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Abstract

Background: Lactulose is a laxative which accelerates transit and softens stool. Our
aim was to investigate its mechanism of action and use this model of diarrhea to in-
vestigate the anti-diarrheal actions of ondansetron.

Methods: A double-blind, randomized, placebo-controlled crossover study of the ef-
fect of ondansetron 8 mg in 16 healthy volunteers. Serial MRI scans were performed
fasted and 6h after a meal. Participants then received lactulose 13.6g twice daily
and study drug for a further 36h. On Day 3, they had further serial MRI scans for
4h. Measurements included small bowel water content (SBWC), colonic volume, co-
lonic gas, small bowel motility, whole gut transit, and ascending colon relaxation time
(T1AC), a measure of colonic water content.

Key Results: Lactulose increased area under the curve (AUC) of SBWC from O to
240 min, mean difference 14.2L-min (95% Cl 4.1, 24.3), p=0.009, and substantially
increased small bowel motility after 4h (mean (95% Cl) 523 (457-646) a.u. to 852
(771-1178) a.u., p=0.007). There were no changes in TIAC after 36h treatment.
Ondansetron did not significantly alter SBWC, small bowel motility, transit, colonic
volumes, colonic gas nor T1AC, with or without lactulose.

Conclusion & Inferences: Lactulose increases SBWC and stimulates small bowel
motility; however, unexpectedly it did not significantly alter colonic water con-
tent, suggesting its laxative effect is not osmotic but due to stimulation of motility.
Ondansetron's lack of effect on intestinal water suggests its anti-diarrheal effect is

not due to inhibition of secretion but more likely altered colonic motility.

Abbreviations: 5-HT, 5-hydroxytryptamine (serotonin); SHT,RA, 5-hydroxytryptamine receptor 3 antagonist; ANOVA, analysis of variance; AUC, area under the curve; b.d., twice daily;
Cl, confidence interval; ECG, electrocardiogram; FODMAP, fermentable oligo-, di-, mono-saccharides and polyols; GPR, G protein coupled receptor; IBS, irritable bowel syndrome;
IBS-D, diarrhea-predominant irritable bowel syndrome; IMP, investigational medicinal product; MRI, magnetic resonance imaging; ROI, region of interest; SBWC, small bowel water
content; SCFA, short chain fatty acids; t.d.s., three times daily; TLAC, T1 of the ascending colon; WAPS, weighted average position score.

Clinical Trial Registry: clinicaltrials.gov NCT03833999.
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1 | INTRODUCTION

The British National Formulary describes Lactulose as an “osmotic
laxative,” a class of laxatives that are thought to soften stool by in-
creasing the amount of water in the large bowel.! This conclusion is
based on studies which used very large doses (up to 180g equivalent
to 526 mosmoles). These showed that at such high doses, the watery
stools contained substantial amounts of lactulose. However at the
normal clinical doses of 10-20g (29-58 mosmoles), it induces laxa-
tion with a very low incidence of liquid stools,? something which has
never been adequately explained.

Lactulose is a synthetic disaccharide, 4-O-p-D-galactopyran
osyl-D-fructofuranose, resistant to human digestive enzymes as
confirmed by ileostomy studies showing that it passes unaltered
through the small intestine.® It has a molecular weight of 342, mean-
ing that the usual clinical dose of 10-20g (29-58 mosmols) exerts
an osmotic effect in the permeable small intestine, predicted to re-
quire 100-200mL to create a solution isosmotic to interstitial fluid
(290mosomol/L). In addition, the very low Na* content will create a
steep electrochemical gradient causing Na™ and water influx from
interstitial fluid into the small bowel increasing the water content
still further.*? However, the colon is able to absorb up to 5L of sa-
line over 24h,% so such a small increase in fluid input into the colon
would not be expected to cause laxation unless there was some
other effect. Intubation studies show that orally ingested lactulose
appears in the cecum within 1h of oral ingestion. Its cecal concen-
tration peaks at 2 h associated with the appearance of fermentation
products including lactic acid and a fall in cecal pH, with maximal
effectat 4h.”

Recent studies using magnetic resonance imaging (MRI) have
made it possible to demonstrate that, when given as 10g in 200mL
with no nutrient, it does indeed increase small bowel water con-
tent >twofold but its impact on large bowel water content was not
assessed.®

We wanted to further understand the mode of action of
lactulose-induced loose stools as a possible model of irritable bowel
syndrome with diarrhea (IBS-D). We used doses of lactulose we
had previously used and knew would cause moderate but not unac-
ceptable diarrhea.??'® We were also interested to see whether the
5-hydroxytryptamine receptor 3 antagonist (5SHT,RA) ondansetron
would attenuate lactulose's effect, since it is known to benefit IBS-
D, reducing urgency and loose stools associated with a slowing of
left sided colonic transit.!!

Serotonin (5-HT) mediates intestinal secretion acting via 5-HT,
receptors in several diarrheic diseases including cholera and rota-
virus diarrhea which can be blocked by 5HT3RAs.12 These can also
block the meal evoked stimulation of pancreatic secretions.’® The
effect on motility varies by species but human studies suggest 5-HT,

Key Points

e Lactulose, given at the normal therapeutic dose of 13.5
g twice daily, increases small bowel water content and
stimulates small bowel motility but does not increase
colonic water.

e Thus its laxative effect is most likely due to stimulation
of gut motility rather than its osmotic effect.

e Ondansetron 8 mg twice daily did not alter intestinal
water in this model of diarrhoea.

agonists and antagonists alter both small bowel** and colonic motil-
ity'>1¢ making it unclear whether the benefit of 5HT;RAsinIBS-Dis
due to alterations in motility, sensation, or secretion.

The aims of this study were therefore to determine how lactu-
lose induces loose stools, and if ondansetron could inhibit postpran-
dial secretions and/or reduce the laxative effect of lactulose. We
tested these hypotheses by means of a randomized, double blinded,
placebo-controlled clinical trial of ondansetron 8 mg three times daily
(t.d.s.) in healthy subjects who we studied both before and during the
consumption of therapeutic doses of lactulose 20 mL twice daily (b.d.).

2 | MATERIALS AND METHODS
2.1 | Trial design

This was a double-blind, two-period, two-treatment crossover trial
of ondansetron (8 mg/tablet) versus placebo and lactulose. The trial
was prospectively registered on clinicaltrials.gov (NCT03833999),
approved by the University of Nottingham Faculty of Medicine &
Health Sciences Research Ethics Committee (reference 85-1807),
and conducted according to Good Clinical Practice guidelines. There
were no changes to the protocol.

