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Antioxidants are promising therapeutics for treating oxidative stress-mediated liver diseases. Previously, 
we studied a potent natural antioxidant, ferulic acid, and developed a liposomal formulation of ferulic acid 
(ferulic-lipo) to improve its solubility. Ferulic-lipo significantly attenuated oxidative damage in the liver by 
inhibiting reactive oxygenase species (ROS). However, antioxidative liposomes must be less reactive with 
ROS prior to reaching the target sites to effectively neutralize existing ROS. But ferulic-lipo tends to be oxi-
dized before reaching the liver. Besides, γ-oryzanol has been reported to decompose into ferulic acid in vivo; 
accordingly, we hypothesized that γ-oryzanol could be employed as a natural prodrug of ferulic acid to im-
prove stability and antioxidative effectiveness. Therefore, in this study, we prepared a liposomal formulation 
of γ-oryzanol (γ-ory-lipo) and investigated its therapeutic effects in a CCl4-induced rat model of liver injury. 
We found that γ-ory-lipo has a higher chemical stability than does free γ-oryzanol. Although the antioxida-
tive effect of γ-ory-lipo was lower than that of ferulic-lipo, pretreatment of the HepG2 cells with γ-ory-lipo 
improved the viability of CCl4-treated cells to a similar level as treatment with ferulic-lipo. γ-Oryzanol was 
shown to be converted into ferulic acid in vitro and in vivo. Furthermore, intravenous administration of 
γ-ory-lipo exhibited a similar effectiveness as ferulic-lipo against CCl4-induced hepatotoxicity, which should 
be the due to the conversion of γ-oryzanol into ferulic acid. These findings demonstrated that γ-ory-lipo could 
be a good natural prodrug of ferulic acid for eradicating its stability problem.
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INTRODUCTION

Liver disease is a major public health problem that affects 
approximately 844 million people globally, with a yearly fa-
tality rate of 2 million.1) As a key metabolic center, the liver 
provides a front-line defense against potentially toxic chemi-
cals through the phase-1 detoxification process.2) Disruption 
of metabolic homeostasis in the liver results in the excessive 
generation of reactive oxygenase species (ROS).3) Accordingly, 
the overproduction of ROS has been implicated as one of the 
common landmarks for the initiation and progression of sev-
eral types of liver diseases.4) Because of their high reactivity, 
ROS readily interacts with DNA, proteins, and other cellular 
molecules altering their structure and function and resulting 
in oxidative stress-mediated liver injury.5) Increasing evidence 
has demonstrated that ROS plays specific roles in the induc-
tion of hepatocyte inflammation, apoptosis, and necrosis.6,7) 
Despite the considerable progress made in the development 
of pharmacological therapeutics, the identification of novel 
drug therapies for treating liver injury remains a challenge.8) 
Antioxidants gained much attention in clinical studies because 
of their beneficial role in fighting against oxidative stress and 
its mediated diseases. Antioxidants are stable molecules that 
can directly scavenge ROS, thus aiding in inhibiting ROS gen-
eration in living organisms.9) Plant-based dietary antioxidants 
such as alkaloids and phenolics are found to have a preven-
tive role against a number of ROS-mediated diseases.10) It has 
been demonstrated that antioxidative compounds containing 
phenolic and aromatic rings donate a hydrogen atom to free 
radicals and stabilize them by the resonance delocalization of 

the electron in the aromatic ring.11) However, antioxidants have 
also been revealed as promising therapeutics for treating dis-
eases mediated by oxidative stress.12,13) In fact multiple studies 
have reported that antioxidants can prevent oxidative liver 
damage and help regenerate liver tissues.14–18) Resveratrol, a 
phytoalexin, was found to have a potential role against oxida-
tive stress-mediated liver disorders. Previous studies showed 
that resveratrol protects HepG2 cells from ethanol and hydro-
gen peroxide-mediated oxidative stress by its antioxidative 
potentiality.19) Besides, Preclinical research with silymarin has 
confirmed its potent hepatoprotective effects against oxidative 
stress-mediated liver damage.20)

In our previous study, we focused on the natural antioxidant 
ferulic acid and encapsulated it in liposomes to improve its 
solubility and stability and to ensure its delivery to the liver 
to prevent CCl4-mediated oxidative liver damage.21) The phe-
nolic hydroxyl moiety in ferulic acid has been postulated to be 
responsible for its potent antioxidative properties,22) and this 
chemical property allows ferulic acid to inhibit the formation 
of ROS and to neutralize free radicals.23) However, poor water 
solubility and low bioavailability of ferulic acid are major 
limitations to its successful drug delivery.24) Therefore, we 
prepared a liposomal formulation of ferulic acid (ferulic-lipo) 
in an attempt to improve its water solubility and to targeted 
delivery of ferulic acid to the liver. Ferulic-lipo showed sig-
nificant preventive effects against CCl4-induced liver injury in 
both in vitro and in vivo models.21)

