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Neonatal hypoxic-ischemic (HI) encephalopathy is a severe disease for which there is
currently no curative treatment. Recent evidence suggests that high-mobility group box
1 (HMGB1) protein can promote neuroinflammation after stroke in adult rodents, but its
role in perinatal hypoxic-ischemic brain damage (HIBD) remains largely uninvestigated.
In the present work, the potential role of HMGB1 in the pathogenesis of HIBD was
explored. A HIBD model was established in postpartum day 7 rat pups. HMGB1
expression, the cellular distribution of HMGB1, and microglial activation were all
evaluated. Glycyrrhizin (GL), an inhibitor of HMGB1, was used to investigate whether
the inhibition of HMGB1 modulated microglial M1/M2 polarization or attenuated brain
damage after HI. HAPI microglial cells and primary neurons were cultured in vitro and an
oxygen-glucose deprivation model was established to evaluate the effects of different
microglial-conditioned media on neurons using GL and recombinant HMGB1. Results
showed that the expression of HMGB1 was increased in both the ipsilateral cortex and
peripheral blood 72 h after HI. Immunofluorescence analyses showed that HMGB1 in the
cortex was primarily expressed in neurons. This increase in cortical HMGB1 expression
72 h after HI was characterized by increased co-expression with microglia, rather than
neurons or astrocytes. The expression of both M1 and M2 microglia was upregulated
72 h after HI. The administration of GL significantly suppressed M1 microglial polarization
and promoted M2 microglial polarization. Meanwhile, GL pretreatment significantly
alleviated brain edema and cerebral infarction. In vitro experimentation showed that
HMGB1-induced M1-conditioned media aggravated neuronal damage, but this effect
was neutralized by GL. These findings suggest that HMGB1 may result in an
imbalance of M1/M2 microglial polarization in the cortex and thus cause neuronal
injury. Pharmacological blockade of HMGB1 signaling may attenuate this imbalanced
polarization of microglia and thus could be used as a therapeutic strategy against brain
injury in HIBD.
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INTRODUCTION

Although neonatal resuscitation has been strongly promoted in
recent years, moderate to severe hypoxic-ischemic brain damage
(HIBD) still occurs after asphyxia (Barkhuizen et al., 2017). The
pathogenesis of HIBD is complex, and there currently exists no
effective treatment except for hypothermia. Even with timely
hypothermia, more than 40% of neonates who experience severe
asphyxia in the perinatal period still exhibit adverse outcomes, or
even die as a result (Wu et al., 2016).

The expression of pro-inflammatory factors is higher in the
developing brain than in the mature brain (Kaur et al., 2017).
Given that HIBD is a pathological condition of the developing
brain, it is hypothesized that inflammation, primarily mediated
by microglia, may play an important role in HIBD after perinatal
asphyxia. Microglia-related neuroinflammation is reported to
be associated with the release of cytokines and additional
inflammatory mediators, leading to secondary neuronal injury
(Umekawa et al., 2015). Microglia can be classified into two
main forms: M1-type (pro-inflammatory) and M2-type (anti-
inflammatory) (Colton, 2009). M1 microglia promote neuronal
death by expressing pro-inflammatory mediators, such as
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and
inducible nitric oxide synthase (iNOS). In contrast, M2 microglia
promote tissue repair and support neuronal survival through the
secretion of anti-inflammatory cytokines such as transforming
growth factor-β (TGF-β), interleukin-10 (IL-10), and arginase-
1 (Olah et al., 2011; Patel et al., 2013). Normally, there exists a
careful balance of pro-inflammatory M1 and anti-inflammatory
M2 microglia (Jin et al., 2019). Both in vitro and in vivo
experiments have proved that correction of a polarization
imbalance of M1/M2 microglia can inhibit the release of pro-
inflammatory cytokines and decrease neurotoxicity (Weinstein
et al., 2010; Xia et al., 2015; Zhou et al., 2019). In vivo studies
have reported an imbalance of microglial M1/M2 polarization
after hypoxic-ischemic (HI) exposure (Weinstein et al., 2010;
Bhalala et al., 2014). However, the exact mechanism underlying
this M1/M2 microglia imbalance after HI in neonatal models
remains unclear.

High-mobility group box 1 (HMGB1) is a chromatin-
associated protein widely expressed in the nuclei of brain
cells, which, under physiological conditions, promotes neurite
outgrowth and thus brain development (Merenmies et al.,
1991; Guazzi et al., 2003; Liu et al., 2010). Under pathological
conditions, HMGB1 can act as a pro-inflammatory factor,
promoting brain damage (Wang et al., 1999; Zhang et al.,
2011; Andersson et al., 2018). Studies have demonstrated
that HMGB1 is involved in the pathogenesis of ischemic
stroke in adult rodents, activating microglia and promoting
neuroinflammation (Ye et al., 2019). In immature animal models,
it was reported that HMGB1 translocated from nuclear to
cytosolic compartments after HI (Zhang et al., 2016), and the
translocation of HMGB1 was primarily in neurons along with
release from apoptotic cells (Chen et al., 2019). This translocation
may enable the action of HMGB1 as a proinflammatory cytokine
that contributes to HI injury in the developing brain (Zhang
et al., 2016). Unfortunately, the above studies mainly explored

the cellular localization changes of HMGB1 after HI, further
mechanism by which HMGB1 aggravates brain injury in HIBD
is still unclear.

