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Lycopene regulates intestinal dysmotility and
behavioral disorders by regulating enteric neurons
and the cholinergic system†
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Gut dysmotility is a prevalent gastrointestinal disorder characterized by disrupted defecation and often

accompanied by depression and anxiety. Lycopene (LYC) is a type of carotenoid with strong antioxidant

and anti-inflammatory properties. However, the effects of LYC on gut dysmotility and related behavioral

disorders remain elusive. Herein, we found that 100 mg kg−1 d−1 LYC notably improved the gut transit

time and intestinal transit rate as well as concurrently alleviated depression- and anxiety-like behaviors in

a diphenoxylate (Dip, 5 mg kg−1 d−1)-induced constipated mouse model. LYC pretreatment enhanced gut

barrier integrity and short-chain fatty acid (SCFA) production as well as rebalanced gut microbiota

homeostasis by enriching beneficial bacteria, including Bifidobacterium and Akkermansia. Furthermore,

LYC restored enteric neuronal function, as evidenced by increased HuC/D and Tuj1 expression as well as

balanced neurotransmitter levels. Brain transcriptomics results suggest that LYC regulates the cholinergic

synapse pathway and increases acetylcholine (Ach) content in the brain, which is associated with the alle-

viation of neuroinflammation. In summary, this study offers insights into functional dietary component-

based nutritional strategies that target gut dysmotility comorbid behavioral dysfunction.

1. Introduction
Gastrointestinal (GI) motility is crucial for digestion and nutri-
ent absorption, and gut dysmotility is a prevalent and burden-
some GI disorder associated with constipation, diarrhea and
functional GI diseases, such as irritable bowel syndrome
(IBS).1,2 Constipation, which is characterized by increased GI
transit time, dry stools, and infrequent defecation, affects
approximately 10.1% of adults globally, with its rising preva-
lence linked to imbalanced diet, chronic stress, and sedentary
lifestyle.3,4 Constipation promotes intestinal toxin accumu-
lation, disrupts gut homeostasis and subsequently affects
distant organs.5 Research has confirmed a bidirectional corre-
lation between constipation and behavioral disorders, including
depression and anxiety.6 A meta-analysis of 69989 patients with

chronic constipation and 7179 patients with constipated IBS
(IBS-C) showed that comorbid depression rates were as high as
14.6% ± 29.2% and 12.5% ± 69.2%, respectively.7 Current thera-
pies, such as medications and dietary fiber supplementation,
can cause undesirable side effects such as irreversible intestinal
damage and functional distention.8,9 These challenges under-
score the imperative need for novel nutritional approaches for
managing constipation and associated behavioral disorders.

Growing evidence emphasizes gut microbiota dysbiosis as a
pivotal factor in the progression of constipation and associated
behavioral disorders. Clinical and preclinical studies have veri-
fied that individuals with constipation accompanied by anxiety
and depression exhibit a reduced abundance of beneficial bac-
teria, including Bifidobacterium and Lactobacillus, along with
the enrichment of pro-inflammatory taxa, such as Sutterella
and Oscillibacter.10–12 Beneficial intestinal bacteria have been
shown to effectively mitigate depression- and anxiety-like beha-
viors in a constipated mouse model, and this was associated
with restoration of the gut microbiota structure, regulation of
enteric neurotransmitters, and a reduction in colonic inflam-
mation.11 Notably, patients with functional constipation and
psychiatric symptoms have shown significant improvement in
symptoms such as constipation, anxiety and depression after
receiving fecal transplantation (FMT) from healthy donors.12
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The mechanisms underlying the role of the gut microbiota in
constipation and associated behavioral disorders involve bac-
teria-derived metabolites, such as short-chain fatty acids
(SCFAs). Inulin could alleviate depression and anxiety in
diphenoxylate (Dip)-induced constipated mice, and this was
partly attributed to augmented SCFA production in the
colon.13 Constipation-driven enrichment of endotoxin-produ-
cing bacteria, including Desulfovibrio and Oscillibacter, com-
promises intestinal integrity, resulting in elevated systemic
pro-inflammatory substances that subsequently trigger
neuroinflammation.14,15 The cholinergic system further
bridges gut-brain communication via the acetylcholine (Ach)-
mediated anti-inflammatory pathway, also known as the
cholinergic anti-inflammatory pathway (CAP).16 It has been
demonstrated that the cholinergic system also mediates vagus
nerve stimulation, which has beneficial effects on IBS and
related depression, indicating the key role of the cholinergic
system in regulating inflammation-related disorders.17

Dietary modification is an effective strategy for managing
constipation and its complications.18 Emerging evidence has
highlighted bioactive dietary components as promising thera-
peutics for GI disorders, including constipation.19,20 Lycopene
(LYC), a natural liposoluble carotenoid enriched in various
fruits, such as tomatoes and guava, exhibits potent antioxidant
and anti-inflammatory properties with established human
safety profiles.21,22 Previous studies have confirmed that LYC
has great potential in mitigating neuroinflammation, cognitive
impairment, and gut microbiota dysbiosis while enhancing
gut barrier function and mucosal immunity.23–26 These
studies emphasize the crucial role of gut microbiota in the bio-
logical activity of LYC, especially its efficacy in improving GI
disorders. Nonetheless, its protective effects against consti-
pation and related depression and anxiety disorders remain
unclear and warrant mechanistic investigation.

Based on the above premises, we propose LYC as a nutri-
tional therapeutic for constipation and related neurobehavioral
comorbidities. This study demonstrates that LYC supplemen-
tation could alleviate Dip-induced gut motility dysfunction,
while concurrently ameliorating depression- and anxiety-like
behaviors in a constipated mouse model. LYC significantly
restored gut microbiota dysbiosis and altered enteric neuron
markers that play a critical role in gut motility regulation.27

Brain transcriptomics revealed a significant enrichment of the
cholinergic synaptic pathway in LYC-treated constipated mice,
which is associated with the alleviation of neuroinflamma-
tion.28 These results emphasize the potential of LYC as a
promising candidate for managing gut dysmotility and associ-
ated behavioral disorders, highlighting its multifaceted
benefits on gut health and brain function.

