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Naringenin-Loaded Nanoparticles Improve the Physicochemical Properties
and the Hepatoprotective Effects of Naringenin in Orally-Administered Rats
with CCl4-Induced Acute Liver Failure
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Purpose. A novel naringenin-loaded nanoparticles system (NARN) was developed to resolve the
restricted bioavailability of naringenin (NAR) and to enhance its hepatoprotective effects in vivo on oral
administration.
Materials and methods. Physicochemical characterizations of NARN included assessment of particle size
and morphology, powder X-ray diffraction, fourier transform infrared spectroscopy, and dissolution
study. In addition, to evaluate its bioactivities and its oral treatment potential against liver injuries, we
compared the hepatoprotective, antioxidant, and antiapoptotic effects of NARN and NAR on carbon
tetrachloride (CCl4)-induced hepatotoxicity in rats.
Results. NARN had a significantly higher release rate than NAR and improved its solubility. NARN also
exhibited more liver-protective effects compared to NAR with considerable reduction in liver function
index and lipid peroxidation, in conjunction to a substantial increase in the levels of the antioxidant
enzymes (P<0.05). Moreover, NARN was able to significantly inhibit the activation of caspase-3, -8, and
-9 signaling, whereas NAR only markedly inhibited caspase-3 and -9 (P<0.05).
Conclusion. NARN effectively improved the release of NAR which resulted in more hepatoprotective
effects mediated by its antioxidant and antiapoptotic properties. These observations also suggest that
nanoformulation can improve the free drug’s bioactivity on oral administration.

KEY WORDS: antiapoptotic; antioxidant; naringenin-loaded nanoparticles; oral administration;
physicochemical characterization.

INTRODUCTION

Oxidative stress contributes a decisive generating factor
in the pathogenesis of acute and chronic liver diseases (1–3).
Acute liver failure (ALF) is one of the acute liver diseases
that can be caused by viruses, drugs, and toxins, and can lead
to the development of hepatic encephalopathy and severe
impairment of liver function (4). Carbon tetrachloride (CCl4)
has been extensively used in animal models to explore
chemical toxin-induced hepatic injury (5–7). The metabolism
of CCl4 catalyzed by liver microsomal cytochrome P450
rapidly overproduces free radicals that deplete hepatic
glutathione and initiate a chain lipid peroxidation of the
hepatocyte membrane. This ultimately results in the overpro-
duction of reactive oxygen species (ROS) and hepatocyte
injuries (8–10).

The toxic overproduction of ROS as superoxide anion
(O2·

−), hydrogen peroxide (H2O2), and hydroxyl radicals
(·OH) from the mitochondria are metabolized or scavenged
by cellular enzymatic antioxidants including superoxide
dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) (11), or non-enzymatic antioxidants
including vitamins (12) and flavonoids (13). The excessive
mitochondrial ROS generation depletes the endogenous
antioxidant enzymes and triggers hepatocyte apoptosis
through activation of the caspases cascade, such as caspase-
3, -8, and -9. Therefore, an external supply of antioxidants is
essential to suppress caspase activation and for defense
against the deleterious effects from oxidative stress (14–16).

Naringenin (4′,5,7-trihydroxyflavanone, NAR; Fig. 1), a
natural flavonoid aglycone of naringin, is widely distributed in
citrus fruits (17), tomatoes (18), cherries (19), grapefruit (20),
and cocoa (21). As a well-known antioxidant compound, the
bioactivity of NAR has been attributed to its structure–
activity relationship. The number of hydroxyl substitutions of
NAR can donate hydrogen to ROS, allowing acquisition of
stable structure, thus enabling scavenging of these free
radicals (22,23). In addition, NAR has also been extensively
investigated for its pharmacological activities, including anti-
tumor (24), anti-inflammatory (25), and hepatoprotective (26)
effects. Although NAR possesses excellent free radical
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scavenging ability and pharmacological activities, clinical
studies exploring different schedules of administration of this
drug have been hampered by its extreme water insolubility. It
has also been reported that the absolute bioavailability of
NAR only achieved 4% in rabbits when the animals were
orally administered (27). To overcome these obstacles, the
delivery of NAR using novel dosage forms will likely yield
more promising clinical applications of this compound.

