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Abstract

Background Infection with Angiostrongylus cantonensis (AC) in humans or mice can lead to severe eosinophilic
meningitis or encephalitis, resulting in various neurological impairments. Developing effective neuroprotective drugs
to improve the quality of life in affected individuals is critical.

Methods We conducted a Gene Ontology enrichment analysis on microarray gene expression (GSE159486)

in the brains of AC-infected mice. The expression levels of melanin-concentrating hormone (MCH) were confirmed
through real-time quantitative PCR (RT-gPCR) and immunofluorescence. Metabolic parameters were assessed using
indirect calorimetry, and mice’s energy metabolism was evaluated via pathological hematoxylin and eosin (H&E)
staining, serum biochemical assays, and immunohistochemistry. Behavioral tests assessed cognitive and motor func-
tions. Western blotting was used to measure the expression of synapse-related proteins. Mice were supplemented
with MCH via nasal administration.

Results Postinfection, a marked decrease in Pmch expression and the encoded MCH was observed. Infected mice
exhibited significant weight loss, extensive consumption of sugar and white fat tissue, reduced movement distance,
and decreased speed, compared with the control group. Notably, nasal administration of MCH countered the energy
imbalance and dyskinesia caused by AC infection, enhancing survival rates. MCH treatment also increased the expres-
sion level of postsynaptic density protein 95 (PSD95) and microtubule-associated protein-2 (MAP2), as well as upregu-
lated transcription level of B cell leukemia/lymphoma 2 (Bcl2) in the cortex.

Conclusions Our findings suggest that MCH improves dyskinesia by reducing loss of synaptic proteins, indicating its
potential as a therapeutic agent for AC infection.
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Background

Angiostrongylus cantonensis (AC), also known as rat
lungworm, was first described by Chinese professor
Hsin-Tao Chen in 1935 [1]. Rats are its primary hosts,
while humans and mice are incidental hosts. AC infec-
tion typically occurs through the consumption of raw
or undercooked snails, slugs, or contaminated food
harboring infective larvae. In humans and mice, AC
invasion into the brain can cause severe eosinophilic
meningitis/encephalitis, characterized by increased
eosinophils in the brain lining and symptoms such as
headaches, neck stiffness, fever, nausea, vomiting, loss
of appetite, and neurological manifestations such as
coma, seizures, persistent sensory abnormalities, limb
weakness, and even paralysis [2—4]. Untreated, this
can result in long-term neurological damage. The main
treatment for AC infection combines anthelmintic
drugs and corticosteroids [5]; however, anthelmintics
do not alleviate headaches [6, 7] and high-dose corti-
costeroids can have adverse effects [8]. Therefore, elu-
cidating the pathogenic mechanisms of AC-induced
neurofunctional damage and identifying effective neu-
roprotective drugs is crucial for improving patient
prognosis.

In our previous studies, we discovered a significant link
between neurofunctional impairment in AC-infected
mice and the apoptosis and necrosis of astrocytes, neu-
rons, and microglial cells in brain tissues [9, 10]. Analy-
sis of brain gene expression microarrays from infected
and control mice showed a notable upregulation of
key chemokines, interleukins, and tumor necrosis fac-
tors post infection, with C—C motif chemokine ligand 8
(Ccl8) and chitinase-like 3 (Chi3/3) playing crucial roles
in eosinophil recruitment and infiltration [11, 12]. The
significant downregulation of pro-MCH (Pmch), Oxy-
tocin (O«t), and cocaine- and amphetamine-regulated
transcript protein (Cartpt) post infection, all encoding
neuropeptides, also garnered our attention. The roles of
these neuropeptides in the progression of AC infection
and the mechanisms through which AC suppresses their
transcription levels remain largely unreported.

Melanin-concentrating hormone (MCH), a neu-
ropeptide produced in hypothalamic neurons and
encoded by the Pmch gene [13, 14], is pivotal in regu-
lating various physiological functions. MCH neurons,
projecting throughout the brain [15], are instrumental
in managing processes including feeding, sleep, emo-
tion, cognition, and movement. MCH operates primar-
ily through melanin-concentrating hormone receptors
1 and 2 (MCHR1 and MCHR2), with MCHR1 being
the sole receptor expressed in rodents [16]. Research
in recent decades has extensively explored the role of
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MCH in regulating appetite, sleep, and energy expendi-
ture [17, 18], spurring studies into MCHR1 as a poten-
tial target for obesity therapies [19, 20].

Recent discoveries indicate a significant association
between MCH system abnormalities and certain central
nervous system disorders, including Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), infectious enceph-
alitis, and amyotrophic lateral sclerosis [21-24]. MCH
administration in animal models is primarily conducted
through intracerebroventricular injection and intrana-
sal delivery, with the latter being a noninvasive route
that circumvents the blood-brain barrier, enabling
direct drug delivery from the nasal cavity to the brain.
Postintranasal administration of MCH-Fluorescein
Isothiocyanate (FITC) green fluorescence is observ-
able in various brain regions, such as the olfactory bulb,
frontal cortex, thalamus, hippocampus, and amygdala
[25]. In AD mouse models induced by scopolamine
and amyloid B-protein (Af), acute intranasal adminis-
tration of MCH has shown to enhance memory reten-
tion, with long-term administration reducing soluble
AP in the cortex of APP/PS1 double transgenic mice
[26]. Additionally, MCH augments the phosphorylation
of key proteins such as cAMP-response element bind-
ing protein (CREB), mitogen-activated protein kinase
(MAPK), and glycogen synthase kinase-3p (GSK3p) in
cortical and hippocampal tissues. Moreover, MCH has
demonstrated analgesic effects in models of inflamma-
tory and neuropathic pain, with its intranasal injection
raising mechanical and thermal pain thresholds. These
effects are reversible by naloxone and AM251, indicat-
ing the involvement of opioid and cannabinoid systems
[27].

In consideration of preliminary findings indicat-
ing MCH anomalies during AC infection and given its
observed roles in energy balance, neuroprotection, and
analgesia in other models, this study aims to elucidate
the role of MCH in AC infection development, under-
stand the underlying mechanisms of its neuroprotec-
tive functions, and assess its potential as an adjunct
therapeutic agent.

Methods

Animals and experimental design

Female BALB/c mice, aged 6-8 weeks and weighing
18-20 g, were obtained from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. The mice were
housed in a specific pathogen-free environment with
controlled temperature, humidity, and a 12 h light/
dark cycle. They had free access to sterilized water and
standard diet. The experimental group details are pre-
sented in Additional file 1: Fig. S1.
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Infection with AC larvae

Third-stage larvae of Biomphalaria glabrata, main-
tained in our laboratory, were harvested following the
protocol of a prior study [9]. Larvae counting was per-
formed under a stereomicroscope (SZ650, Cnoptec).
Each mouse in the infection group was orally adminis-
tered 30 larvae.

Drug administration

Intranasal application of MCH allows for direct brain
access via the nasal-brain pathway [25]. MCH (070-47,
Phoenix Biotech) was dissolved in sterile physiological
saline, aliquoted, and stored at —80 °C until use. Mice
began receiving MCH (1 pg/15 uL) on the day of infec-
tion and continued for 21 days. Control and AC group
mice received an equivalent volume of sterile saline.

Gene Ontology (GO) enrichment analysis

We retrieved differentially expressed genes between
AC-infected mouse brain tissues and normal control
groups from the Gene Expression Omnibus (GEO)
database (GSE159486) [28]. These genes were visual-
ized using volcano plots. The selected genes, based on
the criterion of |log2(fold change)|> 1, underwent GO
enrichment analysis using the Hiplot Pro online plat-
form [29] (https://hiplot.com.cn/).

