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Abstract. Recent evidence indicates that microglial activa-
tion and hippocampal damage may play important roles in 
neurodegenerative diseases, including Alzheimer's disease. 
Bambusae Caulis in Taeniam has been used as a folk remedy 
for the treatment of hypertension and cardiovascular disease 
in China and Korea. In this study, the mechanism respon-
sible for the neuroprotective and anti-neuroinflammatory 
effects of Bambusae Caulis in Taeniam ethyl acetate fraction 
(BCE) was investigated. Heme oxygenase-1 (HO-1) is an 
inducible enzyme expressed in response to various inflam-
matory stimuli. Due to its role in the anti-inflammatory 
signaling pathway, the expression and modulation of HO-1 
are important. In this study, the neuroprotective and anti-
neuroinflammatory effects of BCE were examined using the 
murine microglial BV2 and hippocampal HT22 cells. We 
demonstrated that the administration of BCE provided neuro-
protective effects against glutamate-induced cytotoxicity in 
HT22 cells through the HO-1 and nuclear erythroid-2 related 
factor 2 (Nrf-2) signaling pathways. We also reported that 
BCE inhibited lipopolysaccharide (LPS)-induced pro-inflam-
matory cytokines and that the presence of selective inhibitors 
of HO-1 (SnPP) resulted in the inhibition of BCE-mediated 
anti-inflammatory activity in BV2 microglial cells. BCE was 
shown to induce HO-1 expression as well as the nuclear trans-
location of Nrf-2 in both microglial and hippocampal cells. 
These findings revealed the potential therapeutic mechanisms 
of BCE in neurodegenerative diseases, suggesting that HO-1 

and Nrf-2 signaling may play important roles in the mediation 
of its neuroprotective and anti-neuroinflammatory effects.

Introduction

Alzheimer's disease (AD) is the most common neurodegener-
ative disease causing adult dementia. The pathological feature 
of AD is progressive neuronal degeneration in separate areas 
of the forebrain, including the hippocampus and associated 
cortices (1). Oxidative stress has also been implicated in the 
pathophysiological mechanisms underlying AD (2). Thus, the 
regulation of oxidative stress is important in AD patients.

Microglia are the primary immune cells of the brain 
and play an essential role in the regulation of the immune 
response triggered by damaged cells (3). Microglial cells are 
considered ‘brain macrophages’ because they scavenge dying 
cells in the brain. However, chronic activation of these cells 
leads to the production of many pro-inflammatory cytokines 
and inflammatory mediators, such as nitric oxide (NO), tumor 
necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6 (4). 
Therefore, the regulation of microglial activation has been 
regarded as an important therapeutic approach for the treat-
ment of inflammatory neurodegenerative diseases. A number 
of studies have been conducted using BV2 cells, an immortal-
ized murine microglial cell line. In addition to microglia, the 
hippocampus, an essential area for memory function, also has 
an important function pertinent in neurodegenerative diseases. 
Hippocampal HT22 cells are derived from the mouse hippo-
campus and have been used as a model demonstrating the 
mechanism of glutamate-induced neuronal cytotoxicity (5). 
Glutamate causes neuronal cell death within the nervous 
system. Moreover, it induces oxidative injury by suppressing 
the cellular uptake of cysteine through the cysteine/glutamate 
transport system, which in turn induces the depletion of 
glutathione and the accumulation of reactive oxygen species 
(ROS) (6). Thus, prevention of glutamate-induced oxidative 
damage in hippocampal cells may be an effective approach 
for arresting the progression of neurodegenerative disorders.

