Stem Cells from Human Exfoliated Deciduous Teeth
Alleviate High-Altitude Cerebral Oedema by Shifting
Microglial M1/M2 Polarisation
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Objective: To explore the high-efficiency and low-risk prevention and treatment strategies for
stem cells from human exfoliated deciduous teeth (SHED) for high-altitude cerebral oedema.
Methods: A low-pressure and low-oxygen tank mimicking high-altitude conditions was used
to establish the high-altitude cerebral oedema animal model. The preventive effects of SHED
for cerebral oedema were then evaluated by haematoxylin and eosin (H&E) and histological
staining. In vitro, SHED was co-cultured with BV-2 to analyse the effects of SHED by western
blot and immunofluorescence staining.

Results: SHED can prevent and treat cerebral oedema in a high altitude rat animal model.
Mechanistically, SHED treatment can protect brain cells from apoptosis induced by high alti-
tude condition. Moreover, SHED treatment can inhibit M1-type polarisation and promote
M2-type polarisation of microglia cells via the suppression of hypoxia inducible factor (HIF)-
la-mediated extracellular signal-regulated kinase (ERK) signalling activated in high altitude
condition.

Conclusion: SHED treatment can relieve high-altitude cerebral oedema via inhibiting HIF-
la-mediated ERK signalling, which indicates that SHED is a promising alternative strategy to
prevent and treat high-altitude cerebral oedema.
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In the case of high altitude, low air pressure, thin air
and low oxygen content, a series of physiological and
pathological changes occur, known as acute mountain
sickness (AMS). Cerebral oedema usually occurs in
high-altitude areas above 4,000 metres and is the final
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stage of acute high-altitude reaction®. Within 24 hours,
the patient may fall into a coma or die due to a cerebral
haemorrhage?. The underlying mechanisms that cause
high-altitude cerebral oedema remain unclear. Cerebral
hypoxia is one of its main initiating factors®. This condi-
tion can cause brain swelling and thus increase brain
size in high-altitude areas; cerebral blood flow also
increases, which leads to increased intracranial pres-
sure and more severe swelling of brain tissue*®. Several
prevention and treatment options are available for AMS
and cerebral oedema, including acclimatisation, slow
ascent®, oxygen uptake, nutritional support and drug
therapy’. Drugs, such as carbonic anhydrase inhibitors,
medroxyprogesterone and glucocorticoids, are used to
treat cerebral oedema by improving oxygenation and
reducing the inflammatory response®; however, car-
bonic anhydrase inhibitors, medroxyprogesterone and
glucocorticoids show variable side effects. As such, it is
urgent to explore the high-efficiency and low-risk treat-
ment strategies for cerebral oedema.
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Stem cells from human exfoliated deciduous teeth
(SHED) are derived from the pulp of naturally replaced
primary teeth; they are readily available, non-invasive
and less subject to ethical controversy®. SHED have
shown profound proliferation and multi-lineage differ-
entiation capacity. They also exhibit therapeutic effects
on multiple diseases, such as Alzheimer’s disease,
ischemic brain injury, Parkinson’s disease, osteoarthri-
tis and amyotrophic lateral sclerosis®12. SHED have
been found to demonstrate profound effects on neu-
ronal diseases!® >, which may be due to their embry-
onic neural crest origin and neurotrophic properties!®.
SHED may be a promising strategy for preventing and
treating cerebral oedema that needs to be illustrated.

A variety of immune cells in brain tissue participate
in the regulation and repair of brain tissue homeosta-
sis, among which microglia, the macrophages in brain
tissue, play an important role!”>18, Macrophages can be
activated by different stimulus factors into two differ-
ent forms based on polarisation: M1 and M2 types'®.
M1-type macrophages can induce the production of
a variety of inflammatory factors, such as inducible
nitric oxide synthase (iNOS), tumour necrosis factor
(TNF)-q, interleukin (IL)-1f3, IL-18 and CD86, which
have proinflammatory effects??. M2-type macrophages
can exert regulatory or inhibitory effects against pro-
inflammatory and cellular immune responses. The
polarisation of macrophages is reversible and plays an
important role in disease development, reversal and
treatment. Injury-related factors, such as ischemia and
hypoxia, can induce M1-type polarisation of microglia
and enhance the phagocytic ability of microglia and
thus cause endothelial injury?!-2%. Thus, how to regulate
the polarisation of macrophages to inhibit inflamma-
tion and promote tissue healing has become an im-
portant topic in the treatment of diseases?*?’. Whether
SHED treatment can be used to manipulate the polari-
sation of microglia remains unknown.

