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Abstract: Postoperative cognitive dysfunction (POCD) is associated with neuroinfammation and oxidative stress,
but the underlying mechanisms remain unclear. Resveratrol (RES), a natural polyphenol, has shown neuroprotec-
tive potential; however, its effects on microglial injury related to postoperative neuroinflammation have not been
fully characterized. In this study, potential shared targets of RES and POCD were first explored using network phar-
macology, followed by experimental validation using an LPS-stimulated HMC3 microglial cell model. HMC3 cells
were treated with LPS (1000 ng/mL) and RES (50 uM), either with or without the NRF2 inhibitor ML385 (1 uM).
Cell viability, proliferation, apoptosis, ROS production, and NRF2-related markers were assessed using CCK-8, EdU
staining, flow cytometry, gPCR, Western blotting, and immunofluorescence. Network pharmacology suggested that
apoptosis- and NRF2-related antioxidant pathways may be involved in the effects of RES. LPS reduced cell viability
and proliferation and increased apoptosis, ROS production, BAX expression, and Caspase-3-related expression. RES
partially reversed these changes, increased NRF2, HO-1, and SOD2 expression, and decreased KEAP1 expression
under LPS-stimulated conditions. These RES-associated effects were partly weakened by ML385. Overall, RES may
attenuate LPS-induced oxidative stress and apoptosis in HMC3 microglial cells, partly involving NRF2-related signal-
ing. This study provides in vitro evidence supporting the potential protective role of RES in microglial injury related
to postoperative neuroinflammation.
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Introduction induced by surgery. Following surgery, circulat-

ing inflammatory cytokines, including IL-1, IL-6,

Postoperative cognitive dysfunction (POCD) fre-
quently occurs after surgery and may seriously
impair the quality of life of patients. Approxi-
mately 10-54% of patients develop POCD with-
in the first few weeks after surgery [1-3]. Factors
contributing to POCD include neuroinflamma-
tion, oxidative stress, autophagy impairment,
synaptic dysfunction, and reduced neurotroph-
ic support. POCD is also associated with vari-
ous neuropsychiatric conditions, such as de-
mentia, depression, and Alzheimer’s disease
[4]. However, the pathogenesis of POCD re-
mains incompletely understood, and current
findings are not entirely consistent. A key factor
in POCD is the systemic inflammatory reaction

and TNF-a, are often elevated. These factors
can further induce inflammatory responses in
the central nervous system through multiple
mechanisms. For example, perioperative TNF-a
can increase blood-brain barrier permeability.
These changes may exacerbate neuroinflam-
mation and delirium, contributing to POCD
[5-7].

As the resident immune cells of the central ner-
vous system (CNS), microglia help maintain
brain homeostasis and regulate neuroinflam-
matory responses [8, 9]. Even in the absence of
infection, surgical injury can activate innate
immunity. This response leads to increased
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pro-inflammatory cytokines in the hippocam-
pus, which can disrupt neurons involved in
learning and memory. Previous studies showed
that removing bone marrow-derived macro-
phages can reduce surgery-induced neuroin-
flammation and protect memory function [10,
11]. The HMC3 human microglial cell line has
been widely used in studies investigating neu-
roinflammatory mechanisms. Its stable charac-
teristics and robust inflammatory response
upon stimulation make it a useful in vitro model
[12, 13].

LPS-stimulated microglial models are com-
monly used to investigate inflammatory and
oxidative injury mechanisms relevant to post-
operative neuroinflammation and cognitive dys-
function [14, 15]. LPS administration rapidly
activates microglia, leading to damage to
GABAergic synapses and subsequent long-
term cognitive impairment, with significant
microglial activation observed in the hippocam-
pus during this period [16, 17]. In microglial
cells, LPS stimulation can trigger oxidative
stress responses and modulate NRF2-related
signaling [18]. ML385, an NRF2 inhibitor, can
inhibit the transcriptional activity of NRF2 by
directly binding to its DNA-binding domain [19].

