mL. About 0.2 mL cell suspensions were then subcuta-
neously inoculated into the axillary region of the mice in
all groups. Twenty-four male Balb/c mice were randomly
divided into four groups with six mice in each group after
transplantation. After the tumor reached 50-100 mm? fol-
lowing tumor cell injection, the control saline group and the
PABA/NO (1 mg/kg, 2 mg/kg and 4 mg/kg) groups were all
administered via tail vein injection every 3 days. Tumor size
was measured every 2 days using a digital caliper and tumor
volume was calculated using the formula: V (mm®)=W? x
L/2, where W and L are the perpendicular smaller and larger
diameters, respectively. The mice were treated with corre-
sponding compounds daily for 14 days. At the end of the
experiment, all mice were sacrificed and the tumors were
segregated and weighed. Tumor inhibitory ratio was calcu-
lated by the following formula: IR % = (W¢onwor — Wrrreated)!
Weontrot X 100%. Wireaieq a0d Weg o Were the tumor weight
of the treated and control mice, respectively.

Histopathology and immunohistochemistry

At the end of the experiments, H22-transplanted tumor tis-
sues were fixed overnight in 4% paraformaldehyde, embed-
ded in paraffin, and sliced at 4 pm thickness for hematoxy-
lin and eosin (H&E) and immunohistochemical staining.
The sections were de-waxed in xylene, rehydrated through
graded concentrations of ethanol and rinsed in PBS. Subse-
quently, endogenous peroxidase activity was quenched with
3% hydrogen peroxide for 20 min. To perform the neces-
sary antigen retrieval, sections were submerged in citrate
buffer (0.01 M, pH 6.0) at 95 °C for 20 min and incubated
with bovine serum albumin for 1 h. Then the sections were
washed in PBS for 3 min twice and the primary antibodies
against CD34 (1:200), p-AKT (1:100) and p-ERK (1:100)
were added at 4 °C overnight. The tissue was incubated at
room temperature for 45 min. Sections were then washed
and sequentially incubated with a secondary antibody at
room temperature for 1 h, and then washed and colored with
DAB staining and hematoxylin counter-staining. Brownish-
yellow color in the cytoplasm of the cells was used to iden-
tify the expression of positive staining.

Statistical analysis

All results are expressed as the mean + standard (SD). The
data were analyzed using analysis of variance (ANOVA) to
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analyze the difference between groups. P <0.05 was consid-
ered statistically significant.

Results

Effects of PABA/NO on cell proliferation in Bel-7402
cells

To determine whether PABA/NO has an inhibitory effect
on the cell growth, PLCS5, Huh-7, Bel-7402, SMMC-7721
and HepG2 hepatocellular carcinoma cells were exposed
to different concentrations of PABA/NO (0, 5, 10, 20,
40, 80 or 160 uM) for 24 h. As shown in Fig. 1b, IC50
(50% inhibition of cell viability) values of PABA/NO
for 24 h were 22.87 +4.53 pM (Bel-7402), 33.47 +1.41
(SMMC7721), 28.25+2.32 (HepG2), 38.42 +2.47 (Huh-
7), 36.68 +2.10(PLCS5), which indicated PABA/NO exerted
cytotoxicity in Bel-7402 cells more than other hepatocellu-
lar carcinoma cells. As shown in Fig. 1c, PABA/NO inhib-
ited Bel-7402 cells viability in a dose- and time-dependent
manner. IC50 values were 22.87+4.53, 16.12+1.13 and
11.20+2.71 uM for 24, 48 and 72 h, respectively, indicat-
ing that PABA/NO inhibited the growth of Bel-7402 cells.

Effects of PABA/NO on cell apoptosis in Bel-7402
cells

To determine whether the cytotoxicity effects of PABA/NO
against hepatocellular carcinoma cells resulted from apop-
tosis induction, Annexin V-FITC/PI staining assay was car-
ried out. As shown in Fig. 1d, PABA/NO increased apop-
tosis rate significantly in Bel-7402 cells more than in other
hepatocellular carcinoma cells for 24 h. These sensitive cells
could reach approximate 90% apoptosis rate with PBAB/NO
(40 pM) treatment. Furthermore, PABA/NO-treated cells
significantly triggered apoptosis in a dose-dependent man-
ner compared with untreated control (P <0.01) (Fig. le).
The proportions of apoptotic cells were 1.47 +0.21%
(0 uM), 49.20+5.75% (10 uM), 70.90 +7.76% (20 uM),
86.87+5.15% (40 uM), respectively. Simultaneously, as
depicted in Fig. le, cells in the control group displayed
homogeneous fluorescence intensity in nucleus, while cells
treated with PABA/NO displayed typical morphological
change including condensed chromatin and fragmentation in
the nucleus, which indicated that inhibitory effects of PABA/
NO were associated with cell apoptosis.

