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Dietary calcium supplementation has been shown to be an effective adjunct therapy in an inflammatory bowel 
disease model. Soluble dietary fiber reduces intestinal pH and is known to enhance calcium absorption. Although 
many circadian clock regulations of nutrient absorption in the intestinal tract have been reported, the effects 
of clock regulation on calcium absorption have yet to be understood. In this study, we investigated the timing 
of efficient calcium intake by measuring urinary calcium excretion in mice. The diurnal variations in channel-
forming tight junctions (claudins) were detected in both the jejunum and ileum. Following 2 days of feeding with 
a Ca2+-free diet, Ca2+-containing diets with or without soluble fiber (inulin) were fed at specific timings, and urine 
was subsequently examined every 4 hr. There was an evident increase in urinary calcium concentration when the 
inulin diet was fed at the beginning of the resting period. The Claudin 2 (Cldn2) expression level also showed a 
significant day-night change, which seemed to be a mechanism for the increased calcium excretion after inulin 
intake. This diurnal rhythm and enhanced Cldn2 expression were abolished by disruption of the suprachiasmatic 
nucleus, the central clock in the hypothalamus. This study suggests that intestinal calcium absorption might be 
modulated by the circadian clock and that the intake of inulin is more effective at the beginning of the resting 
period in mice.
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INTRODUCTION

Inflammatory bowel disease (IBD) has been found in 
increasing numbers of patients worldwide in recent years and 
is being tackled by a variety of disciplines related to intestinal 
immunity. It is associated with a significant decline in quality of 
life (QOL), and concern about its impact on labor productivity 
is increasing. In 2009, an interesting report showed that dietary 
calcium supplementation inhibits the development of the disease 
in a rodent colitis model [1]. Therefore, calcium is not only an 
essential nutrient for bone formation but also seems to play an 
important role in immune functions and may possibly be a good 
target for raising the QOL of IBD patients. When the blood 
calcium level falls below the acceptable range, the parathyroid 
hormone level increases, bone resorption accelerates, and calcium 

is eluted from bone into the blood to maintain the blood calcium 
level. Therefore, if low calcium levels continue, bone mass 
will decrease, leading to the development of osteoporosis [2], 
which IBD patients are at higher risk of developing in addition 
to osteopenia and fracture compared with non-IBD patients [3]. 
Thus, proper intake of calcium is very important for maintaining 
a healthy condition. However, according to a report of the 
Ministry of Health, Labour and Welfare of Japan, the average 
intake of calcium in Japanese is far below the recommended 
intake in most age groups for both men and women. Reasons for 
this include the fact that the traditional Japanese meal style lacks 
dairy products as well as the fact that the soft water commonly 
consumed in Japan has a low calcium content. In addition, the 
absorption rate of calcium is about 20 to 40% in adults, which 
is extremely low among nutrients [4]. However, if the intake 
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of calcium is drastically increased by supplementation or other 
method, excretion from the body will be promoted due to the rapid 
increase in blood calcium concentration [5]. It is also known that 
a rapid increase in blood calcium level leads to an increased risk 
of coronary artery disease [6, 7]. Therefore, it is considered that 
proper intake of a normal diet and improvement of absorption 
efficiency are important for increasing calcium absorption.

There are two known calcium absorption pathways in the 
intestinal tract: the intracellular and intercellular pathways [8]. 
The intercellular pathway exists in the jejunum and the ileum, 
whose structure is consists of tight junctions including occludin 
and claudins [8]. Claudin-2 (Cldn2) and Claudin-15 (Cldn15), 
both of which are channel-forming tight junctions, have been 
shown to be particularly involved in the transport of cations, such 
as Ca2+ and Na+, using MDCK lines, canine kidney cell lines, but 
are generally used as a model for epithelial cells. [9, 10]. Studies 
with knockout of Cldn2 [11] and the use of siRNA on Cldn15 [12] 
showed that both molecules are essential in paracellular intestinal 
Ca2+ absorption. Calcium absorption via the intracellular pathway 
mainly occurs in the duodenum and colon, with transient receptor 
potential vanilloid subfamily member 6 (Trpv6) being responsible 
for calcium transport into cells and Pmca1 transporting calcium 
into the blood from epithelial cells [13–16]. Recently, the benefits 
of dietary supplementation with soluble dietary fiber have become 
evident for enhancing calcium absorption in both humans and 
mice [17, 18], and this has led to significant growth in the market 
for prebiotics. Prebiotics, including some types of soluble dietary 
fiber, enhance microbial fermentation, increase intestinal short-
chain fatty acid (SCFA) levels, lower intestinal pH, and improve 
mineral absorption [19]. However, there have been no studies in 
which the effect of a prebiotic on calcium absorption was verified 
by focusing on the intercellular pathways.

The environment of our planet changes in accordance with the 
24-hr light and dark cycle. Because of this, our bodies maintain 
a circadian clock, a 24-hr rhythm, that plays important roles 
in many physiological functions, such as sleep/wakefulness, 
hormone secretion, metabolism, and eating behavior [20, 21]. 
In mammals, the pacemaker-like role of this circadian rhythm 
is played by the suprachiasmatic nucleus (SCN), which is called 
the central clock [22]. It is also known that a circadian rhythm 
mechanism called a peripheral clock is present in almost every 
organ, including the liver, kidney, heart, and intestine [23], and 
diurnal oscillations of clock gene expression levels have been 
detected in almost every cell. Circadian rhythms are created by 
a negative feedback loop formed by clock genes such as period 
(Per), cryptochrome (Cry), brain and muscle ARNT-like protein 
(Bmal), and circadian locomotor output cycles kaput (Clock).

The central clock synchronizes with light stimulation, while 
the peripheral clock synchronizes with food, exercise, and 
temperature [24–27]. Among these factors, the entrainment 
effect of the diet is strong, especially that of the diet after a long 
fast [28, 29]. In the intestine, diurnal variations of clock genes 
are known to influence the circadian variations in the intestinal 
absorption of nutrients. For instance, diurnal changes in glucose 
transporters, drug transporters, and amino acid transporters 
have been reported [30]. In addition, diurnal rhythms have been 
observed in intestinal tight junction genes, such as occludin 
(Ocdn) and some claudins (Cldn1 and Cldn3) [31, 32]. This 
intercellular rhythmicity is abolished in Clock mutant mice and 
causes enhancement of intestinal permeability, which can result in 

worsening of dextran sulfate sodium (DSS)-induced colitis [31]. 
However, the diurnal variation of cation-selective tight junction 
protein and other proteins related to calcium absorption remains 
unclear. Therefore, the purpose of this study was to elucidate the 
optimal intake timing for inulin and its underlying mechanism.

MATERIALS AND METHODS

Animals
All animal care and procedures followed the guidelines of the 

Committee for Animal Experimentation of the School of Science 
and Engineering at Waseda University and were in compliance 
with Japanese law (Act No. 105 and notification No. 6 of the 
Prime Minister’s Office). The experiments were approved by 
the School of Science and Engineering of Waseda University 
(No. 2018-A033 and 2019-A062). Eight-week-old male ICR 
mice were purchased from Tokyo Laboratory Animals Science 
Co., Ltd. (Tokyo, Japan) and housed under laboratory conditions 
(temperature, 22 ± 2°C; humidity, 60 ± 5%; lights on at 8 AM 
and off at 8 PM) with food (MF, Oriental Yeast Co., Ltd., Tokyo, 
Japan) and water ad libitum for at least a week before starting 
the experiment. The beginning of the light period was defined as 
Zeitgeber time (ZT) 0, and the beginning of the dark period was 
defined as ZT12.

