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A B S T R A C T

Postoperative cognitive dysfunction (POCD) is one of the most common complications after surgery.
Accumulating evidence suggests that postoperative neuro-inflammation plays a critical role in the mechanism of
POCD. Recently, exogenous methane is reported to have anti-inflammatory properties and play a neuro-pro-
tective role in acute carbon monoxide poisoning injury. Therefore, we investigated the protective effect of
methane on a POCD model induced by abdominal surgery and its underlying mechanism in aged mice. Methane-
rich saline (MS) or normal saline (NS) (16ml/kg) was injected intraperitoneally 30min after the abdominal
surgery. The result showed that methane attenuated spatial memory loss in Morris water maze (MWM) with
decreasing pro-inflammatory cytokines production and activation of microglia in hippocampus after surgery.
Meanwhile, methane treatment suppressed lipopolysaccharide (LPS)-stimulated phosphorylation of MAPKs
pathways and its downstream target TNF-α and IL-6 in BV2 cells. Moreover, methane increased expression of IL-
10 in the hippocampus 24 h after surgery, and blockade of IL-10 repressed the protective effect of methane on
the cognitive impairments observed in MWM test, decreased microglial activation and the pro-inflammatory
cytokine in plasma and hippocampal. Blockade of IL-10 abrogated the suppression effect of methane on the pro-
inflammatory cytokine production and phosphorylation of NF-κB and p38MAPK both in hippocampus and in
BV2 cells. In conclusion, our study suggests exogenous methane could be a novel agent for the therapy of POCD
through its anti-inflammation properties.

1. Introduction

Postoperative cognitive dysfunction (POCD) is defined by the de-
terioration in cognitive performance evaluated by neuropsychological
tests before and after surgery [1]. As one of the most common long-term
complications after surgery, POCD affects 30% of middle-aged and el-
derly patients during the first week after non-cardiac surgery in
memory, learning, and attention capacity decline [2]. POCD adversely
affects patient's post-operative perspective and brings significant clin-
ical, social and financial impacts for patients' communities.

Methane, the most abundant organic gas compound on earth, used
to be considered as biologically inactive [3]. Newly growing evidence
suggests exogenous methane exerts protective effect in many ischemia-

reperfusion injury models, including spine cord, liver, heart and intes-
tine, which link to its redox regulation and attenuation of mitochon-
drial dysfunction [4–7]. Moreover, methane is shown to have beneficial
effects on carbon monoxide poisoning encephalopathy, diabetic re-
tinopathy, concanavalin A-induced autoimmune hepatitis, one-time
exhaustive exercise capacity via anti-inflammatory, anti-oxidant or
anti-apoptosis pathways [8–11]. Our recent work indicates that Me-
thane-rich saline (MS) limits lipopolysaccharide-induced NF-κB and
mitogen-activated protein kinase (MAPK) signaling in macrophages and
suppresses innate immune responses in sepsis and DSS-induce colitis by
enhancing anti-inflammatory cytokine IL-10 production [12]. However,
whether methane plays protective role in cognitive dysfunction remains
unknown.
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The innate immune system is the first line of the organism's de-
fensive response to tissue damage or infection. More and more studies
indicate that the innate immune response and neuro-inflammation have
a crucial role in POCD [13]. Triggered by surgery and trauma, the in-
tegrity of the blood–brain barrier (BBB) is impaired by transient sys-
temic immune response [14]. The activation of microglia, the primary
immune cells of the central nervous system, plays a pivotal role in
hippocampal neurogenesis and cognitive deficits. Thus, inhibition of
the production of pro-inflammatory mediators would be a potential
therapeutic strategy. Therefore, we investigate whether methane could
prevent hippocampal neuro-inflammation and the impairment of neu-
rological function induced by laparotomy surgery in aged mice. For the
in vitro study, we examine whether methane can suppress lipopoly-
saccharide (LPS)-induced inflammatory mediators' production in cul-
tured BV2 microglia cells and its underlying mechanisms.

