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Abstract

The present study was carried out to evaluate the anti-atherogenic effect of Njavara rice bran oil (NjRBO) on atherosclerosis by modulating

enzymes and genes involved in lipid metabolism in rats fed a high-cholesterol diet (HCD). Adult male rats (Sprague–Dawley strain,

weighing 100–120 g) were divided into three groups of nine animals each. Group I served as the control, group II were fed a HCD

and group III were fed a HCD and NjRBO (100 mg/kg body weight). The study duration was 60 d. Serum and tissue lipid profile, athero-

genic index, enzymes of lipid metabolism, plasma C-reactive protein levels, serum paraoxonase and arylesterase activities, thiobarbituric

acid-reactive substances, gene and protein expression of paraoxonase 1 (PON1), PPARa, ATP-binding cassette transporter A1 (ABCA1),

apoB and apoA1 in the liver were quantified. Total cholesterol, TAG, phospholipid, NEFA, LDL-cholesterol concentrations in the serum

and liver, lipogenic enzyme activities, hepatic 3-hydroxy-3-methylglutaryl-CoA reductase activity and atherogenic index were significantly

increased in HCD-fed rats, but they decreased after treatment with NjRBO. HDL-cholesterol level and lecithin cholesterol acyl transferase

activity were increased in the NjRBO-treated group, but decreased in the HCD-fed group. The expression levels of ABCA1, apoA1, PON1

and PPARa were found to be significantly increased in NjRBO-treated group compared with the HCD-fed group; however, the expression

level of apoB was found to be higher in HCD-fed group and lower in the NjRBO-treated group. These data suggest that NjRBO possesses

an anti-atherogenic property by modulating lipid metabolism and up-regulating genes involved in reverse cholesterol transport and

antioxidative defence mechanism through the induction of the gene expression PON1.
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Atherosclerosis is the most common pathological process that

leads to CVD, including myocardial infarction and stroke(1).

Consequently, progression of atherosclerosis occurs at the

subendothelium by the accumulation of lipid-engorged macro-

phages, immune cells and smooth muscle cells(1). Oxidation

of LDL enhances the recruitment of vascular cell adhesion

molecules and chemokines. These macrophages then take up

oxidised LDL-cholesterol (LDL-C) and become foam cells,

which subsequently produce growth factors and cytokines that

lead to the proliferation of vascular smooth muscle cells and

the development of plaques. It is generally believed that increas-

ing the uptake of hepatic LDL through the up-regulation of LDL

receptors could be a target in drug therapy for lowering

LDL-cholesterol levels. The reverse cholesterol transport (RCT)

mechanism by HDL is known to remove cholesterol from

peripheral tissues(2). HDL has been shown to exert cardio-

protective effects in endothelial and vascular smooth muscle

cells by generating a cascade of intracellular signals including

the activation of PI3K/Akt (phosphatidylinositol 3-kinase/v-akt

murine thymoma viral oncogene homolog 1), ERK1/2 (extra-

cellular-signal-regulated kinases), p38 mitogen-activatedprotein

kinase and RhoA (ras homolog gene family, member A)(3,4).

Paraoxonase, a multifunctional antioxidant enzyme tightly

associated with HDL, has been shown to not only inhibit

LDL oxidation and hydrolyse oxidised LDL, but also detoxify

the homocysteine metabolite, homocysteine thiolactone(5,6).

A negative correlation of serum paraoxonase 1 (PON1) activity

with the development of aortic lesion scores has been demon-

strated previously in a mouse model when fed an atherogenic

diet(7). Thus, one of the major reasons for the anti-atherogenic
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property of HDL has been attributed to its protective effect

against LDL oxidation catalysed by its component enzyme

PON1(8,9). PPARa controls the expression of a wide range of

hepatic genes encoding proteins involved in fatty acid

catabolism and lipoprotein metabolism(10). In addition,

PPARa also regulates macrophage cholesterol homeostasis

by promoting cholesterol efflux through the modulation of

the expression of key proteins involved in this process(11,12),

as well as by reducing intracellular lipid accumulation in

macrophages(12,13). Dietary and behavioural habit modifi-

cations need to be considered as the first step to sufficiently

lower plasma lipid levels rather than pharmacological

treatment that involves a search for new drugs capable of

decreasing plasma LDL-C and total TAG levels.

‘Njavara’ (Oryza sativa L., variety ‘njavara’) is a unique,

indigenous, medicinal rice variety. Njavara rice (with bran) is

the major ingredient in ‘medicinal porridge’ recommended

by Ayurvedic physicians to improve immune functions of

the body during the rainy season. Much research has focused

on the ability of rice bran oil to decrease plasma levels of total

cholesterol (TC) and LDL-C in both hypercholesterolaemic

and normal animals. In many experimental studies, it has

been found that oryzanol, an unsaponifiable component of

rice bran oil, has beneficial effects against the development

of CVD by its cholesterol-lowering action. It has been reported

that total oryzanol content was 2.7 and 7 times higher in

Njavara rice bran than in Sujatha and palakkadan matta,

other common rice varieties(14). This is suggestive of the

enhanced action of the extract at lower concentrations.

However, the anti-atherogenic actions of Njavara rice bran

oil (NjRBO) have not been defined. Therefore, it is important

to determine whether changes in plasma and tissue lipids

are related to modifications in the gene expression levels of

ATP-binding cassette transporter A1 (ABCA1), apoA1, apoB,

PPARa and PON1, which are the major regulators for

maintaining whole-body cholesterol homeostasis, after supp-

lementation of NjRBO in high-cholesterol diet (HCD)-fed rats.

The present study was conducted to convincingly demonstrate

the cardioprotective abilities of NjRBO by evaluating its role in

lipid metabolism via RCT and also by showing parallel positive

alterations in the liver gene expression of PON1, which can

provide scientific evidence for the traditional use of NjRBO in

the treatment of CVD. An effective dose of NjRBO (100mg/kg

body weight) was fixed by conducting a dose-dependent study

in rats with carrageenan-induced paw oedema.

Materials and methods

Chemicals and solvents

All biochemicals used in the present study were purchased

from Sigma Chemical Company, and other chemicals and sol-

vents of analytical grade were obtained from SRL Chemicals.

