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L-Arabinose attenuates loperamide-induced
constipation through the regulation of gut
microbiota in mice
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L-Arabinose is a plant-specific pentaose with various functional properties. Here, the effects of

L-arabinose on long-term constipation were investigated. According to the results, L-arabinose signifi-

cantly attenuated loperamide-induced constipation by enhancing the gastrointestinal motility and reliev-

ing intestinal injuries. In addition, L-arabinose reduced neutrophil proportion and inflammatory cytokine

concentrations in constipated mice, exhibiting immunomodulatory activity. Furthermore, the 16S rRNA

analysis showed that L-arabinose ameliorated the gut microbiota dysbiosis induced by loperamide, and

Lactobacillus was the most significant dominant strain at the genus level in the L-arabinose group. More

importantly, the effect of L-arabinose was diminished by gut microbiota depletion, further confirming the

necessity of gut microbiota in L-arabinose-initiated constipation treatment. Mechanistically, L-arabinose

increased the abundance of Lactobacillus, ameliorating the gut microbiota dysbiosis, which further atte-

nuated the constipation by enhancing the gastrointestinal motility and relieving intestinal injuries. In

summary, L-arabinose can ameliorate loperamide-induced constipation in mice through the regulation of

gut microbiota.

1. Introduction

Constipation is a common gastrointestinal disorder that is
prevalent worldwide, characterized by hard stools, infrequent
bowel movements, and incomplete bowel evacuation.1,2

Regardless of affecting the quality of life, constipation may
lead to gastrointestinal nerve dysfunction, gut microbiota dis-
orders, hepatic encephalopathy, cardio-cerebrovascular dis-
eases, and even fatal pulmonary embolism (PE) or colorectal
cancer (CRC).3–6 Although the global cost of treating consti-
pation is high every year, more than 50% of people with consti-
pation cannot be cured.7,8 Thus, developing effective strategies
for the management of constipation is essential.

Intestinal microbiota dysbiosis has been associated with con-
stipation, and rebuilding or restoring gut microbiota homeosta-
sis is a feasible strategy for the treatment of constipation.7,9–13

Prebiotics, non-digestible food ingredients that beneficially affect
the host by selectively stimulating the growth and/or activity of
beneficial microorganisms, have emerged as key modulators of
this complex microbial community.14–17 Currently, more and
more studies have shown that the prebiotics can alleviate disease
symptoms by regulating the gut microbiota.18 L-Arabinose
(C5H10O5), a plant-specific pentaose, is a potential prebiotic with
multiple effects on alleviating lipid metabolic disorder, improv-
ing insulin resistance, and anti-inflammation.19 Besides these
effects, a previous study has shown that L-arabinose can inhibit
DSS-induced colitis by regulating gut microbiota.20 Some studies
have shown that L-arabinose can promote the production rate of
SCFAs (acetic acid, propionic acid, butyric acid, lactic acid, malic
acid and succinic acid) in the intestine21 and promote the pro-
liferation of some beneficial bacteria (such as Bifidobacterium),
which are more conducive to the maintenance of intestinal
acidic environment and intestinal microecological balance.
Based on these activities of L-arabinose on gut microbiota regu-
lation, we hypothesize that L-arabinose can treat long-term consti-
pation by rescuing the microbiota dysbiosis.

In this study, we used a mouse model of long-term consti-
pation induced by loperamide to evaluate the effect of
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L-arabinose on intestinal motility, inflammation, intestinal
pathological changes and gastrointestinal peptide secretion.
The changes in the gut microbiota of the mice were detected
by 16S rRNA amplifier sequencing, and the effect of
L-arabinose on the proliferation of the differential bacteria
Lactobacillus was further investigated. In addition, an animal
intestinal bacterial deprivation experiment was designed to
verify the key role of gut microbiota in L-arabinose in the treat-
ment of constipation. In summary, the findings of this study
can lay a foundation for the in-depth development of
L-arabinose as a safe and effective functional food for alleviat-
ing long-term constipation.

2. Materials and methods
2.1. Main materials

L-Arabinose (purity >99.0%) was obtained from Tangchuan
Biotechnology (Xiamen) Co., Ltd. Polyethylene glycol with elec-
trolyte lavage solution (PEG-ELS) was purchased from
Shutaishen Biopharmaceutical Co., Ltd. Loperamide hydro-
chloride was obtained from Aladdin. Lactobacillus plantarum
TWK10, isolated from Taiwanese fermented cabbage,22 was
obtained from SynbioTech Biotechnology (Yangzhou) Co., Ltd
(Yangzhou, China) with the Lot number 25310201.