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from the hypothalamus and
adipose tissue using RNAex Pro RNA extraction rea-
gent (AG21102, AG). RNA concentration and purity
were assessed using a NanoDrop One spectrophotom-
eter. Reverse transcription to cDNA was performed
using Evo M-MLV Reverse Transcription Premix
(AG11706, AG). RT-qPCR was conducted on a Light-
Cycler 480 II instrument, using a 10 pL reaction mix-
ture that included specific gene primers (detailed in
Additional file 5: Table S1). Actb was the reference gene.
Amplification involved an initial denaturation at 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s, and 60 °C
for 30 s, with fluorescence data collection after each
cycle. Relative gene expression was quantified using the
278AC method.

Immunofluorescence

Mice were anesthetized deeply using isoflurane (R510-
22, RWD Life Science) and subjected to transcardial
perfusion with physiological saline followed by 4%
paraformaldehyde (G1101, Servicebio) prior to brain
extraction. Brains were postfixed in 4% paraformalde-
hyde overnight, sequentially dehydrated in 20% sucrose
solution for 24 h, and then in 30% sucrose solution for
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48 h. The brains were subsequently embedded in opti-
mal cutting temperature compound (G6059, Service-
bio) and sectioned at 16 um thickness using a cryostat
(NX50, Thermo Fisher Scientific). Clean slides (G6012-
2, Servicebio) were used to mount the tissue sections,
which were then stored at —20 °C.

The frozen sections were warmed at 37 °C for
10-20 min to remove moisture and refixed in 4% para-
formaldehyde for 30 min. Following three washes with
phosphate-buffered saline (PBS), antigen retrieval solu-
tion was applied. After three additional PBS washes,
immunofluorescence permeabilization solution was
added, and the sections incubated for 10 min. A 3%
bovine serum albumin solution was applied for 30 min
incubation. Sections were then incubated overnight at
4 °C with the following primary antibodies as needed:
MCH (1:3000, H-070-47, Phoenix Biotech), neuronal
nuclei (NeuN) (1:500, 94403, Cell signaling technol-
ogy), glial fibrillary acidic protein (GFAP) (1:500, 3670,
Cell signaling technology). After 14 h, the sections were
washed three times in PBS. The sections were then
incubated for 50 min at room temperature in the dark
with the following secondary antibodies as appropriate:
Alexa Flour 488-conjugated goat anti-rabbit IgG (1:500,
ab150077, Abcam), Alexa Flour 488-conjugated goat
anti-mouse IgG (1:500, ab150113, Abcam), Alexa Flour
594-conjugated goat anti-rabbit IgG (1:500, ab150080,
Abcam). Following this, the sections were washed three
times with PBS. Then 4/,6—diamidino—Z-phenylindol
(DAPI) staining solution was added, and the sections
were incubated for 10 min at room temperature in the
dark. Post staining, images were captured using a digital
slide scanner (KF-FL-400, Ningbo Konfoong Bioinfor-
mation Tech) or a laser scanning confocal microscope
(Nikon C2, Nikon).

Histopathology and immunohistochemistry

Isolated brown adipose tissue (BAT), inguinal white adi-
pose tissue (iWAT), and gonadal white adipose tissue
(gWAT) were fixed in a specialized fat-fixing solution
(G1119, Servicebio) for 24 h. Tissue blocks underwent
sequential dehydration, clearing, and impregnation with
paraffin, followed by embedding in paraffin wax, using
ethanol, xylene, and paraffin. Prepared wax blocks were
sectioned at 4 um using a paraffin microtome (RM2235,
Leica). Before usage, sections were placed in a 60 °C
oven for 30 min. Deparaffinization of tissue sections was
performed in xylene, followed by dehydration through
a graded alcohol series. Some sections were stained fol-
lowing the hematoxylin and eosin (H&E) staining kit
(G1076, Servicebio) protocol. Adipocyte number and
volume were observed under a brightfield microscope
(BX63, Olympus) and quantified using Image] software.
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Another set of sections was used for immunohistochem-
istry to detect mitochondrial brown fat uncoupling pro-
tein 1 (UCP1) expression in adipose tissues. Sections
were treated with 0.3% hydrogen peroxide for 10 min to
block endogenous enzyme activity, followed by overnight
incubation at 4 °C with UCP1-specific antibody (1:1000,
ab209483, Abcam). HRP-conjugated goat anti-rabbit IgG
(1:2000, AB0101, Abways) was added for 1 h incubation
at 37 °C. Diaminobenzidine (G1212, Servicebio) was used
as the chromogen. Images were captured with a digital
slide scanner—brightfield (KF-PRO-120-H1, Ningbo Kon-
foong Bioinformation Tech).

Metabolic assessment

Mice were placed in a metabolic indirect calorimetry
system (Sable Promethion CORE, Sable Systems Interna-
tional) to measure oxygen consumption, carbon dioxide
production, food and water intake, and wheel running
activity. The mice were kept under a 12 h light/dark cycle
at 24 °C with free access to food and water. Metabolic
parameters were measured using XY laser beam arrays to
monitor movement. The initial 24 h were considered an
adaptation period and excluded from data analysis. Data
were analyzed and visualized using the online platform
CalR [30] (https://CalRapp.org/).

Biochemistry test

Mouse serum levels of glucose (GLU), triglycerides (TG),
low-density lipoprotein (LDL), high-density lipoprotein
(HDL), and total cholesterol (TC) were determined using
a biochemical analyzer (3100, Hitachi).

Oral GLU tolerance test

Mice underwent a 16 h fasting period, with access to
water, prior to testing. Body weights were recorded
before administering a 50% GLU solution (2 g/kg) via
oral gavage. The tail tip (0.3 cm) was snipped using steri-
lized scissors, and the first blood drop was discarded.
Blood GLU levels were measured at 0, 15, 30, 60, 90,
and 120 min using a Roche blood GLU meter and corre-
sponding test strips (ACCU-CHEK Guide, Roche).

Evaluation of gastrointestinal motility disorders

Mice were fasted for 16 h with access to water before
testing. One group received a 200 pL gavage of a suspen-
sion containing sodium carboxymethylcellulose, milk
powder, sucrose, and Evans blue. The time to the first
colored stool passage and total feces amount over 8 h
were recorded. Another group received the same gavage,
and after 30 min, they were anesthetized with isoflurane
and euthanized. The abdomen was dissected, exposing
the intestine. The intestine was ligated at the lower end
of the pylorus and ileocecal junction and then cut. The

Page 4 of 18

mesentery was carefully dissected along the intestine,
and the small intestine was isolated and laid out with-
out stretching. The total length of the small intestine and
the distance from the front end of the suspension to the
pylorus were measured to calculate the gastrointestinal
transit index using the formula: gastrointestinal transit
index (%) = (distance from the front end of the suspension
to the pylorus / total length of the small intestine) X 100%.

Survival rate, body weight, and neurological function
assessment

Daily monitoring of mouse survival and body weight
commenced from the first day of infection. Neurologi-
cal function was evaluated using a scoring system as
described in previous studies [31]. Briefly, each observed
change was assigned a score. Motor scoring (0—-12) com-
prised assessments of voluntary movement within 5 min,
limb symmetry, climbing ability, and balance. Sensory
scoring (5-15) involved evaluating proprioception, tac-
tile, visual, olfactory, and nociceptive responses. Each
aspect was scored separately, accumulating to a maxi-
mum total of 27.

