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Abstract. Microglia-mediated neuroinflammation is key 
in the pathogenesis of Alzheimer's disease (AD). Several 
studies have suggested that NADPH oxidase contributes to 
microglia‑mediated neuroinflammation. Resveratrol, which 
is a natural polyphenolic compound, exerts neuroprotective 
effects in AD due to its anti‑inflammatory properties. The 
present study aimed to investigate the effects of resveratrol 
on the activation of oligomeric amyloid β (oAβ)-induced 
BV-2 microglia, and to determine the role of NADPH oxidase 
in these effects. Microglial proliferation was measured by 
high-content screening cell counting and using a bromodeoxy-
uridine incorporation assay. In addition, the levels of reactive 
oxygen species (ROS), nitric oxide (NO), tumor necrosis factor 
(TNF)-α and interleukin (IL)-1β were assessed. The results of 
the present study demonstrated that resveratrol inhibited the 
proliferation of oAβ-induced microglia and the production of 
pro‑inflammatory factors, including ROS, NO, TNF‑α and 
IL-1β. Subsequent mechanistic investigations demonstrated 
that resveratrol inhibited the oAβ-induced mRNA and protein 
expression levels of p47phox and gp91phox. These results 
suggested that NADPH oxidase may be a potential target 

for AD treatment, and resveratrol may be a valuable natural 
product possessing therapeutic potential against AD.

Introduction

Alzheimer's disease (AD), which is the most common 
age-associated neurodegenerative disorder, causes progres-
sive dementia, and microglia‑mediated neuroinflammation 
is key in the pathogenesis of AD (1). Microglia are the resi-
dent immune cells of the brain, which are important in host 
defense and tissue repair in the central nervous system (2). In 
response to brain injury or immunological stimuli, including 
amyloid β (Aβ) or lipopolysaccharide (LPS), microglia are 
activated, producing various pro‑inflammatory mediators, 
including tumor necrosis factor-α (TNF-α), interleukin-1β 
(IL-1β), nitric oxide (NO), and reactive oxygen species 
(ROS) (3). Accumulation of these mediators contributes to 
neuronal damage and aggravates AD progression. Therefore, 
the production of inflammatory factors by microglia requires 
inhibition to prevent neuroinflammation and neurodegenera-
tion in AD.

Resveratrol (3,4',5-trihydroxy-trans‑stilbene), which is 
a natural, nonflavonoid, polyphenolic compound, is present 
in several plant species, including giant knotweeds, peanuts, 
mulberries and grapes, and is found in red wine (4). Evidence 
suggests that resveratrol exerts neuroprotective effects against 
neurodegenerative diseases, due to its anti-inflammatory 
properties (5,6). In vitro studies have demonstrated that 
resveratrol inhibits the production of LPS-induced NO and 
TNF-α in murine microglial cells (7,8), as well as the produc-
tion of prostaglandin E2 and free radicals in rat primary 
microglia (9). In addition, previous studies have demonstrated 
that resveratrol prevents microglial activation and subsequent 
inflammatory‑mediator release by inhibiting transcriptional 
factors, including nuclear factor-κB (10,11). The neuroprotec-
tive effects of resveratrol have been detected in numerous 
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studies; however, the mechanisms underlying its beneficial 
effects remain poorly understood.

NADPH oxidase has been confirmed as an important 
contributor to microglia-mediated neuroinflammation and 
neurodegeneration (12,13). Previous studies have demon-
strated that soluble oligomeric (o)Aβ, which is present in the 
cortex of patients with AD, exhibits more marked correlation 
with AD symptoms, compared with fibrillar Aβ in amyloid 
plaques (14,15). Using the BV-2 murine microglial cell line, our 
previous study demonstrated that oAβ induced the activated 
properties of microglia, and activation was inhibited by the 
NADPH oxidase inhibitors, diphenyleneiodonium (DPI) and 
apocynin. These results suggested that NADPH oxidase may 
be involved in the activation of oAβ-induced microglia (16). 
The present study aimed to use BV-2 microglia cultures to 
investigate the inhibitory effects of resveratrol on the activa-
tion of oAβ-induced microglia and further investigate the role 
of NADPH oxidase.

