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Abstract
PPAR-γ anti-inflammatory functions have received significant attention since its agonists have been shown to exert a wide range
of protective effects in many experimental models of neurologic diseases. Rice bran is very rich in polyunsaturated fatty acids,
which are reported to act as PPAR-γ partial agonists. Herein, the anti-inflammatory effect of rice bran extract (RBE) through
PPAR-γ activation was evaluated in LPS-induced neuroinflammatory mouse model in comparison to pioglitazone (PG) using 80
Swiss albino mice. RBE (100 mg/kg) and PG (30 mg/kg) were given orally for 21 days and LPS (0.25 mg/kg) was injected
intraperitoneally for the last 7 days. TNF-α and COX-2 brain contents were evaluated by real-time PCR and immunohistochem-
ical analysis. In addition, NFκB binding to its response element was evaluated alongside with the effect of treatments on IκB gene
expression. Furthermore, PPAR-γ sumoylation was also studied. Finally, histopathological examination was performed for
different brain areas. RBE administration was found to protect against the LPS-induced inflammatory effects by decreasing
the inflammatory mediator expression in mice brains. It also decreased PPAR-γ sumoylation without significant effect on IκB
expression or NFκB binding to its response element. The majority of the effects were attenuated in presence of PPAR-γ
antagonist (GW9662). Level of significance was set to P < 0.05. Such findings highlight the agonistic effect of RBE compo-
nent(s) on PPAR-γ and support the hypothesis of involvement of PPAR-γ activation in its neuroprotective effect.

Keywords Rice bran extract (RBE) . Neuroinflammation . Pioglitazone . Lipopolysaccharide (LPS) . Peroxisome
proliferator-activated receptor gamma (PPAR-γ)

Introduction

Neurodegenerative disorders, including Parkinson’s disease
(PD), Alzheimer’s disease (AD), and frontotemporal dementia
(FTD), are characterized by chronic innate neuroinflammation
which plays a complex role in their pathophysiology and is

mediated by microglia and astrocytes [1]. PPAR-γ anti-inflam-
matory functions have received significant attention as its ago-
nists have been shown to exert a wide range of protective ef-
fects in many experimental models of neurologic diseases
[2–4]. Furthermore, recent clinical trials demonstrated that pio-
glitazone (PG), the PPAR-γ agonist, exhibited cognitive and
functional improvements in patients with mild AD [5, 6].

The fu l l PPAR-γ ac t iva t ion done by severa l
thiazolidinediones (TDZs) is suggested to be the reason for
the severe adverse effects of these drugs which led to their
restricted clinical application, contrasting the weak agonistic
effect of endogenous PPAR-γ ligands, like fatty acids and
prostanoids [7, 8]. Therefore, many researches have focused
on selective PPAR-γ modulators (SPPARMs) that activate
PPAR-γ with reduced side effects due to partial PPAR-γ
agonism based on selective receptor-cofactor interactions
and target gene regulation.

Rice bran (RB) is very rich in polyunsaturated fatty acids in
addition to the natural antioxidants tocotrienoles and tocoph-
erols [9–12]. Polyunsaturated fatty acids are reported to act as
partial agonists on the PPAR-γ receptors and tocopherols were
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reported to activate PPAR-γ [13–16]. The oily extract of the
Egyptian rice bran was previously reported to exert an anti-
inflammatory effect in rat microglia through reducing the ex-
pression of pro-inflammatory cytokines (IL-1β and TNF-α)
[17]. It was also reported to decrease insulin resistance and
increase insulin release, thus showing antidiabetic actions
[18]. The Egyptian rice bran extract also increased the resis-
tance of brain cells to oxidative stress and nitrosative stress
when tested in aged mice, protecting the mitochondria from
oxidative damage, in addition to increasing peroxisome
proliferator-activated receptor γ coactivator-1 (PGC1α) pro-
tein concentrations which is regulated by PPAR-γ receptor
[19].

Finally in 2018, our team reported that the Egyptian RBE
enhances cognitive and behavioral functions in LPS-induced
neuroinflammatory mouse model and the nuclear fractions
extracted from the brains of mice treated with the RBE
showed an increase in PPAR-γ binding to its response ele-
ment [20]. Those data collectively support the hypothesis that
RBE may have an anti-inflammatory effect which is mediated
through activation of PPAR-γ receptor.

The current study aimed to extend our work to investigate
the agonistic effect of RBE on PPAR-γ receptor and its neu-
roprotective effect in neuroinflammatory mouse model and
study the downstream molecular pathway of RBE-induced
PPAR-γ activation. This was accomplished by assessing the
levels of inflammatory mediators in mice brains, the effect of
RBE on PPAR-γ sumoylation and NFκB binding to its re-
sponse element. All experiments were performed in presence
and absence of PPAR-γ antagonist (GW9662) and in compar-
ison to the FDA-approved PPAR-γ agonist PG.

