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Tetrahydrocurcumin mitigates acute hypobaric
hypoxia-induced cerebral oedema and inflammation
through the NF-κB/VEGF/MMP-9 pathway

Yang Pan1 | Yan Zhang2 | Jiani Yuan1 | Xuexinyu Ma2 | Yani Zhao2 |

Yao Li3 | Fei Li4 | Xiaoli Gong5 | Junning Zhao5 | Haifeng Tang1 |

Jianbo Wang1,5

1Department of Chinese Materia Medica and

Natural Medicines, School of Pharmacy, The

Air Force Medical University, Xi'an, China

2Shaanxi University of Chinese Medicine,

Xianyang, China

3Faculty of Life Science & Medicine,

Northwest University, Xi'an, China

4Department of Pharmacy, Xijing Hospital, The

Air Force Medical University, Xi'an, China

5Center for translational Chinese Medicine,

Sichuan Academy of Chinese Medicine

Sciences, Chengdu, China

Correspondence

Haifeng Tang, Department of Chinese Materia

Medica and Natural Medicines, School of

Pharmacy, The Air Force Medical University,

Xi'an, China.

Email: tanghaifeng71@163.com

Jianbo Wang, Center for translational Chinese

Medicine, Sichuan Academy of Chinese

Medicine Sciences, Chengdu, China.

Email: yyswjb@fmmu.edu.cn

Funding information

Major new drug creation of major science and

technology projects of China, Grant/Award

Number: 2018ZX09201018-029; Research

and promotion of quality testing of traditional

Chinese medicine and certification of authentic

Chinese medicine, Grant/Award Number:

18ZDYF0821

High-altitude cerebral oedema (HACE) is a potentially fatal manifestation of high-

altitude sickness and is caused partly by inflammation and the blood–brain barrier

disruption. Tetrahydrocurcumin (THC) has been reported to exert effective

antioxidative and anti-inflammatory effects; This study sought to elucidate the

underlying mechanism of THC in mitigating HACE using a mouse model. Our results

revealed that prophylactic administration of THC (40 mg/kg) for 3 days significantly

alleviated the increase in brain water content (BWC), interleukin-1β (IL-1β) and

TNF-α levels caused by acute hypobaric hypoxia (AHH). Additionally, superoxide dis-

mutase (SOD) activity was increased by THC to enhance the ability to resist hypoxia.

Histological and ultrastructural analysis of the cerebrum revealed that THC adminis-

tration mitigated AHH-induced pericellular oedema and reduced the perivascular

space, resulting in the simultaneous remission of oedema and protection of mito-

chondria in the cerebrum. In vitro, astrocytes exposed to hypoxia (4% O2) for 24 hr

exhibited and increase in IL-1β expression followed by an increase in vascular endo-

thelial growth factor (VEGF) levels. Furthermore, THC administration remarkably

downregulated VEGF, matrix metallopeptidase-9 (MMP-9), and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) expression, both in vivo and in vitro.

Our data highlight the potential prophylactic activity of THC in HACE, it effectively

mitigates AHH-induced cerebral oedema and inflammation is associated with the

inhibition of the NF-κB/ VEGF/MMP-9 pathways.
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1 | INTRODUCTION

High-altitude cerebral oedema (HACE), is typically viewed as the late

stage of acute mountain sickness (AMS), and it occurs in individuals

who are exposed to acute hypobaric hypoxia (AHH) without

acclimatisation. HACE is a severe and potentially fatal manifestation

of high-altitude illness and is characterised by severe headaches,
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vomiting, ataxia and altered mental status. The exact pathogenesis of

HACE remains unclear, but it is thought to be caused by disruption of

the blood–brain barrier (BBB) and imbalances in the inflammatory

cytokines and other factors (Julian et al., 2011).

In particular, hypoxia-induced BBB disruption is thought to be a

major cause of HACE formation (Baneke, 2010). A previous study

reported abnormalities on T2 weighted MRI in a patient with HACE,

which is indicative of an increase in BBB permeability (Kumar,

Shijith, & Singh, 2016). Huang et al, reported that the degree of cere-

bral oedema is proportional to the level of BBB disruption in a HACE

mouse model (Huang et al., 2015). Additionally, astrocytes, an integral

component of the neurovascular unit that regulates BBB function,

play an important role in BBB disruption. It has been reported that fol-

lowing ischaemic injury, astrocytes secrete inflammatory cytokines

without being influenced by other cells (Lau & Yu, 2001). Further-

more, vascular endothelial growth factor (VEGF) is a known vascular

permeability factor (VPF) that is expressed after AHH stimulation and

contributes to BBB disruption. It has been shown that VEGF in the

cortex and cerebellum of rats was increased after 12 hr hypoxia,

reaching a maximum at 2 day (Xu & Severinghaus, 1998); additionally,

individuals with AMS have shown an increase in plasma VEGF levels

at high altitudes (Tissot van Patot et al., 2005). Thus, therapeutic mol-

ecules and agents that target VEGF inhibition to alleviate BBB damage

and astrocyte activation may represent a potential strategy for HACE

treatment.

Inflammation is also a key component of HACE. It has been

reported that both infection and hypoxia can cause a cerebral inflam-

matory response. Systemic inflammation promotes hypoxic cerebral

oedema by activating TLR4 and CRH/CRHR1 signalling, as well as

through the interactions between astrocytes and microglia (Song

et al., 2016). Hypoxia can also increase the expression of inflamma-

tory cytokines within the cortex by activating of the NF-κB signalling

pathway (Wang et al., 2018). Therefore, anti-inflammatory agents may

also be useful for the prevention and treatment of HACE.

