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Abstract 

Aims: T his study e xplored the effect of three different prebiotics, the human milk oligosaccharide 2 ′ -fucosyllactose (2 ′ -FL), an oligofructose- 
enric hed inulin (fructo-oligosacc haride, or FOS), and a galacto-oligosaccaride (GOS) mixture, on the faecal microbiota from patients with ulcerative 
colitis (UC) using in vitro batch culture fermentation models. Changes in bacterial groups and short-chain fatty acid (SCFA) production were 
compared. 
Methods and results: In vitro pH controlled batch culture fermentation was carried out over 48 h on samples from three healthy controls and 
three patients with active UC. Four vessels were run, one negative control and one for each of the prebiotic substrates. Bacterial enumeration 
was carried out using fluorescence in situ hybridization with flow cytometry. SCFA quantification was performed using gas chromatography 
mass spectrometry. All substrates had a positive effect on the gut microbiota and led to significant increases in total SCFA and propionate 
concentrations at 48 h. 2 ′ -FL was the only substrate to significantly increase acetate and led to the greatest increase in total SCFA concentration 
at 48 h. 2 ′ -FL best suppressed Desulf o vibrio spp., a pathogen associated with UC. 
Conclusions: 2 ′ FL, FOS, and GOS all significantly impro v ed the gut microbiota in this in vitro study and also led to increased SCFA. 

Impact Statement 

Positively modulating the gut microbiota in ulcerative colitis (UC) could be a novel and powerful way to improve outcomes in this condition. 
Prebiotics offer a way to selectively alter the gut microbiota in UC. It is suggested that the human milk oligosaccharide 2 ′ -fucosyllactose would 
be the preferred candidate to take forward to a clinical trial. 
Ke yw or ds: prebiotic; ulcerative colitis; inflammatory bowel disease; gut microbiome; galacto-oligosaccharide; human milk oligosaccharide 
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Introduction 

Ulcerative colitis (UC) is a type of inflammatory bowel dis- 
ease characterized by chronic inflammation of the mucosal 
layer of the colon, manifesting clinically as bloody diarrhoea.
It has a rising prevalence worldwide, but is highest in west- 
ern countries at 0.3% (Ng et al. 2017 ). Although mortality 
from the condition has declined significantly with improved 

medical therapy over the past 70 years, resultant morbid- 
ity and healthcare costs are high, and up to 20% of pa- 
tients require surgery to manage the condition (Kühn et al.
2015 ). 

Patients with UC have an altered gut microbiota, which is 
thought to play a key role in pathogenesis of the condition.
Key differences include a reduction in abundance of the Fir- 
micutes Faecalibacterium prausnitzii and Roseburia hominis 
in patients with UC, as well as reductions in Lactobacillus 
spp. and Bifidobacterium spp. (Bullock et al. 2004 , Verma 
et al. 2010 , Machiels et al. 2014 ). Another important differ- 
ence is the increased presence of sulphate-reducing bacteria 
(SRB), such as Desulfovibrio spp. in patients with UC (Gibson 

et al. 1991 , Rowan et al. 2010 ). These SRB produce hydrogen 

sulphide from glycans and dietary sulphates, which disrupts 
normal colonocyte metabolism and promotes inflammation. 
Whether these changes are cause or consequence of colonic 
h  

Received 3 September 2023; revised 25 January 2024; accepted 8 February 2024 
© The Author(s) 2024. Published by Oxford University Press on behalf of Applie
under the terms of the Creative Commons Attribution License ( https:// creativecom
and reproduction in any medium, provided the original work is properly cited. 
nflammation in UC cannot be known for sure; the likelihood
s a combination of the two. 

A prebiotic is defined as ‘a substrate that is selectively
tilised by host microorganisms conferring a health benefit’ 
Gibson et al. 2017 ). Prebiotics acting on the human gut mi-
robiota tend to be oligosaccharides that resist hydrolysis and 

ass through the upper gut unaltered, reaching the colon in-
act where they are preferentially fermented by bacteria which 

roduce beneficial metabolites. The primary metabolites of in- 
erest are short-chain fatty acids (SCFAs), which not only act
s fuel for colonocytes, but when absorbed systemically can 

educe inflammation, regulate the immune system, suppress 
ancer growth, and positively influence metabolism (Xiong 
t al. 2022 ). 