Extraction of oil

About 100 g of stabilised rice bran of Njavara black were

defatted using 800 ml of the petroleum diethyl ether solvent

for about 16 h in a Soxhlet extractor. The solvent from the

extract was evaporated at 308C by using a rotary evapo-

rator (Laborota 4000-Heidolph). The analysis of oryzanol

content by HPLC showed that the contents of each oryzanol

component as well as total oryzanol were significantly

higher in Njavara rice bran (Njavara black) than those in

staple varieties and corresponding rice samples. The oryzanol

content of Njavara black was determined to be 1·84 mg/g,

which was used as NjRBO in the present study.

Animal experiments

For the present study, adult male rats (Sprague–Dawley strain,

weighing 100–120 g) bred in the department animal house

were used. The rats were kept in an environment with a

controlled temperature (24–268C), humidity (55–60 %) and

photoperiod (12 h light–12 h dark cycle). A standard diet

and tap water were provided ad libitum. The rats were

treated humanely in accordance with the current institutional

guidelines. All experiments were conducted according to

the guidelines of the Committee for the Purpose of Control

and Supervision of Experiments on Animals (registration

no. IAEC-KU-9/2012-13-BC-AH-PK A1) in accordance with

the accepted principles of the Government of India for the

use and care of laboratory animals (no. KU-12/2005–06).

Screening of different doses of Njavara rice bran oil
in an acute model of inflammation in rats with
carrageenan-induced paw oedema

Paw oedema was induced and the inhibition rate of oedema

was calculated(15).

A total of twenty-one adult male Sprague–Dawley (weigh-

ing 100–120 g) were used for the study. The rats were divided

into seven groups, each consisting of three rats: group I served

as the control (receiving saline only); group II received

carrageenan alone; group III received carrageenan þ NjRBO

(25 mg/kg body weight); group IV received carrageenan þ

NjRBO (50 mg/kg body weight); group V received

carrageenan þ NjRBO (100 mg/kg body weight); group VI

received carrageenan þ NjRBO (200 mg/kg body weight);

group VII received carrageenan þ indomethacin (3 mg/kg

body weight).

NjRBO was administered orally, with doses of 25, 50, 100

and 200 mg/kg. After 1 h, 0·1ml of 1 % carrageenan suspension

in 0·9% NaCl solution was injected into the sub-plantar tissue

of the right hind paw. Paw volume was measured before the

injection and at the 3rd and 5th hours after the injection of

carrageenan using a plethysmometer. Indomethacin (3mg/kg

body weight), a non-steroidal anti-inflammatory drug, was

used as the positive control. The swelling degree of paw and

the inhibition rate of oedema were calculated as follows:

%oedema inhibition ¼ ðV c 2 V tÞ £ 100=V c;

where Vc and Vt are the average oedema volume of the con-

trol and the test, respectively. For dose-dependent studies, test

drugs of 25–200 mg/kg body weight were administered.
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Experimental design and treatment protocol for
Njavara rice bran oil in chronic inflammation

A total of twenty-seven albino rats (Sprague–Dawley strain,

weighing 100–120 g) were randomly divided into three

groups of nine rats each, and fed a standard diet formula

based on the AIN-93M maintenance diet, containing 590 g

maize starch, 200 g casein, 15 % soyabean oil and 10 g a-cellu-

lose as fibre/kg diet. Choline, cysteine, minerals and vitamins

were added based on the formulation of AIN-93M(16). Group I

served as the control and fed the standard diet. Group II

received a HCD (standard diet þ 1·5 % cholesterol and 0·5 %

cholic acid). Group III received the HCD plus NjRBO

(100 mg/kg body weight) mixed in the diet. The duration of

the experiment was 60 d. Body weights were recorded

weekly during the experimental period.

Sampling procedures

At the end of the experimental period, rats were deprived

of food for 16 h, and then anaesthetised with diethyl ether inha-

lation and killed by decapitation. Blood samples were

collected into tubes without an anticoagulant, kept at room

temperature for 1 h, and serum was separated by centrifugation

for 20min at 1500 g. Serum was stored in 2808C until analysed.

Tissues from each animal were analysed separately.

Biochemical estimations

TC, TAG and HDL-cholesterol (HDL-C) levels in serum were

measured with a test kit method (Agappe Diagnostics), based

on a reported enzymatic method(17,18). The procedures given by

the supplierwas followedwithout anymodifications for thedeter-

mination of cholesterol, HDL-C and TAG levels, whereas LDL-C

levels were calculated using Friedewald’s equation(19). The

atherogenic index (AI) was calculated by the following formula:

AI ¼ LDL 2 C=HDL 2 C:

Total lipids from the liver and aorta were extracted using

chloroform/methanol according to the method described by

Folch et al.(20). Aliquots of these samples were used for the

estimation of TC, phospholipid, TAG and NEFA levels(21–24).

Lipid peroxides (thiobarbituric acid-reactive substances

(TBARS)) in tissue homogenates were estimated using

TBARS by the method of Ohkawa et al.(25). C-reactive proteins

levels (CRP) in plasma were determined by using an immuno-

turbidimetric kit (DiaSys Diagnostics).

Measurement of hepatic 3-hydroxy-3-methylglutaryl-CoA
reductase, plasma lecithin cholesterol acyl transferase and
lipogenic enzymes activities

For the measurement of lipogenic enzyme activities, the rat

liver was minced and homogenised in glycyl-glycine buffer

in an ice-cold condition. Homogenates were centrifuged at

9000 g at 408C for 20 min and the supernatant fraction was

used for the measurement of various enzyme activities. The

activity of reductase (3-hydroxy-3-methylglutaryl (HMG)-CoA

reductase) was measured, as described by Rao et al.(26), by

determining the ratio of HMG-CoA:mevalonate acid. Plasma

lecithin cholesterol acyl transferase (LCAT) activity was

assayed as described by Schoenheimer et al.(27). The activities

of glucose-6-phosphate dehydrogenase (G6PDH) and isoci-

trate dehydrogenase (IDH) were measured by the method of

Kornberg et al.(28). The activity of malic enzyme (ME) was

measured by the method described by Ochoa(29). Fatty acid

synthase activity was measured according to the method of

Nepokroeff et al.(30 )and Moibi et al.(31). Acetyl-CoA carbo-

xylase (ACC) activity was measured using a discontinuous

spectrophotometric assay as described by Willis et al.(32)

Measurement of paraoxonase and arylesterase activities

Activities of paraoxonase and arylesterase (ARE) were

measured in serum as described by Erdem et al.(33)

Protein assay

Protein was assayed by the method of Lowry et al.(34).