Nuclear erythroid-2 related factor 2 (Nrf-2) tightly regu-
lates ROS levels (7). Nrf-2 is a redox-sensitive transcription 
factor modulating the cellular defense signaling pathway 
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against toxic stimuli in several types of cells and tissues. This 
function of Nrf-2 has been demonstrated in several studies, 
including one which showed that Nrf-2 knockout mice were 
more vulnerable to oxidative damage (8). Under oxidative 
stress, the cytoplasmic Kelch-like ECH-associated protein 1 
(Nrf-2/Keap1) perceives changes in the cellular environment, 
and its ability to promote Nrf-2 turnover is reduced; then, Nrf-2 
translocates into the nucleus and upregulates the expression 
of target genes containing the antioxidant response element 
(ARE) (9). Heme oxygenase-1 (HO-1) belongs to the family 
of ARE-containing genes and it is considered to be regulated 
by Nrf-2. HO-1 is a stress-inducible protein that protects 
cells against inflammatory and oxidative stimuli. It catalyzes 
the oxidation of the heme molecule and decomposes the 
pro-oxidant heme into iron, carbon monoxide (CO), bili-
verdin (BV) and bilirubin (BR) in the brain and in other tissues 
(10). The end-products of the HO-1 enzymatic process have 
anti-inflammatory activities which protect cells from oxidative 
stress. HO-1 has been implicated in aging-related neurodegen-
erative diseases including stroke, amyotrophic lateral sclerosis, 
Parkinson's disease (PD) and AD (11). Moreover, studies have 
demonstrated the neuroprotective aspects of HO-1 expression 
under different experimental conditions (12,13).

Bambusae Caulis in Taeniam (BC) is the stem of 
Phyllostachys nigra var. henonis or Phyllostachys bambu-
soides (Family: Poaceae) and is a well-known traditional 
herbal medicine in the Orient (14). It has been used as a folk 
remedy for treating hypertension and cardiovascular disease 
(15). Oral doses of 5,000 mg/kg or less of BC did not produce 
toxic effects in rats, and the minimal lethal dose was discov-
ered to be over 5,000 mg/kg body weight for both genders 
(16). However, a limited number of reports on the efficacy of 
the anti-inflammatory and neuroprotective functions of BC 
exist. Therefore, we examined whether Bambusae Caulis in 
Taeniam ethyl acetate fraction (BCE) induces HO-1 expres-
sion using the Nrf2 signaling pathway in order to regulate 
the neuroprotective and anti-neuroinflammatory effects in 
microglial BV2 and hippocampal HT22 cells.

Materials and methods

Cell culture. Microglial BV2 and hippocampal HT22 cell 
lines obtained from the American Type Culture Collection 
(Rockville, MD, USA) were grown as monolayers in 
Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, 
Carlsbad, CA, USA) supplemented with 10 or 5% heat-
inactivated fetal bovine serum (FBS; Gibco-BRL). The cells 
were incu bated at 37˚C in a humidified atmosphere containing 
5% CO2. To avoid changes in cell characteristics caused 
by extended periods of cell culture, all experiments were 
conducted with cells between passages 15 and 25. Each cell 
suspension was subcultured by trypsin/EDTA treatment every 
2 days in order to maintain exponential growth.

Cell viability assay. The cells were plated in 24-well plates 
at a density of 2x105cells/well. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; 50 µg/ml) was added 
to each well. The plates were incubated for 4 h at 37˚C in a 
5% CO2 atmosphere, after which the supernatant was removed 
and the formazan crystals that had formed in the viable 

cells were solubilized with dimethyl sulfoxide (DMSO). 
The absorbance of each well was then read at 570 nm using 
an enzyme-linked immunosorbent assay (ELISA) reader 
(Wallace, Boston, MA, USA).

Measurement of TNF-α, IL-1β and IL-6 concentrations. 
Cells were incubated first with various concentrations of 
BCE for 1 h and then with lipopolysaccharide (LPS) for 
16 h. Following the 24-h incubation, TNF-α, IL-1β and IL-6 
levels in the culture media were quantified using an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer's 
instructions.

Measurement of ROS. To evaluate the levels of intracellular 
ROS, cells were treated with CM-H2DCFDA, an indicator 
of general oxidative stress, for 1 h at 37˚C under 5% CO2. 
The cells were then harvested and washed three times with 
phosphate-buffered saline (PBS). The fluorescence intensity 
was then measured by confocal microscopy, microplate 
fluorimetry and flow cytometry at an excitation wavelength 
of 488 nm and an emission wavelength of 525 nm. Data 
analyses were performed using the CXP 2.0 software package 
(Beckman Coulter).

