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Abstract. Functional constipation (FC), a common symptom 
that is primarily associated with intestinal motility dysfunc‑
tion, is a common problem worldwide. Arctiin (Arc) is a 
lignan glycoside isolated from the Chinese herbal medicine 
Arctium lappa L., which is a health food in China. The present 
study aimed to evaluate the laxative effects of Arc against FC 
in mice. A model of FC induced by loperamide (5 mg/kg) was 
established in male Institute of Cancer Research (ICR) mice. 
Arc was administered at a dose of 100 mg/kg as a protective 
agent. The faecal status, intestinal motility and histological 
analyses were evaluated. Furthermore, the levels of gastroin‑
testinal motility‑associated neurotransmitters, such as motilin 
(MTL), nitric oxide (NO), and brain‑derived neurotrophic 
factor (BDNF) and the protective effect of Arc on interstitial 
cells of Cajal (ICC) were assessed. Arc treatment reversed 
the loperamide‑induced reduction in faecal number and water 
content and the intestinal transit ratio in ICR mice. Histological 
analysis confirmed that Arc administration mitigated colonic 
injury. Moreover, Arc treatment increased levels of motilin 
and brain‑derived neurotrophic factor while decreasing nitric 
oxide levels and ICC injury in the colon of FC mice. Arc 
decreased inflammation induction and aquaporin expression 
levels. Owing to its pro‑intestinal motility property, Arc was 
shown to have a protective effect against FC and may thus 
serve as a promising therapeutic strategy for the management 
of FC.

Introduction

Functional constipation (FC) is a common bowel disorder, 
which affects 10‑15% of the global population  (1). In the 

past 30 years, the prevalence of FC in China has increased 
two‑fold  (2). FC is characterized by persistently difficult, 
incomplete or infrequent defecation without an identifiable 
organic cause (3). Among the effects of FC, the decreased 
health‑associated quality of life and increased levels of 
depression are particularly notable and are associated with an 
elevated all‑cause mortality rate (4).

The causes of FC are multifactorial and include diet, 
lifestyle, psychological factors, inflammation and oxidative 
stress. Pathophysiologically, the aforementioned factors result 
in dysfunctional motility of the colon, which is typically 
the primary cause of FC  (5). Neurotrophic factors serve 
a vital role in affecting the enteric nervous system, which 
regulates intestinal motility by neurotransmitters, including 
excitatory transmitters such as motilin (MTL; a gastroin‑
testinal hormone) and inhibitory transmitters such as nitric 
oxide (NO) (6,7). Furthermore, a previous study showed that 
brain‑derived neurotrophic factor (BDNF) is expressed in the 
myenteric plexus (8). Exogenous BDNF treatment significantly 
promotes contraction of longitudinal muscle strips from the 
distal colon of mice (9). Interstitial cells of Cajal (ICC) that 
specifically express receptor tyrosine kinase (C‑Kit) are 
mesenchymal cells that form a cellular network in the gastro‑
intestinal musculature (10). As a ligand of C‑Kit, stem cell 
factor (SCF) is key for maintaining the survival and develop‑
ment of ICC and ICC networks (11). The ICC are associated 
with the autonomic nerves, which primarily promote intestinal 
motility (12). Furthermore, a recent study reported that aqua‑
porins (AQPs) are expressed in the colon and regulate faecal 
water content  (13). Due to increasing healthcare demands 
with the concomitant complexity of FC, additional treatment 
methods are required.

Dietary and lifestyle changes are current methods for the 
management of FC in the majority of the population  (14). 
However, patients who experience persistent FC are in need 
of pharmaceutical‑based therapies. Over‑the‑counter medica‑
tions, including stimulants and osmotic laxatives, are primarily 
used for FC treatment (15). However, chronic use of laxatives 
is discouraged given high levels of dissatisfaction and the 
low efficacy and safety (16). Thus, it is worth exploring novel 
therapies for the management of FC.