Examples of prebiotics include: inulin-type fructans, in- 
luding short and long chain fructooligosaccharides (FOS); 
alacto-oligosaccharides (GOS); and human milk oligosac- 
harides (HMO). The latter are a family of carbohydrates pro-
uced by lactating mothers in breastmilk and are critical in
ourishing the infant gut microbiota. 
Modulating the ‘dysbiotic’ gut microbiota in UC using 

rebiotics may be a way to reduce inflammation and im-
rove symptoms. A limited number of in vitro studies have
een carried out on prebiotics in UC. Xylo-oligosaccharide 
as been shown to promote growth of Lactobacillus spp.,
d Microbiology International. This is an Open Access article distributed 
mons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, 
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oseburia spp., and Bifidobacterium spp. in a fermenta-
ion model of faeces from patients with UC in remission
Li et al. 2021 ). Arabinooligosaccharides derived from sugar
eet pulp and FOS both selectively increased Lactobacil-
us spp. and Bifidobacterium spp. in the faecal microbiota
f patients with UC (Vigsnæs et al. 2011 ). The HMO 2 

′ -
ucosyllactose (2 

′ -FL) has been shown in vitro to increase
ifidobacterium spp., Clostridium cluster XIVa, and Rose-
uria spp. in the faecal microbiota from patients with UC,
nd to increase concentrations of the SCFAs acetate, butyrate,
nd propionate (Ryan et al. 2021 ). Several heterogeneous
mall clinical trials have also been carried out with prebi-
tics in patients with UC, using FOS, GOS, disaccharides,
MOs, hemicellulose, and non-saccharide prebiotics, with in-

onsistent results (Kanauchi et al. 2003 , Casellas et al. 2007 ,
alcheva et al. 2019 , Ryan et al. 2021 , Wilson et al. 2021 ,

kegami et al. 2023 ). 
No in vitro studies to date have directly compared prebiotic

ubstrates head-to-head in a fermentation model of the faecal
icrobiota from patients with UC with a view to identifying

he likely most effective prebiotic as a dietary therapy in UC.
he aim of this work was to compare three major types of pre-
iotic thought to have positive health effects (an HMO, FOS,
nd GOS) in an in vitro batch culture fermentation model to
ssess their relative efficacy with respect to altering bacterial
opulations and metabolite production. This pre-competitive
pproach could then inform the choice of prebiotic to take
orward to a human intervention trial. 

aterials and methods 

ubstrates 

hree prebiotic candidates were selected to be tested in vitro .
he HMO used was 2 

′ -FL, sourced from DSM, Copen-
agen, Denmark. As an FOS, an oligofructose-enriched in-
lin, Orafti ®Synergy1, was used, which was obtained from
ENEO-Orafti, Obrigheim, Germany. The chosen GOS was
-GOS (Bimuno ®), from Clasado Biosciences, Reading, UK. 

pper gut simulation 

MOs, inulin, and oligofructose all pass through the upper
ut intact and unaltered (Brand-Miller et al. 1998 , Niness
999 ). The patented B-GOS mixture used in this study con-
ains 48% GOS, 22% lactose, 18% glucose, and 12% galac-
ose. As the latter three components are altered or absorbed
n the upper gastrointestinal tract prior to reaching the colon,
o more faithfully replicate physiological conditions an upper
ut simulation was carried out on this substrate as described
y Mills et al. ( 2008 ) with slight modification as follows. 
60 g of one batch of the B-GOS was dissolved in 150 ml

istilled water and then stomached for 5 min. For the oral
hase, 20 mg α- amylase (Sigma, UK) in 6.25 ml calcium chlo-
ide (0.001 mol l −1 , pH 7.0) was added to the sample and
ncubated at 37 

