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Melanin concentrating hormone regulates
the JNK/ERK signaling pathway to alleviate
influenza A virus infection-induced
neuroinflammation
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Abstract
Melanin concentrating hormone (MCH) controls many brain functions, such as sleep/wake cycle and memory, and
modulates the inflammation response. Previous studies have shown that influenza A virus (IAV) infection-induced
neuroinflammation leads to central nervous damage. This study investigated the potential effects of MCH against
neuroinflammation induced by IAV infection and its mechanism. MCH (1 and 2 mg/ml) was administrated for 5
consecutive days before IAV infection. Pentobarbital-induced sleep tests, an open-field test, and a Morris water
maze were performed to measure sleep quality, spatial learning and memory ability. Neuronal loss and microglial
activation were observed with Nissl staining and immunofluorescence assay. The levels of inflammatory cytokines
and the expression of the JNK/ERK signaling pathway were examined by ELISA and western blot. IAV infection led
to poor sleep quality, impaired the ability of spatial learning and memory, caused neuronal loss and microglial
activation in mice’s hippocampus and cortex. Meanwhile the level of inflammatory cytokines increased, and the
INK/ERK signaling pathway was activated after IAV infection. MCH administration significantly alleviated IAV-induced
neuroinflammation, cognitive impairment, and sleep disorder, decreased the levels of inflammatory cytokines,
and inhibited neuronal loss and microglial activation in the hippocampus and cortex by regulating the JNK/ERK
signaling pathway. Therefore, MCH alleviated the neuroinflammation, spatial learning and memory impairment, and
sleep disorder in IAV-infected mice by regulating the JNK/ERK signaling pathway.
Highlights

+ |AV infection could cause the sleep disorder, impairment of the spatial learning and memory.

AV infection could cause the neuronal loss and activation of microglia, increase the inflammatory cytokines to

result in neuroinflammation.
«  MCH alleviated the cognitive impairment and sleep disorder in IAV-infected mice.
« MCH inhibited the neuron damage, microglia activation, and inflammatory cytokines expression, to alleviate
the neuroinflammation in IAV-infected mice.
«  MCH alleviated the neruoinflammation in IAV-infected mice by regulating the JNK/ERK signaling pathway.
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Introduction

Neuroinflammation is an immunological cascade reac-
tion in the central nervous system (CNS) and is a key
factor in the pathology of various neurological diseases,
such as vascular dementia, sleep deprivation, and neu-
rodegenerative diseases [1]. The research shows that
microglia is involved in the occurrence of neuroinflam-
mation by promoting the activation of mitogen-activated
protein kinase (MAPK), Janus kinase (JAK) /signal trans-
duction and activator of transcription (STAT), nuclear
factor kB (NF-kB), or other signaling pathways [2]. It has
been found that microglia is a main type of glial cell and
the first line of immune defense in the CNS. However,
abnormal activation of microglia can stimulate the over-
production of tumor necrosis factor (TNF) -a, interleu-
kin (IL) -1p, IL-6, and other proinflammatory factors that
cause neuronal damage, which ultimately lead to learning
and memory dysfunction [3, 4]. Neuroinflammation is a
complex and orderly process, closely related to cognitive
dysfunction and sleep disorders [5-8].

Melanin concentrating hormone (MCH) is predomi-
nantly expressed in the lateral hypothalamic area and is
pivotal in regulating energy homeostasis [9]. Recent evi-
dence has highlighted that MCH neurons play an impor-
tant role in regulating rapid eye movement, sleep, feeding
behavior, and memory [10-12]. Previous studies have
pointed out that MCH may regulate the memory process
and muscle tone during REM sleep [13]. The earlier study
has revealed that MCH mediates proinflammatory effects
in the intestine and other systems [14]. However, whether
MCH is involved in the occurrence and development of
neuroinflammation has not been found.

H7N7, as a neurotropic influenza A virus (IAV), is capa-
ble of invading and infecting neurons and adjacent glial
cells in the CNS to release proinflammatory cytokines
and chemokines, inducing neuroinflammation and long-
term impairments, accompanied by disorders in the sleep
and memory and other neurological symptoms [15, 16].
Previous studies have verified that IAV infection-induced
neuroinflammation can induce cognitive deficits, sleep
disorders, and many neurological disorders, such as men-
ingitis and neurodegenerative diseases [15, 17]. So, based
on previous studies, intranasally injection of H7N7 was
used to induce neuroinflammation in mice in this study.
The role of MCH in neuroinflammation was investigated
by detecting the spatial learning and memory, cognitive
function, sleep, inflammatory cytokines level, and activa-
tion of microglia in the brain tissues after MCH adminis-
tration, and its mechanism: whether it is related to JNK/
ERK signaling pathway were also explored.
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Materials and methods

Animals and viruses

Sixty female C57BL/6] mice (8—10 weeks) were pur-
chased from the animal experimental center of Zheng-
zhou University (SCXK (Yu) 2021-0009). Compared with
male mice, female mice were more susceptible and pro-
duced higher levels of chemokines and cytokines during
infection with influenza viruses [18]. Mice were main-
tained under specific pathogen-free conditions on a 12-h
light/dark cycle with free access to food and water.

Stocks of influenza A Virus (H7N7) was obtained from
Biobw (Beijing, China). Virus stocks were propagated by
infection of 10-d-old embryonated chicken eggs to obtain
the H7N7 virus mother liquor, and the titers of H7N7
virus were determined by standard plaque assays [15].

All experiment procedures were reviewed and
approved by the Ethics Committee of the Henan Prov-
ince People’s Hospital.