Materials and methods

Regents. Dulbecco's modified Eagle's medium and fetal bovine 
serum were purchased from Gibco Life Technologies (Grand 
Island, NY, USA). Resveratrol, 2', 7'‑dichlorodihydrofluores-
cein diacetate (DCFH-DA), DPI, Hoechst 33258 and Hoechst 
33342 were purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Mouse monoclonal anti-bromodeoxyuridine (BrdU) 
antibody (1:200; cat. no. MS-1508; Lab Vision, Fremont, CA, 
USA), polyclonal fluorescein isothioyanate (FITC)-conjugated 
goat anti-mouse immunoglobulin G (1:200; cat. no. F9006;  
Sigma‑Aldrich) were used, and 1,1,1,3,3,3‑hexafluoro‑2‑pro-
panol (used in oAβ preparation) was obtained from 
J&K Scientific Ltd. (Beijing, China). Mouse monoclonal 
anti-gp91phox and rabbit anti-p47phox (1:200, cat. no. sc-74514: 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). TNF-α and 
IL-1β ELISA kits were purchased from Diaclone (Besançon, 
France), and the BrdU cell proliferation ELISA kit was 
purchased from Roche Diagnostics (Mannheim, Germany).

Preparation of peptides. The Aβ1‑42 peptide was purchased 
from AnaSpec (Fremont, CA, USA). OAβ was prepared 
as follows. Brief ly, Aβ1‑42 peptide was dissolved in 
1 mM 1,1,1,3,3,3 hexafluoro-2-propanol, immediately 
aliquoted, and dried under a vacuum. The residual peptide was 
stored at ‑20˚C and subsequently dissolved in DMSO to 5 mM, 
which was then diluted with Millipore water (EMD Millipore, 
Billerica, MA, USA) to a final concentration of 50 µM prior to 
use. The oAβ fraction was obtained following 24 h of gentle 
agitation at 4˚C and the conformation was confirmed using 
atomic force microscopy (Dimension 3100; Veeco, Plainview, 
NY, USA), as described in our previous study (16).

Cell culture. BV‑2 murine microglial cells were provided by 
Professor Y. C. Kim (Seoul National University, Seoul, South 
Korea). The cells (5x104 cells/ml) were cultured, as described 
in our previous study (16). The BV-2 murine microglial cells 
were obtained by immortalization of primary murine microg-
lial cultures with a v‑raf/v‑myconcogene‑containing retrovirus 
(J2), which retained the majority of the morphological, pheno-
typic and functional properties of freshly isolated microglia. 

The BV‑2 cells were cultured in Dulbecco's modified Eagle's 
medium supplemented with 10% heat‑inactivated fetal bovine 
serum at 37˚C in a humidified 5% CO2 atmosphere. Stock cells 
were passaged two to three times per week with a 1:5 split ratio 
and used within six passages.

Measurement of BrdU incorporation using ELISA. The BV-2 
cells (5x104 cells/ml) were plated into 96‑well microtiter plates. 
The microglial cells were then treated with 20 µg/ml oAβ, 
either alone or in combination with resveratrol (0.3, 1, 3, 10 or 
30 µM). Following 24 h incubation, the cells were assessed, 
as described previously (16). Briefly, following 24 h incuba-
tion, the cells were assessed for novel DNA synthesis using 
a BrdU cell proliferation ELISA kit (Roche Diagnostics, 
Mannheim, Germany). BrdU (10 µM) was added to the plate 
for 2 h, following which the cells were fixed, according to the 
manufacturer's instructions. BrdU incorporation was detected 
by the addition of anti‑BrdU antibody with peroxidase activity. 
Substrate solution was added, and the resultant color was 
measured using a Biotek Synergy HT plate reader (Biotek 
Instruments, Winooski, VT, USA) at absorbance wavelengths 
of 370 and 492 nm.

