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Abstract: Delayed encephalopathy after acute carbon monoxide (CO) poisoning (DEACMP) is the most severe and clinically
intractable complication that occurs following acute CO poisoning. Unfortunately, the mechanism of DEACMP is still vague.
Growing evidence indicates that delayed cerebral damage after CO poisoning is related to oxidative stress, abnormal neuro-
inflammation, apoptosis and immune-mediated injury. Our recent report indicated that methylene blue (MB) may be a promising
therapeutic agent in the prevention of neuronal cell death and cognitive deficits after transient global cerebral ischaemia (GCI).
In this study, we aimed to investigate the potential of MB therapy to ameliorate the signs and symptoms of DEACMP. Rats were
exposed to 1000 ppm CO for 40 min. in the first step; CO was then increased to 3000 ppm, which was maintained for another
20 min. The rats were implanted with 7-day release Alzet osmotic mini-pumps subcutaneously under the back skin, which pro-
vided MB at a dose of 0.5 mg/kg/day 1 hr after CO exposure. The results showed that MB significantly suppressed oxidative
damage and expression of pro-inflammatory factors, including tumour necrosis factor-a and interleukin (IL)-1b. MB treatment
also suitably modulated mitochondrial fission and fusion, which is helpful in the preservation of mitochondrial function. Further-
more, MB dramatically attenuated apoptosis and neuronal death. Lastly, behavioural studies revealed that MB treatment pre-
served spatial learning and memory in the Barnes maze test. Our findings indicated that MB may have protective effects against
DEACMP.

Carbon monoxide (CO) poisoning is one of the most common
causes of poisoning in China [1], but the incidence of CO poi-
soning has decreased every year. A majority of poisoned
patients recover from the acute stage of CO intoxication, and
some patients exhibit a recurrence of neuropsychiatric symp-
toms after a latent period (usually 3–60 days) of normal or
near normal neurological function, which is termed the lucid
interval. These symptoms are referred to as Delayed
encephalopathy after acute CO poisoning (DEACMP) [2,3].
The signs and symptoms of DEACMP include dementia,
amnestic syndromes, Parkinsonism, aphasia, apraxia, tardive
dyskinesia, cognitive deterioration, urinary incontinence, gait
disturbance, mood disorders, memory deficits and personality
changes [4]. Hyperbaric oxygen is a specific treatment for CO
poisoning; however, approximately more than 50% of the sur-
vivors are still likely to develop DEACMP [5,6]. No specific

treatment is available for DEACMP [7], and approximately
25% of patients with DEACMP exhibit permanent neuropsy-
chological deficits.
Previous studies showed that the demyelination and

destruction of cerebral white matter (WM) induced by CO
are considered to be the main pathological features of
delayed encephalopathy. Choi et al. [8] reported that cere-
bral WM lesions were more often associated with neurologi-
cal sequelae than globus pallidus lesions. Demyelination of
the cerebral WM may present with axonal damage and glio-
sis. Nabeshima et al. [9] reported that delayed amnesia
induced by CO exposure may result from delayed neuronal
death in the hippocampal CA1 subfield. To date, the patho-
genesis of delayed neuronal death in the hippocampal CA1
subfield has included the following: inflammation, mitochon-
drial oxidative stress, inhibition of mitochondrial function,
lipid peroxidation, apoptosis and adaptive immunological
responses [10–12].
Methylene blue (MB) has been used in clinics to treat vari-

ous diseases for more than a century [13–15]. It has been
reported that MB can reduce the formation of amyloid plaques
and neurofibrillary tangles and can partially protect mitochon-
drial function [16,17]. Recent investigations have suggested
that MB is capable of reducing reactive oxygen species (ROS)
production by minimizing electron leakage from the
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mitochondrial electron transport chain [18], promoting glucose
uptake and increasing the intracellular ATP concentration and
O2 level, leading to a significant improvement in cell viability
[19]. MB has also been shown to protect astrocytes from oxy-
gen glucose deprivation (OGD) injury in vitro [20,21]. As a
novel strategy, MB is receiving more attention due to its
potential as an effective clinical option in the future and has
recently been reported to possess neuroprotective functions
[19]. Our previous study has investigated the potential benefi-
cial effects of MB in a four-vessel occlusion (4VO) global
cerebral ischaemia model (GCI) on adult male rats. MB was
delivered at a dose of 0.5 mg/kg/day for 7 days, through a
mini-pump implanted subcutaneously after GCI. It suggested
that MB significantly improved cognitive deficits and attenu-
ated neuronal cell death in the CA1 region following transient
global cerebral ischaemia by rescuing ischaemia-induced
decreases in cytochrome C oxidase (CCO) activity and ATP
generation, preserving the depolarization of the mitochondrial
membrane potential (MMP) and significantly reducing the
increased numbers of ischaemia-induced TUNEL-positive cells
in the CA1 region [22]. Therefore, we propose a new idea
that MB may be a promising therapeutic agent targeting neu-
ronal cell death and cognitive deficits following cerebral
ischaemia, so then, MB may have protective effects against
DEACMP.
In this study, we aim to put forward the first evidence that

MB could provide dramatic therapeutic effects against
DEACMP in rats. MB after treatments significantly reduced
apoptosis and the inflammatory response decreased oxidative
damage as well as improved cognitive function in a rat model
of acute CO poisoning. The results suggest that MB is a
promising drug for treating DEACMP. Our research provides
the theoretical and technological basis for the clinical applica-
tion of MB in patients with DEACMP.