Material and Methods

Animals

Adult male Swiss albino mice weighing from 25 to 30 g were
used in the present study. They were obtained from the breed-
ing colony maintained at the animal house of the National
Organization for Drug Control and Research (NODCAR,
Cairo, Egypt). Animals had free access to standard chow food
and water ad libitum. They were maintained at 21–24 °C and
40–60% relative humidity with 12-h light-dark cycle. Animals
were subjected to an adaptation period of 2 weeks before
experimentation.

Compliance with Ethical Standards

Handling of animals and all procedures carried out in strict
accordance with the Guide for the Care and Use of Laboratory
Animals protocol (NIH publication No. 85–23, 1996) adopted
by the Ethics Research Committee, Faculty of Pharmacy,

Cairo University (Cairo, Egypt; PT 2273). All efforts were
exerted to minimize animal suffering during the experimental
period.

Material

Heat-stabilized Egyptian RBE was obtained from
International Trade and Marketing Company, Egypt. It was
dissolved in 0.6% DMSO and given orally in a dose of
100 mg/kg [20]. PG was obtained from Al-Andalous
Pharmaceutical, Egypt, dissolved in 0.6% DMSO, and given
orally in a dose of 30 mg/kg [21]. GW9662 was purchased
from MedChem Express, Sweden, dissolved in 1.2% DMSO,
and injected intraperitoneally in a dose of 3 mg/kg [22].
Lipopolysaccharides from Escherichia coli (055:B5) was pur-
chased from Sigma-Aldrich, Germany, dissolved in saline
from Misr Pharma pharmaceutical company, and injected at
a dose of 250 μg/kg.

Preparation of Stabilized RBE

First, the stabilized rice bran was prepared by applying high-
temperature-short-time (HTST) technique to rice bran after
milling to inactivate lipase enzyme. Ethanol extraction was
carried out using 95% alcohol by maceration overnight at
50 °C for three successive times by adding known quantities
of rice bran pellets and solvent at a solid:solvent mass ratio of
1:3. Then, the extract was evaporated under vacuum at a tem-
perature not more than 50 °C. The phytochemical profile of
RBE was determined and reported before [20]. The bioactive
compounds of RBE, γ-oryzanol, were determined using
HPLC (Agilent 1100). The separation was done using a re-
versed phase column (C18, 5 μm, 250 × 4 mm, Merck,
Germany), provided with C-18 guard column maintained at
25 °C. The elution was done using linear isocratic program,
methanol (100%) as a mobile phase, and a flow rate of 1.9 ml/
min. Fatty acid methyl esters were analyzed using GLC on
Agilent GC system and FID detector and using DB-5 (5%
phenyl) methyl polysiloxane column. Fatty acid methyl ester
identification was depended on the comparison of retention
times of their peaks with the peaks of available reference stan-
dards. The RBE was stored in a refrigerator and warmed in a
water bath at 37 °C just before use.

Experimental Design

Mice were divided into eight groups (I-VIII; n = 10):

Group I Control gp: Animals were administered with the
following vehicles at 1-h interval between each injection
in the following order:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
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0.6% DMSO (drug vehicle) oral (daily for 3 consecutive
weeks).
0.9% saline (LPS vehicle) i.p. (daily from the 15th day to
the 21st day).
Group II LPS gp: Animals were injected:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
0.6% DMSO (drug vehicle) oral (daily for 3 consecutive
weeks).
LPS in 0.9% saline at a dose of 250 μg/kg i.p. (daily from
the 15th day to the 21st day).

at 1-h interval between each injection.

Group III RB gp: Animals were injected:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
RB at a dose of 100 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
0.9% saline (LPS vehicle) i.p. (daily from the 15th day to
the 21st day).

at 1-h interval between each injection.

Group IV PG gp: Animals were injected:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
PG at a dose of 30 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
0.9% saline (LPS vehicle) i.p. (daily from the 15th day to
the 21st day).

at 1-h interval between each injection.

Group V RB + LPS gp: Animals were injected:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
RB at a dose of 100 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
LPS in 0.9% saline at a dose of 250 μg/kg i.p. (daily from
the 15th day to the 21st day).

at 1-h interval between each injection.

Group VI PG + LPS gp: Animals were injected:
1.2% DMSO (GW9662 vehicle) i.p. (daily for 3 consec-
utive weeks).
PG at a dose of 30 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
LPS in 0.9% saline at a dose of 250 μg/kg i.p. (daily from
the 15th day to the 21st day).

at 1-h interval between each injection.