Behavioral tests

Motor coordination and cognitive function were assessed
through a Y maze, a Morris water maze (MWM), new
object recognition (NOR) tests, and a pole test. Trajec-
tory, distance, and speed data were captured using an
integrated behavioral recognition analysis system (Phe-
noScan, Clever Sys. Inc.). Mice were acclimatized to
the environment for 1 h before commencing behavioral
experiments. In the Y-maze test, mice were placed in
the maze’s center, allowed 10 min of continuous auton-
omous alternation, and their arm entry sequence was
recorded. The autonomous alternation rate (%) was cal-
culated as the number of alternations divided by (total
entries, 2) %. This rate indicates the extent of spontane-
ous, continuous alternation choice, with higher percent-
ages reflecting better working memory. MWM testing
included a visible platform phase on day 1 and a hidden
platform phase on days 2—4. Mice were placed in the pool
four times daily, once in each quadrant. Animals locat-
ing the platform rested for 20 s; those failing within 70 s
were guided to the platform for a similar rest period. On
day 5, a platform-free phase, mice were released in the
third quadrant, and metrics such as time spent in the
target quadrant, platform crossing count, average swim-
ming distance, and speed were recorded. For the NOR
test, mice were initially placed in a 40 cm?® test box for
a 10 min exploration on day 1. On day 2, two identical
objects were introduced for a 10 min exploration. On
day 3, one object was replaced, and the mice explored
for 5 min. Recognition index (%)= (time spent on new
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object) / (time spent on new object+time spent on old
object) X 100%. The pole test apparatus consisted of a
wooden pole (50 cm high, 1 cm in diameter, wrapped
with gauze) with a ball at the top. Mice were pretrained
with the pole three times to make sure that they would
turn head down once were put on the ball. During the
pole test, the total time it took for the mouse to get from
the top to the bottom was measured.

Western blotting

The expression of synapse-related proteins was meas-
ured by western blotting, such as postsynaptic density
protein 95 (PSD95), microtubule-associated protein-2
(MAP2), and synaptophysin (SYP). Cortex separated
from the brain were homogenized in a RIPA lysis buffer
(89900, Thermo Fisher Scientific) containing protease
and phosphatase inhibitor cocktail (P1050, Beyotime)
and quantified with a BCA protein assay kit (P0010,
Beyotime). Then, 37.5 ug protein was electrophoresed
on 10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene fluoride
membranes with 110 V for 2 h. The membranes were
incubated with 3% nonfat milk at room temperature for
1 h. Then, the membranes incubated with the following
primary antibodies overnight at 4 °C: anti-MAP2 (1:1000,
8707, Cell Signaling Technology), anti-PSD95(1:1000,
ab2723, Abcam), anti-SYP (1:500, ab8049, Abcam), and
anti-B-actin (3700, Cell Signaling Technology). After
washing three times with tris-buffered saline and Tween
20, the membranes were incubated with secondary anti-
bodies at room temperature for 1 h: Goat Anti-Rabbit IgG
(H+L) HRP (1:10,000, AB0101, Abways) and Goat Anti-
Mouse IgG (H+L) HRP (1:10,000, AB0102, Abways).
The protein bands were visualized using a super-sensi-
tive chemiluminescence reagent (180-506, Tanon) on a
chemiluminescence imaging system (Gelview 6000Plus,
Biolight). The density of the protein bands was measured
using Image] software.

Statistical analysis

Data were presented as mean + standard deviation (SD).
GraphPad Prism was utilized for statistical analysis. The
unpaired two-tailed f-test was applied to assess differ-
ences between two groups. One-way analysis of variance
(ANOVA) was employed for multi-group comparisons.
A P-value<0.05 was considered to indicate statistical
significance.

Results

Decrease in MCH expression observed in the AC-infected
mouse model

Transcriptome data visualization indicated a significant
downregulation of Pmch in the infected group (Fig. 1A).
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Genes that were up- and downregulated underwent GO
enrichment analysis. Upregulated genes predominantly
pertained to biological processes such as regulation of
immune effector processes, cytokine-mediated signal-
ing pathways, and regulation of inflammatory responses.
Notably, downregulated genes were enriched in pro-
cesses such as feeding behavior, learning and memory,
and neuropeptide signaling pathways (Additional file 2:
Fig. S2). Subsequently, RT-qPCR analysis of the whole
brain (P<0.0001) and hypothalamic tissues (P<0.0001)
confirmed a substantial reduction in Pmch transcript
levels at 21 days post infection (dpi) (Fig. 1B). Addition-
ally, immunofluorescence was employed to ascertain the
brain distribution and localization of MCH (Fig. 1C, D).
The findings indicated that MCH predominantly local-
ized in neurons in the hypothalamic region, aligning with
previous reports [14], rather than in astrocytes or other
regions (Fig. 1E, F). Moreover, at 21 dpi, the fluores-
cence intensity of MCH in the hypothalamus was signifi-
cantly lower compared with the control group (P<0.05)
(Fig. 1G, H). Although a decreasing trend was observed
at 3, 7, and 14 dpi, the differences were not statistically
significant.

AC infection induces energy metabolism imbalance in mice
Given the established role of MCH in regulating energy
metabolism, cognition, and motor processes, we inves-
tigated these aspects in the AC model. In the control
group, mice displayed normal behavior, coat condition,
diet, and defecation, with stable body weight. In contrast,
the infected mice exhibited lethargy, coarse coats, and
significant weight loss. Weight reduction became evident
from 13 dpi (Fig. 2A), with marked decreases noted at
14 and 21 dpi (P<0.0001) (Fig. 2B). We monitored oxy-
gen consumption, carbon dioxide production, consumed
of food and water in control and infected mice at vari-
ous postinfection intervals. While no significant changes
were observed for most of the measures at 7 dpi, nota-
ble decreases in these parameters were recorded at 14
and 21 dpi compared with controls (Fig. 2C-J). Gastro-
intestinal motility assessment revealed prolonged expul-
sion times for the first stained feces (P <0.05), increased
gastric residual rate (P<0.01), and significant reductions
in fecal pellet frequency, fecal pellet output and intesti-
nal propulsion rate (P<0.05) in the infected group, with
no notable difference in fecal moisture content, indicat-
ing gastrointestinal motility disorders post-AC infection
(Additional file 3: Fig. S3).

AC infection leads to extensive adipose tissue loss in mice

We meticulously separated, photographed, and weighed
BAT, iWAT, and gWAT from control and infected mice.
Histological examinations with H&E staining were
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conducted to assess pathological changes in adipose tis-
sue post-AC infection. Visual and quantitative evalua-
tions revealed significant reductions in white adipose
tissue volume at 14 and 21 dpi (Fig. 3A). Notably, both
iWAT and gWAT showed marked reductions at 21 dpi
(P<0.01 and P<0.0001, respectively), indicative of exten-
sive fat breakdown in response to infection (Fig. 3B-D).
At 21 dpi, H&E staining and quantitative analysis dem-
onstrated significantly smaller average cell areas in iWAT
(P<0.05) and gWAT (P<0.0001) in infected mice com-
pared with controls (Fig. 3E-G), with no significant dif-
ferences observed at 3, 7, and 14 dpi.

