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General introduction

Chapter 1

Poor diet is an important risk factor for ill health (1). Western diets typically include
a too low intake of whole grains, vegetables, and fruits and an increased intake of
saturated fats and sugars. Consumption of such diets often results in, amongst others,
intakes of dietary fiber below the recommended levels (2). It also contributes to obesity
development and related health disturbances. The World Health Organization (WHO)
states that the worldwide prevalence of obesity nearly tripled after 1975 (3). In 2016,
39% of the adults were overweight (BMI 25-29.9 kg/m2), and 13% of these adults were
obese (BMI≥30 kg/m2) (3). In the Netherlands, 36% of the adults were overweight and
14% were obese in 2020 (4). Obesity is often associated with metabolic disturbances
(5), which increase the risk of numerous chronic diseases, such as cardiovascular diseases
and type 2 diabetes (5, 6). Obesity, therefore, is a serious public health concern and
also poses a high economic burden (7, 8). There is a strong interest in improving
health through the consumption of dietary fibers. An increased fiber intake has been
associated with numerous health benefits, such as lower body weight (9, 10), a lower
risk of for instance type 2 diabetes (11, 12), and certain gastrointestinal (GI) diseases
(11) including colon cancer (13). One suggested underlying mechanism for the health
effects is its fermentation by the intestinal microbiota resulting in the production of
fermentation products. The fermentation products are an important energy source for
the intestinal cells, and their uptake by the host has been associated with improvements
in metabolic health markers in the blood (14, 15). Little is known about what exactly
happens to dietary fibers at what stage during their passage through the human GI-tract.
Novel methodology is therefore warranted to have a better understanding of dietary
fibers (fermentation) in the human intestine.

Dietary fibers
Defining dietary fibers and prebiotics
Dietary fibers are present as natural constituents of food plant sources such as fruits,
vegetables, and cereals. Around the world, there are multiple operative definitions for
dietary fibers (16). The CODEX Alimentarius Commission, who sets international
guidance standards for food, provided the following definition:
‘’Dietary fiber means carbohydrate polymers with ten or more monomeric units1, which are
not hydrolyzed by the endogenous enzymes in the small intestine of humans and belong to the
following categories:
1. Edible carbohydrate polymers naturally occurring in the food as consumed;
2. Carbohydrate polymers, obtained from food raw material by physical,
		 enzymatic, or chemical means2;
8
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3. Synthetic carbohydrate polymers2;
International authorities are allowed to decide whether compounds with a degree of
polymerization of 3–9 are allowed. 2Isolated or synthetic fibers must show a proven
physiological benefit to health as demonstrated by generally accepted scientific evidence to
competent authorities.’’ (17, 18)
1

Dietary fibers can also include prebiotic oligo- and polysaccharides. Prebiotic
carbohydrates need to fulfill the following criteria, as demonstrated in man or animals:
‘’Resists gastric acidity, hydrolysis by mammalian enzymes and gastrointestinal absorption;
is fermented by the intestinal microbiota; and stimulates selectively the growth and/or
activity of intestinal bacteria associated with health and wellbeing.’’ (19) More recently, in
2017, prebiotics were defined as ‘‘a substrate that is selectively utilized by the host microorganisms conferring a health benefit’’, to expand the concept ‘’to possibly also include
non-carbohydrate substances, diverse categories other than food, and applications to body sites
other than the gastrointestinal tract’’ (20).

Subcategories of dietary fibers
Dietary carbohydrates are highly diverse. They can be classified into sub-categories
based on their chemical structures and (physical) properties. The properties include the
character of individual monomeric units, the number of units (degree of polymerization;
DP), and the type of linkages in between the units (21). There are three main groups of
carbohydrates, namely sugars (DP1-2), oligosaccharides (DP3-9), and polysaccharides
(DP≥10) (22) (Figure 1). A distinction is made between digestible carbohydrates,
namely the mono- and disaccharides, maltodextrin and digestible starch, and the nondigestible carbohydrates (NDC). The latter include fermentable and non-fermentable
oligo- and polysaccharides, coming from a variety of sources such as fruits, vegetables,
nuts, legumes, cereals, and trees/woody plants (21, 23-26). Examples of non-digestible
oligosaccharides are galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS).
Non-digestible polysaccharides are sub-divided into resistant starches, and non-starch
polysaccharides (i.e., hemi-cellulose, pectin, inulin, gums, mucilage, and cellulose). The
dietary fibers that will be discussed in this thesis are described in more detail below.
Inulin and fructo-oligosaccharides
Chicory fructans comprise inulin (DP≥10) and oligofructose (DP 2-10). Both inulin
and oligofructose are often called fructo-oligosaccharides (FOS). Both are soluble, nonviscous, and fermentable (24) prebiotics. Inulin and FOS consist of a linear series of
ß-(2,1) linked fructose units, attached to a terminal fructose by a ß-(2,1) bond (Fn
series), or to a terminal alpha-D-glucose by an α-(2,1) bond (GFn series) (Figure 2A).
Inulin is extracted and purified mainly from chicory roots (28). Chicory inulin can have
9
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a DP up to 60. Inulin can be enzymatically processed into FOS, which has a similar
chemical structure but a lower number of units, namely a DP up to 10 (29, 30). FOS
can also be prepared synthetically from sucrose or fructose and is usually called shortchain FOS (28, 31). Fructans can be found in a variety of foods, such as whole grains
(e.g. barley and rye), vegetables such as garlic, artichoke, chicory, onions, and fruits such
as bananas (28, 32).

Figure 1. An overview of dietary carbohydrates and lignin, a complex polymer, and their
categorisation.
Information about the classification is adapted from (21, 23-26). The lay-out of the figure is inspired by (27).

Galacto-oligosaccharides
Galacto-oligosaccharides (GOS) are also soluble and fermentable (24) prebiotics (33).
GOS consist of complex mixtures of different galactose chains varying in DP (DP 2
to 8), and linkages, namely β-(1,2), β-(1,3), β-(1,4), or β-(1,6), attached to a terminal
galactose or glucose unit, or isomers with a (1–1) linkage (Figure 2B) (34, 35). GOS
can be produced by hydrolysis and transgalactosylation of lactose by β-galactosidases
(34). They are used in infant milk formula and infant foods or incorporated into foods
as prebiotic. GOS are naturally present in human milk (36), as well as in the generative
part of plants such as beans or legumes such as lentils and chickpeas (37).

10
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Pectins
Pectins are high molecular weight complex polysaccharides. They are thought to have
stimulatory effects on specific microbial species in the colon, and to be supportive of
the immune system in the intestine via a direct interaction (38). The pectin backbone
consists of α-(1,4) linked galacturonic acids. The structure contains three major groups,
namely homogalacturonan, rhamnogalacturonan II, and rhamnogalacturonan I (Figure
2C) (39), with varying degrees of acetyl- and methyl-esterification (39). Commercially
available pectins are often extracted from citrus fruits (oranges, lemon, grapefruit) and
apples. Pectin is naturally present in almost all plants as a compound of the cell wall and
middle lamella (40).
Isomalto/malto-polysaccharides
Isomalto/malto-polysaccharides (IMMP) is a novel synthesized fiber derived from starch
via enzymatic modification (41). IMMP resisted hydrolysis by small intestine (SI) host
enzymes (i.e., amyloglucosidase and α-amylase), and selectively increased bacteria in vitro
that are associated with host benefits (42). Therefore, it is thought IMMP has the potential
to become a novel prebiotic. IMMP is synthesized using 4,6-α-glucanotransferase,
which transfers a non-reducing glucose moiety of an α-(1,4)-glucan chain to the nonreducing end of another α-(1,4)-glucan chain (41). This consequently results in a fiber
with α-(1,6)-glycosidic linkages (Figure 2D). Depending on the source of the starting
starch substrate, IMMPs with up to 92% of α-(1,6)-glycosidic linkages till DP35 are
formed during synthesis.
Whole grain wheat fibers
Whole grains (WG) are a rich source of dietary fibers and an important staple food
in many Western countries. In WG wheat specifically, cellulose, hemi-cellulose (e.g.
arabinoxylan and β-glucan), fructan, and lignin were found (43, 44). Arabinoxylan was
the dominating fiber (43, 44). Cellulose, present in plant cell walls, is long unbranched
homopolymeric chains composed of β-(1,4)-glycosidic linked glucose units (45).
β-Glucans are linear chains of glucopyranosyl monomers linked by single β-(1,3)
linkages and consecutive β-(1,4) linkages, with linear cellotetraosyl and cellotriosyl
blocks (46). Furthermore, arabinoxylan (Figure 2E), present in the grain cell walls,
has a β-(1,4) linked xylose backbone with α-L-arabinofuranosyl substituents (47) via
α-(1,2) or α-(1,3) linkages (48), with or without an esterified ferulic acid moiety. For
arabinoxylans in WG wheat, around ~21% of the xylose backbone is monosubstituted,
13% is disubstituted, and 66% is unsubstituted (48). Ferulate can bind to lignin,
which are phenolic polymers consisting of the monomers p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol (49). Lignins are officially no dietary carbohydrates but are
included in the dietary fiber definition, because they are closely associated with fibers in
the plant cell wall.
11

1

Chapter 1

Figure 2. A schematic overview of the main structural features of a selected set of dietary
fibers.
(A) fructans (28), (B) galacto-oligosaccharides (35, 50), (C) pectin (39), (D) isomalto/malto-polysaccharides
(41), and (E) arabinoxylan (47, 48).

Dietary fiber intakes in relation to health
Fiber intake was negatively associated with all-cause mortality, with a risk reduction
of 10% per 10 g/d increase in intake (51). Moreover, a dose-response relationship was
found between the total fiber intake and total mortality, the incidence of coronary heart
disease, type 2 diabetes, and colorectal cancer ((52), n=4635 adults). The greatest benefits
were observed in individuals consuming 25–29 g/d fibers or more (52). The dietary
fiber recommendations vary globally. For instance, the EFSA recommends an intake of
25 g/d in adults, because of the evidence of health benefits including normal laxation
(53). In the Netherlands, the advice is to consume 30-40 g/d fibers through a diet
rich in vegetables, fruit, and whole grains (54). Nonetheless, the average intakes often
fall below the recommended levels, and vary widely around the globe (Figure 3) (2).
In regions with predominantly plant-based diets, with plenty of vegetables, fruits, and
whole grains products, higher fiber intakes were reported. In the Netherlands, the mean
12
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intakes of fiber are 23 g/d for males and 18 g/d for females (55). People suffering from
certain disorders, such as diabetes type 2 and constipated people, potentially benefit
from supplementation of extra fibers to the diet to fill this ‘fiber gap’. The potential
mechanisms of action are discussed below.

Figure 3. Dietary intakes of fibers around the globe.
Data is from 2010 and provided in mean intake/d. Total dietary fiber from all dietary sources, primarily fruits,
vegetables, grains, legumes, pulses are included, while supplements are excluded. Source of the data: Global
Nutrition and Policy Consortium/Global Dietary Database (2).

Potential mechanisms underlying the health effects of dietary
fiber
Several mechanisms are suggested to underlie the health benefits of dietary fibers. These
include, but are not limited to, increased satiety (23), improved insulin sensitivity and
glycemia, lowered blood pressure, lowered low-density lipoprotein (LDL) cholesterol
levels (56), enhanced immune function (12), and favorable postprandial glucose and
insulin responses (57). Already decades ago, it was noted that fibers were important for
intestinal functioning and intestinal health (58). A clear definition for ‘intestinal health’
is still lacking. It generally entails effective digestion and absorption of food, a normal
and stable intestinal microbiota, an effective immune status which includes barrier
function and normal mucus production, and a status of well-being in the absence of GI
13
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illnesses (59). Fibers have three main functional characteristics in the GI-tract, namely
viscosity, bulking, and fermentability (Figure 4). Fibers can increase the fecal mass and
the intestinal transit time via several mechanisms (60, 61), resulting in a laxative effect.
Minimally fermentable fibers contribute to bulking, and viscous fibers also have a waterholding and gel-forming capacity (62), that consequently impact fecal consistency
(63). This consistency is correlated with feces water content (64). Examples of bulking
fibers are cellulose and lignin, and examples of viscous fibers are certain types of hemicelluloses, gums, and pectins (62). Fermentable fibers can increase fecal bulk via increased
(microbial) biomass and fermentation by-products. This fermentation process can result
in microbiota changes, production of short-chain fatty acids (SCFAs), increased osmotic
load, or bloating or flatulence due to gas production. It has been hypothesized that
SCFAs are a link between fiber fermentation and host health improvements (65).

Figure 4. Mechanisms of how dietary fibers can affect GI function.
The figure is reproduced and adapted from (58) with permission. Information is obtained from (58, 60, 62-64).

Effects of fructo- and galacto-oligosaccharides on metabolic and
gut health
GOS and chicory FOS, both soluble and fermentable prebiotics, can selectively
stimulate the growth and/or activity of specific intestinal bacteria linked to health
benefits (19, 66). They are added to infant formula to mimic the health effects of
endogenous oligosaccharides in human milk (67). Furthermore, they are also added
to food products to improve the nutrition value (fiber content) of the food and/or for
health purposes for adults. In Table 1, a non-exclusive overview of systematic reviews
and/or intervention trials is provided that investigated the effects of FOS, inulin, or
14
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GOS supplementation on metabolic and gut health in adults. Comparisons were made
with isocaloric digestible maltodextrin (68-73), monomers (74, 75), or cellulose (76).
Consumption of fructans can decrease fasting glucose, homeostatic model assessment
of insulin resistance (HOMA-IR), HbA1c (77, 78), or LDL cholesterol (79), although
the effects on glucose homeostasis were not always consistent (77-80). Supplementation
of a combination of FOS and inulin (range 10-16 g/d) also resulted in increased fecal
Bifidobacterium in the majority of studies (69, 71, 81-83). No effects on fecal SCFAs
were found (71, 76, 83, 84). Studies do show an increased frequency of defecation
and improved fecal consistency (85-87). Moreover, there is a European authorized
health claim for inulin for increasing stool frequency (88). For GOS, one study (73)
reported a decrease in the plasma inflammation marker C-reactive protein (CRP), and
in plasma insulin, total cholesterol, and triglycerides in overweight and obese subjects
after 12-weeks 5.5 g/d supplementation. After 2 weeks GOS supplementation also the
plasma endotoxin lipopolysaccharide (LPS) was found to be decreased (75). In most
studies (Table 1) no significant effects on metabolic health outcomes were found when
GOS was compared to the control. Most interventions with GOS increased fecal
Bifidobacterium, which was often not accompanied by improved gut health markers.
Overall, the longer-term intervention effects of FOS, inulin, and GOS on metabolic
and gut health are not consistent across studies. Some of them point towards improved
metabolic or gut health including changes in the fecal microbiota composition.

Intestinal microbiota and health
One factor thought to mediate the health benefits of fibers is the micro-organisms
residing in the GI-tract. The human GI-tract comprises the stomach, the SI (duodenum,
jejunum, ileum), and the large intestine (ascending colon, transverse colon, descending
colon, sigmoid colon, rectum) (Figure 5). The micro-organisms in the GI-tract include
mostly bacteria, but also viruses, fungi, and archaea. They are collectively called the
microbiota. The genes the microbiota encode are known as the microbiome. Different
sequencing and bioinformatics strategies are available to measure and characterize the
microbiota. To study which bacteria are present, the DNA-based method 16S rRNA
gene amplicon sequencing is routinely used, which classifies bacteria up to the genus
level (93). Another DNA-based method is deep shotgun metagenomic sequencing,
which provides information about the microbiota composition up to the strain level,
and additionally identifies the genetic potential of the community (93). To study what
the microbiota community is doing, RNA-based methods such as metatranscriptomics
provide information about the actively expressed genes (93).

15
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Study design

Systematic review
5 RCTs, n=252 adults with constipation.

Systematic review
47 RCTs, adults and patients.

N=12 overweight and obese adults.
Double-blind, cross-over RCT.
20 g/d chicory inulin for 6 weeks,
or 20 g/d cellulose, 4 week wash-out in between.

(87)

(89)

(76)

Fructans (fructo-oligosaccharides and/or inulin)
(77)
Systematic review
6 RCTs, n=661 adults.
(78)
Systematic review
33 RCTs, n=1346 adults (prediabetic and diabetic population).
(79)
Systematic review
20 RCTs, n=607 adults.
(80)
Systematic review
25 RCTs, type 2 diabetic or obese adults.
(82)
Systematic review
14 RCTs (FOS/inulin) in adults.
(83)
Systematic review
7 RCTs, adults.

Study

N.D.

↓ LDL cholesterol.
↔ Fasting glucose, insulin, HDL cholesterol.
↔ BMI.
↔ Blood glucose, insulin, HOMA-IR, HbA1c.
N.D.

↑ Insulin sensitivity.
↓ Fasting insulin.

N.D.

N.D.

N.D.

N.D.

↓ Fasting glucose, insulin, HOMA-IR, HbA1c.

↑ Fecal Bifidobacterium (most consistent),
Anaerostipes, Faecalibacterium, and Lactobacillus
(concordant).
↔ Fecal SCFAs.
↑ Fecal frequency, consistency.
↓ Transit time, fecal hardness.
↔ Pain, bloating.
↑ Feces frequency (FOS), wet weight,
consistency.
↔ Feces frequency (inulin).
↔ Fecal SCFAs.
↓ Fecal microbiota diversity.

↑ Fecal Bifidobacterium.

N.D.

N.D.

Main conclusions related to gut health
(compared to control)

↓ Fasting glucose, HOMA-IR, HbA1c.

Main conclusions related to metabolic health
(compared to control)

Table 1. The effects of FOS or GOS on outcomes related to metabolic or gut health.
Systematic reviews that reported the effects of FOS and inulin were selected. A selection of human intervention placebo-controlled trials that assessed the effects of GOS or
chicory FOS/inulin on outcomes related to metabolic or gut health. A PubMed search was performed in July 2020, and randomized clinical trials in healthy adults and elderly
published after the year 2010 were selected.
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N=50 healthy adults.
Double-blind, cross-over RCT.
3 or 7 g/d chicory root inulin-type fructans for 4 weeks, or
control, with 4 week wash-out in between.
N=22 adults with low stool frequency.
Double-blind, cross-over RCT.
10 g/d chicory inulin for 5 weeks, or control maltodextrin with
2 week wash-out in between.
N=44 adults with constipation.
Double-blind, cross-over RCT.
12 g/d chicory inulin for 4 weeks, or maltodextrin, with 2 week
wash-out in between.
N=30 obese women.
Parallel, double-blind RCT.
16 g/d chicory inulin+FOS (1:1) for 12 weeks, or maltodextrin.
N=35 healthy subjects with a habitual high fiber (HDF) or low
dietary fiber (LDF) intake.
Cross-over, double-blind, RCT.
16 g/d chicory FOS and inulin (1:1) for 3 weeks, or
maltodextrin, with 3 week wash-out in between.