◦C on a shaker for 30 min. The pH was then
owered to 2.0, and for the gastric phase 2.7 g pepsin (Sigma,
K) in 25 ml hydrochloric acid (0.1 mol l −1 ) were added and

o the sample and the mixture was incubated at 37 

◦C on a
haker for 2 h. For the small intestinal phase, 560 mg pancre-
tin (Sigma, UK), 3.5 g bile (Sigma, UK), and 125 ml sodium
ydrogen carbonate (0.5 mol l −1 ) was added and the pH ad-
usted to 7.0. The mixture was incubated at 37 

◦C on a shaker
or 3 h. 
This sample solution was transferred to a Spectrum™ Spec-
ra/Por™ Biotech Cellulose Ester Dialysis Membrane Tub-
ng with a 0.5 kDa molecular weight cut-off to remove low
olecular mass digestion products. Dialysis was then per-

ormed against 0.01 mol l −1 sodium chloride for 15 h, then
he dialysate was refreshed and further dialysis carried out for
 h. The sample was then transferred to a freeze dryer for 96
, with a pre- and post-drying weight measured in order to
alculate the weight of end product equivalent to 1.5 g of the
riginal B-GOS. 

atch culture fermentation 

tatic in vitro anaerobic batch culture fermentation to simu-
ate the distal colon was performed as described by Rycroft
t al. ( 2001 ) with slight modifications. Batch culture vessels
ere assembled, consisting of a primary 300 ml volume in-
er chamber, an outer layer for a continuous water irrigation
or temperature control, a nitrogen gas inlet and gas outlet,
cid/base feeder, pH probe, access port, and magnetic stirrer.
 volume of 135 ml of standard basal nutrient medium was

terilized by autoclaving at 121 

◦C for 20 min and added asep-
ically to four sterile batch culture vessels, one negative con-
rol, and one for each substrate to be tested (Rycroft et al.
001 ). Anoxic nitrogen gas was bubbled through the media
or a minimum of 18 h prior to inoculation to ensure anaer-
biosis. A circulating water bath was set at 37 

◦C, and pH of
ach vessel was adjusted to 6.8, with a pH range maintained
etween 6.7 and 6.9 using pH controllers (Electrolab, Tewkes-
ury, UK). 1.5 g of each substrate (or equivalent post-upper
ut digestion weight of B-GOS) was added to the relevant fer-
enters to give a final concentration of 1% w/v. 
Fresh faecal samples were obtained from three healthy con-

rols and three patients with UC. The study was carried out
ith ethical approval from the United Kingdom National
ealth Service Health Research Authority, Research Ethics
ommittee reference 23/NW/0080. Healthy controls (two
ales and one female) had no pre-existing diagnosis of any

astrointestinal disorders. Patients with UC (two males and
ne female) had at least moderate symptoms according to the
ruelove and Witts criteria and Simple Clinical Colitis Activ-

ty Index, supported by a gastroenterologist opinion, faecal
alprotectin ≥250 μg g −1 , recent endoscopic or histological
vidence of inflammation, and/or elevated serum inflamma-
ory indices (Truelove and Witts 1955 , Walmsley et al. 1998 ).
ll patients were taking neither probiotic nor prebiotic prod-
cts and had not received antibiotics within the past 3 months.
tool samples were collected into an anaerobic jar (gas phase
 2 ) using Thermo Scientific AnaeroGen 2.5 l anaerobic sa-

hets (Oxoid, Basingstoke, UK), and inoculated into the fer-
enters within 2 h of defecation. 
A 10% weight by volume faecal slurry was formed by

tomaching 20 g of the faecal sample with 180 ml phosphate
uffered saline (10 mM phosphate, pH 7.4). 15 ml of this fae-
al slurry was then inoculated into the basal medium in each
essel to establish a final faecal concentration of 1% (w/v), and
amples were taken immediately for baseline values. Samples
ere then taken at 8, 24, and 48 h post-inoculation. 

rganic acid quantification using gas 

hromatography-mass spectrometry 

n preparation for gas chromatography (GC), after being re-
oved from the fermenter, 1.5 ml of sample was centrifuged at
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Table 1. Probe name, DNA sequence, and bacterial group targeted by probes used in FISH-FC in this study. 

