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A B S T R A C T

Oxidative stress, chronic inflammation, dyslipidemia, hyperglycemia, and shear stress (physical effect) are risk
factors associated with the pathogenesis of atherosclerosis. Rice bran, a by-product of rice milling process, is
known to house polyphenols and vitamins which exhibit potent antioxidant and anti-inflammatory properties.
Through recent emerging knowledge of rice bran in health and wellness, the present study was aimed to assess the
ameliorative effects of rice bran extracts (RBE) derived from Japanese colored rice varieties in modulating risk
factors of atherosclerosis via in vitro and in vivo study models. Pre-treatment of lipopolysaccharide (LPS)-stimu-
lated murine J774A.1 macrophage-like cells with RBE alleviated nitric oxide (NO) overproduction and down-
regulated gene expressions of pro-inflammatory modulators: tumor necrosis factor-α (TNF-α), interleukin (IL)-α
(IL-1α), IL-1β, IL-6, and inducible nitric oxide synthase (iNOS). In addition, RBE also significantly attenuated LPS-
stimulated protein expressions of iNOS, TNF-α, IL-1α, and IL-6 in J774A.1 macrophage-like cells as compared to
non-treated LPS control group. In in vivo, 12 weeks of RBE dietary supplementations significantly reduced (p <

0.05) total cholesterol, triglycerides, and pro-atherogenic oxidized LDL/β2-glycoprotein I (oxLDL/β2GPI) com-
plexes at plasma levels, in high fat diet (HFD) induced low density lipoprotein receptor knockout (Ldlr�/-) mice.
En face pathological assessments of murine aortas also revealed significant reductions by 38% (p < 0.05) in
plaque sizes of RBE-supplemented HFD mice groups as compared to non RBE-supplemented HFD control mice
group. Moreover, gene expressions of aortic (iNOS, TNF-α, IL-1β) and hepatic (TNF-α, IL-1α, IL-1β) pro-
inflammatory modulators were also downregulated in RBE-supplemented mice groups. Present study has
revealed the potent health attributes and application of RBE as a dietary supplement to attenuate risks of inad-
vertent oxidative damage and chronic inflammation underlying the pathogenesis of atherosclerosis. Intrinsically,
present preliminary findings may provide global health prospects for future dietary implementation of RBE in
management of atherosclerosis.
1. Introduction

Atherosclerosis, the hardening of arteries, is one of the prevalent
forms of cardiovascular disease (CVD) known to date [1]. The underlying
pathogenesis of atherosclerosis is manifested by oxidative stress, chronic
inflammation, dyslipidemia, hyperglycemia, and shear stress (physical
effect) [2]. Due to the high compositions of cholesterol, cholesteryl esters
(CE) (approximately 50% of the total composition), and phospholipids in
. Matsuura).
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low density lipoprotein (LDL), it is prone to oxidation mediated by
reactive oxygen species (ROS) [3]. Oxidized LDL (OxLDL) acts as a
pro-inflammatory and pro-atherogenic modulator that initiates endo-
thelial dysfunction and triggers inflammatory responses via
monocyte-derived macrophage-mediated synthesis and secretion of in-
flammatory cytokines. These abnormalities promote recruitment and
subsequent activation of macrophages, and intracellular lipid accumu-
lation within atherosclerotic lesions [4, 5].
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Hippocrates's ‘let food be thy medicine and medicine be thy food’ ideol-
ogy has been receiving growing interest in recent years [6]. Many in-
dividuals have turn to functional food as a source of natural remedy to
complement the physiological system in health promotion and disease
management. These exogenous antioxidants support the physiological
endogenous antioxidant mechanism against oxidative injuries and foster
restoration of redox homeostasis [7]. Thus, the use of exogenous natural
antioxidants as a strategy to mitigate inadvertent physiological oxidative
damage and related inflammatory signaling pathways remains rationale
and may offer relevant insights for both prevention and management of
chronic diseases.

Rice has been long known as one of the vital agricultural commodities
in staple food markets, providing sources of energy and nourishments to
most Asian populations [8]. Rice bran, the agricultural byproduct of rice
milling, is known to house polyphenols, vitamins, minerals, and proteins
[9]. In spite of its nutraceutical potentials, rice bran remains largely
under-utilized, still primarily used for animal feeding with only a small
portion being used to produce rice bran oil for human consumption [10].
Presently, interest in health attributes of rice bran as functional food has
been intensified with focuses primarily centered on the evaluation of rice
bran antioxidants in management of health and wellness. Some of the
recently reported health attributes of rice bran were associated with its
potent anti-atherogenic [11, 12, 13, 14, 15], chemopreventive [16, 17],
hypoglycemic [18], anti-hypertensive, and hypocholesterolemic [19, 20]
properties.

Since then, the innovative utilizations of rice bran in food industries
to tackle adversities arising from issues relating to malnutrition and
chronic diseases began to gain public acceptance [21]. Given that
oxidative stress and pro-inflammatory-related mechanisms prominently
exacerbate the progression of atherosclerosis through interplays of innate
and adaptive immune systems, dietary intervention of natural
plant-based functional food capable of addressing these impediments
remains a point-of-interest. As such, present study was aimed to evaluate
the bioactivities and ameliorative effects of rice bran extracts (RBE)
derived from selected Japanese rice varieties in modulating the under-
lying pathogenesis of atherosclerosis via in vitro and in vivo assay models.

2. Methodology

2.1. Preparation of RBE

A total of 9 different colored rice varieties of Oryza sativa L. species
and japonica cultivar group were locally sourced in Japan. Phytochem-
ical profiles and bioactivities of RBE derived from these colored rice
varieties were pre-screened and RBE derived from two selected rice va-
rieties were used for this study. The two selected colored rice varieties
were: (1) red rice (‘Tanegashima-uruchi’ – Romanized name in Japanese,
from Tanegashima, Kagoshima, Japan) and (2) purple-black rice (‘Shi-
kokumai’ or ‘Kuromai’ – Romanized name in Japanese, from Yakage,
Okayama, Japan) (Figure 1). Prior to rice milling, rice grains were pre-
stabilized by heat-drying at 100 �C for 30 min to deactivate lipase. The
Figure 1. Rice grains of (a) ‘Tanegashima-uruchi’ – Romanized name in Japanese
(purple-black rice).
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resulting bran powder from themilling process was sieved through a 0.35
mm sieve and stored at -80 �C until use. RBEs were prepared via simple
solvent extraction method [22]. Briefly, rice bran powder was soaked in
absolute methanol (MetOH) at a weight-to-volume ratio (w/v) of 1:20.
The extractions were carried out in a culture shaker at a constant tem-
perature of 25 �C with gentle shaking (120 ms�1) for 24 h. The extracts
were then filtered through chromatography filter paper (Advantec
Chromatography Filter Paper Grade 51B, Cole-Parmer, Vernon Hills, IL,
USA), and concentrated under reduced pressure via rotary evaporator.
All extracts were dried under constant stream of nitrogen (N2) gas and
stored at -22 �C until use. Dried extracts were reconstituted in absolute
ethanol (EtOH) to desirable concentration, in units of weight of dried
extract/volume of EtOH (w/v) for subsequent phytochemical profiling
and bioactivity assays. RBE derived from red and purple rice varieties in
subsequent context of the manuscript were annotated as ‘R.RBE’ and
‘P.RBE’ respectively.

2.2. Phytochemical profiling of RBE

Phenolics, flavonoids, anthocyanins, pro-anthocyanidins, gamma
oryzanol (γ-oryzanol) and vitamin E (tocopherols and tocotrienols)
contents of RBEs were determined via colorimetric and chromatographic
assays.

2.2.1. Phenolics contents
Phenolics contents of RBEs were determined as per method of

Singleton and Rossi (1965) [23] with minor modifications. Briefly,
diluted rice bran extracts were mixed with 7.5 % (w/v) sodium carbonate
(Na2CO3) and Folin-Ciocalteu reagent (diluted 10 folds) in a 96-well
microplate. The reaction mixtures were left to incubate at room tem-
perature for 60 min before absorbance was measured at 650 nm via a
microplate reader (Sunrise™, Tecan Trading AG, M€annedorf,
Switzerland). Gallic acid was used as reference standard and the phenolic
contents of RBEs were expressed in mg of gallic acid equivalents (GAE)
per 100 g of dried extract.

