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Melatonin suppresses inflammation and blood—brain barrier
disruption in rats with vascular dementia possibly by activating
the SIRT1/PGC-1a/PPARYy signaling pathway
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Abstract

Chronic cerebral hypoxia (CCH) is caused by a reduction in cerebral blood flow, and cognitive impairment has been the
predominant feature that occurs after CCH. Recent reports have revealed that melatonin is proficient in neurodegenerative
diseases. However, the molecular mechanism by which melatonin affects CCH remains uncertain. In this study, we aimed
to explore the role and underlying mechanism of melatonin in inflammation and blood—brain barrier conditions in rats with
CCH. Male Wistar rats were subjected to permanent bilateral common carotid artery occlusion (BCCAO) to establish the
VAD model. Rats were randomly divided into four groups: Sham, BCCAO, BCCAO treated with melatonin (10 mg/kg),
and BCCAO treated with resveratrol (20 mg/kg). All drugs were administered once daily for 4 weeks. Our results showed
that melatonin attenuated cognitive impairment, as demonstrated by the Morris water maze tests. Furthermore, melatonin
reduced the activation of inflammation by attenuating the phosphorylated nuclear factor of kappa light polypeptide gene
enhancer in B cells inhibitor alpha (pIkBa), causing the suppression of proteins related to inflammation and inflammasome
formation. Moreover, immunohistochemistry revealed that melatonin reduced glial cell activation and proliferation, which
were accompanied by Western blotting results. Additionally, melatonin also promoted the expression of sirtuin-1 (SIRT1),
peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1a), and peroxisome proliferator-activated
receptor-gamma (PPARY), causing attenuated blood—brain barrier (BBB) disruption by increasing tight junction proteins.
Taken together, our results prove that melatonin treatment modulated inflammation and BBB disruption and improved cogni-
tive function in VabD rats, partly by activating the SIRT1/PGC-1a/PPARY signaling pathway.

Keywords Chronic cerebral hypoperfusion - Melatonin - Inflammation - BBB disruption - SIRT1 signaling pathway -
Cognitive impairment
Introduction

Dementia is a serious public health problem that causes cog-
nitive impairment in aged adults (Hugo and Ganguli 2014).
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Cerebral hypoperfusion is a risk factor for cognitive decline
and vascular dementia (VaD), and chronic cerebral hypop-
erfusion (CCH) is a suitable model of VaD (Du et al. 2017,
Venkat et al. 2015). A decrease in cerebral blood flow (CBF)
causes cerebral hypoxia and subsequently generates inflam-
mation (Daulatzai 2017; Venkat et al. 2015). The burst of
inflammation promotes inflammatory mediators and induces
pyroptosis cell death (Xue et al. 2019). The characteristics
of pyroptosis are associated with inflammasome formation
via the assembly of NLR family pyrin domain containing 3
(NLRP3), apoptosis-associated speck-like protein containing
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a CARD (ASC), and caspase 1 to allow formation of the
N-terminus of gasdermin D (GSDMD-NT) in the cytosolic
membrane, after which cellular substances and inflammatory
mediators are released into the extracellular matrix (ECM)
(Xue et al. 2019). Thereafter, these cytosolic substances
and inflammatory mediators activate glial cells and increase
blood—brain barrier (BBB) permeability, eventually induc-
ing cognitive impairment (Fang et al. 2020).

Sirtuin 1 (SIRTI1), a member of the family of
NAD™"-dependent proteins, acts as a metabolic regulator (Li
2013). SIRT1 has been shown to regulate various physiologi-
cal functions, including cell stress and metabolism (Hubbard
etal. 2013; Li2013). A previous study reported that SIRT1
was promoted via the activation of AMP-dependent kinase
(AMPK) and encouraged peroxisome proliferator-activated
receptor-gamma coactivator 1-alpha (PGC-1a) to regulate
energy metabolism (Price et al. 2012). The involvement of
SIRT1 and PGC-1a was excessively observed (Canté and
Auwerx 2009; Ren et al. 2019; Zhou et al. 2018). PGC-1a
actuation acts as a comodulator of nuclear receptors such as
peroxisome proliferator-activated receptor-gamma (PPARY)
(Liang and Ward 2006). Interestingly, in the central nervous
system (CNS), the activation of PGC-1a promoted PPARYy
activity and highlighted this as a therapeutic target of neu-
ronal diseases (Corona and Duchen 2015; Govindarajulu
et al. 2018). A previous study found that SIRT1 signaling
modulates inflammation and NLRP3 inflammasome acti-
vation in Parkinson’s disease (Li et al. 2016). Moreover,
PPARY was observed to inhibit inflammation and inflam-
masome formation by inhibiting NLRP3-ASC and NLRP3-
NLRP3 interactions (Yang et al. 2021). CCH is mainly gen-
erated after a decrease in CBF, disrupted cell metabolism,
and increased neuroinflammation. Therefore, the SIRT1/
PGC-10/PPARY signaling pathway might play an important
role during CCH. Thus, these pathways may offer viable tar-
gets for preventing and reducing neurodegeneration in VaD.

