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Hydrogen alleviated cognitive impairment
and blood-brain barrier damage in sepsis-
associated encephalopathy by regulating ABC
efflux transporters in a PPARa-dependent
manner

Yuanyuan Bai'f, Wen Mi?f, Xiaoyin Meng®", Beibei Dong’, Yi Jiang', Yuechun Lu*" and Yonghao Yu"

Abstract

Hydrogen (H,) can protect against blood—brain barrier (BBB) damage in sepsis-associated encephalopathy (SAE),
but the mechanism is still unclear. We examined whether it is related to PPARa and its regulatory targets, ABC efflux
transporters. After injection with DMSO/GW6471 (a PPARa inhibitor), the mice subjected to sham/caecal ligation
and puncture (CLP) surgery were treated with H, for 60 min postoperation. Additionally, bEnd.3 cells were grown
in DMSO/GW6471-containing or saline medium with LPS. In addition to the survival rates, cognitive function was
assessed using the Y-maze and fear conditioning tests. Brain tissues were stained with TUNEL and Niss! staining.
Additionally, inflammatory mediators (TNF-q, IL-6, HMGB1, and IL-1(3) were evaluated with ELISA, and PPARaq, ZO-1,
occludin, VE-cadherin, P-gp, BCRP and MRP2 were detected using Western blotting. BBB destruction was assessed
by brain water content and Evans blue (EB) extravasation. Finally, we found that H, improved survival rates and
brain dysfunction and decreased inflammatory cytokines. Furthermore, H, decreased water content in the brain
and EB extravasation and increased ZO-1, occludin, VE-cadherin and ABC efflux transporters regulated by PPARa.
Thus, we concluded that H, decreases BBB permeability to protect against brain dysfunction in sepsis; this effect is
mediated by PPARa and its regulation of ABC efflux transporters.
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Introduction

Known as a syndrome of systemic inflammation, sepsis
resulting from various infectious factors is a main pub-
lic health problem and the major cause of death in criti-
cally ill patients [1, 2]. Many patients with sepsis develop
a form of cognitive impairment named sepsis-associated
encephalopathy (SAE) [3], which can lead to acute or
long-term mortality [4]. However, the pathophysiology of
SAE is too complex to clarify, and studies have indicated
that it is associated with brain injury, especially blood-
brain barrier (BBB) impairment [3-5].

A series of microvascular endothelial cells constitute
the BBB, which regulates the molecular permeation
between the peripheral circulatory system and the cen-
tral nervous system (CNS) [6]. Intercellular tight junc-
tion proteins and ABC efflux transporters (ATP-binding
cassette efflux transporters) play a key role in maintain-
ing the function and integrity of the BBB [7-10]. BBB
dysfunction involving ABC efflux transporters has been
demonstrated to be a crucial early event in CNS disease
pathogenesis [11-13]. It results greatly in SAE because
the CNS cannot defend against neurotoxic substances,
including inflammatory mediators, free radicals, circulat-
ing leukocytes and so on [14, 15]. Furthermore, barrier
damage leads to brain oedema and perfusion reduction
of the microvasculature, resulting in and aggravating the
loss of neurons in SAE [15]. Thus, BBB integrity protec-
tion is deemed a vital treatment for all kinds of diseases
in the CNS [16].

Regarded as a selective antioxidant, hydrogen (H,) can
treat over 70 diseases [17]. We have already suggested
that hydrogen inhalation or hydrogen-rich water intake is
an effective treatment for organ damage in sepsis (includ-
ing intestine, lung, liver and brain damage) [18-21]. We
also illustrated that 2% H, could relieve cognitive impair-
ment owing to sepsis in rodent models [21, 22]. Never-
theless, the H,_specific mechanism is still unclear. It was
proven that the inhalation of H, showed a significant
protective effect on BBB dysfunction and correspond-
ing brain injury in sepsis [21]. Thus, protection of the
BBB may be a vital target for the treatment of SAE with
hydrogen.

Known as a type II nuclear receptor, peroxisome pro-
liferator-activated receptor (PPAR«) is related to glu-
cose homeostasis, lipid metabolism, the inflammatory
response, cell differentiation, the cellular response and
apoptosis [23]. Additionally, PPARa plays a key role in
the regulation of the NF-«B signalling pathway, decreas-
ing the level of inflammatory mediators and the oxidative
stress response, promoting neurogenesis and cell differ-
entiation in the CNS, and showing a protective effect in
neuroinflammatory lesions, including neurodegenera-
tion [24]. In human hepatoma cells, PPARa also regulates
hepatic genes, including multidrug resistance protein
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1 (MDR1), multidrug resistance-associated protein 2
(MRP2/ABCC2), MRP3, and MRP4, which encode ABC
transporters known to play a vital role in effluxing bile
acids and therapeutic drugs [25-27]. A recent study with
cultured human brain capillary endothelial cells showed
that exposure to clofibrate (one of the PPAR«a ligands)
increased the expression and transport activity of breast
cancer resistance protein (Bcrp/ABCG2), demonstrating
that drug efflux transporters at the BBB may be PPAR«a
targets [28]. Importantly, the present study has shown
that the activation of PPAR« regulates the expression of
ABC efflux transporters P-gp/ABCB1, Bcrp and Mrp2
in the BBB to affect the activity of exogenous and endog-
enous small molecule substances in brain tissues, regu-
lates blood-brain barrier permeability and participates
in the mechanical regulation of information communica-
tion between the brain and other organs [9, 29]. We have
shown that PPARa mediates the CREB-BDNF signalling
pathway to alleviate cognitive dysfunction in septic mice
treated with H, [30]. Thus, based on previous research,
our study explored the potential protective role of H, in
brain damage in sepsis and whether the effects were due
to the upregulation of PPARa to ABC efflux transporters.

Materials and methods

Experimental procedure

In vivo study (Fig. 1A): C57BL/6] male mice (6-8 w,
20-25 g) were divided randomly into four groups: Sham,
CLP, CLP+H, and CLP+H,+GW®6471 groups. Sham or
CLP surgeries were performed, and the H, and GW6471
groups were treated with H, gas (for 60 min at 1 and 6 h
postsurgery) and 20 mg/kg GW6471 (intraperitoneal
injection at 1 h preoperation), respectively. Following the
operations, the survival rates of all groups were recorded,
and some mice were euthanized 24 h postoperation with
isoflurane, and brain tissue (cortex) was harvested. In
addition, each group of mice was subjected to the fear
conditioning test (n=5) and Y-maze test (n=3) (1-7 days
after the procedure). Cortical tissues in mice were used
for Evans blue extravasation and brain water content
determination. The cortex tissues were used for P-gp/
Abcbl, breast cancer resistance protein (Bcrp/Abcbl11),
multidrug resistance-associated protein 2 (Mrp2/Abcc2),
VE-cadherin, occludin and ZO-1 detection with WB.
Brain slices from mice (n=3) were obtained for TUNEL
staining and Nissl staining. The cortex tissues per group
(n=6) were subjected to an enzyme-linked immunosor-
bent assay (ELISA) to evaluate inflammatory mediators
(TNF-a, IL-6, IL-1B, and HMGB1).