Transient transfection and dual luciferase assay. Cells were 
transfected with an ARE-reporter plasmid (Stratagene, Grand 
Island, NY, USA) using the FuGENE-HD reagent (Roche 
Applied Sciences) according to the manufacturer's instruc-
tions. Then, a Renilla luciferase control plasmid, pRL-CMV 
(Promega Corporation, Madison, WI, USA), was co-trans-
fected as an internal control for verification of transfection 
efficiency. Twenty-four hours after transfection, the cells were 
incubated with BCE for 1 h. Luciferase activity was assayed 
using a dual Luciferase assay kit (Promega Corporation) 
according to the manufacturer's instructions. Luminescence 
was measured using a microplate luminometer (Wallac 1420 
multilabel counter; Perkin-Elmer, Downers Grove, IL, USA).

Western blot analysis. Cells were harvested in ice-cold lysis 
buffer consisting of 1% Triton X-100, 1% deoxycholate and 
0.1% SDS. The protein content of the cell lysates was then 
determined using Bradford reagent (Bio-Rad, Hercules, CA, 
USA). Total proteins in each sample (50 µg) were resolved by 
7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred to a polyvinylidene difluoride (PVDF) membrane 
and incubated with the appropriate antibodies. The proteins 
were then visualized using an enhanced chemiluminescence 
detection system (Amersham Biosciences, Piscataway, NJ, 
USA) with horseradish peroxidase-conjugated anti-rabbit or 
anti-mouse secondary antibodies. Images were acquired using 
an ImageQuant 350 analyzer (Amersham Biosciences).

Quantitative real-time polymerase chain reaction (qRT-PCR). 
Total RNA was isolated from the cells using the RNAspin 
Mini RNA Isolation kit (GE Healthcare, Buckinghamshire, 
UK) according to the manufacturer's instructions. The cDNA 
was synthesized from 1 µg of the total RNA using the Maxime 
RT PreMix (Intron Biotechnology, Seongnam, Korea) and 
anchored oligo(dT)15-primers. Real-time PCR was performed 
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using a Chromo4™ instrument (Bio-Rad) using the SYBR-
Green master mix (Applied Biosystems, Foster City, CA, 
USA). The relative amount of target mRNA was determined 
using an established comparative threshold (Ct) method by 
normalizing the target mRNA Ct values to those for glyceral-
dehyde 3-phos phate dehydrogenase (GAPDH) (ΔCt).

Statistical analyses. The data are expressed as the 
means ± stan dard error (SE). Each experiment was repeated 
at least three times. Statistical analysis was performed using 
SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA). 
Significant differences were evaluated using one- or two-way 
ANOVA followed by the Dunn's post hoc test. P-values <0.05 
were considered to represent statistically significant differences.

Results

Effects of BCE on microglial BV2 and hippocampal HT22 
cell viability. Microglial cells play an essential role in the 
central nervous system, and hippocampal cells are important 
to memory function (17,18). Therefore, it is of note that 
BCE does not produce cytotoxicity in microglial BV2 and 
hippocampal HT22 cells. To examine the potential cytotoxic 
properties of BCE, we first measured the effect of BCE on cell 
viability in BV2 and HT22 cells using the MTT assay. Cells 
were treated with 10, 20, 40, 60 and 80 µg/ml of BCE for 24 h, 
followed by incubation with a working solution of MTT for 
4 h at 37˚C. BCE did not affect cell viability in either microg-
lial BV2 or hippocampal HT22 cells (Fig. 1A and B). Thus, 
our data suggest that BCE is non-toxic in doses ranging from 
10-80 µg/ml. Based on these results, we selected 10-80 µg/ml 
of BCE for use in subsequent experiments.

