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trations of a SCFA mix on electrical field-induced neural responses in colon strips

the report. Results: Diurnal fluctuations in faecal SCFA concentrations (peak 4 hours after
lights on) were observed that were in phase with the thythm of Ffar2/3 expres-
sion in the colonic muscle layer. Olfr78 expression was not diurnal and Hcar2
was not detectable. The inhibitory effect of a SCFA mix on neural contractions in
colonic smooth muscle strips showed a diurnal rhythm and oscillated in phase
with faecal SCFA concentrations and Ffar2/3 expression. In contrast, neither exci-
tatory neural responses nor acetylcholine-induced smooth muscle contractions
showed a diurnal rhythm. In Bmall™~ mice, no fluctuations in faecal SCFA
levels, Ffar3 expression and neural responses to SCFAs were observed.

Conclusion: Diurnal microbial SCFA levels regulate the rhythm of Ffar3 expres-
sion in the colonic myenteric plexus, which causes rhythmicity in SCFA-induced
colonic motility. Deletion of Bmall abolishes rhythmicity of SCFA levels and

their downstream effects.
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1 | INTRODUCTION a master clock, located in the suprachiasmatic nuclei of the
The circadian clock coordinates the timing of physiological  anterior hypothalamus, and several peripheral clocks in dif-
processes with solar time. The circadian system consists of ~ ferent organs that are synchronized by the master clock.’
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At the molecular level, generation of circadian rhythms is
dependent on the concerted co-expression of a set of core
clock genes, such as Clock and Bmall, non-redundant and
essential components of the circadian clock system.”? The
clock components form several transcription-translation
feedback loops, through which they not only regulate their
own expression but also that of numerous downstream
clock-controlled genes and clock genes, such as Rora (acti-
vator) and Reverba (repressor). Their transcription is driven
by BMALI but in turn they activate and repress Bmall
transcription. '

The gastrointestinal tract contains a powerful circadian
clock, which can be uncoupled from the master clock by
altering feeding time or diet.*® This desynchronization
caused by, for example, rotating shift work and frequent
time zone travelling likely favours the development of dis-
eases such as metabolic syndrome and neurological or
intestinal disorders.” "'

Recent studies show that the intestinal microbiota show
diurnal oscillations that are synchronized by the host's cir-
cadian clock and feeding rhythms.'?"'> In addition, the fae-
cal concentrations of microbial metabolites such as the
short-chain fatty acids (SCFAs) acetate, propionate and
butyrate display diurnal fluctuations, which were abolished
in mice with a disrupted circadian clock and in mice fed a
high-fat diet.">1® In turn, SCFAs could modulate clock
gene expression in peripheral tissues (eg, the liver) after
timed oral administration, which identifies SCFAs as possi-
ble zeitgebers (ZTs) or synchronizers of peripheral circa-
dian clocks.'*>'®

Studies in rodents have shown that SCFAs can influ-
ence colon contractility, although there is some controversy
whether their effects were direct or indirect, mediated via
serotonin released from the mucosa.!” 2 In contrast, intra-
colonic or -caecal infusions of SCFAs in humans had no
effect on colonic motility, although infusions in the termi-
nal ileum stimulated the occurrence of ileal propulsive con-
tractions.”'

Short-chain fatty acids activate several receptors with
distinct ligand specificities: free fatty acid receptor 2 and 3
(FFAR2 and FFAR3, also known as GPR43 and GPR41,
respectively), hydroxycarboxylic acid receptor 2 (HCAR2)
and olfactory receptor 78 (OLFR78). All receptors are pre-
sent in the gut,”>?’ but especially FFAR3 and OLFR78
were expressed on neurons from the myenteric plexus.*>®

Furthermore, Ffar3 is a clock-controlled gene, since
Ffar3 mRNA expression in ileal epithelial cells of mice was
found to be regulated by competitive binding of the clock
components RORa and REVERBa to its ROR response ele-
ment, leading to diurnal fluctuations in Ffar3 mRNA expres-
sion. In addition, Ffar3 mRNA expression in ileal epithelial
cells was decreased in antibiotic-induced microbiota-de-
pleted mice. Taken together, these experiments revealed that

FFAR3 expression might be regulated by both the circadian
clock and the microbiota.”® Finally, Olfr78 mRNA expres-
sion has also been shown to display diurnal fluctuations in
the distal colon of mice.*®

This study aimed to investigate whether microbial
SCFA levels show a diurnal rhythm that is in phase with
the rhythm of SCFA receptor expression (Ffar3, Ffar2,
Olfr78 and Hcar2) and SCFA-induced changes in contrac-
tility in mouse colonic smooth muscle tissue. The role of
the circadian clock in these 24-hour fluctuations was stud-

ied using Bmall ™"~ mice.