2.2.2. Flavonoids contents
Flavonoids contents of RBEs were assessed via aluminium complex-

ation reaction as per methods of Jia et al. (1999) [24] and Herald et al.
(2012) [25] with minor modifications. Briefly, RBEs were pre-mixed
with ultra-pure water and 5 % (w/v) of sodium nitrite (NaNO2). The
reaction mixtures were homogenized thoroughly for 5 min before 10 %
(w/v) aluminium trichloride (AlCl3) was added and incubated for 10 min
at room temperature. Then, a mixture of 1 M sodium hydroxide (NaOH)
and ultra-pure water (1:1 ratio) was added to the reaction mixtures.
Samples were centrifuge at 3,000 rpm for 5 min at room temperature to
remove precipitates. Lastly, the absorbances of collected supernatants
were measured at 510 nm via UV-Visible spectrophotometer (Cary 50
Conc UV-Visible Spectrophotometer, Varian, Inc., Palo Alto, CA, USA).
Quercetin was used as reference standard and the flavonoid contents of
(red rice) and (b) ‘Shikokumai’ or ‘Kuromai’ – Romanized name in Japanese
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RBEs were expressed in mg of quercetin equivalents (QE) per g of dried
extract.

2.2.3. Anthocyanins contents
Anthocyanins contents of RBEs were determined through pH differ-

ential method as per method of Giusti and Wrolstad (2001) [26] with
minor modifications. Briefly, RBEs were pre-mixed with 0.024 M po-
tassium chloride (KCl) (pH 1.0) in a 96-well microplate and incubated at
room temperature for 15 min. Absorbances were then measured at 490
nm and reference wavelength at 650 nm respectively. Content of addi-
tional 96-well microplate was set up by mixing RBEs and 0.4 M sodium
acetate (NaOAc) (pH4.5) and also incubated at room temperature for 15
min. Absorbances were then measured at 490 nm and reference wave-
length at 650 nm respectively. Anthocyanin contents of RBEs were
determined through the following Eqs. (1) and (2):

Absorbance ¼ (A490nm – A650nm)pH1.0 – (A490nm – A650nm)pH4.5 (1)

Eq. (1) determines the variations in absorbances between two pH
buffer systems

Anthocyanins contents¼A x MW x DF x 1000
MA x 1

(2)

Eq. (2) determines anthocyanin content of sample in unit of mg
cyanidin-3-glucoside equivalent per mass of sample, in which:

A ¼ Difference in Absorbance from equation (1)
MW ¼ Molecular weight of cyanidin-3-glucoside (C3G) (449.2 g/mol)
DF ¼ Sample dilution factor
MA ¼ Molar absorptivity (equivalent to 26900 L/mol⋅cm)

2.2.4. Pro-anthocyanidins contents
Pro-anthocyanidins contents of RBEs were determined through high-

throughput vanillin assay as per method of Herald et al. (2014) [27] with
minor modifications. Briefly, reference standard catechin (0.02–2.50
mg/mL; in EtOH), RBEs (1 mg/mL), and negative control (EtOH only)
were respectively loaded to 96-well microplate and subsequently mixed
with working vanillin solution [consisting of 1 part of 1 % (w/v) vanillin
solution in EtOH and 1 part of 25 % (v/v) H2SO4 in EtOH]. In order to
eliminate false positives, background checks were conducted by checking
absorbances of reaction mixtures containing standard/samples/negative
control and background check solution (consisting of 1 part of EtOH and
1 part of 25 % (v/v) H2SO4 in EtOH). All reaction mixtures were left to
incubate at 30 �C for 20 min and absorbance was measured at 490 nm.
Pro-anthocyanidin contents of RBEs were expressed in mg catechin
equivalent per kg of dried extract and were determined via the following
Eq. (3).

Pro-anthocyanidins contents ¼ (Asample – Areagent blank) – (Abackground – Aback-

ground reagent blank) (3)

Where:

Asample ¼ Reference standard (catechin)/RBEs þ [1 % (w/v) vanillin-
EtOH þ 25 % (v/v) H2SO4 in EtOH]
Areagent blank ¼ EtOHþ [1 % (w/v) vanillin-EtOHþ 25 % (v/v) H2SO4 in
EtOH]
Abackground¼ Reference standard (catechin)/RBEsþ [EtOHþ 25 % (v/v)
H2SO4 in EtOH]
Abackground reagent blank ¼ EtOH þ [EtOH þ25 % (v/v) H2SO4 in EtOH]

2.2.5. Gamma oryzanol (γ-oryzanol) contents
Total γ-oryzanol contents of RBE were determined spectrophoto-

metrically as per method of Bucci et al. (2003) [28] with slight modifi-
cation. Briefly, the analysis was performed by using a UV-Visible
spectrophotometer (UV-2700, Shimadzu Corp., Kyoto, Japan). Maximum
absorption spectrum of γ-oryzanol was determined at 328 nm. Different
3

concentrations of γ-oryzanol standards were used to establish a reference
calibration curve and the total γ-oryzanol content of RBE were expressed
in unit of mg of γ-oryzanol per g of dried extract.

2.2.6. Vitamin E
Vitamin E contents of RBE were determined via a reversed phase high

performance liquid chromatography (HPLC) system (Agilent 1260 In-
finity LC, Agilent Technologies, Santa Clara, CA, USA) coupled with a
fluorescence detector (Agilent 1260 Infinity Fluorescence Detector,
Agilent Technologies, Santa Clara, CA, USA). Briefly, diluted stock con-
centrations of RBEs (5 mg/mL) were prepared in HPLC grade methanol.
All samples were filtered through 0.45 μm PTFE filter prior to sample
injection into HPLC. A solvent system consisting of 100 % HPLC grade
methanol was delivered to a 4.6 � 250 mm, 5 μm C-18 column (Zorbax
SB-C18, Agilent Technologies, Santa Clara, CA, USA). Separation of
vitamin E isomers was performed in isocratic elution mode at a flow rate
of 1.0 mL/min and column temperature were kept at 25 ᵒC. A sample
injection volume of 10 μL was injected into the HPLC and the vitamin E
derivatives were detected at the excitation and emission wavelengths of
296 nm and 330 nm respectively. Tocomin50, a mixture of tocotrienols
and tocopherol derived from palm oil was used as reference standard.

2.3. In vitro antioxidant capacity assessments

Chemical free radicals: 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,20-
azino-di-3-ethylbenzthiazoline sulfonic acid (ABTS), and hydrogen
peroxide (H2O2) were used to evaluate the antioxidant capacities of
RBEs.

2.3.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay
DPPH free radical scavenging assay was performed as per method of

Herald et al. (2012) [24] with minor modifications. Briefly, serially
diluted RBEs (15.6 μg/mL–1000 μg/mL) were mixed with 0.4 mM DPPH
working solution in a 96-well microplate. The reaction mixture was left
for incubation at room temperature for 30 min (away from light) and
absorbance was then measured at 490 nm via a microplate reader
(Sunrise™, Tecan Trading AG, M€annedorf, Switzerland). Vitamin C,
quercetin, and gallic acid were used as positive controls. EtOH was used
as negative control and reagent blank. DPPH free radical scavenging
capacities of RBEs were determined by identifying the inhibitory con-
centrations (IC50) of RBEs required to reduce the absorbance of DPPH
free radical solution by 50 %.

2.3.2. 2,20-azino-di-3-ethylbenzthiazoline sulfonic acid (ABTS) scavenging
capacity assay

ABTS scavenging capacities of RBEs were evaluated as per method of
Miller et al. (1993) [29] with slight modifications. ABTS radical solution
was pre-prepared bymixing 2.45mMpotassium persulfate solution and 7
mM ABTS solution at equal ratio, incubated in the dark at room tem-
perature for 12 h. The resulting reaction solution was further diluted 10x
with EtOH (until an initial absorbance of approximately 0.700 A.U. at
734 nm was attained before use). Working solution of ABTS was then
added to serially diluted RBEs (15.6 μg/mL–1000 μg/mL), and positive
controls: vitamin C, quercetin, and gallic acid respectively. EtOH was use
as negative control and reagent blank. Reaction mixtures were left to
incubate at room temperature, in the dark for 10 min. Absorbance was
measured at 734 nm via a microplate reader (FlexStation 3, Molecular
Devices, LLC., San Jose, CA, USA). ABTS free radical scavenging capac-
ities of RBEs were determined by identifying the IC50 concentrations of
RBEs required to reduce the absorbance of ABTS radical solution by 50%.

