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ABSTRACT: Resveratrol (RES), a well-known antioxidant and anti-inflammatory compound, is abundant in red wine and
exerts numerous pharmacological effects, including hepatoprotection and cadioprotection. Unfortunately, RES is restricted in
clinical application due to poor dissolution property and adsorption. In addition, red wine as a supplement for preventing disease
is not recommended for patients with alcohol-related disorders. To address these limitations, we successfully developed a novel
RES nanoparticle system (RESN) and demonstrated that RESN could circumvent the physicochemical drawbacks of raw RES
with respect to dissolution, such as the reduction of particle size, amorphous transformation, and hydrogen-bond formation. In
addition, we employed an animal model of CCl,-induced hepatotoxicity to estimate the potential of the nanoparticle formulation
to improve the hepatoprotective effect of orally administered RES. Our results demonstrated that RESN can diminish liver
function markers (aspartate aminotransferase and alanine aminotransferase) by decreasing hepatocyte death due to CCl,-induced
hepatotoxicity in rats, when compared with RES administration. The effect was achieved by reducing oxidative stress (decreased
reactive oxygen species and lipid peroxidation) and lowering inflammatory cytokines (decreased tumor necrosis factor-a and
interleukin 1/) and protein expression (cyclooxygenase-2, inducible nitric oxide synthase, cytosolic phospholipase A2, and
caspase-3). In conclusion, enhancement of the dissolution of RES through a nanoparticle engineering process can result in
increased hepatoprotective effects mediated by antioxidant and anti-inflammatory activities. Consequently, we suggest that RESN

deserves further study, perhaps in prophylaxis of chronic liver diseases.
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B INTRODUCTION

In the human body, many drugs and toxic chemicals are
metabolized by the liver and converted to nontoxic substances.
Oxidative stress and severe inflammatory response are the
major mechanisms of hepatotoxicity, although harmful toxic
chemicals can directly injure the liver." An external supply of
antioxidants is essential to suppress the inflammation response
and for defense against the deleterious effects of oxidative
stress.”

Dietary polyphenols, such as resveratrol (RES), could be
effectively used to prevent aggravation in many diseases by
virtue of their antioxidant activities.® It is well-known that red
wine is one of the most commonly consumed alcoholic
beverages and one of the richest sources of RES in the human
diet.* Consumption levels of up to 300 mL daily can provide
enough RES to prevent cardiovascular diseases,” but excessive
consumption is harmful to patients with alcohol-related

RES is one of the major active antioxidants in red wine and
blueberries.”® Previous studies have demonstrated that RES
exerts many pharmacological effects, including antioxidant, anti-
inflammatory, anticancer, neuroprotective, cardioprotective,
and hepatoprotective effects.” '* RES has considerable
potential to be developed into a daily supplement, but there
are still two problems to be solved before it can be found in
clinical application: poor water solubility and high costs.'> Over
the past few decades, the application of delivery systems has
been used to improve the dissolution and bioavailability of
poorly water-soluble compounds.'® In the pharmaceutical
industry, a dissolution study of a poorly water-soluble drug is
usually performed before the determination of bioavailability in
a clinical trial'”” Hu et al. have reported that nanoparticle
engineering processes (NPS) are excellent drug delivery
systems for the enhancement of the dissolution percentage of
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poorly water-soluble drugs; such processes include nano-
precipitation, wet milling, and high-pressure homogenization."®

Our aim was to use Eudragit E100 (EE100) and polyvinyl
alcohol (PVA) as excipients to prepare a RES nanoparticle
system (RESN) by a nanoparticle engineering process. We
determined particle size, amorphous transformation, and
hydrogen-bonding formation to elucidate the mechanism of
enhancement of dissolution percentage of RESN. Additionally,
we investigated the antioxidant and anti-inflammatory mecha-
nism for elucidating the hepatoprotective effect of RESN, and
compared these outcomes with those obtained with free RES to
confirm the pharmacological effect.