2. Materials and methods

2.1. Animals

Male 24–25months old C57BL/6 mice, were purchased from the
Animals Experimentation Center of Second Military Medical University.
All animals were kept pathogen free with a 12-h light/dark cycle and
fed on a standard laboratory diet. Animal experiments were approved
by the Committee on the Ethics of Animal Experiments of Second
Military Medical University.

2.2. Methane-rich saline preparation

Previous studies indicated that [5,10] methane stored in gas can-
ister was dissolved in normal saline under high pressure (0.4MPa) for
3 h to a supersaturated level. Then, the saturated MS was stored under
atmospheric pressure at 4 °C and freshly prepared one day before ex-
periments in order to ensure the saturation concentration. Gas chro-
matography (Gas chromatography-9860, Qiyang Co, Shanghai, China)
was implemented to disclose the content of methane in saline solute as
previous study indicated. MS was supplied by the Department of Diving
Medicine, Faculty of Navy Medicine, second Military Medical Uni-
versity (shanghai, china).

2.3. Administration of methane-rich saline

According to our previous studies [12], one dose of 16ml/kg MS or
saline were intra-peritoneal injected 30min after surgery. The dose and
timing of MS treatment in the dose-response study of BV2 cells was as
indicated. For the in vitro experiments, BV2 cells were treated with MS
(40 μl/ml) or saline at indicated time points after LPS stimulation.

2.4. POCD model

According to previous study [15], the laparotomy was set-up to
mimic abdominal surgery in old patients. Mice were under general
anesthesia (1.5% isoflurane in O2 at 0.5 L/min) in an induction
chamber. A 3 cm vertical incision was made and the viscera were ex-
plored. Then, the gastrointestinal tract was exteriorized. The small in-
testine were covered with a moist gauze, and then manipulated with a
sterile cotton swab for 60min. The body temperature was maintained at
37 °C with a heating lamp. The mice were divided into three groups
randomly (25 mice per group): the control group received only general
anesthesia (Ctrl), surgery group received a laparotomy with saline
treatment (Surgery), and methane treatment group received a lapar-
otomy with methane-rich saline (Surgery+MS). As for the anti-IL-10
antibody in vivo study, two more groups were added randomly (25
mice per group): isotype plus methane-rich saline group (Iso+ Surgery
+MS), and anti-IL-10 antibody plus methane-rich saline group (anti-IL-
10+ Surgery+MS). All mice were administered buprenorphine

0.05mg/kg subcutaneously for analgesia and returned to their home
cages after the surgery.

2.5. Treatment with anti-IL10 antibody

Anti-IL10 antibody or isotype (ebioscience), suitable for in vivo
blocking, was intraperitoneal injected 40 μg/per mouse 24 h before
surgery. The dose of anti-IL-10 was chosen based on our previous study
in a mouse model of systematic inflammation [12]. For BV2 cells, anti-
IL10 antibody (5 μg/ml) or isotype was intraperitoneally administrated
add 1 h before LPS stimulation [16].

2.6. Morris water maze

Morris water maze (MWM) testing was applied to assess spatial
learning and spatial memory. Morris water maze task was performed in
a round container (100 cm×50 cm) (Jiliang Software, Shanghai,
China) filled with water (21.5 ± 0 .5 °C) containing food-grade tita-
nium dioxide (Jianghu Taibai, Shanghai, China) in an isolated en-
vironment. Different shapes were marked on the inner walls of the pool
for the orientation in the maze. The pool was divided into four quad-
rants and monitored with a video camera on the top. A platform
(7 cm×7 cm) was place 1 cm below the water surface in one of the
four quadrants.

The MWM testing was started 3 days after the surgery to allow the
abdominal wound to heal. All mice underwent 4 trials training daily. In
each trial, mice were placed in water facing the wall of maze at one of
four equally spaced entrance. Mice were allowed to search the platform
and climb on it within 60 s. If the mice failed in 60 s, they would be
guided onto the platform and allowed to stay on it for 10 s. The probe
tests were performed with the platform removed after the trials. The
training trial were performed for 5 continuous days. The escape latency,
swimming time and speed spent in target quadrant were measured in a
single 60-s trial. Average escape latency to the platform during training
process was used as measure for spatial learning. In the probe trial,
swimming speed and time in the target quadrant were used as measure
for motor performance and spatial memory respectively.