The objective of the present study was to explore whether
HMGB1 played an important role in regulating the phenotypic
balance of M1/M2 microglia in the cortex of neonatal SD
rats after HI exposure, and whether the HMGB1 inhibitor,
glycyrrhizin (GL), could modulate microglial M1/M2
polarization after HI in vivo and in vitro. We found that
HMGB1 was upregulated in microglia after HI. Furthermore,
HMGB1 was able to regulate the M1/M2 phenotypic polarization
of microglia, leading to cortical injury.

MATERIALS AND METHODS

Animals and Ethical Permission
All experiments were performed in accordance with the
guidelines for experimental animal use of Central South
University. The protocol was approved by the ethics committee
of the Third Xiangya Hospital of Central South University (No.
2016-S006). Perinatal Sprague-Dawley (SD) rats were purchased
from Central South University (China). All rats were housed in a
12-h light/dark cycled facility with free access to food and water.

HIBD Animal Model and Drug
Administration
The Rice and Vannucci HIBD model was induced with minor
modifications in postpartum day 7 (P7) rat pups of both genders.
In brief, rat pups were anesthetized with isoflurane and the left
common carotid artery was permanently ligated with 5–0 silk
sutures. Pups were returned to the dam for a 2 h recovery before
initiation of a 2 h hypoxia exposure (37◦C, 8% O2/92% N2). The
sham-operation control animals were given only a small incision
on the left side of the neck and the left common carotid artery
was isolated without artery ligation or hypoxia treatment.

SD rat pups were randomly divided into three groups:
sham + PBS, HI + PBS, and HI + GL. In the HI + GL
group, GL was administered 1 h before artery ligation (20 mg/kg,
i.p.). In the other two groups, an equal volume of 0.01M PBS
was administered.

Primary Neuron Cultures and
Microglial-Conditioned Media Treatment
Cells from the microglia-like cell line HAPI (highly aggressive
proliferating cell type) were seeded into 6-well plates at
1 × 105/mL and incubated overnight in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS). Then, an oxygen-glucose deprivation (OGD) model
was established to mimic the in vivo HI process. HAPI cells
were divided into the following three groups: OGD + PBS,
OGD + GL, and OGD + r-HMGB1. In brief, PBS (0.01M),
GL (55 µM), and recombinant HMGB1 (r-HMGB1, 10 ng/mL)
were added to the respective cell groups for 2 h. The cells’
medium was then replaced with glucose-free Earle’s balanced salt
solution, and they were placed in an oxygen- deprived incubator
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(93% N2/5% CO2/2% O2) at 37◦C for 12 h. Finally, the culture
supernatant was collected, one part was used for an ELISA,
and the other was used as a conditioned medium (CM) for
primary neurons.

Primary cortical neurons were obtained from P1 rat pups. In
brief, the cortices of P1 rats were isolated, digested by trypsin, and
filtered using a 50 µm sterile nylon filter. Cells were then placed
in 24-well plates pre-coated with poly-L-lysine in a neurobasal
medium with 10% FBS and B27 supplement. The cells were
placed in an incubator (37◦C, 5% CO2) to differentiate for 7 days.
At this point, the neuronal medium was removed and substituted
with the aforementioned CM from HAPI microglial cells. To
analyze the effects of CM on cell viability, neurons were cultured
with this microglial CM for 24 h.

Cell Viability and Neurite Length
Measurement
Primary cortical neurons were seeded in 96-well plates at a
density of 5 × 103 cells/well. After culturing with microglial CM
for 24 h, a cell viability assay was performed using a cell-counting
kit (CCK-8; Beyotime, China). The optical density was read at a
wave length of 450nm using an EnVision Xcite microplate reader
(PerkinElmer, United States). Cell viability was calculated using
the following formula:

Cell viability (%) =
optical density of treated group
optical density of control group

× 100

For neurite length measurement, three digital images were taken
per well after microtubule-associated protein 2 (MAP-2) and
4′, 6′- diamidino-2-phenylindole (DAPI) immunostaining.
Using the plugins NeuronJ and ImageScience, Image J
software was then used to calculate the average neurite
length of MAP-2- positive neurons in every image following the
instructions provided.

Western Blotting
Western blotting was used to assess the expression of
HMGB1, ionized calcium-binding adaptor molecule 1 (Iba-
1), and β-actin in the cortex. Briefly, frozen cortex samples
were completely homogenized in lysis buffer containing
Phenylmethanesulfonyl fluoride (PMSF, Beyotime, China,
ST505) and Radio Immunoprecipitation Assay (RIPA, Beyotime,
China, P0013B) and centrifuged at 12,000 rpm for 15 min at
4◦C. The supernatant was collected and contained the total
protein extracted from the tissue. The quantity of protein in
the samples was determined using a BCA protein assay kit
(Beyotime, China), according to the manufacturer’s instructions.
Samples (30 µg per lane) were separated by 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% defatted milk for 2 h at room
temperature (temperature of 20–25◦C) and, then incubated
overnight at 4◦C with primary antibodies: rabbit anti-HMGB1
(1:1000 dilution, Abcam, ab18256), rabbit anti-Iba1 (1:100
dilution, Abcam, ab178847), and rabbit anti-β-actin (1:2000
dilution, Proteintech, 14395-1-AP). After three washes in