However, we found that the strong reactivity of ferulic-
lipo with ROS led to its oxidation prior to reaching its target 
site. Accordingly, novel liposomal formulations of antioxi-
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dants need to be less reactive with ROS prior to reaching the 
liver, where it could react with liver-specific ROS effectively. 
Therefore, we sought a more chemically stable formulation 
of ferulic acid as a potential tool to be used against oxidative 
stress. It has been reported that γ-oryzanol (Fig. 1) is rapidly 
hydrolyzed into ferulic acid inside the body.25) Therefore, we 
hypothesized that γ-oryzanol would act as a natural prodrug 
of ferulic acid.

Prodrugs are pharmacologically inactive compounds that 
undergo biotransformation in the body and become converted 
to their active constituents through enzymatic or chemical 
cleavages.26) Prodrug approaches are used when a pharmaco-
logically active drug suffers from poor solubility, permeabil-
ity and absorption, poor stability, or poor site specificity.27) 
Multiple prodrugs have been designed to improve the physi-
cochemical and biopharmaceutical properties of parent drugs, 
and prodrugs have frequently been found to improve stabil-
ity and solubility problems. For example, curcumin diglutaric 
acid, a prodrug formulation of curcumin, was shown to ex-
hibit enhanced water solubility and oral bioavailability relative 
to free curcumin in the treatment of neuropathy.28) Similarly, 
capecitabine (Xeloda), a prodrug of 5-Fluorouracil, has been 
reported to show improved physiochemical and pharmacoki-
netics properties relative to 5-Fluorouracil in the treatment of 
solid malignant tumors.29) In addition, resveratrol triacetate, a 
prodrug of resveratrol, exhibited significantly higher plasma 
concentrations than resveratrol in a rat model,30) and quercetin 
pentabenzensulfonate, a prodrug of quercetin, demonstrated 
higher solubility relative to quercetin.31) Thus, the prodrug 
strategy has been found to be effective in solving multiple 
problems, including instability, insolubility, and low bioavail-
ability, in the development of biologically active drugs.

Therefore, in this study, we focused on γ-oryzanol as a 
ferulic acid prodrug to improve the chemical stability of an-
tioxidative liposomal formulations. Specifically, we prepared 
a liposomal formulation of γ-oryzanol (γ-ory-lipo) and ex-
amined its chemical stability. Furthermore, we assessed the 
antioxidant activity of γ-ory-lipo and compared it with that 
of ferulic-lipo against CCl4-induced oxidative liver damage in 
both in vitro and in vivo conditions.

MATERIALS AND METHODS

Materials and Animals  γ-Oryzanol was purchased from 
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), 
and Egg phosphatidylcholine (EPC) was purchased from NOF 
Corporation (Tokyo, Japan). CCl4 and transaminase CII-Test 
Wako were purchased from FUJIFILM Wako Pure Chemical 
Corporation. Amino phenyl fluorescein (APF) was purchased 
from Goryo Chemical (Sapporo, Japan). An octadecyl silyl 
(C18) HPLC column (TSK gel ODS-80 TM) was purchased 
from Tosoh Corporation (Tokyo, Japan). HPLC-grade metha-
nol and acetonitrile were used for HPLC analyses. All other 
reagents and solvents were of the highest grade, commercially 
available. Seven-weeks old male Wistar rats (weighing 180 
to 200 g) were purchased from Japan SLC, Inc. (Shizuoka, 
Japan). Ethical permission and approval for animal experi-
ments were obtained from the Animal and Ethics Review 
Committee of Tokushima University.

Preparation of Liposomes Encapsulating γ-Oryzanol  
γ-Ory-lipo was prepared from EPC, and γ-oryzanol by the 
lipid hydration method.32) Briefly, a chloroform solution con-
taining 20 µM EPC and 0.2 µM γ-oryzanol was dried in an 
Erlenmeyer flask using a rotary evaporator (N-1000, EYELA, 
Tokyo, Japan) to form a lipid film. Then the lipid films were 
hydrated by the addition of 1 mL phosphate buffered saline 
(PBS). After subjection to a freeze-thaw cycle, the liposomal 
suspension was extruded through a poly-carbonate membrane 
filter with 100 nm pores (Nuclepore, Cambridge, MA, U.S.A.). 
A Zetasizer Nano ZS (Malvern Instruments, Worcestershire, 
U.K.) was used for the determination of the Size, polydisper-
sity index, and zeta potential of liposomes. DilC18 (1 mol% 
of total lipid) was incorporated into the liposomes to prepare 
fluorescently labeled γ-ory-lipo.