2. Materials and methods
2.1 Animal experiment design

Eight-week-old C57BL/6J male mice (SPF Biotechnology Co.,
Ltd., Beijing, China) were housed under standard conditions

(22 ± 2 °C, 12 h/12 h light–dark cycle). All animal protocols
used were in compliance with the Guide for the Care and Use
of Laboratory Animals: Eighth Edition (ISBN-10:0-309-15396-4)
and were approved by the Institutional Animal Care and Use
Committee of Northwest A&F University (ethics permission
number: XN2024-0414).

Diphenoxylate (Dip) was administrated orally to establish
the constipation mouse model. The detailed experimental
timeline is shown in Fig. 1A. Mice were randomly assigned
into four groups (n = 10): ① Ctrl; ② Ctrl-LYC; ③ Dip; ④ Dip-
LYC. The Ctrl and Dip groups were fed a standard AIN-93M
diet (Jiangsu Xietong Pharmaceutical Bioengineering Co., Ltd,
China), while the Ctrl-LYC and Dip-LYC mice groups were fed
with an AIN-93M diet containing LYC (100 mg kg−1 d−1, purity
≥ 95%, DASF Biotechnology Co., Ltd, Nanjing, China) for 7
weeks. In the last 14 days, the Ctrl and Ctrl-LYC groups were
orally administered with normal saline, while the Dip and Dip-
LYC groups were daily treated with Dip (5 mg kg−1 dissolved in
normal saline). The behavioral tests were performed after Dip
treatment before the mice were sacrificed.

2.2 Behavioral tests

2.2.1 Marble buried test (MBT). Mice were placed in a stan-
dard experimental cage with wood cushion to a depth of 4 cm
and 20 glass marbles (15 mm diameter, arranged in a 5 ×
4 matrix) on the top. The mice were allowed to explore for
30 min in the cage. The number of marbles buried by each
mouse (two-thirds or more of their height) was recorded.

2.2.2 Elevated plus maze (EPM). The EPM comprised two
opposing closed arms (30 cm × 8 cm) enclosed by 15 cm-high
walls and two open arms (30 cm × 8 cm) devoid of walls. The
apparatus was elevated 70 cm above the floor. The mice were
placed in the center of the EPM and allowed to explore for
5 min. The time spent by mice in the open arms was recorded
using a computerized video-tracking system (Shanghai
Xinruan Information Technology Co., Ltd, China).

2.2.3 Tail suspension test (TST). As described previously,
the TST was performed to evaluate depression-like behavior in
the established model.29 The mice were secured with adhesive
tape approximately 1 cm from the tail tip and suspended at a
height of 50 cm above the ground for 6 min. The immobility
time of each mouse was recorded in the last 4 min.

2.2.4 Open field test (OFT). We used OFT to investigate
anxiety-like and motor behaviors in constipated mice.30 The
mice were positioned at the center of a white open box (40 cm
× 40 cm × 40 cm), which was partitioned into a central region
and four corner regions, and engaged in spontaneous activity
for 5 min. The time spent by the mice in the central region
was recorded.

2.3 Fecal water content measurement

The number of feces excreted by each mouse was recorded for
1 h starting at 9:00 a.m. After measuring the fecal weight, the
feces were dried in an oven at 80 °C for 48 h to determine the
fecal dry weight. Fecal water content (%) was calculated as
(fecal weight − dry weight) × 100/fecal weight.
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2.4 Total gut transit time

After gavage administration of 200 μL Evans blue solution (5%
suspended in gum Arabic; Med Chem Express) to mice, the
time taken for the first appearance of blue feces was recorded
as the total gut transit time.

2.5 Gastrointestinal transit rate measurement

Mice were allowed to fast overnight and then orally administered
with 200 μL Evans Blue solution 30 min after the last gavage of
normal saline or Dip. After 25 min, the mice were anesthetized
and sacrificed, and then the whole intestine was collected. The
intestine length and Evans blue propulsion length were used to
calculate the gastrointestinal transit rate according to the
formula: Evans blue propulsion rate (%) = Evans blue propulsion
length (cm) × 100/total intestine length (cm).

2.6 H&E, immunohistochemical, and immunofluorescence
staining

After fixing in 4% paraformaldehyde and embedding in
paraffin, the brain and colon tissues were sliced into 5 μm sec-

tions. The tissue morphology was observed using H&E stain-
ing. Immunohistochemical and immunofluorescence staining
were performed according to previously described methods.29

After overnight incubation with primary antibodies at 4 °C, the
brain and colon slices were washed with PBS and then incu-
bated with appropriate secondary antibodies. A fluorescence
microscope (Leica, Wetzlar, Germany) was used to observe the
tissue sections. Antibody information is given in ESI
Table S1.†

2.7 Transmission electron microscopy (TEM)

TEM was used to observe the ultrastructure of the hippo-
campus and colon.31 After fixing with 2.5% glutaraldehyde
(pH = 7.2) at 4 °C for 4 h, the tissues were washed with PBS
and then treated with 1% osmium tetroxide for 1 h. After
washing with PBS again, the tissues were dehydrated in a
series of ethanol solutions (30%, 50%, 70%, 80%, 90%, and
100%, v/v) for 15-20 min and finally embedded in LR-WHITE.
The ultrathin sections were stained with uranyl acetate and

Fig. 1 Lycopene attenuates Dip-induced constipation. (A) Timeline of the animal experiment; (B) final body weight (n = 10 mice per group); (C)
number of feces (n = 10 mice per group); (D) fecal weight (n = 10 mice per group); (E) water content of feces (n = 10 mice per group); (F) time for
the first blue feces (n = 6 mice per group); (G) representative image of intestinal transport; (H) intestinal propulsion rate (n = 6 mice per group). Data
are presented as the median ± interquartile range. *p < 0.05, **p < 0.01 compared with the Ctrl group, #p < 0.05, ##p < 0.01, compared with the Dip
group. Significant differences were determined through one-way ANOVAwith Tukey’s multiple comparison test.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 5363–5379 | 5365

Pu
bl

is
he

d 
on

 2
6 

M
ay

 2
02

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 R
am

on
 L

lu
ll 

on
 1

2/
10

/2
02

5 
11

:3
0:

59
 A

M
. 