Tetrahydrocurcumin (THC) is a major bioactive metabolite of the

natural product curcumin, and it has been reported to possess various

biological properties that are considered to be even superior to cur-

cumin. Oral administration of curcumin to animals has been shown to

cause no major toxic effects, and it is used clinically to treat inflamma-

tion pain, metabolic diseases and skin diseases (Pagano, Romano,

Izzo, & Borrelli, 2018; Soleimani, Sahebkar, & Hosseinzadeh, 2018).

Curcumin treatment has also been shown to significantly alleviate

hypobaric hypoxia-induced cerebral transvascular leakage and down-

regulate NF-κB expression (Himadri, Kumari, Chitharanjan, &

Dhananjay, 2010), making it a potential treatment for HACE. How-

ever, curcumin exhibits low bioavailability and fast metabolism, and

only small traces of curcumin are detected in the plasma after oral

administration. Thus, we inferred that THC may be an effective alter-

native to oral administration of curcumin. The excellent antioxidative,

anti-inflammatory and neuroprotective properties of THC (Aggarwal,

Deb, & Prasad, 2014; Mukhopadhyay, Basu, Ghatak, & Gujral, 1982;

Wu et al., 2014) suggest that it may be a better preventive drug. Pre-

vious studies indicate that THC protects against traumatic brain

injury-induced apoptotic neuronal death by modulating autophagy

and the PI3K/AKT pathway (Gao et al., 2016). THC also exerts benefi-

cial effects on mitochondrial remodelling by ameliorating oxidative

damage, mitochondrial fission/fusion and mitophagy (Vacek et al.,

2018). It has also been reported that THC markedly improves brain

oedema, cerebral infarction and inhibits MMP-9 levels to protect the

BBB in ischaemic mice (Mondal et al., 2019). Collectively, these find-

ings suggest a promising potential of THC treatment to prevent

inflammation and destruction of the BBB in HACE, which has not

been achieved to date.

According to the Wilderness Medical Society Practice Guidelines

(Luks et al., 2019), administration of dexamethasone (DXMS) is the

preferred treatment for moderate to high-risk situations. In addition,

aescine, a natural mixture of triterpene saponins derived from

Aesculus hippocastanum with anti-oedematous, anti-inflammatory, and

antioxidant properties (Cheng, Kuang, & Ju, 2016), is often used in

combination with low-dose DXMS to treat cerebral oedema. Previous

studies indicate that aescine can decrease MMP, VEGF and NF-κB

expression in cerebral oedema (Guomin & Jing, 2005; Wang

et al., 2011), in a similar manner to THC. Therefore, DXMS and

aescine were selected as positive controls in the present study.

Herein, we sought to explore the molecular association of VEGF,

NF-κB and MMP-9 in HACE both in vivo and in vitro, as well as to

study the potential prophylactic action of THC in HACE.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

THC was obtained from Macklin Biochemical (98%, Cat#T829944,

Shanghai, China). Dexamethasone sodium phosphate for injection was

purchased from Cheuk-fung Pharmaceutical (Zhengzhou, Henan,

China). Sodium aescinate for injection was purchased from Luye

Pharma (Yantai, Shandong, China). Physiological saline solution was

obtained from Cisen Pharmaceutical (Jining, Shandong, China). Pri-

mary antibodies against MMP-9, VEGF, NF- NF-κB p65, and β-actin

were obtained from Servicebio (Wuhan, Hubei, China).

2.2 | Animals

All experiments were performed according to protocols reviewed and

approved by the Guide for the National Institutes of Health, the Guide

for the Care and Use of Laboratory Animals (NIH Publications

No. 8023, revised 2011) and the Air Force Medical University Com-

mittee on Animal Care.

Male C57BL/6 mice with an average body weight (BW) of

20 ± 2 g were selected from the Experimental Animal Centre of the

Air Force Medical University. Mice were allowed to acclimatise to the

facilities for 3 days prior to commencing experiments. Mice were

maintained at 26 ± 1�C with a 12-hr light–dark cycle and ad libitum

access to food and water.
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2.3 | Animal model

The HACE animal model was based on a published method (Gong

et al., 2018), with some changes. According to the conversion of

human equivalent doses to animal doses based on body surface area

and related literature (Nair & Jacob, 2016; Sarada, Titto, Himadri,

Saumya, & Vijayalakshmi, 2015), the doses of DXMS and aescine were

converted to 6 and 10 mg/kg BW, respectively.

Mice were randomly assigned to five groups: (a) N group: nor-

moxia (control); (b) HH group: administration of physiological

saline solution (0.9%) followed by AHH (7,000 m) for 24 hr; (c) HH +

THC group: administration of THC followed by AHH; (d) HH + DXMS

group: administration of DXMS followed by AHH; and (e) HH +

A group: administration of aescine followed by AHH. The physiologi-

cal saline solution, THC, DXMS and aescine were administered

intragastrically once a day for 3 days to offset individual dosing differ-

ences due to poor THC solubility. One hour after the last administra-

tion, mice were placed into a decompression chamber for 24 hr

(Fenglei, Beijing, China), at an altitude of 7,000 m (41,043 Pa, 9.75%

O2), velocity of 10 m/s, humidity of 30–40%, and temperature of

24 ± 2�C with a 12-hr light–dark cycle and ad libitum access to feed

and water.