RT-PCR and ELISA

RNA was extracted with TRI Reagent (Sigma Life Science) and

quantified at 260 nm. Reverse transcription was performed with

the Reverse Transcription System (Eppendorf Mastercycler),

according to the manufacturer’s protocol. Glyceraldehyde-3-

phosphate dehydrogenase served as a control. The primer

sequences for ABCA1, apoA1, apoB, PON1 and PPARa are

listed in Table 1. A total reaction volume of 25ml contained 6ml

of reverse transcription product, 1·5mM-MgCl2, 2·5U Taq DNA

polymerase, 100mM-deoxyribonucleotide triphosphate (dNTP),

0·1mM-primer and 1 £ Taq DNA polymerase Mg-free buffer.

The reaction mixture was incubated in a thermocycler (Eppen-

dorf Mastercycler) programmed to predenature at 1058C for

2min, denature at 948C for 30 s, anneal at 598C for 30 s, and

Table 1. Primer sequences

Genes Forward primer (50 –30) Reverse primer (50 –30)

GAPDH CACGGCAAGTTCAATGGCAC GAATTGTGAGGGAGAGTGCTC
ApoB AATGGAGCACTTTTCAAG GGAACAGCAGCAGTAGCG
ApoA1 CCTGGATGAATTCCAGGAGA TCGCTGTAGAGCCCAAACTT
ABCA1 AACAGTTTGTGGCCCTTTTG AGTTCCAGGCTGGGGTACTT
PON1 TGCTGGCTCACAAGATTCAC TTCCTTTGTACACAGCAGCG
PPARa CGACAAGTGTGATCGAAGCTGCAG GTTGAAGTTCTTCAGGTAGGCTC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ABCA1, ATP-binding cassette transporter A1;
PON1, paraoxonase 1.
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extend at 728C for 60 s, for a total of thirty cycles. The last cycle

was followed by incubation at 728C for 5min and cooling to

48C. The PCR products were electrophoresed on 1·5% agarose

gel and stained with ethidium bromide. The image of the gel

was captured in digital format.

ELISA was performed to quantify the amount of different

proteins using specific antibodies. ApoA1, ABCA1 and apoB

antibodies were purchased from Abcam and Santa Cruz

Biotechnology, Inc.

Western blotting

Liver samples were homogenised in lysis buffer (1 % Triton

X-100, 0·5 % sodium deoxycholate, 0·1 % SDS, 150 mM-NaCl,

2 mM-EDTA and 50 mM-Tris–HCl, pH 7·5) containing freshly

added proteinase inhibitors (P8430; Sigma) and phosphatase

inhibitors (P2850 and P5726; Sigma). After centrifugation at

20 000 g for 30 min at 48C, the supernatant was used for

Western blotting and the pellet was discarded. Protein extracts

were separated on a 4–15 % SDS PAGE gel and transferred

to nitrocellulose membranes (Bio-Rad 162-0113). The mem-

branes were blocked with 5 % skimmed milk, probed with

an appropriate primary antibody (anti-ABCA1 antibody

ab151685, Abcam and anti-apoA-I rabbit polyclonal antibody

(FL-267): sc-30 089), incubated with an appropriate horse-

radish peroxidase-conjugated secondary antibody (anti-rabbit

IgG, Abcam (ab97051)), and then developed with the addition

of a substrate. The bands were then quantified.

Assessment of atheroscleortic plaques in the aorta

After in situ perfusion with cold PBS and subsequently with cold

buffered formalin, the arch and thoracic portion of the dorsal

aorta were dissected free from the thoracic cavity and heart.

The entire aorta was isolated from the arch to the aortic iliac

bifurcation. After removing the adventitia and adipose tissue,

the aorta was placed in 10% neutral buffered formalin overnight.

The aorta was then opened lengthwise, and pinned flat in a

wax-bottomed dissecting pan. The tissue was stained for 15min

with 0·5% Sudan IV solution in acetone and 70% ethanol (1:1).

The tissue was decolourised for 5min using 80% ethanol, and

then washed gently with water for several minutes. The en face

preparations were digitally photographed(35).

Histopathological evaluation of the aorta

After killing the rats, tissues were removed and fixed in 10 %

buffered formalin and then decalcified for 7 d. The tissues

were then processed for paraffin embedding, sectioned at

5mm thickness, and subsequently stained with Ehrlich’s hae-

matoxylin and eosin for examination under a light microscope.

Statistical analysis

Results were analysed using the statistical program SPSS/PCþ ,

version 11.0 (SPSS, Inc.). The experiments with the treatment

groups of six rats each were replicated with similar results for

a total of six times. Statistical evaluation was done using the

one-way ANOVA, and significant difference was determined

using Duncan’s test of P,0·05.

Results

Effect of Njavara rice bran oil on the development of
carrageenan-induced paw oedema

Various doses of NjRBO were screened for their anti-

inflammatory activity, and selection of an effective dose was

made using the carrageenan-induced paw oedema assay. In the

present study, carrageenan induction significantly increased

paw volume, and maximum oedema was observed at the 5th

hour after the induction of carrageenan. The effect of pretreat-

ment of the experimental rats with NjRBO on a series of doses

was observed to evaluate significant inhibition in the deve-

lopment of carrageenan-induced paw oedema at the 3rd and

5th hours. Percentage inhibition by NjRBO showed maximum

activity at doses of 100 and 200mg/kg body weight. The admin-

istration of indomethacin (3mg/kg) showed oedema inhibition

by 40 and 68% at the 3rd and 5th hours, respectively (Table 2).

From these results, it was evident that NjRBO at the dose of

100mg/kg body weight possesses maximum anti-oedematous

activity in the carrageenan-induced acute inflammatory model.

Therefore, for a further study, a dose of 100mg/kg body weight

was used as the minimum dose and maximum effect.