Experimental design

Sixty mice were randomly divided into five groups
(n=12): control group, mice were given saline (intra-BLA
injection) and PBS (intranasal). H7N7 group, mice were
given saline (intra-BLA injection) and H7N7 (intrana-
sal). MCH low dose+H7N7 group, mice were given 1.5 pl
MCH a dose of 1 mg/ml (intra-BLA injection) and H7N7
(intranasal). MCH high dose+H7N7 group, mice were
given 1.5 pl MCH a dose of 2 mg/ml (intra-BLA injec-
tion) and H7N7 (intranasal). MCH+H7N7+NSC95397
group, mice were given 1.5 pl MCH a dose of 2 mg/ml
and the MKP-1 inhibitor NSC95397 at a dose of 4 mg/kg
(intra-BLA injection) and H7N7 (intranasal).

The mice received intranasally infection of the H7N7
virus to establish the animal model of neuroinflamma-
tion, while the mice in the control group were intra-
nasally inoculated with sterile PBS. Before the virus
infection, 1.5 pl MCH (ChinaPeptides, Co., Ltd, China)
was administered to mice for 5 consecutive days at a dose
of 1 and 2 mg/ml into the basolateral amygdala (BLA)
respectively, as described previously [19]. To regulate
the JNK/ERK pathways, the MKP-1 inhibitor NSC95397
(HY-108543, MedChemExpress, USA) was microinjected
at a dose of 4 mg/kg into the BLA. In contrast, mice in
the H7N7 group and the control group received saline
instead.

Drug microinjection and influenza infection

Mice were anesthetized by intraperitoneal injection of
ketamine-xylazine solution (10 ml/kg) and fixed in the
stereotaxic frame. As described previously [19], the loca-
tion of bregma was determined according to the ste-
reotaxic technique, and the location of BLA (posterior
1.4 mm, lateral+3.0 mm, and depth of 4.8 mm relative
to the bregma) were determined according to the brain
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atlases. After drilling into the skull, a guide cannula
was implanted vertically into the BLA. The roxithromy-
cin ointment applied before suture and the mice were
injected with 80, 000 U of penicillin (5 mg/kg) for three
consecutive days after the operation to prevent infection.
After 7 days of recovery, mice were administered MCH
or saline (1.5 pl) in the BLA through the injection can-
nula for 5 min.

On the third day of microinjection administration, mice
were anesthetized by ketamine-xylazine solution (10 ml/
kg) and infected intranasally with 10 focus-forming units
of H7N7 virus in 20 ul sterile PBS. Control mice were
infected intranasally with 20 ul sterile PBS. Following
the influenza infection, the mice’s physical appearance
and food intake were monitored, and the body weight of
the mice was measured daily to calculate the percentage
change from the initial body.

Sleep monitoring test

After 24 h influenza infection, mice were intraperi-
toneally injected with sodium pentobarbital (30 mg/
kg, in saline) to detect the sleep condition [20]. Sleep
occurred with the righting reflex disappearance (the mice
could not be righted for more than 30 s), and awaken-
ing occurred with the righting reflex recovery. The time
of sleep latency and sleep duration were recorded with
stopwatches.

Open-field test

To investigate the exploratory or anxiety like behavior
of the mice in each group, the open-field test was per-
formed [15] at 8 d after infection. A white PVD open-field
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apparatus (40x40x40 cm) was used, and the mice were
placed along one side of the apparatus for 5 min. Total
distance traveled, and average speed were obtained from
ANY-maze behavioral tracking software (Stoelting, USA).

Morris water maze

The effect of MCH on spatial learning and memory was
assessed using the Morris water maze (ZS-001, Beijing,
China) with a circular pool (diameter, 120 cm and height
of 40 cm) at 8 d after infection, lasted 5 d. As described
previously [15, 17], a platform (8 c¢cm in diameter) was
hidden 1 cm underneath the surface of the water in the
pool (filled with water). Before the training, a visible
platform task was performed. Mice were placed on the
platform for 30 s before each test started. Then, the mice
were placed in the water to find the platforms. After the
pretraining, the platform was removed, and the mice
were allowed to swim for 30 s to assess spatial memory
for the platform location. A reversal test was performed:
the platform was moved to the opposite quadrant of the
pool. The mice were placed on the platform for 30 s and
given three trials to locate the platform in the new tar-
get quadrant. 24 h later, the mice were allowed to swim to
assess the platform. All data, including the escape latency
(time to reach the platform), path length to the platform,
swimming speed and percentage time spent in the target
quadrant, were analyzed and recorded by MT-200 image
analysis software (Taimeng, Chengdu, China).

Nissl staining
The mice were deeply anesthetized and sacrificed within
24 h of completing the behavioral test. Then, the brain
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tissues were quickly removed and fixed in 4% parafor-
maldehyde at 4°C for more than 72 h. The portion of the
brain tissue that included the whole hippocampus was
embedded in paraffin and cut into 5 um sections. After
being dewaxed with xylene, the sections were stained
with methyl violet staining solution for 10 min. The sec-
tions were differentiated with Nissl differentiation solu-
tion (Beyotime, Beijing, China) for 5 s after rinsed with
water. Finally, the sections were dehydrated, cleared, and
sealed with neutral gum. The number of Nissl+cells was
observed by an optical microscope using x 20 objective
with the same condition at a resolution of 1024x1024
pixels and the numbers of Nissl+cells were automatically
count by Image ] software: © Open the picture with Image
], ® Image>Type>8-bit, ® Image > Adjust>Threshold, ®
Process>Binary>Watershed, ® Analyze>Analyze Par-
ticles, click OK. ® The number of Nissl+cells counted
were observed directly in the Summary window.

