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Purpose: Transcatheter arterial chemoembolization (TACE) is a common clinical treatment
for hepatocellular carcinoma (HCC). However, hypoxia induction after treatment might
trigger tumor invasiveness and metastasis. Although pterostilbene (PTS) has antitumor
effects, its chemoprevention in HepG2 cells under hypoxia has not been investigated yet.
In addition, the poor water solubility of raw PTS limits its clinical application. Here, we
prepared nanoparticles of PTS (PSN) and compared their antihepatoma activities with those
of raw PTS in HepG2 under hypoxic conditions.

Materials and Methods: The PTS nanoparticle formulation was prepared by nanoprecipi-
tation, using Eudragit® ¢100 (EE) and polyvinyl alcohol (PVA) as carriers. We analyzed the
physicochemical properties of raw PTS and PSN, including yield, encapsulation efficiency,
water-solubility, particle size, morphology, crystalline-to-amorphous transformation, and
molecular interaction between PTS and carriers. We also evaluated their antihepatoma
activities under hypoxia treatment in HepG2 cells, including cell viability, hypoxia, and
apoptosis.

Results: The yield and encapsulation efficiency of PSN were 86.33% and >99%, respec-
tively. The water solubility and drug release of PTS were effectively improved after
nanoprecipitation corresponding to the reduction in particle size, amorphous transformation,
and formation of hydrogen bonding with carriers. PSN had a better cytotoxic effect than raw
PTS in HepG2 under pre- and post-hypoxia conditions. In addition, hypoxia- and apoptosis-
related proteins in HepG2 cells under two different hypoxic conditions were significantly
inhibited by PSN compared with the control group with hypoxia only, except for HIF-1a in
the post-hypoxia group. PSN was also significantly better in inhibiting these proteins, except
for Bel2, under pre-hypoxic conditions.

Conclusion: Our results suggested that PSN could improve the water solubility and drug
release of PTS and enhance the efficacy of HCC treatment under hypoxic conditions.
Keywords: hepatocellular carcinoma, hypoxia, transcatheter arterial chemoembolization

Introduction

Hepatocellular carcinoma (HCC), one of the primary liver cancers, is known to
most often occur in humans with many chronic diseases, including infection with
hepatitis B virus (HBV), hepatitis C virus (HCV), nonalcoholic fatty liver disease,
metabolic syndrome, diabetes, and obesity.! Most patients with liver cancer are
diagnosed at a late stage. For patients with unresectable HCC, transarterial che-
moembolization (TACE) is considered one of the most effective palliative treat-
ments and has been defined by the Barcelona clinic liver cancer (BCLC) staging
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system as a standard treatment for patients with HCC in
the intermediate stage.”® However, TACE has been
reported to induce tumor hypoxia,* resulting in the upre-
gulation of hypoxia-inducible factor-la (HIF-1a). In
a hypoxic environment, HIF-1a is known to stably accu-
mulate and enter the nucleus to promote cancer progres-
sion, which might be related to tumor angiogenesis.*”’
Previous studies have shown that overexpression of HIF-
la led to a reduction in the effectiveness of TACE for
HCC.® It is well known that overexpression of HIFla
under hypoxia can induce the transcription of cancer
metastasis genes, such as Caveolin-1 (CAV-1), and conse-
quently promote the progression of HCC, including migra-

%10 1n  addition,

tion, invasiveness, and metastasis.
overexpression of CAV-1 has been shown to promote the
activation of antiapoptotic proteins, such as B-cell lym-
phoma 2 (BCL2) to inhibit cancer apoptosis and lead to
cancer cell survival.'"'? Therefore, appropriate adminis-
tration of anticancer drugs during treatment with TACE
might improve the rate of recurrence of hypoxia-induced
HCC. The TACTICS trial® concluded that the combina-
tion of TACE plus sorafenib, an oral multikinase inhibitor,
could improve the clinical outcomes of TACE in treating
unresectable HCC. Nevertheless, the application of sora-
fenib has been limited by its high cost and frequent
adverse events.'>

In recent years, scientists have studied extracts or com-
pounds from natural products, such as plants, marine organ-
isms, and microorganisms. Natural products are known to
exhibit fewer side effects, so they can be used as an alter-
native or adjunct treatment for cancer.'® One such example is
pterostilbene (PTS), which is a natural dimethylated analog
of resveratrol, mainly found in Pterocarpus santalinus,
Pterocarpus marsupium, blueberries, and grapes. In particu-
lar, PTS has been reported to exhibit various biological
activities, such as antioxidant, antitumor, hypolipidemic,
and antidiabetic characteristics, and has been shown to have
higher bioavailability than resveratrol.'”'? Previous research
has shown that PTS is cytotoxic in lung, prostate, colon, and
liver cancers.”® Its mechanism of action was that it induced
cancer cell death by regulating the cell cycle, apoptosis, and
autophagy, concomitantly inhibiting tumor angiogenesis,
invasion, and metastasis.>! However, the molecular biologi-
cal mechanisms of PTS in hypoxia-induced HCC have not
been investigated yet.