BCE suppresses  L PS - in duced  pro - in f la m m ator y 
mediators and cytokines in microglial BV2 cells. Under 
inflammatory conditions, such as exposure to LPS, acti-
vated microglia produce pro-inflammatory mediators and 
cytokines, including NO, TNF-α, IL-1β and IL-6 (19). Since 
overproduction of these pro-inflammatory mediators and 
cytokines causes acute damage in cells, their production must 
be tightly controlled. Therefore, we investigated whether BCE 
regulates the expression of these inflammatory mediators 
and cytokines using western blotting and ELISA assays. 
Microglial BV2 cells were treated with BCE (40, 60 and 

80 µg/ml) for 1 h and/or LPS at a dose of 1 µg/ml for 16 h. 
NO production increased ~4-fold only in LPS-stimulated cells 
(Fig. 2A). However, the cells pre-treated with BCE demon-
strated lower NO production when compared to cells treated 
with LPS alone, in a dose-dependent manner. Production of 
LPS-induced pro-inflammatory cytokines, including TNF-α 
(Fig. 2C), IL-1β (Fig. 2D) and IL-6 (Fig. 2E), decreased in the 
BCE-treated cells in a concentration-dependent manner. Next, 
we monitored the levels of inducible NO synthase (iNOS) and 
cyclooxygenase (COX)-2 by western blotting. Microglial BV2 
cells were pre-treated with 0, 10, 20, 40, 60 and 80 µg/ml of 
BCE and then incubated for 24 h with LPS (1 µg/ml). Levels of 
iNOS and COX-2 protein decreased in the BCE-treated BV2 
cells, compared to those exposed only to LPS (Fig. 2B). These 
results indicated that BCE inhibited the LPS-induced produc-
tion of pro-inflammatory mediators in microglial BV2 cells.

BCE protects hippocampal HT22 cells against glutamate-
induced cell toxicity. Glutamate exposure leads to neuronal 
cell death in the nervous system (6). Glutamate exposure 
increases the generation of ROS, which, due to its reactive 
properties, causes cell death in severe cases. Therefore, 
we examined the neuroprotective properties of BCE in 
glutamate-stimulated hippocampal HT22 cells. The hippo-
campal HT22 cells were pre-treated with BCE (10-80 µg/ml) 
for 1 h and then incubated with 5 mM glutamate for 24 h. As 
shown in Fig. 3A, only 50% of the cells treated with glutamate 
remained viable, compared to cells not treated with glutamate. 
However, treatment with 10-80 µg/ml of BCE improved 
the viability of glutamate-stimulated cells gradually, in a 
dose-dependent manner. Due to the unstable nature of ROS, 
their overproduction may cause neuronal cell toxicity (20). 
Therefore, we investigated whether glutamate-induced ROS 
production was reduced by BCE in hippocampal HT22 cells. 
We observed that ROS production increased in glutamate-
treated hippocampal HT22 cells (Fig. 3B). However, cells 
treated with 10-80 µg/ml of BCE prior to glutamate exposure 
exhibited a gradual reduction in ROS production, down to 
the same level as cells that had not been stimulated with 
glutamate. Taken together, these results lead us to conclude 
that BCE has cytoprotective and ROS-attenuating effects 
in hippocampal HT22 cells. Thus, BCE is regarded as a 
potential therapeutic treatment against the oxidative effects of 
glutamate.

Figure 1. Effects of BCE on the viability of microglial BV2 and hippocampal HT22 cells. (A) Microglial BV2 and (B) hippocampal HT22 cells were 
incubated with 0, 10, 20, 40, 60 and 80 µg/ml of BCE for 24 h. The cell viability was assessed using an MTT-based assay and the results are expressed as the 
percentage of surviving BCE-treated cells, compared to the BCE-untreated control cells. 
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BCE reduces ROS production in microglial BV2 and 
hippocampal HT22 cells. ROS is a by-product of oxygen 
metabolism in aerobic organisms and is considered an essen-
tial second messenger at low concentrations. However, higher 
concentrations of ROS have been reported to be harmful to 
cellular macromolecules (21). When there is an imbalance 
between the ROS generation and removal systems, neuronal 
cell damage occurs. Moreover, ROS are implicated in a 
number of neurodegenerative diseases including ischemia, PD 
and AD, since ROS participate in chain reactions. Hence, 
we examined the effect of BCE on the elimination of ROS 
in LPS-stimulated microglial BV2 cells and glutamate-

