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ABSTRACT
Constipation is a common disease that reduces life quality. Drugs of various mechanisms are
being developed to resolve this affliction. Intestinal motility can be easily monitored in
zebrafish, and so we selected this organism to develop a constipation model to measure
drug-induced prokinetic effects. In this study, intestinal motility was monitored in zebrafish by
tracking intestinal transit using fluorescence, after which an opioid-induced constipation
model was established using loperamide. We then evaluated the prokinetic effect of
diatrizoate meglumine (Gastrografin®), which has been empirically used to treat post-
operative ileus or adhesive small bowel obstructions. Diatrizoate meglumine was effective in
promoting bowel movements in an opioid-induced zebrafish constipation model and its
prokinetic effect was associated with an increased expression of interstitial cells of Cajal (ICC)
markers. Therefore, the loperamide-induced zebrafish constipation model developed herein is
a promising tool to evaluate novel constipation therapies.
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1. Introduction

Constipation is a common gastrointestinal problem with
an estimated worldwide prevalence of 1–27% (Sanchez
and Bercik 2011). Constipation reduces life quality (Glia
and Lindberg 1997), and patients with this condition
are more likely to suffer from anxiety disorders and
depression (Rao et al. 2007). Many medications cause
constipation, including anticholinergics, anticonvul-
sants, anti-Parkinsonian medications, muscle relaxants,
and opioids (Klaschik et al. 2003). Opioids are commonly
prescribed analgesics to treat acute and chronic pain
(Farmer et al. 2018). However, unlike the transient
opioid side-effects that affect the CNS, gastrointestinal
side-effects frequently persist for the duration of the
treatment (McNicol et al. 2003). Opioid-induced consti-
pation occurs in approximately half of patients receiving
chronic opioid therapy for non-cancer pain. The preva-
lence in patients with cancer is between 74 and 87%
(Kalso et al. 2004).

There are several techniques available for the assess-
ment of gastrointestinal motor functions in laboratory
animals, with rodents (mice, rats, and guinea pigs) and

dogs being the most commonly used experimental
animals in clinical research (Al-Saffar et al. 2019). In
humans and experimental animals, bowel movements
are measured indirectly by fecal pellet number or
weight change or analyzed via radiologic or nuclear
imaging tests to monitor intestinal motility over time
(Marks et al. 2013). Other direct methods to assess intes-
tinal motility include monitoring changes in myoelectri-
cal activity or intraluminal pressure with a transducer or
catheter (Harrison et al. 2004). However, in vivo real-time
observation of intestinal motility is difficult, and direct
measurement methods generally require invasive pro-
cedures. Zebrafish (Danio rerio) provide a useful ver-
tebrate model that exhibits high genetic similarity to
humans. This organism is easy to breed and manipulate
and produces transparent larvae (Howe et al. 2013;
Kanungo et al. 2014). Additionally, the intestine of
zebrafish is similar to the mammalian gastrointestinal
tract, and gut motility is controlled primarily by the
enteric nervous system as in other vertebrates.

This study validated a loperamide-induced consti-
pation model in zebrafish and evaluated the prokinetic
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effect of diatrizoate meglumine (Gastrografin®) in this
zebrafish constipation model.

2. Materials and methods

2.1. Reagents and drugs

Microspheres (carboxylate-modified FluoSpheresTM)
were obtained from Thermo Fisher (California, USA).
Tricaine, dimethyl sulfoxide (DMSO), and loperamide
were purchased from Sigma-Aldrich (St Louis, MO).
Gastrografin was obtained from Berlimed S.A.
(Madrid, Spain). Moreover, anti-c-kit antibodies were
purchased from Abcam (Cambridge, UK) and HRP-con-
jugated secondary antibodies and anti-actin anti-
bodies were purchased from Sigma-Aldrich (St Louis,
MO).

2.2. Zebrafish care and maintenance

Wild-type zebrafish were obtained from Zebrafish
Translational Medical Research Center at Korea Univer-
sity. Adult zebrafish were housed in a light and temp-
erature-controlled aquaculture facility with standard
14 h light photoperiod/10 h dark photoperiod.
Zebrafish larvae were studied at eight days post-fertili-
zation (dpf).

2.3. Fluorescent tracer

The fluorescent tracer was prepared by mixing 100 mg
of powdered larval feed (Tetra Bits Complete; Tetra
Inc., Germany) with 150 µl of yellow-green, 2.0 µl carbox-
ylate-modified polystyrene FluoSpheres (Thermo Fisher,
CA, USA), and 50 µl of deionized water. The mixture was
dried at room temperature in the dark overnight and
then crushed into a fine powder.