In the present study, we found that SHED showed
preventive and therapeutic effects on cerebral oedema
by controlling the polarisation of microglia, which is
mediated by hypoxia-inducible factor (HIF)-la/extra-
cellular signal-regulated kinase (ERK) signalling.

Materials and methods

The study was approved by the Animal Use and Care
Committee of Peking University (LA2020-124). All insti-
tutional and national guidelines for the care and use of
laboratory animals were followed.
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Animal model

Male Sprague-Dawley rats (8 to 10 weeks old) were pur-
chased from Vital River Laboratory Animal Technology
(Beijing, China). The rats were randomly assigned to
three groups: the control group, normoxia; the high-
altitude group, placed in a low-pressure oxygen tank
(FENGLE], Shanghai, China) for 1 week; and the SHED
infusion group, with SHED (5x10°) suspended in 500 pl,
then the cells were injected into the tail vein over the
course of 1 minute. One week after the stem cell injec-
tion, the rats in the SHED infusion and high-altitude
groups were placed in the low-pressure oxygen tank for
1 week. The environment mimicking high altitude was
set at an altitude of 5,000 metres, a velocity of 10m/s,
humidity of 60% to 70%, and a temperature of 25°C +2°C
with a 12-hour light-dark cycle and ad libitum access to
feed and water.

Microglia culture

The microglia BV-2 were purchased from Procell Life
Science&Technology (Wuhan, China) and cultured in
BV-2 Cell Culture Medium (CM-0493, Procell) supple-
mented with 10% (vol/vol) foetal bovine serum (FBS,
Procell), and 1% (vol/vol) penicillin/streptomycin solu-
tion (P/S solution, Procell) at 37°C in a humidified at-
mosphere of 5% CO2/95% air.

SHED and microglia co-culture

For the SHED co-culture group, SHED were co-cultured
with microglia by transwell assay. In the transwell plates,
2 x 10° BV-2 cells were plated in the lower chamber and
1x10° SHED were plated in the upper chamber, and BV2
specific medium was used as the co-culture medium.

Brain water content analysis

Brains were collected after anaesthesia with 1% sodium
pentobarbital, and the wet weight was immediately
determined using a precision electronic balance. The
samples were then dried at 105°C to a constant weight.
The brain water content (BWC) was calculated accord-
ing to the following formula: BWC(%) = ((wet weight-dry
weight)/wet weight) x 100%.

Haematoxylin and eosin staining

The brain samples were fixed in 4% paraformaldehyde
for 24 hours at 4°C, dehydrated through a graded alcohol
series and embedded in paraffin. Sections with a thick-
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ness of 6 um were obtained and stained with haema-
toxylin and eosin (H&E) according to the manufacturer’s
instructions to observe the morphology of the cortex
and medulla. Photomicrographs were captured using a
digital camera attached to a light microscope (Olympus,
Tokyo, Japan).

Immunofluorescence

The cells were cultured on chamber slides, fixed in 4%
paraformaldehyde for 24 hours at4°C, then washed three
times with phosphate-buffered saline (PBS, pH 7.4),
immersed in 5% bovine serum albumin solution for 30
minutes and incubated with primary antibodies diluted
in PBS overnight at 4°C. Next, the sections were washed
with PBS and incubated with secondary antibodies for
60 minutes in the dark. The nucleus was stained with
DAPI mounting medium and the slides were observed
using an upright fluorescence microscope (Olympus).

Deparaffinised sections were treated with 5% bovine
serum albumin (BSA) for 30 minutes, then the sections
were incubated with BAX (50599-2-1g, Proteintech,
Rosemont, IL, USA) and IBA-1 (1022-5, Santa Cruz
Biotechnology, CA, USA) primary antibodies overnight
at 4°C, respectively. The samples were then incubated
with secondary antibodies for 60 minutes in the dark.
The nucleus was stained with DAPI mounting medium
and the slides were observed using a fluorescence
microscope.