Treatment
AIN-93 M (Oriental Yeast Co., Ltd.) was used as a control 

diet; 5% cellulose (insoluble fiber) was included in the control 
AIN-93 M diet. To produce a Ca2+-free AIN-93 M diet, 1.2495% 
CaCO3 was replaced with sucrose. An additional 5% cellulose 
(Oriental Yeast Co., Ltd.) or 5% inulin (Fuji FF; Fuji Nihon Seito 
Corporation, Tokyo, Japan) was mixed with the AIN-93 M diet 
for a feeding experiment to measure acute Ca2+ absorption and 
the effect of fiber. The details of the experimental schedules are 
described in the figures and Results section. Time-restricted 
feeding was conducted using automated feeding equipment 
(Natsume Seisakusho Co., Ltd., Tokyo, Japan), as described 
previously [27]. Since this study assumed that the calcium 
absorption rate would increase due to dietary improvement, 
the experiments were conducted by feeding rather than oral 
administration.

Gene expression analysis
Total RNA was extracted from intestinal tissue with phenol 

(Omega Bio-Tek, Norcross, GA, USA). Purity of samples was 
assessed in 50 ng aliquots with NanoVue Plus (GE Healthcare Life 
Science, Chicago, IL, USA), and real-time reverse transcription 
polymerase chain reaction (PCR) was performed with a One-Step 
SYBR RT-PCR Kit (Takara Bio Inc., Kusatsu, Shiga, Japan) and 
PikoReal PCR system (Thermo Fisher Scientific, Waltham, MA, 
USA). The primer sequences used for amplification are shown 
in Table 1. Quantification was performed by the ΔΔCt method, 
and relative mRNA expression levels were normalized against 
TATA-binding protein (Tbp).

Measurement of urine calcium, urine creatinine, and cecal pH
The current experiment evaluated the urine Ca2+ level 

determined by the blood Ca2+ level to identify intestinal Ca2+ 
absorption, as the blood Ca2+ concentration is strongly regulated 
by the Ca2+ homeostasis system, and it is difficult to see changes 
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in blood level [8]. Spot urine was collected from mice under 
a slightly stressful conditions by collecting it into a microtube 
immediately after grabbing them. Since some mice did not 
urinate during the sampling period, more mice (n=6 for each 

group in Figs. 1 and 2, n=20 for each time point in Fig. 3, and 
n=7 for each group in Fig. 4) were prepared, and the number of 
samples collected was not the same at each time point (at least 
n=5 in each group). LabAssay™ creatinine (Wako Pure Chemical 

Table 1.	 Primer sequences

Gene name Forward (5′ → 3′) Reverse (5′ → 3′)
Tbp CAGCCTCAGTACAGCAATCAAC TAGGGGTCATAGGAGTCATTGG
Per2 CTGCTAATGTCCAGTGAGAG GTACAGGATCTTCCCAGAAAC
Bmal1 GGGAAATACGGGTGAAATCTAT GTGTCCTATGTCGTCTTGATG
Cldn2 CGGAGTCATCCTTTGCTTT AACTCACTCTTGGCTTTGG
Cldn15 CTCTACTTGGGCTGGAGTG CGTAGAAGGCTTGTAGGGAA
Trpv6 ATGGCTGTGGTAATTCTGGG AGGAAGAGTTCAAAGGTGCTG
Pmca1 TCTGGCTACGGAACCACCCA AAAGGCTTCCCGCCAAACTG

Fig. 1.	 Diurnal variations of clock genes and calcium absorption-related genes in the intestine.
Daily mRNA expression rhythms of the core clock genes Per2 (A) and Bmal1 (B) and intestinal calcium absorption-related genes Cldn2 (C), Cldn15 (D), 
Trpv6 (E), and Pmca1 (F) in the intestine (blue, jejunum; pink, ileum; green, colon) by qPCR. Tissue samples were collected every 4 hr over the course 
of a day under ad libitum feeding of control AIN-93 M diet. The white and dark bars at the bottom indicate the light and dark periods, respectively. Data 
are expressed as mean ± SEM values. N=6 at each time point.
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Industries, Ltd., Osaka, Japan) was used to measure the creatinine 
levels in urine. The Ca2+ concentration was measured using a 
Ca2+ assay kit (Metallogenics Co., Ltd., Chiba, Japan) based on 
the formation of a chelate complex between chlorophosphonazo 
III and calcium. Cecal pH was measured by inserting a pH meter 
electrode (pH Spear, Eutech Instruments, Vernon Hills, IL, USA) 
directly into the cecum after euthanasia.

Time-course calcium excretion assay
Mice were fed 1 g of AIN-93 M after 2 days of feeding with 

the Ca2+-free diet, and then spot urine was collected every 4 hr. 
To habituate the mice to the feeding times, the mice were kept on 
a two-times-a-day feeding schedule at ZT0-4 and ZT12-16 using 
an automated feeding apparatus. We had two different timings 
of feeding (ZT0 and 12) and three different diets (Ca2+-free diet, 
AIN-93 M + 5% cellulose, AIN-93 M + 5% inulin); therefore, a 
total of six groups were prepared (Supplementary Fig. 1). The 
creatinine concentration was used as a reference for the Ca2+ 
concentration.

SCN lesion
Bilateral thermal lesions of the SCN were performed 

stereotaxically (RWD Life Science, Guangdong, China) under 
midazolam/medetomidine hydrochloride/butorphanol tartrate 
anesthesia as described previously [27]. A stainless-steel 
electrode (0.35 mm in diameter) was inserted bilaterally into the 

SCN (0.1 mm anterior and ± 0.2 mm lateral to the bregma and 
5.8 mm from the skull surface) with a thermal lesion generator 
(RFG-4A; Muromachi Kikai Co., Ltd., Tokyo, Japan). The lesion 
was made by maintaining a temperature of 55°C for 8 sec using a 
current path. Sham-operated animals were treated by opening the 
skull surface but not inserting the electrode. The cage activity was 
measured with ClockLab software (Actimetrics, Wilmette, IL, 
USA) using an infrared sensor placed on the cage lid to confirm 
the SCN lesion. Chi-square analysis was performed to verify the 
rhythmicity of locomotor activity with a criterion of p<0.001. 
Brains were obtained from euthanized mice and stored in 4% PFA 
solution for at least two nights and then in 20% sucrose for one 
night at 4°C. Brain slices (30 μm thickness) were prepared using 
a cryostat (Leica Biosystems, Wetzlar, Germany) and stained with 
0.1% cresyl violet for Nissl staining. Slice photos were taken with 
a light microscope (Keyence, Osaka, Japan). After checking the 
slices, we excluded the data from mice with a remaining SCN, as 
described previously [27].

Data analysis
Data were analyzed using GraphPad Prism (version 9.3.1, 

GraphPad Software, San Diego, CA, USA). Equal variance and 
normal distribution tests were performed to select the appropriate 
statistical approach. Parametric analyses were performed using 
one-way or two-way analysis of variance (ANOVA) with Tukey’s 
test or Student’s t-test for post hoc analysis. Data are expressed 

Fig. 2.	 Elevated Claudin expression levels in the ZT0 inulin-fed group.
Day-night changes in Claudin expression levels under time-restricted fiber feeding conditions. The mRNA expression levels of Cldn2 (A, C) and Cldn15 
(B, D) in the intestine (upper, jejunum; lower, ileum) were measured for each experimental condition (5% cellulose and 5% inulin diets; blue, ZT0 
feeding; orange, ZT12 feeding) by qPCR. Vertical lines through boxes indicate the median. The whiskers go from each quartile to the minimum or 
maximum. N=5–6 each. **p<0.01, *p<0.05.
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as individual plots with the mean ± standard error of the mean 
(SEM) or box and whiskers charts with the median, minimum, 
and maximum displayed. Statistical significance was set at 
p<0.05, and p<0.1 data are shown.