2.2. Animal experiments

Male Balb/c mice (aged 6 to 8 weeks) were purchased from
Zhejiang Weitong Lihua Experimental Animal Technology Co.,
Ltd. The mice were housed in a specific pathogen-free animal
facility, under standard conditions at 23 ± 2 °C and a relative
humidity of 55 ± 5% with a 12 h light/dark cycle, with free
food and water. All animal experiments were performed
according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the
Center for New Drug Safety Evaluation and Research, China
Pharmaceutical University (B20210219-1).

According to the average daily intake of 30 g of sucrose by
adults, adding L-arabinose at a ratio of 3.5% is equivalent to a
daily intake of 17.5 mg per kg BW (based on a 60 kg body
weight) of L-arabinose by the human body. The recommended
amount is converted into the dosage for mice, which is 0.21 g
kg−1 day−1. After acclimating for at least 3 days, the experi-
mental animals were randomly divided into four groups (n =
10–12): control, model, L-arabinose (L-ara) and PEG-ELS. The
mice were pretreated with purified water with or without
L-arabinose (0.21 g kg−1 day−1) and PEG-ELS (5.25 g kg−1

day−1) for two weeks. Then, the mice in the model group,
L-arabinose group, and PEG-ELS group received loperamide
hydrochloride (LOP) at 10 mg kg−1 day−1 for two weeks, and
the control group received an equivalent volume of drinking
water. Meanwhile, all the mice continued to be fed with drink-
ing water, L-arabinose or PEG-ELS. The feces of the mice were
collected before the beginning of the experiment and at the
endpoint of the experimental cycle for gut microbiota analysis.

For gut microbiota depletion experiments, male BALB/c
mice (aged six to seven weeks) were randomly divided into
four groups (n = 6): LOP, LOP + L-ara, LOP + Antibiotic mixture
(Abx) and LOP + L-ara + Abx. The mice in Abx groups were
treated with Abx (1.0 mg mL−1 ampicillin sodium, 1.0 mg
mL−1 neomycin sulfate, 1.0 mg kg−1 metronidazole and
0.5 mg mL−1 vancomycin) with or without L-arabinose (0.21 g
kg−1) orally for 2 weeks. In comparison, the mice without
microbiota intervention were administered a gavage of drink-
ing water or L-arabinose (0.21 g kg−1) for 2 weeks. Then, all the
groups were treated with loperamide hydrochloride (10 mg
kg−1) in addition to the former treatment for 2 weeks. At the
endpoint, the mice were euthanized, and the blood, gastroin-
testinal tract and spleen were collected. All the samples were
stored under appropriate conditions for further analysis.

2.3. Measurement of constipation indices

The mice were fasted overnight. At the end of the drug treat-
ment, all the mice were given 0.2 mL of ink by intragastric
administration. For intestinal propulsion evaluation, the gas-
trointestinal tracts of the mice were collected 30 min after the
ink treatment. The number and weight of black feces were
recorded within 4 h. The gastrointestinal (GI) propulsion rate
was calculated as the percentage of the ink movement distance
from the stomach to the length of the whole small intestine.

2.4. Histopathology and glycogen staining

After dewaxing and rehydration, the morphological and quan-
titative changes of goblet cells in the colon tissue of the mice
were measured using a glycogen staining kit (Nanjing Senbega
Biotechnology Co., Ltd).

Formalin-fixed proximal ileum or colon tissues were
embedded in paraffin and cut into 4 μm sections. For H&E stain-
ing, the sections were dewaxed in xylene and rehydrated in a
series of descending percentages of ethanol. After staining with
hematoxylin and eosin (Beyotime), the slides were dehydrated
and mounted. For glycogen staining, the sections were dewaxed
in xylene, rehydrated in a series of descending percentages of
ethanol and boiled in Tris-EDTA solution for antigen retrieval.
After blocking, the slides were incubated with a primary anti-
body for Ki67 (1 : 1000, Proteintech), CD3 (1 : 1000, Proteintech),
or CD8 (1 : 200, Abcam) at 4 °C overnight. After washing, the sec-
tions were immersed with biotin-conjugated immunoglobulin G
secondary antibody from the immunohistochemistry kit for
20 min, stained with DAB (MXB Biotechnologies) for 2 min
according to the manufacturer’s protocol and counter-stained
with hematoxylin for another 2 min. The nuclei were counter-
stained with hematoxylin (Beyotime). The scores for the IHC and
H&E staining were independently evaluated at 400× magnifi-
cation using light microscopy by two pathologists who were
blinded to the experiment data.

2.5. Enzyme-linked immunosorbent assay (ELISA)

In order to determine the level of TNF-α and IL-6 in the spleen
of the mice, half of the spleen tissue was added to a 300 μL 1x
phosphate buffer solution (PBS) buffer and 3 μL protease inhibi-
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tor homogenate with a tissue grinder (Shanghai Jingxin). The
homogenate was placed for 5 min at the end of grinding, and
the mixture was centrifuged at 5000g for 10 min at 4 °C. The
supernatant was collected to detect the cytokine concentration
using TNF-α and IL-6 kits (MLBio), and the protein content of
the spleen homogenate was determined using a BCA kit
(Vazyme).