B MATERIALS AND METHODS

Chemicals. RES, PVA, Tris-HCI, thiobarbituric acid (TBA),
sodium dodecyl sulfate (SDS), acetic acid, and 2',7"-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) were purchased from Sigma-
Aldrich Chemicals Co. (St. Louis, MO). Potassium dihydrogen
phosphate (KH,PO,) was purchased from Mallinckrodt Baker, Inc.
(Phillipsburg, NJ). EE100 (aminoalkyl methacrylate copolymers) was
kindly provided by Réhm Pharma (Dramstadt, Germany). All other
chemical regents were of analytical grade.

Preparation of Resveratrol Nanoparticle Formulation and
Physical Mixture. The RESN was prepared using the modified
nanoprecipitation technique as described previously and the
advantages of the method are its simplicity, quickness, and low
cost.'” RESN preparation used inexpensive apparatus, such as a
homogenizer and rotary vacuum evaporator, and it only involved three
simple steps, including drug dissolving, homogenization, and solvent
evaporation, and the period needed for RESN preparation is less than
1 h. EE100 and PVA were used as excipients to prepare the resveratrol
nanoparticle formulation by nanoprecipitation with the solvent-
evaporation method. PVA (400 mg) was dissolved with stirring in
150 mL of distilled—deionized water. EE100 (400 mg) was dissolved
in S0 mL of 95% ethanol in an ultrasonic water bath. RES (100 mg)
was added to this organic solution until it dissolved. The organic
solution was then rapidly injected with a 20 mL syringe into the
aqueous solution, and the solution was mixed with a homogenizer at
22000 rpm for 25 min. The mixed solution was subjected to rotary
vacuum evaporation in a 40 °C water bath to remove residual ethanol.
An aliquot (100 mL) of the remaining solution, RESN, was stored in a
refrigerator for use in hepatoprotective effect assays. The lyophilized
powder of RESN was collected with a freeze-dryer and stored in a
moisture-proof container before physicochemical characterization. In
addition, we mixed 100 mg of RES, 400 mg of EE100, and 400 mg of
PVA to prepare the physical mixture with a mortar for comparison of
physicochemical characteristics of RESN.

Physicochemical Characterization of RES and RESN. Deter-
mination of physicochemical characteristics of different samples was
performed as described by Wu et al?® The particle size and
polydispersity index of RES and RESN were determined by photon
correlation spectroscopy with a NS submicrometer particle size
analyzer (Beckman Coulter). For determination of amorphous
transformation, RES, resveratrol physical mixture (RESPM), RESN,
and nanoparticle without resveratrol (BN) were examined by
differential scanning calorimetry (DSC, Perkin-Elmer, Norwalk, CT)
and X-ray diffractometry (XRD, Siemens DS000). Hydrogen-bond
formation between RES and excipients was determined by Fourier
transform infrared spectroscopy (FTIR, Perkin-Elmer, Norwalk, CT)
and 'H nuclear magnetic resonance ('"H NMR, Oxford Instrument
Co., Abingdon, Oxfordshire, UK). All measurements were performed
in triplicate.

Determination of Encapsulation Efficiency and Yield of
RESN. The encapsulation efficiency and yield of RESN were
determined by measuring the amount of RES encapsulated with the
nanoparticle formulation. Briefly, the RES standard curve was
performed by high-performance liquid chromatography (HPLC,
Hitachi). The HPLC analysis system was composed of Hitachi
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interface D-7000 module, pump (L-7100), autosampler (L-7200), and
UV—vis detector (L-7420). The chromatographic separation was
performed using LichroCART 250-4 Purospher STAR RP-18e (250 X
4.6 mm id, S ym). The mobile phase was composed of 25 mM
potassium dihydrogen phosphate buffer and acetonitrile (50:50, v/v).
Different RES concentrations (1—100 pg/mL) were eluted at a flow
rate of 1 mL/min, and retention time was detected by a UV—vis
detector at 290 nm. The resulting calibration curve of RES was linear
(7 = 0.999) and was used to calculate the encapsulation efficiency and
yield. The amount of RES encapsulated within RESN and its yield
were determined by the method of Yen et al. using eqgs 1 and 2."

encapsulation efficiency (%)