View Article Online

https://doi.org/10.1039/d5fo00039d


lead citrate and then observed under a TEM (TH7800, Hitachi,
Japan) at 80 kV.

2.8 Alcian blue staining

After dewaxing and hydration, the 5 μM colon sections were
stained with Alcian blue/nuclear-fast red and washed with
PBS. The colon tissues were observed using an optical micro-
scope (Olympus, Tokyo, Japan).

2.9 Wholemount immunofluorescence staining of myenteric
plexuses

Myenteric plexus separation and neuronal staining were per-
formed as described previously.32 After anesthetizing and
euthanizing the mice, the colon was immediately collected
and placed in an ice-cooled Krebs buffer. After gently removing
the mesentery, the colon was cut into 2–3 cm-long pieces and
cut longitudinally. The myenteric plexus samples were
obtained using fine tweezers, fixed in 4% paraformaldehyde
overnight and subsequently placed in 5% bovine serum
albumin (SRE0096, Sigma-Aldrich, USA) containing 0.3%
Triton X-100 at room temperature for 2 h to block non-specific
staining. The samples were then incubated overnight with
appropriate primary antibodies at 4 °C. After PBS washes, the
samples were exposed to fluorescent secondary antibodies for
2 h at room temperature. Subsequently, the samples were
rinsed with PBS, mounted for microscopic analysis with a fluo-
rescence decay-resistant medium, and then covered with cover-
slips. All stained myenteric plexuses were observed under a
Laser Scanning Confocal Microscope (Leica, TCS SP8,
Germany) with a 63× oil objective, 1.00 zoom, 1.00 airy unit
pinhole, and 1024 × 1024 pixels xy resolution. Antibody infor-
mation is shown in ESI Table S1.†

2.10 ELISA analysis

Blood samples were collected through orbital bleeding under
anesthesia and centrifuged at 3500g to obtain the serum for
further analysis. The colonic and brain tissues were homogen-
ized using RIPA lysis buffer (Solarbio, Beijing, China) and cen-
trifuged to isolate the supernatant. The concentrations of Ach,
substance P (SP), vasoactive intestinal peptide (VIP) and LPS
were measured using ELISA kits (Meibiao Biotechnology,
Jiangsu, China).

2.11 RT-qPCR

Total RNA was extracted from the brain and colon tissues
using the Trizol reagent and reverse-transcribed into cDNA for
RT-qPCR analysis using a reverse-transcription kit (Accurate
Biotechnology, Hunan, China). The relative mRNA expression
was determined using SYBR green reagents (Accurate
Biotechnology, Hunan, China) on a QuantStudio™ 5 (Applied
Biosystems, USA) and the 2−ΔΔCt method. The sequences of
specific primers are shown in ESI Table S1.†

2.12 RNA sequencing and data analysis

The total RNA from the cerebral cortex was analyzed for
purity using a 5300 Bioanalyser (Agilent, USA) and quanti-

fied on an ND-2000 spectrophotometer (Thermo Fisher
Scientific, USA). The transcriptome library was prepared
using Illumina® Stranded mRNA Prep, Ligation (San Diego,
CA), and sequenced on a NovaSeq X Plus sequencer
(Majorbio Bio-pharm Biotechnology Co., Ltd, Shanghai,
China). Quantitative analysis of gene expression levels was
performed using RSEM software, and DESeq2 with |
log 2FC| ≧ 1 and FDR < 0.05 was used to identify differen-
tially expressed genes (DEGs).33,34 Python scipy (https://
scipy.org/install/) was used to perform Kyoto encyclopedia
of genes and genomes (KEGG) enrichment analyses of the
annotated DEGs, and gene set enrichment analysis (GSEA)
was conducted using the GSEA v4.1 software.

2.13 16S rDNA sequencing analysis

The E.Z.N.A.® Stool DNA extraction Kit (Omega, USA) was
used to extract total microbial DNA from the fecal samples (n =
6). Primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-
GACTACHVGGGTATCTAATCC-3′) were used to amplify the V3–
V4 region of the 16S rDNA gene by PCR. After confirmation by
2% agar-gel electrophoresis and purification using AMPure XP
beads (Beckman Coulter Genomics, USA), the products were
quantified by Qubit (Invitrogen, USA) and sequenced on the
Illumina NovaSeq platform (LC-BioTechnology, China).
Bioinformatics analyses were performed on the OmicStudio
platform (https://www.omicstudio.cn) based on the R version
4.1.3. The Wilcoxon rank-sum test was used to determine sig-
nificant differences in specific bacteria between the treatment
groups.

2.14 Measurement of fecal SCFAs

The fecal SCFA content was measured using a gas chromato-
graph (Shimadzu Corporation, Kyoto, Japan). Approximately,
0.2 g of fresh feces was placed in a centrifuge tube, and 1 mL
of distilled water was added. Then, 0.15 mL of 50% H2SO4 and
1.6 mL diethyl ether were added to the samples after hom-
ogenization for 10 min, and the tubes were shaken on ice for
30 min to mix the components. After centrifugation of the
samples at 8000 rpm for 5 min, 1 mL of the upper organic
phase was collected carefully, concentrated to 0.2 mL using a
nitrogen blower and then transferred into a chromatography
bottle for analysis.

