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ARTICLE INFO ABSTRACT

Keywords: Neonatal hypoxic-ischemic brain injury (HIBI) is a knotty disease that lacks appropriate treatment. Inflammation
Hypoxic-ischemic brain injury is an important contributor to brain damage, and microglia are responsible for eliciting early and pronounced
Re.SVefa'tm] inflammatory reactions in the immature brain after hypoxic-ischemic (HI) insult. Acetylated HMGB1 can be
Microglia released from immune cells into the extracellular space, where it acts as a danger-associated molecular pattern
HMGB1 . . . . . .

TLRA molecule to activate TLR4 signalling-mediated inflammatory responses. Resveratrol has neuroprotective and
SIRT1 anti-inflammatory effects against HIBI, but whether these effects involve the regulation of the TLR4 signalling

pathway and whether HMGB1 participates in this process is still unclear. We investigated the anti-inflammatory
effects of resveratrol in HIBI and the molecular mechanisms potentially involved in the effect. The in vivo and in
vitro results indicated that the level of cytoplasmic HMGBI in microglia increased after insult and that treating
experimental animals or mouse BV2 microglial cells with resveratrol attenuated HI insult-induced neuroin-
flammation, which was characterized by improved behavioural defects, reduced microglial activation and TLR4/
MyD88/NF-kB signalling, and attenuated primary neuronal damage; this was accompanied by the inhibition of
HMGBI1 nucleoplasmic transfer and extracellular release. EX527 pretreatment reversed these effects. In addition,
co-immunoprecipitation confirmed that SIRT1 was directly involved in the HMGB1 acetylation process in BV2
cells after oxygen glucose deprivation. These data demonstrate that resveratrol plays a neuroprotective role in
neonatal HIBI by activating SIRT1 to inhibit HMGB1/TLR4/MyD88/NF-kB signalling and subsequent neuroin-
flammatory responses.

1. Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE), or hypoxic-is-
chemic brain injury (HIBI), is caused by cerebral blood flow and oxygen
supply disorders and is the most common cause of perinatal brain in-
jury, which may lead to neonatal death or cause irreversible and life-
long mental and physical disabilities, including epilepsy, cerebral palsy
[1]1, and cognitive dysfunction. Currently, the incidence of this disease
is relatively high. Although therapeutic hypothermia provides neuro-
protection, the improvement in outcomes has been modest, as up to half
of treated neonates do not survive [2], and approximately 1/3 to 1/2 of
patients exhibit persistent neurologic abnormalities or low IQ at 6 to
7 years of age [3,4]. Severe sequelae and the challenges of treating HIE
cause global public health problems, placing a heavy burden on society
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and families. Therefore, more effective alternative or complementary
therapies need to be developed.

Neuroinflammation is regarded as an important contributor to the
pathogenesis of HIE. Many experimental studies have described the
significant functions of immune cells in promoting brain injury and
subsequent tissue repair and remodelling at various stages of the hy-
poxic-ischemic (HI) cascade [5-7]. The hallmark of brain neuroin-
flammation is the activation of microglia. As the resident innate im-
mune cells of the brain, microglia, rather than infiltrating blood-derived
macrophages, are responsible for eliciting early and pronounced in-
flammatory reactions in the immature brain after HI insult [8-10].
Numerous studies have demonstrated that stressed neurons can induce
microglial activation and promote the release of pro-inflammatory cy-
tokines, which contribute to ongoing secondary neuronal and
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oligodendroglial injury [9,11,12]. To this end, alternative drugs that
target the inhibition of the inflammatory reaction have been proposed
as promising approaches for ameliorating deficits induced by HI insult.

Resveratrol (3,5,4-trihydroxystilbene; RES) is a polyphenolic phy-
toalexin that is naturally found in various edible plants. A growing body
of preclinical evidence suggests that RES has the potential to affect a
variety of human diseases; it can prevent neuronal injury, reduce in-
flammation, and promote nerve repair and regeneration in a variety of
experimental cerebral stroke models in adult rodents through different
mechanisms [13-16]. In an animal model of neonatal HIBI, RES ad-
ministration also plays a protective role, in which the strong inhibition
of neuroinflammation is considered an important factor [17]. Although
the anti-inflammatory mechanism of RES in cerebral stroke in the
mature brain has been clarified, its specific mechanism in the treatment
of neuroinflammation induced by HI insult in the immature brain is still
largely unclear and requires further research.

High mobility group box-1 (HMGB1), a non-histone DNA binding
protein with a highly conserved sequence that can be synthesized by
almost all cells, was shown twenty years ago to be a pro-inflammatory
cytokine and a late mediator of sepsis [18]. Since then, its important
role in the inflammatory response has been gradually unveiled. HMGB1
is usually localized to the nucleus and, upon stimulation, enters the
extracellular space, where it acts as a damage-associated molecular
pattern (DAMP) molecule that binds to pattern recognition receptors
such as Toll-like receptors (TLRs) [19] or receptors advanced glycation
end products (RAGE) [20], thereby shifting the microglia to a pro-in-
flammatory phenotype [21] and promoting the secretion of various pro-
inflammatory cytokines (such as IL-1 and TNF-a) [22]. As a pro-in-
flammatory factor, HMGB1 has been reported to be associated with the
pathogenesis of various neurological diseases [23,24]; for example, its
levels increase in the peripheral blood of neonates with HIE [25]. The
goal of this study was to investigate whether HMGBI is also involved in
the inhibition of HI insult-induced neuroinflammation by RES and its
potential mechanism.

Therefore, in the present study, we used the classic Rice-Vannucci
[26] model to induce HIBI in neonatal mice and adopted oxygen glu-
cose deprivation (OGD) treatment to simulate HI insult in microglial
cells in vitro. Since acetylation is the main post-transcriptional mod-
ification of HMGBI1, because previous studies have reported that the
deacetylase activity of Sirtuin 1 (SIRT1) participates in the deacetyla-
tion of HMGB1 in acute kidney injury [27], and because RES is re-
cognized as a SIRT1 activator, we attempted to explore the anti-neu-
roinflammatory mechanism of RES in HIBI in neonatal mice from the
perspective of the HMGB1-TLR4 axis and investigated whether SIRT1 is
involved in this mechanism.

2. Materials and methods
2.1. Experimental animals and hypoxic-ischemic brain injury induction

Timed-pregnant ICR mice were purchased from the Animal Core
Facility of Nanjing Medical University and housed under standard
conditions (21-24 °C, 12-h light-dark cycle) in specific pathogen-free
animal quarters with unlimited access to standard food and water.
Postnatal day 7 (P7) littermate mice of both sexes were used in the
experiment. Pups were randomly assigned to four groups, namely, the
sham-operated control (sham) group, the HI + PBS group, the
HI + RES group, and the HI+ EX527 (a specific SIRT1
inhibitor) + RES group, with the same number of pups in each group.