stimulated hippocampal HT22 cells using flow cytometry. 
ROS production was significantly increased in microglial 
BV2 cells stimulated by treatment with 1 µg/ml LPS for 12 h, 
compared to cells not treated with LPS (Fig. 4A). However, 
ROS production was reduced in LPS-stimulated cells pre-
treated with BCE (80 µg/ml). The same experiment was 
conducted in hippocampal HT22 cells. ROS production in 
hippocampal HT22 cells exposed to 5 mM glutamate for 
12 h also increased, up to ~3 times that of cells not stimulated 
with glutamate, but pre-treatment of the hippocampal HT22 
cells with 80 µg/ml of BCE decreased ROS production 
considerably (Fig. 4B). These results suggest that BCE exerts 

Figure 2. Effects of BCE on LPS-induced pro-inflammatory mediators in microglia BV2 cells. (A) BV2 cells were incubated with 0, 40, 60 and 80 µg/ml of 
BCE for 1 h, and then stimulated with LPS (1 µg/ml) for 16 h. Nitrite production was measured using the Griess reaction. (B) BV2 cells were treated with 
various concentrations of BCE (10, 20, 40, 60 and 80 µg/ml) for 1 h prior to incubation with LPS (1 µg/ml) for 24 h. Whole cell protein extracts were prepared 
and western blotting using antibodies specific for iNOS and COX-2 was conducted. Tubulin was used as a loading control. Cells were incubated with 0, 40, 60 
and 80 µg/ml of BCE for 1 h prior to treatment with LPS (1 µg/ml) for 24 h. (C) TNF-α, (D) IL-1β and (E) IL-6 were present in the culture supernatants. As 
measured by an ELISA assay. 

Figure 3. Effects of BCE on glutamate-induced oxidative neurotoxicity and ROS generation. HT22 cells were treated with BCE and then exposed to gluta-
mate (5 mM) for 24 h. (A) Cell viability was measured by MTT assay as described in the Materials and methods. The results are expressed as the percentage 
of surviving cells compared to the control cells, which were not treated with BCE and glutamate. (B) HT22 cells were pre-treated with fluorescent dye and 
then either treated with BCE, or left untreated, prior to stimulation with glutamate (5 mM). ROS production was determined by quantifying the resulting 
fluorescent dye using flow cytometry. The results are indicated as the percentage of fluorescence of treated cells over the fluorescence of the control cells, 
which were not treated with BCE and glutamate. 
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neuroprotective and anti-neuroinflammatory effects through 
the restriction of ROS production.

BCE treatment increases the mRNA and protein expres-
sion levels of HO-1 in microglial BV2 and hippocampal 
HT22 cells. HO-1 has been related to anti-inflammatory 
effects in recent studies (11,12). HO-1 is also regarded as a 
cellular oxidative stress sensor since it responds to changes in 
the cellular redox status (13). Expression of HO-1 is restricted 
in normal brain neurons and neuroglia, but various inflamma-
tory stimuli are known to induce HO-1 expression (22). An 
increase in HO-1 expression may protect cells by producing 
BV and BR, which are by-products of heme metabolism (10). 
To assess the effect of BCE on HO-1 protein expression, 
microglial BV2 and hippocampal HT22 cells were treated 
with 80 µg/ml of BCE for varying lengths of time (0-24 h). 
The HO-1 protein levels were increased by BCE treatment, 
especially in cells treated with BCE for 8 h (Fig. 5A and E). 
Next, we tested the protein expression level of HO-1 in both 
microglial BV2 and hippocampal HT22 cells treated with 
0, 10, 20, 40, 60 and 80 µg/ml of BCE and 0 and 20 µM 
of CoPP (HO-1 activator) for 8 h. HO-1 protein expression 
increased in the presence of BCE, in a concentration-depen-
dent manner (Fig. 5B and F). To confirm the effect of BCE 
on the expression of HO-1 protein, we examined the HO-1 
mRNA level using qRT-PCR. The mRNA level of HO-1 
increased in a dose-dependent manner in the presence of BCE 
(Fig. 5D and H). This data indicated that BCE induces HO-1 
expression in microglial BV2 and hippocampal HT22 cells. 