Serum lipid profile and atherogenic index

To study the anti-atherogenic effect of NjRBO on HCD-fed

rats, the lipid profile in serum and the atherogenic index

were determined after treatment for 60 d. The supple-

mentation of the HCD progressively increased the TC, TAG

and LDL-C levels, and the atherogenic index compared with

the control, but the supplementation of NjRBO decreased

their levels. HDL-C concentration in the HCD-fed group

showed a significant decrease compared with the control;

however, supplementation of NjRBO significantly increased

(P#0·05) the HDL-C levels (Table 3).

Concentration of tissue lipids

Lipids were extracted from the liver and aorta using

chloroform/methanol. The concentrations of cholesterol, TAG,

phospholipids and NEFA were estimated, and the results are

Table 2. Effect of Njavara rice bran oil (NjRBO) on rat carrageenan-
induced hind paw oedema

Treatment doses
(mg/kg body weight)

Percentage of paw oedema inhibition*

3rd hour 5th hour

Indomethacin (3 mg) 40 68
NjRBO (25 mg) 42 80
NjRBO (50 mg) 71 80
NjRBO (100 mg) 85 100
NjRBO (200 mg) 80 100

* Percentage of oedema inhibition was calculated as described in the Materials and
methods section.
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presented in Table 4. Lipid contents in the liver and aorta were

significantly reduced in rats treated with NjRBO compared

with rats fed with the HCD (P,0·05).

Activities of lecithin cholesterol acyl transferase,
3-hydroxy-3-methylglutaryl-CoA reductase and
lipogenic enzymes

The activity of HMG-CoA reductase was significantly increased

in rats fed the HCD. The hypocholesterolaemic effects of

NjRBO were observed characterised by reduced hepatic

HMG-CoA reductase in HCD-fed rats treated with NjRBO.

The activity of LCAT was found to be decreased in HCD-fed

rats and was significantly increased in the NjRBO-treated

group (Table 5). The HCD significantly increased the activities

of the lipogenic enzymes (G6PDH, IDH, ME, ACC and fatty

acid synthase) examined in the liver, but these activities

were decreased after treatment with NjRBO (Table 6).

Activities of paraoxonase 1 and arylesterase in serum

The HCD significantly decreased the activities of both PON1

and ARE; however, treatment with NjRBO (100 mg/kg per d)

for 60 d significantly increased the activity of PON1 in serum

compared with the control rats (Table 7).

Gene expression of paraoxonase 1 in the liver

The present study shows that NjRBO has a transcriptional role

in the up-regulation of the expression of PON1. The rats

supplemented with NjRBO showed significantly increased

(P,0·05) expression of PON1 compared with HCD-fed rats

that exhibited decreased expression of PON1. These data

suggest that the observed effects on PON1 were consistent

with the results of serum HDL-C and liver apoA1 expression

(Fig. 1).

Up-regulation of ATP-binding cassette transporter A1 and
apoA1 expression and down-regulation of apoB
expression by Njavara rice bran oil

The HCD down-regulated the mRNA expression of ABCA1

and apoA1. The 60 d treatment with NjRBO up-regulated

ABCA1 mRNA levels in the liver, indicating that NjRBO may

promote cholesterol efflux from lipid-loaded cells. In addition,

the transcriptional levels of apoA1 were enhanced similarly in

HCD-fed rats supplemented with NjRBO. The HCD-fed rats

Table 3. Changes in the serum lipid profile and atherogenic index

(Mean values with their standard errors; n 6 rats per group)

Group I Group II Group III

Mean SEM Mean SEM Mean SEM

TC (mmol/l) 2·043 0·010 5·267* 0·015 2·937*† 0·017
LDL-C (mmol/l) 0·719 0·013 4·274* 0·015 1·710*† 0·014
HDL-C (mmol/l) 1·111 0·009 0·540* 0·011 0·854*† 0·006
TAG (mmol/l) 0·488 0·003 1·059* 0·003 0·732*† 0·003
Atherogenic index 0·64 7·91* 2·00*†

Group I, control rats fed the standard diet; group II, rats fed the high-cholesterol diet (HCD) (standard
diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III, rats fed the HCD with Njavara rice bran
oil (100 mg/kg body weight) mixed in the diet; TC, total cholesterol; LDL-C, LDL-cholesterol; HDL-
C, HDL-cholesterol.

* Mean value was significantly different from that of group I (P,0·05).
† Mean value was significantly different from that of group II (P,0·05).

Table 4. Concentrations of cholesterol, TAG and phospholipids in tissues

(Mean values with their standard errors; n 6 rats per group)

Group I Group II Group III

Mean SEM Mean SEM Mean SEM

Liver
Cholesterol 302·70 11·48 512·00 19·03 415·33*† 12·15
TAG 57·33 1·83 109·83* 4·27 77·16*† 2·46
Phospholipids 1832·63 68·02 3970·61* 14·00 2767·50*† 103·10
NEFA 306·70 3·05 643·37* 29·10 528·35*† 19·11

Aorta
Cholesterol 212·80 9·48 524·33* 15·39 385·00*† 5·13
TAG 184·16 6·13 304·83* 9·43 220·00*† 4·83
Phospholipids 866·26 3·07 1908·68* 6·00 1192·15*† 3·88
NEFA 182·73 6·66 439·12* 16·20 291·88*† 10·80

Group I, control rats fed the standard diet; group II, rats fed the high-cholesterol diet (HCD) (standard
diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III, rats fed the HCD with Njavara rice bran oil
(100 mg/kg body weight) mixed in diet.

* Mean value was significantly different from that of group I (P,0·05).
† Mean value was significantly different from that of group II (P,0·05).
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showed the overexpression of apoB, indicating the increase

in circulating LDL levels. The treatment with NjRBO decreased

the expression of apoB in the liver (Fig. 1). These results

were confirmed by determining their respective protein

expression by ELISA, which was consistent with the results

of mRNA expression (Fig. 2(a)–(c)). The Western blot analysis

of ABCA1 and apoA1 also showed their increased expression

in group III and decreased expression in group II (Fig. 2(d)

and (e)).

Relative PPARa mRNA expression in the liver

To investigate the influence of PPARa in ABCA1-mediated

cholesterol efflux, the expression of PPARa mRNA was exam-

ined. The HCD-fed rats supplemented with NjRBO showed

significantly increased expression of PPARa, which was

decreased in HCD-fed rats (Fig. 1).