2.4 | Astrocyte culture

The mouse primary astrocyte culture M1800-57 was purchased from

ScienCell Research Laboratories (Carlsbad, CA) and cultured in Astro-

cyte Medium-animal (AM-a, ScienCell) supplemented with 2%

(vol/vol) foetal bovine serum (FBS, ScienCell), 1% (vol/vol) penicillin/

streptomycin solution (P/S solution, ScienCell), and 1% (vol/vol) astro-

cyte growth supplement-animal (AGS-a, ScienCell) at 37�C in a humid-

ified atmosphere of 5% CO2/95% air.

2.5 | Cell model

AHH was simulated in vitro by placing astrocytes in a tri-gas incubator

at 4% O2 and 37�C for 24 hr. THC astrocytes were cultured in a

media supplemented with 200 μl THC (10 μM) which was dissolved in

dimethyl sulfoxide (DMSO, 0.5%) before hypoxic simulation.

2.6 | Effect of hypoxia durations on astrocytes

Astrocytes were seeded onto 6-well plastic plates at a density of

1 × 106 cells/well and, before reaching an 80% confluence, were

divided into six groups: (a) N group: normoxia for 24 hr (control);

(b) H-1 hr group: normoxia for 23 hr followed by hypoxia for 1 hr;

(c) H-3 hr group: normoxia for 21 hr followed by hypoxia for 3 hr;

(d) H-6 hr group: normoxia for 18 hr followed by hypoxia for 6 hr;

(e) H-12 hr group: normoxia for 12 hr followed by hypoxia for 12 hr;

and (f) H-24 hr group: hypoxia for 24 hr. Apoptosis was assessed

using flow cytometry (FCM) and VEGF levels were measured using

immunofluorescence. Cell supernatants were collected to determine

the TNF-α and IL-1β levels using an enzyme-linked immunosorbent

assay (ELISA).

2.7 | Optimisation of in vivo THC dose

According to our results of the preliminary experiments, THC pow-

der was mixed with a physiological saline solution (0.9%) using an

ultrasonic cleaning system and was immediately administered orally

once a day for 3 days. The HH group was administered in an equal

amount of physiological saline solution. Seventy mice were ran-

domly assigned to seven groups: (a) N group: normoxia; (b) HH

group: AHH (7,000 m) for 24 hr; (c) HH + 10 group: administration

of 10 mg/kg BW THC followed by AHH; (d) HH + 20 group: admin-

istration of 20 mg/kg BW THC followed by AHH; (e) HH + 40

group: administration of 40 mg/kg BW THC followed by AHH; (f)

HH + 80 group: administration of 80 mg/kg BW THC followed by

AHH; and (g) HH + 160 group: administration of 160 mg/kg BW

THC followed by AHH.

One hour after the final administration, mice were placed in a

decompression chamber for 24 hr (Fenglei, China), at an altitude of

7,000 m (41,043 Pa, 9.75% O2), velocity of 10 m/s, humidity of

30–40% and temperature of 24 ± 2�C on a 12-hr light–dark cycle and

ad libitum access to food and water. Brains were removed to deter-

mine the brain water content (BWC), and blood samples were col-

lected from the retro-orbital plexus to determine TNF-α serum levels

and to assay several haematological parameters. Preliminary data

showed a significant decrease in BWC and TNF-α levels in the HH

+ 40 group (Figure 1), while also mitigating haematological parameters

(Table 1). This was therefore identified as the optimal condition to be

used in all subsequent experiments.

2.8 | Brain water content

Brains were removed after anaesthesia with 1% sodium pentobarbital,

and the wet weight was immediately determined using a precision

electronic balance (BSA124S, Sartorius, Beijing, China). Brains were

then dried at 105�C to a constant weight. BWC was calculated

according to Equation 1:

BWC %ð Þ= wetweight−dryweight
wetweight

� �
x100 ð1Þ

2.9 | Haematological parameters

Blood samples were collected from the retro-orbital plexus into ethyl-

ene diamine tetraacetic acid (EDTA) tubes and used to assess various

haematological parameters, including white blood cells (WBC), red

blood cells (RBC), haemoglobin (HGB), haematocrit (HCT) and blood
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platelets (PLT), using a Sysmex XN-550 automated haematology ana-

lyser (Sysmex, Norderstedt, Germany).

2.10 | Enzyme-linked immunosorbent assay
(ELISA) of inflammatory factors

Serum, brain homogenate and cell supernatant samples were collected

and stored at −80�C until analysis. TNF-α and IL-1β levels were mea-

sured using commercially available quantitative ELISA kits (TNF-α, Cat

# BMS607-3; IL-1β, Cat # BMS6002; Thermo Fisher, Waltham, MA)

according to the manufacturer's instructions.

2.11 | Cell viability

The effects of different THC concentrations (1, 5, 10, 50, 100,

500 μM, 1, 5 and 10 mM) on astrocyte viability under normoxia or

hypoxia was evaluated using a cell counting kit-8 (CCK-8; Cat #

C008-3, 7Sea Pharmatech, Shanghai, China), according to the manu-

facturer's instructions. Briefly, astrocytes were seeded onto 96-well

plastic plates at a density of 5 × 104 cells/well and cultured with THC

in 0.5% DMSO. A total of 10 μl CCK-8 solution was added to each

well and incubated for 1 hr at 37�C in the dark. Absorbance at

450 nm was measured using a SpectraMax M5 spectrophotometer

(Molecular Devices, San Jose, CA).

