Biochemistry and Biophysics Reports 40 (2024) 101823

ELSEVIER

Contents lists available at ScienceDirect
Biochemistry and Biophysics Reports

journal homepage: www.elsevier.com/locate/bbrep

BB

Reports

Oxyresveratrol reduces lipopolysaccharide-induced inflammation and
oxidative stress through inactivation of MAPK and NF-kB signaling in brain

endothelial cells

a,b

Yan Zhou™', Qiaowen Deng®', Chi Teng Vong

, Haroon Khan ¢, Wai San Cheang®

2 State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences, University of Macau, Macau SAR, China
Y Macau Centre for Research and Development in Chinese Medicine, University of Macau, Macau SAR, China

¢ Department of Pharmacy, Abdul Wali Khan University Mardan, 23200, Pakistan

ARTICLE INFO ABSTRACT

Keywords: Inflammatory responses and oxidative stress damage the integrity of the blood-brain barrier (BBB), which is a
OXXreS"eratrOl_ primary pathological modulator of neurodegenerative diseases. Brain endothelial cells are crucial components of
frgm endothelial cells BBB. In the present study, the effect of oxyresveratrol on lipopolysaccharide (LPS)-induced brain endothelial
nflammation

(bEnd.3) cells was assessed. Our results showed that oxyresveratrol diminished protein expressions of inducible
nitric oxide synthase (iNOS) and adhesion molecules including intercellular adhesion molecule (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), nitric oxide (NO) production, and proinflammatory cytokines such
as interleukin-6 (IL-6) and tumor necrosis factor (TNF-a) in LPS-elicited bEnd.3 cells. These anti-inflammatory
effects were mediated through suppressing nuclear factor-kappa B (NF-kB) and mitogen-activated protein ki-
nase (MAPK) signaling pathways. In addition, we found that oxyresveratrol reduced reactive oxygen species
(ROS) levels. To conclude, the current results demonstrated the protective role of oxyresveratrol against LPS-
induced inflammation and oxidative stress in bEnd.3 cells, suggesting its potential effect for mitigating neuro-

Oxidative stress
Lipopolysaccharide

degenerative and cerebrovascular diseases.

1. Introduction

Inflammation and oxidative stress are widely considered to
contribute to various diseases, including neurodegenerative diseases
[1], cardiovascular diseases [2], and metabolic disorders [3].
Blood-brain barrier (BBB) is an important barrier that separates the
brain from the blood, protecting the central nervous system (CNS) from
toxins and pathogens in the blood [4]. BBB is mainly composed of
endothelial cells, pericytes, and astrocytic end-feet [5]. Inflammation
leads to BBB disruption and thereby increases the risk of brain diseases
such as Alzheimer’s disease, stroke, multiple sclerosis, and post-
traumatic brain injury [6]. Immortalized mouse brain endothelial cells
(bEnd.3 cells) together with lipopolysaccharide (LPS) induction, are
often used to study inflammation related to brain diseases in vitro. LPS, a
major component of the gram-negative bacterial cell wall, induces
inflammation and oxidative stress through activating classic nuclear
factor-kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)

signaling pathways [7].

Oxyresveratrol (trans-2,3,4,5-tetrahydroxystilbene) (Fig. 1) is a
natural stilbene found in grapes, peanuts, and mulberries [8]. It is an
isomer of hydroxylated resveratrol (trans-3,4',5-trihydroxystilbene) with
better water solubility [9] and stronger antioxidant effects [10]. Oxy-
resveratrol exhibits various biological activities, including antioxidant,
anti-inflammatory [8], antineoplastic, tyrosinase inhibitory, and
immune-boosting properties [11]. Previous studies have shown the
anti-inflammatory properties of oxyresveratrol, reducing the expres-
sions of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2), as well as the production of inflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) in macrophages
[12], human keratinocytes [13] and BV-2 microglial cells [14]. In
addition, oxyresveratrol prevents the upregulation of intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) induced by TNF-a in endothelial progenitor cells [15].
However, no research has focused on the anti-inflammatory effect of
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Fig. 1. Chemical structure of oxyresveratrol.
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oxyresveratrol on brain endothelial cells. Therefore, our study aims to
explore whether oxyresveratrol has anti-inflammatory and antioxidative
effects on an LPS-induced bEnd.3 cells model and investigate the un-
derlying mechanisms.