In vitro study (Fig. 1B): bEnd.3 cells were treated
with the following conditions: control+DMSO,
LPS+DMSO, control+H,+DMSO, LPS+H,+DMSO,
control+GW6471 (PPARa antagonist), LPS+GW6471,
control+H,+GW6471, and LPS+H,+GW6471. To
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Fig. 1 Experimental design. (A) C57BL/6J mice (6-8 w, 20-25 g) were subjected to sham or CLP operation. One hour after the injection of GW6471 or
vehicle, sham and CLP operations were conducted. H2 or fresh air was inhaled for 60 min starting from 1 and 6 h postoperation with H2 concentration de-
tection. The brain tissue of different groups was obtained for tests 24 h after the sham or CLP procedure. Memory cognitive function tests were conducted
from 24 h to 7 days after the sham or CLP procedure. Different groups of brain tissues were used for all the examinations as described in the Materials and
Methods. (B) Mouse bEnd.3 cells were incubated with control + DMSO or GW6471 medium, control + HW +DMSO or GW6471 medium, LPS +DMSO or
GW6471 medium, and LPS + HW + DMSO or GW6471 medium. The cells and culture medium supernatant were collected for testing 24 h after incubation.
CLP, caecal ligation and puncture; LPS, lipopolysaccharide; GW6471, a PPARa inhibitor

clarify the vital effects of PPARq, either 25 pM GW6471
(a PPAR«a antagonist) dissolved in DMSO (MCE, Tocris
Bioscience, USA) or DMSO without GW6471 was added
to DMEM without FBS, and the cells in all groups were
added to 1 pg/ml LPS (Cat# 4394, Sigma, USA) or the
same volume of PBS/saline for 24 h. The LPS and con-
trol groups (DMSO or GW6471) were cultured in normal
DMEM without FBS, and the control and LPS groups
(+H,+DMSO or GW6471) were developed in hydrogen-
rich DMEM without FBS for 24 h. In all groups, the cells
were harvested following the corresponding procedure
at 24 h and centrifuged at 10,000 x g at 4 °C for 10 min.
The liquid supernatant was obtained for Western blot
analysis.

bEnd.3 cell cultivation

Purchased from the American Type Culture Collection
(ATCC), the bEnd.3 lines were derived from brain-endo-
thelial cells in mice and were developed in Dulbecco’s
modified Eagle’s medium (DMEM, Cat# PM150210, Pro-
cell, China) with 10% foetal bovine serum (FBS, Cat#
164210-50, Procell, China) and 1% streptomycin/penicil-
lin solution (Cat# PB180120, Procell, China). Cultured
in a 5% CO, humid atmosphere at 37 °C, the second

generations were applied to the experiment when the
bEnd.3 cells grew to 80% confluence in a Petri dish, and
the subculture was administered.

Ethics statement and animal preparation

Our research protocols were carried out with the per-
mission of the Animal Experimental Ethics Commit-
tee of Tianjin Medical University General Hospital (No.
IRB2020-DW-18) (Tianjin, China). Male C57BL/6] mice
in this study were provided by the Laboratory Animal
Center of the Military Medical Science Academy (Beijing,
China) and were used in accordance with the National
Institutes of Health Guide for Care and Use of Labora-
tory Animals. The controlled conditions were suitable for
the mice (a humidity: 55 —65%; temperature: 20-25 °C;
12/12-hour light-dark cycle) and given ad libitum water
and food.

Caecal ligation and puncture (CLP)

In our previous study, we chose the CLP model for the
establishment of sepsis in mice [30]. After adaptation
for 7 days in the laboratory environment, the mice were
anaesthetized with isoflurane and placed in the supine
position. After sterilizing the skin in the abdomen and
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making a 1 cm incision, 35% of the caecum was ligated
after exposure. Next, a 21-gauge needle was used to
puncture twice the caecum, and sterile forceps were
applied to push out approximately 0.3 mL of caecal
content. Finally, the caecum was placed back into the
abdominal cavity, and the skin and muscles were stitched.
In contrast, the Sham group merely had the caecum
exposed and then had the abdominal cavity closed. After
the operation, saline (1 mL) was subcutaneously applied
to the mice with lidocaine cream (Ziguang, Beijing, Cat#
H20063466) to relieve suffering. After the procedures,
the animals were placed in a 20-25 °C room with a heat-
ing blanket.

Intraperitoneal injection of GW6471

GW6471 (Tocris Bioscience) was dissolved in DMSO
to a concentration of 12.5 mg/ml. A 20 mg/kg dose of
GW6471 was intraperitoneally injected into mice 1 h
before the operation [31].

Hydrogen-rich medium

We made the hydrogen-rich medium (HM) with the
method mentioned in our previous studies [32, 33].
Briefly, with 0.4 MPa pressure conditions, the mixture of
H, (1 1/min) and air (1 I/min) was dissolved in 5.6 mM
glucose DMEM for at least 4 h to obtain supersatura-
tion (0.6 mM H,). A TE-1 gas flow metre (Tokyo, Japan,
Yutaka Engineering Corp.) was used to produce H,. A
special sealed aluminium vacuum package bag was used
to store the prepared HM at 4 °C under atmospheric con-
ditions. The medium must be freshly prepared every 7
days to keep the H, concentration saturated.

Hydrogen inhalation

A box with two outlets for H, outflow and inflow was
applied for the treatment of H, for 1 h in mice at 1 and
6 h postsurgery. The mixture of H, and air was pro-
duced and infused into the box at a 4 1/min rate with a
TE-1 gas flow metre (Yutaka Engineering Corp., Tokyo,
Japan). A detector (HY-ALERTA Handheld Detector,
model 500, H, Scan, Valencia, Calif) was applied to con-
tinuously monitor the concentration of H, maintained
at 2% throughout treatment in the box. Carbon dioxide
was dissolved by baralyme in the box and discharged. The
animals treated without H, were placed in the same type
of box with room air [19].

Survival rates

As described previously, we recorded the survival rates of
mice 7 days postoperation [18]. The experimental proce-
dures were conducted three times.
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Y-maze test and contextual fear conditioning test

The Y-maze was composed of A, B, and C arms with an
angle of 120° from each other, which recorded the num-
ber of alternations/times that every mouse strolled into
all three arms in a row without visiting one arm twice,
i.e., for example, the pattern of ABC, BCA, or CAB. All
mice were placed into the maze centre and given free
activity in all arms for 10 min. To record the number of
alternations and line crossings, we used the ANY-maze
video tracking system (Stoelting, USA), and then we ana-
lysed the mouse activity to calculate the alternation per-
centage [30, 34].

