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BACKGROUND & AIMS: The gut microbiota affects host lipid
and glucose metabolism, satiety, and chronic low-grade
inflammation to contribute to obesity and type 2 diabetes.
Fermentation end products, in particular the short-chain fatty
acid (SCFA) acetate, are believed to be involved in these pro-
cesses. We investigated the long-term effects of supplementa-
tion with galacto-oligosaccharides (GOS), an acetogenic fiber,
on the composition of the human gut microbiota and human
metabolism. METHODS: We performed a double-blinded, pla-
cebo-controlled, parallel intervention study of 44 overweight or
obese (body mass index, 28-40 kg/m?) prediabetic men and
women (ages, 45-70y) from October 2014 through October 2015
in Maastricht, The Netherlands. The participants were assigned
randomly to groups who ingested 15 g GOS or isocaloric placebo
(maltodextrin) daily with their regular meals for 12 weeks. Before
and after this period, we collected data on peripheral and adipose
tissue insulin sensitivity, fecal microbiota composition, plasma
and fecal SCFA, energy expenditure and substrate oxidation, body
composition, and hormonal and inflammatory responses. The
primary outcome was the effect of GOS on peripheral insulin
sensitivity, measured by the hyperinsulinemic-euglycemic clamp
method. RESULTS: Supplementation of diets with GOS, but not
placebo, increased the abundance of Bifidobacterium species in
feces by 5-fold (P = .009; q = 0.144). Microbial richness or
diversity in fecal samples were not affected. We did not observe
any differences in fecal or fasting plasma SCFA concentrations or
in systemic concentrations of gut-derived hormones, incretins,
lipopolysaccharide-binding protein, or other markers of inflam-
mation. In addition, no significant alterations in peripheral and
adipose tissue insulin sensitivity, body composition, and energy
and substrate metabolism were found. CONCLUSIONS: Twelve-
week supplementation of GOS selectively increased fecal
Bifidobacterium species abundance, but this did not produce
significant changes in insulin sensitivity or related substrate and
energy metabolism in overweight or obese prediabetic men and
women. ClincialTrials.gov number, NCT02271776.

Keywords: Short-Chain Fatty Acids; Microbial

Obesity; Metabolic Control.

Prebiotics;

ccumulating evidence indicates that the human gut

microbiota is involved in the etiology of obesity and
type 2 diabetes.' Several strategies to manipulate gut
microbiota composition including fecal transplantation,
antibiotic treatment, as well as supplementation of pro-
biotics and prebiotics have indicated that alterations in the
microbial composition and diversity might lead to changes
in insulin sensitivity and metabolic profile in human
beings,A"7 although data are not consistent.®1° Importantly,
however, long-term dietary intervention studies in human
beings, combining microbiota analysis with detailed meta-
bolic phenotyping, are scarce, and putative underlying
mechanisms for beneficial effects on host metabolism
remain to be fully elucidated.

Many data on prebiotic effects of dietary fibers are
derived from studies with either inulin-type fructo-oligo-
saccharides or galacto-oligosaccharides (GOS).'" These
dietary fibers have the capacity to selectively alter the gut
microbiota composition and stimulate the growth of puta-
tively beneficial bacterial genera such as Bifidobacterium
and Lactobacillus.*»*? GOS is a soluble dietary fiber derived
from (-galactosidase-induced conversion of lactose. A
limited number of human studies have indicated benefi-
cial metabolic effects of GOS.">'* Twelve-week supplemen-
tation of a GOS mixture to overweight participants
improved insulin and lipid homeostasis, and attenuated
low-grade systemic inflammation in these participants.'?

*Authors share co-first authorship.

Abbreviations used in this paper: BMI, body mass index; CID, clinical
investigation day; FFA, free fatty acid; GLP-1, glucagon-like peptide-1;
GOS, galacto-oligosaccharides; HITChip, Human Intestinal Tract Chip; IL,
interleukin; LBP, lipopolysaccharide-binding protein; PYY, peptide YY;
RIA, radioimmunoassay; SCFA, short-chain fatty acid; TAG,
triacylglycerol; TNF-«, tumor necrosis factor-a.
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EDITOR’S NOTES

BACKGROUND AND CONTEXT

Accumulating data, mainly derived from rodent studies,
indicate that gut microbiota are involved in the etiology
of obesity and insulin resistance, possibly by
fermentation of prebiotics into short-chain fatty acids
(SCFA). However, human studies are lacking.

NEW FINDINGS

12-week supplementation of the prebiotic galacto-
oligosaccharides consistently increased bifidobacteria,
in obese, prediabetic individuals, but did not alter SCFA
concentrations, insulin sensitivity, or energy metabolism.

LIMITATIONS

This study did not measure whether postprandial
metabolism is affected by the prebiotic treatment.

IMPACT

A change in microbial composition towards the more
favorable bifidobacteria does not automatically lead to
beneficial effects on human metabolism.