Resveratrol, also known as the SIRT1 activator, has been
found to activate SIRT in both direct and indirect mecha-
nisms (Kleszcz et al. 2015). Resveratrol has been recog-
nized to increase the ability of SIRT1 proteins to exert
neuroprotective effects (Shen et al. 2016). However, the
specific mechanisms of resveratrol mediated by SIRT1 are
still unclear.

Melatonin is mainly synthesized by pinealocytes in the
pineal gland (Amarat and Cipolla-Neto 2018). Due to the
physiological actions of melatonin, it easily passes through
the BBB and acts to mediate melatonin receptors or its own
properties (Amaral and Cipolla-Neto 2018; Yeleswaram
et al. 1997). Melatonin is known to exert antioxidant and
anti-inflammatory effects. Our previous study demonstrated
that melatonin improved cognitive impairment in a 2VO
model by reducing oxidative stress, ER stress, and apopto-
sis (Thangwong et al. 2022). A previous study proved that
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stimulation of melatonin receptors directly enhances SIRT1
expression to suppress inflammatory signaling (Zhao et al.
2017). Additionally, it has been widely reported that mela-
tonin exerts anti-inflammatory effects by activating SIRT1
and exerting neuroprotective effects (Amaral and Cipolla-
Neto 2018; Ma et al. 2021; Sanderson and Wider 2013;
Yeleswaram et al. 1997). However, the mechanism by which
melatonin regulates anti-inflammatory effects in CCH condi-
tions via molecular signaling remains unclear.

Therefore, we aimed to investigate the effects of mela-
tonin on the suppression of inflammation, inflammasome
formation, and BBB disruption in the CCH model. Moreo-
ver, we also examined the SIRT1/PGC-1a/PPARY signaling
pathway as a possible molecular target of melatonin.

Materials and methods
Reagents and chemicals

Melatonin and resveratrol were purchased from Sigma—
Aldrich (St. Louis, MO, USA). Antibodies against ionized
calcium binding adaptor molecule 1 (Ibal), caspase 1, and
ASC were purchased from Affinity Biosciences (Melbourne,
Australia). Antibodies against glial fibrillary acidic protein
(GFAP), zonula occludens-1 (ZO-1), hypoxia-inducible Fac-
tor 1-alpha (HIF-1a), claudinS, and occludin were purchased
from Merck (Darmstadt, Germany). Antibodies against
phosphorylated nuclear factor of kappa light polypeptide
gene enhancer in B cells inhibitor alpha (pIkB), nuclear fac-
tor kappa light chain enhancer of activated B cells (NFkB),
and GSDMD-NT were purchased from Cell Signaling (MA,
USA). Antibodies against intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
matrix metallopeptidase 9 (MMP-9), and sirtuin-1 (SIRT1)
were purchased from Abcam (Cambridge, UK). Antibodies
against PPARy and PGC-1a were purchased from Thermo
Fisher Scientific (MA, USA). An antibody against NLRP3
was purchased from BOSTER (CA, USA).

Animals and chronic cerebral hypoperfusion model

Male Wistar rats (250-300 g) were purchased from Nomura
Siam International Co. Ltd, Bangkok, Thailand. All rats
were housed at a constant temperature of 24 + 1 °C, with
free access to food and water and a 12 h dark/light cycle. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee at the Faculty of Medicine,
Chiang Mai University, and performed in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.
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Rats were subjected to sham or bilateral common carotid
artery occlusion surgery procedures, as previously described
(Sanderson and Wider 2013). Briefly, the rats were anesthe-
tized with Zoletil (30 mg/kg) and xylazine (10 mg/kg) by
intraperitoneal injection and placed in the supine position.
The midline along the neck was gently exposed to identify
the common carotid artery (CCA), which was gently sepa-
rated from the vagus nerve. Then, the common carotid arter-
ies on both sides were gently double ligated using a 5-0 silk
suture loop. Sham-operated animals underwent the same
procedure without carotid artery ligation. Animals were
returned to the normal cage to recover with free access to
food and water.