Resveratrol is a natural polyphenolic compo-
und found in grapes, peanuts, red wine, and
other food sources, known for its various bio-
logical activities, including antioxidant, anti-
inflammatory, anticancer, neuroprotective, and
anti-aging properties [20-22]. Although direct
evidence for resveratrol’s role in POCD remains
limited, substantial evidence indicates that it
can modulate oxidative stress and neuroinfl-
ammatory responses in several other neuro-
logical conditions [23]. Moussa et al. conduct-
ed a clinical trial administering resveratrol to
patients with mild-to-moderate Alzheimer’s dis-
ease (AD). They found that resveratrol treat-
ment lowered metalloproteinase-9 (MMP-9)
levels in cerebrospinal fluid (CSF) and increased
the levels of macrophage-derived chemokine
(MDC), interleukin-4 (IL-4), and fibroblast gr-
owth factor-2 (FGF-2) [24]. Moreover, resvera-
trol may reduce inflammation and improve anxi-
ety- and depression-like behaviors caused by
maternal separation through the SIRT1/NF-kB
pathway [25]. Therefore, investigating whether
resveratrol can attenuate microglial injury rele-
vant to postoperative neuroinflammation and
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exploring the underlying molecular mecha-
nisms represents a meaningful research direc-
tion.

In this study, the potential molecular mecha-
nisms of resveratrol (RES) were investigated
using network pharmacology. Subsequently, an
LPS-induced injury model was established in
HMC3 microglial cells to study the protective
role of RES. To better understand its mecha-
nism of action, we focused on the NRF2 path-
way, which is known to be involved in oxidative
stress and apoptosis. Our results provide
experimental evidence that RES may attenuate
LPS-induced microglial injury associated with
oxidative stress and apoptosis.

Materials and methods
Network pharmacology analysis

Identification of targets associated with RES
and POCD: RES-related targets were retrieved
from the TCMSP database [26]. POCD-related
targets were obtained from the GeneCards
database by searching the keyword “postoper-
ative cognitive impairment” [27]. This term was
selected because it broadly describes postop-
erative cognitive decline and is conceptually
related to postoperative cognitive dysfunction.
Then, a filter (relevance score > 0.7) was appli-
ed to extract the final set of disease targets.

Screening core targets of RES: The score
(MCODE-score) values for each subcluster were
analyzed and evaluated using the MCODE plug-
in of Cytoscape [28]. The subclusters with the
highest score were selected. The shared tar-
gets of RES and POCD were analyzed with the
EcCentricity algorithm in the CytoHubba plugin
to identify hub targets.

Protein-protein interaction (PPl) network con-
struction: Possible therapeutic targets for
POCD were obtained by identifying the overlap-
ping targets between RES and POCD-related
genes. These common genes were entered into
the STRING 11.0 database [29], with the spe-
cies set to Homo sapiens and the combined
interaction score > 0.9. Unconnected nodes
were hidden, and the PPl network was finally
shown using Cytoscape 3.9.1.

Gene ontology (GO) enrichment analysis: GO
functional enrichment analysis of targets asso-
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ciated with RES and POCD was performed
using the clusterProfiler package, with the
identifier set as “OFFICIAL_GENE_SYMBOL"
and the species set as Homo sapiens. The
obtained data were used to generate the histo-
gram statistics for CC, MF, and BP. The first
twenty data points for CC, MF, and BP are
shown on the bars.

KEGG pathway enrichment analysis: The thera-
peutic targets of RES were converted from
‘SYMBOL' to the ‘UniProtkKB’ using the Uni-
Prot database (https://www.uniprot.org/) [30].
Next, the KEGG IDs were obtained and the path
information of the target was matched using
the KEGG Mapper (https://www.genome.jp/
kegg/mapper/) [31]. Finally, the color of the rel-
evant genes in the pathway was modified for
the subsequent analysis and prediction of the
POCD therapeutic pathway.