Metabolic imbalance in GLU and lipid metabolism due

to AC infection in mice

To elucidate the alterations in GLU and lipid metabo-
lism in peripheral circulation of mice, serum samples
were analyzed biochemically. The results, as depicted in
Fig. 4A, showed significant reductions in GLU (P<0.05)
and TG (P<0.0001) levels at 21 dpi in infected mice,
indicative of substantial GLU and fat consumption.
Concurrently, increases in CHO (P<0.01) and HDL
(P<0.001) were observed, potentially implicating altered
cholesterol metabolism. The GLU tolerance curve dem-
onstrated a higher GLU clearance rate in the infected
mice compared with controls (P<0.0001) (Fig. 4B, C).
Further investigations into adipose tissue changes dur-
ing AC infection included examining transcription levels
of lipid metabolism enzymes and thermogenesis-related
genes in gWAT (Additional file 4: Fig. S4), along with
in situ expression of UCP1. At 21 dpi, the fatty acid syn-
thase gene (Fasn) showed a significant decrease (P<0.05),
whereas genes related to fatty acid catabolism, such as
Patatin-like phospholipase domain-containing protein
2 (Atgl) (P<0.01) and lysosomal acid lipase A (Lipa)
(P<0.0001), and the fatty acid B-oxidation gene carnitine
palmitoyltransferase 1a, liver (Cptla) (P<0.01), exhibited
significant increases. Additionally, the gene associated
with browning and heat production, peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha
(Pgcla), was significantly upregulated (P<0.01). Immu-
nohistochemical analysis revealed heightened expression
of UCP1 in iWAT (P<0.001) and gWAT (P<0.01) of the
infected group (Fig. 4D, E). These findings suggest that
post-AC infection, mice counteract the infection through

(See figure on next page.)
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extensive breakdown of adipose tissue, reduced fat syn-
thesis, accelerated P-oxidation, and increased thermo-
genesis for energy provision.

Neurological impairment and dyskinesia in mice due to AC
infection

Considering AC’s primary impact on the central nerv-
ous system in mice, neurological functions were assessed
using scoring methods and MWM. Additionally, an
energy metabolism assay system recorded the mice’s run-
ning wheel activity. At 21 dpi, the infected mice demon-
strated significant neurological impairment (P<0.001)
(Fig. 5A), characterized by a lack of back-and-forth
movement, inability to grasp the cage lid, and failure to
remain atop a 2 cm diameter column. MWM revealed
that infected mice struggled to locate the platform
(Fig. 5B). Statistical analysis showed significant reduc-
tions in platform crossings (P<0.05), percentage time
in the target quadrant (P<0.001), movement distance
(P<0.0001), and velocity (P<0.0001) compared with
the control group (Fig. 5C-F). Moreover, running wheel
exercise data indicated a progressive decline in locomo-
tor ability in infected mice, culminating in minimal par-
ticipation at 21 dpi (P<0.0001) (Fig. 5G, H).

MCH enhances survival, body, and adipose tissue weight

in AC-infected mice

Postadministration of MCH via nasal drip, there was a
notable improvement in the general demeanor and fur
condition of the mice. Mice in the AC+MCH group
exhibited extended survival times compared with the
AC-only group (Fig. 6A). Additionally, as depicted in
Fig. 6B and C, weight loss associated with AC infection
was mitigated in the AC4+MCH group (P<0.05). Obser-
vation and weighing of adipose tissues revealed that the
weights of iWAT (P<0.001) and gWAT (P<0.01) were
significantly higher in the AC+MCH group compared
with the AC group (Fig. 6D, E).

MCH mitigates dyskinesia in mice

Cognitive and locomotor functions in mice were evalu-
ated using neurological function scores, Y maze, MWM,
NOR, and pole test. In the Y maze, the AC group showed
a reduced free alternation rate (P<0.001), with shorter
distances and slower velocity (Fig. 7A-D). However,

Fig. 2 AC Infection causes energy metabolism imbalance in mice. A Mouse body weight change curve. B Weight increment statistics at different
infection stages. C, G Oxygen consumption curve and statistics in mice within 48 h. D, H Carbon dioxide production curve and statistics in mice
within 48 h. E, | Food consumed curve and statistics in mice within 48 h. F, J Water consumed curve and statistics in mice within 48 h. Data

are presented as mean +SD, n>5. Compared with the control group, statistical significance is denoted as *P < 0.05, **P< 0.01, ***P <0.001,

***%p < 0.0001. AC Angiostrongylus cantonensis, dpi days post infection
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MCH administration improved these metrics. Fig-
ure 7E-H demonstrates limited movement and object
exploration in NOR. Post-MCH administration, there
was a significant improvement in movement distance and

speed (P<0.05). During the MWM no-platform phase,
there is a trend that MCH treatment led to an increase
in the number of platform crossings and time spent
in the target quadrant (Fig. 7I-M). In the pole test, the
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Statistics of platform crossings, percentage time in target quadrant, distance, and velocity in MWM (n>4). G, H Changes in running wheel activity
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**¥P<0.001, ****P<0.0001. dpi days post infection

control group and AC+MCH group were able to climb
to the bottom of the pole in a shorter time (P<0.05)
(Fig. 7N). However, the AC group even fell directly. In
the AC+ MCH group, improvements were noted in loco-
motion, climbing, and balance abilities, as reflected in
the substantial increase in neurological function scores
(P<0.05) (Fig. 70).

MCH rescues AC-induced changes of PSD95, MAP2,

and BCL2

The transmission of nerve signals relies on synapses, which
in turn depend on the normal expression of synapse-
related proteins such as PSD95 and SYP. To investigate
how MCH improves dyskinesia induced by AC infection,
we conducted RT-qPCR and western blotting to examine
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Fig. 6 MCH improves survival, body weight, and adipose tissue weight in mice. A Survival curve (n=6). B Mouse body weight change curve (n>4).
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tissue, gWAT gonadal white adipose tissue

the levels of synapse-related proteins in cortex. Our find-
ings indicate that infection significantly reduces PSD95
expression (P<0.05), while MCH treatment fully restores
its relative strength (P<0.05) (Fig. 8B, C). Although there
were significant changes in Syp at the transcriptional level
(P<0.05) (Fig. 8A), there were not statistically significant
at the protein level. MAP2 is a crucial component of neu-
ron cytoskeleton; our results show that MCH treatment
increases MAP2 expression both in at the transcription
(P<0.05) (Fig. 8A) and protein (P<0.05) (Fig. 8B, C) level.

Bcl2 plays a crucial role in maintaining the delicate balance
between cell survival and apoptosis. Our study revealed
that infection led to a downregulation of Bcl2 transcription
levels (P<0.01), whereas treatment with MCH restored the
transcription levels of Bcl2 (P<0.05) (Fig. 8A).

Discussion

Hormones, a class of chemical substances secreted by
the endocrine system, play crucial roles in regulating
various physiological processes [32]. The hypothalamus,
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Fig. 7 MCH improves neurological function and dyskinesia in mice. A Y-maze movement trajectory. B, C, D Statistics of Y-maze free alternation
rate, distance, and velocity (n >6). E NOR test trajectory. F, G, H Statistics of recognition index, mouse travel distance, and velocity in NOR test
(n>=5). | MWM movement trajectory. J, K, L, M Statistics of platform crossings, percentage time in target quadrant, distance, and velocity in MWM
(n=5). N Statistics of the time spent in the pole test (1=4). O Neurological function score (n=6). Data are presented as mean +SD. Compared

with the AC group, statistical significance is indicated as *P < 0.05, **P < 0.01, ***P<0.001, ****P<0.0001. AC Angiostrongylus cantonensis, MCH
melanin-concentrating hormone

a key region, enables the nervous system to regulate the diseases is significant, as hormones regulate neuronal
endocrine system and is, in turn, influenced by it. The activity, synaptic transmission, and neurotransmitter
interplay between hormones and central nervous system  release, thereby influencing the central nervous system’s
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Fig. 8 Effect of intranasal MCH on synapse-related proteins. A Transcription levels of Bcl2, Map2, PSD95, Syp in mouse cortex (n=5). B The
expression levels of MAP2, PSD95, and SYP were evaluated by western blotting. C Densitometrical quantification of the blots after normalizing