(91)

(75)

(74)

N=18 healthy adults.
Cross-over RCT.
0.0 g, 2.5 g, 5.0 g, and 10.0 g/d GOS for 3 weeks, or control
(syrup and sugar).
N=88 overweight adults.
Parallel RCT.
6, 12, or 18 g/d α-GOS for 2 weeks, or control (glucose).
N=29 men with type 2 diabetes.
Parallel RCT.
5.5 g/d GOS for 12 weeks, or maltodextrin.

Galacto-oligosaccharides
(90)
N=44 obese and overweight men and women.
Double-blind, parallel RCT.
15 g/d GOS for 12 weeks or isocaloric placebo.

(71)

(69)

(86)

(85)

(84)

↑ Fecal Bifidobacterium in both HDF and LDF,
Faecalibacterium in HDF.
↓ Fecal Coprococcus, Dorea, Ruminococcus in
HDF group.
↔ Fecal SCFAs.
↑ Flatulence.

↔ Appetite ratings.

↑ Satiety during a test meal.
↓ Energy intake.
↓ Plasma LPS.
↔ Glucose tolerance.
↔ Inflammation markers.

↔ Peripheral and adipose tissue insulin sensitivity,
body composition, and energy and substrate
metabolism.
↔ Plasma inflammation markers.
Not measured.

↔ Fecal microbiota.
↔ Intestinal permeability.

↑ Fecal Bifidobacterium.
↔ Fecal microbiota diversity.
↔ Fecal or fasting plasma SCFAs.
↔ Plasma gut-derived hormones/incretins.
↑ Flatulence.
↑ Fecal Bifidobacterium.
↔ Bowel movement, consistency, discomfort,
abdominal pain, or bloating.
↑ Fecal Bifidobacterium.
↔ Bloating, and fecal consistency.

↑ Fecal Bifidobacterium and Faecalibacterium
prausnitzii.

↔ BMI and waist/hip ratio.

Not measured.

↑ Feces frequency.
↑ Improved fecal consistency.
↔ GI symptoms.
↔ Microbiota composition.
↑ Feces frequency.
↑ Improved fecal consistency.
↔ GI symptoms.

↑ Fecal Bifidobacterium.
↔ Fecal SCFAs.
↔ GI symptoms, and fecal consistency.

Not measured.

Not measured.
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N=45 overweight or obese adults with metabolic syndrome risk
factors.
Cross-over RCT.
5.5 g/d b-GOS for 12 weeks, or maltodextrin, with 4 weeks
wash-out in between.
N=40 elderly.
Cross-over RCT.
5.5 g/d b-GOS for 10 weeks, or maltodextrin, with 4 weeks
wash-out in between.
N=37 adults.
Cross-over RCT.
8 g/d GOS for 3 weeks, or placebo, with 3 weeks wash-out in
between.
Not measured.

Not measured.

↓ Plasma CRP.
↓ Plasma insulin, total cholesterol, triglycerides.

↑ Fecal Bifidobacterium.
↔ Fecal consistency, bloating, abdominal
discomfort, or flatulence.

↑ Fecal Bacteroides and Bifidobacterium.
↔ Bowel function, fecal sIgA and calprotectin.

↑ Fecal Bifidobacterium, and fecal IgA.
↓ Fecal calprotectin.

Significant findings compared to control are reported in the table. ↔ no effects, ↑ increased, ↓ decreased. Abbreviations: AUC, area under the curve; BCFA, branched-chain
fatty acids; CRP, C-reactive protein; FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model Assessment
for Insulin Resistance; LDL, low-density lipoprotein; LPS, lipopolysaccharide; RCT, randomized controlled trial; SCFA, short-chain fatty acids.

(92)

(72)

(73)
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The intestinal microbiota plays an important role in health and disease. They have
protective functions (e.g. pathogen displacement), structural functions (e.g. enhancing
the gut barrier), and metabolic functions (e.g. vitamin synthesis, degrading indigestible
nutrients) (94). A decreased microbiota diversity or a shift in their composition or
activity is known as microbial dysbiosis. A dysbiosis in feces has been linked to many
diseases (95). A dysbiosis of the SI microbiota is also proposed to play a role in disease
pathogenesis (96). The associations are reported mostly in cross-sectional studies, which
do not provide information about the causal effect of microbiota changes on disease. The
causal effects of the microbiota on the host metabolic phenotype have been supported
by numerous animal studies. For instance, they applied microbiota transplantation (97,
98) or compared conventionally raised mice versus germ-free mice (99). Also in humans,
fecal transplantation studies highlighted the causal role of the microbiota in metabolic
and intestinal diseases. For instance, when feces from lean donors were transplanted to
metabolic syndrome patients their insulin sensitivity temporarily improved (100). This
indicates that health-markers can directly be influenced via changes in the gut microbiota.

The small and large intestinal microbiota
The microbial density increases along GI-tract, ranging from 103-4 bacteria cells/gram
content in the stomach to 1011-1012 bacteria cells/gram content in the transverse
and distal colon (101) (Figure 5). Besides the bacterial load, also the diversity and
composition vary throughout the GI-tract (102, 103). This can be explained by the
distinct environment in the different GI regions, such as the presence of digestive
secretions, gas composition, the availability of (macro)nutrients, and the transit times.
The SI is a more harsh environment for microbiota with a relatively short exposure to
(macro)nutrients and the presence of more digestive secretions such as bile acids (96).
Compared to the large intestine microbiota, the SI microbiota is expected to be more
dynamic and to respond rapidly to changing luminal conditions (96).
Feces is typically used as a proxy for the large intestine microbiota. In the colonic mucosa
and feces of healthy subjects, around 700 bacteria were detected (104). The main phyla are
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria, but also Verrucomicrobia,
Fusobacteria, and Tenericutes were detected (105). Commonly found fecal bacteria at the
genus level are Bifidobacterium, Faecalibacterium, Clostridium, Bacteroides, Eubacterium,
Escherichia/Klebsiella, Enterococcus, and Streptococcus (94, 106). In contrast to the large
intestine microbiota, the human SI microbiota is less well characterized, mainly due to
the complexity and invasiveness of sample collection. In the human distal SI (ileum)
Streptococcus, Lactobacillus, Staphylococcus, Escherichia, Bacteroides, Clostridium (clusters
IV and XIVa), and Veillonella were consistently detected (107-110). It has been previously
shown that these bacteria were also encountered in ileostomy effluent (110-112). This
effluent can be collected non-invasively from ileostomy patients without a colon, which
19
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has been removed as a result of the disease. The colonic microbiota is more equipped to
degrade complex fibers, while the SI microbiota is expected to rapidly metabolize simple
carbohydrates for community maintenance (110).

Figure 5. A schematic representation of the different regions of the GI-tract, and the
number of bacteria cells/mL residing in that region.
Factors that shape microbial communities, and distinguishing characteristics of the small and large intestine are included.
The figure is, with permission, adapted from (96, 113). The bacteria numbers were previously reported by (101).

Diet as a modulator of the intestinal microbiota?
A plethora of factors play a role in shaping the intestinal microbiota. Examples are the
geographical location, host genetics, age, the mode of delivery, the use of medication,
and the habitual diet (114, 115). In a large cohort study that included 503 clinical and
(dietary) questionnaire-based covariates, it was shown that all these factors explained
only 7.7% of the fecal microbiota variation between individuals (n=3948, (115)).
This highlights the complexity and variability of the microbiota between people. The
medication intake had the largest explanatory power on the microbiome, followed
by blood parameters, bowel characteristics (e.g. stool consistency), and then dietary
information (e.g. fruit intake and bread preference) (115). Long-term dietary intake
and patterns (116-118), such as a strict vegan or vegetarian diet or an omnivorous diet
(119), were strongly associated with the fecal microbiota composition. Also, the intake
of specific food products and the quality and type of dietary patterns were linked to the
fecal microbiota composition (118). Cross-sectional studies showed that changing the
microbiota via the habitual diet can take months to years (120, 121). Drastic shortterm dietary changes, however, altered the human fecal microbiota already in a week
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(122). The effect of controlled dietary interventions on the microbiota is often less well
studied (123). Because the composition of the intestinal microbiota in the small and
large intestine plays an important role in health, modulating the microbiota through
changes in diet can be a strategy to improve health status. Increasing the dietary fiber
intake via supplementation can be an effective strategy to modulate the fecal microbiota
composition (124). Examples of fibers that influence the fecal microbiota are resistant
starch, inulin, FOS, GOS, and arabinoxylan (82, 125). Fiber-rich products such as
whole grains are also expected to modulate the microbiota (125). One underexplored
topic is the effect of diet, including fibers, on the SI microbiota, while this may also have
the potential to influence host health (126, 127).

Digesting the indigestibles: dietary fiber fermentation
An important route by which the microbiota interacts with the host is via the
production of metabolites from nutrients that escape digestion. Some metabolites reach
the circulation where they can influence organ functioning (128). The microbiota is
therefore sometimes called the (neglected) endocrine organ. The type of microbial
metabolites that are produced depends on the availability of the nutrients, including
diet- or host-derived proteins, polyphenolics, fat and host-derived bile acids, and dietary
fiber (129). Microbial metabolites can be both health-promoting and toxic (129). In
the scope of this thesis, we will focus on complex dietary carbohydrates as substrates for
bacteria. The process of carbohydrate (and protein) breakdown by strictly or facultatively
anaerobic intestinal bacteria under anaerobic conditions is known as fermentation (130,
131). The extent and rate of fermentation are influenced by host factors as well as the
amount and characteristics of the available dietary fibers. Examples are solubility, sugar
composition, degree of polymerization, and molecular conformation (132, 133). The
microbiota enzymatically breaks down complex carbohydrates by a huge diversity of
carbohydrate-active enzymes (CAZymes). While the intestinal microbiome contains an
estimated 15.882 different CAZymes genes (134), the human genome encodes only
17 glycoside hydrolases for carbohydrate digestion (135). The human carbohydrases
involved in carbohydrate digestion are summarized in Table 2. Recently, it is debated
to what extent host digestive enzymes, located on the intestinal brush-border, are also
capable to degrade certain NDCs (136). This hypothesis is based on in vitro carbohydrate
digestion models, while little is known about to what extent human host enzymes digest
such NDCs.
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Table 2. Host (human) enzymes that are involved in the digestion of dietary carbohydrates.
The table is adapted from (136) with permission.
Enzyme
Salivary α-amylase, secreted

Digestion site
Mouth

Pancreatic α-amylase, secreted Small intestine
Sucrase-isomaltase, mucosal*
Maltase-glucoamylase,
mucosal
Lactase-phlorizin hydrolase,
mucosal
Trehalase, mucosal
*

Small intestine
brush-border
Small intestine
brush-border
Small intestine
brush-border
Small intestine
brush-border

Main substrate, glycosidic linkage specificity
Starch; linear malto-oligosaccharides (n>6)
Glcα(1→4)Glc
Starch; linear malto-oligosaccharides (n>6)
Glcα(1→4)Glc
Sucrose, isomaltose, maltose, maltotriose, α-dextrins
Glcα(1↔2)ßFru, Glcα(1→4)Glc, Glcα(1→6)Glc
Linear and branched malto-oligosaccharides (n=2-9)
Glcα(1→4)Glc, Glcα(1→6)Glc
Lactose, cellobiose, cellotriose, cellulose
Glcα(1→4)Gal, Glcα(1→4)Glc
Trehalose
Glcα(1↔1)αGlc

Mucosal enzymes are located on the brush-border membrane of the small intestine.

Degradation of galacto- and fructo-oligosaccharides

Degradation of GOS requires β-galactosidases (137). GOS is selectively utilized by
several bacteria via intra- and extra-cellular β-galactosidases, involving both intracellular
and extracellular hydrolysis (e.g. cell membrane–bound enzymes) (138). Degradation
of inulin and FOS requires endo- and exo-inulinases. Endo-inulinases split molecules
by breaking internal β-(2,1) fructofuranosidic linkages in inulin to produce FOS of
different chain lengths, whereas exo-inulinases split off fructose units at the terminal
non-reducing end (139). FOS is utilized via extracellular hydrolysis by cell wall-bound
β-fructofuranosidases, followed by the uptake of fructose, sucrose, and glucose by one
or more transporters, or transported intact into the cell (e.g. via ABC transporters) and
consequently hydrolyzed by cytoplasmic β-fructofuranosidases (137).

Production of fermentation products
Major fermentation end products are SCFAs, gases (CO2, H2S, CH4, and H2),
ammonia, and energy (131). Intermediate fermentation products are for instance H2,
lactate, formate, succinate, and ethanol (140). The main produced SCFAs are acetate,
propionate, and butyrate, which are estimated to account for 85-95% of the total SCFA
in the colon (131). Other organic acids, such as lactate and succinate, are present in lower
concentrations (141). There are several known pathways for SCFA production (Figure
6) (14, 142-145). Important enzymes involved in propionate formation are propionate
CoA transferase, methylmalonyl-CoA decarboxylase, propionyl-CoA:succinate CoA
transferase, and for butyrate formation butyrate kinase and butyryl-CoA:acetate CoAtransferase (145). During active fermentation, bacteria produce hydrogen (146), which
can be further metabolized by hydrogen-utilizing micro-organisms by sulfate-reducing
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bacteria, methanogenic organisms, acetogenic bacteria, amino acid fermenting bacteria,
and dissimilatory nitrate-reducing bacteria (146). For instance, acetogenic bacteria convert
H2 and CO2 into acetate, and methanogenic archaea such as Methanobrevibacter smithii or
certain Clostridium and Bacteroides bacteria species produce CH4 from CO2 and H2 (147).
Gas is eliminated both through the lungs via exhaled breath and expelled as flatus.
Substrate cross-feeding is the utilization of carbohydrate breakdown products after the
initial degradation of complex carbohydrates from a given micro-organism by other
organisms (148). Metabolic cross-feeding is the utilization of (fermentation) products
from a given micro-organism by others (149). An important cross-feeding reaction is
the conversion from acetate to butyrate (150-153), but also conversions of butyrate into
acetate or propionate, and propionate into butyrate were reported (150). Bacterial crossfeeding interactions manipulate the availability of substrates in the intestine. Studying
these interactions is crucial in determining the final balance of intestinal metabolite
production.

Figure 6. A schematic overview of the fermentation pathways leading to the production
of acetate, propionate, and butyrate.
Dotted arrows indicate several intermediates. Hexoses are for instance glucose and fructose, and pentoses are for instance
xylose and arabinose. The figure and information are adapted from information in references (14, 142-144).

Short-chain fatty acids and health
It has been hypothesized that SCFAs from a link between fiber fermentation and
host health improvements (154). SCFAs are an energy source for the enterocytes, can
function as signaling molecules, and may play a role in intestinal disorders (14, 143,
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155). There is an increased interest in studying the fate of SCFAs and their appearance
in the systemic circulation (65, 143, 156), as they can bind to receptors on different
(metabolic) organs (157). In humans, the SCFAs circulating in blood correlated with
insulin sensitivity and other metabolic markers of the host (158), while this correlation
was absent for fecal SCFA concentrations. This suggests that the SCFA uptake and
availability likely provide a more direct link to metabolic health than fecal SCFAs.

Concentrations of short-chain fatty acids in the human body
SCFAs are absorbed by enterocytes via facilitated diffusion, via transporters, or exchange
with bicarbonate (150) (Figure 7). SCFAs are oxidized to CO2, producing energy for
the enterocytes (159). SCFAs that are not metabolized by the enterocytes enter the
portal circulation as free acids (160). In the liver, they are further metabolized, and the
remaining SCFAs end up in the systemic circulation.

Figure 7. The metabolism of short-chain fatty acids.
The figure was reproduced with permission from (159). MCT1, monocarboxylate transporter 1; SMCT1,
sodium-dependent monocarboxylate transporter 1.

Measurements of SCFA concentrations in the mesenteric veins, the portal vein, and the
hepatic vein of people indicate that the gut is the main SCFA releasing organ (Table
3). The liver takes up most of the propionate and butyrate. The liver uses SCFAs as
an energy source and as substrates for metabolite synthesis. Previously a splanchnic
extraction (gut and liver) of butyrate of almost 100% was reported (161), followed by
propionate, whereas more acetate was released from this area. The estimated splanchnic
extraction in healthy individuals of colonic‐administered acetate, propionate, or butyrate
was 64%, 91%, or 98%, respectively (153). Fasting plasma concentrations of acetate in
the peripheral veins were maximally 200 µmol/L (Table 3). In contrast, propionate and
butyrate concentrations in the peripheral circulation were much lower (<10 µmol/L).
This does not necessarily exclude an impact of butyrate in tissues other than the
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intestine or liver, since butyrate supplementation has been shown to influence adipose,
cardiac, and skeletal muscle metabolic processes (162-164). Acetate concentrations were
reduced between arterial and venous blood, showing the utilization by peripheral tissues
(165-167), such as the adipose tissue and muscle (168). Consumption of fermentable
substrates such as lactulose (165, 169) and pectin (165) increased postprandial acetate
in the peripheral circulation. Gut-derived acetate mixes with endogenous acetate
released by tissues and organs (168, 170). Recently it has been shown that differences
in macronutrient composition, with matching amounts of fibers, also affected serum
SCFA concentrations (171).
Direct examination of SCFAs inside the intestine and portal blood healthy subjects is
invasive and/or not possible. As a result of the extensive metabolism of SCFAs in the
intestine and liver, often estimations of their concentrations are reported. In sudden death
victims, the ratios of acetate, propionate, and butyrate were approximately 60:20:20
in the colon, 81:12:7 in the hepatic vein, and 91:5:4 in the peripheral blood (172).
Other researchers (173) estimated that the colonic production of SCFAs upon 15 gram
inulin in healthy subjects was 137±75 mmol for acetate, 11±9 mmol for propionate,
and 20±17 mmol for butyrate. In healthy subjects, most of the 13C label from colonicadministered 13C-SCFAs was recovered as 13CO2 in breath, while the excretion of
SCFAs via urine was very low (153). It has been estimated that only 5-10% of the
SCFAs are excreted in the feces (174). Overall, SCFA measurements in the peripheral
circulation will underestimate SCFA production by the intestinal microbiota, because
of metabolism in the intestine and liver. Information about carbohydrate fermentation
and SCFA production and absorption inside the human intestine is currently unknown.