PBST (0.01M PBS containing 0.1% Tween-20), the membranes
were incubated with secondary antibodies (goat anti-rabbit
IgG, IRDye R© 800CW Conjugated, 1:5000 dilution) at room
temperature for 2 h. Finally, visualization of the blotted protein
bands was accomplished using an infrared laser imaging system
(Odyssey CLx, LI-COR, United States) and was quantified by
densitometry. The relative expression levels of protein were
normalized by the ratio of target protein (HMGB1 and Iba-1)
to β-actin.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Under anesthesia, whole blood samples were collected from
the left ventricles of the rats before transcardial perfusion.
Subsequently, samples were centrifuged at 3000 rpm for 10 min
at room temperature. The supernatants were collected and frozen
at −80◦C for further analyses. Before analysis, the samples
were centrifuged again, and the supernatant was used for the
ELISA assay. HMGB1 concentration was determined using an
HMGB1 ELISA kit (Chondrex, United States, 6160), following
the manufacturer’s protocol.

For the in vitro experiment, the culture supernatant from
HAPI microglia was collected for the ELISA. The concentrations
of TNF-α, IL-1β, and IL-10 were determined using the following
ELISA kits: TNF-α (Thermo Fisher, United States, 88-7340-
22), IL-1β (R&D Systems, United States, DY501-05), and IL-
10 (Abcam, United States, ab218796). All measurements were
performed following the manufacturers’ protocols.

Immunofluorescence Staining
Animals were anesthetized and, transcardially perfused with
0.01M PBS and 4% paraformaldehyde (PFA). The brains
were then removed and post-fixed in 4% PFA immediately.
After dehydration with a sucrose gradient, 20 serial coronal
sections were cut across the middle of hemisphere. Sections
were then washed three times with 0.01M PBS, blocked
with 5% bovine serum albumin (BSA), and used for active
HMGB1, Iba1, neuronal nuclei (NeuN), glial fibrillary acidic
protein (GFAP), CD86, and CD206 staining. The sections were
then incubated overnight at 4◦C with the following primary
antibodies: rabbit anti-Iba1 (1:100 dilution, Abcam, ab178847),
rabbit anti-NeuN (1:300 dilution, Abcam, ab177487), mouse
anti-HMGB1 (1:500 dilution, Gene Tex, GT348), mouse anti-
GFAP (1:300 dilution, Cell Signaling, 3670T), rabbit anti-
HMGB1 (1:1000 dilution, Abcam, ab18256), rabbit anti-CD86
(1:200 dilution, Proteintech, 13395-1-AP), rabbit anti-CD206
(1:500 dilution, Abcam, ab125028), and mouse anti- Iba1 (1:500
dilution, Abcam, ab15690). After three washes in 0.01M PBS,
the sections were incubated with Cy3-conjugated goat anti-rabbit
IgG (1:2000 dilution, Boster Biological Technology, BA1032) or
FITC-conjugated goat anti-mouse IgG (1:2000 dilution, Boster
Biological Technology, BA1101) for 1 h at room temperature.
After three washes in 0.01M PBS, these were then covered with
diamidino-2-phenylindole (DAPI, 1:1000, Beyotime, C1002)
for 5 min. For each staining, five non-overlapping digital
microscopic images of cortical areas were randomly captured
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using a fluorescence microscope (IX71, OLYMPUS, Japan). The
number of positive cells was determined using Image-Pro Plus 6.0
(Media Cybernetics, United States).

The cultured cortical neurons were fixed with 4% PFA for
24 h after culturing in microglial-CM. They were then incubated
with rabbit anti-MAP2 antibodies (1:200 dilution, Proteintech,
17490-1-AP) overnight at 4◦C. After three washes in 0.01M
PBS, they were incubated with Cy3-conjugated goat anti-rabbit
IgG (1:2000 dilution, Boster Biological Technology, BA1032) and
then covered with DAPI. Digital microscopic images were taken
using the aforementioned IX71 fluorescence microscope.

Reverse Transcription and qRT-PCR
Under deep anesthesia, the brains of the rats were removed
and the cerebral cortex was rapidly separated and snap-frozen
in liquid nitrogen. Total RNA was isolated using TRIzol
reagent (Invitrogen, United States). The first-strand cDNA was
synthesized using the Reverse Transcription System (Toyobo,
Osaka, Japan), according to the manufacturer’s protocol. The
relative expression level of mRNA was then assessed using
the SYBR Green Real-time PCR Master Mix Kit (Toyobo,
Osaka, Japan) and quantified using the Mastercycler R© ep realplex
qRT-PCR system (Eppendorf, Germany) with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as the reference gene. All
primers used in the qRT-PCR reactions were purchased from
Sangon Biotech (China). The sequences of the primer pairs
are described as follows: TNF-α (forward: 5′-GCA TGA TCC
GAG ATG TGG AAC TGG-3′; reverse: 5′-CGC CAC GAG CAG
GAA TGA GAA G-3′); IL-6 (forward: 5′-AGG AGT GGC TAA
GGA CCA AGA CC-3′; reverse: 5′-TGC CGA GTA GAC CTC
ATA GTG ACC-3′); IL-1β (forward: 5′-ATC TCA CAG CAT
CTC GAC AAG-3′; reverse: 5′-CAC ACT AGC AGG TCG TCA
TCC-3′); iNOS (forward: 5′-AGA TCC CGA AAC GCT ACA
CTT-3′; reverse: 5′-TGC GGC TGG ACT TCT CAC TC-3′);
arginase-1 (forward: 5′-ACA TCA ACA CTC CGC TGA CAA
CC-3′; reverse: 5′-GCC GAT GTA CAC GAT GTC CTT GG-
3′); TGF-β (forward: 5′-GGC ACC ATC CAT GAC ATG AAC
CG-3′; reverse: 5′-GCC GTA CAC AGC AGT TCT CTG-3′);
IL-4 (forward: 5′-CAA GGA ACA CCA CGG AGA ACG AG-
3′; reverse: 5′-CTT CAA GCA CGG AGG TAC ATC ACG-3′);
GAPDH (forward: 5′-GAC ATG CCG CCT GGA GAA AC-3′;
reverse: 5′-AGC CCA GGA TGC CCT TTA GT-3′). The relative
expression of mRNA was calculated using the 2−11Ct method.