Group VII GW9662 + RB + LPS gp: Animals were
injected:
GW9662 dissolved in 1.2% DMSO i.p. injected at a dose
of 3 mg/kg (daily for 3 consecutive weeks).
RB at a dose of 100 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
LPS in 0.9% saline at a dose of 250 μg/kg i.p. (daily from
the 15th day to the 21st day).

at 1-h interval between each injection.

Group VIII GW9662 + PG + LPS gp: Animals were
injected:
GW9662 dissolved in 1.2% DMSO i.p. injected at a dose
of 3 mg/kg (daily for 3 consecutive weeks).
PG at a dose of 30 mg/kg dissolved in 0.6% DMSO
administered orally (daily for 3 consecutive weeks).
LPS in 0.9% saline at a dose of 250 μg/kg i.p. (daily from
the 15th day to the 21st day).

at 1-h interval between each injection.

Methods

Induction of Neuroinflammation by LPS

Neuroinflammatory mouse model was induced in the present
study by the intraperitoneal injection of lipopolysaccharides
(0.25 mg/kg) from Escherichia coli (055:B5) for 7 consecu-
tive days starting from day 15 of the experiment [23].

Tissue Preparation for Biochemical Analysis

At the end of the experiment, animals were decapitated and
brains were excised and cut into two hemispheres, and each
hemisphere was stored in an Eppendorf tube at −80 °C until
further use.

Nuclear Extract Preparation

Nuclear proteins were extracted from the brain hemispheres,
according to the protocol of the nuclear extraction kit (Abcam,
USA, Catalog no. ab113474). For nuclear extraction, 10 μl of
extraction buffer containing DTT and protease inhibitor cock-
tail (PIC) at a 1:1000 ratio were added to each 2 mg of tissue.
The extract was incubated on ice for 15 min and vortexed for
5 s every 3 min followed by centrifugation of the suspension
for 10 min at 14,000 rpm at 4 °C. Supernatants were stored at
−80 °C for measuring the protein concentration of the nuclear
extract, determination of PPAR-γ sumoylation, and determi-
nation of NFκB binding activity to its response element.
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Determination of Protein Content

For all samples, protein content was quantified, using the
Coomassie plus (Bradford) assay detection kit (Thermo
Scientific, USA, Catalog no. 23236). The procedure was per-
formed according to manufacturer’s instructions.

Determination of PPAR-γ Sumoylation

PPAR-γ sumoylation was determined using The Global
Protein Sumoylation Assay ELISA Kit (Abcam, Catalog no.
ab115131) using anti-PPAR-γ antibody (Abcam Catalog no.
ab45036, RRID:AB_1603934). Procedures were performed
according to manufacturer’s instructions.

Determination of NFκB DNA Binding Activity

Nuclear extracts obtained from the mice brains were
assayed for NFκB binding to its response element by using
the NFκB transcription factor assay ELISA kit (Abcam,
USA, Catalog no. ab133112). A specific double-stranded
DNA (dsDNA) sequence containing the NFκB response
element is immobilized onto the bottom of wells of a 96-
well plate. NFκB contained in a nuclear extract binds spe-
cifically to the NFκB response element. NFκB (p65) is
detected by addition of specific primary antibody directed
against NFκB (p65). A secondary antibody conjugated to
HRP is added to provide a sensitive colorimetric readout at
450 nm. Procedures were performed according to manu-
facturer’s instructions.

Determination of TNF-α, COX-2, and IκB by
Quantitative RT-PCR

mRNA expression levels of the TNF-α, COX-2, and IKBα
were quantified using reverse transcription quantitative real-
time PCR.

Total RNA was isolated using PureLink RNA extrac-
tion kit (Invitrogen, USA, Catalog no. 12183018A), and
total RNA assay was performed, using Qubit® RNA HS
assay kit (Invitrogen, USA, Catalog no. Q32852) and
Qubit® 3.0 fluorometer. cDNA was synthesized using
high-capacity cDNA reverse transcription kit (Applied
Biosystems, USA, Catalog no. 4374966). RT-qPCR was
performed using TaqMan assays (Applied Biosystems,
USA) for mouse TNF-α, COX-2, IKBα, and mouse
GAPDH as a reference gene. Concisely, in 20 μl reaction
mix volume, 3 μl of cDNA was combined with 10 μl
TaqMan® Gene Master Mix (2X), 6 μl nuclease-free wa-
ter, and 1 μl of each TaqMan assay. The amplifications
were accomplished with 40 cycles for 15 s denaturation
at 95 °C and 60 s annealing/extension at 60 °C. The
relative expression of target genes was obtained using

the 2−ΔΔCT formula [24], where ΔCt = threshold cycle
(Ct) gene test − Ct endogenous control (GAPDH).