On postoperative day 3 and day 7, working memory as tested after
the probe trial. Both the platform and mice were randomly placed in
novel positions for two trails [17]. Trail 1, the training session, was
performed to ensure that all mice learned the new platform location.
Trial 2 begins after a 15 s inter-trial interval. The mice would swim a
shorter path to the platform in the Trial 2 if it recalled the Trial 1. The
escape latency Trial 2 was taken as measure of working memory.

2.7. Cell culture

The BV2 cells (a mouse microglial cell line) were purchased from
the Tongpai Biological Technology (Shanghai, China). The BV2 cells
were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) at 37 °C with 5% CO2. Cells (1×105) were seeded into 24-well
plates for cytokine assays, and 1×106 cells were seeded into 6-well
plates for western blot analysis.

2.8. Cytokine measurement

The plasma and hippocampal tissue were collected at indicated time
point after the POCD model. Since the activation of microglia play a
pivotal role in hippocampal neurogenesis and cognitive deficits, BV2
cells stimulated by LPS were used as the POCD model in vitro.
Supernatants from BV2 cells were collected 6 h after LPS stimulation.
The level of TNF-α, IL-6 and IL-10 were detected by enzyme-linked
immunosorbent assay (ELISA) kits (eBioscience, San Diego, CA) ac-
cording to the manufacturer's instructions.
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2.9. Real-time PCR

Mice were sacrificed at indicated time point after the model, and the
mice hippocampal tissue were rapidly dissected and stored at−80 °C.
Total RNA was extracted with in Trizol reagent (Takara, DALIAN).
Single strand cDNA was reverse-transcribed using a Prime Script RT
Reagent Kit (Takara). The relative gene expression ofIL-6, TNF-α and
IL-10 is calculated using 2-ΔΔCt method. The murine primers were
synthesized as follows:

IL-6:F5′-TACCACTCCCAACAGACCTG-3′
R5′-GGTACTCCAGAAGACCAGAGG-3′
TNF-α: F5′-AATGGCCTCCCTCTCATCAG-3′
R5′-CCCTTGAAGAGAACCTGGGA-3′
IL-10: F 5′-TGCCACTCAGAAGACTGTGG-3′
R5′-GTCCTCAGTGTAGCCCAGGA-3′
GAPDH: F5′-ATGGTGAAGGTCGGTGTGAA-3′
R5′-TGGAAGATGGTGATGGGCTT-3′
The mRNA levels were expressed as fold-changes after normal-

ization to the reference gene GAPDH.

2.10. Western blot analysis

Western blot was performed according to standard methods. Briefly,
BV2 cells were harvested at particular time points, the protein were
isolated from cells in protein lysis buffer with protease inhibitor. Equal
by the BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA), sample protein were loaded and separated by 10% sodium do-
decyl sulfate-polyacrylamide gels (Life Technologies, Carlsbad, CA,
USA) and transferred to nitrocellulose membranes (Life Technologies).
Membranes were blocked for 1 h in 5% skim milk and then incubated
overnight at 4 °C with primary antibodies: p65/p-p65, p38/p-p38, ERK/
P-ERK, JNK/p-JNK, GSK3β, GAPDH, actin(Signal Technology). The
protein bands were demonstrated by an enhanced chemiluminescence
(ECL) western blot kit (Thermo Fisher Scientific, Waltham, MA, USA).
Band intensity was quantified using the Image J software and the
protein expression was normalized to GAPDH/actin signals.

2.11. Immunohistochemistry

The mice were euthanized 24 h after operation under deep an-
esthesia and perfused with ice-cold saline and 4% paraformaldehyde.