Western blot

Proteins were extracted from cells by using RIPA lysis
and extraction buffer. Protein concentration was deter-
mined using the bicinchoninic acid (BCA) method. 20
ug protein was separated by the sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
method, then transferred to polyvinylidene fluoride
(PVDF) membranes. Membranes were blocked in tris-
buffered saline with 0.1% Tween 20 detergent (TBST)
buffer (150 mM NaCl, 50 mM Tris, pH 7.5, with 0.1%
Tween 20) containing 5% BSA (v/v) at room tempera-
ture for 1 hour. Next, the membranes were incubated
with primary antibodies (rabbit polyclonal anti-iNOS,
ARG-1, HIF-1q, p-ERK and -actin; 1:1,000) overnight at
4°C, then then the membranes were incubated with the
HRP-conjugated secondary antibody for 1 hour at room
temperature. The protein band was visualised using
chemiluminescence with a ChemiDoc MP system (Bio-
Rad, Hercules, CA, USA). B-actin was used as a control,
and the density of protein bands was semi-quantified
using Image] (National Institutes of Health, Bethesda,
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MD, USA).

Quantitative real-time polymerase chain reaction

The total RNA of cells was extracted using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA). The comple-
mentary DNA (cDNA) was synthesised using a reverse
transcription system (Toyobo, Osaka, Japan) and quan-
titative polymerase chain reaction (qPCR) was carried
out using SYBR Green PCR master mix (Applied Biosys-
tems, Waltham, MA, USA) on an ABI 7900 fast real-time
PCR system (Applied Biosystems). The gene expression
levels were normalised to the internal controls (B-actin)
and the relative expression levels were evaluated using
the 2722CT method. The primers for iNOS, TNF-a, ARG-1
and IL-10 are listed in Table S1 (provided on request).

Immunohistochemistry staining

For immunohistochemistry staining analysis, depar-
affinised sections were incubated with 3% H»0, for 15
minutes and then treated with 5% BSA for 10 minutes.
Next, the sections were incubated with iNOS (18985-1-
AP, Proteintech), ARG-1 (D4E3M, Cell Signaling Techno-
logy, Danvers, MA, USA), HIF-1a (20960-1-AP, Protein-
tech), cleaved CASPASE-3 (9664S, Cell Signaling) and
ERK (4695, Cell Signaling) primary antibodies overnight
at 4°C, respectively. Then, the samples were incubated
with HRP-conjugated secondary antibodies and visual-
ised with DAB substrate kit staining (ZLI-9017, ZSGB-Bio,
Beijing, China). The nucleus was stained with hematox-
ylin and the images were photographed by microscope
(Olympus).

Determination of apoptosis

Apoptosis in brain tissues was detected by terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end labelling (TUNEL) staining. Paraffin-embedded sec-
tions were deparaffinised and digested with 20 pg/mL
proteinase K for 30 minutes at room temperature. After
washing with PBS, the slides were incubated with the
TUNEL reaction overnight at 4°C and visualised with
DAB substrate kit staining. TUNEL+ cells were observed
and counted in at least three different fields per section.

Statistical analysis

Data are expressed as means + standard error of the
mean (SEM). Statistical analysis was performed using
SPSS 22.0 (IBM, Armonk, NY, USA). Independent
unpaired two-tailed Student ¢ tests were used to analyse
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the comparisons between two groups. The differences
among more than two groups were assesses with a one-
way analysis of variance (ANOVA) followed by a Fisher
least significant difference post hoc test. The level of
statistical significance was set at P < 0.05.

Results

SHED infusion alleviated cerebral oedema

To analyse whether SHED infusion can attenuate cer-
ebral oedema, we injected 1x10° SHED into rats placed
in a low-pressure oxygen tank setting at a 5,000-metre
altitude environment to mimic high-altitude conditions
(Fig 1a). The BWC of rats in the high-altitude group
was significantly higher than that of rats in the control
group, and SHED infusion decreased the BWC elevated
by hypoxia stimulation (Fig 1b).

We then analysed the rats’ blood and the results
showed that the red blood cell specific volume (haema-
tocrit, HCT), haemoglobin (HGB) and red blood cell
(RBC) count in the high altitude and SHED infusion
groups were significantly higher than those in the con-
trol group (Figs 1c to 1le). These results indicated that
the number and density of erythrocytes in the blood
increased under the high-altitude environment, and the
oxygen uptake ability enhanced to adapt to it.

Next, the HE staining results showed that kary-
opyknotic, cell oedema and vacuolar degeneration of
brain stromal cells were detected in the high-altitude
group. The number of blood vessels in the medulla and
the circumference of blood vessels increased in the
high-altitude group. After SHED infusion, cell oedema
reduced significantly (Fig 1f). These results indicated
that SHED infusion can alleviate cerebral oedema at
high altitude and reduce BWC.