2.3.3. Hydrogen peroxide (H2O2) scavenging assay
H2O2 scavenging capacities of RBEs were determined via a modified

enzymatic colorimetric assay as per method of Fernando and Soysa
(2015) [30] with minor modifications. Briefly, reaction mixtures con-
sisting of phenol-aminoantipyrine solution (0.17 M phenol and 2.46 mM
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4-aminoantipyrine), 1 mM H2O2, and serially diluted test samples in pH
7.0 phosphate (PBS) buffer were prepared and loaded onto a 96-well
microplate. Vitamin C, quercetin, and gallic acid were used as positive
controls. PBS buffer was used as negative control and reagent blank. The
resulting reaction mixtures were left at room temperature to incubate for
5 min and subsequently followed by the addition of 37.5 U/mL (final
concentration in reaction mixture: 1.5 U/mL) horseradish peroxidase
(HRP). Reactions were then carried out at 37 �C for 30 min and absor-
bance was measured at 490 nm via a microplate reader (Sunrise™, Tecan
Trading AG). H2O2 scavenging capacities of RBEs were determined by
identifying the IC50 of RBEs required to reduce the initial absorbance of
reaction mixture by 50%.

2.4. Cell culture

Murine J774A.1 macrophage-like cell (Riken BioResource Research
Center, Ibaraki, Japan) was used as mammalian cell culture model for in
vitro mammalian cell culture-based assays. Cells were maintained in
DMEM supplemented with 10 % (v/v) fetal bovine serum (FBS) and 100
units/mL of penicillin-streptomycin.

2.4.1. Cell cytotoxicity
J774A.1 macrophage-like cells were seeded onto a 96-well micro-

plate at a density of 5 � 103 cells per well and pre-incubated for 24 h
prior to RBE treatment. Cells were then treated with different concen-
trations of serially diluted RBEs (15.625 μg/mL – 250 μg/mL) for 24, 48,
and 72 h respectively. EtOH composition in DMEM of prepared RBEs for
cell treatment was kept below 1% (v/v) while 1% (v/v) EtOH in DMEM, a
concentration of EtOH that did not incur cytotoxicity to J774A.1
macrophage-like cells was used as negative control. Cell cytotoxicity of
RBEs on J774A.1 macrophage-like cells were examined through Cell
Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies Inc., Kuma-
moto, Japan) as per kit's instructions. The absorbance was measured
through a microplate reader (Sunrise™, Tecan Trading AG) at 490 nm
and a reference wavelength of 600 nm.

2.4.2. Anti-inflammation assay (Griess assay)
J774A.1 macrophage-like cells were seeded at a density of 1 � 105

cells per well onto a 24-well plate and pre-incubated for 24 h prior to cell
treatment. LPS from Escherichia coli 0127:B8 (Sigma-Aldrich, Inc.,
Darmstadt, Germany), at a final concentration of 1 μg/mL, was used as an
inflammatory inducer. Cells were first treated with different concentra-
tions of RBEs (62.5 μg/mL – 250 μg/mL) for 4 h, then co-incubated with
LPS for another 20 h. After 24 h of co-incubations with RBEs and LPS, cell
culture supernatants were collected by centrifugation at 1,500 rpm, room
temperature for 5 min. Anti-inflammatory capacities of RBEs were
evaluated via the Griess assay, a colorimetric assay that measures nitrite,
a stable metabolite from oxidation of nitric oxide (NO) radicals [31].
Briefly, cell culture supernatants were mixed with Griess reagent, con-
sisting of 1 part of 1 % (w/v) sulfanilamide in 5 % (v/v) phosphoric acid
(H3PO4) and 1 part of 0.1 % (w/v) N-1-napthylethylenediamine dihy-
drochloride (NED). Sodium nitrite (0.78 μM–50 μM) was used as refer-
ence standard. Reactions were carried out at room temperature for 20
min and absorbance was measured at 570 nm via a microplate reader
(Sunrise™, Tecan Trading AG). The % NO production relative to
non-RBE treated LPS control was determined through the following Eq.
(4):

% NO Production ¼ (NO2
-
sample / NO2

-
control) x 100 (4)

Where:
4

NO2
- refers to concentration of nitrite (NO2

- ) determined through sodium
nitrite reference standard curve
NO2

-
sample ¼ Concentration of nitrite (NO2

- ) in groups treated with RBE/
non-RBE, non-LPS negative control group
NO2

-
control ¼ Concentration of nitrite (NO2

- ) in non-RBE treated LPS
control group

2.4.3. Gene and protein expressions of inflammatory cytokines/modulators
J774A.1 macrophage-like cells were seeded at a density of 5 � 105

cells per well onto a 6-well plate and pre-incubated for 24 h prior to cell
treatment. Cells were first treated with two different concentrations of
RBEs (62.5 μg/mL& 125 μg/mL) for 4 h, then followed by LPS (1 μg/mL)
stimulation for 20 h. After 24 h of co-incubations with RBEs and LPS, cells
were then processed accordingly for gene and protein expressions-related
studies.

Total RNA from cells was extracted using PureLink™ RNA mini kit
(ThermoFisher Scientific, Carlsbad, CA, USA) as per kit's instructions.
Concentration and purity of isolated total RNA were assessed by using
BioSpec-nano (Shimadzu Corp., Kyoto, Japan). Reverse transcription of
total RNA to single stranded cDNA was performed using High-Capacity
RNA-to-cDNA™ kit (ThermoFisher Scientific). Quantitative PCR
(qPCR) was performed on Applied Biosystems StepOnePlus Real-Time
PCR system (ThermoFisher Scientific) based on SYBR green chemistry
(ROX as passive reference dye) from Applied Biosystems PowerUP™
SYBR™ green master mix (ThermoFisher Scientific). Expression profiles
of targeted genes: inducible nitric oxide synthase (iNOS), tumour ne-
crosis factor α (TNF-α), interleukin 1 alpha (IL-1α), interleukin 1 beta (IL-
1β), and interleukin-6 (IL-6) were measured through comparative CT

using their respective primer sequences (Table 1). Expression levels of
targeted genes were normalized against reference control gene glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). The qPCR running
condition began with holding steps at 50 �C for 2 min and followed by 95
�C for 2 min, then PCR cycles continued sequentially for 40 cycles at 95
�C for 15 s, 58 �C for 30 s, and 72 �C for 60 s.

For protein extraction, cells were dislodged by cell scrapper and
centrifuged (2000 rpm, 4 �C, 5 min) to collect cell pellet. After washing
with ice-cold PBS buffer, cell pellets were suspended in ice-cold lysis
buffer [20 mM Tris-HCl, pH7.5, 150 mMNaCl, 5 mM EDTA, 5 mM EGTA,
1 % (v/v) NP-40, 0.1 % (w/v) SDS, 0.1% (w/v) sodium deoxycholate, 20
mM β-glycerophosphate, 2 mg/mL NaF, and 0.18 mg/mL Na3VO4] sup-
plemented with protease inhibitor cocktail P8340 (Sigma-Aldrich, Inc.).
Reaction was then incubated at 4 �C for 30 min. Supernatant of ho-
mogenate was collected via centrifugation (15,000 rpm, 4 �C, 15 min)
and protein content of extract was determined through Pierce™ BCA
Protein Assay Kit (ThermoFisher Scientific). Collected proteins were
denatured with SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (supplemented with 2-mercaptoethanol as reducing agent)
at 99 �C, for 5 min prior to SDS-PAGE. After SDS-PAGE, proteins on gel
were then wet transferred onto 0.2 μm ClearTrans® nitrocellulose
membranes (Fujifilm Wako Pure Chemical Corp., Osaka, Japan). Mem-
branes were blocked with 5% (w/v) skimmilk suspended in TBS-T buffer
[10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.05% Tween20] at room
temperature, for 1 h. After three washings with TBS-T buffer, membranes
were incubated at 4 �C, overnight with primary antibodies: iNOS
(D6B6S) (#13120S, Cell Signaling Technology, Inc., Danvers, MA, USA),
TNF-α ((#3707S, Cell Signaling Technology, Inc.), IL-1α (D4F3S)
(#50794S, Cell Signaling Technology, Inc.), IL-6 (D5W4V) XP®
(#12912S, Cell Signaling Technology, Inc.), and housekeeping loading
control β-actin (13E5) (#4970S, Cell Signaling Technology, Inc.). Pri-
mary antibodies were all diluted (1:1000) in 5 % (w/v) bovine serum



Table 1. Primer sequences of targeted genes.