RESN encapsulation — RESN unencapsulation
= X 100

RESN encapsulation
(1)

actual amount of RES in RESN

yield (%) =
theoretical amount of RES in RESN

)

Determination of Dissolution Percentage of RES and RESN.
The dissolution percentage of the RES and RESN were determined
using the dissolution paddle method of USP XXIV in a dissolution
apparatus (SR8Plus, Hanson Virtual Instrument, Chatsworth, CA).
RES and RESN were added to 100 mL of hydrochloride buffer
solution (pH 1.2) and acetate buffer solution (pH 4.5) to simulate the
gastric and small intestine according to USP XXIV. The samples were
stirred with a rotating paddle at 100 rpm. Sample collection times were
set at 5, 10, 20, 40, 60, 90, and 120 min, at which time 1 mL of each
sample was filtered through a 0.45-um filter (Millex-HV Millipore).
The RES concentration of all samples was analyzed by HPLC
procedures as described above.

Determination of in Vivo Hepatoprotective Activity. Male
Wistar rats were purchased from BioLasco Taiwan Co. Ltd. All rats
received humane care, and the experimental protocol was approved by
the Animal Research Committee of Kaohsiung Medical University of
Taiwan. Rats were housed in animal cages and fed standard rodent
chow and water ad libitum. Animals were acclimatized to the
controlled environment following the Animal Use Protocol of
Kaohsiung Medical University for 1 week. Experimental analysis of
carbon tetrachloride (CCl,) induced acute hepatotoxicity was
performed according to the method of Ikeda et al. with some
modifications.”" Rats weighting 180—200 g were randomized into four
groups of five rats in each group. Group 1 (vehicle group) rats were
gavaged with distilled water for 3 days. Group 2 (vehicle + CCl,) rats
were gavaged with nanoparticles without RES for 3 days. Groups 3 and
4 (experimental groups) were treated with 20 mg/kg RES dissolved in
water and 20 mg/kg RESN for 3 days, respectively. On day 4, group 1
was treated with olive oil (2.5 mL/kg), and all other groups were
treated with a single dose of 20% CCl, in olive oil (2.5 mL/kg) by
intraperitoneal injection. After 24 h, all rats were sacrificed and blood
was collected by cardiac puncture with a sterilized syringe. Blood
samples were centrifuged at 3000 rpm for 10 min to separate the
serum. For determination of liver function, the aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) levels of the
serum were determined using an autoanalyzer (Hitachi 7050, Tokyo,
Japan). The histopathological observations of the liver tissues of all
groups were estimated using hematoxylin and eosin staining, and then
observed for the histopathological changes of liver injury by
photomicroscope. In addition, we used commercial ELISA kits for
tumor necrosis factor-a (TNF-a) and interleukin 14 (IL-1p)
(Quantikine, R&D Systems, Minneapolis, MN) to determine serum
levels of inflammatory cytokines.

Determination of Antioxidant Activities. Liver tissue was
homogenized with 150 mM Tris-HCl buffer (pH 7.2) to prepare a
20% (w/v) liver homogenate. The content of reactive oxygen species
(ROS) in liver tissue was determined using the modified method of
Llacuna et al.>* Briefly, 20 uL of liver homogenate was added to 980
uL of phosphate-buffered saline. An aliquot (950 uL) of this solution
was mixed with 50 uL of 100 uM H2DCF-DA, and samples were
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incubated in a 96-well microplate for 30 min at room temperature in
the dark. Absorbance was measured by a fluorescence reader (FLx 800,
Bio-Tek Instruments Inc., Winooski, VT) at an excitation wavelength
of 485 nm and emission wavelength of 530 nm. All measurements
were performed in triplicate.

In addition, the antilipid peroxidation was determined by using the
modified method of Ohkawa et al.** Briefly, homogenate (40 uL) was
placed into a 2-mL microtube and then mixed with the following in
order: 40 uL of 9.8% SDS, 300 uL of 20% acetic acid, 300 uL of 0.8%
TBA, and 120 uL of distilled—deionized water. The samples were
heated at 95 °C for 1 h and immediately placed in an ice—water bath
to cool down to room temperature. Samples were then mixed with 1
mL of n-butanol and centrifuged at 3000 rpm for 10 min. Supernatants
were analyzed by measuring the absorbance at 532 nm. All
determinations were performed in triplicate.

