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The antioxidant activities of vitamin E (R-tocopherol, R-tocotrienol, γ-tocopherol, and γ-tocotrienol)
and γ-oryzanol components (cycloartenyl ferulate, 24-methylenecycloartanyl ferulate, and campes-
teryl ferulate) purified from rice bran were investigated in a cholesterol oxidation system accelerated
by 2,2′-azobis(2-methylpropionamidine) dihydrochloride. All components exhibited significant
antioxidant activity in the inhibition of cholesterol oxidation. The highest antioxidant activity was
found for 24-methylenecycloartanyl ferulate, and all three γ-oryzanol components had activities
higher than that of any of the four vitamin E components. Because the quantity of γ-oryzanol is up
to 10 times higher than that of vitamin E in rice bran, γ-oryzanol may be a more important
antioxidant of rice bran in the reduction of cholesterol oxidation than vitamin E, which has been
considered to be the major antioxidant in rice bran. The antioxidant function of these components
against cholesterol oxidation may contribute to the potential hypocholesterolemic property of rice
bran.
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INTRODUCTION

Oxidation products of cholesterol are considered to be
mutagenic and carcinogenic compounds (1-5). These
products also are harmful to many cells in blood vessels,
such as macrophage and endothelial cells, and contrib-
ute to plaque formation, which results in a variety of
cardiovascular and pulmonary diseases (6-9). Studies
have suggested that the antioxidant vitamin E lowers
the risk of cancer formation and coronary heart diseases
(10, 11).

Rice bran is a rich natural source of vitamin E,
containing up to 300 mg/kg (12). The major components
of vitamin E in rice bran are R-tocopherol, R-tocotrienol,
γ-tocopherol, and γ-tocotrienol. Rice bran also possesses
∼3000 mg/kg γ-oryzanol, which is a mixture of 10
ferulate esters of triterpene alcohol (12, 13). Also,
γ-oryzanol has been reported to possess the capability
of lowering cholesterol levels in serum (14-16). γ-O-
ryzanol components may have antioxidant functions
because their structure includes ferulic acid, a strong
antioxidant (17). However, antioxidant activities of
vitamin E and γ-oryzanol in rice bran against choles-
terol oxidation have not been studied. Investigation of
their antioxidant function in preventing cholesterol
oxidation may improve our understanding of the hypo-
cholesterolemic property of rice bran.

The mechanism of cholesterol oxidation is similar to
lipid oxidation (18-21). Cholesterol oxidation is initiated
by free radicals to produce hydroperoxides, peroxides,

and other degradation products. 7-Hydroperoxycholes-
terol (7-OOH) is the primary cholesterol oxidation
product produced in the free radical chain reaction with
5,6-epoxycholesterol (5,6-EP), 7-ketocholesterol (7-keto),
and 7-hydroxycholesterol (7-OH) as secondary oxidation
products produced after 7-OOH is epoxidized, dehy-
drated, and reduced. Also, 7-keto can be produced after
dehydrogenation of 7-OH. Seven cholesterol oxidation
products, 5,6R-epoxycholesterol (5,6R-EP), 5,6â-epoxy-
cholesterol (5,6â-EP), 7-keto, 7R-hydroperoxycholesterol
(7R-OOH), 7â-hydroperoxycholesterol (7â-OOH), 7R-
hydroxycholesterol (7R-OH), and 7â-hydroxycholesterol
(7â-OH), were found during heating of cholesterol in 30
min (21). In a kinetic model study of cholesterol oxida-
tion during heating at 150 °C, the highest generation
rate among oxidation products was for 7-hydroperoxide
cholesterol followed by epoxidation, dehydration, reduc-
tion, and dehydrogenation (21). These results could
indicate changes in cholesterol oxidation products in
food during cooking. Because higher temperatures are
used as the means to accelerate oxidation, the model
may not be appropriate to predict cholesterol oxidation
status in the human body, which is dominated by free
radical chain reactions. However, extremely long oxida-
tion times would be necessary for the cholesterol oxida-
tion products to reach significant levels without an
accelerating factor. In this study, 2,2′-azobis(2-methyl-
propionamidne) dihydrochloride (AAPH), an aqueous
free radical reaction initiator, was used to accelerate
cholesterol oxidation with a reaction temperature of 37
°C. Thus, it could be more appropriate than the high-
temperature oxidation model to evaluate antioxidant
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activity for compounds of interest against cholesterol
oxidation at relatively similar conditions to the human
body.

