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Abstract
Objective  Sepsis-associated encephalopathy (SAE) is a major cause of mortality worldwide. Oxidative stress, inflamma-
tory response and apoptosis participate in the pathogenesis of SAE. Nuclear factor erythroid 2-related factor 2 (Nrf2) and 
nucleotide-binding oligomerization domain-like receptor containing pyrin domain 3 (NLRP3) pathway is involved in oxida-
tive stress and inflammatory response. We reported that hydrogen gas protected against sepsis in wild-type (WT) but not Nrf2 
knockout (KO) mice. Therefore, it is vital to identify the underlying cause of hydrogen gas treatment of sepsis-associated 
encephalopathy.
Methods  SAE was induced in WT and Nrf2 KO mice by cecal ligation and puncture (CLP). As a NLRP3 inflammasome 
inhibitor, MCC950 (50 mg/kg) was administered by intraperitoneal (i.p.) injection before operation. Hydrogen gas (H2)-rich 
saline solution (5 mL/kg) was administered by i.p. injection at 1 h and 6 h after sham and CLP operations. Brain tissue was 
collected to assess the NLRP3 and Nrf2 pathways by western blotting, reverse transcription-polymerase chain reaction (RT-
PCR) and immunofluorescence.
Results  SAE increased NLRP3 and Nrf2 expression in microglia. MCC950 inhibited SAE-induced NLRP3 expression, 
interleukin (IL)-1β and IL-18 cytokine release, neuronal apoptosis and mitochondrial dysfunction. SAE increased NLRP3 
and caspase-1 expression in WT mice compared to Nrf2 KO mice. Hydrogen increased Nrf2 expression and inhibited the 
SAE-induced expression of NLRP3, caspase-1, cytokines IL-1β and IL-18, neuronal apoptosis, and mitochondrial dysfunc-
tion in WT mice but not Nrf2 KO mice.
Conclusion  SAE increased NLRP3 and Nrf2 expression in microglia. Hydrogen alleviated inflammation, neuronal apoptosis 
and mitochondrial dysfunction via inhibiting Nrf2-mediated NLRP3 pathway.
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nick end labelling
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Introduction

Sepsis-associated encephalopathy (SAE), one of the main 
causes of mortality worldwide, is characterized by not only 
cognitive dysfunction and psychiatric disorders [1] but also 
negative effects on the central nervous system of sepsis sur-
vivors. Despite many advances in technical support for drug 
therapy and organ function, there has been no significant 
decrease in sepsis mortality over the past 3 decades [2, 3]. 
Therefore, it is vital to understand the physiopathology, and 
molecular basis of SAE for a potential therapeutic strategy.

Nucleotide-binding oligomerization domain-like recep-
tor containing pyrin domain 3 (NLRP3) inflammasome is 
an intracellular multiprotein complex composed of NLRP3, 
ASC and caspase-1 [4]. This complex is responsible for the 
activation of caspase-1 and maturation of proinflamma-
tory cytokines interleukin (IL)-1β and IL-18 [5]. In addi-
tion, mitochondrial dysfunction and mitochondrial reactive 
oxygen species (mtROS) generation have been shown to be 
crucial for NLRP3 inflammasome activation [6, 7]. Moreo-
ver, the inhibition of mtROS production in endothelial cells 
decreases NLRP3 inflammasome-mediated pyroptosis and 
concomitant IL-1β release and prevents the occurrence and 
development of SAE. Recent studies have consistently asso-
ciated NLRP3 inflammasome with cognitive deficits in SAE 
[8–10]. Therefore, in sepsis or other diseases, mitochondria 
function is inhibited by the NLRP3 inflammasome.

In recent years, hydrogen and hydrogen-rich saline have 
been shown to play a protective role in many diseases by 
mediating antioxidative stress, the anti-inflammatory 
response and antiapoptotic processes involved in sepsis and 
sepsis-induced organ injury, ischaemia/reperfusion (I/R) 
injury, neurodegenerative diseases and traumatic brain 
injury [11]. In addition, our team reported that hydrogen 
inhalation significantly decreased mortality in septic mice 
and improved vital organ injury. In addition, hydrogen pro-
tected against sepsis through regulating antioxidative stress 
and the anti-inflammatory response in various tissues [12]. 