The Rice-Vannucci method was used to establish HIBI with some
modifications [28]. Briefly, P7 pups weighing 4.5 to 5.5 g were anaes-
thetized with isoflurane, the anterior midline of the neck skin was in-
cised and the right common carotid artery was exposed. The proximal
and distal ends were ligated separately, cutting off the blood from the
middle artery, and the skin was sutured. The duration of the entire
operation was limited to 5min for each mouse. The pups were then
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returned to their dams for 2 h of recovery. Subsequently, the pups were
placed in a hypoxia chamber (8% oxygen +92% nitrogen was con-
tinuously applied) with a heating pad of constant temperature (37 °C)
for 1 h. The sham group underwent anesthesia and incision only. The
animal experiments were performed in accordance with the Interna-
tional Guiding Principles for Animal Research provided by the Council
for International Organizations of Medical Sciences. The Animal Ethical
and Welfare Committee of Southeast University approved all animal
experiments.

2.2. Drug administration of animals

RES and EX527 were purchased from MCE (MedChemExpress,
Monmouth Junction, NJ, USA), and 10 mg/ml (RES) and 1 mg/ml
(EX527) stock solutions were produced with dimethyl sulfoxide
(DMSO). Based on the previous literature, the stock solutions were di-
luted with PBS to a concentration of 100 mg/ml (RES) [29] and 10 mg/
ml (EX527) [30] for intraperitoneal injection. The drug was adminis-
tered immediately after HI insult and 12h later. Specifically, in the
HI + RES group, RES only was given; in the HI + EX527 + RES group,
EX527 was given first, and RES was injected 1 h later. Equal volumes of
PBS were administered in the same manner to the sham group and
HI + PBS group. According to the weight of the pups, the injection
volume was estimated to be 45-55 pl/mouse.

2.3. Behavioural tests

To assess the effects of RES on the neurobehaviour of the study
subjects, the following behavioural tests were used.

2.3.1. Cylinder test

We evaluated the asymmetry of forelimb use using the cylinder test
two weeks after HI insult, according to a previously reported method
[31]. Briefly, each mouse was individually placed in a transparent cy-
linder with a 14-cm inner diameter and a height of 30 cm and video
recorded until it reared and touched the cylinder wall with its forepaw
(s) > 20 times; this took approximately 3-5min. The number of con-
tacts with the cylinder wall by the left or right forepaw during this time
was counted. The asymmetry of forelimb use and paw preference were
calculated using the following formula: (right [non-impaired side]-left
[impaired side])/ (left + right) x 100%.

2.3.2. Forelimb suspension experiment

A forelimb suspension experiment was conducted after the cylinder
test. In short, a smooth glass rod with a diameter of 0.5 cm was placed
on a shelf with a height of 45 cm. Sponge pads were laid below the glass
rod. Each mouse was placed on the glass rod so that it gripped the rod
with its forelimbs. Timing was started, and timing ended when the
mouse fell. This experiment was used as a reflection of the muscle
strength and motor coordination of mice. A shorter latency to fall re-
presented worse muscle strength and motor coordination.

2.3.3. Open-field test

Spontaneous activity and exploratory behaviours were assessed in
the open-field test three weeks after HI insult. The open-field test was
performed using a  white square open-field apparatus
(40 x 40 x 45 cm) made of plastic permeable to infrared light. Infrared
lights were mounted at specific intervals along the X, Y, and Z axes of
the open-field arena. The area was divided into 16 square zones, of
which the four central squares (25% of the total area) were considered
the central zone. The animals were allowed to explore the open-field
arena freely for 10 min in the light and for the next 5min in the dark.
Each evaluation index was recorded by a video tracking system (ANY-
maze).
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2.4. Histological examination

Hematoxylin-eosin (HE) staining was used to observe changes in
histology, such as hippocampal and cortical morphology. The brains
were paraffin-embedded and cut into 4 pum-thick coronal sections,
which were then dewaxed with a series of xylene and alcohol. The
sections were stained with hematoxylin and eosin, and histopatholo-
gical changes were observed at 40 X and 200 X under an optical mi-
croscope.

2.5. Primary neuronal culture and BV2 microglial cell culture

Primary cultured murine cortical neurons were prepared from the
cortex of PO mice. Briefly, PO mice were immersed in 75% ethanol for
5 min after anesthesia and killed by decapitation. The cortices from the
isolated brains were carefully stripped of the blood vessels and me-
ninges, dissected in pre-cooled HBSS and then digested in 1.25% trypsin
(Gibco) at 37 °C for 20 min. The trypsin digestion was terminated by
Dulbecco's modified Eagle's medium (DMEM)-F12 with 10% foetal
bovine serum (FBS) (Gibco). The cell suspension was prepared by
gently pipetting 20 times with a Pasteur pipette and allowed to stand
for 2 min. The cell suspension was centrifuged at 1000 rpm for 10 min,
and the supernatant was removed. The precipitate was resuspended in
DMEM-F12 with 10% FBS, 1% 0.5 mmol/] glutamate (Sigma) and 1%
penicillin/streptomycin (Gibco). After the debris was removed with a
70-um nylon strainer, the cells were plated in 0.1 mg/ml poly-p-lysine-
coated confocal dishes (1.0 x 10° cell/well). The medium was changed
to Neurobasal-A medium (NBM; Gibco) supplemented with 2% B27
(Gibco), 1% 0.5mmol/l glutamate and 1% penicillin/streptomycin
after 6 h. Cytosine arabinoside (2.5 ug/ml) was added on the third day
of culture to inhibit the excessive proliferation of non-neuronal cells
and discarded after 24 h. After that, half of the medium was replaced
with new medium every 2 d, and the cultured cortical neurons were
used for experiments on days 7-10.

Mouse BV2 microglia cells were donated by the School of Pharmacy
of Nanjing Medical University and maintained in high glucose DMEM
(Sigma) supplemented with 10% FBS, 4500 mg/1 glucose and 1% pe-
nicillin/streptomycin. All cell cultures were maintained in a humidified
incubator at 37 °C and 5% CO..