Following surgery day, all rats received either normal
saline, as a vehicle, or treatments, which are referred to as
Day 1 and continuing until Day 28. During this period, the
rats were subjected to behavioral assessment from Days 23
to 28. Then, the rats were sacrificed by decapitation, and
brain samples were collected for further analysis.

Drug administration

The rats were randomly divided into four groups (n=12 in
each group): (1) the sham-operated control group (sham), (2)
bilateral common carotid artery occlusion (BCCAO)-oper-
ated group (BCCAO), (3) BCCAO treated with 10 mg/kg
melatonin (BCCAO + Mel) group, and (4) BCCAO treated
with 20 mg/kg resveratrol (BCCAO + Res). Melatonin and
resveratrol were dissolved in normal saline immediately
before administration to the rats. Melatonin and normal
saline were then administered orally, while resveratrol was
administered intraperitoneally once a day for 28 days. These
doses were chosen based on previous studies that showed
protection against neuronal damage and improved cogni-
tive function in the CCH model (Shen et al. 2016). After
treatment, the behavioral test was performed before the rats
were sacrificed by decapitation. The brains were collected
for further analysis.

Morris water maze (MWM) test

The MWM was used to behaviorally assess learning and
memory in the experimental groups, as previously described
(Vorhees and Williams 2006). The MWM consists of a
black, circular pool (diameter: 120 cm; depth 50 cm) in an
opaque room at 23 +2 °C controlled temperature. The tank
was divided into four quadrants where a circular platform
with a diameter of 10 cm was placed in the middle of the
2nd quadrant, and the platform was submerged 2 cm below
the water surface and surrounded by reference objects with
different colors and shapes in fixed positions. In the learn-
ing trial, all rats underwent four trials for five consecutive
days. For these trials, when rats touched or climbed up the

platform, this was recorded and interpreted as an escape
attempt; swimming paths were also recorded. After five days
of training, the platform was removed. Each rat was released
in the northeast position for 2 min to search the previous
platform location. The time spent in the target quadrant, the
number of crossings of the location of the platform, swim-
ming speed, swimming distance, and swimming paths were
recorded. The tracking system was analyzed using SMART
video tracking software (Panlab Harvard Apparatus, Biosci-
ence Company, Holliston, MA, USA).

Immunohistochemistry

The brain tissues were fixed in 4% paraformaldehyde over-
night, embedded in paraffin and cut into 4-um-thick coronal
slices. Immunohistochemistry was performed as described
previously (Yawoot et al. 2022). The sections were processed
in an alcohol gradient for dehydration. After blocking endog-
enous peroxidase, the slides were incubated with primary
antibodies as follows: anti-Ibal (1:200, DF7217, Affinity
biosciences) and anti-GFAP (1:400, MAB360, Merck) in
humidified chambers at 4 °C overnight. Thereafter, the slides
were washed in PBS followed by incubation with conjugated
secondary antibodies in humidified chambers for 1 h at room
temperature. Finally, the slides were counterstained with
3,3’-diaminobenzidine (DAP) and hematoxylin. The stain-
ing was monitored under a microscope (Olympus BX51;
Tokyo, Japan). Iba-1-labeled microglia and GFAP-labeled
astrocytes were quantified in six random fields of six coronal
sections at 0.2 mm? in each rat.

Transmission electron microscopy

After animal sacrifice, rat brains were quickly collected
and fixed in 4% paraformaldehyde. TEM was performed as
described previously (Wicha et al. 2020). The cortex area
was selected and cut into 1 X 1 X 1-mm tissue blocks and
fixed in 2.5% glutaraldehyde in 0.1 phosphate buffer (pH
7.3) overnight. Then, the tissues were dehydrated, embed-
ded in epoxy resin, double-stained with uranyl acetate to
citrate, and dried overnight. Representative area sections
were examined as part of the blood—brain barrier structure
(4000x) by TEM (JEM-2200FS, JEOL, Tokyo, Japan).

