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Abstract

Background: Patients with chronic constipation often suffer from dysbiosis and may benefit from prebiotic effects of laxatives.

Methods: Here we evaluate potential beneficial effects on the gut microbiome of the most commonly used laxatives Macrogol, Bisacodyl, and Lactulose
in their usual daily dose for adults using the TIM-2 system, a computer-controlled model of the proximal large intestine with metabolically active,
anaerobic microbiota of human origin.

Results: Only Lactulose increased the short-chain fatty acid levels and decreased the branched-chain fatty acid levels, pH, and ammonia. Five days of
incubation with Lactulose increased the bacterial counts of Bifidobacterium and Lactobacillus which was not observed with Macrogol or Bisacodyl.

Conclusion: These data show that Lactulose, in contrast to Macrogol and Bisacody], exerts a prebiotic effect when compared in the same in vitro system.
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Introduction

Dysbiosis in patients with constipation is not yet fully understood,
but consists of increased counts of mucosal Bacteroides species and
decreased fecal bifidobacteria and lactobacilli [1,2]. The reduced
abundance of beneficial bacteria in constipated patients may
be ameliorated by prebiotic laxatives. According to guidelines,
Macrogol, Bisacodyl or its derivative sodium picosulfate are agents
for first-line therapy of constipation [3], while Lactulose is frequently
recommended for chronic constipation by pharmacies [4]. During
pregnancy, Macrogol and Lactulose are recommended as first-line
therapy [5] which is in line with general practice [6], whereas during
lactation, Macrogol, Lactulose, Bisacodyl or sodium picosulfate may
be used [5].

To date, Lactulose is clearly considered a prebiotic laxative [7-10].
However, only limited data are available regarding the prebiotic effects
of Bisacodyl and Macrogol. Macrogol consists of polyethylene glycol
(PEG). In general, PEG is known to affect the intestinal microbiota.
Phylotype richness was reduced in PEG-induced diarrhea in human,
while phylotype diversity and evenness were unaffected [11]. In rats
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[12], PEG treatment increased the number of Verrucomicrobia and
decreased that of Firmicutes. In mice, Macrogol 3350/PEG decreased
the microbial density [13] and relative abundance [14], while
Lactulose increased it [13]. Bisacodyl increased the gut microbiota
metabolites namely SCFA in rats [15]. Furthermore, a slight increase
in bifidobacteria was observed after three months of constipation

treatment in humans [1].

Data on direct comparison of the prebiotic effects of the three
laxatives Lactulose, Macrogol and Bisacodyl are sparse. In patients
with constipation, the efficacy of Lactulose was similar to that of
PEG in relieving constipation in a 4 week treatment [16]. The levels
of bifidobacteria, but not lactobacilli, were significantly increased
in the patients receiving Lactulose, but not in the patients receiving
PEG [16]. In contrary, the total amount of bacteria was rather
decreased and the colonic fermentation inhibited by treatment with
PEG [16]. To our knowledge, no further studies directly comparing
at least two of the three laxatives are available, hindering the
comparison of Lactulose, Bisacodyl and Macrogol regarding their
prebiotic effect.
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In our study, we investigated the prebiotic effect of Lactulose,
Macrogol, and Bisacodyl in the TIM-2 model, an in vitro model of the
proximal colon. The results of this study demonstrate that Lactulose
contrary to Macrogol or Bisacodyl, increased the short-chain fatty
acid production as well as the bifidobacterial and lactobacilli count,
thereby showing a prebiotic effect.

Materials and Methods

Informed Consent

This is an in vitro study. It does not require IRB approval or
informed consent.

Test Product

In this study Laevolac® (Fresenius Kabi Austria GmbH, Linz,
Austria), an oral solution containing 670 mg/mL Lactulose, Macrogol
3350 (Norgine B.V., Amsterdam, The Netherlands) and Bisacodyl
(Boehringer Ingelheim, Ingelheim, Germany) were used. Experiments
without test products served as negative control.

Intestinal Conditions of the TIM-2 System

The TNO intestinal model TIM-2 is a dynamic in vitro model of
the proximal colon [17,18]. In this system, essential parameters were
maintained at standardized conditions: body temperature; pH in
the lumen of the proximal colon (pH 5.8); delivery of a pre-digested
substrate from the ‘lleum’ (SIEM); mixing and transport of the
intestinal contents; dialysis-driven absorption of water and metabolic
products. In addition, the system was strictly maintained anaerobic by
flushing with nitrogen. Fermentation products, metabolites and other
low molecular weight compounds were steadily removed from the
lumen via dialysis using a semipermeable membrane system within
the colon compartment.