Accumulating evidence indicates that neuroinflammation 
participates in the physiopathology of SAE [13, 14]. The 
mechanism by which sepsis induces excessive neuroinflam-
matory activation remains to be revealed.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 
well-known transcription factor that plays a critical role in 
the antioxidant stress system and drives the expression of 
antioxidant response element (ARE) gene. Our previous 
studies have confirmed that hydrogen has a protective effect 
against brain injury via the activation of Nrf2 pathway and 
that the expression of its downstream protein heme oxy-
genase-1 (HO-1) is increased in sepsis [15]. Intriguingly, 
published results showed that Nrf2-ARE signalling pathway 
activation is a critical regulatory factor in NLRP3 inflam-
mation activation [16]. Therefore, we focused on the role 
of Nrf2 and NLRP3 in hydrogen-treated sepsis and further 
attempted to investigate the relationship between Nrf2 and 
NLRP3 when hydrogen was used to alleviate SAE.

Materials and methods

Animals and surgical procedures

All experimental animal procedures were approved by the 
Animal Management Committee of Tianjin Medical Univer-
sity (permit number: 2019-X1-04) and carried out in accord-
ance with the “Policies on the Use of Animal and Humans in 
Neuroscience Research”. Male WT and Nrf2 knockout (KO) 
mice (20–25 g) were procured from the Better Biotechnol-
ogy Company (Nanjing, China). The mice were acclimatized 
for one week and fed standard rodent chow and water in a 
standard environment of 22 °C and a 12 h light/dark cycle.

SAE was induced by cecal ligation and puncture (CLP) 
as previously described [17]. In brief, under anaesthe-
sia conditions, the caecum was carefully exposed after a 
1 cm abdominal median incision, and the ileocecal valve 
was found, ligated on the distal three-quarters of caecum 
and punctured with a 22-gauge needle. Faecal contents 
were extruded into peritoneal cavity. Then, the caecum was 
returned to abdomen, and the incision was sutured step-by-
step. Control animals underwent the same procedure without 
ligation and puncture. The operated mice were revived by 
subcutaneous (s.c.) injection of 1 ml of 0.9% normal saline.

Hydrogen‑rich saline

Hydrogen gas was dissolved in 0.9% NaCl for 4 h under 
high pressure (0.4 MPa) to reach a supersaturated state. The 
saturated hydrogen-rich saline was kept in an aluminium 
bag with no dead volume and stored at 4 °C under atmos-
pheric pressure. The hydrogen-rich saline was sterilized by 
γ-radiation. The H2 concentration of in saline was detected 
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with a needle-type H2 sensor (Unisense A/S, Aarhus, Den-
mark). To maintain a stable 0.6 mmol/L H2 concentration, 
hydrogen-rich saline was freshly prepared once a week.

Experimental design

Experiment 1: The SAE model was produced by proceed-
ing CLP operation. To determine the dynamic changes of 
NLRP3 inflammasome in brain tissues, mice were sacrificed 
at 0 h, 2 h, 12 h and 24 h after CLP operation. A portion 
of cerebral cortex tissues was collected to detect NLRP3 
inflammasome expression by western blot analysis. Another 
part of cerebral cortex tissue was collected for NLRP3 and 
IBA1 expression analysis by immunofluorescence.

Experiment 2: Male C57BL/6 mice were divided into 
three groups: Con group, SAE group, and SAE + MCC950 
group. MCC950 (China Peptides Co., Ltd., China) was used 
to inhibit NLRP3. MCC950 (50 mg/kg BW) was admin-
istered by intraperitoneal injection before operation. At 
12 h after operation, cerebral cortex tissue was collected 
and used to measure NLRP3 mRNA expression by reverse 
transcription-polymerase chain reaction (RT-PCR); NLRP3, 
ASC, IBA1, Bcl-2 and Bax expression by western blotting; 
NLRP3 and IBA1 expression by immunofluorescence; 
IL-1β and IL-18 cytokine expression by enzyme-linked 
immunosorbent assay (ELISA); neuronal apoptosis by ter-
minal deoxynucleotidyl transferase dUTP nick end labelling 
(TUNEL); and mitochondrial function (the mitochondrial 
membrane potential (MMP), respiratory control ratio (RCR), 
and ATP and reactive oxygen species (ROS) levels).

Experiment 3: To detect Nrf2 in brain tissue, mice were 
sacrificed at 12 h after CLP operation. A portion of cerebral 
cortex tissue was collected and used to detect Nrf2 expres-
sion by western blot analysis. Another part of cerebral cortex 
tissue was collected for Nrf2 and IBA1 expression analysis 
by immunofluorescence.

Experiment 4: Wild-type (WT) and Nrf2 KO mice were 
randomly divided into two groups: Con group and SAE 
group. At 12 h after operation, cerebral cortex tissues were 
collected to detect measure NLRP3 and cleaved caspase-1 
(referred to as caspase-1 for short) protein and mRNA 
expression by western blotting and RT-PCR.