In order to determine the levels of the gastrointestinal pep-
tides and inflammatory factors in the serum of the mice,
blood samples were collected from the orbital venous plexus
during dissection. The collected blood was kept at room temp-
erature for 2 h and centrifuged at 3000 rpm for 10 min at 4 °C.
The serum was collected for detection by TNF-α, IL-6, 5-HT, SP,
GAS and SS kits (MLBio).

2.6. Analyses based on flow cytometry

The spleen of the mice was grinded with 2 mL PBS, centri-
fuged at 400g for 5 min at 4 °C, and the precipitates were col-
lected. After a 1x red blood cell lysate (Shanghai Beyotime
Biotechnology Co., Ltd) treatment, the cells were blocked with
mouse FcR Blocking Reagent (Miltenyi Biotec) at 4 °C for
15 min. The cells were then washed with PBS and resuspended
for surface staining at 4 °C for 30 min. After a PBS rinse and
centrifugation at 350g for 5 min at 4 °C, the cells were then re-
suspended in cold PBS and analyzed using an FACSymphony
A5 SORP instrument (BD Biosciences). Flow cytometry analysis
was conducted with only viable cells using the FlowJo software.
The following antibodies were used: Live/dead Fixable near-IR
(Invitrogen), anti-CD45 (30-F11) (Biolegend), anti-CD11b (M1/
70), anti-Ly6G (1A8-Ly6g) (eBioscience).

2.7. 16S rRNA sequencing of intestinal bacteria

The feces of Day 0 and 28 were collected using a DNA/RNA free
tube and immediately frozen at −80 °C. 16S rRNA sequencing
and analysis were performed by Novogene (Tianjin, China).
Briefly, genomic DNA was extracted using a DNA extraction kit
(TIANGEN, China). The V3–V4 region of the 16S rRNA was
amplified. A MetaVx Library Preparation kit was used to
prepare a library. The DNA was then sequenced using the
Illumina MiSeq method. The 16S rRNA data were analyzed
using the QIIME2 data package (Version QIIME2-202202).
Amplicon Sequence Variants (ASVs) were obtained using the
DADA2 module in the QIIME2 software and mapped to the
SILVA 138.1 database (SILVA 138.1) to obtain taxonomic infor-
mation (https://www.arb-silva.de/). Alpha diversity metrics were
calculated with the “vegan” R package (version 2.5–7). The
identification of species with significant differences in each
classification level was performed using MetaStat and t tests in
R software v3.5.3. Linear Discriminant Analysis (LDA) Effect
Size (LEfSe) was performed to reveal the community structure
differentiation among three groups; the threshold LDA score
of >4 was used. Functional prediction was achieved using
Tax4Fun (V0.3.1) (https://tax4fun.gobics.de/).

2.8. Lactobacillus bacterial proliferation test in vitro

In order to verify the effect of L-arabinose on the proliferation of
Lactobacillus, Lactobacillus plantarum TWK10, obtained from
SynbioTech Biotechnology (Yangzhou) Co., Ltd (Yangzhou,
China) with the Lot number 25230101, was cultured in MRS
broth (de Man, Rogosa, and Sharpe) with or without 0.2%–2%
L-arabinose at 37 °C under anaerobic conditions for 60 h. The
absorption at 600 nm and the pH of the bacteria culture solution
were measured continuously at several intervals within 60 h. At
the endpoint of the experiment, the bacteria DNA was extracted
using a DNA extraction kit (TIANGEN, China), and quality-con-
trolled in a NanoDrop®-300 spectrophotometer. A real-time PCR
assay was carried out using a Lactobacillus spp. Probe qPCR Kit
(ml107706, MLBio, China) according to the manufacturer’s
instructions by Thermo Fisher Scientific QuantStudioTM3 Real-
time PCR Instrument (Applied Biosystems, USA). The concen-
tration of the test samples was calculated based on the accompa-
nying standard curve.

2.9. Statistical analysis

All values are presented as the mean ± SEM. The statistical ana-
lyses were conducted using GraphPad Prism 8 (GraphPad
Software, Inc.). Unless otherwise indicated, a two-tailed Student’s
t-test (for two groups) or one-way ANOVA with Turkey’s post hoc
test (for multiple groups) was used to establish statistical signifi-
cance. P values of <0.05 were considered statistically significant.