ΔΔCt =ΔCt sample 1 −ΔCt calibrator.
RQ = relative quantification = 2−ΔΔCT.
The RQ is the fold change compared to the calibrator (un-

treated sample).

Histopathological Analysis of Mice Brains

Autopsy samples were taken from the brain of mice in differ-
ent groups and fixed in 10% formol saline for 24 h. Washing
was done in tap water; then, serial dilutions of alcohol (meth-
yl, ethyl, and absolute ethyl) were used for dehydration.
Specimens were cleared in xylene and embedded in paraffin
at 56° in a hot air oven for 24 h. Paraffin bees wax tissue
blocks were prepared for sectioning at 4-μ thickness by a
sledge microtome. The obtained tissue sections were collected
on glass slides, deparaffinized, and stained by hematoxylin &
eosin stain for examination under a light electric microscope
[25].

Immunohistochemistry of TNF-α and COX-2 in the
Cerebral Cortex

Brains were excised, collected, embedded in paraffin with-
in 24 h and were subjected to coronal sectioning using
freezing microtome. The sections (4 μm) were incubated
wi th mouse an t i -TNF-α an t i body (San t a Cruz
Biotechnology, USA) or rabbit anti COX-2 antibody
(Thermo Fisher Scientific, USA) at 4 °C for 48 h then
rinsed with PBS and incubated with 2ry goat anti-rabbit
and anti-mouse antibody (Thermo Fisher Scientific, USA)
for 1 h. Sections were rinsed with PBS and incubated with
HRP-conjugated streptavidin for 45 min and immunoreac-
tion was visualized using 3,3′diaminobenzidine tetrahydro-
chloride (DAB substrate kit, Vector Laboratories, USA).
Images were analyzed using analysis software (Image J,
version 1.52a, RRID:SCR_003070, National Institutes of
Health, Bethesda, Rockville, MD, USA) via IHC profiler
plugin [26].

Statistical Analysis

Data are expressed as means ± standard deviation (SD).
GraphPad Pr i sm® sof tware package , vers ion 6
(GraphPad software Inc., USA), was used to carry out all
statistical tests. Multiple comparisons were performed
using one-way analysis of variance (ANOVA) test followed
by Tukey’s post hoc test. P < 0.05 was set as the significance
limit for all comparisons.

1507Mol Neurobiol  (2021) 58:1504–1516



Results

Chemical Characterization of RBE

γ-Oryzanol content in the RBE sample determined by HPLC
was 2.4%. The percentages of fatty acid esters present in the
RBE are illustrated in Table 1.

RBE and PG Reduced the LPS-Induced Upregulation of
TNF-α and COX-2 in Mice Brains

Figure 1 illustrates upregulation of TNF-α and COX-2 ex-
pression following LPS injection by 106 and 65% respective-
ly. Contrawise, these effects were reversed in the PG or RBE-
treated groups, while their combination with GW9662 signif-
icantly abolished their effects.

RBE or PG Reduced PPAR-γ Sumoylation in LPS-
Induced Neuroinflammation in Mice

Nuclear extracts prepared from brains of mice pretreated with
RBE or PG showed decreased PPAR-γ sumoylation levels by
53 and 56% respectively compared to LPS injected mice
(Fig. 2).

PG Only and Not RBE Extract Upregulated IκBα
Expression, an Effect which Was Abolished by PPAR-γ
Antagonist GW9662

Figure 3 reflects that the administration of LPS downregulated
IκBα gene expression significantly, as compared to normal
control group. Pretreatment with RBE did not change the
levels of IκBα gene expression significantly relative to insult,