In order to verify the circadian rhythmicity of gene expression 
levels, data were also analyzed by nonlinear regression fitting 
with the cosinor equation using GraphPad Prism [33].

RESULTS

Expression rhythms of clock genes in intestinal segments
In order to detect the diurnal variations in clock genes, mice 

were divided into six groups every 4 hr over the course of one 
day. All of the mice had been bred under ad libitum feeding of the 
control AIN-93 M diet as an imposed feeding schedule in order 
to minimize the peripheral clock by dietary entrainment. Mice 
sacrificed at ZT0 and ZT12 were given extra care to be killed 
before the change in light environment takes place, and their 
intestinal tracts (jejunum, ileum, colon) were collected.

The expression rhythms of the clock genes Per2 and Bmal1 
were measured by qPCR in time-course samples of jejunum 
and ileum. Both Per2 and Bmal1 showed significant circadian 
rhythms in the jejunum and ileum (Fig. 1A, 1B). The expression 
level of Per2 showed a peak at the beginning of the dark period. 

On the other hand, Bmal1 showed a peak at around the end of the 
dark period, which was antiphase to Per2.

These results suggest that intestinal segments are under the 
control of the circadian clock via major clock genes such as Per2 
and Bmal1.

Diurnal variations in tight junction proteins that regulate cation 
selectivity

Using the same RNA samples as in the above experiment, we 
verified the expression rhythms of calcium absorption-related 
genes for both transcellular and paracellular pathways.

The expression rhythms of claudins (Cldn2, Cldn15), which are 
known as cation-selective paracellular channels, were determined 
in time-course samples of jejunum and ileum. In the jejunum, 
both Cldn2 and Cldn15 showed significant diurnal variations, 
with both showing a peak at around the middle of the light period 
(Fig. 1C, 1D). In the ileum, Cldn2 expression level continued 
to show diurnal oscillation; however, the expression level of 
Cldn15 showed no difference throughout the day (Fig. 1C, 1D). 
We also examined the expression levels of transcellular calcium 
transporters that play an important role in the colon. Trpv6, which 
is a Ca2+ channel in the intestine, showed slight circadian variation 
but no significant diurnal rhythm (Fig. 1E). Regarding Pmca1, 
which is a major Ca2+ pump, cosinor fitting for examining diurnal 

Fig. 3.	 Inulin intake effectively enhances urine the Ca2+/Creatinine ratio in mice fed at ZT0.
Time-dependent calcium administration and urine excretion in mice under time-restricted feeding conditions. Urine Ca2+/creatinine ratios under each of 
the experimental conditions, Ca2+-free diet (A), 5% cellulose diet (B), and 5% inulin diet (C), as a total of different timepoints (blue, ZT0 feeding; orange, 
ZT12 feeding). Comparison of urine Ca2+/creatinine ratios according to duration after each meal (black, Ca2+-free diet; green, 5% cellulose diet; orange, 
5% inulin diet) for the different feeding times: ZT0 feeding (D) and ZT12 feeding (E). Vertical lines through boxes indicate the median. The whiskers 
go from each quartile to the minimum or maximum. Since some mice did not urinate during sampling period, more mice (n=20) were prepared, and the 
number of collected samples was not the same at each time point (n=5–13 each). ****p<0.0001, **p<0.01, *p<0.05.
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rhythm failed to calculate a fitted model (Fig. 1F). A summary of 
the model fitting is shown in Table 2.

These results indicated that some of the claudins that regulate 
cation selectivity in a paracellular pathway showed diurnal 
variations.

Difference in calcium excretion observed according to meal 
timing and fiber intake

We next examined the difference in the calcium absorption-
promoting effect and its persistence according to meal timing as 
well as fiber intake.

When the time points were compared as a whole, we found 
a significant increase in urine Ca2+/creatinine ratio after feeding 
inulin at ZT0 but not at ZT12 (Fig. 3A–3C). Next, we investigated 
the influence of the duration after meal intake. The highest urine 
Ca2+/creatinine ratio was observed 4 hr after feeding at ZT0, 
and this was the only time point showing a significant difference 
between cellulose and inulin among the time points (Fig. 3D, 3E). 
Similar trends were observed at 8, 12, and 16 hr after feeding at 
ZT0, as well as at 4 hr after feeding at ZT12 (Fig. 3D, 3E).

Calcium absorption is thought to correlate with urine calcium 
excretion. Thus, taken together, our data suggested that inulin 

Fig. 4.	 Effect of SCN lesion on time-dependent Ca2+ administration and urine excretion.
Day-night variations of the core clock genes Per2 (A) and Bmal1 (B) were detected in the jejunum under each experimental condition (5% cellulose and 
5% inulin diets; blue, ZT0 feeding; orange, ZT12 feeding) by qPCR. Urine Ca2+/creatinine ratio (C) and cecal pH (D) under each experimental condition. 
Day-night variations of cldn2 were detected in the jejunum (E) and ileum (F) under each experimental condition (5% cellulose and 5% inulin diets; blue, 
ZT0 feeding; orange, ZT12 feeding) by qPCR. Vertical lines through boxes indicate the median. The whiskers go from each quartile to the minimum or 
maximum. N=5–7 each. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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has a calcium absorption promoting effect and that this is more 
evident at the beginning of the light phase (= resting period) than 
during the dark phase (= active period).

Oscillations in tight junction proteins affect calcium excretion 
at 4 hr after fiber intake

In order to investigate the mechanism responsible for the 
observed difference in calcium excretion observed, we measured 
the expression levels of tight junction proteins that were found 
to exhibit circadian variations above. Compared with the group 
fed at ZT12, the ZT0 group showed significantly high expression 
levels of Cldn2 and Cldn15 in the jejunum at 4 hr after each 
feeding (Fig. 2A, 2B). The expression level in Cldn2 in the ileum 
was also significantly high in the ZT0-fed group (Fig. 2C). We 
also determined that inulin intake significantly enhanced Cldn2 
expression level in the ileum, with the difference being significant 
in the ZT12-fed group (Fig. 2C); a similar result was not detected 
for Cldn15 (Fig. 2D).

These results strongly indicated that the tight junction protein 
Cldn2 together with Cldn15 may be involved in the increased 
calcium absorption caused by inulin intake at ZT0.

SCN-lesioned mice did not show an increase in calcium 
excretion

Since our results indicate a peripheral clock influence on 
the increase in calcium absorption caused by inulin, we next 
performed an experiment in SCN-lesioned mice, the circadian 
rhythms of which were eliminated. SCN-lesioned mice are 
known to demonstrate dampened rhythmicity in sleep-wake 
behavior and clock gene expression in tissues [27, 34]. After 
recovery from surgery, the arrhythmicity of locomotor activity 
was evaluated for the success of the SCN lesion (Supplementary 
Fig. 2A). Considering the possibility of detecting rhythmicity 
in the peripheral clock if SCN-lesioned mice were fed with 
restrictive feeding, we chose to feed these mice ad libitum. After 
ad libitum feeding of the Ca2+-free diet for 2 days and fasting for 
8 hr, the mice were fed AIN-93 M + 5% cellulose or AIN-93 M + 
5% inulin (Supplementary Fig. 2B).