Short-chain fatty acids as signaling molecules and their role in metabolism
Numerous tissues, including enteroendocrine cells and liver tissue, express receptors for
SCFAs (157). An important set of targets for SCFAs are G-protein-coupled receptors
(GPRs), including GPR43/FFAR2, GPR41/FFAR3, and GPR109A (175). These
receptors can be activated by SCFAs as reviewed previously (14, 143, 157, 159, 176, 177),
with resulting distinct downstream effects. For instance, SCFAs are thought to influence
hormone secretion of GLP-1 and peptide YY (PYY) from enteroendocrine cells, both
known to play a role in satiety (177). Another example is that SCFAs phosphorylate and
activate pAMPK in the liver, which enhances fatty acid oxidation (143), and decreases
fatty acid synthesis and gluconeogenesis (143). In the adipose tissue, SCFAs might
activate GPR43 to reduce fatty acid and glucose uptake, which potentially improves
systemic insulin sensitivity and reduces adiposity (177). SCFAs have been also suggested
to play a role in fatty acid-, glucose- and cholesterol metabolism (150). The use of stable
13
C isotopes is an elegant tool to study organ and/or systemic metabolism. Information
about intestinal fluxes of SCFAs and their metabolic fate can be obtained via the delivery
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of isotopic labeling (13C) of SCFA inside the intestine (178, 179). In two studies in
mice (150) and humans (153), the label from gut-derived 13C-SCFA was incorporated
into different biological relevant molecules, such as fatty acids and amino acids (150).
Known biochemical pathways showed that acetate enters the tricarboxylic acid (TCA)
cycle as acetyl-CoA, where it is converted finally to oxaloacetate. Acetyl-CoA can also
be used as a substrate for the synthesis of long-chain fatty acids, cholesterol, or ketone
bodies (150, 180). Propionate can be converted into succinate and enters the TCA
cycle as succinyl-CoA, and supports gluconeogenesis via oxaloacetate (150). Butyrate is
supposed to be taken up by the mitochondria where it undergoes ß-oxidation to form in
a series of steps acetyl-CoA, which subsequently enters the TCA cycle (181).

Studying the kinetics of fermentation in the human intestine
Novel methodology is needed to have a better understanding of dietary fiber
(fermentation) in the human intestine with consequent effects on the luminal
environment, to understand the potential mechanisms underlying their health effects.

Human studies
Most commonly, the effects of dietary fiber fermentation on intestinal bacteria and
bacterial metabolites are studied through analysis of feces (82). Feces is easy to collect,
but it is a static measurement and does not provide direct information on dynamic
kinetic microbial processes occurring during and at the site of fermentation. Metabolite
concentrations in feces namely represent the balance between production, utilization,
and absorption (174). Furthermore, the fecal microbiota may differ from the intestinal
lumen microbiota (103, 182). For this reason, additional methods are needed to
sample more locally to better understand the effects of dietary compounds, including
fibers, inside the intestine. Hence, medical procedures and tools are required such as
colonoscopies and intestinal catheters. Also, the application of less-invasive sampling
capsules is appearing in the literature (183, 184). Indirect postprandial measurements,
as an indication for microbial fermentation, include monitoring breath hydrogen and
methane levels (185-188), or tracing the appearance of labeled (189) or non-labeled
(190) blood metabolites, such as SCFAs, to estimate the fiber fermentation kinetics.
Important to note is that these measurements are not a direct reflection of what is
happening at the site of fermentation. As yet, information about fiber fermentation and
SCFA production and absorption inside the human intestine, and the consequent effect
on the luminal microbiota is still mostly unknown.

Fermentation models
Before in vivo digestion and fermentation studies, in vitro models can be used to mimic
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this process. Such studies take place outside the body, intending to mimic a process in
the GI-tract in a cost-efficient way. One major advantage is that these models are not
restricted by ethical considerations. In vitro fermentation models, inoculated with human
intestinal bacteria, can be used to study fiber degradation kinetics (187, 191). During
such experiments, the human intestinal microbiota is cultured for a defined period.
Numerous model designs are available that vary in complexity, as recently reviewed
(192). Designs range from relatively simple batch fermentation models to multistage
continuous flow models (113). Initial screenings of the interplay between fibers and
the intestinal microbiota are often first evaluated in batch fermentations (193). This
provides relevant information about breakdown kinetics, metabolite production, and
the effects on the microbiota. Batch fermentation models are closed systems, such as
bottles or reactors inoculated with the intestinal microbiota, often feces, in culturing
medium maintained under anaerobic conditions at 37°C. The advantages of batch
cultures are the easy set-up, inexpensiveness, and high throughput. The operational time
is restricted to several hours due to substrate depletion and accumulation of (toxic)
products. Multistage continuous fermentation models mimic various regions in the
GI-tract via connected vessels that each have their own specified, specific parameters
(113, 194). Examples are the SHIME system (195) and the TIM-2 system (196). The
latter system also mimics for example peristaltic movements and entails an absorption
mimicking dialysis system (196). A general limitation of in vitro models is the lack of
feedback mechanisms of the host.
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Condition
Fasting

Portal vein 262.8±31.2 µmol/L
Hepatic vein 219.5±22.8 µmol/L
Artery 172.9±19.1 µmol/L
Portal vein 177.5±21.5 µmol/L
Hepatic vein 157.3±21.5 µmol/L
Artery 124.5±12.5 µmol/L
Portal vein 114.0±59.8 µmol/L
Basilic vein (arm) 34.9±17.2
µmol/L

Blood:
Portal vein 88±27.8 µmol/L
Hepatic vein 21±9.8 µmol/L
Peripheral vein 5±1.8 µmol/L
Superior mesenteric vein
19.5±3.5 µmol/L
Inferior mesenteric vein
64.8±13.4 µmol/L
Portal vein 24.5±6.1
µmol/L
Hepatic vein 2.8±0.8
µmol/L
Radial artery 1.0±0.2
µmol/L
Portal vein 30.3±5.6 µmol/L
Hepatic vein 6.9±1.2 µmol/L
Artery 3.6±0.4 µmol/L
Portal vein 15.6±2.4 µmol/L
Hepatic vein 5.6±1.3 µmol/L
Artery 8.2±0.9 µmol/L
Portal vein 32.0±135 µmol/L
Basilic vein (arm) 1.9±31.6
µmol/L

Blood:
Portal vein 258±40.1 µmol/L
Hepatic vein 115±28.2 µmol/L
Peripheral vein 70±18.6 µmol/L
Superior mesenteric vein
50.4±11.3 µmol/L
Inferior mesenteric vein
102.7±27.2 µmol/L
Portal vein 41.4±7.8 µmol/L
Hepatic vein 23.6±4.8 µmol/L
Radial artery 21.8±7.6 µmol/L

-

Propionate: site and concentrations
Intestine:
Jejunum N.D.
Ileum 1.5±1.0 mmol/kg
Ascending colon 26.7±4.0
mmol/kg
Transverse colon 23.1±2.8
mmol/kg
Descending colon 14.2±3.1
mmol/kg
Sigmoid/rectum 19.5±6.7 mmol/
kg

Acetate: site and concentrations
Intestine:
Jejunum 0.6±0.6 mmol/kg
Ileum 7.9±4.1 mmol/kg
Ascending colon 63.4±6.8 mmol/
kg
Transverse colon 57.9±5.4 mmol/
kg
Descending colon 43.5±11.1
mmol/kg
Sigmoid/rectum 50.1±16.2 mmol/
kg

-

-

-

-

-

-

Superior mesenteric vein 22.7±7.4
µmol/L
Inferior mesenteric vein 62.9±13.4
µmol/L
Portal vein 21.1±4.4
µmol/L
Hepatic vein 2.6±0.8
µmol/L
Radial artery 0.8±0.2
µmol/L
Portal vein 30.1±4.8 µmol/L
Hepatic vein 12±2.6 µmol/L
Artery 7.5±1.2 µmol/L
Portal vein 19.5±4.3 µmol/L
Hepatic vein 4.8±1.0 µmol/L
Artery 10.1±1.8 µmol/L
Portal vein 9.4±17.0 µmol/L
Basilic vein (arm) 1.0±50.0 µmol/L

Blood:
Portal vein 29±7.9 µmol/L
Hepatic vein 12±4.4 µmol/L
Peripheral vein 4±1.7 µmol/L

Butyrate: site and concentrations
Intestine:
Jejunum N.D.
Ileum 2.3±1.3 mmol/kg
Ascending colon 24.5±4.2 mmol/kg
Transverse colon 24.4±2.2 mmol/kg
Descending colon 14.7±2.9 mmol/
kg
Sigmoid/rectum 17.9 ±5.6 mmol/kg

Table 3. SCFA concentrations in blood or in the GI-tract of human subjects.

Subjects during gall bladder
surgery (n=5).

Abdominal surgery patients
with normal liver function
(n=22, 30-78 years).
Patients with liver cirrhosis
(n=12, 38-73 years).

Healthy/Overweight upper
abdominal surgery patients
(n=20 subjects, 54–75 years,
BMI 18.7-29.3).

Population
Sudden death victims,
maximum of four hours after
death (n=6, 16–89 years).

(199)

(198)

(161)

(197)

Study
(172)
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Healthy subjects (n=14,
19–41 years).

-

(165)

15 gram, after 12 hour:
Healthy subjects (n=12, 18-65 (173)
Antecubital vein: 1.0±0.9 mmol
years)
(cumulative amount)
Colonic production**: 20±17 mmol
(cumulative amount)

Not measured.

Not measured.

Peripheral vein <2 µmol/L
Peripheral artery <2 µmol/L

Ileostomy subjects (n=10,
(169)
56-80 years), healthy controls
(n=21, 19-73 years and n=8
19-21 years).

Not measured.

(166)

(158)
(171)

Adults (n=160, 20–70 years).
Healthy subjects (n=163,
47–60 years).
Normal subjects (n=27).

Antecubital vein: range 0-8 µmol/L
Serum: butyrate 85 ng/mL (range 70–99
ng/mL)
Not measured.

Mean ± SEM are presented if not stated otherwise. N.D. not detected. * are the peak concentrations detected over time. **Colonic production was estimated by the
dilution of the constant intravenous infusion of 13C-labeled SCFA by unlabeled (12C) SCFA produced upon inulin in blood samples. SCFAs, short-chain fatty acids.

Antecubital vein: range 0-450 µmol/L
Antecubital vein: range 0-12 µmol/L
Serum: acetate 2230 ng/mL (range
Serum: propionate 195 ng/mL (range
Fasting
1200–4060 ng/mL)
159–239 ng/mL)
Fasting
Artery 72±7 µmol/L
Not measured.
Vein 51±5 µmol/L (range 2-99
µmol/L)
Fasted compared to after consumption of non-digestible carbohydrates
Fasting
Peripheral vein 44±4.4 µmol/L
Not measured.
(healthy)
Anticubital vein 48.0±4.2 pmol/L
(healthy) and 21.3±0.8 pmol/L
(ileostomy)
Lactulose
Peripheral vein:
10 gram: 114.4±16.2 µmol/L (healthy)
Fasting
Peripheral artery 125.6±13.4
Peripheral vein <2 µmol/L
µmol/L
Peripheral artery <2 µmol/L
Peripheral vein 53.8±4.44 µmol/L
Lactulose
Peripheral vein:
Not measured.
5 gram: 98.6±23.1 µmol/L*
10 gram: 127.3±18.2 µmol/L*
20 gram: 181.3±23.9 µmol/L*
Pectin
Peripheral vein:
Not measured.
20 gram: 95.8±11.7 µmol/L*
Inulin
15 gram, after 12 hour:
15 gram, after 12 hour:
Antecubital vein: 55±30 mmol
Antecubital vein: 1.1±0.9 mmol
(cumulative amount)
(cumulative amount)
Colonic production**: 137±75
Colonic production**: 11±9
mmol (cumulative amount)
mmol (cumulative amount)

Fasting
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Thesis outline and aims
The work described in this thesis aims to study the kinetics of fermentation and
degradation of non-digestible carbohydrates, mainly in the human small intestine, and
consequent effects on the microbiota and bacterial metabolites. To achieve this aim,
we applied several models to study digestion and fermentation (Figure 8). We used in
vitro batch models, as well as intervention trials in human subjects with the use of nasointestinal catheters and stable isotopes. We investigated the acute short- and longerterm effects of varying NDC types and concentrations on the intestinal environment,
including the microbiota and metabolites, in relation to metabolism.
More specifically, the objective of chapter 2 and chapter 3 was to describe two
methodologies of studying the human intestinal lumen. Chapter 2 provides a systematic
review of practical and technical aspects of using intestinal catheters in human subjects
for delivery and sampling from the jejunum, ileum, and colon. Chapter 3 describes a
new toolbox that can be used with human intestinal sampling capsules, for stabilizing
and analyzing the fermentation of GOS, FOS, and inulin by the human ileostomy or
fecal microbiota. Furthermore, we studied in vitro (chapter 4), and in healthy men
(chapter 5) the breakdown of selected dietary fibers and production of metabolites
by the SI microbiota. To this end, we performed batch fermentations with the human
ileostomy microbiota and chicory FOS/inulin, GOS, lemon pectin, and IMMP (chapter
4), and two clinical feasibility trials to study acute fermentation kinetics of a FOS:GOS
mix in the human intestine using intestinal catheters (chapter 5). We also aimed to
investigate the effect of a 7-day FOS:GOS supplementation compared to maltodextrin
on the same acute fermentation kinetics. Moreover, the fate of intestinal-delivered SCFA
as substrates for glucose and lipid metabolism was assessed using a stable labeled isotope
approach (chapter 5). In chapter 6, we investigated in detail the digestibility of all
compounds present in the FOS:GOS mixture in the small intestine of healthy men,
using advanced chemical analyses. Moreover, we investigated the effects of a 12-week
intervention with WG wheat or refined wheat products, with a 10 g/d fiber difference,
on the composition and functions of the fecal bacteria in relation to changes in liver
health parameters (chapter 7). Finally, in chapter 8 the outcomes of chapters 2 to 7
are discussed.
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Figure 8. Graphical outline of the thesis.
The research presented in chapters 2 and 3 focuses on methods (development) to study the intestinal lumen of
human subjects. Research in chapters 4 focuses on the impact of dietary fibers on the small intestine microbiota.
Research in chapter 5 focuses on the impact of dietary fibers (FOS:GOS) on the small and large intestine
microbiota and the metabolic fate of short-chain fatty acids. Feces is used as proxy for intestinal measurements.
In chapter 6 the digestibility of all compounds in the FOS and GOS mixtures in the intestine were analysed in
detail. Chapter 7 focuses on the effect of whole grain wheat products on the fecal microbiota. Results presented in
chapter 3 and 4 originate solemnly from in vitro data.
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Chapter 2

Abstract
Intestinal catheters are used for decades in human nutrition, physiology, pharmacokinetics,
and gut microbiome research, facilitating the delivery of compounds directly into the
intestinal lumen or the aspiration of intestinal fluids in human subjects. Such research
provides insights about (local) dynamic metabolic and other intestinal luminal processes,
but working with catheters might pose challenges to biomedical researchers and clinicians.
Here, we provide an overview of practical and technical aspects of applying naso- and
oro-intestinal catheters for delivery of compounds and sampling luminal fluids from the
jejunum, ileum and colon in vivo. The recent literature was extensively reviewed, and we
have included experiences and insights gained through our clinical trials. 60 studies were
included that involved a total of 720 healthy subjects and 42 patients. Most of the studies
investigated multiple intestinal regions (24 studies), followed by only the jejunum (21
studies), ileum (13 studies), or colon (2 studies), of which the ileum and colon used to be
relatively inaccessible regions in vivo. Custom-made state-of-the-art catheters are available
with numerous options for the design, such as multiple lumina, side holes, and inflatable
balloons for catheter progression or isolation of intestinal segments. These allow for
multiple controlled sampling and compound delivery options in different intestinal regions.
Intestinal catheters were often used for delivery (23 studies), sampling (10 studies), or both
(27 studies). Sampling speed decreased with increasing distance from the sampling syringe
to the specific intestinal segment (i.e., speed highest in duodenum, lowest in ileum/colon).
No serious adverse events were reported in the literature, and a dropout rate of around 10%
was found for these types of studies. This review is highly relevant for researchers who are
active in various research areas and want to expand their research with the use of intestinal
catheters in humans in vivo.
Keywords
Intestinal catheter; small intestine; ileum; colon; aspiration; delivery; human; trials
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Introduction
Intestinal catheters have been used for decades in physiology, nutrition, microbiology,
and pharmacokinetics research. Studies involving catheters have helped to shed light on
the functioning of the human gastrointestinal (GI) tract. Researchers have learned about
for example digestion and absorption of (macro)nutrients, secretion, and flow rate (1-3)
as well as intestinal physiology (4-6), luminal and adherent microbiome composition
(7), and metabolite production (8) in vivo. In vitro GI-tract models, animal models, or
measurements in fecal samples are not directly representative of intraluminal (patho-)
physiological processes or bacteria in the human GI-tract in vivo (9). These models lack
essential aspects of host interaction and do not capture the variation in response between
human subjects. Intestinal catheters can be used to aspirate intestinal fluids to examine
intestinal luminal processes or to deliver compounds inside the intestinal lumen (10,
11). The latter provides valuable information about dynamic metabolic effects after
targeted intestinal delivery of a test compound (12), and allows researchers to study
changes in systemic metabolisms relevant to health and disease.
As opposed to feeding tubes used to deliver enteral nutrition inside the stomach or
the proximal small intestine of patients, working with intestinal catheters that need
to be placed in the more distal small intestine or proximal colon pose more challenges
to biomedical researchers and clinicians. In-depth information about working with
intestinal catheters, including positioning catheters, aspirating intestinal fluids, and
standardizing delivery and sampling, as well as a summary of state-of-the-art intestinal
catheter designs, is currently lacking in the literature. The objective of this review is to
provide an overview of the practical and technical aspects of applying naso- and orointestinal catheters to human subjects for delivery of compounds and sampling luminal
fluids from the jejunum, ileum, and colon in vivo. For this review, not only did we
examine the available literature from experts in this field but we also included insights
from our clinical trials with intestinal catheters: thus, this review extends beyond the
boundaries of a conventional systematic review. This information will be helpful for
researchers in setting up and performing trials.

