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Shen et al.: Resveratrol in a Cell Model of Postoperative Cognitive Dysfunction

Postoperative cognitive dysfunction is a common complication following anesthesia and surgery, and is 
associated with oxidative stress and apoptosis in the central nervous system. Resveratrol, an antioxidant, 
natural polyphenol, has been reported to have neuroprotective effect. The aim of this study was to examine 
whether resveratrol could attenuate the apoptosis and oxidative stress in a cell model of postoperative cognitive 
dysfunction. A cell model of postoperative cognitive dysfunction was constructed using human microglial 
clone 3 cells exposed to 1000 ng/ml lipopolysaccharide, 50 µM resveratrol, and their combination for 48 h. 
Then, the cell viability, proliferation, apoptosis, production of reactive oxygen species, and the expression of 
apoptosis-related genes and nuclear factor-E2-related factor 2 and its downstream antioxidant genes were 
examined. In the postoperative cognitive dysfunction cell model, lipopolysaccharide decreased the cell viability 
and proliferation, while it increased cell apoptosis and reactive oxygen species level. Lipopolysaccharide also 
upregulated the expression of pro-apoptotic genes (Bcl-2-associated X-protein and caspase-3) and genes 
involved in nuclear factor-E2-related factor 2-mediated antioxidant pathway (nuclear factor-E2-related 
factor 2, Kelch-like ECH-associated protein 1, heme oxygenase-1, and superoxide dismutase-2) in human 
microglial clone 3 cells. Resveratrol ameliorated the lipopolysaccharide-induced decrease of cell viability and 
proliferation, increase of cell apoptosis and reactive oxygen species level, and upregulation of the expression 
of pro-apoptotic genes. Additionally, resveratrol upregulated the expression of nuclear factor-E2-related 
factor 2 and its downstream antioxidant genes in lipopolysaccharide-treated human microglial clone 3 cells. 
Resveratrol protects human microglial clone 3 cells against lipopolysaccharide-induced injury by reducing 
oxidative stress through activating nuclear factor-E2-related factor 2-mediated antioxidant pathway.

Key words: Lipopolysaccharide, nuclear factor-E2-related factor 2, postoperative cognitive dysfunction, 
reactive oxygen species, resveratrol

Postoperative Cognitive Dysfunction (POCD) is 
a neurological disorder that is characterized by 
impaired memory, concentration, and information 
processing[1,2]. Currently, most studies suggest 
that POCD is related to factors such as surgery, 
anesthesia, age, and psychology[3-5]. However, the 
specific mechanism and pathogenesis of POCD 
are still not completely understood. Although 
there are various pathological factors associated 
with POCD, experimental studies have shown that 
the key mechanisms underlying the development 