When we compared the Ca2+/creatinine ratio at 4 hr after 
feeding, the SCN-lesioned mice did not show significant day-
night differences in either clock genes, while sham-operated mice 
showed significant differences like those detected in the circadian 
variations in Fig. 1 (Fig. 4A, 4B). SCN-lesioned mice showed a 

significant difference in an opposite Bmal1 expression pattern, 
higher in ZT12, which clarified that the mice with a damaged 
central clock had a disrupted peripheral clock (Fig. 4B).

Consistent with Fig. 2C, sham-operated mice fed inulin 
showed a trend toward day-night changes in Ca2+/creatinine ratio 
(Fig. 4C). However, these day-night differences disappeared in 
the SCN-lesioned mice (Fig. 4C). The detected prebiotic effect 
of inulin on the decrease in cecal pH was similar at both feeding 
times, and no difference was detected between sham-operated and 
SCN-lesioned mice (Fig. 4D).

Subsequently, we measured the Cldn2 expression levels in 
these mice. While significant day-night differences were detected 
in the sham-operated group (Fig. 4E, 4F), the SCN-lesioned 
mice fed either cellulose or inulin showed opposite significant 
differences in the jejunum (Fig. 4E) and no significant differences 
were detected in the ileum (Fig. 4F).

Therefore, these results suggested that daily changes in calcium 
absorption as well as excretion may be regulated by the circadian 
clock and that at least a portion of them may be regulated by 
Cldn2.

DISCUSSION

This is the first study to report that inulin-induced enhancement 
of calcium absorption is affected by the circadian clock and that 
the enhancement of calcium absorption may be caused by the 
expression of claudins in the jejunum. There are studies that have 
reported an increase in calcium absorption caused by the intake 
of soluble dietary fibers [35–37] and a circadian profile of serum 
calcium concentrations with significant decreases during the dark 
phase, focusing on transcellular calcium absorption, including the 
vitamin D receptor signaling pathway [38]. However, there are 
no chrono-nutritional reports that have investigated the circadian 
effects of soluble dietary fibers on calcium concentrations.

In this study, we showed the diurnal variations in clock genes 
as well as in Cldn2 and Cldn15 in the jejunum that regulate 
cation selectivity in a paracellular pathway. The phases of Per2 
and Bmal1 (Fig. 1A, 1B) were consistent with previous research 
[39, 40]. In a previous study, rhythmic expression of the Ocdn 
and Cldn1 genes was reported for epithelial barrier molecules in 
colon epithelial cells, and these oscillations were lost in a clock 
mutant [31]. Unlike our data, that study failed to detect diurnal 

Table 2.	 Summary of the data for cosinor model fitting

Intestinal segment Gene Amplitude Acrophase R2

jejunum Per2 5.249 13.99 0.796
Bmal1 4.338 22.59 0.815
Cldn2 0.676 4.43 0.368
Cldn15 0.830 6.03 0.336

ileum Per2 4.688 14.88 0.764
Bmal1 6.107 24.00 0.807
Cldn2 0.412 4.39 0.210
Cldn15 0.098 11.72 0.023

colon Trpv6 0.238 6.54 0.067
Pmca1 n.d. n.d. n.d.

Consinor analysis circadian amplitude, acrophase, and R2 of each target gene in different 
intestinal segment are listed.
n.d.: not detected.
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variation in the Cldn2 expression level. This may be because 
the assay in that study was based on isolated colon epithelial 
cells, whereas the significant diurnal variations in the present 
study were found in the jejunum and ileum (Fig. 1C). As the 
core clock gene expression rhythms are consistent in the murine 
gastrointestinal tract [41], these tight junction genes might be 
expressed periodically in other parts of the intestinal tract. The 
claudin proteins have a four-transmembrane structure and show 
selectivity for incoming substances depending on the amino acid 
residues in the extracellular loop [10, 42]. In line with this, the 
presence of negatively charged aspartic acid in the extracellular 
loop of claudin-2 and claudin-15 helps with the influx of cations, 
such as Ca2+ and Na+. Thus, the higher the expression of Cldn2 
and Cldn15, the higher the influx of these cations reported 
[16, 43]. Therefore, the detected diurnal variations in Cldn2 and 
Cldn15 suggested that calcium absorption may be influenced by 
these core clock gene expression rhythms.

We then evaluated calcium absorption by changing the timing 
of calcium intake and measuring urinary calcium excretion, 
which has been previously reported as an indirect measurement 
of calcium influx [11, 44]. It was previously reported that there 
were no differences in the creatinine concentration in spot urine 
collected from mice at ZT2 and ZT12 [45] and that no rhythms 
were observed in Ca2+/creatinine ratio in normally housed mice 
[46]. In our study, no significant diurnal rhythms were observed 
at ZT4 and ZT16 in the Ca2+-free diet group. Although slight 
oscillation was observed in the urine Ca2+/creatinine ratio, the 
observed increase in Ca2+/creatinine ratio was thought to have 
been caused by calcium administration. Our data showed that 
a difference in calcium excretion can be caused by a change 
in meal timing and fiber intake (Fig. 2D, 2E). The intestinal 
calcium absorption rate is reported to be 20–40% in humans, but 
it was reportedly increased by inulin, inulin-derived difructose 
anhydrides III (DFA III), or other soluble dietary fibers [35–37]. 
In this study, we speculate calcium absorption from urine 
excretion and did not directly measure the calcium absorption 
itself. Although a slight oscillation was observed in urine Ca2+/
creatinine level, an increase of urine Ca2+ level is observed 
in increase in both calcium fed groups after 4 hr after feeding 
at ZT0; not in calcium-free diet group nor feeding at ZT12 
(Supplementary Fig. 3). In addition, since creatinine level stays 
within a similar range, the Ca2+/creatinine increase is regarded as 
influenced by the calcium administration. Granting there remains 
a possibility that calcium excretion fluctuation interferes with 
our interpretation, it may fall as our potential study limitation. 
Consistent with these studies, we also showed that inulin 
boosted calcium absorption, which became more evident when 
mice were fed at the beginning of the resting period than during 
the active period. Moreover, we showed Cldn2 and Cldn15 
expression levels fluctuate in parallel with calcium excretion 
(Fig. 3). Considering the time lag from food intake to it reaching 
the intestine and subsequently mRNA being transcribed upon 
stimulation, 4 hr after inulin intake is a rather early time point 
to see an inulin effect. A separate experiment was conducted to 
determine the time required for ingestion to defecation in mice, 
and the results showed the 3–6 hr was sufficient (data not shown). 
Thus, although assessment of the fecal output of calcium together 
with urine may have supported our data even more strongly, 4 
hr after inulin intake is considered to be a relevant timing for 
observing the effects of intake at the mRNA level. However, since 

we were focusing on day-night changes in calcium absorption 
and no diurnal changes were detected in either Trpv6 or Pmca1 
in the colon, we focused on claudins in the jejunum and ileum, as 
well as calcium excretion via urine. Kawai et al. reported calcium 
absorption oscillation that peaked in the early resting period in 
control mice [38], which is similar to our data. In their study, as in 
our data for the SCN-lesioned mice, they observed a reduction in 
the peak level of calcium absorption in intestinal-specific-Bmal1-
deficient mice [38]. Although they did not feed their mice any 
soluble fibers, their data supports our data. Therefore, it suggested 
that the increase in calcium absorption caused by inulin can be 
affected by the oscillations in tight junction proteins, especially 
for Cldn2.