3. Results
3.1. L-Arabinose improved the defecation parameters and
relieved intestinal injury in mice with constipation

To investigate the effect of L-arabinose on constipation, the
mice were administered a gavage of loperamide for 2 weeks
after L-arabinose or PEG-ELS treatment (Fig. 1A). The results
showed that the constipation model was successful. Compared
with the control group, loperamide significantly prolonged the
first black feces time (P < 0.001), reduced the number and
weight of black feces within 4 h after the administration of ink
(P < 0.001), and decreased the intestinal transit rate (P < 0.05)
(Fig. 1B–E). All these effects were observed with L-arabinose or
PEG-ELS (drug used in clinic as positive control) treatment,
indicating that L-arabinose had a therapeutic effect on long-
term constipation (Fig. 1B–E).

To evaluate the effect of L-arabinose on pathological injury
in the intestine, pathological samples of the ileum from the
mice were prepared and stained using hematoxylin–eosin
(H&E) staining. As shown in Fig. 1F, the villi of the ileum were
tightly arranged and had normal height; the apical epithelial
cells were monolayer, orderly and regular; and the lamina
propria had no infiltration of inflammatory cells in the control
group. Conversely, in the loperamide-induced long-term con-
stipation model group, the height of the ileum villi signifi-
cantly decreased (P < 0.01). The villus spaces increased, and
the villi appeared disrupted and irregularly arranged. Some
apical epithelial cells were disorganized, multilayered and
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exhibited localized proliferation. Inflammatory cell infiltration
was observed in the lamina propria. All these phenomena were
alleviated when L-arabinose was applied (Fig. 1F).

3.2. L-Arabinose alleviated inflammation in mice with
constipation

Our previous results showed that the L-arabinose group had
fewer inflammatory cells infiltrating the lamina propria and

less change of apical epithelial cells than the model group
(Fig. 1F). Thus, we further explored the effect of L-arabinose on
immune regulation. The spleen is a large immune organ of
the human body and is full of lymphocytes, neutrophils,
monocytes, etc. These cells are all important participants in
the inflammatory response. Neutrophils (NEU) are the first-
line cells in the immune system to detect the invasion of
pathogenic microorganisms and attack them. The more the

Fig. 1 L-Arabinose attenuates loperamide-induced constipation and relieves intestinal damage in mice. (A) Schematic describing the workflow of
L-arabinose treatment in long-term constipation mouse model. BALB/c mice (male, 8 weeks old) were pretreated with L-arabinose and PEG-ELS for
2 weeks, and the treatment was continued with the administration of loperamide for another 2 weeks (n = 10–12). (B) First black feces time of mice
in each group (n = 10–12). Number (C) and the weight (D) of black feces of mice in each group within 4 h after administration of ink (n = 10–12). (E)
Representative image and quantification diagrams of intestinal propulsion rate of mice in each group (n = 3). Red arrows point to the front end of
intestinal content advance. (F) Representative images and quantification diagrams of H&E staining of the ileum isolated from the mice following
treatments as described in (A). Red arrows and lines indicate the villus height, and blue arrows point to the disordered apical epithelial cells and local
dysplasia. The scale bars represent 100 μm as indicated (n = 4–6). Statistical significance was determined with a one-way ANOVA test. Data are rep-
resented as mean ± SEM. **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Model.
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neutrophils, the more serious the infection. The flow cytome-
try results showed that the proportion of NEU in the spleen of
the model group was significantly higher than that in the
spleen of the control group (P < 0.001), while L-arabinose treat-
ment mitigated the phenomena (P < 0.001) (Fig. 2B). Moreover,
the concentration of IL-6 and TNF-α in the spleen was signifi-
cantly higher in the model group than in the control group (P
< 0.05), and these changes were significantly reversed by
L-arabinose (P < 0.01, P < 0.05). PEG-ELS also down-regulated
the levels of IL-6 and TNF-α, but there was no statistical differ-
ence (Fig. 2D). Similarly, the serum levels of IL-6 and TNF-α in
the model group were significantly higher than those in the
control group (P < 0.01). Compared with the model group, the
levels of IL-6 in the L-arabinose group decreased significantly
(P < 0.001), and the concentration of TNF-α exhibited a down-
ward trend, but there was no statistical difference (Fig. 2C). In
summary, these results show that L-arabinose can reduce
inflammation in constipated mice.

