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Abstract
Background  Gastrointestinal transit (GIT) is influenced by factors including diet, medications, genetics, and gut microbiota, 
with slow GIT potentially indicating a functional disorder linked to conditions, such as constipation. Although GIT studies 
have utilized various animal models, few effectively model spontaneous slow GIT.
Aims  We aimed to characterize the GIT phenotype of CFP/Yit (CFP), an inbred mouse strain with suggested slow GIT.
Methods  Female and male CFP mice were compared to Crl:CD1 (ICR) mice in GIT and assessed based on oral gavage of 
fluorescent-labeled 70-kDa dextran, feed intake, fecal amount, and fecal water content. Histopathological analysis of the 
colon and analysis of gut microbiota were conducted.
Results  CFP mice exhibited a shorter small intestine and a 1.4-fold longer colon compared to ICR mice. The median whole-
GIT time was 6.0-fold longer in CFP mice than in ICR mice. CFP mice demonstrated slower gastric and cecal transits than 
ICR mice, with a median colonic transit time of 4.1 h (2.9-fold longer). CFP mice exhibited lower daily feed intakes and 
fecal amounts. Fecal water content was lower in CFP mice, apparently attributed to the longer colon. Histopathological 
analysis showed no changes in CFP mice, including tumors or inflammation. Moreover, CFP mice had a higher Firmicutes/
Bacteroidota ratio and a relative abundance of Erysipelotrichaceae in cecal and fecal contents.
Conclusions  This study indicates that CFP mice exhibit slow transit in the stomach, cecum, and colon. As a novel mouse 
model, CFP mice can contribute to the study of gastrointestinal physiology and disease.

Keywords  Gastrointestinal transit time · Fecal water content · Cecal microbiota · Fecal microbiota · Feed intake

Introduction

Gastrointestinal (GI) transit time (GITT) is defined as the 
interval between food ingestion and its evacuation. Recently, 
research has focused on the association of GITT with health 
and disease, including typical GI diseases as well as certain 
metabolic and neurological conditions [1]. GITT is influ-
enced by various host and environmental factors, including 
sex, aging, genetics, medication use, diet, and gut microbiota 
[1, 2]. In particular, the digestion and absorption of nutri-
ents, along with alterations in the gut microbiota, are closely 
linked to GITT [3].

It has been common practice to use animal models to 
investigate the influence of GI transit (GIT) on host health. 

For example, drug-induced constipated mice and rats have 
been used in preclinical studies of laxatives [4]. These mod-
els have also revealed the interactions among diet, GITT, and 
gut microbiota [3] and the potential impact of gut microbiota 
associated with delayed GITT on host disease [5]. Addition-
ally, delayed GITT can be induced by dietary changes [6, 7], 
microbiota transplantation [8], and oral administration of 
ice-cold saline [9]; it is also observed in mouse models of 
neurological disorders, such as in Parkinson’s disease [10]. 
Animal models of spontaneous slow GIT, including geneti-
cally modified animals [11–13] and spontaneously mutated 
ones [14, 15], have also been used. Despite the availability of 
several animal models, the association of GITT with health 
and disease remains unclear. One reason is that these rela-
tionships are multifactorial and complex, and current mod-
els alone cannot adequately simulate them. Therefore, addi-
tional animal models that mimic various aspects observed 
in humans are expected [4]. In particular, a model of spon-
taneously delayed GITT, without genetic manipulation, may 
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have the advantage of providing new perspectives on these 
complex relationships.

CFP/Yit (CFP) is an inbred mouse strain derived from 
CF-1 mice. Although it has been suggested that CFP mice 
exhibit delayed transit time throughout the GI tract [16], cer-
tain characteristics, such as transit through specific segments 
of the GI tract and the phenotypes associated with delayed 
GITT, have not been thoroughly investigated.

This study aimed to characterize the GIT and related phe-
notypes of CFP mice compared to Crl:CD1 (ICR) mice and 
evaluate their potential as a model for slow GIT. In addition 
to the total GIT, anatomically segmented GITs were ana-
lyzed to clarify transit in the large intestine, which accounts 
for most of the total GITT [17]. Fecal water content, which is 
associated with colonic transit time [18], was also examined. 
Furthermore, the gut microbiota was analyzed to explore 
its potential involvement in the characteristics of the GIT 
in CFP mice.

Materials and Methods

Animals

CFP mice were bred in house, and ICR mice were obtained 
from The Jackson Laboratory Japan, Inc. (Kanagawa, Japan). 
Because the assignment to experimental groups was deter-
mined based on mouse strain and sex, no grouping was con-
ducted, and no mice were excluded before the experiments.

All mice were housed in flat-bottomed cages with bed-
ding (Pulsoft; Oriental Yeast Co., Ltd., Tokyo, Japan) and 
nesting material (Rodent Nesting Sheets™ and Bio-Huts™; 
Bio-Serv, Flemington, NJ, USA) under specific pathogen-
free conditions. The animal housing was maintained at a 
relative humidity of 30%–70%, temperature of 20 °C–26 °C, 
and a 12-h light/dark cycle with lights turned on at 8:00 
am. The mice were provided free access to pelleted feed 
(F-2; Funabashi Farm Co., Ltd., Chiba, Japan) and water. No 
mice were fasted before the experiments. At the end of the 
experiments, all mice were euthanized under 3.5% isoflurane 
(isoflurane inhalation anesthetic solution; Pfizer Japan Inc., 
Tokyo, Japan) to collect GI tissues and contents and other 
materials for subsequent analyses as described below.

Study Design

As shown in Fig. 1, this study comprised five experiments 
involving a total of 24 female and 30 male CFP mice and an 
equal number of ICR mice. Each experiment included four 
groups based on strain and sex, with six mice per group; 
however, Experiment 4 involved six male CFP mice and 
six male ICR mice. In Experiment 1, whole GITT (WGTT) 
and mean retention time (MRT) as indices of total GI tract 

transit. In the same mice, gastric emptying rate and small 
intestinal (SI) geometric center were measured. Anatomi-
cally segmented GIT was also evaluated in Experiment 2 
by gastric and cecal retention times and SI and colonic tran-
sit times. In Experiment 3, amounts of cecal and colonic 
contents and their respective water contents were measured, 
which could be affected by large intestinal transit. The fecal 
water content was measured using feces collected within 1 h 
of GITT and MRT measurements in Experiment 1 and at age 
11–12 weeks in Experiment 3 and collectively analyzed. In 
Experiment 4, histopathological analysis of the colon was 
conducted and thickness of the colonic muscle layer was 
determined. In Experiment 5, cecal and fecal microbiota, 
which exhibit a bidirectional relationship with large intes-
tinal transit, were analyzed. Body weight and intestinal 
length were measured in Experiments 1–3 and analyzed 
collectively.