2 | RESULTS

2.1 | Diurnal effects of short-chain fatty acids
on colon contractility

2.1.1 | Faecal SCFA concentrations in the
distal colon show diurnal rhythmicity

Short-chain fatty acid concentrations were measured in fae-
cal pellets present in the distal colon of C57BL/6J mice, sac-
rificed over the course of 24 hours (4 hours interval). The
average faecal acetate concentration (36.90 + 1.15 mmol/L)
was 10-fold higher compared propionate
(3.78 £ 0.22 mmol/L) and  butyrate  concentrations
(4.40 £ 0.56 mmol/L). Acetate, propionate and butyrate
levels all showed significant diurnal rhythmicity (acrophase
ZT 6h04 [P cosinor < 0.01], ZT 7h28 [Peosinor < 0.05], ZT
5h19 [Peosinor < 0.001] respectively) (Figure 1).

to faecal

2.1.2 | SCFA receptor expression in the
smooth muscle layer of the distal colon shows
diurnal rhythmicity

The SCFA receptors Ffar3, Ffar2 and Olfr78 were all
expressed in the smooth muscle layer of the distal colon of
C57BL/6J mice, although Ffar2 expression was very low
and above threshold value in only 13 of 48 mice tested
(Figure 2A). Hcar2 mRNA expression was undetectable.
Ffar3 and Ffar2 mRNA expression showed a diurnal
rhythm (P oginor < 0.05), peaking at ZT 3h25 and ZT 4h10
respectively (Figure 2B,C). Olfr78 mRNA expression did
not show diurnal rhythmicity (Figure 2D).

Similar to the distal colon, Ffar3, Ffar2 and OIfr78
were all expressed in the smooth muscle layer of the proxi-
mal colon of C57BL/6J mice, Ffar2 expression was very
low (above threshold value in 22 of 48 mice tested) and
Hcar2 mRNA expression was undetectable (Supporting
Information Figure S1A). Ffar3 mRNA expression showed
a diurnal rthythm (Posinor < 0.05) peaking at ZT 3h36, sim-
ilar to the distal colon (Supporting Information Figure S1B).
In contrast to the distal colon, Ffar2 mRNA expression did
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not show diurnal rhythmicity, while Olfr78 mRNA expres-
sion showed a diurnal rhythm (Pcosinor < 0.05) peaking at
ZT 15h39 (Supporting Information Figure S1C,D).

2.1.3 | Inhibition of neural contractions by
SCFAs in the colon shows diurnal rhythmicity

Addition of L-NAME and MRS 2500 generated stable on-
contractions, representing cholinergic excitatory responses
since they were blocked by atropine (Figure 3A).

The in vitro effect of SCFAs on neural cholinergic excita-
tory responses elicited by electrical field stimulation (EFS)
was investigated over the course of 24 hours at 4-hour inter-
vals, in smooth muscle strips from the distal colon. A repre-
sentative tracing of the inhibitory effect of the SCFA mix on
the EFS-induced cholinergic responses is shown in Fig-
ure 3B. The inhibitory effect of the SCFA mix showed diur-
nal rhythmicity (Pcosinor < 0.01) at all concentrations (1-
100 mmol/L) tested and peaked between ZT 3 and ZT 4
(Supporting Information Figure S2A-D; Figure 3C). The
inhibition was concentration dependent, with an ECsq of
83.5 + 5.0 mmol/L at ZT 4 (Figure 3D), and a maximal
inhibition of 64% + 4% at 100 mmol/L of the SCFA mix.
Contractile responses to 0.1 mmol/L acetylcholine as well as
the EFS-induced excitatory responses in the absence of
SCFA mix did not show diurnal rhythmicity (Figure 3E,F).

In the proximal colon, similar results were obtained.
The SCFA mix reduced the EFS-induced response in a
concentration dependent (ZT 4: ECsy = 80.8 + 6.9 mmol/

L; maximal inhibition by 100 mmol/L. SCFA mix = 69% +

7%) and rhythmic manner (Pcoginor < 0.05, Supporting
Information Figure S3A-D). Contractile responses to acetyl-
choline, as well as EFS-induced excitatory responses in the
absence of SCFA mix showed no diurnal rhythmicity (Sup-
porting Information Figure S3E,F).

2.1.4 | Faecal SCFA concentrations, Ffar3
mRNA expression and neural contractile
effects of SCFAs fluctuate in phase

To investigate whether faecal SCFA concentrations, Ffar2 and
Ffar3 mRNA expression and the inhibitory effect of the SCFA
mix on neural contractions in the distal colon of C57BL/6J
mice fluctuated in phase, their acrophases were compared.

The acrophases of faecal acetate and butyrate concentra-
tions, Ffar2 and Ffar3 mRNA expression and the inhibi-
tory effect of the SCFA mix on neural contractions were
not significantly different, indicating that they fluctuated in
phase (Figure 4A).

In the proximal colon of C57BL/6J mice, faecal acetate
and butyrate concentrations, Ffar3 mRNA expression and
the inhibitory effect of the SCFA mix on neural contrac-
tions also fluctuated in phase (Figure 4B). Olfr78 mRNA
expression peaked when faecal acetate and butyrate con-
centrations, Ffar3 mRNA expression and the inhibitory
effect of the SCFA mix on neural contractions were mini-
mal (Bathyphase OIfr78 not significantly different com-
pared to their acrophases).
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2.1.5 | A circadian clock system is present in
the smooth muscle layer of the distal colon

To investigate whether a circadian clock system was pre-
sent in the smooth muscle layer of the distal colon of
C57BL/6J mice, the diurnal fluctuations in Bmall mRNA
expression were measured. Bmall mRNA expression
showed a significant (Pgoginor < 0.001) diurnal rhythm
(acrophase ZT 1h59), peaking in phase with Ffar3 mRNA
expression (Figure 5A).