Cell count determination using a high‑content screening 
(HCS) system. The BV‑2 cells were incubated under the same 
conditions and with the same treatments as were used for the 
measurement of BrdU incorporation. The number of microg-
lial cells was measured using an IN Cell Analyzer 2000 HCS 
system (GE Healthcare Life Sciences, Little Chalfont, UK), as 
described previously (16).

Fluorescence imaging of the double‑labeled microglial cells, 
acquired using the HCS system. The BV-2 cells (5x104 cells/ml) 
were plated into 96‑well microtiter plates. The microglial cells 
were then treated with oAβ (20 µg/ml), either alone or with 
resveratrol (3, 10 or 30 µM). Following 24 h incubation, new 
DNA synthesis of the microglia was examined, as described 
previously (16). Briefly, following 24 h incubation, novel DNA 
synthesis of microglia was examined by adding BrdU (10 µM) 
to the culture medium. Following another 24 h culture, the 
cells were fixed in 4% paraformaldehyde at 4˚C. After 30 min, 
the paraformaldehyde was removed, followed by three washes 
with PBS. The preparations were treated with HCl (2 M) for 
20 min, sodium borate (0.1 M) for 15 min, and 0.2% Triton 
X-100 for 10 min at room temperature (HCl, sodium borate 
and Triton X‑100 were all from Sigma‑Aldrich). Following 
each step, the plates were washed three times with PBS. 
Subsequently, nonspecific binding sites were blocked with 
5% bovine serum albumin in PBS. Microglial cells were then 
successively incubated in mouse monoclonal anti-BrdU anti-
body overnight at 4˚C and FITC‑conjugated goat anti‑mouse 
IgG for 1 h. Cultures processed without the primary antibody 
or without BrdU were devoid of labeling, which indicated the 
absence of nonspecific labeling. Cell nuclei were stained with 
Hoechst 33342. Fluorescence images were acquired using 
the IN Cell Analyzer 2000 system with the following filter 
sets: Excitation, 360 and 480 nm; emission, 460 and 535 nm. 
Fluorescence images were captured using the IN Cell Analyzer 
2000 system with the following filter sets: Excitation, 360 and 
480 nm; emission, 460 and 535 nm.
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Measurement of intracellular ROS. The levels of intracel-
lular ROS were measured using a DCFH-DA oxidation assay. 
The BV‑2 cells were plated into 96‑well microtiter plates at a 
density of 3x105 cells/ml and treated with oAβ (20 µg/ml) for 
2 h, either alone or in combination with resveratrol (1, 3, 10 
or 30 µM) or DPI (5 µM). Following treatment, the cells were 
washed with phosphate‑buffered saline. DCFH‑DA (20 µM) 
was then added, and the cells were incubated for 40 min at 
37˚C. Fluorescence was measured using a Biotek Synergy 2 
plate reader (Biotek Instruments) at an excitation wavelength 
of 485 nm and an emission wavelength of 528 nm.

Determination of nitric oxide (NO) release. The concentration 
of nitrite (NO2

-), which accumulated in the culture supernatant 
fraction was measured, according to the Griess reaction (17). 
The BV‑2 microglia were plated into 96‑well microtiter plates 
at a density of 3x105 cells/ml and treated with oAβ (20 µg/ml) 
for 24 h, either alone or in combination with resveratrol (1, 
3, 10 or 30 µM µM) or DPI (5 µM). Minocycline (30 µM; 
Sigma‑Aldrich) was used as a positive control. The culture 
supernatant fluid (50 µl) was then collected from the cells and 
mixed with 50 µl Griess reagent (part I, 1% sulfanilamide; 
part II, 0.1% naphthylethylene diamide dihydrochloride and 
2% phosphoric acid; Sigma‑Aldrich) at room temperature. 
Following 15 min incubation, the absorbance was measured 
at 540 nm using a Biotek Synergy HT plate reader (Biotek 
Instruments).