2.12 | Flow cytometry (FCM)

The effect of hypoxia duration (0, 1, 3, 6, 12 and 24 hr) on astrocyte

apoptosis was evaluated using an Annexin V-FITC/PI apoptosis detec-

tion kit (7Sea Pharmatech), according to the manufacturer's instruc-

tions. Briefly, astrocytes were harvested and resuspended in 400 μl

binding buffer, mixed gently with 5 μl annexin V-FITC buffer, followed

by incubation in the dark for 15 min at 26�C. Next, they were mixed

gently with 10 μl PI buffer and incubated in an ice bath for 5 min in

the dark. Apoptotic cells were counted by FCM using a FACSCalibur

(BD Biosciences, San Jose, CA).

2.13 | Oxidative stress parameters

The activity of superoxide dismutase (SOD) and content of

malondialdehyde (MDA) in brain were detected using a SpectraMax

M5 spectrophotometer (Molecular Devices, San Jose, CA). Both oxi-

dative stress parameters were measured using commercially available

SOD (A001-1#) and MDA (A003-1#) kits obtained from Nanjing

Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China), according

to the manufacturer's instructions.

2.14 | Haematoxylin and eosin staining

Cerebra were removed after anaesthesia with 1% sodium pentobarbi-

tal, fixed in 4% paraformaldehyde for 24 hr at 26�C, dehydrated

through a graded alcohol series, and embedded in paraffin. Sections

of 4 μm thickness were obtained and stained with haematoxylin and

eosin (H&E) to observe morphology of the cortex and hippocampus.

Photomicrographs were captured using a digital camera attached to a

light microscope (Nikon, Tokyo, Japan).

2.15 | Immunofluorescence

Immunofluorescence was performed on cerebral paraffin sections of

4 μm thickness and on cell slides. Briefly, sections were incubated in

0.01 M sodium citrate antigen buffer (pH 6.0), washed three times

with phosphate-buffered saline (PBS, pH 7.4), immersed in 3% bovine

serum albumin solution (Sigma-Aldrich, St. Louis, MO) for 30 min and

incubated with primary antibodies diluted in PBS overnight at 4�C.

Primary antibodies were rabbit anti-MMP-9 (1:200, Cat # GB1132,

F IGURE 1 Optimisation of THC concentration under hypobaric hypoxia. (a) Quantitative BWC data (n = 10). (b) Quantitative TNF-α serum
data (n = 10). Data presented as mean ± SEM; N, normoxia; #p < .01 compared with N; **p < .01 compared with HH; NS, non-significant
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Servicebio) and rabbit anti-VEGF (1:200, Cat # GB13034, Servicebio).

Next, sections were washed with PBS and incubated with secondary

antibodies for 50 min in the dark. Secondary antibodies were goat

anti-rabbit Alexa 488-conjugated (1:400, Cat # GB25303, Servicebio)

and goat anti-rabbit CY3-labelled (1:300, Cat # GB21303, Ser-

vicebio). Finally, sections were stained with 40 ,6-diamidino-2-

phenylindole (Sigma-Aldrich, St. Louis, MO) at 26�C for 10 min in the

dark and mounted with anti-fade fluorescence mounting medium

(Servicebio, Boston, MA). Slides were observed using an upright fluo-

rescence microscope (Nikon). Cell slides were processed similarly,

with the antigen retrieval step omitted, and these were observed

using a confocal laser scanning microscope (Leica, Mannheim,

Germany).

2.16 | Transmission electron microscopy

Transmission electron microscopy (TEM) was performed to observe

the ultrastructural morphology of the endoplasmic reticulum and

mitochondria in neurons and astrocytes. Briefly, ultrathin 70 nm cor-

tex sections were fixed, dehydrated with alcohol, embedded, poly-

merised and stained. Images were obtained using an electron

microscope (JEM-1400; JEOL, Tokyo, Japan).

2.17 | Western blot

Left hemisphere cortices were isolated, gently washed three times in

cold PBS and homogenised on ice using radioimmunoprecipitation

assay buffer (Cat # 89900, Thermo Scientific, IL). Supernatants were

collected and protein concentration was determined using a

bicinchoninic acid assay (BCA) protein assay kit (Cat # 23227, Thermo

Scientific, IL). Samples were denatured and separated on a sodium

dodecyl sulphate-polyacrylamide gel and transferred onto a poly-

vinylidene difluoride membrane. Membranes were blocked in TBST

buffer (150 mM NaCl, 50 mM Tris, pH 7.5, with 0.1% Tween 20) con-

taining 5% skim milk at room temperature for 1 hr then incubated

overnight at 4�C with primary antibodies (rabbit polyclonal anti-

MMP-9, VEGF, NF-κB p65, and β-actin; 1:1,000). After washing, the

membranes were incubated with an HRP-conjugated secondary anti-

body at 26�C for 1 hr. Bands were detected using an Immobilon

Western HRP Substrate (Millipore, Burlington, MA) and captured

using a Bio-Rad GelDoc XR+ in the dark. β-actin was used as a control,

and the experiment was performed in triplicate.

2.18 | Statistical analysis

Data are expressed as means ± SEM. Statistical analysis was per-

formed using SPSS 22.0 (IBM, Armonk, NY). Comparisons were car-

ried out with a one-way analysis of variance followed by Fisher's least

significant difference post hoc test. Differences were considered sta-

tistically significant at p < .05.T
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3 | RESULTS

3.1 | THC administration mitigated cerebral
oedema

BWC in the HH group was significantly increased to 78.15 ± 0.10%

compared to 76.66 ± 0.06% in the N group, indicating that AHH

induces cerebral oedema (p < .01) (Figure 1a). After THC treatment,

BWC decreased in a dose-dependently manner and reached the low-

est level at 40 mg/kg (77.13 ± 0.13%).