2. Materials and methods
2.1. Cell culture

The bEnd.3 cells (ATCC, USA) were cultured in DMEM/High Glucose
medium (HyClone, USA) with 10 % (V/V) fetal bovine serum (FBS,
Gibco, USA) and 1 % (V/V) penicillin streptomycin (P/S, Gibco, USA)
and maintained in the atmosphere of 95 % O3 and 5 % CO- at 37 °C. The
cells were passed when they reached 80 % confluent in flask (SPL,
Korea). Medium was changed to DMEM/High Glucose with 1 % FBS (V/
V) and 1 % (V/V) P/S before treating with oxyresveratrol (TCI, Japan).
Cells were divided into four groups: control, model (1 pg/mL LPS), low
dose (1 pg/mL LPS and 10 pM oxyresveratrol) and high dose groups (1
pg/mL LPS and 50 pM oxyresveratrol). Oxyresveratrol was dissolved by
DMSO (Sigma-Aldrich, USA). LPS was acquired from Sigma-Aldrich,
USA.

2.2. Cell viability assay

The bEnd.3 cells were treated with different concentrations of oxy-
resveratrol (0, 5, 10, 25, 50 pM) for 24 h in 96-well plates. 5 mg/mL 3-
[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
solution (J&K Scientific, China) was added into cells after removing the
medium. Cells were incubated at 37 °C for 4 h. DMSO was added after
removing MTT solution. Absorbance of each well was detected at a
wavelength of 490 nm by SpectraMax iD5 Multi-Mode microplate reader
(Molecular Devices, USA).

2.3. Measurement of nitric oxide (NO)

The bEnd.3 cells were pre-treated with oxyresveratrol for 4 h (low
dose group and high dose group) and stimulated by 1 pg/mL LPS for 24 h
in 6-well plates. The cultured medium was collected and added to 96-
well plate at a volume of 50 pl/well. Griess Reagent I and Griess Re-
agent II from NO test kit (Beyotime, China) at room temperature were
successively added to each well at a volume of 50 pl/well. Absorbance of
each well was detected at a wavelength of 540 nm by SpectraMax iD5
Multi-Mode microplate reader.

2.4. Measurement of inflammatory cytokines

The bEnd.3 cells were seeded in 6-well plates (6 x 10° cells/well) for
culture overnight and had the same drug treatments as mentioned
above. The conditioned cultured medium was collected for determina-
tion of inflammatory cytokines, IL-6 and TNF-a by ELISA kits (Milbio,
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China) according to the manufacturers’ instructions.
2.5. Western blot analysis

The bEnd.3 cells in 6-well plates had the same drug treatments as
mentioned above. 70 puL RIPA buffer (Beyotime, China) with 1 % pro-
tease inhibitor cocktail (Thermo Scientific, USA) and 1 % phenyl-
methylsulfonyl fluoride (PMSF, Thermo Scientific, USA) were added to
cells on ice after the medium was removed and washed twice with PBS.
The supernatants were collected after centrifugation at 4 °C for 30 min
at 15000 rpm. BCA protein assay kit (Beyotime, China) was used to
detect the concentrations of total protein of collected supernatants.
Proteins were denatured by SDS/PAGE loading buffer (5X, Beyotime,
China) and boiled for 8 min at 99 °C. The same amounts of protein (15
pg) were isolated by 10 % SDS-PAGE gels and transferred to poly-
vinylidene fluoride (PVDF, Bio-Rad, USA) membranes. The membranes
were blocked by 5 % de-fatted milk (Bio-Rad, USA) in Tris-Buffered
Saline/Tween 20 (TBST) for 2 h and probed with primary antibodies:
GAPDH (Proteintech, 60004-1-Ig), IkBa (Cell Signaling Technology,
48148S), p-IkBua (Cell Signaling Technology, 2859S), p38 (Cell Signaling
Technology, 8690S), p-p38 (Cell Signaling Technology, 4511S), NF-kB
p65 (Proteintech, 66535), p-NF-«B p65 (Cell Signaling Technology,
3033S), JNK (Cell Signaling Technology, 9252S), p-JNK (Proteintech,
80024-1-RR), ICAM-1 (Proteintech, 10831-1-AP), VCAM-1 (Cell
Signaling Technology, 14694S), IKKa (Cell Signaling Technology,
61294S), IKKP (Cell Signaling Technology, 8943S), p-IKKa/p (Cell
Signaling Technology, 2697S) and iNOS (Proteintech, 18985-1-AP)
diluted with TBST overnight at 4 °C. The membranes were washed
with TBST for 30 min and incubated with the secondary antibodies (anti-
rabbit, Beyotime, A0208; anti-mouse, Beyotime, A02616) diluted with
TBST at 1:3000 for 1.5 h at room temperature. After washing with TBST
for 15 min, the protein bands were visualized by Supersignal™ West
Femto Highest Sensitivity Substrate (Thermo Scientific, USA). The bands
were photographed by ChemiDocTM MP Imaging System (BIO-RAD,
USA) and quantified by Image Lab software.