The brains were harvested from the mice and then post fixed overnight.
Dehydrated with 30% sucrose in 0.01M PBS, deeply frozen, brains were
cut coronally in 10-μm-thick sections. And applied with 1:8000 rabbit-
anti-ionized-binding adaptor protein IBA-1 (ab178847; Abcam). The
IHC detection were finished by incubating sections for 2 h at room
temperature with avidin-biotin peroxidase complex (Vectastain ABC
kit, Vector, Burlingame, PA) and 0.075mg/ml 3.3-diaminobenzidine
(DAB) as a chromagen (color changing reagent), with hematoxylin
counterstaining. All dilutions were made in 0.01M PBS. All sections
were thoroughly rinsed with 0.01M PBS between staining steps.

Staining was analyzed in a blinded fashion in three sections per area
for each animal. With the use of image analysis software (Image-J,
1.48v), the average total cell coverage, average cell body coverage of
the IBA-1-positive cells in the hippocampus were determined. The cell
body-to-total cell size ratio was used as a measure of microglia acti-
vation [18,19].

2.12. Statistical analysis

Data regarding biochemistry changes were expressed as mean ±
standard deviation (SD). Data regarding Morris water maze test data
were expressed as mean ± SEM. The number of samples varied from 6
to 10.The escape latency during the water maze training were com-
pared using the two-way ANOVA test with Bonferroni's correction. The
other comparisons among four groups were performed by the one-way
ANOVA test, followed by Newman-Keuls test. All statistical analyses
were performed using the GraphPad Prism 5.0 software (La Jolla, USA).
P < 0.05 was considered statistically significant.

3. Results

3.1. Methane improved the memory impairment after surgery in the MWM
test

According to the method reported by Zhang et al. [20], the pro-
tective effects of methane were examined in laparotomy surgery in aged
rodents. The learning and memory ability of the mice was tested using
the Morris water maze. As shown in Fig. 1A, the escape latency showed
no difference between the groups. The latency was significantly shorter
on the 5th day of training when compared to 1st day in all groups,
indicating that all animals show equivalent spatial learning. In the

Fig. 1. Methane improve the impairment of behavioral performance induced by surgery in the aged mice. 3 days after surgery, mice were trained for consecutive five
days. (A) Spatial learning in the MWM. Average escape latency (s) is shown for the five training sessions in the maze. On day 3 and day 7 post surgery, the time spent
in the target quadrant (B) and swimming speed (C) were measured. The working memory trial was performed on day 3 and day 7 post surgery. Average escape
latency (D) was recorded. (E) Representative swimming path of three groups on post Day 3 was shown. Data were expressed as mean ± SD (n=10 per group).
⁎P < 0.05, ⁎⁎ P < 0.01, compared with Ctrl group, #P < 0.05, ##P < 0.01, compared with Surgery group by two-way ANOVA test (A, B, C, D). Bars represent the
mean ± SEM.
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probe trail (Fig. 1B), the time spend in the target quadrant of Surgery
group was significantly less than that of the Ctrl group on postoperative
day 3. Methane treated group presented a longer time in the target
quadrant, compared with the Surgery group, though still shorter than
the Ctrl group. On postoperative day 7, there was no statistical differ-
ence between the Surgery group and other groups in dwelling time in
the target quadrant. The swimming speed in the target quadrant
(Fig. 1C) was similar among the three groups on postoperative day 3
and day 7, suggesting that the performance difference between groups
was not a result of reduced motor ability. On postoperative day 3 and
day 7, the working memory trial was performed (Fig. 1D). The latency
time of Surgery group was significantly longer, comparing to the Ctrl
group. Methane treated group significantly showed significantly shorter
latency to board the platform, suggesting significantly improved cog-
nitive function. Fig. 1E showed representative swimming path of the
three groups on day 3 postoperative in the probe trial.

3.2. Methane treatment reduced systemic and hippocampus level of pro-
inflammatory cytokines and decreased Iba-1-positive cells activation in
hippocampus