Table 1 The percentages of fatty acid esters present in the RBE

Name Percent

Methyl tetradecanoate = myristic acid methyl ester 0.54

Non FAM ingredient 2.57

Hexadecanoic acid = plamitic acid methyl ester 20.39

9-Hexadecenoic acid = palmitoleic acid methyl ester 0.18

Stearic acid methyl ester 2.12

9-Octadecenoic acid = oleic acid methyl ester 39.03

Oleic acid = cis-9-octadecenoic acid ethyl ester 0.14

9,12-Octadecadienoic acid = linoleic acid methyl ester 32.30

9,12,15-Octadecatrienoic acid =α-linolenic acid methyl ester 1.97

10-Trans,12-cis-octadecadienoic methyl ester 0.08

18-Methylnonadecanoic acid = isoarachidonic methyl ester 0.22

cis-13-Eicosenoic acid, methyl ester 0.45

Fig. 1 Effect of rice bran extract
(RBEE) and pioglitazone (PG) on
brain tumor necrosis factor-alpha
(TNF-α) and cyclooxygenase-2
(COX-2) gene expression in LPS-
induced neuroinflammation in
mice. RBEE (100 mg/kg) or PG
(30 mg/kg) was given orally for
21 days and followed by LPS
(0.25 mg/kg; i.p.) in the last 7 days.
RBE or PG was given alone or
preceded (1 h) with GW9662. a
Effect of RBE on TNF-α expres-
sion. b Effect of PG on TNF-α ex-
pression. c Effect of RBE on COX-
2 expression. d Effect of PG on
COX-2 expression. Data are
expressed as mean ± SD (n= 6–7).
Statistical analysis was performed
using one-way ANOVA followed
by Tukey’s multiple comparison
test; as compared to control (*),
LPS (#), RBE+LPS (+), PG+LPS
(@), and ns (not significant) at
P< 0.05. RBE: rice bran extract;
PG: pioglitazone; LPS: lipopoly-
saccharide; GW9662: PPAR-γ an-
tagonist; ANOVA: analysis of
variance
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and on the contrary, mice pretreated with PG showed 2-fold
increase in the level of IκBα gene expression compared to
LPS. On the other hand, treatment with GW9662 abolished
the effect of PG in LPS-treated mice.

RBE Failed to Elicit a Significant Reduction in NFκB
Binding to its Response Element

The injection of LPS induced a 1.6-fold increase in NFκB
binding to its response element compared to normal con-
trol group. Treatment of mice with RBE before injection of
LPS did not influence the NFκB binding while pretreat-
ment of mice with PG normalized the binding activity
and this effect was antagonized by administration of
GW9662 (Fig. 4).

Effect of Different Treatments on TNF-α and COX-2
Immunoreactivity in the Brain

As illustrated in Figs. 5 and 6, immunohistochemistry showed
a discrete immunostaining in the control group and in all the
groups treated with either RBE or PG, unlike the LPS group
which presented intense staining of these cytokines. Groups
administered GW9662 showed also an intense staining indi-
cating the abolishment of the neuroprotective effects of RBE
and PG.

RBE and PG Protected against LPS-Induced Cortical
and Hippocampal Damage

LPS administration led to degeneration and pyknosis in most
of cortex and hippocampal neurons. Pretreatment with RBE or

Fig. 2 Effect of rice bran extract (RBE) and pioglitazone (PG) on brain
peroxisome proliferator-activated receptor gamma (PPAR-γ)
sumoylation in LPS-induced neuroinflammation in mice. RBE
(100 mg/kg) or PG (30 mg/kg) was given orally for 21 days and followed
by LPS (0.25 mg/kg; i.p.) in the last 7 days. RBE or PG was given alone
or preceded (1 h) with GW9662. a Effect of RBE on PPAR-γ

sumoylation. b Effect of PG on PPAR-γ sumoylation. Data are expressed
as mean ± SD (n = 6–7). Statistical analysis was performed using one-
way ANOVA followed by Tukey’s multiple comparison test; as com-
pared to LPS (#) and ns (not significant) at P < 0.05. RBE: rice bran
extract; PG: pioglitazone; LPS: lipopolysaccharide; GW9662: PPAR-γ
antagonist; ANOVA: analysis of variance

Fig. 3 Effect of rice bran extract (RBE) and pioglitazone (PG) on brain
inhibitory kappa B-alpha (IκBα) gene expression in LPS-induced neuro-
inflammation in mice. RBE (100 mg/kg) or PG (30 mg/kg) was given
orally for 21 days and followed by LPS (0.25 mg/kg; i.p.) in the last
7 days. RBE or PG was given alone or preceded (1 h) with GW9662. a
Effect of RBE on IκBα expression. b Effect of PG on IκBα expression.

Data are expressed as mean ± SD (n = 6–7). Statistical analysis was per-
formed using one-way ANOVA followed by Tukey’s multiple compar-
ison test; as compared to control (*), LPS (#), and ns (not significant) at
P < 0.05. RBE: rice bran extract; PG: pioglitazone; LPS: lipopolysaccha-
ride; GW9662: PPAR-γ antagonist; ANOVA: analysis of variance
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PG fully protected the hippocampal tissues against LPS-
induced damage and partially ameliorated the LPS-induced

cortical histopathological changes, the effect which was
abolished after the administration of GW9662 (Figs. 7 and 8).

Fig. 4 Effect of rice bran extract (RBE) and pioglitazone (PG) on brain
nuclear factor kappa B (NFκB) binding to its response element in LPS-
induced neuroinflammation in mice. RBE (100 mg/kg) or PG (30 mg/kg)
was given orally for 21 days and followed by LPS (0.25mg/kg; i.p.) in the
last 7 days. RBE or PG was given alone or preceded (1 h) with GW9662.
a Effect of RBE on NFκB binding. b Effect of PG on NFκB binding.