SIEM (standardized ileum efflux medium) simulates the material
passing the ileocecal valve in humans reaching the colon. SIEM was
prepared as described previously [18-20] and contains the major non-
digestible carbohydrates (pectin, xylan, arabinogalactan, amylopectin,
starch) found in a normal western diet as well as protein (bactopepton,
casein), some ox-bile, Tween 80, vitamins, and minerals. SIEM was added
to the system at a speed of 2.5 ml/h. The speed of dialysis was 1.5 ml/min.

During the experiment, the intestinal contents were mixed
continuously by the peristaltic movements of the TIM-2 system. The
pH was maintained at pH 5.8 or above by automatic titration (minute
by minute) with 2 M NaOH. The amount of administered NaOH was
monitored, allowing to draw conclusions about the acid production
induced by the different test compounds.

Before each experiment the secretion fluids and dialysis solutions
were freshly prepared, the pH electrodes calibrated, and new
membrane units were installed. The system was inoculated with a
standardized microbiota of human origin, one day before the start of
the test period. This standardized microbiota was prepared using fecal
donations from a group of 4 healthy volunteers (1 male, 3 females
(non-pregnant, non-lactating), age 38.8 £ 3.9 years; BMI 24.2 + 1.5
kg/m2) as described [21]. After overnight adaptation the 120 h test
period started.
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Addition of the Test Product

The test products were added to the system at their indicated daily
doses for adults, i.e. 10 g/day Lactulose, 13.125 g/day Macrogol 3350,
or 5 mg/day Bisacodyl. Test products Lactulose and Macrogol were
mixed ‘as is’ through the SIEM (described in more detail below) and
added (semi-)continuously during the entire test period. Before its
administration to TIM-2, Bisacodyl was incubated for 3 h in TIM-
2 dialysate at pH 7.2 and subsequently overnight at pH 5.8. This
measure allowed to soften the outer enteric coating of the formulation
and to release Bisacodyl appropriately in TIM-2. Both the dialysate
and the formulation were added as a daily bolus. The control runs
were performed in quadruplicate, while the test products were studied
in triplicates (Lactulose) or duplicates (Macrogol, Bisacodyl).

Sampling from TIM-2

Metabolites including the short-chain fatty acids (SCFA),
branched-chain fatty acids (BCFA), ammonia and lactate produced
in TIM-2 were continuously separated from the lumen using a
semipermeable membrane unit. Dialysates were collected at the start
of the test period and after 24, 48, 72, 96, and 120 h, respectively.
Volumes were measured and samples were taken from the dialysates.

Luminal samples taken at the beginning and end of the experiment
(t=0 h and t=120 h) allowed to investigate the composition of the
microbiota. The samples were snap frozen in liquid nitrogen and
stored at <—72 °C until analysis.

Sodium Hydroxide Usage (pH)

The pH was kept at pH 5.8 by automatic titration with 2 M NaOH.

Short-Chain Fatty Acids and Branched-Chain Fatty Acids

The dialysate and lumen fractions of TIM-2 were used to analyze
SCFA (acetate, propionate and butyrate) and BCFA (iso-butyric acid
and iso-valeric acid) with gas chromatography.

For SCFA/BCFA evaluation, samples were prepared and analyzed
as described previously [22].

Lactate and Ammonia

Samples for lactate and ammonia analysis were centrifuged as
described above. In the clear supernatant, both 1- and d-lactate were
determined enzymatically (based on Boehringer, UV-method, Cat.
No. 1112821035, Roche Diagnostics, West Sussex, UK). Ammonia was
determined based on the Berthelot reaction [23] in which ammonia
reacts first with alkaline phenol and then with sodium hypochlorite
to form indophenol blue. In the currently used method, due to its
toxicity, phenol was replaced with salicylic acid.