Following the surgery, the levels of TNF- α and IL-6 in the plasma
and hippocampus were measured at indicated time point. The systemic
TNF-α and IL-6 concentration increase significantly after surgery, with
the peak at 3 h. While methane application reduced the TNF-α and IL-6
cytokine expression level (Fig. 2A, Fig. 2B). In the hippocampus, TNF-α

and IL-6 transcription levels of the Surgery group also elevated dra-
matically, compared with the Ctrl group, while significantly decreased
by the treatment with methane (Fig. 2C, Fig. 2D). Also, we investigated
methane's effect on the phosphorylation of NF-κB and MAPKs in the
hippocampus 24 h after surgery (Fig. 2E). We observed phosphorylation
of ERK, JNK, P38 and P65 in surgery group, while methane treatment
significantly inhibited it. Surgery group were associated with a more
elongated shape of the microglial cell bodies in the hippocampus and
IBA1 is considered as the marker of microglial. We found methane
treatment led to a decreasing activated level of IBA1-positive cells
(Fig. 2F). The cell body-to-cell size ratio was used as measurement for
microglia activation. The cell body-to-cell size ratio of Surgery group
was increased in comparison with Ctrl group, while methane sig-
nificantly reduces it.

3.3. Methane suppressed the activation of NF-κB and p38MAPK in LPS-
activated BV2 cell

As shown in Fig. 3A–D, LPS stimulation significantly increased ex-
pressions of IL-6 and TNF-α in BV2 cells. To investigate the effect of
methane on LPS-induced cytokine production, BV2 cells were treated
with MS 30min after LPS (100 ng/ml) stimulation for 6 h. MS sig-
nificantly inhibited the pro-inflammatory cytokines (IL-6, TNF-α) pro-
duction of in a dose-dependent manner (10, 20, 50 μg/ml). Further-
more, we investigated its effect on toll-like receptor(TLR)-induced
phosphorylation of NF-κB and MAPKs in LPS-induced BV2 cells in vitro,

Fig. 2. Methane suppress pro-inflammatory cytokine in
plasma and hippocampus as well as decrease IBA-1-positive
cell activation in hippocampus induced by surgery. (A-B) The
pro-inflammatory cytokines level of the serum was assessed
by ELISA at indicated time point after surgery plus LPS. (C-
D).MS post-treatment significantly decreased the production
of IL-6 and TNF-α, especially 6 h after surgery. (E)
Representative gel images and summary data show the
MAPKs phosphorylation levels in the hippocampus 24 h after
surgery. (F) Immunohistochemistry staining was used to de-
tect IBA1-postive cells. Representative images of Iba1-labelled
microglia in the hippocampus 24 h after surgery. Scale
bar= 100 μm. (G) Microglia cell body-to-cell size ratio as
measure for microglia activation in hippocampus. Results
were presented as mean ± SD (n=7 per group). ⁎ P < 0.05,
⁎⁎ P < 0.01, ⁎⁎⁎ P < 0.001 compared with Ctrl group, #

P < 0.05, ## P < 0.01, ### P < 0.001 compared with
surgery group by two-way ANOVA test and Bonferroni's cor-
rection (A-F) or by one-way ANOVA and Newman-Keulstests
(G). Bars represent the mean ± SD.
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which is widely used as a model for neuro-inflammation [21]. Our re-
sults showed that LPS stimulation caused a marked phosphorylation of
ERK, JNK, P38 and P65. While methane treatment significantly in-
hibited it (Fig. 3C-G). Our Western blotting analyses demonstrated that
MS could decrease the production of the pro-inflammatory cytokines
via suppressing the activation of NF-κB and MAPKs of BV2 cells.

3.4. Methane treatment increase the expression of IL-10 in vivo and in vitro

IL-10, an anti-inflammatory cytokine, has pivotal roles in main-
taining the balance of inflammatory response. It can down-regulate pro-
inflammatory response and prevent tissue injury [22,23]. To investigate
the possible anti-inflammatory mechanism of MS, we assessed IL-10
expression in plasma and hippocampal 6 h, 24 h and 7 day after surgery,
and found that MS post-treatment mice exhibited higher level of IL-10
compared with Surgery+NS group, especially 24 h after surgery both in

plasma (Fig. 4A) and in the hippocampus (Fig. 4B). Meanwhile, me-
thane treatment also increased the IL-10 production in BV2 cells 6 h
after LPS stimulation (Fig. 4C).