Furthermore, dietary supplementation of a GOS mixture to
healthy elderly volunteers altered gut microbiota composi-
tion and improved systemic and fecal inflammatory
markers.'* However, mechanisms involved in these meta-
bolic effects were not determined in these studies. One of the
important mechanisms involved in the effects of prebiotic
fibers on metabolic health is their fermentation by the gut
microbiota, resulting in the formation of short-chain fatty
acids (SCFAs), mainly acetate, propionate, and butyrate.'®

We recently showed that acute infusion of acetate into
the distal part of the colon led to increased systemic acetate
concentrations, increased fat oxidation, and circulating
concentrations of the satiety-stimulating hormone peptide
YY (PYY) in overweight men.'® Based on that, we hypothe-
sized that long-term supplementation of a high-acetogenic
fiber would result in increased circulating acetate avail-
ability and an improved metabolic profile. Increased acetate
concentrations were found after in vitro fermentation of
GOS."” In accordance, a 6-week supplementation of GOS to
infants increased fecal acetate concentrations and fecal
abundance of Bifidobacterium.'® Several members of colonic
microbiota are involved in GOS fermentation, of which
bifidobacteria mainly are responsible.'? As such, bifidobac-
teria convert polysaccharides into mainly lactate and
acetate.”” Therefore, long-term GOS intake may beneficially
may modulate the gut microbiota composition and induce
acetate production, leading to improved host energy and
improved substrate metabolism and insulin sensitivity.
Hence, the present study investigated the effects of 12-week
GOS supplementation on peripheral insulin sensitivity in
overweight and obese prediabetic men and postmenopausal
women. Secondary outcomes were effects of GOS supple-
mentation on fecal microbiota composition, plasma and
fecal SCFA concentrations, body composition, energy
expenditure and substrate oxidation, circulating metabo-
lites, hormones, inflammatory markers, and adipokine
concentrations.

Gastroenterology Vol. 153, No. 1

Materials and Methods

Study Participants

Forty-six overweight and obese (body mass index [BMI],
28-40 kg/m?) Caucasian men and postmenopausal women,
aged 45-70 years, with impaired fasting glucose and/or
impaired glucose tolerance were recruited between October
2014 and October 2015 from the vicinity of Maastricht, The
Netherlands. Impaired fasting glucose was defined as fasting
plasma glucose levels > 5.6 mmol/L. Impaired glucose toler-
ance was defined as plasma glucose levels between 7.8 and 11
mmol/L at 2 hours after oral ingestion of 75 g glucose dissolved
in 250 mL tap water (oral glucose tolerance test). Volunteers
had to be weight-stable for at least 3 months before study
participation. Exclusion criteria for participation in the study
were as follows: diagnosis of diabetes mellitus; gastro-
enterologic diseases or prior abdominal surgery; cardiovascular
diseases; liver or kidney malfunction; patients with a life
expectancy shorter than 5 years; participants following a
hypocaloric diet; or use of antibiotics, prebiotics, or probiotics
in the 3 months before the start of the study or during the
study period. Participants did not use (-blockers, lipid- or
glucose-lowering drugs, anti-oxidants, or chronic corticoste-
roids. The study was approved by the Medical Ethical Com-
mittee of Maastricht University Medical Centre+ and was
conducted in accordance with the Declaration of Helsinki
(revised version, October 2008, Seoul, South Korea). Written
informed consent was obtained from all participants. All
authors had access to the study data and reviewed and
approved the final manuscript.

Study Design

This study was a double-blind, placebo-controlled, random-
ized, parallel trial. After stratification for sex and age, an inde-
pendent researcher randomized subjects into the GOS or placebo
group. Participants in the intervention group were asked to
ingest 7.04 g of Vivinal GOS powder (FrieslandCampina Domo,
Amersfoort, The Netherlands), containing 5 g GOS, 3 times per
day with their regular meals during the 12-week intervention
period (Supplementary Figure 1). Besides 69% GOS, the product
contained 23% lactose, 5% monosaccharides (glucose and
galactose), and 3% moisture. Participants in the placebo group
were asked to ingest 5.65 g of maltodextrin (Avebe, Veendam,
The Netherlands) 3 times per day with their regular meals during
12 weeks. The amount of maltodextrin was isocaloric to the
amount of Vivinal GOS powder product (269.6 kJ/day). GOS and
maltodextrin were both provided as white powdered supple-
ments. The products were provided in sachets and were
consumed with a low-fat yogurt drink (Optimel Drink Lang
Lekker 200 mlL; FrieslandCampina, Amersfoort, The
Netherlands). There were no probiotic strains or supplemented
GOS in the yogurt drink. The participants were instructed to
document their GOS or placebo intake in a daily diary and had to
return all sachets to assess compliance. All participants were
instructed to continue their usual physical activity and dietary
regimen throughout the whole intervention period to study the
isolated effect of the differential supplementation.

The primary outcome of the study was the effect of GOS on
peripheral insulin sensitivity as measured by the hyper-
insulinemic-euglycemic clamp method. Secondary outcomes
were substrate oxidation and energy expenditure, fecal
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microbiota composition, fecal and plasma SCFA, circulating
metabolites (glucose, triacylglycerol [TAG], free fatty acids
[FFA], free glycerol) and hormones (insulin, PYY, glucagon-like
peptide-1 [GLP-1], leptin), plasma inflammatory markers (tu-
mor necrosis factor-a [TNF-«], interleukin [IL]6, IL8, lipopoly-
saccharide binding protein [LBP]), body composition, BM],
body weight, dietary intake, and physical activity.

Before and directly after the 12-week intervention period,
participants underwent an experimental clinical investigation
day (CID). The 12-week intervention started the day after
the first CID. During the 3 days before the CID participants
recorded their dietary intake and level of physical activity.
In addition, fecal samples were collected 1 day before the
CID.

Dietary Intake and Physical Activity Recording

Participants were asked to complete a 3-day dietary record
before the intervention period, in week 6 and in week 12 of the
intervention. Before the start of the intervention, participants
were instructed by a dietician how to weigh and record their
food and beverage intake. The volunteers were asked to include
2 weekdays and 1 weekend day in the 3-day period. The dietary
records were checked, discussed in case of missing data, and
analyzed by an experienced dietician. Energy and nutrient
intake were analyzed using the Dutch Food Composition
Dataset (Nederlands Voedingsstoffenbestand, National Institute
for Public Health and Environment, Ministry of Health, Welfare
and Sport, The Hague, The Netherlands).