Body Weight and Intestinal Length

The body weight and intestinal length of 11–12-week-old 
mice were measured. SI length was defined as the distance 
from the pylorus to the ileocecum, and the colonic length 
was defined as the distance from the cecocolic junction to 
the anus.

Whole‑GIT

Mice were housed in same-strain and -sex pairs for 3 weeks 
before the experiment. To evaluate WGTT and MRT in 
mice housed in pairs instead of individually, two types of 
transit markers were used. Specifically, 5 mg/mL of 70-kDa 
dextran, labeled with tetramethylrhodamine isothiocy-
anate (TRITC-dextran; TdB Labs, Uppsala, Sweden), and 
fluorescein isothiocyanate (FITC-dextran; TdB Labs) were 
prepared in phosphate-buffered saline (PBS). At the age 
of 10–11 weeks, 0.1 mL of TRITC-dextran solution was 
orally administered to one mouse per cage, and 0.1 mL of 
FITC-dextran solution was administered to the other mouse 
between 8:15 and 8:50 am. Feces were collected at 0.5, 1, 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 24, 26, 28, 30, 32, 34, and 48 h 
after marker administration. The fecal samples were freeze-
dried, homogenized using 30 volumes of PBS (v/w), and 
left overnight at 4 °C. The fecal homogenates were centri-
fuged at 300×g for 3 min, and the supernatant was collected. 
Fluorescence intensity of the supernatant was measured in 
a microplate reader (Infinite® 200 PRO; Tecan Group Ltd., 
Männedorf, Switzerland) at 580-nm excitation and 547-nm 
emission for TRITC and at 522-nm excitation and 495-nm 
emission for FITC. The concentrations of TRITC-dextran 
and FITC-dextran were interpolated using a standard curve.

WGTT was defined as the time from the oral administra-
tion of the marker solution to the time of the first excretion of 
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Experiment 2
CFP female n = 6
CFP male n = 6
ICR female n = 6
ICR male n = 6

12 w.o.

Marker p.o.Marker p.o.

1.5 h or 4.5 h 1 h

Sampling GI tissues and contents (after euthanasia)
Sampling all feces

Segmental GI transit
– Gastric retention time
– Small intestinal transit time and rate
– Cecal retention time
– Colonic transit time and rate

Intestinal length

Body weight

Excluded
ICR female n = 1
CFP male n = 1*
*only colonic transit

Experiment 5
CFP female n = 6
CFP male n = 6
ICR female n = 6
ICR male n = 6

10 w.o.

1 day

Sampling fresh feces Sampling cecal contents (after euthanasia)

Fecal microbiota Cecal microbiota

Experiment 1
CFP female n = 6
CFP male n = 6
ICR female n = 6
ICR male n = 6

10–11 w.o. 11–12 w.o.

Marker p.o.Marker p.o.

20 min48 h
…..

<1 h

Sampling GI tissues and contents
(after euthanasia)

Segmental GI transit
– Gastric emptying rate
– Small intestinal geometric center

Intestinal length

Body weight

Sampling fresh fecesSampling all feces over time

Fecal water content

Excluded
ICR female n = 1

Whole GI transit
– WGTT
– MRT

Fecal amount

Measuring feed and water weight

Feed and water intake

Experiment 4
CFP male n = 6
ICR male n = 6

12 w.o.

Sampling colonic tissues (after euthanasia)

Histopathological analysis
– Light microscopy
– Muscle layer thickness measurement

Experiment 3
CFP female n = 6
CFP male n = 6
ICR female n = 6
ICR male n = 6

12 w.o.11–12 w.o.

Sampling GI tissues and contents (after euthanasia)

Water content of cecal and colonic contents

Intestinal length

Body weight

Fecal water content

Sampling fresh feces

Amount of cecal and colonic contents

Fig. 1   Study design. In Experiment 1, WGTT and MRT were meas-
ured as indices of total GI tract transit. In the same mice, gastric emp-
tying rate and small intestinal geometric center were measured. In 
Experiment 2, anatomically segmented GI transit was evaluated using 
a mathematical model. In Experiment 3, cecal and colonic contents 
as well as their water contents were measured. In Experiment 4, his-

topathological analysis of the colon was conducted and thickness of 
the colonic muscle layer was determined. In Experiment 5, cecal and 
fecal microbiota were analyzed. Body weight, intestinal length, and 
fecal water content were measured in several experiments and ana-
lyzed collectively. GI gastrointestinal, WGTT​ whole GI  transit time, 
MRT mean retention time, w.o. weeks old, p.o. peroral administration
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feces in which the marker was detected [19]. In cases where 
no marker was detected in the feces until 11 h after marker 
administration, the WGTT was recorded as 11 h. MRT was 
calculated using the formula Σ (xi ∙ ti)/Σ xi, where ti denotes 
the time to fecal excretion following marker administration 
and xi denotes the amount of the marker collected at time 
ti [20, 21]. The time of fecal excretion was defined as the 
interval between the fecal collection time and the previous 
collection time.

GI Segment‑Specific Transit

Gastric Emptying Rate and SI Geometric Center

Gastric and SI transits were evaluated 2–6 days after meas-
uring MRT. Mice were orally administered 0.5 mg/0.1 mL/
mouse of 70-kDa FITC-dextran between 8:05 and 10:35 am. 
After 20 min, the mice were euthanized by cervical disloca-
tion following cardiac blood sampling under anesthesia as 
described above. Immediately, the stomach, small intestine, 
cecum, and colon were collected. The small intestine was 
divided into 10 equal parts. Each GI segment and its con-
tents were placed in 1 mL of PBS for each SI segment and 
10 mL for others. The GI content samples were centrifuged 
as described above, and the supernatants were collected. 
The concentrations of FITC-dextran in the supernatant and 
diluted plasma were determined following the procedure 
described above.

Gastric emptying was calculated as the proportion of the 
amount of marker collected from the contents of the intes-
tinal tract to the total amount of marker collected [22]. The 
SI geometric center, an index of SI transit, was calculated 
using the formula Σ (xj ∙ j)/Σ xj, where j denotes the segment 
number (0, stomach; 1–10, small intestine; 11, cecum; 12, 
colon), and xj denotes the amount of marker collected in 
segment j [22].