MATERIALS AND METHODS

Chemicals. Cholesterol, 5,6R-EP, 5,6â-EP, 7-keto, 7R-OOH,
7â-OOH, 7R-OH, 7â-OH, AAPH, and Tween 20 were purchased
from Sigma Chemical Co. (St. Louis, MO). Hexane and acetic
acid were from Fisher Chemicals (Fair Lawn, NJ), and
2-propanol was from Mallinckrodt Co. (Paris, KY). Ethyl
acetate was from EM Science (Gibbstown, NJ).

Extraction and Purification of Vitamin E and γ-Oryz-
anol Components from Rice Bran. Rice bran was obtained
from the Riviana Rice Mill (Abbeville, LA). Lipids containing
vitamin E and γ-oryzanol components were extracted using
hexane (13, 22). R-Tocopherol, R-tocotrienol, γ-tocopherol, and
γ-tocotrienol occupy ∼90% of total vitamin E in rice bran (22).
Also, ∼80% of γ-oryzanol in rice bran is cycloartenyl ferulate,
24-methylenecycloartanyl ferulate, and campesteryl ferulate
(13). R-Tocopherol, R-tocotrienol, γ-tocopherol, and γ-tocotrienol
in the extracted rice bran lipid were purified using normal
phase HPLC with a silica column (Supelcosil LC_SI, 25 cm ×
4.6 mm, Supelco, Bellefonte, PA) (22). The mobile phase was
hexane, ethyl acetate, and acetic acid (99, 0.5, and 0.5%,
respectively). The flow rate was 1.8 mL/min. The excitation
and emission wavelengths of the fluorescence detector were
set at 290 and 330 nm, respectively. Ten γ-oryzanol compo-
nents were separated using reversed phase HPLC (13). The
C18 column was obtained from Rainin Instrument Co. (Woburn,
MA). The mobile phase consisted of methanol, acetonitrile,
dichloromethane, and acetic acid (50, 44, 3, and 3%, respec-
tively), and the flow rate was 1.4 mL/min. The wavelength of
the UV detector was 330 nm. The three major components of
γ-oryzanol, cycloartenyl ferulate, 24-methylenecycloartanyl
ferulate, and campesteryl ferulate, were used in this study due
to insufficient quantities of the other seven components. The
high-purity components were obtained by collecting their
fractions during HPLC (13, 22). The mobile phase of the
fraction was evaporated under an ultrapure nitrogen flow. Ten
milliliters of mobile phase was collected without loading any
sample on the HPLC, which was used as a blank to account
for possible effects of residual chemicals in the mobile phase
and column packing materials on cholesterol oxidation.

Reaction System and Sample. Cholesterol stock solution
was 12 mM, made by dissolving 1.161 g of cholesterol in 150
mL of hexane, 93 mL of 0.05 M phosphate buffer (pH 6.9),
and 7 mL of Tween 20. AAPH solution (3, 30, and 60 mM)
was freshly prepared with 0.05 M phosphate buffer. The
reaction solution was a mixture of 10 mL of cholesterol stock
solution and 2 mL of AAPH solution for treatment or 2 mL of
phosphate buffer. The concentration of cholesterol in the
reaction solution was 10 mM. The AAPH in the reaction
solution was 0.5, 5, or 10 mM corresponding to the addition of
3, 30, or 60 mM AAPH solution. The concentration of test
component was 0.5 mM in the 12 mL reaction solution. The
concentration in mass units of test component in the reaction
solution is listed in Table 1. The reaction solution was added
to a 100-mL bottle (diameter ) 56 mm) with a Teflon seal disk
cap. The bottle was placed in a 37 °C water bath (PolyStat
model 12050, Cole-Parmer Instrument Co., Chicago, IL) and
shaken at 200 rpm. A 1.5-mL aliquot of reaction solution was
centrifuged at 4000g to separate the hexane layer from the

solution. The hexane layer was eluted through a funnel filled
with Na2SO4 and then was transferred to an HPLC injection
vial. A recovery study was performed by comparing the known
concentrations of oxidation products spiked in the reaction
solution to their final concentrations obtained in the extracted
hexane layer. This indicated that the oxidation products in
the solution were extracted in the hexane layer after centri-
fuging.

Cholesterol oxidation products were analyzed using an
HPLC method (21). The system included a Waters 2690
separation module, a 996 photodiode array detector, and a
Millennium chromatography station (Milford, MA). The mobile
phase was a mixture of hexane and 2-propanol (99 and 1%,
respectively) at 1.5 mL/min flow rate. Detection was at 234
nm.

Statistical Analysis. The experiment for each reaction
condition and test component was replicated three times. The
experimental data were analyzed by ANOVA using the Gen-
eral Linear Model procedure (SAS system, SAS Institute Inc.,
Cary, NC) with significant differences between means sepa-
rated using Tukey’s test at P < 0.05.