Gene Targets Forward Primer Sequence (50-30) Reverse Primer Sequence (50-30)

iNOS CAGATCCCGAAACGCTTCA TGTTGAGGTCTAAAGGCTCCG

TNF-α CACGCTCTTCTGTCTACTGA CACTTGGTGGTTTGCTACGA

IL-1α CGCTTGAGTCGGCAAAGAAA GAGAGAGATGGTCAATGGCAGA

IL-1β GCCACCTTTTGACAGTGATGA ATGTGCTGCTGCGAGATTTG

IL-6 ATGGATGCTACCAAACTGGAT TGAAGGACTCTGGCTTTGTCT

GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
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albumin suspended in TBS-T buffer. After three washings with TBS-T
buffer, membranes were then incubated with diluted HRP-linked sec-
ondary antibody (1:2000) (#7074S, Cell Signaling Technology, Inc.) in 5
% (w/v) skim milk-TBS-T buffer, at room temperature for 1 h. Immu-
noreactive protein bands on membrane were treated with ImmunoStar®
LD substrate (Fujifilm Wako Pure Chemical Corp.) and visualized on
Amersham Hyperfilm™ ECL (GE Healthcare Ltd., Buckinghamshire, UK).
Optical density plots and relative densities of protein bands were deter-
mined through ImageJ software analysis.
2.5. In vivo study

All animal-related experimental protocols were approved by Animal
Care and Use Committee of Okayama University (OKU-2019389). Low
density lipoprotein receptor knockout mice (B6.129S7-Ldlrtm1Her/J)
(Ldlr�/- mice) were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). Five mice were housed per cage in a temperature- and light- (daily
photoperiod of 12 h) controlled animal facility. Mice were fed with
normal chow diet (ND) (MF, Oriental Yeast, Co. Ltd., Tokyo, Japan) until
8 weeks of age. Westernized high fat diet (HFD) containing 2% choles-
terol and 0.5% cholic acid (Oriental Yeast, Co. Ltd.) was used for diet-
induced atherosclerosis in mice (Table 2). At 8 weeks of age, 32 male
mice were randomly and equally assigned to 4 groups (n ¼ 8 per group),
and fed with: (a) ND; (b) HFD; (c) HFD þ R.RBE (10 % w/w); (d) HFD þ
P.RBE (10 % w/w) diets respectively for 12 weeks. Powdered HFD were
pre-mixed with respective lyophilized RBE, at 10 % (w/w) composition.
Mice were given ad libitum access to food and water. Fresh animal feed
was replaced weekly. Initial body weights of mice were measured and
were subsequently recorded weekly throughout the experimental dura-
tion. Fasting whole blood samples (6 h fasting) of mice were collected
through lateral tail veins every 3 weeks with sodium citrate buffer
(Sysmex Corp., Kobe, Japan) as anti-coagulant. Blood plasmas were
collected through centrifugation of whole blood samples at 1,000 g, 4 �C
for 15 min. At 20 weeks of age, terminal blood collection from posterior
Table 2. Compositions of westernized high fat diet (HFD).

Components

Casein

L-cystine

Maize Starch

Pregelatinized Maize Starch

Sucrose

Soybean Oil

Powdered Cellulose

AIN-93 Vitamin Mix

AIN-93G Mineral Mix

Choline Bitartrate

Tertiary Butylhydroquinone

Butter Fat

Maltodextrin

Cholesterol

Cholic Acid
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vena cava was performed. Biological specimens such as aortas, livers, and
aortic sinuses were collected for downstream bioassays.

2.5.1. Plasma lipid profiling
Commercial enzymatic assay kits: LabAssay™ cholesterol (Fujifilm

Wako Pure Chemical Corp.) and LabAssay™ triglyceride (Fujifilm Wako
Pure Chemical Corp.) were used to assess the levels of plasma cholesterol
and triglycerides. Assays were performed as per kits’ instructions.
Absorbance was measured via a microplate reader (Sunrise™, Tecan
Trading AG).

2.5.2. En face preparation and analysis of mouse aortas
A separate group of 24 male Ldlr�/- mice was used for en face analysis

of aortas. At 8 weeks of age, mice were randomly and equally assigned to
4 groups (n ¼ 6 per group). Each group of mice was treated similarly and
fed with respective types of diet stipulated in section ‘2.5 In vivo study’ of
‘Methodology’ for 12 weeks. Mouse aortas were excised at endpoint.
After terminal blood collection from posterior vena cava, mouse aorta
was first perfused with PBS, then followed by 10 % neutral buffered
formalin. The aorta was cleaned through careful removal of surrounding
adventitial fat tissues and was then fixed in 10 % neutral buffered
formalin at 4 �C overnight. Fixed aortas were stained with Oil Red O
(ORO) stain for neutral lipids and were then dissected longitudinally [32]
for en face analysis. Images of en face aortas were captured via Olympus
SZX12 stereoscopic microscope (Olympus Corp., Tokyo, Japan) equipped
with Olympus DP72 (Olympus Corp.) charged-coupled device (CCD)
camera. Quantifications of stained lesions in aortas were estimated
through ImageJ software analysis.

2.5.3. Preparation of LDL, oxLDL and oxLDL/β2GPI complexes
LDL was isolated from a separate group of Ldlr�/- mice for preparation

of oxLDL and oxLDL/β2GPI complexes. LDL fraction was isolated through
a three-step sequential ultracentrifugation process. Briefly, mouse plasma
sample was pre-mixed with 200 mM EDTA (to a final concentration of
0.25 mM EDTA). Three parts (~750 μL) of plasma/EDTA mixture was
Composition (%)

19.82

0.3

3.7458

1.25

31.65

1.0

5.0

1.0

3.5

0.25

0.0042

20

9.98

2.0

0.5%
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loaded to a 1.5 mL polycarbonate (PC) tube and later followed by the
addition of 1 part (~250 μL) of 0.25 mM EDTA/PBS, through the side-
wall of PC tube to retain phase separation. Centrifugation was then
carried out via TL-100 ultracentrifuge (Beckman Coulter, Inc., Fullerton,
CA, USA) at 100,000 rpm, 10 �C for 7 min. The VLDL and chylomicron-
containing top white layer (~250 μL) was removed through aspiration
and 1 part (~250 μL) of fresh 0.25 mMEDTA/PBS was then slowly added
into the PC tube. Centrifugation was then again carried out at 100,000
rpm, 10 �C for 2.5 h. Approximately ~250 μL of top white layer was then
removed and followed by addition of 150 μL of 0.5 g/mL KBr in 0.25 mM
EDTA/PBS buffer. Mixture was homogenized through gentle pipetting.
Centrifugation was then again carried out at 100,000 rpm, 10 �C for 5 h.
After the third centrifugation step, the top white fraction (LDL-containing
fraction) was collected, pooled and dialyzed against PBS buffer to remove
both EDTA and KBr.

Chemically oxidized LDL was prepared through copper (II) sulphate
(CuSO4)-mediated oxidation as described previously [33]. Briefly, 100
μg/mL of apoB equivalent LDL was oxidized with 5 μMCuSO4 at 37 �C for
12 h. EDTA, at a final concentration of 1 mM was used to terminate the
oxidation process. Oxidation status of oxLDL was then assessed through
thiobarbituric acid-reactive substance (TBARS) assay and agarose gel
electrophoresis respectively [33, 34]. OxLDL/β2GPI complex was pre-
pared as reference calibrator for oxLDL/β2GPI enzyme-linked immuno-
sorbent assay (ELISA). OxLDL and human β2GPI were co-incubated at a
ratio of (2:1), at 37 �C for 16 h [20], then stored at -80 �C until use.