Search strategy and inclusion criteria
A search strategy was developed for PubMed. Combinations of three grouped search
terms were used to find papers that described clinical trials using intestinal catheters
in human subjects (Supplementary Table 1). Papers written in English and published
after 1960 were included. Detailed information about the search strategy can be found
in Supplementary Table 1. The search terms were adapted accordingly for a search in
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the Web of Science. Both searches (PubMed and Web of Science) were conducted in
March 2020. This resulted in 6338 papers. After removing 971 duplicates, 5367 papers
were screened based on titles and abstracts (Figure 1). Inclusion criteria were: (I) fulltext clinical trials with human subjects; (II) original research articles; and (III) the use of
an intestinal catheter where the tip of the catheter was placed in the jejunum, ileum, or
colon. Exclusion criteria were: (I) studies where the catheter was not placed to answer
study questions (observational study); (II) studies with catheters that were inserted
via rectum/anus; (III) studies that used manometry catheters or focused on motility
and motor complex functions; (IV) studies where catheters were not used to deliver
compounds to the intestine or to sample intestinal fluids; (V) studies with gastric- or
duodenal catheters; and (VI) studies that did not conform to the inclusion criteria.
After excluding 5060 irrelevant papers, 293 papers remained, which were split into two
groups: papers published before and after 2000. The list of papers published before the
year 2000 is provided in the Online Supplementary Information. The full texts of the
81 papers published after 2000 were examined for state-of-the-art methodology. Finally,
58 papers were included.

Insights from our own selected clinical trials
We also included in-depth information from several of our own (un)published
clinical trials. We included (non-published) insights from the CRIB study about
applying catheters for simultaneous aspiration of duodenal, jejunal, and ileal content
(ClinicalTrials.gov, NCT02018900, (13)). Insights obtained during the FiberKinetics
study were also described, where a catheter was used for delivery and aspiration in the
distal ileum (ClinicalTrials.gov, NCT04013607, unpublished study). Also included
were observations from the ileal brake study (14), where nutrients were introduced via
the ileum, and an iron oxidation study (15) in which a 40-cm segment of the proximal
small intestine was perfused and fluid samples collected. All studies were approved by an
Institutional Review Board (METC Wageningen University or Maastricht University,
the Netherlands). All subjects gave written informed consent.

The use of intestinal catheters in research
General overview of the included studies
We included 58 studies as well as 2 unpublished studies from our research groups
reviewing methods for the use of intestinal catheters. These studies are summarized in
Supplementary Table 2.
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Figure 1. Flowchart of the literature search.
Articles were included that used an intestinal catheter where the tip was in the jejunum, ileum, or colon for
research purposes in human subjects. Searches were performed up to 16 March 2020.
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Most studies focused on nutrition and (intestinal) physiology research (34 studies),
followed by pharmacological research (20 studies), microbiome research (3 studies),
and another category (3 studies) (Figure 2). Most of these studies investigated multiple
intestinal regions (24 studies), followed by only the jejunum (21 studies), ileum (13
studies), or colon (2 studies). 56 studies included healthy subjects, 1 study included
both healthy subjects and patients, and 3 studies included patients. Studies involved
a total of 720 healthy subjects and 42 patients (with type 2 diabetes (16), slow transit
constipation (17), ulcerative colitis (18), or cystinosis (19)). The mean number of
subjects per trial was 12±6 (range, 5-27 subjects). In most studies, the subjects were
intubated once (39 studies) and in the other 21 studies, subjects were intubated ≥2 times
(maximum 10 times (20)) in a cross-over fashion with a wash-out period in between. In
general, catheters placed in the distal regions of the GI-tract (ileum, colon) required a
longer intubation period. The mean number of days per intubation was 2.1±1.3 (range,
1-5 days).
Recruitment and inclusion
It is important to note that in more-invasive studies, recruitment and inclusion are
generally more challenging compared with non-invasive studies. This should be
considered when setting the study inclusion and exclusion criteria, although it is of
paramount importance to include sample sizes that have enough statistical power. For
the CRIB study, 49 people responded to our recruitment efforts over a period of 6
months (13). For the FiberKinetics study, 20 people replied within one month after the
recruitment started (21).

Considerations in the catheter design
A summary of state-of-the-art intestinal catheter designs in the included studies is
provided in Supplementary Table 2.
Catheter length and outer diameter
The total catheter length differed depending on the targeted intestinal regions. Jejunal
catheters had a mean length of 286.3±120.4 cm (range, 150-500 cm), ileal catheters
307.4±34.6 cm (range, 270-400 cm), and colonic catheters 466.7±23.6 cm (range, 450500 cm). To keep track of the length of the catheter inserted into the GI-tract, it is useful to
have centimeter markings along the full length of the tube (Figure 3A, B, D). The intestinal
catheters placed via the nose had a mean outer diameter of 2.9±1.2 mm (range, 0.6-4.2
mm), whereas the intestinal catheters placed via the mouth had a bigger outer diameter,
namely 4.7±0.9 mm (range, 2.5-6.3 mm). Generally, catheters with a bigger outer diameter
are easier to place, owing to their increased stiffness, and intestinal delivery and/or sampling
becomes easier. The diameter of the aspiration channel should be large enough to sample
intestinal content at the site of interest.
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Figure 2. An overview of the general characteristics of the 60 studies included that used
an oro- or naso-intestinal catheter.
The catheter was placed in the jejunum, ileum or colon in human subjects.
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The sample homogeneity and viscosity differ between sampling locations (e.g., the small
intestine compared with the proximal colon), and the condition of the study participant
(fasted, or consumption of liquid or solid foods) (22). The proximal colon contains
more thick, less homogeneous material so sampling from this region can be improved by
using a catheter with a larger diameter. However, a bigger outer diameter might be less
comfortable for participants. In the only study reporting on outer diameter in relation
to tolerability, nasally placed tubes with outer diameters of both 2.1 and 3.8 mm did not
result in increased postprandial supine gastroesophageal reflux in 8 healthy subjects (23).
In our experience, intestinal catheters with an outer diameter of maximally 3.5 mm and
made from soft materials, such as silicone, were generally well tolerated by subjects (10,
13, 14, 24), whereas oral intubations were less well tolerated and not used for prolonged
measurements. Toleration is a combination of the burden caused by tube insertion and the
burden and duration of the transfer of the tube to the target location. The latter is often less
comfortable for tubes inserted via the mouth as compared to the nose. A trade-off between
practical considerations and participant (dis)comfort must be made when designing and
using intestinal catheters.
Catheter material
Intestinal catheters are often made from polyurethane, silicone, or polyvinyl chloride.
Polyurethane and silicone tubes, also called fine-bore tubes, are softer and more flexible
than polyvinyl chloride tubes. Therefore, they are more comfortable for the subject
and easier to place along the curves of the small intestine. On the other hand, higher
flexibility increases the risk of curling and coiling inside the GI-tract upon introducing
the catheter, mainly in the stomach. This hampers the positioning of the catheter postpylorus. In the included studies, the materials used were silicone (10 studies), silicone
rubber (12 studies), polyvinyl chloride (14 studies), polyethylene (3 studies), or not
mentioned (21 studies). The use of stiffener or guidewire (see section 4.3.2.1) results in
a more rigid catheter, which can especially be of added value to silicone catheters due
to their high flexibility. Fine-bore tubes can better withstand GI-circumstances (25)
such as gastric acid, bile acid, and other GI secretions. Thus, re-usable fine-bore tubes,
silicone or polyurethane, will likely last longer than polyvinyl chloride tubes.
Multi-lumen catheters with side holes
In some studies, several different catheters were synchronously introduced, with each
separate catheter tip located in another intestinal region ((26-29), published prior to
2007). Introducing several catheters at once increases the burden during positioning
and the subsequent experiment because the outer diameter of the combined catheters is
substantially larger than that of only a single catheter.
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Figure 3. An example of a naso-ileal catheter design that can be used for intestinal aspiration and delivery in human subjects.
(A) The schematic design including the cross-sectional view of the different lumina (reproduced with permission
from Mui Scientific, Ontario, Canada). Photos show the (B) naso-intestinal catheter with 300 cm tubing,
excluding the connector end; (C) multiple lumina, closed with a stopcock and lid; (D) the centimeter indications
on the tubing; (E) the deflated balloon and the three tip weights; (F) the inflation of the balloon via the balloon
channel using a syringe; and (G) the balloon that is inflated with 5 mL air (maximum capacity 20 mL).
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In one study, the same tube was used for the collection of intestinal content from various
intestinal regions (30), which may have led to contamination of luminal contents from
one intestinal region to the other. Nowadays, these issues are resolved using multi-lumen
catheters (in 41 studies, ranging from 2 to 23 lumina per catheter). Multi-lumen means
that multiple so-called ‘’lumen’’ or ‘’channels’’ with various dimensions are combined
in one tube construction (Figure 3A, cross-section view). The numerous lumina are
labeled according to their proposed function and separately protrude at the connector
end (Figure 3B, C). The different lumina within one catheter can serve different
purposes such as simultaneous sampling/delivery, sometimes from various intestinal
regions (e.g., duodenum and ileum) or inflating or deflating balloons. The diameter
of a specific lumen can be adapted according to the use (aspiration versus delivery) or
intestinal region (proximal versus distal). Often, one lumen is used for balloon inflation/
deflation, as further explained below, and another lumen is used to transport radioopaque material. A lumen for air inflation may be included in the design to prevent
the catheter from adhering to the intestinal wall due to the creation of a local vacuum
during fluid sampling, which may cause intestinal sampling issues. When lumina are
not in use, they can be closed at the connector end with a stopcock and/or lid (Figure
3C). Side holes can be positioned in one or more lumina to enable targeted exposure
of specific intestinal segments. In Figure 3A, three side holes in the catheter aspiration
channel used to obtain aspirates of a ~7 cm intestinal segment can be seen. Multiple side
holes in one lumen reduce the risk of obtaining no sample due to a potential blockage
of one side hole or the catheter sticking to the intestinal wall.
The use of inflatable balloons and weighted tips
Most of the catheters were equipped with an inflatable balloon (35 studies) or bag (3
studies). These inflatable accessories, or a capsule (30 mm x 10 mm, (31-33)), attached
to the distal tip are often used to enhance catheter progression making it move distally
with peristaltic contractions. The bags and balloons can be inflated via a specific inflation
channel (Figure 3E-G) with water, saline, or air. These balloons have a maximum
inflation capacity of 5 mL (19), 10 mL (13, 14, 16, 34-36), or 20 mL (21). Since
water or saline is heavier than the same volume of air, this might beneficially impact
progression of the catheter when the person is positioned in such a way that gravity
can exert its normal downward pulling action. However, whether the balloon or bag
can be filled with liquid depends on the material and cleaning/sterilization protocols of
re-usable catheters. For example, our silicone catheters and the encased balloon had to
be completely free of water before sterilization. Therefore, the balloon was filled with
air. In one study, a rubber balloon was first filled with 1.5 mL of mercury and, after
reaching the duodenum, the mercury was replaced by 15 mL of air to facilitate further
progression into the small intestine (15). Other studies used a rubber bag with 30 gram
of mercury (37), an inflatable mercury bag (38), a lead weight (30), or a finger cot with
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2 mL of mercury (39) at the tip. Although using mercury has the advantage of increasing
the weight of the balloon and, therefore, speeding up progression, it is a highly toxic
compound that is dangerous if it leaks from the balloon. Nowadays, to avoid the use of
heavy metals, (tungsten) weights/pellets are often encased at the distal tip to promote
movement from the stomach to the duodenum.
Catheter design for perfusion experiments
Another reason that inflatable balloons were incorporated into catheter design was to
isolate a closed segment of the intestine or to isolate proximal and distal segments from
each other (40-43). Such catheters can be used for intestinal perfusion experiments,
i.e. infusion and sampling within one test segment (44, 45). Perfusion experiments
using occluding balloons allow researchers to investigate for instance the net absorption/
transport or secretion of water or solutes in this segment of the intestine. The occluding
balloons were placed at a variable distance apart from each other (1, 46, 47) to create
independent segments of 10 cm (48) or 20 cm (49-52). Balloons were inflated with a
relatively high quantity of air (~30-45 mL (43, 51, 52) to maintain a constant pressure
of ~25 mm Hg) as compared to balloons used for progression. Air was added until
pressure sensations (i.e., without inducing discomfort) were experienced by the subjects
(43), to achieve total occlusion of the intestinal segment and to prevent progression
of the catheter by peristalsis. To achieve this inflation, balloons were bigger, namely
5-10 cm long (42, 43, 49-52). After inflation, pressure was continuously monitored
to ensure sustained inflation (43). Non-absorbable markers, such as phenol red
(phenolsulfonphthalein), can be used to check for leakages from the intestinal segment.
The occluding balloon proximal to the study segment prevents endogenous secretions,
with an unknown quantity of salts and water, from contaminating the test segment
(44). Semi-open perfusion systems/segments can also be used by inflating the distal
balloon with 26-30 mL air (48, 53, 54). Another option is to use an open perfusion
system without balloons, with an infusion port located a few centimeters proximally
from the sampling port(s), to determine absorption or secretion between the infusion
site and the aspiration site(s). This method aims not to influence the flow rate at the
sampling point, but to calculate the real liquid flow rate using a marker. Non-absorbable
markers, for instance, polyethylene glycol (PEG), have to be added to infusions in
known concentrations to correct for the dilution.