In our final experiment, the data for the SCN-lesioned mice, 
the circadian rhythms of which were eliminated, strongly 
indicated that daily changes in calcium absorption as well as 
excretion may be regulated by the circadian clock. In the mice 
with both disrupted central and peripheral clocks, we failed to 
detect a similar day-night change in Ca2+/creatinine ratio, even 
with inulin intake (Fig. 4C). Since our cecal pH data showed a 
significant decrease in the inulin-fed group, it confirmed that the 
intake of inulin was successful [47]. Thus, the failure to detect 
a similar day-night change in Ca2+/creatinine ratio is thought 
to be the result of clock disruption. Furthermore, we detected 
that the day-night change in Cldn2 expression rhythm was also 
discomposed. The solubilization of Ca2+ by acids is known 
to promote the function of Ca2+ transporters [48–50]. As was 
mentioned above, it was confirmed that the intake of inulin was 
successful, since cecal pH did decline in our study after inulin 
intake, both in daytime and nighttime (Fig. 4D) [47]. Regardless 
of the decline in cecal pH, the day-night difference detected in 
urine Ca2+/creatinine ratio is not thought to be caused by the fiber-
induced intestinal pH changes. Therefore, these results suggested 
that daily changes in calcium absorption as well as excretion may 
be regulated by the circadian clock and that at least a portion 
of them may be regulated by Cldn2. The expression patterns of 
Cldn2 in both the jejunum and ileum of sham-operated mice were 
similar to those in Fig. 3; however, the variation in expression 
levels between trials seemed somewhat smaller in sham-operated 
mice. This may be due to the effect of changing the protocol from 
restrictive feeding to ad libitum feeding conditions. Previous 
studies have shown that the amplitude and phase of the peripheral 
clock, including the intestinal tract, fluctuates depending on the 
time of day when limit feeding is applied [41, 51]. The detailed 
mechanism of the effects of inulin needs to be explored further in 
a separate experiment; however, a previous study using DFA III 
showed a possible pathway. DFA III binds to intestinal epithelial 
cells, phosphorylates myosin through several intracellular 
signaling pathways, and regulates switching of tight junctions 
via anchoring junction proteins connected to them [52]. As inulin 
used in this study is a component of DFA III, and it is conceivable 
that it would show a similar effect on tight junctions. Thus, it 
is suggested that inulin may open tight junctions by anchoring 
junction proteins and that this can be more potent when inulin is 
fed at the beginning of the resting period in mice.

This study revealed that calcium absorbance can be boosted 
by the intake of inulin at the beginning of the resting period. 
The Cldn2 expression level is upregulated at that point, and this 
was shown in our SCN-lesioned mouse experiment. Claudin-2 
is known as a critical factor for vitamin D-dependent calcium 
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absorption [53]. This supports our study, suggesting that claudin-2 
may be involved in the upregulation of inulin-promoted calcium 
absorption. However, the present study assessed Cldn2 only at 
the mRNA level, and no vitamin D receptor data was examined. 
Further studies may be required to clarify the time-dependent 
mechanism of the calcium absorption-promoting effect of inulin.

To date, several reports have been published on calcium 
concentrations and sleep. In mice, systems biology studies of 
the sleep-wake cycle have reported decreased sleep durations 
due to impairment of Ca2+-dependent K+ channels, voltage-
gated Ca2+ channels, and glutamate-gated calcium-permeable 
ion channels, such as NMDA receptors [54]. This indicates that 
Ca2+-dependent neural hyperpolarization pathways are very 
closely related to slow-wave sleep. In a recent human study, shift 
workers with higher serum calcium concentrations tended to fall 
asleep more easily and have shorter total sleep times, whereas no 
such significant correlation was found in non-shift workers, and a 
negative correlation was found between the calcium concentration 
and peak time of daily activity as measured by actigraphy [55]. 
Therefore, the fact that increased calcium absorption appears 
at the beginning of the resting period may be an important 
physiological effect for better quality sleep.

As mentioned at the beginning, osteopenia and osteoporosis 
are prevalent in IBD patients [3]. Interestingly, high expression 
levels of claudin-2 can be found in IBD (both Crohn’s disease and 
ulcerative colitis) [56]. This high expression level of claudin-2 
is thought to lead to the leaky gut condition, and inactivation of 
claudin-2 has attenuated IBD symptoms in mice [57]. Although 
further examinations in an IBD model is required, our data suggest 
that IBD patients with a high claudin-2 level may be more likely 
to obtain the benefit of inulin-promoted calcium absorption.

ACKNOWLEDGEMENTS

The authors thank K. Hama (Waseda University) for generating 
data for our discussion. This work was supported by the JST-
FOREST Program (Grant Number: JPMJFR205G) of the Japan 
Science and Technology Agency (JST) and by JSPS KAKENHI 
Grant Number JP20K07535 from the Japan Society for the 
Promotion of Science (JSPS).

REFERENCES

	 1.	 Schepens MA, Schonewille AJ, Vink C, van Schothorst EM, Kramer E, Hendriks T, 
Brummer RJ, Keijer J, van der Meer R, Bovee-Oudenhoven IM. 2009. Supplemental 
calcium attenuates the colitis-related increase in diarrhea, intestinal permeability, and 
extracellular matrix breakdown in HLA-B27 transgenic rats. J Nutr 139: 1525–1533. 
[Medline]  [CrossRef]

	 2.	 Poole KE, Reeve J. 2005. Parathyroid hormone—a bone anabolic and catabolic agent. 
Curr Opin Pharmacol 5: 612–617. [Medline]  [CrossRef]

	 3.	 Moran MM, Wessman P, Rolfson O, Bohl DD, Kärrholm J, Keshavarzian A, 
Sumner DR. 2021. The risk of revision following total hip arthroplasty in patients 
with inflammatory bowel disease, a registry based study. PLoS One 16: e0257310. 
[Medline]  [CrossRef]

	 4.	 Blaine J, Chonchol M, Levi M. 2015. Renal control of calcium, phosphate, and 
magnesium homeostasis. Clin J Am Soc Nephrol 10: 1257–1272. [Medline]  [CrossRef]

	 5.	 Reid IR, Bristow SM, Bolland MJ. 2015. Calcium supplements: benefits and risks. J 
Intern Med 278: 354–368. [Medline]  [CrossRef]

	 6.	 Bristow SM, Gamble GD, Stewart A, Kalluru R, Horne AM, Reid IR. 2015. Acute 
effects of calcium citrate with or without a meal, calcium-fortified juice and a dairy 
product meal on serum calcium and phosphate: a randomised cross-over trial. Br J Nutr 
113: 1585–1594. [Medline]  [CrossRef]

	 7.	 Manson JE, Bassuk SS. 2014. Calcium supplements: do they help or harm? Menopause 
21: 106–108. [Medline]  [CrossRef]

	 8.	 Hoenderop JG, Nilius B, Bindels RJ. 2005. Calcium absorption across epithelia. 

Physiol Rev 85: 373–422. [Medline]  [CrossRef]
	 9.	 Van Itallie CM, Fanning AS, Anderson JM. 2003. Reversal of charge selectivity in 

cation or anion-selective epithelial lines by expression of different claudins. Am J 
Physiol Renal Physiol 285: F1078–F1084. [Medline]  [CrossRef]

	10.	 Yu AS, Cheng MH, Angelow S, Günzel D, Kanzawa SA, Schneeberger EE, Fromm 
M, Coalson RD. 2009. Molecular basis for cation selectivity in claudin-2-based 
paracellular pores: identification of an electrostatic interaction site. J Gen Physiol 133: 
111–127. [Medline]  [CrossRef]