The mRNA expression of Ppara, a known integrator of
microbial and circadian clock signals was measured as
well.?’ The mRNA expression of Ppara showed a signifi-
cant  (Pcosinor < 0.01) diurnal rthythm (acrophase ZT
18h41), peaking when Ffar3 mRNA expression was mini-
mal (acrophase and bathyphase not significantly different)
(Figure 5B). Deletion of Bmall abolished rhythmicity in
Ppara mRNA expression (Figure 5C).

2.2 | Role of the circadian clock in the
diurnal effects of short-chain fatty acids on
colon contractility

2.2.1 | Diurnal fluctuations in faecal SCFA
concentrations are no longer present in
Bmall™"~ mice

To investigate the role of the circadian clock on the param-
eters investigated, rhythmic changes were investigated in

Time (ZT)

T | analysis (period = 24 h) are shown. Light
1216 20 24 and dark phases are shaded in yellow and

gray respectively. AU, arbitrary unit

mice knockout for the core clock gene Bmall and their
wild type (WT) littermates at ZT 4 and 16.

Parallel to C57BL/6] mice, faecal SCFA concentrations
in the distal colon of WT littermates were significantly
(P < 0.001, two-way analysis of variance—planned com-
parisons) higher at ZT 4 compared to ZT 16. In Bmall ™~
mice, SCFA concentrations were lower (P < 0.01) at ZT 4
compared to their WT littermates (Figure 6A). As a result,
no significant difference between faecal SCFA concentra-
tions at ZT 4 and 16 was observed in Bmall™™ mice.

2.2.2 | Ffar3 mRNA expression is lower in
Bmall™"~ mice

Ffar3 mRNA expression in the smooth muscle of the distal
colon of WT littermates tended to be higher at ZT 4 com-
pared to ZT 16 but not in Bmall ™~ mice. At ZT 4, Ffar3
mRNA expression was lower in Bmall ™~ mice compared
to their WT littermates (Figure 6B).

2.2.3 | Diurnal fluctuations in neural
responses to SCFAs are no longer present in
Bmall™~ mice

Short-chain fatty acids reduced EFS-induced neural excita-
tory responses in a concentration-dependent manner at ZT
4 in WT (ECsq: 142.8 + 13.0 mmol/L) and Bmall™ mice
(ECsp 1379 + 4.5 mmol/L) (Figure 6C,D). Parallel to
C57BL/6J mice, the inhibitory effect of the SCFA mix
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FIGURE 3 A, Effect of cumulative addition of 0.3 mmol/L L-NAME, 1 pmol/L MRS 2500 and 5 pmol/L atropine on the EFS-induced on-
contraction of distal colonic smooth muscle strips of C57BL/6J mice at ZT 1h30. Repeated measures analysis of variance, followed by planned
comparisons was used to compare the effect of L-NAME, MRS 2500 and atropine. *P < 0.05 (N = 8 mice, n = 10 strips). B, Representative
tracing of the inhibitory effect of a SCFA mix (100 mmol/L) on the EFS-induced cholinergic response in distal colonic smooth muscle strips. C,
Inhibitory effect of the SCFA mix (100 mmol/L) on the EFS-induced response in the distal colon of C57BL/6J mice (N = 5-8 mice, n = 6-12
strips per time point). The fitted cosine curve and acrophase determined by cosinor analysis (period = 24 h) are shown. D, Concentration-
dependent inhibitory effect of the SCFA mix on the EFS-induced response at ZT 4 in the distal colon of C57BL/6J mice (N = 5 mice, n = 8
strips). E, Contractile response to acetylcholine (0.1 mmol/L) in distal colonic smooth muscle strips of C57BL/6J mice (N = 8 mice, n = 22-24
strips per time point). F, Cholinergic excitatory neural response, studied in the presence of L-NAME (0.3 mmol/L) and MRS 2500 (1 pmol/L), in
distal colonic smooth muscle strips of C57BL/6J mice (N = 5-8 mice, n = 6-12 strips per time point). Light and dark phases are shaded in
yellow and gray respectively. AUC, area under the curve

(100 mmol/L) on the EFS-induced contraction was signifi-
cantly higher at ZT 4 compared to ZT 16 in WT littermates
(P < 0.001, two-way analysis of variance—planned com-
parisons) but not in Bmall '~ mice (Figure 6E).

Overall, the potency of SCFAs seemed to be lower in 3 |
WT littermates compared to C57BL/6] mice (ECsq of
142.8 + 13.0 mmol/L. vs ECsy of 83.5 + 5.0 mmol/L, at
ZT 4), resulting in a maximal inhibition of the neural

contractions of 33% + 3% in WT littermates, compared to
64% + 4% in C57BL/6]J mice (effect of 100 mmol/L SCFA
mix).