2.6. Cell viability and proliferation assays

Cell viability and proliferation assays were used to determine the
optimal treatment conditions. BV2 cells were inoculated in quad-
ruplicate in 96-well plates at a density of 1 x 10* cells per well for 24 h
and then treated with different concentrations of RES or EX527 (5 uM,
10 uM, 25 pM, 50 uM, 100 uM, 150 uM and 200 uM) for 6 h, 12h or 24h
or treated with OGD for different times (1 h, 2h, 3h, 4h and 5h). The
concentration of DMSO was not > 0.1% to avoid cytotoxicity caused by
DMSO. Then, 10l of CCK-8 reagent (APExBIO, Houston, USA) was
added to each well, and the cells were incubated at 37 °C for 1 h. We
used an automatic fluorescence microplate reader to measure the ab-
sorbance at 450 nm to obtain the optical density (OD) values for each
well.  Cell viability was calculated as follows: cell
Vlablhty = (ODtreat - ODblank)/(ODcon - ODblank)~

Table 1
List of primers used for qRT-PCR.
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2.7. OGD treatment of BV2 cells

Cells were pretreated with the indicated concentration of RES or
EX527 (the optimal concentrations were determined by the CCK-8
assay) for 3h and then washed 3 times with PBS. The normal culture
medium was switched to DMEM without glucose and FBS, and then the
cells were incubated in a hypoxia chamber with 1% 05/5% CO,/94%
N, at 37 °C for the appropriate time. At the end of OGD treatment, the
cells were reperfused by immediately changing the medium to normal
medium with RES or DMSO and incubated for 12h or 24h under
normal conditions for subsequent experiments. The experimental de-
sign is shown in Fig. 3D.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Brain tissues and the conditioned medium (CM) of BV2 cells were
collected for each group. The concentrations of HMGB1 and the cyto-
kines IL-1f, IL-6 and TNF-a in the CM and brain tissues were detected
by using an ELISA kit (SenBeiJia Biotechnology Co., Ltd., China). All of
the steps of ELISA were performed according to the manufacturer's
protocols.

2.9. Quantitative real-time polymerase chain reaction (QRT-PCR)

BV2 cells were washed 3 times with pre-cooled PBS after Oh or 12h
of OGD/reperfusion (OGD/R), and the brain samples were lysed with
Trizolreagent (Life Technologies, CA). Total RNA was extracted ac-
cording to the manufacturer's protocol. The OD values and RNA con-
centration were determined by a spectrophotometer at 260 nm, and an
OD value between 1.8 and 2.0 indicated that the sample could be used
in the experiment. One microgram of RNA was reverse transcribed into
20 pl of cDNA using a commercial reverse transcription kit (Hiscript II Q
RT SuperMix for qPCR; Vazyme, Nanjing, China) with a thermocycler
according to the manufacturer's instructions. Two microliters of syn-
thesized ¢cDNA was subjected to qRT-PCR using specific primers and
SYBR PCR Master Mix (Vazyme, Nanjing, China). The qRT-PCR pro-
tocol was as follows: an initial denaturation at 95 °C for 30 s followed by
40 cycles at 95°C for 10s and 60 °C for 30s. At the end of the PCR, a
melting curve was obtained by holding the samples at 95°C for 15s,
cooling to 60 °C for 1 min, and then heating slowly at 0.3 °C/s until
95 °C was reached. This process was performed using a StepOnePlus™
real-time PCR machine. The primers are listed in Table 1. mRNA ex-
pression was normalized to the expression of the housekeeping gene f3-
actin using the 27 *“CT method.

2.10. Preparation of nuclear and cytoplasmic fractions

At the indicated time points, the treated BV2 cells were washed with
pre-cooled PBS 3 times after the culture medium was removed, and the
brain tissue samples were sonicated at a low temperature. Nuclear and
cytoplasmic fractions were isolated using a cytoplasmic and nuclear
protein extraction kit (KeyGEN Biotech, Nanjing, China) according to
the manufacturer's instructions to determine HMGBI1 translocation and
nuclear NF-kB p65 content. Briefly, cytoplasmic proteins were extracted
by using hypotonic lysis buffer (20 mM HEPES (pH 7.4), 2mM EGTA,
and 2 mM MgCl,), and nuclear proteins were extracted by hypertonic

Gene Species Forward sequence (5’-3") Reverse sequence (5’-3")

IL-1B Mouse TGTGTTTTCCTCCTTGCCTCTGAT TGCTGCCTAATGTCCCCTTGAAT
1L-6 Mouse TCACAGAAGGAGTGGCTAAGGACC ACGCACTAGGTTTGCCGAGTAGAT
TNF-a Mouse GCTCTGTGAAGGGAATGGGTGT CCAGGTCACTGTCCCAGCATCT
HMGB1 Mouse GGAGTGGCTTTTGTCCCTCAT TGCCTCTCGGCTTTTTAGGA
B-Actin Mouse GGGAAATCGTGCGTGAC AGGCTGGAAAAGAGCCT
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lysis buffer (20mM Tris/HCl, pH7.6, 100mM NaCl, 20mM KCl,
1.5 mM MgCl,, and 0.5% Nonidet P-40 supplemented with phosphatase
and protease inhibitors). The protein concentration of the lysates was
determined via Western blotting by stripping the polyvinylidene di-
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) and re-
probing them with Lamin B1 (Proteintech Group, Rosemont, IL, USA) as
a nuclear control and B-actin (Proteintech) as a cytoplasmic control.

2.11. Co-immunoprecipitation (co-IP)

BV2 cell lysates were prepared in IP lysis buffer (KeyGEN) supple-
mented with protease and phosphatase inhibitor cocktail on ice. Co-IP
was performed to detect the acetylation level of HMGBI1 and the in-
teraction between HMGB1 and SIRT1. The procedure was performed
according to the manufacturer's protocols. A total of 5pug of a diluted
rabbit polyclonal anti-HMGB1 antibody (Abcam) or a rabbit mAb IgG
control (CST) was added to Protein A/G magnetic beads
(MedChemExpress), and the Protein A/G magnetic bead-Ab complex
was prepared by rotating at 4 °C for 2 h. Magnetic separation was per-
formed on a magnetic stand, and after washing several times with a
binding/wash buffer (1 x PBS + 0.5% Triton X-100, pH7.4), the cell
lysate antigen (Ag) was added to the complex. The protein A/G mag-
netic bead-Ab-Ag complex was produced by rotary incubation at 4 °C
for 2h. Magnetic separation was performed, and the supernatant was
discarded. Then, 50 pl of 1 X SDS-PAGE loading buffer was added to the
complex, and the complex was mixed uniformly and heated at 95 °C for
5min. The magnetic beads were separated, and the supernatant was
collected for SDS-PAGE detection.