2.5.4. OxLDL/β2GPI ELISA
ELISA for murine plasma oxLDL/β2GPI complex was prepared in-

house as per method of Ames et al. (2010) [35] and Shen et al. (2011)
[36] with slight modifications. Murine monoclonal anti-β2GPI IgG (3H3)
was pre-prepared from antibody-producing hybridoma cells as described
previously [34]. 3H3 antibody (8 μg/mL) in TBS buffer (10 mM Tris-HCl,
150 mM NaCl, pH 7.4) was coated onto a 96-well microplate (Nunc
MaxiSorp™, ThermoFisher Scientific) and incubated at 4 �C overnight.
Wells were then blocked with 1 % (w/v) BSA at 4 �C overnight. Murine
plasma samples (50-fold dilution) and oxLDL/β2GPI complex reference
calibrator (0.04 ng/mL – 25 ng/mL apoB equivalent) were diluted in 0.2
% (w/v) skim milk-TBS buffer, and were then loaded to 3H3-coated
microplates. Reaction plates were later incubated at 4 �C overnight.
Wells were subsequently incubated with HRP-conjugated anti-mouse
LDL IgG [1000-fold dilution in 0.75 % (w/v) skim milk-TBS buffer] at
room temperature for 3 h. Wells were washed extensively with 0.05 %
(v/v) Tween-20 in 0.01 M PBS buffer at each interval. Color was devel-
oped with TMB ELISA substrate (Abcam, Cambridge, UK) and reaction
was ceased through addition of 0.3 N H2SO4 solution. Absorbance was
then measured at 450 nm and 600 nm (reference wavelength) via
microplate reader (Sunrise™, Tecan Trading AG). Plasma profile of
oxLDL/β2GPI was expressed in units/mL to which 1 unit is equivalent to
0.04 ng/mL of apoB-equivalent oxLDL/β2GPI.

2.6. Histological and immunohistochemical analysis of atherosclerotic
lesion in aortic sinus

Excised aortic sinuses were embedded in optimal cutting temperature
(O.C.T.) compound (Sakura Finetek, Torrance, CA, USA) and kept at -80
�C until use. Frozen sections of aortic sinuses were serially sectioned (10
μm thickness) via cryostat Leica CM1860 (Leica Microsystems, Solms,
Germany) and mounted onto MAS-coated glass slides (Matsunami Glass
Industries, Osaka, Japan). For histological staining, the neutral lipids in
atherosclerotic lesions was stained with ORO. Frozen serial sections were
pre-fixed in 10% neutral buffered formalin for 10 min prior to standard
ORO staining protocol. Tissue sections were subsequently counterstained
with Mayer's hematoxylin solution (Fujifilm Wako Pure Chemical Corp.)
to stain nuclei.

The distributions and localizations of smooth muscle cells, macro-
phages and oxLDL/β2GPI complex were visualized through
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immunofluorescence staining. Sectioned tissues were first permeabilized
in 0.2 % (v/v) tween-20/PBS buffer for 10 min, then followed by
blocking step with Protein Block Serum-Free (Dako North America, Inc.,
Carpinteria, CA) at room temperature for 2 h. Indirect immunofluores-
cence staining was applied for detections of smooth muscle cells and
macrophages. Sectioned tissues were incubated with primary antibodies:
(i) for smooth muscle cells – rabbit anti-α-smooth muscle actin (D4K9N)
XP® monoclonal IgG at 1000-fold dilution (Cell Signaling Technology,
Inc., Danvers, MA, USA) and (ii) for macrophages – rat anti-mouse
CD107b (Mac-3) monoclonal IgG at 100-fold dilution (BD Pharmin-
gen™, BD Biosciences, San Jose, CA, USA), at 4 �C overnight respec-
tively. After incubation, sectioned tissues were labeled with: (i) cyanine
5.5 (Cy5.5)-goat anti-rabbit IgG H&L, at 1000-fold dilution (ab6942,
Abcam) – for rabbit anti-α-smooth muscle actin (D4K9N) XP® mono-
clonal IgG-stained tissues and (ii) rhodamine-goat anti-rat IgG-R, at 200-
fold dilution (sc-2093, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) –
for rat anti-mouse CD107b (Mac-3) monoclonal IgG stained tissues, at
room temperature for 2 h respectively. Section tissues were further
counterstained with Hoechst 33258 stain (H3569, ThermoFisher Scien-
tific) at room temperature for 5 min. Sectioned tissues were washed
extensively with 0.05 % (v/v) Tween-20 in 0.01 M PBS buffer at each
interval.

Direct immunofluorescence staining was applied for the detection of
oxLDL/β2GPI complexes. Monoclonal anti-β2GPI IgG (3H3) was pre-
labeled with Alexa Fluor™ 750 (SAIVI™ Rapid Antibody Labeling Kit,
Alexa Fluor™ 750, ThermoFisher Scientific) as per kit's instructions.
Sectioned tissues were stained with Alexa Fluor™ 750-labeled 3H3
monoclonal IgG (100 μg/mL) at 4 �C overnight. Sectioned tissues were
then counterstained with Hoechst 33258 stain (H3569, ThermoFisher
Scientific) at room temperature for 5 min. Sectioned tissues were washed
extensively with 0.05 % (v/v) Tween-20 in 0.01 M PBS buffer at each
interval.

Images of ORO- and immunofluorescence-stained tissues were ob-
tained with Keyence BZ-X700 All-in-one fluorescence microscope (Key-
ence Corp., Itasca, IL, USA).

2.7. Gene expressions of aortic and hepatic inflammatory cytokines/
modulators

Excised mouse aortas and livers were pre-rinsed in PBS buffer and
followed by gentle perfusion with RNAlater RNA stabilization reagent
(Qiagen, Hilden, Germany). Sectioned tissues were then snap-frozen in
liquid nitrogen and stored at -80 �C until use. Total RNA from approxi-
mately 100 mg of tissues were extracted with PureLinkTM RNA mini kit
(ThermoFisher Scientific) as per kit's instructions. Subsequent steps for
RNA to cDNA conversion and qPCR analysis were performed similarly as
stipulated in section ‘2.4.3 Gene and protein expressions of inflammatory
cytokines/modulators’.

2.8. Statistical analysis

Data were expressed as mean � SEM. For statistical comparisons of
multiple groups, one-way analysis of variance (ANOVA) and Dunnet
analysis (as post-hoc test) were used (GraphPad Prism 8, GraphPad
Software, Inc., San Diego, CA, USA). Two tailed and unpaired t-test was
used to determine significant differences between two groups. Data were
considered statistically significant with p < 0.05.

3. Results and discussions

3.1. Phytochemical profiles and antioxidant capacities of RBEs

Both R.RBE and P.RBE showed dissimilar phytochemical profiles
(Figure 2). R.RBE possessed higher contents of phenolics and flavonoids
as compared to P.RBE (Figures 2a& 2b). As both RBEs were derived from
pigmented rice varieties, anthocyanidins (Figure 2c) and pro-



Figure 2. Phytochemical profiles of R.RBE and P.RBE. Contents of selected bioactive compounds: (a) phenolics, (b) flavonoids, (c) anthocyanins, (d) pro-
anthocyanidins, (e) γ-oryzanol, and (f) vitamin E in R.RBE and P.RBE were assessed. Data are expressed as mean � SEM (n ¼ 3).
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Figure 3. Concentration-response curves of in vitro free-radical scavenging capacity assays. Chemical free radicals: (a) DPPH; (b) ABTS; (c) H2O2 were used to assess in
vitro free-radical scavenging capacities of R.RBE and P.RBE. IC50 values of RBEs and positive controls (gallic acid, quercetin and vitamin C) were determined through
identification of concentrations of test samples required to scavenge free radicals by 50% from respective concentration-response curves. Data are expressed as mean �
SEM (n ¼ 3).
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Figure 4. Inhibition concentrations (IC50) of positive controls (gallic acid,
quercetin and vitamin C) and RBEs (R.RBE and P.RBE) required to scavenge (a)
DPPH, (b) ABTS, and (c) H2O2 by 50%. Data are expressed as mean � SEM (n ¼
3). Significant differences are represented by: *p < 0.05; **p < 0.01 (two-tailed
unpaired t-test).