Effect of Njavara rice bran oil on serum C-reactive proteins
and thiobarbituric acid-reactive substances in the liver

The serum levels of CRP, an important biomarker for various

inflammatory diseases, were significantly higher in HCD-fed

rats than those of the control rats. Supplementation of

NjRBO significantly (P,0·05) decreased serum CRP con-

centrations (Table 7). TBARS levels, an indicator of lipid

peroxidation, were significantly increased in the liver of rats

fed the HCD, but supplementation of NjRBO significantly

(P#0·05) decreased their levels (Fig. 3).

Effect of Njavara rice bran oil on atherosclerotic lesions
in the aorta

The analysis of haematoxylin and eosin-stained cross-sections

of the aortic arch from rats fed the HCD revealed non-uniform

aortic wall thickening with moderate endothelial damage

accompanied by the thickening of the subendothelial layer.

Degenerative changes were found in the whole vascular

wall with a loss of normal arrangement of elastic lamellae

of the media. In rats fed with the HCD supplemented

with NjRBO, the aortic wall was of uniform thickness and

endothelial damage was accompanied by a mild thickening

of the subendothelial layer. No degenerative changes were

observed. The elastic lamellae in the tunica media showed

a normal wavy structure. The histopathological data of the

aorta are shown in Fig. 4.

To compare the effects of NjRBO on atherosclerotic lesions,

the Sudan IV-stained thoracic aorta was compared in all the

experimental groups. The atherosclerotic lesion showed a

marked increase in HCD-fed rats. The lesion area was

decreased in NjRBO-treated rats. The respective images of

the aorta from rats exhibiting atherosclerotic lesions are

shown in Fig. 5. Atherosclerotic progression was decreased

after treatment with NjRBO.

Discussion

Njavara is one of the important Indian medicinal rice varieties

grown in South India, and is used mainly for the purpose of

Ayurvedic treatments(36,37). It is regarded as a special rice

variety with beneficial properties for the circulatory, respiratory,

digestive and nervous systems according to the Indian indi-

genous system of medicine or Ayurveda(36). Njavarakizhi and

Navaratheppu are the two major treatments in Ayurveda for

arthritis, paralysis, neurological disorders, degeneration of

muscles and tuberculosis(38). ‘Njavara’ contains significant

Table 5. Activities of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase
in the liver and lecithin cholesterol acyl transferase (LCAT) in plasma

(Mean values with their standard errors; n 6 rats per group)

HMG-CoA
reductase‡
(HMG-CoA:

mevalonate ratio)

LCAT in plasma
(ester cholesterol:free

cholesterol ratio)

Mean SEM Mean SEM

Group I 1·92 0·07 42·90 0·33
Group II 0·55* 0·01 20·85* 0·43
Group III 1·41*† 0·05 32·99*† 0·23

Group I, control rats fed the standard diet; group II, rats fed the high-cholesterol
diet (HCD) (standard diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III,
rats fed the HCD with Njavara rice bran oil (100 mg/kg body weight) mixed in the
diet.

* Mean value was significantly different from that of group I (P,0·05).
† Mean value was significantly different from that of group II (P,0·05).
‡ Lower ratio indicates higher enzyme activity.

Table 6. Changes in the activities of lipogenic enzymes in the liver‡

(Mean values with their standard errors; n 6 rats per group)

G6PDH IDH ME ACC FAS

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Group I 15·37 0·57 14·04 0·52 18·45 0·68 0·20 0·00 1·84 0·06
Group II 62·54* 0·57 32·72* 0·52 49·17* 0·68 0·55* 0·01 6·12* 0·19
Group III 23·48*† 0·57 20·00*† 0·52 34·99*† 0·68 0·34*† 0·00 2·87*† 0·10

Group I, control rats fed the standard diet; group II, rats fed the high-cholesterol diet (HCD) (standard diet þ 1·5 % cholesterol and 0·5 %
cholic acid); group III, rats fed the HCD with Njavara rice bran oil (NjRBO) (100 mg/kg body weight) mixed in the diet.

* Mean value was significantly different from that of group I (P,0·05).
† Mean value was significantly different from that of group II (P,0·05).
‡ Activity for glucose-6-phosphate dehydrogenase (G6PDH), isocitrate dehydrogenase (IDH) and malic enzyme (ME) is expressed as mmol

of NADPH (or NAD) produced/min per g wet weight of tissue, for acetyl-CoA carboxylase (ACC) as mmol of acetyl-CoA consumed/min
per g dry tissue weight, and for fatty acid synthase (FAS) as mmol of NADPH utilised/min per g tissue at 378C.
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amounts of oryzanol components, phenolic acids, flavonoids,

proanthocyanidins and phytic acid compared with staple

varieties, especially the contents of each of the oryzanol

components as well as total oryzanol have been found to be

significantly higher in Njavara rice bran than those in staple

varieties(14). As the bodyof evidence increases, anti-inflammatory

and immunomodulatory strategies have now become emerging

treatments for targeting the root causes of diseases(39).

It is now generally recognised that atherosclerosis is a chronic

inflammatory disease that can lead to acute clinical events

following plaque rupture and thrombosis(40). The underlying

pathogenesis involves imbalanced lipid metabolism and a

maladaptive immune response entailing chronic inflammation

of the arterial wall(41). Therefore, its anti-inflammatory pro-

perties and its use in various inflammatory diseases lead to

a hypothesis that NjRBO supplementation would alter lipid-

related inflammatory and atheroprotective processes critical

for limiting the progression of atherosclerosis. Therefore, the

objective of the present study was to evaluate the hypo-

lipidaemic properties of NjRBO. The anti-inflammatory effect

and dose of NjRBO was assessed by a carrageenan-induced

acute inflammatory rat model. Significant inhibition of oedema

at the 3rd hour was observed at a dose of 100 mg/kg body

weight. Therefore, for subsequent studies, this dose was

selected owing to its potent anti-inflammatory property. The

anti-atherosclerotic effects were then tested in rat model by

HCD supplementation for 60 d. Following the 60 d study,

HCD-fed rats showed a significant decrease in HDL-C levels

and increased the levels of serum TC, TAG and LDL-C and

atherogenic index. A previous study from our laboratory has

reported a significant increase in TC, TAG and LDL-C levels

after induction with a HCD(42). However, their concentrations

were significantly decreased in the NjRBO treated group and

HDL-C concentration was significantly increased. The concen-

trations of cholesterol, TAG, NEFA and phospholipids in tissues

were significantly higher in HCD-fed rats, but was decreased in

the NjRBO-treated group. The decrease in lipids may be due to

the decreased synthesis of lipids or increased degradation of

lipids. To examine the effect of NjRBO on lipid metabolism

and lipoprotein function, activities of some enzymes critical to

lipogenesis and lipoprotein metabolism were investigated.