Based on our knowledge, approximately 40% of active
pharmaceutical ingredients (API) are known to display

poor water solubility, which limits their bioavailability.**

Several limiting physicochemical properties that influence
the solubility, bioavailability, and pharmacological effects,
are larger particle size, crystalline form, log P, and others.
Peng et al revealed that poor water solubility and poor
bioavailability of PTS limited its clinical application.”® Tt
is well known that nanoparticle engineering processes,
such as cyclodextrin, micelles, liposomes, polymer nano-
particles, and nanofibers,*2> have been used to overcome
the poor water solubility and associated limiting physico-
chemical properties of API and natural products for
improving their bioavailability. Eudragit® 100 (EE) is
a polymethacrylate copolymer with pH-dependent release
characteristics. More specifically, EE is soluble in water
with a pH less than 5.5 and does not dissolve in neutral
saliva®> A previous study showed that microspheres
developed with EE extended the drug retention time in
the stomach.?® To date, no one has prepared PTS nanopar-
ticles with EE to overcome the problems of poor water
solubility and absorption of PTS.

In this study, we prepared nanoparticle formulations
using Eudragit e100 (EE) and polyvinyl alcohol (PVA)
by employing nanoprecipitation technology and deter-
mined their physicochemical properties to elucidate the
mechanism of the potential improvement of their water
solubility. The present study demonstrated a novel dosage
of PTS nanoparticles (PSN) that could effectively increase
the water solubility of raw PTS and improve the anticancer
effect in hypoxia-induced HepG2 cells.

Materials and Methods

Preparation of Pterostilbene Nanoparticles
In this study, we used EE (R6hm Pharma, Darmstadt,
Germany) as a carrier and particle stabilizer to maintain the
homogenization of particles to encapsulate PTS and PVA
used as a particle stabilizer. Briefly, PSN with various ratios
of PTS:EE:PVA (1:2:2, 1:4:4 and 1:8:8; w/w) were prepared
using the nanoprecipitation method,”” and the process
included dissolving EE and PTS in 10 mL ethanol to form
an organic solution. The aqueous solution consisted of PVA
in 30 mL ultrapure water. Next, the organic solution was
slowly injected into the aqueous solution at high speed and
homogenized at 22,000 rpm for 5 min. After that, the ethanol
in the PSN solution was removed in a rotary evaporator in
a 40°C water bath. To remove larger particles, the remaining
solution was filtered with a filter paper (Advantec No 1; Toyo
Roshi Kaisha, Tokyo, Japan) and a nanoparticle solution
(NS) was obtained. Consecutively, we lyophilized the
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solution in a freeze dryer for 24 h and placed the dried sample
in a humidity control box.

Determination of Size and Morphology of

Nanoparticles

PSN sample was diluted 10 times with ultrapure water and
immediately placed into a cuvette to measure the mean particle
size using a particle size analyzer (ELSZ-2000; Otsuka
Electronics, Osaka, Japan). Furthermore, the uniformity of
the nanoparticle morphology was observed using
a transmission electron microscope (JEOL JEM-2000 EXII
TEM; JEOL, Tokyo, Japan). Before the experiment, PSN was
stained with 0.5% (w/v) phosphotungstic acid, immediately
added it in a carbon-coated copper grid, and then maintained it
in a humidity control box with 40% RH (relative humidity) to
dry overnight. A scanning electron microscope (SEM; Hitachi
S4700, Hitachi, Tokyo, Japan) was used to observe the shape
and surface characteristics of PTS and PSN.