Western blotting

The total protein in brain tissues was determined using the
Bradford assay (Bio-Rad, USA) with bovine serum albumin
(BSA) as a standard. Equal protein samples were separated
using sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS—PAGE) gels and transferred to 0.45 pm
polyvinylidene difluoride (PVDF) membranes (Immobilon-
P, Millipore, Bedford, MA, USA). The membranes were
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blocked with 5% skim milk and subsequently incubated with
primary antibodies as follows: anti-ZO-1 (1:1000, AB2272,
Merck), anti-HIF-1a (1:1000, 07-1585, Merck), anti-GFAP
(1:1000, #07-1585, Merck), anti-claudin5 (1:1000, ABT45,
Merck), anti-occludin (1:1000, ABT146, Merck), anti-plkB
(1:1000, #92,465, Cell signaling), anti-pNF-xB (1:1000,
#3033, Cell signaling), NF-xB (1:1000, #3034, Cell sign-
aling), anti-GSDMD (1:1000, #50,928, Cell signaling),
anti-ICAM-1 (1:1000, ab171123, Abcam), anti-VCAM-1
(1:1000, ab134047, Abcam), anti-SIRT1 (1:1000, ab189494,
Abcam), anti-MMP-9 (1:1000, ab76003, Abcam), anti-Ibal
(1:1000, DF7217, Affinity biosciences), anti-caspase-1
(1:1000, #AF5418, Affinity biosciences), anti-PGC-1a
(1:1000, PA5-38,021, Thermo Fisher Scientific), anti-
PPARY (1:1000, PA3-821a, Thermo Fisher Scientific), anti-
NLRP3 (1:1000, PA1665, BOSTER), and anti-ASC (1:1000,
DF6304, Affinity biosciences) overnight at 4 °C. Then, after
incubation, all membranes were washed in TBST followed
by incubation with horseradish peroxidase (HRP)-conju-
gated secondary antibodies for 2 h at room temperature. All
immunoblots were expressed using enhanced chemilumi-
nescence (ECL) substrate solution (Clarity Max™ Western
ECL Substrate; Bio-Rad) before being visualized using an
Omega Lum™ W Imaging System 81-12,120-00 (Aplegen
Gel Company, Inc., CA, USA), and the band density was
analyzed using ImageJ® software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis

All statistical data were analyzed using GraphPad Prism
version 5 (Graph Pad Software, Inc., La Jolla, CA) and
expressed as the mean =+ standard error of the mean (SEM).
The data were analyzed by one-way analysis of variance
(ANOVA) to test the differences among multiple groups fol-
lowed by Dunnett’s post hoc test to compare the differences
between two groups. Two-way ANOVA was used to com-
pare escape latency data. A statistically significant difference
was considered when the p value <0.05.

Results

Melatonin alleviated cognitive impairment
in BCCAO rats

The MWM test was performed to assess cognitive func-
tion in rats. Swimming paths displayed swimming tracked
for each group in spatial learning trials and memory trials
(Fig. 1a). In the spatial learning trial, BCCAO rats had a
significantly increased time to reach the platform, as shown
by the longer escape latency when compared with the sham
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group (p <0.001, Fig. 1b). In addition, in the memory
trial, each group showed no significant difference in swim-
ming distance and swimming speed (Fig. 1c, d). However,
BCCAO rats displayed memory impairment, as demon-
strated by spending less time in the target quadrant and plat-
form crossing when compared with sham rats (p <0.01 in
both, Fig. le, ). On the other hand, melatonin and resvera-
trol improved cognitive functions, as demonstrated by the
shorter escape latency time, longer time spent in the target
quadrant, and the number of platform crossings when com-
pared with BCCAO rats (p <0.05 or p<0.01 or p<0.001,
Fig. 1b, e, f). Our data demonstrate that melatonin or res-
veratrol treatments were effective in alleviating cognitive
functions in BCCAO rats.

Melatonin attenuated inflammation in rats
subjected to BCCAO

Hypoxic conditions were observed in cerebral hypoperfu-
sion, as demonstrated by increasing HIF-1a expression;
this caused an increase in inflammatory mediators (Fig. 2).
Our results showed the upregulation of HIF-1a expression
in BCCAO rats; however, melatonin and resveratrol did not
alter the expression of HIF-1a (p <0.05 in both, Fig. 2b).
At the same time, both melatonin and resveratrol signifi-
cantly decreased the levels of pl x Ba (p <0.05 and p<0.01,
Fig. 2c). Subsequently, the ratio of pNF-«x B to NF-x B was
significantly reduced when compared with the BCCAO
group (p <0.001 in both, Fig. 2d). In addition, both mela-
tonin and resveratrol significantly reduced MMP-9 expres-
sion compared with that in the BCCAO group (p <0.01 and
p<0.001, Fig. 2e). Furthermore, the expression of [CAM-1
and VCAM-1 was significantly reduced in the melatonin
group compared with the BCCAO group (p <0.01 and
p <0.05, Fig. 2f, g). These results implied that although
melatonin and resveratrol did not change HIF-1a expression,
they attenuated brain inflammation, especially melatonin,
with actions that were better than resveratrol, especially fol-
lowing BCCAO in rats.

