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Effect of dihydroferulic acid obtained from fermented rice bran extract on
neuroprotection and behavioral recovery in an ischemic rat model
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Abstract

This study aimed to evaluate whether dihydroferulic acid (dFA) promoted the viability of H,O,-treated PC12 cells and functional
recovery from ischemic injury. The animals were divided into four groups for the study: (1) the vehicle treated (saline, 1 mL/kg),
(2) dFA 5 mg/kg treated, (3) dFA10 mg/kg treated, and (4) dFA 20 mg/kg treated groups. Neurological deficit was evaluated
using the modified neurological severity score. Real-time polymerase chain reaction analyses were performed with the protein
disulphide isomerase (PDI), nuclear factor-E2-related factor 2 (Nrf2), nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF) genes. Immunohistochemical analysis was performed with the Iba-1 and MFG-E8 genes. dFA treatment improved
the reduced viability of PC12 cells induced by H,O, in a dose-dependent manner. Only 50 uM of dFA significantly enhanced the
transcription levels of antioxidant genes and neurotrophic factors compared to the vehicle group. In vivo dFA administration
exerted a neuroprotective effect by reducing the infarct volume and enhancing behavioral function following cerebral ischemia.
dFA treatment protected neuronal cells from ischemic injury and increased the transcription levels of anti-oxidant genes
(PDI and Nrf2) and neurotrophic factors (BDNF and NGF). dFA treatment decreased the expression of Iba-1 and MFG-E8
genes, which signal neural cell death.

Keywords: fermented rice bran extract; dihydroferulic acid; anti-oxidant genes; ischemic brain injury; neuroprotective effect.

Practical Application: Dihydroferulic acid demonstrated a neuroprotective effect against ischemic brain injury and subsequently

facilitated functional recovery.

1 Introduction

The incidence of ischemic stroke is reportedly high in several
countries. It is one of the most common causes of death and
disability. Ischemic stroke is caused by decreased oxygen supply to
the brain cells, resulting in brain tissue damage (Yulug et al., 2006),
cellular bioenergetic failure caused by cerebral hypoperfusion,
followed by excitotoxicity, oxidative stress, blood-brain-barrier
dysfunction, hemostatic activation, post-ischemic inflammation,
and consequently, neuronal death. Stroke can cause certain
sensory dysfunctions, language disorders, cognitive impairment,
and loss of memory (Kruyt et al., 2008; Kam et al., 2012).

Few studies have focused on compounds obtained
from foodstuff, owing to the increased focus on discovering
physiologically functional foods in recent years (Verschuren,
2002). Among them, rice bran, which is used as animal feed, is
mainly obtained by dehusking rice, contains several nutrients
including protein, fat, lecithin, pyridoxine, vitamins A and B,
oryzanol, and ferulic acid (FA) (Piotrowicz & Salas-Mellado,
2017; Soi-Ampornkul et al., 2012). FA and dihydroferulic acid
(dFA) are aromatic compounds, with known antioxidant effects
(Rechner et al., 2001). Earlier studies have demonstrated several
biological effects of FA including anti-inflammatory effects
(Yu et al., 2006).

FA decreases infarct volume and apoptotic cell death after
cerebral ischemic injury. It has cytoprotective effects against oxidative

stress in neuronal cells (Sung et al., 2014). Antioxidants such as
FA are expected to prevent lipid oxidation in food and prevent
free-radical-induced diseases such as cancer, atherosclerosis,
and aging, which are caused by oxidative tissue degeneration
and brain injury after ischemia (Kikuzaki et al., 2002).

Nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF) play an important role in the development,
differentiation, and survival of the neurons of the nervous system
(Fantacci et al., 2013). Neurogenesis decreases after stroke and
is a part of the aging process. Infarct size and the microglial and
inflammatory response are likely to be affected in such patients
(Moraga et al., 2015). Iba-1 is a novel calcium binding protein,
which is specifically expressed in the activated microglia in the rat
brain. This protein participates in regulating microglial function
(Ito et al., 2001). Anti-inflammatory or anti-oxidant treatment
may attenuate the increased microglial marker intensity in the
infarcted brain (Kam et al., 2012).