Placement, progression, and removal of the catheter
Catheter insertion
Intestinal catheters were positioned via the nose in 38 studies, or via the mouth in 20
studies (Figure 2). Endoscopic insertion via the nose was tolerated significantly better
in comparison to conventional oral gastroscopy in 181 consecutive outpatients (55).
Before placement, the tube is lubricated with a medical-grade lubrication gel, sometimes
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also containing a local anesthetic, to reduce friction. Moreover, local anesthesia, if
preferred by the subject, can be applied to the nasal mucosa (e.g., lidocaine 10% spray/
Xylocain® (10)) or the upper throat/pharynx (e.g., using lidocaine spray (51, 53, 54)) to
reduce potential pain and discomfort during insertion. Previously, topical pharyngeal
anesthesia given before endoscopy was effective in reducing discomfort in 201 patients
undergoing the procedure for the first time (56). In one study, a topical anesthetic,
namely 1 mL 4% lidocaine, was administered to prevent a gag reflex (20). Moreover, in
a randomized controlled trial in 100 patients, infusion of 100 mL of NaCl 0.9% with
10 mg metoclopramide 15 minutes before the procedure significantly reduced overall
discomfort, nausea, and vomiting (57). However, the use of medication other than
lubrication gel before the start of a study should be thoroughly thought out, because
it could potentially affect the study outcomes. The possible impact of medication on
the outcomes is higher when experimental tests take place shortly after the intubation
procedure. After lubrication and local anesthesia, the tube was inserted via the nose or
oral cavity and pushed through the esophagus to the stomach. During this procedure,
the subject was asked to drink sips of water, to ensure closure of the esophagus by the
epiglottis.
Transpyloric migration
Different strategies for transpyloric migration were described in the studies. One
strategy was to inflate the balloon inside the stomach (with ~3 mL saline (58) or 1.5
mL mercury (15)), facilitating progression of the catheter tip towards the pylorus by
peristalsis. To stimulate peristalsis, participants were offered snacks (58) or were placed
in a supine position on their right side with their upper body lifted 45° and their feet
raised (15). By positioning the subject on the right side, the pyloric sphincter was in the
lowest part of the stomach. Gravity forced the mercury balloon to migrate towards the
pyloric sphincter, facilitating catheter progression into the small intestine. In two other
studies, the subjects were also intubated while in the supine position (16, 59). In several
studies, the tube was allowed to pass into the duodenum without inflating the balloon
inside the stomach (31-35, 42, 43, 60, 61), and three of these studies used a tube with
a capsule attached at the tip to stimulate progression (31-33). In 30 healthy subjects,
87% of the inflated ballooned tubes passed the pyloric sphincter with the aid of normal
peristaltic movements after 6 hours, compared to 67% of the non-inflated ballooned
tubes (62). Thus, balloon inflation in the stomach improves spontaneous transpyloric
migration. Theoretically, the inter-digestive migrating motor complex, responsible for
letting particles larger than a few millimeters pass the pylorus, only occurs in the fasting
state (63). This could imply that post-pyloric placement after overnight fasting is good
timing. In practice, however, we experienced that simultaneous feeding could stimulate
transpyloric migration of the catheter. An intravenous dose of erythromycin, a prokinetic,
significantly increased successful post-pyloric tube placement in randomized controlled
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trials (64). Another strategy was to guide manual catheter progression from the stomach
into the proximal small intestine under (freeze-frame) intermittent fluoroscopic control
(1, 10, 13, 14, 20, 21, 24, 26-29, 59) or static X-rays (65).
The use of a guidewire, stiffener, and/or endoscope
Stiffeners allow for more control while manually introducing a catheter into the GItract, facilitating the progression from the stomach to the duodenum/jejunum. In
four studies, guidewires (66) (coated with polytetrafluoroethylene (47) or Teflon (48,
53)) were used to facilitate passage into the small intestine, sometimes monitored by
fluoroscopy. Guidewires were mostly used to insert shorter tubes (i.e., duodenum, and
jejunum tubes) 150-200 cm long. In one study, one channel within a silicone catheter
was filled with a guide-wire stiffener to facilitate passage (58). Wilms et al. (13) used
an assembly stiffener of 0.3 mm in the center lumen within a silicone catheter. This
resulted in a catheter with increased rigidity, which was still flexible enough to pass
easily along the curves of the small intestine. In one study, a guidewire was first inserted
60 cm distally from the pylorus with the aid of an endoscope. The endoscope was then
retracted, leaving the guidewire in place. Upon removal of the endoscope, the guidewire
could be retracted back into the stomach (67). After retracting the endoscope, the
correct positioning of the guidewire needs to be confirmed using radiography. Only
in one other study was the use of an endoscope mentioned (17). The catheter was
subsequently introduced over this guidewire into the proximal small intestine, all under
fluoroscopic guidance (68). After the catheter was correctly positioned, the guidewire
was removed. One advantage of this procedure was the rapid placement in the proximal
small intestine, i.e., a median of 18 minutes (range, 12-45 minutes) in 22 patients (69),
due to easy detection of the pylorus.
Other ways to monitor gastric and post-pyloric placement
Smithard et al. (70) described the use of electromagnetic access systems for tube
placement. The average time of post-pyloric placement using these devices was 16
minutes, whereas blind placement took 42 minutes on average (70). pH measurement
of the aspirate could be used to determine the position of the tube since the pH in the
stomach is pH 3 to 4. To move the catheter from the stomach into the duodenum, six
studies used the antral and duodenal transmucosal potential difference gradient (TMPD)
for continuous monitoring of the catheter position (antral TMPD < −20 mV, duodenal
TMPD > −15 mV, difference > 15 mV). To establish this gradient, isotonic sodium
chloride was perfused via the catheter infusion channels at the gastroduodenal junction
(16, 49-52, 60). The disadvantage of this method is the requirement of manometry
equipment for monitoring to ensure correct placement (60).
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Progression towards the distal intestine
To assist with tube passage through the GI-tract, inflatable accessories such as balloons
or bags at the catheter tip can be inflated with water (7 mL (20)), saline (~3 mL (58)),
or air (5 mL (10, 13), ~6 mL (71), 8 mL (21, 66), 10 mL (60, 72), 15 mL (15)). In
many studies, the balloon was inflated once it passed the pyloric valve (15, 21, 49-52,
60, 73-76) or after passing the ligament of Treitz (19, 34-36, 66, 77). In five studies,
the participants were instructed to inflate and deflate the balloon every other hour and
inflate the balloon upon waking up to advance further passage of the tube (10, 13, 14,
24, 77) to ensure the inflated balloon did not block the passage of food or GI excretions.
In some studies, the catheter progressed with gravity/peristalsis, and no balloon inflation
was mentioned (30-32, 59, 78). Keeping the balloon continuously inflated directly after
reaching the duodenum until it reaches the region of interest will result in optimal
progression, but the risk of full intestinal occlusion for a longer period should be avoided.
Occlusion may result in symptoms such as abdominal pain, nausea, and vomiting (79).
A 2.1-cm balloon inflated with 5 mL of air is equivalent to a spherical volume of 4.8 mL
(equation: V=(4/3)πr3). The balloon is also soft and malleable so it is unlikely that (full)
occlusion will occur when it is kept inflated. Moreover, the small intestine is known to
dilate (80) after administration of a (food) bolus (81), and even allows passage of solid
objects. In our studies, the balloon gradually deflated spontaneously over time (after
>30 minutes) ex vivo. In the FiberKinetics study, progression was not successful in n=2
subjects, as the balloon was not continuously inflated during manual insertion (10 cm/
hour) to promote further progression (21). This resulted in a coiled tube inside the
stomach. On the subsequent test days, the subjects had to empty and re-fill the balloon
every hour to ensure sustained inflation, since apparently this was crucial for successful
catheter positioning in our study. When applying re-usable catheters, the balloon should
be checked for leakages ex vivo before each intubation.
Along with inflating and deflating the balloon, the subjects needed to further insert
the catheter into the nose or mouth to advance the tube. In our studies, the tube was
manually inserted at a rate of 10 cm/hour starting after the tube passed the ligament of
Treitz (21), or at a rate of 5-10 cm/hour starting ~2 hours after placement (13). In the
study of Zarate et al. (66), the tube was inserted at a rate of ~10 cm/30 min, after the
tip passed the ligament of Treitz. Pulling at the nares might be caused by coiling of the
tube within the stomach/small intestine (58). However, pulling at the nares is usually a
sign of spontaneous catheter progression inside the intestine. When an excessive length
of the tube is quickly inserted into the stomach, there is a risk of tube knot formation
(82). Therefore, very fast insertion of catheters should be prevented by adhering to a
maximum rate per hour, such as 10 cm/hour.
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Practical procedures to stimulate catheter progression
To stimulate progression, participants can be offered drinks (e.g., tea/coffee) or food
(13, 34, 36) and be encouraged to walk around/move periodically (13, 20) during
the day of intubation. Due to the upright posture, progression will also benefit due to
gravity (13, 20). In one study, when the tip did not reach the desired location within
the scheduled time, an intravenous injection of metoclopramide (Primperan; 10 mg in
2 mL) was given to increase GI-motility (33). Other examples of (intravenous) drugs to
stimulate GI-motility are domperidone (83, 84) and erythromycin (85). Erythromycin
is a motilin agonist and initiates the inter-digestive migrating contractions (86), the
effects were previously mostly seen on gastric contractions (87, 88). The use of promotility drugs may influence the test procedures.
Hospitalization or home-based stay?
Some study participants were hospitalized during the full intubation period when
progression took more than one day (53, 71, 75, 89). Subjects could also be instructed
to assist the passage of the catheter at home from the time the catheter had to progress
via natural peristalsis of the GI-tract (36, 90). This was the case in our own studies. With
the catheter inserted, participants could perform daily activities such as eating, drinking,
showering, moving, and sleeping. Though, in the latter case, it is crucial to provide the
participants with clear instructions on the actions that are expected from them, such
as carefully sticking to a maximum insertion rate. In one study the participants were
allowed to go home after ~140 cm tube was inserted (66), and had to insert the catheter
further at home to a depth of 180 cm. The researcher and medically responsible person
should be available for questions or unexpected circumstances. Nevertheless, we advise
to regularly check progression the first hours after intubation at the research center with
fluoroscopy or pH measurement to ensure the catheter is progressing as expected, until
at least with the tip is placed beyond the ligament of Treitz, before participants leave
the research facility. Ideally, the ligament of Treitz may be used as a cut-off, because
previously drop-outs were caused due to the inability of the tube to pass this specific
small intestinal curve (section 4.5).
Progression time
Placement of the tube into the stomach takes between 10 and 15 minutes (21, 58).
Transpyloric migration of the tip can take ~10 minutes (66), although we experienced
that manual transpyloric tube placement using fluoroscopy took between 10 and 45
minutes (21). Automatic post-pyloric migration with a 1.5 mL mercury-inflated balloon
took 1-2 hours after catheter ingestion (15). Moreover, jejunal catheters were positioned
mostly on the same day as the experimental tests took place (1, 33, 52, 53, 61), and
positioning the tube in the (proximal) jejunum took ~1 hour (1, 53), 2.2±0.2 hours
(52), or 1-3 hours (61).
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Ileum and colon intubations, however, require more time due to a longer progression
period. In (terminal) ileum intubation studies, the subjects always visited the research
facilities the day prior to the experimental tests for catheter insertion, allowing the
catheter to progress over time (a full 24-hour period). The next day, the subjects returned
between 7.30 and 10.00 A.M. (10, 13, 14, 21, 39, 58, 73, 75, 76) to check the position
of the tip and, when appropriate placed, start the experiments. Depending on the
insertion procedures, within 24 hours the catheter tip could be located ~100-120 cm
distal to the ligament of Treitz (CRIB study), or 240-250 cm from the nose (13, 21). In
some other studies, an intubation 120 cm distal from Treitz (34), or ≥175 cm from the
nose (35, 36) took less than 24 hours (34-36, 66). In the study of Borg et al. (16), the
terminal ileum was intubated within 5 hours. To reach the terminal ileum, a progression
period of 20 hours (including overnight) might be too short in some subjects. Colonic
intubations may take slightly more time compared to ileum intubations, but in most
studies, the subjects were also intubated in ~24 hours (33, 78, 90). In one study, the
catheter progressed from the jejunum to the proximal colon within 18 hours, or from
the mouth to cecum within 20-48 hours (72). In the study of Dohil et al. (19), the
ballooned tube entered the proximal small intestine after 3 days and the cecum after 5
or 7 days in all subjects, whereas in another study, the tube reached the cecum after only
6 to 10 hours using a balloon filled with 30 gram mercury (37).
After reaching the correct intestinal segment
After reaching the correct GI-segment, the tube can be held in place by fixing it to
the face and deflating the balloon (37, 60, 72). In one study, a residual volume of 3
mL was kept inside the balloon to avoid retraction (66). Marteau et al. (37) flushed
the sampling lumen with nitrogen in the ileum and colon, likely to ensure that no
residual oxygen present in the sampling lumen disturbed the anaerobic environment
in the colon. Moreover, after correct positioning the catheter, subjects remained in a
semi-recumbent position (37, 38, 73-75), or a semi-reclining position (72) to avoid
further progression of the tube. Since the tube can still progress further (47) over time,
especially in studies that take several days, the position of the tube should be verified
before important measurements are carried out.
Removal, and cleaning (of re-usable catheters)
Before removal of the catheter, the inflatable bag or balloon must be completely
deflated. After deflation, the catheter can be removed by pulling it out gently, either by
the subjects (15) or by medical staff. In two studies, the tube was cut off near the nose
and allowed to leave the body naturally in the feces (31, 32). When colonic catheters are
removed via the nose or mouth, the colonic bacteria could potentially contaminate the
small intestine (91). Moreover, spasming of the ileo-cecal valve caused by retracting the
colonic catheter may cause severe discomfort or pain. In this case, the use of spasmolytic
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intravenous glucagon or hyoscine butylbromide (buscopan) is recommended. We
used custom-made, multi-use catheters which could be sterilized up to 50 times (13,
21). For cleaning, the tube can be flushed with alkaline enzymatic detergent used for
cleaning medical devices (MediClean Forte, Dr. Weigert, Hamburg, Germany) (21),
or enzymatic presoak detergents and disinfectants (20). The tube was then manually
flushed with water using a syringe and completely dried before sterilization. It is advised
to check with the manufacturer the compatibility between cleaning reagents and the
material, and with the central sterilization department in the hospital about standard
cleaning procedures.

Determination of the catheter location
Radiography
There are multiple methods to determine the catheter location during placement,
progression and final positioning (during test days). Most studies made use of imaging
techniques using radiation (46 out of 60 studies), such as plain abdominal X-ray static
pictures or fluoroscopy. Freeze-frame fluoroscopy, intermittent periods of fluoroscopy
instead of continuous real-time monitoring, is often applied to minimize radiation
exposure during insertion of the catheter and when verifying the location (66). Radioopaque markers integrated into the catheter design enable visualization by fluoroscopy
or static X-rays. Radio-opaque material can be added close to infusion ports or (all)
side holes (10) to select the appropriate infusion channel from multi-lumen catheters
for an intestinal segment (24). Radio-opaque material can also be added to the tip of
the tube (19, 92), as a capsule at the distal end (31), or every 10 cm to measure the
length in cm distal to Treitz. Tungsten weights at the tip can also be visualized with
radiation. Another approach is to fill one lumen inside the catheter with radio-opaque
material to visualize the complete tube length (21, 58, 65, 73, 76). The marker along the
catheter can assist with tube placement using fluoroscopy, since visualizing the marker
distribution throughout the intestine shows whether the catheter tip passes the pyloric
sphincter and the ligament of Treitz (Figure 4A) or whether the catheter is coiled or
looped in the stomach or small intestine (58, 77).
Radiography in combination with contrast liquid
Only after infusion of contrast fluid via de most distal catheter lumen can X-ray and
fluoroscopy examination determine the catheter position more precisely with respect to
intestinal anatomical structures such as the ileocecal valve (19, 36, 71, 77). Studies used
diluted barium sulphate (71), meglumine-ioxitalamate (Telebrix® GASTRO, Guerbet,
France, 50 mL in total, diluted 1:2 with water, (21)), or Gastrografin (Bayer, Berkshire,
UK, 20 mL, (66)) as contrast fluid. Contrast can be delivered directly via a catheter
lumen into the intestine, facilitating the visualization of a small segment of the intestine
within a few minutes (30–60 cm, (77)).
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Figure 4. Examples of visualization of the catheter tip location using fluoroscopy or
X-rays with/without the delivery of contrast liquid in human subjects.
(A, B) Fluoroscopy pictures (A) without, or (B) in combination with the delivery of a contrast liquid, where the
contrast liquid appears in black and will follow the direction of the arrows towards the colon; (C, D) Abdominal
X-ray pictures (C) without, or (D) in combination with the delivery of a contrast liquid. Panels C and D were
reproduced with permission from Dohil et al. (19). The black line in the pictures is the radio-opaque marker, and
three small metal (or radio-opaque) weights/markers are located at the tip of the catheter.
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Contrast liquid allows researchers to discriminate between the small- and large intestine
(Figure 4A, C versus Figure 4B, D) and determine the catheter tip position (in centimeter
distance) in relation to the ileocecal valve (19, 21). If the side holes allow, contrast can be
delivered distally from the inflated balloon to prevent backflow into the more proximal
intestine. When contrast can only be delivered via side holes located proximal to the
balloon, it is best to deflate the balloon for optimal visualization of the more distal
intestine. Knowing the exact position of the catheter can be important for delivery
or aspiration at the right location, as well as standardization and interpretation of the
research outcomes. Gastrografin and meglumine-ioxitalamate are both water-soluble,
hyperosmolar contrast media and, therefore, draw water into the lumen, which may
impact study outcomes such as the microbiome composition. Thus, delivering contrast
media after completing experimental tests may be better for accurate test results.
Gastrografin might cause diarrhea (93), whereas barium sulfate is not hyperosmolar
and almost insoluble in water. Radiography allows accurate verification of the catheter
location but it exposes participants to radiation.
In the FiberKinetics study, the total radiation effective dose was calculated to be
0.014±0.018 mSv in five subjects (range, 0.001 to 0.05 mSv) based on machine settings
and exposure time. The procedure included intubation of the small intestine under freeframe fluoroscopy and verification of the location on the next day at two moments. The
dose area product in the study of Klaassen et al. ((10), radiation data not published in
this reference) was for the available data of five subjects on average 500 mGy·cm2 (range,
55–1442 mGy·cm2). This gives a calculated effective dose of 0.06 mSv, for intubation of
the small intestine under free-frame fluoroscopy. Only two trials published information
about the radiation exposure (20, 66). Zarate et al. (66) found an effective dose of 0.3
mSv for maximum 12 freeze frames of fluoroscopy duing 1 intubation. Seekatz et al.
(20) limited the radiation exposure time to maximally 1.5 minutes but the effective dose
was not mentioned (10 intubations). Overall, the radiation effective dose for fluoroscopy
can be considered low, when compared to e.g. the an annual average natural radiation
dose of 2.2 mSv in the UK (94). A conventional abdominal static X-ray made with a
so-called ‘bucky’ system results in maximally 0.4 mSv radiation per imaging moment
(95) and will therefore result in a higher radiation exposure as compared to fluoroscopy,
but results in better quality images (Figure 4A,B versus Figure 4C, D). Overall, the total
radiation exposure for fluoroscopy in general is low and dependent of the exposure time
and may consequently differ depending on the experience of the medical personnel and
anatomical differences of the small intestine, such as curviness, which may postpone
adequate placement. Machine settings, such as the field of view, play a relatively minor
role compared to the exposure time. One should be aware that the investigator may also
be exposed to a low dose of radiation during procedures with radiography, dependent on
the equipment used as well as the use of protective gear. Importantly, pregnant women
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and the unborn child should be protected from radiation exposure. We advise that all
female subjects perform a pregnancy test at the day(s) of radiation exposure, and a
positive test results in exclusion or drop-out.
Other methods to monitor catheter location
Another method to estimate the location of the catheter tip is the use of centimeter
marks or color marks (32, 33) along the tube, indicating the distance from nose to
catheter tip (the total tube length). This, often in combination with fluoroscopy or
X-ray, indicates the tube location (30, 34, 92). A summary of distances (cm) for the
different assumed intestinal regions used by previous studies is provided in Table 1. The
tip near the pylorus was estimated at ~70 cm distance from the nose (58). However,
distances can vary between individuals. Body height was not significantly correlated to
small intestine length so tube distance could not be predicted based on height (96, 97).
The length of the small intestine was negatively correlated with age, and was found to be
longer in males as compared to females (96).
The antral and duodenal transmucosal potential difference gradient can be used for
continuous monitoring on the catheter position (16, 49-52, 60). Moreover, measurement
of pH is also often used as an indirect measure to check tube positioning throughout
the experiments. pH can be easily determined in aspirates from various locations using
pH strips (10). Intraluminal pH was also measured continuously via pH electrodes
that were fitted in the catheter close to the injection port (68), at the tube tip (15), or
two pH probes near the tip and one 35 cm proximal to the tip (72). Another option
is real-time confirmation of transpyloric migration using electromagnetic guidance
(70). This eliminates or reduces the need of radiography, and thus exposure to radiation
and dependence on the hospital radiology department. One example is the Cortrak
feeding tube™ (Viasys Healthcare, UK) for which the placement and real-time location
information is provided via a Cortrak Enteral Access System™. This tube has been used
in research to sample inside the stomach and duodenum (99). The maximum length
of the Cortrak tube is 140 cm (outer diameter max. 4 mm) with an electromagnetic
transmitting tip and, therefore, it cannot be used in studies targeting the ileum or colon.
If needed, radio-opaque markers can be integrated into the tube design for precise
visualization with contrast liquid and fluoroscopy or X-ray.

Adverse events and drop-outs
There are several tube-related adverse events (AEs) that can occur during the phase of
tube placement or maintenance. In the studies with healthy individuals, the residence
time of the catheter in situ was a maximum of 5 days (Supplementary Table 2).Related
AEs included nasopharyngeal discomfort such as a sore throat, thirst, dysphagia (25),
rhinorrhea (100), nasal bleeding, nausea or throwing up (100).
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Table 1. Indications of centimeter insertion of the catheter for the assumed intestinal
regions.
Information was found in research papers that described clinical trials applying intestinal catheters in human
subjects1.
Intestinal
region

Distance from the nose or mouth Distance from the pylorus
(cm)
(cm)

Duodenum

86 ± 5 cm (78)

Jejunum

100 cm: proximal jejunum (33)
167 cm (89)

Ileum

160-180 cm (13)
≥175–195 cm (35, 36)
180 cm (66)
186 ± 21 cm: terminal ileum (78)
214 cm: terminal ileum (89)
240-250 cm: terminal ileum (21)
260 ± 20 cm: terminal ileum (33)
300 cm (59)
Ascending colon: 330 cm (33)

Colon
1

5 cm (24)
5-10 cm (26)
12 cm (42)
13 cm (16)
~15 cm (58, 60)
20 cm (50)
40-50 cm (24)
50 cm: first segment (98)
50 cm: proximal jejunum (43)
70 cm (42)
~100 cm (26)
100 cm: ‘’mid-jejunum’’ (60)
≥120 cm (14, 24, 77),
≥170 cm (58)
190 cm (16)

-

Distance from
the ligament of
Treitz (cm)
-

~30 cm (2)

≥120 cm (34)

-

The centimeter distances were often used in combination with fluoroscopy/X-ray to confirm the location.