Contextual fear conditioning test: This test is widely
applied for evaluating memory functions [21, 35, 36].
The fear conditioning test contained three stages: the
part of habituation, the part of training, and the part of
the test. In the habituation phase, mice were put into the
training context with free movement for 10 min. In the
training phase, each group of mice was placed in a fear
chamber one day before modelling, acclimated for 2 min,
and then given 20 s of a single-frequency sound signal
(70 dB) coterminating with a foot shock (0.70 mA, 2 s).
After an interval of 25 s, the auditory stimulus was played
for another 60 s coterminating with a second foot shock,
marking the end of one full cycle of training (105 s). Six
cycles of training were administered. The mice showed
panic, escape, or rigidity when they heard the sound
signal (no other motor behaviour except breathing) and
squeal, jump and escape when they were shocked, indi-
cating the formation of fear memory. The sham or CLP
model was established the day after fear memory forma-
tion. Contextual fear memory tests were administered
at1d,2d,3d,5d and 7 d after sham surgery or CLP.
During the test period, the mice in each group were put
into the fear box, which was the same as the environment
during the training period, but were not given the sound
signal and electrical stimulation and were given free
movement for 300 s. The analysis system of ANY-maze
video was applied to the time of rigidity record in each
group during the training period and the test period, and
the percentage of time of rigidity was calculated. The
mice were regarded as freezing if there was no movement
for 2 s (freezing time/300 sx100%= freezing time ratio).

Detection of inflammatory cytokines

Cortical tissues in all groups were homogenized, centri-
fuged at 10,000 x g at 4 °C for 10 min and collected with
the supernatant. The levels of IL-1p, TNF-a, IL-6 (Cat#
RLBO0O; Cat# RTA00; Cat# R6000B; R&D Systems, Inc.)
and HMGB1 (ARG81310; Arigo) were measured by
ELISA kits based on the manufacturer’s instructions.
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TUNEL staining

With the TUNEL assay, neuronal apoptosis was observed
at 24 h postsurgery. Fluorescein-dNTPs and fluorescein-
dUTP compose the nucleotide-labelling mix (TUNEL
reagent) and are used for in situ analysis of apoptosis.
The preparation of the TUNEL reaction mixture requires
the combination of the nucleotide-labelling mix and the
TUNEL enzyme. The cells with broken DNA strands
were labelled by the reaction mixture, providing for ana-
lysing and quantifying the extent of apoptosis at the sin-
gle-cell level. The cell nuclei were stained with DAPI to
become blue, and apoptotic cells were stained green.

Nissl staining

Twenty-four hours after the operations, the animals’
brains were obtained for the observation of the extent
of brain injury. Brain tissues were obtained after trans-
cardial perfusion with 4% paraformaldehyde, postfixed
for 24 h with formalin-free fixative and then embedded
in paraffin. Following rehydration and deparaffinization
with ethanol and dimethyl benzene, 10 pm brain sections
were used for Nissl staining. The damage in the cortex
region was assessed with a microscope (CKX41, Tokyo,
Japan).

EB extravasation in the blood-brain barrier

As just described, the BBB permeability was evaluated
by the extravasation of EB dye [21]. At 24 h postopera-
tion being anaesthetized, the mice were treated with a 2.5
mL/kg dose of EB (the concentration of 2%, Cat# R31047,
Shanghai Yuan Ye Bio-Technology Co., Ltd, China)
through the tail vein and observed for 2 h. Then, all the
animals were euthanized and transcardially perfused
with a large amount of saline. The cortex of every mouse
was collected, weighed and incubated for 48 h at 37 °C
after homogenization in 1 mL formamide. After centrifu-
gation, the optical density at 620 nm of the supernatant
liquid was calculated with a microplate reader. Based on
a linear standard curve, a large quantity of EB was quan-
tified (ug/g wet weight) and then shown as the relative
amount [32].

Brain water content (WC)

The animals were euthanized at 24 h to harvest whole
brain tissues after surgery. The water content in the brain
was assessed with a dry-wet method as described in pre-
vious research [21]. After being weighed instantly, the
brain tissues were dried at 100 °C in an oven for 24 h, and
then the wet weight and dry weight were obtained. Based
on the following formula, WC=100% x [wet weight/dry
weight].
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Western blot (WB)

WB was used to evaluate the expression of PPARq,
MRP2, P-gp, BCRP, ZO-1, VE-cadherin and occludin.
Twenty-four hours after the operation, the cortex tissue
from each group was collected and weighed. The prote-
ase inhibitor and PBS were added to each sample, and
after centrifugation at 4 °C for 15 min at 15,000 x g, we
obtained the supernatants and then quantified the col-
lected protein concentrations. The samples were added to
the loading buffer (Beijing Solarbio Science & Technol-
ogy Co., Ltd. ), boiled and denatured. The proteins were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred
onto polyvinylidene fluoride membranes (Millipore, Ger-
many). Next, the membranes were soaked in Tris-buff-
ered saline with Tween (TBST) with 5% nonfat milk for
2 h and incubated in the following primary antibodies at
4 °C overnight: PPARa, MRP2, P-gp, BCRP (1:1000, Cat#
ab61182; ab203397; ab170904; ab130244, Abcam, Brit-
ain), ZO-1 (1:1000, Cat#AF5145, Affinity, USA), VE-cad-
herin (1:500, Cat# AF6265, Affinity, USA), and occludin
(1:1000, Cat# DF7504, Affinity, USA). After washing with
TBST, the membrane was soaked in TBST containing
goat anti-rabbit (1:5000, Cat# 31,466, Invitrogen, USA) or
anti-mouse antibodies (1:5000, Cat# 31,430, Invitrogen,
USA) for 1 h at room temperature. The nitrocellulose
membrane was immersed in electrochemiluminescence
(ECL) reagent. The protein bands were analysed by
Image]. The levels of the target proteins were standard-
ized to B-actin or GAPDH.

Statistical analysis

GraphPad Prism 8.0 and SPSS 21.0 software were used to
analyse the data. The Shapiro-Wilk test and KS normality
test were used to determine whether a sample came from
a normal distribution. The survival rates were assessed as
percentages and then analysed by the log-rank (Mantel-
Cox) test. Data from the behavioural test and H, concen-
tration detection were analysed using two-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons
test, and the ELISA, Western blot, Evans blue extravasa-
tion and brain water content data were analysed by one-
way ANOVA with Tukey’s multiple comparisons test.
Quantifiable data are expressed as the meanzstandard
deviation (SD). P<0.05 was recognized as statistically
significant in all tests.

Results

PPARa decreases the expression of inflammatory
mediators in cortex tissues and increases the survival rates
of septic mice treated with H,

The survival rate in the Sham group was 100% (Fig. 2A),
while the survival rate in the caecal ligation and punc-
ture (CLP), CLP+H, and CLP+H,+GW®6471 groups



Bai et al. BMC Neuroscience (2023) 24:37 Page 6 of 14
A B C
150 150
_ 1007 00 am £ - Sham £ - Sham
S H 5 120
< 801 - clP E - oe £ = oe
7 < - CLP+H, c - CLP+H,
3 ~ CLP+H, £ g
S 604 g & CLP+H,*GW6471 g & CLP+H+GW6471
- % - CLP+H,*GWe471 £ e
= *em ooy © o
= 40 | H g
= O T H g 3
> N o
5 201 B £
«n SRRSO S E D SO PRPLECSE
o
0 1 z 3 fa 5 é 7 Time after H, inhalation (min) Time after H, inhalation (min)
Time after Sham or CLP operation (Days) H, inhalation at 1h after Sham or CLP operation H, inhalation at 6h after Sham or CLP operation
D E F
200 . 1000 *
R = 800 -
E S 600 E
2 100 s 2
3 F 400 a
= z 4
50 = =