This study aimed to determine whether dFA obtained from
fermented rice bran extract promoted functional recovery from
ischemic injury through the expression of genes that code for
antioxidants, neurotrophic factors, ChAT, DCX, and SYP, and
to evaluate the functional recovery from ischemia-induced
cognitive impairment.
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2 Materials and methods
2.1 Reagent

RPMI 1640 cell culture medium, donor equine serum,
fetal bovine serum (FBS), phosphate-buffered saline (PBS),
trypsin solution, and penicillin were purchased from Hyclone
Laboratories (Logan, UT, USA). HBSS, N, supplement, and
RPMI1640 phenol red free medium were obtained from Gibco
BRL (Grand Island, NY, USA). PC12 cell lines were purchased
from the Korean Cell Line Bank.

2.2 Extraction of dFA from fermented rice bran

The extraction process was performed according to the method
described by Ingkasupart (2015). Fermentation and extraction
of rice bran was performed as follows. For the starter culture,
Lactobacillus plantarum Hong (KFCC 11556P) was cultured
in MRS broth medium (Difco Laboratories, Detroit, MI, USA)
at 37 °C for 24 h. Rice bran (100 g) was suspended in 900 mL
distilled water, followed by autoclaving at 121 °C for 15 min.
The medium was cooled to room temperature, followed by the
addition of 5% of the total volume of the starter culture and
incubation at 37 °C for 36 h. The fermentation broth was autoclaved
at 121 °C for 15 min and centrifuged at 8,500 x g for 10 min
to remove the cell mass. The supernatant was filtrated and a
concentration of 54 brix was obtained by vacuum evaporation.
dFA was separated from the fermented rice bran extract and
subsequently purified using preparative-scale high performance
liquid chromatography (Prep-HPLC). Prep-HPLC was performed
by injecting 0.5 mL of filtered aqueous fermented rice bran extract,
which was dissolved in methanol, onto an Agilent 1100 series
Prep-HPLC system (Agilent Technologies, California, USA).
Eluted fractions were subsequently extracted with ethyl acetate
and injected to HPLC. The fraction containing the highest content
of compound X was selected for liquid chromatography-mass
spectrometry (LC/MS) analysis.

2.3 Cell culture and treatment

PC12 cells were cultured in RPMI-1640 media (1X)
with 2.05 mM L-glutamine (HyClone™, #SH30027.01, USA)
with 10% heat inactivated horse serum, 5% FBS, 100 units/mL of
penicillin, and 100 units/mL of streptomycin at 37 °C in 95% air
and 5% CO,-humidified atmosphere. The cells were subcultured
once or twice a week in trypsin-EDTA, 0.25% 1X solution
(Hyclone, #SH30042.01) in 12-well plates (1x10° cells/mL), usually
after 1 day of incubation in a CO, incubator at 37 °C. A vehicle
(saline treatment) and different concentrations of dFA
(6.25,12.5, 25, 50 uM in culture media) were used to study the
effects of dFA experimentally for 24 h.

2.4 Evaluation of cell viability

Experiments were conducted 24 h after treating the cells with
drugs. The cells were treated with H O, (0.5 mM) for 30 min.
The cells were harvested gently and stained with 0.4% trypan
blue solution (Sigma-Aldrich, #T8154, USA) mixed with the
same quantity of serum free culture media for 5 min after
H,0, treatment. Viability was calculated as the percentage
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ratio of the live cell number to the number of total cells using
National Institutes of Health (NIH) Image software (Image J).

2.5 Animals

Male Sprague-Dawley rats weighing 240-290 g at the time
of surgery were used for the study. The animals were housed
in pairs in cages in a temperature-controlled room (22 + 3 °C)
under a light-dark cycle (12-h/12-h). They had free access to
food and water, except during the day before surgery. This study
was conducted in accordance with the Guidelines for INJE
University, with approval from the Institutional Animal Care
and Use Committee (No. 55) for the use of animals in research.