2.2 | Healthy volunteers

Healthy volunteers were recruited by general advertisement on
social media and University of Nottingham campuses. Eligible par-
ticipants were aged 18 or older and able to give informed consent.
Exclusion criteria were pregnancy or breast feeding; pre-existing
gastrointestinal disorder; prior abdominal surgery other than ap-
pendectomy or cholecystectomy; congenital long QT syndrome or
prolonged QTc on screening ECG; contraindication to MRI scan-
ning; inability to lie flat or exceed scanner limits of weight (120kg);
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inability to stop drugs known to alter Gl motility; participation in
night shift work in the week prior to the study; being in another trial

or being in the opinion of the investigator otherwise unsuitable.

2.3 | Randomization

All participants participated in both study arms, the order of study
being randomized using the online program www.randomization.
com. Each study day was separated by at least 6days in order to
minimize carryover effects.

2.4 | Interventions

The investigational medicinal product (IMP) was either 8 mg ondanse-
tron (Milpharm) or placebo, both over-encapsulated by the Pharmacy
Production Unit at Nottingham University Hospitals NHS Trust so
that they were identical in appearance. Lactulose (Teva, UK) was pro-
vided as lactulose syrup 13.6g/20mL. Participants drank 300 mL of
Fortisip (Nutricia, UK) and 150 mL water as a meal substitute. This is a
nutritionally complete milkshake style supplement, 300mL contain-
ing 450kcal, 18 g protein, 55.2 g carbohydrate, and 17.4 g fat similar to

meals previously used to stimulate gut motility.”*¢

2.5 | Study protocol

The study was comprised of two 3-day periods, taking either on-
dansetron or placebo in random order with a washout period of
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at least 6 days (see Figure 1). Participants attended visit 1 where
informed written consent was obtained and they were screened
against the inclusion and exclusion criteria. This included a 12-
lead ECG, MRI safety screening questionnaire, height, weight,
smoking history, past medical history, and current medications.
For 24 h prior to their attendance at visit 2 (Day 1), they were
instructed to eat their usual diet but avoid alcohol and beans or
pulses, not to engage in strenuous exercise, nor to change their
usual smoking habit. On the morning of visit 2 fasted, partici-
pants attended the Sir Peter Mansfield Imaging Centre (SPMIC)
at the University of Nottingham. Once consent and MRI safety
had been re-confirmed, they underwent a fasted scan (see
Data S1 for MRI scanning details). Participants were then given
one IMP (either placebo or 8 mg ondansetron) with 50 mLs water
and a meal comprised of 300mLs Fortisip and 150 mLs water,
then had a second MRI scan (T=0). Further scans occurred 2, 4,
and 6 h after the meal. At the end of the study day, participants
consumed 20 mLs lactulose and one IMP and were asked to take
a further IMP that evening at home. The following day (Day 2),
the study was continued in participants' homes. There they con-
sumed their usual meals while following the same dietary re-
strictions and lifestyle rules as prior to visit 2. Additionally, they
also consumed 13.6 g lactulose in 20 mLs twice daily, IMP three
times daily and 5 MRI marker pills*®> at 8 p.m. On the third day
(Day 3), they returned to SPMIC for visit 3. Compliance and MRI
safety was re-confirmed; then, participants had a fasted scan
where the position of the transit markers was assessed. A dose
of IMP with 50mLs water, 20mL lactulose and the same meal
as visit 2 was consumed, followed by MRI scans at 0, 120, and
240 min.

(A) Marker pills Marker pills
Day 1 Day 2 6 day washout Day 1 Day 2 Day 3
_________ - oy ___I_.
| Lactulose | Lactulose
Recruitment and
randomisation
Marker pills Marker pills
Day 1 Day 2 Day 1 Day 2 Day 3
I Lactulose I Lactulose
(B)
Day1
IMP Meal
MRI scans: Fasted T=0 T=120 T=240 T=360
Day 3
Lactulose & IMP Meal
MRI scans: Fasted T=0 T=120 T=240

FIGURE 1 Schedule of study events: (A) for the whole study and (B) for each MRI scan day. IMP, investigational medicinal product.
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2.6 | Endpoints

The primary endpoint was area under the curve from time 0-240 min
(AUC, ,,,) of small bowel water content (SBWC, mL:min) on visit 3
(Day 3).

Secondary endpoints were AUC,, ,,, of SBWC on visit 2 (Day 1);
T1 relaxation time in the ascending colon (T1AC, s) fasted and at the
end of study days; small bowel motility index (arbitrary units, a.u.)
2 and 4h postprandially; whole gut transit rate on visit 3, assessed

by weighted average position score (WAPS)'; colonic volumes (mL)
fasted and at 4 h; colonic gas (mL) at 4 h; and gastric volume at 2h to

confirm passage of meals into the small bowel.

2.7 | Dataanalysis

All image analysis was performed blind to the intervention received.

2.8 | Small bowel water content

SBWC was measured as previously validated,?°

using in house soft-
ware written in IDL (Research Systems Inc. Boulder, Colorado, USA).
For each image slice at each time point, a region of interest (ROI) was
drawn around the small bowel, and structures such as blood ves-
sels, bladder, and gall bladder were excluded. Any pixel with signal
intensity above a calculated threshold (set by the subject's cerebral
spinal fluid) in the heavily T2-weighted images was assumed to be

filled with free water.

2.9 | Small bowel motility

All motility data were processed as previously described.?! Briefly,
free breathing MRI data were processed to correct for respiratory
motion?? before applying the nonlinear optic flow registration®® to
correct local deformation caused by bowel wall motion and luminal
flow. An ROl was then demarcated around any visible small bowel
on each coronal image on MATLAB-based software (MathWorks,
Natick, MA). For each pixel in the registered dataset, a power spec-
trum of the intensity changes across the time series (smoothed using
a running average of 5 pixels to reduce noise) was calculated and
then summed across all frequencies. This metric is termed the total
power and is measured in arbitrary units (a.u.) reflecting small bowel
motility, both in terms of segmental oscillations and bolus movement
of contents. A larger total power motility index represents higher
small bowel motility.