Data are expressed as mean ± SD (n = 6–7). Statistical analysis was per-
formed using one-way ANOVA followed by Tukey’s multiple compar-
ison test; as compared to control (*), LPS (#), and ns (not significant) at
P < 0.05. RBE: rice bran extract; PG: pioglitazone; LPS: lipopolysaccha-
ride; GW9662: PPAR-γ antagonist; ANOVA: analysis of variance

Fig. 5 Effect of rice bran extract (RBE) and pioglitazone (PG) on brain
tumor necrosis factor-alpha (TNF-α) immunoreactivity in LPS-induced
neuroinflammation in mice. a Control. b LPS. c RBE. d PG. e RBE+
LPS. f PG + LPS. g GW9662 + RBE + LPS. h GW9662 + PG + LPS.

RBE (100 mg/kg) or PG (30 mg/kg) was given orally for 21 days and
followed by LPS (0.25 mg/kg; i.p.) in the last 7 days. RBE or PG was
given alone or preceded (1 h) with GW9662. RBE: rice bran extract; PG:
pioglitazone; LPS: lipopolysaccharide; GW9662: PPAR-γ antagonist
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RBE and PG Protected against LPS-Induced Plaque
Formation

The histopathological examination for the brains of mice
injected with LPS showed several plaque formations.
Pretreatment with either RBE or PG reduced plaque formation
as recorded in Fig. 9. This effect was attenuated in groups
treated with PPAR-γ antagonist, GW9662.

Discussion

The current study provides further evidence for the possible
agonistic effect of RBE on PPAR-γ nuclear receptor and the
involvement of PPAR-γ activation in the neuroprotective ef-
fect of RBE in LPS-induced neuroinflammatory mouse
model.

In 2018, RBE was reported to increase the binding of
PPAR-γ receptor to its DNA response element and that
PPAR-γ plays a role in the cognition enhancing the effect of
RBE [20]. Previously it was thought that PPAR-γ ligands

exert their anti-inflammatory effect through increasing
PPAR-γ sumoylation which is a post translational modifica-
tion for PPAR-γ receptor [27, 28]. Sumoylated part of
PPAR-γ receptor is the key player for inhibiting the expres-
sion of inflammatory cytokines through transrepression of the
NFκB [29]. Subsequently, further investigation for the rela-
tion between ligand binding and PPAR-γ sumoylation in an
in vitro study revealed that ligand binding to the C-terminal
ligand binding domain (LBD) reduces sumoylation of
PPAR-γ and clarified that sumoylation is largely dispensable
for transrepression activity of the receptor [30]. Those contro-
versial results encouraged us to study the effect of RBE on
PPAR-γ receptor in vivo sumoylation in comparison to PG,
the reported agonist of PPAR-γ within the context of the
reported anti-inflammatory properties of PPAR-γ ligands.

Our results showed that pretreatment with RBE protected
against the well-known neuroinflammatory effects of LPS
[31, 32]. The results of both gene expression and immunohis-
tochemical analyses for TNF-α and COX-2 in the brains of
mice in the RBE + LPS group were comparable to the levels
of the PG + LPS group and both were significantly lower than

Fig. 6 Effect of rice bran extract (RBE) and pioglitazone (PG) on brain
cyclooxygenase-2 (COX-2) immunoreactivity in LPS-induced neuroin-
flammation in mice. a Control. b LPS. c RBE. d PG. e RBE + LPS. f
PG + LPS. g GW9662 + RBE + LPS. h GW9662 + PG + LPS. RBE

(100 mg/kg) or PG (30 mg/kg) was given orally for 21 days and followed
by LPS (0.25 mg/kg; i.p.) in the last 7 days. RBE or PG was given alone
or preceded (1 h) with GW9662. RBE: rice bran extract; PG: pioglita-
zone; LPS: lipopolysaccharide; GW9662: PPAR-γ antagonist
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the LPS group (Figs. 1, 5, and 6). The use of PPAR-γ antag-
onist, GW9662, led to attenuation of the anti-inflammatory
effect of PG, which is in accordance with the previous results
[33].

Interestingly, GW9662 attenuated the anti-inflammatory
effect of RBE at the same pattern of PG. The fact that
PPAR-γ antagonist, GW9662, has significantly attenuated
the anti-inflammatory effects of both RBE and PG in similar
pattern supports the hypothesis that RBE exerts its action
through direct PPAR-γ activation.