Experiment 5: WT and Nrf2 KO mice were randomly 
divided into three groups: Con group, SAE group and 
SAE + hydrogen-rich saline group. H2-rich saline (5 mL/
kg) was injected i.p. at 1 h and 6 h after sham or CLP 
operation. At 1 day, 3 days, 5 days and 7 days after opera-
tion, Y maze testing was performed to test memory abil-
ity. At 12 h after operation, cerebral cortex tissue was 
collected to detect Nrf2 mRNA expression to make sure 
the inhibition ratio (results were shown in the supple-
mental figure), NLRP3 inflammasome and caspase-1 by 
western blotting assay, IL-1β and IL-18 by ELISA assay, 

and measure brain histological changes by haematoxylin 
and eosin (H&E) staining; neuronal apoptosis by TUNEL 
assay; Nrf2, NLRP3 and cleaved caspase-1 protein expres-
sion by western blotting; IL-1β and IL-18 cytokine levels 
by ELISA; and mitochondrial function (MMP, RCR, and 
ATP and ROS levels).

Immunofluorescence analysis

Mice were perfused with 4% paraformaldehyde when 
experiment was performed, and brain tissue was collected to 
detect IBA1 and NLRP3 or IBA1 and Nrf2. Brain tissue was 
immersed, embedded, sectioned, deparaffinized, and rehy-
drated, following which antigen retrieval was performed, and 
the tissue was blocked. Slides were incubated with primary 
antibody against IBA1 (1:500, Abcam, Cambridge, UK), 
NLRP3 (1:200, Abcam, Cambridge, UK), or Nrf2 (1:200, 
Abcam, Cambridge, UK) overnight at 4℃. Then, the slides 
were incubated in secondary antibody (1 : 1000, DyLight 
488-labelled IgG or DyLight 594 AffiniPure IgG, EarthOx, 
USA) for 2 h at room temperature. DAPI was used to stain 
each section, and coverslips were mounted onto the slides. 
The tissues were then examined with a fluorescence micro-
scope (Olympus, Japan). At least ten fields of view were 
analysed, and the ratio of DAPI-positive cells was calculated 
and recorded.

Western blot analysis

Proteins were extracted from brain tissue at different time 
points after operation. The extracted protein was quantified 
using a BCA protein assay kit (Thermo Fisher Scientific, 
Inc., USA). Proteins were loaded into each lane of a 12–15% 
SDS polyacrylamide gel, separated, and transferred to poly-
vinylidene difluoride (PVDF) membranes (Millipore, USA), 
following which the PVDF membranes were blocked with 
blocking buffer (5% nonfat dry milk) for 1 h and incubated 
with specific primary antibodies against Nrf2 (1:1000, 
no. 62352, Abcam, Cambridge, UK), NLRP3 (1:500, no. 
4207, Abcam, Cambridge, UK), ASC (1:1000, no. 155970, 
Abcam, Cambridge, UK), cleaved caspase-1 (1:1000, no. 
sc-22166, Santa Cruz, US), IBA1 (1:1000, no. 15690), 
Bax (1:1000, no. 32503, Abcam, Cambridge, UK), Bcl-2 
(1:1000, no. 185002, Abcam, Cambridge, UK) and β-actin 
(1:2000, no. 8227, Abcam, Cambridge, UK) overnight at 
4 °C. After washing, the membranes were incubated with 
secondary antibody (1:6000, no.10183, Abcam, Cambridge, 
UK) for 2 h at room temperature. The membranes were 
exposed with a UVP bioimaging system. Blot densities were 
analysed with Quantity One System software. The results are 
expressed as the ratio of target protein to β-actin.
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RT‑PCR analysis

Total RNA was extracted from brain tissues using TRIzol 
reagent (Thermo Fisher, Waltham, USA) according to the 
manufacturer’s protocol. cDNA was synthesized using a 
QuantiTect Reverse Transcription Kit (Qiagen). Relative 
NLRP3 and caspase-1 mRNA expression was determined 
with SYBR Premix Ex Taq™ (TaKaRa, Tokyo, Japan) on 
a real-time detection instrument (Bio-Rad, USA). The PCR 
procedure was as follows: 5 min at 95 °C, 40 cycles of 15 s 
at 95 °C, and 60 °C for 1 min. Quantified data were normal-
ized to β-actin, which was used as a control. The following 
primers were used: Nrf2 forward: 5′- TCT​ATG​TGC​CTC​
CAA​AGG​ -3′, reverse, 5′-CTC​AGC​ATG​ATG​GAC​TTG​
GA-3′; NLRP3 forward: 5′- GTG​AAA​CAA​AAC​GTG​CCT​
TAGAA -3′, reverse, 5′- GGA​GGG​CTT​GAT​AGC​AGT​GAA 
-3′; caspase-1 forward: 5′- GAA​GAA​CAG​AAC​AAA​GAA​
GAT​GGC​ACA -3′, reverse, 5′- AGC​TCC​AAC​CCT​CGG​
AGA​AAGAT -3′; and β-actin forward: 5′- CTG​TGC​CCA​
TCT​ACG​AGG​GCTAT -3′, reverse, 5′- TTT​GAT​GTC​ACG​
CAC​GAT​TTCC -3’.