2.10 | Whole gut transit rate

The effect of ondansetron on whole gut transit was assessed using
the Weighed Average Position Score (WAPS) of the MRI marker

capsules. We have previously validated the use of such marker pills to
measure transit and found they correlate well with values obtained
using the standard radio-opaque marker technique.19 We modified
this method by having the subjects take the marker 12h rather than
the conventional 24 h before the MRI scan because, if transit is rapid
as we expected with lactulose, the marker technique can fail if all the
markers have left the body by the time the scan takes place. Dosing
12h before assessing markers has been validated with the radio-
opaque marker technique and shown to work well for those with
fast transit.?* From the fasted set of MRI images on visit 3, a transit
score was calculated by subdividing the bowel into eight sections
and each capsule was scored according to its position in the colon. A
weighting factor was calculated for each capsule depending on the
difference of the capsule score from the median capsule score as

previously described."?

2.11 | Colonic volume and gas

Regional colonic volumes were manually drawn on each coronal
image slice at each time point using Analyze9™ software (Mayo
Foundation, Rochester, MN, USA), building a 3D representation of
the colon from which the volume was derived, as previously de-
scribed.?® Custom written software (IDL®; Research Systems Inc)
was used to assess for colonic gas.?®

2.12 | Ascending colon T1

T1 is a time constant describing the speed at which protons realign
with the static magnetic field after being perturbed by energy from
a radiofrequency pulse applied as part of the MR scan sequence.?’
It depends on the physico-chemical makeup of the tissue as well as
temperature, pH and the strength of the main static magnetic field.
T1is related to water mobility in a U-shaped curve: liquid water has
along T1 at 3-4s, and ice also has a long T1 (>4s),?8 but intermedi-
ate biological tissues have a shorter T1 (e.g., fat has a T1 of around
380ms, liver 810ms, renal cortex 1150 m529).

The longitudinal relaxation time T1 was measured in the as-
cending colon using a single slice inversion recovery balanced
turbo field echo sequence with a preparatory 180° inversion
pulse applied before acquiring the imaging data as previously de-
scribed.®® Eight different inversion times were acquired (range
0.1-55).

2.13 | Statistical methods

Symmetrical data are represented by mean (SD) and non-
symmetrical data by median (IQR). All statistical analysis was per-
formed using Graphpad Prism version 8.2.1 or later for Windows
(Graphpad Software, La Jolla California USA). Data were tested
for normality using the D'Agostino & Pearson normality test;
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then, the paired t-test was used for parametric data; and the
Wilcoxon test was used for nonparametric data. End point differ-
ences between ondansetron and placebo, and placebo with and
without lactulose were assessed in this way. Two-way ANOVA
was used to test differences in small bowel motility between
study arms.

2.14 | Sample size and justification

Previous studies using the same scanning technique have shown
the AUC SBWC 0-4h to be mean (SD) 252(105) L'min after ispa-
ghula 7.5g. We expect lactulose 20mL to at least double SBWC
as shown by others.® Using n=12 would give us >99% power to
detect the effect of lactulose. The magnitude of the ondansetron
effect on SBWC is unknown but it does produce a >50% change
in transit time.!* Using n=16 would give us 80% power to detect
a change of 79L:min in AUC SBWC comparing ondansetron to
placebo which represents a 31% change, usually taken to be the
minimally important difference in many motility parameters. We
aimed to recruit up to 20 participants in order to gather at least 16

complete data sets.

3 | RESULTS

Sixteen participants completed the study, 11 female, mean age 22
(range 20-33), BMI 23kg/m? (SD 3.3). Although there was some
increase in reported flatulence and loose stools, no subject had to
reduce their lactulose dose.

3.1 | Effect of lactulose

Prefeeding lactulose for 2 days did not significantly increase fast-
ing small bowel water (Day 1 vs. Day 3) in participants taking
placebo. The mean difference (Day 3 - Day 1 values) between
fasting SBWC was 27mL (95% Cl -4, 57), p=0.057. However,
lactulose did significantly increase postprandial SBWC AUC, ,,,
on study Day 3 compared to Day 1 (mean difference 14.2L-min
(95% Cl 4.1, 24.3), p=0.009; see Figure 2). This equates to an
increase on average of 58 mL which represents an approximately
60% increase over fasting values. Small bowel motility was
also significantly increased after lactulose, from mean 523a.u.
(95% Cl 457-646) at baseline to 852a.u. (95% Cl 771-1178) at
4h (p=0.007). Two-way ANOVA demonstrated a significant
effect of lactulose (DF=1, F=16.0, p=0.0001) but not time
(DF=2, F=1.4, p=0.26) on small bowel motility (see Figures 3
and 4). Despite increased SBWC and motility there was no ef-
fect on fasted T1AC (mean difference 0.07s (95% CI -0.16, 0.31),
p=0.72, see Figure 5), colonic gas, ascending colonic volume nor

total colonic volume (see Table 1).
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FIGURE 2 Effect of lactulose on postprandial small bowel water
content (SBWC). Area under the curve analysis demonstrates a
significantly greater SBWC for placebo with lactulose than placebo
alone (43.3 [25.0] L-min vs. 29.7 [16.9] L-min, p=0.0078).

3.2 | Effect of ondansetron

Colonic volume, SBWC, and T1AC were unchanged by ondanse-
tron compared to placebo (p=0.9, 0.71 and 0.37, respectively; see
Table 2). There was no evidence of alteration in gastric emptying,
gastric volumes at 2h did not differ (p=0.37), and small bowel
motility at 2 h and 4h likewise was not different (p=0.9 and 0.34
respectively). Colonic gas, for both ondansetron and placebo, was
negligible at less than 5mLs.

Similarly, after 36h of lactulose and ondansetron or placebo
(Day 3), ondansetron did not significantly alter the primary endpoint
SBWC nor any of the secondary endpoints (T1AC; gastric volume,
small bowel motility nor whole gut transit as assessed by WAPS).
Mean total colonic volumes and colonic gas were lower on ondanse-
tron but owing to wide variability these differences could have been

due to chance (see Table 3).

3.3 | Effect on colonic motility

Although we did not acquire full motility sequences for the colon,
some of the cine images taken for small bowel motility also captured
mass movements of the transverse and descending colon shortly
after ingestion of the test meal and placebo with lactulose (see
Videos S1 and S2).