In vitro assay

Cell culture and treatment: HMC3 human
microglial cells (CL-0620; Wuhan Procell Bio-
technology Co., Ltd., Wuhan, China) were cul-
tured in EMEM medium (Corning, USA) supple-
mented with 10% fetal bovine serum (FBS;
Gibco, USA) and 1% antibiotics at 37°C in a
humidified incubator containing 5% CO,. Cells
were seeded into 6-well plates at 2 x 10° cells
per well or into 96-well plates at 5 x 102 cells
per well. Resveratrol (RES; 3,4’,5-trihydroxy-
trans-stilbene; purity > 98.0%; Merck KGaA,
Darmstadt, Germany; MFCD00133799) was
dissolved in dimethyl sulfoxide (DMSO; HY-
Y0320; MedChemExpress, USA) to prepare
the stock solution. The final concentration of
DMSO was equalized across all groups and
did not exceed 0.1%. The control and LPS
groups received the same final concentration
of DMSO as the vehicle control. Lipopolysac-
charide (LPS; L5293; Sigma-Aldrich, USA) was
prepared according to the manufacturer’s
instructions. ML385, an NRF2 inhibitor, was
used at a final concentration of 1 uM. The
experimental groups were as follows: control,
RES alone (50 uM), LPS alone (1,000 ng/mL),
LPS + RES, and LPS + RES + ML385. ML385
was used to assess whether NRF2-related sig-
naling was involved in the RES-associated
changes under LPS-stimulated conditions. All
treatments lasted for 48 h. After treatment,
cells were collected for subsequent assays.
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CCK-8 assay: To assess cell viability and the
cytotoxic profile of various treatments, HMC3
cells were subjected to a CCK-8 assay (GlpBio,
USA). Initially, cells were exposed to varying
concentrations of LPS (10, 100, or 1,000 ng/
mL) across a 24-72 h timeframe, while RES
cytotoxicity was screened within O, 10, 50, 100,
or 200 yM over 48 h. Following this optimiza-
tion, a 48-h treatment with 1,000 ng/mL LPS
was established as the experimental baseline.
Subsequent evaluations involved four distinct
groups: 50 yM RES, 1,000 ng/mL LPS, a com-
bination of LPS and RES, and a triple combina-
tion including 1 yM ML385. Viability was quan-
tified by adding 10 yL of CCK-8 reagent 4 h
prior to termination, with optical density (OD)
recorded at 450 nm.

EdU assay: Cell proliferation was measured
using an EdU cell proliferation detection kit
(CX003; Shanghai Epizyme Biotechnology Co.,
Ltd., Shanghai, China). After treatment, the
cells were incubated with EdU reagent at 37°C
for 2 h. The remaining EdU reagent was remov-
ed by washing the cells three times with serum-
free medium. The cells were then observed
under a fluorescence microscope (OLYMPUS
IX73; Olympus, Tokyo, Japan). The percentage
of EdU-positive cells was calculated as the
number of EdU-positive cells divided by the
number of DAPI-positive cells x 100%.

Assessment of reactive oxygen species (ROS):
To monitor oxidative stress, HMC3 cells were
incubated with the DCFH-DA probe (10 uM;
R6033; US Everbright Inc., Suzhou, China) for
a 30-minute period at 37°C, following the man-
ufacturer’s protocol (R6033, US Everbright).
Post-incubation, the removal of non-incorporat-
ed dye was achieved through triple washes
with serum-deprived medium. ROS-positive
populations and their fluorescence mean in-
tensity were subsequently detected by a
RaiseCyte 2L6C flow cytometer (Raisecare,
China).

Detection of apoptosis: Cell apoptosis was
detected using an Annexin V staining kit
(Y6026M; US Everbright Inc., Suzhou, China).
Briefly, treated cells were collected and incu-
bated with Annexin V dye diluted in binding buf-
fer at a ratio of 1:100 for 15 min at room tem-
perature in the dark. After staining, cells were
washed with serum-free medium and analyz-
ed using a RaiseCyte 2L6C flow cytometer
(Raisecare, China). The total apoptotic percent-
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Table 1. Primer sequences used for real-time quantitative PCR (RT-qPCR)

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)
Bcl-2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC
BAX TCAGGATGCGTCCACCAAGAAG TGTGTCCACGGCGGCAATCATC
Caspase-3 GGAAGCGAATCAATGGACTCTGG GCATCGACATCTGTACCAGACC
NRF2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
KEAP1 CAACTTCGCTGAGCAGATTGGC TGATGAGGGTCACCAGTTGGCA
HO-1 CCAGGCAGAGAATGCTGAGTTC AAGACTGGGCTCTCCTTGTTGC
SOD2 CTGGACAAACCTCAGCCCTAAC AACCTGAGCCTTGGACACCAAC
GAPDH AAGGTCATCCCTGAGCTGAA TGACAAAGTGGTCGTTGAGG

age was calculated from the apoptotic cell pop-
ulations in the Annexin V/PI flow cytometry
plots.