HMG-CoA reductase, is a key enzyme in the endogenous

synthesis of cholesterol through two post-transcriptional

actions: increasing the controlled degradation of reductase

protein and decreasing the efficiency of the translation of

HMG-CoA reductase mRNA(43). The activity of HMG-CoA

reductase was found to be increased in the HCD-fed group,

but the enzyme activity decreased after treatment with

NjRBO. LCAT converts free cholesterol into cholesteryl esters

on HDL by a transesterification reaction involving the transfer

of a fatty acid at the sn-2 position of phosphatidylcholine, or

lecithin, to the free hydroxyl group of cholesterol, and is an

important driving force behind the RCT pathway stimulating

HDL-mediated efflux. The activity of the enzyme was

decreased in the HCD-fed group, but was increased after

treatment with NjRBO. These data provide evidence for the

ability of NjRBO to help eliminate the accumulated increased

amounts of lipid by both inhibiting cholesterol synthesis and

enhancing the HDL-mediated removal of excess cholesterol

from peripheral tissues, and its delivery to the liver for

excretion, resulting in catabolism in a manner that influences

atherogenicity.

Lipogenic enzymes are responsible for converting glucose

to TAG(44). The de novo synthesis of lipids in the cytoplasm

of vertebrate tissues requires sources such as acetyl-CoA and

reducing equivalents (NADPH) produced by one or more of

cytoplasmic dehydrogenases (G6PDH, ME and IDH). ACC1

and fatty acid synthase are in the liver and fatty tissues, and

are involved in fatty acid biosynthesis. Therefore, activities

of these lipogenic enzymes were studied. G6PDH is a key

enzyme that catalyses the first reaction in the pentose

phosphate pathway, leading to the production of reducing

power in the form of NADPH for reductive biosynthesis.

ME, another NADPH-generating enzyme that catalyses the

oxidative decarboxylation of L-malate to yield CO2, pyruvate

and NADPH, is considered to be a lipogenic enzyme whose

activity correlates with de novo fatty acid synthesis. IDH is

an enzyme that catalyses the oxidative decarboxylation of

isocitrate, producing a-ketoglutarate and CO2, thereby gene-

rating NADPH needed for fatty acid synthesis. The activities

of liver lipogenic enzymes were significantly affected by

diet-induced hypercholesterolaemia. The rats fed the HCD

had higher activities of G6PDH, ME, IDH, ACC and fatty

acid synthase, indicating the availability of NADPH for the bio-

synthesis of lipids than the rats treated with NjRBO. Therefore,

the results of the experiment showed that supplementation of

Table 7. Plasma levels of C-reactive protein (CRP), serum paraoxonase (PON) and
arylesterase (ARE)

(Mean values with their standard errors; n 6 rats per group)

Group I Group II Group III

Mean SEM Mean SEM Mean SEM

CRP (mg/ml) 51·96 1·93 138·56* 5·15 90·13*† 0·00
PON (U/ml)‡ 112·50 3·81 56·50* 2·29 90·66*† 3·36
ARE (mmol pha/min) 91·66 3·23 46·00* 1·52 80·00*† 3·05

Group I, control rats fed the standard diet; group II, rats fed the high-cholesterol diet (HCD) (standard
diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III, rats fed the HCD with Njavara rice bran oil
(100 mg/kg body weight) mixed in the diet; pha, phenylacetate.

* Mean value was significantly different from that of group I (P,0·05).
† Mean value was significantly different from that of group II (P,0·05).
‡ 1 U ¼ enzyme quantity that disintegrates 1 mmol of paraoxon substrate in 1 min.
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NjRBO to HCD-fed rats for 60 d decreased the plasma levels

of TC, TAG and LDL-C in serum and tissues, suggesting that

it might have a role in altering cholesterol metabolism by

lowering cholesterol biosynthesis.

CRP, an acute-phase protein, has been suggested to directly

induce the inflammatory response leading to the progression

of atherosclerosis(45) by modulating endothelial function,

and its concentration is known to predict cardiovascular

events(46). An extensively used method for evaluating lipid

peroxidation is the analysis of tissue TBARS, a product of

lipid peroxidation(47). Plasma CRP and tissue TBARS levels

were significantly enhanced in hypercholesterolaemic-

induced rats when compared with the control group.

Treatment with NjRBO showed a significant decrease in the

levels of CRP and TBARS compared with HCD-fed rats. This

shows that NjRBO protects from free radical formation and

thereby reduce inflammation. PON1 has been reported to

have lipophilic antioxidative properties, which is associated

with the ability of the enzyme to protect LDL and HDL from

oxidation, to decrease lipid peroxidation caused by free rad-

icals on cell membranes and lipoproteins, and to slow the

development of atherosclerosis(48). PON1 has three known

enzymatic molecules, including paraoxonase, ARE, and dya-

zoxonase, of which both PON1 and ARE are esterase enzymes

that have lipophilic antioxidant characteristics(33). Therefore,

PON1 and ARE activities were measured in serum. The HCD
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Fig. 1. mRNA expression in the liver of rats. (a) Western blotting was performed to determine the mRNA expression in the liver. The relative amount of mRNA

expression of (b) ATP-binding cassette transporter A1 (ABCA1), (c) apoB, (d) PPARa, (e) apoA1 and (f) paraoxonase 1 (PON1) were estimated by semi-quantitat-

ive RT-PCR. PCR were quantified by densitometry and normalised to the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the control. Intensity

was measured and expressed as arbitrary units. Values are means (n 6 rats per group), with their standard errors represented by vertical bars. * Mean value was

significantly different from that of group I (P,0·05). † Mean value was significantly different from that of group II (P,0·05). Group I, control rats fed the standard

diet; group II, rats fed the high-cholesterol diet (HCD) (standard diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III, rats fed the HCD with Njavara rice bran

oil (100 mg/kg body weight) mixed in the diet. A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn
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significantly decreased the activities of both PON1 and ARE in

serum, but were increased after supplementation with NjRBO

compared with the control group. These results show that

NjRBO supplementation has a role in decreasing oxidative

stress by enhancing free radical-scavenging system.