Determination of TNF‑α and IL‑1β. The BV-2 cells 
(3x104 cells/ml) were incubated under the same conditions 
and with the same treatments as for the measurement of NO 
release. The concentrations of TNF-α and IL-1β in the culture 
medium were measured using ELISA kits, according to the 
manufacturer's instructions. Briefly, 100 µl of each standard, 
sample and zero were added in duplicate to the appropriate 
number of wells. Subsequently, 50 µl diluted biotinylated 
anti-mTNF-α or biotinylated anti-mIL-1β was added to all 
wells, covered with a plastic plate cover and incubated at 
room temperature for 3 h. The cover was then removed and 
the plate washed, as follows: Liquid was aspirated from 
each well; 0.3 ml 1X washing solution was dispensed into 
each well; contents of each well were aspirated; and the first 
two steps were repeated another two times. Subsequently, 
100 µl streptavidin‑horseadish peroxidase solution was added 
to each well, covered with a plastic plate cover and incubated 
at room temperature for 30 min. Following incubation, 
the washing step was repeated and 100 µl of ready‑to‑use 
3,3',5,5'‑tetramethylbenzidine substrate solution was added 
into all wells. Following incubation at room temperature in 
the dark for 10‑20 min, 100 µl Stop reagent was added to each 
well, and the absorbance at 450 nm was measured using a 
Biotek Synergy HT plate reader.

Semi‑quantitative reverse transcription‑polymerase chain 
reaction (RT‑PCR) analysis. The BV-2 microglial cells 
were treated with oAβ (20 µg/ml), either alone or together 
with resveratrol (3, 10 or 30 µM) or DPI (5 µM) for 12 h. 
Total RNA was extracted from the cells using TRIzol® 
(Invitrogen Life Technologies, Carlsbad, CA, USA). Total 
RNA was reverse transcribed using a cDNA First‑Strand 

Synthesis system (Fermentas, Thermo Fisher Scientific, Inc., 
Pittsburgh, PA, USA). The PTC-200 PCR system (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) was used for the PCR 
analysis. The quantity of sample analyzed was as follows: 
cDNA (1 µl), 1X PCR buffer (2.5 µl), dNTPs (2.5 mM; 2 
µl); primers (10 pmol; 1 µl). The cDNA was amplified by 
PCR using specific primers for gp91phox, p47phox and 
GAPDH. The primer sequences were as follows: gp91phox, 
sense 5'-GCACTGGAACCCCTGAGAAA-3' and antisense 
5'-GGTTTATGATGATGGGCCTAA-3'; p47phox, sense 
5'-ACATCACAGGCCCCATCATCCTTC-3' and anti-
sense 5'-ATGGATTGTCCTTTGTGCC-3'; and GAPDH, 
sense 5'-GGTGCTGAGTATGTCATGGA-3' and antisense 
5'‑TTCAGCTCTGGGATGACCTT‑3'. Primers were from 
Huamei Biotechnology, Ltd. (Wuhan China). The following 
PCR cycling conditions were applied: gp91phox, 34 cycles of 
denaturation at 94˚C for 30 sec, annealing at 56˚C for 30 sec 
and extension at 72˚C for 45 sec; p47phox, 28 cycles of dena-
turation at 94˚C for 30 sec, annealing at 58˚C for 30 sec and 
extension at 72˚C for 45 sec; GAPDH, 32 cycles of denaturation 
at 94˚C for 30 sec, annealing at 55˚C for 45 sec and extension 
at 72˚C for 45 sec. The PCR products were then separated 
on 1.2% agarose gels, and visualized with ethidium bromide 
(0.5 µg/mL; Sigma‑Aldrich). The mRNA expression levels of 
GAPDH were used for standardization.