Self-reported level of physical activity was assessed using
the Short Questionnaire to Assess Health enhancing physical
activity.’! Participants completed the questionnaire before the
intervention period and in week 6 and week 12 of the inter-
vention period. Outcome value was the time spent (minutes) in
light, moderate, and vigorous physical activity based on meta-
bolic equivalent, as reported before.”!

CID

Two days before the CID, participants were asked to refrain
from intense physical activity and alcohol consumption. In the
evening before each CID, the volunteers consumed a stan-
dardized low-fiber meal (62 energy % carbohydrate, 24 energy
% protein, and 14 energy % fat). Participants came to the
laboratory by car or public transport in the morning after an
overnight fast (12 h). All procedures were performed with the
participant in a resting, half-supine position. During the CID,
several measurements took place. Each CID started with a dual-
energy X-ray absorptiometry scan to determine body
composition and measurements of body weight and height.
Subsequently, a 1-step hyperinsulinemic-euglycemic clamp
was performed to measure peripheral insulin sensitivity,
combined with indirect calorimetry to measure substrate
oxidation and energy expenditure during fasting and euglyce-
mic conditions. In addition, blood samples were taken at
different time points during fasting and euglycemic conditions
(Supplementary Figure 1).

Body composition. Body fat percentage, body fat, and
visceral fat distribution, as well as lean mass, were measured
before and after the intervention period by use of a dual-energy
X-ray absorptiometry scan using a 3-compartment model
(Hologic BCA; VitaK, Maastricht, The Netherlands). In addition,
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fasting body weight (in underwear using a calibrated weight
scale) and height (barefoot) were measured to calculate BML.
One-step hyperinsulinemic-euglycemic clamp. A
hyperinsulinemic-euglycemic clamp was performed to measure
whole-body insulin-stimulated glucose rate of disappearance.
Participants were placed in a semirecumbent position. First, a
Teflon cannula (Becton Dickinson, Franklin Lakes, NJ) was
inserted into an antecubital vein for infusion of glucose and in-
sulin. To measure blood glucose, a second Teflon cannula was
inserted into a superficial dorsal hand vein for sampling of blood
(1 mL every 5 min), which was arterialized by placing the hand
into a hotbox, blowing warm air (~50°C). A priming dose of
insulin infusion (Actrapid; Novo Nordisk, Gentofte, Denmark)
was administered during the first 10 minutes (t0-t10 min) and
insulin infusion was continued thereafter at 40 mU/m?/min for 2
hours (t10-t120 min). By variable infusion of a 17.5% glucose
solution, plasma concentrations were maintained at 5.0 mmol/L.
The mean glucose infusion rate during the final 30 minutes of
euglycemia was used as an indicator of the peripheral insulin
sensitivity and defined as the M value.?? In addition, during
fasting conditions (t-30-t0 min) and during the 30-minute
steady state of the clamp (t90-t120 min), energy expenditure
and substrate oxidation were measured using indirect calorim-
etry. Additional blood plasma samples were taken during fasting
(t-5 min) and euglycemic (t90 and t120 min) conditions.
Insulin-stimulated suppression of circulating FFA was
measured as an indicator of adipose tissue insulin sensitivity.
Insulin-stimulated FFA suppression percentage was calculated
by the following formula: ([baseline FFA - insulin-stimulated

FFA during steady state clamp] / baseline FFA).*
Indirect calorimetry. For indirect calorimetry, an open-

circuit ventilated hood system (Omnical; Medical Ethical Com-
mittee of Maastricht University Medical Centre+, Maastricht,
The Netherlands) was used. CO, production (carbon dioxide
output per unit of time in L/min) and O, consumption (oxygen
consumption per unit of time in L/min) were measured during
2 investigational time periods: a baseline measurement of 30
minutes before start of the clamp (t-30-t0 min) and for 30
minutes during the steady-state of the hyperinsulinemic-
euglycemic clamp (t90-t120 min). The equations of Weir®* and
Frayn®® were used to calculate resting energy expenditure and
the rate of fat and carbohydrate oxidation.

Blood collection, storage, and biochemical
analyses. Blood was collected in ice-cold EDTA tubes (0.2
mol/L EDTA; Sigma, Dorset, UK) for SCFA, insulin, glucose,
FFA, TAG, free glycerol, leptin, LBP, TNF-¢, IL6, and IL8 an-
alyses during fasting (t-5 min) and euglycemic (t90 and t120
min) conditions. For GLP-1 analysis, blood was collected in a
2-mL EDTA tube containing 20 uL of dipeptidyl peptidase-IV
inhibitor (Millipore, Darmstadt, Germany). For PYY analysis,
blood was collected in a 2-mL aprotinin tube containing
20 uL of dipeptidyl peptidase-IV inhibitor. The samples were
centrifuged at 3500g, at 4°C for 10 minutes, and plasma was
aliquoted and directly snap-frozen in liquid nitrogen and
stored at -80°C until analysis.