Determination of Hydrogen-Bond

Formation

The formation of intermolecular hydrogen bonding between
PTS and carriers was analyzed with "H-nuclear magnetic
resonance ('H-NMR) and Fourier transform infrared spectro-
scopy (FT-IR). In brief, we dissolved 5 mg of PTS, PSN with
various ratio excipients, and nanocarriers in 0.5 mL of
dimethyl sulfoxide-d6 (DMSO-de). We evaluated each sam-
ple using a Varian Mercury Plus 400 NMR System (Oxford
Instrument Co., Oxfordshire, UK). In addition, we deter-
mined the functional group involved in the interaction
between PTS and the carrier with FT-IR spectroscopy
(PerkinElmer 2000
Norwalk, CT, USA). Subsequently, we uniformly mixed

spectrophotometer;  PerkinElmer,

each sample with potassium bromide (KBr) and prepared

tablets. The scanning range was set at 400 to 4000 cm ',

and the resolution was set at 1 cm ™"

Crystalline-to-Amorphous Transformation
of Pterostilbene, Pterostilbene

Nanoparticles, and Nanocarriers

We evaluated the crystalline forms of PTS, PSN with
various ratio excipients, and nanocarriers by X-ray diffrac-
tometry (XRD) using a Siemens DS5000 instrument
(Siemens, Munich, Germany). Samples were scanned
with Cu-Ka radiation at 40 kV and 25 mA in continuous
scan mode. The scanning angle (20) was set to a range of
2° to 50° and a scanning rate of 1°/min.

Analysis of Pterostilbene Content in
Pterostilbene Nanoparticles by
High-Performance Liquid Chromatography

The PTS contents in PSN were determined with an HPLC
analysis system (LaChrom Elite L-2000; Hitachi, Tokyo,
Japan) and an L-2420 ultraviolet-visible (UV—vis) detector.
An HPLC column (Mightysil RP-18 GP column, 250 x
4.6 mm, i.d., 5 pm) was used to analyze the purity of PTS
and to prepare a calibration curve of PTS for calculating the
concentration of each sample in various studies. The mobile
phase was composed of acetonitrile and double-distilled H,
O (35:65, v/v). The flow rate was set at 1.0 mL/min, and the
detection wavelength was set at 307 nm. The PTS retention
time appeared at about 4.3 min. The correlation coefficient (r)
from 0.01 to 50 pg/mL of PTS after HPLC determination was
observed to be greater than 0.999, showing a good linear
response.

Yield and Encapsulation Efficiency of

Pterostilbene Nanoparticles

A good pharmaceutical formulation should display a good
yield and encapsulation efficiency in further clinical applica-
tions. Briefly, we weighted the PSN sample containing 1 mg
PTS, then dissolved it in 1 mL methanol, and immediately
analyzed it using the above mentioned HPLC method. The
concentration of PTS in PSN after HPLC determination was
calculated from the PTS standard curve. The yield of PSN
was calculated using the following equation (1):

Yield (%) = <X x 100% (1)

In addition, we determined the encapsulation efficiency
of PSN. Each sample was added to a centrifugal filter device
(Microcon YM-10; Millipore, Billerica, MA, USA) and cen-
trifuged at 10,000 rpm for 10 min. The unencapsulated PTS
was observed to be at the bottom of the tube and then
analyzed by HPLC. The encapsulation efficiency of PSN
was calculated using the following equation (2):

: : 0/\ — CpsvxVpsy—Cuprs X Vpsy
Encapsulation efficiency (%) o 2)

where Cpgy is the concentration of PTS from PSN, Vpgy is
the volume of PSN, Wprg is the theoretical amount of PTS
added, and Cyprg is the concentration of unencapsulated PTS.

Water Solubility of Pterostilbene and

Pterostilbene Nanoparticles
1 mg raw PTS and PSN with various ratio excipients
(containing 1 mg PTS) were added into 1 mL aqueous
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solution (pH 5.5), respectively. And then the mixture was
immediately shaken for 5 min. Each sample was passed
through a 0.45 pm filter, followed by an analysis of the
concentration using an HPLC system.

Cell Viability Assay

The human HCC cell line HepG2 was obtained from the
Institute
(Hsinchu, Taiwan) and the HepG2 cells were authenticated

Food Industry Research and Development

by STR profile and its result showed this cell line without any
problem. HepG2 cells were cultured in DMEM (Himedia
Laboratories, Mumbai, India) supplemented with 10% FBS
(Thermo Fisher Scientific, Waltham, MA, USA) and 1%
solution (PSA;
Biological Industries, Cromwell, CT, USA) and maintained
in a 37°C incubator with 5% CO,. First, 1.5 x 10* HepG2
cells were seeded into each well in 96-well plates for 24
h until fully attached. Concomitantly, PTS and PSN were
dissolved in water, and a stock solution was prepared, and
then passed through a 0.45 um filter. Subsequently, PTS and
PSN were diluted to concentrations of 5 to 80 uM and 0.5 to 8
puM in medium (without FBS), respectively. After incubation,

penicillin-streptomycin-amphotericin B

the medium was removed, and different concentrations of
PTS and PSN were added to various wells.