Measurement of Chemical Stability of γ-Ory-lipo by 
HPLC  The HPLC analyses were performed using a C18 ana-
lytical column (4.6 mm × 15 cm; 5 µm particle size) at 25 °C. 
The analysis of ferulic acid involved an isocratic method 
with a mobile phase of methanol: water (48 : 52 (v/v)) ad-
justed to pH 3.0 using 0.1 N orthophosphoric acid and a flow 
rate of 1.0 mL/min.33) The sample size was 20 µL, the detec-
tion wavelength was 321 nm, and the run time was 10 min. 
For γ-oryzanol, the mobile phase was acetonitrile: methanol 
(60 : 40 (v/v)), and the flow rate was 1.5 mL/min.34) The wave-
length used to detect γ-oryzanol was 325 nm, the with injec-
tion volume was 20 µL, and the run time was 25 min.

For analyses of chemical stability, a 0.35 µM/solution of 
γ-ory-lipo was prepared as described above. After remov-
ing free γ-oryzanol using a PD-10 column,21) γ-ory-lipo 
(0.1 µM/mL) was incubated in PBS at 37 °C for 24h and then 
analyzed by HPLC (Shimadzu, Kyoto, Japan). The chemical 
stability of γ-ory-lipo was determined by measuring the area 
of the γ-oryzanol peak and comparing it to that of an equi-
molar suspension of free γ-oryzanol processed under identical 
conditions.

Evaluation of Hydroxyl Radical Scavenging Property of 
γ-Ory-lipo  Hydroxyl radicals were produced by the Fenton 
reaction as described.35) The generation of ROS was quanti-
fied with amino phenyl fluorescein (APF), which becomes 
fluorescent upon reaction with hydroxyl radicals. Briefly, 
hydroxyl radicals were generated in an aqueous solutions 
containing 10 µM APF, 1 mM H2O2 and 100 µM FeSO4 with 

Fig. 1. Chemical Structure and 3D Stereostructure of γ-Oryzanol
In the 3D stereostructure, grey, white, and red spheres represent carbon atoms, 

hydrogen atoms, and oxygen atoms, respectively.
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1.5 mM γ-ory-lipo. The fluorescence intensity was measured 
using an Infinite M200 microplate reader (Tecan Group Ltd., 
Switzerland).

Assessment of Cell Viability  HepG2 cells (2 × 105) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum (FBS) at 37 °C in a 5% 
CO2 atmosphere for 72 h. When the cells reached 80 to 90% 
confluency, the medium was exchanged with DMEM contain-
ing 100 µM of γ-ory-lipo or ferulic-lipo, and the plates were 
incubated at 37 °C for 1, 3, or 6 h. After incubation, the cells 
were washed with PBS and treated with trypsin. The viability 
of the cells was measured using the trypan blue exclusion 
method. The cell viability as a percentage was assessed by 
dividing the number of stained cells by the total number of 
cells.

Analysis of the Conversion of γ-Oryzanol to Ferulic Acid 
(in Vitro and in Vivo)  For the study of γ-oryzanol conver-
sion in vitro, HepG2 cells (2 × 105) were seeded in 35 mm 
petri dishes. After 72 h, the cells were treated with DMEM 
containing 100 µM of γ-ory-lipo and incubated at 37 °C for 
1 h. The cells were washed with PBS and treated with lysis 
buffer (25 mM Tris–HCl, pH 6.5, 1% glycerol (v/v), 1% sodium 
dodecyl sulfate (SDS) (v/v), 5% 2-mercaptoethanol and a phos-
phatase inhibitor cocktail (PhosSTOP)). Protein was removed 
from the lysate by the addition of protein removal solution 
consisting of HClO4 (60%): acetonitrile: methanol with volume 
(5 : 30 : 65), and incubation at room temperature for 30 min, fol-
lowed by centrifugation at 1500 × g for 15 min at 4 °C. The 
supernatant was collected and analyzed for γ-oryzanol and fe-
rulic acid by HPLC as described in “Measurement of Chemi-
cal Stability of γ-Ory-lipo by HPLC.”