3.5. The cognitive function protecting effect of methane in surgery could be
rescued by IL-10 blockade

Anti-IL-10 antibody was given to aged mice to investigate whether
IL-10 account for the improvement of the cognition impairment after
surgery. In the working memory test (Fig. 5A), anti-IL10 reversed the
shortened latency time of methane treated mice on postoperative day 3
and day 7. Also, in probe trial (Fig. 5B), Iso+Surgery+MS group spent
more amount of time in the target quadrant than the anti-IL10+Sur-
gery+MS group on postoperative day. On postoperative day 7, there
was no statistical difference between the all groups in dwelling time in
the target quadrant. The distance travelled (Fig. 5C) was similar among

Fig. 3. MS post-treatment suppressed phosphorylation of NF-κB and MAPKs. (A-B)BV2 cells were stimulated with LPS (100 ng/ml) for 6 h, MS was added 30min after
LPS treatment at indicated concentrations (10, 20, 50 μg/ml). The supernatant were test by ELISA. BV2 cells were stimulated by 100 ng/ml LPS for different time, MS
(40 μl/ml) or NS was added 5min after LPS treatment, and western blotting was used to examine the indicated molecules. Representative gel images (C) and
summary data (D-G) show the MAPKs phosphorylation levels in the BV2 cells at indicated time. Results were presented as mean ± SD. ⁎ P < 0.05, ⁎⁎ P < 0.01, ⁎⁎⁎

P < 0.001 compared with LPS+NS group by one-way ANOVA and Newman-Keuls tests (A, B) or two-way ANOVA and Bonferroni's correction (D-G). Bars represent
the mean ± SD.

Fig. 4. Methane treatment increased the expression of IL-10
in vivo and in vitro. After surgery, blood and hippocampus of
mice were collected at indicated time point. (A) Plasma level
of IL-10 was determined by ELISA. (B) The mRNA of IL-10 in
hippocampus was measured by quantitative real-time PCR.
(n=7 per group). (C) Level of IL-10 in BV2 cell supernatant
6 h after LPS stimulation with the post-treatment of NS or
indicated dose of MS by ELISA. # P < 0.05 compared with
surgery group by two-way ANOVA and Bonferroni's correc-
tion. ⁎ P < 0.05, ⁎⁎ P < 0.01 compared with LPS group by
one-way ANOVA and Newman-Keuls tests. Bars represent the
mean ± SD.
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the four groups on postoperative day 3 and day 7, suggesting that the
performance difference between groups was not a result of reduced
motor ability.

3.6. IL-10A blockade increased microglial activation and the pro-
inflammatory cytokine in plasma and hippocampal in methane treated mice
after surgery

To investigate whether IL-10 plays the protective effect in POCD,
anti-IL-10 antibody or isotype antibody was injected 24 h before the
establishment of model. As shown in Fig. 6, anti-IL10 antibody appli-
cation nearly completely abrogated the protective effect of MS, re-
sulting in the upregulated activation IBA1-positive cells (Fig. 6A–B) as
well as upregulating of IL-6 (Fig. 6C–E) and TNF-α (Fig. 6D–F) both at
protein and mRNA level compared with the isotype group. Moreover,
anti-IL10 antibody reversed the phosphorylation of ERK, and P38 of
hippocampal in methane treated surgery group. While the GSK3β ex-
pression remained unchanged. These evidences suggested that IL-10 is
required for the protective effect of MS in the surgery mice model and
phosphorylation of ERK, and P38.MAPK may be involved in its me-
chanism.

3.7. IL-10A blockade abrogated the suppression effect of methane on the
pro-inflammatory cytokine production and phosphorylation of NF-κB and
p38MAPK in BV2 cells

To investigate whether the elevated IL-10 was necessary for anti-
inflammatory effect of MS in BV2 cells, we analyzed TNF-α and IL-6
levels of LPS-stimulated BV2 cells in the presence of anti-IL10 antibody.
As shown in Fig. 7A-B, the amount of TNF-α and IL-6 were restored in
the presence of anti-IL10 antibody. Next, we investigate whether this
reduced activation of NF-κB and p38MAPK also depend on the pro-
duction of IL-10. Anti-IL10 antibody reversed the suppression effects of
MS on phosphorylation of NF-κB and p38 MAPK (Fig. 7C-G). Moreover,
such reversal effect was obvious in p65 and p38. These evidences
showed that IL-10 may contribute to the suppression of NF-κB and
p38MAPK pathway in BV2 cells caused by methane, which lead to
decreased production of pro-inflammatory cytokine.