of POCD are neuroinflammation, oxidative 
stress, and apoptosis in the central nervous 
system, particularly in the hippocampus, which 
is involved in memory formation and learning[6-8]. 
Early detection and prevention are crucial for the 
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clinical treatment of POCD, making it essential to 
clarify its pathogenesis and develop appropriate 
prevention strategies to reduce its incidence.
Microglial cells are a specialized type of immune 
cell that reside in the brain and are responsible 
for monitoring its activity. They play a critical 
role in protecting the brain from external damage 
and pathogen invasion, as well as monitoring 
the micro-environment of the central nervous 
system and maintaining neuro-homeostasis under 
normal physiological conditions[9,10]. In a state of 
normal physiology, microglia remains in a resting 
state. However, in the presence of inflammatory 
responses in the brain, microglia are stimulated 
and become activated[11]. Research has shown 
that over activation of microglia can contribute 
to neurodegenerative processes and play a pivotal 
role in the neuroinflammatory pathogenesis of 
Alzheimer's disease[12,13]. Human Microglial Clone 
3 (HMC3) cells have been widely utilized in the 
study of neuroinflammatory diseases[14,15].
Lipopolysaccharide (LPS) is a component of the 
outer membrane of gram-negative bacteria and is 
a potent activator of the immune system[16]. LPS 
induces activation of microglia and the production 
of oxygen free radicals, thereby promoting the onset 
and progression of neurodegenerative diseases. 
Animal studies and preclinical research have 
demonstrated that the use of anti-inflammatory 
medications can effectively inhibit the activation 
of microglia, reduce the level of inflammatory 
factors, and alleviate neuronal damage in the 
brain[17,18].
Resveratrol (trans-3,4',5-trihydroxystilbene, 
(RES)) is a natural polyphenol that can be found 
in grapes, peanuts, red wine, and other dietary 
sources. It possesses a variety of biological 
activities, including anti-inflammatory, 
antioxidant, cardiovascular protection, and anti-
aging properties[19-22]. Moreover, numerous animal 
models and in vitro studies have demonstrated 
that RES can protect neural cells from damage 
induced by various stimuli, such as corticosterone 
and cobalt chloride[23,24]. However, it is currently 
unknown whether RES can ameliorate the damage 
induced by LPS in HMC3 cells.
In this study, we aimed to establish a cell model 
of POCD using HMC3 cells induced by LPS and 
investigated the ameliorative effects of RES on 
LPS-induced damage to HMC3 cells. To elucidate 
the underlying mechanism, we examined the 

Nuclear factor erythroid 2-Related Factor 2 
(NRF2)-mediated antioxidant signaling pathway. 
The results of this study will provide experimental 
evidence for the potential of RES in treating 
POCD.

MATERIALS AND METHODS

Drugs and reagents:

LPS (L5293) was obtained from Sigma-Aldrich. 
RES (B20044) was purchased from Shanghai 
Yuanye Technology. The NRF2 antibody (AF0639) 
was acquired from Affinity Biosciences, and the 
Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH) antibody (TA802519) was obtained 
from OriGene. Additionally, phosphorylated 
NRF2 antibody (ET1608-28) was purchased from 
HUABIO, while Heme Oxygenase-1 (HO-1) 
antibody (43966S), Kelch-like ECH Associated 
Protein 1 (KEAP1) antibody (8047S), Superoxide 
Dismutase 2 (SOD2) antibody (13141T), B-CELL 
LYMPHOMA-2 (BCL-2) antibody (3498T), 
BCL-2 Associated X (BAX) antibody (41162S), 
and caspase-3 (9668T) were purchased from cell 
signaling technology.

Cell culture and treatment:

The HMC3 cells (CL-0620) was obtained from 
Wuhan Procell Biotechnology Co., Ltd. The cells 
were cultured in Eagle’s Minimum Essential 
Medium (EMEM) (Corning) supplemented with 
10 % (Fetal Bovine Serum (FBS), Gibco) and 1 
% antibiotic mixture, and incubated at 37° with 
5 % Carbon dioxide (CO2)

[25]. The cells were 
seeded in 6-well plates or 96-well plates at a 
density of 2×105 cells/well or 5×103 cells/well. 
A stock solution of RES and LPS was prepared 
by dissolving in dimethyl sulfoxide (HY-Y0320, 
MedChemExpress). The cells were incubated with 
50 µM RES, 1000 ng/ml LPS, or their combination. 
After 48 h, cells were harvested for subsequent 
experiments. In a separate set of plates, cells were 
incubated for 48 h before conducting the Cell 
Counting Kit-8 (CCK-8) assay to evaluate cell 
viability and the 5-Ethynyl-2′-deoxyuridine (EdU) 
assay to evaluate cell proliferation.