	11.	 Curry JN, Saurette M, Askari M, Pei L, Filla MB, Beggs MR, Rowe PS, Fields T, 
Sommer AJ, Tanikawa C, Kamatani Y, Evan AP, Totonchi M, Alexander RT, Matsuda 
K, Yu AS. 2020. Claudin-2 deficiency associates with hypercalciuria in mice and 
human kidney stone disease. J Clin Invest 130: 1948–1960. [Medline]  [CrossRef]

	12.	 Charoenphandhu N, Nakkrasae LI, Kraidith K, Teerapornpuntakit J, Thongchote K, 
Thongon N, Krishnamra N. 2009. Two-step stimulation of intestinal Ca(2+) absorption 
during lactation by long-term prolactin exposure and suckling-induced prolactin surge. 
Am J Physiol Endocrinol Metab 297: E609–E619. [Medline]  [CrossRef]

	13.	 Bianco SD, Peng JB, Takanaga H, Suzuki Y, Crescenzi A, Kos CH, Zhuang L, Freeman 
MR, Gouveia CH, Wu J, Luo H, Mauro T, Brown EM, Hediger MA. 2007. Marked 
disturbance of calcium homeostasis in mice with targeted disruption of the Trpv6 
calcium channel gene. J Bone Miner Res 22: 274–285. [Medline]  [CrossRef]

	14.	 Woudenberg-Vrenken TE, Lameris AL, Weißgerber P, Olausson J, Flockerzi V, Bindels 
RJ, Freichel M, Hoenderop JG. 2012. Functional TRPV6 channels are crucial for 
transepithelial Ca2+ absorption. Am J Physiol Gastrointest Liver Physiol 303: G879–
G885. [Medline]  [CrossRef]

	15.	 DiPolo R, Beaugé L. 2006. Sodium/calcium exchanger: influence of metabolic 
regulation on ion carrier interactions. Physiol Rev 86: 155–203. [Medline]  [CrossRef]

	16.	 Wada M, Tamura A, Takahashi N, Tsukita S. 2013. Loss of claudins 2 and 15 from mice 
causes defects in paracellular Na+ flow and nutrient transport in gut and leads to death 
from malnutrition. Gastroenterology 144: 369–380. [Medline]  [CrossRef]

	17.	 Whisner CM, Martin BR, Nakatsu CH, Story JA, MacDonald-Clarke CJ, McCabe 
LD, McCabe GP, Weaver CM. 2016. Soluble corn fiber increases calcium absorption 
associated with shifts in the gut microbiome: a randomized dose-response trial in free-
living pubertal females. J Nutr 146: 1298–1306. [Medline]  [CrossRef]

	18.	 Rivera-Huerta M, Lizárraga-Grimes VL, Castro-Torres IG, Tinoco-Méndez M, 
Macías-Rosales L, Sánchez-Bartéz F, Tapia-Pérez GG, Romero-Romero L, Gracia-
Mora MI. 2017. Functional effects of prebiotic fructans in colon cancer and calcium 
metabolism in animal models. BioMed Res Int 2017: 9758982. [Medline]  [CrossRef]

	19.	 Singh A, Zapata RC, Pezeshki A, Reidelberger RD, Chelikani PK. 2018. Inulin fiber 
dose-dependently modulates energy balance, glucose tolerance, gut microbiota, 
hormones and diet preference in high-fat-fed male rats. J Nutr Biochem 59: 142–152. 
[Medline]  [CrossRef]

	20.	 Ko CH, Takahashi JS. 2006. Molecular components of the mammalian circadian clock. 
Hum Mol Genet 15: R271–R277. [Medline]  [CrossRef]

	21.	 Orihara K, Haraguchi A, Shibata S. 2020. Crosstalk among circadian rhythm, obesity 
and allergy. Int J Mol Sci 21: 21. [Medline]  [CrossRef]

	22.	 Mohawk JA, Green CB, Takahashi JS. 2012. Central and peripheral circadian clocks 
in mammals. Annu Rev Neurosci 35: 445–462. [Medline]  [CrossRef]

	23.	 Pando MP, Morse D, Cermakian N, Sassone-Corsi P. 2002. Phenotypic rescue of a 
peripheral clock genetic defect via SCN hierarchical dominance. Cell 110: 107–117. 
[Medline]  [CrossRef]

	24.	 Hirao A, Nagahama H, Tsuboi T, Hirao M, Tahara Y, Shibata S. 2010. Combination of 
starvation interval and food volume determines the phase of liver circadian rhythm in 
Per2:Luc knock-in mice under two meals per day feeding. Am J Physiol Gastrointest 
Liver Physiol 299: G1045–G1053. [Medline]  [CrossRef]

	25.	 Kuroda H, Tahara Y, Saito K, Ohnishi N, Kubo Y, Seo Y, Otsuka M, Fuse Y, Ohura 
Y, Hirao A, Shibata S. 2012. Meal frequency patterns determine the phase of mouse 
peripheral circadian clocks. Sci Rep 2: 711. [Medline]  [CrossRef]

	26.	 Shibata S, Tahara Y, Hirao A. 2010. The adjustment and manipulation of biological 
rhythms by light, nutrition, and abused drugs. Adv Drug Deliv Rev 62: 918–927. 
[Medline]  [CrossRef]

	27.	 Tahara Y, Kuroda H, Saito K, Nakajima Y, Kubo Y, Ohnishi N, Seo Y, Otsuka M, Fuse 
Y, Ohura Y, Komatsu T, Moriya Y, Okada S, Furutani N, Hirao A, Horikawa K, Kudo 
T, Shibata S. 2012. In vivo monitoring of peripheral circadian clocks in the mouse. Curr 
Biol 22: 1029–1034. [Medline]  [CrossRef]

	28.	 Bass J, Takahashi JS. 2010. Circadian integration of metabolism and energetics. 
Science 330: 1349–1354. [Medline]  [CrossRef]

	29.	 Tahara Y, Shibata S. 2014. Chrono-biology, chrono-pharmacology, and chrono-
nutrition. J Pharmacol Sci 124: 320–335. [Medline]  [CrossRef]

	30.	 Okamura A, Koyanagi S, Dilxiat A, Kusunose N, Chen JJ, Matsunaga N, Shibata 
S, Ohdo S. 2014. Bile acid-regulated peroxisome proliferator-activated receptor-α 
(PPARα) activity underlies circadian expression of intestinal peptide absorption 
transporter PepT1/Slc15a1. J Biol Chem 289: 25296–25305. [Medline]  [CrossRef]

	31.	 Oh-oka K, Kono H, Ishimaru K, Miyake K, Kubota T, Ogawa H, Okumura K, Shibata 
S, Nakao A. 2014. Expressions of tight junction proteins Occludin and Claudin-1 are 
under the circadian control in the mouse large intestine: implications in intestinal 
permeability and susceptibility to colitis. PLoS One 9: e98016. [Medline]  [CrossRef]