Effects of PABA/NO on the expression
of apoptosis-related protein in Bel-7402 cells

Next, the signaling pathways related to apoptosis induc-
tion were explored in PABA/NO-treated cells. The results
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showed that exposure to PABA/NO could decrease the
expression of Bcl-2 and Bel-xL but also increase the expres-
sion of Bax and Bad (Fig. 2a, b). Simultaneously, Cyt ¢
release from mitochondria to cytosol significantly caused
activation of cleaved-caspase-9, cleaved-caspase-3 and
cleavage of PARP, which corroborated the significant inhibi-
tory effects of PABA/NO via inducing cell apoptosis.

Effects of PABA/NO on PI3K/AKT/mTOR and MEK/
ERK signaling pathways in Bel-7402 cells

To further evaluate whether the effects of PABA/NO on
apoptosis were related to PI3K/AKT/mTOR and MEK/
ERK axes, two significant proliferative-related signal-
ing pathways were observed. As shown in Fig. 2c, d, the
results showed that PABA/NO treatment strongly inhib-
ited the phosphorylation of MEK compared with the con-
trol group. Similarly, the phosphorylation levels of ERK,
and p90RSK were also effectively attenuated by PABA/

Fig.2 Effects of PABA/NO A
on the expressions of caspase

NO treatment. In addition, PABA/NO could remark-
ably restrain phosphorylation of PI3K, AKT, mTOR and
R70S6K.

To further confirm that apoptosis caused by PABA/NO
was linked with PI3K and ERK kinase signaling pathways,
cells were pretreated with ERK inhibitor (U0126) and
PI3K inhibitor (LY294002) for 2 h, respectively. As shown
in Fig. 3a, both inhibitors could increase the effects of
PABA/NO on the down-regulation of Bcl-2, up-regulation
of Bax and activation of cleaved-caspase-3. Accordingly,
the concurrent treatment with U0126 markedly enhanced
the phosphorylation inhibition of MEK, ERK1/2 and
p90RSK in PABA/NO-treated cells (Fig. 3b). Meanwhile,
the phosphorylation inhibition of PI3K, AKT, mTOR and
R70S6K were strengthened by LY294002 in PABA/NO-
treated Bel-7402 cells (Fig. 2¢). These results indicated
that PABA/NO inhibited PI3K/AKT/mTOR and MEK/
ERK pathways in hepatocellular carcinoma cells.
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Fig.3 Effects of LY294002, U0126 and Carboxy-PTIO on PABA/
NO-induced cell apoptosis. a Effect of LY294002 and U0126 treat-
ment as a specific inhibitor on the expression of apoptotic-related pro-
teins. b Effect of U0126 treatment on the expression of MEK/ERK
pathway-related proteins. ¢ Effect of LY294002 on the expressions
of PI3K/AKT/mTOR pathway-related proteins. The cells were pre-
treated with LY294002 (10 pM) or U0126 (10 pM) for 2 h, and then
stimulated with PABA/NO (20 pM) for 24 h. d Effect of Carboxy-

Effects of carboxy-PTIO on PABA/NO-induced cell
apoptosis

To further confirm whether NO released from PABA/NO
was related to PI3K/AKT/mTOR and MEK/ERK axes,
effects of Carboxy-PTIO as a NO scavenger on PABA/NO-
treated Bel-7402 cells were observed. As shown in Fig. 3d,
Carboxy-PTIO as a NO scavenger obviously attenuated the
PABA/NO-induced down-regulation of Bcl-2, up-regulation
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pretreated with Carboxy-PTIO (50 pM) and then stimulated with
PABA/NO (20 pM) for 24 h. e Effect of Carboxy-PTIO treatment
on the expression of MEK/ERK pathway-related proteins. f Effect
of Carboxy-PTIO treatment on the expressions of PI3K/AKT/mTOR
pathway-related proteins. The expressions of protein were assessed by
Western blotting analysis. Data are mean+SD (n=3) for each con-
centration

of Bax, and cleaved-caspase-3, which demonstrated that
PABA/NO induced cell apoptosis via NO release. Simulta-
neously, pre-treatment with Carboxy-PTIO remarkably abol-
ished PABA/NO-induced inhibitory effects on PI3K/AKT/
mTOR and MEK/ERK pathways. Carboxy-PTIO canceled
the effects of PABA/NO on down-regulation of phosphoryl-
ated MEK and ERK, which accordingly resulted in decrease
of phosphorylated p90RSK (Fig. 3e). Meanwhile, down-
regulation of phosphorylated effects on PI3K, AKT, mTOR
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and R70S6K were attenuated by Carboxy-PTIO in PABA/
NO-treated Bel-7402 cells (Fig. 3f). These data indicated
the correlation between PABA/NO-induced apoptosis and
two signaling pathways.