Experimental Procedures

Animal models of CO poisoning. Male Sprague Dawley rats were
purchased from the laboratory animal centre of Xuzhou Medical
University. The rats were maintained on a 12-hr light/dark cycle.
Water and food were provided ad libitum. All animal experiments
were approved by the Institutional Animal Care and Use Committee
of Xuzhou Medical University, and the methods were carried out in
accordance with the approved guidelines (Assurance No. 2015-46,
2015-47). CO poisoning was performed according to the previously
published protocol in a 7-L Plexiglas chamber [10,11,23–25]. Rats
were put into the chamber and breathed 1000 ppm CO for 40 min.
The CO concentration in the chamber was then increased to
3000 ppm, which was maintained 20 min. until the animals lost
consciousness. They were then removed from the chamber to breathe
room air and to regain consciousness.

Groups and drug administration. Rats were randomly divided into
three groups: a normal group (sham; sham group), a CO + saline
group (CO; CO group) and a CO + MB group (MB; CO + MB
group). N = 10 in each group. Methylene blue (Fisher scientific,
Pittsburgh, PA, USA) was administered via 7-day release Alzet
osmotic mini-pumps (1007D, Durect Corporation, Cupertino, CA,
USA) at 0.5 mg/kg/day. The mini-pumps were implanted
subcutaneously under the upper back skin 1 hr after CO poisoning.

Histology examination. The animals were deeply anaesthetized with
2% pentobarbital sodium and underwent transcardial perfusion with
0.9% saline followed by cold 4% paraformaldehyde in 0.1 M
phosphate buffer saline (PBS). Brains were removed and post-fixed in
the same fixative overnight in paraformaldehyde and were
cryoprotected with 30% sucrose in 0.1 M PB (pH 7.4) for 24–36 hr at
4°C until they sank. Coronal sections (25 lm) were then cut on a
microtome (Leica RM2155, Nussloch, Germany) and collected
through the entire dorsal hippocampus (~2.5–4.5 mm posterior from
bregma, ~100 sections per brain) from animals killed at 6 days and
21 days after CO exposure or from animals in the sham group and
every fifth section was collected and stained. For histological
assessment, the sections were washed three times for 10 min. in PBS
and then stained with 0.01% (w/v) cresyl violet for 10 min. Lastly, the
sections underwent graded ethanol dehydration. An AxioVision4Ac
microscope system (Carl Zeiss, Oberkochen, Germany) was used to
examine the stained sections and to capture the images. For confocal
staining, the sections were washed for 10 min. in PBS followed by two
washes in 0.1% PBS–Triton X-100. After an incubation with blocking
solutions containing 10% donkey serum for 1 hr at room temperature
in PBS with 0.1% Triton X-100, sections were then incubated with
mouse anti-NeuN monoclonal antibody (1:500; EMD Millipore,
Billerica, MA, USA) overnight at 4°C. The sections were washed three
times for 10 min. each with 0.1% Triton X-100 in PBS, followed by an
incubation with Alexa Fluor 568 donkey antimouse antibody (1:500;
Invitrogen, Grand Island, NY, USA) for 1 hr at room temperature.
Next, sections were washed four times for 10 min. each with 0.1%
PBS–Triton X-100 and were briefly washed with distilled water.
Finally, the sections were mounted and cover-slipped in Vectashield
mounting medium for fluorescence with 40, 6-diamidino-2-phenylindole
(DAPI; H-1200; Vector Laboratories, Inc., Burlingame, CA, USA).
Three to five sections from each animal (200 lm apart, approximately
1.5–3.3 mm posterior to bregma) were selected for confocal
microscopy, and images were captured using a Zeiss LSM 510 META
confocal laser microscope (Carl Zeiss) at 1024 9 1024 pixels as
previously described [26]. The captured images were processed and
analysed with the LSM 510 META software. The number of NeuN-
positive CA1 neurons in the 250 lm length of the medial CA1
pyramidal cell layer was counted bilaterally in five sections per animal.
Cell counts from the right and left hippocampus on each of the five
sections were averaged to provide the mean value as reported before
[27]. TUNEL staining was performed on free-floating coronal sections
using the Click-iT� Plus TUNEL assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Slides for a negative
control were incubated with the label solution without terminal
transferase for TUNEL. The quantification of the TUNEL-stained
nuclei and the total nuclei was performed with Image-Pro software and
was presented as a percentage of the total number of nuclei in the field
as described previously [28].