2.4. Constipation induction and transit zone
analysis

Constipation was induced in 8 dpf zebrafish larvae
using loperamide. These 8 dpf larvae were fed with
the fluorescence tracer for one hour, after which they
were washed three times with embryo medium (EM;
15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4,
0.15 mM KH2PO4, 0.05 mM NH2PO4, 0.7 mM). After
feeding, the larvae were exposed to loperamide (0, 1,
and 5 mg/L) for two hours, after which they were
anesthetized with 0.2% aminobenzoic acid ethyl ester
(tricaine). We then analyzed their transit zone.
Zebrafish larvae were classified according to the
location of the fluorescence tracer in their

gastrointestinal tract (Figure 1). To quantify transit,
the intestine was divided into transit zones as
described by Field et al. (Field et al. 2009).

2.5. Preparation of total RNA

Total RNA was extracted from frozen zebrafish larvae
using the TRizol reagent (Thermo Fisher, CA, USA) per
the manufacture’s protocol. The RNA concentration
was determined with a Nanodrop spectrophotometer
(Nanodrop Technologies, ND-1000 spectrophotometer).

2.6. Real-time reverse-transcription polymerase
chain reaction (RT–PCR)

RT–PCR was performed as previously described with
minor modifications (Shin et al. 2020). Complementary
DNA (cDNA) was synthesized from total RNA using the
Promega Reverse Transcription System (Promega Cor-
poration, Madison, WI, USA). Relative gene expression
was quantified by RT–PCR using LightCycler FastStart
DNA Master SYBR Green I (Roche, Mannheim,
Germany) according to the manufacturer’s protocol.
The reaction mixture (20 µl) consisted of LightCycler Fas-
tStart DNA Master SYBR Green I, 4 mM of MgCl2, 0.5 µM
of primer pairs, and 2 µl of the cDNA as a template. The
primer sequences are summarized in Supplementary
Table 1. The PCR reaction was performed at 95°C for
10 min, followed by 45 cycles at 95°C for 10 s, an anneal-
ing temperature for 10 s, and 72°C for [amplicon length
(bp)/25] s. After 45 cycles, a melting step was performed
at 65°C for 15 s followed by 40°C for 30 s. The RT–PCR
was performed in a Light cycler 1.5 system (Roche Diag-
nostics, Germany). All PCRs were normalized to beta-
actin expression to control for variations.

2.7. Western blotting

To measure C-kit protein levels, 20 zebrafish larvae were
homogenized in a lysis buffer (radio-immunoprecipita-
tion buffer; Sigma, St. Louis, USA) and proteinase inhibi-
tor cocktail (Roche, Mannheim, Germany) to obtain
crude protein extracts. Protein concentration was deter-
mined via the Bradford method. Equal amounts of
protein (40 µg) were then submitted to an 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) to identify C-kit. Membranes were blocked
with 5% skim-milk in 1x Tris-buffered saline (TBS) at
room temperature for one hour.

To identify the C-kit, the membranes were incubated
with a 1:500 dilution of c-kit-specific rabbit polyclonal
primary antibodies (Abcam, Cambridge, UK) overnight
at 4°C. To remove the primary antibody, the membrane
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was washed four times in 1x TBST buffer. The mem-
branes were then incubated with a 1:50,000 dilution of
a horseradish peroxidase (HRP)-conjugated c-kit-
specific anti-rabbit secondary antibody (Ho et al. 2019).
To identify actin, a 1:2000 dilution of a primary antibody
(Sigma, Saint Luis, USA) was coupled with a 1:50,000
dilution of anti-mouse IgG-HRP secondary antibodies.
An electrochemiluminescence kit was then used to
develop the Western blots.

2.8. Immunohistochemistry

Zebrafish larvae (8 dpf) were anesthetized using tricaine
mesylate until their movement ceased, fixed in 4% par-
aformaldehyde, and embedded in 1.5% agar blocks con-
taining 5% sucrose. After equilibration in 30% sucrose
solution, frozen blocks were cut into 10-μm sections
using a cryostat microtome and mounted on glass
slides. Sections were rinsed several times with phos-
phate buffered saline (PBS), blocked in 10% bovine
serum albumin (BSA) with 6% sheep serum, and sub-
sequently treated with primary antibodies overnight at

4°C. After being washed for 2 h with PBS, the slides
were incubated with the appropriate secondary anti-
bodies overnight at 4°C, washed for 2 h with PBS, and
mounted. The primary antibody was the anti-c-kit anti-
body (1:250, Abcam, Cat. No. ab114992). The secondary
antibody was 594 donkey anti-rabbit IgG (1:200, Biole-
gend, Cat. No. 406418).