2.12. Western blotting (WB)

After the brain tissues and cell lysates were prepared, the protein
concentrations were determined with a Modified BCA Protein Assay Kit
(KeyGEN), and the different samples were then adjusted to obtain equal
concentrations. For WB, equal amounts of total or nuclear/cytoplasmic
protein, along with 2l of molecular weight marker, were electro-
phoresed on SDS-PAGE gels. The gels were subjected to 150V for
65 min. Next, the proteins were transferred to a PVDF membrane at
300 mA at a low temperature for 1-2h. After non-specific sites were
blocked with 5% non-fat dry milk or bovine serum albumin (BSA) in
TBS containing 0.1% Tween-20 (TBST), the membranes were incubated
with primary rabbit polyclonal anti-HMGB1 (1:1000), rabbit polyclonal
anti-NF-«kB p65 (1:1000, CST), mouse monoclonal anti-SIRT1 (1:1000,
Proteintech), rabbit polyclonal anti-MyD88 (1:1000, CST), mouse
monoclonal anti-TLR4 (1:1000, Proteintech), acetylated-lysine (1:1000,
Abcam), mouse monoclonal anti-B-actin (1: 5000) and mouse mono-
clonal anti-Lamin B1 (1: 5000) antibodies at 4 °C overnight. 3-Actin (for
total protein and the cytoplasmic fraction) and Lamin B1 (for the nu-
clear fraction) were used as internal controls. After being washed with
TBST three times, the membranes were incubated with the respective
horseradish peroxidase-conjugated secondary antibody (1:10000,
Yifeixue, BioTECH, Nanjing, China) at room temperature for 2h.
Immunoreactivity was visualized with the ECL Western Blotting
Detection System (Millipore). Target proteins with molecular weight
differences of < 5 kD from compared to the internal control were in-
cubated antibody and visualized, and then the membrane was eluted
with the antibody eluent, followed by incubation and visualization of
the internal control. Grey value analysis was conducted with ImageJ
software (National Institute of Health). The densities of specific bands
were quantified and are expressed as a percentage of the (-actin or
Lamin B1 band density.

2.13. Immunofluorescence

Twenty-four hours after HI insult, mouse brains were removed after
cardiac perfusion with normal saline and 4% paraformaldehyde. The
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brain samples were fixed in 4% paraformaldehyde for 24h and then
dehydrated in a 20-30% sucrose solution gradient. Subsequently, brain
samples embedded in OCT freezing medium (Sakura) were cut into 20-
um cryosections using a freezing microtome (ThermoFisher Scientific).
The cryosections were incubated with mouse anti-Ibal (1:500, Wako
Chemicals, Japan) and rabbit anti-HMGB1 (1:500, Abcam) overnight at
4°C followed by incubation with Alexa Fluor 488- or 552-conjugated
goat anti-rabbit or Alexa Fluor 552-conjugated anti-mouse secondary
antibodies (1:200, Beyotime Biotechnology) for 1h at room tempera-
ture in the dark. Nuclei were counterstained with DAPI (1:2000,
KeyGENE). Fluorescent confocal images were captured with an FV10-
ASW 3.1 Viewer on a confocal laser scanning microscope (Olympus,
FV1000, Japan).

BV2 cells or primary neurons were fixed in 4% paraformaldehyde
for 15 min and permeabilized in 0.2% Triton X-100/PBS, followed by
blocking for 1 h with BSA at room temperature. Then, primary neurons
were incubated with mouse anti-HMGB1 (1:500, Proteintech) and
rabbit anti-NeuN (1:500, CST). Meanwhile, BV2 cells were incubated
with rabbit anti-HMGB1 overnight at 4 °C and then incubated with a
secondary antibody for 1h at room temperature in the dark. Nuclei
were counterstained with DAPI. Immunofluorescence intensity was
quantified using ipwn32 software by measuring the staining intensity in
six different fields. For the quantitative analysis of HMGBI transloca-
tion, cells with diffuse HMGB1 in the cytoplasm were defined as
translocation-positive.

2.14. SIRT1 activity assay

To assay cellular SIRT1 activity, proteins were extracted from BV2
cells after exposure to the different treatments described above. A
SIRT1 Fluorometric Assay Kit (Sigma, CS1040) was used to quantify
SIRT1 activity according to the manufacturer's protocol. Fluorescence
intensities were measured with a microplate fluorometer (excitation
wavelength, 360 nm; emission wavelength, 450 nm).

2.15. Lactate dehydrogenase (LDH) release assay

The release of LDH from damaged cells into the culture medium is a
marker of cell damage. To evaluate LDH release, primary neurons were
seeded in 96-well plates at a density of 2 x 10* cells/well, and the
supernatant was collected after the addition of BV2 cell CM for 24 h.
LDH release was measured by an LDH Cytotoxicity Assay Kit
(Beyotime) according to the manufacturer's instructions. The optical
densities were determined by measuring the absorbance at 490 nm
using a microplate reader. The results were calculated by the following
formula: LDH cytotoxicity (%) = (ODyeated — ODblank)/(ODmaximum cell
enzyme activity Sample ODreference) % 100.

2.16. Statistical analysis

The results are expressed as the mean *+ standard deviation (SD)
and were analysed by SPSS 22.0 software (SPSS, Chicago, IL, USA). For
comparisons of the differences between the two groups, the data were
statistically assessed by Student's t-test (two-tailed), while multiple
group analysis was performed using one-way analysis of variance
(ANOVA) followed by Bonferroni multiple comparisons test. All ex-
periments were performed at least in triplicate. Differences were con-
sidered significant at p < 0.05.

3. Results

3.1. RES attenuates HI insult-induced brain damage and neurobehavioral
defects

HI led to obvious brain damage, and histological examination
showed disruption of hippocampal and cortical morphology and
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massive immune cell infiltration (Fig. 1A). Meanwhile, behavioural
tests revealed that the number of entries into and the time spent in the
central zone but not the distance travelled throughout the entire open-
field arena or the average speed in the open-field test were decreased
(Fig. 1D, E); additionally, muscle strength (Fig. 1C) and the symmetry
of limb activity (Fig. 1B) were impaired. These abnormalities were
significantly ameliorated after RES administration. To determine whe-
ther SIRT1 is involved in the neuroprotective effect of RES in this HIBI
model, a specific inhibitor of SIRT1, EX527, was injected prior to RES
administration. We found that EX527 significantly reversed the neu-
roprotective effects of RES.