Western blot analysis. In order to determine the protein 
expression levels of gp91phox and p47phox, the BV-2 microg-
lial cells were treated with oAβ (20 µg/ml), either alone or 
together with resveratrol (3‑30 µM) or DPI (5 µM) for 24 h. 
The cells were then washed with ice‑cold PBS and lysed for 
10 min using radioimmunoprecipitation lysis buffer (Santa 
Cruz Biotechnology, Inc.), containing 50 mM Tris-Cl (pH 7.4), 
150 mM NaCl, 0.1% SDS, 1% NP‑40, 1% sodiumdeoxycho-
late, 1 mM phenylmethyl-sulfonylfluoride, 1 mM EDTA, 
1 µg/ml pepstatin, 1 µg/ml leupeptin and 1 µg/ml aprotinin. 
The protein concentration in the supernatant fluid of the 
lysate was measured using a bicinchoninic acid protein assay 
(Pierce Biotechnology, Inc., Rockford, IL, USA). Equal quan-
tities (60 µg) of protein were separated by 12% SDS‑PAGE 
(Ameresco, Solon, OH, USA) and were then transferred onto 
0.45 µm polyvinylidene fluoride membranes (EMD Millipore, 
Bedford, MA, USA). The membranes were then blocked in 
blocking buffer (5% skimmed milk) and incubated overnight 
with primary antibodies at 4˚C, followed by incubation with 
horseradish peroxidase-conjugated goat anti-mouse (1:2,000; 
cat. no. A4416) and horseradish peroxidase-conjugated goat 
anti-rabbit (1:2,000; cat. no. A6154) secondary antibodies 
for 1 h at room temperature, obtained from Sigma Aldrich. 
Following three washes in tris‑buffered saline containing 0.1% 
Tween 20 (Amaresco), immunoreactive bands were visual-
ized using enhanced chemiluminescence reagent (Beyotime 
Institute of Biotechnology, Shanghai, China). The protein 
expression levels of β‑actin were used for standardization.

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean of three experiments performed in triplicate. 
One‑way analysis of variance and Student's t‑test were used for 
statistical analysis (SPSS 16.0; SPSS, Inc., Chicago, IL, USA). 
ImageJ software (version 1.44; National Institutes of Health, 
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Bethesda, MA, USA) was used to quantify mRNA and protein 
levels in the RT‑PCR and western blot assays, respectively. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Inhibitory effects of resveratrol on oAβ‑induced BV‑2 
microglial cell proliferation. Treatment of the cells with 
oAβ (20 µg/ml) for 24 h induced the proliferation of the 
cultured microglia; however, this effect was inhibited by 
various concentrations of resveratrol (Fig. 1A). Furthermore, 
higher levels of BrdU incorporation were observed when 
the microglial cells were treated with oAβ (20 µg/ml) 
for 24 h, and this effect was also inhibited by resveratrol 
(Fig. 1B). In controlled trials, resveratrol alone (30 µM) did 
not affect microglial proliferation (Fig. 1A and B); and did 
not decrease microglial viability, as assessed using an MTT 
reduction assay (data not shown). The fluorescence images 
of the microglial cells double‑labeled with Hoechst 33342 
and BrdU were concordant with the results obtained from 
the HCS and BrdU assays (Fig. 1C). These results indicated 
that resveratrol inhibited the proliferation of oAβ-induced 
microglia.

Inhibitory effects of resveratrol on oAβ‑induced BV‑2 
microglial proinflammatory mediator release. In the present 
study, resveratrol decreased the levels of oAβ-induced ROS 
in a dose-dependent manner (Fig. 2A). The NADPH-oxidase 
inhibitor, DPI, was used as a positive control. Neither resvera-
trol nor DPI had an effect on the production of microglial ROS 
in the absence of oAβ. In addition, NO secretion increased in 
response to oAβ treatment, but was inhibited by resveratrol 
in a dose‑dependent manner (Fig. 2B). MINO was used as a 
positive control. These data indicated that oAβ-induced NO 
secretion was inhibited by resveratrol. Furthermore, when the 
cells were treated with resveratrol in combination with oAβ, a 
significant inhibition in the production of oAβ-induced TNF-α 
and IL-1β was observed. By contrast, resveratrol exerted no 
effect on microglial TNF-α and IL-1β production in the 
absence of oAβ (Fig. 2C and D). These results suggested that 
oAβ peptide activated the microglia to produce and release 
ROS, NO, TNF-α and IL-1β, and these effects were inhibited 
by treatment with resveratrol.