Novel drug delivery systems (NDDS) can greatly im-
prove the performance of drugs in terms of efficacy, solubility,
and bioavailability (28). Particularly, nanoparticle system is
one of the NDDS that is emerging as a highly promising
technology in enhancing drug delivery. It has already been
successfully used to improve the physicochemical profiles of
drug compounds and increase their bioavailability (29). In the
preparation of drug nanoparticles system, polymers are
required for the immediate entrapment of the free compound
and are used as carriers. The Eudragit® E (EE) cationic
copolymer has been widely employed to improve solubility of
poor water-soluble drugs (30). Because it possesses the basic
site of dimethylamino groups which are ionized in the gastric
fluid (31), this makes EE readily easy to dissolve in the gastric
environment. Our previous study has demonstrated that the
nanoparticle system of quercetin could be successfully
developed using the Eudragit® E 100 polymer, and the
antioxidant activities of the quercetin nanoparticles were
observed to be more effective than the free pure drug (32).

The aim of the present study was to use a simple
nanoprecipitation technique to develop a novel NAR-
loaded nanoparticles (NARN) system and to evaluate its
potential in improving the free drug’s bioactivity on oral
administration. The physicochemical characterization of
NARN was determined by photon correlation spectroscopy
(PCS), transmission electron microscopy (TEM), powder X-
ray diffraction (XRD), and in vitro release. In addition, we
assessed the liver functions influences, antioxidant effects,
and the antiapoptotic activities from NARN in comparison
to free-NAR to confirm its hepatoprotective mechanisms
in CCl4-induced ALF and oxidative stress in rats. The
hepatoprotective effects of NARN and free form NAR was
determined by assessing levels of aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT), and also by
examining the histopathological sections of the liver, all of
which are associated with hepatic integrity. Finally, the
antioxidant and antiapoptotic mechanisms were explored
by assessing changes in SOD, CAT, GPx, and malondialde-
hyde (MDA) levels, and measurements of the caspase-3, -8,
and -9 activation, respectively.

MATERIALS AND METHODS

Materials

Naringenin (NAR), polyvinyl alcohol, Tris-HCl, thiobar-
bituric acid (TBA), ferrous chloride, ascorbate, dimethyl
sulfoxide, polyvinyl alcohol, and ethylenediaminetetraacetic
acid (EDTA) were purchased from Sigma-Aldrich Chemicals
Co. (St. Louis, MO, USA). Aminoalkyl methacrylate copoly-
mers (Eudragit® E) were obtained from Röhm Pharma
(Dramstadt, Germany). All other chemical regents were of
analytical grade.

Preparations of Naringenin Nanoparticles (NARN)

NARN system was prepared by the nanoprecipitation
method (33,34). An amount of 50 mg of narigenin and an
amount of 500 mg of Eudragit® E were dissolved in 25 ml of
ethanol. The internal organic phase solutions were quickly
injected into the 75 ml external aqueous solution containing
500 mg of PVA, and then the solutions were homogenized at
22,000 rpm for 25 min. The ethanol was completely removed
by rotary vacuum evaporation at 40°C water bath and the
remaining fraction was then lyophilized with a freeze dryer.

Particle Size and Morphological Analysis of NARN

The mean particle size and polydispersity of NARN was
determined by N5 submicron particle size analyzer (Beckman
coulter, USA). NARN was diluted ten-fold with distilled water
and subjected to analysis. Each value was measured in triplicate
and the results are shown as mean ± standard distribution. The
morphology of NARN was also photographed by JEM-
2000EXII instrument (JEOL Co. Tokyo, Japan).

Reconstitution of Lyophilized NARN

Lyophilized NARN was reconstituted by addition of
different pH buffer solutions (pH 1.2, 4.5, and 7.4, USPXXIV)
or with purified water, followed by sonication in a water bath at
room temperature for 5 min.

X-Ray Diffractometry

The patterns of pure NAR and its lyophilized NARN
were determined using the X-ray diffractometer (Siemens
D5000, Germany). The scanned angle was set from 2°≤2θ≥
50°, and the scanned rate was 1°/min.