3.2. RES suppresses neuroinflammatory responses by inhibiting the TLR4/
MyD88/NF-«B signalling pathway in vivo

We investigated whether RES improves HI insult-induced brain
damage and behavioural defects in experimental animals by affecting
the neuroinflammatory responses. The results showed that the mRNA
and protein levels of the cytokines IL-1f3, IL-6, and TNF-a in brain tis-
sues after HI insult were significantly elevated, but resveratrol reduced
this abnormal increase (Fig. 2A, B). Therefore, we asked which poten-
tial signalling pathway regulated by RES is responsible for this phe-
nomenon. The WB results indicated that HI-induced decreased levels of
SIRT1, as well as elevated levels of TLR4, MyD88, and nuclear NF-kB,
were reversed by resveratrol, whereas the administration of EX527,
compared with HI + RES, partially abolished this anti-neuroin-
flammatory effect (Fig. 2C, D).

3.3. HMGBI cytoplasmic localization in microglia increases after HI insult
and can be diminished by RES

Since SIRT1 is indeed involved in the inhibition of TLR4 signalling
by resveratrol, we hypothesized that HMGB1 acts as a link between
these two molecules; interestingly, however, there was no significant
difference in HMGB1 mRNA levels between the sham group and the
HI + PBS group or the other drug-administered groups (Fig. 2E). Ac-
cording to the viewpoint that the function of HMGBI is mainly related
to its localization in cells and microglia plays a key role in the occur-
rence and development of neuroinflammation after HI insult [10], we
speculated that the changes in the localization of HMGB1 were involved
in this inflammatory process.

To explore the relationship between microglia and HMGB1 in vivo
and determine whether HMGB1 is involved in microglial-mediated
neuroinflammation after HI insult, we focused on the distribution of
HMGB1 in microglia. Confocal imaging using antibodies against
HMGB1 and the microglia cell-specific marker Ibal showed that the
expression of Ibal was weak and that HMGB1 was located in the nu-
cleus of the microglia in the sham group. After HI insult, the fluores-
cence intensity of Ibal dramatically surged, and HMGB1 was partially
localized outside the nucleus, implying that the activation of microglia
was accompanied by increased nucleoplasmic transfer of HMGB1. RES
had the ability to attenuate the increased expression of Ibal induced by
HI insult and reduce the cytoplasmic localization of HMGBI.
Meanwhile, the HI + EX527 + RES group showed a dramatic increase
in the extracellular and cytoplasmic distribution of HMGB1. A re-
presentative confocal image is shown in Fig. 2E.
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Fig. 2. Effects of resveratrol on the TLR4 signalling pathway, cytokine expression and microglial HMGBI release in vivo.

(A, B) The protein and mRNA expression of IL-1f3, IL-6 and TNF-a were determined by ELISA and qRT-PCR, respectively. (C, D) Total protein and nuclear protein
extracted from brain tissues were analysed for protein levels of SIRT1, TLR4, MyD88 and nuclear NF-kB and Lamin B1 by Western blotting. Representative western
bands and the quantification are shown. (E) The mRNA expression of HMGB1 was determined by qRT-PCR. (F) Representative confocal images of Ibal expression and
HMGBI localization in microglia in the lesioned cortices. Double staining was used to assess microglial activation and HMGBI translocation in the lesioned cortex
24 h after HI insult. Compared with that in the sham group, the fluorescence intensity of Ibal and cytoplasmic HMGBI staining increased after HI insult. The
HI + RES group exhibited weak Ibal fluorescence intensity and less HMGB1 cytoplasmic localization. n = 4-6 in each group for confocal immunofluorescence
microscopy; n = 6 for the other tests. Statistical significance was determined by one-way ANOVA followed by Bonferroni multiple comparisons test. The values are
expressed as the mean + standard deviation: ns, p > 0.05; *, #, p < 0.05; **, ## p < 0.01; ***, ### p < 0.001. Scale bar, 10 um.

3.4. RES mitigates inflammation of BV2 cells after OGD by inhibiting TLR4
signalling in vitro

We found in the in vivo experiment that HI led to the activation of
microglia and increased the extracellular and cytoplasmic localization
of HMGB1 and the activation of the signalling pathways mediated by
the HMGBI reciprocal receptor TLR4. In addition, RES and EX527 at-
tenuated and aggravated this change, respectively. To further explore
the mechanism of this phenomenon, mouse microglial BV2 cells were
selected for in vitro experiments. First, the optimal experimental drug
concentrations of RES or EX527 were determined to be 25uM and
100 pM, respectively, by the CCK-8 assay (Fig. 3A, B), and no significant
effect on cell viability was observed upon OGD treatment for 3h
(Fig. 3C).

In subsequent experiments, it was found that, compared with that in
the control group, OGD significantly increased the mRNA expression of
IL-1B, IL-6 and TNF-a in BV2 cells (Fig. 3E), the protein levels of the
above three cytokines in the CM (Fig. 3F), and the expression of TLR4,
MyD88, and nuclear NF-kB (Fig. 3G, H); pretreatment with RES in-
hibited this amplification of inflammation. However, the administra-
tion of EX527 restored the cytokine protein expression to the level
observed in the OGD + DMSO group, but this effect was not observed at
the mRNA level.

3.5. RES inhibits OGD-induced HMGBI1 release in BV2 cells by activating
SIRT1 to reduce the acetylation of HMGB1

We speculated that the aforementioned experimental phenomenon
may be involved in the changes in HMGB1 caused by RES intervention.
To validate our hypothesis, we directly examined the changes in
HMGBI1 in BV2 cells after OGD. Confocal imaging and quantitative
results showed that, compared with that in the control group, HMGB1
localization in the cytoplasm was enhanced significantly after OGD
(Fig. 4A, B), and HMGBI1 content in the CM was dramatically increased
(Fig. 4C). In addition, nuclear-cytoplasmic separation also revealed that
HMGB1 was transferred from the nucleus to the cytoplasm (Fig. 4E),
demonstrating that BV2 cells released HMGB1 after OGD. RES altered
this release, and this was manifested as increased HMGB1 retention in
the nucleus; conversely, pretreatment with EX527 exacerbated this
phenomenon. Interestingly, however, there was no significant differ-
ence in the mRNA levels of HMGB1 among the groups immediately
after OGD or 12h after OGD/R (Fig. 4D), again proving that the in-
crease in the extracellular HMGBI level was mainly due to enhanced
active release by BV2.