Plasma FFA, TAG, and glucose were measured with enzymatic
assays on an automated spectrophotometer (ABX Pentra 400
autoanalyzer; Horiba ABX, Montpellier, France). Plasma-free
glycerol was measured after precipitation with an enzymatic
assay (Enzytec Glycerol; Roche Biopharm, Basel, Switzerland)
automated on a Cobas Fara spectrophotometric autoanalyzer
(Roche Diagnostics, Basel, Switzerland). The concentrations of
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insulin, leptin, and PYY were determined with commercially
available radioimmunoassay (RIA) kits (human insulin-specific
RIA, human leptin RIA, human PYY [3-36] RIA; Millipore Corpo-
ration, Billerica, MA). IL6, IL8, and TNF-« were determined with
an enzyme-linked immunosorbent assay kit (Human Proln-
flammatory II 4-Plex Ultra-Sensitive Kit; Meso Scale Diagnostics,
Rockville, MD). Plasma samples were assayed for total GLP-1
immunoreactivity using an antiserum that reacts equally with
intact GLP-1 and the primary (N-terminally truncated) metabolite
as previously described.”® For the detection of LBP, plates
(Greiner Microlon 600 high binding; Sigma Aldrich, St. Louis, MO)
were coated with polyclonal anti-human LBP antibodies. Diluted
plasma samples (1:5000) and a standard dilution series with
recombinant LBP were added to the plate. Detection occurred
with a biotinylated polyclonal rabbit anti-human LBP IgG, fol-
lowed by peroxidase-conjugated streptavidin and substrate. The
detection limit for the LBP assay was 200 pg/mL.?”

SCFA analysis. Feces was collected at home, starting from
2 days before the test days and stored in the subject’s freezer at
-20°C, transported on dry ice, and stored on arrival at the uni-
versity at -80°C. Fecal acetate, propionate, and butyrate were
measured by gas chromatography-mass spectrometry (Dr. Stein
and Collegae Medical Laboratory, Ménchengladbach, Germany),
according to the method described by Garcia-Villalba et al.’
Storage and processing of plasma samples for analysis of SCFA
was performed as reported before.”® Analysis of these samples
was performed using liquid chromatography-mass spectrom-
etry, enabling lower detection limits for acetate, propionate, and
butyrate of 0.1, 0.05, and 0.05 umol/L, respectively.

Microbiota composition. DNA was isolated from feces
using the repeated bead-beating method as previously
described,”® and subsequently used for microbiota profiling
using the Human Intestinal Tract Chip (HITChip), a phyloge-
netic microarray based on 16S ribosomal RNA gene sequences
of more than 1000 intestinal bacterial phylotypes.>° In short,
16S ribosomal RNA genes were amplified by polymerase chain
reaction, followed by in vitro transcription, Cy3/Cy5 labeling
and fragmentation of RNA, and hybridization. Duplicate
hybridizations with a Pearson correlation of more than 98%
were considered for further analysis, and microbiota profiles

Table 1.Study Participant Baseline Characteristics (N = 44)
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were generated by preprocessing of probe-level measurements
with minimum-maximum normalization and the frozen-robust
probabilistic averaging probe summarization®" into 3 phylo-
genetic levels: order-like, genus-like (>90% sequence similar-
ity), and phylotype-like (>98% sequence similarity).’® In the
present work, our analysis focused on the genus-level variation.

Statistical Analysis

To detect a physiologically relevant difference in the change
in peripheral insulin sensitivity of 20% with a SD of 4, a power
of 80% and assuming an « value of .05, a number of at least 17
participants per group was necessary. Because an equivalent
subject number for men and women was required, 18 partici-
pants per group (9 men and 9 women per group) were needed.
Assuming a 25% drop-out rate, the planned recruitment was
N = 46 participants in total.

All data are expressed as means + SD. Baseline differences
were evaluated using a Student unpaired t test. Body compo-
sition data and metabolic variables were first tested for
normality using the Shapiro-Wilk test and showed a normal
distribution. A 2-factor repeated-measures analysis of variance
with time (before, after) and intervention (GOS, placebo) as
factor was applied. In case of significant time x intervention
interaction, post hoc analyses with Bonferroni correction were
applied to identify significant within-intervention effects.
Statistics were performed using SPSS 22.0 (IBM, Armonk, NY)
and a P value less than .05 (2-sided P value) was considered
statistically significant.

For HITChip analysis, log,o-transformed signals were used as
a proxy for bacterial logarithmic abundance. To determine the
treatment effect on the abundance of genus-level microbial
groups within individuals and the contrast between the 2
treatment groups, a linear mixed model taking into account
the effects of repeated measurements, treatment group, age, and
BMI using the Ilme4 package was used.*’ Diversity of
the microbiota was quantified based on nonlogarithmized
HITChip oligo-level signals by the inverse Simpson index using
the Vegan package (https://cran.r-project.org/web/packages/
vegan/vegan.pdf).>*** Analysis of variance with the Tukey

Variable GOS (n = 21) Placebo (n = 23) P value

Sex, male/female 11/10 12/11

IGT/IFG/IGT + IFG, n 0/14/7 2/15/6

Age, y 592 +7.2 58.4 +7.3 716
Weight, kg 98.4 + 11.9 96.9 + 11.5 .263
Height, cm 1720+ 7.2 1735+ 7.5 525
Body mass index, kg/m? 33.3 £ 3.7 323 + 35 321
Waist-hip ratio 1.0 + 0.06 1.0 + 0.06 .899
Systolic blood pressure, mm Hg 129 + 11 127 £+ 15 742
Diastolic blood pressure, mm Hg 86 +7 85 + 10 779
Fasting glucose level, mmol/L 6.0 + 0.5 58+04 .095
OGTT 2-h plasma glucose, mmol/L 6.4 +1.7 7.0+20 .259
Fasting insulin level, uU/mL 20.7 £ 6.7 191 +£72 721
HOMA-IR 5.34 + 2.7 510 + 2.7 .829
Hemoglobin Alc, % 56 +0.3 56 +04 .509

NOTE. Values are given as means + SD. Data were analyzed using the Student unpaired t test.
IFG, impaired fasting glucose; IGT, impaired glucose tolerance; HOMA-IR, homeostatic model assessment of insulin

resistance; OGTT, oral glucose tolerance test.
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Honest Significant post hoc analysis was applied to compare
diversity between and within groups. P values were corrected for
multiple comparisons using the Benjamini-Hochberg procedure.
HITChip statistics were performed using R v3.1.3 software (The
R Foundation for Statistical Computing, Vienna, Austria). A
corrected q value of less than 0.2 was considered significant.