In Vitro Release Study

The concentration of NAR was analyzed by chromato-
graphic system (Dionex P680). The analytical column used
was the LichroCART® Purospher® STAR (250×4.6 mm i.d.,
5 μm) and maintained at 37°C. The mobile phase was
composed of 25 mM phosphate buffer and acetonitrile
(50:50), and the pH value was adjusted to 2.5 with hydro-
chloride acid. The flow rate was set at 1.0 ml/min and the
wavelength of UV detector was kept at 226 nm. In vitro
studies of pure NAR and its nanoparticles were carried out in
the simulated gastric fluid (USP XXIV) at 37±0.5°C. Samples
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Fig. 1. Chemical structure of naringenin.
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equivalent to 5 mg of NAR were placed in the 100 ml
simulated gastric fluid which was stirred with a rotating
paddle at 100 rpm. Then, 0.5 ml of each sample was
withdrawn at time intervals of 5, 10, 20, 40, 60, 90, and
120 min, following which all samples were filtered with a
0.025 μm filter (Millipore®). The concentration of the
samples was determined by HPLC analysis.

Design of CCl4-Induced Acute Liver Failure in Rats

Male Wistar-albino rats (4 weeks) were purchased from
the National Laboratory Animal Center, Taiwan. They were
housed in an air-conditioned room with temperature main-
tained at 25±1°C and humidity at 55±5% under a regular
12:12 h light/dark cycle for 1 week prior to treatment. All
animals were fed the standard rodent chow and water ad
libitum. The rats weighting 180–200 g were used for CCl4-
induced hepatotoxicity. All rats received humane care in
accordance to the ‘‘Guide for the Care and Use of Labora-
tory Animals’’ (National Academies Press, Washington, DC,
USA, 1996). The method of acute hepatotoxicity induction
followed that of Muriel and Mourelle with some modifica-
tions (35). Rats were randomly divided into four groups of
five rats each. Normal control rats and CCl4-intoxicated
hepatotoxicity group were orally treated by gavage using a
gastric tube with distilled water for three consecutive days.
For oral administration of the drugs, the NAR group was
treated with NAR suspension in distilled water with Tween 20
(1%, v/v) at a dose of 100 mg/kg/day, and the NARN group
was treated with NARN at a dose of 100 mg/kg/day, both for
three consecutive days by gavage. On day 4, only the normal
control group was intraperitoneally treated with 3 ml/kg
isotonic 0.9% sodium chloride, and all other groups were
intraperitoneally administered with a single dose of 3 ml/kg in
50% CCl4 (olive oil:CCl4, 1:1). The rats were then sacrificed
24 h after CCl4-indtoxication treatment. The blood was
collected by cardiac puncture in glass tubes. The liver was
immediately taken out and washed with ice-cold saline, then
weighed and stored at −80°C. The blood and liver samples
were assessed for their biochemical, histological, and antioxidant
changes.

Evaluation of Serum AST and ALT Levels

The blood was centrifuged at 3,000 rpm at 4°C for 10 min
to separate the serum. The aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) levels in the serum were
measured with an auto-analyzer (Hitachi 7050, Tokyo,
Japan).

Measurement of Antioxidant Enzymes and Lipid Peroxidation

Liver tissues were homogenized in four volumes of ice-
cold 150 mM Tris-HCl (pH 7.4) using a polytron homogenizer
(Kinematica, Switzerland). The homogenates were centri-
fuged at 1,600×g for 15 min at 4°C to obtain a supernatant for
various biochemical analyses. Lipid peroxidation in the liver
homogenate was determined by the formation of MDA and
measured by the thiobarbituric acid reactive method accord-
ing to Ohkawa et al. (36). The SOD and GPx of liver
homogenate activity was determined with a spectrophoto-

metric commercial SOD assay kit (Fluka) and glutathione
peroxidase kit, respectively. CAT activity was assayed by
measuring the exponential disappearance of H2O2 (37). The
protein concentration was measured by the method of Lowry
et al. (38).