Levels of the pro-inflammatory factor TNF-α were quantified to

evaluate the degree of inflammation in mice with cerebral oedema.

Hypoxia led to an increase in TNF-α levels in serum, and this increased

to 7.35 ± 0.63 pg/ml in the HH group compared to 3.01 ± 0.66 pg/ml

in the N group (p < .01) (Figure 1b). TNF-α was significantly inhibited

by THC (p < .01) and stabilised at THC doses exceeding 20 mg/kg

(1.31 ± 0.40 pg/ml). Under a hypobaric hypoxic environment, BWC

and TNF-α levels did not decrease further when the dose exceeded

40 mg/kg. AHH had a marked effect on haematological parameters

(Table 1), and administration of 40 mg/kg THC was able to recover

these effects. WBC increased from 3.97 ± 0.42 × 109/L in the HH

group to 5.41 ± 0.58 × 109/L in the HH + 40 group (p < .05), while

proliferating PLT decreased from 1,347.60 ± 59.47 × 109/L in the HH

group to 1,126.20 ± 28.17 × 109/L in the HH + 40 group. These

results demonstrate a marked ability of THC at 40 mg/kg BW to miti-

gate cerebral oedema.

Compared to DXMS and aescine, THC did not show a significant

advantage in reducing BWC (p > .05) (Figure 2a). After hypobaric hyp-

oxia exposure, mice showed signs of hyperventilation and refused to

consume food and water, which caused an exacerbated weight loss.

Mice in the HH group showed 11.59 ± 0.37% weight loss, which

decreased to 9.76 ± 0.67% in the HH + THC group following preven-

tive treatment with THC (p < .05) (Figure 2b). BWC was also reduced

by DXMS or aescine treatment, but there were no differences in

weight loss between the HH + THC, HH + DXMS, and HH + A

groups.

3.2 | THC administration mitigated AHH-induced
brain injury

Cortex sections from animals in the N group showed a normal

arrangement and structure of the cerebral capillaries, cortical neurons

and gliocytes, whereas those from the HH group exhibited a wider

pericellular space around the cortical neurons, microglia and gliocytes,

which indicates pericellular oedema, as well as a wider perivascular

space (PVS). These AHH-induced histopathological changes were

reduced following treatment with THC, DXMS or aescine. DXMS

exhibited the most effective anti-oedema properties, followed by

THC and aescine (Figure 3a).

In the HH group, we observed mitochondrial swelling, mitochon-

drial crista damage and a severely dilated and moderately oedematous

endoplasmic reticulum. These effects were reduced following THC

administration. In the HH + DXMS group, mitochondrial damage was

moderate with no observed endoplasmic reticulum oedema. Whereas

in the HH + A group, the endoplasmic reticulum oedema was as

severe as in the HH group, but the mitochondrial structure was rela-

tively intact (Figure 3b).

3.3 | THC administration mitigated oxidative stress
by upregulating SOD in vivo

AHH exposure caused a significant increase in SOD activity in the

cerebrum in the HH group (156.91 ± 7.40 U/mg) compared to the N

group (133.73 ± 4.47 U/mg), to help adapt to the environmental hyp-

oxia (p < .01) (Figure 4a). THC administration further stimulated SOD

activity up to 174.61 ± 6.19 U/mg, which would act to even more

F IGURE 2 Effect of THC, DXMS, or aescine administration on AHH-induced cerebral oedema. (a) Quantitative BWC data (n = 10).
(b) Quantitative weight loss data (n = 10). Data presented as mean ± SEM; N, normoxia; #p < .01 compared with N; **p < .01 compared with HH;
*p < .05 compared with HH; NS, non-significant [Colour figure can be viewed at wileyonlinelibrary.com]
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effective protect against oxidative stress. Administration of DXMS or

aescine did not affect SOD production. Interestingly, AHH failed to

affect MDA levels in vivo (Figure 4b).

3.4 | THC administration suppressed VEGF and
MMP-9 expression in vivo and in vitro

AHH for 24 hr caused a marked increase in VEGF in vivo (Figure 5a),

as indicated by a significant increase in fluorescence intensity in the

cerebral cortex of animals in the HH group (0.001968 ± 0.000402)

compared to the N group (0.000693 ± 0.000117) (p < .01)

(Figure 5b). These results are consistent with the Western blot

analysis (Figure 5c,d), showing that VEGF expression in the HH group

(0.45 ± 0.03) was around double that in the N group (0.20 ± 0.05).

THC administration reduced VEGF expression levels (0.28 ± 0.04),

and a similar effect was observed following DXMS (0.21 ± 0.06) or

aescine (0.21 ± 0.05) administration. In addition, VEGF exosomes

were observed in the H group by immunofluorescence in vitro

(Figure 5e,f), whereas THC administration significantly reduced

hypoxia-induced VEGF production from 0.3956 ± 0.0065 in the H

group to 0.0219 ± 0.0012 in the H + THC (p < .01), which is consis-

tent with the in vivo results.