Double/triple immunofluorescence staining. Brain tissues were
embedded in optimal cutting temperature (OCT) compound, and
frozen coronal sections (25 lm) were cut through the dorsal
hippocampus. Thereafter, the sections were washed four times for
10 min. each with 0.1% PBS–Triton X-100 and then were briefly
washed with distilled water. The coronal sections were incubated with
10% normal donkey serum for 1 hr at room temperature in PBS
containing 0.1% Triton X-100, followed by an incubation with
appropriate primary antibodies overnight at 4°C in the same buffer.
The following primary antibodies were used in different combinations:
anti-NeuN, OPA1, DRP1, 4-HNE, P-H2AX. After the primary
antibody incubation, the sections were washed four times for 10 min.
each at room temperature, followed by an incubation with Alexa Fluor
594/647 donkey antimouse/rabbit, Alexa Fluor 488 donkey anti-rabbit/
mouse, and Alexa Fluor 568 donkey anti-goat secondary antibody
(1:500; Invitrogen Corporation, Carlsbad, CA, USA) for 1 hr at room
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temperature. The sections were then washed four times with PBS
containing 0.1% Triton X-100 for 10 min. each, followed three times
for 5 min. each with PBS and were then briefly washed with water,
and then, the sections were mounted and cover-slipped in Vectashield
mounting medium for fluorescence with DAPI (H-1200; Vector
Laboratories). Three to five sections from each animal (200 lm apart,
approximately 1.5–3.3 mm posterior to bregma) were selected for
confocal microscopy.

Confocal microscopy and image analysis. All of the double- and triple-
labelled images were captured on a Zeiss LSM 510 META confocal laser
microscope (Carl Zeiss) using either a 59 or a 409 oil immersion
Neofluar objective (NA, 1.3) with the image size set at 1024 9 1024
pixels. The following excitation lasers/emission filter settings were used
for various chromophores: the Argon/2 laser was used for Alexa Fluor
488, with an excitation maximum at 490 nm and an emission in the
range of 505–530 nm; the HeNe1 laser was used for Alexa Fluor 594
with an excitation maximum at 543 nm and an emission in the range of
568–615 nm; and the HeNe2 laser was used for Alexa Fluor 647 with an
excitation maximum at 633 nm and an emission in the range of 650–
800 nm. The captured images were processed and analysed using LSM
510 META imaging software. Data were calculated as the mean � S.E.
from five independent animals per group.

Tissue preparation and Western blot analysis. All animals were killed
under deep anaesthesia at the time-points stated in the experiments.
Whole brains were quickly removed, and the hippocampal CA1
regions were rapidly microdissected from both sides of the
hippocampal fissure and were immediately frozen in liquid nitrogen.
The samples were homogenized as previously described [29]. Briefly,
tissues were homogenized in ice-cold homogenization medium
containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 12 mM b-
glycerophosphate, 3 mM dithiothreitol (DTT), 2 mM sodium
orthovanadate (Na3VO4), 1 mM EGTA, 1 mM NaF, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100 and
inhibitors of proteases and enzymes (0.5 mM PMSF, 10 lg/mL each
of aprotinin, leupeptin and pepstatin A) with a Teflon-glass
homogenizer. Then, samples were centrifuged at 800 9 g for 20 min.
to yield a cytoplasmic supernatant, and the deposit was sonicated with
ice-cold buffer A followed by centrifugation at 17,000 9 g for
20 min. to obtain the mitochondrial supernatant; supernatants were
collected and stored at �80°C until use. The protein concentrations
were determined with a Lowry protein assay kit with bovine serum
albumin as a standard.
For Western blotting analysis as previously described [29], the sam-

ples were mixed with loading buffer and boiled for 5 min. An aliquot
of 20–50 lg of protein was separated with 4–20% sodium dodecyl
sulphate–polyacrylamide gel electrophoresis. Proteins were transferred
to a PVDF membrane, blocked for 3 hr and incubated with a primary
antibody against Bax1 (Proteintech, Rosemont, IL, USA), Bcl2
(Proteintech), SOD2 (Proteintech), GADPH (Proteintech), MFN1 (Mil-
lipore), OPA1 (Invitrogen, NY, USA), mitochondrial elongation factor
(MIEF; Millipore), mitochondrial fission factor (MFF; Millipore),
DRP1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), COXIV
(concentration of 1:50–500; Santa Cruz Biotechnology) at 4°C over-
night. HRP (horseradish peroxidase)-labelled GAPDH (1:4000;
Proteintech) was used as a loading control for the total cell protein.
The membrane was then washed with T-TBS to remove unbound anti-
bodies, followed by an incubation with a secondary bio-conjugated
goat anti-rabbit/mouse IgG for 1–2 hr at room temperature. The mem-
brane was then washed with T-TBS to remove unbound antibody, fol-
lowed by an incubation with a third Avidin-HRP antibody for 1–2 hr
at room temperature (HRP-labelled GAPDH did not need a secondary
or third antibody). Membranes were then washed three times for
5 min. each with T-TBS and were briefly washed with distilled water.
The membranes were immersed in the optimized 4IPBA-ECL solution

(100 mM Tris/HCl pH 8.8, 1.25 mM luminol, 2 mM 4IPBA, 5.3 mM
hydrogen peroxide) and 30% hydrogen peroxide [30]. Bound proteins
were visualized using a Canon camera (Canon USA, Inc., Melville,
NY, USA) and the camera control pro 2 software. Semi-quantitative
analyses of the bands were performed with ImageJ software (version
1.30 v; Wayne Rasband, NIH, Bethesda, Maryland, USA). To quanti-
tate hippocampal protein abundance, band densities were corrected for
variations in loading and were normalized to the corresponding band
densities for total protein signals, and the indicated total proteins were
expressed relative to GAPDH or COX IV expression. Normalized
numerical means were then expressed as relative intensities of the cor-
responding values for control (sham-operated) animals. A
mean � S.E. was calculated from the data from all of the animals for
graphical presentations and statistical comparisons.