Gastric and Cecal Retention Times and SI and Colonic 
Transit Times

Mice were housed in same-strain and -sex pairs for at least 
2 weeks before the experiment. At the age of 12 weeks, 
the mice were orally administered 0.5 mg/0.1 mL/mouse 
of 70-kDa TRITC-dextran and 70-kDa FITC-dextran. In 
each cage, one mouse received the TRITC-dextran dose 
first, followed by the FITC-dextran dose, and the other 
mouse received these doses in the reverse order. The dos-
ing interval between the two markers was 4.5 h for CFP 
mice and 1.5 h for ICR mice to account for the difference in 
GITT between these strains, with the first dosing occurring 
between 8:05 and 9:45 am. After 1 h of the second dose, the 
mice were euthanized as described above. Immediately, the 
stomach, small intestine, cecum, and colon were collected. 
The colon was divided into four equal parts. Each GI seg-
ment and its contents were placed in 2 mL of PBS for the 
stomach and cecum, 5 mL for the small intestine, and 1 mL 
for each colonic segment. The sampled GI contents were 
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Fig. 2   Comparison of body weight and intestinal length between CFP 
and ICR mice. Body weight (A) and length of the small intestine 
(B) and colon (C) were measured at the age of 11–12 weeks (n = 18 
per group). The box plot shows the median and IQR with whiskers 
extending to the minimum and maximum values within 1.5 times of 
the IQR from the hinge of the box; data points outside 1.5 times the 
IQR are shown as circles. Effects of mouse strain (CFP vs. ICR) and 

sex (female vs. male) and their interaction (Strain*Sex) were ana-
lyzed using ART two-way ANOVA; p values and effect sizes (εp

2) 
are shown at the top. In case of significant interactions, p values and 
effect sizes (r2) of the post hoc Steel–Dwass test are shown immedi-
ately above the plot. See Online Resource 3 for results of other post 
hoc analyses. IQR interquartile range, ART​ aligned rank transform, 
ANOVA analysis of variance
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centrifuged as described above, and the supernatants were 
collected. Additionally, all feces in the cages were collected, 
and marker extracts were obtained as described above. The 
concentrations of TRITC-dextran and FITC-dextran in the 
supernatants, fecal marker extracts, and diluted plasma were 
determined as described above. One female ICR mouse was 
excluded from the analysis owing to the suspicion of hav-
ing ingested the excreted marker through feces, which was 
indicated by a higher proportion of the first dose marker than 
the second dose marker in the stomach.

Gastric, SI, cecal, and colonic transits were estimated 
using previously reported model equations [20]. Briefly, the 
stomach and cecum were treated as compartments and their 
contents were assumed to flow out with their own specific 
rate constants. The reciprocals of these rate constants were 
considered as the retention times of the stomach and cecum. 
The SI transit time was defined as the time taken for the 
marker excreted from the stomach to reach the cecum. In 
the colon, transit times were calculated for each of the four 

equal segments. The transit time of a segment was defined 
as the interval between marker excretion from the cecum 
or a previous segment and excretion into the next segment 
or feces. The colonic transit time was, therefore, the sum 
of the transit times of these four segments. These retention 
and transit times were estimated for each mouse using the 
nonlinear least squares method with the Excel Solver add-in 
(Microsoft® Excel® 2013; Microsoft Corporation, Seattle, 
WA, USA). Initial values were determined using the grid 
search method. However, for one male CFP mouse in which 
the most distal arrival site of the first dose marker was the 
third quarter colonic segment, the transit time of the third- 
and fourth-quarter colons and the entire colon could not be 
calculated.

Feed and Water Intake and Fecal Excretion

Feed and water intake were measured for each cage dur-
ing the 48-h period of WGTT and MRT measurements, 

Fig. 3   Comparison of com-
plete GI, gastric, and SI transit 
between CFP and ICR mice. 
The total GIT was evaluated in 
terms of WGTT (A) and MRT 
(B) at the age of 10–11 weeks 
(n = 6 per group). Gastric and 
SI transits were evaluated in 
terms of the gastric emptying 
rate (C) and SI geometric center 
(D) at the age of 11–12 weeks 
(n = 6 per group). The box plot 
shows the median and IQR 
with whiskers extending to the 
minimum and maximum values 
within 1.5 times of the IQR 
from the hinge of the box; data 
points outside 1.5 times the IQR 
are shown as circles. Effects of 
mouse strain (CFP vs. ICR) and 
sex (female vs. male) and their 
interaction (Strain*Sex) were 
analyzed using ART two-way 
ANOVA; p values and effect 
sizes (εp

2) are shown at the 
top. See Online Resource 3 for 
results of post hoc analyses. 
GI gastrointestinal, SI small 
intestinal, GIT GI transit, WGTT​ 
whole GIT time, MRT mean 
retention time, IQR interquar-
tile range, ART​ aligned rank 
transform, ANOVA analysis of 
variance
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Fig. 4   Comparison of the transit of anatomically segmented gastro-
intestinal tract between CFP and ICR mice. At the age of 12 weeks, 
gastric retention time (A), SI transit time (B) and rate (C), cecal 
retention time (D), and colonic transit time (E) and rate (F) were esti-
mated using a mathematical model. Additionally, four divided colonic 
transit times (G) were estimated. n = 6 per group, except for female 
ICR mice (n = 5) and colonic transit time and rate and for third- and 
fourth-quarter colonic segments in male CFP mice (n = 5). The box 
plot shows the median and IQR with whiskers extending to the mini-

mum and maximum values within 1.5 times of the IQR from the 
hinge of the box; data points outside 1.5 times the IQR are shown 
as circles. Effects of mouse strain (CFP vs. ICR) and sex (female vs. 
male) and their interaction (Strain*Sex) were analyzed using ART 
two-way ANOVA; p values and effect sizes (εp

2) are shown at the top. 
See Online Resource 3 for results of post hoc analyses. SI small intes-
tinal, IQR interquartile range, ART​ aligned rank transform, ANOVA 
analysis of variance
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and the daily amounts of feed and water intake per mouse 
were determined. The dry weight of feces and the number 
of fecal pellets excreted per mouse per day were calculated 
for each cage using the feces collected during WGTT and 
MRT measurements.

Fecal Water Content

At the age of 10–12  weeks, fresh feces were collected 
between 8:15 and 9:10 am. Fecal water contents were cal-
culated using the formula ((wff − wdf)/wff) × 100, where wff 
and wdf denote the weight of the fresh and freeze-dried feces, 
respectively.

Amount and Water Content of Cecal and Colonic 
Contents

Mice were housed in same-strain and -sex pairs for 4 weeks 
before the experiment. At the age of 12 weeks, the mice 

were euthanized between 8:00 and 10:30 am as described 
above, without blood collection. After rapidly measuring the 
distance of the colonic content from the cecocolic junction, 
cecal and colonic contents were collected. Colonic contents 
were collected every 2 cm from the cecocolic junction. The 
cecal and colonic water contents were calculated using the 
same method as the fecal water content described above.