A similar trend was seen for MMP-9 expression. AHH for 24 hr cau-

sed a marked increase in MMP-9 in the cerebral cortex (Figure 6a), indi-

cated by an increase in fluorescence intensity from 0.000692 ± 0.000144

F IGURE 3 Effect of THC, DXMS, or aescine administration on brain histopathology under hypobaric hypoxia. (a) Representative images of

cortex after H&E staining. (b) Representative images of the cortex after transmission electron microscopy. Red arrow shows mitochondrion; blue
arrow shows endoplasmic reticulum [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Effect of THC, DXMS, or aescine administration on oxidative stress in vivo. (a) Detection of SOD in the brain tissue (n = 8).
(b) Detection of MDA in the brain tissue (n = 8). Data presented as mean ± SEM. N, normoxia; #p < .01 compared with N; *p < .05 compared with
HH; NS, non-significant
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F IGURE 5 Effect of THC, DXMS, or aescine administration on VEGF regulation under hypoxia. (a) Representative images of VEGF staining in
the brain (×400). (b) Quantitative VEGF staining intensity data in the brain (n = 12). (c) Representative blots of VEGF and β-Actin expression;
(d) Quantitative changes in VEGF expression in the brain (n = 3). (e) Representative images of VEGF staining in astrocytes (×630). (f) Quantitative
VEGF staining intensity data in astrocytes (n = 5). Data presented as mean ± SEM; N, normoxia; #p < .05 compared with N; ##p < .01 compared
with N; **p < .01 compared with HH; NS, non-significant [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Effect of THC, DXMS, or aescine administration on MMP-9 regulation under hypoxia. (a) Representative images of MMP-9
staining in the brain (×400). (b) Quantitative MMP-9 staining intensity data in the brain (n = 8). (c) Representative blots of MMP-9 and
β-Actin expression. (d) Quantitative changes in MMP-9 levels in the brain (n = 3). (e) Representative images of MMP-9 staining in
astrocytes (×630). (f ) Quantitative MMP-9 staining intensity data in astrocytes (n = 6). Data presented as mean ± SEM; N, normoxia;
#p < .05 compared with N; ##p < .01 compared with N; **p < .01 compared with HH; NS, non-significant [Colour figure can be viewed at
wileyonlinelibrary.com]
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in the N group to 0.004743 ± 0.000781 in the HH group (p < .01)

(Figure 6b). These results are consistent with those from the western

blot analysis (Figure 6c,d), which showed a significant increase in

MMP-9 expression from 0.06 ± 0.01 to 0.11 ± 0.02 following hypo-

baric hypoxia, indicating BBB disruption. Moreover, administration of

THC, DXMS or aescine inhibited this increase in MMP-9, both in vivo

and in vitro (Figure 6e–f).

3.5 | Hypoxia stimulated the expression of VEGF
and inflammatory factors in vitro

The effects of hypoxia on VEGF and inflammatory factors were stud-

ied in vitro. Immunofluorescence revealed that VEGF expression was

significantly increased in the H-12 hr (0.0317 ± 0.0034) and H-24 hr

groups (0.0165 ± 0.0053) (p < .01) (Figure 7b), whereas ELISAs

results showed a significant increase in TNF-α and IL-1β levels in the

H-12 hr and H-3 hr groups, respectively (p < .05) (Figure 7c,d). TEM

detected no significant ultrastructural differences between the differ-

ent groups and no change in apoptosis could be detected (Figure 7e,

f). In addition, THC treatment produced a marked decrease in cell

viability at concentrations above 500 μM (75.29 ± 3.17%) under nor-

moxia (Figure 8a). Although cell viability was significantly reduced

from 99.98 ± 6.05% in the blank under normoxia to 66.10 ± 1.20%

under hypoxia, no significant effect on cell viability was observed in

the H-24 hr group following THC administration at concentrations

below 500 μM (Figure 8b). It was inferred from this that short-term

hypoxia stimulation does not promote the apoptosis of astrocytes,

and THC does not affect the viability of astrocytes at doses

below 500 μM.

F IGURE 7 Effect of hypoxia on expression of VEGF and inflammatory factors in astrocytes. (a) Representative images of VEGF staining in
astrocytes (×400). (b) VEGF intensity in astrocytes (n = 4). (c) Detection of TNF-α in cell supernatants (n = 12). (d) Detection of IL-1β in the cell
supernatants (n = 12). (e) Representative flow cytometry data; (f) Apoptosis in astrocytes (n = 3). Data presented as mean ± SEM; N, normoxia;
*p < .05 compared with N; **p < .01 compared with N; NS, non-significant [Colour figure can be viewed at wileyonlinelibrary.com]
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3.6 | THC administration inhibited the expression
of NF-κB p65 and inflammatory factors in vivo

Western blot analysis revealed a marked upregulation of NF-κB

expression in the HH group (0.71 ± 0.07) compared with the N group

(0.42 ± 0.07) (p < .05). This was inhibited by THC administration, as

shown by a significant decrease in NF-κB levels in the HH + THC

group to 0.45 ± 0.09 (p < .05) (Figure 9a,b). Treatment with either

DXMS or aescine did not have the same effect (Figure 9b).

With the activation of NF-κB, there was also a significant increase

in the downstream inflammatory cytokines TNF-α and IL-1β in the

HH group. TNF-α levels increased from 8.58 ± 0.60 pg/ml in the N

group to 18.87 ± 1.16 pg/ml in the HH group (p < .01) (Figure 9c).