with B-actin (n=3). Data are presented as mean + SD. Compared with the AC group, statistical significance is indicated as *P <0.05, **P<0.01. Bcl2 B
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cantonensis, MCH melanin-concentrating hormone

function [33]. In noninfectious central nervous system
diseases such as intracerebral hemorrhage (ICH), PD,
AD, and narcolepsy, hormones demonstrate differential
expression and regulatory impacts. In ICH mouse mod-
els, there is a decrease in endogenous OXT levels and an
increase in oxytocin receptor (OXTR) expression [34].
Melatonin, neural stem cell transplantation, or their com-
bination have shown improvement in rotational behavior
in PD mouse models [35]. Follicle-stimulating hormone
(FSH) acts directly on hippocampal and cortical neurons,
accelerating amyloid-beta and Tau protein deposition and
impairing cognitive function in AD mice [36]. Moreover,
a significant reduction in hypocretin-1 levels in the cer-
ebrospinal fluid of narcolepsy patients has been observed
[37]. Conversely, hormones also play a pivotal role in
infectious central nervous system diseases. In Venezue-
lan equine encephalitis mouse models, melatonin admin-
istration delayed disease onset and prolonged survival

[38]. Glucagon-like peptide-1 preserves neural structure
by inhibiting lipopolysaccharide (LPS)-induced micro-
glial inflammation [39]. In bacterial meningitis, serum
procalcitonin levels increase abnormally, serving as a reli-
able marker to differentiate between bacterial and viral
meningitis [40]. In the LPS-induced infectious disease
model, there was a significant increase in chemokines
(CCL2), proinflammatory cytokines (IL1p, IL6, TNFa),
and a marked decrease in MCH [23]. Administration of
CCL2 in mice reduced electrical activity of MCH neu-
rons, influencing MCH release, mediating weight loss,
and decreasing food intake, which could be reversed by
inhibiting CCR2.

The functions of hormones extend beyond singular
roles. OXT, for example, not only plays a role in birthing
but also in social behavior, appetite control, and cogni-
tion. In patients with depression, plasma OXT levels are
significantly negatively correlated with anxiety symptoms
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[41]. In the ventromedial hypothalamic nucleus (VMH),
increased OXT induces satiety in rats, significantly
enhancing energy expenditure and physical activity [42].
Intranasal OXT administration can mitigate sensory—
motor dysfunction and cognitive decline due to ICH,
reducing inflammation via the OXTR/p-PKA/DRP1
signaling pathway [34]. FSH impacts fat reduction, ther-
mogenesis, and serum cholesterol, and influences Alz-
heimer’s disease-like phenotypes through the neuron C/
EBPB-6-secretase pathway [36]. MCH, known for stimu-
lating feeding [43], has comprehensive research in energy
regulation and metabolic homeostasis. Studies show that
intracerebroventricular infusion of MCH and mice over-
expressing MCH exhibit increased appetite and weight
gain [44, 45]. Conversely, inhibiting MCH or MCHR1
leads to weight loss in mice [46, 47]. The hypothalamic
control of appetite involves complex interactions. Para-
ventricular nucleus neurons releasing thyrotropin-
releasing hormone indirectly inhibit MCH neurons by
increasing GABAergic synaptic inhibition [48], while
arginine vasopressin and oxytocin can directly activate
MCH neurons, inducing food intake [49]. Additionally,
MCH neurons inhibit the electrical activity of pro-opi-
omelanocortin (POMC) neurons in the arcuate nucleus,
known for inducing negative energy balance. MCH also
reduces energy expenditure by decreasing thermogenesis
in BAT [50]. Mice with ablated MCH neurons demon-
strate increased energy expenditure, decreased fat mass,
and elevated expression of UCP1 and cytochrome c oxi-
dase 4 (COX4) in BAT [51]. Furthermore, MCH pro-
motes lipid storage in white adipose tissue and the liver,
impacting energy storage. Chronic central infusion of
MCH increases food intake and body weight, influenc-
ing lipid storage and mobilization in white adipose tis-
sue, and triggering lipid accumulation in the liver [45].
The appetitive and lipogenic effects of MCH have poten-
tial therapeutic applications in diseases characterized by
chronic muscle or fat mass loss, such as sarcopenia or
cancer cachexia [52]. MCH neurons also project to brain
regions associated with learning and memory. Inject-
ing MCH into the hippocampus and amygdala of rats
improves memory performance [53], and its infusion into
rat hippocampal sections enhances evoked responses
in the dentate gyrus [54]. MCH increases hippocampal
synaptic transmission through an N-methyl-p-aspartate
receptor-dependent pathway, lowering the threshold for
long-term potentiation generation [55]. In PD models,
MCH treatment increases primary dopaminergic neu-
rons and rescues neuronal cell death induced by MPTP
or 6-OHDA [22]. The neuroprotective effects of MCH
on dopaminergic neurons involve PI3K/Akt, PKA/CREB,
and MEK/MAPK pathways [22]. Intranasal MCH admin-
istration ameliorates levodopa-induced dyskinesia in
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PD mice, a process blockable by MCH receptor antago-
nists [56]. Striatal transcriptome analysis indicates Tac2,
Cartpt, and Lcn2 as potential mediators of MCH’s anti-
motor dysfunction effects [56]. In our research, the anti-
dyskinesia effect of MCH was also observed in the mice
infected by AC, but the mechanism needs to be further
explored.

In our study, significant changes in Pmch were
observed through transcriptome analysis of the whole
brain in mice. This was further confirmed by RT-qPCR,
which indicated reduced Pmich levels in the infected
group. Mice infected with AC showed a progressive
weight loss of 18—-25% at 21 dpi, exceeding the diagnos-
tic criteria for severe malnutrition (more than 10% loss
of body weight within 6 months) [57]. In cases of infec-
tious, inflammatory diseases, or cancer, substantial
weight loss and the progressive loss of adipose tissue
and skeletal muscle often imply a poor prognosis [58].
Our results showed that AC infection led to signifi-
cant weight loss in mice. This was attributed to reduced
energy intake (lowered food consumption), decreased
energy storage (increased consumption of sugar and
white adipose tissue), and gastrointestinal dysfunction
(delayed gastric emptying and reduced small intestinal
propulsion). Intranasal administration of MCH in these
mice improved survival and mitigated body weight and
white adipose tissue loss. Neurological function scores,
evaluating various aspects such as voluntary movement,
limb symmetry, climbing, balance, tactile sensation, and
nociception indicated that the infected mice exhibited
delayed locomotion, limb incoordination, and difficulty
in maintaining balance. The MCH-treated group, how-
ever, showed significant improvements. In the Y-maze
spontaneous alternation test assessing spatial memory,
the MCH group demonstrated a higher alternation rate
than the infected group. The NOR test, used to assess
cognitive function, indicated that the infected group did
not differentiate between new and old objects and exhib-
ited significant locomotor impairment, as evidenced by
reduced movement distance and speed. This impairment,
also observed in Y-maze tests, was reversed by intranasal
MCH administration. Pole tests are widely used to assess
motor dysfunction in rodents. The procedure required
mice to grip and manipulate below the bottom of a pole
to assess the animal’s motor coordination. The MCH
group demonstrated a shorter time than the infected
group. These behavioral experiment results suggest that
MCH improved cognitive function in infected mice to
some extent, particularly in ameliorating motor defi-
cits. Cognitive, memory, and motor signaling pathways
are routed through synapses. Normal synaptic function
depends on the stable expression of synaptic proteins. By
quantifying the expression levels of synaptic-associated
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proteins (PSD95, SYP) and neuronal cytoskeleton protein
MAP2 in cortical regions, we have observed that MCH
exhibits a protective effect against the depletion of syn-
aptic proteins. Additionally, MCH induces an upregula-
tion in the transcription of anti-apoptotic protein Bcl2.
Considering the observed benefits of MCH in enhancing
survival, alleviating malnutrition, and reducing dyskine-
sia, we plan to further explore its potential as an adjunct
therapy in AC treatment.