Inhibitory effects of resveratrol on oAβ‑induced microglial 
activation may be mediated by NADPH oxidase. NADPH 
oxidase is the key enzyme, which is required for the produc-
tion of ROS in activated microglia. The activation of NADPH 
oxidase requires the p47phox, p67phox and p40phox 
cytosolic subunits and the p22phox and gp91phox catalytic 
subunits (18). RT‑PCR and western blotting demonstrated 
that the presence of oAβ increased the mRNA and protein 
expression levels of gp91phox and p47phox in the microglia; 
however, this increase was prevented by pre‑treatment with 
resveratrol (Figs. 3 and 4). These results suggested that 
resveratrol inhibited oAβ-induced microglial activation by 
inhibiting the expression of NADPH oxidase, and that the 
gp91phox and p47phox NADPH oxidase subunits were 
involved in this reaction.

Discussion

Cell proliferation is a key aspect in microglial activation in 
response to brain damage or injury; proliferation can be quan-
tified by cell counting or incorporation experiments, including 
BrdU or 3H-TdR assays (19). In addition, it has been reported 

Figure 1. Effects of resveratrol on oAβ-induced BV-2 microglial proliferation. 
BV‑2 microglial cultures were incubated with 20 µg/ml oAβ, with  or without 
various concentrations of resveratrol for 24 h. Following the 24 h incubation, 
microglial cell proliferation was measured using (A) high‑content screening 
and (B) BrdU incorporation colorimetric assay. (C) Fluorescence images of 
microglial cells double‑labeled with Hoechst 33342 (blue) and BrdU (green) 
were acquired on an IN Cell Analyzer 2000 system. Scale bar=25 µm. Data 
are presented as the mean ± standard error of the mean from three inde-
pendent experiments. ##P<0.01 and ###P<0.001, compared with the control 
group; *P<0.05 and **P<0.01, compared with the oAβ group. oAβ, oligomeric 
amyloid β; BrdU, bromodeoxyuridine; Res, resveratrol; Con, control.

A

B

C
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that oAβ induces the proliferation of microglia (20). A 
previous study demonstrated that the pro-proliferative activity 
of oAβ is regulated by NADPH oxidase (21). The present 
study investigated the effects of resveratrol on oAβ-stimulated 

microglial proliferation, using an HCS system and BrdU assay. 
The results demonstrated that oAβ induced the proliferation of 
microglia, and this effect was markedly inhibited by resvera-
trol, suggesting that the anti‑inflammatory effect of resveratrol 

Figure 3. Effects of resveratrol on oAβ-induced mRNA expression of the gp91phox and p47phox NADPH oxidase subunits in BV-2 microglial cells. The BV-2 
microglial cells were treated with 20 µg/ml oAβ, with or without various concentrations of resveratrol or DPI (5 µM) for 12 h. Total RNA was extracted from 
the cells, and the mRNA expression levels of gp91phox and p47phox were measured using reverse transcription‑polymerase chain reaction. GAPDH was used 
as an internal control. The ratio of densitometry values of gp91phox and p47phox, compared with GAPDH, were analyzed and normalized to each respective 
control group. Data are presented as the mean ± standard error of the mean from three independent experiments. ##P<0.01 and ###P<0.001, compared with the 
control group; *P<0.05 **P<0.01 and ***P<0.001, compared with the oAβ group. Aβ, oligomeric amyloid β; DPI, diphenyleneiodonium.

Figure 2. Effects of resveratol on oAβ‑induced pro‑inflammatory mediator release in BV‑2 microglia. Microglial cultures were incubated with 20 µg/ml oAβ, 
with or without various concentrations of resveratrol for 2 h to measure ROS, and for 24 h to measure the levels of NO, TNF‑α and IL-1β. DPI (5 µM) or MINO 
(30 µM) were used as positive controls. Following incubation, the cell media were collected for measurement of the levels of (A) ROS, (B) NO, (C) TNF‑α and 
(D) IL-1β. Data are presented as the mean ± standard error of the mean from three independent experiments. ##P<0.01 and ###P<0.001, compared with the 
control group; *P<0.05 **P<0.01 and ***P<0.001, compared with the oAβ group. oAβ, oligomeric amyloid β; ROS, reactive oxygen species; NO, nitric oxide; 
TNF, tumor necrosis factor; IL, interleukin; DPI, diphenyleneiodonium; MINO, minocycline.