Arctiin (Arc), extracted from the seeds of Arctium lappa, 
is a lignan glycoside that is digested by intestinal microbes 
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and absorbed into the blood (17). Several studies have showed 
a wide spectrum of pharmacological activity attributed to Arc 
including neuroprotection, anti‑inflammation and anti‑oxida‑
tive stress properties (18‑20). Xu et al (18) demonstrated that 
Arc decreases neuronal injury and ameliorates depression in 
mice. Furthermore, Arc inhibits inflammation in mice with 
colitis (21). Additionally, the anti‑inflammatory effect of Arc is 
attributed to inhibiting NO production by decreasing inducible 
NO synthase (iNOS) activity (22). Extracted mixtures from 
the roots of Arctium lappa are reported to have laxative prop‑
erties (23). However, the effects of Arc on FC remain unclear.

Thus, the present study aimed to determine if Arc influ‑
ences FC. Changes in intestinal motility associated with 
altered neurotransmitter expression levels and changes in 
ICC were assessed using an FC mouse model established by 
administering loperamide. The results of the present study 
provide a theoretical mechanism through which Arc alleviates 
FC.

Materials and methods

Establishment of a loperamide‑induced FC mouse model 
and Arc treatment. A total of 84 male Institute of Cancer 
Research (ICR) mice (age, 6 weeks, weighting 25‑30 g) from 
the Laboratory Animal Centre of the School of Basic Medical 
Sciences (Xi'an Jiaotong University and Medical Laboratory 
Animal Centre of Air Force Medical University, Xi'an, China) 
were used after acclimatization to housing conditions (22±1˚C; 
12/12‑h light/dark cycle; relative humidity 45‑55%) and free 
access to normal mice chow and water. The normal mice 
chow was purchased from Huanyu Biotechnology Co., Ltd. 
and consisted of corn, soybean meal, flour, fish meal, yeast 
powder, vegetable oil, amino acids, calcium hydrophosphate, 
salt, vitamins and trace elements, which corresponded to 
18.0% crude protein, 4.0% crude fat, 5.0% crude fibre, 8.0% 
ash, 1.0% calcium, 0.6% phosphorus and other macro‑ and 
micronutrients. The mice were divided into four groups: 
Control; FC; lactulose and Arc (n=6/group). The mice from 
the lactulose and the Arc group received oral administra‑
tion of 500 mg/kg lactulose (Shanghai Aladdin Biochemical 
Technology Co., Ltd.) or 100  mg/kg Arc (>98% purity; 
Shanghai Aladdin Biochemical Technology Co., Ltd.) daily 
for 14 days, respectively. An equal volume of pure water was 
administered by oral gavage to mice in the control group and 
the FC group. Induction of FC was performed as described 
previously  (24). The mice from the FC, lactulose and Arc 
groups were administered loperamide (5 mg/kg; Shanghai 
Aladdin Biochemical Technology Co., Ltd.) orally by gavage 
on days 12‑14. Alterations in water consumption and food 
intake were measured using a metabolic cage. Additionally, 
body weight was measured daily on days 12‑15 and faeces and 
distal colon segments were collected on day 15. Mice were 
anesthetized with inhalation of isoflurane at 3% induction and 
2% maintenance. Blood (1 ml) was collected from the post‑
cava and left to stand for 30 min at room temperature. Mice 
were sacrificed by exsanguination under anesthesia. Serum 
was collected following centrifugation at 1,111 x g at room 
temperature for 10 min. Other mice were euthanized by intra‑
peritoneal injection of 200 mg/kg sodium pentobarbital. In 
this current study, the criteria for humane endpoint euthanasia 

included inability to access food and water and obvious anxiety 
resulting from FC and no mouse was sacrificed according to 
these. All animal protocols were approved by the Institutional 
Animal Care and Use Committee of the Shaanxi University 
of Chinese Medicine (approval no. SUCMDL20190314001).