Probe name and reference DNA sequence (5 ′ –3 ′ ) Targeted bacteria 

Non Eub (Wallner et al. 1993 ) A CTCCTA CGGGA GGCA GC Complementary probe to Eub338 (negative control) 
Eub338 I (Amann et al. 1990 ) GCTGCCTCCCGTA GGA GT Most bacteria 
Eub338 II (Daims et al. 1999 ) GC AGCC ACCCGTAGGTGT Planctomycetales 
Eub338 III (Daims et al. 1999 ) GCTGCCA CCCGTA GGTGT Verrucomicrobiales 
Bif164 (Langendijk et al. 1995 ) C ATCCGGC ATTACC ACCC Bifidobacterium spp. 
Lab158 (Harmsen et al. 1999 ) GGT A TT AGCAY CTGTTTCCA Lactobacillus spp. and Enterococcus 
Bac303 (Manz et al. 1996 ) CCAATGTGGGGGACCTT Most Bacteroidaceae and Prevotellaceae, some 

Porphyromonadaceae 
Erec482 (Franks et al. 1998 ) GCTTCTT AGTCARGT ACCG Most of the Clostridium coccoides - Eubacterium rectale group 

( Clostridium cluster XIVa and XIVb) 
Rrec584 (Walker et al. 2005 ) TCA GA CTTGCCGYA CCGC Roseburia spp. 
Ato291 (Harmsen et al. 2000 ) GGTCGGTCTCTCAACCC Atopobium cluster 
Prop853 (Walker et al. 2005 ) A TTGCGTT AA CTCCGGCA C Clostridial cluster IX 

Fprau655 (Hold et al. 2003 ) CGCCTA CCTCTGCA CTA C Faecalibacterium prausnitzii 
DSV687 (Devereux et al. 1992 ) T ACGGA TTTCACTCCT Desulfovibrio genus 
Chis150 (Franks et al. 1998 ) TT A TGCGGT A TT AA TCTY CC TTT Most of the Clostridium histolyticum group ( Clostridium cluster I 

and II) 
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11 600 × g for 10 min, and the supernatant was transferred 

and stored at −20 

◦C. Samples were processed as described 

by Richardson et al. ( 1989 ). Samples were defrosted and vor- 
texed, and 1 ml of sample was transferred to a flat-bottomed 

100 mm × 16 mm glass tube. 50 μl of internal standard (0.1 M 

2-ethylbutyric acid) was added to each tube, along with 0.5 ml 
concentrated hydrochloric acid and 3 ml diethyl ether. Sam- 
ples were then vortexed for 1 min at 1500 rpm, and then cen- 
trifuged for 10 min at 2000 × g . The upper layer of diethyl 
ether with dissolved volatiles was transferred into a new flat- 
bottomed 100 mm × 16 mm glass tube. 400 μl of this so- 
lution was then added to 50 μl of N -tert-butyldimethylsilyl- 
N -methyltrifluoroacetamide (Merck, UK) in a screw-cap GC 

vial, and left to derivatize for 72 h. 
SCFA analysis was performed using an Agilent 7890B 

Gas Chromatograph (Agilent, UK) with an HP-5MS column 

(length 30 m, diameter 0.25 mm, 0.25 μm coating, Agilent,
UK). The temperatures of injector and detector were set at 
275 

◦C, with the column temperature programmed from 63 

◦C 

to 190 

◦C at 10 

◦C min 

−1 with a hold time of 2 min and a 
total run time of 17.7 min. Helium was the carrier gas at 
a flow rate of 6.5 ml min 

−1 and pressure of 24.11 psi, and 

sample injection volume was 1 μl. An external standard con- 
taining all SCFAs was run after every batch of samples as 
a quality control. This external standard contained 30 mM 

acetic acid, 20 mM propionic acid, 5 mM iso-butyric acid,
20 mM n -butyric acid, 5 mM iso-valeric acid, 5 mM n -valeric 
acid, and 10 mM lactic acid (all Sigma, UK). Individual stan- 
dards of each organic acid were run at specific concentra- 
tions for calibration purposes. Agilent OpenLab ChemStation 

software (Agilent Technologies, Cheadle, UK) was used for 
peak integration, and concentrations were calculated using 
the Internal Response Factor method described in Liu et al.
( 2016 ). 