Cells were cultured under three different experimental
conditions: the control group had normal oxygen supply for
24 h (24N); the pre-hypoxia group was subjected to 6 h of
hypoxia followed by normal oxygen supply for 18
h (6H18N); and the post-hypoxia group had normal oxygen
supply for 18 h and then was subjected to hypoxia for 6
h (18N6H). After treatment, 150 pL of 0.5% MTT solution
was added to each well and incubated for 4 h under normal
culture conditions (37° C, 5% CO,). After that, the MTT
medium was removed, and 100 pL. of DMSO was added to
dissolve the crystals. The absorbance of each well was
evaluated at 550 nm using a microplate spectrophotometer
(uQuant; Biotek Instruments Inc., Winooski, VT, USA).

Western Blot Analysis

Briefly, 1.5 x 10° HepG2 cells were seeded in a 6-cm dish
for 24 h; then, the medium was removed, and cells were
washed twice with PBS. Cells were treated with PTS and
PSN in FBS-free medium. Cells were cultured under three
different conditions: the control group had normal oxygen
supply for 12 h; the pre-hypoxia group was subjected to 6
h of hypoxia and then had normal oxygen supply for 6 h, and
the post-hypoxia group had normal oxygen supply for 6
h and then subjected to hypoxia for 6 h. After treatment,

cells were lysed with RIPA buffer (Millipore) and then
centrifuged at 12,000 rpm for 10 min. The protein concen-
tration was determined using the bicinchoninic acid (BCA)
protein assay kit (Thermo Fisher Scientific). Samples were
separated by 10% SDS-PAGE and then transferred to
a PVDF membrane (Millipore). Membranes were blocked
for 1 h and then washed with Tris-buffered saline containing
1% Tween-20 (TTBS). Next, membranes were incubated
with primary antibodies against HIF-la (1:1000; Cell
Signaling Technology, Danvers, MA, USA), Cav-1
(1:1000; Biosciences, Franklin Lakes, NJ, USA), Cav-3
(1:1000; Abcam, Cambridge, United Kingdom), and Bcl-2
(1:1000; Cell Signaling Technology) at 4°C overnight.
Membranes were incubated with an HRP-conjugated sec-
ondary antibody for 1 h, and proteins were detected with
enhanced chemiluminescence (ECL; Thermo Fisher
Scientific) using the ChemiDoc XRS software (BioRad,
Hercules, CA, USA).

Statistical Analysis

All data were analyzed using Microsoft Excel 2016 soft-
ware (Microsoft Office; Microsoft Corporation, Redmond,
WA, USA) and the SPSS software version 19 (SPSS Inc.,
Chicago, IL, USA). Data were expressed as mean = SD
and analyzed by one-way ANOVA with Tukey’s test for
determination of significant differences. A P-value < 0.05
was considered statistically significant.

Results
Size and Morphology of the Pterostilbene

Nanoparticles

The size of particles is related to water solubility because the
surface area is known to increase with a reduction in the
size, increasing the water solubility. As shown in Table 1,
the average size diameter and polydispersity index (PI) of
raw PTS were 2816.53 + 87.00 nm and 1.08 + 0.02, respec-
tively. In contrast, PSN with the various ratios of the exci-
pients, PTS:EE:PVA (1:2:2, 1:4:4, and 1:8:8; w/w/w)
displayed a uniform distribution of nanoparticle sizes.
These results indicated that the particle size and PI of PSN
decreased in an excipient-dependent manner. We also used
transmission electron (TEM) and scanning electron (SEM)
microscopy to observe the morphology of PSNs. As shown
in the TEM photos in Figure 1A, the PSN particles were in
the shape of a sphere, with their particle size consistently
being less than 200 nm. In contrast, SEM images showed
that raw PTS had an irregular block shape and a particle size
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Table 1 Water Solubility, Yield, Encapsulation Efficiency, Particle Size, and Pl of PTS and Its Nanoparticle Formulation
PTS:EE:PVA Water Solubility Yield Encapsulation Efficiency Particle Size (nm) Pl
(ng/mL) (%) %)
1:2:2 158.29 * 5.65 29.34 + 5.68 >99 123.53 + 3.73* 0.22 £ 0.020*
1:4:4 48249 £ 11.35 79.09 + 4.63 >99 94.67 + 0.81* 0.13 £ 0.010*
1:8:8 604.38 + 49.37 86.33 + 4.64 >99 102.77 = 0.49* 0.14 £ 0.004*
PTS <0.05 ND ND 2816.53 + 79.42 1.08 + 0.020