Histopathological Analysis

Male mice were housed in same-strain pairs for at least 
3 weeks before the experiment. At the age of 12 weeks, the 
mice were euthanized by exsanguination under anesthesia, 
as described above, between 9:00 and 11:30 am. The colon 
was collected and divided at half the length from the ceco-
colic junction to the anus. The proximal and distal sides 
from the center of the colon were then divided into 2-cm 
units. Each sample was fixed in 10% neutral-buffered for-
malin (Mildform® 10N; FUJIFILM Wako Pure Chemical 

Fig. 5   Comparison of feed and 
water intake and fecal excre-
tion between CFP and ICR 
mice. Feed intake (A), water 
intake (B), dried fecal weight 
(C), and fecal pellet number 
(D) were measured at the age 
of 10–11 weeks (n = 3 per 
group). The box plot shows the 
median and IQR with whisk-
ers extending to the minimum 
and maximum values within 
1.5 times of the IQR from the 
hinge of the box. Effects of 
mouse strain (CFP vs. ICR) and 
sex (female vs. male) and their 
interaction (Strain*Sex) were 
analyzed using ART two-way 
ANOVA; p values and effect 
sizes (εp

2) are shown at the 
top. See Online Resource 3 for 
results of post hoc analyses. 
IQR interquartile range, ART​ 
aligned rank transform, ANOVA 
analysis of variance

BA

DC

0

2

4

Female Male Female Male

CFP ICR

Fe
ed

 in
ta

ke
 [g

/m
ou

se
/d

ay
] 6

0

2

4

Female Male Female Male

CFP ICR

W
at

er
 in

ta
ke

 [g
/m

ou
se

/d
ay

] 6

0.0

0.2

0.4

0.6

0.8

Female Male Female Male

CFP ICR

Fe
ca

l w
ei

gh
t [

g/
m

ou
se

/d
ay

] 1.0

0

20

40

60

80

Female Male Female Male

CFP ICR

Fe
ca

l p
el

le
t n

um
be

r
[p

el
le

ts
/m

ou
se

/d
ay

]

100

Strain p = 0.001, εp
2 = 0.72

Sex p = 0.265, εp
2 = 0.04

Strain*Sex p = 0.372, εp
2 < 0.01

Strain p = 0.007, εp
2 = 0.55

Sex p = 0.584, εp
2 < 0.01

Strain*Sex p = 0.336, εp
2 < 0.01

Strain p = 0.001, εp
2 = 0.72

Sex p = 0.946, εp
2 < 0.01

Strain*Sex p = 0.203, εp
2 = 0.09

Strain p < 0.001, εp
2 = 0.73

Sex p = 0.492, εp
2 < 0.01

Strain*Sex p = 0.894, εp
2 < 0.01



	 Digestive Diseases and Sciences

Corporation, Osaka, Japan) for approximately 24 h and 
embedded in paraffin wax. The paraffin-embedded samples 
were sectioned longitudinally at about 4-μm thickness and 
stained with hematoxylin–eosin. Each section was examined 
under a light microscope by one pathologist in a blinded 
manner. Additionally, the thickness of the colonic muscle 
layer was measured at the first unit distal to the center of the 
colon using ImageJ (version 1.53c, Java 1.8.0_172) [23] at 
six points in the area that contained contents, and the aver-
age value was determined. Samples without contents were 
excluded from the evaluation.

Cecal and Fecal Microbiota Analysis

Collection of Feces and Cecal Contents

Mice were housed in same-strain and -sex groups of six per 
cage for 3 weeks before the collection of feces and cecal 
contents. At the age of 10 weeks, fresh feces were col-
lected between 1:00 and 3:20 pm and stored at − 80 °C until 
use. The day after fecal collection, mice were euthanized 
by exsanguination under anesthesia, as described above, 
between 9:00 am and 12:00 pm. Cecal contents were imme-
diately collected and stored at − 80 °C until use.

Bacterial DNA Extraction

For bacterial DNA extraction, cecal contents and fecal sam-
ples were homogenized with nine volumes of PBS (v/w). For 
200 µL of homogenate, 250 µL of Tris–EDTA (TE) buffer 
solution, 50 µL of 10% sodium dodecyl sulfate solution, 
0.3 g of glass beads (0.1 mm diameter), and 500 µL of TE-
saturated phenol were added. The mixture was vigorously 
shaken for 15 min using ShakeMaster® (BioMedical Sci-
ences, Tokyo, Japan). Following centrifugation at 20,630×g 
for 5 min, 400 µL of supernatant was collected. An equal 
volume of phenol/chloroform/isoamyl alcohol (25:24:1) 
was added to the supernatant. The mixture was vigorously 
shaken for 15 s. After centrifugation at 20,630×g for 5 min, 
250 µL of supernatant was collected and purified via iso-
propanol precipitation. After rinsing with 80% ethanol, 
the DNA was suspended in 1 mL of TE buffer and stored 
at − 30 °C until use.

16S rRNA Gene Amplicon Sequencing

The V4 region of the bacterial 16S rRNA gene was ampli-
fied and sequenced according to a previously described 
method [24], with minor modifications [25]. Briefly, bar-
coded amplicons were obtained through PCR using the 
primers 515F (5′-GTG​CCA​GCMGCC​GCG​GTAA-3′) and 
806R (5′-GGA​CTA​CHVGGG​TWT​CTAAT-3′), TB Green® 
Premix Ex Taq™ II (Tli RNaseH Plus) (Takara Bio Inc., 
Shiga, Japan), and DNA extracted from each sample in an 
Applied Biosystems 7500 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). The thermal cycler pro-
gram was set as follows: 95 °C for 30 s, followed by 40 
cycles at 95 °C for 5 s, 50 °C for 30 s, and 72 °C for 40 s. 
The reaction was immediately stopped before the amplifica-
tion reached a plateau. Subsequently, the amplicons obtained 
were purified and quantified using Agencourt AMPure XP 
(Beckman Coulter Inc., Brea, CA, USA) and QuantiFluor® 
dsDNA System (Promega, Madison, WI, USA). The purified 
amplicons were pooled in equimolar amounts and sequenced 
using the MiSeq Reagent Kit v2 (500 cycles) (Illumina, Inc., 
San Diego, CA, USA) on a MiSeq® System (Illumina, Inc.).

Meta 16S rRNA Gene Analysis

The raw sequence data were processed in QIIME2 [26] 
(version 2021.4) using the Silva database (version 138_1) 
as a reference to generate a feature table (Online Resource 
1) and determine relative abundances at the bacterial 
phylum and family levels. Differences in microbiota 
between samples were assessed based on unweighted and 
weighted UniFrac distances and visualized using princi-
pal coordinate analysis (PCoA) conducted with QIIME2. 
Alpha diversity indices, including observed features, the 
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Online Resource 3 for results of post hoc analyses. IQR interquartile 
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Shannon index, and Faith’s phylogenetic diversity (Faith’s 
PD), were calculated using QIIME2.