3.3. L-Arabinose regulated gastrointestinal peptide secretion
and the function of goblet cells in the colon tissue of mice
with constipation

Chronic constipation is associated with abnormalities of gas-
trointestinal peptides, which are involved in gastrointestinal
motility, secretion, absorption and regulation of food intake.
In order to explore the mechanism of L-arabinose in the treat-
ment of constipation, we detected the level of gastrointestinal
peptides in the serum of experimental mice. The results
showed that the level of excitatory gastrointestinal peptide
(5-hydroxytryptamine (5-HT), substance P (SP) and Gastrin
(GAS)) in the model group was significantly lower than that in
the control group (P < 0.01). L-Arabinose significantly increased
the level of 5-HT, SP and GAS, compared to those in the model
group (P < 0.01, P < 0.05, P < 0.001) (Fig. 3A–C). Considering
the crucial role of 5-HT in gut motility, we further detected the
mRNA expression of its synthesis restriction enzymes, trypto-

Fig. 2 Improvement of L-arabinose on inflammation in constipated mice. The spleen and peripheral blood of long-term constipated mice were col-
lected for inflammation analysis. (A) Gating strategy for flow cytometry analysis for neutrophils. (B) Representative flow cytometry plots showing
individual frequencies of neutrophils and statistical proportion of neutrophils in the spleen of each group (n = 6). (C) Concentration of IL-6 and TNF-
α in the serum of mice in each group (n = 6). (D) Relative concentration of IL-6 and TNF-α in the spleen of mice in each group (n = 6). *P < 0.05, **P
< 0.01, ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Model.
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phan hydroxylase 1 (Tph1) and major transporter serotonin
transporter (Sert), in the ileum. Although the L-arabinose treat-
ment tended to rescue the down-regulation of Tph1 and Sert by
loperamide, only the Tph1 expression level had a statistical
difference between the model and L-arabinose groups (P <
0.05) (SI Fig. 1A and B). On the other hand, the level of
Somatostatin (SS) in the L-arabinose group decreased signifi-
cantly compared with that in the model group (P < 0.05)
(Fig. 3D). Taken together, L-arabinose can treat constipation by

enhancing gastrointestinal motility through regulating the gas-
trointestinal peptides.

Since ileal H&E staining showed that L-arabinose could
reduce the injury of the ileum in mice with constipation
(Fig. 1F), we further examined the effect of L-arabinose on the
functions of colonic goblet cells, which play an important role
in the intestinal mucus barrier. Compared with the control
group, the goblet cell morphology of the model group shrank,
while L-arabinose rescued this pathological change (Fig. 3E).

Fig. 3 Effects of L-arabinose on the secretion of gastrointestinal peptides and the morphology and number of goblet cells in the colon tissue of
mice. Secretion level of gastrointestinal peptides 5-HT (A), SP (B), GAS (C), and SS (D) in the serum of experimental mice in each group (n = 6). (E)
Representative images of H&E staining of the sigmoid colon in each group of mice (n = 4–6). (F) Representative pictures and statistical quantification
diagram of PAS staining of the sigmoid colon of mice in each group (n = 5–6). The scale bars represent 100 μm in the upper images and 50 μm in the
lower (magnified) images. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Model. 5-HT, 5-hydroxy tryptamine;
SP, Substance P; GAS, Gastrin; SS, Somatostatin.
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Next, we analyzed the number of goblet cells in the sigmoid
colon by periodic acid-Schiff (PAS) staining. The results
showed that compared with the control group, the number of
goblet cells in the model group decreased (P < 0.001), and the
number of goblet cells in the L-arabinose group increased sig-
nificantly compared with that in the model group (P < 0.01)
(Fig. 3F). These results suggested that L-arabinose prevents
constipation by maintaining the function of goblet cells and
mucus secretion in mice.

3.4. L-Arabinose regulated the gut microbiota in mice with
constipation

Alteration of the gut microbiota composition is considered a
major cause of impaired intestinal barrier function. Thus, we
analyzed the effects of L-arabinose on the gut microbiome in
the mice through the metagenomic shotgun sequencing of
fecal samples (n ≥ 7). The feces were collected before the
experiment (Day 0) and at the endpoint of the experiment (Day
28) for further analysis by 16S rRNA. At the baseline, there was
no significant difference in the gut microbiota composition
among different groups regarding α-diversity. However, the
Simpson index of the L-arabinose and PEG-ELS groups all sig-
nificantly decreased on Day 28 after treatment (SI Fig. 2A). The
Venn diagram showed that the unique microbiota in the
control, model, L-arabinose and PEG-ELS groups on Day 28
were 832, 218, 361, and 590, respectively, which indicated that
the bacteria community was changed after different treatments
(Fig. 4A). We further analyzed the composition of gut micro-
biota in the mice after the L-arabinose treatment. Compared
with the control group, the level of Firmicutes, the most impor-
tant butyric acid synthesizer, decreased significantly at the
phylum level as well as the ratio of Firmicutes/Bacteroidota in
the model group (Fig. 4B and SI Fig. 2B). At the genus level,
Lactobacillus abundance was dramatically decreased in the
constipated mice, compared to the control group. The level of
Helicobacter that reduces SCFA production was increased
under constipation (Fig. 4C). As expected, L-arabinose dimin-
ished these phenomena (Fig. 4B and C). In addition, the LEfSe
results validated that the Lactobacillales, Lactobacillaceae and
Lactobacillus levels were significantly higher in the L-arabinose
group (Fig. 4D and E). MetaStat analysis results showed that
compared with the control group, the level of Lactobacillus
abundance in the model group decreased significantly (P <
0.05), while L-arabinose totally reversed the changes (P < 0.05)
(Fig. 4F). These results suggested that Lactobacillus may be the
most important genus regulated by L-arabinose to relieve con-
stipation in mice. To further investigate whether Lactobacillus
abundance was increased by L-arabinose, an in vitro prolifer-
ation study was applied. Considering the widely reported anti-
constipation effects of Lactobacillus plantarum, we selected
Lactobacillus plantarum TWK10 for the in vitro
experiments.22–25 The results showed that 0.2%–2%
L-arabinose could directly promote the proliferation of
Lactobacillus (P < 0.001), and the pH value of culture media
with L-arabinose decreased significantly (P < 0.001) (SI Fig. 2C–
E). Lactic acid, the main metabolic product of Lactobacillus,