Immunofluorescence staining

After dewaxed and rehydrated, the paraffin section was
incubated with 0.3% Triton X-100. Then, the sections
were blocked with 1% BSA for 2 h at room temperature
and incubated with primary antibody (Rabbit anti-Ibal,
1:1000, PA5-27436, Thermo Fisher, USA) overnight at
4°C. On the second day, the sections were incubated
with secondary antibody: AlexaFluor 488 anti-rabbit IgG
(1:1000, A-11008, Thermo Fisher, USA) for 2 h at room
temperature after washed with PBS. Finally, the sections
were counterstained with DAPI and sealed with an anti-
fade mounting medium. The green fluorescence was rep-
resented the Iba-1 positive cell. The fluorescence signals
were detected using a fluorescence microscope using X
20 objective with the same condition at a resolution of
10241024 pixels. The numbers of Iab-1 positive cells
in the hippocampus and cortex was calculated by Image
] software (NIH, MD, USA). Iba-1* cells were counted in
a blinded manner and the mean values were calculated
by 3 randomly selected microscopic fields from each sec-
tion. The data were expressed as the mean number of
cells per square millimeter.

Enzyme-linked immune sorbet assay (ELISA)

The mice were sacrificed by cervical dislocation within
24 h of completing the behavioral test. The hippocampus
were harvested and homogenized with RIPA lysis buffer.
After centrifugation at 4°C for 10 min at 12,000 x g, the
IL-6, IL-1PB, and TNF-a ELISA kit (SEKM-0007, SEKM-
0002, and SEKM-0034, Solarbio, Beijing, China) were
used to determine the levels of inflammatory cytokines
according to the manufacturer’s protocols. Absorbance at
450 nm was measured with a microplate reader, and the
concentration of the cytokines was calculated according
to the measured optical density and the standard curve.
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Western blot

Hippocampus were homogenized using RIPA lysis buf-
fer. After centrifugation, the protein concentration was
determined using the bicinchoninic acid (BCA) method.
40 pg proteins were separated via SDS-PAGE and trans-
ferred onto the polyvinylidene fluoride membrane. The
membranes were blocked with 5% skim milk in Tris-buft-
ered saline with Tween (TBST) for 2 h at room tempera-
ture. The primary antibodies (Cell Signaling Technology,
USA): JNK (1:1000, Cat. #67096S), phosphorylated JNK
(p-JNK) (1:1000, Cat. #4668T), ERK (1:1000, Cat.
#9102S), p-ERK (1:1000, Cat. #4377T), and MKP-1
(1:1000, Cat. #35217S) were incubated overnight at 4°C.
After washing with TBST for 3 times, the membranes
were incubated with secondary antibodies (1:2000, Cat.
#5127S) for 2 h at room temperature. Finally, the bands
were visualized via chemiluminescence, and the density
of the bands was calculated using Image ] software.

Statistical analysis

Data were analyzed and plotted by GraphPad Prism 8.0
and were presented as meantSD. Differences among
groups were analyzed via a two-way analysis of variance,
followed by Tukey’s post hoc test. P<0.05 was considered
statistically significant.

Results

MCH improved sleep disorder of IAV-infected mice

Body weight changes of mice in each group after infec-
tion with IAV were shown in Fig. 1A. Infection with IAV
resulted in body weight loss. While compared with the
H7N7 group, MCH inhibited the weight loss induced by
IAV.

Sleep latency and sleep duration of mice in each group
were shown in Fig. 1B and C. Compared with the con-
trol group, the sleep latency was prolonged, and the sleep
duration was shortened in the H7N7 group. MCH could
reduce sleep latency and increase sleep duration in IAV-
infected mice, suggesting that MCH could improve the
sleep disorders induced by IAV infection.

MCH alleviated spatial learning and memory impairment
of IAV-infected mice

The locomotor activity and exploratory behavior of mice
were tested in the open-field test (Fig. 2A and B). Com-
pared with the control group, the total distance trav-
eled was shorter, and the average speed of mice in the
H7N7 group was slower, suggesting that infection with
IAV reduced mice’s exploratory behavior and locomotor
activity. The total distance traveled was longer, and the
average speed was faster after MCH administration, indi-
cating that MCH improved the exploratory and locomo-
tor activity of IAV-infected mice to a certain extent.
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Fig. 1 Effect of MCH on the weight and sleep of IAV-infected mice. (A and B) The percent changes of body weight loss and the absolute body weights
of mice post-infection. (C) Sleep latency. (D) Sleep duration. Data were expressed as mean+ SEM, n=12 for body weight tests and sleep monitoring test.

*P<0.05, ***P<0.001

Training in the Morris water maze task was performed
to investigate the effects of MCH on spatial learning
and memory function (Fig. 2C-F). The escape latency
changed with training time, and the effect of the groups
was significant. Compared with the control group, the
swimming velocity in the H7N7 group was slower, and
the duration of escape latency and the total distance
movement of mice in the H7N7 group was longer, while
the time spent in the target quadrant was shorter, sug-
gesting that infection with IAV impaired memory and
cognitive function. MCH administration significantly
reduced the duration of escape latency to reach the plat-
form and the total distance movement, and increased
the swimming velocity and the time spent in the target
quadrant of mice, indicating that MCH alleviated the
impairment of spatial learning and memory function of
IAV-infected mice.