Immunofluorescence staining: After treatment,
cells grown on coverslips were fixed with 4%
paraformaldehyde for 20 min and permeabi-
lized with 0.1% Triton X-100 (Biosharp, China)
for 10 min. Non-specific binding was blocked
with 5% bovine serum albumin (BSA; Beyotime,
China) for 30 min. Cells were then incubated
overnight at 4°C with primary antibodies
against NRF2 (AFO639; Affinity Biosciences,
China), HO-1 (43966S; Cell Signaling Tech-
nology, USA), KEAP1 (8047S; Cell Signaling
Technology, USA), or SOD2 (131441T; Cell Sig-
naling Technology, USA). After washing, cells
were incubated with a fluorescent secondary
antibody (AB150077; Abcam, UK) for 1 h at
room temperature. Nuclei were stained with
DAPI (Biosharp, China) for 15 min. Images were
obtained using a Nikon Eclipse 80i fluores-
cence microscope (Nikon, Tokyo, Japan). For
immunofluorescence quantification, the mean
fluorescence intensity of each target protein
was measured using ImageJ software and nor-
malized to the control group.

Real-time quantitative PCR (RT-gPCR): Total
RNA was extracted from HMC3 cells using
TRIzol LS reagent (Invitrogen, USA). Reverse
transcription was performed using 1 pg of
total RNA and the SuperScript VILO cDNA syn-
thesis kit (Invitrogen, USA). gPCR was conduct-
ed using SYBR Green Realtime PCR Super Mix
(Mei5 Bioservices, China) in a 20 uL reaction
system. GAPDH was used as the internal refer-
ence gene. Relative mRNA expression was cal-
culated using the 224t method. All reactions
were performed in duplicate, and primer
sequences are listed in Table 1.

Western blot: Total protein was extracted from
HMC3 cells using RIPA lysis buffer supplement-
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ed with protease and phosphatase inhibitors.
Protein concentration was measured using a
BCA protein assay kit. Equal amounts of protein
were separated by SDS-PAGE and transferred
onto PVDF membranes. After blocking with 5%
non-fat milk, the membranes were incubated
overnight at 4°C with primary antibodies
against NRF2 (AFO639; Affinity Biosciences,
China), phosphorylated NRF2 (ET1608-28;
HUABIO, China), HO-1 (43966S; Cell Signaling
Technology, USA), KEAP1 (8047S; Cell Signaling
Technology, USA), SOD2 (131441T; Cell Signaling
Technology, USA), Bcl-2 (3498T; Cell Signaling
Technology, USA), BAX (41162S; Cell Signaling
Technology, USA), pro-Caspase-3 (9668T; Cell
Signaling Technology, USA), or GAPDH (TA802-
519; OriGene, USA). After washing, the mem-
branes were incubated with HRP-conjugated
secondary antibodies for 1 h at room tempera-
ture. Protein bands were visualized using an
ECL detection system.

Statistical analysis

All quantitative results are expressed as the
mean * standard deviation (SD) derived from a
minimum of three independent biological repli-
cates. Statistical significance between groups
was evaluated using a one-way analysis of vari-
ance (ANOVA) coupled with Tukey’s post hoc
test for multiple comparisons. A p value < 0.05
was deemed statistically significant. All statisti-
cal analyses and figure generation were execut-
ed using GraphPad Prism 10.0 software.

Results
Network pharmacology analysis

We utilized network pharmacology analysis to
explore the possible molecular mechanisms of
RES in pathways related to POCD. The keyword
“postoperative cognitive impairment” was en-
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tered into the GeneCards database to identify
POCD-related targets. After screening Gene-
Cards with a relevance score > 0.7 and remov-
ing duplicate records, 2,243 target genes were
retained. In addition, 130 target genes related
to RES were collected from the TCMSP data-
base. Venn analysis was then performed with
the R package Venn, which identified 88 over-
lapping genes (Figure 1A).