Because acetylation plays an important role in the active release of
HMGB1 and because SIRT1 activators and inhibitors can attenuate or
enhance this type of HMGBI release after OGD, we further investigated
whether SIRT1 can directly participate in the acetylation of microglial
HMGB1 during OGD. To confirm that SIRT1 indeed directly interacts
with HMGB1 and participates in its nucleocytoplasmic translocation
and release, we performed a co-IP experiment after OGD and discovered
that SIRT1 expression was decreased, acetylated HMGB1 levels were
elevated, and the interaction between HMGB1 and SIRT1 was dimin-
ished (Fig. 4F, G). RES increased the interaction between SIRT1 and
HMGBI by increasing the expression and deacetylase activity of SIRT1,
thereby reducing the level of HMGBI1 acetylation and ultimately

inhibiting HMGB1 nucleocytoplasmic translocation. Although EX527
had no substantial effect on SIRT1 expression after OGD, it augmented
the active secretion of HMGBI1 by inhibiting the deacetylase activity of
SIRT1 (Fig. 4G, H).

3.6. Effects of BV2 cell CM from different treatment groups on primary
neurons

Finally, as the inflammatory cascade can cause secondary damage to
neurons, we researched the effect of BV2 cells from different treatment
groups on primary neurons. The CM from BV2 cells from each treat-
ment group was collected after OGD/R and added to primary neurons
for co-culture. After 24 h, an evaluation of LDH release revealed that
the CM from the OGD group caused neuronal damage, while that from
the OGD + RES group showed a certain protective effect. Additionally,
confocal imaging using antibodies against HMGB1 and the neuron cell-
specific marker anti-NeuN showed that the CM from the OGD group led
to pronounced extracellular localization of HMGB1 in neurons, but RES
inhibited this translocation (Fig. 5).

4. Discussion

RES is considered to be a potential drug for the treatment of neu-
rological diseases, including ischemic brain disease, and it reduces the
extent of brain damage when administered before or after ischemia in
rodent models. The neuroprotective mechanisms of RES might include
antioxidation, anti-inflammation, and antiapoptosis effects. Recent
studies have reported that RES suppresses the inflammatory response
by inhibiting TLR4 signal transduction in several disease models
[32-35].

HMGBI1 can be post-transcriptionally modified, primarily by the
acetylation of lysine at two nuclear localization sites, to affect its lo-
calization in the cells [36]. Hyperacetylation-mediated HMGB1 nu-
cleoplasmic transfer and the active release of HMGB1 occurs after im-
mune cells are stimulated [37]. Actively released HMGB1 is able to in
turn stimulate the host cell itself and adjacent cells, playing autocrine
and paracrine role and thus leading to the amplification of inflamma-
tion and the maintenance of damage caused by inflammation [38].
Although there have been many studies on the effects of HMGB1 on
brain injury in adult rodents, at present, information regarding the ef-
fect of HI insult on the dynamics of HMGB1 in the perinatal brain is
very limited. A clinical study reported that umbilical arterial HMGB1
levels are elevated in HIE infants compared with controls and decrease
after brain hypothermic therapy, indicating that neuroinflammation
that involves HMGB1 may play a role in the neuroprotective me-
chanism of hypothermic therapy [25]. In addition, HMGB1 serum levels
were confirmed to be elevated in neonates with asphyxia-related brain
injury within 30 min after birth, suggesting that HMGB1 can be used as
an early biomarker for brain damage caused by perinatal asphyxia [39].
A recent study on neonatal rat HIBI demonstrated time-dependent
HMGBI translocation, but it did not explore the mechanism by which
HMGBI triggers downstream inflammation [40].

Microglia play a predominant role in the development of neuroin-
flammation in HI insult-induced acute brain injury and damage
neighbouring cells through chronic overstimulation and a prolonged
inflammatory response. We found that microglial cells exhibited



K. Le, et al. International Immunopharmacology 75 (2019) 105779

TLR4

MyD88

A B
45 Hl Control
st 5uM Control
g 10uM P
g 250M 5 10uM
7 1.0 S0uM 2 Egum
3 100uM e 0
['4 100uM
< 150uM 2 150uM
£ 200uM a
8 05 ©
s >
> =
ol @
3 [$)
© 0.0 ¥
Time Time 6h 12h 24h
C 15 D
g |<—OGD>I Reperfusion—bl
:é oh 3h  6h 18h 30h
i
3
o Pretreatment Start Start Collect Colleft
0GD Reperfusion RNA Protein
ol
E F
15+ 1000 L
5 - mm Control § PP B Control
g | e OGD+DMSO 3 8004 l OGD+DMSO
s 10 B OGD+RES g % & - Bm OGD+RES
o
° BN OGD+EX527+RES £ 4001 ns s B OGD+EX527+RES
£ B 1507~ o
s £ l
< 5 100
cé z 50
w o
IL-18 IL-6 TNF-a IL-1B IL-6 TNF-a
G &
&L 'i‘& H
> N & °
O Q 5 &
& Q* o QO ns S
(P(‘ 0(9 0(5 0(9 < 1.5 . = Control ,33' 5
g | Ty 0GD+DMSO e H
TLR4 l « Dl » —-‘ 100kD g Bm OGD+RES <« 0,9 x <~ 3
510 m OGD+EXS2T+RES (Y P 00° & s
= 2 | R i 3o
myDss [WRES e e o : NF_kB| - -0|65kD i
. ° 3
B-actin | s— - — ‘ 43kD £, LaminBl’ — - = . -|66kD 20
:

Fig. 3. Cell viability of BV2 microglial cells exposed to different treatments, as determined by the CCK-8 assay, and the effects of resveratrol on the TLR4 signalling
pathway and cytokine expression in vitro.

(A, B) BV2 cells were incubated with resveratrol or EX527 (0, 5, 10, 25, 50, 100, 150 and 200 uM) for 6 h, 12h or 24 h. (C) BV2 cells were subjected to oxygen glucose
deprivation for 1h, 2h, 3h, 4h or 5h. (D) A schematic diagram of the in vitro experiment. (E, F) The mRNA and protein expression of IL-1f3, IL-6 and TNF-a in the
condition medium was determined by qRT-PCR and ELISA, respectively. (G, H) The protein levels of TLR4, MyD88, nuclear NF-kB and Lamin B1 in BV2 cells were
determined by Western blotting. Representative western bands and the quantification are shown. Statistical significance was determined by Student's t-test (two-
tailed) or one-way ANOVA followed by Bonferroni multiple comparisons test. The values are expressed as the mean + standard deviation: ns, p > 0.05; *, *,
p < 0.05; ** *# p < 0.01; ***, **# p < 0.001. n = 4 replicates for each test.