Measurement of intestinal transit in FC mice. Determination 
of intestinal transit ratio (n=6 each group) and transit time (n=6 
each group) was performed as described previously (25,26). 
Briefly, following 14 days of treatment, mice fasted with free 
access to water for 12 h. For the intestinal transit ratio analysis, 
the mice were orally administered a meal containing 20% 
charcoal (Shanghai Aladdin Biochemical Technology Co., 
Ltd.) and 10% gum arable (Shanghai Aladdin Biochemical 
Technology Co., Ltd.) at a volume of 0.1 ml/10 g. Mice were 
euthanized by intraperitoneal injection of 200 mg/kg sodium 
pentobarbital 30 min after meal ingestion and the intestine 
from the pylorus to the rectum were collected immediately. 
The lengths of the total intestinal tract and the distance the 
charcoal meal had travelled from the pylorus were measured. 
The intestinal transit ratio was calculated as follows: Intestinal 
transit ratio (%)=length travelled by the charcoal meal/total 
length of intestine x100. The transit time was evaluated in 
mice following gavage of a 0.1 ml volume of 5% Evans blue 
(MilliporeSigma) in 1.5% methylcellulose (Shanghai Aladdin 
Biochemical Technology Co., Ltd.). Faeces were monitored 
at 10 min intervals for the presence of Evans blue staining. 
The time to the excretion of the first blue faeces was recorded.

Histopathological examination. Formalin (10%, at room 
temperature for 24  h)‑fixed distal colon segments were 
embedded in paraffin (at 60˚C for 2 h) and sliced into serial 
5‑µm thick sections. Hematoxylin and eosin (H&E) staining 
(2 g/l hematoxylin and 3.5 g/l eosin) at room temperature for 
5 min was used to assess the morphometric features. To measure 
colonic mucosa thickness, colon sections were stained with 
Alcian Blue Dye Solution (pH2.5) (Leagene Biotechnology) 
at room temperature for 30 min. Images were acquired with 
a light microscope (Olympus Corporation) at x200 magnifi‑
cation. Image‑Pro Plus software (Version 6.0.0.260; Media 
Cybernetics, Inc.) was used to measure the thickness of muscle 
and mucosa.

Transmission electron microscopy. Following fixation of 
distal colon samples in 1% osmic acid at room temperature 
for 2 h, washing in phosphate buffer and dehydrating in an 
ethanol series, the colon samples were embedded in epoxy 
resin (SPI Supplies; Structure Probe, Inc.) at 37˚C overnight 
and polymerized at 60˚C for 48 h. The blocks were cut into 
ultra‑thin 70‑nm thick sections and stained with 2% uranyl 
acetate and 2.6% lead citrate at room temperature for 8 min. 
A transmission electron microscope (H‑7650, Hitachi) was 
used to detect the morphology and structure of Cajal cells in 
the colon of mice at x20,000 magnification. The images were 
acquired with an accelerating voltage of 80 kV.

Assessment of MTL, BDNF and NO. Commercial ELISA kits 
for MTL (cat. no. CEA575Mu; Cloud‑Clone Corp.) and BDNF 
[cat. no. EK2127; Multisciences (LIANKE) Biotech., Co., Ltd.] 
were used to measure their concentration in the serum and 
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colon tissues of mice, according to the manufacturer's protocol. 
The levels of NO in the colon tissue were assessed using an 
NO assay kit (cat. no. A013; Nanjing Jiancheng Bioengineering 
Institute) according to the manufacturer's instructions.