2.6 Experimental design for drug treatments

The animals were divided to 2 experiments. Experiment 1
included screening the effect of dFA obtained from rice bran
on infarct volume and behavior. Experiment 2 investigated
the neuroprotective effects of dFA obtained from rice bran on
anti-apoptosis, gene expression, and expression of MFG-E8 and
Iba-1. dFA was dissolved in saline and injected intraperitoneally.
The four groups studied included: (1) the vehicle group (saline,
1 mL/kg) (n=5), (2) the dFA 5 group (dFA injection only, 5 mg/kg)
(n=5),(3) the dFA 10 group (dFA injection only, 10 mg/kg) (n=5),
and (4) the dFA 20 group (dFA injection only, 20 mg/kg)
(n = 5). The rats were treated with saline and dFA, once a day
during 3 days after middle cerebral artery occlusion (MCAO).

2.7 Induction of focal cerebral ischemia

MCAO was achieved according to the methods described
previously, with modifications (Longa et al., 1989). The right
common carotid artery was exposed briefly, and the right external
and internal carotid arteries were isolated. The external carotid
artery was ligated at the distal end, which was cut off. A 4-0 nylon
thread pre-coated with silicon was inserted from the right external
to the right internal carotid artery, to occlude the origin of the right
middle cerebral artery. Subsequently, it was directed distally and
upwards, through the right internal carotid artery to a distance
of approximately 20 mm from the carotid bifurcation, to occlude
the origin of the middle cerebral artery. After 1 h, the thread was
withdrawn for reperfusion. All the animals experienced ischemia
for 1h, followed by reperfusion. Rectal temperature was maintained
at 37 + 0.5 °C throughout the surgical procedure. The brains were
dissected into 2-mm coronal sections in a metallic brain matrix,
immersed sequentially in a 2% solution of 2,3,5-triphenyltetrazolium
chloride (TTC), and in normal saline at 37 °C for 10 min, and
subsequently, fixed in 10% formalin for 10 s. The infarct area in
the brain section was measured using the NIH Image software
(Image J). The ischemic lesion volume was calculated as the sum
of the ischemic lesions obtained from five brain slices from half
the hemisphere.

2.8 Neurological deficit scores

All rats were evaluated using the modified neurological
severity score (mNSS) (Chen etal., 2001). The mNSS is a composite
of motor (muscle status and abnormal movement), sensory
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(visual, tactile, and proprioceptive), reflex, and balance tests.
Neurological function was graded on a scale of 0 to 18 (normal
score, 0; maximal deficit score, 18). The test was conducted by
an investigator who was blinded to the experimental groups.

2.9 RT-PCR analysis

The side with the lesions from each group was harvested
for real-time polymerase chain reaction (RT-PCR) analysis.
Total RNA was extracted using the acid guanidinium
isothiocyanate-phenol-chloroform method with the TRI Reagent,
followed by extraction and precipitation with isopropyl alcohol.
cDNA was synthesized from equal amounts of total RNA using
superscript III reverse transcriptase, and PCR was performed
with high fidelity Tag DNA polymerase. The expression level of
the gene of interest was corrected for that of the housekeeping
gene, B-actin. PCR products of different genes were detected
using electrophoresis with 1.5% agarose gel containing ethidium
bromide. Band intensities were quantified using the NIH software
(Image J) and normalized with -actin.