MCH alleviated the loss of neurons damage of IAV-infected
mice

To explore the neuroprotective effect of MCH, the mor-
phology, and number of neurons in the DG and CAl
domain of the hippocampus and cortex of mice in each
group were detected using a Nissl staining assay (Fig. 3A).
In the control group, Nissl bodies were distributed in the
DG and CA1l regions of the hippocampus and cortex.
The Nissl bodies were markedly decreased in the hippo-
campus and cortex in the H7N7 group, compared to the
control group. Following MCH administration, the Nissl
bodies were increased in the hippocampus and cortex of
MCH+H7N7 groups. The results of quantitative analy-
sis of the number of neurons are shown in Fig. 3B. Com-
pared with the control group, the number of neurons was
significantly reduced in the H/NH7 group. MCH admin-
istration inhibited the loss of neurons to a certain extent.
The results suggested that MCH effectively alleviated the
loss of neurons induced by IAV infection.
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MCH inhibited the activation of microglia

One of the typical features of neuroinflammation is the
abnormal activation of glial cells. As a main type of glial
cell, microglia plays an important role in the occurrence
and development of neuroinflammation [21]. Ibal par-
ticipates in morphological changes associated with acti-
vated microglia/macrophages state and is widely used as
a marker for microglia/macrophages in the brain tissues.
And the activation of microglia (Iba-1%) may lead to the
overproduction of proinflammatory mediators, which
could induce neuroinflammationc [22, 23]. Iba-1 stain-
ing was performed to investigate the effect of MCH on
microglial activation status in the hippocampus and cor-
tex (Fig. 4). Compared with the control group, the num-
bers of Iba-1* cells were increased in the H7NH group,
suggesting that infection with IAV induced microglial
activation, resulting in neuroinflammation in mice. And
the Iba-1" cells were decreased after MCH administra-
tion, indicating that MCH could inhibit the activation of
microglia induced by IAV infection.

MCH suppressed the level of inflammatory cytokines in
IAV-infected mice

Activation of microglia triggers the release of various
inflammatory markers, such as IL-1p and TNF-a, under
the pathological state [24]. The concentration of IL-1p
and TNF-a in the brain tissues was measured by ELISA
to explore the effect of MCH on neuroinflammation.
As shown in Fig. 5A, the levels of IL-1p and TNF-a in
the hippocampus of the H7N7 group were significantly
increased. The effect was significantly suppressed by pre-
treatment with the MCH. These results indicated that the
MCH inhibited the levels of inflammatory cytokines to
alleviate the neuroinflammation.

MCH inhibited the activation of the JNK/ERK signaling
pathway

The effect of MCH on the JNK/ERK signaling pathway
was examined by western blot (Fig. 5B-D). The results
indicated that the ratio of p-JNK/JNK and p-ERK/
ERK were strikingly increased in the H7N7 group com-
pared to the control group. Whereas MCH administra-
tion decreased the p-JNK/JNK and p-ERK/ERK ratios,
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indicating that MCH markedly inhibited the activation of
the INK/ERK pathway in the IAV-infected mice.

MCH alleviated the neuroinflammation in IAV-infected
mice by inhibiting the JNK/ERK pathway

To further explore the mechanism underlying the effect
of MCH on JNK/ERK dephosphorylation, the MKP-1
inhibitor NSC95397 was administrated to the IAV-
infected mice treated with MCH to promote JNK/
ERK phosphorylation. The decrease in p-JNK/JNK and
p-ERK/ERK ratios and the increase in MKP-1 expression

in IAV-infected mice treated with MCH were inhibited
by NSC95397 (Fig. 6A). As shown in Fig. 6B-F, NSC95397
significantly reversed the effect of MCH on cognitive
impairment, sleep, expression of inflammatory cytokines,
loss of neurons, and microglia activation in IAV-infected
mice, suggesting that NSC95397 markedly attenuated
the neuroprotective effect of MCH in IAV-infected mice.
These results indicated that MCH could alleviate the neu-
roinflammation induced by IAV infection and improve
cognitive impairment and sleep disorders by inhibiting
the activation of JNK/ERK signaling pathway.
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Fig. 4 Effect of MCH on microglia activation in the hippocampus and cortex of IAV-infected mice. (A) Representative immunofluorescence staining in
the hippocampus and cortex of IAV-infected mice Magnification: 200x, bar =50 um, MCH-L, MCH low dose +H7N7, MCH-H, MCH high dose + H7N7. (B-
C) The numbers of Iba-17 cells in the hippocampus and cortex. Data were expressed as mean=SEM, n=6, 5 slices for each mouse. *P<0.05, **P<0.01,

***P<0.001

Discussion

The present study revealed that MCH effectively relieved
the neuroinflammation induced by IAV infection,
improved cognitive impairment and sleep disorders,
inhibited the neruonal loss and microglial activation,
down-regulated the expression of inflammatory cyto-
kines, and the mechanism might be related to MCH
inhibition of the phosphorylation process of the JNK/
ERK signaling pathway. This study was among the first
to demonstrate the alleviation effect of MCH on IAV-
induced neuroinflammation involving in the regulation
of the JNK/ERK signaling pathway.

Infection with neurotropic IAV strains can enter the
CNS through the blood-brain barrier and subsequently
lead to neuronal cell damage or death induced by neu-
roinflammation through the activation of microglia and
the alteration of inflammatory cytokines expression [17,
25]. When IAV infection triggers neuroinflammation,
the inflammatory cytokines can impair hippocampal
long-term potentiation, impairing spatial learning and
cognitive [15]. Notably, abnormal activation of glial cells

(astrocytes and microglia) could mediate neuroinflam-
mation. In turn, the physiological function of glial cell,
which modulates sleep, is influenced by neuroinflamma-
tion [21, 26]. In the present study, it was found that mice
had shown spatial learning and memory impairment and
sleep disorders, and the activated microglia and the level
of inflammatory cytokines increased in the hippocampus
after H7N7 infection, suggesting that infection with IAV
induced spatial learning and memory impairment, sleep
disorder, and neuroinflammation of the mice.