Cytokine analysis

Brain tissue was collected and homogenized to detect the 
cytokines IL-1β and IL-18. IL-1β and IL-18 levels were 
quantified using commercial ELISA kits according to the 
manufacturers’ instructions. (R&D Systems Europe, Oxford, 
UK).

Brain histopathological detection

Brain tissue was collected after perfusion with 4% paraform-
aldehyde in PBS when the experiments were performed and 
then fixed in the same fixative for 24 h at 4 °C. The tis-
sue was then embedded in paraffin and cut into 5-µm-thick 
coronal sections. The sections were stained with H&E and 
examined using a microscope (BioRevo BZ-9000, Key-
ence Japan). Histopathology was scored via the presence 
of neuronal degeneration, vascular oedema and perivascu-
lar oedema. Each feature was graded with a score of 0–3 
according to the degree of injury; thus, the total score was 
calculated on a nine-point scale.

Y maze testing

Y maze test was performed in a Y-shaped maze (including 
three arms that were 40 cm long, 10 cm wide and 12 cm 
high) to assess memory [15]. The arms were called start 
arm, other arm and novel arm. Y maze test was divided into 
two trials. In the first trial, the novel arm was blocked, and 
the mice could move freely across the start arm and the other 
arm for 10 min. In the second trial, the novel arm was also 

open, and the mice was allowed to move freely for 5 min. 
A ceiling-mounted video camera and Any-Maze behaviour 
tracking software were used to record and analyse the data, 
respectively, to calculate the percentage of alternation and 
the number of times the mice entered the novel arm.

Preparation of mitochondria

After the experiment was performed, brain tissue was col-
lected to detect mitochondrial function. According to pre-
vious methods [18], tissues were cut into tiny pieces, and 
washed with mitochondrial isolation buffer to remove traces 
of blood and homogenized. After centrifugation to remove 
cell debris, the supernatant was obtained and further centri-
fuged. The mitochondrial pellet was then resuspended and 
washed with respiration buffer on ice. The protein concen-
tration was measured with a BCA protein assay kit. The 
obtained mitochondria were used to detect mitochondrial 
function within 4 h. The RCR, MMP, and ROS and ATP 
contents were detected to reflect mitochondrial function.

Determination of mitochondrial respiratory 
function

RCR​

Mitochondrial respiratory function was measured with a 
Clark-type oxygen electrode. According to previous meth-
ods [19], mitochondrial state 3 and state 4 respiration was 
recorded in mice from a different litter, and the ratio of state 
3 to state 4 mitochondrial respiration was regarded as the 
mitochondrial RCR, which reflects mitochondrial respira-
tory function.

MMP analysis

According to the manufacturer’s instructions, MMP was 
measured using fluorescent dye JC-1 (Beyotime, China). 
Mitochondria were incubated with JC-1 dye for 30 min at 
37 °C in the dark. The intensity of red fluorescence and 
green fluorescence can be detected by multifunctional 
enzyme labelling instrument (EnSpire, PerkinElmer, Mas-
sachusetts, USA). And the ratio of red-to-green fluorescence 
was calculated and used to reflect the MMP.

ROS assay

According to the manufacturer’s instructions, ROS produc-
tion in brain tissue was determined using the oxygen radical-
sensitive DCFH-DA probe (Beyotime, China). Mitochon-
dria were incubated with DCFH-DA solution for 30 min at 
37 ℃. Then, ROS were detected by flow cytometry (BD 
Biosciences).
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ATP assay

Brain tissue was collected, lysed on ice and centrifuged at 
10,000×g for 10 min at 4 °C. The supernatant ATP level was 
detected in accordance with the manufacturer’s instructions 
using a commercial ATP assay kit (Beyotime, China).

Apoptosis assay

Neuronal apoptosis was observed by TUNEL assay. To 
observe fragmented DNA in nucleus indicating neuronal 
apoptosis, the Dead End TM fluorometric TUNEL system 
(Roche, US) was applied. The nuclei of apoptotic cells were 
stained pink. DNAs in all cells was stained blue with DAPI.

Statistical analysis

All data were analysed with GraphPad Prism 5.0 Soft-
ware (San Diego, CA, USA). All values are expressed as 
means ± SD. Statistical analyses were performed by ANOVA 
with Tukey–Kramer post hoc analysis. A P value < 0.05 indi-
cated statistical significance.