In other words, BCE may protect cells against inflammatory 
stimuli since it induces the expression of HO-1, which has 
well-known anti-inflammatory and antioxidant effects.

Effects of BCE on the accumulation and transactivation 
function of Nrf-2 in microglial BV2 and hippocampal HT22 
cells. Nrf-2 exists in an inactive form in the cytoplasm when 
bound by Keap1. However, when exposed to inflammatory 
stimuli, such as LPS and ROS, Nrf-2 is released from Keap1 
and translocates from the cytoplasm into the nucleus (21). 
Nrf-2 plays a critical role in the induction of a number of 
genes associated with the antioxidant response, such as HO-1, 
since Nrf-2 is a transcription factor that binds to ARE in the 
promoter region of target genes (21). Nrf-2 is an important 
player in the upregulation of cellular stress-inducible genes, 
and the accumulation of Nrf-2 in the nucleus endows the cell 
with the adaptive response capability critical for maintaining 
normal cellular functions (23). We aimed to observe the effect 
of BCE on Nrf-2 nuclear accumulation and transactivation in 
microglial BV2 and hippocampal HT22 cells. First, microg-
lial BV2 cells were treated with 80 µg/ml of BCE for 0.25-4 h. 
BCE treatment increased nuclear accumulation of Nrf-2 in 
these cells, especially in those treated with BCE for 0.5 h 
(Fig. 6A). When cells were treated with varying concentra-
tions of BCE (10, 20, 40, 60 and 80 µg/ml), while keeping the 
treatment time constant at 0.5 h, Nrf-2 nuclear accumulation 
was induced by BCE in a dose-dependent manner (Fig. 6B). 
Next, we performed the same experiments in hippocampal 
HT22 cells, treating them with 10-80 µg/ml of BCE for 4 h. 

Figure 4. Effect of BCE on ROS production in microglial BV2 and hippocampal HT22 cells. Quantitative analysis of ROS production in both cells was 
conducted by flow cytometry. (A) Microglial BV2 and (B) hippocampal HT22 cells were pre-treated with 80 µg/ml BCE, or left untreated, prior to stimula-
tion with LPS (1 µg/ml) or glutamate (5 mM). Cells were then incubated with CM-H2DCFDA for an additional 1 h. Intracellular levels of ROS were then 
determined by flow cytometry. The resulting fluorescence intensity represented the amount of ROS production in the cells. The results were indicated as the 
percentage of fluorescence intensity of the treated cells over the fluorescence of the control cells, which were not treated with BCE and LPS/glutamate. 
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Figure 5. Treatment with BCE increased HO-1 mRNA levels and induced the expression of HO-1 in microglial BV2 and hippocampal HT22 cells. Whole cell 
protein extracts were analyzed by western blotting. (A and E) Microglial BV2 and hippocampal HT22 cells were treated with 80 µg/ml of BCE for 4-24 h. 
(B and F) Microglial BV2 and hippocampal HT22 cells were treated with BCE (0, 10, 20, 40, 60 and 80 µg/ml) or CoPP (HO-1 activator) at 0 or 20 µM for 
8 h. (C, D, G and H) HO-1 mRNA levels were measured by real-time qRT-PCR. Both cell types were treated with 80 µg/ml of BCE for 2-8 h or treated with 
10, 20, 40, 60 and 80 µg/ml of BCE for 6 h. 