To measure the conversion of γ-oryzanol to ferulic acid in 
vivo, γ-ory-lipo was administrated intravenously to Wistar 
rats at a dose of 2.5 µM/kg body weight. After incubation 
for 1 h, the rats were sacrificed, and the liver were collected. 
Next, 0.5 g of liver tissue was added to the 4.5 mL PBS, and 
the mixture was incubated for 30 min on ice. After incuba-
tion, the solution containing liver tissue was homogenized in 
the presence of ice. The liver tissue then homogenized on ice, 
and the lysate were centrifuged at 1000 × g for 10 min at 4 °C. 
The supernatant was collected and incubated with the protein 
removal solution for 30 min. After centrifugation, the superna-
tant was collected and analyzed by HPLC.

Evaluation of CCl4-Mediated Cytotoxicity in Vitro  
HepG2 cells (2 × 105) were seeded in 35 mm plates and cul-
tured for 72 h. To pre-treat with γ-ory-lipo, the media was 
replaced with DMEM containing 100 µM γ-ory-lipo, and the 
cells were incubated for 1 h. Next, CCl4 was added to a final 
concentration of 75 µM, and the cells were incubated at 37 °C 
for 12 h. To perform post-treatment with γ-ory-lipo, the cells 
were first treated with 75 µM of CCl4 in DMEM for 30 min. 
After incubation, the cells were treated with 100 µM γ-ory-lipo 
and maintained at 37 °C for 12 h. The cells were then washed 
with PBS and treated with trypsin for detachment, and cell 
viability was determined using the trypan blue exclusion 
method.

Accumulation of γ-Ory-lipo in the Rat Liver  To assess 
the accumulation of γ-ory-lipo in the liver, DilC18-labeled 
γ-ory-lipo was administrated intravenously to the Wistar rats. 
After treatment, rats were sacrificed at multiple time points 
(1, 3, 6, 12, and 24 h). Their livers were excised and embed-

ded in optimal cutting temperature (OCT) compound (Sakura 
Finetek, Tokyo, Japan). The tissues were then frozen in a dry 
ice/ethanol bath. Frozen sections (10 µm) were prepared using 
a cryostat (CM3050S, Leica Biosystems, Tokyo, Japan). Per-
maFluor Aqueous Mounting Medium (Thermo Fisher Scientif-
ic, Waltham, MA, U.S.A.) was used to mount the liver tissue 
sections, which were observed using a confocal laser scanning 
microscope (LSM700, Carl Zeiss, Jena, Germany). Quantita-
tive estimation of the fluorescence intensity of liver tissue was 
performed using ImageJ analysis software.

Evaluation of the Hepatoprotective Effect of γ-Ory-lipo 
in Vivo  To induce liver injury, Wistar rats were treated with 
CCl4 according to a previously published reports with minor 
modifications.36) Briefly, rats were injected with γ-ory-lipo 
intravenously at a dose of 2.5 µmol/kg bodyweight and incu-
bated for 1 h. Then, the rats were injected with 1 mL/kg body 
weight of 10% CCl4 dissolved in liquid parafilm and sacrificed 
24 h later. Finally, blood was collected and incubated for 3 h. 
After incubation, serum was collected by centrifugation at 
1000 × g for 10 min at 4 °C. Serum ALT and AST levels were 
measured using transaminase CII-Test Wako.

Histopathological Observation of Liver Damage  To as-
sess the morphological changes to the liver tissue, hematoxylin–
eosin (H&E) staining was performed. Frozen liver sections 
(10 µm) were prepared using a cryostat. A PAP pen was used 
to create a hydrophobic border around the sections. The sec-
tions were incubated for 10 min in 4% paraformaldehyde and 
washed with PBS prior to staining with Mayer’s hematoxylin 
and 1% eosin solutions (FUJIFILM Wako Pure Chemical 
Corporation) for 10 and 1 min, respectively. The sections were 
then dehydrated using an ethanol gradient (80 to 100%) and 
mounted using a mounting agent (Entellan® New, Merck Mil-
lipore, Burlington, MA, U.S.A.). A fluorescence phase con-
trast microscope (BZ-9000, Keyence, Osaka, Japan) was used 
for observing stained sections.

Statistical Analysis  Statical analyses were performed 
using one-way ANOVA with post-hoc Tukey test for more 
than two groups and Student’s t-test for comparing two 
groups. A p-value of <0.05 was considered to indicate statisti-
cal significance.