4 | DISCUSSION

Our study differs from previous studies examining the role of os-
motic forces in lactulose-induced diarrhea in using clinically relevant
doses, which produce stool softening but not profuse watery stools.
As others have reported using 10g of lactulose in 200mL of water,”
small bowel water content increased modestly. The osmotic load
we gave of 40 mosmoles would be predicted to require 138 mL to
generate a solution isotonic to the interstitial fluid in the gut mu-

cosa. Additionally, we would expect the low Na* concentration to
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300 a.u.
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power spectrum

FIGURE 3 Comparison of small bowel motility 240 min after a meal, having taken (A) placebo only, and (B) placebo and 20 mL lactulose
three times daily for 36 h. In (A), most areas of small bowel remain blue while in (B) small bowel is shaded in red, indicating increased power
measured in arbitrary units [a.u.] signifying movement throughout the small bowel. Motility method is sensitive to flow of fluid and wall
motion. This can be seen in the bladder on image A where flow is produced by urine entering the bladder from the ureter.’’

1500
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Small bowel motility
total power (a.u.)
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FIGURE 4 Effect of lactulose on postprandial small bowel
motility (in total power, arbitrary units [a.u.]). Two-way ANOVA
demonstrated a significant effect of lactulose (DF =1, F=16.0,
p=0.0001) but not time (DF =2, F=1.4, p=0.26) on motility.
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FIGURE 5 Relative time courses of T1 (in seconds) in the
ascending colon (mean 95% Cl) fasting and after taking the placebo
following 36 h of lactulose, demonstrating no significant difference.

cause intestinal secretion down the electrochemical gradient.* We
actually observed that 13.6 g lactulose increases SBWC AUC, ,,, by
14.2 L:min representing an average increase of 59 mL, considerably
less than the 291 mL for IBS patients and the 145mL increase for
healthy controls reported by Undseth.® This difference most likely is
due to the fact that Undseth gave lactulose alone while we wanted
to study the effect of lactulose when given as it is in clinical practice,
that is, combined with normal food intake. The Fortisip we used is
a simple mixed nutrient meal which includes simple sugars and pro-

teins whose rapid digestion and absorption would stimulate water

absorption and thus reduce SBWC. The increase observed would be
on its own unlikely to cause symptoms although the much larger in-
creases (mean of 236 mL) which have been observed after fructose
40g°%! did correlate with symptoms of gas, bloating, discomfort, and
diarrhea. It is worth noting that patients with irritable bowel syn-
drome and diarrhea who have accelerated small bowel transit have
reduced postprandial SBWC,% so the modest increase we observed
with lactulose may in part reflect an acceleration of transit with
transfer of content into the colon which would tend to lower SBWC.

The persistent 60% increase in small bowel motility after lact-
ulose from baseline to 4h compared with the fall for placebo arm
is distinct from other studies which show a shorter lived increase
immediately after meal intake followed by a fall to baseline by 4h2
It should be noted that different scanners and field strength used
by Khalaf et al.?! mean that the numerical values cannot be directly
compared.

What causes this persistent increase in small bowel motility with
lactulose is uncertain. Although it could be a response to bowel dis-
tension, known to produce propulsive motility in both humans®® and
animals,®* the increase in SBWC seen with lactulose is very modest
compared to the fourfold increase seen after the osmotic laxative,
Moviprep.®® It cannot be excluded that the stimulation is due to more
direct stimulation of motility by lactulose or, given the abundance of
facultative anaerobes in the distal small intestine, its fermentation
products such as short chain fatty acids.®® Our measurement cannot
distinguish between antegrade and retrograde movements but given
the known acceleration of transit induced by lactulose in previous
studies’ using similar dosage it seems likely that antegrade pressure
waves will be increased.

Human enterocytes lack the ability to hydrolyze lactulose so
it is not normally absorbed in the small bowel® and most passes
unchanged into the ascending colon along with the osmotically
“trapped” small bowel water. Once it enters the colon, prior studies
have shown it is rapidly anaerobically fermented with evolution of
hydrogen within 10 min®’ and short chain fatty acids within 60min.”
The novelty of our observation is that we have showed that the
speed of fermentation means that lactulose did not significantly
alter colonic water content as assessed by T1AC, neither acutely nor
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TABLE 1 Effect of lactulose 20mLs twice daily for 36 h on small bowel water content, small bowel motility and colonic volumes (Day 1 vs.

Day 3 on placebo).

Parameter Placebo

Fasted SBWC (median (IQR), mL)

SBWC AUC 0-240min (L-min)

Fasted T1AC (median (IQR), s)

Fasted ascending colon volume (median (IQR), mL)
Fasted total colonic volume (median (IQR), mL)
Colonic gas at 4h (mL)

Small bowel motility at 2h (a.u.)

Small bowel motility at 4h (median (IQR), a.u.)

506+241

Placebo and lactulose p value
92 (70-124) 133(81-203) 0.057
30+17 43+25 0.0078
0.55(0.47-0.79) 0.66 (0.37-1.08) 0.72
202 (144-323) 211 (156-260) 0.33
592 (474-671) 597 (438-775) 0.12
4+3 5+8 0.60
794225 0.02
523 (457-646) 852 (771-1178) 0.007

Note: Data are represented as mean+SD unless otherwise stated. p values <0.05 highlighted in bold.

Abbreviations: a.u., arbitrary units; AUC, area under the curve; SBWC, small bowel water content; TLAC, T1 of the ascending colon.

TABLE 2 Effect of ondansetron versus

placebo without lactulose (Day 1). Parameter Ondansetron Placebo p value
Gastric volume at 2h (mL) 94+32 107 + 64 0.37
SBWC AUC 0-240min (L-min) 28+24 30+16 0.71
Small bowel motility at 2h (a.u.) 528+234 505+223 0.48
Small bowel motility at 4h (a.u.) 738+380 630+226 0.34
T1ACat 6h (s) 0.51+0.14 0.59+0.27 0.37
Total colonic volume at 4h (mL) 498 +195 503+219 0.90

Note: Data are represented as mean+SD.

Abbreviations: a.u., arbitrary units; AUC, area under the curve; SBWC, small bowel water content;
T1AC, T1 of the ascending colon.

TABLE 3 Effect of ondansetron versus

. . P.
placebo while taking lactulose (Day 3). arameter

Gastric volume at 2h (mL)
SBWC AUC 0-240min (L-min)
Small bowel motility at 4h (a.u.)
T1AC fasted (median (IQR), s)

T1AC at 4h (s)
WAPS

Colonic gas (mL)

Total colonic volume fasted (mL)

Total colonic volume at 4h (mL)

Ondansetron Placebo p value
100+44 84+38 0.26
40+28 43+25 0.63
910+306 997 +466 0.62
0.64(0.46-0.91) 0.66(0.37-1.08) 0.84
0.66+0.21 0.68+0.21 0.76
25+24 27+27 0.63
5+3 7+9 0.43
507 +301 644+299 0.11
502+173 616+340 0.29

Note: Data are represented as mean +SD.