Figure 6. BCE induces the nuclear translocation and transactivation function of Nrf-2 in microglial BV2 and hippocampal HT22 cells. The nuclear protein 
extracts from both cell types were analyzed by western blotting. (A) Microglial BV2 and (C) hippocampal HT22 cells were treated with 80 µg/ml of BCE 
for 0.25-4 h. (B and D) Both cell types were treated with 10, 20, 40, 60 and 80 µg/ml of BCE for 0.5 and 4 h, respectively. (E and F) Microglial BV2 and 
hippocampal HT22 cells were treated with different amounts of BCE (0, 40, 60, 80 µg/ml), transfected with a Nrf-2-responsive ARE-luciferase construct and 
then harvested after 24 h. Relative luciferase counts were compared with those in the untreated control cells. 
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Nuclear accumulation of Nrf-2 increased with increasing 
doses of BCE, especially in the cells treated with BCE for 
4 h (Fig. 6C). The nuclear accumulation of Nrf-2 increased 
with increasing doses of BCE, in a concentration-dependent 
manner (Fig. 6D). To examine whether BCE also induces 
Nrf-2-mediated transactivation of target genes, we performed 
reporter gene analysis using an ARE-containing luciferase 
reporter construct. Microglial BV2 and hippocampal HT22 
cells were transfected with the Nrf-2-responsive luciferase 
vector and then treated with 0, 40, 60, or 80 µg/ml of BCE. We 
observed that the luciferase activity increased with increasing 
doses of BCE, indicating an increase in Nrf-2-responsive 
promoter activity (Fig. 6E and F). This data indicated that 
BCE induces Nrf-2 translocation from the cytoplasm into 
the nucleus and that Nrf-2 binds the ARE in the promoter 
region. This Nrf-2-mediated transactivation is involved in the 
expression of a number of genes, including HO-1, involved 
in anti-inflammatory and antioxidant pathways. Therefore, 
we hypothesized that BCE induces the expression of HO-1 
through the Nrf-2-ARE pathway.

Confirmation of the anti-inflammatory and antioxidant 
effects induced by BCE. In order to confirm that the anti-
inflammatory and antioxidant effects of BCE occurred 
through the HO-1 signaling pathway, we conducted experi-
ments using a selective inhibitor of HO-1 (SnPP). First, 
we examined the expression levels of pro-inflammatory 
cytokines in microglial BV2 cells. After treatment with 
80 µg/ml of BCE, microglial BV2 cells were exposed to SnPP 
(40 µM) and/or LPS (1 µg/ml) (Fig. 7A-D). The production of 
NO increased in only the LPS-stimulated cells and decreased 
in cells pre-treated with BCE (80 µg/ml) (Fig. 7A). These 
effects were reversed in SnPP-treated cells. A similar reversal 
was observed in the production of TNF-α, IL-1β and IL-6 
(Fig. 7B-D). Next, we examined whether the cytoprotective 
effects of BCE were HO-1-dependent. After treatment with 
80 µg/ml of BCE, hippocampal HT22 cells were exposed 
to SnPP (40 µM) and/or glutamate (5 mM). The viability of 
cells was reduced in cells treated with glutamate alone, and 
the glutamate-induced decrease in cell viability was rescued 
with BCE treatment; however, this rescue was absent in 

Figure 7. Effects of BCE on the production of pro-inflammatory cytokines in microglial BV2 cells and on glutamate-induced neurotoxicity in hippocampal 
HT22 cells. Microglia BV2 cells were treated with 80 µg/ml BCE, 1 h prior to incubation with SnPP (40 µM) and/or LPS (1 µg/ml). (A) Nitrate production was 
determined using the Griess reaction. (B) TNF-α, (C) IL-1β and (D) IL-6 present in the culture supernatants were measured by ELISA assay. (E and F) After 
treatment with 80 µg/ml of BCE, the hippocampal HT22 cells were exposed to SnPP (40 µM) and/or glutamate (5 mM). (E) Cell viability was measured by 
the MTT assay. (F) ROS production was determined using quantitative flow cytometry.
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SnPP-treated cells (Fig. 7E). Taken together, these results 
demonstrate that the mechanism behind BCE cytoprotective 
and ROS reduction activity is dependent on HO-1 activity.