Effects of PABA/NO on tumor growth in H22
tumor-bearing mice

To further confirm the anti-tumor activity of PABA/NO
in vivo, a murine H22 hepatocarcinoma model was estab-
lished. As shown in Fig. 4A, PABA/NO significantly
decreased tumor volume as compared with the control group
after the 14-day treatments. Meanwhile, PABA/NO exerted
evident inhibitory effects through the decrease in tumor
weight. The average tumor weight in control group was
1.60+0.13 g, while the tumor weights in PABA/NO-treated
groups (1, 2, 4 mg/kg) obviously decreased to 1.18 +£0.12,

0.87+0.14 and 0.62 +0.13 g, respectively (P>0.01), and
the inhibitory rates of 25.94%, 45.78% and 60.89%, respec-
tively. The average weight of tumors in PABA/NO-treated
mice was significantly lower than in control mice (Fig. 4b,
c¢). Furthermore, PABA/NO had little effect on the body
weights of treated mice (Fig. 4d).

To further verify the anti-tumor effects of PABA/NO,
tumor samples were determined following routine H&E
staining. As shown in Fig. 3e, tumor cells in H22-trans-
planted group were tightly aligned, having a large blue-
hued nucleus and clearly apparent nucleolus. However,
tumor cells in PABA/NO-treated groups were characterized
by arranged loosely, cytoplasm condenses, nuclear frag-
mentation, and the presence of large areas of apoptosis and
necrotic region. All the data implied that PABA/NO exerted
evident inhibitory effects on tumor growth in H22 tumor-
bearing mice.
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Effects of PABA/NO on tumor-related angiogenesis
in H22 tumor-bearing mice

We also choose vascular endothelial cells as our target to
explore whether the antiangiogenic effect was caused by
PABA/NO. Immunostaining with antibodies against CD34
special marker for endothelial cells was applied and cells
positive were stained brown (Fig. 5a). The expression of
CD34 in PABA/NO treatment group was obviously lower
than that in control group. The results showed that PABA/
NO displayed inhibition of microvessel density (MVD) in
comparison to the control group at a different concentration
(P <0.05), which suggests that PABA/NO inhibits angiogen-
esis in H22 tumor-bearing mice.
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Fig.5 Effects of PABA/NO on PI3K/AKT/mTOR and MEK/ERK
signaling pathways in H22 tumor-bearing mice. a Effects of PABA/
NO on tumor-related angiogenesis. b Immunohistochemical staining
of p-AKT in H22 liver tumor tissues (IHC, X200 magnification). ¢
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Effects of PABA/NO on PI3K/AKT/mTOR and MEK/
ERK signaling pathways in H22 tumor-bearing mice

Based on immunohistochemical staining, p-AKT and p-ERK
were expressed in the cytoplasm of tumor cells (Fig. 5b, c).
Cells positive for PI3K and p-ERK were stained brown as
the arrow shows. Expressions of PI3K and p-ERK in the
control group were markedly higher than that in PABA/NO-
treated groups.

To further explore whether its effect on both signal-
ing pathways is related to cell apoptosis, we detected the
expression of protein involving two signaling pathways in
tumor tissue. As shown in Fig. 5d, protein expression of
the phosphorylation levels of AKT, mTOR, and p70S6K
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Immunohistochemical staining of p-ERK in H22 liver tumor tissues
(IHC, x100magnification). d Effects of PABA/NO on the expres-
sions of caspase cascade, PI3K/AKT/mTOR and MEK/ERK path-
ways-related proteins



Cancer Chemotherapy and Pharmacology (2019) 84:1303-1314

131

were effectively attenuated following PABA/NO treatment.
Similarly, PABA/NO could remarkably restrain phospho-
rylation of MEK, ERK and p90RSK, especially at the con-
centration of 2 mg/kg and 4 mg/kg. The results also showed
that PABA/NO at each concentration could decrease the
expression of Bcl-2 but also increase the expression of Bax.
Activity of cleaved-caspase-3 was up-regulated. The results
suggested that PABA/NO treatment strongly inhibited the
phosphorylation of PI3K/AKT/mTOR and MEK/ERK sign-
aling pathways, which resulted in the apoptosis of hepatoma
H22-bearing mice.