Immunoblotting. The colon tissue was homogenized in RIPA 
lysis buffer (Beyotime Institute of Biotechnology). Following 
quantification of protein concentrations using a BCA protein 
assay kit (Beyotime Institute of Biotechnology), a total of 
15 µg/lane (C‑Kit, SCF, AQP‑3, and AQP‑9) or 30 µg/lane 
(nNOS, eNOS, and iNOS) protein was loaded on an 8% or 
12% SDS‑gel, resolved using SDS‑PAGE and transferred 
onto PVDF membranes (Thermo Fisher Scientific, Inc.). 
The membranes were blocked with TBST containing 0.15% 
Tween‑20 and 5% BSA (BioFroxx, Inc.) and incubated with 
primary antibodies against neuronal NOS (nNOS; 1:1,000; 
cat. no. A2649; ABclonal Biotech Co., Ltd.), endothelial NOS 
(eNOS; 1:1,000; cat. no. A15075; ABclonal Biotech Co., Ltd.), 
iNOS (1:1,000; cat. no. A0312; ABclonal Biotech Co., Ltd.), 
C‑Kit (1:1,000; cat. no. AF6153; Affinity Biosciences), SCF 
(1:500; cat. no. 26582‑1‑AP; ProteinTech Group, Inc.), AQP‑3 
(1:1,000; cat. no. A2838; ABclonal Biotech Co., Ltd.), AQP‑9 
(1:1,000; cat. no. DF9225, Affinity Biosciences) or β‑actin 
(1:2,000; cat. no. 60008‑1‑Ig; ProteinTech Group, Inc.) over‑
night at 4˚C. Subsequently, the membranes were incubated 
with horseradish peroxidase (HRP)‑conjugated secondary 
antibodies (1:10,000; cat. nos. SA00001‑1 and SA00001‑2; 
ProteinTech Group, Inc.) at 37˚C for 40 min. Protein bands 
were visualized using ECL‑Reagent (7 Sea Biotech) and 
imaged. Gel‑Pro‑Analyzer software (Version  4.0, Media 
Cybernetics, Inc.) was used for quantitative analysis of blots.

Immunohis tochemist r y and immunof luorescence. 
Immunohistochemical analysis of the colon tissue was 
performed on 5‑µm sections. Briefly, antigen retrieval 
was performed using a citric acid buffer and heating in 
an 800 W microwave for 10 min, blocked with BSA (1%, 
Sangon Biotech Co., Ltd.) for 15  min at room tempera‑
ture and incubated with primary antibodies against C‑Kit 
(1:100; cat. no. AF6153; Affinity Biosciences), SCF (1:100; 
cat. no. 26582‑1‑AP; ProteinTech Group, Inc.), AQP‑3 (1:100; 
cat. no. A2838; ABclonal Biotech Co., Ltd.), or AQP‑9 (1:100; 

cat. no. DF9225, Affinity Biosciences) at 4˚C overnight. For 
immunohistochemistry, following incubation with horse‑
radish peroxidase‑conjugated secondary antibody (1:500; 
cat. no. 31460; Thermo Fisher Scientific, Inc.) at 37˚C for 
1 h, sections were stained with DAB) detection kit (MXB 
Biotechnologies Co., Ltd.) at room temperature for 3 min, 
examined by light microscopy (Olympus Corporation) at 
x400 magnification equipped with a digital camera (Olympus 
Corporation). For immunofluorescence, the sections were 
incubated with Cy3‑conjugated secondary antibody (1:200; 
cat. no. A27039; Invitrogen; Thermo Fisher Scientific, Inc.) 
at room temperature for 1 h. DAPI (100 ng/ml, Shanghai 
Aladdin Biochemical Technology Co., Ltd.) was used for 
counterstaining at room temperature for 5  min. Images 
were captured with a fluorescence microscope (Olympus 
Corporation) at 400x magnification. The evaluation of 
immunofluorescent and immunohistochemical staining was 
performed using Image‑Pro Plus software (Version 6.0.0.260, 
Media Cybernetics, Inc.).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
in the distal colon tissues of mice was extracted using 
TRIpure™ (BioTeke Corporation) and quantified using 
a spectrophotometer (NanoDrop™ 2000; Thermo Fisher 
Scientific, Inc.). Following cDNA synthesis with Moloney 
murine leukaemia virus reverse transcriptase (BeyoRT™ II 
M‑MLV, Beyotime Institute of Biotechnology) according to 
the manufacturer's instructions, RT‑qPCR was performed 
on an Exicycler 96 PCR system (Bioneer Corporation) with 
initial denaturation at 95˚C for 5 min followed by 40 cycles 
of denaturation at 95˚C for 10 sec, annealing at 60˚C for 10 s, 
and extension at 72˚C for 15 s. mRNA levels were quantified 
using the 2‑ΔΔCq method and normalized to the internal refer‑
ence gene β‑actin (27). The primer sequences were as follows: 
Tumor necrosis factor‑α (TNF‑α) forward, 5'‑TCT​CAT​TCC​
TGC​TTG​TGG‑3' and reverse, 5'‑CTT​GGT​GGT​TTG​CTA​
CG‑3'; interleukin (IL)‑1β forward, 5'‑CTC​AAC​TGT​GAA​
ATG​CCA​CC‑3' and reverse, 5'‑GAG​TGA​TAC​TGC​CTG​CCT​
GA‑3'; IL‑6 forward, 5'‑TAA​CAG​ATA​AGC​TGG​AGT​C‑3' and 
reverse, 5'‑TAG​GTT​TGC​CGA​GTA​GA‑3' and β‑actin forward, 
5'‑CTG​TGC​CCA​TCT​ACG​AGG​GCT​AT‑3' and reverse, 
5'‑TTT​GAT​GTC​ACG​CAC​GAT​TTC​C‑3'.