Results

Expression of NLRP3 inflammasome at different 
time points in SAE mice

NLRP3 inflammasome plays a critical role in mediating 
the innate immune defence against pathogenic infection. 
We detected the expression of NLRP3 and downstream 
ASC at different time points after CLP operation in brain 
tissue by western blotting and immunofluorescence. 
Western blot results showed that NLRP3 expression was 
increased until 24 h after operation, and peak NLRP3 
expression was observed at 12 h after operation (Fig. 1a, b, 
P < 0.05). In contrast, there was no significant difference in 
ASC expression (Fig. 1a and C, P > 0.05). Immunofluores-
cence results demonstrated that CLP induced an increase 
in IBA1 (a marker of activated microglia)- and NLRP3-
positive cells in brain tissue (Fig. 1d and e, P < 0.05). 
These data suggested that SAE induced NLRP3 inflam-
masome activation in the microglial cells of brain tissue.

Fig. 1   Expression of NLRP3 in the brain tissue of SAE mice. The 
SAE model was produced by CLP operation. Brain tissues was col-
lected to detect NLRP3 inflammasome (a and b, n = 3) and ASC 
adaptor protein (a and c, n = 3) expression by western blotting, and 

staining for NLRP3 and IBA1 (d and e, n = 3) by immunofluores-
cence at 0 h, 2 h, 12 h, and 24 h after operation. Data are expressed as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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MCC950 inhibited NLRP3 and microglial activation 
in the cerebral cortex of SAE mice

To analyse the effect of MCC950 on NLRP3 inflamma-
some in brain tissue of septic mice and assess the pres-
ence of NLRP3 in microglial cells, we determined NLRP3 
inflammasome and ASC expression and the expression of 
microglial cell activation marker IBA1 by western blot-
ting and immunofluorescence. Sepsis induced an increase 
in NLRP3 inflammasome protein and mRNA as well as 
IBA1 (a microglial cell marker) protein expression in brain 
tissue (Fig. 2a–c e, P < 0.05), but ASC expression was not 
different between Con group and SAE group (Fig. 2a and 
d, P > 0.05). As expected, MCC950 inhibited the expres-
sion of NLRP3 protein and mRNA as well as IBA1 pro-
tein in SAE + MCC950 group than in SAE group (Fig. 2a–c 
e, P < 0.05). Compared with Con group, the number of 
NLRP3- and IBA1-positive cells was higher in SAE group, 
while MCC950 clearly decreased the number of NLRP3- 
and IBA1-positive cells in SAE + MCC950 group compared 
with that in SAE group (Fig. 2f and G, P < 0.05). These 
results indicated that MCC950 inhibited NLRP3 inflamma-
some and microglial cell activation induced by SAE.

MCC950 prevented excessive release of cytokines 
IL‑1β and IL‑18 and apoptosis induced by SAE

Inflammatory cytokines are the final common pathway 
in the pathophysiology of brain dysfunction in SAE. We 
observed the release of cytokines IL-1β and IL-18 in SAE 
mice after MMC950 administration. SAE induced the 
release of substantially more IL-1β and IL-18 cytokines 
compared with Con group (Fig. 3a and b, P < 0.05). Com-
pared with SAE group, MCC950 inhibited the release of 
above cytokines in the SAE + MCC950 group.

Inflammation is responsible for the induction of neural 
cell apoptosis. In addition to cytokines, we measured neu-
ronal apoptosis in brain tissue. SAE induced cell apopto-
sis, as indicated by an increase in the number of TUNEL-
positive cells (Fig. 3e and f, P < 0.05) and the Bax/Bcl-2 
ratio (Fig. 3c and d, P < 0.05). MCC950 alleviated this 
increase in the number of TUNEL-positive cells and Bax/
Bcl-2 ratio (Fig. 3c–f, P < 0.05). These results suggested 
that MCC950 not only relieved NLRP3 inflammasome 
activation but also inhibited cytokine release and neuronal 
apoptosis induced by SAE.

Fig. 2   Effect of MCC950 on NLRP3 pathway in the brain tissues 
of SAE mice. The SAE model was produced by CLP operation. 
MCC950 (50 mg/kg BW) was administered by intraperitoneal injec-
tion before operation. Brain tissue was collected to detect NLRP3 
inflammasome (a and b, n = 3), ASC adaptor protein (a and c, n = 3) 

and IBA1 (a marker of microglia activation) (a and d, n = 3) expres-
sion by western blotting and staining for NLRP3 and IBA1 (e and 
f, n = 3) by immunofluorescence at 12  h after operation. Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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MCC950 improved mitochondrial dysfunction in SAE 
mice

To investigate the effect of MCC950 on mitochondrial dys-
function and injury in SAE mice, we tested the following 
indicators of mitochondrial function: MMP, mitochon-
drial RCR, and ATP and ROS content. SAE stimulated a 
decrease in MMP and RCR, reduced ATP, and increased 
ROS release (Fig. 4a–d, P < 0.05). MCC950 administration 
visibly increased the MMP, RCR and ATP content while 
reducing the ROS content in SAE mice (Fig. 4a–d, P < 0.05).