Sinusitis and laryngitis were also tube-related complications (101) but normally occured
during long-term maintenance in patients (>2 weeks). Therefore, they are expected to be
not relevant in short-term trials. Nasopharyngeal discomfort could be partly prevented
by using smaller diameter and/or softer tubes (25). There is a risk of tube misplacement
and dislocation (e.g., endobronchial placement) which is often caused by the lack of a
gag, swallowing and cough reflex, or by altered consciousness in patients because they
cannot indicate what they feel (25). The lack of these reflexes is generally not a problem
in healthy subjects. A proper swallowing reflex contributed significantly to the overall
tolerance of catheter placement, as shown in patients who had undergone gastroscopy
(102). In general, the presence of an intestinal tube in situ can slow down swallowing
in healthy subjects (103). Gastrointestinal perforation during forceful tube insertion or
the reinsertion of the guidewire with the tube in situ has been described (25), but in
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the included articles (n=762 subjects in total) no cases of perforation were mentioned,
likely because the catheter or guidewire tips were soft and rounded. Gastro-esophageal
reflux with aspiration is a potential AE, which can occur during catheter placement or
after insertion, because the tube slightly relaxes the lower esophageal sphincter. The risk
during placement can be minimized if participants have fasted (e.g., minimum of 6
hours with no solid foods, and minimum of 2 hours with no liquid foods before catheter
placement). Overall, in the studies, which included a total of 762 subjects, nothing
was mentioned about serious AEs such as reflux with aspiration or perforation. Some
studies specifically mentioned that the study procedures were (well) tolerated without
AEs (16, 19, 43, 60, 92). Five other studies described AEs which were (possibly) related
to the procedure, including dizziness (n=1) (31), nausea/vomiting (n=3) (21, 31), nasal
irritation (n=2) (21, 52), distension discomfort from a balloon inflated with 45±9 mL
air (n=2) (52), and local throat irritation (n=14) (72).
A summary of the dropouts in the included studies are shown in Table 2. In total, 52
subjects dropped out due to the use of the intestinal catheter, especially due to discomfort
induced by the catheter (24 subjects), problems with catheter positioning (18 subjects),
or sampling difficulties (6 subjects). Moreover, 11 subjects dropped out because of other
reasons not related to the catheter or no reason was mentioned. Overall, a dropout rate
of around ~10% is expected for these types of studies.

Intestinal catheters as tool for intestinal delivery and sampling
Intestinal catheters are often used for delivery (23 studies), sampling (10 studies), or
both delivery and sampling (27 studies).
Delivery of compounds inside the intestine
To study local dynamic metabolic changes as well as absorption and digestion processes,
a variety of tools are available for delivery, namely calibrated volumetric pumps (1),
infusion pumps (32, 33, 58, 65), peristaltic pumps (68), calibrated (syringe) pumps
(48, 61), and motor-driven syringes (49, 50, 52) for the delivery at a constant rate, or
‘normal’ syringes (31) for one bolus delivery. Some of these devices were equipped with
a luer-lock fit between the catheter and the syringe (32, 33) or device. Such a fit ensures
a leak-free connection and should be considered when designing a catheter (luer-lock at
the connector end). Before delivery, compounds were dissolved in water (19) or saline
solution (0.9% NaCl, (72, 90). Infusion is often performed at a constant rate, expressed
in mL/min, kcal/min or kJ/min when delivering nutrients (Table 3). In the included
studies, solutions were delivered within a set period of time (15 min (52), 60 min (24,
36, 61), 90 min (14, 41, 54), 195 min (15)), or for the full duration of the experimental
tests (73). Constant infusion rates can be used to reach steady-state conditions (15).
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Table 2. A summary of the number of dropouts and reasons for dropping out, as reported
in the 60 research papers that described clinical trials applying intestinal catheters in
human subjects1.
Number of
dropouts
10
2
9
3
5
4
7
2
1
5

9
2

Reason for dropping out
Discomfort (n=24)
Due to discomfort induced by the catheter/inability to tolerate the catheter,
reasons not mentioned.
Due to nausea and vomiting.
Due to various difficulties with the tolerance of the tube (failure of the
tube to fit through the nose, pain, vomiting, non-migration through the
pylorus, excessive pulling of the tube at the nares).
Due to discomfort during catheter positioning (e.g., nausea, vomiting).
Catheter positioning (n=18)
Due to difficulties when positioning the catheter, or incorrect positioning
of the catheter.
Due to failure to position the tip of the catheter beyond the ligament of
Treitz.
The tube did not progress below the upper small intestine.
The tube did not reach below the mid-ileum.
Sampling difficulties (n=6)
The aspirated sample volume (jejunum) was not sufficient to allow proper
evaluation.
Experiments did not last for the full period or intestinal samples were not
be obtained, reasons not mentioned.
Other (n=11)
Other reasons or reasons not mentioned (e.g., not properly following the
instructions, vasovagal reaction on blood withdrawal).
Due to the discomfort of the study procedure, reasons not mentioned.

Reference

(10, 13, 14,
24, 72)
(21, 42)
(39, 58)
(34-36)
(10, 46, 73)
(34-36)
(19, 21, 74)
(19)
(46)
(47)

(2, 10, 20, 31,
46, 92, 98)
(42)

From the 60 studies, involving 720 healthy subjects and 42 patients, 56 studies included healthy subjects, 1 study
included both healthy subjects and patients, and 3 studies included patients.
1

Moreover, compounds were also administered as a single dose bolus injection which was
completed within 5 minutes, regardless of the bolus viscosity, and the length and diameter
of the tube (Table 3). If preferred, the delivery time can be reduced by concentrating the
compounds as much as possible. However, it must be noted that hypertonic solutions
can influence peristalsis, and can increase intestinal secretions (104) which in turn dilute
the infused compound. Increasing the temperature of solutions to 37°C before infusion
(61) could make participants more comfortable than using cold infusions, and warm
infusions and are less likely to cause GI disturbances (105).
After delivery, the tube was flushed with water (10-50 mL (46, 59, 92)), saline (range
1-50 mL (17, 18, 32, 33, 72, 90)), or another dissolvent (3 mL (31)) to ensure that all
compounds were delivered inside the intestine. The catheter should be flushed with
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at least the volume of water or saline to rinse the dead space of the tube (calculated
according to the equation of cylindrical volume V=πr2h, where r=radius and h=height).
The dead space can be minimized by reducing the tube length and lumen diameter.
Another important point is the use of a control infusion in randomized controlled trials.
In two studies, multiple intestinal regions were infused in a randomized, cross-over
fashion. At the time the treatment, solution was delivered to one intestinal site and in
the other site(s), saline (34, 60) or water (24) was infused, and vice versa. This was done
to ensure the blinding of the subjects with regards to the timing and the nature of the
infusion.
Sampling of intestinal content
Additionally, intestinal catheters can be applied to aspirate intestinal fluids. Adhesion
of analytes of interest to the material could be checked for in ex vivo studies. Syringes
were often used as a sampling tool by connecting a syringe to the proximal end of the
sampling lumen in the intestinal catheter (13, 20, 21, 27, 30, 38) via manual suction
(38, 74). To ensure efficient aspiration, in two studies, the catheter drainage channels
were connected to a vacuum pump (46, 53), which facilitated sampling from the
duodenum and jejunum. In other studies, aspirates were obtained using the catheter
lever properties (40 cm segment of the proximal small intestine (68)), gravity (jejunum
(1)), or simply by siphoning/slight aspiration through the opening of the tube (ileum
(39)). Zilberstein et al. (30) and Wilms et al. (13) used a 20 mL syringe to take samples
from the duodenum, jejunum, and ileum. In contrast, in one of our other studies,
gentle aspiration using 5 mL syringes was more efficient for aspiration from the ileum
(21). In our experience, applying gentle and regular manual suction (37, 61) worked
most optimally, although continuous suction (28, 38) was also applied. Stopcocks
attached to the syringe and the aspiration channel can be used for opening and closing
before and after sampling to prevent air (i.e., oxygen) from going into the anaerobic
environment of the cecum (37). Importantly, catheter patency inside the GI-tract, i.e.
not being vacuumed against the intestinal wall, should be ensured (27) to avoid damage
to the intestinal epithelium. Perfusates can be checked for signs of damage, such as
blood contamination (52). Overall, sampling rates are dependent on the diameter and
total length of the aspiration channel, the tube stiffness, the pressure applied, and the
intestinal region sampled (i.e., viscosity of intestinal fluid).
Intestinal sample volumes
The relatively large sample volumes obtained from the duodenum and jejunum indicate
that sample collection from the duodenum and jejunum entailed few challenges (Table
3). Flow rates of intestinal contents into fasted test segments were previously estimated
to be around 2.2 mL/min in the jejunum, and 0.7 mL/min in the ileum in various
studies. Flow rates of intestinal contents after a meal were estimated to be 10 mL/min
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in the proximal jejunum (45). Matsson et al. (46) mentioned that in one subject (from
the n=8 in total), the aspirated sample volume from the duodenum and jejunum was
not sufficient (<3 mL after 1 h sampling time). Jejunal samples were collected at 1015 min intervals (15, 48, 50-52, 54), over periods of 1.5 hours (54) to 6 hours (52,
78), and the volumes of the jejunum aspirates ranged from 0 to >10 mL (Table 3).
The short sampling intervals of sample collection indicate rapid sampling. In contrast,
samples from the ileum were collected in aliquots at longer intervals of 30 min (28,
29, 75), 1 hour (38, 106), 2 hours (74), or until enough sample was obtained (37)
over a total maximum period of 8 hours (28, 29, 74, 76, 78, 106). When samples
are collected at multiple time points, the remaining intestinal fluid in the aspiration
channel after sampling can be re-injected into the intestine to minimize contamination
caused by sample remainders present in the dead space volume (27). Gaudichon et al.
(106) indicated that sample collection in the fasted state (volume not mentioned) from
the ileum took 30 minutes. In another study (28), one subject was excluded from the
study due to practical problems concerning sampling of ileal content (lumen diameter
1.5 mm). For the sampling of colonic content in one study, >5 mL (5 to 50 mL) was
aspirated ((37), catheter diameter 3.5 mm). After collection, samples needed to be put
on (dry) ice to stop enzyme and/or bacterial activity.
Intestinal sampling rates
In our study ((13) unpublished data) duodenum, jejunum, and ileum samples were
aspirated using a multi-lumen ileal catheter at several time points. The diameters of the
duodenum and jejunum aspiration channels were 0.65 mm, and the diameter of the
ileum aspiration channel was 0.9 mm. In a representative selection of three subjects, we
found that duodenum samples were aspirated at a rate of 0.45 (0.61 [IQR]) mL/min,
jejunum samples at 0.37 (0.36 [IQR]) mL/min, and ileum samples at 0.30 (0.17 [IQR])
mL/min. Another study reported a sampling rate of 0.5 mL/min for the proximal and
distal jejunum (61). In conclusion, sampling speed decreases with increasing distance
from the sampling syringe to the specific intestinal segment (i.e., speed highest in
duodenum, lowest in ileum), despite the highest diameter of the ileum aspiration
channel. In the FiberKinetics study (21), 2-3 mL distal ileum samples were aspirated
per time point using a naso-ileal catheter (300 cm long, 1.9 mm diameter aspiration
channel) over a span of 340 minutes. Due to sampling difficulties, it was not possible
to aspirate a sample in the fasted state. The ileum samples were aspirated at a rate of
0.35 (0.05 [IQR]) mL/min, after consumption of a drink with water-soluble dietary
fibers. In most studies, comprehensive information regarding sampling volumes, rates
and difficulties was lacking (Supplementary Table 2).
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50 mL/h (65)

220 mL/h (2)

0.67 mL/min (35)

1 mL/min (34, 36, 39, 73,
75-78, 89, 106)
2 mL/min (10, 14, 41, 48,
54)
2.5 mL/min (41, 51)
10 mL (21) in 5 min

1.35 kcal/min (77)
2 kcal/min (40)
2.5 kJ/min (35)

10 mL (72, 92)

15 mL (59)
40 mL (16, 90)

10 mL (19) in 1-2 min

2 mL (32, 33) in 2-3 min

0.6 kcal/min (35,
77)
0.9 kcal/min (34,
36)
1 kcal/min (60)

kcal/min or kJ/min Volume (mL) and timing (minutes)

Single bolus injection

5-10 mL (65)

1 mL (mucus)
(30)
0-10 mL (27)

~1 mL (20)

Duodenum

Intestinal sampling

>4 mL pooled sample over 30
min (75)
5 mL aliquots (1)
0-10 mL (27)
5-10 mL: 60 cm distal to
duodenum (65)
>10 mL (26)

4 mL per time point (98)

1

1 mL (mucus) (30)

~1 mL (20)

Jejunum

Sample volume (mL)

From the 60 studies included; 50 studies used an intestinal catheter for the delivery of compounds (sometimes in combination with sampling).

10 mL/min (15, 61, 68)

3 mL/min (24, 31)
3.15 mL/min (42)
5 mL/min (1)

mL/hour

Intestinal delivery

mL/min

Constant rates

Information was described in 60 clinical trials applying intestinal catheters in human subjects 1.

sample volumes that could be obtained from the duodenum and jejunum.

Table 3. An overview of the constant rates and single bolus injections that were used for delivery of compounds in the intestine, and the
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Practical procedures to improve sampling rates
Marteau et al. provided a standard meal to subjects before sampling from the colon
(37), because colonic sampling after an overnight fast was not always possible (107). In
one of our studies (21), it was also not possible to obtain a sample after an overnight
fast, but after consumption of a fiber-rich drink, a sample was collected. This suggests
that providing subjects with a drink including dissolved macronutrients improves
sampling. Feeding increases the flow rates of intestinal contents in the jejunum, ileum,
and terminal ileum in human subjects (108). Additionally, in the case of unsuccessful
sampling, nitrogen gas (5-10 mL) can be flushed through the lumen to ensure catheter
patency, followed by gentle suction until a sample is collected (37). For colonic sampling
specifically, insertion of nitrogen gas is preferred over ambient air, to not disturb the
anaerobic environment of the colon. Marteau et al. (37) obtained a colonic sample
(5-50 mL) 2 h after a meal in 64% of the experiments, and 2.5-3 h after a meal in the
other 36% (aspiration channel 3.5 mm). Another option to improve sampling speed
is the delivery of water or saline, preferably with a dilution marker, via the catheter
channel directly in the sampling location. However, this should be considered and
carried out carefully because the intestinal fluid, and, therefore, the analytes of interest,
may become too diluted for analyses. Troost et al. (15) measured a dilution of ~100fold in the intestinal samples. The dilution factor can be measured with the addition
of inert recovery markers, such as PEG-4000 or phenol red, and corrected if needed.
Repeated flushing with 10 mL of physiological salt without the addition of compounds
through a port of the naso-ileal catheter shifted the relative microbiota composition
(109). Alternating the position of the subjects, such as sitting, lying, or walking, could
also improve sampling rates. One study mentioned that sampling took place while the
subjects were in a semi-recumbent position (76).

Discussion
We reviewed practical and technical aspects of using naso- and oro-intestinal catheters
in human studies for delivering compounds and sampling luminal fluids from the
jejunum, ileum, and colon in vivo. An extensive review of the available literature was
provided to include the experiences of experts in this field. We also included insights
obtained during the execution of our own clinical trials. A limited number of studies
used colonic catheters as compared to small intestinal catheters. Unfortunately, the
catheter design and any related study procedures were often only briefly described. To
aid future researchers, we recommend describing all procedures related to the use of the
intestinal catheter in detail. This will facilitate comparisons between clinical trials and
improve the reproducibility of results, allowing other researchers to benefit from the
information when designing and performing new studies.
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Naso- and oro-intestinal catheters
Intestinal catheters have been useful tools in studying in vivo processes of the GI-tract,
greatly advancing the existing knowledge in the fields of physiology, gut microbiota,
nutrition, and pharmacology. These human studies are superior to in vitro and ex vivo
models of the GI-tract due to the presence of all complex and relevant physiological
processes. Nowadays, tubes can be custom-made, with multiple options for the catheter
design (e.g., the number of lumen), which can be used to sample and deliver to very
specific sites in the intestinal region of interest. The more advanced catheters are often
re-usable, reducing costs when using this medical device to study in vivo processes. As
seen during early investigations (110), the possibility of including inflatable accessories
at the distal tip of the catheter facilitates (rapid) intubation of the distal small intestine
and proximal colon. This allows researchers to study these relatively inaccessible regions
in people. Applying naso- and oro- intestinal catheters for the study of distal regions of
the GI-tract is a time-consuming procedure, which can be considered a disadvantage.
The practical tools outlined in this paper can be helpful to improve intestinal sampling
from the ileum and colon. Although the use of these tools can cause discomfort in
participants, resulting in a potentially more challenging recruitment procedure, we are
not aware of serious AEs reported in the literature and the dropout rate seems to be
acceptable (~10%). Most study participants had no direct benefit from the procedure or
the study results. Offering a disproportionate financial reimbursement for participating
in the study is ethically doubtful, therefore, reimbursement should mainly compensate
for the invested time and body measurements. An overview of the main recommendations
related to the catheter design, catheter placement, determination of catheter location,
and intestinal delivery or sampling is provided in Table 4.

Research gaps
Many papers used only the centimeter indication on the sampling tube to locate the
catheter in the ileum for delivery and/or sampling. However, the length of the small
intestine/ileum can vary substantially between subjects. This makes it difficult to
determine beforehand how far the catheter needs to be inserted to reach the distal ileum
or proximal colon in a study subject. Currently, there is no best practice for placing
the catheter in exactly the same location in the intestine in all subjects in the same
trial, which could be of importance when interpreting the study outcomes. Secondly,
having an intestinal tube with a latex balloon in situ increased gastric emptying time and
decreased small bowel residence (111), and a small inflated balloon influenced motor
patterns (112). Therefore, it cannot be excluded that intestinal intubations affect GI-tract
functioning and the luminal environment, which can be of potential concern. Having
a control group with the tube in situ in the study design is important when testing
interventions. More research is needed to determine the time period between intestinal
intubation and the return to a normal luminal environment. In microbiome studies,
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potential contamination from the upper GI-tract regions should be considered when
using this tool for sample collection from the ileum or colon, although the transit of
bacteria can also be considered a physiological aspect. How important the disruption is
and how long the bacteria from non-sampling sites (potentially) remain in the sampling
site is currently unknown. As the total bacteria load in the ileum or colon is higher when
compared to more proximal GI-tract regions (113), the impact is likely minor.