These overlapping genes were analyzed in the
STRING 11.0 database, specifying Homo sapi-
ens as the selected species and a combined
score greater than 0.9. Free targets were hid-
den, and PPl model was constructed. The final
network consists of 81 nodes and 467 edges,
where the number of between two nodes is
indicative of their interaction strength (Figure
1B). The tsv files in the PPl model were import-
ed into the Cytoscape 3.9.1 software for clus-
ter analysis using the MCODE algorithm. The
sub-cluster with the largest MCODE score
(MCODE Score = 14.778) was selected. From
this sub-cluster, the top 10 key hub genes
(STAT3, IL6, NFE2L2, CCND1, BCL2L1, CASP3,
FOX01, BCL2, NFKBIA, IL10) were identified
using the EcCentricity algorithm and are shown
in Figure 1C. Among the identified hub genes,
NFE2L2 (also known as NRF2) was closely con-
nected with other key nodes in the network.
Given that RES is known to enhance the activi-
ty of antioxidant enzymes, such as superoxide
dismutase (SOD) and catalase (CAT), potentially
by activating the NRF2 signaling pathway [32].
Furthermore, the NRF2/HO-1 pathway and the
STAT3 pathway are known to regulate each
other. Suppression of NRF2/HO-1 signaling
may be accompanied by activation of the JAK2/
STAT3 cascade, whereas inhibition of JAK2/
STAT3 may enhance NRF2/HO-1 signaling [33,
34]. NRF2 activation also upregulates NQO1
and HO-1 expression, which can reduce IL-6
expression induced by ROS [35]. These intri-
cate connections suggest that NFE2L2 may
play a central role in the therapeutic effects of
RES and warrants further investigation.

We performed KEGG pathway enrichment anal-
ysis to explore which signaling pathways may
be involved in the effects of RES on POCD. A
total of 238 pathways were significantly enri-
ched (adjusted P < 0.05), and the top 20 path-
ways are shown in Figure 1D. Several apopto-
sis-related pathways were strongly enriched,
including “Apoptosis”, “Apoptosis - multiple spe-
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cies”, and the “p53 signaling pathway”. The
FoxO signaling pathway was also enriched and
is known to regulate oxidative stress responses
by promoting the expression of antioxidant
genes, such as SOD2 and peroxiredoxins, in dif-
ferent cell compartments [36]. Combined with
the PPl and KEGG results, four hub genes were
mapped to the apoptosis pathway: BCL2,
CASP3, BCL2L1, and NFKBIA.

GO enrichment analysis was then performed to
further characterize the biological functions of
the shared targets. The top GO terms for bio-
logical process (BP), cellular component (CC),
and molecular function (MF) are shown in
Figure 1E. In the BP category, many terms were
related to apoptosis, including regulation of
apoptotic signaling, intrinsic apoptotic signal-
ing, and negative regulation of apoptosis. Oxi-
dative stress-related terms and the term
“response to lipopolysaccharide” were also
enriched. In the CC category, the targets were
enriched in cellular locations related to these
processes, including the mitochondrial outer
membrane, membrane raft/caveola, protein
kinase complex, and cyclin-dependent protein
kinase complex. In the MF category, oxidative
stress-related functions, including antioxidant
activity, heme binding, and tetrapyrrole bind-
ing, and apoptosis-related functions, including
death domain binding and ubiquitin protein
ligase binding, were enriched. Overall, these
enrichment results suggest that RES may be
involved in both oxidative stress control and
apoptosis regulation in POCD-related path-
ways.

Network pharmacology analysis suggested
that apoptosis-related signaling is a key path-
way associated with the effects of RES.
Furthermore, NRF2 (NFE2L2) exhibited strong
connections with other hub genes, and previ-
ous studies have documented a direct regula-
tory role of RES on NRF2 in other diseases. This
highlights NRF2’s potential as a therapeutic
target for RES. Therefore, NRF2-related antioxi-
dant signaling and apoptosis-related pathways
were selected for subsequent experimental
validation [37-39].

RES partially restored the decrease in HMC3
cell viability induced by LPS

Cell viability decreased in a concentration-

dependent manner following RES treatment,
with clear reductions at 100 and 200 uM
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Figure 1. Network pharmacology analysis of potential shared targets of RES and POCD. Targets of RES and POCD
were obtained from the TCMSP and GeneCards databases, respectively. Overlapping targets were used to construct
the PPI network. GO and KEGG enrichment analyses were then performed to explore the potential biological pro-
cesses and pathways associated with the shared targets. A. Venn diagram illustrating the common targets between
RES and POCD. B. PPI network depicting the interactions among the potential targets of RES and POCD. C. Hub gene
analysis showing the key genes with central roles in the network. D. KEGG pathway analysis revealing the major bio-
logical pathways associated with the common targets of RES and POCD. E. GO analysis highlighting the enrichment
of these targets in biological processes, molecular functions, and cellular components.
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Figure 2. Effects of RES and LPS on HMC3 cell viability. A. HMC3 cells were treated with different concentrations of
resveratrol (RES; O, 10, 25, 50, 100, and 200 uM) for 48 h, and cell viability was measured using the Cell Count-
ing Kit-8 (CCK-8) assay. B. Cell viability in different treatment groups, including control, lipopolysaccharide (LPS),
RES, LPS + RES, and LPS + RES + ML385. C. Chemical structure of RES. D. HMC3 cells were treated with different
concentrations of LPS (10, 100, and 1000 ng/mL) for 24, 48, and 72 h, and cell viability was measured by CCK-8
assay. Data are presented as the mean + SD from at least three independent experiments. ns, not significant; *P <
0.05, **P < 0.01, ***P < 0.001.