Statistical Analysis

The data are presented as medians and interquartile 
ranges. The effects of mouse strain, sex, and their inter-
actions were analyzed using an aligned rank transform 
(ART) [27] two-way analysis of variance (ANOVA). 
Additionally, the effects of mouse strain, sampling source, 
and their interactions were analyzed using ART two-way 
repeated measures ANOVA. For post hoc analysis, the 
Steel–Dwass test or Mann–Whitney U test was used for 
unpaired data and Wilcoxon signed-rank test was used 
for paired data. The Mann–Whitney U test and Wilcoxon 
signed-rank test underwent Bonferroni correction. Dif-
ferences in muscle layer thickness were analyzed using 
Welch’s t test. Microbiota differences between CFP and 
ICR mice and between cecal and fecal contents were eval-
uated using permutational multivariate ANOVA (PER-
MANOVA). Statistical tests were performed using Bell 
Curve for Excel version 4.05 (Social Survey Research 
Information Co., Ltd., Tokyo, Japan), except for PER-
MANOVA, which was performed using QIIME2. A sig-
nificance threshold of p < 0.05 was applied. Effect size 
was determined using partial epsilon squared (εp

2) and 
r-squared (r2).

Results

Body Weight and Intestinal Length

The interaction between mouse strain and sex was signifi-
cant for body weight (p = 0.033, εp

2 = 0.05; Fig. 2A). In 
females, CFP mice weighed more than ICR mice (p < 0.001, 
r2 = 0.55), but no significant difference was observed in 
males (p = 0.196, r2 = 0.10). SI and colonic lengths were 
shorter in females than in males (p < 0.001, εp

2 = 0.36 for SI 
length, p = 0.001, εp

2 = 0.12 for colonic length; Fig. 2B and 
C). The SI length was shorter in CFP mice than in ICR mice 
(p < 0.001, εp

2 = 0.17; Fig. 2B). In contrast, the colon was 
longer in CFP mice than in ICR mice, with a median length 
of 1.4-fold longer (p < 0.001, εp

2 = 0.74; Fig. 2C).

Whole‑GIT

Whole-GIT was evaluated based on WGTT and MRT. The 
median WGTT was 2.5-fold longer in CFP mice than in ICR 
mice (p < 0.001, εp

2 = 0.76; Fig. 3A). Although the orally 
administered markers in all ICR mice appeared in excreted 
feces by 6 h after the administration of the marker, the 

markers had not been excreted even 11 h after administra-
tion in one female and four male CFP mice.

The MRT was also longer in CFP mice than in ICR mice 
(p = 0.001, εp

2 = 0.41; Fig. 3B), with no significant differ-
ences between females and males (p = 0.359, εp

2 < 0.01). In 
both strains, > 98% of the collected markers were excreted 
within first 24 h.

GI Segment‑Specific Transit

Gastric Emptying Rate and SI Geometric Center

To assess gastric and SI transits, the gastric emptying rate 
and SI geometric center were measured. No fluorescence 
from the administered marker was detected in the plasma of 
any of the mice, indicating minimal absorption of the orally 
administered marker. The gastric emptying rate was lower in 
CFP mice than in ICR mice (p = 0.027, εp

2 = 0.18; Fig. 3C), 
with no significant difference observed between females 
and males (p = 0.708, εp

2 < 0.01). The SI geometric center 
was also smaller in CFP mice than in ICR mice (p < 0.001, 
εp

2 = 0.74; Fig. 3D) and was higher in females than in males 
(p = 0.015, εp

2 = 0.22).

Gastric Retention Time and SI Transit Time

The segment-specific transit was also analyzed using a 
mathematical model. Similar to the gastric emptying rate, 
the gastric retention time was longer in CFP mice than in 
ICR mice (p < 0.001, εp

2 = 0.41; Fig. 4A). However, unlike 
the SI geometric center, no significant difference was found 
between CFP and ICR mice for SI transit time (p = 0.150, 
εp

2 = 0.05; Fig. 4B) or SI transit rate (p = 0.131, εp
2 = 0.06; 

Fig. 4C).

Cecal Retention Time and Colonic Transit Time

In the same mathematical model analysis, the cecal reten-
tion and colonic transit times were longer in CFP mice than 
in ICR mice (p = 0.016, εp

2 = 0.22 for cecum, p < 0.001, 
εp

2 = 0.66 for colon; Fig. 4D and E). In particular, the median 
colonic transit time in CFP mice was > 3-fold longer than 
that in ICR mice, and this difference was pronounced in the 
proximal colon (Fig. 4G). Additionally, the median colonic 
transit rate for CFP mice was > 2-fold slower than that for 
ICR mice (p = 0.006, εp

2 = 0.30; Fig. 4F).

Feeding and Fecal Excretion

We examined whether differences in GITT between CFP and 
ICR mice were accompanied by differences in feed intake. 
The feed intake at the age of 10–11 weeks was lower in 



	 Digestive Diseases and Sciences

CFP mice than in ICR mice (p = 0.001, εp
2 = 0.72; Fig. 5A), 

which was supported by the difference observed in water 
intake (p = 0.007, εp

2 = 0.55; Fig. 5B). The dry weight and 
pellet number of feces per day were lower in CFP mice than 

in ICR mice (p = 0.001, εp
2 = 0.72 for dry weight, p < 0.001, 

εp
2 = 0.73 for pellet number; Fig. 5C and D).
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Fecal Water Content

To examine the impact of prolonged transit time on water 
absorption in the colon, fecal water content was determined. 
As shown in Fig. 6, fecal water content was lower in CFP 
mice than in ICR mice (p < 0.001, εp

2 = 0.49); however, no 
significant differences were observed between females and 
males (p = 0.614, εp

2 < 0.01).

Cecal and Colonic Water Contents

Because the lower fecal water content in CFP mice may 
have been influenced by the lower colonic transit rate or 
the longer colon, the cecal and colonic water contents were 
determined. The cecal water content was lower in CFP mice 
than in ICR mice (p = 0.008, εp

2 = 0.26; Fig. 7A); however, 
no significant differences in the colonic water content were 
observed between the strains at the same distance from the 
cecocolic junction (p ≥ 0.125, εp

2 ≤ 0.08).

Amount of Cecal and Colonic Contents

The amounts of cecal and colonic contents were meas-
ured to determine whether they were affected by the low 
feed intake in CFP mice. No significant difference in 
cecal content weight was observed between CFP and ICR 
mice (p = 0.109, εp

2 = 0.07; Fig. 7B), and the cecal con-
tent weight was lower in females than in males (p = 0.026, 
εp

2 = 0.18). The colonic content weight was greater in CFP 
mice than in ICR mice (p = 0.002, εp

2 = 0.34; Fig. 7C); 
however, no significant differences were observed in the 
weight of contents per length of the colon between the 
strains (p = 0.589, εp

2 < 0.01; Fig. 7D). Conversely, the dis-
tance occupied by the contents in the colon was greater 

in CFP mice (p < 0.001, εp
2 = 0.65; Fig. 7E), even when 

corrected for colon length (p = 0.049, εp
2 = 0.13; Fig. 7F).