16S rDNA Amplicon Sequencing

The bacterial population in the TIM-2 samples was analyzed
using Next Generation sequencing. Total DNA from the collected
TIM-2 lumen samples at the start (t=0 h) and at the end (t=120 h)
of the experiments was isolated as described [24] with some minor
adjustments: The samples were initially mixed with 250 uL lysis buffer
(Agowa, Berlin, Germany), 250 pL zirconium beads (0.1 mm), and
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200 pL phenol, before being introduced to a Bead Beater (BioSpec
Products, Bartlesville, OK, USA) for 2 min twice. To determine
the recovery of bacterial DNA from the samples, a quantitative
polymerase chain reaction (qPCR) was used applying universal
primers 16Suni-I-F, 5-CGAAAGCGTGGGGAGCAAA-3’ and
16Suni-I-R, 5-GTTCGTACTCCCCAGGCGG-3, and probe
16Suni-I  probe, FAM-5-ATTAGATACCCTGGTAGTCCA-3’-
MGB specific for the bacterial 16S rRNA gene. Changes in the
microbiota composition were analyzed by using mass V4 16S rDNA
amplicon sequencing. For 16S rDNA amplicon sequencing of the
V4 hypervariable region, 100 pg of DNA was amplified as described
[25] using 30 amplification cycles, applying F533/R806 primers [26].
Primers included Illumina adapters and a unique 8-nt sample index
sequence key [25]. Amplicon yield, integrity and size was analyzed
on a Fragment Analyzer (Advanced Analytical Technologies, Inc.,
Heidelberg, Germany). The amplicon libraries were pooled in
equimolar amounts and purified using agarose gel electrophoresis
and subsequent the QIAquick Gel Extraction Kit (QIAGEN, Hilden,
Germany). Paired-end sequencing of amplicons was conducted
on the Illumina MiSeq platform (Illumina, Eindhoven, The
Netherlands).

Processing of the sequencing data was performed using
the Mothur pipeline. The differences between the two bacterial
community profiles were identified by applying the LEfSe (Linear
Discriminant Analysis Effect Size) analysis [27]. The method is
based on categorical non-parametric hypothesis test and Linear
Discriminant Analysis (LDA) which is a mathematical technique
to characterize the difference between classes. This is a method
for metagenomic biomarker discovery and therefore allows to find
organisms that can help to identify significant differences between
two microbial communities. For this a cut-off level of relative
abundance of individual genera was included with 0.01% of total
sequences. In the analysis, the different test items were each (as
replicate) compared to the control experiments. This shows which
genus became significantly more or less abundant as a consequence
of a test product compared to the control.

Statistical Analysis

Mean values of the experiments were compared to mean values of
the control experiments.

Results

Sodium Hydroxide Usage

During fermentation of carbohydrates the microbiota produces
acidic metabolites like SCFA and lactate. The increased use of NaOH
during the experiments for maintenance of pH at 5.8 indicates the
activity of microbiota fermenting the SIEM plus the test product
added to the TIM-2 system. Adding Lactulose in the test period
(t=0 h to t=120 h) showed an increased use of NaOH during the
TIM-2 experiments as compared to the control (Figure 1). Macrogol
and Bisacodyl showed a similar total NaOH usage as in the control
experiments at 116 + 6 ml (control), 104 = 7 ml (Macrogol) and 124 +
3 ml (Bisacodyl) compared to 436 + 2 ml (Lactulose).
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Figure 1: Sodium hydroxide consumption during TIM-2 runs (mean of n=3 (Lactulose),
n=2 (Macrogol and Bisacodyl) or n=4 (control)). Values at the start of the test period are
on average 20.76 mL due to NaOH consumption during the adaptation period. All data
points shown at the proximity of the individual time points indicated at the X-axis belong
to these specific time points.

Short-chain Fatty Acids and Branched-chain Fatty Acids

Figure 2a shows the cumulative total SCFA (acetate, propionate
and butyrate) production during the 120 h test period in TIM-
2. The results indicate that the amount of total SCFA increased
with Lactulose (560 + 20 mmol), while obtained values for control,
Macrogol and Bisacodyl were comparable, with total SCFA amounts
of 332 + 34 mmol (control), 323 + 22 mmol (Macrogol), 351 + 17
mmol (Bisacodyl), respectively.

The total production of branched-chain fatty acids in 120 h
(BCFA; iso-butyrate and iso-valerate) is shown in Figure 2b. During
fermentation of proteins in the colon BCFA are produced next to H,
CO,, CH,, phenols and amines. The total amount of BCFA produced
during the TIM-2 experiment was similar for Macrogol (6.7 = 2.7
mmol) and Bisacodyl (9.0 + 3.1 mmol) as compared to the control (8.4
+ 4.2 mmol), but was lower after addition of Lactulose (1.2 + 0.2 mmol).