(Figure 2A). Therefore, 50 uM RES was sele- associated protective effect under LPS-stimu-
cted for subsequent experiments. In the LPS lated conditions (Figure 2B). The chemical
injury model, RES alone did not significantly structure of RES is shown in Figure 2C. LPS
affect cell viability compared with the control concentration screening showed that 1,000
group. LPS markedly reduced HMC3 cell viabil- ng/mL LPS caused the most obvious reduction
ity, while RES partially restored this reduction. in cell viability at 48 and 72 h (Figure 2D).
Compared with the LPS + RES group, the LPS + Based on these results, 1,000 ng/mL LPS and
RES + ML385 group showed lower cell viability, 50 uM RES for 48 h were selected for subse-
suggesting that ML385 attenuated the RES- quent experiments.
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RES partially reversed LPS-induced prolifera-
tion inhibition in HMC3 cells

Cell proliferation was evaluated using EdU
staining. Compared with the control group, LPS
treatment reduced the number of EdU-positive
HMC3 cells. RES treatment partly increased
EdU-positive cells under LPS-stimulated condi-
tions. Quantitative analysis showed that the
percentage of EdU-positive cells was lower in
the LPS group than in the control group, while it
was higher in the LPS + RES group than in the
LPS group. Compared with the LPS + RES gro-
up, the LPS + RES + ML385 group showed a
lower percentage of EdU-positive cells, sug-
gesting that ML385 reduced the RES-
associated improvement in cell proliferation
under LPS-stimulated conditions (Figure 3).

RES attenuated LPS-induced apoptosis in
HMC3 cells

Apoptosis in HMC3 cells was measured by
Annexin V staining. The total apoptotic percent-
age was calculated from the apoptotic cell pop-
ulations shown in the Annexin V/PI flow cytom-
etry plots. Compared with the control group,
LPS increased the percentage of apoptotic
cells. RES reduced LPS-induced apoptosis.
Compared with the LPS + RES group, the LPS +
RES + ML385 group showed a higher apoptotic
percentage, suggesting that ML385 partly
reduced the RES-associated anti-apoptotic
effect under LPS-stimulated conditions (Figure
4).

RES inhibited the LPS-induced ROS production
in HMC3 cells

We next examined ROS production in LPS-
treated HMC3 cells. LPS markedly increased
intracellular ROS compared with the control
group. RES treatment reduced ROS levels in
LPS-stimulated cells. Compared with the LPS +
RES group, the LPS + RES + ML385 group
showed higher ROS levels, suggesting that
ML385 partly reduced the RES-associated
suppression of ROS production under LPS-
stimulated conditions (Figure 5).

RES attenuated LPS-induced changes in
apoptosis-related markers in HMC3 cells

Representative Western blot bands are shown
in Figure 6A. The LPS group showed higher
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expression of BAX and pro-Caspase-3 proteins
than the control group, while Bcl-2 protein
expression remained largely unchanged. RES
treatment attenuated the LPS-induced increas-
es in BAX and pro-Caspase-3. Compared with
the LPS + RES group, the LPS + RES + ML385
group showed higher BAX protein expression,
while pro-Caspase-3 protein expression sh-
owed a slight but non-significant increase
(Figure 6B and 6D). There was no significant
difference in Bcl-2 protein levels among the
groups (Figure 6C). Similar patterns were
observed at the mRNA level. LPS upregulated
BAX and Caspase-3 mRNA expression, where-
as RES reduced these changes. Compared with
the LPS + RES group, the LPS + RES + ML385
group showed higher BAX and Caspase-3
MRNA expression (Figure 6E and 6G), while
Bcl-2 mRNA expression remained unchanged
(Figure 6F). Together, these data suggest that
RES may mitigate LPS-induced apoptotic res-
ponses in HMC3 cells.