Levels of IL-1β also increased from 6.04 ± 0.52 pg/ml in the N group

to 13.34 ± 0.97 pg/ml in the HH group (p < .01) (Figure 9d). Con-

versely, THC treatment produced a significant decrease in TNF-α and

IL-1β levels to 7.66 ± 0.78 and 8.80 ± 0.50 pg/ml, respectively

(p < .01). Given that DXMS and aescine are both used as anti-

inflammatory drugs, treatment with either one also showed a power-

ful ability to inhibit TNF-α and IL-1β production, as expected

(Figure 9c,d).

4 | DISCUSSION

Studies have shown that BBB disruption and neuroinflammation are

important factors in the development of HACE (Song et al., 2016).

THC is widely known for its anti-inflammatory and antioxidative prop-

erties, but only a limited number of studies have investigated its pro-

phylactic effect on HACE. In the present study, we sought to explore

the potential prophylactic action of THC in HACE, using both in vivo

and in vitro techniques. We found that THC administration reduced

BWC, mitigated AHH-induced brain injury, upregulated WBC and

SOD activity and inhibited inflammation. Furthermore, we showed

that THC administration effectively mitigated HACE by inhibiting the

AHH-induced expression of VEGF, MMP-9 and NF-κB.

BWC is used as an index of brain oedema because it is a classical

symptom of inflammation and BBB disruption (Zhong et al., 2014).

We found that AHH significantly increased BWC in mice

(78.25 ± 0.03% in the HH group compared to 76.94 ± 0.02% in the N

group). However, the actual BWC may be higher if we consider the

weight loss due to fluid loss and a subsequent reduction in plasma vol-

ume due to severe hyperventilation (Kaur, Sivakumar, Zhang, &

Ling, 2006). Meanwhile, we further examined MMP-9 expression in

the cerebrum and found that it was significantly upregulated in the

HH group, suggesting that AHH exposure further increased BBB dam-

age and cerebral oedema.

To demonstrate the efficacy of THC in the treatment of cerebral

oedema, mice were pre-treated with different doses of THC before

being exposed to AHH. Measures of BWC and TNF-α levels were

selected to evaluate the anti-cerebral oedema and anti-inflammatory

effects of THC, respectively, and we also examined haematological

parameters. Our data revealed that THC effectively increased WBC

count, mitigated weight loss and inhibited TNF-α expression in mice

under AHH. In addition, oral administration of THC markedly allevi-

ated any changes in PLT number in a concentration-dependent man-

ner and increased RBC counts following hypobaric hypoxia. THC was

as effective as DXMS and aescine in ameliorating the adverse increase

in BWC. Based on the haematological parameters, THC administration

reduced blood flow and improved blood oxygen-carrying capacity to

mitigate the dehydration caused by hyperventilation.

Interestingly, previous studies indicated that AHH-stimulated

HACE caused a marked increase in WBC, as well as in several other

haematological parameters (RBC, HGB, HCT, and PLT) in rats (Luan

et al., 2019; Sarada et al., 2015). However, our data showed that AHH

for 24 hr actually decreased WBC and did not affect RBC. Thus, we

F IGURE 8 Effect of different THC concentration on astrocyte viability. (a) Cell viability under normoxia (n = 6). (b) Cell viability under hypoxic
conditions (n = 6). Data presented as mean ± SEM; *p < .05 compared with blank group; **p < .01 compared with blank group; NS, non-significant
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suggest that WBCs may participate in the inhibition of inflammation

and apoptosis during the early stages of AHH. The inconsistent find-

ings between these studies could be attributed to species differences.

For example, mice reportedly possess innate traits that favour adapta-

tion to high altitudes and also have a stronger respiratory response to

hypoxia than rats (Jochmans-Lemoine, Shahare, Soliz, & Joseph, 2016).

Additionally, THC administration markedly increased the activity

of the SIRT1 signalling pathway both in vivo and in vitro. These results

were validated by a decrease in Ac-SOD2 production and an increase

in deacetylated SOD2 production, which would serve to improve the

reparative properties of SOD and GSH-Px while reducing MDA pro-

duction (Li et al., 2019). We found that short durations of hypobaric

hypoxia did not markedly affect MDA levels, but did significantly

increase SOD activity, which is contrary to previous reports (Luan

et al., 2019). This study used rats and a 72 hr AHH exposure to

establish their HACE model, which is a longer time period than we

used in our study. We propose that short-term hypobaric hypoxia

stimulates the body's emergency protection to upregulate SOD to

help adapt to a hypoxic environment. THC, which exhibits the stron-

gest antioxidative activity of all curcuminoids (Osawa, Sugiyama,

Inayoshi, & Kawakishi, 1995), causes an increase in SOD activity in

the cerebrum, which would then ameliorate the mitochondrial dam-

age caused by AHH.

Exposure to AHH for 24 hr caused a marked upregulation in

VEGF expression in the brain. Previous studies have shown that hyp-

oxia stimulates the production of HIF-1α, which in turn increases

VEGF expression, and subsequently promotes vasogenic cerebral

oedema (Jong-In et al., 2015). THC administration caused a marked

reduction in VEGF expression in the brain, which is consistent with

previous studies reporting an inhibitory effect of THC on tumour

angiogenesis in CaSki-implanted nude mice caused by downregulation

of HIF-1-α, VEGF, and VEGF receptor (Yoysungnoen, Bhattarakosol,

Patumraj, & Changtam, 2015). Astrocytes are an indispensable com-

ponent of BBB, therefore we chose them to establish the in vitro

model. Immunofluorescence a marked an increase in VEGF production

in astrocytes under hypoxia, and this was effectively reduced follow-

ing THC administration. Besides, VEGF was also significantly

upregulated in the H-12 hr group, while IL-1β was upregulated in the

H-3 hr group, suggesting that AHH-induced inflammation emerges

prior to the increase in VEGF expression.