Notes: Values are mean + SD (n = 3). *P < 0.05: statistically significant difference compared with PTS.
Abbreviations: PTS, pterostilbene; PSN, PTS nanoparticles; Pl, polydispersity index; SD, standard deviation; ND, not detected.

of approximately 10 to 30 um (Figure 1B). Conversely, PSN
was shown to have a thin film shape with a relatively large
surface area (Figure 1C). These results showed that PTS
nanoparticle formulations had a smaller particle size and
larger surface area compared with PTS, resulting in the
increased water solubility of raw PTS.

5.0kV x300 100um

Yield, Encapsulation Efficiency, and
Solubility of Raw Pterostilbene and

Pterostilbene Nanoparticles
As shown in Table 1, the yield and encapsulation efficiency
of PSN were 86.33% and >99%, respectively. The solubility

10.0kV x300 100um

Figure | Transmission electron microscopy (TEM) image of PSN (A), scanning electron microscopy (SEM) images of raw PTS (B) and PSN (C).
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of PTS and PSN with the various excipient ratios are shown
in Table 1. More specifically, PTS was difficult to dissolve in
water, and its solubility was below the detected concentra-
tion in the calibration curve. This suggested that the water
solubility of raw PTS was less than 0.05 pg/mL. In contrast,
the water solubility of PSN with the various excipient ratios
was shown to be 158.29 +5.65, 482.49 + 11.35 and 604.38 +
49.37 ng/mL, respectively. These results indicate that the
water solubility, yield, particle size reduction, and PI were
improved in an excipient-dependent manner. The PTS:EE:
PVA ratios of 1:8:8 showed the highest water solubility and
yield when compared to other ratios. Therefore, the PTS:EE:
PVA ratio at 1:8:8 was the optimal prescription, and we
further analyzed its physicochemical properties and antihe-
patoma activity.

In vitro Drug Release of Pterostilbene

Nanoparticles

A good nanoparticle formulation has improved water solu-
bility with a good drug release profile. In vitro studies for
drug release of PSN were performed at pH 5.5 and pH 7.4
PBS. Figure 2 shows the in vitro drug release profile of raw
PTS and PSN. The drug release percentage of PSN in PBS at
pH 5.5 was more than 40% within 120 min, and in PBS at
pH 7.4 was less than 2%. PSN at pH 5.5 showed an 80-fold
greater drug release than at pH 7.4 due to the Eudragit E100
acid-dependent dissolved polymer and reduced swelling
ability above pH 7. In contrast, the drug release percentages

of raw PTS at pH 5.5 and PBS at pH 7.4 were also less than
2%. Therefore, the drug release percentages of PSN were
significantly higher than those of raw PTS.

Amorphous Transformation of

Pterostilbene Nanoparticles

We used XRD to evaluate the transformation of crystalline
to amorphous nanometer systems. Amorphous transforma-
tion of raw compounds is known to effectively improve
water solubility. The XRD graphs of PTS, PSN, and nano-
carriers (N) are shown in Figure 3. Several distinct diffrac-
tion peaks of PTS in the XRD pattern were shown to be at
angles of 19.3°, 23.4°, and 25.5°, indicating PTS as
a crystalline compound. In contrast, we did not observe
any characteristic peaks of PTS in the XRD pattern of
PSN. These results indicated that the PSN prepared with
EE and PVA by nanoprecipitation effectively changed the
crystalline to an amorphous form, which is considered
a mechanism of improvement in the water solubility of PSN.

Pterostilbene Interacted with
Nanocarriers by Hydrogen Bonding

Fourier-transform infrared spectroscopy (FT-IR) and proton
nuclear magnetic resonance (‘"H-NMR) are often used to
assess the formation of hydrogen bonds between drugs and
nanocarriers. In Figure 4A, the FT-IR spectrum of raw PTS
showed the characteristic absorption of phenolic—-OH stretch-

ing at 3348 cm ', aromatic rings C=C at 1594 cm ',

60

50
S
~ 40
S
E . —~-PSN pH 5.5
kS PTS pH 5.5
© 20
3 ——PSN pH 7.4
()
X 10 —PTS pH 7.4

0 lo—o—so—sn— 5 — |
0 30 60 90 120 150 180
Time (min)

Figure 2 In vitro drug release profiles of raw PTS and PSN in two phosphate buffer solutions.
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—1:4:4

e |0
—— Blank

—PTS

Intensity (A.U.)