Bacterial enumeration 

After sampling directly from the fermenter, 750 μl sample 
was taken in anticipation of bacterial enumeration using flu- 
orescence in situ hybridization (FISH) combined with flow 

cytometry (FC). The samples were prepared as described by 
Grimaldi et al. ( 2017 ). The 750 μl of sample was centrifuged 

at 11 600 × g (consistent for all centrifuging throughout this 
rocess), and the supernatant was discarded. The pellet was
esuspended in 375 μl filter-sterilized PBS, pre-filtered us- 
ng a sterile 0.22 μm polyvinylidene fluoride syringe filter,
nd fixed in 1125 μl 4% paraformaldehyde. Samples were 
hen incubated at 4 

◦C for 4 h to achieve permeabilization,
ashed twice with filter-sterilized PBS, and resuspended in 

 mixture of 300 μl filter-sterilized PBS and 300 μl filtered
thanol. 

75 μl of the suspension was then taken and suspended fur-
her in 500 μl filter-sterilized PBS. Samples were centrifuged at
1 600 × g for 3 min, and the pellet was suspended in 100 μl
f solution containing 0.1 M Tris/HCl (pH 8.0), 0.05 M EDTA
pH 8.0), and 1 mg ml −1 lysozyme. This was incubated in
he dark at room temperature for 10 min then re-centrifuged
nd washed with filter-sterilized PBS. The pellet was then 

uspended in hybridization buffer (containing 5 M sodium 

hloride, 1 M Tris/HCl (pH 8.0), 10% sodium dodecyl sul-
hate, and 30% formamide) and 50 μl aliquoted into Ep-
endorf tubes, to which 4 μl of each oligonucleotide probe
see Table 1 ) and 4 μl of the Eub338 I-II-III total bacteria
robe (an equimolar combination of Eub338 I, Eub338 II,
nd Eub338 III) were added (all probes Eurofins Genomics,
K). The working solution was incubated at 35 

◦C in a heat-
ng block overnight. 

Following incubation, the samples were centrifuged and 

ashed using washing buffer [containing 5 M sodium chlo- 
ide, 1 M Tris/HCl (pH 8.0), 0.5 M EDTA (pH 8.0), and
0% sodium dodecyl sulphate], then centrifuged again at 
1 600 × g for 3 min and suspended in 300 μl filter-
terilized PBS. FC was performed using an Accuri C6 flow
ytometer and analysed using the Accuri CFlow Sampler 
oftware (both BD Biosciences, UK). Bacterial counts were 
alculated using cytometry counts and appropriate dilution 

actor. 

tatistical analysis 

tatistical analysis and graphing were performed using 
raphPad Prism 10 for macOS, Version 10.0.1. Baseline 
acterial populations between healthy controls and pa- 
ients with UC were compared using an unpaired t test
ith W elch’ s correction. Multiple comparisons were cor- 

ected for using the Holm–Sìdàk method. Changes in log 
ransformed bacterial populations and SCFA concentra- 
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Figure 1. Baseline bacterial counts at timepoint zero for both healthy control and UC samples expressed as log 10 cells ml −1 of sample for each 
oligonucleotide probe. Error bars represent standard error of the mean, pairwise comparisons annotated where statistical significance reached: 
∗P ≤ .05, ∗∗P ≤ .01, ∗∗∗P ≤ .001. 
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ions over time were compared using repeated measures
wo-way ANOVA with the Geisser–Greenhouse correction,
orrecting for multiple comparisons using Dunnett’s test.

here missing data were present a mixed-effects model was
sed. 