DISCUSSION

The dynamic crosstalk between microbiota and the host is
important for achieving and maintaining homoeostasis.>'
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Recent evidence suggests that a bidirectional interaction
between the microbiota and the host's circadian clock plays
an important part in maintaining circadian rhythmicity. The
host's circadian clock generates diurnal oscillations in com-
position and function of the microbiota that are abolished
in mice with a disrupted circadian clock.'*'® In turn, sig-
nals from the microbiota are able to regulate the circadian
clock system of the host.” Indeed, SCFAs were identified
as possible synchronizers of peripheral circadian
clocks.'>'® Therefore, SCFAs might be important in the
bidirectional interaction between microbiota and their host's
circadian clock system, maintaining homoeostasis and syn-
chronizing the circadian clock system.

In this study, we showed that the concentration-depen-
dent inhibitory effect of SCFAs on cholinergic excitatory
responses in the colon displays diurnal rhythmicity, peak-
ing around ZT 4. Interestingly, this rthythm was in phase
with rhythmic Ffar3 mRNA expression and faecal SCFA
concentrations in the colon.

respectively

Ffar3 expression has been demonstrated in cholinergic
and nitrergic neurons of the myenteric plexus of the rat
colon and in the myenteric plexus of the mouse small
intestine.*>** The inhibitory effect of SCFAs was observed
in the presence of L-NAME and MRS 2500, indicating that
it is not mediated via the release of nitric oxide (NO) or
purines acting on the P2Y; receptor. Our findings therefore
suggest a direct FFAR3-mediated suppression of choliner-
gic activity. Other neurotransmitters such as vasoactive
intestinal peptide (VIP) might however still be involved,
since FFAR3 has been shown to colocalize with VIP in
submucosal ganglia of the mouse small intestine.”” Since
mucosa-free muscle strips were used, it can be excluded
that the effect is mediated via mucosal release of serotonin
or PYY, which have been shown to possibly influence
SCFA-mediated colon contractility.'?*34

Ffar2 mRNA expression was very low, so it is unlikely
that the observed effect is mediated via FFAR2 activation,
which is in line with the findings of Dass et al,18 who
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observed a similar inhibition of neuronal colonic contractile
responses by SCFAs in both Ffar2™~ and WT mice.

Olfr78 was expressed in the smooth muscle layer of the
distal colon, but showed no diurnal fluctuations. Interest-
ingly, Olfr78 mRNA expression did show diurnal fluctua-
tions in the proximal colon, peaking when faecal SCFA
concentrations and Ffar3 mRNA expression were minimal.
OLFR78 and FFAR3 have previously been shown to coop-
erate in small resistance vessels to maintain blood pressure.
Activation of FFAR3 by low concentrations of propionate
induced a hypotensive response, while activation of
OLFR78, which is activated at higher concentrations of
propionate, induced a hypertensive response.”® It would be
interesting to investigate whether FFAR3 and OLFR78
show a similar interplay in the diurnal regulation of colon
contractility.

Colonic contractile responses and faecal output have
been shown to display diurnal fluctuations.”® However,
we neither found rhythmicity in excitatory neural responses
nor in acetylcholine-induced smooth muscle contractions.
The observed diurnal inhibitory effect of SCFAs is there-
fore not caused by rhythmic changes in muscarinic receptor
expression or diurnal release of excitatory neurotransmit-
ters.

Our findings confirm the presence of a circadian clock
system in the smooth muscle layer of the distal colon, since
expression of the core clock gene Bmall showed clear
diurnal rhythmicity. We showed that genetic deletion of
Bmall abolished rhythmicity of microbial SCFA levels,
Ffar3 mRNA expression and the inhibitory effect of

SCFAs on cholinergic excitatory responses, demonstrating
that an intact circadian clock system is necessary to main-
tain rhythmicity in faecal SCFA concentrations and their
functional effects.

In addition, the mRNA expression of Ppara, a known
integrator of signals of the circadian clock and the micro-
biota, also showed a diurnal rhythm that was abolished in
Bmall™ mice. Since Ppara mRNA expression was mini-
mal at the peak of Ffar3 mRNA expression, it would be
interesting to investigate whether SCFAs produced by the
microbiota inhibit Ppara mRNA expression through the
activation of FFAR3. In turn, changes in PPARa might
regulate Ffar3 expression by affecting the competitive
binding of the clock components RORa and REVERB«
for which the Ffar3 promotor has a binding site.”” How-
ever, this is only one of the putative hypotheses and other
clock genes or integrators of the clock and the microbiota
might be involved as well.

Deletion of Bmall, a non-redundant and essential circa-
dian clock component, not only disrupts the host's circadian
clock, but also disrupts the diurnal rhythm in food intake
present in WT mice (peak between ZT 16-20).'*37 There-
fore, it remains to be determined whether disrupted oscilla-
tions in faecal microbiota'® and the disrupted rhythmicity
of microbial SCFA levels in Bmall™~ mice is the result of
the altered feeding pattern due to clock disruption.
Restricted feeding of arrhythmic Perl/2~~ mice in the dark
or light phase restored diurnal patterns in microbiota.'?
However, mice subjected to constant intravenous parenteral
nutrition still showed diurnal fluctuations in microbiota,
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despite significant changes in microbial community compo-
sition.'” Hence, it seems likely that a combination of both
the circadian clock and feeding time regulate the rhythm in
microbiota and possibly in microbial SCFA levels.
Although several animal studies confirm that SCFAs
can influence colon contractility,'’ > SCFAs were shown
to have no effect on colon motility in humans.*'** How-
ever, all studies were performed during the day, the active
feeding phase in humans. Our findings showed that in
mice, faecal SCFA concentrations and the effects of SCFAs
on colon contractility were maximal during the day, the
resting phase in mice. It seems plausible that in humans
effects would also be maximal during their resting phase,
and therefore minimal during the day. Further studies
should therefore be aware of possible time-dependent