2.10 Immunohistochemistry

The rats were sacrificed 3 days after MCAO and fixed by cardiac
perfusion with 4% paraformaldehyde in a 0.1 M PBS. The samples
were embedded in an embedding medium (O. C. T. compound,
Sakura Finetek USA, Inc.) for frozen tissue specimens and
frozen. The brains were sliced into coronal sections (10 pm)
using a cryostat (HM 525, Thermo Scientific, USA). The sections
were incubated with primary antibodies for 24 h at 4 °C after
blocking with normal serum for 2 h at room temperature.
Anti-NeuN (1:700, Chemicon, USA), anti-p-Tubulin III (1:700,
Sigma, USA), anti-SYP (1:500, Millipore, USA), ChAT (1:100,
Millipore, USA), and anti-DCX (1:1000, Abcam, England)
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antibodies diluted in tris-buffered saline (TBS) containing 1%
bovine serum albumin (w/v) and 0.3% Triton-X 100 were used
for immunohistochemical analysis in this study. The sections
were incubated with secondary antibody-conjugated fluorescein
isothiocyanate (1:300, Sigma, USA) for 2 h, at room temperature,
after rinsing with TBS. Subsequently, the sections were rinsed
with TBS again and mounted in an aqueous mounting medium.
The resulting immunoreactivity was visualized using fluorescence
microscopy (Carl Zeiss Axioskop2+, Germany).

2.11 Statistical analysis

All data were expressed as mean + SD and were representative
of the results obtained from three independent experiments.
Statistical comparisons of differences among the groups were
performed using Student’s t-test. *p < 0.05, and **p < 0.01 were
considered statistically significant.

3 Results
3.1 Gene expressions in PC12 cells treated with dFA

The reduction in viability induced by H,O, exposure was improved
by dFA treatment in a dose-dependent manner. A concentration
of 50 uM of dFA prevented approximatively 19-23% of cell death
induced by H,0, (data not shown). RT-PCR was used to analyze
the effects of dFA on the anti-oxidant genes (Nrf2 and PDI),
which encode antioxidant proteins, endogenous neurotrophic
factors, and the BDNF and NGF genes. The harvested cells
were subjected to RT-PCR analysis, 24 h after drug treatment.

The expression levels of the Nrf2 and PDI genes were significantly
increased in the dFA treatment groups. The expression levels in
the 50 uM-dFA group were significantly elevated when compared
with those in the vehicle group (Figure 1A). The expression levels
of the BDNF and NGF genes were significantly elevated in the
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Figure 1. Effects of serial concentration of dFA on the gene expressions of PDI, Nrf2, BDNE, and NGF in PC12 cells (A, B) Specific gene
expressions were determined in relation to the expression of B-actin using RT-PCR. Experiments were repeated three times and individual values
are expressed as the mean + S.E.M. *p < 0.05, **p < 0.01 versus individual vehicle group. dFA: dihydroferulic acid; RT-PCR: real-time polymerase
chain reaction; PDI: protein disulphide isomerase; Nrf2: nuclear factor-E2-related factor 2; BDNF: brain-derived neurotrophic factor; NGF: nerve
growth factor; S.E.M: standard error of the mean.
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dFA treated groups. Moreover, only 50 uM of dFA significantly
elevated the expression levels when compared to the vehicle
group (*p < 0.05 and **p < 0.01; Figure 1B).

3.2 Infarct volume and functional recovery 3 days after
middle cerebral artery occlusion

The borders of the TTC stain enclosing the white infarct
area were readily distinguishable, in contrast to the red color of
the normal area (Kam et al., 2012). The infarct volumes of the
rats in the vehicle-treated group were significantly larger than
those of the rats treated with dFA (20 mg/kg). Quantitative
measurement of the infarct volume was performed in the
section 4.00 mm to -6.00 mm away from the bregma, according
to the rat brain atlas (Paxinos & Watson, 2006). The infarct
volumes of the vehicle-treated group and the groups treated
with 5 mg/kg, 10 mg/kg, and 20 mg/kg of dFA were 48.31 +4.41,
44.13 £2.05,39.09 + 0.7, and 22.56 + 3.47%, respectively, of the
total area of the brain section. Only treatment with dFA 20 mg/kg
reduced the infarct size, compared with the vehicle group
(*p < 0.05 and **p < 0.01) (Figure 2A, B).