Table Ⅰ. Detection of body weight, feeding behaviour and faeces secretion in FC mice.

Variable		  Control	 FC	 Lactulose	 Arctiin

Body weight, g	 Day 12	 33.50±1.87	 34.00±1.26	 32.83±1.72	 32.67±1.63
	 Day 13	 33.83±1.47	 34.17±1.17	 33.17±2.04	 33.00±1.41
	 Day 14	 34.33±1.63	 34.50±1.76	 33.00±1.90	 33.50±1.38
	 Day 15	 34.33±1.51	 35.17±1.47	 33.33±1.97	 34.00±1.41
Feeding behaviour	 Water intake, ml/24 h	 6.17±1.47	 6.50±1.52	 7.17±0.98	 6.83±0.75
	 Food intake, g/24 h	 5.17±1.72	 4.83±0.75	 5.33±1.21	 5.00±0.63
Faeces	 Number, n	 20.50±3.45	 4.00±0.89a	 10.17±2.14c	 7.83±1.47b

	 Weight, g	 0.47±0.09	 0.11±0.02a	 0.28±0.03c	 0.22±0.04c

	 Water content, %	 67.18±6.38	 49.59±5.79a	 61.80±4.25c	 59.27±1.06b

aP<0.01 vs. Control. bP<0.05 and cP<0.01 vs. FC. FC, functional constipation.

https://www.spandidos-publications.com/10.3892/etm.2023.11898
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Statistical analysis. The data are presented as the mean ± stan‑
dard deviation (n=6) and analyzed using one‑way ANOVA 
followed by post hoc Tukey's test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Arc attenuates loperamide‑induced FC in mice. FC was 
evaluated based on the changes in faecal matter, including defe‑
cation frequency and faecal moisture analysis. Loperamide 
was used to establish the FC model. Loperamide resulted in 
a significant decrease in faecal numbers (4.00±0.89), faecal 
weight (0.11±0.02 g) and water content (49.59±5.79%) in FC 
mice compared with that in the control mice (20.50±3.45, 
0.47±0.09 g and 67.18±6.38%, respectively; Table I). Body 

weight and feeding behaviour did not vary between the 
control and FC groups. Additionally, the length travelled 
by the charcoal meal in the intestinal tract was shorter in 
loperamide‑treated mice compared with that in the control 
(red arrows delineate the travelled location of the charcoal 
meal; Fig. 1A). Furthermore, no difference was observed 
in the total length of the intestine in each group, but the 
length traveled by the charcoal was shorter in FC mice than 
that of control (Fig. 1B and C). Measurement of intestinal 
transit showed a decrease in intestinal transit ratio and an 
increase in the transit time in the FC mice (Fig. 1D and E). 
The aforementioned results indicated that the FC model was 
established successfully. Arc treatment not only improved 
the faecal characteristics but also accelerated intestinal 
transit in FC mice.