Measurement of Caspases-3, -8, and -9 Activities

Caspases activity was determined using a colorimetric
ELISA from R & D kit according to the manufacturer’s
protocol. Fresh liver tissues were homogenized in lysis buffer
containing 100 mM HEPES buffer (pH 7.4), 20% glycerol,
10 mM dithiothreitol, and protease inhibitor, and subsequent-
ly the homogenates were centrifuged at 15,000×g for 20 min
at 4°C. Supernatants were used for the determination of
caspases activities by incubation at 37°C for 1 h and then
measuring the absorbance by a spectrophotometer at 405 nm.
Caspases activity was expressed as % relative to the control.

Statistical Analysis

The results are presented as mean ± standard deviation.
Statistical analyses were conducted using one-way analysis of
variance (ANOVA) with LSD by SPSS software, version 13
for Windows (SPSS, Inc., Chicago, IL, USA). A value of P<
0.05 was considered to be statistically significant.

RESULTS

Physicochemical Characterization of NARN

The mean particle diameter of NARN was 66.2±0.38 nm
and its polydispersity was 0.29±0.04 (Fig. 2A). The same
finding was also observed from the TEM analysis of NARN
which depicts its size in small spherical shape with uniform
distribution (Fig. 2B). As shown in Fig. 3, the mean particle
size of the lyophilized NARN was less than 65 nm when
reconstituted in buffered solution of pH 1.2 and 4.5 (both
presenting a clear solution) but not at pH 7.4 or in pure water
(457.10±18.49 and 369.57±18.11 nm, respectively; both
presenting a turbid solution). These observations suggest that
the particle size released can depend on the pH of the buffer
solution. An explanation for this is that the low pH value
could more easily dissolve the gastro-soluble Eudragit® E100
polymer from NARN, and thus yielded a more reduced
particle size of NAR that is released.

The status of incorporated drug in nanoparticle system is an
important factor that influences the solubility and bioavailability
of the drug (39). Fig. 4 displays the XRD result of NAR and of
its nanoparticles. The characteristic peaks of NAR presented
clearly at a diffraction angle of 2θ, 10.73°, 12.33°, 15.87°, 24.41°,
26.50°, and 27.40°, which could be inferred to traits of a highly
crystalline structure. On the contrary, none of these character-
istic peaks were present in the pattern of NARN suggesting that
the crystal structure of NAR was indeed transformed into an
amorphous state in NARN.

Drug Release of NAR and NARN

Fig. 5 indicates the release of NAR and its nanoparticles
NARN in simulated gastric medium. The release of the free
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drug was less than 25% within 120 min. In contrast, NAR
from the nanoparticle system dissolved more than 95% within
20 min. In the case of the release rate, NAR and NARN
conformed to the Higuchi equation and the correlation
coefficient ranged from 0.90 to 0.98 as shown in Table I. The
release rate of NAR from the nanoparticle system was
increased two-fold compared with free form NAR.

Hepatic Function Makers of NAR and NARN in Acute Liver
Injury

The liver function markers in normal control, hepatotox-
icity control, and treatment groups are shown in Fig. 6. The
elevation of the serum AST (Fig. 6A) and ALT (Fig. 6B) levels
in CCl4-intoxicated group was higher than the normal control
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Fig. 2. Particles size distribution (A) and TEM photograph (B) of naringenin nanoparticles.

Table I. Release Rate Constants (K) of NAR and the NARN System in the Simulated Gastric Fluid

Higuchi equation Correlation coefficient, r K (min−1/2)

NAR y ¼ 2:4728x� 0:4049 0.9829 2.4728
NARN y ¼ 5:2514x� 0:8003 0.9030 5.2514
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(P<0.05). Pretreatment of ALF rats with NAR and its
nanoparticles NARN significantly reduced the liver function
markers when compared with the CCl4-intoxicated group (P<
0.05). Further, we also found that the AST and ALT levels of
NARN were two and 1.5-fold lower than NAR, respectively.