can promote intestinal peristalsis and maintain an acidic
environment to inhibit the reproduction of pathogenic and
decaying bacteria. Besides, Lactobacillus can activate AhR on
gut neurons to promote intestinal peristalsis by metabolizing
tryptophan.26 Our data showed that the expression level of Ahr
in the model group showed a downward trend, while
L-arabinose increased Ahr expression in the model group (SI
Fig. 2F). Taken together, L-arabinose could regulate the gut
microbiota dysbiosis in constipated mice and especially
increase Lactobacillus abundance.

3.5. Antibiotics diminished the protective effects of
L-arabinose on constipated mice

To verify whether L-arabinose exerted its effect by regulating the
gut microbiota of mice, we used an antibiotic cocktail (Abx,
1.0 g L−1 ampicillin sodium, 1.0 g L−1 metronidazole, 0.5 g L−1

vancomycin, 1.0 g L−1 neomycin sulfate) on constipated mice
to interfere with the microbiota. Consistent with our previous
findings, L-arabinose significantly improves bowel movement
according to the shorter first black feces time (P < 0.01), more
and heavier black feces (P < 0.01, P < 0.05) and higher gut pro-
pulsion rate in the mice with long-term constipation (P < 0.01).
Abx application dramatically diminished the protective effect of
L-arabinose (Fig. 5B–E). Compared to the L-arabinose group,
additional Abx intervention dramatically increased the first
black feces time (P < 0.001) and decreased the number and
weight of black feces (P < 0.001, P = 0.0546). Intriguingly, com-
pared to the loperamide group, the first feces time was pro-
longed (P < 0.001) and the number of black feces was decreased
(P < 0.05) in the gut microbiota-depletion mice with consti-
pation. This indicated that microbiota still has a certain func-
tion of intestinal regulation (Fig. 5B and C). The above results
confirmed that L-arabinose attenuated loperamide-induced
constipation through the regulation of gut microbiota in mice.

4. Discussion

Chronic constipation is a gastrointestinal disorder affecting
millions of people of all ages worldwide, with a huge financial
burden each year.27–29 A survey of patient perspectives
recorded that 43% of people with constipation were not com-
pletely satisfied with the current pharmacological treatments
for constipation.30 Hence, it is necessary to develop new and
effective strategies for the treatment of chronic constipation.
With the in-depth study of intestinal microecology and meta-
bolic diseases, restoring intestinal microbiota homeostasis
seems a promising strategy against constipation.13,31,32

Recently, several studies have proved that the regulation of
intestinal microbiota could relieve constipation.33,34

L-Arabinose, a kind of plant-specific aldopentose, is known to
have beneficial effects on anti-hyperglycemia activity, improv-
ing insulin sensitivity and reducing triglycerides, fat accumu-
lation and colitis, which are related to its regulation on gut
microbiota.19,20,35,36 However, whether L-arabinose could
relieve long-term constipation needs to be further elucidated.
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Fig. 4 L-Arabinose alters the composition of gut microbiota in constipated mice. (A) Venn diagram of intestinal bacteria in each group of mice on
Day 28 (n = 7–10). (B) Histogram of relative abundance of species at the phylum level in each group of mice on Day 28 (n = 7–10). (C) Histogram of
relative abundance of genus level in each group of mice on Day 28 (n = 7–10). (D) LEfSe analysis (Score > 4) for remarking the significantly abundant
bacteria of each group on Day 28. (n = 7–10). (E) Evolutionary cladistic diagram of each group of Day 28 bacteria (n = 7–10). (F) MetaStat results of
significantly abundant bacteria in each group on Day 28 (n = 7–10).
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In this study, we systematically investigated the therapeutic
effect of L-arabinose against loperamide-induced long-term
constipation in mice. Besides enhancing intestinal peristalsis
and improving defecation parameters, L-arabinose also allevi-
ates gut histological injury by reducing constipation-induced
inflammation and maintaining mucus secretion. Notably, its
effect was comparable to or better than that of PEG-ELS.
Mechanistically, L-arabinose ameliorates long-term consti-
pation by restoring gut microbiota dysbiosis, which, in turn,
regulates gastrointestinal peptide levels. Importantly, the gut
microbiota depletion experiment confirmed that the thera-
peutic effect of L-arabinose on long-term constipation was
mostly dependent on its regulation of gut microbiota.