T T T T T
10 20 30

40 50

20 (degree)

Figure 3 Crystalline and amorphous transformation using powder XRD analysis. The ratio represents the content of PTS:EE:PVA in PSN and the Blank represents only EE

and PVA.

C-O-H stretching at 1202 cm™ ', and -C-O- stretching vibration
at 1356 cm™'. The N spectrum revealed the absorption of the
dimethylamino group at 2824 cm ' and 2772 cm . In con-
trast, the spectrum of PSN showed that phenolic—OH stretch-
ing had shifted to 3408 cm ', displaying a broad band. In
addition, we did not observe C-O-H stretching at 1202 cm™ '
and the dimethylamino group at 2824 cm " in the spectrum of
PSN. These results implied that PTS was loaded in the EE and
PVA groups after the formulation of nanoparticles.

We also investigated the hydro-binding of PTS and
nanocarriers using 'H-NMR spectra (Figure 4B—F). We
observed several characteristic protons in the PTS
"H-NMR spectra, such as aromatic protons in the
regions of 66.3-7.5 ppm, methyl protons at $3.8, and
hydroxyl protons at 9.6 (Figure 4B). In addition, Figure
4 shows that the integrated intensity at 89.6 ppm of PTS
was observed in PSN with excipient ratios of 1:2:2
(Figure 4D) and 1:4:4 (Figure 4E); however, PSN with
a 1:8:8 excipient ratio did not display an integrated
signal (Figure 4F). Moreover, we observed that in the
spectrum of PSN that had an excipient ratio of 1:8:8,
these protons had shifted and the hydroxyl proton had
disappeared (Table 2 and Figure 5). These results
demonstrated that EE100/PVA effectively encapsulated
PTS via intermolecular hydrogen-bonding and formed

a stable nanoparticle formulation.

Time Point of the Expression of HIF-Ia
Protein and the Effect of Pterostilbene
and Pterostilbene Nanoparticles on Cell
Viability in Human HepG2 Hepatocellular

Carcinoma Cells Under Hypoxia
Hypoxia-inducible factor 1-a (HIF-1a) is an indicator pro-
tein of cells under hypoxia and one of the main factors for
poor prognosis of TACE. Therefore, we analyzed the
expression levels of the HIF-1a protein at different time
points. As shown in Figure 6A, compared with the control
group (normoxia), HepG2 cells showed the highest expres-
sion of the HIF-la protein after hypoxia for 6 h, which
returned to the same levels as the control group at
48 h. Thus, we used the 6-h hypoxia time point of
HepG2 cells as the hypoxia-inducing condition in subse-
quent experiments.

To determine whether the nanoparticle formulation of
PTS could effectively improve the biological activity of
PTS, we evaluated the antihepatoma activity of PTS and
PSN in the HepG2 cell line. As shown in Figure 6B, raw
PTS dissolved in KH,PO, buffer solution did not affect
cell viability in the control (24N) and post-hypoxia
(18N6H) groups. A slight toxicity was observed in the pre-
hypoxia group (6H18N), which was not significantly dif-
ferent (P > 0.05). Figure 6C shows that PSN significantly
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A

~ /" psN

Intensity (A.U.)

Figure 4 Analysis of hydrogen bonding interactions. FT-IR (A) and 'H NMR (B-F); (B) nanoparticle carrier, (C) PTS, (D) PSN1:2:2, (E) PSN1:4:4, (F) PSN1:8:8. The
direction of the arrows represents the position of the hydrogen bond between PTS and EE-PVA.

reduced cell viability under normoxia and all hypoxia
conditions in a dose-dependent manner (P < 0.05). In
addition, PSN was demonstrated to inhibit about 50%
cell viability at 4 pM. In contrast, PTS did not affect cell
viability at the same concentration; and even 40 uM PTS
did not produce any significant effect. These results indi-
cated that the PTS nanoparticle formulation in buffer solu-
tion showed a better antiproliferation effect in HepG2 cells
than raw PTS.