Therapeutic approaches stemming from the MCH sys-
tem can be classified into two categories: direct MCH
supplementation and the utilization of MCHR1 antago-
nists. While no clinical trials have been identified for
direct MCH supplementation, more extensive clinical
trials have been conducted for OXT, a related peptide. In
a controlled clinical trial involving individuals with schiz-
ophrenia, participants were administered nasal OXT
(24 IU) or saline via a spray bottle. Subsequent magnetic
resonance imaging (MRI) scans revealed improved social
cognitive functioning following OXT application [59].
Notably, OXT comprises only nine amino acids, which
may partially account for its extensive research focus [60].
Although MCHRI1 antagonists have demonstrated effi-
cacy in mouse models of obesity [61], their performance
in clinical trials has been less remarkable [62]. Address-
ing central nervous system (CNS) exposure remains a
challenging aspect that requires further exploration.

While our study presents valuable insights, it is impor-
tant to acknowledge certain limitations. Firstly, we did
not investigate the potential relationship between inflam-
mation and MCH. Secondly, the inclusion of MCHR1
antagonists in our research could have bolstered our evi-
dence base.

Conclusions

In our study, we explored the reasons for the apparent
weight loss in mice and underscored the positive impact
of MCH on energy balance and motor capabilities in a
mouse model of AC infection. These findings not only
contribute novel insights into the functionality of MCH
but also provide a theoretical foundation for the develop-
ment of therapeutic drugs for AC treatment.

Abbreviations

AB Amyloid B-protein

AC Angiostrongylus cantonensis

BAT Brown adipose tissue

BCL2 B cell leukemia/lymphoma 2

Cartpt Cocaine- and amphetamine-regulated transcript protein
Cclg C-C motif chemokine ligand 8

Chi3i3 Chitinase-like 3

COX4 Cytochrome c oxidase 4

CREB CAMP-response element binding protein
dpi Days post infection

FITC Fluorescein Isothiocyanate

FSH Follicle-stimulating hormone

GEO Gene Expression Omnibus
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GLU Glucose
GSK3pB Glycogen synthase kinase-33

gWAT Gonadal white adipose tissue
HDL High-density lipoprotein

H&E Hematoxylin and eosin

IWAT Inguinal white adipose tissue
LDL Low-density lipoprotein

LPS Lipopolysaccharide

MAP2 Microtubule-associated protein-2
MAPK Mitogen-activated protein kinase

MCH Melanin-concentrating hormone

MCHR1 Melanin-concentrating hormone receptors 1
MWM Morris water maze

NOR New object recognition

Oxt Oxytocin

PBS Phosphate-buffered saline

Pmch Pro-melanin-concentrating hormone
POMC Pro-opiomelanocortin

PSD95 Postsynaptic density protein 95
RT-gPCR  Real-time quantitative PCR

SD Standard deviation

SYP Synaptophysin

TC Total cholesterol

TG Triglycerides
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Additional file 1: Figure. S1. Experimental design and grouping. AC,
Angiostrongylus cantonensis; dpi, days post-infection; MCH, melanin-con-
centrating hormone. RT-qPCR, real-time quantitative PCR.

Additional file 2: Figure. S2. GO enrichment analysis of differential genes
induced by AC infection. (A) Biological processes. (B) Molecular functions.
(C) Cellular components.

Additional file 3: Figure. S3. AC infection causes gastrointestinal motility
disorders in mice. (A) Macroscopic images of the mouse intestines. (B)
Statistics of first pellet staining for fecal expulsion time. (C) Statistics of
fecal pellet frequency within 8 h. (D) Statistics of fecal pellet output within
8 h. (E) Statistics of gastric residual rate. (F) Statistics of intestinal propul-
sion rate. (G) Statistics of fecal moisture content. Data are presented as
mean+SD, n=5. Compared to the Control group, statistical significance

is indicated as *P<0.05, **P < 0.01. dpi, days post-infection; TGITT, total
gastrointest inal transit time.

Additional file 4: Figure. S4. Transcription levels of lipid metabolism-
related enzyme genes in mouse gWAT. Data are presented as mean + SD,
n=6.Compared to the Control group, statistical significance is indicated
as *P<0.05, **P<0.01, ****P<0.0001. Fasn, fatty acid synthase; Hsl, lipase,
hormone sensitive; Pparg, peroxisome proliferator activated receptor
gamma; Acaca, acetyl-Coenzyme A carboxylase alpha; CptTa, carnitine
palmitoyltransferase 1a, liver; Lpl, lipoprotein lipase; Atgl, Patatin-like
phospholipase domain-containing protein 2; Lipa, lysosomal acid lipase
A; Ucpl, uncoupling protein 1; Pgcia, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; Plin, perilipin 1; Cebpa, CCAAT/
enhancer binding protein alpha.

Additional file 5: Table S1. Primers for RT-qPCR (mice). For abbreviations,
see Fig. 1, Fig. 8 and Fig. S4.

Acknowledgements
Not applicable.

Author contributions

HH and ZYL conceived and designed the study and drafted the manuscript.
HH, ZYZ, MDX, and ZHJ performed the experiments and collected data,

and handled statistical analysis. YH, MYZ, HW, and YWL participated in the
study design and revised the draft version of the paper. All authors read and
approved the final manuscript.


https://doi.org/10.1186/s13071-024-06267-9
https://doi.org/10.1186/s13071-024-06267-9

Huang et al. Parasites & Vectors (2024) 17:192

Funding

This study was supported by the National Natural Science Foundation of
China (No. 82072303), the Major Science and Technology Program of Hainan
Province (No. ZDKJ202003 and No. ZDKJ2021035), the Academician Innova-
tion Platform Special Project of Hainan Province (No. YSPTZX202133), the Key
Research and Development Program of Hainan Province (No. ZDYF2020120),
the Open project of Key Laboratory of Tropical Disease Prevention and Control
of National Health Commission of Hainan Medical College (No. 2022NHCT-
DCKFKT11003), the National Key Research and Development Program

(No. 2021ZFC2300800 and 2021ZFC2300803), and the National Parasitic
Resources Center of China (No. NPRC-2019-194-30), the Program of Bill &
Melinda Gates Foundation (No. INV-061480).

Availability of data and materials
All data supporting the conclusions of this study are included in the article.

Declarations

Ethical approval and consent to participate

All animal experiments were conducted in accordance with the guidelines
approved by the Ethics Committee for Medical Research at Sun Yat-Sen
University and complied with the Guidelines for the Care and Use of Labora-
tory Animals of the Chinese Academy of Medical Sciences (no. 2017-008). All
efforts were made to minimize animal suffering.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Key Laboratory of Tropical Disease Control, Ministry of Education, Sun Yat-
Sen University, Guangzhou, Guangdong Province 510030, People’s Republic

of China. ?Department of Pathogen Biology and Biosafety, Zhongshan School
of Medicine, Sun Yat-Sen University, Guangzhou, Guangdong Province 510030,
People’s Republic of China. *Hainan General Hospital, Hainan Affiliated Hos-
pital of Hainan Medical University, Haikou, Hainan Province 570311, People’s
Republic of China.