In most cases, constipation is considered to be closely
related to intestinal motility disorders. Two main intestinal

movements drive intestinal contents into the rectum: peristal-
sis and colon propulsion. These movements cause regular con-
traction of the colon wall and push the contents forward, facili-
tating normal bowel evacuation.37 Fecal and defecation charac-
teristics are considered to be directly reflective of constipation,
and peristalsis is detected by measuring the intestinal transit
rate. Here, we used fecal wet weight, fecal number, time to
first black stool defecation, and the intestinal transit rate to
evaluate the effect of L-arabinose on constipation. The osmotic
laxative, PEG-ELS, was used as a positive control. As expected,
L-arabinose improved the defecation parameters in the consti-
pated mice. It is gratifying that, apart from the fecal weight,
the effect of L-arabinose is comparable to that of PEG-ELS.
Osmotic laxatives work by absorbing water in the intestine and
increasing stool volume. Therefore, it is understandable that

Fig. 5 Effect of L-arabinose on constipation in mice with gut bacteria depletion. (A) Schematic describing the workflow of L-arabinose treatment in
long-term constipation mice with or without gut bacteria depletion. BALB/c mice (male, 8 weeks old) were divided into four groups as indicated (n =
6). Gut bacteria depletion groups (Lop + Abx and Lop + L-ara + Abx) were treated with an antibiotics cocktail (Abx: 1.0 g L−1 ampicillin sodium, 1.0 g
L−1 metronidazole, 0.5 g L−1 vancomycin and 1.0 g L−1 neomycin sulfate) for 6 weeks. On Day 14, L-arabinose groups (Lop + L-ara and Lop + L-ara +
Abx) were pretreated with L-arabinose for 2 weeks, followed by loperamide for another 2 weeks. (B) First black feces time of mice in each group (n =
6). Number (C) and weight (D) of black feces within 4 h after administration of ink (n = 6). (E) Representative image and quantification diagrams of
the gut propulsion rate of mice in each group (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. group (Lop); ###P < 0.001 groups (Lop + L-ara) vs. (Lop +
L-ara + Abx). Red arrows point to the front end of the intestinal content advance. Lop, loperamide; L-ara, L-arabinose; Abx, antibiotic cocktail.
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the feces weight in the PEG-ELS group is heavier than that in
the L-arabinose group. Taking into account the different doses
administered to each group, our results indicate that arabinose
could be a more effective treatment for constipation.

Gastrointestinal (GI) motility is generally considered to be
multifactorial, involving inflammation and secretory dysfunc-
tion.38 A breakdown of the intestinal epithelial barrier due to
loperamide administration leads to impaired intestinal func-
tion and subsequent constipation, which, in turn, increases
the expression of pro-inflammatory cytokines.39 The over-
expression of TNF-α, IL-1β, and IL-6 induces the disruption of
connexins between cells, leading to the collapse of intestinal
structural integrity.40 In clinics, elevated levels of IL-6 and
TNF-α are often present in people with constipation.41

Therefore, we detected the pathology of gut and inflammatory
cytokines in the constipated mice. The results showed that
L-arabinose improved the intestinal histopathological changes
caused by constipation, such as reducing inflammatory cell
infiltration and maintaining the mucus secretion and gut
integrity (Fig. 1F and Fig. 3E, F). Flow cytometry and ELISA
showed that L-arabinose had a good inhibitory effect on
inflammation in mice with constipation, which is in accord-
ance with a previous study20 (Fig. 2).