SHED infusion reduced apoptosis of brain cells

Low oxygen levels may lead to cell apoptosis?®. TUNEL
staining showed that the ratio of TUNEL positive cells
increased significantly in the high-altitude group com-
pared with the control group, and decreased in the SHED
infusion group (Figs 2a to c). Caspase-3 is one of the key
enzymes of apoptosis. Immunohistochemical results of
brain tissue paraffin sections showed that the expres-
sion of cleaved Caspase-3 increased significantly in the
high-altitude group and decreased after SHED infusion
(Figs 2a to c). The immunofluorescence co-staining of
microglia marker IBA-1 and apoptotic markers BAX in
brain tissue sections showed that the positive sites of
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IBA-1 overlapped with the positive sites of BAX in the
high-altitude group, suggesting that apoptosis occurred
in microglia cells (Fig 2d). Microglia cells were cultured
in a low oxygen incubator to mimic a high-altitude low
oxygen environment, and the results showed that the
ratio of apoptotic cells increased significantly in the
high-altitude low oxygen group. Then, the ratio of cell
apoptosis induced by low oxygen increased after SHED
co-culturing (Fig 2e). These results indicate that SHED
can prevent cell apoptosis caused by high-altitude con-
ditions in vivo and in vitro.

SHED treatment suppressed M1-type polarisation of
microglia in an environment mimicking high altitude
and low oxygen

Microglia are a kind of macrophage in the nervous sys-
tem and are involved in the regulation of nervous system
homeostasis!”>!8. Regulation of microglial polarisation
may be involved in the pathology of and therapy for neu-
rological diseases?*?. First, we analysed the expression
of iNOS, which is a representative marker of M1-type
polarisation. The results showed that the ratio of iNOS
positive cells increased significantly in the high-altitude
group compared with the control group and decreased
significantly in the SHED infusion group (Fig 3a). Next,
we cultured microglia in a low-oxygen incubator, which
mimicked a high-altitude, low-oxygen environment,
and the qPCR results revealed that the mRNA expres-
sion levels of M1-type polarisation markers iNOS and
TNF-a in the high-altitude group were significantly
higher than those in the control group. On the other
hand, the expression levels of these genes decreased in
the SHED co-culture group (Figs 3b and c). Moreover,
the expression of iNOS in the high-altitude group was
significantly higher than that in the control group, but
the iNOS expression in the SHED co-culture group was
lower than that in the high-altitude group, as assessed by
Western blot and immunofluorescence staining (Figs 3d
and e). These results indicate that hypoxia stimulation
can promote the transformation of microglial cells to
M1-type, which was attenuated by SHED treatment.

SHED treatment promoted M2-type polarisation of
microglia in an environment mimicking high altitude
and low oxygen

The proportion of arginase-1 (ARG-1) positive cells
increased significantly after SHED infusion compared
with the control and high-altitude groups (Fig 4a). We
then analysed the effects of SHED on M2-type polarisa-
tion in microglia using a co-culture system, and found
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Fig1 SHED infusion showed therapeutic effects on hypoxic
high altitude cerebral oedema in vivo. (a) The schema of high-
altitude and SHED therapy rat models (n = 5). (b) Quantitative
analysis of BWC in the control, high-altitude and SHED infusion
groups. (c) Red blood cell volume in the control, high-altitude
and SHED infusion groups. (d) Haemoglobin in the control,
high-altitude and SHED infusion groups. (e) Red blood cells in
the control, high-altitude and SHED infusion groups. (f) Repre-
sentative images of HE staining of brain tissue in the control,
high-altitude and SHED infusion groups. Scale bars 200 pm.
Data are presented as mean * standard deviation (*P < 0.05,
**P < (0.01, ***P < 0.001).

that the mRNA expressions of M2-type polarisation
markers ARG-1 and IL-10 in the SHED co-culture group
were significantly higher than those in the control and
high-altitude groups (Figs 4b and c). Moreover, the pro-
tein expression of ARG-1 in the SHED co-culture group
was significantly higher than that in the control and
high-altitude groups, as assessed by Western blot and
immunofluorescence staining (Figs 4d and e).