RESULTS AND DISCUSSION

Cholesterol Oxidation Product Analysis. The
retention times of the seven cholesterol oxidation prod-
ucts in our HPLC chromatograph are similar to those
found by Chien et al. (21) when standards were tested.
Figure 1 is the chromatogram of cholesterol oxidation
products after 24 h of oxidation with 5 mM AAPH.
However, no peaks were observed in the chromatograph
at the retention times for 7R-OOH, 7R-OH, and 7â-OH.
The four major cholesterol oxidation products, 5,6R-EP,
5,6â-EP, 7-keto, and 7â-OOH, were detected after
cholesterol was oxidized by the free radical chain
reaction accelerated using AAPH. Similar to the chro-
matogram of Chien et al. (21), cholesterol and its
degradation components have shorter retention times
(<5 min) than these cholesterol oxidation products.
Without AAPH, the only cholesterol oxidation product
detected was 7â-OOH at very low concentration (0.05
µg/mL) after 24 h of incubation.

Cholesterol Oxidation Products during AAPH
Acceleration. The concentration of each cholesterol
oxidation product with 0, 0.5, 5, and 10 mM AAPH is
shown in Figure 2. Parts a, b, c, and d of Figure 2
represent the concentrations of 5,6R-EP, 5,6â-EP, 7-ke-
to, and 7â-OOH, respectively, at different reaction times.
In the 0 mM AAPH system, 5,6R-EP, 5,6â-EP, and
7-keto were not detected, and 7â-OOH did not increase
after 24 h of incubation at 37 °C. In 0.5, 5, and 10 mM
AAPH systems, each oxidation product concentration
significantly increased within 24 h. The higher the
concentration of AAPH, the greater the increase in the
rate of oxidation product production. At 10 mM AAPH,
the concentrations of 5,6-EP (5,6R-EP and 5,6â-EP),
7-keto, and 7-OOH (only 7â-OOH) increased to 0.46,
0.32, and 2.16% of cholesterol, respectively, in the 24-h
oxidation period. In a study of cholesterol oxidation
during heating, seven cholesterol oxidation products
were observed by Chien et al. (21). The percentages of
oxidation product were approximately 8% (5,6-EP), 6%
(7-keto), and 0.25% (7-OOH) of cholesterol in 30 min of
heating at 150 °C. The concentration of cholesterol
oxidation products was much higher than was found in
this study, except for 7-OOH. During heating at higher
temperatures, 7-OOH may not be stable and readily
decomposed or transformed to 7-OH and 7-keto. These
results suggest that heating is a more aggressive
acceleration method compared with AAPH for choles-

Table 1. Concentration of Each Treatment in the
Reaction Solution in Mass Units

treatment concn (mg/mL)

R-tocopherol 0.216
γ-tocopherol 0.213
R-tocotrienol 0.209
γ-tocotrienol 0.206
cycloartenyl ferulate 0.235
24-methylenecycloartanyl ferulate 0.242
campesteryl ferulate 0.236
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terol oxidation. However, the production of 7-OOH and
7-OH remained constant after 30 min at 150 °C (21).
In the AAPH system, the formation rate of 7â-OOH was
the highest and the concentrations of oxidation products
increased continually with no tendency to reach a
plateau during 24 h of AAPH oxidation. The cholesterol
oxidation accelerated by AAPH is relatively mild but
persistent, compared with heating. 7-Keto had the
second highest concentration among the four cholesterol
oxidation products in the AAPH system. Besides dehy-
dration from 7-OOH, another formation pathway of
7-keto is from dehydrogenation of 7-OH (23, 24). As
7-OH was not found in the AAPH system, 7-keto
formation may largely depend on the dehydration of 7â-
OOH. The occurrence of cholesterol epoxidation during
oxidation is related to the concentration of 7-OOH (18,
25). The concentration of 5,6-EP (5,6R-EP and 5,6â-EP)
increased along with the concentration of 7-OOH (7R-

OOH and 7â-OOH) (25). The total concentration of 5,6R-
EP and 5,6â-EP was close to that of 7-keto in this study,
although that of 5,6â-EP was low.