Histological Analysis of Colon

We investigated whether differences in colonic transit 
between CFP and ICR mice were accompanied by histo-
pathological changes. No histopathological alterations, 
including tumor and inflammation, were observed across 
the entire colon of males of either strain. The thickness of 
the colonic muscle layer did not differ significantly between 
the strains (p = 0.784, r2 = 0.02; Online Resource 2).

Cecal and Fecal Microbiota

Similarity Between Cecal and Fecal Microbiota of CFP 
and ICR Mice

Cecal and fecal microbiota of CFP and ICR mice were com-
pared using PCoA on the unweighted and weighted Uni-
Frac distances (Fig. 8A and B). These analyses showed that 
cecal and fecal microbiota were clearly distinct between 
mouse strains (p = 0.001, r2 = 0.45–0.70). In CFP mice, 
cecal and fecal microbiota were significantly different in 
terms of comparisons based on unweighted and weighted 
UniFrac distances (p = 0.001, r2 = 0.13 for unweighted Uni-
Frac distance; p = 0.001, r2 = 0.62 for weighted UniFrac 
distance). Conversely, in ICR mice, a comparison based 
on the unweighted UniFrac distance showed no significant 
difference between cecal and fecal microbiota (p = 0.913, 
r2 = 0.02), but a weighted UniFrac distance showed a sig-
nificant difference (p = 0.022, r2 = 0.13). Additionally, 
unweighted and weighted UniFrac distances between cecal 
and fecal microbiota were greater in CFP mice than in ICR 
mice (Fig. 8C and D).

Alpha Diversity of Cecal and Fecal Microbiota of CFP 
and ICR Mice

Alpha diversities as assessed based on observed features, 
Shannon index, and Faith’s PD were lower in CFP mice than 
in ICR mice (Fig. 8E–G). In CFP mice, the observed features 
and Shannon index were higher in cecal contents than in 
feces (p = 0.017, r2 = 0.37 for observed features; p = 0.013, 
r2 = 0.28 for Shannon index), but no significant differences 
were observed in ICR mice (p = 1.000, r2 ≤ 0.06). For Faith’s 
PD, no significant difference was observed between cecal 
and fecal contents (p = 0.062, εp

2 = 0.11).

Relative Abundance at the Phylum Level

As indicated in Fig. 9A and Table 1, the cecal and fecal 
microbiota in CFP and ICR mice were dominated by 

Fig. 7   Comparison of cecal and colonic water contents and amounts 
between CFP and ICR mice. At the age of 12 weeks, the following 
were measured: cecal and colonic water contents (A); cecal con-
tent weight (B); colonic content weight (C) and relative weight 
(D); and content occupancy distance (E) and proportion (F) in the 
colon. n = 6 per group, except for colonic water content measure-
ment in 10  cm ≤ (n = 3) in female CFP mice; 8–10  cm (n = 5) and 
10  cm ≤ (n = 4) in male CFP mice; 4–6  cm (n = 5), 6–8  cm (n = 3), 
8–10  cm (n = 0), and 10  cm ≤ (n = 0) in female ICR mice; and 
0–2 cm (n = 5), 2–4 cm (n = 5), 6–8 cm (n = 5), 8–10 cm (n = 1), and 
10 cm ≤ (n = 0) in male ICR mice. The box plot shows the median and 
IQR with whiskers extending to the minimum and maximum values 
within 1.5 times of the IQR from the hinge of the box; data points 
outside 1.5 times the IQR are shown as circles. Effects of mouse 
strain (CFP vs. ICR) and sex (female vs. male) and their interaction 
(Strain*Sex) were analyzed using ART two-way ANOVA or Mann–
Whitney U test; p values and effect sizes (εp

2, r2) are shown. See 
Online Resource 3 for results of post hoc analyses. IQR interquartile 
range, ART​ aligned rank transform, ANOVA analysis of variance
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Firmicutes, followed by Bacteroidota, and these two 
phyla constituted > 95% of the total bacteria detected. For 
the relative abundance of these two phyla, the interaction 
between mouse strain and sampling sources were significant 
(p = 0.040, εp

2 = 0.14 for Firmicutes; p = 0.024, εp
2 = 0.17 

for Bacteroidota). Compared to ICR mice, CFP mice had a 
higher relative abundance of Firmicutes and a lower relative 
abundance of Bacteroidota in cecal and fecal microbiota. 
Furthermore, ICR mice exhibited increased abundance of 
Bacteroidota and decreased abundance of Firmicutes in 
feces compared to cecal contents, whereas CFP mice exhib-
ited no significant difference in the abundance of either 

phylum between cecal and fecal contents. The ratio of Firmi-
cutes to Bacteroidota (F/B ratio) was lower in fecal contents 
compared to cecal contents (p = 0.001, εp

2 = 0.35) and was 
higher in CFP mice than in ICR mice (p < 0.001, εp

2 = 0.50).

Relative Abundance at the Family Level

Figure 9B shows the relative abundance of bacteria at the 
family level, and Table 2 shows the top three families in 
either the cecal or fecal contents of CFP or ICR mice. For 
Erysipelotrichaceae and Lachnospiraceae, both members of 
the phylum Firmicutes, the interaction between mouse strain 
and sampling source was significant (p < 0.001, εp

2 = 0.82 
for Erysipelotrichaceae; p < 0.001, εp

2 = 0.42 for Lach-
nospiraceae). The abundance of Erysipelotrichaceae was 
higher in CFP mice than in ICR mice (p < 0.001; εp

2 = 0.83) 
and was higher in fecal contents than in cecal contents in 
CFP mice; however, no significant difference was observed 
in ICR mice. The abundance of Lachnospiraceae decreased 
in fecal contents compared to cecal contents in both CFP and 
ICR mice, with a more pronounced decrease in CFP mice. 
Muribaculaceae, belonging to the phylum Bacteroidota, was 
less abundant in CFP mice than in ICR mice (p < 0.001, 
εp

2 = 0.64).