SHED treatment reduced HIF-1o expression in an
environment mimicking high altitude and low oxy-
gen

Next, we analysed the expression of HIF-1a in an envir-
onment mimicking high altitude and low oxygen and
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Fig2 SHED infusion reduced brain cell apoptosis. (a) Repre-
sentative images and quantification of TUNEL (upper panel)
and cleaved Caspase-3 (lower panel) staining of brain tissue
in the control, high-altitude and SHED infusion groups (scale
bars 200 pm). (b and c) Quantitative analysis of TUNEL (b) and
cleaved Caspase-3 (c) level in the control, high-altitude and
SHED infusion groups. (d) Expression of BAX and IBA-1 in the
control, high-altitude and SHED infusion groups, analysed by
immunofluorescence (scale bars 200 um). (e) Representative
images and quantification of TUNEL staining in BV-2 microglia
in the control, high-altitude and SHED infusion groups (scale
bars 200 pm). Data are presented as mean + standard deviation
(*P < 0.05,**P < 0.01, ***P < 0.001).

found that the expression of HIF-1a in the high-altitude
group increased significantly, attenuated by SHED treat-
ment analysed by qPCR and immunofluorescence stain-
ing (Figs 5a to c¢). YC-1, an inhibitor of HIF-1a protein,
was used to treat microglia to verify the role of HIF-
la. The results showed that the elevated gene expres-
sions of M1-type polarisation markers iNOS and TNF-a
in the high-altitude group decreased significantly after
YC-1 treatment (Fig 5d). Immunofluorescence staining
results also revealed that the expression of iNOS, which
was elevated in the high-altitude group, was decreased
after HIF inhibitor YC-1 treatment (Figs 5e and f). Mean-
while, the expressions of ARG-1 and IL-10 related with
M2-type polarisation increased significantly in the YC-1
treatment group compared with the high-altitude group
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Fig3 SHED treatment dampened the M1-type polarisation
phenotype of BV-2 microglia in an environment mimicking high
altitude and low oxygen. (a) Expression of iNOS in the con-
trol, high-altitude and SHED co-culture groups as assessed by
immunohistochemical staining (scale bars 200 pm). (b and
c) Expression of iNOS and TNF-a in BV-2 microglia in the con-
trol, high-altitude and SHED co-culture groups, assessed by
gPCR. (d) Expression of iNOS in BV-2 microglia in the control,
high-altitude and SHED co-culture groups was assessed by
Western blot. (e) Expression of iNOS in BV-2 microglia in the
control, high-altitude and SHED co-culture groups as assessed
by immunohistochemical staining (scale bars 200 um). Data
are presented as mean t standard deviation (*P < 0.05, **P <
0.01, ***P < 0.001).

(Fig 5g), and immunofluorescence staining results
showed the expression of ARG-1 in the YC-1 treatment
group was significantly higher than that in the high-alti-
tude group (Figs 5h and i). These results indicated that
hypoxia induced HIF-1a to regulate microglia polarisa-
tion, which can be restored by SHED treatment.

SHED treatment alleviated the activation of ERK sig-
nalling pathway in an environment mimicking high
altitude and low oxygen

HIF-1la activation interacts with multiple signalling path-
ways, such as the ERK signalling pathway?%3°. In this
study, the expression of phosphorylated ERK (p-ERK)
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Fig4 Stem cell therapy promoted the M2-type polarisation
phenotype of BV-2 microglia in an environment mimicking high
altitude. (a) Expression of ARG-1 in the control, high-altitude
and SHED co-culture groups, as assessed by immunohisto-
chemical staining (scale bars 200 um). (b and c) Expression of
ARG-1 and IL-10 in BV-2 microglia in the control, high-altitude
and SHED co-culture groups, analysed by qPCR. (d) Expres-
sion of ARG-1 in BV-2 microglia in the control, high-altitude and
SHED co-culture groups, analysed by Western blot. (e) Expres-
sion of ARG-1 in BV-2 microglia in the control, high-altitude and
SHED co-culture groups, as assessed by immunohistochemical
staining (scale bars 200 pm). Data are presented as mean +
standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001).