Lactate

Lactate is an intermediate metabolite accumulating during fast
fermentation processes. At the same time, bacteria use lactate as a
substrate. The cumulative amount of lactate (Figure 3) produced in
the experiment with Macrogol (1.2 + 0.8 mmol) and Bisacodyl (4.3 +
2.8 mmol) was low and similar to the control (5.8 + 2.2 mmol). The
results show that due to its fermentation much higher amounts of
lactate (300.7 + 10.4 mmol) are formed in the presence of Lactulose
compared to the control as well as Macrogol and Bisacodyl.

Ammonia

Ammonia is a metabolite produced by microbial fermentation
of proteins (nitrogen). The cumulative (total) amount of ammonia,
measured as ammonium salt in the TIM-2 model, is shown in Figure
4. The basal amounts of ammonia (total cumulative production)
during the control experiments gives an indication of the ammonia
production without intervention. Ammonia production for the
different test products was lowest for Lactulose (22.2 + 2.5 mmol)
compared to 87.0 + 27.9 mmol (control), 65.6 + 11.2 mmol (Macrogol),
and 108.9 + 16.8 mmol (Bisacodyl), respectively.
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Figure 2: Production of (A) total short chain fatty acids (SCFA, acetate, propionate,
butyrate); (B) total branched-chain fatty acids (BCFA) (iso-butyrate and iso-valerate) in
TIM-2 runs (mean of n=3 (Lactulose), n=2 (Macrogol and Bisacodyl) or n=4 (control)).
Values at the start of the test period were set to zero. All data points shown at the proximity
of the individual time points indicated at the X-axis belong to these specific time points.
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Figure 3: Cumulative lactate production over time during the 120 h test period in TIM-2
runs (mean of n=3 (Lactulose), n=2 (Macrogol and Bisacodyl) or n=4 (control)). All data
points shown at the proximity of the individual time points at the X-axis belong to these
specific time points.

Microbiota Composition

Analysis with mass V4 16S rDNA amplicon sequencing resulted in
an overview of bacterial genera present in the microbiota of the lumen
samples collected from the TIM-2 experiments after 120 h exposure to
the different test conditions. The distribution of the number of reads
ranged from 24,750 to 204,719. The lowest count of reads observed
was 24,750 reads in a t=0 sample supplemented with Lactulose. The
lowest number of reads was used for normalization of all samples
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Figure 4: Cumulative ammonia production over time during the 120 h test period in TIM-
2 runs (mean of n=3 (Lactulose), n=2 (Macrogol and Bisacodyl) or n=4 (control)). All data
points shown at the proximity of the individual time points indicated at the X-axis belong
to these specific time points.
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Figure 5: The heatmap indicates the normalized average relative number n of the different
bacterial genera in the microbiota in the different treatments with Lactulose, Macrogol,
and Bisacodyl when compared to control, after 120 h of exposure in TIM-2 as represented
by the 16S rRNA amplicon sequencing reads.

to this read level. Figure 5 shows the effect of Lactulose, Macrogol
and Bisacodyl on the relative abundance of bacteria up to a cut-off
range of 1.0% relative abundance compared to control. The heatmap
depicts the most abundant bacteria. The most significantly increased
bacterial genera, Bifidobacterium and Lactobacillus increased more
than 10-fold or 50-fold, respectively, in the presence of Lactulose. At
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the same time, Prevotella, Blautia, Ruminococcus, Faecalibacterium
and Bacteroides were decreased more than 10-fold in the presence of
Lactulose compared to the control. For the Macrogol and Bisacodyl no
significant changes were observed compared to the control.

Discussion

This study showed that Lactulose, in contrast to Macrogol or
Bisacodyl, has an effect on the active gut microbiota present in an in
vitro model of the proximal colon. This effect includes an increase in
NaOH consumption to keep the pH at a fixed level, suggesting a pH
decrease by the net production of acidic metabolic products. This was
confirmed by the observed increased levels of SCFA and lactate, and
decreased levels in BCFA and ammonia. Contrary to this observation,
Bisacodyl even lead to higher cumulative BCFA and ammonia levels
than the control.

Five days of exposure to Lactulose strongly increased the levels
of bifidobacteria (more than 10-fold) and lactobacilli (more than 50-
fold). A slight increase in Bifidobacterium was also observed with
Macrogol treatment, while Bisacodyl exposure slightly decreased
the amount of this bacterium. After Macrogol treatment, the levels
of Lactobacillus were decreased, while Bisacodyl exposure had no
substantial effect. In summary, exposure to Lactulose was superior
to Macrogol and Bisacodyl by increasing the relative abundance of
Bifidobacterium and Lactobacillus.