MCH controls many brain functions in mammals,
such as food intake, metabolism, stress response, anxi-
ety, sleep/wake cycle, and memory [27, 28]. For example,
MCH could regulate anxiety-like behavior and intes-
tinal dysfunction by regulating intestinal permeability
and inflammation in chronic acute combining stress-
stimulated mice [19]. Substantive experimental data
suggested that the MCH played a role in the pathophysi-
ology of depression, in addition, in the control of REM
sleep [29]. A study reported that MCH might have neu-
roprotective effects via downstream pathways associated
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with enhancing neuronal synapses to improve memory
impairment in the therapy of neurodegenerative diseases
[30]. The preliminary study found that the serum MCH
was significantly reduced in patients with cerebral isch-
emic stroke and was closely related to sleep disorders and
memory dysfunction [31]. In early Alzheimer’s disease,
impaired MCH-system function contributed to aberrant
excitatory drive and sleep defects, which could compro-
mise hippocampus-dependent function [32]. Besides,
MCH also mediated the modulation of inflammation
[33]. However, there was no report on the role of MCH
in IAV infection-induced neuroinflammation yet. In this
study, we demonstrated that exogenous MCH alleviated
the impairments in spatial learning and memory, and
sleep disorders in IAV-infected mice, consistent with the
literature. Moreover, the MCH also decreased inflamma-
tory cytokine levels and inhibited microglia’s over-activa-
tion in brain tissues to alleviate neuroinflammation.

It is generally accepted that as the members of MAPKs,
c-Jun N-terminal kinase (JNK) and extracellular signal-
regulated protein kinase (ERK) play a crucial role in
neuroinflammatory [34, 35]. In vivo and in vitro stud-
ies demonstrated that LPS initiated an inflammatory
reaction by activating the MAPK family, including JNK,
ERK1/2, and p38 [36, 37]. The Japanese encephalitis
virus could induce neuroinflammation in cell and animal
experiments through the proven downstream MAPK,
ERK, and JNK pathways [38]. In our study, the phos-
phorylation levels of JNK and ERK in the IAV-infected
mice were significantly increased, suggesting that IAV
infection-induced neuroinflammation was related to
the activation of the JNK/ERK signaling pathway. Exog-
enous MCH dramatically inhibited the activation of the
JNK/ERK signaling pathway in the IAV-infected mice.
Meanwhile, NSC95397, inhibitor of mitogen-activated
protein kinase phosphatase-1 (MKP-1), reversed the
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MCH-elicited changes in p-JNK/JNK, p-ERK/ERK, IL-6
and TNF-« levels, and cognitive impairment, sleep dis-
orders, neuronal damage and microglia activation in
IAV-infected mice, indicating that JNK/ERK signaling
pathway was involved in the effect of MCH on neuroin-
flammation. For the first time, our study demonstrated
that MCH alleviated neuroinflammation induced by IAV
infection, improved cognitive and sleep disorders, and
inhibitd the phosphorylation of the JNK/ERK signal-
ing pathway. The results may add to our understanding
of how MCH exerts its neuroprotective effects on brain
functions, including cognitive and sleep/wake cycles. In
addition, Studies showed that the MCH played a criti-
cal role in the development of Meth-induced locomotor
sensitization in rats by inhibiting the phosphorylation
of ERK [39]. On the contrary, MCH-treated rats had
increased hepatic triglyceride storage along with specific
up-regulating of activity of JNK1 [40]. So, we speculated
that the effect of MCH on JNK/ERK phosphorylation
might depend on tissue type and inflammatory environ-
ment, which should be addressed in further study.

Nevertheless, the study possesses certain limitations.
Firstly, the experiments were only conducted in the
female mice, further studies are needed to determine
whether MCH was able to exert the same effect in H7N7-
infected male mice. Secondly, the physiological levels of
MCH and the correlation between MCH expression and
inflammation, sleep, and memory in influenza patients
was not assessed. More and more clinical evidence
should be collected to address the effect of IAV on the
level of MCH and the correlation among them. Then, the
effect of MCH on the function of other brain regions, and
the side effects of MCH still need to be in-depth discus-
sion. And the effect of MCH on microglia had yet to be
verified in the in-vitro cell culture experiments. Finally,
how to increase MCH levels in the human brain during
IAV infection was unsolved. There was still a long way
to go regarding the clinical application of MCH in the
treatment of neuroinflammation. In addition, there was
a evidence showed that exogenous MCH microinjected
into the BLA induced anxiety-like behaviors in mice [19].
However, the anxiety-like behavior of mice had not been
evaluated in this study, so it was unknown whether neu-
roinflammation induced by IAV was associated with anx-
iety-like behavior in mice. And there was not designed
two additional control groups of mice injected with low
or high dose of MCH to evaluate the effect of MCH on
the anxiety-like behaviors in mice in this study, which
was also one of the limitations of the study.

Conclusion

MCH alleviated neuroinflammation and improved spa-
tial learning and memory impairment and sleep disorder
in IAV-infected mice. The mechanism, at least in part, by
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inhibiting the JNK/ERK signaling pathway. The findings
provided a basis for the use of MCH in neuroinflamma-
tion-related diseases.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-024-03251-z.

[ Supplementary Material 1 J

Author contributions

QZ designed the experiments, performed the experiments, and wrote the
manuscript. XL and QM performed the experiments, finished the data analysis,
and wrote the manuscript. QZ and JZ interpreted the results wrote and
revised the manuscript. All authors reviewed the manuscript.

Funding

This work was supported by the Medical Science and Technology Research
Key Project of Henan Province (No.SBGJ202102032); the Scientific and
Technological Project of Henan Science and Technology Department
(222102310179).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval

All experiment procedures were conducted in accordance with the “Guiding
Principles in the Care and Use of Animals” (China) and were approved by the
Laboratory Animal Ethics Committee of the Henan Province People’s Hospital.

Competing interests
The authors declare no competing interests.