Hypoxia and Inhibition of Antiapoptotic

Proteins by Pterostilbene Nanoparticles

To understand the molecular mechanism of nanoparticle
formulation of PTS under hypoxic conditions, we used
Western blot analysis to determine the expression of
hypoxia proteins in HepG2 cells after treatment with
PTS or PSN. As shown in Figure 7, expression of HIF-
la protein showed a slight increase in both hypoxia groups
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Table 2 400 MHz '"H Chemical Shift (5, ppm) of PTS Protons in
Raw State and Chemical Shift Displacements (A$, ppm) of PTS
Prepared by EE and PVA

Proton Position OpTs With Nanocarrier
dpsn Ad
H, 6.364 6.357 —0.007
Hy 6.712 6.701 —0.011
H. 7.131 7.121 —-0.010
Hqy 6914 6.905 —0.009
He 7422 7.392 —0.030
H¢ 6.770 6.750 —0.020
Methyl 3.761 3.758 —0.003
Hydroxyl 9.617 ND ND

Abbreviations: ND, not detected; AJ, dpsn -Ops.

(pre-hypoxia and post-hypoxia), despite no significant dif-
ference. In addition, we observed significant induction of
the expression of CAV-3 and BCL2 proteins in both
hypoxia groups and that of CAV-1 in the pre-hypoxia
group (Figure 7B). Compared with that in the control
under hypoxic conditions, treatment of HepG2 cells with
PSN significantly inhibited the protein expression of CAV-
1, CAV-3, and BCL2 in both hypoxia groups, as well as
that of HIF-1a in the pre-hypoxia group (Figure 7B). In
contrast, treatment of HepG2 cells with PTS did not sig-
nificantly inhibit the expression of the aforementioned
proteins, except for CAV-3 in the pre-hypoxia group
(Figure 7B). The expression of all four proteins was
lower in cells treated with PSN compared with that in
cells treated with PTS, with significant differences
observed in both hypoxia groups, except for BCL-2 in
the pre-hypoxia group (Figure 7B). These results showed
that, under post-hypoxia or pre-hypoxia conditions, the
PTS nanoparticle formulation effectively improved the

Figure 5 Chemical structure of pterostilbene.

suppression of the expression of hypoxic and antiapoptotic
proteins.

Discussion

The stilbene family, which includes compounds such as
pterostilbene, is known to exist in many plants, and its
members have been reported to exhibit antioxidant, anti-
inflammatory, chemopreventive, and anticancer
properties.”® However, the pharmacological activity of
PTS in vitro or in vivo has been limited by its poor
water solubility arising from its physicochemical
properties.”’ Nanoparticle formulations could improve
the water solubility of small-molecule compounds, such
as hydrophobic flavonoids®° and isoflavone.*! In our study,
PSN prepared using EE and PVA were shown to improve
the water solubility and drug release of PTS by reducing
the particle size, inducing an amorphous transformation,
and leading to the formation of hydrogen bonds with
nanocarriers. In addition, PSN had a better dissolution
profile in PBS at pH 5.5 but not at pH 7.4. These results
indicated that PSN can escape the dissolution of the oral
solution (pH 7.4), can be quickly dissolved in the intestinal
solution (pH 5.5), and may be present the absorption
enhancement in intestinal. PSN improved the antihepa-
toma activity of raw PTS in a buffer solution under
hypoxic conditions. Furthermore, we also confirmed that
PSN inhibited the growth of HepG2 cells by reducing the
expression of hypoxia and antiapoptotic proteins.

Many studies in the past have demonstrated that redu-
cing the size of particles would increase solubility,
increase surface area, and reduce the diffusion layer, as
well as increase bioavailability.*> Our TEM and particle
revealed that PSN had

a spherical shape, with particle size less than 200 nm,

size analyzer experiments
which was reduced by 17.5 times compared with that of
raw PTS. In addition, our SEM results showed that the
change in the PSN morphology increased the surface area
compared with that of raw PTS. These results indicated
that the PTS nanoparticle formulations reduced the size of
the particles and increased the surface area, thus increasing
the water solubility of PTS by more than 12,000 times.
Mora-Huertas et al proposed that the yield and encapsula-
tion efficiency would affect the release and absorption of
nanoparticles.®* In our study, the yield and encapsulation
efficiency of PSN was demonstrated to be 86.33% and
>99%, respectively. This finding indicated that PSN has
a good yield and encapsulation efficiency. Solid-phase
drugs can be distinguished as being in either a crystalline
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Figure 6 Expression of HIF-1a protein at different time points after hypoxia, and viability of HepG2 cells treated with PTS and PSN for 24 h. Viability of HepG2 cells and
expression of HIF-1a protein (A). Cell viability following treatment with PTS (B) and PSN (C) under all hypoxia conditions. n = 3 of each group; *P < 0.05 compared with

control.