4. Discussion

This paper shows that abdominal surgery induced POCD in aged
mice can be treated by methane. The protective effects of methane on
the development of POCD in mice may be related to its anti-in-
flammatory effects, inhibiting microglial activation with MAPKs sig-
naling and pro-inflammatory cytokines production down-regulation.
Further, we found that blockade of IL-10 abolished the attenuation of
memory function in methane-treated mice, activation of hippocampal
microglial, and the inhibition of MAPKs signaling and related

downstream pro-inflammatory cytokines in BV2 cells.
Methane is the most common bacterial metabolic product. Lately

research show it can be produced by the human gut, in some non-mi-
crobial such as fungi, mitochondria from cultured plant cells, and
mammalian cells [8,24]. Methane was previously considered inert or
biologically inactive [3] and not utilized by humans. Nevertheless, in
the late 1960s, studies proved that methane participated in biological
metabolism on sheep [25]. Further study from Boros proved that exo-
genous methane also has anti-oxidative and anti-inflammatory effects
[7]. It has been demonstrated that the effect of methane-rich-saline was
the same as that observed using methane inhalation [5,8]. Methane,
dissolved into saline, is portable, safer and easily administered, can be
prepared for clinical use. As the simplest alkane, methane could pene-
trate the cell membrane [26], let alone the blood–brain barrier [8] or
blood-spinal cord barrier [4], which make it a promising therapy for
central nerve system disorders. In the current study, we firstly illu-
strated that methane plays a protective role in POCD mouse model.

Neuro-inflammation can induce impairment of CNS function. Due to
the protection of blood–brain barrier, CNS environment exhibit low
exposure to systemic toxins and reduced traffic of inflammatory cells
and molecules from circulating. The integrity of the BBB can be dis-
rupted by the aseptic trauma of surgery induced systemic inflammatory
response or anesthesia during and after surgery. Also, pro-inflammatory
cytokines alone could play important part in BBB permeability im-
pairment and center nervous system inflammation. The peripheral ad-
ministration of TNF-α receptor antagonist or intracisternal adminis-
tration of an IL-6 receptor antagonist notably reduced the neuro-
inflammation and attenuated the relative cognitive deficit [27,28].

Microglia are the major resident immune cells of the CNS and have a
lineage similar to peripheral macrophages, expressing both PAMP
(Pathogen-associated molecular patterns) and DAMPs (Damage-asso-
ciated molecular patterns) receptors. Activated microglia can be both
neuroprotective and neurotoxic. Suppression of microglial activity ex-
acerbates brain damage in hypoxic ischemic injury models [29].
Whereas, activated microglia themselves can produce cytokines, re-
sulting in amplified neuro-inflammatory response to deleterious cog-
nitive consequences in several neurodegenerative diseases, including
Alzheimer's and Parkinson's diseases [30,31]. Our study showed that
aged mice undergoing surgery displayed an exacerbated inflammatory
response, as revealed by the mild activated microglia in hippocampus,
with more condensed, less ramified morphology (Fig. 2.E). Methane
suppressed the activation of microglia and the production of pro-in-
flammatory cytokines in hippocampus and in BV2 cells, which may be
the mechanism of the protective effect of methane on POCD.