2.9. Statistical analyses

All data were reported as means ± standard deviation
(SD) and statistical analyses were performed using Bon-
ferroni’s multiple comparison test. The levels of statisti-
cal significance were set at *P < 0.05 and **P < 0.01.

3. Results

3.1. Analysis of intestinal transit and
constipation induction with loperamide

The progression of fluorescent tracer-mixed feed
through the intestine of individual larvae was monitored

Figure 1. Type of intestinal transit zone. To analyze intestinal transit in zebrafish populations, individual larvae were classified into
four zones according to the location of the fluorescent tracer in the intestinal tract. Zone 1 was the region of the intestinal bulb rostral
to the swim bladder. Zone 2 was the region of the intestinal bulb ventral to the swim bladder. Zone 3 was the region of the junction
between the swim bladder and the mid-intestine. Zone 4 was the region between the mid-intestine and posterior intestine. DIC,
differential interference contrast microscopy; FITC, FITC fluorescence microscopy; DIC + FITC, merged DIC and FITC images.
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for four hours, after which individual larvae were
classified into four zones depending on the location of
the fluorescent tracer in the intestine (Figure 1).

The fish larvae were treated with 1 mg/L (n = 97) or
5 mg/L (n = 99) of loperamide for two hours in quadru-
plicate, after which the distribution of their intestinal
transit zones was compared with that of the control
group (n = 84). After feeding, the zebrafish larvae
were divided into five groups (zone 1–4 and empty
intestines) based on the distribution of the food
remaining in the intestines. The proportions (mean ±
standard error (SE)) of zone 1 were 13 ± 2.6%, 29.6 ±
6.7%, and 46.6 ± 4.1% in the control, 1 mg/mL lopera-
mide, and 5 mg/mL loperamide treatment groups,
respectively (Figure 2).

3.2. Comparison between diatrizoate meglumine
(Gastrografin®)-induced prokinetic effects in the
loperamide-induced constipation model

The prokinetic effects of gastrografin were investigated
in the loperamide-induced zebrafish constipation
model. After treatment with loperamide for two hours,
larvae with fluorescent tracer remaining in transit zone
1 were selected and considered suitable constipation
models. To investigate the effect of gastrografin, which
is empirically used in the post-operative ileus, transit
zone distribution was observed after treatment with
4 µL gastrografin for one hour after loperamide treat-
ment. After the gastrografin treatment (n = 24), the frac-
tion of larvae in which the food remained in zone 1 was
significantly reduced (28.1 ± 13.0% in the gastrografin
treatment group vs. 65.0 ± 1.9% in the control group),
and the proportion of food in zone 5 was significantly

increased compared to the control group (n = 25) (12.9
± 4.1% in the gastrografin treatment group vs. 6.9 ±
3.2% in the control group) (Figure 3(A)).

3.3. Effects of gastrografin on the intestinal
contraction of the zebrafish constipation model

When intestinal contraction was observed by real-time
video analysis, the number of contractions per minute
was significantly decreased in the loperamide-induced
constipation model (n = 6) compared to the control
group (n = 5) (5.0 ± 0.9/min vs. 3.0 ± 1.1/min, respect-
ively). However, when gastrografin (n = 6) was adminis-
tered, this decreased contraction rate was recovered to
a level similar to that of the control group (6.2 ± 0.7/
min) (Figure 3(B) and supplementary video files).

3.4. Associations between kit gene/protein
expression and diatrizoate meglumine effects

The kit-a, kit-b, kit ligand a, and kit ligand b genes were
all downregulated in the loperamide constipation
model, and mRNA levels were restored with gastro-
grafin administration (Figure 4). When only gastrografin
was administered, the level of genes was not signifi-
cantly different from the control group (data were
not shown). Moreover, a comparison of C-kit protein
expression in adult zebrafish demonstrated that this
protein was suppressed by loperamide treatment but
recovered to control levels when gastrografin was
administered. C-kit expression was observed in an
immunohistochemical analysis on transverse section
of zebrafish larva. C-kit expression was observed in
the intestinal epithelium of controls. After loperamide

Figure 2. Delayed intestinal transit with loperamide treatment. Eight dpf zebrafish larvae were fed with a fluorescent tracer then
treated with loperamide (1, 5 mg/L) for two hours. The intestinal transit zones of zebrafish larvae were analyzed two hours after loper-
amide exposure. The data represent population percentages. **P < 0.01 and ***P < 0.001 compared to the control.
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treatment, the intensity was decreased and recovered
with co-treatment of loperamide and gastrografin
(Figure 5).