Mitochondrial cytochrome C oxidase activity. Cytochrome C oxidase
is a part of the CCO subunit complex, which is located in the inner
membrane of the mitochondria and is the terminal electron acceptor in
the electron transfer chain; the CCO subunit complex converts
molecular oxygen to water and facilitates the synthesis of ATP. The
hippocampal CA1 regions from rats 6 days after CO poisoning were
homogenized using the aforementioned method for brain tissue
preparation. The crude mitochondrial fractions were collected by
centrifuging the homogenates at 15,000 9 g for 15 min. at 4°C. CCO
activity in the mitochondrial fractions was assessed using an activity
assay kit (ab109911; Abcam, Inc., Cambridge, MA, USA) according
to the instructions of the manufacturer. The ability of CCO to oxidize
fully reduced ferrocytochrome C to ferricytochrome C was measured
using spectrophotometry. The absorbance of oxidized ferricytochrome
C was measured as a loss of absorbance at 550 nm (Microplate
Spectrophotometer; Bio-Rad Benchmark Plus, Hercules, California,
USA) in a 96-well plate reader. The presented value was calculated by
the absorbance divided by the mitochondrial lysate protein levels.

Pro-inflammatory cytokines assay. The levels of pro-inflammatory
cytokines in each group were quantified with the indirect enzyme-
linked immunosorbent assay (ELISA) technique [31]. Briefly, rats were
killed under anaesthesia at the indicated time-points. Whole brains
were removed, and the hippocampal CA1 regions 6 days after CO
poisoning were microdissected from both sides of the hippocampal
tissue and immediately frozen in dry ice. Protein samples were
extracted as above tissue preparation method. Samples were diluted to
50 lL containing the same amount of protein using bicarbonate/
carbonate coating buffer (Sigma-Aldrich, St. Louis, MO, USA). The
dilutions were then loaded into the ELISA microplate (Corning, NY,
USA), sealed and incubated overnight at 4°C. The plate wells were
washed three times, and the remaining protein-binding sites in the
coated wells were blocked by adding 200 lL of blocking buffer (1%
BSA in PBS, 0.3% solution of H2O2) for 2 hr at room temperature.
Afterwards, 50 lL of monospecific antibodies was added and the plate
was incubated for 2 hr at 37°C. The plate wells were then washed three
times and incubated with HRP-conjugated secondary antibodies for
1 hr at room temperature, followed by another three washes. Finally,
the plate was developed by adding 3, 30, 5, 50-tetramethylbenzidine
(TMB) solution (Thermo fisher) to the wells and incubating the plate
for 30 min. at room temperature and the reaction was stopped with
50 lL of sulphuric acid. The optical density was read at 450 nm on a
spectrophotometer (Bio-Rad), and values were calculated and expressed
as percentage changes versus the control group.

Barnes maze. The Barnes maze test, which is widely used to assess
hippocampal-dependent spatial learning and memory [32,33], was
utilized as previously described [22]. The Plexiglas apparatus is a
122 cm diameter circular platform on a 1.0 m stand with 18 evenly
spaced 10-cm diameter holes around the circumference with a black
box (escape box, 20 9 15 9 12 cm) placed underneath one of the
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holes. Several visual cues were pasted to the black walls surrounded
the platform to facilitate the use of spatial cues by the rat. Testing was
performed in a darkened room with a bright flood incandescent light
(500 W, 1000 lux) shining down on the maze surface. Rats were also
exposed to noxious auditory stimuli with the use of digital metronome
software and two computer speakers facing the platform.
Prior to the first trial, animals were subjected to a habituation trial

by gently placing the rat in the middle of the platform under an opa-
que Plexiglas tube (diameter = 27 cm, height = 23 cm) and allowing
the rat to enter the escape box for 1 min before being returned to its
home cage. On day 18 after CO poisoning, 3 days of training trials
were performed. The rat was then placed in the centre of the maze,
the tube was slowly raised, and the rat was allowed 300 sec. to
locate the escape box. If the rat did not find and enter the escape box
within the time limit, it was guided to the box and allowed 15 sec.
inside before being returned to its home cage. On the subsequent
2 days, the same procedure was followed and each rat was tested in
one trial per day. The time to enter the target hole was recorded. The
probe trial was performed on day 21 after GCI. The platform and
escape box were cleaned with 70% ethanol between each test. Video
recordings were made using a FUJINON Lens, Vari-focal, 2.7–
13.5 mm (FUJIFILM Corporation, Valhalla, NY, USA). The primary
latency and the time spent in quadrants were quantified using ANY-
maze video tracking software (Stoelting Co., Wood Dale, IL, USA).