Discussion

It is widely recognized that PI3K/AKT/mTOR and MEK/
ERK pathways play modulating effects on the cellular pro-
cesses including survival, proliferation, migration, and inva-
sion, which cause cell damage and physiological dysfunc-
tions [21, 22]. PABA/NO as a novel nitric oxide prodrug was
involved in multiple events in cancer, including cell apop-
tosis, angiogenesis, and metastasis, and chemosensitization
[23, 24]. In the present study, we demonstrated that PABA/
NO could induce apoptosis in hepatocellular carcinoma
cells, especially in Bel-7402 cells and have evidently inhibi-
tory effects on tumor growth in H22 tumor-bearing mice.

Uncontrolled tumor cells that spread to other sites and
escape from apoptosis play a critical role in carcinoma
growth. Therefore, the inhibitions of cancer proliferation
and apoptosis induction have been regarded as a crucial tar-
get for cancer treatment. In the present study, hepatocellular
carcinoma cells’ growth was suppressed and cell apoptosis
was caused with the concentration of PABA/NO increased.
The cells showed a significant externalization of phosphati-
dylserine, formation of apoptotic bodies and condensation
of nuclear chromatin after DAPI staining.

Bcl-2 family proteins have been associated with mito-
chondrial dysfunction, leakage of cytochrome ¢, and down-
stream apoptotic activation. We observed a direct modula-
tion of Bcl-2 family proteins level during PABA/NO-induced
apoptosis. Total cell expression of pro-apoptotic Bcl-2 fam-
ily proteins Bax and Bak was differentially increased in
Bel-7402 cells compared to Bcl-2 and Bcl-xL levels. Other
studies have indicated that the increase in pro-apoptotic
proteins Bax with decreased levels of anti-apoptotic pro-
teins like Bcl-2 in both total and mitochondrial fractions
are a major driving force in mitochondrial dysfunction and
subsequent apoptosis in some anti-cancer treatments [25].
Our data further support these observations as PABA/NO
regulated Bcl-2 family protein levels that could lead to the
increase of cytosolic cytochrome c levels, and apoptosis.
In addition, the members of the caspase family of cysteine
proteases are important mediators involved in apoptosis. The

results demonstrated that caspase-9 and caspase-3 were acti-
vated in Bel-7402 cells following exposure to PABA/NO,
which subsequently activates PARP that is associated with
apoptosis.

Evidently, PABA/NO could evidently induce apoptosis
in Bel-7402 cells. Moreover, a murine H22 tumor model
was established to better evaluate the anti-tumor efficacy
of PABA/NO in vivo. Consistent with the results in vitro,
PABA/NO exerted evident inhibitory effects through
decreasing tumor weight and tumor volume as compared
with the control group. The favorable anti-tumor efficacy
makes PABA/NO a potential NO donor for the treatment
of cancer.

Both PI3K/AKT/mTOR and MEK/ERK signaling path-
ways are frequently hyperactivated or dysregulated in a large
proportion of human cancers, which are crucial survival-
related signaling pathways and were activated by diverse
growth factors. Targeting these signaling pathways could
supply a very promising approach for treating cancer ther-
apy [22]. AKT is one of the major substrates and signaling
mediators of PI3K, which is activated by phosphorylation
within the carboxy terminus at Ser473 [26, 27]. This phos-
phorylation event in turn coordinates cell growth, survival,
glycolysis, cell migration and invasion. Actually, aberrant
activation of AKT signaling is generally involved in the
pathogenesis of cancer and contributes to a poor outcome.
AKT also plays a critical role in cell growth by directly
phosphorylating mTOR at Ser2448, which responds to a
phosphatidic acid-mediated signal to transmit a positive
signal to p70 S6 kinase [28, 29]. Phosphorylation of p70
S6 kinase is required for cell growth. These events result in
the translation of specific mRNA subpopulations to mediate
cell survival, cell apoptosis and its activation increases with
progression of the disease. In the present study, we found
that PABA/NO attenuated the PI3K/AKT/mTOR pathway
through decrease in phosphorylation of PI3K p85 at Tyr458,
AKT at Ser473, mTOR at Ser2448 and p70S6 K at Thr389
in PABA/NO-treated Bel-7402 cells. In addition, LY294002
as a specific PI3Kinase inhibitor can aggravate PABA/NO-
induced apoptosis. Accordingly, the inactivation of PI3K/
AKT/mTOR signaling pathway was also observed in H22
tumor-bearing mice with the treatment of PABA/NO. These
results suggested the inactivation of PI3K/AKT/mTOR path-
way should play a main role in PABA/NO-induced apopto-
sis. The inactivation of this pathway can directly decrease
phosphorylation of transcription factors that resulted in
decreased expression of anti-apoptotic members of the Bcl-2
family and increased levels of pro-apoptotic proteins, thus
activating the caspase-3 apoptotic cascade.