4. Discussion

Constipation is a gastrointestinal tract disorder that can
result in infrequent stools and difficult stool passage
with pain and stiffness. Additionally, this disease
causes many physical and mental problems in many
patients and can have a significant impact on their
daily life (Sanchez and Bercik 2011). Approximately
30% of the general population will suffer from consti-
pation more than once in their lives; however, this
affliction occurs more commonly in older people and
women. The average prevalence of constipation in
adults has been estimated at 16% worldwide but
varies between 0.7 and 79% (Everhart and Ruhl 2009;
De Giorgio et al. 2015).

In clinics, constipation is usually diagnosed with a
questionnaire about stool frequency or consistency.
Colon transit is measured using imaging tests with radio-
paque markers or radionuclide scintigraphy; however,
this approach is time-consuming and requires repeated
examinations (Forootan et al. 2018). While several tech-
niques have been developed to measure intestinal
transit, direct measurement of intestinal contraction
typically entails sacrificing the study animal or other
invasive monitoring procedures, whereas indirect
measurements such as fecal pellet analyses cannot accu-
rately reflect real-time intestinal transit (Al-Saffar et al.
2019).

The zebrafish is a potentially valuable model for gas-
trointestinal studies due to its transparency, accessibility,
and ease of screening (Field et al. 2009). Here, we evalu-
ated intestinal motility by monitoring the movement of
fluorescent feed in the intestine. A zebrafish consti-
pation model was developed using loperamide. The µ-

Figure 3. Change in intestinal motility after gastrografin treatment in the loperamide-induced constipation model. (A) 8 dpf zebrafish
larvae with loperamide (5 mg/L)-induced constipation were treated with 4 µl/ml gastrografin. Afterward, we analyzed the intestinal
transit zones of these larvae. (B) Intestinal contraction in zebrafish larvae with loperamide-induced constipation was compared via
real-time video analysis. The data represent population percentages (**P < 0.01, ***P < 0.001)
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opioid receptor plays an important role in inhibiting
intestinal transit. Loperamide, a µ-opioid receptor
agonist, is widely used to treat diarrhea (Holmberg
et al. 2006; Holzer 2009). Loperamide has been used to
induce constipation, and loperamide-induced consti-
pation animal models are widely used to identify

therapeutic agents (Wintola et al. 2010). A previous
study established an opioid-induced bowel dysfunction
zebrafish model and demonstrated that loperamide sup-
pressed the gut peristalsis frequency in zebrafish (Shi
et al. 2014). Our study aimed to develop a constipation
model by selecting a population with prominently

Figure 4. Effect of gastrografin on (A) the mRNA expression of kit genes and (B) C-kit protein expression in zebrafish larvae with
loperamide-induced constipation. Lop, loperamide; la, ligand a; lb, ligand b (***P < 0.001).

Figure 5. Transverse section views (×20) of 8 dpf larva subjected to immunohistochemical staining with anti-c-kit antibody (red) and
DAPI (blue).
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reduced intestinal transit after loperamide treatment
using the zone analysis method. The model’s usefulness
was evaluated by characterizing gastrografin’s proki-
netic effects.

Gastrografin is a commercially available medication
initially formulated as a radiologic contrast agent. It
may be administered orally or rectally as a water-
soluble contrast media for radiologic imaging tests. In
small bowel obstructions, water-soluble contrast
agents, such as gastrografin, have been used for early
diagnoses to determine the need for surgery. Meta-ana-
lyses have demonstrated that administration of gastro-
grafin serves as a diagnostic procedure and reduces
the need for surgery in patients with acute small
bowel obstruction (Branco et al. 2010; Di Saverio et al.
2013).

Additionally, c-kit gene analysis was performed in this
study. Interstitial cells of Cajal (ICC) identified by Kit-like
immunoreactivity provide a pacemaker signal for coordi-
nated motility patterns in the mammalian gastrointesti-
nal (GI) tract (Rich et al. 2013). C-kit mRNA and protein
expression are downregulated in the colonic tissues of
slow-transit constipation patients (Tong et al. 2005).
The expression of the kit gene and c-kit protein was sup-
pressed in the loperamide constipation model, and
mRNA and protein levels were restored with gastrografin
administration. These results suggest that gastrografin
promotes GI motility by increasing the expression of
ICC markers.

Therefore, the zebrafish loperamide-induced consti-
pation model is a promising tool for the evaluation of
novel constipation therapies.
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