Figure 1. Arc mitigates loperamide‑induced FC in mice. (A) Intestinal tract (the red arrows indicate the traveled location of the charcoal meal). (B) Total length 
of the intestine and (C) length traveled by the charcoal meal were measured. (D) Intestinal transit ratio and (E) transit time of mice. **P<0.01 vs. Control. 
^P<0.05 and ^^P<0.01 vs. FC. FC, functional constipation; Arc, Arctiin.
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Arc decreases pathological injury to the colon. Subsequently, 
changes in the colonic pathology in FC mice were assessed. 
H&E staining of the colon sections showed that the muscular 
layer was significantly thinner in the colon of FC mice compared 
with that in the control mice (Fig. 2A and B; double‑headed 
arrows delineate the muscular layer). Furthermore, results of 
H&E staining could be confirmed by alcian blue staining, 
which provided more evidence on the protective effects of Arc 
on FC. The results of alcian blue staining revealed that the 
thickness of the colonic mucosa was significantly decreased in 
the FC group compared with the control group (Fig. 2C and D; 
double‑headed arrows delineate the colonic mucosa). These 
changes were reversed in Arc‑treated mice. Thus, Arc miti‑
gated colonic damage in the FC mice.

L eve l s  o f  ga s t ro in tes t i n a l  m o t i l i t y ‑ a ssoc ia ted 
neurotransmitters and inflammation in colon of FC mice are 
regulated by Arc. To investigate the underlying mechanism 
by which Arc attenuated FC, levels of excitatory (MTL) and 
inhibitory neurotransmitters (NO), as well as BDNF, were 
determined in the serum and colon tissue of mice. Arc amelio‑
rated the decrease in MTL and BDNF levels, as well as the 
increase in NO observed in loperamide‑treated mice compared 
with those in the FC mice (Fig. 3A‑E). Western blot analysis 
showed higher expression of nNOS and eNOS and lower 
expression of iNOS in the Arc group compared with the FC 
group (Fig. 3F and G). Moreover, the mRNA levels of TNF‑α, 
IL‑1β and IL‑6 were increased in FC mice compared with 
those in the control. Additionally, the inflammatory induction 
was significantly inhibited by Arc (Fig. S1A‑C). These find‑
ings showed that Arc regulated levels of neurotransmitters and 
inflammation in FC mice.

Arc decreases ICC injury. The levels of C‑Kit and SCF and 
the condition of mitochondria/ER were used to evaluate ICC 
injury. Immunohistochemical analysis showed that C‑Kit and 
SCF were primarily present in the submucosa and muscle 
layers (Fig. 4A‑C). Arc reversed the decrease in C‑Kit and 
SCF levels in the colon of FC mice, which was confirmed by 
western blot analysis (Fig. 4D and E). Electron microscopy 
results showed that the ICC in the colon of control mice was 
rich in cell organelles, including endoplasmic reticulum and 
mitochondria. Injured ICC in the FC group were characterized 
by swollen mitochondria with disrupted cristae and partial 
cytoplasmic depletion. By contrast, the damage to the ICC in 
the Arc group was notably decreased (Fig. 4F). These results 
showed that Arc reduced ICC damage in the colon of FC mice.

Arc decreases the levels of AQPs. Based on the involvement 
of AQPs in FC progression (28), the expression levels of AQPs 
in the colon of mice were detected. Increased expression of 
AQP‑3 and AQP‑9 was observed in the colon of FC mice and 
this was significantly reduced by Arc treatment (Fig. 5A‑E). 
Therefore, Arc downregulated the levels of AQPs in the colon 
of mice with FC.

Discussion

FC is a common gastrointestinal disorder that affects the quality 
of life of individuals worldwide (29). The present study aimed 
to evaluate the therapeutic effects of Arc on FC. In vivo experi‑
ments were used to investigate ICR mouse intestinal motility 
and changes in the ICC following induction of FC. To the best 
of our knowledge, the present study is the first to show that Arc 
alleviated loperamide‑induced FC by decreasing pathological 

Figure 2. Arc relieves pathological damage to the colon. (A) H&E staining and (B) quantification of colonic muscle thickness (double‑headed arrows delineate 
the muscular layer). (C) Alcian‑blue staining and (D) quantification of colonic mucosa thickness (double‑headed arrows delineate the colonic mucosa). **P<0.01 
vs. Control. ^P<0.05 and ^^P<0.01 vs. FC. H&E, hematoxylin and eosin; Arc, Arctiin; FC, functional constipation.
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damage and inflammation, regulating levels of gastrointestinal 
motility‑related neurotransmitters and attenuating ICC injury 
in the colon of FC mice. It was also demonstrated that Arc 
could reverse the elevated levels of AQPs in the colon of mice 
with FC. Based on these findings, the protective effects of Arc 

on FC were shown and these results highlight the potential 
value of Arc in the treatment of FC (Fig. 6).