or amorphous state. Among them, amorphous solids have
been reported to have higher thermodynamic energy,
resulting in them exhibiting higher solubility and dissolu-
tion rates than crystalline solids. Therefore, conversion of
a crystalline drug into an amorphous form could improve
its water solubility.** As shown in Figure 3, EE- and PVA-
encapsulated PTS changed the crystalline nature of raw
PTS to the amorphous form. Additionally, it is well known
that the formation of hydrogen bonds between nanocar-
riers and lipophilic bioactive compounds could effectively
enhance the water solubility of the raw compound.®
According to our results, the PTS phenolic-OH was
shifted to a higher wavenumber in the FT-IR spectrum of
PSN. In addition, the spectrum of the dimethylamino
group and phenolic proton disappeared in PSN. Previous
studies have indicated that hydrophobic drugs can increase
water solubility by forming hydrogen bonds with
polymers.”’® Accordingly, in the PSN with the highest
excipient ratio spectrum (Figure 4D), we observed that
almost all protons showed an upfield shift (Table 2 and
Figure 5), while the hydroxyl proton signal disappeared,

representing the interaction between PTS and EE-PVA. An
appropriate explanation may be that PTS was successfully
encapsulated into excipients after the nanoparticle prepara-
tion process, and our results showed that PSN can increase
the water solubility of PTS and the yield of PSN in an
excipient weight ratio dependent manner. These results
indicated that the higher ratio excipient was effectively
encapsulated the PTS and subsequently formed more
PSN relative to lower ratio excipients. Therefore, we
hypothesized that the improvement in water solubility of
PTS was accomplished through the encapsulation of PTS
with EE and PVA and the formation of hydrogen bonds.
PTS could inhibit the proliferation of HepG2 cells by
regulating the p53/SOD2 pathway to increase the intracel-
lular levels of reactive oxygen species (ROS) and lead to
activation of the mitochondrial apoptotic pathway.’’
However, no studies have suggested that PTS inhibits the
growth of HCC cells under hypoxia by inhibiting HIF-1a.
Despite the promising results of the TACTICS trial," all
five randomized controlled trials testing combinations of
TACE with molecular targeted agents, including sorafenib,
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brivanib, and orantinib, failed to show the clinical benefits
of these combinations. Kudo et al compared the study
protocols of these trials and concluded that the improved
outcomes observed in the TACTICS trial might be due to
the much longer administration of sorafenib, which was
initiation of TACE.’**

Therefore, we established two HepG2 hypoxia modes:

given 2-3 wk before the

pre- and post-hypoxia according to the different timings of
administration of study drugs, before or after hypoxia, to
simulate the conditions of the TACTICS trial in our evalua-
tion of the effect of PTS and PSN on HepG2 cells under
hypoxia. The current results showed that PSN significantly
reduced the hypoxia-induced expression of the HIF-1a pro-
tein. Both caveolin 1 (CAV-1) and CAV-3 are members of
caveolins, a scaffolding protein family, and are known to
have a similar structure and function.*** For instance,
CAV-1 has been reported to be overexpressed in highly

metastatic HCC, enhancing the invasive and metastatic
potentials of HCC through the induced transcription of
HIF-1o under hypoxia.”'** The expression level of the
CAV-3 protein was shown to be significantly upregulated in
hypoxic cardiomyocytes;?” however, its relationship with
hypoxic cancer cells has not yet been reported. In our
study, CAV-1 and CAV-3 were found to be significantly
inhibited by PSN (Figure 7), regardless of pre-hypoxia or
post-hypoxia conditions. In addition, the expression of the
BCL-2 antiapoptotic protein was demonstrated to be inhib-
ited by PSN. We could thus conclude that PSN exhibited
antiproliferative activity in HepG2 cells. In contrast, PTS
did not inhibit the expression of any of the aforementioned
hypoxia-induced proteins. These results demonstrated that
PSN significantly improved the PTS-stimulated inhibition
of hypoxia and expression of antiapoptotic proteins and
inhibited the proliferation of HepG2 cells.
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Conclusion

In conclusion, we prepared a stable PTS nanoparticle for-
mulation using EE and PVA and elucidated the mechanism
of improvement of its water solubility and in vitro drug
release. We also demonstrated that PSN could reduce the
proliferation of HepG2 cells by inhibiting the expression
of hypoxia-induced and antiapoptotic proteins, including
HIF-1a, CAV-1, CAV-3, and BCL-2. Accordingly, PSN
could be an adjuvant in the treatment of HCC, especially
in the improvement of prognosis of patients treated with
TACE.
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