2.6. Immunofluorescence assay

The bEnd.3 cells were seeded in PhenoPlate-96 TC + lid/case 2 x
20B (PerkinElmer, Canada) and cultured for one day. Cells had the same
drug treatments as mentioned above. After removing the medium, cells
were washed three times with PBS and fixed with 4 % polyformaldehyde
(Beyotime, P0099) for 20 min. After washing by PBS three times, cells
were permeabilized with 0.1 % Triton X-100 (Beyotime, T8787) dis-
solved in PBS for 10 min. Cells were blocked for 30 min by blocking
solution: 3 % bovine serum albumin (BSA, Sigma-Aldrich USA) con-
taining 0.3 % glycine (Sigma-Aldrich, USA) and 0.1 % tween-20 (Sigma-
Aldrich, USA). Subsequently, cells were incubated with p-NF—«B p65
primary antibody diluted with blocking solution at 1:800 overnight at
4 °C. Cells were washed with PBS for 3 times and incubated with the
Alexa Fluor 488-labeled secondary antibody (Beyotime, A0423) diluted
with blocking solution at 1:500 for 1 h at room temperature. Nucleus
was stained by DAPI (beyotime, C1006) for 5 min at room temperature.
Finally, fluorescence images were photographed by Opera Phenix Plus
High-Content Screening System (PerkinElmer, Canada).

2.7. Detection of intracellular reactive oxygen species (ROS) production

Dihydroethidium (DHE, Invitrogen, D11347) and 5-(and-6)-chlor-
omethyl-2',7"-dichlorodihydrofluorescein ~ diacetate (CM-H2DCFDA,
Invitrogen, D6827) staining measurements of ROS production were
conducted. The bEnd.3 cells were pre-treated with oxyresveratrol for 4 h
and stimulated by LPS for 24 h in 24-well plates as mentioned above.
After removing the medium, cells were stained by DHE or CM-H;DCFDA
according to the instructions. The fluorescence of DHE staining was
detected by Incucyte S3 Live-Cell Analysis System (BD, USA). The
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fluorescence of CM-H;DCFDA staining was detected by Leica-DMi8
Inverted fluorescent microscope (Leica, Germany).

2.8. Statistical analysis

All data were analyzed by GraphPad Prism 10 software, Image Lab
software, ImagelJ software, FlowJo software (BD, America) and shown
as mean + SEM. Significant differences between the experimental
groups were determined using one-way ANOVA, followed by post hoc
analysis Bonferroni’s test. P < 0.05 was regarded as statistically signif-
icant difference. Every experiment was conducted for at least three
times.

3. Results

3.1. Oxyresveratrol reduces adhesion molecules in bEnd.3 cells stimulated
with LPS

We firstly evaluated whether oxyresveratrol with various concen-
trations influenced the cell viability of bEnd.3 cells by MTT analysis. The
results showed that there was no significant effect in the cell viability
after 24 h of treatment with oxyresveratrol at 5 pM, 10 pM, 25 pM and
50 pM in bEnd.3 cells (Fig. 2A). Among the safe concentrations, we
selected two, 10 and 50 pM to investigate the effects of oxyresveratrol on
bEnd.3 cells in the following experiments.