2.15 Statistical analysis

Other than 16S rDNA and RNA sequencing results, the data
are presented as median ± interquartile range. Significant
differences among the treatment groups were analyzed by one-
way ANOVA with a Tukey’s post-hoc test in GraphPad 9.0. Image
quantification was performed using the ImageJ software. The
mean values were considered statistically significant if p <
0.05.
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3. Results
3.1 Lycopene attenuates Dip-induced constipation

To determine whether dietary LYC affects the progression of
constipation, we established a constipation mouse model by
oral gavage administration of Dip (Fig. 1A). First, no statisti-
cally significant difference was observed in the final body
weight among the four groups of mice (Fig. 1B), and dietary
LYC notably increased the number, weight and water content
of feces in Dip-induced constipated mice (Fig. 1C–E). The total
gut transit time and small intestinal transport rates were
measured by orally administering Evans blue solution (5% sus-
pended in gum Arabic). The results showed that the LYC-
treated mice exhibited a shorter time for the first appearance
of blue feces (Fig. 1F) and a higher small intestinal transport
rate compared with the Dip group (Fig. 1G and H). These find-
ings indicate that dietary LYC has the potential to alleviate
constipation-related intestinal motility dysfunction.

3.2 Lycopene restores gut microbiota dysbiosis in
constipated mice

We conducted 16S rDNA sequencing of the mouse feces
samples to determine the regulatory effect of LYC treatment on
the gut microbiota of constipated mice. The uniFrac distance-
based principal coordinate analysis (PCoA) indicated that the
gut microbiota of the Dip-treated mice clustered separately
from that of the Ctrl mice, indicating that constipation dis-
rupted gut microbiota homeostasis. However, the gut micro-
biota profile of Dip-LYC mice displayed closer proximity to the
Ctrl mice and Ctrl-LYC mice, indicating that Dip-induced gut
microbiota disruption was partly restored by LYC intervention
(Fig. 2A). Moreover, we observed that the Shannon index and
Chao index modestly declined in the Dip group compared with
the Ctrl group and increased after LYC intervention, indicating
that LYC supplementation improved alpha diversity (Fig. 2B).
Taxonomic profiling was further performed to determine LYC-
induced alterations in the gut microbiota structure. The Dip-
treated mice exhibited lower relative abundances of
Firmicutes, Actinobacteriota and Verrucomicrobiota but
higher relative abundances of Desulfobacterota and
Proteobacteria compared with the Ctrl mice, all of which were
restored after LYC administration (Fig. 2C). At the genus level,
the relative abundances of Bifidobacterium, Akkermansia,
Coriobacteriaceae UCG-002 and Allobaculum were increased
after LYC supplementation in constipated mice (Fig. 2D and
E). Taxonomy indicator analysis at the genus level revealed
that Akkermansia, CoriobacteriaceaeUCG-002, Bifidobacterium,
and Lachnospiraceae NK4A136 group were the dominant gut
bacteria in the Dip-LYC group, while Phreatobacter,
Bradyrhizobium and Helicobacter were the dominant bacteria in
Dip-treated mice (Fig. 2F). To elucidate the correlation
between the differential gut bacteria composition and consti-
pation-related indexes, Pearson correlation analysis was per-
formed for the Dip group and the Dip-LYC group (Fig. 2G).
The results showed that beneficial gut bacterial genera, includ-
ing Coriobacteriaceae UCG-002, Akkermansia, Bifidobacterium

and Allobaculum, exhibited a significant positive correlation
with the intestinal propulsion rate (r = 0.56, 0.47, 0.49, and
0.56, respectively), water content in feces (r = 0.44, 0.29, 0.36,
and 0.51, respectively) and fecal weight (r = 0.49, 0.27, 0.74,
and 0.53, respectively), whereas they were negatively correlated
with time taken for the first appearance of blue feces (r =
−0.57, −0.04, −0.64, and −0.58, respectively). However, the
selected potentially harmful bacteria, including Helicobacter,
Elizabethkingia and Bradyrhizobium, were negatively correlated
with the alleviation of constipation. These findings indicate
that LYC could reshape the gut microbiome structure, which
may be associated with the alleviation of constipation.

3.3 Lycopene regulates the ENS and gut metabolites in
constipated mice

To further explore the changes in gut microbiota function after
LYC intervention, a functional prediction analysis was con-
ducted using PICRUSt based on the 16S rDNA results. The
KEGG pathway analysis revealed an upregulation of the biosyn-
thesis of nervous system markers and other secondary metab-
olites in LYC-treated constipated mice compared with the Dip
group (Fig. 3A). The ENS, which is composed of submucosal
and myenteric plexuses, is intrinsic to the gut and responsible
for intestinal motility. Given the noted changes in gut motility
and gut microbiota function after LYC treatment, we investi-
gated whether these correlated with alterations in the ENS.
HuC/D and βIII-Tubulin (Tuj1) were used to label the enteric
neurons and nerve fibers, respectively. Wholemount immuno-
fluorescence immunohistochemical staining of the colon indi-
cated an increase in HuC/D and Tuj1 positives area in the
myenteric plexuses of Dip-treated mice, which improved with
LYC supplementation (Fig. 3B–D). ENS can regulate intestinal
functions, such as gut motility, through its derived neurotrans-
mitters.27 Cholinergic neurons marked by choline acetyltrans-
ferase (ChAT) are the dominant neurons in the ENS and act as
the main excitatory neurons driving colon contraction.35 LYC
significantly restored the downregulated ChAT mRNA
expression in the colon of Dip-induced constipation mice
(Fig. 3E). Ach is the main excitatory neurotransmitter that
enhances intestinal muscle contraction, and its release can be
stimulated by SP.36 LYC pretreatment notably increased the
levels of colonic Ach and SP in constipated mice (Fig. 3F and
G). The colonic concentration of the major gastrointestinal
activity inhibitor peptide VIP was significantly higher in Dip
group mice, which was reduced by LYC to a level equivalent to
that in Ctrl group mice (Fig. 3H). It has been demonstrated
that SCFAs can stimulate enteric neurogenesis in vivo.37 LYC
also restored the levels of fecal SCFAs (acetic acid, propionic
acid, butyric acid) in Dip-treated mice (Fig. 3I). Based on these
results, we speculated that LYC can regulate the ENS and its
neurotransmitters, which may be related to the increase in
SCFA levels.
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Fig. 2 Lycopene restored gut microbiota dysbiosis in constipated mice. (A) The result of principal co-ordinate analysis (PCoA) based on the Bray
Curtis distance of each group; (B) α-diversity of each group; (C) relative abundance at the phylum level; (D) taxonomy abundance circus at the genus
level of each group; (E) top 5 gut bacteria with significant differences at the genus level between the Dip group and Dip LYC group; (F) top 15 taxon-
omy indicator at the genus level between the Dip group and Dip LYC group; (G) correlation analysis between the specific gut bacteria and consti-
pation-related indicators. Data in (E) is presented as the median ± interquartile range; n = 6, #p < 0.05, ##p < 0.01, compared with the Dip group.
Statistical analyses were performed using the Wilcoxon rank-sum test for (E).
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3.4 Lycopene enhances intestinal barrier integrity and
alleviates colonic inflammation in constipated mice