Antioxidant Activity of Major Vitamin E and
γ-Oryzanol Components from Rice Bran. Figure 3
shows concentration changes of four oxidation products,
5,6R-EP, 5,6â-EP, 7-keto, and 7â-OOH, with different
components and the blank obtained after evaporation
of the mobile phase at 5 mM AAPH. The reaction system
with each component demonstrated significantly lower
concentrations of the four cholesterol oxidation products
within 12 h, compared with the blank. The oxidation
products in each treatment of γ-oryzanol component
were also significantly lower than in each treatment of
vitamin E. After 24 h of oxidation, the concentrations
of 5,6R-EP, 5,6â-EP, and 7-keto with R-tocopherol and
R-tocotrienol were not significantly different from the
blank. However, the four oxidation products in the

Figure 1. Chromatography of cholesterol oxidation products after 24 h of oxidation with 5 mM AAPH and 10 mM cholesterol:
(peak 1) 5,6R-EP; (peak 2) 5,6â-EP; (peak 3) 7-keto; (peak 4) 7â-OOH.

Figure 2. Concentration of cholesterol oxidation products with different concentrations of AAPH and 10 mM cholesterol at different
oxidation times: (0) 0 mM AAPH; (b) 0.5 mM AAPH; (2) 5 mM AAPH; (9) 10 mM AAPH.
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reaction system of 24-methylenecycloartanyl ferulate,
campesteryl ferulate, and cycloartenyl ferulate were still
significantly lower than the blank. The concentration
of 7â-OOH in each system with test component re-
mained significantly lower than the blank, except with
R-tocotrienol. From these results, significantly higher
antioxidant activities in preventing cholesterol oxidation
were observed for the three γ-oryzanol components than
the four vitamin E components, with 24-methylene-
cycloartanyl ferulate possessing a much higher antioxi-
dant activity.

The four vitamin E components showed similar an-
tioxidant activities in this system, indicating that dif-
ferences in structure between vitamin E components do
not appear to be a significant factor related to antioxi-
dant activity toward cholesterol oxidation in this system.
R-Tocopherol showed the highest antioxidant effect,
followed by γ-tocopherol and δ-tocopherol in the chlo-
rophyll-photosensitized oxidation of soybean oil (26).
However, in an oxidation mixture that contained 2,2′-
azobis(2,4-dimethylvaleronitrile) (AMVN) and cis-pari-
naric acid in hexane, the antioxidant activities of
tocopherols and tocotrienols were similar (27).

The antioxidant function of γ-oryzanol components
may depend on a phenolic hydroxy group in the ferulate
portion of their structure. Ferulic acid was reported as
a phenolic acid type of antioxidant due to the hydroxy
group on the phenolic ring (28, 29). In this study,
γ-oryzanol components possessed significantly higher
antioxidant activity than vitamin E components. The
higher antioxidant activities of γ-oryzanol components
may be due to their structure, which is very similar to
that of cholesterol (Figure 4). The analogous structure
of γ-oryzanol components and cholesterol leads to
similar chemical characteristics in the emulsion system.
The γ-oryzanol components may have greater ability to
associate with cholesterol in the small droplets of the
emulsion and become more efficient in protecting cho-
lesterol against free radical attack. Because 24-meth-
ylenecycloartanyl ferulate had a significantly higher
antioxidant activity among the three γ-oryzanol com-

ponents, this might indicate that differences in structure
among these components affect their antioxidant activi-
ties in this model. The unique structure of 24-methyl-
enecycloartanyl ferulate that is different from both
cycloartenyl ferulate and campesteryl ferulate is a
methylene group on C-24. The methylene group is
attached to two alkyl groups, which may confer greater

Figure 3. Concentration changes of cholesterol oxidation products in reaction solution of 10 mM cholesterol, 5 mM AAPH, and
0.5 mM test compound at different oxidation times: (bars represent from left to right in each grouping) absence of testing compount;
R-tocopherol; R-tocotrienol; γ-tocopherol; γ-tocotrienol; cycloartenyl ferulate; 24-methylenecycloartanyl ferulate; campesteryl ferulate.
Significant differences in concentration (P < 0.05) are expressed by a different letter in each oxidation time.

Figure 4. Structures of the three major γ-oryzanol compo-
nents.
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antioxidant activity than the alkene on the C-24 of
cycloartenyl ferulate in the emulsion system.

The antioxidant activity of vitamin E and γ-oryzanol
components reduces the production of toxic cholesterol
oxidation products that may support the potential
hypocholesterolemic property of rice bran. Vitamin E
has normally been considered to be the most important
antioxidant in rice bran; however, in this study, the
activity of γ-oryzanol components was significantly
higher than that of each of the vitamin E components.
Furthermore, the level of γ-oryzanol is ∼10 times higher
than that of vitamin E in rice bran. Thus, the potential
of γ-oryzanol as an inhibitor of cholesterol oxidation is
quite compelling and requires further investigation.
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