Abbreviations: a.u., arbitrary units; AUC, area under the curve; SBWC, small bowel water content;
T1AC, T1 of the ascending colon; WAPS, weighted average position score of MRI markers.

after repeated dosing. This is not due to lack of sensitivity of TIAC
since we have been able to show that another laxative psyllium,
given in therapeutic doses does increase this parameter.>® Short
chain fatty acids are known to be rapidly absorbed, co-transported
with Na* which would tend to reduce colonic water content.>? This
suggests that its undoubted laxative effect may be due to the stim-
ulatory effects of products of fermentation on the small bowel and
colon rather than increasing colonic water. We found no evidence
that lactulose, when given with a nutrient meal, increased colonic

gas though it would undoubtably have increased breath hydrogen.
Earlier studies have shown that after 15 g of lactulose around 65% of
hydrogen is excreted in breath with the remained being excreted as
flatus.*® The lack of increase in colonic gas we presume reflects both
efficient absorption and excretion in the breath of the hydrogen
generated together with an accelerated excretion as flatus, though
we did not measure this.

Lactulose is also a prebiotic, stimulating the growth of a range
of bacteria including Bifidobacteria** which will also contribute to
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its laxative effect though the relative importance of increased water
versus bacterial mass has not been evaluated.

It is worth noting that patients with IBS-D have faster underlying
transit and hence inadequate time to ferment poorly absorbed small
molecules such as fructose, so in such patients increased colonic
water driven by osmotic load might contribute to loose stools. This
could be a fruitful area for future research.

We have previously performed a study using a true osmotic lax-
ative, mannitol with half the molecular weight of lactulose (182 dal-
tons) in which we gave 17 g of mannitol providing 93mosmol, over
twice the 40mosmol of lactulose in the current study. The larger
mannitol stimulus without the Fortisip meal increased SBWC to over
400mL, and at this larger dose, we did see an increase in ascend-
ing colonic water content indicating that there is a threshold of fluid
delivered to the ascending colon which, if exceeded, will increase
colonic water.*?

Although our scanning sequences were not designed to system-
atically detect mass movements, we did observe some after lactulose
(see Videos S1 and S2). These infrequent but substantial movements
are unlike the normal mixing movements seen in the colon and repre-
sent movement of the entire colon contents distally “en mass.” These
are well described in earlier radiographic literature*® and captured
using radio-isotopic labeled colonic content. Using such a technique,
we were able to document the increase in mass movements induced
by lactulose’ and their moderation by antispasmodic, mebeverine.**
This stimulation of propulsive colonic motor patterns seems mostly
likely to mediate the laxative effect observed, though more frequent
scanning would be needed in future studies to prove this. The main
focus of this study was the underlying mechanisms, and we did not
record bowel symptoms after lactulose in which healthy subjects
tend to be minimal and quite different from IBS patients.

The key products of lactulose fermentation in humans are ace-
tate and lactic acid whose production leads to marked acidification
of cecal contents with a 10-fold rise in hydrogen ion concentration.”
Whether this process can occur to a significant amount in the distal
ileum is uncertain. Prior studies had suggested around 10° organ-

isms per mL*

but this may have reflected contamination during sam-
ple collection since more recent studies suggest lower levels 10?-10
4 with only a minority (14%) harboring colonic organisms.46 Most are
oral facultative anaerobic organisms which are capable of producing
SCFAs though oral concentrations are much less than colonic.*?#
Several studies have indicated that SCFAs stimulate propulsive mo-
tility in the terminal ileum®® while in the colon they may both inhibit
and stimulate propulsive motility depending on the type and concen-
tration.*® SCFAs act by activating the G protein coupled receptors
(GPRs), GPR41 and GPR43 which are expressed on Peptide YY con-
taining enteroendocrine cells in rats*’ and humans.>® Human studies
infusing solutions of SCFAs showed no obvious change in colonic
motility patterns.’® However several animal studies indicate that
SCFAs stimulate colonic motility via mechanisms involving serotonin
release.”>® More recently, it has been shown that the GLP-1 con-

taining enteroendocrine cells appear to be the most responsive to

microbial metabolites and that the resulting GLP-1 release activates
serotonin secretion from neighboring enterochromaffin cells.>*
Despite this possible link between acidification of the ascending
colon by fermentation of lactulose and serotonin release, we were
unable to show that this could be altered by the SHT,RA ondanse-
tron though this might be because other receptors, 5-HT1,4 or 7 are
involved. There may be species differences in these effects since,
despite animal studies suggesting SHT;RAs could block postprandial

pancreatic secretion,13

we could not see any change in postprandial
small bowel water content which is markedly influenced by pancre-
atic secretions and strikingly increased by high fat meals.>>

Earlier studies in healthy volunteers suggested that ondanse-
tron inhibited the normal increase in left sided colonic tone in re-
sponse to feeding.}®> Ondansetron also slows colonic transit in both
healthy volunteers and IBS-D patients in whom the main effect was
on the descending and sigmoid colon.?* Unlike the ascending and
transverse colon, these are regions where the rate of absorption is
usually less, suggesting that ondansetron's anti-diarrheal effect may
be primarily due to altered colonic motility rather than enhanced
absorption or inhibition of secretion. Ondansetron does not reduce
ascending colon water content (as assessed by T1) nor significantly
reduce colonic volumes. Future studies should examine in detail the
impact of ondansetron on left sided colonic motor patterns, par-
ticularly examining its impact on retrograde motor patterns as re-
cently described.>® Alosetron, a potent 5-HT, antagonist, stimulates
rectosigmoid motility,'® a paradox which could be resolved if it was
proven that it was the retrograde motility that was increased, since
this would delay transit of both liquid and gas colonic content and
inhibit defecation.

Our study has thrown new light on the mode of action of lact-
ulose and ondansetron. The major finding is that at normal thera-
peutic doses the osmotic effect of lactulose seems less important
for its laxative effect compared to its prokinetic effect. This effect
is mostly likely mediated via the SCFA or other products of fermen-
tation. Defining these more precisely may allow the production of
more potent prokinetic agents.