Damage to the intestinal epithelial barrier and mucous barrier
occurs often in cases of constipation.38 Colonic H&E and
Alcian blue staining indicated that LYC alleviated pathological
damages, such as obvious crypt deformation and goblet cell
loss, in Dip-induced constipated mice (Fig. 4A, B and E). We
observed the ultrastructure of colonic microvilli and tight junc-

tions (TJs) using TEM and found that constipated mice dis-
played expanded intercellular spaces, shortened and sparse
microvilli, and dysfunctional TJs (Fig. 4C, indicated by the
arrows). Claudin-1 expression was also measured by immuno-
histochemical analysis after staining to further determine the
integrity of the gut barrier. Compared with the Ctrl group
mice, Dip treatment caused a notable downregulation in
colonic Claudin-1 expression, which was restored by LYC treat-
ment (Fig. 4D and F). Similarly, the colonic mRNA expression

Fig. 3 Lycopene regulated ENS and gut metabolites in constipated mice. (A) KEGG pathway prediction analysis of differential gut bacteria between
the Dip group and Dip-LYC group; (B) representative images of immunofluorescence staining of HuC/D and Tuj1 of colon LMMP for each group
(green: HuC/D; red: Tuj1; scale bar = 100 μm); (C and D) quantification of the HuC/D and Tuj1 positive area based on immunofluorescence staining
sections by ImageJ software; (E) RT-qPCR analysis of the mRNA expression of Chat in the colon for each group (n = 6 mice per group); (F–H) levels
of Ach, VIP and SP in the colon (n = 8 mice per group); (I) concentration of acetic acid, propionic acid and butyric acid (n = 6 mice per group). Data
in Fig. (C–I) are presented as the median ± interquartile range. *p < 0.05, **p < 0.01 compared with the Ctrl group, #p < 0.05, ##p < 0.01, compared
with the Dip group. Significant differences were determined using one-way ANOVAwith Tukey’s multiple comparison test.
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of ZO-1, claudin-1 and mucin 2 (Muc2) increased in LYC-
treated constipated mice (Fig. 4G). Gut barrier damage causes
the translocation of bacteria and endotoxins in the colonic
mucosa, which in turn contributes to intestinal inflammation
and oxidative stress.39 Dip dramatically upregulated the
colonic expression of proinflammatory cytokines (Il-1β, IL-6,
Tnf-α) and circulating LPS levels (Fig. 4H and J), while it down-
regulated antioxidant enzyme expression (HO-1, CAT, SOD),
and all these were restored by LYC supplementation (Fig. 4I).
These results suggest that LYC improved the constipation-
related increase in intestinal permeability and inflammation.

3.5 Lycopene alleviates constipation-related depression- and
anxiety-like behaviors

Considering that LYC could ameliorate colonic and systemic
inflammation in constipated mice and the established link
between inflammation and gut-brain axis dysregulation, we specu-
lated that LYC may ameliorate constipation-related behavioral dis-
orders.40 Numerous studies have shown that depression and

anxiety often coexist as comorbidities of various GI diseases, such
as constipation.12,13 We performed behavioral tests, including OFT,
EPM, MBT and TST, to evaluate the impact of LYC on constipation-
associated behavioral disorders. Constipated mice displayed
anxiety-like behaviors, as evident from the lower instances of enter-
ing the center and the open arms in OFT (Fig. 5A–C) and EPM
(Fig. 5D–F), respectively, and more buried marbles in MBT com-
pared with the Ctrl group (Fig. 5G–I), all of which were restored by
LYC treatment. Furthermore, constipated mice spent longer immo-
bility time in TST, while LYC supplementation effectively improved
this state in constipated mice (Fig. 5J and K). These data empha-
size the protective effects of LYC against constipation-related
depression- and anxiety-like behaviors.

3.6 Lycopene regulates the cholinergic synapse pathway and
neuroinflammation in the brain of constipated mice

RNA sequencing of the cortex was performed to elucidate the
potential mechanism underlying the LYC-mediated improvement
of behavioral disorders in constipated mice. Principal component

Fig. 4 Lycopene enhanced intestinal barrier integrity and alleviated colonic inflammation in constipated mice. (A) Representative images of H&E
staining (scale bar, 100 μm); (B) representative images of Alcian blue staining (scale bar, 100 μm); (C) representative TEM micrographs of the colon
for each group (scale bar, 1.0 μm); (D) representative images of immunohistochemistry staining of Claudin-1 in the colon for each group (scale bar,
200 μm); (E) quantification of the number of goblet cells per crypt based on Alcian blue staining; (F) quantification of the Claudin-1 positive area
based on immunohistochemistry-stained sections using ImageJ software (representative images were captured from 6 slices of 3 mice per group);
(G) RT-qPCR analysis of the mRNA expressions of Claudin-1, ZO-1, Muc2 in the colon for each group (n = 6 mice per group); (H–I) RT-qPCR analysis
of the mRNA expressions of inflammation-related and oxidative stress-related genes in the colon for each group (n = 6 mice per group); (J) concen-
tration of LPS in serum (n = 6 mice per group). Data in (E–J) are presented as the median ± interquartile range. *p < 0.05, **p < 0.01 compared with
the Ctrl group, #p < 0.05, ##p < 0.01 compared with the Dip group. Significant differences were determined using one-way ANOVAwith Tukey’s mul-
tiple comparison test.
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analysis (PCA) revealed distinct clustering of the brain transcription
profiles of the Dip group and the Ctrl group, with the Dip-LYC
mice data closely approximating that of the Ctrl group (Fig. 6A).
KEGG enrichment analyses of DEGs showed that the nervous-
system-associated pathways, especially the cholinergic synapse
pathway, underwent simultaneous changes between the Ctrl and
Dip groups, as well as the Dip-LYC and Dip groups (Fig. 6B and C).
Notably, the GSEA result revealed a significant upregulation of the
cholinergic synapse pathway in the brain of LYC-treated consti-
pated mice (Fig. 6D). Furthermore, we constructed a protein–
protein interaction (PPI) network of the core genes in the cholin-
ergic synapse pathway, which revealed that LYC significantly regu-
lated genes encoding nicotinic acetylcholine receptors (Chrna7,
Chrna2, Chrna3, and Chrna4) (Fig. 6E). Additionally, LYC also
increased the Ach level in the brain of constipated mice (Fig. 6F).