200

Fig. 2 Treatment with 2% hydrogen improved the 7-day survival rate and decreased the levels of inflammatory cytokines in septic mouse cortex tissues.
Animals inhaled 2% H, for 60 min starting at 1 and 6 h after the sham or CLP operation, respectively, and the H, concentration was recorded. (A) The sur-
vival rate was analysed at 1,2, 3, 5 and 7 days postoperation. Compared with the sham group, the survival rates of the CLP, CLP +H, and CLP +H, + GW6471
groups were significantly decreased on day 7 (100% vs. 50%, 100% vs. 70% and 100% vs. 30%). Values are expressed as survival percentages (n=20). (B) At
0,10, 20, 30, 45, 60, 65,75, 90, 105, and 120 min after the start of H, inhalation and (C) at 5, 15, 30, 45, and 60 min after the termination of H, treatment in
all groups of mice. Data are expressed as the mean +SD (n=3). (D-G) The cortex tissues were harvested to measure inflammatory cytokines (IL-13, TNF-a,
IL-6 and HMGB1) (n=6). *P <0.05 vs. sham group; #P < 0.05 vs. CLP group; &P <0.05 vs. CLP +H2 group

decreased (50% vs. 100%, 70% vs. 100%, 30% vs. 100%:
P<0.05). The inhalation of 2% H, was related to PPAR«a
and markedly ameliorated the survival rate in CLP
mice (50% vs. 70%, 30% vs. 70%: P<0.05). In addi-
tion, at 1 and 6 h postoperation, the concentration of
H, in septic mouse brains was measured. As shown in
Fig. 2B C, the concentration of H, in the CLP+H, and
CLP+H,+GW®6471 groups increased within the first
60 min with H, inhalation (P<0.05 vs. sham group;
P<0.05 vs. CLP group; all at 10, 20, 30, 45, 60 min) and
peaked at almost 45 min, and the maximum concentra-
tion was maintained for 15 min until the termination
of H, treatment in the mouse brain. When H, inhala-
tion was stopped, its concentration in the CLP+H, and
CLP+H,+GW®6471 groups decreased rapidly (P<0.05
vs. CLP group at 65 and 75 min). However, there was no
significant difference between the CLP+H,+GW6471
and CLP+H, groups (P>0.05). Then, we assessed the
expression of some important inflammatory cytokines
to reveal the anti-inflammatory effect of PPARa in CLP
mice treated with H, using ELISA. Interleukin (IL)-1(,
tumour necrosis factor (TNFa), high mobility group pro-
tein 1 (HMGBI1) and IL-6 are the most vital cytokines
promoting the inflammatory response in sepsis and are
key biomarkers of septic shock in systemic inflammatory
response syndrome [37, 38]. In particular, IL-6 plays a
crucial role in BBB permeability and tight junction pro-
tein levels [39]. The release of inflammatory cytokines
(IL-1B, HMGBI, IL-6 and TNF-«) was increased in the
CLP, CLP+H,+GW6471 and CLP+H, groups (P<0.05,

Fig. 2D-G) compared to the sham group. However, the
increasing levels of IL-13, HMGB1, IL-6 and TNF-« in
the CLP+H, group were obviously less than those in
the CLP+H,+GW6471 group (P<0.05). In addition, the
inhalation of H, upregulated the PPAR« level and slightly
reduced IL-1f, IL-6 TNF-a and HMGBI1 expression.
Thus, PPARa exerts necessary effects on the inhibition of
neuroinflammation during sepsis induced by H,.

PPARa upregulation by H, improves CLP-induced
neurobehavioural changes in mice

In the Y-maze spontaneous alternation test, which evalu-
ates the memory and learning ability of the mice (Fig. 3A
and B), the alternation percentage was reduced in the
CLP and CLP+H, groups compared to the Sham group
on postoperative days 3, 5, and 7, whereas the alterna-
tion percentage in the CLP+H, group was higher than
that in the CLP+H,+GW6471 and CLP groups (Fig. 3A;
P<0.05). In terms of the number of crossings, none of
the 4 groups showed statistically significant differences
(Fig. 3B; P>0.05). Additionally, the fear conditioning test
was applied to evaluate the environmental correlation of
the fear conditions in mice. The fear conditioning test
showed that fear memory quantified by the freezing time
percentage in the CLP+H, group was improved com-
pared to that in the CLP+H,+GW®6471 and CLP groups
(P<0.05, Fig. 3C and D). Analysing the data in the results,
hydrogen gas improved the neurobehavioural changes in
septic mice, which was closely associated with the upreg-
ulation of PPARa.
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was quantified by the percentage of freezing time that was improved in the CLP+H, group at days 1 to 7 after CLP operation versus the CLP and
CLP+H,+GW6471 groups. CLP, caecal ligation and puncture; SD, standard deviation. Values are expressed as the mean =+ SD. *P <0.05 versus the sham

group; #P <0.05 versus the CLP group; &P <0.05 versus the CLP +H, group

Hydrogen improves BBB neuron dysfunction in CLP model
mice via PPARa

In this study, TUNEL and Nissl staining were applied to
assess the survival of cortical neurons related to PPAR«a
in H,-treated septic mice. Nissl staining is shown in
Fig. 4A C. The cortex neurons in the Sham group were
markedly discernible and had abundant Nissl bodies in
their cytoplasm. In the CLP+H,+GW6471 and CLP
groups, the pyramidal neurons were sparse and disor-
dered, and their Nissl bodies were noticeably dissolved
and fewer in number. In addition, the cortex neurons in
the CLP+H, group manifested less disorder than those
in the CLP and CLP+H,+GW6471 groups. We fur-
ther investigated the effects of the inhalation of 2% H,
on apoptosis in the cortex region in CLP mice (Fig. 4B
and D). In the Sham group, little apoptosis was detected
with TUNEL staining. In contrast, there were numerous
TUNEL-positive neurons in the CLP+H,+GW6471 and
CLP groups. Nevertheless, little neurons were stained
with TUNEL in CLP mice with H,. The results of Nissl
staining and TUNEL staining revealed that PPARa
induced by H, exerts an antiapoptotic effect on the corti-
cal neurons of CLP mice.

Treatment with 2% H, and PPARa attenuated blood-brain
barrier disruption and reduced brain water content in CLP
mice

Evans blue (EB), which is a nontoxic dye, can bind to
serum albumin and rarely cross the BBB. Once the

BBB is disrupted, some albumin bound to EB can infil-
trate the brain. Thus, EB extravasation could be used to
evaluate the severity of BBB disruption. Additionally,
brain water content can also be regarded as an indica-
tor of the disruption of the BBB. At 24 h postoperation,
marked increases in the quantity of EB were observed
in the CLP, CLP+H, and CLP+H,+GW6471 groups
compared to the sham group, as shown in Fig. 5A and B
(P<0.001). In the CLP, CLP+H, and CLP+H,+GW6471
groups, the brain water content was also increased com-
pared to that in the sham group (Fig. 5C, P<0.01). After
2% H, inhalation, the EB extravasation and brain water
contents of the CLP+H, group with the upregulation of
PPARa were decreased significantly compared to those in
the CLP+H,+GW6471 and CLP groups (P<0.001). The
EB extravasation and water content in the brain revealed
that the effect of 2% H, lightening the disruption of the
BBB in septic mice was related to PPAR« expression.