Infarct Ratio Calculation
The rat brains were rapidly removed 3 days post-HI and frozen
in a freezer at −20◦C for 20 min. They were then taken out
and four 1.5 mm thick sections were sliced. These sections were
placed in 2% TTC staining solution, and incubated at 37◦C for
20 min in the dark. Finally, the stained brain slices were placed on
a drape for photographing. The aforementioned Image-Pro Plus
6.0 software was used to calculate the volume of each section. The
following formula was used to calculate infarct ratio:

Ratio of infarct =
infarct volume

total section volume
× 100

Brain Water Content
Rats were sacrificed under anesthesia24 h after HI. The brains
were bisected to generate two hemispheres (ipsilateral and
contralateral to the injury) which were then immediately weighed
(wet weight). The hemispheres were then put in an oven (105◦C)

FIGURE 1 | Expression of HMGB1 in the cerebral cortex after HI. (A) Western
blot bands of HMGB1 expression in the cerebral cortex of P7 SD rats at
different time points from 12 h to 7 days after HI. (B) Quantitative analyses of
the western blot bands (relative OD value) at different time points from 12 h to
7 days after HI, comparing to the sham group (n = 5 for each group). The
expression of HMGB1 dramatically increased 24 h after HI and peaked 72 h
after HI. Bars represent the mean ± SEM. ∗P < 0.05 compared to the sham
group.

FIGURE 2 | Expression of HMGB1 in serum after HI. HMGB1 level in the
peripheral blood detected by ELISA was increased significantly 12, 24, and
48 h after HI exposure with a peak level 24 h after HI comparing to the sham
group (n = 10 for each group except n = 9 for the 12 and 24 h group). The
serum level of HMGB1 7 days after HI was decreased to a similar level of the
sham group. Bars represent the mean ± SEM. ∗P < 0.05 compared to the
sham group.
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for 48 h and weighed again (dry weight). The following formula
was used to calculate brain water content:

Brain water content (%) =

[
wet weight − dry weight

wet weight

]
× 100

Statistical Analysis
All data are shown as means ± SEM. Data from the different
experimental groups were analyzed using one-way ANOVA and
the Tukey test for post hoc comparisons. Statistical Package for
the Social Sciences 19.0 (SPSS, IBM, United States) and GraphPad
Prism 5.0 (GraphPad, San Diego, CA, United States) were used
for this statistical analysis. A p-value < 0.05 was considered
statistically significant.

RESULTS

HMGB1 Was Upregulated in Both the
Cerebral Cortex and Serum After HI
To investigate the effect of HI on HMGB1, we examined the
expression of HMGB1 in the ipsilateral cerebral cortex and
peripheral blood by western blotting and ELISA, respectively.
Western blot analysis revealed that the expression of HMGB1
was increased in the ipsilateral cerebral cortex 48 h after HI,
peaked 72 h after HI, and subsequently decreased to baseline level
compared to the sham group (both p < 0.05) (Figures 1A,B).
ELISA results revealed that the expression of HMGB1 was rapidly
up-regulated in serum after HI, peaking at 24 h and gradually
returning to a normal level (51.72 ± 8.32, 72.43 ± 16.38,

FIGURE 3 | Co-expression of HMGB1 and neural cells in the cerebral cortex after HI. (A,C,E) Double immunofluorescent labeling for HMGB1 with NeuN (A), Iba-1
(C) and GFAP (E) in the cerebral cortex 72 h after HI. Scale bars = 20 µm. NeuN, Iba-1 and GFAP positive cells are red, HMGB1 positive cells are green and merged
cells are yellow. (B,D,F) Statistical results of NeuN+/HMGB1+, Iba-1+/HMGB1+ and GFAP+/HMGB1+ cell numbers in 0.18 mm2 area (n = 6 for each group).
Iba-1+/HMGB1+ cell numbers significantly increased after HI. There were no significant changes in NeuN+/HMGB1+ and GFAP+/HMGB1+ cell numbers after HI
compared to the sham group. Bars represent the mean ± SEM. ∗∗P < 0.01, ns, no significance compared to the sham group.
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59.32 ± 12.18 vs. 25.78 ± 3.58 ng/mL at 12, 24, 48 h post-HI
compared to sham group respectively; all p < 0.05) (Figure 2).