The cholinergic synaptic pathway is closely related to inflam-
mation in the CNS; especially, Chrna7 (known as α7nAChR) acti-
vation can reduce the production of proinflammatory cytokines.41,42

We found that LYC significantly reduced the Iba-1 (a marker of

microglial activation) positive areas in the cortex and hippocampus
of Dip-treated mice (Fig. 6G–I). Additionally, there was an increase in
amoeboid-type microglia in the brain of constipated mice, while the
microglia phenotype changed to ramified type after LYC supplemen-
tation, which suggested that LYC inhibited the over-activation of
microglia (Fig. 6G). Furthermore, LYC significantly increased the
expression of antioxidant enzymes (HO-1, CAT and SOD) (Fig. 6J)
and decreased the proinflammatory markers (IL-1β, IL-6 and TNF-α)
in Dip-treated mice brains (Fig. 6K). Collectively, these results indi-
cate that LYC effectively regulates the cholinergic system and miti-
gates neuroinflammation and oxidative stress in constipatedmice.

3.7 Lycopene improves neuron damage and synaptic
dysfunction in Dip-treated mice

Furthermore, Dip-treated mice displayed neuronal damage or
nuclear atrophy in the cortex and hippocampal DG region
compared with Ctrl mice, while LYC supplementation
improved these morphological damages in constipated mice
(Fig. 7A). Synaptic defects, including the loss of postsynaptic

Fig. 5 Lycopene alleviated constipation-related depression- and anxiety-like behaviors. (A) Schematic of the open field test, created using FigDraw;
(B) percentage of time entering the center (n = 10 mice per group); (C) representative track images of mice in the open field test; (D) schematic of
the elevated plus maze., created using Biorender; (E) percent of open arm (n = 10 mice per group); (F) representative track images of mice in the
elevated plus maze; (G) schematic of the marble buried test, created using Biorender; (H) number of buried marbles (n = 10 mice per group); (I)
representative track images of mice in the marble buried test; (J) schematic of the tail suspension test, created using Biorender; (K) immobility time
(n = 10 mice per group). Data were presented as the median ± interquartile range. *p < 0.05, **p < 0.01 compared with the Ctrl group, #p < 0.05, ##p
< 0.01, compared with the Dip group. Significant differences were determined using one-way ANOVA with Tukey’s multiple comparison test.
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Fig. 6 Lycopene regulated cholinergic synapse pathway and neuroinflammation in the brain of constipated mice. (A) Principal-component analysis
(PCA); (B and C) KEGG pathway enrichment analysis between the Ctrl group and Dip group (B) and Dip-LYC group and Dip group (C) based on RNA
sequencing data; (D) enrichment plot of the cholinergic synapse pathway based on GSEA between the Dip group and Dip-LYC group; (E) PPI
network of 7 hub DEGs in the cholinergic synapse pathway; (F) the level of Ach in the brain (n = 6 mice per group); (G) immunohistochemistry stain-
ing of Iba-1 in the brain (scale bar, 100 μm); (H–I) quantification of Iba-1 positive area using ImageJ software in the cortex (H) and hippocampus (I);
(J and K) RT-qPCR analysis of the mRNA levels of oxidative stress-related and inflammation-related genes in the brain (n = 6 mice per group). Data
in (F) and (H–K) are presented as the median ± interquartile range. *p < 0.05, **p < 0.01 compared with the Ctrl group, #p < 0.05, ##p < 0.01 com-
pared with the Dip group. Significant differences were determined using one-way ANOVAwith Tukey’s multiple comparison test.
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density proteins (PSD), are associated with depression and
anxiety.43 TEM was used to observe the ultrastructure of
mouse hippocampal synapses (Fig. 7B). LYC alleviated synaptic
damages in Dip-treated mice, as evident from the increased
width and length of the postsynaptic density (Fig. 7C and D)
and the upregulated expression of PSD-95 (Fig. 7G). Brain-
derived neurotrophic factor (BDNF), which can also be sup-
ported by PSD-95, has been reported to have antidepressant
effects.44 Immunofluorescence staining (Fig. 7E and F) and
RT-qPCR results (Fig. 7G) demonstrated that LYC treatment
significantly increased BDNF expression in the brain of Dip-
treated mice. Thus, LYC could restore neuron damage and
synaptic dysfunction in constipated mice.

4. Discussion
LYC, a natural nutritional component with proven benefits in
various chronic diseases, shows a potential role in gut-brain
axis regulation.45 While prior studies suggest correlations
between LYC intake and intestinal/brain homeostasis, its protec-
tive mechanisms against constipation and associated behavioral
disorders remain unclear. Our findings demonstrate that LYC
pretreatment significantly alleviated the constipation phenotype
and associated depression- and anxiety-like behavior in mice.
LYC enriched the beneficial gut bacteria, prevented gut barrier

damage and promoted SCFA production in constipated mice.
Importantly, LYC upregulated the nervous system pathway and
restored ENS regeneration and neurotransmitter levels, which
partly explains the benefits of LYC in relieving constipation.
Furthermore, RNA sequencing results of the brain revealed that
LYC supplementation enriched cholinergic synaptic pathways,
regulated nicotinic acetylcholine receptors and increased Ach
level, which could be associated with the alleviation of neuroin-
flammation and oxidative stress in constipated mice.