Apart from Bifidobacteria and Lactobacilli, bacterial counts of
several other bacteria present in more than 1% relative abundance with
a more than 10-fold changed were observed after Lactulose treatment.
Prevotella spp. are reduced close to zero after 120 h Lactulose treatment,
while Macrogol and Bisacodyl treatment slightly increased the counts.
Prevotella is suspected to exacerbate chronic (intestinal) inflammation
[28,29] and to increase the risk of autoimmune disorders like
rheumatoid arthritis [30-34]. Intestinal Prevotellaceae were associated
with rheumatoid arthritis in Northern America, Europe and Japan,
but not in a Chinese study [35]. Larger metagenome-wide association
studies are required before a final conclusion on the role of Prevotella
spp in the pathogenesis of rheumatoid arthritis and the potential for
amelioration by Lactulose can be drawn.

Blautia were also reduced nearly 200-fold by Lactulose,
while with both, Macrogol and Bisacodyl, only slight reductions
could be identified. An increase in Blautia counts is considered
pro-inflammatory [36] and increased counts are detected in
neurodegenerative diseases like Parkinson or Multiple Sclerosis
[36,37] or systemic lupus erythematosus [38]. The role of increased
Blautia counts in the pathogenesis of diabetes is also discussed, but a
causative association has not yet been determined [39-41].

Lactulose treatment for 120 h also showed a decrease in
Faecalibacterium, while these bacteria were increased with
Macrogol and slightly decreased with Bisacodyl. Within the genus
of faecalibacteria, especially Faecalibacterium prausnitzii has been
reported as one of the main butyrate producers in the gut [42,43].
Due to its anti-inflammatory properties it reduced the severity
of inflammation in several murine models [44,45]. The genus
Faecalibacterium was also increased in the intestinal content of obese
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children [46] and patients with psoriasis [47]. The impact of laxatives
on levels of this genus remain to be studied in the future.

Ruminococcus was also strongly decreased by Lactulose treatment,
slightly decreased by Macrogol and slightly increased by Bisacodyl.
While increased levels of these mucolytic bacteria in inflammatory
bowel disease (IBD) seem to be associated with the high load of
mucins to be cleaved [48,49], nothing is known about the effect of an
increased abundance in disorders like autism [50], allergic diseases
[48] or coronary artery disease [51].

Finally, Lactulose treatment reduced the levels of Bacteroides, as
to alower extent also did Macrogol and Bisacodyl. This is in contrast to
a previous study, where levels of Bacteroides were increased in healthy
adults after PEG 4000 induced osmotic diarrhea [11]. The reasons for
this difference may be in the test item (PEG 4000 versus PEG 3350),
the setup of the study, the dose and the duration of treatment and
cannot be fully elucidated here. Bacteroides are normal commensals
in the gut, but may also be responsible for infections of significant
morbidity, mainly caused by Bacteroides fragilis, like appendicitis,
intra-abdominal sepsis, endocarditis, and others [52].

A limitation of this study is the fact that treatment duration was
120 h, while in the clinical situation longer treatment duration may be
applicable. A more extended experiment in TIM-2 is possible. Based
on previous experience, however, treatment longer than 72-120 h may
not reveal significantly different results. Although experiments were
conducted only as n=2, results allowed an adequate discrimination
between the observed prebiotic effect of Lactulose versus Macrogol
and Bisacodyl and more replicates would not have changed this
finding.

This study clearly demonstrated that Lactulose has a strong
prebiotic effect on Bifidobacteria and Lactobacilli indicating a
beneficial support for the gut microbiota of constipated patients in
contrast to Macrogol and Bisacodyl. In addition, a more pronounced
impact on other gut bacteria was observed with Lactulose compared
to Macrogol and Bisacodyl. There are, however, new generations
of laxatives also exerting beneficial effects on the gut microbiota
or prebiotics with a laxative effect that remain to be compared to
Lactulose [53-58]. For example combination products, such as
Bisacodyl combined with probiotics [59], or Macrogol mixed with
inulin, may result in fierce competition to Lactulose [60]. However,
this will remain to be elucidated in future studies, while this study
focused on the comparison of the most frequently used single
substance laxatives.
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