Received: 9 February 2024 Accepted: 31 March 2024
Published online: 23 April 2024

References

1. ChenH. A new pulmonary nematode of rats, Pulmonema cantonensis n.
g. n.sp. Canton. Ann Parasitol. 1935;13:312-7.

2. Wang QP Wu ZD, Wei J, Owen RL, Lun ZR. Human Angiostrongylus canton-
ensis: an update. Eur J Clin Microbiol Infect Dis. 2012;31:389-95.

3. FengL, Zhang A, Que J, Zhou H, Wang H, Guan Y, et al. The metagenomic
next-generation sequencing in diagnosing central nervous system
angiostrongyliasis: a case report. BMC Infect Dis. 2020;20:691.

4. Epelboin L, Blondé R, Chamouine A, Chrisment A, Diancourt L, Villemant
N, et al. Angiostrongylus cantonensis Infection on Mayotte Island, Indian
Ocean, 2007-2012. PLoS Negl Trop Dis. 2016;10:e0004635.

5. Sawanyawisuth K, Sawanyawisuth K. Treatment of angiostrongyliasis.
Trans R Soc Trop Med Hyg. 2008;102:990-6.

6. Chotmongkol V, Kittimongkolma S, Niwattayakul K, Intapan PM, Thavorn-
pitak Y. Comparison of prednisolone plus albendazole with prednisolone
alone for treatment of patients with eosinophilic meningitis. Am J Trop
Med Hyg. 2009;81:443-5.

7. Federspiel F, Skovmand S, Skarphedinsson S. Eosinophilic meningitis due
to Angiostrongylus cantonensis in Europe. Int J Infect Dis. 2020,93:28-39.

8. Warrington TP, Bostwick JM. Psychiatric adverse effects of corticosteroids.
Mayo Clin Proc. 2006;81:1361-7.

9. Mengying Z, Yiyue X, Tong P, Yue H, Limpanont Y, Ping H, et al. Apoptosis
and necroptosis of mouse hippocampal and parenchymal astrocytes,
microglia and neurons caused by Angiostrongylus cantonensis infection.
Parasit Vectors. 2017;10:611.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 17 of 18

Luo S, OuYang L, Wei J, Wu F,Wu Z, Lei W, et al. Neuronal apoptosis:
pathological basis of behavioral dysfunctions induced by Angiostrongylus
cantonensis in rodents model. Korean J Parasitol. 2017,55:267-78.

. Wan'S, Sun X, Wu F, Yu Z, Wang L, Lin D, et al. Chi3I3: a potential key

orchestrator of eosinophil recruitment in meningitis induced by Angios-
trongylus cantonensis. ) Neuroinflam. 2018;15:31.

Yu L, Wu X, Wei J, Liao Q, Xu L, Luo S, et al. Preliminary expression profile
of cytokines in brain tissue of BALB/c mice with Angiostrongylus canton-
ensis infection. Parasit Vectors. 2015;8:328.

Kawauchi H, Kawazoe |, Tsubokawa M, Kishida M, Baker BI. Characteriza-
tion of melanin-concentrating hormone in chum salmon pituitaries.
Nature. 1983;305:321-3.

Kawauchi H. Melanin concentrating hormone. II. Structure and biosyn-
thesis of melanin-concentrating hormone. Life Sci. 1989;45:1133-40.
Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon JL, et al. The
melanin-concentrating hormone system of the rat brain: an immuno-
and hybridization histochemical characterization. J Comp Neurol.
1992;319:218-45.

Tan CP, Sano H, Iwaasa H, Pan J, Sailer AW, Hreniuk DL, et al. Melanin-
concentrating hormone receptor subtypes 1 and 2: species-specific gene
expression. Genomics. 2002;79:785-92.

Shimada M, Tritos NA, Lowell BB, Flier JS, Maratos-Flier E. Mice lacking
melanin-concentrating hormone are hypophagic and lean. Nature.
1998;396:670-4.

. Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Léger L, et al. A role

of melanin-concentrating hormone producing neurons in the central
regulation of paradoxical sleep. BMC Neurosci. 2003;4:19.

Bednarek MA. Peptide ligands for the melanin-concentrating hormone
(MCH) receptor 1. Curr Top Med Chem. 2007;7:1425-32.

Mashiko S, Ishihara A, Gomori A, Moriya R, Ito M, Iwaasa H, et al. Antiobes-
ity effect of a melanin-concentrating hormone 1 receptor antagonist in
diet-induced obese mice. Endocrinology. 2005;146:3080-6.

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.
Nat Neurosci. 2023;26:1021-31.

Park J-Y, Kim S-N, Yoo J, Jang J, Lee A, Oh J-Y, et al. Novel neuroprotective
effects of melanin-concentrating hormone in Parkinson's disease. Mol
Neurobiol. 2017;54:7706-21.

Le Thuc O, Cansell C, Bourourou M, Denis RGP, Stobbe K, Devaux N, et al.
Central CCL2 signaling onto MCH neurons mediates metabolic and
behavioral adaptation to inflammation. EMBO Rep. 2016;17:1738-52.
Bolborea M, Vercruysse P, Daria T, Reiners JC, Alami NO, Guillot SJ, et al.
Loss of hypothalamic MCH decreases food intake in amyotrophic lateral
sclerosis. Acta Neuropathol. 2023;145:773-91.

Oh J-Y, Liu QF, Hua C, Jeong HJ, Jang J-H, Jeon S, et al. Intranasal admin-
istration of melanin-concentrating hormone reduces stress-induced
anxiety- and depressive-like behaviors in rodents. Exp Neurobiol.
2020;29:453-69.

Oh ST, Liu QF, Jeong HJ, Lee S, Samidurai M, Jo J, et al. Nasal cavity
administration of melanin-concentrating hormone improves memory
impairment in memory-impaired and Alzheimer’s disease mouse models.
Mol Neurobiol. 2019;56:8076-86.

Jang J-H, Park J-Y, Oh J-Y, Bae S-J, Jang H, Jeon S, et al. Novel analgesic
effects of melanin-concentrating hormone on persistent neuropathic
and inflammatory pain in mice. Sci Rep. 2018;8:707.

Zhou H, Zhou M, Hu Y, Limpanon'Y, Ma Y, Huang P, et al. TNF-a triggers
RIP1/FADD/caspase-8-mediated apoptosis of astrocytes and RIP3/MLKL-
mediated necroptosis of neurons induced by Angiostrongylus cantonensis
infection. Cell Mol Neurobiol. 2022;42:1841-57.

WuT, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a uni-
versal enrichment tool for interpreting omics data. Innovation (Camb).
2021;2:100141.

Mina Al, LeClair RA, LeClair KB, Cohen DE, Lantier L, Banks AS. CalR: a
web-based analysis tool for indirect calorimetry experiments. Cell Metab.
2018;28:656-66.e1.

Parra A, McGirt M, Sheng H, Laskowitz D, Pearlstein R, Warner D. Mouse
model of subarachnoid hemorrhage associated cerebral vasospasm:
methodological analysis. Neurol Res. 2002,24:510-6.

Reichlin S. Neuroendocrinology. N Engl J Med. 1963;269:1182-91.



Huang et al. Parasites & Vectors (2024) 17:192

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Wang K, Xu F, Campbell SP, Hart KD, Durham T, Maylie J, et al. Rapid
actions of anti-Mullerian hormone in regulating synaptic transmis-

sion and long-term synaptic plasticity in the hippocampus. FASEB J.
2020;34:706-19.

Yang M, Deng S, Jiang J, Tian M, Xiao L, Gong Y. Oxytocin improves intrac-
erebral hemorrhage outcomes by suppressing neuronal pyroptosis and
mitochondrial fission. Stroke. 2023;54:1888-900.