Cortical HMGB1 Expression Was
Increased in Microglia, but Not in
Neurons or Astrocytes
As HMGB1 is widely expressed in the brain, we then explored
in which type of cells HMGB1 was up-regulated. Double-labeled
immunofluorescence of HMGB1 was performed in neurons,
microglia, and astrocytes. In the sham group, cortical HMGB1
was primarily expressed in neurons (NeuN+/HMGB1+)
(267.40 ± 36.04/0.18 mm2), with low expression in microglia
(Iba1+/HMGB1+) (22.72 ± 3.17/0.18 mm2) and astrocytes
(GFAP+/HMGB1+) (5.40 ± 0.97/0.18 mm2) (Figures 3A,C,E).
However, 72 h after HI, HMGB1 was increased in microglia
[56.36± 9.13/0.18 mm2 (HI) vs. 22.72± 3.17/0.18 mm2 (Sham),
p < 0.01], but not in neurons [267.40 ± 36.04/0.18 mm2 (HI)
vs. 276.90 ± 34.98/0.18 mm2 (Sham), p > 0.05] or astrocytes
[(5.40 ± 0.97/0.18 mm2 (HI) vs. 6.52 ± 0.41/0.18 mm2 (Sham),
p > 0.05] (Figures 3B,D,F).

Microglial Activation Occurred in the
Cerebral Cortex After HI
Previous studies have shown that microglia are activated
in the pathophysiology of HIBD (Ferrazzano et al., 2013;

Cengiz et al., 2019), and HMGB1, a pro-inflammatory factor, is
upregulated in these activated microglia. Therefore, we explored
whether microglial activation was induced in the cerebral cortex
after HI. Immunofluorescence (Figures 4A,B) and western
blot (Figures 4C,D) experiments showed that 72 h after HI
injury, the expression of Iba-1, a marker of microglia, was
significantly higher in the HI group than in the sham group
(p < 0.01 and, p < 0.05, respectively). Meanwhile, microglial
morphology changed from branch to amoeba-like after HI
exposure. These changes demonstrated that cortical microglia
were activated 72 h after HI.

HMGB1 Inhibition Altered M1/M2
Microglial Polarization and Cytokine
Transcription
Having observed microglial activation, we further analyzed the
M1/M2 polarization of microglia in the cerebral cortex and
investigated if this was affected by GL, a specific inhibitor
of HMGB1. We first used western blotting to detect whether
the expression of HMGB1 in the cerebral cortex could be
inhibited by GL pretreatment (Figures 5A,B). It was showed
that GL could effectively attenuate the expression of HMGB1
in the cerebral cortex 72 h after HI. Then Iba1+/CD86+ and
Iba1+/CD206+ co-staining were used to identify M1 and M2
phenotypes, respectively (Figures 6A–D). The results showed

FIGURE 4 | Expression of microglia in the cerebral cortex after HI. (A) Immunofluorescent labeling of microglia (Iba-1) in the cerebral cortex 72 h after HI. The
morphology of microglia changed from branch in sham group (white narrow arrows) to ameba-like in HI group (white wide arrows) after HI exposure. Scale
bar = 20 µm. (B) Quantitative analyses of Iba-1 fluorescence intensity (relative OD value) showed that there was an increased expression of Iba-1 (n = 6 for each
group). (C) The expression of Iba-1 in the cerebral cortex detected by western blot 72 h after HI. (D) Quantitative analyses of the western blot bands (relative OD
value) revealed that there was a significantly increase in the expression of Iba-1 (n = 6 for each group). Bars represent the mean ± SEM. ∗P < 0.05 compared to the
sham group, ∗∗P < 0.01 compared to the sham group.
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that the expression of both M1 and M2 phenotypes was
significantly increased 72 h after HI [37.00 ± 6.29 cells/0.18mm2

(Sham + PBS) vs. 126.60 ± 23.74 cells/0.18mm2 (HI + PBS);
23.60 ± 6.94 cells/0.18mm2 (Sham + PBS) vs. 61.20 ± 8.12
cells/0.18mm2 (HI + PBS), p < 0.01 and p < 0.05, respectively].
When rats were pretreated with GL, the number of M1 microglia
(Iba1+/CD86+ cells) significantly reduced [126.60 ± 23.74
cells/0.18 mm2 (HI + PBS) vs. 56.80 ± 9.12 cells/0.18 mm2

(HI + GL), p < 0.05] (Figures 6A,B), while the number
of M2 microglia (Iba1+/CD206+ cells) significantly increased
[61.20 ± 8.12 cells/0.18 mm2 (HI + PBS) vs. 127.60 ± 20.60
cells/0.18 mm2 (HI+ GL), p < 0.05] (Figures 6C,D).

We then detected the mRNA expression of M1 and M2
inflammatory factors using qRT-PCR. Results showed that the
mRNA expression of M1 and M2 functional cytokines was
significantly increased in the HI + PBS compared to the
sham + PBS group 72 h after HI (p < 0.05, Figures 7A,B). The
mRNA expression of M1 functional cytokines (iNOS, TNF-α,
and IL-1β) was significantly decreased in the HI + GL group
compared to the HI + PBS group (all p < 0.05, Figure 7A).
In contrast, the mRNA expression of M2 functional cytokines
(arginase1, IL-4, and TGF-β) was significantly increased in the
HI + GL group compared to the HI + PBS group (all p < 0.05
except for arginase1, Figure 7B).