Discussion

Recent studies suggest that neuroinflammation contributes 
to the development of neurodegenerative diseases (11,12). 
Furthermore, several studies have shown that anti-inflamma-
tory reactions play an important role in reducing cytotoxicity 
(24,25). The results of our study showed that BCE may protect 
hippocampal HT22 and microglial BV2 cells from glutamate- 
and LPS-induced cytotoxicity, respectively. To investigate 
whether BCE has neuroprotective and anti-neuroinflammatory 
effects, we conducted two types of experiments. We deter-
mined whether BCE had antioxidant effects (i.e., removal of 
ROS), and in the second experiment we determined whether 
BCE had anti-inflammatory effects (i.e., decrease of pro-
inflammatory cytokines, including TNF-α, IL-1β and IL-6). 
We discovered that BCE exerted both an antioxidant and an 
anti-inflammatory effect in neuronal cells.

LPS is an endotoxin and is found in gram-negative 
bacteria, as a constituent of the outer membrane. It induces 
innate immunity, including production of pro-inflammatory 
mediators such as NO, TNF-α and IL-6 (26). We discovered 
that BCE significantly decreased the production of pro-inflam-
matory mediators and cytokines in LPS-stimulated microglial 
BV2 cells (Fig. 2). Notably, a previous study revealed that BC 
extract had anti-inflammatory effects in a murine model of 
asthma (27). These data suggested that BC has strong anti-
inflammatory properties in neurons and in airway cells.

ROS are essential molecules that regulate the redox 
status and growth of cells (28). ROS are highly reactive as 
they have at least one unpaired electron. Therefore, excessive 
production of ROS may promote harmful reactions that may 
cause both reversible and irreversible tissue damage. ROS are 
implicated in a number of disorders including neurological 
diseases, cancer, Parkinson's and Alzheimer's disease (29). 
The level of ROS is important since excessive amount of ROS 
cause oxidative stress and cell damage by inducing harmful 
reactions (28). Therefore, the ROS-scavenging activity of 
candidate substances is a suitable barometer of the potential 
antioxidant effects. To validate the antioxidant effects of 
BCE in microglial BV2 and hippocampal HT22 cells, we 
examined whether BCE reduces the production of ROS 
using flow cytometry. Our data showed that BCE provides a 
cytoprotective effect through the reduction of ROS levels in 
both hippocampal HT22 and microglial BV2 cells (Fig. 4).

A previous study reported that the upregulation of HO-1 
protects cells by degrading pro-oxidant heme to oxidant-
scavenging bile pigments, including BV and BR. Moreover, 
it focused on the relationship between the neuroprotective 
effects and HO-1 signaling (12). In this study, we confirmed 
that BCE induces HO-1 expression through the Nrf-2 
signaling pathway (Figs. 5 and 6). We discovered that BCE 
induces the upregulation of HO-1, both at the protein and 
mRNA levels using western blotting and qRT-PCR (Fig. 5). 
Further, to identify whether BCE induces Nrf-2 translocation 
from the cytosol to the nucleus, we examined the Nrf-2 level 
in the nuclear fraction and the promoter activity by using 

ARE-reporter plasmid. Results showed that BCE significantly 
induced the expression of HO-1 and translocation of Nrf-2 
(Fig. 6).

The data presented in Fig. 7 clearly demonstrate a decisive 
role for HO-1 enzymatic activity in the neuroprotective and 
anti-neuroinflammatory effects exerted by BCE. We used an 
HO-1 inhibitor (SnPP) to confirm that the protective effects of 
BCE were due to HO-1 signals. The anti-neuroinflammatory 
effect of BCE was reversed by SnPP in microglial BV2 cells 
(Fig. 7A-D). In addition, the protective effects of BCE on cell 
viability and ROS production was also reversed by SnPP in 
hippocampal HT22 cells (Fig. 7E and F). Thus, it is possible 
that neuroprotective and anti-neuroinflammatory effects of 
BCE may occur through HO-1 signaling pathways.

In conclusion, the findings of this study suggest that 
BCE exhibits neuroprotective and anti-neuroinflammatory 
effects in murine microglial BV2 and hippocampal HT22 
cells. Furthermore, we determined that these effects occur 
through the Nrf-2/HO-1-mediated pathway. Our results 
provide a new insight for understanding the neuroprotective 
mechanisms of BCE. These effects of BCE, coupled with its 
low toxicity, point to a strong potential for use in the treatment 
of patients suffering from neurodegenerative diseases such as  
Alzheimer's disease.
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