The present results are in accordance with the previous
in vitro study conducted by Bhatia et al. [17] which demon-
strated that microglia cells, treated with Egyptian RBE before
LPS, showed marked decrease in both TNF-α and COX-2
levels, which could be via inducing microglial polarization
into the anti-inflammatory M2-like phenotype through
PPAR-γ activation [34].

To clarify the controversy mentioned before about the in-
volvement of PPAR-γ sumoylation in the anti-inflammatory
effects of PPAR-γ ligands, we studied the effects of both RBE
and PG on PPAR-γ sumoylation in our in vivo model. Our
results revealed that after oral administration of PG or RBE,
the sumoylation of PPAR-γ has significantly been decreased

relative to the LPS group (Fig. 2) which was in accordance
with the previous conclusion of decreasing sumoylation after
ligand binding and that sumoylation is not involved in the
transrepression functions of PPAR-γ [30]. However, the sim-
ilarity between the effects of PG and RBE on receptor
sumoylation supports the hypothesis that our RBE has a pos-
sible agonistic effect on PPAR-γ receptor.

For more investigation of the possible mechanisms by
which RBE exerts its anti-inflammatory effect through
PPAR-γ activation, we have studied the effect of RBE admin-
istration on PPAR-γ-NF-kB signaling pathway. NF-kB plays
an important role in regulating the transcription of several
inflammatory cytokines [35, 36]. NF-kB is found in cyto-
plasm in complex with the inhibitory protein, IkB [37]. Pro-
inflammatory stimuli like LPS cause phosphorylation and
degradation of IkB by the IkB kinase leading to NF-kB acti-
vation [38]. After activation, free NFκB translocates to the
nucleus promoting the transcription of several genes, as the
pro-inflammatory cytokines (TNF , IL-6, IL-1 , etc.),
COX-2, and inducible nitric oxide synthase (iNOS) [39].

The current study demonstrated a significant decrease in
gene expression of IκBα in the LPS-injected group and that
nuclear extracts of mice brains showed an increase in binding

Fig. 7 Photomicrograph of hippocampal tissue of a normal, b RBE-
treated, c PG-treated, and d and e LPS-treated mice, fRBE + LPS-treated,
g PG + LPS-treated, h GW9662 + RBE + LPS-treated, and i GW9662 +
PG+ LPS-treated mice. Hippocampus in normal control group (a) and
groups receiving only RBE (b) or PG (c) showed normal histological
structure; hippocampus of mice receiving LPS showed nuclear pyknosis

and degeneration in most of neurons (d and e); hippocampus of mice
pretreated with RBE or PG showed normal histological structure (f and
g); hippocampus in mice treated with GW9662 before RBE showed nor-
mal histological structure (h); hippocampus in mice treatedwith GW9662
before PG showed nuclear pyknosis and degeneration in most of the
neurons (i) (H&E, ×40)
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of NFκB to its response element indicating dissociation of
IκBα and translocation of the free NFκB to the nucleus. Our
results were complementary to those reported previously, and
most of studies that used LPS to induce neuroinflammation
reported an increase in IκBα phosphorylation and degradation
[17, 39–41].

In the present study, the PG + LPS group showed an in-
crease in expression level of IκB accompanied by a marked
decrease in nuclear NFκB in the nuclear extracts of mice brains
(Figs. 3 and 4). There are different mechanisms by which PG
affects the level of nuclear NFκB. By increasing the expression
level of IκBα, after NFκB activation, the newly synthesized
IκBα binds and inactivates free cytoplasmic NFκB.Moreover,
excess IκBα migrates into the nucleus by an unknown mech-
anism to inactivate the translocated NFκB [42]. It was also
reported that PPAR-γ ligands can modulate inflammatory sig-
naling by repressing the induction of inflammatory genes with-
out directly binding to their promoters. NFκB is a well-known
target for PPAR-γ transrepression resulting in decreasing in
transcription of various inflammatory genes [30].

On the contrary, RBE treatment showed no effect on IκBα
expression nor NFκB level in the nucleus after LPS injection.
A previous study on rat microglia cell culture revealed that
RBE did not increase the IκBα expression level when given
before LPS treatment [17]. This result indicates the failure of
RBE to significantly attenuate the LPS-induced phosphoryla-
tion and degradation of IκBα; meanwhile, the effect of RBE
on PPAR-γ-dependent transrepression of NFκB still needs
more clarification.

While our data revealed a possible similarity between RBE
and PG modes of actions, their contrasting effects on IKBα
and NFκB levels need more investigation.