Analysis of Inflammatory Protein Expression by Western
Blot. Liver samples were lysed in radioimmunoprecipitation assay
(RIPA) buffer containing S0 mM Tris—HCI (pH 7.4), 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, and 2 g/mL
each of aprotinin, leupeptin, and pepstatin. After 10 min of
centrifugation at 15000 rpm, 4 °C, volumes equivalent to SO ug of
protein were denatured and subjected to SDS—PAGE using a 12%
running gel and then transferred to nitrocellulose membranes.
Membranes were incubated with anti-cyclooxygenase-2 (COX2),
anti-cytosolic phospholipase A2 (cPLA2), anti-inducible nitric oxide
synthase (iNOS), anti-caspase 3 (Santa Cruz Biotechnology, Santa
Cruz, CA), and anti-GAPDH (Enzo Life Sciences, Plymouth Meeting,
PA) antibodies for 24 h, and then membranes were incubated with
anti-mouse or anti-rabbit horseradish peroxidase antibody for 1 h. The
immunoreactive bands detected by ECL reagents were developed by
Hyperfilm-ECL. All determinations were performed in triplicate.

Statistical Analysis. All data are expressed as mean value =+
standard deviation. All mean values were analyzed using one-way
analysis of variance (ANOVA) followed by a posthoc test of LSD
(SPSS 13, Chicago, IL). P < 0.05 was considered statistically
significant.

B RESULTS

The Reduction of Particle Size. As shown in Table 1, the
particle sizes of raw RES and RESN were 11 172.9 + 3120 and

Table 1. Particle Size, Polydispersity, Yield and
Encapsulation Efficiency of the Resveratrol Nanoparticle
Formulation®

yield encapsulation
particle size (nm)  polydispersity (%) efficiency (%)
RESN 738 + 114" 016 + 001" 963 99.5
RES 11172.9 + 3120 111 + 0.19

“Abbreviations: RESN, resveratrol nanoparticle system; RES, resver-
atrol. °P < 0.05.

73.8 &+ 1.14 nm, respectively. These results indicate that EE100
and PVA had effectively minimized the particle size of RES
using a simple nanoprecipitation. In addition, the polydispersity
index (PI) of PCS analysis is effectively used to determine the
particle distribution of any particle system. The distribution of
particle size broadens when the PI value is greater than or equal
to 1 and displays a narrow distribution when the PI value is less
than or equal to 0.3. Our results show that RESN (PI = 0.16 +
0.01) displayed the uniform particle distribution of RES (PI =
111 + 0.19).

Encapsulation Efficiency of RESN. The determination of
encapsulation efficiency and yield is the best method to
evaluate the amount of active compound successfully
encapsulated in a pharmaceutical formulation. As Table 1
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shows, the encapsulation efficiency and yield of RESN were
99.5% and 96.3%, respectively. This result indicates that a ratio
of RES:EE100:PVA (1:4:4) effectively encapsulated RES into a
nanoparticle formulation using the nanoparticle engineering
process. By contrast, the low ratio of RES:EE100:PVA (1:1:1)
achieved less than $% encapsulation efficiency and yield (data
not shown). Jyothi et al. have also reported that the
concentration of the excipients is the major factor influencing
encapsulation efficiency of pharmaceutical formulations.**

Crystalline Transform to Amorphous. It is important
that the crystalline form of an active compound be transformed
to an amorphous state with excipients to enhance the
dissolution percentage. Previous studies have demonstrated
that differential scanning calorimetry is one useful tool to
characterize the thermal behavior of compounds and is also
used to elucidate the crystalline transformation between active
compound and excipients; examples include quercetin and
kaempferol.>>** The DSC thermograms (Figure 1A) show that
a sharp endothermic peak of RES was obtained at 268.5 °C,
corresponding to the melting point. After application of the
nanoparticle engineering process, no melting point peak was
observed in the case of RESN, which implies a crystalline
transformation between RES and excipients, suggesting a
molecular dispersion of RES into the EE100/PVA. Further-
more, the physical mixture (RESPM, RES:EE100:PVA, 1:4:4)
did not exhibit the melting point peak. We also used a low ratio
(RES:EE100:PVA, 1:1:1) to confirm the observation, and
obtained the same result with high ratio (data not shown). The
glass transition temperature of EE100 as obtained from a
pharmaceutical manufacturer is near 48 °C, and we suggest that
EE100 could be fused with RES during the heating procedure.
Similar results were obtained by Tzeng et al.**