We examined the effect of dFA treatment on the reduction
in functional deficits induced by ischemic injury. The mNSS
test showed that motor and sensory functions were impaired
due to ischemic insult (Baek et al., 2014). All the groups showed
no significant enhancement 1 day after ischemic brain injury.
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However, there was significant functional recovery in the dFA
treated groups (10 and 20 mg/kg) 3 days after treatment, compared
to that in the vehicle group (Figure 2C).

3.3 Effect of dFA on the expression of genes encoding
antioxidants and neurotrophic factors

RT-PCR was used to analyze the effects of dFA on the
anti-oxidant genes (PDI and Nrf2) expression encoding antioxidant
proteins and endogenous neurotrophic factors encoded by the
BDNF and NGF genes. The area in the ipsilateral whole brain
with the lesions was subjected to RT-PCR analysis 3 days after
focal cerebral ischemia. The expression levels of Nrf2, BDNF,
and NGF genes were significantly elevated in the dFA 20 mg/kg
group, when compared to the vehicle-treated group (Figure 3A, B).

3.4 Immunoreactivity in the infarct area

Immunohistochemical analysis was performed 3 days after
inducing MCAO. The presence of astrocyte markers MFG-E8 and
microglial markers Iba-1 in the infarct area of the vehicle and
dFA-treated groups was determined. Immunohistochemical
analysis showed that the intensity of the MFG-E8 and Iba-1 signals
for microglia and astrocytes was higher in the in vehicle group
and MFG-E8 and Iba-1 expression was considerably lower in the
dFA-treated group than that in the vehicle group (Figure 4A, B).
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Figure 2. Effect of dFA on the infarct volume and functional behavioral recovery 3 days after MCAO (A) TTC-stained coronal sections from vehicle,
dFA 5 mg/kg, 10 mg/kg and 20 mg/kg groups (B) The infarct volume was calculated as the infarct area’s X thickness (2 mm) and expressed as a
percentage of the lesion half of the brain (C) Neurological functional tests were performed 1 and 3 days after MCAO Data are shown as standard
error of the mean (n = 5) *p < 0.05, **p < 0.01 versus individual vehicle group. MCAO: middle cerebral artery occlusion; dFA: dihydroferulic

acid; TTC: 2,3,5-triphenyltetrazolium chloride.
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Figure 3. Effect of dFA on the gene expressions of PDI, Nrf2, BDNF, and NGF in the ipsilateral whole brain of the lesioned area. (A, B) Specific
gene expressions were determined in relation to the expression of f-actin using RT-PCR. Experiments were repeated three times and individual
values are expressed as the mean + S.E.M. *p < 0.05, **p < 0.01 versus individual vehicle group; dFA: dihydroferulic acid; RT-PCR: real-time
polymerase chain reaction; PDI: protein disulphide isomerase; Nrf2: nuclear factor-E2-related factor 2; BDNF: brain-derived neurotrophic factor;
NGF: nerve growth factor; S.E.M: standard error of the mean.
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Figure 4. Effect of dFA on the gene expressions of Iba-1 and MFG-E8 in the infarct area (A) IHC showed Iba-1 positive (Red), a microglia marker;
MFG-E8 positive (Green) an astrocyte marker and the double-labelling of Iba-1(Red) and MFG-E8 (Green) in infarct area at 3 days after MCAO (100 x).
Data are shown as means S.E.M. (n = 5) *p < 0.05, **p < 0.01 versus individual vehicle group. THC: immunohistochemical analysis; dFA: dihydroferulic
acid; MCAO: middle cerebral artery occlusion
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4 Discussion

Rice is an essential food and dietary ration worldwide,
especially in Asian countries. It contains fiber and many
types of antioxidants, such as phytic acid, FA, and oryzanols
(Soi-Ampornkul et al., 2012). Rice bran extract might be a
potential nutraceutical for the prevention of oxidative stress in
neurodegenerative diseases (Hagl et al., 2013; Baek et al., 2014).