CCK-8 assay:

The CCK-8 assay (GlpBio) was utilized to assess 
cell viability. HMC3 cells were cultured and 
exposed to LPS and RES. The cells were treated 
with LPS (10, 100, 1000 ng/ml) in a 96-well plate 
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at a density of 5×103 cells/well for 24, 48, and 72 h 
to determine the drug's cytotoxic effect. The 1000 
ng/ml LPS and 48 h were selected for subsequent 
analysis. RES (50 µM) was co-administered with 
LPS to assess its protective effect against LPS. The 
CCK-8 solution (10 μl) was added to each well 4 
h prior to the end of the incubation for 48 h. The 
difference in absorbance values obtained at 450 
nm was used to evaluate the potential cytotoxic 
effects of LPS and/or RES. For each group, 
the average of replicates was utilized, and the 
outcomes were presented as a percentage of cell 
viability in comparison to untreated cells. The data 
was reported as mean±Standard Deviation (SD)[26].

EdU assay:

The EdU cell proliferation detection kit (CX003, 
Shanghai Epizyme) was used to determine the 
level of cell proliferation. The EdU reagent was 
added to the cells after treatment, and the cells 
were incubated at 37° for 2 h. To remove unbound 
EdU dye, the cells were washed with serum-free 
medium three times. The level of cell proliferation 
was determined by counting the number of 
fluorescence-positive cells, which were visualized 
using a fluorescence microscope (OLYMPUS 
IX73).

Assessment of Reactive Oxygen Species (ROS):

Intracellular levels of ROS were measured 
using the ROS detection kit (R6033, 
US Everbright). Specifically, 10 μM of 
2,7-Dichlorodihydrofluorescein Diacetate (DCFH-
DA) was added to HMC3 cells and incubated at 
37° for 30 min. The cells were then washed three 
times with serum-free medium to remove any 
unbound ROS dye. Fluorescence experiments were 
conducted using a microplate reader (PerkinElmer 
EnSpire) and the data was analyzed quantitatively 
using GraphPrism 5.

Detection of apoptosis:

The apoptosis was detected using Annexin-V 
staining (Y6026M, US Everbright) according to 
the user manual. Briefly, cells were incubated with 
Annexin V dye and Annexin V binding buffer at 
a ratio of 1:100 at room temperature for 15 min 
in the absence of light. Subsequently, the cells 
were washed three times with serum-free medium 
to eliminate unbound Annexin-V dye. The level 
of cell apoptosis was determined by counting the 

number of red fluorescence-positive cells under 
an adherent state using a fluorescence microscope 
(OLYMPUS IX73).

Real-Time quantitative Polymerase Chain 
Reaction (RT-qPCR):

Total Ribonucleic Acid (RNA) was extracted from 
HMC3 cells using Trizol LS reagent (10296010CN, 
Invitrogen) for RT-qPCR. 1 µg of total RNA was 
reverse transcribed using a Superscript VILO kit 
(11754050, Invitrogen) in a final volume of 20 μl. 
The resulting complementary Deoxyribonucleic 
Acid (cDNA) (1 μl) was added to the SYBR green 
RT-PCR super mix (MF013-1, Mei5 Bioservices 
Co., Ltd.,) to achieve a final volume of 20 μl 
per well. Samples from each group were run in 
duplicate, and GAPDH was used as an endogenous 
control. Results were calculated using the 2−ΔΔCT 

method and expressed as an n-fold increase in gene 
expression using the control group as a calibrator[27]. 
The primers used for the target and reference 
genes are listed as follows; GAPDH, forward 
5’-GGAGCGAGATCCCTCCAAAAT-3’ and 
reverse 5’-GGCTGTTGTCATACTTCTCATGG-3’; 
BAX, forward 
5’-CCCGAGAGGTCTTTTTCCGAG-3’ and 
reverse 5’-CCAGCCCATGATGGTTCTGAT-3’; 
BCL-2, forward 
5’-GGTGGGGTCATGTGTGTGG-3’ and reverse 
5’-CGGTTCAGGTACTCAGTCATCC-3’.