Alternatives for intestinal delivery and sampling in humans
Alternatives for delivery and sampling in the terminal ileum and colon are colonoscopies
and rectal/anal catheters (intra-colonic tubing) (114, 115). To reach the terminal ileum
and proximal colon, laxatives are administered to prepare the bowel for a colonoscopy.
During this step, the luminal environment may become disturbed, resulting in changes
in the microbiota load, diversity, and composition (116-118). Alternatively, enemas
were used to clean the distal colon (30-40 cm), leaving the proximal colonic content
undisturbed. Reaching these segments can be challenging for the endoscopist, although
catheters are normally positioned within ~45 minutes. The procedure can be invasive
for subjects, especially when sampling or infusing at multiple time points. In this case,
rectally placed catheters can be attached to the colonic mucosa to secure the position with
an endoclip fixation technique (114). Reaching and studying the distal colon is easier
as compared to the more proximal colon, since the length of the endoscope/catheter
to be introduced is shorter and no laxatives or sedative agents are needed. Endoscopies
can be used to obtain epithelial tissue in different anatomical regions of the GI-tract,
whereas oro- and naso-intestinal catheters only allow sampling of intestinal lumen
content or mucus. Compared to the intestinal lumen content, epithelial tissue provides
more information about the host. Non-endoscopic biopsy techniques are available
or currently in development, such as (wireless) biopsy capsules (119, 120). Intestinal
luminal content and tissue samples can be collected from sudden death victims (121)
or during surgery, which is mainly limited to patients (122). These kinds of samples
cannot easily be combined with an intervention. Non-invasive human studies have been
performed in patients with an ostomy bag attached to the small intestine or colon.
This allowed researchers to collect samples from the ostomy bag and test for absorption
and digestion during oro-ileal transit (123). It is not clear whether these patients are
representative of the healthy population, but microbiota encountered in ileostomy
effluent resembled microbiota in the proximal small intestine in healthy subjects (124).
For intestinal delivery, also capsules coated with a pH-dependent film have been used
(125, 126). Since the delivery is gradual and depends on local pH levels, it is impossible
to guarantee a continuous delivery rate (mL/min) to reach steady-state conditions and
researchers have no control over the complete volume that is delivered.
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Table 4. A non-exclusive overview of the main recommendations when working with
intestinal catheters.
Phase
Catheter design
(details in section 4.2)

Catheter placement
(details in section 4.3)

Recommendations

Best tolerated: outer diameter of ≤3.5 mm, soft material (e.g., silicone), intubation
via the nose.

Dependent on intestinal region of interest, and aim of use, decide on:
1) Total length of the tube;
2) Number and diameter of lumen (delivery versus sampling);
3) Number of side holes → multiple side holes reduce the risk of obtaining no
sample;
4) For distal jejunum/ileum and colon: include inflatable balloon or bags.

Include radio-opaque markers for visualization.

Stiffeners reduce the risk of tube coiling.

Use medical lubrication gel.








Catheter location
determination (details
in section 4.4)





Intestinal delivery
(details in section 4.6)






Intestinal sampling
(details in section 4.6)









Pro-motility drugs/other medication can be used but may influence study outcomes.
The use of a guidewire/endoscope can assist placement of shorter tubes (often
maximally 150-200 cm).
Specific body position of the participant, such as lying on the right side, can assist
correct placement.
Stick to a maximum insertion rate to prevent tube coiling.
Inflate the balloon/bag to stimulate catheter progression.
Check the progression regularly (via e.g., radiography or pH).
Stimulate progression by offering drinks/food and encourage participant to move/
walk periodically.
Fluoroscopy and X-ray enable visualization of radio-opaque markers → fluoroscopy
provides lower radiation dosage.
Examination with radiography and contrast liquid enables catheter position
assessment with respect to intestinal anatomical structures (e.g., ileocecal valve).
The use of centimeter distance of tube insertion, the pH of aspirate, or an enteral
access system are not specific.
Use of pumps and motor-driven syringes to deliver at a constant rate.
Ensure a leak-free connection by luer-lock equipment.
Avoid delivery of a hypertonic solution.
Infusion of a pre-warmed solution (body temperature) is more comfortable for the
participant.
Use inert non-absorbable recovery markers to correct for dilution.
Correct for the dead space volume of the tube.
Choose the number of time points and intervals of sample collection wisely.
Apply gentle and regular manual suction during sampling.
Ensure catheter patency when there are sampling difficulties → inject ambient air
(small intestine) or nitrogen gas (colon).
Correct for the dead volume of the tube → e.g., discard dead space volume.
Providing drinks/food, and alternating positioning of subjects (short walks etc.).

The recommendations are a combination of expert experiences as obtained from the papers included in this
literature review, as well as insights obtained during the execution of our own clinical trials.
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Alternatively, more advanced capsules with in vivo real-time monitoring possibilities can
be used for targeted intestinal delivery (127). Nowadays, efforts are being put into the
development of novel gastrointestinal sampling capsules (128-130), which are described
in the review of Tang et al. (129). For future studies, there are multiple possibilities for
intestinal delivery and sampling in vivo to consider, all of them with specific advantages
and disadvantages.

Concluding remarks
This extensive review is relevant for researchers active in various research areas
during the set-up and execution of experiments using intestinal catheters in
human subjects. We provided an overview with technical and practical, expertbased information on the use of intestinal catheters. Catheters are often used for
intestinal delivery and fluid sampling to obtain direct data on the human intestinal
(patho-)physiology. Custom-made state-of-the-art catheters are available with numerous
options for the design, and the development of new catheters is ongoing. Hence,
researchers can control sampling and delivery sites in the intestinal region of interest. The
use of intestinal catheters enabled intubations of the distal small intestine and proximal
colon, allowing the study of relatively inaccessible regions in humans. Although working
with catheters might pose challenges to the researcher, clinician, and study participants,
most can be overcome. These challenges do not outweigh the numerous advantages of
its use. The dropout rate and overall burden to healthy subjects caused by related study
procedures seem to be acceptable.
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Supplementary Information
Supplementary Table 1. Search strategy adopted for a search using PubMed to find papers
that describe clinical trials applying intestinal catheters in human subjects.
Key concept, SC
Intestine (SC1)

Search terms
(intestine OR intestines OR intestinal OR gastrointestinal
OR cecum OR caecum OR colon OR ascending colon OR
descending colon OR sigmoid colon OR transverse colon OR
colon OR duodenum OR duodenal OR ileum OR ileal OR
jejunum OR jejunal)

Hits PubMed
1085143

Intestinal catheter (SC2)

(catheter OR catheters OR tube OR tubes OR intubation
OR intubations OR intubated OR feeding tube OR tube
feeding OR feeding, tube OR Gastrointestinal Intubation OR
Gastrointestinal Intubations OR Intubations, Gastrointestinal
OR nasoduodenal OR naso-duodenal OR nasojejunal OR
naso-jejunal OR nasoileal OR naso-ileal OR nasointestinal OR
naso-intestinal OR naso-intestinal tube OR intra-intestinal OR
intraintestinal OR intra-duodenal OR intraduodenal OR intrajejunal OR intrajejunal OR intra-ileal OR intraileal OR intraluminal OR intraluminal OR intra-colonic OR intracolonic)

478254

SC1 AND SC2
Human (SC3)

(human OR humans OR homo sapiens OR healthy volunteers
[MeSH] OR healthy volunteer OR healthy participants OR
healthy participant OR healthy subjects OR healthy subject OR
human volunteers OR human volunteer OR normal volunteers
OR normal volunteer OR volunteer OR volunteers OR
participant OR participants OR subject OR subjects OR men
OR women OR woman OR patients OR patient OR client OR
clients)

SC1 AND SC2 AND SC3
Added to SC1 AND SC2 AND SC3 (related to SC2 about catheters):
NOT (indwelling catheters [MeSH] OR Catheter, Indwelling
OR Indwelling Catheter OR Indwelling Catheters OR InDwelling Catheters OR Catheter, In-Dwelling OR Catheters, InDwelling OR In Dwelling Catheters OR In-Dwelling Catheter
OR Implantable Catheters)
NOT (urinary catheters [MeSH] OR Catheter, Urinary OR
Catheters, Urinary OR Urinary Catheter OR Ureteral Catheters
OR Catheter, Ureteral OR Catheters, Ureteral OR Ureteral
Catheter OR Urethral Catheters OR Catheter, Urethral OR
Catheters, Urethral OR Urethral Catheter)
NOT (vascular access devices [MeSH] OR Port Catheters
OR Catheter, Port OR Catheters, Port OR Port Catheter OR
Vascular Catheters OR Catheter, Vascular OR Catheters, Vascular
OR Vascular Catheter OR central venous catheter OR central
catheter)
NOT (catheter obstruction [MeSH] OR Catheter Obstructions
OR Obstruction, Catheter OR Obstructions, Catheter)
NOT (pigtail OR pig-tail)
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46032
20196326

36165
35159

34286

33112

32669
32623
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Added SC1 AND SC2 AND SC3 (related to SC2 about tubes and intubation)
NOT (Neural Tubes OR Tube, Neural OR Tubes, Neural OR
tube formation[All fields] OR tube-lined[All fields] OR tube
voltage[All fields])
NOT (Intratracheal Intubation OR Intratracheal Intubations
OR Intubations, Intratracheal OR Intubation, Endotracheal
OR Endotracheal Intubation OR Endotracheal Intubations OR
Intubations, Endotracheal)
NOT (fallopian tube OR Disease, Fallopian Tube OR Diseases,
Fallopian Tube OR Fallopian Tube Disease)
Added to SC1 and SC2 and SC3 (related to SC3 about human subjects)
NOT (child OR children OR infant OR infants OR neonate
OR neonates OR newborn OR newborns OR postmortem OR
cadaver OR corpse OR corpses)
NOT (mouse OR mice OR mus musculus OR murine OR rat
OR rats OR hamster OR hamsters OR pig OR pigs OR piglet
OR piglets OR swine OR veterinary OR dog OR dogs)
Additions to the search terms
NOT (parenteral nutrition [MeSH] OR enterostomy OR enterostomies OR gastrostomy OR
Gastrostomies OR Duodenostomy OR duodenostomies OR jejunostomy OR jejunostomies OR
peg-j OR peg tube)
NOT (colonoscopy [MeSH] OR colonoscopies OR colonoscope OR
Colonography, Computed Tomographic [MeSH] OR colonography
OR scintigraphy OR sigmoidoscopy [MeSH])
Additions to refine the type of publication, language and publication year
NOT (review[Publication Type] OR literature review OR systematic review OR case
reports[Publication Type] OR case report OR case reports OR case study OR MetaAnalysis[Publication Type] OR Observational Study[Publication Type])
NOT (retrospective OR prospective)
AND (English[Language])
AND (“1960”[Date - Publication] : “3000”[Date - Publication])
Additions to further refine the search
NOT (surgery)
NOT (intensive care OR emergency department OR Care, Critical
Intensive Care OR Care, Intensive OR Surgical Intensive Care OR Care, Surgical Intensive OR
Intensive Care, Surgical OR palliative care OR Palliative Treatment OR hospitalized OR hospitalized
patient)
NOT (Brachytherapy OR gastrectomy OR Electrocolonography OR angiography)

31935

2

31006

30267

24655

22822

18874

17409

11962

9946
7387
7195
4166
3799

3732

Abbreviations: MeSH, medical subject headings; SC, search combination.

Supplementary Table 2. An overview of the information on oro- and naso-intestinal
catheters’ methods, retrieved from the included papers (n=58), and from unpublished
studies of our research groups (n=2).
Due to the extensive size of the table, the reader is referred the supporting information of the online version of
the publication: van Trijp MPH et al. Using naso- and oro-intestinal catheters in physiological research for
intestinal delivery and sampling in vivo: practical and technical aspects to be considered. Am J Clin Nutr.
2021;114(3):843-861. https://doi.org/10.1093/ajcn/nqab149.
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Abstract
Detailed knowledge on the fate of dietary components inside the human intestinal tract
is lacking. Access to this inner world of digestion is now possible through novel human
gastrointestinal sampling capsules. Due to the novelty of such devices, no methodology
has been published to stabilise and analyse the resulting samples. A complicating factor is
that excretion of such capsules in faeces may take days, while degradation of the dietary
components continues. Therefore a stabilising reagent should be pre-loaded in the capsule
to ensure the measurement of a representative sample. Considering the small volume
of recovered samples, analytical methods must be optimized to collect as much data as
possible from little material. We present a complete workflow for stabilising and analysing
the fermentation status of dietary fibres in such samples, including microbiota, fibre
degradation, and short chain fatty acids. The final quenching reagent was designed based on
safety and effectiveness to inhibit fructo- and galacto-oligosaccharides degradation and short
chain fatty acids production by human ileostomy microbiota, and subsequently validated in
faecal samples. The final composition of the stock quenching reagent is 175 mM Tris, 525
mM NaCl, 35 mM EDTA, 12% SDS, and 8 M urea at pH 8.5.
Keywords
Gastrointestinal sampling capsules; human microbiome; dietary fibres; bacteria metabolites
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Introduction
Consumption of dietary fibres has been linked to many health benefits (1, 2). Many fibres
are fermented by gut microbiota, resulting in the production of short chain fatty acids
(SCFA) and other metabolites (3). Diet, and especially fibres, affect the gut microbiota
composition and metabolism. Distinctive microbiota profiles have been associated with
healthy and diseased states (4), including metabolic and intestinal disorders. One of the
mechanisms of how microbiota affect host health is via the production of the SCFAs
acetate, propionate, and butyrate (5, 6). In mice, the SCFA uptake into the host has
been associated with the improvement of different metabolic markers such as insulin
sensitivity (7). In humans, most of our knowledge about microbial fermentation in
the human gut derives from analysing stool samples. Such samples are not necessarily
representative of the content of the intestinal lumen, since the gut environment changes
throughout the complete length of the gut (8, 9). To study the gut-host interaction, we
mostly rely on animal models, due to difficult access to the intestinal lumen in humans.
Conventional methods of exploring and collecting human lumen samples remain
invasive and include intestinal catheters or colonoscopies (10).
Recently non-invasive access to this inner world of gut microbiota and fermentation
products has become possible with the development of novel human gastrointestinal
capsules, some of which allow sampling of the luminal content (11-17). Such devices
allow a deeper understanding of diet-microbiota-host interactions. Nevertheless, due
to the novelty of these devices, no associated analytical methodologies have been
published. The current challenges are the small sampling volumes of around maximum
200 µL (14), and the time delay between sampling and harvesting at body temperature,
since excretion of the capsule from the body can take up to days (12). Therefore, at the
moment of actuation, the sample needs to be stabilised to block further metabolism so
that a representative sample is obtained. In order to do so, a suitable quenching reagent
needs to be loaded in the capsule prior to swallowing. Because of the small sample
volumes, as much information as possible should be obtained from a single sample. This
can be done by combining multiple analytical methods.
Here we present a toolbox comprising a complete workflow for analysing quenched
intestinal samples from gastrointestinal sampling capsules. We developed a quenching
reagent, which efficiently blocked microbial activity, i.e. fibre degradation, production
of SCFA, and stabilised microbial DNA for 48 h at 37°C. Bacterial fibre fermentation
in the human intestine was mimicked by in vitro batch fermentations with different
dietary fibres. Moreover, an efficient extraction procedure and workflow were developed
to combine different analytical assays in the same small sample. Importantly, the safety
of the quenching reagent for human use was taken into account. As a result, we obtained
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a toolbox of procedures to analyse a small representative intestinal sample obtained from
gastrointestinal sampling capsules.

Materials and methods
Materials
Fibres used for small intestine (SI) samples were chicory inulin (degree of polymerization
(DP) of 3-60; Frutafit HD, Sensus, Roosendaal, The Netherlands), chicory rootderived fructose-oligosaccharides (FOS, DP2-9; Frutalose OFP, Sensus), and galactooligosaccharides (GOS) composed of approximately 69% GOS and 28% mono- and
disaccharides (Vivinal GOS, FrieslandCampina, Wageningen, The Netherlands). For faecal
samples, fibres used were FOS (DP2-9) (Frutalose OFP, Sensus) and GOS (Vivinal GOS,
FrieslandCampina). The commercial enzymes glycoside hydrolase enzyme ß-galactosidase
(EC 3.2.1.23) (18) isolated from Aspergillus oryzae (Lactase DS-K, Amano Enzyme Inc.,
Japan), and endo-inulinase (EC3.2.1.7) isolated from Aspergillus niger (19) (Novozym
960, Novozymes A/S, Denmark) were used. SCFA were used as sodium salts (sodium
acetate, sodium propionate, and sodium butyrate), and were all obtained from Sigma
Aldrich (Missouri, USA). All other chemicals used were at least of (bio)chemical grade.

Ethics approval and consent to participate
The Medical Ethical Reviewing Committee of Wageningen University has evaluated
this study and concluded that research in which subjects are not physically involved
and anonymously donate faeces, does not require ethical approval from a recognized
medical ethics committee. The subjects gave oral consent for the use of their faeces
or ileostomy effluent in the in vitro experiments. All specimens were used and coded
anonymously.

Conditioning of human small intestine samples
Ileostomy effluents from five male and female Caucasian volunteers were collected from
the distal ileum, as previously described (20). The subjects had not been treated with
antibiotics, pre- or probiotics for at least 3 months directly before effluent donation. The
ileostomy effluent was collected after a 14 h fasting period in the morning, and kept at
-20°C to minimize bacterial activity until further use within 9 h. Effluents were diluted
to a 20% (w/v) slurry in standard ileal efflux medium (SIEM) (21) at pH 7.0. The
SIEM was adapted as described elsewhere (22). In short, Tween 80 was left out, fewer
carbohydrates were added (0.24 mg/mL), and 0.8 mg/mL MgSO4 was added (20). The
diluted ileostomy effluents were sieved (1.6 mm sieve) to get rid of large food particles,
and afterwards directly used for preselection of the ileostomy effluent in SIEM for 15 h
under anoxic conditions (81% N2, 15% CO2, and 4% H2, at 37°C, shaking at 100 rpm)
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(23). This preselected sample was incubated in SIEM containing the selected dietary
fibres for conditioning. This resulted in a final 10% slurry (w/v) of the SI sample and
10 g/L dietary fibres, namely inulin and FOS in a 1:1 w/w ratio or GOS. Conditioning
incubation took also place under anoxic conditions at 37°C, shaking at 100 rpm for
5 h. Subsequently, the content of the fermentation bottles was transferred to sterile
tubes, frozen in liquid nitrogen, and stored at ‑80°C till further experiments.

Conditioning of human faecal samples
Faecal samples from four healthy female and male adults were diluted in SIEM with fibres
at pH 6.0. For each faecal sample, an 8% faecal slurry (w/v) and 10 g/L dietary fibres
was obtained. Conditioning incubation took place under anoxic conditions at 37°C,
shaking at 100 rpm for 30 minutes to avoid complete fibre degradation. Afterwards,
the content of the fermentation bottles was transferred to sterile tubes, frozen in liquid
nitrogen, and stored at -80°C till further experiments.

Composition of the quenching reagent
The final composition of the stock quenching reagent after optimisation contained 175
mM Tris, 525 mM NaCl, 35 mM EDTA, 12% SDS, and 8 M urea at pH 8.5. The
quenching reagent solution was heated at 37°C until clear. The quenching reagent was
freshly prepared on the day of experiments. In the fermentation samples the quenching
reagent was used in a 1:5 v/v ratio, resulting in a final concentration of the components
in the mixture of 35 mM Tris, 105 mM NaCl, 7 mM EDTA, 2.4% SDS, and 1.6 M
urea.