RESULTS AND DISCUSSION

Physiochemical Properties of γ-Ory-lipo  Liposomal 
formulations of γ-oryzanol (γ-ory-lipo) were employed to im-
prove the stability of ferulic acid. Following preparation of the 
liposomes by the lipid hydration method, their physiochemical 
characteristics were assessed. The particle sizes of γ-ory-lipo 
and control liposomes were found to be between 110 and 
120 nm (Table 1), which is approximately the same size as has 
been determined for ferulic-lipo (approximately 110 nm).21) 
The zeta potentials of γ-ory-lipo and control liposomes were 

Table 1. Physiochemical Properties of γ-Oryzanol Liposomes

Sample Size (nm) Polydispersity 
index

Zeta potential 
(mV)

EPC-lipo (control) 123.5 ± 7.2 0.16 ± 0.02 −7.4 ± 0.72
γ-Ory-lipo 116.1 ± 6.2 0.15 ± 0.03 −5.92 ± 0.67

Data are means ± standard deviation (S.D.) of three samples prepared on different days.
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−5.9 and −7.4 mV, respectively (Table 1). The similarity in 
size and zeta potential to those previously determined for 
ferulic-lipo provide evidence that the liposomal formulation of 
γ-oryzanol was successfully prepared.

Effects of Liposomal Encapsulation on the Chemical 
Stability of γ-Oryzanol  Wide-scale application of antioxi-
dants in therapies has been limited due to their poor solubility, 
instability, and low bioaccessibility.37) Nanoparticle-mediated 
delivery of antioxidants is being developed to address these 
problems.38) The broad application of potential antioxidant 
quercetin for treating oxidative skin damage has been limited 
because of its light-induced degradative nature. However, in-
corporating quercetin into lipoparticle significantly improved 
its chemical instability compared to free quercetin.39) Fur-
thermore, the use of the potent antioxidant lycopene is also 
often limited because of its susceptibility to oxidation in the 
presence of light, heat, and oxygen.40) It was demonstrated 
that encapsulation of lycopene into the liposome improved not 
only its stability but also improved therapeutic effects against 
the oxidative stress-mediated aging process.41) As gamma-
oryzanol is also susceptible to oxidation in the presence of 
oxygen from air, light, and heat,42) we hypothesized that 
encapsulation of γ-oryzanol into a proper formulation might 
improve its chemical stability. Besides, liposomes can increase 
the therapeutic efficiency of encapsulated drugs compared to 
free drugs and protect them from enzymatic degradation and 
hydrolysis.43) Regarding the encapsulating process, the encap-
sulation of compounds in liposome membranes is appropriate 
for hydrophobic antioxidants. Thus, liposome formulation is 
suitable for hydrophobic γ-ory-lipo. On this basis, we encap-
sulated γ-oryzanol into liposomes to improve its chemical 
stability and compared it with the free drug, γ-oryzanol only. 
Upon incubation of free γ-oryzanol for 24 h at 37 °C in aque-
ous solution (PBS), the amount of γ-oryzanol was decreased 
by approximately 75% relative to the amount present prior 
to incubation (Fig. 2), confirming the chemical instability of 
γ-oryzanol. In contrast, encapsulation of γ-oryzanol in lipo-
somes significantly improved its stability compared to free 
γ-oryzanol. However, encapsulation of hydrophilic antioxi-
dants such as ascorbic acid in the aqueous phase of liposomes 
should reduce antioxidative activity due to shielding. As 
γ-oryzanol is highly hydrophobic, it was assumed that almost 

all the γ-oryzanol was encapsulated into the hydrophobic lipid 
bilayer of the liposomal membrane that reduces its possibility 
of reacting with oxidative agents.

Antioxidative Effects of γ-Ory-lipo against Hydroxyl 
Radicals  After confirming the chemical stability of 
γ-oryzanol in a liposomal formulation, the antioxidant effect 
of γ-ory-lipo was assessed by comparing its hydroxyl radical 
scavenging capacity to that of ferulic-lipo. It was found that 
γ-ory-lipo (20 µM) exhibited lower hydroxyl radical scav-
enging activity as compared to the same concentration of 
ferulic-lipo (Fig. 3). Based on chemical structure, γ-oryzanol 
comprises a ferulic moiety as well as a sterol moiety (Fig. 1). 
It was assumed that the sterol moiety in chemical structure 
of γ-oryzanol might led to an increased steric hindrance that 
affects its mobility in liposomes and reduces interactions be-
tween the ferulic moiety and surroundings hydroxyl radicals.