Figure 5. Relative cell viability curves of J774A.1 macrophage-like cells induced wit
Data are expressed as mean � SEM (n ¼ 3).
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anthocyanidins (Figure 2d) are distinctive phytochemicals found only in
purple-black and red rice respectively. There was no difference in content
of γ-oryzanol (Figure 2e) between the two RBEs while P.RBE generally
contained higher compositions of targeted vitamin E derivatives as
compared to R.RBE (Figure 2f). Although rice brans are generally known
to house different natural antioxidants, their respective nutritional di-
versities and health attributes are affected by their genetic backgrounds
and geographic locations [37].

DPPH, ABTS and H2O2 were used as sources of chemical radicals to
evaluate free-radical scavenging capacities of RBEs. Concentration-
response (% inhibition of chemical radicals) curves of free-radical scav-
enging capacities of RBEs and positive controls were depicted in Figure 3.
R.RBE exhibited significantly stronger antioxidant properties as
compared to P.RBE in scavenging DPPH (p< 0.01), ABTS (p< 0.05), and
H2O2 (p < 0.05) chemical radicals (Figures 4a-4c). Overall, R.RBE
recorded lower IC50 values to scavenge 50% of DPPH (50.76 μg/mL),
ABTS (47.48 μg/mL), and H2O2 (259.75 μg/mL) as compared to P.RBE at
157.48 μg/mL (DPPH), 135.79 μg/mL (ABTS), and 613.62 μg/mL (H2O2)
respectively. Polyphenols have demonstrated their antioxidant proper-
ties through their free radical scavenging capacities, either by acting as
direct hydrogen-donating radical scavengers or attenuate formation of
reactive oxygen species (ROS) through suppression of ROS-producing
enzymes and upregulation of physiological endogenous antioxidant
protective mechanisms [38, 39, 40]. Both R.RBE and P.RBE exhibited
free radical scavenging activities through successive inhibitions of DPPH,
ABTS and H2O2. R.RBE recorded significantly lower IC50 values than
h different concentrations of R.RBE and P.RBE over 24, 48 and 72 h respectively.

Figure 6. Inhibitory effects of different concentrations of RBEs on NO pro-
duction in LPS-stimulated J774A.1 macrophage-like cells. Data are presented as
means of % NO production relative to non-RBE treated (0 μg/mL) LPS control
�SEM (n ¼ 4). Significant difference is represented by: **p < 0.01 (one-way
ANOVA with Dunnett's post-hoc test).



Figure 7. Effects of RBE treatments on gene expressions of (a) iNOS, (b) TNF-α, (c) IL-1α, (d) IL-1β, and (e) IL-6 in LPS-stimulated J774A.1 macrophage-like cells.
Expression levels of targeted genes were normalized against reference control gene (GADPH). Data are presented as means of fold changes of mRNA transcripts relative
to LPS-stimulated control �SEM (n ¼ 3). Significant difference is represented by: **p < 0.01 (two-tailed unpaired t-test).

X.W. Tan et al. Heliyon 6 (2020) e05743
P.RBE to reduce 50% contents of tested chemical radicals. This is likely
attributed to the difference in phytochemical profiles of both extracts in
which R.RBE possessed higher contents of phenolics and flavonoids than
P.RBE.

3.2. Cell cytotoxicity effects of RBE

J774A.1 macrophage-like cells were treated with different concen-
trations (15.625 μg/mL – 250 μg/mL) of R.RBE and P.RBE over 24, 48,
and 72 h. Cell viability was expressed relative to non-RBE treated control.
No adverse cytotoxicity effect was observed in RBE-treated J774A.1
macrophage-like cells within the tested concentration range of both RBEs
(Figure 5).

3.3. RBEs modulated NO production and expressions of inflammatory
cytokines/modulators in LPS-stimulated J774A.1 macrophage-like cells at
gene and protein levels

The content of nitrite (NO2
- ), a stable by-product of NO oxidation was

measured as an indicator of LPS-stimulated NO production. NO
10
production in LPS-stimulated J774A.1 macrophage-like cells was
significantly upregulated as compared to non-treated control (Figure 6).
Co-treatments of LPS-stimulated J774A.1 macrophage-like cells with
respective R.RBE and P.RBE (for 24 h) significantly suppressed the pro-
duction of NO in J774A.1 cells. Significant dose-dependent reductions (p
< 0.01) of NO production by RBEs were recorded in the range between
11% (for lowest concentration of RBE) and 71% (for highest concentra-
tion of RBE), with IC50 values of R.RBE and P.RBE rated at 155 μg/mL
and 129 μg/mL respectively.

LPS stimulated the upregulation in gene and protein expressions of
iNOS in stimulated J774A.1 cells (Figure 7a & Figure 8a). Both R.RBE
and P.RBE significantly downregulated both gene and protein expres-
sions of iNOS (Figure 7a & Figure 8a) in LPS-stimulated J774A.1
macrophage-like cells. Gene and protein expressions of iNOS in LPS-
stimulated J774A.1 cells treated with high concentration of R.RBE and
P.RBE (125 μg/mL) were significantly reduced by approximately 35% (p
< 0.01) and 20% (p < 0.05) respectively (as compared to non-RBE
treated, LPS-stimulated control).

In addition, the gene expression level of TNF-α, along with other pro-
inflammatory cytokines: IL-1α, IL-1β, and IL-6 were also upregulated in



Figure 8. Effects of RBE treatment on pro-
tein expressions of (a) iNOS, (b) TNF-α, (c)
IL-1α, and (d) IL-6 in LPS-stimulated J774A.1
macrophage-like cells. Expression levels of
targeted proteins were normalized against
reference control (β-actin). Data are pre-
sented as means of fold changes of expressed
proteins relative to LPS-stimulated control (0
μg/mL) � SEM (n ¼ 3). Significant differ-
ences are represented by: *p < 0.05; **p <

0.01 (two-tailed unpaired t-test). Corre-
sponding images of developed gel blots were
provided as supplementary data in ‘Supple-
mentary A’.
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LPS-stimulated J774A.1 macrophage-like cells (Figures 7b-7e). Co-
treatments of LPS-stimulated J774A.1 macrophage-like cells with
respective R.RBE and P.RBE showed potent anti-inflammatory properties
through significant downregulations (p < 0.01) in gene expression levels
of TNF-α (R.RBE:> 25 %; P.RBE:> 32 % downregulation), IL-1α (R.RBE:
> 62 %; P.RBE:> 48% downregulation), IL-1β (R.RBE:> 62 %; P.RBE:>
29% downregulation), and IL-6 (R.RBE: > 82 %; P.RBE: > 73 % down-
regulation) as compared to non-RBE treated LPS-stimulated control
(Figures 7b-7e). Significant downregulations in protein expression levels
of TNF-α (R.RBE:> 87 %; P.RBE:> 91 % downregulation), IL-1α (R.RBE:
> 56 %; P.RBE: > 89 % downregulation), and IL-6 (R.RBE: > 70 %;
P.RBE: > 84 % downregulation) were also seen in RBE-treated LPS-
stimulated group as compared to non-RBE treated LPS control group
(Figures 8b-8d).

Atherosclerosis is manifested by chronic inflammation. Aside from
oxidative stress and dyslipidemia, macrophages play a central systemic
11
role in regulating different developmental stages of atherosclerosis [41].
Endotoxic effects of LPS is capable of stimulating pro-inflammatory type I
(M1) macrophages and trigger acute inflammatory response via activa-
tion of Toll-like receptors (TLRs)-mediated signaling pathway [42].
Excessive productions of NO and pro-inflammatory cytokines such as
TNF-α, IL-1α, IL-1β, and IL-6 are among the consequences of activatedM1
macrophages [38].