increased significantly in the high-altitude group but
decreased after co-culture with SHED, as assessed by
immunofluorescence staining and Western blot (Figs 6a
to c). To verify the role of the ERK signalling pathway, we
used U0126, an inhibitor of this pathway, to treat micro-
glia in an environment mimicking high altitude and
low oxygen, and the results showed the decreased gene
expression of M1-type polarisation markers iNOS and
TNF-a (Fig 6d). The elevated expression of iNOS in the
high-altitude group was inhibited after U0126 treatment,
as assessed by immunofluorescence staining (Fig 6e).
Meanwhile, the gene expression level of M2-type polari-
sation markers ARG-1 and IL-10 increased significantly
after U0126 treatment (Fig 6f). The expression of ARG-1
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Fig5 SHED treatment reduced the expression of HIF-1a. (a)
Expression of HIF-1a in BV-2 microglia in the control, high-
altitude and SHED co-culture groups, as assessed by gPCR.
(b and c) Expression of HIF-1a in BV-2 microglia in the control,
high-altitude and SHED co-culture groups, analysed by immu-
nofluorescence staining (scale bars 200 um). (d) Expression of
iNOS and TNF-a of BV-2 microglia in the control, high-altitude
and YC-1 groups analysed by qPCR. (e and f) Expression of
iNOS in BV-2 microglia in the control, high-altitude and YC-1
groups (scale bars 200 pm). (g) Expression of ARG-1 and IL-10
expression in BV-2 microglia in the control, high-altitude and
YC-1 groups, analysed by gPCR. (h and i) Expression of ARG-1
in BV-2 microglia in the control, high-altitude and YC-1 groups,
as assessed by immunohistochemical staining (scale bars 200
pm). Data are presented as mean + standard deviation (*P <
0.05, **P < 0.01, **P < 0.001).

increased significantly after U0126 treatment compared
with that in the high-altitude group (Fig 6g).

Next, we analysed whether the ERK signalling path-
way is regulated by HIF-la. The findings showed
that HIF-la inhibitor YC-1 treatment inhibited the
activated ERK signalling under high altitude (Fig 6h),
whereas ERK inhibitor U0126 treatment failed to sup-
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Fig6 SHED treatment inhibited the ERK signalling pathway
activated by an environment mimicking high altitude and low
oxygen. (a and b) Expression and quantification of p-ERK in
BV-2 microglia in the control, high-altitude and SHED co-culture
groups, assessed by immunohistochemical staining (scale
bars 200 um). (c) Expression of p-ERK in BV-2 microglia in the
control, high-altitude and SHED co-culture groups analysed by
Western blot. (d) Expression of iNOS and TNF-a in BV-2 micro-
glia in the control, high-altitude and U0126 groups analysed by
gPCR (U0126 is the inhibitor of the ERK pathway). (e) Expres-
sion and quantification of INOS in BV-2 microglia in BV-2 micro-
glia in the control, high-altitude and U0126 groups (scale bars
200 pum). (f) Expression of ARG-1 and IL-10 in BV-2 microglia in
the control, high-altitude and U0126 groups analysed by qPCR.
(g) Expression and quantification of ARG-1 in BV-2 microglia in
BV-2 microglia in the control, high-altitude and U0126 groups
analysed by immunohistochemical staining (scale bars 200
pm). (h) Expression of p-ERK and ERK in BV-2 microglia in BV-2
microglia in the control, high-altitude and YC-1 groups analysed
by Western blot. (i) Expression of HIF-1a in BV-2 microgliain the
control, high-altitude and U0126 groups. Data are presented as
mean t standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001).

press the elevated level of HIF-la induced by high
altitude hypoxia stimulation (Fig 6i). Thus, SHED can
attenuate high-altitude cerebral oedema by inhibiting
the M1-type polarisation of microglia and promoting
M2-type polarisation, which is mediated by the HIF-1a/
ERK signalling pathway (Fig 7).
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Fig7 The schema showed that SHED treatment can relieve
high-altitude cerebral oedema by inhibiting HIF-1a mediated
ERK signalling activation in a hypoxic environment mimicking
high altitude.

Discussion

The human body may undergo a series of physiological
and pathological changes during sudden exposure to a
high-altitude environment due to the thin air and low
oxygen contentb2, The main symptoms of acute altitude
sickness are headache, nausea and vomiting. If the acute
altitude sickness is not treated in time, it may develop
and lead to cerebral oedema or death, which is the ter-
minal stage of acute altitude sickness. The aetiology of
and treatment strategy for cerebral oedema remain to be
studied. Mesenchymal stem cells have shown profound
therapeutic effects on neuronal injury, such as rescu-
ing injured neurons exposed to oxygen-glucose depriva-
tion by inhibiting the inflammatory cytokine TNF-a3!.
In this study, we established a high-altitude cerebral
oedema model to mimic a high-altitude, low-oxygen
environment. The results showed that the BWC, brain
oedema and cell apoptosis of brain tissues increased
significantly under high altitude conditions, whereas
SHED infusion can relieve cerebral oedema and reduce
the proportion of apoptosis and oedema of brain cells to
effectively reduce the occurrence of cell oedema. To the
best of the present authors’ knowledge, this study is the
first report about the prevention and therapeutic effects
of SHED on high-altitude cerebral oedema, suggesting
that SHED is a promising strategy for preventing and
treating cerebral oedema.