The γ-ory-lipo formulation also exhibited a lower hydroxyl 
radical scavenging potential compared to tocopherol lipo-
somes, and there was no significant difference between the 
capacities of γ-ory-lipo and EPC-lipo to prevent hydroxyl radi-
cal generation. Importantly, it was observed that ferulic-lipo 
could react with hydroxyl radicals and be readily oxidized be-
fore reaching the target side, whereas γ-ory-lipo exhibited less 
propensity to be oxidized, considered to be stable to deliver its 
cargo to its target.

Effect of γ-Ory-lipo on Cell Viability  The biocompat-
ibility of γ-ory-lipo was assessed by determining its effects 
on the viability of HepG2 cells over time. As shown in Fig. 4, 
treatment of HepG2 cells with γ-ory-lipo (100 µM) caused a 
little decrease in cell viability that was not statistically differ-
ent from those control groups when measured at 1, 3, and 6 h 
after application.

Effects of γ-Ory-lipo on the Cytotoxicity of CCl4 
in HepG2 Cells  To determine the extent to which the 
γ-ory-lipo would improve hepatotoxicity, we assessed the 
protective effects of γ-ory-lipo on a commonly used in vitro 
model of liver damage, CCl4-induced toxicity to HepG2 cells. 
In this model, the cells were pre-treated for 30 min with CCl4. 
The cells were then treated with 100 µM γ-ory-lipo for 12 h, 
and cell viability was measured by the trypan blue exclusion 

Fig. 2. The Chemical Stability of γ-Ory-lipo
The chemical stability of γ-oryzanol in its free form (grey column) and 

encapsulated in liposomes (black column) was measured by HPLC. The samples 
were incubated in PBS at 37 °C for 24 h prior to measurement. Data are displayed 
as mean ± standard deviation (S.D.) (n = 3). ** p < 0.01.

Fig. 3. Hydroxyl Radicals Scavenging Activity of γ-Ory-lipo
Hydroxyl radicals were generated through the Fenton reaction. Following the 

addition of liposomes encapsulating γ-oryzanol (dark grey column) or ferulic acid 
(black column), hydroxy radicals were quantified by measuring the fluorescence 
intensity of APF. Data are displayed as mean ± S.D. (n = 3). * p < 0.05, ** p < 0.01.
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method. It was found that CCl4 treatment significantly reduced 
the viability of HepG2 cells by approximately 55% as com-
pared to the control group (Fig. 5). Treatment with γ-ory-lipo 
(100 µM) significantly improved the cell viability by 25%, 
relative to cells treated with CCl4 alone, while free γ-oryzanol 
did not improve cell viability as CCl4-treated group. Notably, 
the preventive effect of γ-ory-lipo was lower than that of equal 
concentration of ferulic-lipo.

The Conversion of γ-Oryzanol to Ferulic Acid in Vitro 
and in Vivo  The antioxidative properties of γ-oryzanol have 
been shown to be dependent on the presence of the ferulic 
moiety.44) Therefore, the transformation of γ-oryzanol to fe-
rulic acid is likely required for its potent antioxidative effects. 
Accordingly, we used HPLC analyses to investigate the con-
version of γ-oryzanol to ferulic acid was checked in both in 
vitro and in vivo (Fig. 6). Here, Figs. 6A and B show standard 

Fig. 4. Effect of γ-Ory-lipo on the Viability of HepG2 Cells
Cells were treated with 100 µM of liposomes containing γ-oryzanol (γ-ory-lipo) 

or ferulic acid (Ferulic-lipo). Cell viability was determined after 1, 3, and 6 h. 
Control (white column), γ-ory-lipo (grey column), and Ferulic-lipo (black column). 
Data are displayed as mean ± S.D. (n = 3).

Fig. 5. Protective Effects of γ-Ory-lipo on CCl4-Induced Toxicity of 
HepG2 Cells

HepG2 cells were treated with 75 µM of CCl4 for 30 min, and then were treated 
with 100 µM free γ-oryzanol or with equivalent concentration of liposomes 
(γ-ory-lipo or Ferulic-lipo). Cell viability was determined after 12 h using the trypan 
blue staining method. Data are displayed as mean ± S.D. (n = 3). ** p < 0.001.