Gastrointestinal hormones and neurotransmitters often
influence intestinal fluid secretion and gastric motility.42 For
instance, 5-hydroxytryptamine (5-HT) plays a key role in regu-
lating gastrointestinal motility by activating a variety of 5-HT
excitatory receptors43–45 or directly acting on smooth muscle
and promoting tissue contraction. Substance P (SP) promotes
gastrointestinal smooth muscle contraction and stimulates
gastrointestinal peristalsis through the acetylcholine effect.46

Besides, SP can also down-regulate inflammatory factors to
reduce intestinal wall injury and maintain the integrity of the
intestinal barrier.47 Gastrin (GAS) is the only brain-gut peptide
that can stimulate gastrointestinal motility not only at the level
of the enteric nervous system and central nervous system, but
also at the level of the peripheral nervous system. GAS has a
direct stimulating effect on parietal cells to secrete gastric acid
by producing histamine and promotes gastrointestinal motility
and gastric emptying to relieve constipation.10 Somatostatin
(SS), which is mainly distributed from the gastric antrum to
the colon, can inhibit smooth muscle contraction and sub-
stance P (SP) release, reduce gastrointestinal motility, increase
gastrointestinal transport time, and thereby aggravate consti-
pation.48 The imbalance between the excitatory and inhibitory
neurotransmitters performs a critical function in the patho-
genesis of constipation. In this study, we observed the
decreased SP, GAS and 5-HT levels, and the increased SS levels
in the serum of constipated mice, indicating that the disrup-
tion of balance led to defecation dysfunction. L-Arabinose
administration reversed the abnormal levels of those neuro-
transmitters, thereby relieving the constipation symptoms.
Moreover, L-arabinose increases the Tph1 mRNA level, which
in turn, enhances 5-HT synthesis. Currently, commonly used
therapeutic drugs for constipation often cause adverse reac-
tions. For example, serotonin 5-HT4 receptor agonists may

cause nausea and vomiting, and linaclotide may lead to
diarrhea.49,50 L-Arabinose derived from food may be a safer
and more effective treatment option. Unexpectedly, the mRNA
expression of major transporter Sert doesn’t change signifi-
cantly. Further studies need to investigate the underlying
mechanism at multiple endpoints.

Previous studies have shown that the gut microbiota is
severely disturbed in both people with constipation and
related animal models.10,11 The specific manifestations are as
follows: compared with healthy individuals, the intestinal ben-
eficial bacteria (such as Lactobacillus and Bifidobacterium) are
decreased, while potential pathogens are increased in people
with constipation.10,51–53 In alignment with these reports, our
data showed that the gut microbiota in constipated mice was
dramatically disturbed, while L-arabinose reversed the changes
in the gut flora at different levels. In particular, L-arabinose
can significantly increase the bacterial abundance of
Lactobacillus (Fig. 4). It has been proven that Lactobacilli bac-
teria stimulate intestinal chromaffin cells to synthesize seroto-
nin and accelerate intestinal peristalsis.54 Moreover, the pro-
liferation assay confirmed that Lactobacillus plantarum TWK10
could promote its proliferation by L-arabinose in vitro (SI
Fig. 2C–E). In order to verify whether L-arabinose works
through the mechanism of intestinal bacteria, we designed the
experiment of intestinal microbiota deprivation in mice
(Fig. 5). By interfering with the intestinal bacteria of mice with
antibiotics, it was confirmed that L-arabinose did treat consti-
pation by regulating the intestinal microecology.

The metabolic process of intestinal microorganisms pro-
duces short-chain fatty acids (SCFAs), endotoxins and other
products, which have different effects on the intestinal motility
of the host.55 Among them, SCFAs are the main metabolites of
dietary fiber fermented by intestinal microorganisms, which
can stimulate enterochromaffin cells (ECs) to release 5-hydro-
xytryptophan (5-HT) and stimulate 5-HT receptors on the
sensory fibers of the vagus nerve, resulting in muscle contrac-
tion, promoting intestinal movement and relieving
constipation.48,56,57 A limitation of our study is the lack of
SCFA assays to further confirm the gut microbiota-dependent
role of L-arabinose in relieving long-term constipation.
Additionally, future research should test more Lactobacillus
strains to evaluate the effect of L-arabinose on their prolifer-
ation. Given that prebiotics may have multiple targets and
mechanisms, unlike small-molecule drugs, the underlying
mechanism explored in this study remains to be further
elucidated.

5. Conclusions

This study confirmed the therapeutic effect of L-arabinose on
long-term constipation induced by loperamide in mice, which
could improve the physiological parameters of constipation,
reduce ileal injury, inhibit inflammatory response and main-
tain mucus secretion in the gut. In addition, L-arabinose
reshapes the structure of the intestinal microbiota. Through
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the intestinal bacteria depletion mouse model, we proved that
the therapeutic effect of L-arabinose on constipation was
dependent on the regulation of gut microbiota. The thera-
peutic effect of L-arabinose was analyzed systematically for the
first time, and several possible mechanisms of L-arabinose
were explored. This study provides a new candidate for the
treatment of clinical constipation. Compared with osmotic
laxatives, L-arabinose is a safer and longer-acting microecologic
with the potential of multi-target and multi-mechanism
therapy.
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