AUTHOR CONTRIBUTIONS

The authors' responsibilities were as follows: RS designed the study;
DG, CH, AM, PG, and LM contributed to study design; DG, CY, and
AM conducted the study; DG and CY performed the statistical anal-
yses; DG and RS wrote the manuscript with primary responsibility
for the final content; and all authors read and approved the final

manuscript.

FUNDING INFORMATION
This research was part funded by the University of Nottingham; DG
salary was provided by NIHR via EME Project: 15/74/01.

CONFLICT OF INTEREST STATEMENT
RS has received speaker's fees from Alfawasserman and research

funding from Zespri International Limited and Sanofi-Aventis

8518017 SUOWIWIOD 3AERID 3|qedldde 8y Aq pauenob aie 91 YO ‘@SN JO S3NJ Joj ARIg1TBUIUO /8|1 UO (SUORIPUOD-PUR-SWLRYWI0D" A3 | 1M AReq 1 Ul JUO//SA)Y) SUORIPUOD puUe SIS | 83U} 83S *[202/20/T2] U0 A%IqITauliuO A8|IM ‘WeyBumoN JO AsieAlun Aq ¥S 4T OWU/TTTT OT/I0p/wo0 A3 |1m Areiq puljuo//Sdny Woi) pepeo|umoq ‘0 ‘2862S9ET



GUNN ET AL.

Deutschland GmbH. DG, CY, PG, CH, and LM: no conflicts of

interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

D. Gunn
R. Spiller

https://orcid.org/0000-0003-1436-7754
https://orcid.org/0000-0001-6371-4500

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Committee JF. British National Formulary. Pharmaceutical Press;
2012.

Attar A, Lemann M, Ferguson A, et al. Comparison of a low
dose polyethylene glycol electrolyte solution with lactulose for
treatment of chronic constipation. Gut. 1999;44(2):226-230.
doi:10.1136/gut.44.2.226

Saunders DR, Wiggins HS. Conservation of mannitol, lactulose, and
raffinose by the human colon. Am J Phys. 1981;241(5):G397-G402.
doi:10.1152/ajpgi.1981.241.5.G397

Spiller RC, Jones BJ, Silk DB. Jejunal water and electrolyte absorp-
tion from two proprietary enteral feeds in man: importance of so-
dium content. Gut. 1987;28(6):681-687.

Bond JH, Levitt MD. Quantitative measurement of lactose absorp-
tion. Gastroenterology. 1976;70(6):1058-1062.

Debongnie JC, Phillips SF. Capacity of the human colon to absorb
fluid. Gastroenterology. 1978;74(4):698-703.

Florent C, Flourie B, Leblond A, Rautureau M, Bernier JJ, Rambaud
JC. Influence of chronic lactulose ingestion on the colonic me-
tabolism of lactulose in man (an in vivo study). J Clin Invest.
1985;75(2):608-613.

Undseth R, Berstad A, Klow NE, et al. Abnormal accumulation
of intestinal fluid following ingestion of an unabsorbable carbo-
hydrate in patients with irritable bowel syndrome: an MRI study.
Neurogastroenterol Motil. 2014;26(12):1686-1693. doi:10.1111/
nmo.12449

Barrow L, Steed KP, Spiller RC, et al. Scintigraphic demonstra-
tion of lactulose-induced accelerated proximal colon transit.
Gastroenterology. 1992;103(4):1167-1173.

Washington N, Harris M, Mussellwhite A, Spiller RC. Moderation
of lactulose-induced diarrhea by psyllium: effects on motility and
fermentation. Am J Clin Nutr. 1998;67(2):317-321.

Garsed K, Chernova J, Hastings M, et al. A randomised trial
of ondansetron for the treatment of irritable bowel syndrome
with diarrhoea. Gut. 2014;63(10):1617-1625. doi:10.1136/
gutjnl-2013-305989

Hansen MB, Witte AB. The role of serotonin in intestinal luminal
sensing and secretion. Acta Physiol (Oxf). 2008;193(4):311-323.

Li Y, Wu XY, Zhu JX, Owyang C. Intestinal serotonin acts as para-
crine substance to mediate pancreatic secretion stimulated by lumi-
nal factors. Am J Physiol Gastrointest Liver Physiol. 2001;281(4):G91
6-G923.

Coleman NS, Marciani L, Blackshaw E, et al. Effect of a novel 5-HT3
receptor agonist MKC-733 on upper gastrointestinal motility in hu-
mans. Aliment Pharmacol Ther. 2003;18(10):1039-1048.

von der Ohe MR, Camilleri M, Kvols LK. A 5HT3 antagonist corrects
the postprandial colonic hypertonic response in carcinoid diarrhea.
Gastroenterology. 1994;106(5):1184-1189.

Clemens CH, Samsom M, Van Berge Henegouwen GP,
et al. Effect of alosetron on left colonic motility in non-
constipated patients with irritable bowel syndrome and healthy

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

9 of 10
T\ 1 LY

volunteers. Aliment Pharmacol Ther. 2002;16(5):993-1002.
doi:10.1046/j.1365-2036.2002.01252.x

Dinning PG, Wiklendt L, Maslen L, et al. Quantification of
in vivo colonic motor patterns in healthy humans before and
after a meal revealed by high-resolution fiber-optic manometry.
Neurogastroenterol Motil. 2014;26(10):1443-1457. doi:10.1111/
nmo.12408

Dinning PG, Wiklendt L, Maslen L, et al. Colonic motor abnormal-
ities in slow transit constipation defined by high resolution, fibre-
optic manometry. Neurogastroenterol Motil. 2015;27(3):379-388.
doi:10.1111/nmo.12502

Chaddock G, Lam C, Hoad CL, et al. Novel MRI tests of orocecal
transit time and whole gut transit time: studies in normal sub-
jects. Neurogastroenterol Motil. 2014;26(2):205-214. doi:10.1111/
nmo.12249

Hoad CL, Marciani L, Foley S, et al. Non-invasive quantification of
small bowel water content by MRI: a validation study. Phys Med Biol.
2007;52(23):6909-6922.