The effects of hydrogen on BBB impairment in septic

mice are mediated by PPARa, which regulates ABC efflux
transporters

ABC transporters have been regarded as one of a vari-
ety of factors related to disorder pathophysiology. ABC
transporters are particularly important in barrier tissues,
including the BBB, and transport endogenous and exog-
enous molecules in the CNS to regulate homeostasis [40,
41]. ABC transporter dysfunction is linked to neurologi-
cal disorders, according to increasing evidence [41, 42].
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Additionally, clofibrate (the ligand of PPARa) has been
shown to increase the expression and activity of Bcrp
in cultured human brain capillary endothelial cells, and
BBB efflux transporters may be the targets of PPAR«a
[28]. Furthermore, recent research suggested that PPAR«a
activation could increase P-glycoprotein, Bcrp and Mrp2
activity and expression at the BBB [9]. Therefore, we
investigated this topic in sepsis using immunoblotting
(Fig. 6A) and densitometry data (Fig. 6B-H) in all groups.
Our previous study illustrated that the level of PPAR« was
reduced in the brain tissue in CLP mice compared with
sham mice and upregulated in the CLP group treated
with hydrogen [30] (P <0.05, Fig. 6A-B). As shown in the
figures, ABC transporter (P-gp, MRP2 and BCRP) and
BBB permeability protein (ZO-1, VE-cadherin, occlu-
din) expression in CLP mice was decreased compared to
that in the sham group (P<0.05, Fig. 6). Compared to the
CLP+H, group, the CLP group showed reduced ZO-1,
VE-cadherin, and occludin expression, and both of these
groups showed higher expression of all three proteins
than the CLP+H,+GW6471 group (P<0.05, Fig. 6A,
F-G). We also found increased levels of P-gp, MRP2 and
BCRP in the CLP+H, group compared to the CLP group
(P<0.05). The expression of P-gp, MRP2 and BCRP in the

CLP+H,+GW6471 group was decreased compared to
that in the CLP+H, group (P<0.05, Fig. 6A, C-E). Taken
together, the results showed that increasing the level of
PPARa could upregulate the levels of ZO-1, VE-cadherin,
occludin and ABC transporters (P-gp, MRP2 and BCRP)
in H,-treated mice with CLP.

The increasing level of PPARa improves the level of ABC
transporters and BBB permeability proteins in the LPS-
treated b. End3 cells were cultured with a hydrogen-rich
medium

In vitro, PPARa expression decreased markedly in the
LPS+DMSO group compared to the control+DMSO
group (P<0.05), and the medium with hydrogen
increased the level of PPARa in the LPS+H,+DMSO
group compared to the LPS+DMSO group (P<0.05).
Compared to LPS+H,+DMSO treatment alone,
LPS+H,+GW6471 treatment markedly reduced the
level of PPARa (P<0.05). Moreover, PPARa expres-
sion was lower in the LPS+GW®6471 group than in
the LPS+DMSO group (P<0.05) (Fig. 7A-B). P-gp,
MRP2 and BCRP were decreased in the LPS+DMSO
group compared with the control+DMSO group
(P<0.05) and were upregulated in the LPS+H,+DMSO
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group compared to the LPS+DMSO group (P<0.05)
(Fig. 7A-E). In addition, the P-gp, MRP2 and BCRP
levels were lower in the LPS+GW6471 group than in
the LPS+DMSO group (P<0.05). Compared to the
LPS+H,+DMSO group, P-gp, MRP2 and BCRP were
reduced in the LPS+H,+GW6471 group (P<0.05)
(Fig. 7A-E). Compared to the control+ DMSO group, LPS
treatment decreased the expression of VE-cadherin and
occludin in the LPS+DMSO group (P<0.05). Addition-
ally, medium with hydrogen increased VE-cadherin and
occludin expression in the LPS+H,+DMSO group com-
pared to the LPS+DMSO group (P<0.05). There was less
VE-cadherin and occludin in the LPS+GW6471 group
than in the LPS+DMSO group (P<0.05). Furthermore,
GW6471 treatment in the LPS+H,+GW6471 group
mediated a decrease in VE-cadherin and occludin com-
pared to the LPS+H,+DMSO group (P<0.05) (Fig. 7A F,
7G).

Discussion

As a syndrome of severe systemic inflammation, sepsis
is due to a variety of infectious elements [43] and results
in an impaired BBB, which leads to brain injury, includ-
ing cognitive impairment and behavioural defects, called
SAE [4, 44]. Our previous research found that H, could
mainly prevent multiple organ dysfunction syndrome
(MODS), including brain damage, rather than sepsis [21,
22]. Increasing evidence has demonstrated that the integ-
rity of the BBB is destroyed once sepsis occurs. Recently,
research has indicated that BBB permeability increases
within 24 h in the cortex tissues, hippocampus, thala-
mus and perirhinal cortex of rats with lipopolysaccharide
(LPS) (10 mg/kg in 100 uL saline) intraperitoneal (i.p.)
injection compared to saline-treated animals [45]. In
addition, human brain tissues of patients with decreased
sepsis showed that the TJ proteins occludin, claudin-5,
VE-cadherin and zonula occludens-1 (ZO-1) in micro-
vascular endothelial cells were downregulated [46],



Bai et al. BMC Neuroscience (2023) 24:37

Page 10 of 14

2.0 15
PPAR( | e e 52kD # u
£15 £ 10
3 £
MRP2 SR e S 180kD %1 o %
g Eos
o
P-gp — i — — 141KD o 05
0.0 ; 0.0
BCRP = = e | 71kD <
&
70-1 — R Sx— - 195kD D E
15 15
VE-cadherin | S S - 120kD
<
% 1.0 g 1.0
ccludi S e | S9KD 3 ;
occludin | e s ? e & g
g05 gos
B-actin — 42KD
z -~ - a 0.0 : 0.0
E s E E &
£ = 2
k; £
F i;_ G H
15 15 15
# <
£ g %
£1.0 & & 1.0 S 1.0
3 £ &
& : :
g o5 §os § 0.5
g'.l o
0.0 0.0 0.0
N \ N
o 0{*&\ o