HMGB1 Aggravated Microglial-Induced
Neurotoxicity in vitro
To further elucidate the effect of HMGB1 on microglial
phenotype, an OGD model of HAPI microglial cells was
established in vitro. The effects of r-HMGB1 and its inhibitor
GL, on the phenotypic changes of HAPI microglial cells
were examined (Figure 8A). ELISA analysis showed that GL
significantly reduced the expression of the M1-associated
inflammatory cytokines TNF-α [66.44 ± 4.84 pg/mL
(OGD + PBS) vs. 35.08 ± 2.94 pg/mL (OGD + GL),
p < 0.05] and IL-1β [113.00 ± 2.99 pg/mL (OGD + PBS)
vs. 62.21± 2.85 pg/mL (OGD+ GL), p < 0.05], and significantly
increased the expression of the M2-associated inflammatory
cytokine IL-10 [97.89 ± 3.08 pg/mL (OGD + PBS) vs.
221.90 ± 5.43 pg/mL (OGD + GL), p < 0.05]. In contrast,
r-HMGB1 significantly increased the expression of TNF-α
[66.44 ± 4.84 pg/mL (OGD + PBS) vs. 119.00 ± 2.70 pg/mL
(OGD + r-HMGB1), p < 0.05] and IL-1β [113.00 ± 2.99 pg/mL
(OGD + PBS) vs. 173.60 ± 2.77 pg/mL (OGD + r-HMGB1),
p < 0.05], and significantly reduced the expression of IL-10
[97.89 ± 3.08 pg/mL (OGD + PBS) vs. 49.37 ± 3.98 pg/mL
(OGD+ GL), p < 0.05]. These results indicated that under OGD
conditions, HMGB1 promoted the polarization of microglia to a
M1-like phenotype. In contrast, inhibition of HMGB1 promoted
the polarization of microglia to a M2-like phenotype.

Next, the effect of different CM from HAPI microglial cells
on neurons was examined (Figures 8B–D). We defined CM
from M1 and M2-like phenotypes, as M1-CM and M2-CM,
respectively. We first used MAP2 as a marker to explore the
effects of different CMs on the length of nerve dendrites using an
immunofluorescence assay. It was noted that the mean neurite

FIGURE 5 | Effect of GL on the expression of HMGB1 in the cerebral cortex
after HI. (A) Western blot bands of HMGB1 expression in the cerebral cortex
72 h after HI. (B) Quantitative analyses of the western blot bands (relative OD
value) showed that GL effectively inhibited the expression of HMGB1 in the
cerebral cortex 72 h after HI (n = 5 for each group). Bars represent the
mean ± SEM. ∗P < 0.05.

length of MAP2-positive cells significantly decreased in the
presence of M1-CM. In contrast, the mean neurite length of
MAP2-positive cells significantly increased in the presence of
M2-CM (Figures 8B,C). The survival of cortical neurons was
then evaluated using a CCK-8 assay. This showed that M1-CM
from the OGD+ r-HMGB1 group significantly reduced the cell
viability of the primary cortical neurons, while M2-CM from the
OGD + GL group significantly increased the cell viability of the
primary cortical neurons, compared to the OGD + PBS control
group (Figure 8D). These results suggested that HMGB1 could
aggravate microglial-induced neurotoxicity in OGD conditions.

HMGB1 Inhibition Alleviated HI-Induced
Brain Injury
As HMGB1 induced microglial polarization to an M1 phenotype,
leading to increased neurotoxicity, we then explored whether
inhibition of HMGB1 could attenuate HI-induced brain damage
using edema assessment and cerebral infarction detection
(Figures 9A–D). As shown in Figure 9A, the ipsilateral side of
the brain was visibly edematous 72 h after HI insult. Pretreatment
with GL alleviated this edema and morphological damage in
the HI group. As shown in Figure 9B, the water content
of the ipsilateral hemispheres was significantly increased in
the HI group compared to the sham group. The inhibition
of HMGB1 significantly alleviated the water content of the
ipsilateral hemispheres in the HI group (p < 0.05). TTC staining
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FIGURE 6 | Effect of GL on M1 and M2 phenotypes of microglia in the cerebral cortex after HI. (A) Immunofluorescent labeling of M1 phenotype (Iba-1+/CD86+) in
the cerebral cortex 72 h after HI. Scale bars = 20 µm, Iba-1 positive cells are red, CD86 positive cells are green, DAPI-stained nuclei are blue and merged cells are
yellow. (B) The statistical results of Iba-1+/CD86+ cell numbers in 0.18 mm2 area. The expression of M1 phenotype significantly increased after HI. While it had a
decrease in HI + GL group compared to HI + PBS group. (C) Immunofluorescent labeling of M2 phenotype (Iba-1+/CD206+) in the cerebral cortex 72 h after HI.
Scale bars = 20 µm, Iba-1 positive cells are red, CD206 positive cells are green, DAPI-stained nuclei are blue and merged cells are yellow. (D) The statistical results
of Iba-1+/CD206+ cell numbers in 0.18 mm2 area. The expression of M2 phenotype significantly increased after HI and it had an increase in HI + GL group
compared to HI + PBS group. N = 6 for each group, bars represent the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01.

showed that HI insult substantially increased ipsilateral infarct
size, which was reversed by pretreatment with HMGB1 inhibition
(p < 0.05, Figures 9C,D). These results suggested that the
inhibition of HMGB1 could alleviate HI-induced brain damage.