Concentration SCFA mix (mmol/L)

excitatory response of circular smooth
muscle strips of the distal colon at ZT 4
and 16 in WT and Bmall ™~ mice (N = 6-8
mice, n = 17-24 strips per time point and
genotype). E, Inhibitory effect of

100 mmol/L of the SCFA mix on the EFS-
induced response of circular smooth muscle
strips of the distal colon at ZT 4 and 16 in
WT and Bmall™~ mice (N = 6-8 mice,

n = 17-24 strips per time point and
genotype). Two-way analysis of variance
was used to compare different ZTs and
genotypes, followed by planned
comparisons. *P < 0.05, P <0.01,

P < 0.001

effects of SCFAs and should consider testing at a time
point when faecal SCFA concentrations are expected to be
high, since SCFA receptor expression might only be upreg-
ulated during this time period.

It remains to be determined whether SCFA receptors
expressed at multiple sites in the body such as white adi-
pose tissue, immune cells and enteroendocrine cells show
diurnal fluctuations.>® Furthermore, our study raises the
question whether circadian clock disruption by, for exam-
ple, shift work or frequent flying, disrupt rhythms in SCFA
receptor expression, as we observed in Bmall ~/~ mice, and
might be responsible for some of the symptoms observed
in this population.”"

In conclusion, this study shows that inhibition of
colonic motility by SCFAs shows a clear diurnal rhythm
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that peaks during the resting phase, possibly regulated by
the diurnal levels of microbial SCFAs that in turn
coordinate the rhythm of Ffar3 expression in the
myenteric plexus of the colon. Disruption of the circa-
dian clock system by deletion of the core clock gene
Bmall abolishes rhythmicity of microbial SCFA levels
and their downstream effects. It remains to be deter-
mined whether this is due to direct or indirect effects
via disruption of feeding rhythms by the disturbed circa-
dian clock.

4 | MATERIAL AND METHODS

4.1 | Materials

L-NAME hydrochloride and MRS 2500 were obtained
from Tocris (Abingdon, UK). Acetylcholine, atropine,
sodium acetate, sodium propionate and sodium butyrate
were purchased from Sigma Aldrich (St. Louis, MO).
SCFA mixtures were freshly prepared in Krebs buffer and
osmolarity was adjusted to 285 mOsm/L by modifying
NaCl concentrations.

4.2 | Mice

Wild type C57BL/6] mice were purchased from Janvier
Labs (Le Genest Saint Isle, France). Bmall™™ mice (gift
R. Lijnen, KU Leuven, Leuven, Belgium)39 were bred to
generate WT and Bmall ™'~ mice in the animal facility of
the KU Leuven and genotyped by PCR on total genomic
DNA from the ear. Mice were housed in a temperature-
controlled environment under a 12-hour/12-hour light/dark-
cycle (where ZT O is lights on by convention) and had
ad libitum access to chow and drinking water. All experi-
ments were approved by the Ethical committee for Animal

TABLE 1 Primers used in gRT-PCR

ACTA PHYSIOLOGICA Sl

Experiments of the KU Leuven and carried out in accor-
dance with the approved guidelines.

4.3 | Experimental design

C57BL/6J mice (male, age 12-15 weeks) were sacrificed over
the course of 24 hours at 4-hour intervals, unless otherwise
stated. Bmall™™ and their WT littermates (male, age 12-
15 weeks) were sacrificed at ZT 4 and 16. The faeces from
the distal colon was collected and processed for SCFA quan-
tification. The colon was divided into proximal and distal
colon and the mucosa was removed, after which 3 muscle
strips were cut along the circular axis of the proximal and dis-
tal colon for contractility studies. The remaining smooth mus-
cle tissue was stored in RNAlater (Qiagen, Hilden, Germany)
and processed for quantitative real-time PCR (qRT-PCR).

4.4 | Analysis of total SCFA concentrations
in faecal samples

Faecal samples (100 mg) were suspended in 1 mL of satu-
rated NaCl (36%) solution. An internal standard (50 pL 2-
ethylbutyric acid) was added and the samples were homoge-
nized using glass beads. SCFAs were extracted with ether
(3 mL) in the presence of H,SO,4 (150 pL). The ether layer
was collected and dried by Na,SO,4 (50 mg). Analysis was
done by gas chromatography-flame ionization detector (Agi-
lent, Santa Clara, CA), with an injection volume of 0.5 pL.
The resulting chromatograms were processed using the Xcal-
ibur software (Thermo Fischer Scientific, Waltham, MA).