Nrf2 activation in microglial cells from the cerebral 
cortex of SAE mice

Nrf2 plays a critical role in the antioxidant stress system 
and drives the gene expression of ARE. As shown in Fig. 5, 
we assessed the expression of Nrf2 protein in the cerebral 
cortex of SAE mice by western blotting and immunofluo-
rescence. Western blotting showed that Nrf2 expression was 
increased after SAE stimulation (Fig. 5a and b, P < 0.05). 
Immunofluorescence experiments showed the same trend as 
western blotting and indicated that the number of Nrf2- and 

IBA-positive cells was increased compared with Con group 
(Fig. 5c and d, P < 0.05). These results suggested that SAE 
induced Nrf2 activation in microglial cells of cerebral cortex 
in SAE mice.

Nrf2 depletion aggravated NLRP3 inflammasome 
pathway activation in SAE mice

To test the effect of Nrf2 on NLRP3 after CLP, we measured 
the protein and mRNA expression of NLRP3 and down-
stream caspase-1 in SAE mice. We found that SAE increased 
NLRP3 and cleaved-caspase protein levels and NLRP3 
and caspase-1 mRNA expression in WT mice (Fig. 6a–d, 
P < 0.05). Consistently, the effect of SAE on NLRP3 and 
caspase-1 mRNA and protein levels were more pronounced 
in Nrf2 KO mice but not in WT mice (Fig. 6a–d, P < 0.05).

Hydrogen‑rich saline alleviated NLRP3 
inflammasome activation via Nrf2 pathway

To assess the effect of hydrogen on NLRP3 inflammasome 
pathway in SAE mice, we detected NLRP3 and down-
stream caspase-1, IL-1β and IL-18. SAE increased NLRP3 

Fig. 3   Effect of MCC950 on cytokines and neuronal apoptosis in 
the brain tissue of SAE mice. The SAE model was produced by CLP 
operation. MCC950 (50  mg/kg BW) was administered by intraperi-
toneal injection before operation. Brain tissue was collected to detect 

cytokines IL-1β (a, n = 6) and IL-18 (b, n = 6) by ELISA, Bcl-2 and 
Bax (c and d, n = 3) expression by western blotting and apoptosis 
by TUNEL assay (e and f, n = 3) at 12  h after operation. Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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activation and the maturation of caspase-1, IL-1β and IL-18 
in WT mice (Fig. 7a–d, P < 0.05). Hydrogen administration 
attenuated the expression of NLRP3, caspase-1, IL-1β and 
IL-18 induced by SAE in WT mice.

We used WT and Nrf2 KO mice to further detect the 
effect of Nrf2 on NLRP3 inflammasome in SAE after hydro-
gen treatment. SAE induced an increase in NLRP3, cas-
pase-1, IL-1β and IL-18 levels in Nrf2 KO mice (Fig. 7a–d, 
P < 0.05). Nrf2 knockout abrogated the inhibitory effect of 
hydrogen on NLRP3 inflammasome activation and cytokine 
maturation stimulated by SAE in Nrf KO mice (Fig. 7a–d, 
P < 0.05). These data supported the notion that hydrogen 
alleviated NLRP3 inflammasome activation in SAE mice 
via Nrf2 pathway.

Hydrogen‑rich saline alleviated brain histological 
injury, neuronal apoptosis and memory function 
via Nrf2 pathway

As shown in Fig. 8, in WT mice, hydrogen alleviated the 
brain histological injury, the number of apoptotic cells 
and increased the percentage of alternation and duration 
in novel arm which reflected the memory function in SAE 
mice (Fig. 8a–e, P < 0.05). However, there is no difference 

between in SAE group and in SAE + H2 group in Nrf KO 
mice (Fig. 8a–e, P > 0.05). When compared with SAE + H2 
group in WT mice, the brain histological injury, the num-
ber of apoptotic cells and the percentage of alternation and 
duration in novel arm were deteriorated in SAE + H2 group 
in Nrf KO mice. These results supported that H2 alleviated 
brain histological injury, neuronal apoptosis and memory 
function via Nrf2 pathway.