Under physiological conditions, the synthesis of NO is regulated by
both endothelial NOS (eNOS) and neuronal NOS (nNOS) as a function for
vascular homeostasis [43]. Contrarily, the activation of inducible form of
NOS (iNOS) is mediated by pro-inflammatory cytokines or mitogenic
bacterial stimulus such as LPSwhich promotes overproduction of NO that
are reactive with superoxide (O2

- ) to form peroxynitrite [44]. Present
study demonstrated that co-treatments of LPS-stimulated J774A.1
macrophage-like cells with R.RBE and P.RBE suppressed the production
of NO and expressions of its producing enzyme, iNOS at both gene and



Figure 9. Effects of different diets on (a) body weights, (b) plasma total cholesterol, (c) plasma triglyceride, and (d) plasma oxLDL/β2GPI levels of Ldlr�/� mice. Ldlr�/

� mice were fed with ND, HFD, HFD þ R.RBE 10 % (w/w), and HFD þ P.RBE 10 % (w/w) respectively. Data are presented as mean � SEM (n ¼ 8). Significant
differences are represented by: *p < 0.05; **p < 0.01 as compared to HFD diet group (one-way ANOVA with Dunnett's test as post-hoc).
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protein levels. iNOS suppressors have shown to inhibit LPS-stimulated
NO productions [45, 46]. Hence, suppressive effects of RBEs on NO
production in LPS-stimulated J774A.1 macrophage cells were likely
attribute to their ability to modulate LPS-stimulated overexpression of
iNOS at gene and protein levels.

Among the different arrays of pro-inflammatory cytokines, TNF-α is of
particular importance, acting as the potent key mediator of inflammatory
responses by regulating the overproductions of other downstream pro-
inflammatory chemokines and cytokines, such as IL-1α, IL-1β, and IL-6.
Prolonged overproductions of these pro-inflammatory cytokines are
closely associated with onset and progression of chronic diseases [47].
Hence, suppressions of pro-inflammatory cytokines remain pivotal to
regulate adverse effects of chronic inflammation. The anti-inflammatory
properties of RBE is likely attributed to the synergistic protective effect of
its polyphenols, γ-oryzanol, and vitamins. RBE is likely to modulate
overproduction of pro-inflammatory mediators through potent inhibition
of pro-inflammatory nuclear factor kappa B (NF-κB) signaling pathways,
and promote activations of mitogen activated protein kinase (MAPK) and
antioxidant response element (ARE) [48, 49, 50, 51]. Regardless,
extended investigations on the immunomodulatory mechanisms of these
RBEs remain warranted.
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3.4. Effects of RBE dietary supplementation on body weights, plasma lipid
profiles, aortic lesions of Ldlr�/� mice

Having demonstrated the potent antioxidant and anti-inflammatory
properties of RBE in vitro, ameliorative effects of RBE in modulating
risk factors of atherosclerosis was further evaluated in vivo by using HFD-
fed Ldlr�/- mice as atherosclerosis study models. No significant difference
was observed in average body weights of different groups of Ldlr�/- mice
throughout 12 weeks of animal experiment (Figure 9a). HFD induced
dyslipidemia in Ldlr�/- mice as demonstrated through increments of total
cholesterol and triglyceride at plasma levels. Dietary supplementations of
R.RBE and P.RBE showed potent counteractivity by improving the
plasma lipid profiles of Ldlr�/- mice. Plasma levels of total cholesterol
(Figure 9b) and triglyceride (Figure 9c) of Ldlr�/- mice in R.RBE and
P.RBE supplemented groups were significantly reduced (p < 0.05) from
week 3 (R.RBE) and week 6 (P.RBE) onwards.

Plasma level of oxLDL/β2GPI, a novel pro-atherogenic biomarker was
measured to evaluate the progression of atherosclerosis. A gradual
increment in plasma level of oxLDL/β2GPI was observed in HFD mice
group (Figure 9d). Although increment in plasma level of oxLDL/β2GPI
was also seen in HFD þ RBEs groups, the HFD-induced incremental ef-
fects of oxLDL/β2GPI at plasma levels were significantly suppressed (p <



Figure 10. En face analyses of aorta
atherosclerotic lesions. (a) Representative
images of atherosclerotic plaques in aortas of
Ldlr�/- mice fed with different diets. ORO
stain was used to stain neutral lipids in
atherosclerotic lesions. The sizes of athero-
sclerotic plaques were quantified en face and
presented in % plaque size of total areas of
(b) total vessel, (c) aortic arch, and (d)
thoracic aorta respectively. Data are pre-
sented as mean � SEM (n ¼ 6). Significant
differences are represented by: *p < 0.05;
**p < 0.01 as compared to HFD group (one
way ANOVA with Dunnett's test as post-hoc).
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0.01) through dietary supplementations of RBEs from week 6 onwards
(Figure 9d).

Aortas of Ldlr�/- mice were excised and en faced to evaluate the
progression of atherosclerosis. ORO stains were used to stain neutral
lipids in atherosclerotic lesions (Figure 10a). Twelve weeks of HFD
feedings induced developments of severe atherosclerotic lesions in aortas
of Ldlr�/- mice as compared to ND group. Dietary supplementations of
R.RBE and P.RBE significantly reduced (p < 0.01) lipid depositions and
sizes of atherosclerotic lesions in aortas of Ldlr�/- mice by 38% respec-
tively (Figure 10b). Severe lipid depositions were observed mainly in the
aortic arch of HFD group. Dietary supplementations of R.RBE and P.RBE
significantly reduced (p < 0.01) lipid depositions in aortic arch by 32%
13
and 51% respectively as compared to HFD group (Figure 10c). Athero-
sclerotic lesions in thoracic aorta regions of RBE supplemented groups
were also significantly smaller (p < 0.05) than those in HFD group
(Figure 10d).

The present study utilized Ldlr�/- mice lacking LDL receptor (LDLr) as
an in vivo study model to evaluate the anti-atherogenic properties of RBE
dietary supplementation. HFD feeding was administered to develop
atherosclerotic phenotype in these mice. Due to defective LDLr, LDL
metabolisms in these mice are impaired. These mice are known for
expressing high circulatory levels of cholesterol and rapid development
of atherosclerotic lesions [52]. Supplementations of rice bran and rice
bran oil have demonstrated anti-atherogenic effects through their
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antioxidant, anti-inflammatory and cholesterol-lowering properties in
human subjects and rodents [14, 53, 54]. Though dietary supplementa-
tions of respective R.RBE and P.RBE as demonstrated in the present study
significantly improved plasma lipid profile (reduced levels of total
cholesterol and triglycerides) and decreased aortic plaque sizes of
HFD-fed Ldlr�/- mice, the underlying hypolipidemic properties of both
R.RBE and P.RBE in the context of this study remains warranted. Potent
hypolipidemic properties of RBE (rice bran enzymatic extract) through
enhanced fecal cholesterol disposition and alleviation of β-Hydroxy
β-methylglutaryl-CoA (HMG-CoA) reductase-mediated liver steatosis re-
ported by other research group may lend support to our findings [54].

The indissociable complexation of β2GPI and oxLDL into oxLDL/
β2GPI is mediated through 7-ketocholesteryl-9-carboxynonanoate
(oxLig-1), a specific ligand for β2GPI in oxLDL [33]. OxLDL/β2GPI
complexes exhibit atherogenicity in the presence of anti-oxLDL/β2GPI
autoantibodies. The uptake of these immunogenic complexes by mac-
rophages accelerates the prevalence of foam cell formation and athero-
sclerosis progression [33, 55, 56]. Hence, circulatory plasma
Figure 11. Characterizations of atherosclerotic lesions in aortic sinuses of Ldlr�/- m
Frozen sections of aortic sinuses were immunostained with antibodies against (b) α-sm
and (d) β2GPI complexed with oxLDL. Hoechst was used as counterstain for nuclei. W
media. Scale bar ¼ 200 μm.
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oxLDL/β2GPI complexes released from vulnerable and unstable plaque
may represent a crucial biomarker for disease prognosis and risk
assessment of atherosclerosis progression [57]. Dietary supplementations
of R.RBE and P.RBE in the present study have significantly reduced the
plasma levels of oxLDL/β2GPI in HFD group as compared to control
group (HFD only). The antioxidant and hypolipidemic properties of
R.RBE and P.RBE are likely the key attributes to such observation. The
antioxidant capacity of RBE may attenuate inadvertent oxidative modi-
fications of LDL into oxLDL while the hypolipidemic properties of RBE
improved the lipid profiles of Ldlr�/- mice through significant reductions
of plasma levels cholesterol and triglyceride.