Author details

'Neurology Department, Henan Provincial People’s Hospital, Zhengzhou
University People’s Hospital, Henan University People’s Hospital, No.7
Weiwu Road, Zhengzhou, Henan Province 450003, China

Received: 17 February 2024 / Accepted: 30 September 2024
Published online: 10 October 2024

References

1. ZhaoY, Zhang J, Zheng Y, Zhang Y, Zhang XJ, Wang H, et al. NAD(+) improves
cognitive function and reduces neuroinflammation by ameliorating
mitochondrial damage and decreasing ROS production in chronic cerebral
hypoperfusion models through Sirt1/PGC-1 pathway. J J Neuroinflammation.
2021;18:207. https://doi.org/10.1186/512974-021-02250-8.

2. HuY, Zeng C. Research progress of neuroinflammatory signal pathways
related to microglia activation. J Med Recapitulate. 2021,27:4005-10. https://
doi.org/10.3969/j.issn.1006-2084.2021.20.009.

3. ChenZ Zhong D, Li G. The role of microglia in viral encephalitis: a review. J J
Neuroinflammation. 2019;16:76. https://doi.org/10.1186/512974-019-1443-2.

4. Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al. Syn-
aptic pruning by microglia is necessary for normal brain development. J Sci.
2011;333:1456-8. https://doi.org/10.1126/science.1202529.

5. Lyman M, Lloyd DG, Ji X, Vizcaychipi MP, Ma D. Neuroinflammation: the role
and consequences. J Neurosci Res. 2014;79:1-12. https://doi.org/10.1016/j.
neures.2013.10.004.

6. Chennaoui M, Gomez-Merino D, Drogou C, Geoffroy H, Dispersyn G,
Langrume C, et al. Effects of exercise on brain and peripheral inflammatory
biomarkers induced by total sleep deprivation in rats. J J Inflamm (Lond).
2015;12:56. https://doi.org/10.1186/512950-015-0102-3.

7. Bellesi M, de Vivo L, Chini M, Gilli F, Tononi G, Cirelli C. Sleep loss pro-
motes astrocytic phagocytosis and microglial activation in mouse


https://doi.org/10.1186/s12974-024-03251-z
https://doi.org/10.1186/s12974-024-03251-z
https://doi.org/10.1186/s12974-021-02250-8
https://doi.org/10.3969/j.issn.1006-2084.2021.20.009
https://doi.org/10.3969/j.issn.1006-2084.2021.20.009
https://doi.org/10.1186/s12974-019-1443-2
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.neures.2013.10.004
https://doi.org/10.1016/j.neures.2013.10.004
https://doi.org/10.1186/s12950-015-0102-3

Zhang et al. Journal of Neuroinflammation

20.

21

22.

23.

24,

25,

(2024) 21:259

cerebral cortex. J J Neurosci. 2017;37:5263-73. https://doi.org/10.1523/
JNEUROSCI.3981-16.2017.

Xue R, WanY, Sun X, Zhang X, Gao W, Wu W. Nicotinic mitigation of neuro-
inflammation and oxidative stress after chronic sleep deprivation. J Front
Immunol. 2019;10:2546. https://doi.org/10.3389/fimmu.2019.02546.

Ferreira JGP, Bittencourt JC, Adamantidis A. Melanin-concentrating hormone
and sleep. J Curr Opin Neurobiol. 2017;44:152-8. https://doi.org/10.1016/j.
conb.2017.04.008.

Dilsiz P, Aklan |, Sayar Atasoy N, Yavuz Y, Filiz G, Koksalar F, et al. MCH neuron
activity is sufficient for reward and reinforces feeding. J Neuroendocrinol.
2020;110:258-70. https://doi.org/10.1159/000501234.

Concetti C, Bracey EF, Peleg-Raibstein D, Burdakov D. Control of fear extinc-
tion by hypothalamic melanin-concentrating hormone-expressing neurons.
JProc Natl Acad Sci U S A. 2020;117:22514-21. https://doi.org/10.1073/
pnas.2007993117.

Blanco-Centurion C, Luo S, Spergel DJ, Vidal-Ortiz A, Oprisan SA, Van den Pol
AN, et al. Dynamic network activation of hypothalamic MCH neurons in REM
sleep and exploratory behavior. J J Neurosci. 2019;39:4986-98. https://doi.
0rg/10.1523/JNEUROSCI.0305-19.2019.

Izawa S, Chowdhury S, Miyazaki T, Mukai Y, Ono D, Inoue R, et al. REM sleep-
active MCH neurons are involved in forgetting hippocampus-dependent
memories. J Sci. 2019;365:1308-13. https://doi.org/10.1126/science.aax9238.
Kokkotou E, Moss AC, Torres D, Karagiannides |, Cheifetz A, Liu S, et al.
Melanin-concentrating hormone as a mediator of intestinal inflamma-
tion. J Proc Natl Acad Sci U S A. 2008;105:10613-8. https.//doi.org/10.1073/
pnas.0804536105.

Hosseini S, Wilk E, Michaelsen-Preusse K, Gerhauser |, Baumgartner W, Geffers
R, et al. Long-term neuroinflammation induced by influenza a virus infection
and the impact on hippocampal neuron morphology and function. J J Neu-
rosci. 2018;38:3060-80. https://doi.org/10.1523/JNEUROSCI.1740-17.2018.
Ludlow M, Kortekaas J, Herden C, Hoffmann B, Tappe D, Trebst C, et al. Neuro-
tropic virus infections as the cause of immediate and delayed neuropathol-
ogy. J Acta Neuropathol. 2016;131. https://doi.org/10.1007/500401-015-1511-
3.159-84.

Jurgens HA, Amancherla K, Johnson RW. Influenza infection induces neuroin-
flammation, alters hippocampal neuron morphology, and impairs cognition
in adult mice. J J Neurosci. 2012;32:3958-68. https://doi.org/10.1523/
JNEUROSCI.6389-11.2012.