Effects of NAR and NARN on Hepatic Antioxidant Enzymes
and Lipid Peroxidation

To understand the mechanisms of the antioxidant effect
from NAR, we determined hepatic SOD, GPX, and CAT
levels in ALF rats. As indicated in Fig. 7, the activities of the
SOD (Fig. 7A), CAT (Fig. 7B), and GPx (Fig. 7C) levels in
CCl4-intoxicated groups were substantially reduced when
compared with the normal control group (P<0.05). Pretreat-
ment of the CCl4-intoxicated acute liver injury rats with NAR
or NARN however significantly raised the antioxidant
activities levels (P<0.05). Interestingly, we also found that
the SOD, CAT, and GPx levels from NARN treatment were
2.3, 2.0, and 2.1-fold superior to free form NAR, respectively.
To assess lipid peroxidation in the liver, which is an estimate
of free radical injury on the hepatic membrane, the MDA

levels were measured (20). Our results indicated that the level
of MDA in CCl4-intoxicated group was considerably in-
creased compared with that of the normal control (P<0.05)
(Fig. 7D). When the rats in the hepatic injury group were
pretreated with NARN, the MDA levels were significantly
reduced and were two-fold lower than NAR-pretreatment in
the CCl4-intoxicated group (P<0.05).

Effects on Hepatic Caspases Activity

The levels of caspase-3, -8, and -9 have been reported to
play an important role in hepatocyte apoptosis (40,41). An
elevation in caspase-3, -8, and -9 levels was observed in CCl4-
intoxicated ALF rats compared with the normal control
animals (P<0.05) (Fig. 8). The CCl4 group pretreated with
NAR had a significant suppression on the activation of
caspase-3 and -9, but not on caspase-8. At the same dosage
however, NARN could suppress all three caspases signaling
activation when compared with the CCl4-intoxicated ALF
group (P<0.05).

DISCUSSION

In the present study, we have successfully developed a
novel naringenin-loaded nanoparticles (NARN) delivery
system using Eudragit® E and polyvinyl alcohol as carriers
by a simple nanoprecipitation technique. Our data suggested
that the nanoparticles delivery system could considerably
improve the physicochemical profile of naringenin and
resulted in an increased drug release. In addition, NARN
presented better hepatoprotective effects than NAR on oral
administration through enhancement of its antioxidant and
antiapoptotic activities in the CCl4-induced hepatotoxicity rat
model.

The nanoprecipitation technique possesses numerous
advantages, being relatively straightforward and rapid, and
offer reproducible particle size with a narrow distribution
(33,42). Several literatures have established that the nano-
particles delivery system could substantially transform the
original physicochemical properties of drugs and greatly
improve its poor bioavailability (28,29). We have demonstrat-
ed that NARN has successfully changed several original
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Fig. 4. X-ray diffraction patterns of free naringenin (A) and
naringenin nanoparticles (B).

Visual appearance

Mean particle size 27.00 ± 3.34 nm 60.67 ± 15.13 nm 457.10 ± 18.49 nm 369.57 ± 18.11 nm 
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Fig. 3. Appearance and mean particle size of lyophilized NARN reconstituted in pH 1.2 (A), pH 4.5 (B), and pH 7.4 (C) solutions, and in pure
water (D).
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physicochemical properties of naringenin, including a reduc-
tion in particle size, the amorphous rendering of the
crystalline structure, and an enhancement in drug release
rate due to several reasons. First, in the process of nano-
particles preparation, NAR and EE have the same hydro-
phobic property, thus when blended together in the alcohol
organic solvent, this generated a stronger affinity between
them. In addition, PVA is an emulsion stabilizer that has been
often used to stabilize nanoparticle systems (43). The
hydrophilic and hydrophobic portion of PVA can interpene-
trate into NAR-EE during the nanoprecipitation process to
finally form a stable nanoparticle delivery system. Second, the
result of the x-ray powder diffraction analysis displayed that
NARN has an amorphous pattern lacking crystalline peaks
seen in NAR. One explanation for this is that the molecules
of NAR have been dispersed into the carriers thus rendering the
clustered crystalline structure amorphous, an event similar to
that observed in verteporfin-loaded nanoparticles (44). Finally,
the release rate of NAR from the nanoparticle system was two-
fold higher compared with the pure drug. The release mecha-
nisms of NARN could be attributed to the reduction in drug
particles size and the formation of the high-energy amorphous
state. A similar finding has also been reported for quercetin
nanoparticles in our previous study (32).