As the primary carotenoid found in the human serum,
naturally sourced LYC up to 75 mg day−1 does not pose any
risks to adults, underpinning its therapeutic potential in
humans.46 Upon ingestion, most of LYC is isomerized into the
cis configuration, emulsified by scavenger receptor class B type
1 protein (SR-B1), and then absorbed by intestinal epithelial
cells. Subsequently, LYC is converted into chylomicrons by
β-carotene 15,15′-monooxygenase (BCOM1) and β-carotene
9′,10′-dioxygenase (BCO2) and then enters the blood and physi-
cal organs through portal veins and lymph circulation,47 with
detectable accumulation in the gut and brain, implying its
potential role in the regulation of the gut-brain axis.48,49

Constipation, a gastrointestinal disorder frequently prevalent
with anxiety/depression as comorbidities, exhibits symptom
exacerbation proportional to disease severity. Epidemiological
evidence links constipation to suboptimal dietary patterns,
positioning dietary modification as a first-line management

Fig. 7 Lycopene improved neuron damage, synaptic dysfunction in Dip-treated mice. (A) H&E staining of the brain (scale bar, 100 μm); (B) ultra-
structure of synapses of the hippocampus (scale bar, 500 μm); (C and D) postsynaptic density (PSD) width (C) and length (D) (n = 6 mice per group);
(E and F) immunofluorescence of BDNF (scale bar, 200 μm) (E) and quantification of BDNF expression using ImageJ software (F); (G) the mRNA
levels of BDNF and PSD-95 in the brain (n = 6 mice per group). Data in (C and D) and (F and G) are presented as the median ± interquartile range. *p
< 0.05, **p < 0.01 compared with the Ctrl group, #p < 0.05, ##p < 0.01 compared with the Dip group. Significant differences were determined using
one-way ANOVAwith Tukey’s multiple comparison test.
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strategy.4 Increasing red/orange, dark green vegetables or anti-
oxidant intake is negatively correlated with chronic consti-
pation incidence,50,51 and a recent cross-sectional study indi-
cated that LYC intake could reduce the risk of constipation in
men,52 implying that LYC may have positive effects on consti-
pation and associated behavioral disorders. According to the
body surface area calculations reported in previous studies, the
human equivalent dose of LYC used in this study was 8.1 mg
kg−1 d−1,53 indicating that it may be achieved through sup-
plementation. This study explored the preventive effect of LYC
supplementation as a nutritional strategy to treat constipation
induced by Dip, which may differ from clinical situations
where intervention measures are applied after symptom onset.
However, certain populations (such as those starting on consti-
pation medication, elderly people or chronic opioid users
prone to constipation) can benefit from preemptive dietary
interventions.54,55

Accumulating evidence has confirmed that gut microbiota
dysbiosis is implicated in the pathogenesis of constipation
and related behavioral disorders.12,56 Constipation reduces the
α-diversity index and induces gut microbiota imbalance,
characterized by the depletion of Firmicutes and an increase
in potential endotoxin producers, including Helicobacter and
Desulfobacterota.15,57–59 Additionally, probiotics, such as
Bifidobacterium bifidum, have been shown to restore the abun-
dance of Firmicutes in constipated mice and patients, which is
consistent with our findings.56,57 We also found that LYC
increased the Chao index and Shannon index of gut micro-
biota in constipated mice. Helicobacter eradication therapy
has been shown to ameliorate abnormal bowel symptoms in
chronically constipated patients,56 while the increased abun-
dance of Helicobacter and Desulfobacterota has been posi-
tively associated with anxiety and depression.57–59 Multi-strain
probiotics containing Bifidobacterium have been demonstrated
to effectively improve constipation, as well as anxious and
depressive symptoms in patients with GI disorders.60,61

Akkermansia species (mainly Akkermansia muciniphila) have
shown excellent anti-depressant efficacy, correlating with the
modulation of gut microbiota structure and metabolite
levels.62,63 Coriobacteriaceae UCG-002 has recently attracted
widespread attention due to its anti-inflammatory benefits
and is known to promote the growth of Akkermansia mucini-
phila.64 In this work, LYC downregulated the relative abun-
dance of Proteobacteria, Desulfobacterota and Helicobacter
and restored the depleted beneficial bacteria, including
Bifidobacterium, Akkermansia and Coriobacteriaceae UCG-002,
in constipated mice. Gut microbiota imbalance can further
disrupt metabolite profiles, including SCFAs, which have sig-
nificant benefits on intestinal physiology and gut-brain com-
munication.65 SCFAs have been confirmed to play a mediating
role in the relief of constipation comorbid depression and
anxiety-like behavior by dietary inulin.13 Here, we also noticed
that LYC significantly enhanced SCFA production and SCFA
producers like Lachnospiraceae NK4A136 group and Allobaculum
in constipated mice.66,67 These results suggest that the
improvements in gut microbiota dysbiosis and SCFA pro-

duction are closely related to ameliorating depression- and
anxiety-like behaviors in constipated mice treated with LYC.