We evaluated the anti-inflammatory effect of oxyresveratrol using
the LPS-induced bEnd.3 endothelial cell model. As shown in Fig. 2B-D,
LPS stimulation (1 pg/mL) for 24 h led to enhanced protein expressions
of adhesion molecules including ICAM-1 and VCAM-1 in bEnd.3 cells.
Oxyresveratrol used at 10 and 50 pM significantly reversed the increase
of the protein expressions of ICAM-1 and VCAM-1 upon LPS exposure,
implicating that oxyresveratrol could reduce adhesion molecules on the
endothelial surface of BBB during inflammation.

3.2. Oxyresveratrol diminishes production of NO and inflammatory
cytokines in LPS-treated bEnd.3 cells

In bEnd.3 cells, stimulation with LPS at 1 pg/mL for 24 h increased
protein level of iNOS, causing an outbreak of NO production, which
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could lead to the development of inflammation. The present study
demonstrated that the increase of iNOS expression stimulated with LPS
was diminished by higher concentration 50 pM of oxyresveratrol
(Fig. 3A). Meanwhile, oxyresveratrol markedly alleviated NO genera-
tion at 10 pM and 50 pM (Fig. 3B). Furthermore, oxyresveratrol pre-
treatment inhibited the LPS-triggered elevations of IL-6 and TNF-a in
bEnd.3 cells (Fig. 3C and D). These results indicated that the treatment
of oxyresveratrol could ameliorate LPS-mediated proinflammatory
responses.

3.3. Oxyresveratrol mitigates MAPK signaling in bEnd.3 cells stimulated
with LPS

To investigate the mechanisms of LPS-activated inflammation, we
measured MAPK signaling pathway by western blots. In bEnd.3 cells, 24-
h LPS (1 pg/mL) induction elevated the phosphorylation expressions of
p38 MAPK at Thr180/Tyr182 (Fig. 4A) and c-Jun N-terminal kinase
(JNK) at Thr183/Tyr185 (Fig. 4B), which were changed by oxy-
resveratrol in concentration-dependent manner. These results demon-
strated that phosphorylation of p38 and JNK in MAPKs involved in LPS-
triggered inflammatory responses could be reversed by oxyresveratrol in
bEnd.3 cells.

3.4. Oxyresveratrol diminishes NF-xB inflammatory signaling in bEnd.3
cells infected with LPS

Generally, BBB dysfunction caused by the increase of adhesion
molecules is due to activation of NF-xB signaling pathway in neuro-
inflammation. Upon stimulation to LPS (1 pg/mL, 24 h), the phos-
phorylation of IKKa/p at Ser176,/180, IkBx at Ser32 and p65 at Ser536 in
NF-kB pathway in bEnd.3 cells were noticeably enhanced (Fig. 5).
Oxyresveratrol at 50 pM effectively downregulated the phosphorylation
of inhibitory kB kinase (IKK)a/p at Serl76/180 (Fig. 5A-C). The
enhanced phosphorylation of IkBa at Ser32 and p65 at Ser536 were
normalized by co-treatment of oxyresveratrol at both concentrations 10
pM and 50 pM (Fig. 5D-E), whereas the total protein levels of IKKo/p,
IkBa and p65 were unchanged. In addition, the NF-xB p65 phosphory-
lation and nuclear translocation were simultaneously assessed by
immunofluorescence. The results showed that LPS-induced bEnd.3 cells
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Fig. 2. Effect of oxyresveratrol on cell viability and on LPS-stimulated adhesion molecules in bEnd.3 cells. (A) Cells were cultured with the indicated
concentration (5-50 pM) of oxyresveratrol for 24 h, and the numbers of viable cells were determined by MTT assay. (B-D) Cells were pretreated with 10 pM and 50
M of oxyresveratrol for 4 h followed by the presence of 1 pg/mL LPS or with LPS alone for 24 h for determination of ICAM-1 and VCAM-1 protein expressions by
western blots. All data are mean + SEM (n = 6). #p < 0.05 vs. control, *p < 0.05 vs. LPS.