We have also observed that the near complete release of
NAR from the nanoparticles system could be achieved at
pH 1.2 within 20 min. This could be attributed to the
reduction of drug particle size, the formation of drug high-
energy amorphous state, the hydrophilic property of the
Eudragit E polymer, and the enhanced wettability at acidic
pH provided by the dissolved Eudragit E. A similar
observation has been reported by Shah et al. (45). Our
findings also suggest that in the experimental animals, pure
NAR from the nanoparticle system was released through
dissolution of the gastro-soluble Eudragit E100 polymer in
the highly acidic environment of the stomach, and the
released nanoparticulate form of the pure naringenin is what
is responsible for the pharmacological activities of NARN
observed in vivo. The gastric solubility profile of Eudragit
E100 polymer was thus favorable to NARN in attaining
optimal release of NAR which subsequently resulted in
enhanced bioactive efficacy.

Aiming at preventing liver injury using NAR and its
nanoparticles, we adopted the animal model of CCl4-induced
ALF rats to investigate the hepatoprotective functions and
the antioxidant mechanisms involved. CCl4 is a classically
known hepatotoxic compound that is metabolized and
catalyzed by liver microsomal cytochrome P450 to trichlor-
omethyl radical (·CCl3) which then expeditiously reacts with
oxygen to trichloromethyl peroxy radical (·CCl3·O2·) in the
liver cell (46). Meanwhile, ROS and lipid peroxides are
overproduced during CCl4 metabolism. In normal cellular
environment, regular formation of ROS from the mitochon-
dria are metabolized or scavenged by the cellular enzymatic
antioxidants including SOD, CAT, and GPx. Intoxication with
CCl4 not only overproduces the ROS to exhaust cellular
SOD, CAT, and GPx (47,48), but also results in ROS attacks
on unsaturated fatty acids of phospholipids in the hepatocyte
membrane to subsequently begin a chain reaction of lipid
peroxidation (8,10). The ensuing oxidative stress from CCl4-
intoxication could disrupt the structural integrity of the
hepatic cell membrane and lead to leakage of AST and
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Fig. 5. Drug release profiles of free naringenin (A) and naringenin
nanoparticles (B).
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ALT hepatic cellular enzymes into the blood from dead
hepatocytes, thus producing signs of hepatotoxicity (49,50).

Several studies have demonstrated that antioxidant
supplements may be an excellent prevention strategy for
many diseases, including liver injury, liver fibrosis, aging,
cancer, and diabetes (51). Our results supported this notion in
which NARN and NAR effectively prevented the CCl4-
induced hepatotoxicity through antioxidant activities. In the
CCl4-induced ALF animal model, both NAR and its nano-
particles counterpart played detoxifying roles in metabolizing
the xenobiotics through enhancement of SOD, CAT, and GPx
levels to scavenge the overproduction of ROS such as
superoxide anions, hydrogen peroxide, and hydroxyl radicals
generated from CCl4-intoxication. Consequently, by interfer-
ing with production of these initial ROS reactants in the chain
reaction of lipid peroxidation, NAR and its nanoparticles
were also able to diminish the MDA levels, and thereby
prevent the cell membrane breakdown from the surplus of
ROS. At the same time, our data also suggested that
pretreatment with NAR and NARN effectively reduced the
leakage of AST and ALT from hepatocytes necrosis, and
prevented the CCl4-intoxication-mediated progression of
hepatotoxicity, an effect likely owing to the above described

antioxidant activities. These effects are also confirmed in
histopathological observations where considerably less signs
of liver injuries where observed in liver sections from
treatment mice (data not shown).