Melatonin reduced BCCAO-induced inflammasome
formation in rats

Our results showed that both melatonin and resveratrol sig-
nificantly inhibited inflammasome formation, as indicated
by the decreased expression of NLRP3 and ASC and the
ratio of cleaved caspase 1 to caspase 1 when compared
with the BCCAO group (p <0.05 or p<0.01 or p<0.001,
Fig. 3a—c). Nevertheless, only melatonin markedly attenu-
ated the expression of the GSDMD-NT protein (p < 0.05),
while resveratrol partially decreased GSDMD-NT protein
expression (Fig. 3d). These findings suggest that melatonin
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Fig.1 Melatonin alleviated cognitive decline after BCCAO induc-
tion in rats, as assessed by the MWM test a Representative swimming
paths of each group in spatial learning and memory trials. b Escape
latency changes in different groups from Day 1 to Day 5, ¢ swimming
distance at Day 6. d swimming speed at Day 6. e time spent in the

has the potential to inhibit inflammasome formation and
pyroptosis after BCCAO in rats.

Melatonin protected glial cell activation in rats
subjected to BCCAO

During pyroptosis, the cytosolic substances released
through the GSDMD-NT pore activate the surrounding

target quadrant at Day 6 and f platform crossings during the mem-
ory trial at Day 6. All data are expressed as the mean+SEM (n=06).
##P<0.01 and ***P<0.001 versus the sham group, *P<0.05,
#pP<0.01, and P <0.001 versus the BCCAO group. ***P <0.001
BCCAO + Res versus BCCAO group

cells, especially glial cells. The immunohistochemistry
results revealed that overactivated microglial cells and
astrocytes were observed in BCCAO rats, as shown by
the increase in Ibal- and GFAP-positive cells, along with
the overexpression of Ibal and GFAP proteins when com-
pared with the sham group (p <0.001 in both, Fig. 4a—d).
In contrast, both melatonin and resveratrol decreased the

@ Springer



1486 P.Thangwong et al.
o 9
)
o o"é\ o"qg
<& 07' o?' \of
& d ¥
a 2 < 2 <
HIF-lo | somme swees ssmen swmes | 78 kDa
p-IkBa | - — — qJ 50 kDa
NFKB | gy e g gl | 65 Da
MmP-9 [ S M 82 kDa
ICAM-1 | s wiis st s | 56 kDa
VCAM-1 | o womme & & @ | 100 kDa
B-actinl T < | 42 kDa
b c d
1.0 % % N 1.5 2.59
c 0.84 T T c sk = 2.0 k%%
E o6l § 0 5 'g 1.5
S . S — == # 2 Lol i it
T o T w b T o
w = 059 2z
T o2 = 05
0.0l . . o0t _ : 0ot - :
O S RO A O L
O o o 2 O o o @ & o o
¢ & RS © & & R &
Q & & & & &
e f g
1.5+ 1.5 1.5
= *
% 1.0 xe* § 10 ok B 104 4
01 5 104 G 1,
2 i L + T
3 ## g it - 2
[ #itt 054 —— < 0.5
g ’l‘ 3] 8
0.0l — : . 00l _ . 00l — - .
& oo"o o"‘@ 2 & T Pt & R
& O (¢ o o 0C; o o
o ¥ < & ol & s
@(’ 9 @0 Q,C: @0 @0

Fig.2 Melatonin suppresses inflammation reactions induced after
BCCAO induction in rats. a Western blot analysis of the expression
of HIF-1a, pIkBa, NFkB, MMP-9, VCAM-1, and ICAM-1, b Quanti-
tative analysis of the protein levels of HIF-1a, ¢ Quantitative analysis
of the protein levels of p-IkBa, d Quantitative analysis of the protein
levels of p-NFkB to NFkB, e Quantitative analysis of the protein lev-

number of Ibal- and GFAP-positive cells compared with
the BCCAO group (p <0.01 or p<0.001, Fig. 4c, d).
This result is consistent with immunoblots that showed
significantly decreased Ibal and GFAP expression when
compared with the BCCAO group (p <0.001 and p <0.05,
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els of MMP-9, f Quantitative analysis of the protein levels of ICAM-
1, and g Quantitative analysis of the protein levels of VCAM-1. All
data are expressed as the mean+SEM (n=6). *P <0.05, **P <0.01,
and ***P<0.001 versus sham group, *P<0.05, #P<0.01, and
###p <0.001 versus BCCAO group