Additionally, we used XRD to confirm the crystalline
transformation of RES and its nanoparticle formulation (Figure
1B). Diffraction angles (260) of 6.6°, 13.2°, 16.4°, 19.2°, 22.3°,
23.6° and 28.3° were displayed in the XRD pattern of RES,
clearly indicating the crystalline structure of RES. The
characteristic peaks of RES in the analysis of RESPM were
diminished, but the crystalline structure of RES was still
retained. Importantly, all characteristic peaks of RES were not
found in the XRD pattern of RESN. These results indicated
that the nanoparticle engineering process effectively encapsu-
lated RES into EE100/PVA, thus rendering the clustered
crystalline structure amorphous, an effect not achieved by a
general mixing method. Similar findings were observed in
quercetin nanoparticles and triclosan nanoparticles.***°

Hydrogen-Bond Formation between Drug and Ex-
cipients. The present study used FT-IR and 'H NMR to
elucidate the intermolecular interaction between RES and
EE100/PVA. The FT-IR spectrum of RES (Figure 2A) showed
that there is an OH stretching signal at 3270 cm™" that is also
seen in RESPM, indicating there is no intermolecular
interaction between RES and EE/PVA during physical mixing.
However, the FT-IR spectrum of RESN showed that the OH
stretching was shifted to 3389 cm™} indicating that an
intermolecular hydrogen-bonding interaction occurred between
RES and EE100/PVA. In addition, a comparison of "H NMR
spectra of RES and RESN is shown in Figure 2B. The spectrum
of RES showed that protons on the aromatic group appear from
6 to 8 ppm, and the protons on the hydroxyl group were at 9.25
ppm (C3-OH and CS-OH) and 9.59 ppm (C4-OH). However,
a hydroxyl group signal disappeared in the spectrum of RESN,
indicating that an intermolecular hydrogen-bonding interaction
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Figure 1. The crystalline active compound was transformed to an amorphous state with excipients. DSC (A) and XRD (B) patterns of RES, RESN,

RESPM, and BN.

formed between RES and EE100/PVA. A similar result was
observed by Horisawa et al, who showed that the tertiary
amine of EE100 formed an intermolecular hydrogen bond with
a poorly water-soluble anti-inflammatory drug.”’

Dissolution Profile of RES and RESN. The dissolution
profiles of raw RES and its nanoparticle in pH 1.2 and 4.5
buffer solutions are shown in Figure 3. The dissolution
percentage of raw RES was respectively 40% and 55% in pH
1.2 and 4.5 within 120 min. The dissolution percentage of the
drug from the RESN showed that more RES dissolved in pH
1.2 (51%) and 4.5 (75%) within 120 min. In comparison, it was
evident that RESN quickly released more than 55% after 10
min and finally released 75% within 120 min under pH 4.5.
Thus, the dissolution percentage of RESN from the nano-
particle system was increased by 20% compared with free RES.