IL-10 is critical for maintaining normal neuro-immune commu-
nication during inflammation [32,33]. It has been reported that lipo-
polysaccharide leads to an increased expression of IL-beta and cell
death in the hippocampus, which can be reduced by IL-10 [34]. In our
study, we also found that treatment with MS remarkably increased the

Fig. 5. The IL-10 blockade restored the protective effect of methane on spatial memory loss induced by surgery. Anti-IL10 antibody or isotype was intraperitoneal
injected 40 μg/per mouse 24 h before surgery in the presence of MS or NS. (n=6 per group) (A) Spatial learning in the MWM. Average escape latency is shown for
the five training sessions in the maze. (B) Dwelling time in the target quadrant in the MWM probe trial on day 3 and day 7 after surgery. (C) Swimming distance in in
the MWM probe trial on day 3 and day 7 after surgery. ⁎P < 0.05 compared with surgery group, # P < 0.05 compared with Iso+ surgery group, by two-way
ANOVA test and Bonferroni's correction (A) or one-way ANOVA and Newman-Keuls test (B,C). Bars represent the mean ± SEM.
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expression of IL-10 in plasma and hippocampus of aged mice 6 h after
establishment of POCD model. The beneficial effects of MS were in-
hibited through administration of anti-IL10 antibody, which is similar
to the previous study demonstrating that the requirement of IL-10 in
MS-mediated protective effect in TLR4-triggered immune response
[12]. Meanwhile, blockade of IL-10 abrogate the MS-mediated im-
provement of cognition function as well as the decreased production of
TNF-α and IL-6 in vivo.

In LPS-stimulated BV2 cells, anti-IL10 antibody reversed the MS-
mediated decrease of TNF-α and IL-6 equally. Furthermore, the ele-
vated level of IL-10 attenuated the LPS-induced activation of p65, p38,
ERK and JNK both in hippocampus and in BV2 cells, which lead to the
reduction on the level of TNF-α and IL-6. In brief, we believed that the
IL-10 pathway may play important role in the protective effect of MS in
POCD mouse model. Our date highlighted the comprehension of the
anti-inflammatory mechanism of MS.

Fig. 6. The IL-10 blockade restored the methane improvement of spatial memory loss induced by surgery. Anti-IL10 antibody or isotype was intraperitoneal injected
40 μg/per mouse 24 h before surgery in the presence of MS or NS. (A) Representative images of Iba1-labelled activated microglia in the hippocampus 24 h after
surgery. Scale bar= 50 μm. (B) Quantification of the activation of microglia in hippocampus zones by cell body/total cell size ratio. (C-D) 6 h post-surgery, blood sera
and hippocampal tissues were collected. The production of IL-6 and TNF-α in plasma were analysis by ELISA. (E-F). TNFα and IL-6 mRNA level of hippocampal were
measured by RT-PCR. (G) Representative gel images and summary data show the ERK and p38MAPKs phosphorylation levels and GSK3β level in the hippocampus
24 h after surgery. Results were presented as mean ± SD (n= 7, per group). ⁎P < 0.05, ⁎⁎ P < 0.01, ⁎⁎⁎ P < 0.001 compared with Iso+ surgery group or #

P < 0.05 compared with Ctrl group by one-way ANOVA and Newman-Keuls tests. Bars represent the mean ± SD.
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Attention should be paid to the following limitations in our study.
Firstly, we mainly focus on the protective role of methane on microglia.
As mentioned above, BBB permeability dysfunction induces cognitive
impairment following surgery [35]. Whether methane could act di-
rectly on brain microvascular endothelial cells, the main compartment
of BBB, require more investigation. Secondly, the upstream pathway of
IL-10 has not been thoroughly identified in our study. It has been
proved that PI3K/AKT/GSK-3β pathway could mediate IL-10 expres-
sion induced by methane, whereas GSK-3β expression was unchanged
in our animal model. Perhaps other signaling, like ERK and p38 MAPK
[36] or CREB [37] may be involved. Finally, Besides IL-10，IL-4 is also
reported to act as negative regulator of activated microglia [38].
However, we did not found the elevation of IL-4 in hippocampus in MS
treated mice (Fig. S). Whether other anti-inflammatory cytokines, like
TGFβor IL-13, could be affected by methane treatment remains unclear.
Further studies are urgently needed. In conclusion, our data suggest
that methane-rich saline can reduce the neuro-inflammation induced by
surgery plus LPS via promoting the production of IL-10 and inhibiting
the activation of NF-κ B and P38MAPK in BV2 cells. Therefore this
study illustrated that methane may be a promising target for the pre-
vention and treatment of POCD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.03.003.
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