Discussion

This study revealed that CFP mice exhibited a longer GITT 
compared to ICR mice. GITT can be influenced by many 
factors [1, 2]. Among these, this study evaluated the effects 
of strain, specifically genetic factors and sex on GITT. The 
GI length, which is generally positively correlated with body 
weight [28], is another factor that may influence GITT. CFP 

Fig. 8   Analysis of beta and alpha diversities of gut microbiota in 
CFP and ICR mice. Differences in microbiota between samples were 
assessed based on unweighted (A) and weighted (B) UniFrac dis-
tances and visualized using principal coordinate analysis (circles, 
cecal contents; triangles, fecal contents; n = 12 per mouse strain). 
Unweighted (C) and weighted (D) UniFrac distances between cecal 
and fecal microbiota were calculated for each group (n = 6 per group). 
For alpha diversity, observed features (E), Shannon index (F), and 
Faith’s PD (G) were calculated (n = 12 per mouse strain). The box 
plot shows the median and IQR with whiskers extending to the mini-
mum and maximum values within 1.5 times of the IQR from the 
hinge of the box; data points outside 1.5 times the IQR are shown 
as circles. Effects of mouse strain (CFP vs. ICR) and sex (female 
vs. male) and their interactions (Strain*Sex) were analyzed using 
ART two-way ANOVA; effects of mouse strain, SS (cecal contents 
vs. fecal contents), and their interactions (Strain*SS) were analyzed 
using ART two-way repeated measures ANOVA; p values and effect 
sizes (εp

2) are shown at the top. In case of significant interactions, 
p values and effect sizes (r2) of post hoc Mann–Whitney U test and 
Wilcoxon signed-rank test with Bonferroni correction are shown 
immediately above the plot. See Online Resource 3 for results of 
other post hoc analyses. SS sampling source, CC cecal content, FC 
fecal content, Faith’s PD Faith’s phylogenetic diversity, IQR inter-
quartile range, ART​ aligned rank transform, ANOVA analysis of vari-
ance
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mice weigh more than commonly used inbred strains, such 
as C57BL/6 and BALB/c mice; therefore, they may have a 
longer GI tract than these commonly used strains. Hence, 
we used ICR mice, a large and widely used outbred strain, 
as the control strain, allowing comparisons with random 
genetic populations rather than specific genetic backgrounds. 
Although CFP mice weighed more than ICR mice, they 
exhibited a shorter small intestine. Conversely, the median 
colonic length was 1.4-fold longer in CFP mice than in ICR 
mice. This difference in colonic length cannot be explained 
by differences in body weight. These differences in the GI 
length should be considered in comparing the GITTs of the 
two strains.

GIT was evaluated using well-established indices, includ-
ing WGTT, MRT, gastric emptying rate, and SI geometric 
center [29], and a mathematical model. WGTT and MRT 
serve as indices for the total GI tract transit. WGTT reflects 
only the time required for the fastest transit of contents 
through the entire GI tract, whereas MRT also reflects reten-
tion in the stomach and cecum as well as reverse peristalsis 
in the small intestine and colon. Both WGTT and MRT indi-
cated that CFP mice exhibited slower transit throughout the 
GI tract compared to ICR mice. WGTT has been reported 
to range 2–6 h for widely used inbred mouse strains, such 

as C57BL/6 and BALB/c [30–32]. In another inbred mouse 
strain, C3H, orally administered markers reached the distal 
colon within 3 h [33]. MRT has been reported to be approxi-
mately 10.3 h in DBA/2 J mice [34]. Consequently, CFP 
mice are likely to exhibit slower transit throughout the GI 
tract than commonly used inbred mouse strains.

The transit through anatomical segments within the GI 
tract was examined to better understand the differences in 
GIT between CFP and ICR mice. Gastric emptying rate and 
retention time, representing the fraction of volume leaving 
the stomach in a given time and the time for a specified 
fraction of contents to exit the stomach, respectively, serve 
as indices of gastric transit. Both indices revealed that CFP 
mice exhibited slower gastric transit compared to ICR mice. 
The SI geometric center showed slower SI transit in CFP 
mice, whereas no significant differences were observed in 
SI transit time or rate between the two strains. This incon-
sistency may indicate that the fastest transit in the small 
intestine is similar in both strains, but factors such as con-
tent agitation or reverse peristalsis have a more pronounced 
impact on SI transit in CFP mice. Alternatively, transit in 
the upper small intestine might be slower in CFP mice than 
in ICR mice, yet consistent throughout the small intestine, 
as reflected by the SI geometric center measured shortly 

Table 1   Comparison of the relative abundances of Firmicutes and Bacteroidota and their ratios between CFP and ICR mice and between their 
cecal and fecal contents

Data are presented as medians [interquartile ranges]. There were six female and six male mice per strain. The p values of aligned rank transform 
two-way repeated measures analysis of variance are shown on the right (Strain, effect of strain; SS, effect of SS; Strain*SS, interaction of strain 
and SS; bold: p < 0.05). Values with the same letter are significantly different (p < 0.05) according to post hoc Wilcoxon signed-rank test and 
Mann–Whitney U test with Bonferroni correction when the interaction of strain and SS is significant. See Online Resource 3 for results of other 
post hoc analyses. SS sampling source (cecal and fecal contents), F/B ratio ratio of Firmicutes to Bacteroidota

CFP mice ICR mice p value

Cecal content Fecal content Cecal content Fecal content Strain SS Strain*SS

Firmicutes [%] 89.6 [88.4, 90.9]b 86.5 [85.6, 87.6]c 83.4 [75.0, 87.4]a,b 74.8 [70.2, 77.6]a,c  < 0.001 0.001 0.040
Bacteroidota [%] 8.5 [7.7, 9.6]b 11.6 [10.4, 12.5]c 14.4 [9.9, 22.5]a,b 23.0 [20.5, 28.5]a,c  < 0.001  < 0.001 0.024
F/B ratio 10.5 [9.3, 11.9] 7.5 [6.9, 8.5] 5.8 [3.4, 8.8] 3.3 [2.5, 3.8]  < 0.001 0.001 0.725

Table 2   Comparison of the relative abundances of bacterial taxa at the family level between CFP and ICR mice and between their cecal and 
fecal contents

Data are presented as medians [interquartile ranges]. There were six female and six male mice per strain. The p value of aligned rank transform 
two-way repeated measures analysis of variance are shown on the right (Strain, effect of strain; SS, effect of SS; Strain*SS, interaction of strain 
and SS; bold: p < 0.05). Values with the same letter are significantly different (p < 0.05) according to post hoc Wilcoxon signed-rank test and 
Mann–Whitney U test with Bonferroni correction when the interaction of strain and SS is significant. See Online Resource 3 for results of other 
post hoc analyses. SS sampling source (cecal and fecal contents)