esults 

otal bacteria and Lactobacillus counts were 

educed at baseline in patients with UC 

igure 1 demonstrates baseline counts of bacterial groups
dentified using FISH-FC in both the healthy controls and pa-
ients with UC. Counts of total bacteria measured with the
ub338 I-II-III probe were decreased in patients with UC
ompared to healthy controls (7.74 vs 8.02 log 10 cells ml −1 ,
 = .02), as were counts of Lactobacillus spp. (5.63 vs 6.34

og 10 cells ml −1 , P = .0006). No significant differences at base-
ine were found for other bacterial groups after correcting for
ultiple comparisons. 

ll substrates had a positive effect on the UC 

icrobiota in vitro 

igure 2 shows bacterial enumeration data at baseline, 8 and
4 h post-inoculation in the negative control vessel and three
essels containing prebiotic substrates. Statistically significant
ncreases from baseline to 8 h were seen in total bacteria with
 

′ -FL (from 7.51 to 8.05 log 10 cells ml −1 , P = .0235) and GOS
from 7.59 to 8.09 log 10 cells ml −1 , P = .0362), and in Lac-
obacillus spp. with FOS (from 5.49 to 6.33 log 10 cells ml −1 ,
 = .0296). 
Although not reaching statistical significance, a bifidogenic

ffect was seen with all substrates, most pronounced with 2 

′ -
L. All substrates increased Lactobacillus spp. at 24 h, and 2 

′ -
L was the only substrate to reduce Desulfovibrio spp. abun-
ance. No real changes were seen in F. prausnitzii and Rose-
uria spp. with any substrate. Using linear regression to model
ate of change from baseline to 8–24 h, a significant deviation
n slope gradient from zero was seen in Bifidobacterium spp.
 P = .0414) with GOS and with the Clostridium coccoides -
ubacterium rectale group ( P = .0297) and Atopobium clus-
er ( P = .0072) with 2 

′ -FL. 

 

′ -FL reduced the proportion of Desulfovibrio spp. 
n the UC microbiota 

igure 3 shows the relative abundance of Desulfovibrio spp.
ver time with each of the tested substrates. A clear decline
as seen with 2 

′ -FL but not with FOS or GOS. This pat-
ern was maintained when data were combined with that of
ealthy controls (not shown). 

rebiotics effect a greater change in bacterial 
ounts in patients with UC compared to healthy 

ontrols 

igure 4 gives the ratio of change in individual bacterial
roups from baseline to 24 h into the fermentations. Although
o changes reached statistical significance, in general it was
pparent that there were greater changes across the bacte-
ial populations in UC samples compared to controls. In par-
icular, 2 

′ -FL resulted in the greatest ratio change in Bifi-
obacterium spp. and Lactobacillus spp., and both 2 

′ -FL and
OS saw a noteworthy rise in the Clostridium coccoides —
ubacterium rectale group. 2 

′ -FL saw the smallest increase in
esulfovibrio spp. compared to the other substrates. 

ll substrates lead to increased organic acid 

roduction, with 2 

′ -FL increasing acetate and total 
CFA levels the most 

igure 5 shows how the concentration of organic acids in
ach vessel changed from baseline to 8, 24, and 48 h post-
noculation. Graphs are shown for the three most abundant
nd physiologically important SCFAs (acetate, butyrate, and
ropionate), as well as total SCFA concentration (sum of ac-
tate, propionate, butyrate, iso-butyrate, valerate, iso-valerate,
nd lactate). 2 

′ -FL was the only substrate to significantly in-
rease acetate concentrations from baseline to 48 h (from
.952 to 49.9 mmol l −1 , P = .0474). Acetate levels following
8 h of fermentation with 2 

′ -FL were significantly greater than

art/lxae034_f1.eps
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Figure 2. Bacterial counts from baseline microbiota to 8 and 24 h with each oligonucleotide probe in patients with UC in negative control vessel and with 
each substrate. Individual panels shown for Eub 338 I-II-III (i), Bif164 (ii), Lab158 (iii), Bac303 (iv), Erec482 (v), Rrec584 (vi), Ato291 (vii), Prop853 (viii), 
Fprau655 (ix), DSV687 (x), and Chis150 (xi). Pairwise comparisons annotated where statistical significance reached between mean values: ∗P ≤ .05, 
∗∗P ≤ .01. 