Results

Forty-six volunteers started with the 12-week inter-
vention period. Two women dropped out of the study
because of the use of antibiotics during the study period (1
for a wound infection after a bicycle fall and 1 for a lower
respiratory tract infection) (Supplementary Figure 2).
Therefore, a total of 44 participants completed the study
and their baseline characteristics are shown in Table 1. No
significant differences were found between groups at
baseline. Compliance was confirmed by counting returned

A

-1 0 1
Value

Placebo
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empty sachets (245 + 11 of 251 + 7.6 sachets [97.6%]
returned empty) in comparison with the given amounts of
the daily diary product. No adverse events were reported.
Importantly, participants reported no side effects of GOS or
placebo treatment, such as changes in stool frequency or
gastrointestinal complaints.

Fecal Microbiota

Twelve-week  GOS  supplementation  consistently
increased fecal Bifidobacterium by 5.0- + 0.3-fold (P = .009;
q = 0.144) (Figure 1) compared with placebo. Other taxa
whose abundance was impacted differentially by the GOS
intervention compared with placebo were Prevotella oralis
et rel. by 1.14- + 0.6-fold (P = .010; q = 0.144) and Pre-
votella melaninogenica et rel. by 1.13- + 0.5-fold (P = .008;
q = 0.144), Bacteroides stercoris et rel. by 0.83- + 0.2-fold
(P = .011; q = 0.144) and Sutterella wadsworthia et rel.

Figure 1.Gut microbiota
composition before (Pre)
and after (Post) GOS and
placebo intervention. (A)
Heat map of the bacterial
groups at  genus-like
taxonomic level, whose
change in abundance was
significantly different (q <
0.2) between GOS and
placebo. For HITChip
analysis, logqo-trans-
formed signals were used
as a proxy for bacterial
logarithmic ~ abundance.
Color value shows logqo-
fold changes compared
with baseline. Every col-
umn represents 1 individ-
ual participant. Differences
between treatments were
computed using a linear
mixed model taking into
account the effects of
repeated measurements,
treatment group, age,
and body mass index.
(B) Bifidobacterium relative
abundance (logio signal
intensity) as individual
changes for the GOS
group (n = 21) and pla-
cebo group (n = 23), Pre
and Post 12-week sup-
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Figure 2. Insulin sensitivity before (Pre) and after (Post) GOS and placebo intervention. (A) M value given as means + SD (B) as
individual changes for the GOS group (n = 21) and placebo group (n = 23) Pre and Post 12-week supplementation with GOS or
placebo. (C) Homeostatic model assessment of insulin resistance (HOMA-IR) and (D) insulin-stimulated FFA suppression as a
measure for adipose tissue insulin sensitivity Pre and Post 12-week supplementation with GOS or placebo. Values are given as
means + SD and data were analyzed using 2-way repeated measures analysis of variance, with time (Pre, Post) and inter-

vention (GOS, placebo). No significant effects were detected.

by 0.85- + 0.1-fold (P = .002; q = 0.116) (Figure 1A4).
However these taxa all were affected to a much smaller
degree than Bifidobacterium (Figure 1A) and showed a
much less uniform pattern (Supplementary Figure 3A).
The overall microbial richness (P = .307) and diversity
(P = .626) were not different between groups
(Supplementary Figure 3B and ().

Insulin Sensitivity

Peripheral insulin sensitivity as assessed by the M value
was not changed after GOS treatment as compared with
placebo (P = .467) (Figure 24 and B). The homeostatic
model assessment of insulin resistance did not differ be-
tween treatments (P = .598) (Figure 2(). In addition,
insulin-stimulated FFA suppression, a measure for adipose
tissue insulin sensitivity, was not affected by GOS as
compared with placebo (P = .808) (Figure 2D).

Short-Chain Fatty Acid Concentrations

Fecal and plasma acetate, propionate, and butyrate
concentrations did not differ between intervention groups
(Figure 3).

Food Intake and Physical Activity Records

Energy intake, macronutrient, micronutrient, and dietary
fiber intake, assessed using self-reported, 3-day food records,
were not significantly different after 12 weeks of GOS inter-
vention compared with placebo (Supplementary Table 1).
Groups did not differ in physical activity levels as assessed via
physical activity scores (Supplementary Table 1).

Body Composition, BMI, and Body Weight

BM]I, body weight, body fat percentage, body fat mass,
lean mass, and visceral adipose tissue mass were not
affected significantly by GOS supplementation compared
with placebo (Table 2).

Circulating Metabolites, Hormones, and
Inflammatory Profile

No changes in fasting plasma glucose, insulin, glycerol,
FFA, and TAG were observed between treatments (Table 3).
Likewise, fasting plasma concentrations of leptin, PYY,
GLP-1, and the inflammatory markers IL6, IL8, TNF-«, and
LBP were not affected significantly by the intervention as
compared with placebo (Table 3).
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Figure 3. Fecal and plasma concentrations of short-chain fatty acids before (Pre) and after (Post) GOS and placebo inter-
vention. (A) Fecal acetate, (B) propionate, and (C) butyrate concentrations Pre and Post 12-week supplementation with GOS
(n = 21) or placebo (n = 23). (D) Plasma acetate, (E) propionate, and (F) butyrate concentrations Pre and Post 12-week
supplementation with GOS (n = 21) or placebo (n = 23). Values are given as means + SD and data were analyzed using
2-way repeated-measures analysis of variance, with time (Pre, Post) and intervention (GOS, placebo). No significant effects

were determined.