DISCUSSION

The present study investigated whether HMGB1 has a role
in the pathogenesis of neonatal rat HIBD, focusing on the
polarization of microglia. It was found that HMGB1 led to
an imbalance in M1/M2 microglial polarization in the cortex,
thus aggravating brain damage. This was alleviated by inhibiting
HMGB1 with GL in HIBD.

HMGB1, a damage-associated protein, mediates
neuroinflammation and brain damage in many neurological
diseases including ischemic stroke (Angelopoulou et al., 2018;
Paudel et al., 2018; Ye et al., 2019). Previous studies demonstrated

that HMGB1 increased early at 3 h in serum and decreased in
cerebral cortex after HI (Chen et al., 2019). Similarly, we found
that HMGB1 was upregulated in peripheral blood after HI insult.
But in our study, ipsilateral cortical HMGB1 also increased
and serum HMGB1 increased 12 h after HI, inconsistent with
the aforementioned results. These different results may be
due to the different temperatures and different severity of
injury after suffering from HI. It is suggested that pathological
change and cerebral metabolic rate are different under different
temperatures, and different temperatures can even affect clinical
efficacy in hypothermia-treated HIE (Kim et al., 2014). And due
to individual variation in animals, different severity of brain
injury may occur, which could also lead to the discrepancy above.

Besides the serum and cortical upregulation of HMGB1, we
also found that the expression of HMGB1 increased in peripheral
blood much earlier than in the brain. There are two potential
mechanisms underlying this experimental phenomenon. One
possibility is that the early increase of peripheral HMGB1
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FIGURE 7 | Effect of GL on M1 and M2 functional cytokines in the cerebral cortex after HI. (A) The mRNA levels of M1 functional cytokines (iNOS, IL-1β, and TNF-α)
were detected using qRT-PCR 72 h after HI. Results showed that the mRNA expression of M1 functional cytokines all increased after HI. While there was a
significant decrease in HI + GL group compared to HI + PBS group. (B) The mRNA levels of M2 functional cytokines (Arg-1, IL-4, and TGF-β) were detected using
qRT-PCR 72h after HI. Results showed that the expression of M2 functional cytokines all increased after HI and there was a higher level in HI + GL group compared
to HI + PBS group. N = 6 for each group, bars represent the mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, ns, no significance.

comes from brain tissue damage. As a typical damage-associated
protein, HMGB1 could be released from damaged or necrotic
brain tissue after HI insult, directing blood-brain barrier (BBB)
breakdown and entering peripheral blood immediately, leading
to a rapid increase of peripheral HMGB1 (Faraco et al., 2007;
Ye et al., 2019). In addition, stimulation such as surgery and HI
insult may have induced the release of HMGB1 from peripheral
organs, causing peripheral HMGB1 to increase rapidly (Jellema
et al., 2013; Terrando et al., 2016). The increased peripheral
HMGB1 could in turn damage BBB and enter the brain, along
with HMGB1 from the damaged brain tissue to lead to an
increase of cerebral HMGB1. Our previous study showed that
serum HMGB1 levels were significantly elevated in persistent
pulmonary hypertension of the newborn (PPHN) and decreased
dramatically after PPHN resolution (Tang et al., 2019). A meta-
analysis by Le et al. (2018) demonstrated that circulating blood
HMGB1 levels increased in ischemic stroke, with a higher
HMGB1 level indicating a more serious condition. The rapid rise
observed in peripheral HMGB1 after HI suggested that HMGB1
is sensitive to HI insult, and may potentially be useful as a
biomarker in the early stage of HIBD.

In our study, we found that HMGB1 was widely expressed in
the neurons of neonatal rat brains. However, the upregulation of
HMGB1 after HI was characterized by an increased expression
in microglia, but not in neurons or astrocytes. Several studies
have demonstrated that HMGB1 can be transferred from the
nucleus of the neuron to the cytoplasm or released extracellularly
by stimulation such as brain ischemia (Qiu et al., 2008; Zhang
et al., 2016; Chen et al., 2019) and subarachnoid hemorrhage
(Sun et al., 2014). Under severe cerebral ischemic conditions,
neuronal cells undergo apoptosis or necrosis by the induction of
a number of pathways (Thal et al., 2011). As a result, HMGB1
could be released from necrotic neurons and interact with
microglia as an extracellular cytokine (Frasch and Nygard, 2017).
Based on the above research, it is therefore likely that HMGB1
was transferred extracellularly from neuronal nuclei or released
from necrotic neurons after HI insult. This neuronal HMGB1
could then serve as an extracellular factor, binding to microglia
and, resulting in the increase of HMGB1+/Iba1+ cells. As a
group of innate immune cells in the central nervous system,
it is known that microglial-mediated neuroinflammation plays
an important role in the pathogenesis of many neurological
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FIGURE 8 | Effect of HMGB1 on microglia-induced neurotoxicity in vitro. (A) HAPI microglia was pretreated with r-HMGB1 or GL and then undergoing OGD for 24 h.
The expression of TNF-α, IL-1β and IL-10 in culture supernatant was measured by ELISA (n = 4 wells per group). (B) Immunofluorescent staining of primary cortical
neurons (MAP2, green) with DAPI (blue) 48 h after incubation with different CM from HAPI microglial medium. Scale bars = 20 µm. (C) Quantitative analyses of
relative neurite length of primary neurons after immunofluorescent staining using ImageJ. N = 4 wells for each group, 3 digital microscopic images for each well.
(D) Cell viability of primary neurons 48 h after incubation with different CM from HAPI microglial medium using CCK8 method (n = 4 wells for each group). Bars
represent the mean ± SEM, ∗P < 0.05, ∗∗∗P < 0.001.
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FIGURE 9 | Effect of GL treatment on HI-induced brain injury. (A) Whole brain photos showing cerebral edema 24 h after HI. Gray arrows indicate sites of significant
edema. Cerebral edema area in HI + GL group was smaller than HI + PBS group. (B) The brain water content measurement showed that the ipsilateral brain water
content in HI + GL group was significantly lower compared to the HI + PBS group (n = 6 for each group). (C) TTC staining of all treatment groups 72 h after HI.
Normal tissues were red or pink, while infract tissues were white. The white area in HI + GL group was smaller than HI + PBS group. (D) Statistical results showed
that the ratio of infract volume in HI + GL group was significantly lower compared to HI + PBS group (n = 5 for each group). Bars represent the mean ± SEM,
∗P < 0.05, ∗∗P < 0.01.