FC is a common gastrointestinal disorder that is associated 
with intestinal motility (30). Delayed gastrointestinal transit 
is associated with abnormal gut muscular movement, which 

Figure 3. Arc regulates levels of gastrointestinal motility‑associated neurotransmitters in the colon of FC mice. MTL concentrations in (A) serum and (B) colon 
tissues. BDNF concentrations in (C) serum and (D) colon tissue. (E) Levels of NO in the colon tissues. (F) Immunoblotting for nNOS, eNOS and iNOS and 
(G) quantification of the blots. **P<0.01 vs. Control. ^P<0.05 and ^^P<0.01 vs. FC. FC, functional constipation; MTL, motilin; BDNF, brain‑derived neuro‑
trophic factor; nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; Arc, Arctiin.
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Figure 4. Arc alleviates ICC injury. Distal colon segments were used for detection of ICC injury. Immunohistochemical localization of (A) C‑Kit and (B) SCF 
in colon tissues. (C) Evaluation of immunohistochemical staining. (D) Immunoblotting for C‑Kit and SCF. (E) Densitometry analysis of immunoblots. 
(F) Electron micrographs of the ICC in the colons of mice. The green arrows delineate the endoplasmic reticulum while the red arrows delineate the mitochon‑
dria. **P<0.01 vs. Control. ^P<0.05 and ^^P<0.01 vs. FC. FC, functional constipation; Arc, Arctiin; ICC, interstitial cells of Cajal; SCF, stem cell factor; C‑Kit, 
receptor tyrosine kinase.

Figure 5. Arc reverses loperamide‑induced elevation of AQP‑3 and AQP‑9. Immunofluorescence analysis of (A) AQP‑3 and (B) AQP‑9 in colon tissue. 
(C) Evaluation of immunofluorescent staining was performed using Image‑Pro Plus software. (D) Western blot analysis of protein expression levels of AQP‑3 
and AQP‑9. (E) Densitometry analysis of western blots. **P<0.01 vs. Control. ^^P<0.01 vs. FC. FC, functional constipation; Arc, Arctiin; AQP, aquaporin.
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may be caused by insufficient inputs from the enteric neural 
circuitry (31). Therefore, neuromodulators regulating survival 
and development of neurons in the enteric nervous system 
regulate intestinal function (32). As one of the neurotrophin 
ligands, BDNF dose‑dependently accelerates colon motility by 
varying the intestinal innervation structure (33). Conditional 
knockout of BDNF in the gut induces dopaminergic neuronal 
loss, motor dysfunction and constipation (34). Moreover, MTL 
enhances gastrointestinal motility via direct action on smooth 
muscle cells (35). By contrast, NO is the primary inhibitory 
neurotransmitter and levels of NO in the myenteric plexus serve 
a role in inhibiting the colonic motor complex (36). Synthesis 
of NO is catalyzed by NOS enzymes, including eNOS, nNOS 
and iNOS. The nNOS isoform is abundant in neural tissues 
and participates in pathological and physiological processes, 
such as nerve transmission and muscle contraction in the 
intestine  (37). Under normal physiological conditions, NO 
is primarily produced from eNOS, which is abundant in 
endothelial cells where it regulates vascular homeostasis (38). 
Nevertheless, iNOS levels associated with excessive produc‑
tion of NO are increased in the colon of FC mice (39). Hence, 
regulating the levels of NOS can reduce NO content and 
mitigate FC. In the present study, the number and the water 
content of faeces were higher and the intestinal transit time 
was shorter in the Arc treatment group compared with the FC 
group. In addition, Arc increased the levels of BDNF, MTL, 
nNOS and eNOS while decreasing the levels of iNOS and NO 
in the colon of FC mice. Therefore, Arc treatment may relieve 
FC by regulating neuromodulators that enhance neural func‑
tion, leading to elevated colonic contractility.