Energy Expenditure, Fat Oxidation, and
Carbohydrate Oxidation

GOS did not affect resting energy expenditure and
insulin-mediated energy expenditure as compared with
placebo treatment. In line, both resting as well as insulin-
stimulated respiratory quotient and fasting and insulin-
mediated fat and carbohydrate oxidation were not altered
by GOS vs placebo (Table 4).

Discussion

In the present well-controlled human study, the effects
of GOS supplementation on measurements of microbiota
composition and functionality (SCFA) and detailed host
metabolic phenotyping were combined. We showed that
12-week GOS supplementation markedly increased the
abundance of fecal Bifidobacterium species without signif-
icant effects on overall microbial richness or diversity.
Importantly, this specific bifidogenic effect neither trans-
lated into alterations of fecal or plasma SCFA concentra-
tions, nor into changes in systemic concentrations of
gut-derived hormones and systemic inflammatory
markers. In addition, no significant alterations in periph-
eral and adipose tissue insulin sensitivity, body composi-
tion, energy and substrate metabolism, and circulating
metabolites were found.

GOS supplementation (15 g/day) for 12 weeks increased
the abundance of fecal Bifidobacterium, which is in accor-
dance with previous studies, showing bifidogenic effects of

Table 2.Body Composition Before and After GOS and
Placebo Intervention

GOS Placebo P
Variable (n=21) (n=23) value
Body mass index, kg/m® Pre 333 +37 323+35 .68
Post 33.7 +3.7 32.7 +3.3
Body weight, kg Pre 984 +119 969 + 115 .69
Post 99.5+12.3 98.2 + 11.0
Body fat, % Pre 368+78 36.9+83 a7
Post 371 +76 36.8+7.8
Body fat, kg Pre 36.3+89 36.0+9.0 .23
Post 37.1+89 36.3+8.9
Lean mass, kg Pre 59.7 +10.2 589 +95 74
Post 60.7 + 10.7 59.7 + 9.1
Visceral fat, g Pre 932 + 353 804 + 244 .89
Post 928 + 343 817 + 240

NOTE. Values are given as means + SD, and data were
analyzed using 2-way repeated-measures analysis of vari-
ance, with time (before [Pre], after [Post]) and intervention
(GOS, n = 21; placebo, n = 23). No significant effects were

detected.
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Table 3.Plasma Biochemistry Before and After GOS and Placebo Intervention

Variable GOS (n = 21) Placebo (n = 23) P value
Plasma metabolites
Glucose, mmol/L Fasting Pre 6.0+ 05 5.8 + 0.4 .79
Post 6.0+ 0.5 58 + 0.5
TAG, mmol/L Fasting Pre 1.28 + 0.42 1.17 + 0.45 .54
Post 1.50 + 0.59 1.31 + 0.51
Steady-state Pre 1.19 + 0.54 1.05 + 0.47 71
Post 1.40 + 0.60 1.25 + 0.59
Free glycerol, umol/L Fasting Pre 107 + 38 99 + 22 .51
Post 100 + 28 98 + 25
Steady-state Pre 50.3 + 19 48.6 + 15 .18
Post 46.2 + 13 48.3 + 18
FFA, umol/L Fasting Pre 910 + 274 848 + 208 .33
Post 805 + 253 809 + 214
Steady-state Pre 119 + 59 105 + 64 .71
Post 140 + 51 122 + 64
Plasma hormones
GLP-1, pmol/L Fasting Pre 11.3+26 106 + 2.3 .69
Post 103 +1.9 99+24
PYY, pg/mL Fasting Pre 50.8 + 11.8 47.5 + 9.6 .88
Post 53.4 +12.2 51.1 +10.0
Insulin, mU/L Fasting Pre 20.7 + 8.8 191 +17.3 71
Post 18.9 + 8.3 18.3 +10.1
Leptin, ng/mL Fasting Pre 31.9 + 19.7 33.4 + 20.8 .36
Post 25.4 + 201 28.8 + 21.0
Inflammatory markers
LBP, pg/mL Fasting Pre 20.5+6.9 26.4 +19.3 .80
Post 21.0+76 25.4 + 13.9
IL6, pg/mL Fasting Pre 0.82 + 0.30 1.03 + 0.88 .59
Post 0.85 + 0.48 0.99 + 0.48
IL8, pg/mL Fasting Pre 4.28 + 1.11 3.89 + 1.07 .35
Post 4.32 + 1.30 4.19 + 1.46
TNF-«, pg/mL Fasting Pre 2.35 + 0.63 2.20 + 0.58 .38
Post 2.37 + 0.54 2.32 + 0.49

NOTE. Values are given as means + SD, and data were analyzed using 2-way repeated-measures analysis of variance, with
time (before [Pre], after [Post]) and intervention (GOS, n = 21; placebo, n = 23). No significant effects were detected.

different types of GOS in infants and adults.'®'*!%3737

However, GOS supplementation did not result in any
changes in host substrate and energy metabolism in the
obese prediabetic participants. Dependent on substrate
availability, fermentation by Bifidobacterium mainly results
in the production of lactate and acetate as end products.*®
Indeed, fermentation of an identical type of GOS as used
in the present study showed pronounced increases of ace-
tate concentrations in the validated the Netherlands Orga-
nisation for applied scientific research (TNO) in vitro model
of the colon (TNO-intestinal Model-2)."” Remarkably, we did
not observe an increase in fecal or plasma acetate in vivo
despite an average 5.0-fold increase in Bifidobacterium.
Importantly, we measured fecal and plasma SCFA in fasted
conditions and, therefore, cannot exclude that postprandial
acetate concentration (ie, 4-8 h after GOS ingestion) may
have been higher in the GOS group.