Hydrogen‑rich saline alleviated mitochondrial 
dysfunction via the Nrf2 pathway

SAE led to mitochondrial dysfunction, as shown by 
a decline in MMP and RCR, reduced ATP release and 
increased ROS release compared to WT and Nrf KO mice 
in the SAE group (Fig. 9a–d, P < 0.05). Hydrogen-rich 
saline increased the MMP, RCR, and ATP release and 
alleviated the change in ROS release induced by SAE in 
WT mice but not Nrf2 KO mice (Fig. 9a–d). Nrf2 knock-
out abolished the hydrogen-mediated alleviation of SAE-
induced mitochondrial dysfunction. These results indi-
cated that hydrogen-rich saline alleviated mitochondrial 
dysfunction via Nrf2 pathway in SAE mice.

Fig. 4   MCC950 attenuated mitochondrial dysfunction induced 
by SAE in mice. The SAE model was produced by CLP operation. 
MCC950 (50 mg/kg BW) was administered by intraperitoneal injec-
tion before operation. Brain tissue was collected to detect MMP 

(a, n = 6), RCR (a, n = 6), ATP content (a, n = 6) and ROS release 
(a, n = 6) 12  h after operation. Data are expressed as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001
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Discussion

Sepsis accompanied by brain dysfunction is called SAE, 
which is characterized by long-term cognitive disorder and 
functional disability in sepsis survivors [20]. The patho-
genesis of SAE is a multifactorial network of processes 
and elements, including oxidative damage, inflammatory 
cytokines, apoptosis and mitochondrial dysfunction [21]. 
Oxidative stress can aggravate the expression of proin-
flammatory cytokines and apoptosis in the pathogenesis of 
SAE. In this study, we found that SAE mice exhibited not 
only mitochondrial dysfunction, as shown by a decline in 
MMP and RCR, decreased ATP release and excessive ROS 
release, but also decreased antiapoptotic protein expression, 
increased proapoptotic expression and an increased propor-
tion of apoptotic cells. In addition, SAE induced excessive 
release of cytokines IL-1β and IL-18. These data indicated 
that SAE is closely associated with inflammation, apoptosis 
and oxidative stress.

During the pathogenesis of SAE, the innate immune 
response plays a key role, especially in microglial activa-
tion, which participates in regulating oxidative damage and 
inflammation [14]. Activation of NLRP3 inflammasome, a 

multiprotein cytosolic complex, causes the maturation of 
pro-caspase-1, which in turn leads to the production and 
release of the inflammatory cytokines IL-1β and IL-18 [22]. 
Several reports showed that NLRP3 inflammasome, which 
is associated with inflammatory responses in SAE [8], acti-
vated inflammation and promoted the excessive release of 
cytokines, therefore, causing brain injury in brain ischae-
mia/reperfusion [23]. Our present data indicated that acti-
vation of NLRP3 inflammasome and its expression along 
with that of the downstream adaptor protein ASC peaked at 
approximately 12 h after operation rather than 2 h or 24 h in 
SAE mice. An immunofluorescence assay indicated that the 
number of NLRP3- and IBA1-positive cells was increased, 
suggesting that NLRP3 activation was increased in the 
microglia of brain tissue from SAE mice. The inhibition of 
NLRP3 expression by MCC950 significantly decreased the 
NLRP3 inflammasome pathway, microglial cell activation, 
and neuronal apoptosis and improved mitochondrial dys-
function induced by SAE.

Nrf2 is a key transcription factor that maintains intracellu-
lar redox balance by modulating the transcription of antioxi-
dant genes [24]. Previous studies verified that Nrf2 upregu-
lation attenuated IL-1β release by Nrf2-mediated NQO-1, 

Fig. 5   Expression of Nrf2 in the brain tissue of SAE mice. The SAE 
model was produced by CLP operation. Brain tissue was collected to 
detect Nrf2 expression (a and b, n = 3) by western blotting and stain-

ing for Nrf2 and IBA1 (c and d, n = 3) by immunofluorescence at 
12 h after the operation. Data are expressed as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001
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glutamate cysteine ligase expression, and HO-1 expres-
sion [25, 26]. Nrf2 activation promotes ROS-detoxifying 
enzyme expression and represents a survival pathway [27]. 
Furthermore, the lack of Nrf2 results in elevated levels of 
ROS, which are detrimental to normal cellular function and 
promote cell death. Nrf2 and NLRP3 inflammasome were 
reported to play a critical role in inflammatory diseases [28, 
29] and have also become useful targets of anti-inflamma-
tory interventions for the treatment of lung injury [29, 30], 
lupus nephritis [31], and SAE [8]. As shown by our results, 
SAE induced Nrf2 and microglial activation; moreover, Nrf2 
expression was increased in the microglia of brain tissue, as 
shown by immunofluorescence. An increasing number of 

publications have reported that Nrf2 activation can block 
inflammasome activation [32]. To detect the mechanism of 
Nrf2, Nrf2 KO mice were used to study the relationship 
between NLRP3 and Nrf2 in SAE. SAE induced NLRP3 
protein and mRNA expression in WT mice, and NLRP3 pro-
tein and mRNA expression were higher in Nrf2 KO mice 
than in WT mice. In addition, the expression of caspase-1, 
IL-1β and IL-18, which are downstream of NLRP3, exhib-
ited the same trend. These data demonstrated that Nrf2 is 
required for the inhibition of inflammasome and its compo-
nents, including caspase-1, IL-1β and IL-18, in SAE mice.