Western blot:

Total proteins of HMC3 cells were prepared using 
the radio immunoprecipitation assay buffer (R0020, 
Solarbio) containing 1× protease inhibitor cocktail 
(HY-K0010, MedChemExpress) and 1× phosphatase 
inhibitor cocktail (HY-K0021, MedChemExpress). 
The concentration of the proteins was examined 
by disodium bicinchoninate protein assay kit 
(P0012, Beyotime Biotechnology). Total of 20 
μg proteins were separated by electrophoresis on 
sodium dodecyl sulfate-polyacrylamide gels. After 
electrophoresis, the samples were transferred onto 
a polyvinylidene fluoride membrane (Amersham, 
Little Chalfont, United Kingdom (UK)) using a 
transfer buffer at 280 mA for 1.5 h. The obtained 
membranes were incubated with 5 % non-fat dry 
milk in Tris-Buffered Saline with Tween® 20 
(TBST) for 1 h at room temperature, and then 
washed three times in TBST to remove the milk. 
The membranes were incubated with primary 
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The EdU-positive cells (shown in red) indicated 
the proliferation of HMC3 cells (fig. 2a). 
Compared to the control group, the LPS group 
exhibited a decrease in the positive rate of HMC3 
cells (fig. 2b). In addition, RES was able to restore 
the decreased positive rate induced by LPS. The 
findings indicate that RES can protect HMC3 cells 
from the decrease in proliferation induced by LPS.

Annexin V-positive cells (red) were used to 
indicate the apoptosis of HMC3 cells (fig. 3a). In 
comparison to the control group, the LPS group 
exhibited an increase number of positive HMC3 
cells (fig. 3b). In addition, RES was able to restore 
the increased number of positive HMC3 cells 
induced by LPS.

The messenger RNA (mRNA) levels of pro-
apoptotic genes (caspase-3 and BAX) were 
upregulated in the LPS group compared to the 
control, while their expression in the LPS+RES 
group was lower than those in the LPS group (fig. 
4a and fig. 4b). However, the mRNA level of anti-
apoptotic gene (BCL-2) did not show significant 
difference between the groups (fig. 4c). In 
addition, the results of Western blot confirmed the 
changes of these genes at protein level consistent 
with those at the mRNA level (fig. 4d-fig. 4g). 

In this study, we wanted to understand whether 
RES could protect against ROS production 
induced by LPS in HMC3 cells. The ROS levels 
were evaluated in HMC3 cells treated with LPS 
and RES for 48 h. Our findings demonstrate that 
LPS exposure resulted in a significant increase in 
ROS production compared to the control group. 
However, treatment with RES significantly 
reduced the levels of ROS induced by LPS (fig. 5). 

antibodies of caspase-3 (1:2000 dilution), BAX 
(1:2000 dilution), BCL-2 (1:2000 dilution), NRF2 
(1:2000 dilution), phosphorylated NRF2 (1:2000 
dilution), KEAP1 (1:1000 dilution), HO-1 (1:2000 
dilution), and SOD2 (1:2000 dilution) overnight 
at 4°. The next day, the membranes were washed 
three times with TBST and then incubated with 
peroxidase-conjugated goat anti-mouse or anti-
rabbit antibodies (1:10 000 dilution) for 1 h at room 
temperature. After washing, the membranes were 
analyzed using the enhanced chemiluminescence 
system (LumiGlo reserve; Seracare, Milford, 
Massachusetts, United States of America (USA)).

Statistical analysis:

The data are presented as mean±SD, and the 
reported values are the outcome of at least three 
experiments. To ensure reproducibility, all assays 
were repeated three times. The different groups 
were compared and analyzed using one-way 
analysis of variance with Tukey's post-test for 
comparison between the groups. A p<0.05 was 
considered statistically significant. The graphs 
were generated and organized using GraphPad 
Prism (Version 5.0, USA).