obvious HMGB1 nucleocytoplasmic translocation after HI insult, which
is in conflict with the results of Chen et al., who did not detect HMGB1
translocation in microglia after HI [40]. They asserted that microglia
have relatively small cell bodies with small cytosolic compartments,
which might render it more challenging to detect an apparent shift in
HMGBI1 from the nucleus to the cytosol. We do not endorse this ex-
planation because microglia undergoes a series of morphological
changes, such as an enlargement of the cell body, which is beneficial for
observation, after experiencing stress. In addition, in our in vivo studies,
we used a 1000 X oil lens for confocal imaging to clearly observe the
cytoplasmic localization of HMGB1 in microglia 24 h after HI insult,
and similar findings were obtained in our in vitro studies. Frasch et al.
[41] used umbilical cord occlusion to mimic hypoxic acidemia that
might occur during labour and demonstrated that HMGB1, which is
normally located in the nucleus of a7nAChR-containing microglia from
ovine foetuses, underwent nucleocytoplasmic translocation after injury;
this further confirmed the shift of HMGB1 from the nucleus to the

cytoplasm in microglia after HI insult. In the in vitro experiments, the
HMGBI1 protein level was almost identical before and after OGD, pre-
sumably because the release of the nucleus of HMGB1 was not sufficient
to cause changes in the overall protein level, and the lack of a change in
HMGB1 mRNA expression upon treatment with OGD was not able to
change the protein expression.

Our study is the first to provide evidence that HMGB1 and TLR4 are
potentially involved in the neuroprotective effects of RES on neonatal
HIBI. A recent report demonstrated that TLR4 plays a role in HI insult
-induced brain injury [42], the focus of this study was on the role of the
HMGB1-TLR4 axis in the anti-neuroinflammatory effects of RES. Al-
though RES had no significant effect on the expression level of HMGB1
after OGD, it was able to influence the downstream TLR4 inflammatory
signalling pathway by regulating HMGB1 release. Both in vivo and in
vitro, we found that HI insult- and OGD-induced inflammation was
partially associated with a significant increase in TLR4 and MyD88
expression and accompanied by increased nuclear NF-xB levels, which
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Fig. 4. Resveratrol participates in the acetylation of HMGB1 through SIRT1.

(A, B) Representative confocal images of HMGBI1 localization in BV2 cells. HMGB1 was stained green, and the nuclei were stained blue with DAPIL (C) The
concentration of HMGB1 in BV2 conditioned medium was measured by ELISA. (D) The qRT-PCR results showed no significant difference in the mRNA expression of
HMGB1 0 h or 12h after OGD. (E) The protein expression of HMGB1 in the nuclear and cytoplasmic fractions was determined by Western blotting. Representative
western bands and the quantification are shown. (F, G) Co-IP and Western blotting were used to determine the direct interaction between HMGB1 and SIRT1.
Representative western bands and the quantification are shown. (H) The relative deacetylase activity of SIRT1 in each experimental group was determined. n = 6
replicates for confocal immunofluorescence microscopy and ELISA; n = 4 replicates for qRT-PCR and Western blot. Statistical significance was determined by one-
way ANOVA followed by Bonferroni multiple comparisons test. The values are expressed as the mean *+ standard deviation: ns, p > 0.05; *, # p < 0.05; ##,
p < 0.01; ***, #HE p < 0.001. Scale bar, 25 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

is consistent with previous reports [43,44]. TLR4 is mainly expressed in
microglia in the central nervous system [45], and it is known to induce
microglial pro-inflammatory responses to many stimuli. Since micro-
glial activation is extensively controlled by pathogen recognition re-
ceptors, TLR4 is involved in the microglia-mediated neurotoxicity that
occurs in many brain pathologies. If the TLR4 pathway is erroneously
activated or if the signal is uncontrollably amplified, the cytokine

response may have a detrimental effect on the nervous system. TLR4
signalling exacerbates stroke outcomes, including the infarct volume,
neurological function, and inflammatory markers [46], while TLR4-
deficient mice show improved neurological and/or behavioural out-
comes in various models of cerebral infarction [47]. In general, TLR4-
mediated inflammatory signalling has the ability to guide necrosis and
apoptosis in various cell types in the central nervous system [48]. Other
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molecules, such as HIF-1a, SOCS-1, and PCG-1a, also play an important
role in the neuroinflammatory response mediated by microglia activa-
tion. The effects of RES may be mediated by these molecules [49,50],
but in our study, we focused on the role of HMGB1 in HI insult-induced
neuroinflammation and attempted to elucidate the new mechanism by
which RES provides neuroprotection; thus, we focused on TLR4, the
classical receptor of HMGB1. Whether RAGE and other TLRs (also
known as HMGBI receptors) are altered after HI insult and whether
RES can regulate them will be further studied.

The results demonstrated that RES activated SIRT1 to deacetylate
HMGB]1 and thus attenuate its translocation, which may have inhibited
the inflammatory response mediated by the downstream TLR4 signal-
ling pathway. As a vital deacetylase, SIRT1 plays an important role in
the regulation of cellular metabolism, autophagy and chromatin ac-
cessibility and is associated with a variety of pathophysiological pro-
cesses. It has been reported that SIRT1 expression is decreased in
neonatal HIBI [51], and RES, as the most efficacious SIRT1 activator
[52], can increase the activity of human SIRT1 by as much as eight-fold
by reducing the Km value of the acetylated substrate [52,53]. RES can
inhibit microglial activation and the inflammatory response after HI
insult [17] and thus downregulate the TLR4 signalling pathway to
mitigate brain damage in a focal cerebral ischemia model in adult rats
[32]. Our results revealed that RES does not affect HMGB1 expression in
vivo and in vitro but inhibits its acetylation level and release. Other
studies have confirmed that some pharmaceuticals inhibit the HMGB1/
TLR4/NF-kB signalling pathway by activating SIRT1 [54]. Therefore,
we confirmed that the anti-inflammatory effect of RES is partly
achieved by interfering with TLR4 signal transduction via activating
SIRT1 to regulate the release of HMGB1.