Mesenchymal stem cells can induce the polarisation
of macrophages to a M2-type phenotype®? and play a
therapeutic role in the cardiovascular, autoimmune

160

and central nervous systems and in the event of inflam-
matory disease3®3*, Microglia, one of the main types
of cells that regulate the inflammatory response after
brain injury, play an important role in high-altitude
sickness®. Microglia may differentiate into two forms:
the pro-inflammatory M1 type and anti-inflammatory
M2 type. Under hypoxic and ischemic conditions,
microglia are prone to polarise into the M1 type, which
releases pro-inflammatory cytokines, leading to sec-
ondary brain injury3®. In the case of ischemia and
hypoxia, M2-type polarisation of microglia can activate
peroxisome proliferator-activated receptor gamma
and promote microglia to release anti-inflammatory
cytokines, which alleviates brain injury®”-38. Regulation
of microglial polarisation from M1 to M2 type may be
the key to treating ischemic encephalopathy®. SHED
have shown a profound capacity for proliferation and
multi-lineage differentiation. Studies have found that
SHED can affect the local microenvironment of bone
regeneration, secrete anti-inflammatory factors and
promote angiogenesis through the paracrine effect*.
It has been reported that SHED and their conditioned
media can be effective against neurodegeneration
through multiple mechanisms, including cell replace-
ment, paracrine effects, angiogenesis, synaptogen-
esis, immunomodulation and apoptosis inhibition*};
however, the specific mechanism of SHED remains
to be studied. Thus, we speculated that SHED could
regulate the inflammatory environment of brain cells
and relieve the symptoms of brain cell oedema. In
our study, when microglia co-cultured with SHED,
the mRNA and protein levels of M1-type polarisation
marker molecules decreased compared with groups not
co-cultured with SHED in the high-altitude conditions,
whereas the levels of M2-type polarisation marker mol-
ecules increased significantly. Therefore, after hypoxia
stimulation, SHED can inhibit M1-type polarisation of
microglia and promote M2-type polarisation, which
alleviates the occurrence of cerebral oedema.

Hypoxic conditions can activate the ERK signal-
ling pathway and lead to a series of diseases*’. The
regulation of the ERK signalling pathway can play an
important role in hypoxic disease treatment*. In our
study, the expression of p-ERK significantly increased
under hypoxia in vitro and decreased after co-culturing
with SHED. The in vivo experiments indicated that the
expression level of ERK increased significantly under
hypoxia stimulus. These results suggest that the ERK
signalling pathway regulates microglial polarisation to
control high-attitude cerebral oedema. Whether other
pathways participate in this process needs to be inves-
tigated further.
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HIF-1a is an oxygen-sensitive transcriptional activa-
tor. Under hypoxia, HIF-1a induces regulation of angio-
genesis, glucose metabolism, cell proliferation and
apoptosis. Regulation of HIF-1a has become a thera-
peutic target for numerous diseases. HIF-1a knockdown
reduces ischemic injury, which suggests that HIF-1 may
contribute to tissue damage during cerebral ischemia**.
In this study, the expression of HIF-1a increased signifi-
cantly in the high-altitude group and decreased after
co-culturing with SHED. Moreover, we observed that
ERK signalling activation was regulated by HIF-1a. The
M1-type polarisation induced by hypoxia stimulus was
inhibited after ERK or HIF inhibitor treatment. These
results indicate that ERK and HIF signalling may be
potential targets for cerebral oedema treatment, but
further investigations are still needed.

Conclusion

In this study, SHED displayed profound preventive and
therapeutic effects on high-altitude cerebral oedema
through regulating M1/M2 polarisation of microglia,
which was controlled by HIF-1a/ERK signalling. It pro-
vides new evidence for the prevention and treatment of
high-altitude cerebral oedema in the future.
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