MMP-9 is a major contributing factor in BBB disruption, brain

oedema and neuroinflammation. THC administration effectively

F IGURE 9 Effect of THC, DXMS, or aescine administration on the regulation of NF-κB and β-Actin under hypobaric hypoxia.
(a) Representative blots of NF-κB p65 and β-Actin expression. (b) Quantitative changes in NF-κB p65/β-Actin (n = 3); (c) Detection of TNF-α in
the cerebral cortex (n = 16). (d) Detection of IL-1β in the cerebral cortex (n = 16). Data presented as mean ± SEM; N, normoxia; #p < .05 compared
with N; ##p < .01 compared with N; *p < .05 compared with HH. **p < .01 compared with HH
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reduced elevated MMP-9 activity and ameliorated BBB disruption

both in vivo and in vitro. These results are consistent with previous

studies indicating that THC administration in I/R mice normalised the

activity of MMP-9 and the expression of related proteins (Mondal

et al., 2019). Furthermore, a previous study reported that afatinib, an

epidermal growth factor receptor (EGFR) inhibitor, inhibited VEGF to

induce MMP-9 expression through the ERK-VEGF/MMP9 signalling

pathway (Chen, Chen, Ding, & Wang, 2019). In our study, the trend in

MMP-9 expression was the same as that of VEGF. Since DXMS, a cor-

ticosteroid that inhibits VEGF expression and metabolism (Colleen

Glyde et al., 2011; Zheng et al., 2014), significantly inhibited hypoxia-

induced VEGF upregulation, and decreased the expression of MMP-9,

we infer that THC may mitigated hypobaric hypoxia-induced cerebral

oedema via the VEGF/MMP-9 pathway in a similar manner.

In the present study, THC produced a decrease in the expression

of pro-inflammatory factors in the blood and brain under AHH. TNF-α

and IL-1β are regulated by NF-κB, which is a heterodimeric protein

composed of members of the Rel family of transcription factors and

can upregulate the expression of VEGF and MMP-9 expression, both

of which are involved in BBB disruption. Thus, the anti-inflammatory

action of THC can likely be attributed to its NF-κB inhibitory capacity.

A previous study reported that metformin inhibits the migration and

invasion of hepatocellular carcinoma cells by suppressing the NF-κB

pathway and consequently reducing the MMP-9 expression (Hsieh,

Tsai, Yang, Tang, & Hsieh, 2014). VEGF is also known to promote reti-

nal neo-vasculogenesis through NF-κB activation, which includes an

enhancement of its DNA-binding activity and upregulation of NF-κB

p65, SDF-1, CXCR4, FAK, αVβ3, α5β1, EPO, ET-1 and MMP-9

(DeNiro, Al-Mohanna, Alsmadi, & Al-Mohanna, 2013). Moreover, the

NF-κB inhibitor markedly enhanced suppression of the NF-κB/MMP-

9/VEGF pathway via microRNA-26b (Feng, Zu, & Zhang, 2018). In

the present study, AHH exposure caused mice to enter a protective

emergency state, consisting of a curled body, reduced movement,

shortness of breath, reduced food intake, and most notably, anox-

emia with subsequent blood flow quickening and haemal dilation.

The histogenous anoxia worsened as the duration of hypoxia

increased. The brain, as the largest oxygen-consuming tissue in the

body, suffers the most severe damage during this hypoxic state. Fol-

lowing hypoxic stimulation, NF-κB enters the nucleus and releases

pro-inflammatory cytokines to induce neuroinflammation. Mean-

while, astrocytes produce VEGF and MMP-9, further exacerbating

BBB leakage. THC treatment promotes RBC production, which

improves the body's ability to tolerate hypoxia and relieves the flow

of body fluids caused by overventilation. THC also effectively

reduces the release of pro-inflammatory cytokines by inhibiting NF-

κB to decrease VEGF and MMP-9 production. Overall, our data sug-

gest a model whereby THC mitigates HACE via the NF-κB/ VEGF/

MMP-9 pathway (Figure 10).

The present study has two limitations. First, we focused solely on

astrocytes to establish an in vitro model. However, astrocytes do not

fully represent the BBB; for example, endothelial cells also play a

major role in BBB disruption (Bosma, van Noorden, Schlingemann, &

Klaassen, 2018). A previously described model of BBB based on a

trans-well culture system may be more appropriate for the in vitro

study of HACE (Wolff, Antfolk, Brodin, & Tenje, 2015). Second, fur-

ther experiments using knockout mice and plasmid transfection will

be required to better determine the relationship between NF-κB,

VEGF, and MMP-9.

F IGURE 10 Schematic diagram showing potential mechanism of THC against HACE [Colour figure can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSIONS

Our results suggest that THC may elicit a prophylactic effect on

HACE. THC treatment was able to mitigate AHH-induced brain injury

by inhibiting the NF-κB/VEGF/MMP-9 pathway, thereby suppressing

inflammation and oxidative stress. The human equivalent THC dose,

estimated from the experimental dose, is 3.24 mg/kg (Nair & Jacob,

2016), which is equivalent to an oral administration of about 200 mg

per day for adults. This dose is too high to receive good drug compli-

ance for use as a preventive treatment. Thus, for future research, we

would like to improve the bioavailability of THC in order to achieve

better preventive and therapeutic effects at lower doses.
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