Hydrogen was previously thought to be a conservative gas 
that could not be absorbed easily due to its low solubility. 

Fig. 6   Expression of NLRP3 in WT and Nrf2 knockout mice. The 
SAE model was produced by CLP operation in wild-type and Nrf2 
knockout mice. Brain tissue was collected to detect NLRP3 inflam-
masome (a and b, n = 3) and cleaved caspase-1 (a and c, n = 3) pro-

tein levels by western blotting as well as NLRP3 (d, n = 3) and 
caspase-1 (e, n = 3) mRNA levels by RT-PCR at 12  h after opera-
tion. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001
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Recent studies have reported that H2 exerts antiapoptotic, 
anti-inflammatory and antioxidative stress effects in dis-
eases such as sepsis, multiple organ dysfunction syndrome 
(MODS), lipopolysaccharide (LPS)-induced acute lung 
injury, and stroke [33–37]. Our study and previous stud-
ies have showed that hydrogen can regulate Nrf2 pathway 
activation and protect against traumatic brain injury [38], 
sepsis [39], intestinal injury [40], etc. In addition, hydrogen 
was shown to have a protective effect against sepsis via Nrf2 

pathway and improved the sepsis survival rate in WT mice 
but not Nrf2 KO mice [40, 41]. As shown by the present 
results, SAE induced Nrf2 expression in brain tissue, and 
hydrogen-rich saline further increased Nrf2 expression in 
WT mice but not Nrf2 KO mice. Moreover, NLRP3 and 
its downstream proteins caspase-1, IL-1β and IL-18 were 
elevated in both WT and Nrf2 KO mice in SAE group. 
Hydrogen-rich saline reversed the excessive activation of 
the NLRP3 pathway and NLRP3 expression induced by SAE 

Fig. 7   Effect of hydrogen on Nrf2 and NLRP3 in WT and Nrf2 
knockout mice. The SAE model was produced by CLP operation in 
wild-type and Nrf2 knockout mice. H2-rich saline (5  mL/kg) was 
i.p. injected at 1 and 6 h after operation. Brain tissue was collected 

to detect the expression of NLRP3 (a and b, n = 3) and cleaved cas-
pase-1 (a and c, n = 3) by western blotting and the cytokines IL-1β (d, 
n = 6) and IL-18 (e, n = 6) by ELISA at 12 h after operation. Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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in WT mice but not Nrf2 KO mice. Furthermore, we also 
investigated the effect of Nrf2 on mitochondrial function, 
brain injury, apoptosis and cognitive function in hydrogen-
rich saline-treated SAE mice. We found that SAE induced 
mitochondrial dysfunction, brain injury, apoptosis and cog-
nitive dysfunction, which could be improved in WT mice 
but not Nrf2 KO mice by hydrogen treatment. These data 
indicated that hydrogen regulated NLRP3 inflammasome, 
mitochondrial and cognitive dysfunction, and brain injury 
via Nrf2 pathway.

In conclusion, SAE not only brought about mitochondrial 
dysfunction, microglial activation, inflammatory response, 
apoptosis, brain injury and cognitive dysfunction but also 
stimulated Nrf2 and NLRP3 pathway activation. In addition, 
hydrogen plays a protective role against SAE through Nrf2-
mediated NLRP3 pathway inhibition. Our results indicate 
a strategy to reduce the activity of inflammatory corpus-
cles and suggest that Nrf2 is a potential target for the use 
of hydrogen to treat NLRP3-related diseases, such as SAE.

Fig. 8   Effect of hydrogen on brain histological injury, neuronal apop-
tosis and memory function in WT and Nrf2 knockout mice. The 
SAE model was produced by CLP operation in wild-type and Nrf2 
knockout mice. H2-rich saline (5  mL/kg) was i.p. injected at 1 and 
6 h after operation. At 12 h after operation, cerebral cortex tissue was 

collected to detect histological changes by H&E staining (a, b); neu-
ronal apoptosis by TUNEL assay (c, d). At 1 day, 3 days, 5 days and 
7 days after operation, Y maze testing was performed to test memory 
ability (e, f). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001
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