ICC, as mesenchymal cells, are pacemakers for the 
peristaltic reflex by which propulsive contraction in the 
gastrointestinal tract is achieved (40). ICC are rich in multiple 
organelles, including numerous mitochondria and abundant 
endoplasmic reticula (41). With a highly branched morphology 
and cellular network, ICC are an important component of the 
gastrointestinal tract (42). Additional evidence has shown that 
ICC contribute to intestinal motility by generating sponta‑
neous electrical depolarization and increasing smooth muscle 
excitability (43). Furthermore, ICC differentiation and devel‑
opment rely on signals from C‑Kit and its ligand SCF (44). 
Previous studies have ICC injury in the colons of patients and 
rats with FC (12,45). The present results revealed that C‑Kit 
and SCF were mainly present in the submucosa and muscle 
layers, which is consistent with previous studies  (46,47). 
Furthermore, a novel finding of the present study was that Arc 
prevented the increase in damage and increased the density 
of ICC in the colon of FC mice. Arc may promote intestinal 
motility by protecting against ICC injury and subsequently 
alleviating FC.

AQPs are key membrane proteins that primarily trans‑
port water across the plasma membranes (48). At present, 
13 isoforms of AQP have been identified in mammals 
and these are divided into three groups. Water‑selective 
AQPs, including AQP0, AQP1, AQP2, AQP4, AQP5, 
AQP6 and AQP8, are selectively permeable to water. 
Aquaglyceroporins, including AQP3, AQP7, AQP9 and 
AQP10, are permeable to water, glycerol and urea. Finally, 
super‑aquaporins, including AQP11 and AQP12, are 
highly different from the aforementioned AQPs with low 
homology (49). AQPs are associated with transepithelial 
water movement in the intestinal tract and are key for 
maintaining body water homeostasis  (50). Upregulation 
of AQP3 and AQP9 results in severe constipation by 
decreasing mucus secretion and faecal water content, as 
well as decreasing bowel peristalsis in rats (51). Multiple 
studies have showed that AQP‑3 and AQP‑9 are local‑
ized in the mucosal layer, including epithelial and goblet 
cells (52‑55). Of note, suppression of AQP3 function in the 
colon results in diarrhoea  (52). FC mice show increased 
levels of AQP3 and AQP9 compared with those in controls, 
which is consistent with the present results  (56). Here, 
loperamide‑induced elevation in AQP3 and AQP9 were 
decreased by Arc treatment. Therefore, Arc treatment may 
decrease AQP expression, thus relieving abnormal water 
transport and inhibiting the development of FC.

The present study has limitations. The symptoms of 
depression, which may be associated with constipation 
severity (57), were not investigated in the current FC model. 
Constipated mice show notable increases in immobility 
time of the forced swimming and tail suspension test (58). 
In addition, the specific effect of Arc on BDNF, MTL and 
NOS remains unclear. Further studies, including analyses of 
the symptoms of depression in FC mice and the mechanism 
of Arc on BDNF, MTL and NOS, should be performed to 
improve understanding of the function of Arc in the manage‑
ment of FC.

In conclusion, the present study showed that Arc promoted 
colonic contractility and decreased intestinal transit time by 
relieving colonic damage and ICC injury while downregulating 

Figure 6. Hypothetical model of Arc‑attenuated FC. Arc regulates levels of 
gastrointestinal motility‑associated neurotransmitters and decreases ICC 
injury and AQP expression, alleviating FC. Arc, Arctiin; FC, functional 
constipation; ICC, interstitial cells of Cajal; SCF, stem cell factor; MTL, 
motilin; BDNF, brain‑derived neurotrophic factor; NO, nitric oxide; AQP, 
aquaporin; C‑Kit, receptor tyrosine kinase.
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inflammation induction and AQP expression levels in the colon 
to mitigate FC.
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