Figure 3. R elativ e abundance of Desulf o vibrio spp. e xpressed as 
percentage of total bacteria identified, and error bars denote standard 
error of the mean. 
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those with GOS (49.9 mmol l −1 vs 20.07 mmol l −1 , P = .958),
but not FOS (49.9 mmol l −1 vs 34.46 mmol l −1 , P = .53). 

GOS was the only substrate to significantly increase bu- 
tyrate concentration from baseline to 48 h (from 0.216 to 

6.635 mmol l −1 , P = .042). No significant differences between 

butyrate values at 48 h were observed between 2 

′ -FL, FOS,
and GOS. 
All three substrates significantly increased propionate and 

otal SCFA concentrations from baseline to 48 h. Directly
omparing values at 48 h for total SCFA for the different sub-
trates, there was no significant difference between 2 

′ -FL and
OS (79.60 mmol l −1 vs 75.18 mmol l −1 , P = .958), but 2 

′ -FL
id have a significantly increased peak total SCFA concentra- 
ion compared to GOS (79.60 mmol l −1 vs 41.52 mmol l −1 ,
 = .0424). 

iscussion 

n this study, we observed the impact of three different
ubstrates, a human milk oligosaccharide, an oligofructose- 
nriched inulin, and a galactooligosaccharide mixture, on the 
aecal microbiota from patients with UC in a batch culture fer-
entation model. All substrates positively altered the gut mi- 

robiota with respect to the relative proportions of beneficial 
icrobes and elevated organic acid profiles following fermen- 

ation. In this model, 2 

′ -FL appeared to outperform both FOS
nd GOS in terms of modification of the microbial commu-
ity of UC microbiota in vitro . This is based on suppression of
esulfovibrio spp. and improvement of more beneficial bacte- 

ial classes, including Bifidobacterium spp. and the Firmicutes 
lostridium cluster XIVa and XIVb, along with the improve- 
ent in individual and total SCFA profile. 
The paucity of Lactobacillus spp. found at baseline in pa-

ients with active UC compared to healthy controls is con-
istent with data from previous studies (Bullock et al. 2004 ,
igsnæs et al. 2011 ). Interestingly, no baseline difference in F.
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Figure 4. Ratio of change from baseline microbiota to 24 h with each oligonucleotide probe in both healthy controls and patients with UC for negative 
control and each substrate. Separate graphs shown for negative control (i), 2 ′ -FL (ii), FOS (iii), and GOS (iv). Error bars represent standard error of the 
mean. 

Figure 5. Concentrations of organic acids at baseline, and then at 8, 24, and 48 h post-inoculation for the negative control vessel and for each substrate 
in samples taken from patients with UC. Separate graphs shown for acetate (i), butyrate (ii), propionate (iii), and total SCFA (iv). Error bars denote 
standard error of the mean, pairwise comparisons annotated where statistical significance reached: ∗P ≤ .05, ∗∗P ≤ .01, ∗∗∗P ≤ .001, ∗∗∗∗P ≤ .0 0 01. 
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rausnitzii or Roseburia spp. was seen in this study in patients
ith UC compared to healthy controls, as has been suggested
reviously (Machiels et al. 2014 ). 
It is interesting to note that although final counts at 24

 were similar, patients with UC appeared to have a greater
apacity for change in microbial counts with the same sub-
trates compared to healthy controls. This was particularly
rue in important groups such as Bifidobacterium , F. praus-
itzii , Lactobacillus spp., and the butyrate producing Clostrid-

um coccoides —Eubacterium rectale group. This suggests that
iven the initial dysbiosis in patients with UC, there is greater
room to grow’ with the introduction of prebiotics in these
atients compared to healthy controls. 
The important role of the SRB Desulfovibrio spp. in the

athogenesis of UC would suggest that any potential inter-
ention to reduce inflammation in the condition should ide-
lly reduce SRB abundance, or at the least not increase it. Of
he prebiotics tested here, only 2 