Fig. 6 Treatment with 2% H, and PPARa upregulation significantly increased the expression of ABC efflux transporters (P-gp, MRP2, BCRP) and BBB per-
meability-associated proteins (ZO-1, occludin, VE-cadherin) in CLP-induced septic mice. (A) The expression of PPARa, MRP2, P-gp, BCRP, ZO-1, VE-cadherin
and occludin in the cortex tissues of septic mice was detected by western blot. Quantitative analysis of (B) PPARa, (C) MRP2, (D) P-gp, (E) BCRP, (F) ZO-1,
(G) VE-cadherin and (H) occludin are shown as percentage changes of the protein level compared to sham levels. n=6 mice per group, *P <0.05 vs. the

sham group; #P <0.05 vs. the CLP group; & <0.05 vs. the CLP +H, group

illustrating BBB dysfunction. Because the damage to the
BBB was due mainly to sepsis and SAE pathophysiology,
the CNS defence becomes more vulnerable to neurotoxic
factors, including free radicals, intravascular proteins,
inflammatory cytokines, plasma, circulating leukocytes
and so on [14, 15]. BBB damage in SAE involves several
mechanisms, so the therapeutic factors are also more
complex. Previously, we demonstrated that H, treatment
protects the BBB by reducing increased permeability,
alleviating SAE and alleviating cognitive impairment,
which is induced by Nrf2 and its signalling pathways
[32]. We also demonstrated that H, treatment provides
vital protection against SAE-induced brain damage,
which is closely related to PPARa in the CREB-BDNF
pathway and the level of its related molecules [30]. Strik-
ingly, the results revealed that the activation of PPARa
could upregulate transporter activity and the expression
of ABC transporters, which are highly expressed in the

BBB and transport many exogenous and endogenous
substrates from inside the cell to maintain homeostasis in
the central nervous system [47-49]. While there is evi-
dence that pioglitazone (an agonist of the PPARy path-
way) attenuates the effects of peripheral inflammation
in a human in vitro BBB model [50], there are no studies
about PPARa on the BBB related to hydrogen. Therefore,
we explored the PPARa regulatory effects on ABC trans-
porters, which were upregulated by molecular hydrogen,
on LPS- and CLP-mediated BBB disruption in the two
experimental models.

In vitro experiments using bEnd.3 cells (microvascular
endothelial cells) revealed that the expression of PPARa,
VE-cadherin and occludin was downregulated with
LPS treatment in FBS-free DMEM supplemented with
GW6471 (a PPARa inhibitor) or DMSO but increased
in the LPS+H2+DMSO group and decreased in the
LPS+H2+GW6471 group. As a constituent of the BBB,
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ABC transporters (P-gp, MRP2 and BCRP) were reduced
in the LPS+DMSO group compared to the control group
and increased in the LPS+H2+DMSO group compared
to the LPS+DMSO group. GW6471 (an inhibitor of
PPARa) treatment in LPS+H, cells decreased the P-gp,
MRP2 and BCRP levels. The results showed that VE-cad-
herin, occludin and ABC transporters (P-gp, MRP2 and
BCRP) were regulated by PPARa in bEnd.3 cells treated
with LPS in hydrogen-rich FBS-free DMEM.

As in previous studies, we selected the CLP model for
this study because it is recognized widely as the gold

standard model of sepsis [51]. To assess the positive
effects of H, with PPARa in CLP mice, we performed
inhalation of 2% H, for 60 min at 1 h and 6 h post-sur-
gery in the CLP+H,+GW6471 and CLP+H, groups
with GW6471 injection or DMSO at 1 h preoperatively
and recorded the survival rates. 2% H, improved the
survival rates in the CLP+H, group compared with the
CLP+H,+GW6471 and CLP groups. Furthermore, after
H, treatment, the changes and concentration of H, were
measured in the brains of mice. The data suggested that
the concentration of H, increased with the duration
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of inhalation and peaked point at 45 min, proving that
inhaled H, can pass through the BBB into brain tis-
sues. The increasing release of inflammatory mediators,
including IL-6, TNF-qa, IL-13 and HMGBI, one of the
important factors causing brain damage [52], was tested
to assess the hydrogen effect on SAE. As a result, H,
decreased the levels of IL-1, TNF-a, IL-6 and HMGB1 in
the cortex of the CLP+H, group compared with the CLP
and CLP+H,+GW6471 groups. We also observed that
the increasing level of PPAR« induced by hydrogen could
ameliorate the neurobehavioural abnormalities (Y-maze,
fear conditioning test) of septic mice in the CLP+H,
group compared to the CLP and CLP+H,+GW6471
groups. Nissl staining, TUNEL staining and immuno-
fluorescence staining were used to observe and com-
pare brain injury in our study. In addition, we measured
the extravasation of Evans blue and water content in
the brain to assess the effects of BBB damage in sepsis.
Then, we found that H, treatment can reduce the above-
mentioned indicators to relieve BBB damage, which was
related to PPARa upregulation. BBB permeability is asso-
ciated with cell junction protein changes in endothelial
cells [44]. Western blot analysis illustrated that the lev-
els of tight junction proteins (ZO-1 and occludin) in the
cortex of the CLP+H, group were increased compared
to those in the CLP and CLP+H,+GW6471 groups. We
also found that the ABC transporters (P-gp, MRP2 and
BCRP) that constitute the BBB were mediated by PPAR«
in 2% H,-injured septic mice and decreased the per-
meability of the BBB to alleviate brain damage in SAE.
Importantly, our data demonstrated that the protective
effects of hydrogen on the BBB were mediated through
PPARa-mediated regulation of ABC transporters.

In summary, our data demonstrated that LPS/CLP-
induced brain damage was associated with dysfunc-
tion of tight junction proteins and ABC transporters,
leading to increased permeability and destruction of
the BBB and resulting from cognitive impairment; nev-
ertheless, hydrogen reversed the damage in septic mice
via increased expression of PPARa, which regulates ABC
transporters. However, although our studies provide
important information about hydrogen therapy in sepsis,
our experiments have only been performed in mice or
using mouse cells. Thus, more studies are needed to elu-
cidate the therapeutic mechanistic details of H, in sepsis
patients, and it is still an urgent problem before H, can be
applied in clinical treatment.

Conclusion

Taken together, our results provide compelling evidence
that inhaling 2% H, could have a vital effect in the pro-
tection of BBB permeability and neuroinflammation,
thereby improving the brain damage of sepsis and alle-
viating cognitive dysfunction, which may be mediated by
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PPAR«a regulating ABC transporters. Thus, we speculate
that H, treatment would be a promising therapy for alle-
viating SAE in the future.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512868-023-00795-3.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Author Contribution

Bai Yuanyuan, Dong Beibei and Jiang Yi designed experiments. Bai Yuanyuan
and MiWen carried out experiments and Meng Xiaoyin analyzed experimental
results. Bai Yuanyuan, Dong Beibei and Mi Wen drafted the manuscript. Yu
Yonghao and Lu Yuechun conceived and coordinated the study. All authors
have read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (Grant 82202400) and the Natural Science Foundation of Tianjin (Grant
S21DYQNB3218). This work was also sponsored by the Tianjin Health Research
Project (Grant TJWJ2022XK006) and funded by the Tianjin Key Medical
Discipline (Specialty) Construction Project (Grant TJYXZDXK-036 A).

Data Availability
The data used to support the findings of this study are available from the
corresponding author upon request.

Declarations

Ethical approval and consent

The bEnd.3 lines were purchased from the American Type Culture Collection
(ATCC). The mice in this study were provided by the Laboratory Animal

Center of the Military Medical Science Academy (Beijing, China). The animal
experiments received permission from the Animal Experimental Ethics
Committee of Tianjin Medical University General Hospital (Tianjin, China) and
were performed in accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Conflict of Interest
None.

ARRIVE statement
The study is reported in accordance with ARRIVE guidelines (https://
arriveguidelines.org).