Geurs TL, Hill EB, Lippold DM, French AR. Sex differences in murine suscep-
tibility to systemic viral infections. J J Autoimmun. 2012;38:J245-53. https://
doiorg/10.1016/jjaut.2011.12.003.

He X, LiY, Zhang N, Huang J, Ming X, Guo R, et al. Melanin-concentrating
hormone promotes anxiety and intestinal dysfunction via basolateral amyg-
dala in mice. J Front Pharmacol. 2022;13:906057. https://doi.org/10.3389/
fphar.2022.906057.

Hamedi S, Forouzanfar F, Rakhshandeh H, Arian A. Hypnotic effect of por-
tulaca oleracea on pentobarbital-induced sleep in mice. J Curr Drug Discov
Technol. 2019;16:198-203. https://doi.org/10.2174/1570163815666 18030814
2543.

Garofalo S, Picard K, Limatola C, Nadjar A, Pascual O, Tremblay ME. Role

of glia in the regulation of sleep in health and disease. J Compr Physiol.
2020;10:687-712. https://doi.org/10.1002/cphy.c190022.

Yang J, Wang T, Jin X, Wang G, Zhao F, Jin Y. Roles of crosstalk between astro-
cytes and Microglia in triggering neuroinflammation and brain edema forma-
tion in 1,2-Dichloroethane-intoxicated mice. Cells. 2021;10:2647. https://doi.
0rg/10.3390/cells10102647.

Wang P, Chen C, Shan M. Vincamine alleviates brain injury by attenuating
neuroinflammation and oxidative damage in a mouse model of Parkinson’s
disease through the NF-kB and Nrf2/HO-1 signaling pathways. J Biochem
Mol Toxicol. 2024;38:€23714. https://doi.org/10.1002/jbt.23714.

Rauf A, Badoni H, Abu-Izneid T, Olatunde A, Rahman MM, Painuli S, et al.
Neuroinflammatory markers: key indicators in the pathology of neurode-
generative diseases. J Molecules. 2022,27:3194. https://doi.org/10.3390/
molecules27103194.

Jang H, Boltz D, McClaren J, Pani AK, Smeyne M, Korff A, et al. Inflamma-

tory effects of highly pathogenic H5N1 influenza virus infection in the

CNS of mice. J J Neurosci. 2012;32:1545-59. https://doi.org/10.1523/
JNEUROSCI5123-11.2012.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 12

Singh D. Astrocytic and microglial cells as the modulators of neuroinflamma-
tion in Alzheimer’s disease. J J Neuroinflammation. 2022;19:206. https://doi.
0rg/10.1186/512974-022-02565-0.

Conductier G, Martin AQ, Risold PY, Jego S, Lavoie R, Lafont C, et al. Control of
ventricular ciliary beating by the melanin concentrating hormone-expressing
neurons of the lateral hypothalamus: a functional imaging survey. J Front
Endocrinol (Lausanne). 2013;4:182. https://doi.org/10.3389/fendo.2013.00182.
Bittencourt JC. Anatomical organization of the melanin-concentrating
hormone peptide family in the mammalian brain, J. Gen Comp Endocrinol.
172(2011) 185-97. https://doi.org/10.1016/j.ygcen.2011.03.028

Torterolo P, Scorza C, Lagos P, Urbanavicius J, Benedetto L, Pascovich C, et al.
Melanin-concentrating hormone (MCH): role in REM sleep and depression. J
Front Neurosci. 2015;9:475. https://doi.org/10.3389/fnins.2015.00475.

Park JY, Kim SN, Yoo J, Jang J, Lee A, Oh JY, et al. Novel neuroprotective effects
of melanin-concentrating hormone in Parkinson'’s disease. J Mol Neurobiol.
2017;54:7706-21. https://doi.org/10.1007/512035-016-0258-8.

Zhang Q, Liu X, Qin W, Bai YY, Zhang JW. Correlations of melanin concentra-
tion hormone with sleep disorder, memory dysfunction and prognoses after
cerebral ischemic stroke. J Chin J Neuromedicine. 2022;21:1232-7. https://
doi.org/10.3760/cma,j.cn115354-20220728-00528.

Calafate S, Ozturan G, Thrupp N, Vanderlinden J, Santa-Marinha L, Morais-
Ribeiro R, et al. Early alterations in the MCH system link aberrant neuronal
activity and sleep disturbances in a mouse model of Alzheimer's disease. J
Nat Neurosci. 2023;26:1021-31. https://doi.org/10.1038/541593-023-01325-4.
Ziogas DC, Gras-Miralles B, Mustafa S, Geiger BM, Najarian RM, Nagel JM,

et al. Anti-melanin-concentrating hormone treatment attenuates chronic
experimental colitis and fibrosis. J Am J Physiol Gastrointest Liver Physiol.
2013;304:G876-84. https://doi.org/10.1152/ajpgi.00305.2012.

ZhuH, Zhang L, Jia H, Xu L, CaoY, Zhai M, et al. Tetrahydrocurcumin improves
lipopolysaccharide-induced myocardial dysfunction by inhibiting oxidative
stress and inflammation via JNK/ERK signaling pathway regulation. J Phyto-
medicine. 2022;104:154283. https://doi.org/10.1016/j.phymed.2022.154283.
Chen S, Zhao L, Sherchan P, Ding Y, Yu J, Nowrangi D, et al. Activation of mela-
nocortin receptor 4 with RO27-3225 attenuates neuroinflammation through
AMPK/INK/p38 MAPK pathway after intracerebral hemorrhage in mice. J J
Neuroinflammation. 2018;15:106. https://doi.org/10.1186/512974-018-1140-6.
Zhao H, Cheng L, LiuY, Zhang W, Maharjan S, Cui Z, et al. Mechanisms of
anti-inflammatory property of conserved dopamine neurotrophic factor:
inhibition of JNK signaling in lipopolysaccharide-induced microglia. J J Mol
Neurosci. 2014;52:186-92. https://doi.org/10.1007/512031-013-0120-7.