As the only internal organ that has evolved an independent
nervous system, the GI has a crucial role in regulating diges-
tion and absorption through its neural regulatory system,
known as ENS.27 The ENS is a complex neural network, and
the neural circuits are composed of abundant nerve cells and
enteric ganglia distributed in the submucosal and myenteric
plexuses that spread throughout the intestinal wall.68

Abnormal ENS function can lead to abnormal intestinal moti-
lity, causing diarrhea or constipation. Research has shown that
cases of insufficient gut motility can be related to the loss of
enteric neurons in the colon, as evident from the decreased
number of HuC/D+ neurons.69–71 Neurons in the GI tract rely
on excitatory and inhibitory neurotransmitters to regulate
intestinal motility, and their abnormal secretion can also
affect constipation.72 Especially, excitatory cholinergic neurons
are one of the main subtypes of neurons in the ENS. Studies
have shown that the absence of cholinergic neuron marker
ChAT leads to proximal gastrointestinal motility disorders and
a severe decline in colonic transport capacity.35

Lactiplantibacillus plantarum treatment has been found to regu-
late ChAT+ neurons in the ENS via microbial tryptophan
metabolites, which makes it a potential management strategy
for IBS with predominant diarrhea.73 Bifidobacterium bifidum
alleviates intestinal motility disorders by reshaping intestinal
nerves by upregulating S100 β and Ach and downregulating
the inhibitory neurotransmitter nNOS.74 Additionally, chronic
SCFA administration increases ChAT expression in enteric
neurons, exerting a prokinetic effect on colonic motility, and
butyrate can promote the synthesis of Ach and SP, all of which
provide mechanistic insights into the role of SCFAs in increas-
ing the intestinal transit rate.75,76 We observed lesser HuC/D+

and Tuj1+ positive area and reduced expression of ChAT in
constipated mice, which was significantly restored by LYC sup-
plementation. Moreover, LYC treatment also increased the
excitatory neurotransmitters Ach and SP while reducing the
inhibitory neurotransmitters VIP in the colon of constipated
mice. However, the involvement of the microbiota and metab-
olites in the mechanism of ENS regulation by LYC in consti-
pated mice needs further exploration.

Peripheral inflammation is a prominent factor contributing
to the high incidence of behavioral disorders in people with
gastrointestinal diseases. The imbalance of intestinal homeo-
stasis, including the dysbiosis of gut microbiota and metab-
olites, leads to gut “leakage”, causing harmful bacteria and
toxins to enter the blood and thereby affecting host health.77

This study indicates that LYC can cause a significant reduction
in inflammation-related bacteria enriched by Dip treatment,
such as Helicobacter and Herbaspirillum.78,79 LYC could allevi-
ate constipation-induced colonic inflammation and oxidative
stress and significantly restore downregulated colonic TJs
(claudin-1, ZO-1) and Muc2 levels in Dip-treated mice, which
was consistent with the decrease in circulated LPS level.
Previous works have presented strong evidence emphasizing
the vital role of inflammation in depression pathophysiology
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and a significant increase in endotoxin-producing bacteria and
colonic inflammatory factors in constipated mice, which dis-
rupts gut barrier integrity and contributes to an increase in
serum LPS, triggering systemic inflammation, including neu-
roinflammation.80 A meta-analysis suggests that increased
microglial activity has a positive correlation with elevated
levels of IL-6, IL-8, and TNF-α in the cerebrospinal fluid of
depressed patients.81 In this study, constipated mice exhibited
microglial overactivation in the cortex and hippocampus,
accompanied by an increase in pro-inflammatory cytokines
and a decrease in anti-oxidant stress markers, all of which
notably improved after LYC administration. The cholinergic
system has a significant role in regulating inflammatory
responses, mainly through the CAP of the vagus nerve, which
is a key neural pathway of communication between the gut
and the brain.82 Chrna7, also known as α7nAChR, an impor-
tant mediator in CAP, has attracted increasing attention due to
its antidepressant effect.83 Ach inhibits the NF-κB pathway by
acting on α7nAChR, consequently suppressing the proinflam-
matory cytokine secretion and thus suppressing neuroinflam-
mation.16 Research has illustrated that mice with cholinergic
system dysfunction display gut microbiota dysbiosis, such as
an increase in Helicobacter ganmani, and depressive pheno-
types; meanwhile, FMT from mice with cholinergic system dys-
function caused systemic inflammation and synaptic protein
loss, which contributed to depression in normal mice, indicat-
ing the critical role of the cholinergic system in regulating be-
havioral disorders through gut-microbiota-brain signaling.17

Additionally, a chronic stress-induced depressive mice model
exhibited decreased Ach levels in the brain.84,85 In this work,
through brain RNA sequencing, we found that LYC regulated
the cholinergic synapse pathway, particularly the nicotinic
acetylcholine receptors, and upregulated Ach content in the
brain of constipated mice. Previous studies have also demon-
strated that LYC could activate the cholinergic system in the
brain, increasing the brain ACh levels by inhibiting AChE
activity and ultimately improving memory impairment in rats,
which may be related to the antioxidant properties of LYC.86

While this study provides novel insights into the therapeutic
potential of LYC, it also has several limitations that warrant con-
sideration. Firstly, although our findings suggest an association
between LYC-induced gut microbiota modulation and consti-
pation alleviation, the causal role of microbial communities
requires validation through germ-free models and FMT studies
to establish definitive mediation mechanisms. Secondly, given
that the cholinergic system regulates inflammatory responses
via the CAP, a process involved in the neural signaling of the
gut-brain axis, future studies with Chrna7-specific conditional
knockout mice are essential to elucidate the direct involvement
of the cholinergic system in LYC-mediated amelioration of con-
stipation and the comorbid anxiety- and depression-like beha-
viors. Lastly, elucidating the molecular mechanisms by which
LYC modulates cholinergic signaling in the ENS and brain
remains a critical research priority.

In conclusion, our study demonstrates that LYC effectively
protects against Dip-induced constipation and associated be-

havioral disorders. Mechanistically, LYC promotes gut motility
by inhibiting intestinal inflammation, gut microbiota dysbio-
sis and enteric neuron regeneration. Subsequently, LYC allevi-
ates neuroinflammation partially by regulating the cholinergic
system, which contributes to the improvement of constipation-
associated depression and anxiety. Given that many neuro-
transmitters and anatomical characteristics are shared by ENS
and CNS, ENS dysfunction is accompanied by an increase in
the occurrence of CNS pathologies.87 The interplay between
intestinal motility-disorder-related ENS dysfunction and CNS
disorders deserves further investigation. Overall, our findings
exemplify the potential of LYC as a promising nutritional
agent for managing intestinal dysmotility and related neurop-
sychiatric comorbidities.
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