Statistical analysis. All values are presented as the means � S.E.s.
Statistical analyses included one-way or two-way analysis of variance
(ANOVA) with SigmaStat 3.0 software (SPSS, Inc., Chicago, IL, USA),
followed by Student–Newman–Keuls post hoc tests (for all pairwise
comparisons) or Dunnett’s post hoc tests (for multiple comparisons
versus a control) or Student’s t-test (for the comparison of only two
groups). A p value of <0.05 was considered to be statistically
significant.

Results

MB suppressed pro-inflammatory cytokine production post-CO
poisoning in the hippocampal CA1 region.
Because DEACMP is associated with an increased inflamma-
tory response in the early stage of CO poisoning, we exam-
ined the effect of MB on inflammation in hippocampal CA1
neurons with highly sensitive ELISA assays. The expression
of the typical pro-inflammatory factors IL-1b and TNF-a was
subsequently examined 6 days after CO poisoning. IL-1b and
TNF-a secretion was significantly higher in the CO group (the
second panel in fig. 1A,B). In contrast, after treatment with
MB dramatically suppressed the expression of IL-1b (fig. 1A)
and TNF-a (fig. 1B) to near control levels. All data were anal-
ysed and expressed as fold changes versus the sham group in
diagram forms.

MB enhanced mitochondrial oxidative phosphorylation level
and the antioxidant capacity to protect mitochondrial
function.
Cytoplasmic cytochrome C is released from the mitochondria
after mitochondrial dysfunction, and CCO activity was subse-
quently tested to evaluate mitochondrial oxidative phosphory-
lation levels. Data showed that CCO activity decreased
noticeably in the CO group (the second panel in fig. 1C);
however, MB after treatment dramatically boosted the activity
of CCO, revealing an attenuation of mitochondrial function

with MB treatment. Western blotting analysis of the represen-
tative antioxidant enzyme SOD2 6 days after CO exposure
indicated that levels of SOD2 were remarkably up-regulated
after MB treatment compared to levels in the CO group
(fig. 1D), demonstrating the enhancement of antioxidant
capacity with MB treatment, consistent with CCO.

MB suppressed hypoxia-induced mitochondrial dysfunction
after CO exposure and inhibited the apoptotic pathway.
Mitochondria are the major cellular energy source, and mito-
chondrial dysfunction, which is characterized by a series of
pathological events, including Bax-involved megaspore forma-
tion within the mitochondrial outer membrane, will directly
initiate cell apoptosis. We tested the effect of MB on these
mitochondrial dysfunction indices to investigate whether MB
could attenuate CO poisoning-induced mitochondrial abnor-
malities in the hippocampal CA1 region. We examined the
expression of Bax, an apoptosis regulator involved in the
opening of the outer mitochondrial membrane, and Bcl-2, an
anti-apoptosis protein, by Western blotting. The ratio of Bax
and Bcl-2 expression is presented in diagram form (fig. 2A–
D). Data showed that increased Bax activation and decreased
Bcl-2 expression were induced 6 days after CO exposure, and
these alterations were reversed with MB treatment, leading to
a subsequent decline in the Bax to Bcl-2 ratio. To analyse CO
poisoning-induced apoptotic cell death of hippocampal CA1
neurons, coronal brain sections were also subjected to TUNEL
staining. As shown in fig. 2E,F, in the CO group, most of the
hippocampal CA1 neurons were positive for TUNEL. How-
ever, quantitative analyses indicated that the number of
TUNEL-positive cells in the pyramidal cell layer was signifi-
cantly attenuated in the MB after treatment animals compared
with the CO animals. These data clearly indicated the ability
of MB to inhibit the intrinsic apoptotic pathway after CO
exposure.

MB attenuated hypoxic oxidative damage after CO exposure
and increased anti-oxidant capacity in the hippocampal CA1
region.
Reactive oxygen species play a critical role in neuronal damage,
so evidence of the oxidative damage of basic biological mole-
cules such as lipid peroxidation, histone peroxidation and DNA
damage induced by ROS accumulation was analysed during the
early stage of CO poisoning by fluorescent staining using anti-
HNE and anti-P-H2AX antibodies (fig. 3). Representative con-
focal images demonstrated that these oxidative markers were
elevated in the CO group compared with the sham group, and
the staining intensity for markers was attenuated by MB treat-
ment. This result suggested that MB increased the anti-oxidant
capacity in hippocampal CA1 neurons.

MB inhibited the expression of mitochondrial fission proteins
in the CA1 region at an early stage of DEACMP.
The mitochondrial targeting fission proteins dynamin-related
protein 1 (DRP1), MFF and MIEF are involved in the mito-
chondrial fission process, which facilitates mitochondrial
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fragmentation and mitophagy. We investigated the effect of
MB on the expression of these mitochondrial fission pro-
teins via Western blotting analysis and confocal imaging.
The results indicated that mitochondrial fission proteins were
remarkably elevated in the CO group compared with the
sham group, and mitochondrial fission protein expression
was significantly suppressed by MB treatment (figs 4 and
6A).