  A   B

  C   D
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may contribute to the inhibition of microglial proliferation. To 
the best of our knowledge, this is the first study to report these 
findings.

Previous studies have demonstrated that microglia are the 
predominant source of NADPH oxidase in the brain (22,23). 
Among various neurotoxic factors produced by activated 
microglia, NADPH oxidase-derived ROS are important in 
microglia‑mediated neuroinflammation. ROS are involved in 
host defense systems by destroying invading pathogens and 
inducing the production of various antioxidant enzymes in 
host cells (24). Previous studies have revealed that ROS also 
act as secondary messengers to enhance gene expression by 
encoding a variety of pro-inflammatory factors (25). The 
present study demonstrated that resveratrol reduced ROS 
production in oAβ-activated BV-2 microglial cells. Although 
resveratrol has previously been reported to reduce oxidative 
effects by functioning as a ROS scavenger (26), a novel finding 
in the present study was that resveratrol inhibited oAβ-induced 
activation of microglial NADPH oxidase and the consequent 
production of ROS.

Previous studies have reported that resveratrol downregu-
lates the mRNA expression of NADPH oxidase 4, which is 
a homolog of gp91phox and is the most abundant NADPH 
oxidase-catalytic subunit in human umbilical vein endothelial 
cells (27). However, the role of resveratrol in the oAβ-induced 
microglial expression of NADPH oxidase subunits remains 
to be elucidated. The molecular mechanistic experiments 
performed in the present study demonstrated that resveratrol 
inhibited the oAβ-induced mRNA and protein expression of 
the gp91phox and p47phox NADPH oxidase subunits, leading 
to decreased ROS production. Although resveratrol affects 
the expression of gp91phox, which is the dominant NADPH 
oxidase and the major superoxide-generating enzyme in 
inflamed microglia (28), the effects of resveratrol on the phos-
phorylation and translocation of NADPH oxidase subunits and 
on NADPH oxidase activity require further investigation.

The results of the present study demonstrated that resve-
ratrol exerted potent inhibitory effects on the oAβ-induced 

production of NO, TNF-α and IL-1β in the BV-2 microglia 
cultures. These findings were concordant with the results of 
previous studies, in which resveratrol was found to inhibit 
the LPS‑induced production of pro‑inflammatory factors in 
primary microglia or microglial cell lines (8,9). NO, TNF-α 
and IL-1β are regarded as important substances in microglial 
activation (29,30). Our previous study demonstrated that 
oAβ alone induces the production of these pro‑inflammatory 
factors in microglia, and NADPH oxidase is important in 
these effects (16). Accordingly, in the present study, inhibi-
tion of NADPH oxidase by resveratrol decreased the levels 
of pro‑inflammatory factors released by the oAβ-activated 
microglial cells. It has been widely accepted that increased 
levels of cytokines and chemokines are released by activated 
microglia, which result in chronic neuroinflammation and are 
partially responsible for neuronal damage and neurodegenera-
tion in the brains of patients with AD (31). This suggests that 
the inhibitory effects of resveratrol on oAβ-induced microglial 
pro‑inflammatory factor release partly contribute to its neuro-
protective and cognitive improvement effects in AD.

In conclusion, the present study demonstrated that resve-
ratrol inhibited oAβ-induced BV-2 microglial activation, 
resulting in the inhibition of cell proliferation and reduc-
tions in the secretion of various pro‑inflammatory factors. 
Subsequent mechanistic investigation demonstrated that the 
inhibitory effects of resveratrol on microglial activation were 
mediated by NADPH oxidase. Furthermore, the gp91phox 
and p47phox NADPH oxidase subunits were important in 
these effects. These results suggest that resveratrol is a valu-
able natural product, possessing therapeutic potential against 
AD.
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