Fig. 6. The in Vitro and in Vivo Conversion of γ-Oryzanol into Ferulic Acid
γ-Oryzanol and ferulic acid were analyzed by HPLC. (A) Standard chromatogram of ferulic acid. (B) Standard chromatogram of γ-oryzanol. (C) HepG2 cells were 

treated with γ-ory-lipo for 1 h, and cellular lysate was analyzed by HPLC to investigate the in vitro conversion of γ-oryzanol to ferulic acid. (D) Wistar rats were treated 
intravenously with γ-ory-lipo for 1 h, and lysates from liver tissues were analyzed by HPLC to investigate the in vivo conversion of γ-oryzanol into ferulic acid.
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chromatograms of ferulic acid and γ-oryzanol, respectively. It 
is reported that γ-oryzanols is chemically consist of four major 
phytesterol named cycloartenylferulate, 24-methylenecyclo-
artenyl ferulate, camesterylferulate and sisterylferulate45,46) 
which were clearly seen in Fig. 6B. First, the transformation 
of γ-oryzanol in the cultured HepG2 cells was determined. 
Here, HepG2 cells were incubated with γ-ory-lipo for 1 h 
and then lysed, and ferulic acid in the clarified lysates were 
analyzed by HPLC. Interestingly, a peak representing ferulic 

acid (Fig. 6A) was seen in the resulting chromatograms, sug-
gesting that γ-oryzanol (Fig. 6B) was converted to ferulic acid 
(Fig. 6C) under these conditions.

Following confirmation of the conversion in vitro, we also 
examined the conversion of γ-oryzanol under in vivo condi-
tions. For this assay, Wistar rats were intravenously treated 
with γ-ory-lipo, and 1 h later the conversion of γ-oryzanol 
(Fig. 6B) in the liver was assessed (Fig. 6D). Under these 
conditions, we again observed a peak representing ferulic 
acid. Taken together, these results suggest that γ-oryzanol was 
successfully converted into ferulic acid in both cultured cells 
and the liver.
γ-Ory-lipo Prevents the Cytotoxicity of CCl4 in HepG2 

Cells  Because the in vitro and in vivo tests showed that time 
was required for the conversion of γ-oryzanol to ferulic acid, 
we checked whether pre-treatment of cells with γ-ory-lipo 
would enhance its protective effect against CCl4-mediated 
toxicity. Therefore, cells were first incubated for 1 h with 
γ-ory-lipo prior to addition of CCl4. Interestingly, when the vi-
ability of the cells treated for 12 h with CCl4 was determined, 
it was found that γ-ory-lipo exhibited similar protective effects 
as ferulic-lipo (Fig. 7). As the addition of γ-ory-lipo 30 min 
after the addition of CCl4 did not lead to such a potent pro-
tective effect (Fig. 5), we concluded that the conversion of 
the majority of the administrated γ-oryzanol into ferulic acid 
should be responsible for its similar protective effects for pre-
vention of CCl4-induced toxicity in HepG2 cells.

In Vivo Accumulation of γ-Ory-lipo in the Liver  The 
key target of CCl4-induced toxicity in vivo is the liver, there-
fore the accumulation of γ-ory-lipo in the liver was inves-
tigated in a rat model. Here, DiIC18-labeled γ-ory-lipo was 
intravenously administrated to Wistar rats, and the livers 
were harvested at multiple time points (1, 3, 6, 12, and 24 h 

Fig. 7. Protection of HepG2 Cells against the Toxicity of CCl4 by 
γ-Ory-lipo

Cells were pretreated with 100 µM free γ-oryzanol or ferulic acid or with an 
equivalent amount of encapsulating liposomes (γ-ory-lipo or Ferulic-lipo). After 
1 h, the cells were treated with 75 µM of CCl4. Cell viability was determined after 
12 h using the trypan blue exclusion method. Data are displayed as mean ± S.D. 
(n = 3). * p < 0.01, ** p < 0.001.

Fig. 8. Localization of γ-Ory-lipo in the Liver
DilC18-labeled γ-ory-lipo was administrated intravenously into Wistar rats. After the noted treatment time, the liver tissues were collected and sectioned using a cryostat. 

(A) Confocal laser scanning microscopic images of liver tissues analyzed at different time points (1, 3, 6, 12, and 24 h). (B) The relative fluorescence intensity of the liver 
tissue sections was quantified with ImageJ software. Data are displayed as mean ± S.D. (n = 3). * p < 0.01, ** p < 0.001. Scale bar = 100 µm.
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after administration). Resulting liver sections were subse-
quently observed by confocal laser scanning microscopy. As 
shown in Fig. 8A, the fluorescent intensity in tissue from 
γ-ory-lipo-treated rats was markedly increased relative to the 
control group, confirming the presence of γ-ory-lipo in the 
liver. Furthermore, quantitative estimation of relative fluores-
cence intensity (Fig. 8B) showed that fluorescence intensity 
in the liver was significantly higher at 1 h than at other time 
points. It was also found that the fluorescence of liposomes 
accumulated in liver decreased in a time-dependent manner 
(Fig. 8). Probably, the liposomes accumulated in the liver were 
gradually degraded, and the fluorescence dye labeled on the 
liposomes would be metabolized in the liver. As the result, the 
fluorescence intensity in the liver might have decreased. These 
results demonstrated the time-dependent in vivo distribution 
of γ-ory-lipo to the liver.