Fig. 4e, f). Hence, these outcomes indicated that melatonin
has the ability to protect glial cell activation after BCCAO
induction in rats.
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Fig.3 Melatonin reduced inflammasome formation and pyroptosis
after BCCAO induction in rats. Representative Western blot analy-
sis band and quantification of the relative expression of a NLRP3, b
ASC, c cleaved caspase 1 to caspase 1, and d GSDMD-NT. All data

Melatonin actions are mediated through the SIRT1/
PGC-1a/PPARYy signaling pathway under BCCAO
in rats

Under hypoxic conditions, the increased activity of HIF-1a
caused the decreased expression of SIRT1. We investi-
gated the possibility that melatonin contributes to the
SIRT1/PGC-1a/PPARY signaling pathway. Immunoblots
revealed that SIRT1 was lower in the BCCAO group, with
subsequently decreased downstream proteins PGC-1a and
PPARYy when compared with the sham group (p <0.05 or
p <0.01, Fig. 5a—d). In contrast, melatonin and resveratrol
significantly increased SIRT1 expression, which caused
the upregulation of PGC-1a and PPARYy proteins when
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the BCCAO group

compared with the BCCAO group (p <0.05 or p<0.01,
Fig. 5a—d). These findings indicate that the beneficial
effects of melatonin were mediated by activation of the
SIRT1/PGC-10/PPARY signaling pathway.

Melatonin preserved blood—brain barrier integrity
in rats subjected to BCCAO

The inflammatory cytokines released after CCH gave rise
to an increase in BBB permeability. The ultrastructural
changes in the morphology of the BBB were determined
by TEM. The normal structure of the BBB was displayed in
the sham group, which presented a single layer of endothe-
lial cells and an intact endothelium supported by astrocyte
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Fig.4 Melatonin attenuated CCH-induced glial cell activation in the
rat brain. Representative immunohistochemistry images of an Ibal
b GFAP in the cortex region of rats (indicated by arrow), ¢ Quan-
titative analysis of Ibal-positive cells in the cortex region, d Quan-
titative analysis of GFAP-positive cells in the cortex region, e Rep-
resentative Western blot analysis band and quantification of the

foot processes, which are important for modulation of the
BBB and controlling the surrounding environment (Fig. 6a).
However, a change in the BBB was detected in the BCCAO
group. The structure of the BBB showed disrupted capillar-
ies, retracted astrocytes, and increased microvillus forma-
tion (Fig. 6a), which correlated with immunoblots indicating
that the BCCAO group showed decreased expression of the
tight junction proteins claudin-5, occludin, and ZO-1 com-
pared with the sham group (p <0.05 or p <0.001, Fig. 6b—e).
In addition, the structure of the BBB in the presence of

@ Springer

relative expression of Ibal, and f Representative Western blot analy-
sis band and quantification of the relative expression of GFAP. All
data are expressed as the mean+SEM (n=6). ***P <0.001 versus
sham group, #P<0.05, ##P<0.01, and #P <0.001 versus BCCAO
group

melatonin and resveratrol appeared changed, with the astro-
cyte foot process covering endothelial cells and decreased
microvillus formation in the lumen (Fig. 6a). Accordingly,
these results corresponded to immunoblots where melatonin
and resveratrol caused improved BBB integrity by increas-
ing expression of the tight junction proteins claudin-5,
occludin, and ZO-1 when compared with the BCCAO group
(»<0.050or p<0.01 or p<0.001, Fig. 6b—e). Consequently,
our results suggest that melatonin has the ability to preserve
BBB integrity under BCCAO in rats.
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Fig.5 Melatonin upregulated the SIRT1/PGC-1o/PPARYy signal-
ing pathway after BCCAO. a Western blot analysis of the expres-
sion of SIRT1, PGC-1a, and PPARy. b Quantitative analysis of the
protein levels of SIRT1. ¢ Quantitative analysis of the protein levels

Discussion

In this study, we investigated the anti-inflammatory effect of
melatonin in the BCCAO model. The major findings are as
follows: (1) melatonin improved cognitive functions without
altering HIF-1a expression in BCCAO rats, (2) melatonin
ameliorated neuroinflammation by downregulating inflam-
masome formation in the BCCAO model, (3) melatonin sup-
pressed pl ¥ Ba, pNF x B, and NLRP3 activation through
the SIRT1/PGC-10/PPARY signaling pathway, and (4) mela-
tonin prevented BBB damage (Fig. 7).