Unexpectedly, although more HMGBI1 release was observed in the
group treated with EX527 (a SIRT1 inhibitor), EX527 did not appear to

10

+ standard deviation: ns,p > 0.05; *,p < 0.05; s

cause a more serious inflammatory response or simultaneous brain
damage. We believe that this is related to the pharmacological me-
chanism of EX527 or another pathophysiological mechanism. Beier
et al. reported that SIRT1 deletion or pharmacological inhibition by
EX527 leads to an increase in SIRT1-mediated Foxp3 mRNA expression
and thereby suppresses the immune response [55]. In a study that in-
vestigated the use of placenta-derived mesenchymal stem cell (PD-MSC)
transplantation to treat neonatal rat HIBI, the researchers found that
the number of Tregs in the spleens of the HIBI group increased dra-
matically and that PD-MSCs repressed the neuroinflammatory response
after HIBI by increasing the number of Tregs and Foxp3 expression
levels [56]. In addition, EX527 also has a protective effect on cerebral
ischaemia reperfusion injury in adult rats through attenuating the ne-
croptosis signalling pathway [57]. The precise mechanism underlying
the effect of EX527 in HIBI requires more in-depth research, and the use
of SIRT1 interference technology may be a better alternative.
Regarding the influence on neurons by interventions that affect
microglial HMGBI1 release, our results showed that, after co-culturing
primary neurons with microglia CM, damage to the neurons was ac-
companied by the release of HMGB1, which suggests that HMGB1 can
be used as a biomarker of injury. Since RES can directly alleviate
neuronal damage caused by OGD/R [58,59], in order to distinguish this
effect, this study did not directly detect neuronal damage in in vivo
experiments or treat primary neurons with OGD or RES; instead, CM
from microglia exposed to different treatment was collected to treat
neurons in vitro. Since inflammatory factors contained in CM can di-
rectly cause neuronal damage [60], the degree of damage exhibited by
the neurons from different treatment groups may be related to the
differences in inflammatory factor levels in the microglia, which further
confirms that resveratrol exerts neuroprotective effects by inhibiting
the inflammatory response of microglia. As expected, the lower levels of
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damage observed in the RES group may be associated with a reduction
in the inflammatory response, which is consistent with the results of
Zhang et al. [61].

The significance of our research is that there are differences in im-
mune mechanisms between neonatal HIE and adult ischemic stroke and
that HMGB1 dynamics are different after damage to mature and im-
mature brains. Considering that research over the past two decades has
focused on the roles of HMGB1 in the extracellular space in in-
flammation, some people have suggested treating diseases by inhibiting
or deleting HMGBI1, but it is worth remembering that HMGB1 is also
essential for life and for tissue regeneration processes. As an intrinsic
non-histone nuclear protein, HMGBI1 itself participates in many normal
physiological processes. Thus, the study by Choi et al. should serve as
an important guide because they alleged that the administration of the
HMGB1-specific inhibitor glycyrrhizin into the internal capsule ag-
gravates oligodendrocyte death, enhances demyelination and exacer-
bates sensorimotor behavioural deficits by inhibiting the autocrine
trophic factor HMGBI1 in a murine stroke model [62]. Oligodendrocyte
injury and myelination disorders are thought to play an important roles
in the sequelae of hypoxic-ischemic injury in immature brains [63]. In
addition, a lack of HMGB1 does not disrupt cell growth but causes le-
thal hypoglycaemia in newborn mice [64], and astrocytic HMGB1
promotes endothelial progenitor cell-mediated neurovascular re-
modelling during stroke recovery [65]. From a therapeutic point of
view, silencing HMGB1, although technically achievable, could be
precarious, especially for neonates whose nervous system is still in the
developmental stage, as it may deprive the host cells of the number of
nuclear housekeeping functions of this molecule. Conversely, it seems
to be more rational to attempt to correct the intracellular distribution of
HMGB1 through SIRT1 activation and improve nuclear retention during
stress. There are currently no specific treatments for neonatal HIE, and
it is imperative to identify a technique that can specifically inhibit the
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Fig. 6. Schematic illustration of the
anti-neuroinflammatory mechanism of
resveratrol in hypoxic-ischaemic brain
injury involving the regulation of
HMGBI release by activated microglial
SIRT1.

As illustrated, HI insult-induced re-
active microglia actively release acety-
lated HMGB1 (Ac-HMGB1), which in
turn activates the TLR4/MyD88/NF-kB
signalling pathway in microglia to in-
itiate a  glial-neuronal
flammatory response by producing a
wide array of pro-inflammatory factors
and mediators such as IL-1f, IL-6 and
TNF-a. Resveratrol inhibits the acet-
ylation of HMGBI1 by activating SIRT1,
thereby preventing the activation of
the TLR4 signalling pathway by extra-
cellular HMGBI.
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secretion of HMGB1 in microglia. Therefore, RES, which inhibits the
release of HMGB1 by reducing the level of HMGB1 acetylation via ac-
tivating SIRT1, may be a potential drug for disease management.

We acknowledge that, although the present study provides an eva-
luation of the mechanisms by which RES inhibits the HMGB1-TLR4 axis
to alleviate neonatal HIBI by SIRT1 in vitro and in vitro, there are im-
portant limitations that provide opportunities for further study. The
effects of RES on SIRT1 are very extensive and difficult to predict ac-
curately. SIRT1 is able to promote pro-inflammatory factor transcrip-
tion through the acetylation of NF-xB at lysine K310, but we partially
distinguished this effect by studying TLR4, the reciprocal receptor of
HMGBI, and downstream MyD88. Such a distinction is an important
area for further study, especially when neuroprotective strategies are
being considered. A growing body of evidence has validated that in-
creased HMGBI levels are capable of inducing the upregulation of TLR4
[66]. Since one of the goals of our experiments was to illustrate the
direct interaction between SIRT1 and HMGB1, the results we obtained
are sufficient to demonstrate this. Another consideration is that neurons
and other nerve cells can also release HMGB1 in a passive manner
during necrosis after HI injury; determining the importance of HMGB1
in different cells during the inflammatory response after HI injury re-
quires more advanced methods. Finally, extracellular HMGB1 can also
stimulate the inflammatory response by binding with other receptors,
such as RAGE and TLR2, and whether these related receptors are also
involved in the anti-neuroinflammatory effects of RES on SIRT/HMGB1
requires further study.

5. Conclusions
In conclusion, microglia can actively release HMGB1, which en-

hances inflammatory factor expression by activating the HMGB1/
TLR4/MyD88/NF-kB signalling pathway, in neonatal HIBI to
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participate in neuroinflammation. RES treatment increases the direct
interaction between SIRT1 and HMGB1 by increasing the expression
and activity of SIRT1 and then reduces the acetylation of HMGBI, in-
hibits the nucleocytoplasmic translocation and subsequent release of
HMGB1 from microglial cells, ultimately attenuates the downstream
inflammatory cascade induced by this molecule, and improves brain
damage and behavioural impairment caused by HI insult (Fig. 6). The
anti-neuroinflammatory effects induced by limiting the translocation of
HMGBI to the nucleus provides new and complementary insights into
the neuroprotective effects of RES and affords a new direction for the
treatment of neonatal HIE.
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