RES was associated with enhanced NRF2-
related antioxidant signaling in LPS-treated
HMC3 cells

Immunofluorescence staining and quantitative
analysis were used to evaluate HO-1, KEAP1,
NRF2, and SOD2 expression. Compared with
the control group, LPS increased the fluores-
cence intensity of HO-1, NRF2, and SOD2, while
KEAP1 fluorescence intensity was reduced.
Compared with the LPS group, the LPS + RES
group showed higher HO-1, NRF2, and SOD2
fluorescence intensity and lower KEAP1 fluo-
rescence intensity. After ML385 was added to
the LPS + RES treatment, HO-1, NRF2, and
SOD2 fluorescence intensity decreased, while
KEAP1 fluorescence intensity partly increased
compared with the LPS + RES group (Figure
7A-D). These results suggest that RES may
enhance NRF2-related antioxidant responses
under LPS-stimulated conditions, and that this
effect may be partly weakened by ML385.

Western blot analysis showed similar trends.
Compared with the control group, LPS increas-
ed the protein levels of HO-1, p-NRF2, NRF2,
and SOD2, while KEAP1 protein expression was
decreased. Compared with the LPS group, RES
treatment further increased HO-1, p-NRF2,
NRF2, and SOD2 protein levels and further
reduced KEAP1 expression. In the LPS + RES +
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ML385 group, HO-1, p-NRF2, NRF2, and SOD2
protein levels were lower than those in the LPS
+ RES group, whereas KEAP1 expression was
higher (Figure 8A-F). qPCR analysis showed a
consistent expression pattern at the mRNA
level. RES increased HO-1, NRF2, and SOD2
MRNA expression and decreased KEAP1 mRNA
expression under LPS-stimulated conditions,
whereas ML385 partly reduced these RES-
associated transcriptional changes (Figure
8G-J). Together, these results suggest that RES
may strengthen NRF2-related antioxidant sig-
naling in LPS-treated HMC3 cells, accompa-
nied by KEAP1 downregulation and increased
HO-1 and SOD2 expression.

Discussion

POCD predominantly affects older adults after
surgery and is marked by a notable decline in
cognitive functions, such as coordination,
attention, memory, orientation, executive func-
tion, and verbal fluency [40]. At hospital dis-
charge, POCD is reported in about 30% of
younger patients and 40% of older patients.
After cardiovascular surgery, the incidence can
reach approximately 40% within the first week
and may still be about 17% at three months
[41]. The mechanisms underlying POCD remain
incompletely understood, but current evidence
implicates central inflammation, neuronal apo-
ptosis, and impaired synaptic plasticity [42,
43]. LPS-stimulated microglial models can be
used to investigate cellular mechanisms rele-
vant to postoperative neuroinfammation and
oxidative injury [14, 44].

POCD is linked to inflammatory activation of
hippocampal microglia. Xiaomei et al. showed
that inhibiting colony-stimulating factor 1 rece-
ptor (CSF1R) effectively reduces microglia in
the central nervous system, protecting against
POCD. This effect can lead to reduced levels of
inflammatory factors and decreased recruit-
ment of CCR2* leukocytes in the hippocampus
[45]. As a transcription factor, NRF2 is impor-
tant for the regulation of antioxidant genes and
anti-inflammatory activity. NRF2 and its main
inhibitor, Keapl, work together to maintain cel-
lular redox homeostasis, influence inflamma-
tion, and regulate HO-1 expression [46]. RES
exhibits a broad range of beneficial pharmaco-
logical activities. It can attenuate STZ-induced
learning and memory deficits and normalize the
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abnormal expression of AB1-42, Tau, BDNF,
and PSD95 [47]. Additionally, as ischemia is a
potential cause of POCD, RES administered
before injury may protect against focal cerebral
ischemia by decreasing BF cell loss and amelio-
rating cholinergic memory deficits and hippo-
campal synaptic damage. Therefore, RES repre-
sents a promising candidate for further inve-
stigation in POCD-related neuroinflammatory
injury [48, 49].