4.5 | Quantitative real-time PCR

Total RNA was isolated using the RNeasy Fibrous Tissue
Mini Kit (Qiagen) and reverse transcribed to cDNA using

Reverse primer

Gene Forward primer

p-actin GATCTGGCACCACACCTTCTAC
Bmall CGTTTCTCGACACGCAATAGAT
Ffar2 CCCTGTGCACATCCTCCTGC

Ffar3 TGTCCAATACTCTGCATCTGT
Hcar2 GCACAACCAGAAGTATTCCAG
Hmbs CTGAAGGATGTGCCTACCATAC
Olfr78 GCTAAGACCAAACAGATCAGAAC
Ppara CTTCCCAAAGCTCCTTCAAAAA
Ppib GGAGATGGCACAGGAGGAAA
Reverba CCCTGGACTCCAATAACAACACA
Rora GAGGTATCTCAGTCACGAAG

Tbp AGGATGCTCTAGGGAAGAT

TGGATGGCTACGTACATGGCTG
TCCTGTGGTAGATACGCCAAAA
GCGTTCCATGCTGATGCCCG
AGGTCCGAAATGGTCAGGTT
CCAAATCGCCTCTCCAG
AAGGTTTCCAGGGTCTTTCC
GGTGATAGGATGGTAAGGGTC
CTGCGCATGCTCCGTG
CCCGTAGTGCTTCAGCTTGAA
GCCATTGGAGCTGTCACTGTAG
AACAGTTCTTCTGACGAGGACAGG
TGAATAGGCTGTGGAGTAAGT
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SuperScript I Reverse Transcriptase (Invitrogen, Carlsbad,
CA). qRT-PCR was performed using the Lightcycler 480
(Roche Diagnostics, Basel, Switzerland) with the Lightcy-
cler 480 Sybr Green I Master mix (Roche Diagnostics).
Primer sequences are shown in Table 1. Results were
expressed relative to the geometric mean of the normalized
expression’® of three stable housekeeping genes (Hmbs,
Ppib and Thp or p-actin), that did not show diurnal
rhythms in expression levels. To compare expression levels
of different genes, 27" values were used. To compare
time-dependent changes in expression levels of one gene,

—AA
2AAC yalues were used.

4.6 | In vitro contractility studies

Proximal and distal colonic smooth muscle strips freed
from mucosa (width: 2 mm, length: colon circumference)
were suspended along their circular axis in tissue baths
filled with Krebs buffer equilibrated with 5% CO,/95% O,.
Contractile responses were measured using an isometric
force transducer/amplifier (Harvard Apparatus, South Nat-
ick, MA) and analysed using the Windaq data acquisition
system and a DI-2000 PGH card (Dataq Instruments,
Akron, OH). After 30 minutes equilibration at optimal
stretch (0.25 g), strips were calibrated by inducing a maxi-
mal contraction with 0.1 mmol/L acetylcholine. The tension
of the strips was adjusted to % of the maximal contractile
response. This calibration step was repeated 3 times. Next,
neural responses were elicited by EFS applied via two par-
allel platinum rod electrodes using a Grass S88 stimulator
(pulse duration 0.5 ms, train duration 10 seconds, ampli-
tude 10 V, frequency 8 Hz). Each consecutive pulse train
was followed by a 90 seconds interval.

The EFS-induced responses were pharmacologically
characterized by adding a NO synthase inhibitor
(0.3 mmol/LL. L-NAME hydrochloride), P2Y,; receptor
antagonist (1 umol/L. MRS 2500) and muscarinic acetyl-
choline receptor antagonist (5 pmol/L atropine) cumula-
tively to the tissue baths. The tension (gF) for all
responses was corrected for the weight (g) and cross-sec-
tional area of the strip (mm?) and the average of the
area under the curve (AUC) for 12 consecutive on-con-
tractions was calculated.

The effect of SCFAs on neural responses was studied
in the presence of 0.3 mmol/L L-NAME and 1 pmol/L
MRS 2500, which generated stable excitatory on-contrac-
tions. Increasing concentrations (1-100 mmol/L) of a
SCFA mix (acetate, propionate and butyrate with a molar
ratio of 3:1:1) were successively added to the tissue bath
every 10 minutes. The average AUC for six consecutive
on-contractions was calculated and expressed relative to
the average AUC of the on-contractions before addition
of SCFAs.

4.7 | Statistical analysis

Results are presented as mean + SEM. Diurnal rhythm
analysis was performed using the free Cosinor software
(version 3.1, R. Refinetti, Boise State University, Boise,
ID, USA), which calculates the best-fitting cosine curve
for a data set using the cosinor procedure as described by
Nelson et al.*! Probability values for the best fitting
cosine curve are indicated as Posnor- A fixed period of
24 hours was chosen for all parameters, to allow phase
comparisons between parameters. Acrophases and bathy-
phases (the time point where the fitted cosine curve
reaches its maximum or minimum, respectively) of differ-
ent data sets were compared using non-linear regression
analysis (SAS Studio University Edition 9.4, SAS Institute
Inc., Cary, NC, USA). Data used for comparisons
between ZT 4 and 16 were assessed for normality of dis-
tribution. Since data obtained in WT and Bmall™~ mice
were distributed in a non-normal and/or non-homogeneous
manner, log-transformed data were used. Two-way analy-
sis of variance was used to compare different ZTs and
genotypes, followed by planned comparisons (Statistica
13; Statsoft, TIBCO Software Inc., Palo Alto, CA, USA).
Repeated measures analysis of variance, followed by
planned comparisons was used to compare the effects of
antagonists for neurotransmitters on the on-contractions
(Statistica 13). Significance was accepted at the 5% level.