Hepatoprotective Effect of RES and RESN as Shown
by Liver Function Markers and Histopathological
Observation. Figure 4 shows liver function markers in the
control, pretreatment with vehicle (nanoparticle without RES),
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RES, and RESN groups. The AST (Figure 4A) and ALT
(Figure 4B) levels in the vehicle and CCl,-induced group were
significantly increased compared to the vehicle group (P <
0.05). RESN (20 mg) significantly lowered the AST and ALT
levels in rats subjected to CCl,-induced hepatotoxicity
compared to vehicle group (P < 0.05). RES treatment lowered
the ALT and AST levels, but not significantly. On the other
hand, the results of histopathological observation on the liver
tissues after various groups are shown in Figure 4. There was
regular cellular architecture with central vein and no necrosis,
inflammation, nor vascular degeneration in the vehicle group
(Figure 4C). In contrast with vehicle group, the liver section of
CCly-intoxicated group presented destructive hepatic cell
necrosis, including ballooning degeneration and fatty change
(Figure 4D). In addition, RES treatment could reduce the
CCl-induced liver injury, but some hepatocytes still had
ballooning degeneration and fatty change (Figure 4E). RESN
treatment more effectively ameliorated the hepatic cell damage
and inflammation after CCl, intoxication (Figure 4F). There-
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Figure 2. Hydrogen-bond formation between drug and excipients. FT-IR pattern (A) of RES, RESN, RESPM, and BN. 'H NMR spectra (B) of RES

and RESN.

fore, RESN exerts a better hepatoprotective effect than RES, as
indicated by liver function markers and histopathological
observation.

ROS Content and Lipid Peroxidation of Liver Tissue.
Figure 5 shows that the vehicle-treated CCl,-induced group
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exhibited significantly increased ROS content and lipid
peroxidation compared to the vehicle group (P < 0.05).
Pretreatment with RES and RESN significantly lowered the
lipid peroxidation of liver tissue (P < 0.05). Additionally, RESN
treatment significantly reduced the ROS content of liver tissue,
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Figure 3. The profiles of dissolution percentage of RES and RESN under pH 1.2 and pH 4.5. Values are expressed as mean + SD, n = 6.
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Figure 4. The levels of liver function markers from RES and RESN in CCl,-induced hepatotoxicity in rats: AST (A) and ALT (B). Values are
expressed as mean + SD, n = 5. *P < 0.05 vs vehicle group. *P < 0.05 vs vehicle with CCl,-induced group. In addition, the histopathological
observation of the liver tissues after various treatments: vehicle (C), CCl, with vehicle (D), CCl, with RES (E), and CCl, with RESN (F).

but RES had no effect, indicating that RESN exerts better inflammation seen with CCl-induced hepatoxicity.”® As Figure
antioxidant activity than RES. 6 shows, increased TNF-a and IL-15 levels in serum were

Inflammatory Cytokines Expression. TNF-a and IL-1/ observed in rats with CCl,-induced hepatotoxicity compared
have been reported to play an important role in the with the control group (P < 0.05). The CCl-induced group
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Figure S. The index of oxidative stress of liver tissue in CCl,-induced
hepatotoxicity in rats: ROS content (A) and lipid peroxidation (B).
Values are expressed as mean + SD, n = 5. *P < 0.05 vs vehicle group.
*P < 0.05 vs vehicle with CCl-induced group.

pretreated with RES and RESN showed a significant reduction
in the activation of TNF-a (P < 0.05), and RESN had a
stronger effect on TNF-a levels as compared with RES. RESN,
but not RES, significantly lowered IL-15 levels (P < 0.05).
Moreover, Figure 7 shows that the protein levels of COX-2,
cPLA2, iNOS, and caspase-3 were increased by approximately
2.0-, 1.4-, 2.2-, and 1.2-fold, respectively, compared to the
control group (P < 0.05). In the treatment group with RES and
RESN, expression levels of COX-2, cPLA2, and iNOS were
markedly reduced to near normal levels (P < 0.05). RESN, but
not RES, exerted a significant effect on caspase-3. Additionally,
RESN significantly reduced the level of COX-2 as compared
with RES (P < 0.05).

Bl DISCUSSION

Drug delivery systems (DDS) have been widely used to
overcome the poor water solubility of compounds and enhance
their dissolution percentage by improving their physicochem-
ical properties. NPS is a DDS that possesses several advantages,
including simple and rapid preparation and good reproduci-
bility."® The present study has demonstrated that EE100/PVA
successfully encapsulated RES by a simple NPS technique and
improved the physicochemical properties of RES for enhancing
dissolution percentage, including particle size reduction,
amorphous transformation, and hydrogen bonding with
excipients. According to the Noyes and Whitney equation,
particle size reduction is frequently the first choice for
improving the dissolution percentage of poorly water-soluble
compounds in pharmaceutical, food, and cosmetic science.””
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Figure 6. The inflammatory cytokines of serum on CCl,-induced
hepatotoxicity in rats: TNF-a (A) and IL-1/3 (B). Values are expressed
as mean + SD, n = 5. *P < 0.05 vs vehicle group. *P < 0.05 vs vehicle
with CCl,-induced group. *P < 0.05 compared to RES.