RESULTS AND DISCUSSION

The result of CCK-8 assay showed that LPS of 
1000 ng/ml decreased the viability of HMC3 cells 
at 48 h and 72 h, while LPS of 10 and 100 ng/
ml had no significant effect on cell viability (fig. 
1a). Therefore, the concentration of 1000 ng/ml 
and duration of 48 h were selected for subsequent 
experiments. In addition, RES significantly 
ameliorated the LPS induced reduction in cell 
viability compared to the LPS group (fig. 1b). 

Fig. 1: Effect of LPS in combination with RES on the viability of HMC3 cells. (a): HMC3 cells were exposed to concentrations of 10 
ng/ml, 100 ng/ml, and 1000 ng/ml for 24, 48, and 72 h to assess cell viability using the CCK-8 assay and (b): Additionally, the HMC3 
cells were exposed to LPS in combination with RES, and cell viability were assessed using the same method as above
Note: Data are presented as the mean±SD of at least three independent experiments. *p<0.05 compared to the LPS group,  
( ): Control; ( ): 10 ng LPS; ( ): 100 ng LPS and ( ): 1000 ng LPS
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Fig. 2: Effect of LPS in combination with RES on the proliferation of HMC3 cells. (a): The HMC3 cells were treated with 1000 ng/ml 
LPS and 50 µM RES, and then subjected to EdU staining (red) and Hoechst staining (blue) (Scale bar: 100 µm) and (b): The ratio 
of EdU positive cells to Hoechst positive cells 
Note: Data are presented as the mean±SD of at least three independent experiments, *p<0.05 and **p<0.01

Fig. 3: Effect of LPS in combination with RES on apoptosis of HMC3 cells. (a): Annexin V staining (red) of the HMC3 cells treated 
with 1000 ng/ml LPS combined with 50 µM RES (Scale bar: 50 µm) and (b): The percentage of Annexin V positive cells were shown
Note: Data are presented as the mean±SD of at least three independent experiments, *p<0.05
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Fig. 4: Effect of RES on the expression of pro-apoptotic and anti-apoptotic genes in HMC3 cells. The HMC3 cells were treated with 
a combination of 1000 ng/ml LPS and 50 µM RES for 48 h. (a-c): The mRNA levels of caspase-3, BAX, and BCL-2 were measured 
through q-PCR and (d-g): The protein levels of caspase-3, BAX, and BCL-2 were measured through Western blot 
Note: Data are presented as the mean±SD of at least three independent experiments, *p<0.05

Fig. 5: Effect of RES and LPS on intracellular ROS production of HMC3 cells. The HMC3 cells were exposed to 1000 ng/ml LPS 
in combination with 50 µM RES for 48 h. The intracellular ROS was measured with a ROS sensitive fluorescent dye, DCFH-DA
Note: Data are presented as the mean±SD of at least three independent experiments, *p<0.05
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rehabilitation, increase complications, raise 
mortality rates, and elevate medical expenses, 
it has become a current research focus[28-30]. 
However, the exact pathogenesis of POCD is not 
fully understood. Previous studies have shown that 
central inflammation, apoptosis, and oxidative 
stress also have significant impacts on the 
progression of POCD[31-33]. The cell models of POCD 
in vitro were constructed by using LPS induced 
microglia to simulate neuroinflammation[34,35]. 
It has been reported that neural inflammation 
models were constructed using BV2 and HMC3 
microglia cells, whereas HMC3 microglia cells 
are used in this study. The phenotype of microglial 
cells can be classified into two types; M1 (pro-
inflammatory) and M2 (anti-inflammatory). Upon 
exposure to LPS, microglial cells are stimulated 
to transform into the M1 phenotype, resulting 
in the generation of inflammatory response and 
exacerbates neuronal damage, ultimately resulting 
in neural dysfunction[36-38]. 