Upon colonic arrival, GOS is fermented quickly in the
cecum and the proximal part of the colon.> It is noteworthy
that Boets et al*’ indicated that a significant amount of
colonically produced acetate is converted to other metabo-
lites, in particular to butyrate, via microbial cross-feeding.

Interestingly, GOS supplementation for 3 weeks increased
the production of butyrate in adults older than 50 years of
age, but not of acetate, in a 3-stage in vitro fermentation
model using their fecal inocula.”* The microbial conversion
of acetate to butyrate would result in a diminished avail-
ability of acetate to metabolically active organs, such as the
liver, skeletal muscle, or adipose tissue. The fact that buty-
rate is a primary energy source for colonocytes and is
metabolized mainly in the colon,'” might explain why no
alterations in fecal and in fasting plasma butyrate concen-
trations were observed in the present study. In addition, we
previously showed that distal, but not proximal, colonic
acetate infusions increased fat oxidation and increased
circulating concentrations of acetate and PYY in overweight
men.'® Distally applied acetate partly bypasses the liver via
rectal veins, thereby directly reaching the systemic circula-
tion, whereas more proximally administered acetate might
be scavenged by the liver through portal drainage before it
becomes systemically available. Thus, scavenging of acetate
by the liver, the conversion of acetate into other metabolites,
and the site of GOS fermentation may have led to an insuf-
ficient increase in systemic acetate concentrations to induce
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Table 4.Energy Expenditure and Substrate Oxidation Before and After GOS and Placebo Intervention

Variable GOS (n = 21) Placebo (n = 23) P value

Energy expenditure, kJ/min Fasting Pre 5.47 + 0.74 5.30 + 0.63 .54
Post 5.30 + 0.67 5.32 + 0.63

Energy expenditure, kJ/min Steady-state Pre 5.37 = 0.71 5.20 + 0.62 .84
Post 5.38 + 0.65 5.22 + 0.13

Fat oxidation, g/min Fasting Pre 0.083 + 0.019 0.082 + 0.014 .24
Post 0.076 + 0.020 0.078 + 0.020

Fat oxidation, g/min Steady-state Pre 0.054 + 0.022 0.046 + 0.017 A7
Post 0.047 + 0.021 0.045 + 0.021

Carbohydrate oxidation, g/min Fasting Pre 0.086 + 0.037 0.072 + 0.033 .35
Post 0.098 + 0.044 0.084 + 0.043

Carbohydrate oxidation, g/min Steady-state Pre 0.147 + 0.048 0.158 + 0.045 .24
Post 0.165 + 0.047 0.163 + 0.052

Respiratory quotient Fasting Pre 0.79 + 0.03 0.78 + 0.03 97
Post 0.80 + 0.04 0.79 + 0.04

Respiratory quotient Steady-state Pre 0.84 + 0.04 0.86 + 0.04 .20
Post 0.86 + 0.05 0.87 + 0.04

NOTE. Values are given as means + SD, and data were analyzed using 2-way repeated-measures analysis of variance, with
time (before [Pre], after [Post]) and intervention (GOS, n = 21; placebo, n = 23). No significant effects were detected.

pronounced metabolic effects. Therefore, future research
should focus on strategies to increase acetate concentra-
tions specifically in the distal part of the colon in the longer
term. Such strategies could include the production of
slow-fermentable acetogenic foods."”

The marked GOS-induced microbial changes without
impact on energy and substrate metabolism, inflammatory
profile, and insulin sensitivity in the present study are in
contrast to some,'>*>*3 but not all,*>** previous human
studies using GOS or fructo-oligosaccharides. A cross-over
study by Vulevic et al'® indicated that a 12-week supple-
mentation of a GOS mixture (5.5 g/day) decreased systemic
inflammatory markers, fasting insulin, cholesterol, and
triglyceride concentrations in overweight participants.® In
addition, after GOS treatment, lipopolysaccharide-
stimulated production of IL6, IL13, and TNF-a was low-
ered from isolated peripheral blood mononuclear cells in an
ex vivo experiment.'* One of the explanations for the
different metabolic outcomes between these studies and the
present study might be the difference in population, which
differed with respect to age and metabolic status. We
included prediabetic overweight/obese men and post-
menopausal women aged between 45 and 70 years in the
present study, whereas Vulevic et al'*'* investigated either
a metabolically healthy elderly population, or overweight,
but more insulin-sensitive and younger adults. Aging,
obesity, and insulin resistance have been associated with
alterations in gut microbiota composition, and microbial
richness and diversity, as well as with a reduction of
Bifidobacterium specifically, and thus possibly with an
altered metabolic response upon prebiotic treatment.*”*%
In addition, recent studies have suggested that microbiota
from obese patients have a reduced fermentation capacity
compared with microbiota from lean subjects.””*° However,
there remain inconsistencies, especially between human
studies, regarding the aforementioned altered features of
the microbiome.”’ Furthermore, compared with animal

experiments, the human microbiome is exposed to funda-
mentally different environmental factors that extend
beyond the intervention alone such as heterogeneity of
human (sub)population with regard to genetics, lifestyle,
and diet.°? Overall, the metabolic imbalance and related
progressed dysbiosis in our obese prediabetic population
might have hampered an improved metabolic effect via an
altered microbial composition and activity. Therefore, the
relevance of specific gut microbiota manipulation between
different metabolic phenotypes (ie, insulin-resistant vs
insulin-sensitive human beings), should be investigated in
more detail in future studies.