Khalaf A, Hoad CL, Menys A, et al. MRI assessment of the post-
prandial gastrointestinal motility and peptide response in healthy
humans. Neurogastroenterol Motil. 2018;30(1). doi:10.1111/
nmo.13182

Hamy V, Dikaios N, Punwani S, et al. Respiratory motion correc-
tion in dynamic MRI using robust data decomposition registration
- application to DCE-MRI. Med Image Anal. 2014;18(2):301-313.
doi:10.1016/j.media.2013.10.016

Odille F, Menys A, Ahmed A, Punwani S, Taylor SA, Atkinson D.
Quantitative assessment of small bowel motility by nonrigid reg-
istration of dynamic MR images. Magn Reson Med. 2012;68(3):783-
793.d0i:10.1002/mrm.23298

Sadik R, Abrahamsson H, Stotzer PO. Gender differ-
ences in gut transit shown with a newly developed radio-
logical procedure. Scand J Gastroenterol. 2003;38(1):36-42.
doi:10.1080/00365520310000410

Pritchard SE, Marciani L, Garsed KC, et al. Fasting and postpran-
dial volumes of the undisturbed colon: normal values and changes
in diarrhea-predominant irritable bowel syndrome measured
using serial MRI. Neurogastroenterol Motil. 2014;26(1):124-130.
doi:10.1111/nmo.12243

Murray K, Wilkinson-Smith V, Hoad C, et al. Differential effects of
FODMAPs (fermentable oligo-, di-, mono-saccharides and polyols)
on small and large intestinal contents in healthy subjects shown
by MRI. Am J Gastroenterol. 2014;109(1):110-119. doi:10.1038/
ajg.2013.386

Bloembergen N, Purcell EM, Pound RV. Relaxation ef-
fects in nuclear magnetic resonance absorption. Phys Rev.
1948;73(7):679-712.

Barnaal D, Lowe . Proton spin-lattice relaxation in hexagonal ice. J
Chem Phys. 1968;48(10):4614-4618.

De Bazelaire CM, Duhamel GD, Rofsky NM, et al. MR imaging relax-
ation times of abdominal and pelvic tissues measured in vivo at 3.0
T: preliminary results. Radiology. 2004;230(3):652-659.
Wilkinson-Smith V, Dellschaft N, Ansell J, et al. Mechanisms un-
derlying effects of kiwifruit on intestinal function shown by MRI
in healthy volunteers. Aliment Pharmacol Ther. 2019;49(6):759-768.
doi:10.1111/apt.15127

Major G, Pritchard S, Murray K, et al. Colon hypersensitivity
to distension, rather than excessive gas production, produces
carbohydrate-related symptoms in individuals with irritable bowel
syndrome. Gastroenterology.2017;152(1):124-133 €2.d0i:10.1053/j.
gastro.2016.09.062

Marciani L, Wright J, Foley S, et al. Effects of a 5-HT(3) antagonist,
ondansetron, on fasting and postprandial small bowel water con-
tent assessed by magnetic resonance imaging. Aliment Pharmacol
Ther. 2010;32(5):655-663. d0i:10.1111/j.1365-2036.2010.04395.x

8518017 SUOWIWIOD 3AERID 3|qedldde 8y Aq pauenob aie 91 YO ‘@SN JO S3NJ Joj ARIg1TBUIUO /8|1 UO (SUORIPUOD-PUR-SWLRYWI0D" A3 | 1M AReq 1 Ul JUO//SA)Y) SUORIPUOD puUe SIS | 83U} 83S *[202/20/T2] U0 A%IqITauliuO A8|IM ‘WeyBumoN JO AsieAlun Aq ¥S 4T OWU/TTTT OT/I0p/wo0 A3 |1m Areiq puljuo//Sdny Woi) pepeo|umoq ‘0 ‘2862S9ET


https://orcid.org/0000-0003-1436-7754
https://orcid.org/0000-0003-1436-7754
https://orcid.org/0000-0001-6371-4500
https://orcid.org/0000-0001-6371-4500
https://doi.org//10.1136/gut.44.2.226
https://doi.org//10.1152/ajpgi.1981.241.5.G397
https://doi.org//10.1111/nmo.12449
https://doi.org//10.1111/nmo.12449
https://doi.org//10.1136/gutjnl-2013-305989
https://doi.org//10.1136/gutjnl-2013-305989
https://doi.org//10.1046/j.1365-2036.2002.01252.x
https://doi.org//10.1111/nmo.12408
https://doi.org//10.1111/nmo.12408
https://doi.org//10.1111/nmo.12502
https://doi.org//10.1111/nmo.12249
https://doi.org//10.1111/nmo.12249
https://doi.org//10.1111/nmo.13182
https://doi.org//10.1111/nmo.13182
https://doi.org//10.1016/j.media.2013.10.016
https://doi.org//10.1002/mrm.23298
https://doi.org//10.1080/00365520310000410
https://doi.org//10.1111/nmo.12243
https://doi.org//10.1038/ajg.2013.386
https://doi.org//10.1038/ajg.2013.386
https://doi.org//10.1111/apt.15127
https://doi.org//10.1053/j.gastro.2016.09.062
https://doi.org//10.1053/j.gastro.2016.09.062
https://doi.org//10.1111/j.1365-2036.2010.04395.x

10 of 10
290 | \WiLE Y- [

33.

34.
35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

GUNN ET AL.

Kendall GP, Thompson DG, Day SJ. Motor responses of the smallin-
testine to intraluminal distension in normal volunteers and a patient
with visceral neuropathy. Gut. 1987;28(6):714-720.

Dinning PG, Arkwright JW, Costa M, et al. Temporal relationships
between wall motion, intraluminal pressure, and flow in the iso-
lated rabbit small intestine. Am J Physiol Gastrointest Liver Physiol.
2011;300(4):G577-G585.

Marciani L, Garsed KC, Hoad CL, et al. Stimulation of colonic
motility by oral PEG electrolyte bowel preparation assessed by
MRI: comparison of split vs single dose. Neurogastroenterol Motil.
2014;26(10):1426-1436. doi:10.1111/nmo.12403

Kamath PS, Phillips SF, Zinsmeister AR. Short-chain fatty
acids stimulate ileal motility in humans. Gastroenterology.
1988;95(6):1496-1502.

Kellow JE, Borody TJ, Phillips SF, Haddad AC, Brown ML.
Sulfapyridine appearance in plasma after salicylazosulfapyridine.
Another simple measure of intestinal transit. Gastroenterology.
1986;91(2):396-400. 10.1016/0016-5085(86)90574-3.