Y. Zhou et al.

INOS |

GAPDH | "D T T

__ 20 #
E £ 1s =
8 *
') o 1.0 —
o=
Z5 05
L
0.0 T T
LPS (1 pg/mL) - + + +
Oxyresveratrol (uM) - - 10 50
C
150 #
E 100
*
2 — W
3 50
0 I T l T
LPS (1 pg/mL) . + o+ +
Oxyresveratrol (uM) - - 10 50

Biochemistry and Biophysics Reports 40 (2024) 101823

15 #
35 *
© O
g E 1.0 I *
58
[}
x g
g_'g 0.5
L
0.0 T T
LPS (1 pg/mL) - + + +
Oxyresveratrol (uM) - - 10 50
D
800 #
o)
600 *
£ *
£ 400 -
i
= 200
0 [ T 1 T
LPS (1 pg/mL) - + = +
Oxyresveratrol (uM) - - 10 50

Fig. 3. Effect of oxyresveratrol on LPS-induced iNOS expression, NO production and inflammatory cytokines in bEnd.3 cells. Cells were pretreated with 10
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kDa). (B) The levels of NO generation were examined by Griess reagent assay. (C, D) The proinflammatory cytokines levels of IL-6 and TNF-a were tested by ELISA.

All data are mean + SEM (n = 6). #p < 0.05 vs. Control, *p < 0.05 vs. LPS.
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Fig. 4. Effect of oxyresveratrol on LPS-stimulated JNK and p38 MAPK in bEnd.3 cells. Cells were incubation with 10 pM and 50 uM of oxyresveratrol for 4 h and
then co-treated the presence of 1 pg/mL LPS or with LPS alone for 24 h. Representative western blots and their analysis of the phosphorylation of (A) p38 at Thr180/
Tyr182 (40 kDa) and (B) JNK at Thr183/Tyr185 (46 kDa, 54 kDa) in bEnd.3 cells. All data are mean + SEM (n = 6). #p < 0.05 vs. Control, *p < 0.05 vs. LPS.

(1 pg/mL) had upregulation of NF-kB p65 phosphorylation and nuclear
translocation, while co-incubation of oxyresveratrol diminished such
translocation (Fig. 6). These data illustrated that oxyresveratrol could
abate the inflammatory responses via NF-kB signaling pathway in
bEnd.3 cells infected with LPS.

3.5. Oxyresveratrol suppresses oxidative stress in bEnd.3 cells insulted by
LPS

To examine the antioxidant capacity of oxyresveratrol, ROS levels in
bEnd.3 cells were measured using two probes including DHE and CM-
HoDCFDA. As shown in Fig. 7, after incubation with LPS concentration

of 1 pg/mL for 24 h, the fluorescence intensity remarkably increased,
suggesting an excessive level of intracellular ROS. Pretreatment of
oxyresveratrol (10 and 50 pM, 4 h) significantly suppressed the level of
ROS in bEnd.3 cells imposed by LPS. Our results indicated that oxy-
resveratrol could attenuate ROS generation in bEnd.3 cells.

4. Discussion

In our present study, we explored the suppressive effects of oxy-
resveratrol on inflammation and oxidative stress in brain endothelial
cells and investigated the underlying mechanisms. Our results suggested
that treatment with oxyresveratrol following LPS stimulation strongly
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keeping protein. All data are mean + SEM (n = 6). #p < 0.05 vs. Control, *p < 0.05 vs. LPS.

attenuated inflammatory responses and oxidative stress in bEnd.3 cells.
This effect was achieved by suppressing MAPK and NF-«kB signaling
pathways.