When we compared the Bifidobacterium of our study
population with that of healthy lean adults, the baseline
abundance of Bifidobacterium was markedly lower in our
obese population, but reached slightly higher abundance
after GOS intervention compared with this healthy, un-
treated population (unpublished data, Laboratory of
Microbiology, @ Wageningen = UR, Wageningen, The
Netherlands). In addition, we found overall small and
inconsistent changes in the taxa Prevotella oralis et rel.,
Prevotella melaninogenica et rel., Bacteroides stercoris et rel.,
and Sutterella wadsworthia et rel. upon GOS ingestion
compared with the placebo group. This in vivo data add to
previous in vitro studies showing that GOS feeding is highly
specific at selectively enhancing bifidobacteria without
consistently increasing or decreasing other specific bacterial
lineages.'? It is possible that the high dosage of GOS in this
study, 15 g/day compared with other studies using 5.5 g/
day,"*'* resulted in more cross-feeding between specific
members of the Bacteroidetes phylum and Bifidobacterium
because of the increased availability of substrate. This pro-
vides an opportunity for other bacterial species to use GOS
as a source and to grow upon GOS supplementation. This is
in line with a recent study indicating that supplementation
of GOS 15 g/day impacted at least 11 microbial genera,
including Bifidobacterium.”>®> The small increase and
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particularly inconsistent pattern of increase, however,
makes it highly unlikely that changes in these specific taxa
explain the lack of effects on the metabolic outcomes in the
present study.

In conclusion, we showed in this well-controlled study,
in which participants were phenotyped in detail, that
12-week supplementation of GOS in prediabetic men and
women increased the abundance of Bifidobacterium, how-
ever, no alterations in plasma or fecal SCFA, peripheral
insulin sensitivity, energy and substrate metabolism, and
low-grade inflammation were observed. Hence, the present
study implies that a considerable diet-related increase in
Bifidobacterium does not significantly affect insulin sensi-
tivity and parameters of the host substrate and energy
metabolism immediately in a prediabetic population with
overweight or obesity.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j-gastro.2017.03.051.
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12 week dietary intervention (GOS or placebo)

- Medical questionnaire
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EEr—

- Indirect calorimetry
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Supplementary Figure 1. Outline of study design. ALT, alanine transaminase, DEXA, dual energy X-ray absorptiometry-
scanning; HbA., glycated hemoglobin; OGTT, oral glucose tolerance test.

76 assessed for eligibility

30 excluded

- 27 not meeting inclusion
criteria

- 1 declined to participate

- 1 antibiotic use prior to
participation

- 1 other reasons (catheter
insertion difficult)

46 eligible individuals randomly
assigned

22 assigned to GOS
- 22 received allocated
intervention

24 assigned to placebo
- 24 received allocated
intervention

0 lost to follow-up
1 discontinued intervention
- 1 excluded due to
antibiotic use during
the intervention
period

0 lost to follow-up
1 discontinued intervention
- 1 excluded due to
antibiotic use during
the intervention
period

21 analyzed
0 excluded from analysis

23 analyzed
0 excluded from analysis

human

Supplementary
Figure 2. Flow diagram of

participants

included in this study.
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Supplementary Figure 3. Gut microbiota composition before (Pre) and after (Post) GOS and placebo intervention. For HITChip
analysis, log+o-transformed signals were used as a proxy for bacterial logarithmic abundance. (A) Prevotella oralis, Prevotella
melaninogenica, Bacteroides stercoris, and Sutterella wadsworthia relative abundance (log4g signal intensity) as individual
changes for the GOS group (n = 21) and placebo group (n = 23), pre and post 12-week supplementation with GOS or placebo.
(B) Microbial richness as individual changes for the GOS group (n = 21) and placebo group (n = 23), pre and post 12-week
supplementation with GOS or placebo. (C) Inverse Simpson diversity index (microbial diversity) as individual changes for the
GOS group (n = 21) and placebo group (n = 23), pre and post 12-week supplementation with GOS or placebo.
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Supplementary Table 1.Food Intake and Physical Activity Scores Before and After GOS and Placebo Intervention

GOS (n = 21) Placebo (n = 23)
Time Baseline  Week 6 Week 12  Baseline  Week 6 Week 12 P value
Energy intake, kcal 2456 + 758 2470 + 665 2226 + 504 2235 + 636 2282 + 539 2198 + 628 513
Fat intake, g 101 + 44 83 + 29 79 + 32 87 + 34 78 + 29 78 + 34 .456
Carbohydrate intake, g 256 +92 262 +89 247 + 66 242 +73 252+ 66 243 +75 .873
Protein intake, g 104 +39 112+26 105+ 18 88 + 21 97 + 21 98 + 19 .589
Dietary fiber intake (without GOS), g 209+51 198+7.0 185+49 216+58 215+59 194+55 912
Meeting Dutch guidelines for physical activity, n 18 18 18 17 19 18 .740
Light physical activity, min/wk 1009 + 787 1188 + 867 1342 + 1034 1342 + 992 1090 + 886 1352 + 1142  .310
Moderate physical activity, min/wk 657 + 533 581 + 336 765 + 528 703 £ 593 912 + 814 743 + 586 114
Vigorous physical activity, min/wk 53 + 94 52 + 137 84 + 167 63 +129 75+183 43+ 105 .223

NOTE. Values are given as means + SD, and data were analyzed using a 2-way repeated-measures analysis of variance, with
time (before, after) and intervention (GOS, n = 21; placebo, n = 23).
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