It has been proven that CCH causes a decrease in CBF
and subsequently generates hypoxic conditions in the CNS,
thus generating cognitive impairment (Du et al. 2017; Hugo
and Ganguli 2014). In this study, BCCAO rats displayed
impairments in learning and memory; however, treatment
with melatonin and resveratrol improved cognitive func-
tions, as indicated by the lower escape latency, longer time
in the target quadrant, and frequency of platform crossing.
Our findings were consistent with a previous report showing
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of PGC-1a. d Quantitative analysis of the protein levels of PPARy.
All data are expressed as the mean+SEM (n=6). *P<0.05 and
**P<0.01 versus sham group, #p<0.05, and ¥P<0.01 versus
BCCAO group

that melatonin and resveratrol could improve cognitive per-
formance in the BCCAO model (Shen et al. 2016).
Hypoxic conditions promote an inflammatory response
and induce cognitive impairment (Daulatzai 2017). Some
evidence reveals that the increase in inflammatory media-
tors during hypoxia is mediated by the increase in HIF-1a
(Dehne and Briine 2009; Watts and Walmsley 2019). Nota-
bly, the activation of HIF-1a contributes to inflammation
under CCH by modulating pl ¥ B, which causes the trans-
location of NF-x B to the nucleus and promotes the pro-
duction of various proinflammatory factors (Cummins et al.
2006). Collective data have shown that melatonin effectively
inhibits inflammatory actions in various conditions, includ-
ing aging (Permpoonputtana et al. 2018). Our results showed
that melatonin and resveratrol did not alter HIF-1a expres-
sion. However, melatonin modulated the phosphorylation
of I k¥ B, subsequently inhibiting the activation of NF-x B
and thereby reducing proinflammatory mediators such as
MMP-9, ICAM-1, and VCAM-1, whereas resveratrol did
not decrease the expression of ICAM-1 and VCAM-1. These
results imply that melatonin ameliorates brain inflammation
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Fig.6 Melatonin attenuated BBB damage. a Representative TEM
microphotograph of the BBB in the cortex region of rats. The black
arrow indicates microvillus formation. b Representative Western blot
analysis band and quantification of the relative expression of occlu-
din, claudin-5 and zonula occludens-1 (ZO-1) proteins. ¢ Quanti-
tative analysis of occludin protein levels. d Quantitative analysis of

by decreasing pl k B activation via HIF-1a-independent
actions.

A recent study reported that the overexpression of HIF-1a
was closely correlated with NLRP3 expression (Huang
et al. 2019). Even the increase in NLRP3 was mediated by
diverse stimuli; however, NF-x B has been widely reported
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claudin-5 protein levels. e Quantitative analysis of ZO-1 protein
levels. All data are expressed as the mean+SEM (n=6). *P <0.05
and ***P <(.001 versus the sham group, *p< 0.05, #“P<0.01, and
##P <0.001 versus the BCCAO group. L, lumen; En, endothelial cell;
AS, astrocyte footplate, and N, nucleus

as an essential transcription factor of NLRP3 (Govin-
darajulu et al. 2018). The activation of NLRP3 promoted
pyroptosis by assembling with ASC and cleaved caspase
1 to promote the translocation of GSDMD-NT to the cell
membrane. Therefore, along with NF-«x B, this promotes
NLRP3 expression and causes pyroptosis; the correlation
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Fig.7 Schematic representation of the action of melatonin against
BCCAO induction. Melatonin exhibits anti-inflammatory properties
that exert an effect by activating the SIRT1/PGC-1a/PPARY signaling
pathway, causing the inhibition of plkBa, a subsequent decrease in
NFxB and the consequent attenuation in action, including inflamma-
tion, inflammasome formation, glial cell activation, BBB disruption,
and cognitive impairment

between HIF-1a-induced NLRP3 might be controlled by
NF-k B signaling. Our results demonstrated that melatonin
and resveratrol diminished NLRP3, ASC, and the ratio of
cleaved caspase 1 to caspase 1, whereas only melatonin
decreased GSDMD-NT formation. This finding correlates
with our inflammation results, which implies that melatonin
treatment regulates inflammasome formation and pyroptosis,
particularly by inhibiting inflammatory signaling.