The BBB is composed of three types of cells in the cerebral micro-
vascular system, including endothelial cells, astrocytes, and pericytes
[16]. Among them, endothelial cells of brain microvessels are the most
important structure for BBB formation, as they control the entry and exit
of blood-derived substances and leukocytes under normal physiological
conditions [17]. In pathological conditions, most leukocytes are acti-
vated and migrated, thereby disrupting the integrity of BBB, which
could cause neurological disorders, including neuroinflammation,
stroke, and neurodegenerative diseases [18-20]. In our study, we chose
bEnd.3 cells to investigate the effect of oxyresveratrol on inflammation
and oxidative stress related to BBB dysfunction. The BBB damage is
closely related to the upregulation of adhesion molecules in bEnd.3 cells
[21]. ICAM-1 and VCAM-1 are essential receptors that maintain inter-
cellular adhesion and affect leukocyte migration, which are significantly
increased in multiple sclerosis, dementia, cognitive impairment, and
Alzheimer’s diseases associated with neuroinflammatory conditions
[20,22]. Our data agreed with prior studies showing that LPS-induced
bEnd.3 cells exhibited enhanced expressions of ICAM-1 and VCAM-1,
leading to leukocyte adhesion to brain microvascular endothelial cells.
This disruption compromised the tight junction structure and increased
vascular wall permeability, resulting in BBB dysfunction. These findings
highlight the relevance of adhesion molecules expressed by brain
endothelial cells to BBB damage and brain injury [23]. Interestingly, our
results demonstrated that oxyresveratrol mitigated the upregulation of
ICAM-1 and VCAM-1 imposed by LPS, suggesting a potential protective
effect of oxyresveratrol against adhesion molecule-mediated BBB
dysfunction.

LPS is commonly used to induce cells to secrete cytokines and other
inflammatory components, such as IL-6 and TNF-q, thereby increasing
the permeability of cerebral microvasculature [24,25]. When LPS trig-
gers an inflammatory response, the upregulations of ICAM-1 and
VCAM-1 in brain endothelial cells disrupt the integrity of BBB and
exacerbate cell permeability [26]. Given that LPS-mediated inflamma-
tion can contribute to BBB disruption, we selected LPS as an inducer to
stimulate bEnd.3 cells. In a rat model of bacterial meningitis, the acti-
vation of the inflammatory cytokine TNF-a induces subarachnoid

inflammation and brain edema, resulting in neuronal damage [27].
Increased levels of NO, IL-6 and TNF-a in the brain of ischemia and
hypoxia model cause the destruction of tight junction and adhesion
molecules, resulting in BBB dysfunction [28]. It has been well estab-
lished that LPS stimulation triggers iNOS expression and thereby NO
generation, which is implicated in neurological disorders and other
pathological processes [29]. Moreover, LPS can elevate ROS levels in
cerebral vascular endothelial cells, causing oxidative stress [30].
Oxidative stress is a key mediator in the development of neuro-
degeneration and vascular disorder and has been proven to be a major
factor contributing to endothelial dysfunction [31,32]. In certain situ-
ations like neuroinflammation and cerebral hypoxia, excessive accu-
mulation of ROS beyond antioxidant capacity can exacerbate oxidative
stress, which enhances the protein expressions of adhesion molecules
and disrupts the integrity of BBB [33]. These findings are consistent with
our current research that LPS exposure increased expressions of adhe-
sion molecules and iNOS, elevated levels of inflammatory factors
including IL-6 and TNF-a, and enhanced ROS and NO productions.
However, little is known about the effects of oxyresveratrol in brain
endothelial cells. Here, we applied LPS-cultured bEnd.3 cells model,
combined with Western blot analysis, ELISA detection, Griess reagent
assay and immunofluorescence staining to demonstrate the
anti-inflammatory and antioxidant activity of oxyresveratrol.

Studies on the ameliorative effects of natural Chinese herbs on ce-
rebral ischemia, brain injury and neuronal damage have garnered sig-
nificant attention. The use of Chinese herbal preparations in the
treatment of cerebrovascular diseases has been documented since the
Han Dynasty [34]. Oxyresveratrol, a natural product and an isomer of
resveratrol, possesses strong biological activities including
anti-inflammatory and antioxidant properties [13,35]. Oxyresveratrol
has been shown to have a protective effect on the nervous system,
alleviating the occurrence and progression of neurodegenerative dis-
eases such as Alzheimer’s disease and Parkinson’s disease [36]. It
combats neuroinflammation by attenuating the PI3K/Akt/p70S6K
pathway in IL-1p-induced human microglia cells [37]. Oxyresveratrol is
also an effective free radical scavenger and antioxidant, exhibiting lower
cytotoxicity compared to resveratrol. In microglia cells, oxyresveratrol is
discovered to be more effective than resveratrol in reducing the levels of
NO and ROS, demonstrating its neuroprotective effects [38].
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Nevertheless, early studies only disclosed the potential therapeutic ef-
fect of oxyresveratrol on neurological disorders, while the underlying
molecular mechanisms remain to be explored.