MB increased the expression of mitochondrial fusion proteins
in the hippocampal CA1 region at an early stage of
DEACMP.
Dynamin-like 120 kDa protein (OPA1) is a critical mitochon-
drial targeting fusion protein that regulates mitochondrial
fusion and cristae structure in the inner mitochondrial mem-
brane, and mitofusin 1 (MFN1) is a mediator of mitochon-
drial fusion. The expression of these proteins was
investigated by Western blotting (fig. 5) and confocal analy-
sis (fig. 6B). As shown in fig. 5A,B, MFN1 and OPA1
expression was drastically decreased in the CO group com-
pared with the sham group, and the expression of these pro-
teins was remarkably elevated in the MB group. The results
were quantified as relative intensity in diagram form with
values expressed as fold changes versus the sham group. To
further verify the former result, confocal analysis was carried
out with OPA1 fluorescent staining of hippocampal CA1 neu-
rons. Corresponding to Western blot results, confocal images
showed that the expression of fusion proteins within mito-
chondria was remarkably lower in the CO group, and signifi-
cantly elevated after MB treatment, indicating that
mitochondrial integrity was preserved by MB at an early
stage of DEACMP progression.

MB after treatment significantly decreased delayed neuronal
cell death in the rat hippocampal CA1 region induced by CO
poisoning.
We first evaluated the neuroprotective effects of MB after
treatment against delayed neuronal cell death induced by CO
poisoning. The evaluation of cresyl violet staining and NeuN
staining revealed a loss of local neurons in the hippocampal
CA1 region of the CO group compared with sham animals
(the second panel in fig. 7A,–C). As revealed via cresyl violet
staining, cells in the hippocampal CA1 pyramidal cell layer
showed unequivocal signs of condensed, pyknotic and shrun-
ken nuclei 21 days after CO exposure. In contrast, cresyl vio-
let/NeuN staining and cell quantification showed that MB
after treatment significantly increased the number of surviving
neurons in the hippocampal CA1 region following CO expo-
sure (the third panel in fig. 7A–C), in comparison with the
CO group. These results verify the novel neuroprotective
effects of MB after treatment against delayed neuronal cell
death in the hippocampal CA1 region following CO exposure.

MB after treatment significantly attenuated spatial learning
and memory deficits induced by CO poisoning.
It has been reported that ischaemic rats showed exploratory
behaviour changes and cognitive neurobehavioural deficits
[34–37]. The hippocampus plays an important role in the pro-
cessing of spatial locations, especially within the CA1 region
[38]. The Barnes maze test was used to assess hippocampal-
dependent spatial learning and memory [32,33]. To document
whether the neuroprotective effects of MB that reduced neu-
ronal cell death also led to functional improvement, we then
evaluated spatial learning and memory ability in the Barnes
maze. All animals were subjected to training trials at 18, 19

Fig. 1. Methylene blue (MB) inhibits pro-inflammatory cytokines production and enhances mitochondrial oxidative phosphorylation level, antioxi-
dant capacity. (A,B) Levels of representative pro-inflammatory cytokines interleukin-1b and TNF-a 6 days after carbon monoxide (CO) poisoning
were detected by enzyme-linked immunosorbent assay assays, and CO poisoning-induced up-regulation of these pro-inflammatory cytokines was
significantly suppressed by MB. (C) Cytoplasmic cytochrome C content is released from mitochondria after mitochondrial dysfunction, and cyto-
chrome C oxidase activity was subsequently tested to evaluate mitochondrial oxidative phosphorylation level, revealing attenuation of MB treatment
on mitochondrial function. (D) Western blotting analysis of representative antioxidant enzymes SOD2, respectively, 6 days after CO poisoning.
Consistent with (C), levels of SOD2 (mean � S.E., n = 5 animals per group) were remarkably up-regulated after MB treatment compared with the
CO group, showing apparent enhancement of MB on antioxidant capacity. Data are presented as mean � S.E., n = 5 animals per group. *p < 0.05
versus sham, #p < 0.05 versus CO.

© 2017 Nordic Association for the Publication of BCPT (former Nordic Pharmacological Society)

474 NINGJUN ZHAO ET AL.



and 20 days after CO exposure, and the probe trials were per-
formed on day 21 after CO exposure. As shown in fig. 8A,B,
the animals in the CO group took more time to find the black
escape box compared with the sham rats. MB-treated animals
showed significantly decreased escape latencies to find the
escape box during the last training trials. In the probe test on
day 21 after GCI, the animals in the CO group spent
significantly shorter times in the target quadrant zone than the
MB-treated animals and the sham animals (fig. 8C,D). For this
reason, treatment with MB has the ability to significantly
attenuate learning and memory impairment after the injury of
hippocampal CA1 neurons induced by CO poisoning.