Of the various processes elucidating anti-atherogenic proper-

ties, the RCT mechanism relates well to the results presented

above with a significant increase in the concentration of

HDL-C in groups administered with NjRBO. RCT, a mechanism

whereby excess cholesterol is effluxed from lipid-loaded cells,

is a key atheroprotective event that counteracts cholesterol

uptake(49). Therefore, we hypothesised that the molecular

mechanisms underlying the protective effects of NjRBO may

involve the regulation of a set of genes important in RCT.

Elevated concentration of apoB-100, the only protein

component of LDL-C, is recognised as a risk factor for the

development atherosclerotic coronary artery disease(50). In the

present study, increased concentrations of apoB and LDL-C

were also observed in the HCD-fed group, but treatment with

NjRBO restores the concentration to a normal level, showing
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Fig. 2. Protein expression of (a) ATP-binding cassette transporter A1 (ABCA1), (b) apoB and (c) apoA1 in the liver: the presence of ABCA1, apoB and apoA1 anti-

gens in the liver was determined by ELISA. (d) Western blotting was performed to determine the protein expression of ABCA1 and apoA1 in the liver. The protein

expression study showed a marked decrease in group II and increased expression in group III compared with the control. b-Actin was used as a loading control.

Liver samples were homogenised in lysis buffer. Protein extracts (10 mg) were subjected to 4–15 % SDS–PAGE gel, and the blot was then probed with the

anti-ABCA1 antibody and anti-apoA-I antibody. (e) Densitometry results (arbitrary units) of the Western blots. Values are means (n 6 rats per group), with their

standard errors represented by vertical bars. Representative Western blots for each protein are also shown. * Mean value was significantly different from that of
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body weight) mixed in the diet. A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn
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decreased progression of atherosclerosis. Previous reports have

suggested that the most effective and direct way to prevent or

treat atherosclerosis is to decrease subendothelial apoB-LP

retention by lowering apoB-LP in the blood through lifestyle

changes and drugs(51). ABCA1 is an essential membrane protein

for the initial step of HDL biogenesis by facilitating the efflux of

cellular free cholesterol and phospholipid to extracellular lipid-

free apoA-I, forming nascent HDL particles(52). In the present

study, HCD-fed rats showed decreased expression of ABCA1,

apoA1 and increased expression of apoB. Hepatic ABCA1

transporter and apoA-I are the major determinants of the

plasma levels of a-HDL-C as well as poorly lipidated apoA-I,

which interact with ABCA1 transporters on peripheral cells in

the process of RCT(53). The major findings of the present study

also revealed a significant increase in ABCA1 and apoA1

mRNA and protein expression in the liver of rats administered

with NjRBO as well as lower TC, TAG and LDL-C levels in

serum and tissues, suggesting increased cholesterol efflux.

ABCA1 and apoA1 expression correlates well with serum

HDL-C concentration that was found to be increased in rats

administered with NjRBO. These findings suggest enhanced

an effect ofNjRBO inmediating the effluxof cholesterol, thereby

enhancing the cardioprotective effect.

The therapeutic efficiency of NjRBO in advanced establi-

shed atherosclerosis was also confirmed by histological

quantification of atherosclerotic lesions and Sudan staining

in the aorta after 60 d of HCD induction and treatment. Ather-

osclerotic lesions were clearly detected in the aortic roots of

HCD-fed rats. More advanced vascular lesion formation was

observed in rats fed the HCD, but progression of atherosclero-

tic lesions was significantly reduced in the NjRBO-treated

group. Endothelial injury, characterised by atherosclerotic

progression, was observed in HCD-fed rats. Reduced vascular

lesion and endothelial damage was observed after treatment

with NjRBO. Similar results were also observed on Sudan

staining of the aorta. This suggests that lipid accumulation

was greater in HCD-fed rats, which was reduced in the

NjRBO-treated groups.

The transcriptional factor PPARa is highly expressed in

tissues with high rates of fatty acid catabolism, and PPARa

activators increase RCT by accelerating the efflux of cholesterol
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Fig. 3. Effect of Njavara rice bran oil on lipid peroxidation. Lipid peroxidation

product, thiobarbituric acid-reactive substance (TBARS) concentration, was

measured using the method of Ohkawa et al.(25). Values are means (n 6 rats

per group), with their standard errors represented by vertical bars. * Mean

value was significantly different from that of group I (P,0·05). † Mean value

was significantly different from that of group II (P,0·05). Group I, control rats

fed the standard diet; group II, rats fed the high-cholesterol diet (HCD) (stan-

dard diet þ 1·5 % cholesterol and 0·5 % cholic acid); group III, rats fed the

HCD with Njavara rice bran oil (100 mg/kg body weight) mixed in the diet.

A colour version of this figure can be found online at http://www.journals.
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from peripheral cells and by increasing its uptake into the liver

through a pathway involving increased vascular expression of

HDL-C receptors, apoA1, ATP-binding cassette transporter-I

and scavenger receptor class-B type-I(54–56). The present inves-

tigation attempted to confirm that whether induction of PPARa

was responsible for up-regulation of ABCA1. PPARa expression

was enhanced in the liver of rats treated with NjRBO, whereas

the expression was decreased in rats fed the HCD. This indi-

cates that increased PPARa expression in the NjRBO-treated

group shows increased oxidised LDL uptake, and increased

ABCA1 indicates the metabolic fate of the LDL taken in.