Lee KM, Bang JH, Han JS, Kim BY, Lee IS, Kang HW, et al. Cardiotonic pill
attenuates white matter and hippocampal damage via inhibiting microglial
activation and downregulating ERK and p38 MAPK signaling in chronic cere-
bral hypoperfused rat. J BMC Complement Altern Med. 2013;13:334. https//
doi.org/10.1186/1472-6882-13-334.

Chen Z,Zhao Z, Liu Y, Imran M, Rao J, Cai N, et al. Nucleotide-binding oligo-
merization domain 1 (NOD1) positively regulates neuroinflammation during
Japanese rcephalitis virus infection. Microbiol Spectr. 2022;10:¢0258321.
https://doi.org/10.1128/spectrum.02583-21.

Sun LL, Zhang Y, Liu JF, Wang J, Zhu WL, Zhao LY, et al. Role of melanin-
concentrating hormone in the nucleus accumbens shell in rats behav-
jourally sensitized to methamphetamine. J Int J Neuropsychopharmacol.
2013;16:1767-80. https://doi.org/10.1017/51461145713000072.

Imbernon M, Beiroa D, Vazquez MJ, Morgan DA, Veyrat-Durebex C, Porteiro B,
et al. Central melanin-concentrating hormone influences liver and adipose
metabolism via specific hypothalamic nuclei and efferent autonomic/

INKT pathways. J Gastroenterol. 2013;144:636-49. https://doi.org/10.1053/j.
gastro.2012.10.051.

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


https://doi.org/10.1523/JNEUROSCI.3981-16.2017
https://doi.org/10.1523/JNEUROSCI.3981-16.2017
https://doi.org/10.3389/fimmu.2019.02546
https://doi.org/10.1016/j.conb.2017.04.008
https://doi.org/10.1016/j.conb.2017.04.008
https://doi.org/10.1159/000501234
https://doi.org/10.1073/pnas.2007993117
https://doi.org/10.1073/pnas.2007993117
https://doi.org/10.1523/JNEUROSCI.0305-19.2019
https://doi.org/10.1523/JNEUROSCI.0305-19.2019
https://doi.org/10.1126/science.aax9238
https://doi.org/10.1073/pnas.0804536105
https://doi.org/10.1073/pnas.0804536105
https://doi.org/10.1523/JNEUROSCI.1740-17.2018
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.1523/JNEUROSCI.6389-11.2012
https://doi.org/10.1523/JNEUROSCI.6389-11.2012
https://doi.org/10.1016/j.jaut.2011.12.003
https://doi.org/10.1016/j.jaut.2011.12.003
https://doi.org/10.3389/fphar.2022.906057
https://doi.org/10.3389/fphar.2022.906057
https://doi.org/10.2174/1570163815666180308142543
https://doi.org/10.2174/1570163815666180308142543
https://doi.org/10.1002/cphy.c190022
https://doi.org/10.3390/cells10102647
https://doi.org/10.3390/cells10102647
https://doi.org/10.1002/jbt.23714
https://doi.org/10.3390/molecules27103194
https://doi.org/10.3390/molecules27103194
https://doi.org/10.1523/JNEUROSCI.5123-11.2012
https://doi.org/10.1523/JNEUROSCI.5123-11.2012
https://doi.org/10.1186/s12974-022-02565-0
https://doi.org/10.1186/s12974-022-02565-0
https://doi.org/10.3389/fendo.2013.00182
https://doi.org/10.1016/j.ygcen.2011.03.028
https://doi.org/10.3389/fnins.2015.00475
https://doi.org/10.1007/s12035-016-0258-8
https://doi.org/10.3760/cma.j.cn115354-20220728-00528
https://doi.org/10.3760/cma.j.cn115354-20220728-00528
https://doi.org/10.1038/s41593-023-01325-4
https://doi.org/10.1152/ajpgi.00305.2012
https://doi.org/10.1016/j.phymed.2022.154283
https://doi.org/10.1186/s12974-018-1140-6
https://doi.org/10.1007/s12031-013-0120-7
https://doi.org/10.1186/1472-6882-13-334
https://doi.org/10.1186/1472-6882-13-334
https://doi.org/10.1128/spectrum.02583-21
https://doi.org/10.1017/S1461145713000072
https://doi.org/10.1053/j.gastro.2012.10.051
https://doi.org/10.1053/j.gastro.2012.10.051

	﻿Melanin concentrating hormone regulates the JNK/ERK signaling pathway to alleviate influenza A virus infection-induced neuroinflammation
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Materials and methods
	﻿Animals and viruses
	﻿Experimental design
	﻿Drug microinjection and influenza infection
	﻿Sleep monitoring test
	﻿Open-field test
	﻿Morris water maze
	﻿Nissl staining
	﻿Immunofluorescence staining
	﻿Enzyme-linked immune sorbet assay (ELISA)
	﻿Western blot
	﻿Statistical analysis

	﻿Results
	﻿MCH improved sleep disorder of IAV-infected mice
	﻿MCH alleviated spatial learning and memory impairment of IAV-infected mice
	﻿MCH alleviated the loss of neurons damage of IAV-infected mice
	﻿MCH inhibited the activation of microglia
	﻿MCH suppressed the level of inflammatory cytokines in IAV-infected mice
	﻿MCH inhibited the activation of the JNK/ERK signaling pathway
	﻿MCH alleviated the neuroinflammation in IAV-infected mice by inhibiting the JNK/ERK pathway

	﻿Discussion
	﻿Conclusion
	﻿References