Discussion

It is well known that CO is colourless, odourless and tasteless
and is formed by the incomplete combustion of carbon-con-
taining substances. CO passes into the bloodstream via alveoli

after being inhaled into the upper respiratory tract. CO combi-
nes with haemoglobin to immediately form carboxy-
haemoglobin (COHb); haemoglobin loses the capacity to carry
oxygen, causing tissue hypoxia and poisoning. The tantalizing
issue for clinicians is that a major fraction of acute poisoning
patients recover from the acute stage of CO intoxication, and
some patients exhibit a recurrence of neuropsychiatric symp-
toms after a latency period, defined as DEACMP. Compelling
evidence has shown that the main pathological mechanism of
DEACMP may be delayed neuronal death in the hippocampal
CA1 subfield [9]. The pathogenesis of delayed neuronal death
in the hippocampal CA1 subfield has been shown to include:
inflammation, mitochondrial oxidative stress, inhibition of
mitochondrial function, lipid peroxidation, apoptosis and adap-
tive immunological responses [10–12].
In the present study, we report that methylene blue treat-

ment initiated 1 hr after CO exposure decreased pro-inflamma-
tory cytokine levels, suppressed oxidative damage, preserved

Fig. 2. Methylene blue (MB) attenuates mitochondrial dysfunction as determined by inhibited mitochondrial megaspores formation and alleviates
neuron apoptosis 6 days after carbon monoxide (CO) poisoning. (A–D) The opening of outer mitochondrial membrane exerts to be anti-apoptotic.
Ratio of Bax to Bcl-2 was expressed in a diagram form. Values are means � S.E.M. of determinations from each group. *p < 0.05 versus sham,
#p < 0.05 versus CO. (E,F) TUNEL assay was performed by confocal analysis. Aggravated TUNEL was observed after mitochondrial dysfunction,
while reversed by MB, indicating efficacious anti-apoptosis of MB treatment at early stage of CO poisoning. Positive cell numbers per 250 lm in
each confocal picture were counted and presented. Values are means � S.E.M. of determinations from each group. (Magnification: 209; scale bar:
50 lm.). Data are presented as mean � S.E., n = 5 animals per group. *p < 0.05 versus sham, #p < 0.05 versus CO.
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Fig. 3. Methylene blue (MB) alleviates oxidative lesions to basic biological components 6 days after carbon monoxide (CO) poisoning. Representa-
tive confocal pictures of basic biological components oxidization were taken from medial CA1 region 6 days after CO poisoning. (a–c) show effect
of MB on lipid peroxidation damage marked by 4-HNE. (d–f) show remarkable attenuation of MB on CO poisoning-induced evident histone oxida-
tive damage marked by P-H2AX. Note that MB strongly decreased oxidative damage to basic biological components at the early stage of CO poi-
soning. (Magnification: 209; scale bar: 50 lm). Data are presented as mean � S.E., n = 5 animals per group.

Fig. 4. Effects of methylene blue on mitochondrial targeting fission proteins. (A–D) Western blotting analysis of mitochondrial fission proteins
Mff, MIEF as well as DRP1, which exert functions in mediating mitochondrial fission process, was performed with hippocampal CA1 proteins.
Data are presented as mean � S.E., n = 5 per group. *p < 0.05 versus sham, #p < 0.05 versus carbon monoxide.
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mitochondrial function, reduced neuronal apoptosis in the hip-
pocampus and alleviated cognitive impairments in a rat model
of severe CO poisoning. We therefore suggest that MB is neu-
roprotective against DEACMP.
During ischaemia and reperfusion, the mitochondrial elec-

tron respiratory chain is the main cellular source of free radi-
cal generation. ROS produced by hypoxic cells play a pivotal
role in brain injury. Similarly, a source of the free radicals is
produced during tissue hypoxia after CO poisoning [24]. ROS
leads to the initiation of lipid peroxidation, which in turn
causes the destruction of the cell membrane [10,23]. Cell
membrane damage can cause neuropathological effects that
contribute to the delayed development of neurological seque-
lae [11]. Moreover, the vicious cycle of neuro-inflammation

results in prolonged inflammation that exacerbates the original
injury induced by ischaemia/reperfusion after global cerebral
ischaemia [39]. Inflammation induced by CO exposure is also
critical in the delayed development of neurological sequelae
after CO poisoning [11,25]. Consistent with the results of pre-
vious studies, the current result shows that MB was effective
in the alleviation of inflammation by inhibiting the expression
of pro-inflammatory cytokines, such as IL-1b and TNF-a. The
elevated expression of typical anti-oxidant enzymes, such as
SOD2, was also detected after MB treatment via Western blot-
ting analysis.
We examined Bax and Bcl-2 expression as well as their

ratio. Our data indicated that elevated Bax activation and
decreased Bcl-2 expression were induced 6 days after CO

Fig. 5. Effects of methylene blue on mitochondrial targeting fusion proteins. (A–C) Western blotting analysis of mitochondrial fusion proteins
MFN1 and OPA1, which exert functions in mediating mitochondrial fusion process, was performed with hippocampal CA1 proteins. Data are pre-
sented as mean � S.E., n = 5 per group. *p < 0.05 versus sham, #p < 0.05 versus carbon monoxide.
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Fig. 6. Effects of methylene blue (MB) on mitochondrial targeting fission and fusion proteins. Representative confocal pictures of DRP1 and
OPA1 were taken from medial CA1 region 6 days after carbon monoxide poisoning. (a–f) show obvious inhibition effect of MB on expression of
DRP1 (mitochondrial targeting fission). (Magnification: 209; scale bar: 50 lm). (g–l) reveal obvious enhancement effect of MB on expression of
OPA1 (mitochondrial targeting fusion). (Magnification: 409; scale bar: 25 lm).
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exposure. MB treatment caused the Bax to Bcl-2 ratio to
decline. To analyse CO poisoning-induced apoptotic cell death
of hippocampal CA1 neurons, evidence of oxidative damage
to basic biological molecules such as lipid peroxidation, his-
tone peroxidation and DNA damage induced by ROS

accumulation was analysed. MB treatment alleviated oxidative
damage in hippocampal CA1 neurons. TUNEL staining
indicated that the number of TUNEL-positive cells in the
pyramidal cell layer was significantly attenuated in the MB
after treatment animals compared with the CO animals. These