ACKNOWLEDGMENTS

The authors thank Linda Nys and Greet Vandermeulen for
their skilful technical assistance.

CONFLICT OF INTEREST

None declared.

AUTHORS' CONTRIBUTION

AS, KV, JT and ID conceived and designed the experi-
ments. AS, LD and TT performed the experiments. AS,
LD, TT and ID analysed the results. AS and ID wrote the
manuscript. All authors reviewed the manuscript.

ETHICAL APPROVAL

Ethical Committee for Animal Experimentation of the KU
Leuven.

ORCID

Anneleen Segers
Inge Depoortere

http://orcid.org/0000-0002-6714-1209
http://orcid.org/0000-0002-0289-2175


http://orcid.org/0000-0002-6714-1209
http://orcid.org/0000-0002-6714-1209
http://orcid.org/0000-0002-6714-1209
http://orcid.org/0000-0002-0289-2175
http://orcid.org/0000-0002-0289-2175
http://orcid.org/0000-0002-0289-2175

SEGERS ET AL.

REFERENCES

L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Reppert SM, Weaver DR. Coordination of circadian timing in
mammals. Nature. 2002;418:935-941.

. Bunger MK, Wilsbacher LD, Moran SM, et al. Mop3 is an essen-

tial component of the master circadian pacemaker in mammals.
Cell. 2000;103:1009-1017.

. Vitaterna MH, King DP, Chang AM, et al. Mutagenesis and map-

ping of a mouse gene, Clock, essential for circadian behavior.
Science. 1994;264:719-725.

. Laermans J, Broers C, Beckers K, et al. Shifting the circadian

rhythm of feeding in mice induces gastrointestinal, metabolic and
immune alterations which are influenced by ghrelin and the core
clock gene Bmall. PLoS One. 2014;9:¢110176.

. Laermans J, Depoortere I. Chronobesity: role of the circadian sys-

tem in the obesity epidemic. Obes Rev. 2016;17:108-125.

. Kohsaka A, Laposky AD, Ramsey KM, et al. High-fat diet dis-

rupts behavioral and molecular circadian rhythms in mice. Cell
Metab. 2007;6:414-421.

. Pan A, Schernhammer ES, Sun Q, Hu FB. Rotating night shift

work and risk of type 2 diabetes: two prospective cohort studies
in women. PLoS Medicine. 2011;8:¢1001141.

. Karlsson B, Knutsson A, Lindahl B. Is there an association

between shift work and having a metabolic syndrome? Results
from a population based study of 27,485 people. Occup Environ
Med. 2001;58:747-752.

. Knutsson A, Boggild H. Gastrointestinal disorders among shift

workers. Scand J Work Environ Health. 2010;36:85-95.

Hung JS, Liu TT, Yi CH, Lei WY, Chen CL. Altered anorectal
function in rotating shift workers: Association with autonomic
dysfunction and sleep disturbance. Adv Digest Med. 2016;3:80-
87.

Nojkov B, Rubenstein JH, Chey WD, Hoogerwerf WA. The
impact of rotating shift work on the prevalence of irritable bowel
syndrome in nurses. Am J Gastroenterol. 2010;105:842-847.
Thaiss CA, Zeevi D, Levy M, et al. Transkingdom control of
microbiota diurnal oscillations promotes metabolic homeostasis.
Cell. 2014;159:514-529.

Liang X, Bushman FD, FitzGerald GA. Rhythmicity of the
intestinal microbiota is regulated by gender and the host circadian
clock. Proc Natl Acad Sci USA. 2015;112:10479-10484.
Zarrinpar A, Chaix A, Yooseph S, Panda S. Diet and feeding pat-
tern affect the diurnal dynamics of the gut microbiome. Cell
Metab. 2014;20:1006-1017.

Leone V, Gibbons SM, Martinez K, et al. Effects of diurnal varia-
tion of gut microbes and high-fat feeding on host circadian clock
function and metabolism. Cell Host Microbe. 2015;17:681-689.
Tahara Y, Yamazaki M, Sukigara H, et al. Gut microbiota-
derived short chain fatty acids induce circadian clock entrainment
in mouse peripheral tissue. Sci Rep. 2018;8:1395.

Cherbut C, Aube AC, Blottiere HM, Galmiche JP. Effects of
short-chain fatty acids on gastrointestinal motility. Scand J Gas-
troenterol Suppl. 1997;222:58-61.

Dass NB, John AK, Bassil AK, et al. The relationship between
the effects of short-chain fatty acids on intestinal motility in vitro
and GPR43 receptor
2007;19:66-74.
Fukumoto S, Tatewaki M, Yamada T, et al. Short-chain fatty
acids stimulate colonic transit via intraluminal 5-HT release in

activation. Neurogastroenterol Motil.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

ACTA PHYSIOLOGICA St

rats. Am J Physiol Regul Integr Comp Physiol. 2003;284:R1269-
R1276.