Glial cells are major contributors that respond to hypoxia
and enable neurons to function properly. However, under
CCH conditions, the expression of HIF-1a triggers inflam-
mation in glial cells, subsequently promoting glial cell acti-
vation and proliferation and the production of proinflam-
matory mediators (Cekanaviciute and Buckwalter 2016;
Mojsilovic-Petrovic et al. 2007). Previously published
results showed that melatonin could attenuate glial cell acti-
vation in CCH conditions (Lee et al. 2016; Tsai et al. 2017).
This is consistent with our results, which demonstrated that

melatonin protected activation and decreased glial cell pro-
liferation, suggesting that although melatonin does not alter
HIF-1a expression, it does exert protective effects against
inflammatory responses that are generated downstream of
HIF-1a signaling.

Hypoxic conditions cause a gradual drop in NAD" and
the NAD*/NADH ratio; therefore, SIRT1 is downregu-
lated during hypoxia (Braidy et al. 2011; Imai 2011; Lim
et al. 2010). Our results show that SIRT1 was reduced in
the BCCAO group. Additionally, targeting of the SIRT1,
PGC-1a and PPARY proteins was also decreased in
BCCAO rats. Accumulating data suggest that the action
of PPARY modulates neuroinflammation directly by inhib-
iting pI ¥ Ba, causing limited NF-« B-dependent inflam-
mation (Ding et al. 2020; Scirpo et al. 2015). Therefore,
we sought to further confirm whether melatonin attenuates
inflammation through the SIRT1/PGC-10/PPARY signal-
ing pathway. Our findings confirmed that resveratrol,
which is a SIRT1 activator, can promote SIRT1, PGC-1a,
and PPARY protein expression. Furthermore, melatonin
clearly upregulated the expression of SIRT1, PGC-1a,
and PPARY proteins, similar to resveratrol; however, some
effects of melatonin are superior to resveratrol, particu-
larly membrane action proteins such as ICAM1, VCAMI,
and GSDMD-NT. For these reasons, the beneficial effects
of melatonin and its anti-inflammatory properties against
CCH conditions may be mediated through the SIRT1/
PGC-1a/PPARY signaling pathway.

As mentioned above, the activation of glial cells and
pyroptosis cause the excessive release of proinflamma-
tory mediators such as MMP-9, ICAM-1, or VCAM-1;
subsequently, these proinflammatory factors increase BBB
permeability (Wicha et al. 2020). ICAM-1 and VCAM-1
control the rolling and transmigration of white blood cells
from the circulation to increase neuroinflammation, whereas
MMP-9 causes BBB breakdown by degrading tight junc-
tion proteins such as claudinS, occludin, and ZO-1, thus
resulting in increased BBB permeability (Weiss et al. 2009).
Our results demonstrated for the first time that melatonin
could attenuate BBB integrity by increasing the expression
of tight junction proteins such as claudin5, occludin, and
Z0-1, which caused the intact endothelium to be covered
by astrocyte endfeet and reduced microvillus formation, as
illustrated by TEM. These results show that inflammation
increases in CCH conditions; moreover, accumulated data
illustrate that inflammation is one of the hallmarks of BBB
disruption (Li et al. 2021). This suggests that melatonin is
able to protect the BBB from disruption as a consequence of
inhibiting the inflammatory response caused by activation
of the SIRT1/PGC-1a/PPARY signaling pathway.

Additionally, our findings showed for the first time that
resveratrol promoted neuroprotective effects following
BCCAO induction by affecting the SIRT1/PGC-1a/PPARY
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signaling pathway. The increase in SIRT1 by resveratrol
not only suppressed neuroinflammation but also inhibited
pyroptosis cell death and restored BBB proteins and integ-
rity. Interestingly, our data illustrated that the effects of
resveratrol were particularly improved in membrane-bound
proteins, especially ICAM1, VCAM1, and GSDMD-NT.

Conclusion

BCCADO rats exhibited neuroinflammation, consequently
generating inflammasome formation, glial cell activation,
BBB disruption, and cognitive impairment. Interestingly,
melatonin suppressed neuroinflammation by attenuating
inflammasome formation, glial cell activation, BBB dis-
ruption, and cognitive impairment. Moreover, our results
show for the first time that melatonin action is mediated
through the SIRT1/PGC-1a/PPARY signaling pathway,
which directly controls the inflammatory process. Therefore,
melatonin acts as an anti-inflammatory mediator to exert
neuroprotective benefits in neurodegenerative disorders.
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