Considerable evidence also shows that PPAR up-regulates

PON1 expression in a variety of clinical and experimental

situations(57,58). Several experimental data show that the phy-

siological function of PON1 is to hydrolyse oxidised lipids

and, therefore, function as an antioxidant enzyme(57,58). The

present study also showed increased PON1 expression after

treatment with NjRBO and decreased after the induction with

HCD. In these experiments, we found that NjRBO supplemen-

tation enhanced the expression of PPARa and PON1 along

with decreased lipid peroxidation. This was confirmed by the

decrease in the concentration of TBARS in tissues. Therefore,

we hypothesise that the increased PPAR gene expression

observed in the present study in the NjRBO-treated group

would be associated with increased HDL synthesis, which

accords with increased hepatic PON1 gene expression,

suggesting that cardioprotective nature of NjRBO could be

due to its effect on transcriptional factors associated with

cholesterol efflux. The supplementation of NjRBO through

the diet clearly reduced atherosclerotic progression, exerting

its potent hypocholesterolaemic activity. The depletion of

apoB and enhanced apoA1 in the circulation clearly explains

the impact of NjRBO on lipid metabolism, which is supported

by reduced plaque, endothelial damage and lipid accumulation

in the NjRBO-treated group. The protective effect of Njavara in

various inflammatory conditions is known, but no scientific

data are available on the molecular mechanisms by which the

plant offers protection. This is the first report on molecular

mechanisms of cardioprotection by NjRBO. The present data

support treatment of the atherosclerotic condition by NjRBO

from the medicinal rice in imparting a healthy lifestyle.

Conclusion

In summary, this is the first report of the regulation of genes of

RCT, providing a plausible explanation for the hypolipidaemic

effect of NjRBO in hypercholesterolaemic rats, owing protection

against progression and development of atherosclerosis. This is

also supported by the decreased lipid profile and biosynthesis

of lipids in tissues evidenced by decreased activities of lipo-

genic enzymes. The present data presented exhibit the possible

hypolipidaemic mechanisms that explain the cardioprotec-

tive properties of NjRBO. Since there is a strong relationship

between lipid accumulation and inflammatory cytokines in

atherogenesis, there is a need to explore the action of NjRBO

on inflammation and hence atherosclerosis.
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to Göran K. Hansson. Vascul Pharmacol 56, 29–33.

40. Steffens S, Veillard NR, Arnaud C, et al. (2005) Low dose oral
cannabinoid therapy reduces progression of atherosclerosis
in mice. Nature 434, 782–786.

41. Weber C & Noels H (2011) Atherosclerosis: current patho-
genesis and therapeutic options. Nat Med 17, 1410–1422.

42. Ratheesh M, Shyni GL, Sindhu G, et al. (2011) Inhibitory
effect of Ruta graveolens L. on oxidative damage,
inflammation and aortic pathology in hypercholesteromic
rats. Exp Toxicol Pathol 63, 285–290.

43. Cicero AFG & Gaddi A (2001) Rice bran oil and g-oryzanol
in the treatment of hyperlipoproteinaemias and other
conditions. Phytother Res 15, 277–289.

44. Sanz N, Diez-Ferncindez C, Valverde AM, et al. (1997) Malic
enzyme and glucose 6-phosphate dehydrogenase gene
expression increases in rat liver cirrhogenesis. Br J Cancer
75, 487–492.

45. Bhaskar S, Kumar KS, Krishnan K, et al. (2013) Quercetin
alleviates hypercholesterolemic diet induced inflammation
during progression and regression of atherosclerosis in
rabbits. Nutrition 29, 219–229.

P. K. Chithra et al.1218

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114515000513  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114515000513


46. KalsaitRP,KhedekarPB,SaojiAN, etal. (2011)RoleofC-reactive
protein in the development of atherosclerosis in diet-induced
lipidemia in albino rats. Trop J Pharm Res 10, 41–44.

47. Ratheesh M, Shyni GL, Sindhu G, et al. (2010) Protective
effects of isolated polyphenolic and alkaloid fractions of
Ruta graveolens L. on acute and chronic models of inflam-
mation. Inflammation 33, 18–24.

48. Yildirim S, Kisa F, Karadeniz A, et al. (2012) Effects of pomegra-
nate seed extract on liver paraoxonase and bcl-xL activities in
rats treated with cisplatin. J Med Plant Res 6, 2317–2323.

49. Park SH, Kim JL, Lee ES, et al. (2011) Dietary ellagic acid
attenuates oxidized LDL uptake and stimulates cholesterol
efflux in murine macrophages. J Nutr 141, 1931–1937.

50. Young SG (1990) Recent progress in understanding apolipo-
protein B. Circulation 82, 1574–1594.

51. Brewer HB, Remaley AT, Neufeld EB, et al. (2004) Regulation
of plasma high-density lipoprotein levels by the ABCA1
transporter and the emerging role of high-density lipopro-
tein in the treatment of cardiovascular disease. Arterioscler
Thromb Vasc Biol 10, 1755–1760.

52. Chung S, Sawyer JK, Gebre AK, et al. (2011) Adipose tissue
ABCA1 contributes to HDL biogenesis in vivo. Circulation
124, 1663–1672.

53. Gaidukov L & Tawfik DS (2005) High affinity, stability, and
lactonase activity of serum paraoxonase PON1 anchored
on HDL with apoA-I. Biochemistry 44, 11843–11854.

54. Steinberg D, Glass CK & Witztum JL (2008) Evidence man-
dating earlier and more aggressive treatment of hypercholes-
terolemia. Circulation 118, 672–677.

55. Singh MP, Pathak D, Sharma GK, et al. (2011) Peroxisome
proliferator-activated receptors (PPARS): a target with a
broad therapeutic potential for human diseases: an over-
view. PhOL 2, 58–89.

56. Ghanbari-Niaki A, Ghanbari-Abarghooi S, Rahbarizadeh F,
et al. (2013) Heart ABCA1 and PPAR-a genes expression
responses in male rats: effects of high intensity treadmill run-
ning training and aqueous extraction of black Crataegus-
pentaegyna. Res Cardiovasc Med 5, 153–159.

57. Paragh G, Harangi M & Seres I (2008) Effect of lipid lowering
medications in PON1. In The Paraoxonases: Their Role in
Disease Development and Xenobiotic Metabolis, pp. 251–266
[B Mackness, M Mackness, M Aviram and G Paragh, editors].
Dordrecht: Springer.

58. Camps J, Garcı́a-Heredia A, Rull A, et al. (2012) PPARs in
regulation of paraoxonases: control of oxidative stress and
inflammation pathways. PPAR Res 2012, 616371.

Anti-atherogenic effect of rice bran oil 1219

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n
https://doi.org/10.1017/S0007114515000513  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1017/S0007114515000513