	32.	 Tanabe K, Kitagawa E, Wada M, Haraguchi A, Orihara K, Tahara Y, Nakao A, Shibata 

http://www.ncbi.nlm.nih.gov/pubmed/19535420?dopt=Abstract
http://dx.doi.org/10.3945/jn.109.105205
http://www.ncbi.nlm.nih.gov/pubmed/16181808?dopt=Abstract
http://dx.doi.org/10.1016/j.coph.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/34735461?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0257310
http://www.ncbi.nlm.nih.gov/pubmed/25287933?dopt=Abstract
http://dx.doi.org/10.2215/CJN.09750913
http://www.ncbi.nlm.nih.gov/pubmed/26174589?dopt=Abstract
http://dx.doi.org/10.1111/joim.12394
http://www.ncbi.nlm.nih.gov/pubmed/25851635?dopt=Abstract
http://dx.doi.org/10.1017/S000711451500080X
http://www.ncbi.nlm.nih.gov/pubmed/23880796?dopt=Abstract
http://dx.doi.org/10.1097/GME.0b013e31829be090
http://www.ncbi.nlm.nih.gov/pubmed/15618484?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00003.2004
http://www.ncbi.nlm.nih.gov/pubmed/13129853?dopt=Abstract
http://dx.doi.org/10.1152/ajprenal.00116.2003
http://www.ncbi.nlm.nih.gov/pubmed/19114638?dopt=Abstract
http://dx.doi.org/10.1085/jgp.200810154
http://www.ncbi.nlm.nih.gov/pubmed/32149733?dopt=Abstract
http://dx.doi.org/10.1172/JCI127750
http://www.ncbi.nlm.nih.gov/pubmed/19567804?dopt=Abstract
http://dx.doi.org/10.1152/ajpendo.00347.2009
http://www.ncbi.nlm.nih.gov/pubmed/17129178?dopt=Abstract
http://dx.doi.org/10.1359/jbmr.061110
http://www.ncbi.nlm.nih.gov/pubmed/22878123?dopt=Abstract
http://dx.doi.org/10.1152/ajpgi.00089.2012
http://www.ncbi.nlm.nih.gov/pubmed/16371597?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00018.2005
http://www.ncbi.nlm.nih.gov/pubmed/23089202?dopt=Abstract
http://dx.doi.org/10.1053/j.gastro.2012.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27281813?dopt=Abstract
http://dx.doi.org/10.3945/jn.115.227256
http://www.ncbi.nlm.nih.gov/pubmed/28293641?dopt=Abstract
http://dx.doi.org/10.1155/2017/9758982
http://www.ncbi.nlm.nih.gov/pubmed/30005919?dopt=Abstract
http://dx.doi.org/10.1016/j.jnutbio.2018.05.017
http://www.ncbi.nlm.nih.gov/pubmed/16987893?dopt=Abstract
http://dx.doi.org/10.1093/hmg/ddl207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32164209&dopt=Abstract
http://dx.doi.org/10.3390/ijms21051884
http://www.ncbi.nlm.nih.gov/pubmed/22483041?dopt=Abstract
http://dx.doi.org/10.1146/annurev-neuro-060909-153128
http://www.ncbi.nlm.nih.gov/pubmed/12151001?dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(02)00803-6
http://www.ncbi.nlm.nih.gov/pubmed/20847299?dopt=Abstract
http://dx.doi.org/10.1152/ajpgi.00330.2010
http://www.ncbi.nlm.nih.gov/pubmed/23050095?dopt=Abstract
http://dx.doi.org/10.1038/srep00711
http://www.ncbi.nlm.nih.gov/pubmed/20600408?dopt=Abstract
http://dx.doi.org/10.1016/j.addr.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22578421?dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21127246?dopt=Abstract
http://dx.doi.org/10.1126/science.1195027
http://www.ncbi.nlm.nih.gov/pubmed/24572815?dopt=Abstract
http://dx.doi.org/10.1254/jphs.13R06CR
http://www.ncbi.nlm.nih.gov/pubmed/25016014?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M114.577023
http://www.ncbi.nlm.nih.gov/pubmed/24845399?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0098016


CHRONONUTRITIONAL STUDY ON INULIN FOR CALCIUM ABSORPTION 123

doi: 10.12938/bmfh.2022-029 ©2023 BMFH Press

S. 2015. Antigen exposure in the late light period induces severe symptoms of food 
allergy in an OVA-allergic mouse model. Sci Rep 5: 14424. [Medline]  [CrossRef]

	33.	 Kress GJ, Liao F, Dimitry J, Cedeno MR, FitzGerald GA, Holtzman DM, Musiek ES. 
2018. Regulation of amyloid-β dynamics and pathology by the circadian clock. J Exp 
Med 215: 1059–1068. [Medline]  [CrossRef]

	34.	 Mouret J, Coindet J, Debilly G, Chouvet G. 1978. Suprachiasmatic nuclei lesions in 
the rat: alterations in sleep circadian rhythms. Electroencephalogr Clin Neurophysiol 
45: 402–408. [Medline]  [CrossRef]

	35.	 Hara H, Kondo K. 2005. Difructose anhydrides III and IV equally promote calcium 
absorption from the luminally perfused rat small intestine. Biosci Biotechnol Biochem 
69: 839–841. [Medline]  [CrossRef]

	36.	 Zaman SA, Sarbini SR. 2016. The potential of resistant starch as a prebiotic. Crit Rev 
Biotechnol 36: 578–584. [Medline]

	37.	 Bhatia L, Sharma A, Bachheti RK, Chandel AK. 2019. Lignocellulose derived 
functional oligosaccharides: production, properties, and health benefits. Prep Biochem 
Biotechnol 49: 744–758. [Medline]  [CrossRef]

	38.	 Kawai M, Kinoshita S, Yamazaki M, Yamamoto K, Rosen CJ, Shimba S, Ozono K, 
Michigami T. 2019. Intestinal clock system regulates skeletal homeostasis. JCI Insight 
4: 4. [Medline]  [CrossRef]

	39.	 Soták M, Bryndová J, Ergang P, Vagnerová K, Kvapilová P, Vodička M, Pácha J, 
Sumová A. 2016. Peripheral circadian clocks are diversely affected by adrenalectomy. 
Chronobiol Int 33: 520–529. [Medline]  [CrossRef]

	40.	 Balakrishnan A, Stearns AT, Ashley SW, Tavakkolizadeh A, Rhoads DB. 2010. 
Restricted feeding phase shifts clock gene and sodium glucose cotransporter 1 
(SGLT1) expression in rats. J Nutr 140: 908–914. [Medline]  [CrossRef]

	41.	 Hoogerwerf WA, Hellmich HL, Cornélissen G, Halberg F, Shahinian VB, Bostwick J, 
Savidge TC, Cassone VM. 2007. Clock gene expression in the murine gastrointestinal 
tract: endogenous rhythmicity and effects of a feeding regimen. Gastroenterology 133: 
1250–1260. [Medline]  [CrossRef]

	42.	 Krug SM, Günzel D, Conrad MP, Lee IF, Amasheh S, Fromm M, Yu AS. 2012. Charge-
selective claudin channels. Ann N Y Acad Sci 1257: 20–28. [Medline]  [CrossRef]

	43.	 Muto S, Hata M, Taniguchi J, Tsuruoka S, Moriwaki K, Saitou M, Furuse K, Sasaki 
H, Fujimura A, Imai M, Kusano E, Tsukita S, Furuse M. 2010. Claudin-2-deficient 
mice are defective in the leaky and cation-selective paracellular permeability properties 
of renal proximal tubules. Proc Natl Acad Sci USA 107: 8011–8016. [Medline]  
[CrossRef]

	44.	 Hess MW, de Baaij JH, Gommers LM, Hoenderop JG, Bindels RJ. 2015. Dietary inulin 
fibers prevent Proton-Pump Inhibitor (PPI)-induced hypocalcemia in mice. PLoS One 
10: e0138881. [Medline]  [CrossRef]