In this study, we examined whether the NRF2-
mediated antioxidative signaling pathway was 
involved in the RES protective effect of RES 
against LPS induced toxicity in HMC3 cells. 
Therefore, the protein levels of several key 
components in the NRF2-mediated antioxidative 
signaling pathway (NRF2, KEAP1, HO-1, and 
SOD2) were examined. The results showed that 
LPS upregulated the protein level of NRF2, 
phosphorylated NRF2, KEAP1, HO-1, and SOD2 
in HMC3 cells. Additionally, RES further elevated 
the protein levels of NRF2, phosphorylated 
NRF2, HO-1, and SOD2, while RES inhibited the 
increased protein level of KEAP1 in LPS-treated 
HMC3 cells (fig. 6).

With the aging of China's population, there are a 
growing number of elderly individuals undergoing 
various surgical procedures and anesthesia, 
resulting in an increased incidence of POCD. 
Due to the potential (POCD) to impede patient 

Fig. 6: Effect of LPS in combination with RES on the NRF2 signaling pathway in HMC3 cells. The HMC3 cells were exposed to 
1000 ng/ml LPS in combination with 50 µM RES for 48 h, and the protein levels of NRF2, p-NRF2, KEAP1, HO-1 and SOD2 were 
analyzed via western blot 
Note: Data are presented as the mean±SD of at least three independent experiments, *p<0.05
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the cytoplasm to inactive. After exposure to ROS, 
NRF2 separated from KEAP1 is phosphorylated 
and then transfers to the nucleus, regulating its 
downstream antioxidant genes HO-1, SOD and 
CAT and so on[44,45]. In this study, the expression 
levels of NRF2, p-NRF2 and its downstream 
antioxidant genes HO-1, SOD2, and its partner 
KEAP1 were increased in HMC3 cells induced by 
LPS, while RES supplement could further increase 
LPS-induced NRF2 antioxidant pathway. It is 
suggested that the modified expression of NRF2 
antioxidant pathway may be involved in the injury 
of HMC3 cells induced by LPS and a potential 
target for neural protection by RES. The decreased 
expression level of NRF2 should be regulated by 
siRNA to further prove the protective effect of 
RES on HMC3 cells induced by LPS.

In conclusion, the present study demonstrates that 
the upregulation of NRF2 in HMC3 cells activate 
the NRF2-regulated antioxidant defense pathway, 
which contributes to POCD cell model-induced by 
LPS in combination with RES (fig. 7). Our findings 
also suggest that NRF2 activation in the brain may 
be a novel strategy for protective effect of RES on 
LPS to prevent the cognitive decline in POCD.

Previous research has demonstrated that activating 
Sirtuin-1 (SIRT1) has universally beneficial effect 
on neurological protection. RES, a SIRT1 agonist, 
has been widely utilized as a neuroprotective agent 
in vitro[39]. It has been shown that RES ameliorate 
damage to osteoblasts, cardiomyocytes and acute 
lung cells induced by LPS[40-42]. Additionally, 
RES alleviate short-term learning and memory 
impairment in older mice after local anesthesia[43]. 
Therefore, RES was selected as one of candidates 
of protection of LPS. In this study, the mRNA 
and protein expression levels of BAX, caspase-3, 
and ROS production were increased in the HMC3 
cells induced by LPS, while the application of 
RES could restore LPS-induced increased ROS 
and apoptosis. Although the mRNA and protein 
expression level of BCL-2 in HMC3 cell induced 
by LPS had not reduced significantly, the ratio of 
BAX to BCL-2 was higher in LPS group. Therefore, 
it is speculated that RES supplement may become 
a protective drug during nervous system apoptosis 
and injury. 

NRF2 is the main regulatory factor of the 
antioxidant cell defense system and is expressed 
in most tissues, including the brain. Under 
physiological conditions, NRF2 binds to KEAP1 in 

Fig. 7: Scheme summarizing the protective effects of RES on LPS-induced HMC3 cells. RES treatment effectively suppressed 
LPS-induced oxidative stress and apoptosis injury. RES performed its role in ROS suppression, which mainly relied on the  
upregulation of the Nrf2-promoted antioxidation pathway
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