To clarify this difference, it is worth mentioning that most
of the natural PPAR-γ ligands are rather weak PPAR-γ ago-
nists acting as partial agonists with weaker activation potential
[15]. The mechanism of PPAR-γ partial agonist is more com-
plicated than just showing lowered transcriptional output due
to suboptimal potency and/or affinity. PPAR-γ partial ago-
nists have less side effects compared to full agonists and have
been known as selective PPAR-γ modulators (SPPARMs)

Fig. 8 Photomicrograph of cortical tissue of a normal, b RBE-treated, c
PG-treated, and d and e LPS-treated mice, f RBE + LPS-treated, g PG+
LPS-treated, h GW9662 RBE + LPS-treated, and i GW9662 + PG +
LPS-treated mice. Cerebral cortex in normal control group (a) and groups
receiving only RBE (b) or PG (c) showed normal histological structure;
cerebral cortex of mice receiving LPS showed nuclear pyknosis and

degeneration in most of neurons (d) associated with focal gliosis (e);
cerebral cortex of mice pretreated with RBE or PG showed pyknosis
and degeneration in some of the neurons (f and g); cerebral cortex in mice
treated with GW9662 before RBE or PG showed nuclear pyknosis and
degeneration in most of the neurons (h and i) (H&E, ×40)
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[43]. The hall mark of selective PPAR-γ modulators is the
ability to recruit differentially certain cofactors, that is, nuclear
receptor coactivators or corepressors to the PPAR receptor.
This likely results in a tissue-specific and promoter-selective
expression of a favorable panel of target genes [44–46].
Therefore, the difference between RBE and PG in their effects
on IKBα and NFκB levels could be due to that one or more
RBE component(s) could be classified as SPPARM.

Histopathological studies on the hippocampus confirmed
that LPS treatment resulted in hippocampal neuronal damage
which was previously at t r ibuted to elevat ion of
amyloidogenesis through activation of β- and γ-secretases
accompanied with inhibition of α-secretase leading to elevat-
ed Aβ1–42 levels in the hippocampus [23]. Prior treatment
with PG or RBE fully protected hippocampal tissues from
LPS-induced damage (Fig. 7). Recently, PG has been reported
to facilitate clearance of Aβ through activation of low-density
lipoprotein receptor-related protein 1 in the hippocampus [47].
PPAR-γ is a known enhancer of low-density lipoprotein
receptor-related protein expression [48], which explains the

antagonizing effect of GW9662 on PG-induced protection.
On the other hand, GW9662 failed to attenuate the protective
effect of RBE against LPS-induced hippocampal damage,
which may suggest the involvement of other PPAR-γ-
independent protective mechanisms. It is worth noticed that
γ-oryzanol (a major component of RBE) has been shown to
exert a broad action on hippocampal proteome in mice [49].

Our data also showed that LPS caused significant gliosis in
the cerebral cortex, which may be due to enhancing toll-like
receptor 4 (TLR4) receptor expression [50]. PPAR-γ agonist,
PG, treatment was reported to abolish LPS-mediated upregu-
lation of TLR4 expression [51] which could explain the pro-
tective effect of PG against LPS-induced gliosis in the cerebral
cortex (Fig. 8). The fact that GW9962 abolished the protective
effects of both of PG and RBE against LPS-induced gliosis in
the cerebral cortex may give a clue that both of them act
through a PPAR-γ-dependent pathway.

Taken together, PPAR-γ activation is one of the mecha-
nisms implicated in RBE role in the protection against neuro-
inflammation induced by LPS and this activation is suggested

Fig. 9 Photomicrograph of striatal plaque formation of a normal, b RBE-
treated, c PG-treated, and d LPS-treated mice, e RBE + LPS-treated, f
PG+ LPS-treated, g GW9662 + RBE + LPS-treated, and h GW9662 +
PG+ LPS-treated mice. Striatum in normal control group (a) and groups
receiving only RBE (b) or PG (c) showed normal histological structure
with no detection for amyloid plaques; striatum of mice receiving LPS

showed several homogenous spotted areas of amyloid plaques (d); stria-
tum of mice pretreated with RBE or PG showed few plaques (e and f);
striatum in mice treated with GW9662 before RBE showed few plaques
(g); striatum in mice treated with GW9662 before PG showed several
plaques (h) (Congo red, × 40)
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to be through direct agonistic effect on the receptor. The exact
mechanism for RBE PPAR-γ-dependent anti-inflammatory
effect could be through PPAR-γ-dependent transrepression
of NFκB or through inhibition of different transcription fac-
tors like Nfat or STAT3 which need more investigations to be
clarified.

Failure of GW9662 to completely abolish some of RBE
effects pins down the involvement of other mechanisms, be-
side PPAR-γ activation, in its neuroprotective effect. Further
investigations are needed to clarify the potential therapeutic
value of RBE in the treatment of neurodegenerative
neuroinflammatory diseases.
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