A B C

Fig. 7. Neuroprotective effects of methylene blue (MB) in the hippocampal CA1 region in Adult SD rats at day 21 following carbon monoxide
(CO) poisoning. (A,B) Representative photomicrographs of hippocampal Cresyl violet and NeuN staining in sham animals and in animals who
were 21 days post-CO poisoning, either with (MB) or without MB treatment. NeuN-positive CA1 pyramidal cells showing intact and round nuclei
after CO poisoning were counted as surviving cells. (C) Quantitative summary of data (mean � S.E., n = 5 animals per group) showed the number
of surviving neurons per 250 lm length of medial CA1. (Magnification: Creyl violet = 49, 109; NeuN = 49, 209; scale bar: 50 lm.) *p < 0.05
versus sham, #p < 0.05 versus CO.

Fig. 8. Methylene blue (MB) significantly attenuated learning and memory deficits of delayed encephalopathy after acute carbon monoxide (CO)
poisoning. (A, B) The Barnes maze task was performed to test the spatial learning ability of animals. This ability was measured by the latency to
find the black escape box at day 20 after CO poisoning. (C,D) A probe test was performed at day 21 after CO poisoning by removing the escape
box and recording the total time spent exploring the quadrant where the escape box had been located. The representative tracks in the quadrant
zone are shown. Data are presented as mean � S.E., n = 5 per group. *p < 0.05 versus sham, #p < 0.05 versus CO.
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data clearly indicate the ability of MB to inhibit the intrinsic
apoptotic pathway and to attenuate CO poisoning-induced
mitochondrial abnormalities and neuronal cell death in the hip-
pocampal CA1 region.
Now that mitochondrial dysfunction has been shown to

play a key role in the delayed neurological sequelae associ-
ated with neurodegeneration [40], further studies are needed
to verify whether and how MB treatment preserves mitochon-
drial function. According to the endosymbiosis theory, mito-
chondria have been observed not to exist in a fixed position,
but are highly dynamic with constant alterations between fis-
sion and fusion statuses, which is considered to be a repre-
sentative event in many neurodegenerative disorders [41].
Fission proteins such as DRP1, MIEF and MFF regulate
mitochondrial fission, break down mitochondrial structure
and facilitate mitophagy, leading to mitochondrial fragmenta-
tion and cytochrome C release into the cytoplasm. In con-
trast, fusion proteins such as by OPA1 and MFN1 have been
implicated in mitochondrial structure preservation, regulating
mitochondrial morphology by balancing the processes of fis-
sion and fusion. The mechanism of mitochondrial structure
preservation has been widely reported to be associated with
the balance of mitochondrial fission and fusion protein
expression [42]. Mitochondrial fission, a division event that
fragments mitochondria into small particles in response to the
initiation of cellular apoptosis, is co-ordinated by DRP1.
Multiple mitochondrial localized adaptor proteins that have
been identified in mammals, such as MFF and MIEF, can
recruit DRP1 to mitochondria [43]. Based on the need for
various mitochondrial functions in specific tissues, mitochon-
dria need to change their morphology via fusion [44]. Fusion
is evolutionarily conserved from yeast to human beings and
is fundamental to eukaryotic life. The elimination of fusion
has been demonstrated to result in embryonic lethality in
mouse models [45]. Two mitochondria are needed for fusion
initiation. Once close contact is established, the fusion pro-
cess will start with outer-mitochondrial membrane (OMM)
fusion via dynamin-related OMM proteins MFN1 and MFN2,
followed by OPA1-mediated fusion. In the current study, the
fusion proteins levels were significantly elevated, while the
fission proteins were suppressed at relatively low levels by
MB treatment, consistent with previous findings. Conse-
quently, the balance of these proteins that exert wholly oppo-
site functions is crucial for mitochondrial structure integrity
and neuronal plasticity.
Mitochondrial dysfunction can be fatal to hippocampal neu-

rons that are responsible for spatial learning and memory func-
tions [41]. Deficits in cognitive functioning are a well-known
co-morbidity in DEACMP. Using the Barnes maze, our stud-
ies revealed that MB after treatment significantly attenuated
functional impairments in spatial learning and memory follow-
ing CO poisoning.

Conclusion

In conclusion, the results of the current study demonstrate that
methylene blue after treatment initiated 1 hr after CO exposure

could attenuate pro-inflammatory cytokines levels, suppress
oxidative damage, preserve mitochondrial function and reduce
neuronal apoptosis in a rat model of DEACMP. MB after
treatment has the ability to attenuate hippocampal neuronal
loss and improve some behavioural outcome with respect to
spatial learning memory of DEACMP. Therefore, MB after
treatment may have protective effects against DEACMP. How-
ever, as the precise mechanism of DEACMP remains unclear,
further study is warranted prior to progressing to the clinical
arena.
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