Previous studies have demonstrated that particle size reduction
effectively increased the surface area of compounds and
therefore enhanced the dissolution percentage.’>*' Our results
showed that the particle size of RESN is smaller than that of
RES, leading to increased surface area and enhanced dissolution
percentage.

In addition, the crystal-to-amorphous change between
compounds and excipients has been shown to enhance the
dissolution percentage of compounds. Our findings demon-
strated that RES was dispersed into the EE100/PVA, and the
clustered crystalline structure was changed to an amorphous
structure by intermolecular interactions with the excipients.
Many studies have demonstrated that intermolecular inter-
action between poorly water-soluble compounds and excipients
effectively improved the dissolution percentage.””*> Our data
demonstrated that the aromatic ring of RES effectively formed
an intermolecular hydrogen bond with the EE100 and PVA that
is used as an emulsion stabilizer to form stable nanoparticle
systems. Horisawa et al. have also demonstrated that the
tertiary amine of EE100 could form an intermolecular hydrogen
bond with a poorly water-soluble anti-inflammatory drug.*’
Finally, the dissolution percentage of RES from the nano-
particles system was 25% higher compared with free RES, due
to the improvement of the physicochemical properties of RES.

RES is a good antioxidant that could function to maintain the
health of the body during excessive oxidative stress; however,
pharmaceutical preparation of RES might influence its
antioxidant activity. To address this question, we performed a
hepatotoxicity animal study to compare the hepatoprotective
activity of RES and RESN. CCl, is a well-known toxicant
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Figure 7. Inflammatory protein expression of liver tissue on CCl,-induced hepatotoxicity in rats: cPLA2 (A), COX-2 (B), iNOS (C), and caspase-3
(D). All determinations were performed in triplicate. *P < 0.05 vs vehicle group. *P < 0.05 vs vehicle with CCl,-induced group. *P < 0.05 between

RES.

commonly used to induce hepatotoxicity for evaluating
hepatoprotective activity in rats. During CCIl, intoxication,
liver function markers (ALT and AST) leak into the blood,
reflecting hepatocyte death.>* Our data demonstrated that
pretreatment with RESN decreased the leakage of AST and
ALT from injured hepatocytes and prevented the progression
of CCl-induced hepatotoxicity more effectively than RES.
Hepatocyte death due to CCI, intoxication is believed to
involve two major pathways: oxidative stress and inflammation.
Hence, we investigated the antioxidant and anti-inflammatory
effects of RES and RESN during CCl, intoxication to elucidate
the hepatoprotective mechanisms.

Many hepatoprotective compounds, such as berberine and
curcumin, prevent CCl,-induced hepatotoxicity by antioxidant
mechanisms.**® It is well-known that CCl, is metabolized and
catalyzed by a microsomal cytochrome P450-dependent
monooxygenase system in liver and other organs. CCl, is first
metabolized to trichloromethyl free radical (*CCly), which
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reacts very rapidly with oxygen and forms another toxic free
radical, trichloromethyl peroxy radical (*CCl;*00°®).”” At the
same time, ROS are rapidly overproduced in rats with CCly-
induced hepatotoxicity. These ROS, such as superoxide anion,
hydrogen peroxide, and hydroxyl radical, then initiate the
peroxidation of unsaturated fatty acids of phospholipids and
protein in the hepatocyte membrane, leading to hepatocyte
death. Antioxidant enzymes of hepatocytes, including super-
oxide dismutase and glutathione peroxidase, are apparently
depleted by ROS and lipid peroxide overproduction.”*** Our
study demonstrated that ROS overproduction and lipid
peroxidation are the oxidative stresses that cause hepatocyte
death in rats with CCl,-induced hepatotoxicity. Our data
showed that pretreatment with RESN and RES effectively
decreased the amount of ROS, lowered the lipid peroxidation in
the hepatocyte membrane, and also reduced the leakage of AST
and ALT from dying hepatocytes to prevent the CCl -
intoxication-mediated progression of hepatotoxicity. We
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suggest that RESN and RES play a hepatoprotective role by
reducing oxidative stress.