In this study, network pharmacology analysis
suggested that apoptosis-related pathways
and NRF2-associated antioxidant signaling may
be involved in the potential effects of RES.
Although several hub genes, including STAT3,
IL6, NFE2L2, BCL2, and CASP3, were identified
by network pharmacology, the present study
focused on the NRF2-related oxidative stress
and apoptosis axis for several reasons. First,
NFE2L2/NRF2 was one of the hub genes in the
PPI network and was closely connected with
apoptosis- and inflammation-related nodes.
Second, GO and KEGG analyses indicated en-
richment of oxidative stress- and apoptosis-
related biological processes, which were con-
sistent with the main injury phenotype observ-
ed in LPS-stimulated HMC3 cells, including
ROS accumulation and increased apoptosis.
Third, RES has been widely reported to regulate
cellular antioxidant responses through NRF2-
related signaling pathway, making this pathway
biologically plausible for experimental valida-
tion. In contrast, although STAT3 and IL6 are
also important inflammatory nodes, inflamma-
tory cytokine release and STAT3 phosphoryla-
tion were not directly measured in the present
study. Therefore, we did not further interpret
the STAT3/IL6 axis mechanistically. Future stu-
dies should examine whether inflammatory
pathways such as IL-6/STAT3 interact with
NRF2-related antioxidant signaling in RES-me-
diated protection against LPS-induced microg-
lial injury.

In vitro experiments showed that LPS induced
oxidative stress and apoptosis-related changes
in HMC3 cells, as reflected by increased ROS
levels and higher expression of BAX and pro-
Caspase-3. RES treatment reduced ROS accu-
mulation and apoptosis-related marker expres-
sion and improved cell viability under LPS-sti-
mulated conditions. These changes were acco-
mpanied by increased NRF2, p-NRF2, HO-1,

Am J Transl Res 2026;18(7):6132-6150
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Figure 8. RES enhanced NRF2-related antioxidant signaling in HMC3 cells. HMC3 cells were treated with RES, LPS,
LPS + RES, or LPS + RES + ML385 for 48 h. A. Representative Western blot bands of HO-1, p-NRF2, NRF2, KEAP1,
SO0D2, and GAPDH. B-F. Quantification of protein expression normalized to GAPDH. G-J. Relative mRNA expression
levels of HO-1, NRF2, KEAP1, and SOD2. Data are presented as the mean + SD from at least three independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 9. Schematic illustration of the proposed
protective effects of RES in LPS-induced HMC3 cell
injury. RES may attenuate oxidative stress and apop-
tosis in LPS-stimulated HMC3 cells, partly involving
NRF2-related signaling.

and SOD2 expression and decreased KEAP1
expression. KEAP1 is a key negative regulator
of NRF2. Under basal conditions, KEAP1 pro-
motes NRF2 ubiquitination and degradation,
thereby limiting NRF2-dependent transcription.
When KEAP1 expression or activity is reduced,
NRF2 may become more stable and more read-
ily activate downstream antioxidant genes,
including HO-1 and SOD2. Therefore, the de-
crease in KEAP1 observed after RES treatment
may help explain the increased NRF2-related
signal and the upregulation of HO-1 and SOD2.
Compared with the LPS + RES group, the LPS +
RES + ML385 group showed partial reduction
of these RES-associated antioxidant and anti-
apoptotic changes. These findings suggest that
NRF2-related signaling, together with a KEAP1-
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associated regulatory pattern, may be invol-
ved in the protective effects of RES in LPS-
stimulated HMC3 cells (Figure 9).

Several limitations of this work should be noted.
First, this study was based on a single LPS-
stimulated HMC3 cell model, which cannot fully
reproduce the biological features of primary
microglia or the complex pathological process
of POCD in vivo. Therefore, the protective
effects of RES need further validation in prima-
ry microglia, animal models, clinical samples,
and surgery- or anesthesia-induced POCD
models. Second, an ML385-alone group was
not included, and ML385, as a pharmacologi-
cal NRF2 inhibitor, may have concentration- or
cell context-dependent effects. Future studies
should include an ML385-alone group and use
NRF2 knockdown, overexpression, or rescue
experiments to confirm the specific role of
NRF2. Third, the network pharmacology analy-
sis used “postoperative cognitive impairment”
as the GeneCards search term. Although this
term is conceptually related to postoperative
cognitive dysfunction, different search terms
may affect the retrieved target set; thus, these
results should be interpreted as exploratory.
Future studies should use multiple POCD-
related search terms and target databases.
Finally, although STAT3 and IL6 were identified
as hub genes, they were not experimentally
validated in this study. Further work should
examine inflammatory pathways, especially the
IL6/STAT3 axis, and explore their interaction
with NRF2-related antioxidant signaling in RES-
mediated protection.
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