Hurst NR, Kendig DM, Murthy KS, Grider JR. The short chain
fatty acids, butyrate and propionate, have differential effects on
the motility of the guinea pig colon. Neurogastroenterol Motil.
2014;26:1586-1596.

Jouet P, Moussata D, Duboc H, et al. Effect of short-chain
fatty acids and acidification on the phasic and tonic motor
activity of the human colon. Neurogastroenterol Motil. 2013;
25:943-949.

Gorbatchef C, Jouet P, Coffin B, et al. Effects of short-chain fatty
acids on the phasic and tonic motor activity in the unprepared colon
of healthy humans. Gastroenterology. 1998;114:A756-A756.
Kamath PS, Phillips SF, O'Connor MK, Brown ML, Zinsmeister
AR. Colonic capacitance and transit in man: modulation by lumi-
nal contents and drugs. Gut. 1990;31:443-449.

Coffin B, Lemann M, Flourie B, Jouet P, Rambaud JC, Jian R.
Local regulation of ileal tone in healthy humans. Am J Physiol.
1997;272:G147-G153.

Nohr MK, Pedersen MH, Gille A, et al. GPR41/FFAR3 and
GPR43/FFAR2 as cosensors for short-chain fatty acids in
enteroendocrine cells vs FFAR3 in enteric neurons and FFAR?2 in
enteric leukocytes. Endocrinology. 2013;154:3552-3564.
Fleischer J, Bumbalo R, Bautze V, Strotmann J, Breer H. Expres-
sion of odorant receptor OIfr78 in enteroendocrine cells of the
colon. Cell Tissue Res. 2015;361:697-710.

Thangaraju M, Cresci GA, Liu K, et al. GPR109A is a G-pro-
tein-coupled receptor for the bacterial fermentation product buty-
rate and functions as a tumor suppressor in colon. Cancer Res.
2009;69:2826-2832.

Pluznick JL, Protzko RJ, Gevorgyan H, et al. Olfactory receptor
responding to gut microbiota-derived signals plays a role in renin
secretion and blood pressure regulation. Proc Natl Acad Sci USA.
2013;110:4410-4415.

Mukherji A, Kobiita A, Ye T, Chambon P. Homeostasis in
intestinal epithelium is orchestrated by the circadian clock
and microbiota cues transduced by TLRs. Cell. 2013;153:
812-827.

Hoogerwerf WA, Sinha M, Conesa A, et al. Transcriptional pro-
filing of mRNA expression in the mouse distal colon. Gastroen-
terology. 2008;135:2019-2029.

Rooks MG, Garrett WS. Gut microbiota, metabolites and host
immunity. Nat Rev Immunol. 2016;16:341.

Kaji I, Akiba Y, Furuyama T, et al. Free fatty acid receptor 3
activation suppresses neurogenic motility in rat proximal colon.
Neurogastroenterol Motil. 2018;30:e13157.

Mitsui R, Ono S, Karaki S, Kuwahara A. Neural and non-
neural mediation of propionate-induced contractile responses
in the rat distal colon. Neurogastroenterol Motil. 2005;17:585-
594.

Cherbut C, Ferrier L, Roze C, et al. Short-chain fatty acids mod-
ify colonic motility through nerves and polypeptide YY release
in the rat. Am J Physiol. 1998;275:G1415-G1422.

Rao S, Sadeghi P, Beaty J, Kavlock R, Ackerson K. Ambulatory
24-h colonic manometry in healthy humans. Am J Physiol Gas-
trointest Liver Physiol. 2001;280:G629-G639.

Hoogerwerf WA, Shahinian VB, Cornélissen G, et al. Rhythmic
changes in colonic motility are regulated by period genes. Am J
Physiol Gastrointest Liver Physiol. 2010;298:G143-G150.



=Ll A “TA PHYSIOLOGICA

37.
38.
39.
40.

41.

SEGERS ET AL.

Laermans J, Vancleef L, Tack J, Depoortere I. Role of the clock
gene Bmall and the gastric ghrelin-secreting cell in the circadian
regulation of the ghrelin-GOAT system. Sci Rep. 2015;5:16748.
Kasubuchi M, Hasegawa S, Hiramatsu T, Ichimura A, Kimura I.
Dietary gut microbial metabolites, short-chain fatty acids, and
host metabolic regulation. Nutrients. 2015;7:2839-2849.
Hemmeryckx B, Himmelreich U, Hoylaerts MF, Lijnen HR.
Impact of clock gene Bmall deficiency on nutritionally induced
obesity in mice. Obesity. 2011;19:659-661.

Vandesompele J, De Preter K, Pattyn F, et al. Accurate normalization
of real-time quantitative RT-PCR data by geometric averaging of
multiple internal control genes. Genome Biol. 2002;3:research034.
Nelson W, Tong YL, Lee JK, Halberg F. Methods for cosinor-
rhythmometry. Chronobiologia. 1979;6:305-323.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Segers A, Desmet L, Thijs
T, Verbeke K, Tack J, Depoortere I. The circadian
clock regulates the diurnal levels of microbial short-
chain fatty acids and their rhythmic effects on colon
contractility in mice. Acta Physiol. 2018;e13193.
https://doi.org/10.1111/apha.13193



https://doi.org/10.1111/apha.13193