Received: 12 December 2022 / Accepted: 30 March 2023
Published online: 20 July 2023

References

1. Cheng B, Xie G, Yao S, Wu X, Guo Q, Gu M, Fang Q, Xu Q, Wang D, JinY, et al.
Epidemiology of severe sepsis in critically ill surgical patients in ten university
hospitals in China. CRIT CARE MED. 2007,35(11):2538-46.

2. Nguyen HB, Smith D. Sepsis in the 21st century: recent definitions and thera-
peutic advances. AM J EMERG MED. 2007;25(5):564-71.

3. lacobone E, Bailly-Salin J, Polito A, Friedman D, Stevens RD, Sharshar T. Sepsis-
associated encephalopathy and its differential diagnosis. CRIT CARE MED.
2009;37(10 Suppl):331-5336.


https://doi.org/10.1186/s12868-023-00795-3
https://doi.org/10.1186/s12868-023-00795-3
https://arriveguidelines.org
https://arriveguidelines.org

Bai et al. BMC Neuroscience

20.

22.

23.

24.

25.

26.

27.

(2023) 24:37

Annane D, Sharshar T. Cognitive decline after sepsis. LANCET RESP MED.
2015;3(1):61-9.

Smith M, Meyfroidt G. Critical iliness: the brain is always in the line of fire.
INTENS CARE MED. 2017;43(6):870-3.

Zlokovic BV. The blood-brain barrier in health and chronic neurodegenerative
disorders. Neuron. 2008;57(2):178-201.

Crone C, Christensen O. Electrical resistance of a capillary endothelium. J GEN
PHYSIOL. 1981;77(4):349-71.

Butt AM, Jones HC, Abbott NJ. Electrical resistance across the blood-brain
barrier in anaesthetized rats: a developmental study. J PHYSIOL-LONDON.
1990;429:47-62.

More VR, Campos CR, Evans RA, Oliver KD, Chan GN, Miller DS, Cannon RE.
PPAR-alpha, a lipid-sensing transcription factor, regulates blood-brain barrier
efflux transporter expression. J CEREBR BLOOD F MET. 2017;37(4):1199-212.
Cao C, Yu M, ChaiY. Pathological alteration and therapeutic implications of
sepsis-induced immune cell apoptosis. CELL DEATH DIS. 2019;10(10):782.
Joutel A, Monet-Lepretre M, Gosele C, Baron-Menguy C, Hammes A, Schmidt
S, Lemaire-Carrette B, Domenga V, Schedl A, Lacombe P, et al. Cerebrovascu-
lar dysfunction and microcirculation rarefaction precede white matter lesions
in a mouse genetic model of cerebral ischemic small vessel disease. J CLIN
INVEST. 2010;120(2):433-45.

Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, Holtzman DM, Bet-
sholtz C, Armulik A, Sallstrom J, et al. Apolipoprotein E controls cerebrovascu-
lar integrity via cyclophilin A. Nature. 2012;485(7399):512-6.

Ujiie M, Dickstein DL, Carlow DA, Jefferies WA. Blood-brain barrier perme-
ability precedes senile plaque formation in an Alzheimer disease model.
MICROCIRCULATION 2003, 10(6):463-470.

Handa O, Stephen J, Cepinskas G. Role of endothelial nitric oxide synthase-
derived nitric oxide in activation and dysfunction of cerebrovascular
endothelial cells during early onsets of sepsis. AM J PHYSIOL-HEART C.
2008;295(4):H1712-9.

van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The immuno-
pathology of sepsis and potential therapeutic targets. NAT REV IMMUNOL.
2017,17(7):407-20.

de Boer AG, Gaillard PJ. Blood-brain barrier dysfunction and recovery. J NEU-
RALTRANSM. 2006;113(4):455-62.

Ohta S. Molecular hydrogen as a preventive and therapeutic medical gas:
initiation, development and potential of hydrogen medicine. PHARMACOL
THERAPEUT. 2014;144(1):1-11.

YuY,YangY, BianY, LiV, Liu L, Zhang H, Xie K, Wang G, Yu Y. Hydrogen Gas
Protects Against Intestinal Injury in Wild Type But Not NRF2 Knockout Mice
With Severe Sepsis by Regulating HO-1 and HMGB1 Release. SHOCK 2017,
48(3):364-370.

Dong A, YuY,Wang Y, Li C, Chen H, Bian Y, Zhang P, Zhao Y, Yu Y, Xie K. Protec-
tive effects of hydrogen gas against sepsis-induced acute lung injury via
regulation of mitochondrial function and dynamics. INT IMMUNOPHARMA-
COL. 2018;65:366-72.

Yan M, YuY, Mao X, Feng J, Wang Y, Chen H, Xie K, Yu Y. Hydrogen gas inhala-
tion attenuates sepsis-induced liver injury in a FUNDC1-dependent manner.
INT IMMUNOPHARMACOL. 2019;71:61-7.

Liu L, Xie K, Chen H, Dong X, Li Y, Yu'Y, Wang G, Yu Y. Inhalation of hydrogen
gas attenuates brain injury in mice with cecal ligation and puncture via
inhibiting neuroinflammation, oxidative stress and neuronal apoptosis. BRAIN
RES. 2014;1589:78-92.

Xin'Y, Liu H, Zhang P, Chang L, Xie K. Molecular hydrogen inhalation
attenuates postoperative cognitive impairment in rats. NeuroReport.
2017,28(11):694-700.

Kersten S, Desvergne B, Wahli W. Roles of PPARs in health and disease. Nature.
2000;405(6785):421-4.

Nisbett KE, Pinna G. Emerging therapeutic role of PPAR-alpha in Cognition
and Emotions. FRONT PHARMACOL. 2018;9:998.

Hossain MA, Tsujita M, Gonzalez FJ, Yokoyama S. Effects of fibrate drugs on
expression of ABCA1 and HDL biogenesis in hepatocytes. J CARDIOVASC
PHARM. 2008;51(3):258-66.

Kok T, Bloks VW, Wolters H, Havinga R, Jansen PL, Staels B, Kuipers F. Peroxi-
some proliferator-activated receptor alpha (PPARalpha)-mediated regulation
of multidrug resistance 2 (Mdr2) expression and function in mice. BIOCHEM J.
2003;369(Pt 3):539-47.

Maher JM, Cheng X, Slitt AL, Dieter MZ, Klaassen CD. Induction of the multi-
drug resistance-associated protein family of transporters by chemical activa-
tors of receptor-mediated pathways in mouse liver. DRUG METAB DISPOS.
2005;33(7):956-62.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5T

Page 13 of 14

Hoque MT, Robillard KR, Bendayan R. Regulation of breast cancer resistant
protein by peroxisome proliferator-activated receptor alpha in human brain
microvessel endothelial cells. MOL PHARMACOL. 2012;81(4):598-609.

Hoque MT, Shah A, More V, Miller DS, Bendayan R. In vivo and ex vivo regula-
tion of breast cancer resistant protein (bcrp) by peroxisome proliferator-acti-
vated receptor alpha (pparalpha) at the blood-brain barrier. ) NEUROCHEM.
2015;135(6):1113-22.