3.5. Localizations of neutral lipids, oxLDL/β2GPI, macrophage
infiltrations, and migrations of smooth muscle cells in atherosclerotic plaque

Frozen sections of aortic sinuses were used as anatomical landmarks
to characterize the development and progression of atherosclerosis. The
onset and progressive development of atherosclerotic lesion in aortic
ice. (a) Neutral lipids in atherosclerotic lesions were stained with ORO stain.
ooth muscle actin of smooth muscle cells, (c) CD107b of activated macrophage,

hite arrow insets show migrations of smooth muscle cells from vascular intima to
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sinus are histologically characterized by accumulation of lipid deposit in
lesion, migration of smooth muscle cells and macrophage infiltrations.
Lesion developments were observed in aortic sinuses of HFD-fed groups,
in regions where hydrophobic and neutral lipids in lesions were posi-
tively stained by ORO stain (Figure 11a). Migrations of smooth muscles
cells from the media were also observed through positive staining of
smooth muscle cells actin (indicated by white arrows) encapsulating the
developed lesions in sectioned aortic sinuses of HFD-fed groups
(Figure 11b). Co-localizations of macrophage-derived lipid laden foam
cells (Figure 11c) and oxLDL/β2GPI complexes (Figure 11d) within
Figure 12. Effects of different diets on gene expressions of (a) aortic and (b) hepati
normalized against reference control gene (GADPH). Data are presented as means o
Significant differences are represented by: *p < 0.05; **p < 0.01 (one way ANOVA
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atherosclerotic lesions were also observed through positive stainings of
macrophages and β2GPI complexed with oxLDL in sectioned aortic si-
nuses of HFD-fed groups.

Present study has demonstrated the lipid accumulation, migration of
vascular smooth muscle cell (VSMC), macrophage infiltration, and co-
localizations of foam cells and oxLDL/β2GPI (uptake by macrophage)
in atherosclerotic lesion through histological and immunohistochemical
staining. These observations represent the pathological features of
atherosclerotic plaque development. Early stage of atherosclerotic lesion
begins with LDL retention in vessel wall and its subsequent oxidation into
c inflammatory cytokines/modulators. Expression levels of targeted genes were
f fold changes of mRNA transcripts relative to HFD diet group �SEM (n ¼ 8).
with Dunnett's analysis as post-hoc).
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oxLDL promotes the recruitment, infiltration and activation of monocytes
into macrophages. The uptake of LDL by macrophages escalates the
formation of foam cells and progressively expand the size of lipid-rich
necrotic core (consisting of extracellular lipid deposits from foam cells)
in atheroma [58]. The migration of VSMC from media to intima exhibits
biphasic effect. VSMC in early stage of atherosclerotic lesionmediates the
uptake of LDL and monocyte infiltration into the arterial wall [59]. In
advanced atherosclerotic lesion, VSMC-derived smooth muscle α-actin
positive subtype presumably form thin fibrous cap over the lesion as a
counteractive mechanism to stabilize the plaque from rupture [60].

3.6. Dietary supplementations of RBE downregulated gene expressions of
aortic and hepatic inflammatory cytokines/modulators of Ldlr�/� mice

Gene expressions of aortic and hepatic inflammatory cytokines or
modulators were assessed to evaluate potent anti-inflammatory proper-
ties of RBEs dietary supplementations in modulating inflammation-
mediated atherosclerosis. Aortic gene expression levels of TNF-α, IL-1α,
IL-1β, IL-6 and iNOS were measured to evaluate the ameliorative effects
of RBEs dietary supplementations in modulation of localized inflamma-
tion in aorta. Aortic gene expression levels of iNOS, TNF-α, IL-1α, IL-1β,
and IL-6 were significantly upregulated after 12 weeks of HFD feeding
(Figure 12a). Dietary supplementations of R.RBE and P.RBE in HFD
feeding significantly downregulated HFD-induced gene expressions of
aortic iNOS by 46% (p < 0.01) and 37% (p < 0.05) respectively. P.RBE
significantly reduced the gene expression of aortic TNF-α (p < 0.01) by
73% while R.RBE significantly decreased (p < 0.05) the gene expression
of aortic IL-1β by 67%. Dietary supplementations of both RBEs did not
have any significant effect on the gene expression levels of aortic IL-1α
and IL-6 (Figure 12a).

In liver, 12 weeks of HFD feeding also upregulated the gene expres-
sion levels of TNF-α, IL-1α, and IL-1β (Figure 12b). Dietary supplemen-
tations of R.RBE and P.RBE in HFD-fed group significantly
downregulated the gene expression of TNF-α by 76% (p< 0.01) and 65%
(p < 0.05) respectively. Significant decrements in gene expression levels
of hepatic IL-1αwere also observed in HFD-fed group supplemented with
R.RBE (by 44%; p < 0.05) and P.RBE (by 55%; p < 0.01) respectively.
Dietary supplementation of R.RBE significantly reduced (p < 0.01) the
gene expression of hepatic IL-1β (by 40%) to basal level in HFD-induced
group.

High-grade local inflammation in atherosclerotic plaque is predomi-
nantly mediated by activated macrophages expressing pro-inflammatory
biomarkers [61]. Pro-inflammatory cytokines such as TNF-α and IL-1
promote expression of adhesion molecules that stimulate recruitments
of leucocytes and exacerbate the developmental process of atheroscle-
rotic plaque by creating a microenvironment enriched with
pro-inflammatory mediators [62]. The activation of iNOS in the presence
of inflammatory stimuli mediates overproduction of NO and impairs
endothelial functions [63]. The copious amount of NO derived from iNOS
is highly reactive with superoxide (O2

- ), producing peroxynitrite that
promotes oxidative stress and induces oxidation of LDL [44, 64]. Dietary
supplementations of R.RBE and P.RBE have downregulated the expres-
sion levels of iNOS, TNF-α, and IL-1β. The anti-inflammatory properties
of RBEs is likely attributed to their antioxidative properties through in-
hibition of inadvertent oxidative stress mediated by HFD and thus
reducing the tendency of oxidative stress-mediated inflammatory re-
sponses. RBEs may also ameliorate inflammatory responses mediated by
activated macrophages (M1 macrophages) localized in atherosclerotic
plaques, as demonstrated in in vitro LPS-stimulated J774A.1
macrophage-like cell study model.

HFD-induced fatty liver disease is often associated with metabolic
inflammation which promotes hepatic lipid accumulation and expres-
sions of pro-inflammatory TNF-α, IL-1α, and IL-1β [65, 66]. Dietary
supplementations of R.RBE and P.RBE in HFD-fed Ldlr�/- mice have
downregulated the gene expression levels of hepatic TNF-α, IL-1α, and
16
IL-1β. Antioxidative attributes of both RBEs may indirectly modulate the
gene expressions of hepatic pro-inflammatory cytokines.
Cholesterol-lowering effect of RBEs as demonstrated in this study may
contribute to the attenuation of HFD-induced hepatic lipid accumulation.
In addition, the antioxidative properties of RBEs may also alleviate
ROS-induced lipid peroxidation and modulate TNF-α-induced liver
damage through suppressions of pro-inflammatory cytokines [67].

4. Conclusion

Preliminary findings from this study have demonstrated the potent
ameliorative effects of RBE in modulating risk factors associated with
atherosclerosis. Although phytochemical profile of R.RBE appeared to be
more superior than that of P.RBE, there was no distinctive difference
between their bioactivities, particularly in in vivo study. Nonetheless,
present study still highlights the potent ameliorative attributes of R.RBE
and P.RBE in attenuating risk factors associated with atherosclerosis.
These observations are likely attributed to the synergistic actions of
bioactive constituents in both R.RBE and P.RBE. However, it is still worth
to note that additional works remain warranted to further elucidate the
precise underlying ameliorative attributes of RBE in alleviation of
atherosclerosis. In addition, present study remained restricted by limited
knowledge on bioactivity and bioavailability of individual phytochem-
ical in RBEs. Hence, future studies along the lines of metabonomics will
offer insights into underlying multiparametric mechanisms of RBEs in
amelioration of atherosclerosis. With further investigations, RBE could
be potentially utilized as dietary supplement not only for management of
atherosclerosis but also for general health and wellness in near future.
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