In addition, an effect of the anti-inflammation pathway on
hepatoprotective mechanisms has been shown during CCl,
induced acute hepatotoxicity. CCl, and its metabolite rapidly
activate Kupffer cells and macrophages to overproduce pro-
inflammatory cytokines such as TNF-a and IL-15.> Excessive
production of pro-inflammatory cytokines elicits a phagocytic
oxidative metabolism reaction mediated by iNOS, leading to
overproduction of nitric oxide and further severe inflammatory
injury during CCl,-induced acute hepatotoxicity. Moreover,
previous studies have shown that phospholipase A2 family
members are important in several cellular signaling processes
and are known to play a significant inflammatory role in CCl,-
induced hepatocyte injury. CCl, may increase the cytosolic
calcium concentration to activate the cPLA2. This enzyme
metabolizes phospholipids to arachidonic acid and a
lysophospholipid, immediately causin§ membrane lipid perox-
idation, leading to cell death.*o* Additionally, TNF-a
promotes apoptosis through binding to TNF-receptor 1 leading
to activation of caspase-3. Caspase-3 can cleave and inactivate
plasma membrane calcium transport systems to induce
hepatocyte membrane lysis and secondary necrosis such as in
CCl,-induced acute hepatotoxicity. In turn, cPLA2 is further
activated by caspase-3 and activated downstream caspases,
resulting in arachidonic acid overproduction and hepatocyte
apoptosis.** Our data indicate that CCl, participates in the
activation of caspase-3 and cPLA2 to induce apoptosis of
hepatocytes. Consequently, by reducing production of these
initial pro-inflammatory cytokines in the chain reaction of
inflammation, RESN and RES were able to decrease COX-2,
iNOS, cPLA2, and caspase-3 levels and thereby prevent
hepatocyte apoptosis induced by overproduction of TNF-a
and IL-1/. We suggest that RESN and RES play another role in
the hepatoprotective mechanism by preventing inflammatory
responses.

In our comparative analysis of the hepatoprotective effects of
RES and RESN, RESN displayed significantly greater
antioxidant and anti-inflammatory activities on CCl,-induced
acute hepatotoxictiy in rats. Roerdink et al. have indicated that
liposomes and polymeric nanospheres (in the size range of 50—
200 nm) are effectively extravasated into hepatic parenchymal
and increased capillary permeability.** In addition, Drummond
et al. have also been discussed that doxorubicin-loaded PEG
liposome (in the size range of 70—200 nm) had better
anticancer activity when compared with raw doxorubicin.**
Therefore, it is important to note that liver injury leads to
macrophage activation in the bloodstream and macrophage
invasion of the liver; in turn, macrophages can efficiently take
up and deliver the nanoparticle drug into inflamed liver tissue,
leading to accumulation of the nanoparticle drug in the liver.*’
The particle size of RESN was less than 100 nm and RESN had
better dissolution properties than RES, suggesting that a higher
concentration of bioactive ingredient could be taken up and
delivered into the bloodstream and injured liver tissue.
However, the present study suggested that RESN exceeded
RES in hepatoprotective effect by reducing particle size and
enhancing dissolution percentage.

In conclusion, the present study shows effective development
of a novel RES nanoparticle delivery system and the
enhancement of dissolution properties of RES by reducing
particle size and improving physicochemical characteristics,
which are crucial factors for achieving optimal in vivo efficacy.
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The animal model of CCl,-induced hepatotoxicity established
the superiority of RESN over RES in hepatoprotective effect,
likely due to its better antioxidant and anti-inflammatory
activities. Consequently, we suggest that RESN deserves further
study and may be useful in prophylaxis of chronic liver diseases.
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