Major G, Murray K, Singh G, et al. Demonstration of differences
in colonic volumes, transit, chyme consistency, and response to
psyllium between healthy and constipated subjects using magnetic
resonance imaging. Neurogastroenterol Motil. 2018;30(9):e13400.
doi:10.1111/nmo.13400

Binder HJ. Role of colonic short-chain fatty acid transport in
diarrhea. Annu Rev Physiol. 2010;72:297-313. doi:10.1146/
annurev-physiol-021909-135817

Christl SU, Murgatroyd PR, Gibson GR, Cummings JH. Production,
metabolism, and excretion of hydrogen in the large intestine.
Gastroenterology. 1992;102(4 Pt 1):1269-1277.

Bouhnik Y, Attar A, Joly FA, Riottot M, Dyard F, Flourié B.
Lactulose ingestion increases faecal bifidobacterial counts: a ran-
domised double-blind study in healthy humans. Eur J Clin Nutr.
2004;58(3):462-466.

Marciani L, Cox EF, Hoad CL, et al. Postprandial changes in small
bowel water content in healthy subjects and patients with irritable
bowel syndrome. Gastroenterology. 2010;138(2):469-477.e1.
Ritchie J. Mass peristalsis in the human colon after contact with
oxyphenisatin. Gut. 1972;13(3):211-219. d0i:10.1136/gut.13.3.211
Washington N, Ridley P, Thomas C, Spiller RC, Watts PJ, Wilson
CG. Mebeverine decreases mass movements and stool fre-
quency in lactulose-induced diarrhoea. Aliment Pharmacol Ther.
1998;12(6):583-588.

Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of
the bacterial microbiota. Nat Rev Microbiol. 2016;14(1):20-32.
doi:10.1038/nrmicro3552

Villmones HC, Halland A, Stenstad T, Ulvestad E, Weedon-Fekjeer H,
Kommedal @. The cultivable microbiota of the human distal ileum.
Clin Microbiol Infect. 2021;27(6):912.7-912.e13. doi:10.1016/j.
cmi.2020.08.021

Leonov GE, Varaeva YR, Livantsova EN, et al. The complicated rela-
tionship of short-chain fatty acids and oral microbiome: a narrative
review. Biomedicine. 2023;11(10):2749.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cherbut C. Motor effects of short-chain fatty acids and lactate
in the gastrointestinal tract. Proc Nutr Soc. 2003;62(1):95-99.
doi:10.1079/PNS2002213

Tazoe H, Otomo Y, Kaji |, et al. Roles of short-chain fatty acids recep-
tors, GPR41 and GPR43 on colonic functions. J Physiol Pharmacol.
2008;59(Suppl 2):251-262.

Tazoe H, Otomo Y, Karaki S, et al. Expression of short-chain
fatty acid receptor GPR41 in the human colon. Biomed Res.
2009;30(3):149-156.

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(12):943-949.
doi:10.1111/nmo.12212

Fukumoto S, Tatewaki M, Yamada T, et al. Short-chain fatty acids
stimulate colonic transit via intraluminal 5-HT release in rats. Am J
Physiol Regul Integr Comp Physiol. 2003;284(5):R1269-R1276.
Grider JR, Piland BE. The peristaltic reflex induced by short-chain
fatty acids is mediated by sequential release of 5-HT and neuro-
nal CGRP but not BDNF. Am J Physiol Gastrointest Liver Physiol.
2007;292(1):G429-G437.

Lund ML, Egerod KL, Engelstoft MS, et al. Enterochromaffin 5-HT
cells - a major target for GLP-1 and gut microbial metabolites. Mol
Metab. 2018;11:70-83. doi:10.1016/j.molmet.2018.03.004
Hussein MO, Hoad CL, Wright J, et al. Fat emulsion intragastric
stability and droplet size modulate gastrointestinal responses and
subsequent food intake in young adults. J Nutr. 2015;145(6):1170-
1177. d0i:10.3945/jn.114.204339

Heitmann PT, Mohd Rosli R, Maslen L, et al. High-resolution imped-
ance manometry characterizes the functional role of distal colonic
motility in gas transit. Neurogastroenterol Motil. 2022;34(1):e14178.
doi:10.1111/nmo.14178

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Gunn D, Yeldho C, Hoad C, et al.
Mechanisms underlying the laxative effect of lactulose: A
randomized placebo-controlled trial showing increased small
bowel water and motility unaltered by the 5-HT, receptor
antagonist, ondansetron. Neurogastroenterology & Motility.
2024,00:e14754. doi:10.1111/nmo.14754

8518017 SUOWIWIOD 3AERID 3|qedldde 8y Aq pauenob aie 91 YO ‘@SN JO S3NJ Joj ARIg1TBUIUO /8|1 UO (SUORIPUOD-PUR-SWLRYWI0D" A3 | 1M AReq 1 Ul JUO//SA)Y) SUORIPUOD puUe SIS | 83U} 83S *[202/20/T2] U0 A%IqITauliuO A8|IM ‘WeyBumoN JO AsieAlun Aq ¥S 4T OWU/TTTT OT/I0p/wo0 A3 |1m Areiq puljuo//Sdny Woi) pepeo|umoq ‘0 ‘2862S9ET


https://doi.org//10.1111/nmo.12403
https://doi.org//10.1111/nmo.13400
https://doi.org//10.1146/annurev-physiol-021909-135817
https://doi.org//10.1146/annurev-physiol-021909-135817
https://doi.org//10.1136/gut.13.3.211
https://doi.org//10.1038/nrmicro3552
https://doi.org//10.1016/j.cmi.2020.08.021
https://doi.org//10.1016/j.cmi.2020.08.021
https://doi.org//10.1079/PNS2002213
https://doi.org//10.1111/nmo.12212
https://doi.org//10.1016/j.molmet.2018.03.004
https://doi.org//10.3945/jn.114.204339
https://doi.org//10.1111/nmo.14178
https://doi.org/10.1111/nmo.14754

	Mechanisms underlying the laxative effect of lactulose: A randomized placebo-­controlled trial showing increased small bowel water and motility unaltered by the 5-­HT3 receptor antagonist, ondansetron
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Trial design
	2.2|Healthy volunteers
	2.3|Randomization
	2.4|Interventions
	2.5|Study protocol
	2.6|Endpoints
	2.7|Data analysis
	2.8|Small bowel water content
	2.9|Small bowel motility
	2.10|Whole gut transit rate
	2.11|Colonic volume and gas
	2.12|Ascending colon T1
	2.13|Statistical methods
	2.14|Sample size and justification

	3|RESULTS
	3.1|Effect of lactulose
	3.2|Effect of ondansetron
	3.3|Effect on colonic motility

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