Hepatoprotective Effect of γ-Ory-lipo in a CCl4-Induced 
Model of Liver Injury  Because γ-ory-lipo exhibits pro-
tective effects in vitro, we tested the protective impact of 
γ-ory-lipo under in vivo conditions using a CCl4-induced rat 
model of liver injury. Liver damage was quantified by the 
measurement of the activities of serum AST and ALT, which 

are serum markers of liver injury.47) As shown in Fig. 9, 
CCl4-treated rat had significantly higher serum ALT and AST 
levels, approximately 400 and 180 IU/L, respectively, as com-
pared to control rats, indicating severe liver damage. However, 
intravenous administration of γ-ory-lipo significantly reduced 
serum ALT, and AST levels; the effect of γ-ory-lipo on reduc-
ing CCl4-stimulated serum ALT and AST levels was similar 
to that of treatment with ferulic-lipo (Fig. 9). These results 
are consistent with a prior study in which treatment of SD 
male rats with equimolar concentrations of ferulic acid and 
γ-oryzanol led to similar effects in the obesity and dyslipid-
emia induced by a high-fat and high-fructose diet.48) Based on 
these results, we conclude that the conversion of γ-oryzanol 
into ferulic acid is responsible for the similarity of the protec-
tive effects of γ-ory-lipo and ferulic-lipo against CCl4-induced 
hepatotoxicity.

Protective Effects of γ-Ory-lipo against CCl4-Induced 
Histopathological Damage  Histopathological changes to 
liver tissues from rats of the CCl4-induced model were ob-
served in order to further investigate the protective effects 
of γ-ory-lipo. CCl4-mediated liver tissue damage was clearly 
visible upon H&E staining of liver tissue from CCl4-treated 

Fig. 9. Protective Effects of γ-Ory-lipo on CCl4-Induced Liver Injury in Rats
Wistar rats were administrated equivalent concentrations of liposomes encapsulating γ-oryzanol (γ-ory-lipo) and ferulic acid (Ferulic-lipo) intravenously. After 1 h of 

treatment with liposomes, liver injury was induced by intraperitoneal administration of CCl4. Serum was collected after 24 h, and the activities of ALT and AST were 
determined. Data are displayed as means ± S.D. (n = 3). ** p < 0.001.

Fig. 10. Hepatoprotective Effects of γ-Ory-lipo against CCl4-Induced Histopathological Damage
Liver tissues were collected 24 h after intravenous administration of γ-ory-lipo of Wistar rats, and sections were stained with hematoxylin and eosin to assess histological 

changes. (A) Microscopic image of liver tissues from control animals, CCl4-treated animals, animals treated with CCl4 and Ferulic-lipo, and animals treated with CCl4 
and γ-ory-lipo. (B) The relative area of tissue damage was quantified with ImageJ software. Data are displayed as means ± S.D. (n = 3). ** p < 0.001. Scale bar = 100 µm.
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rats (Fig. 10A), but intravenous administration of γ-ory-lipo 
led to a significant reduction of tissue damage (Fig. 10A), fur-
ther demonstrating the hepatoprotective effects of γ-ory-lipo. 
Furthermore, quantitative estimation of the area of tissue 
damage (Fig. 10B) demonstrated that the protective effects 
of γ-ory-lipo and ferulic-lipo were comparable. These results 
provide additional evidence that the conversion of γ-oryzanol 
into ferulic acid is responsible for the effects of γ-ory-lipo on 
CCl4-induced damage to liver tissue.

CONCLUSION

Based on our findings, we concluded that the γ-ory-lipo is 
a promising natural prodrug formulation of ferulic acid for 
the treatment of oxidative stress-mediated liver injury. In this 
formulation, γ-oryzanol is less reactive with ROS than ferulic 
acid, leading to an enhanced stability. The γ-ory-lipo formula-
tion was also found to be effective at targeting the liver and in 
preventing CCl4-induced damage to liver cells in culture and 
liver tissue in vivo.
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