	45.	 Zuber AM, Centeno G, Pradervand S, Nikolaeva S, Maquelin L, Cardinaux L, Bonny 
O, Firsov D. 2009. Molecular clock is involved in predictive circadian adjustment of 
renal function. Proc Natl Acad Sci USA 106: 16523–16528. [Medline]  [CrossRef]

	46.	 Pouly D, Chenaux S, Martin V, Babis M, Koch R, Nagoshi E, Katanaev VL, Gachon 
F, Staub O. 2016. USP2-45 is a circadian clock output effector regulating calcium 
absorption at the post-translational level. PLoS One 11: e0145155. [Medline]  
[CrossRef]

	47.	 Sasaki H, Miyakawa H, Watanabe A, Nakayama Y, Lyu Y, Hama K, Shibata S. 2019. 
Mice microbiota composition changes by inulin feeding with a long fasting period 
under a two-meals-per-day schedule. Nutrients 11: 11. [Medline]  [CrossRef]

	48.	 Coudray C, Feillet-Coudray C, Tressol JC, Gueux E, Thien S, Jaffrelo L, Mazur A, 
Rayssiguier Y. 2005. Stimulatory effect of inulin on intestinal absorption of calcium 
and magnesium in rats is modulated by dietary calcium intakes short- and long-term 
balance studies. Eur J Nutr 44: 293–302. [Medline]  [CrossRef]

	49.	 Krupa-Kozak U, Markiewicz LH, Lamparski G, Juśkiewicz J. 2017. Administration 
of inulin-supplemented gluten-free diet modified calcium absorption and caecal 
microbiota in rats in a calcium-dependent manner. Nutrients 9: 9. [Medline]  [CrossRef]

	50.	 Zafar TA, Weaver CM, Jones K, Moore DR 2nd, Barnes S. 2004. Inulin effects on 
bioavailability of soy isoflavones and their calcium absorption enhancing ability. J 
Agric Food Chem 52: 2827–2831. [Medline]  [CrossRef]

	51.	 Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S, Leblanc M, 
Chaix A, Joens M, Fitzpatrick JA, Ellisman MH, Panda S. 2012. Time-restricted 
feeding without reducing caloric intake prevents metabolic diseases in mice fed a 
high-fat diet. Cell Metab 15: 848–860. [Medline]  [CrossRef]

	52.	 Suzuki T, Hara H. 2004. Various nondigestible saccharides open a paracellular calcium 
transport pathway with the induction of intracellular calcium signaling in human 
intestinal Caco-2 cells. J Nutr 134: 1935–1941. [Medline]  [CrossRef]

	53.	 Fujita H, Sugimoto K, Inatomi S, Maeda T, Osanai M, Uchiyama Y, Yamamoto Y, 
Wada T, Kojima T, Yokozaki H, Yamashita T, Kato S, Sawada N, Chiba H. 2008. 
Tight junction proteins claudin-2 and -12 are critical for vitamin D-dependent Ca2+ 
absorption between enterocytes. Mol Biol Cell 19: 1912–1921. [Medline]  [CrossRef]

	54.	 Tatsuki F, Sunagawa GA, Shi S, Susaki EA, Yukinaga H, Perrin D, Sumiyama K, 
Ukai-Tadenuma M, Fujishima H, Ohno R, Tone D, Ode KL, Matsumoto K, Ueda 
HR. 2016. Involvement of Ca(2+)-dependent hyperpolarization in sleep duration in 
mammals. Neuron 90: 70–85. [Medline]  [CrossRef]

	55.	 Jeon YS, Yu S, Kim C, Lee HJ, Yoon IY, Kim T. 2022. Lower serum calcium levels 
associated with disrupted sleep and rest-activity rhythm in shift workers. Nutrients 14: 
3021. [Medline]  [CrossRef]

	56.	 Luettig J, Rosenthal R, Barmeyer C, Schulzke JD. 2015. Claudin-2 as a mediator of 
leaky gut barrier during intestinal inflammation. Tissue Barriers 3: e977176. [Medline]  
[CrossRef]

	57.	 Raju P, Shashikanth N, Tsai PY, Pongkorpsakol P, Chanez-Paredes S, Steinhagen PR, 
Kuo WT, Singh G, Tsukita S, Turner JR. 2020. Inactivation of paracellular cation-
selective claudin-2 channels attenuates immune-mediated experimental colitis in mice. 
J Clin Invest 130: 5197–5208. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/26419283?dopt=Abstract
http://dx.doi.org/10.1038/srep14424
http://www.ncbi.nlm.nih.gov/pubmed/29382695?dopt=Abstract
http://dx.doi.org/10.1084/jem.20172347
http://www.ncbi.nlm.nih.gov/pubmed/79478?dopt=Abstract
http://dx.doi.org/10.1016/0013-4694(78)90191-8
http://www.ncbi.nlm.nih.gov/pubmed/15849427?dopt=Abstract
http://dx.doi.org/10.1271/bbb.69.839
http://www.ncbi.nlm.nih.gov/pubmed/25582732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/31050587?dopt=Abstract
http://dx.doi.org/10.1080/10826068.2019.1608446
http://www.ncbi.nlm.nih.gov/pubmed/30730853?dopt=Abstract
http://dx.doi.org/10.1172/jci.insight.121798
http://www.ncbi.nlm.nih.gov/pubmed/27031999?dopt=Abstract
http://dx.doi.org/10.3109/07420528.2016.1161643
http://www.ncbi.nlm.nih.gov/pubmed/20200113?dopt=Abstract
http://dx.doi.org/10.3945/jn.109.116749
http://www.ncbi.nlm.nih.gov/pubmed/17919497?dopt=Abstract
http://dx.doi.org/10.1053/j.gastro.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22671585?dopt=Abstract
http://dx.doi.org/10.1111/j.1749-6632.2012.06555.x
http://www.ncbi.nlm.nih.gov/pubmed/20385797?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0912901107
http://www.ncbi.nlm.nih.gov/pubmed/26397986?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0138881
http://www.ncbi.nlm.nih.gov/pubmed/19805330?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0904890106
http://www.ncbi.nlm.nih.gov/pubmed/26756164?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0145155
http://www.ncbi.nlm.nih.gov/pubmed/31744168?dopt=Abstract
http://dx.doi.org/10.3390/nu11112802
http://www.ncbi.nlm.nih.gov/pubmed/15340751?dopt=Abstract
http://dx.doi.org/10.1007/s00394-004-0526-7
http://www.ncbi.nlm.nih.gov/pubmed/28684691?dopt=Abstract
http://dx.doi.org/10.3390/nu9070702
http://www.ncbi.nlm.nih.gov/pubmed/15137821?dopt=Abstract
http://dx.doi.org/10.1021/jf035080f
http://www.ncbi.nlm.nih.gov/pubmed/22608008?dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15284379?dopt=Abstract
http://dx.doi.org/10.1093/jn/134.8.1935
http://www.ncbi.nlm.nih.gov/pubmed/18287530?dopt=Abstract
http://dx.doi.org/10.1091/mbc.e07-09-0973
http://www.ncbi.nlm.nih.gov/pubmed/26996081?dopt=Abstract
http://dx.doi.org/10.1016/j.neuron.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/35893875?dopt=Abstract
http://dx.doi.org/10.3390/nu14153021
http://www.ncbi.nlm.nih.gov/pubmed/25838982?dopt=Abstract
http://dx.doi.org/10.4161/21688370.2014.977176
http://www.ncbi.nlm.nih.gov/pubmed/32516134?dopt=Abstract
http://dx.doi.org/10.1172/JCI138697