CFP mice ICR mice p value

Cecal content Fecal content Cecal content Fecal content Strain SS Strain*SS

Erysipelotrichaceae [%] 24.2 [12.6, 28.1]a,b 59.9 [43.7, 63.6]a,c 0.9 [0.7, 1.0]b 0.8 [0.6, 0.9]c  < 0.001  < 0.001  < 0.001
Lactobacillaceae [%] 8.5 [6.9, 12.8] 16.2 [12.0, 22.6] 8.9 [6.3, 14.5] 20.2 [7.6, 23.6] 0.792 0.001 0.562
Lachnospiraceae [%] 47.5 [43.0, 54.2]a 5.8 [3.3, 11.0]a,c 53.9 [48.3, 59.3]b 39.4 [24.6, 47.6]b,c  < 0.001  < 0.001  < 0.001
Muribaculaceae [%] 3.8 [3.2, 4.5] 9.9 [8.4, 10.6] 11.9 [8.9, 20.8] 18.4 [14.4, 25.7]  < 0.001  < 0.001 0.951
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after marker administration. Further clarification could be 
achieved through mathematical modeling, particularly with 
a segmented small intestine. In the large intestine, which 
constitutes the majority of the total GITT [17], cecal reten-
tion time and colonic transit time were longer in CFP mice 
than in ICR mice. The colonic transit rate was also lower in 
CFP mice than in ICR mice, indicating slower colonic tran-
sit even when accounting for differences in colonic length. 
These findings suggest that CFP mice have an overall slower 
GIT due to delayed transit in each segment of the GI tract, 
although the specific contribution of the small intestine 
remains unclear.

CFP mice exhibited a lower daily fecal output compared 
to ICR mice, likely attributed to their reduced feed intake. 
Interestingly, despite the lower feed intake, the amount 
of colonic content was greater in CFP mice, suggesting 
that delayed colonic transit led to content retention in the 
colon, similar to constipation. This content retention in the 
colon may enhance colonic water absorption, resulting in 
decreased fecal water content. The fecal water content was 
lower in CFP mice than in ICR mice, whereas no significant 
difference in colonic water content was observed between 
these strains at the same distance from the cecocolic junc-
tion. These results indicate that the lower fecal water content 
in CFP mice does not result from increased water absorption 
during their slow transit through the colon but rather from 
the extended length of their colon.

The analyses of unweighted and weighted UniFrac dis-
tances revealed greater differences between cecal and fecal 
microbiota in CFP mice than in ICR mice. This could be 
because the microbiota undergoes more significant changes 
during colonic transit, which is longer in CFP mice. Another 
explanation could be that the difference reflects diurnal vari-
ation in gut microbiota [35], as contents leaving the cecum 
at earlier time points may be excreted as feces in CFP mice. 
Therefore, to clarify the cause of the difference between 
cecal and fecal microbiota, microbiota from samples col-
lected at multiple time points should be analyzed.

Delayed GITT could be caused by organic or functional 
disorders [36]. No organic disorders, including tumors or 
inflammation, were observed in the colon of CFP mice, and 
no physical obstruction to the passage of contents was sus-
pected. Other organic or functional disorders in CFP mice 
were not evident in this study. Nevertheless, the phenotype 
of CFP mice exhibited some similarities to constipation 
mouse models and patients with constipation.

Delayed colonic transit, along with delayed transit of the 
entire GI tract and stomach, has been observed in patients 
with constipation [37]. The low fecal weights and pel-
let numbers are consistent with findings from previously 
reported constipation mouse models [12, 13, 38, 39], and 
some of these models showed low feed intakes [38, 39]. 
Conversely, no significant difference was found between 

male CFP and ICR mice in the thickness of the colonic 
muscle layer, which is often thinner in constipation mouse 
models [12, 13, 39–41].

Changes in gut microbiota composition are also observed 
in constipated mice and humans. Similar to CFP mice, 
higher abundance of Firmicutes and lower abundance of 
Bacteroidota or a higher F/B ratio have been reported in 
constipation mouse models, mice with delayed GIT [5, 42, 
43], and patients with constipation [44–46]; however, oppo-
site findings have also been reported in constipated mice 
[13, 38, 40, 41, 47, 48] and humans [49, 50]. Gut microbiota 
composition is influenced by the gut environment, and dif-
ferent types of constipation may lead to different gut envi-
ronments, resulting in distinct gut microbiota compositions 
[51]. The association between delayed colonic transit and 
gut microbiota in CFP mice with respect to genetic influ-
ence was considered as follows. Host genetic differences 
may influence both colonic transit [52] and gut microbiota 
composition [53, 54]. Host genetic factors affecting the gut 
microbiota are not fully understood but may include differ-
ences in immunoglobulins secreted into the intestinal lumen 
and bile acid metabolism [54]. Additionally, as evidenced by 
the delayed GIT in mice transplanted with cecal microbiota 
from loperamide-induced constipated mice [38], gut micro-
biota may delay GIT. Therefore, the association between 
differences in GIT and gut microbiota between CFP and ICR 
mice could involve (1) the differences in GIT caused by host 
genetic differences resulting in differences in the gut micro-
biota and (2) host genetic differences affecting the gut micro-
biota through factors other than GIT, and the gut microbiota 
affecting the GIT or both (1) and (2). Given the similarity of 
the gut microbiota of CFP mice to that of other constipated 
mice, as described above, it is reasonable to assume that the 
gut microbiota of CFP mice is correlated with delayed GIT. 
Thus, delayed colonic transit in CFP mice may be associated 
with functional changes involving the gut microbiota.

A large amount of content was present in the colon of 
CFP mice. In mice, the presence of a large amount of content 
in the colon has been reported to cause colonic elongation 
and decrease the frequency of the colonic migrating motor 
complex, which drives colonic content propulsion [55]. In 
humans, the relationship between colonic transit and colonic 
length is not well understood [56]; however, an association 
between low defecation frequency and prolonged colon or 
colonic transit time has recently been reported [57, 58]. If 
the long colon of CFP mice is indeed due to elongation, they 
may represent the first spontaneous model of delayed colonic 
transit with colonic elongation.

This study demonstrated that CFP mice had a longer 
GITT due to a longer colon and a slower colonic transit rate 
compared to ICR mice. Although host genetic factors, gut 
microbiota, or a combination of both may contribute to the 
GIT characteristics of CFP mice, the underlying mechanism 
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remains unclear. To elucidate this mechanism, neurochemi-
cal, functional, and pharmacological analyses are necessary. 
Investigations on methods for controlling the gut microbiota 
and analyses of gut bacterial metabolites would also be valu-
able. Additionally, the effect of sex on the GITT of CFP 
mice is challenging to conclusively determine from this 
study. In humans, women have been reported to have longer 
colons [58] and longer transit times throughout the GI tract 
and colon [59] than men. However, the effects of sex on GI 
length and transit time have rarely been reported in mice. 
Therefore, it is unclear whether species differences or other 
factors account for the lack of significant sex differences 
observed in this study.

In conclusion, CFP mice, characterized by a longer colon, 
exhibit slow retention and transit of fluid in every segment of 
their GI tract, except the small intestine. These traits in CFP 
mice may influence their cecal and fecal microbiota, contrib-
uting to a better understanding of GI physiology and disease.
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