diseases, including HIBD (Fonken et al., 2016; Zhang et al.,
2016; Kigerl et al., 2018). As an important inflammatory
factor, the binding of HMGB1 to microglia could further
promote this neuroinflammation (Sun et al., 2018), in turn
triggering an inflammation cascade response and, aggravating
brain damage. Further, the in vitro experiments in our study
showed that HMGB1 increased the neurotoxicity of neurons
under the condition of OGD (Figure 8). It is implied that the
increase of HMGB1+/Iba1+ cells may result in a decrease of
HMGB1+/NeuN+ cells. However, we did not find a decrease in
the number of HMGB1+/NeuN+ cells 72 h after HI. Due to the
sustained neuroinflammation, there is a great possibility that the
number of HMGB1+/NeuN+ cells will decrease after 72 h post
HI. Thus, inhibition of HMGB1 expression may help to reduce
neuroinflammation.

Studies have shown that microglia can be activated after HI
stimulation (Ohsawa and Kohsaka, 2011; Serdar et al., 2019).
In our study, HI insult resulted in an increased expression of
Iba-1 and a change in microglial morphology from branch to
ameba-like. These results indicated that cortical microglia were
activated after HI, consistent with previous research (Harry, 2013;
Cengiz et al., 2019). Microglia can be differentiated into different
subtypes after activation. The two main subtypes are M1 and M2
microglia, characterized by pro-inflammatory (neurotoxic) and
anti- inflammatory (neuroprotective) phenotypes, respectively

(Olah et al., 2011; Patel et al., 2013). In this study, the HMGB1
inhibitor GL was used to investigate the effect of HMGB1 on
the M1/M2 polarization of microglia during the pathogenesis of
HIBD. The results showed that the expression of both M1 and
M2 microglia was significantly increased 72 h after HI. Inhibition
of HMGB1 by GL reduced the expression of the M1 phenotype
and promoted the expression of the M2 phenotype, indicating
that HMGB1 was involved in the imbalance of M1/M2 microglial
polarization in HIBD.

In addition, an in vitro experiment was conducted to mimic
the HI process in vivo. We investigated the polarization state of
microglia and the effect of microglia on HMGB1 expression in
neurons during the process of OGD. We found that HMGB1
promoted the polarization of microglia to an M1 phenotype,
enhancing the expression of pro-inflammatory factors such as
TNF-α and IL-1β, and resulting in a decrease in neuronal activity
and dendritic length. However, the above phenomenon could
be neutralized by inhibiting HMGB1 with GL. We conducted
further animal experiments and found that HMGB1 inhibition
could reduce brain edema and cerebral infarction area after HI.
The above effects of HMGB1 are similar to those reported by
Gao et al. (2018) and Sun et al. (2018). Taken together, these
findings suggest that HMGB1 may cause neuroinflammation and
neuronal damage by inducing an imbalance of M1/M2 microglial
polarization, leading to brain damage.
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There exists a number of limitations of our study. As different
pathological changes occur at different time points after HI
(Park et al., 2018), the window of time during which post-HI
treatment is administered has a significant impact on prognosis.
Unfortunately, in our study, GL was only administered as a pre-
treatment before HI and not at different time points after HI. In
addition, this study did not explore the underlying mechanisms
and specific pathways by which HMGB1 regulates the M1/M2
polarization of microglia. Finally, this study only examined the
acute phase of HI (0–72 h), whereas it is known that, perinatal HI
has a long-term effect on the development of the nervous system
in children (Papazian, 2018; Sanches et al., 2019). This study did
not investigate the effects of HMGB1 on the development of the
brain in the late phase of HI. The aforementioned points therefore
need to be addressed in further research.

CONCLUSION

Our findings suggest that HMGB1 may lead to an imbalance of
M1/M2 microglial polarization in the cortex and thus neuronal
injury. Such findings suggest that pharmacological blockade of
HMGB1 signaling may attenuate this imbalanced polarization of
microglia and thus could be used as a therapeutic strategy against
brain injury in HIBD.
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