BaiY, Han Q, Dong B, Lin H, Jiang Y, Zhang X, Chen H, Yu Y. PPARalpha con-
tributes to the therapeutic effect of hydrogen gas against sepsis-associated
encephalopathy with the regulation to the CREB-BDNF signaling pathway
and hippocampal neuron plasticity-related gene expression. BRAIN RES BULL.
2022;184:56-67.

Abu AO, Donohoe D, Bultman S, Fitch M, Riiff T, Hellerstein M, Weiss RH. PPA-
Ralpha inhibition modulates multiple reprogrammed metabolic pathways
in kidney cancer and attenuates tumor growth. AM J PHYSIOL-CELL PH.
2015;308(11):C890-8.

YuY, Feng J, Lian N, Yang M, Xie K, Wang G, Wang C, Yu Y. Hydrogen gas allevi-
ates blood-brain barrier impairment and cognitive dysfunction of septic mice
in an Nrf2-dependent pathway. INT IMMUNOPHARMACOL. 2020;85:106585.
YuY,Ma X, Yang T, Li B, Xie K, Liu D, Wang G, Yu Y. Protective effect of
hydrogen-rich medium against high glucose-induced apoptosis of Schwann
cells in vitro. MOL MED REP. 2015;12(3):3986-92.

Xie K,Wang Y, Yin L, Wang Y, Chen H, Mao X, Wang G. Hydrogen Gas alleviates
Sepsis-Induced Brain Injury by improving mitochondrial Biogenesis through
the activation of PGC-alpha in mice. SHOCK. 2021;55(1):100-9.

Vizcaychipi MP, Xu L, Barreto GE, Ma D, Maze M, Giffard RG. Heat shock
protein 72 overexpression prevents early postoperative memory decline
after orthopedic surgery under general anesthesia in mice. Anesthesiology.
20171;114(4):891-900.

Zhao G, Deng J, Shen Y, Zhang P, Dong H, Xie Z, Xiong L. Hyperhomocys-
teinemia is key for increased susceptibility to PND in aged mice. ANN CLIN
TRANSL NEUR. 2019;6(8):1435-44.

Clark IA. The advent of the cytokine storm. IMMUNOL CELL BIOL.
2007,85(4):271-3.

Faix JD. Biomarkers of sepsis. CRIT REV CL LAB SCI. 2013;50(1):23-36.

Boulay AC, Saubamea B, Decleves X, Cohen-Salmon M. Purification of Mouse
Brain Vessels JOVE-J VIS EXP2015(105):e53208.

Miller DS. Regulation of ABC transporters at the blood-brain barrier. CLIN
PHARMACOL THER. 2015;97(4):395-403.

Qosa H, Miller DS, Pasinelli P, Trotti D. Regulation of ABC efflux transport-

ers at blood-brain barrier in health and neurological disorders. BRAIN RES.
2015;1628(Pt B):298-316.

Mahringer A, Fricker G. ABC transporters at the blood-brain barrier. EXPERT
OPIN DRUG MET. 2016;12(5):499-508.

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, et al. The Third Interna-
tional Consensus Definitions for Sepsis and septic shock (Sepsis-3). JAMA-J
AM MED ASSOC. 2016;315(8):801-10.

Barichello T, Martins MR, Reinke A, Feier G, Ritter C, Quevedo J, Dal-Pizzol F.
Cognitive impairment in sepsis survivors from cecal ligation and perforation.
CRIT CARE MED. 2005;33(1):221-3.

Towner RA, Saunders D, Smith N, Towler W, Cruz M, Do S, Maher JE, Whitaker
K, Lerner M, Morton KA. Assessing long-term neuroinflammatory responses
to encephalopathy using MRl approaches in a rat endotoxemia model.
GEROSCIENCE 2018, 40(1):49-60.

Erikson K, Tuominen H, Vakkala M, Liisanantti JH, Karttunen T, Syrjala H, Ala-
Kokko TI. Brain tight junction protein expression in sepsis in an autopsy series.
CRIT CARE. 2020;24(1):385.

Dean M, Hamon'Y, Chimini G. The human ATP-binding cassette (ABC) trans-
porter superfamily. J LIPID RES. 2001;42(7):1007-17.

Cannon RE, Richards AC, Trexler AW, Juberg CT, Sinha B, Knudsen GA, Birn-
baum LS. Effect of GenX on P-Glycoprotein, breast Cancer resistance protein,
and Multidrug Resistance-Associated protein 2 at the blood-brain barrier.
ENVIRON HEALTH PERSP. 2020;128(3):37002.

Vasiliou V, Vasiliou K, Nebert DW. Human ATP-binding cassette (ABC) trans-
porter family. HUM GENOMICS. 2009;3(3):281-90.

Da RG, Loiola RA, de Paula-Silva M, Shimizu F, Kanda T, Vieira A, Gosselet F,
Farsky S. Pioglitazone Attenuates the Effects of Peripheral Inflammation in a
Human In Vitro Blood-Brain Barrier ModeLINT J MOL SCI2022, 23(21).
Calsavara AC, Soriani FM, Vieira LQ, Costa PA, Rachid MA, Teixeira AL. Erratum
to: TNFR1 absence protects against memory deficit induced by sepsis



Bai et al. BMC Neuroscience (2023) 24:37 Page 14 of 14

possibly through over-expression of hippocampal BDNF. METAB BRAIN DIS.
2015;30(3):679.

52. Hopkins RO. Sepsis, oxidative stress, and brain injury. CRIT CARE MED.
2007,35(9):2233-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Hydrogen alleviated cognitive impairment and blood‒brain barrier damage in sepsis-associated encephalopathy by regulating ABC efflux transporters in a PPARα-dependent manner
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental procedure
	﻿bEnd.3 cell cultivation
	﻿Ethics statement and animal preparation
	﻿Caecal ligation and puncture (CLP)
	﻿Intraperitoneal injection of GW6471
	﻿Hydrogen-rich medium
	﻿Hydrogen inhalation
	﻿Survival rates
	﻿Y-maze test and contextual fear conditioning test
	﻿Detection of inflammatory cytokines
	﻿TUNEL staining
	﻿Nissl staining
	﻿EB extravasation in the blood‒brain barrier
	﻿Brain water content (WC)
	﻿Western blot (WB)
	﻿Statistical analysis

	﻿Results
	﻿PPARα decreases the expression of inflammatory mediators in cortex tissues and increases the survival rates of septic mice treated with H﻿2﻿
	﻿PPARα upregulation by H﻿2﻿ improves CLP-induced neurobehavioural changes in mice
	﻿Hydrogen improves BBB neuron dysfunction in CLP model mice via PPARα
	﻿Treatment with 2% H﻿2﻿ and PPARα attenuated blood‒brain barrier disruption and reduced brain water content in CLP mice
	﻿The effects of hydrogen on BBB impairment in septic mice are mediated by PPARα, which regulates ABC efflux transporters
	﻿The increasing level of PPARα improves the level of ABC transporters and BBB permeability proteins in the LPS-treated b. End3 cells were cultured with a hydrogen-rich medium

	﻿Discussion
	﻿Conclusion
	﻿References