Regarding the protective mechanism of oxyresveratrol against LPS-
mediated damage in our cell model, we investigated the MAPK and
NF-xB signaling pathways that are the most important hallmarks of
chronic inflammation. MAPK signaling pathway is well known to pro-
mote inflammation when activated by LPS and is widely expressed in
different tissues, such as the central nervous system [39]. JNK and p38
are among the most crucial MAPKs involved in various cellular pro-
cesses. Dysregulation of MAPKs has been implicated in regulating
neurotoxicity such as inflammation, oxidative stress, and apoptosis [40].
Zhu et al. have reported that hypoxia induces inflammation in mouse
brain microvascular endothelial cells through the regulation of p38 and
JNK pathways [41]. Consistent with the previous reports, this study
indicated the proinflammatory effects of p38 and JNK MAPKs in bEnd.3
cells stimulated with LPS. In addition, many researchers have confirmed
that the inflammatory response after exposure to extracellular stimuli is
highly dependent on the upregulation of NF-kB transcription factor [42].
The degradation of IkBa and translocation of NF-kB are classical path-
ways of NF-kB activation. When LPS stimulates bEnd.3 cells, the phos-
phorylation of IkBa at serine residues and subsequent ubiquitination
lead to protein degradation [43]. Meanwhile, LPS-triggered NF-kB p65
nuclear translocation has been demonstrated to be mediated by activa-
tion of three MAPK cascades [44]. Activated MAPKs can regulate the

expression of iNOS protein by promoting the phosphorylation and
activation of NF-kB [45]. Upregulated ICAM-1 and VCAM-1 expressions
in bEnd.3 cells upon LPS insult are also mediated by activation of the
regulatory factor NF-kB [46]. In this study, we observed the upregula-
tion of the MAPK and NF-kB signaling pathways in bEnd.3 cells
following LPS exposure. This eventually led to the phosphorylation of
p65 and its translocation to the nucleus to induce the secretion of
proinflammatory factors such as IL-6 and TNF-o. These factors also
contributed to the upregulation of immune molecules, including iNOS,
and NO generation. Results from the present study indicated that oxy-
resveratrol implied an inhibitory effect on the NF-xB pathway by sup-
pressing LPS-induced phosphorylation of IKKo/, IkBa and p65. At the
same time, oxyresveratrol inhibited nuclear translocation of phos-
pho-NF—B p65. In addition, LPS-induced phosphorylations of JNK and
p38 were inhibited by oxyresveratrol. Our data revealed that oxy-
resveratrol effectively inhibited the MAPK and NF-kB signaling path-
ways in bEnd.3 cells upon LPS stimulation. Notably, CM-H>DCFDA and
DHE are common fluorescent probes used to assess ROS levels in cells.
The fluorescence imaging using these two probes indicated that pre-
treatment with oxyresveratrol effectively prevented LPS-stimulated ROS
formation in bEnd.3 cells.

5. Conclusions

In summary, our results suggested for the first time that
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by the presence of 1 pg/mL LPS or with LPS alone for 24 h. Inmunofluorescence and their qualitative analysis of intracellular ROS measured with (A) DHE and (B)
CM-H,;DCFDA probes. All data are mean + SEM (n = 6). #p < 0.05 vs. Control, *p < 0.05 vs. LPS.

oxyresveratrol possesses remarkable properties in mitigating inflam-
matory responses and oxidative stress by suppressing MAPK and NF-kB
pathways in LPS-induced brain microvascular endothelial cells. Thus,
this study contributes to the understanding that oxyresveratrol has a
protective effect against brain endothelial dysfunction. However, the
current research data are limited to in vitro experiments, and in vivo
explorations are necessary to study the effects of oxyresveratrol to imply
its therapeutic potential against neurological and cerebrovascular
diseases.
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