Earlier studies reported that FA is one of the most abundant
phenolic anti-oxidants found in fruits, vegetables, coffee, and
rice (Gohil et al., 2012), which induced functional recovery in
the ischemic brain, as shown by our study (Baek et al., 2014).
It can be metabolized into other phenolic compounds with lower
molecular weights, such as vaillic acid and dFA (Zhao et al., 2004).
We analyzed the treatment effect of dFA. The survival rates of
PC12 cells in the dFA treatment group increased significantly
after treatment with dFA. We used HPLC to demonstrate that
dFA was a major component of fermented rice bran extract
(data not shown). Rice bran fermentation produced the highest
concentration of dFA, which was 55.0 mg of dFA/L culture broth.
Thus, we treated PC12 cells with fermented rice bran extract,
with a molecular weight equal to the compound obtained from
rice bran fermentation using PREP-HPLC and was close to
the standard dFA concentration: 196.20 g/mole (Ingkasupart,
2015). dFA treatment showed the highest antioxidant effect.
Subsequently, the cells were treated with various concentrations
of dFA, and the survival rate was measured. The proportion
of living cells increased, relative to increase in concentration
from 6.25 to 50 uM. Thus, dFA may have an anti-oxidant effect.
We used RT-PCR analysis to quantify the expression of the
antioxidant-related genes PDI and Nrf2. PDI is an oxidoreductase
enzyme that catalyzes the formation and isomerization of protein
disulfide bonds (Frand A. R. et al., 2000). The up-regulation of
PDI expression was observed in the PC12 cells and the animal
forebrain after transient ischemia.

Moreover, the overexpression of this gene improves the loss
of cell viability induced by hypoxia (Tanaka et al., 2000). Nrf2 is
an important transcriptional factor regulating several phase II
detoxifying and antioxidant enzymes. Thus, the early expression
of Nrf2 may represent an important neuroprotective antioxidant
mechanism (Wasserman & Fahl, 1997). The dFA elevated the
expression of the anti-oxidant genes, PDI and Nrf2, and also
enhanced the expression of the BDNF and NGF genes, which
code for endogenous neurotrophic factors.

We also studied the treatment effect of dFA on the rat
ischemic brain. Administration of 20 mg/kg of dFA markedly
reduced the infarct size in the ischemic brains of rats. Treatment
with dFA (20 mg/kg) also enhanced the functional behavioral
recovery of the ischemic brain in rats. The functional recovery
effect of dFA may be associated with the increased expression of
anti-oxidants genes and neurotrophic factor genes. Neurotrophic
factors are essential for neuronal survival and differentiation, as
well as for the maintenance of neuronal functions (Snider, 1994).

Neuroinflammation is implicated in secondary injury
(Danton & Dietrich, 2003) and might lead to more severe and
persistent behavioral deficits and impaired recovery after stroke
(Moraga etal., 2015). The injury activates neuroinflammatory cells
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such as microglia and astrocytes. In this study, treatment with dFA
(20 mg/kg) showed a substantial reduction in immunostaining
for neuroinflammatory cells in the infarct area. Our findings
suggest that dFA might reduce the expressions of MFG-E8 and
Iba-1 genes, which are neuroinflammatory cellular markers in
the ischemic brain.

Therefore, these results suggested that dFA obtained from
fermented rice bran (a natural therapeutic source) may have a
neuroprotective effect and facilitate functional recovery in the
ischemic brain of rats. However, it is necessary to identify the
molecular mechanisms underlying the neuroprotective efficacy
of dFA. Moreover, further studies are needed to investigate the
bioavailability of dFA for its clinical application, and to provide
scientific evidence of the effect of dFA treatment in promoting
functional recovery after ischemic brain injury.

5 Conclusions

In conclusion, our results demonstrate that dFA, the main
compound of fermented rice bran, may improve functional
recovery and provide neuroprotection against ischemic injury,
through the upregulation of genes coding for antioxidants and
neurotrophic factors. dFA treatment provided neuroprotection
by suppressing the expressions of Iba-1 and MFG-E8 genes,
which signal cell death.
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