′ -FL had a suppressive effect
n Desulfovibrio spp. 
The significant improvements in organic acids demon-

trated with the prebiotic candidates are likely be clinically
elevant. Patients with UC have reduced levels of total SC-
As, acetate, and propionate compared to healthy controls,
nd patients with active UC have reduced levels of acetate, bu-
yrate, and propionate compared to those in remission (Hold
t al. 2003 ). Butyrate acts as the main source of energy for
olonocytes, and SCFAs act via G protein coupled receptors to
odulate the immune system (Parada Venegas et al. 2019 , Xu

t al. 2022 ). Increasing luminal SCFA concentration therefore
s likely to have a beneficial effect in reducing inflammation in
C. 
Several potential limitations exist for this study. Active UC

s characterized by loose stool and increased frequency, and
o it is worth considering whether the timepoints described
ere are appropriate given the potential decrease in colonic
ransit time in UC. Previous studies have shown, however, that
t is the rectosigmoid irritability due to colonic inflammation,
ather than reduced transit time that leads to these symptoms
Rao et al. 1987 ). 

The reason 2 

′ -FL may have outperformed FOS and GOS in
his in vitro model could be due to its bifidogenic effect. This
as been demonstrated in vivo in dietary intervention studies
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in healthy adults (Elison et al. 2016 ). HMOs such as 2 

′ -FL in 

the infant gut are predominantly metabolized by Bifidobac- 
terium spp., which are in turn the most dominant genus in the 
infant colon (Hill et al. 2017 , Sakanaka et al. 2020 ). Given re- 
duction in abundance of Bifidobacterium spp. is implicated in 

active UC, targeting this deficiency with HMOs to shift the gut 
microbiota to a more ‘healthy’ profile is a logical approach. 

The ultimate assessment of efficacy of prebiotics in disease 
states is through human intervention studies, the gold stan- 
dard being the double-blind, placebo controlled randomized 

controlled trial (RCT). Two human studies to date have used 

this design to look at prebiotics in UC, both looking at inulin- 
type fructans (Casellas et al. 2007 , Ikegami et al. 2023 ). The 
most recent, a 2023 study compared the effect of the trisac- 
charide FOS 1-kestose vs placebo in 40 patients (Ikegami 
et al. 2023 ). The trial met its primary endpoint, with a sig- 
nificant improvement in clinical activity index in the prebiotic 
group compared to placebo. Significant decreases in a number 
of genera were observed following kestose treatment, but no 

change in Bifidobacterium spp. or Faecalibacterium spp. was 
reported, and there were no differences in SCFA production 

between intervention and placebo groups. Crucially, FOS was 
well tolerated and low-risk, which is mirrored in all prebiotic 
trials to date in healthy controls, UC, and other conditions. 

No RCT studies on the role of HMOs in UC have so far 
been done. A single arm, open label trial using a propri- 
etary nutritional formula containing 2 

′ -FL (along with a host 
of micro- and macronutrients, amino acids, and iso- malto- 
oligosaccharide) in 12 patients, including four patients with 

UC found improvement in Gastrointestinal Quality of Life 
Index following 6 weeks’ intervention (Ryan et al. 2021 ). In 

addition, increases in stool total SCFA, butyrate, and acetate 
were observed, as were increases in Bifidobacterium spp. and 

F. prausnitzii . 
Overall, this study is the first to directly compare 2 

′ -FL,
FOS, and GOS in terms of relative efficacy in improving the 
gut microbiota and metabolic profile in UC. This in vitro ap- 
proach would support the progression to a well-designed hu- 
man dietary intervention trial of the HMO 2 

′ -FL in patients 
with UC, to determine whether improvements in clinical, mi- 
crobiological, and metabolic parameters can be observed with 

consumption of this prebiotic. 
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