Generally, crosstalk between the PI3K/AKT/mTOR and
MEK/ERK pathways is abnormally regulated in tumors.
Consequently, the dysregulations of PI3K/AKT/mTOR
pathway lead to a compensatory activation of the MEK/
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ERK signaling pathway [30, 31]. MEK is a dual-specificity
protein kinase that functions in a mitogen-activated protein
kinase cascade controlling cell growth and differentiation.
MEK activates p44 and p42 MAP kinase (ERK1/2) by phos-
phorylating both threonine and tyrosine residues at sites
located within the activation loop of kinase subdomain VIII
[32]. The p90 ribosomal S6 kinases (RSKs) comprise a fam-
ily of serine/threonine kinases that are downstream effectors
of the ERK pathway [33]. The activation of RSK plays an
active role in nuclear signaling by phosphorylating several
substrates including c-Fos, IkB and Bad to protect cells from
apoptosis [34]. In the present study, we found that PABA/
NO repressed the MEK/ERK pathway through decreased
phosphorylation of MEK at Ser217/221, ERK at Thr202/
Tyr204, and p90RSK at Ser380 in PABA/NO-treated Bel-
7402 cells. ERK inhibitor U0126 could greatly intensify
the apoptotic effects on PABA/NO-treated Bel-7402 cells
compared to PABA/NO single treatment. Pre-treatment of
Carboxy-PTIO further supported the correlation between
PABA/NO-induced apoptosis and two signaling pathways.
The same results were observed in H22 tumor-bearing mice
with the treatment of PABA/NO. The phosphorylation of
ERK is activated in hepatoma H22-bearing mice tissues
while PABA/NO could decrease it and its substrates, which
indicated the suppression of MEK/ERK pathway is essen-
tial for PABA/NO-induced caspase-3 apoptotic cascade. The
new blood vessels formation may be expressed using mark-
ers expressed by endothelial cells such as CD31, CD34, and
CD105 [35]. Microvascular density (MVD) may be assessed
based on immunohistochemical techniques and also may be
used as prognostic indicator for the increase in metastatic
risk. Immunohistochemistry studies on CD34 immunola-
belled tumors demonstrated that the MVD of CD34 positive
blood vessels is linked with cancer progression and progno-
sis [36]. A higher number of CD34-positive blood vessels is
inversely related to survival. PI3K inhibition modulates the
tumor vasculature, either directly (by inhibiting endothelial
cells) or indirectly (by inhibiting angiogenesis-promoting
tumor-associated myeloid cells and VEGF production by
tumor cells) [37]. The vascular responses to PI3K inhibitors
can be attributed to effects on both the endothelial cells and
the tumor cells, and the crosstalk between them, for exam-
ple, by dampening the production of VEGF by the tumor
cells, with differences observed depending on the tumor
model used [38]. Both angiogenesis and signaling through
the RAF/mitogen-activated protein (MAP)/extracellular
signal-regulated kinase (ERK) kinase (MEK)/ERK (RAF/
MEK/ERK) cascade play critical roles in the development
of tumor cells. The anti-tumor activity of agents may be
attributed to inhibition of tumor angiogenesis and direct
effects on tumor cell proliferation/survival [39]. PABA/NO
displayed inhibition of microvessel density which might be
attributed to inhibitory effects on the PI3K/AKT/mTOR and
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MEK/ERK signaling pathways in hepatoma H22-bearing
mice tissues.

Conclusively, PABA/NO could inhibit proliferation and
induce apoptosis both in Bel-7402 carcinoma cells and in
hepatoma H22-bearing mice via suppressing the PI3K/AKT/
mTOR and MEK/ERK signaling pathways. Therefore, the
present study might provide fundamental knowledge for
understanding the anti-tumor activity of PABA/NO in hepa-
tocellular carcinoma cells.
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