Sharma R, McMillan CR, Niles LP. Neural stem cell transplantation and
melatonin treatment in a 6-hydroxydopamine model of Parkinson’s
disease. J Pineal Res. 2007,43:245-54.

Xiong J, Kang SS, Wang Z, Liu X, Kuo T-C, Korkmaz F, et al. FSH block-

ade improves cognition in mice with Alzheimer’s disease. Nature.
2022,603:470-6.

Nishino S, Ripley B, Overeem S, Lammers GJ, Mignot E. Hypocretin
(orexin) deficiency in human narcolepsy. Lancet. 2000;355:39-40.

Bonilla E, Valero-Fuenmayor N, Pons H, Chacin-Bonilla L. Melatonin pro-
tects mice infected with Venezuelan equine encephalomyelitis virus. Cell
Mol Life Sci. 1997;53:430-4.

Yoon G, Kim Y-K, Song J. Glucagon-like peptide-1 suppresses neu-
roinflammation and improves neural structure. Pharmacol Res.
2020;152:104615.

Viallon A, Zeni F, Lambert C, Pozzetto B, Tardy B, Venet C, et al. High sensi-
tivity and specificity of serum procalcitonin levels in adults with bacterial
meningitis. Clin Infect Dis. 1999,28:1313-6.

Scantamburlo G, Hansenne M, Fuchs S, Pitchot W, Maréchal P, Pequeux C,
et al. Plasma oxytocin levels and anxiety in patients with major depres-
sion. Psychoneuroendocrinology. 2007;32:407-10.

Noble EE, Billington CJ, Kotz CM, Wang C. Oxytocin in the ventromedial
hypothalamic nucleus reduces feeding and acutely increases energy
expenditure. Am J Physiol Regul Integr Comp Physiol. 2014;307:R737-45.
Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ,
et al. A role for melanin-concentrating hormone in the central regulation
of feeding behaviour. Nature. 1996;380:243-7.

Ito M, Gomori A, Ishihara A, Oda Z, Mashiko S, Matsushita H, et al. Char-
acterization of MCH-mediated obesity in mice. Am J Physiol Endocrinol
Metab. 2003;284:E940-5.

Imbernon M, Beiroa D, Vézquez 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/JNKT pathways. Gastroenterology. 2013;144:636-49.e6.
Kowalski TJ, Spar BD, Weig B, Farley C, Cook J, Ghibaudi L, et al. Effects of
a selective melanin-concentrating hormone 1 receptor antagonist on
food intake and energy homeostasis in diet-induced obese mice. Eur J
Pharmacol. 2006;535:182-91.

Jeon JY, Bradley RL, Kokkotou EG, Marino FE, Wang X, Pissios P, et al. MCH-
/- mice are resistant to aging-associated increases in body weight and
insulin resistance. Diabetes. 2006;55:428-34.

Zhang X, van den Pol AN. Thyrotropin-releasing hormone (TRH) inhibits
melanin-concentrating hormone neurons: implications for TRH-mediated
anorexic and arousal actions. J Neurosci. 2012;32:3032-43.

YaoY, Fu LY, Zhang X, van den Pol AN. Vasopressin and oxytocin excite
MCH neurons, but not other lateral hypothalamic GABA neurons. Am J
Physiol Regul Integr Comp Physiol. 2012;302:R815-24.

Lidell ME, Betz MJ, Enerbéck S. Brown adipose tissue and its therapeutic
potential. J Intern Med. 2014,276:364-77.

Izawa S, Yoneshiro T, Kondoh K, Nakagiri S, Okamatsu-Ogura Y, Terao A,
et al. Melanin-concentrating hormone-producing neurons in the hypo-
thalamus regulate brown adipose tissue and thus contribute to energy
expenditure. J Physiol. 2022;600:815-27.

Al-Massadi O, Dieguez C, Schneeberger M, Lépez M, Schwaninger M,
Prevot V, et al. Multifaceted actions of melanin-concentrating hormone
on mammalian energy homeostasis. Nat Rev Endocrinol. 2021;17:745-55.
Monzon ME, de Souza MM, Izquierdo LA, Izquierdo |, Barros DM, de
Barioglio SR. Melanin-concentrating hormone (MCH) modifies memory
retention in rats. Peptides. 1999,20:1517-9.

Varas M, Pérez M, Ramirez O, de Barioglio SR. Melanin concentrating hor-
mone increase hippocampal synaptic transmission in the rat. Peptides.
2002;23:151-5.

Varas MM, Pérez MF, Ramirez OA, de Barioglio SR. Increased susceptibility
to LTP generation and changes in NMDA-NR1 and -NR2B subunits mRNA

Page 18 of 18

expression in rat hippocampus after MCH administration. Peptides.
2003;24:1403-11.

56. Kim Y-K, Lee A-R, Park H, Yoo J, Ahn S, Jeon S-H, et al. Acupuncture allevi-
ates levodopa-induced dyskinesia via melanin-concentrating hormone
in Pitx3-deficient aphakia and 6-hydroxydopamine-lesioned mice. Mol
Neurobiol. 2019;56:2408-23.

57. CederholmT, Jensen GL, Correia MITD, Gonzalez MC, Fukushima R,
Higashiguchi T, et al. GLIM criteria for the diagnosis of malnutrition—a
consensus report from the global clinical nutrition community. Clin Nutr.
2019;38:1-9.

58. Chiappalupi S, Sorci G, Vukasinovic A, Salvadori L, Sagheddu R, Coletti D,
et al. Targeting RAGE prevents muscle wasting and prolongs survival in
cancer cachexia. J Cachexia Sarcopenia Muscle. 2020;11:929-46.

59. KorannV, Jacob A, Lu B, Devi P, Thonse U, Nagendra B, et al. Effect of intra-
nasal oxytocin on resting-state effective connectivity in schizophrenia.
Schizophr Bull. 2022;48:1115-24.

60. Uvnas Moberg K, Handlin L, Kendall-Tackett K, Petersson M. Oxytocin is a
principal hormone that exerts part of its effects by active fragments. Med
Hypotheses. 2019;133:109394.

61. Ploj K, Benthem L, Kakol-Palm D, Gennemark P, Andersson L, Bjursell M,
et al. Effects of a novel potent melanin-concentrating hormone receptor
1 antagonist, AZD1979, on body weight homeostasis in mice and dogs.
Br J Pharmacol. 2016;173:2739-51.

62. Johansson A, Lofberg C. Novel MCH1 receptor antagonists: a patent
review. Expert Opin Ther Patents. 2015;25:193-207.

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



	Angiostrongylus cantonensis induces energy imbalance and dyskinesia in mice by reducing the expression of melanin-concentrating hormone
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals and experimental design
	Infection with AC larvae
	Drug administration
	Gene Ontology (GO) enrichment analysis
	Real-time quantitative PCR (RT–qPCR)
	Immunofluorescence
	Histopathology and immunohistochemistry
	Metabolic assessment
	Biochemistry test
	Oral GLU tolerance test
	Evaluation of gastrointestinal motility disorders
	Survival rate, body weight, and neurological function assessment
	Behavioral tests
	Western blotting
	Statistical analysis

	Results
	Decrease in MCH expression observed in the AC-infected mouse model
	AC infection induces energy metabolism imbalance in mice
	AC infection leads to extensive adipose tissue loss in mice
	Metabolic imbalance in GLU and lipid metabolism due to AC infection in mice
	Neurological impairment and dyskinesia in mice due to AC infection
	MCH enhances survival, body, and adipose tissue weight in AC-infected mice
	MCH mitigates dyskinesia in mice
	MCH rescues AC-induced changes of PSD95, MAP2, and BCL2

	Discussion
	Conclusions
	Acknowledgements
	References