Comparing NAR and its nanoparticles, NARN exhibited
greater effects in bioactivities and achieved higher potency
than the free drug form in vivo upon oral treatment to the
experimental animals. The nanoparticles size is a crucial
factor for uptake into pathologic and inflamed tissues by
macrophages and also for delivery drug across the fenestrate
of the liver sinusoid (52,53). Previous studies have shown that
macrophages from the bloodstream are activated and entered
the injured liver during ALF (54), and phagocytosis mediated
by macrophages can efficiently result in uptake of nano-
particle drugs into pathologic tissue and accumulate in the
desired area (55). It has also been reported that particles-
loaded drugs with a diameter of less than 200 nm reach the
parenchymal cell of the liver easier and generate higher
efficacy (53,56). Moreover, due to the improved aqueous
solubility profile with the nanoparticles system, a high
concentration of the bioactive compound could be delivered
into the circulation. These properties of nanoparticles can
explain why NARN having a smaller size (70 nm) and a
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Fig. 7. Effect of free form naringenin (NAR) and its nanoparticles (NARN) on antioxidant enzyme activities, SOD (A), CAT (B), andGPx (C), and
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better water solubility characteristic than the free drug
yielded higher efficacy. The superiority of NARN over the
free drug on its pharmacological activity is thus likely due to
its smaller size resulting in easier uptake into pathologic liver
tissues and facilitating its transport across the fenestrate of
the liver sinusoid. Our in vivo data supported these ideas
where NARN repeatedly outperformed NAR in its bioactiv-
ities, suggesting that the nanoparticulate system potentially
offers enhancement in the pharmacological properties of the
free drug on oral dosage.

CCl4-intoxication has been suggested to cause severe
oxidative stress and apoptosis (49,57). Consequences from
the toxin-induced excessive oxidative stress, depletion of
antioxidant enzymes, and induction of membrane lipid
peroxidation may prompt the extrinsic or intrinsic apoptotic
pathways (58,59). Extrinsic pathway for apoptosis can be
triggered by interaction of death receptors with ligands that
leads to activation of caspases-8; intrinsic pathway for
apoptosis is triggered by disruption of the mitochondrial
membrane that leads to the activation of caspases-9 and
subsequently followed by caspase-3 activation (60). Once
triggered, the activation of caspase cascade initiates cell
apoptosis that could cleave and inactivate plasma membrane
Ca2+ transport systems to induce cell membrane lysis and also
secondary necrosis such as in CCl4-induced hepatotoxicity
(61,62). Our data indicated that CCl4 participates in the
activation of the caspases to induce apoptosis of hepatocytes.
Inhibiting the activation of apoptosis could therefore help
prevent cell death and organ injury. Previous study has
indicated that NAR protects human keratinocytes against
UVB-induced apoptosis to decrease skin aging and cancer
through its antiapoptotic and anti-lipid peroxidation effects
(63). In our experiments, pretreatment with NARN
significantly inhibited the activation of the caspase-3, -8, and
-9 to prevent the hepatocyte from undergoing apoptosis. In
contrast, NAR only showed inhibitory effects on caspase-3
and -9 whereas its effect on caspase-8 activation was less
significant. As explained previously, it can be assumed that
NARN being much more aqueous soluble than free NAR
alone could help deliver a higher concentration of
nanoparticulated NAR in vivo, and thus achieving a more
potent inhibition on the caspase signaling cascades to prevent
hepatocyte apoptosis. Therefore, NARN could more
effectively suppress activation of the caspases than the free
form NAR against CCl4-intoxication. Besides its effect in
protecting the cells from caspase-triggered cell death
program, the superior antioxidant and anti-l ipid
peroxidation activities from NARN compared with the free
form NAR probably also helped in reducing cell necrosis, and
further decreased secondary necrosis from triggering
hepatocyte apoptosis. We suggest that the inhibition of ROS
toxicity by NARN could be effective in preventing apoptosis
activation by caspase cascades triggered through CCl4-
induced hepatotoxicity.

In conclusion, the novel NAR-loaded nanoparticles
delivery system developed in this study helped enhance the
free drug’s hepatoprotective, antioxidant, and antiapoptotic
effects in ameliorating CCl4 toxicity-triggered necrosis and
apoptosis. These findings also proved that the particle size
was an important factor for acquiring optimal in vivo efficacy,
and that nanoparticles could be used to improve the
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Fig. 8. Effect of free form naringenin (NAR) and its nanoparticles
(NARN) on cytosolic caspase-3 (A), caspase-8 (B), and caspase-9 (C)
activities from hepatocytes of CCl4-induced acute liver failure rats.
Values were expressed as mean ± S.D., n=5. #Significantly different
from the control (P<0.05). ▲Significantly different compared with the
CCl4-intoxicated group (P<0.05).
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bioavailability of NAR on oral administration. Finally, we
suggest that NARN merits further investigation for clinical
application such as in prophylaxis of chronic liver diseases.
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