Estimation of interference and efficacy of the quenching reagent
To test the interference of the quenching reagent, and its individual components urea,
NaCl, and SDS, with the analytical methods, the quenching reagent or its components
were separately added to standard mixtures of fibres and SCFA. For fibres, 50 μL quenching
reagent was added to 200 μL of standard mixtures of 5 mg/mL fibres in water. The mixture
of quenching reagent with fibres was diluted in water to a final concentration of 200 µg/
mL fibres in the sample before oligosaccharide analysis. For SCFA analysis, 100 μL of
quenching reagent or urea, NaCl, and SDS diluted in water (1:5 v/v ratio), were added to
a mixture of SCFA with concentrations between 0-20 mM. For precipitation of the SDS,
different volumes (32, 65, 130 μL) of 4 M KCl were added on ice to the mixture and
centrifuged before organic solvent extraction was performed.
To test the efficacy of the quenching reagent, incubations were started using conditioned
fermentation samples. In an Eppendorf tube, either 50 µL of PBS as control or 50 µL
of quenching reagent was added to 200 µL of conditioned fermentation samples. The
tube was flushed with nitrogen gas to create an anoxic environment. The mixtures were
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incubated for 48 h at 37°C with shaking at 400 rpm. The incubations were stopped by
freezing at -80°C (Supplementary Figure 1). Reference samples at time 0 h were frozen
at -80°C directly for comparison.

Analysis of short chain fatty acids
Samples (100 µL) were thawed and the following additions were made in the order of 400
µL of PBS, 100 µL of 0.5 mg/mL 2-ethylbutyric acid solution (internal standard, the same
stock of internal standard was used for calibration curves and samples within the same run),
and 20 µL of 20% 5-sulfosalicylic acid (24). SDS in the quenched samples was precipitated
by adding 32 µL of 4 M KCl and keeping the samples on ice (molar concentration ratio
of 17:1 of KCl over SDS in the final sample). Next, the samples were homogenized by
bead beating for 30 sec at 5000 rpm with 4-5 zirconium beads of 2.3 mm (Precellys 24,
Bertin Technologies, Montigny Le Bretonneux, France) at 4°C. Afterwards, the samples
were centrifuged (20 min, 15 000 x g, 4°C) and the supernatant was transferred to a glass
vial. To the supernatant, a spatula tip of solid NaCl and 2 mL diethylether were added.
Tubes were vortexed for 10 min at 4°C and centrifuged (10 min, 1200 x g, 4°C). To 500
µL of the organic layer, 50 µL of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA) was added for overnight SCFA derivatization in a glass vial. The remaining
aqueous phase was stored at -80°C for the oligosaccharide analysis. SCFA concentrations
were measured using an Agilent 5975C series gas chromatography/mass spectrometry
(GC-MS) (Agilent Technologies, Santa Clara, USA). The GC was equipped with a ZB-1
column (Phenomenex, Torrance, USA). Mass spectrometry analysis was performed
by positive electron ionization. Ions monitored were m/z 117 for acetate, m/z 131 for
propionate, m/z 145 for butyrate, and m/z 173 for 2-ethylbutyric acid (24).

Analysis of the oligosaccharide composition
The obtained aqueous phase after SCFA extraction was centrifuged 10 min at RT at
15 000 x g. 200 µL were used directly for analysis of mono-, di-, and oligosaccharide
profiles of GOS, FOS, and inulin by HPAEC-PAD (Dionex Corporation, Sunnyvale,
CA, USA). The system, columns, elution gradient, and flow rate were used as described
elsewhere (25).

Determination of the 16S rRNA gene copy number and microbiota
composition
100 µL of the fermentation sample was used for DNA extraction. Cell lysis was achieved
by a repeated bead beating (26), in combination with ASL Stool lysis buffer (Qiagen,
Hilden, Germany). The obtained lysate (supernatant) was stored at -20°C, and used for
DNA extraction. First, 200 µL AL buffer (Qiagen) was added to 250 µL lysate. Afterwards,
DNA was extracted and purified using the QIAamp DNA Mini Kit (Qiagen). The total
bacterial 16S rRNA gene copy number in the pellet versus the supernatant was quantified
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by amplifying a conserved region of the 16S rRNA gene in a CFX384 Real-Time PCR
detection system (Bio-Rad Laboratories, Hercules, USA). gDNA was diluted to 5 ng/
µL. The primers and PCR cycling conditions were described elsewhere (27). Microbiota
composition was determined via sequencing of the variable V4 region of the 16S rRNA
gene. Triplicate PCR reactions were performed in 35 µL, containing 7 µL 5x Phusion
Green HF buffer, 0.7 µL 10 mM dNTPs (Promega, Madison, USA), 0.4 µL Phusion
hot start II DNA polymerase (2 U/µL), 25.5 µL nuclease-free water, 0.7 µL of extracted
template DNA (20 ng/µL) and 0.7 µL of each of the barcoded primers 515F (28) and
806R (29) (10 µM) (30). Cycling conditions were as follows: 98°C 30 sec, 25 cycles of
98°C 10 sec, 50°C 10 sec, 72°C 10 sec, and 72°C for 7 minutes. Pooled PCR products were
checked on a 1.3% agarose gel, and purified using magnetic beads (MagBio Genomics
Inc., Gaithersburg, USA). PCR product concentrations were measured using Qubit
dsDNA BR buffer and dye (Invitrogen, California, USA), on a DS-11 FX fluorometer
(DeNovix, Wilmington, USA). Afterwards, a library containing an equimolar mix (200
ng each) of purified PCR products was prepared. The resultant library was concentrated
by using magnetic beads and sequenced on the Illumina HiSeq2500 platform (Eurofins
GATC Biotech, Konstanz, Germany). Raw sequencing data were processed using NGTax analysis pipeline version 1.0 with default settings (31, 32). Reads were selected with
perfect matching primer sequences and de-multiplexed by selecting read pairs with
perfectly matching valid barcodes. Amplicon sequence variants (ASV) were picked as
follows: sequences were ordered by abundance per sample and reads were considered valid
when their cumulative abundance was ≥ 0.1%. Taxonomy was assigned using the SILVA
database (version 128), with a confidence of >80% for genus level classification.

Statistical analysis
Statistical analysis and microbiota composition analysis were performed using R version
3.5.1. Microbiota composition at time points 0 and 48 h were correlated using the relative
abundances at the genus level with Pearson correlations. The same individuals were present
in both the control and quenching reagent groups (related groups). Distribution was
checked with the Shapiro-Wilk Normality Test. Statistical analysis on % fibre remainders
at the 48 h time point in the faecal samples was performed using independent t-tests for
non-normal distribution. P-values of < 0.05 were considered statistically significant.

Results
Quenching reagent development
Incubations with commercial carbohydrate degrading enzymes and fibres
When gastrointestinal sampling capsules are used to study microbial metabolism
of fibres in the gut in vivo, there is a considerable time delay between sampling and
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retrieving the capsule after defecation. Therefore, microbial metabolism should be
stopped immediately after sampling, while at the same time the quenching solution
should not decompose the fibre. The presence of a quenching solution inside sampling
devices becomes essential. After several unsuccessful attempts to develop a quenching
fluid based on their potential to inhibit fibre degrading enzymes (Supplementary table
1), a commonly used bacterial lysis buffer was adopted as quenching reagent (NaCl,
EDTA, Tris, SDS, pH 8.5) (33), to which urea was added as general protein denaturant
(34). This quenching reagent was first tested for its effectiveness to inhibit the
degradation of GOS and chicory FOS/inulin by commercially available ß-galactosidase
and endo-inulinase, respectively (Supplementary table 2, Supplementary Figure 2).
This enhanced bacterial lysis buffer almost abolished GOS and FOS/inulin degradation
as is clear from the comparison of the DP profiles after incubation with those of the
initial substrates (Supplementary table 2, Supplementary Figure 2). Furthermore, the
effect of the metal ions in water, Ag+, Cu2+, Zn2+, and Ag+/Cu2+ were tested because of
their known inhibitory effect in enzymatic fibre degradation (35, 36). Ag+ inhibited
GOS breakdown but did not completely inhibit FOS/inulin breakdown by their
corresponding enzymes (Supplementary table 1). Subsequent addition of Ag+ to the
quenching reagent effectively inhibited GOS degradation completely (Supplementary
Figure 2A-B), whereas the addition of proteinase K to the quenching reagent did not
have added value for inhibiting fibre degradation.
Next, the effectiveness of the quenching reagent set at different pH values was evaluated
compared to degradation in water (Supplementary Figure 2C-D), to see whether a pH
outside the optimal enzyme pH activity range (4.0 - 9.0 (37-40)) improved quenching.
At pH 6.5 the enzymatic FOS/inulin breakdown was completely inhibited, while
GOS breakdown was only partially inhibited. At pH 9.5 both GOS and FOS/inulin
breakdown were completely inhibited. When compared to the degradation of both type
of fibres in quenching reagent at the normal pH 8.5, inhibition of degradation at pH
9.5 was very similar to that at pH 8.5 (Supplementary Figure 2A versus 2C, and Fig.
2B with 2D). Therefore, taking into account the pH sensitivity of DNA (41), the pH
of the quenching reagent was set at 8.5 (42). Combining all the preliminary results we
continued testing with the quenching reagent containing 50 mM NaCl, 10 mM EDTA,
1.5% SDS, 8 M urea, 50 mM Tris at pH 8.5 with or without 20 mM Ag+.
Evaluation of fibre breakdown quenching in human small intestine
fermentation samples
For experiments in humans, gastrointestinal sampling capsules have to be preloaded with
a quenching reagent. To mimic the in vivo situation, the effectiveness of the quenching
reagent to inhibit fibre breakdown was studied in vitro using ileostomy samples,
representative for small intestine samples, at various dilution ratios of the quenching
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reagent. Chicory FOS/inulin or GOS were incubated with ileostomy samples for 24 h
at volume ratios of quenching fluid over ileostomy samples of 1:2, 1:3 and 1:4 (v/v) with
or without 20 mM Ag+ (Figure 1A). At all ratios tested, fibre degradation was almost
completely inhibited, irrespective of the presence of Ag+. Therefore, Ag+ was further
omitted from the quenching reagent. The components in the quenching reagent were
concentrated to achieve effective quenching also in other volume ratios. Therefore, we
continued testing with the stock solution of quenching reagent containing 175 mM Tris,
525 mM NaCl, 35 mM EDTA, 12% SDS, and 8 M urea, with pH 8.5. Degradation
was minimal over 48 h incubation of both GOS and FOS/inulin in the presence of this
quenching reagent (Figure 1B-C) at a ratio of quenching reagent of 1:5 v/v in ileostomy
samples from five different subjects (97.9% ± 7.9% GOS; 99.0% ± 4.8% FOS/inulin)
compared to PBS control (30.3% ± 14% GOS; 51.2% ± 21% FOS/inulin). Overall,
the quenching reagent at pH 8.5 effectively blocked GOS and FOS/inulin degradation
in ileostomy samples at a ratio of 1:5 v/v.

Figure 1. Quenching reagent effectiveness in human small intestine fermentation samples.
(A) The quenching reagent stock solution (pH 8.5, 50 mM Tris, 150 mM NaCl, 10 mM EDTA, 1.5% SDS, 8
M urea) with/without Ag+ was tested on chicory FOS/inulin and GOS breakdown by one human small intestine
sample in a 24 h incubation. The tested ratios of quenching reagent:fermentation sample were 1:2, 1:3, 1:4
v/v. Fermentation samples were centrifuged and the supernatant was diluted in water, so the maximum fibre
concentration became 0.5 mg/mL, and analyzed by HPAEC-PAD. (B-C) The percentage of GOS DP>2 (B) or
FOS/inulin DP>2 (C) after 48 h in vitro fermentation by five human small intestine samples in the presence
of quenching reagent (pH 8.5, 175 mM Tris, 525 mM NaCl, 35 mM EDTA, 12% SDS, and 8 M urea) or
control, 1:5 v/v. Each line represents one individual. Breakdown was expressed as % remaining carbohydrates
after incubation versus the initial carbohydrates present at 0 h. GOS; galacto-oligosaccharides, FOS; fructooligosaccharides.

Interference of the quenching reagent and its components in analytical
protocols
Next, the interference of the quenching reagent and its components in the analytical
techniques were evaluated.

93

3

Chapter 3

Interference of the quenching reagent in SCFA analysis
After we optimized the analysis of SCFA for intestinal and faecal samples (24)
(Supplementary Figure 3), we tested whether the quenching reagent affected the
extraction and the performance of the SCFA analysis (Figure 2A-B). SCFA standard
solutions were analysed in the presence or absence of the quenching reagent or its separate
components by GC-MS. The quenching reagent led to an underestimation of SCFA
concentrations, and SDS was found to be the interfering component (Figure 2A and
Supplementary Figure 4A, C). Therefore, SDS was precipitated on ice by the addition
of various amounts of KCl prior to SCFA extraction (Figure 2B and Supplementary
Figure 4B, D). At a molar concentration ratio of 17:1 of KCl over SDS (1M of KCl over
0.06 M of SDS in the mixture) SCFA were fully recovered as compared to the analysis
in water. Precipitation of SDS by the addition of KCl on ice was effective in preventing
SDS from interfering in the analysis of SCFA.
Interference of the quenching reagent in oligosaccharide analysis
The effect of SDS and its precipitation was also studied on the analysis of fibre by HPAECPAD. Standard mixtures of GOS and FOS in water were prepared without quenching
reagent, with quenching reagent, and with quenching reagent with SDS removed using
KCl precipitation and analysed. The quenching reagent per se did not affect the analysis
of fibre standards (Figure 2C, E). The combined addition of the quenching reagent
and KCl influenced the retention time of the mono- di- and oligomers (Figure 2D, F),
but did not affect the signal response for the various compounds in the FOS and GOS
mixtures nor the total peak area (Supplementary table 3). Elution from the column
shifted to more early retention times, probably caused by chloride ions (anions) from
KCl. For correct peak identification, the quenching solution and KCl were also added
to oligosaccharide standards from hereon.
Interference of the quenching reagent on the recovery of bacterial DNA
Commonly the pellet obtained from samples with microbial content by centrifugation
is used for bacterial DNA extraction. However, since the quenching reagent is a lysing
reagent, we investigated if the bacterial DNA was fully recovered in the pellet. To this end,
two faecal samples were incubated for 48 h in the presence of quenching reagent or PBS.
Afterwards, the pellet was separated from the supernatant by centrifugation (15 min, 4°C,
18 000 x g). Subsequently, DNA was extracted from the pellet and from the supernatant.
For both faecal samples, in the presence of quenching reagent a substantial part of the 16S
rRNA bacterial copy number was found in the supernatant at 0 h and 48 h, compared to
0-1% in the PBS controls (Figure 2G). Therefore, an aliquot of the intact homogenized
sample must be used for DNA extraction, rather than only the pellet of the sample.
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Figure 2. Quenching reagent interference in analysis of SCFA, oligosaccharides, and
bacterial 16S rRNA copy number.
(A) The acetate concentration calibration curves made in PBS in the presence of quenching reagent or its major
components. (B) Calibration curve of acetate after precipitation of SDS with KCl in different KCl/SDS molar
ratios. The HPAEC chromatograms of GOS (C, D) and FOS (E, F) prepared in water. The black lines represent
the mixture of fibre in water. The red lines represent the fibre in water in the presence of quenching reagent (C,
E) or in the presence of quenching reagent after precipitation of SDS with KCl (D, F). The numbers in the
chromatograms represent the degree of polymerization, 1 = monomers, 2 = dimers, ≥3 = oligomers, and * are
components present in the quenching reagent. (G) The % 16S rRNA bacteria copy number in the supernatant or
in the pellet versus the total number from two faecal fermentation samples in the presence of quenching reagent or
PBS at 0 and 48 h. The total represents the 16S rRNA copy number in pellet plus supernatant.
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Validation of quenching reagent efficiency in in vitro fermentations
with human faecal microbiota
Now that we developed a quenching reagent and a protocol to analyse fibre degradation,
SCFA concentrations, and bacteria numbers in quenched samples, the protocol was
evaluated in faecal samples. Such samples are expected to be a more challenging
matrix with respect to fibre fermentation. To this end, four human faecal samples were
inoculated in in vitro batch fermentations of GOS and chicory FOS.
Quenching of oligosaccharides degradation and SCFA appearances in
faecal samples
After 48 h fermentation, less than 18% GOS and less than 21% chicory FOS were left in
PBS control incubations without the quenching reagent (Figure 3A, E). Addition of the
quenching reagent at a ratio of 1:5 v/v preserved on average 80.0% ± 6.0% of the GOS,
and on average 89.5% ± 11.1% of chicory FOS during 48 h incubations, significantly
more than in PBS controls (P<0.05). During 48 h incubation in the presence of the
quenching reagent, SCFA production and interconversion were completely blocked as
can be concluded from the constant SCFA concentrations compared to 0 h (Figure 3BD, F-H). In the absence of the quenching reagent, the SCFA concentrations, mainly
acetate, increased substantially over 48 h.

Figure 3. Quenching reagent effectiveness in faecal samples.
The percentage of GOS DP>2 (A) or FOS DP>2 (E), and concentrations of SCFA in fermentations of GOS
DP>2 (B-D), or FOS DP>2 (F-H) from four human faecal samples after 48 h of in vitro incubation versus the
start of the incubation (0 h). Each line represents one individual. Fibres breakdown was expressed as % remaining
carbohydrates after incubation versus the initial carbohydrates present at 0 h. FOS; fructo-oligosaccharides, GOS;
galacto-oligosaccharides.
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Quenching of bacterial 16S rRNA copy number and microbiota composition
in faecal samples
The 16S rRNA bacterial copy number is used as an indication for the total number
of bacteria. In the PBS incubations, the total 16S rRNA bacterial copy number
increased substantially over 48 h, except for one faecal sample, demonstrating bacterial
proliferation over time (Figure 4A), likely due to the presence of undigested material in
the faecal sample. In one faecal fermentation the 16S rRNA copy number decreased,
which may be due to e.g. substrate depletion and accumulation of (toxic) products.
Nevertheless, in all samples where the quenching reagent was added at a ratio of 1:5
v/v, the total 16S rRNA copy number did not change, indicating effectively blocking
biomass changes (Figure 4A). The microbiota composition was determined in two faecal
samples for GOS and chicory FOS fermentation at 0 and 48 h (Figure 4B). In the PBS
conditions the microbiota composition changed between 0 and 48 h, as indicated by the
low correlation coefficients of the relative microbiota composition, namely <0.15 and
<0.69. When quenching reagent was added at a ratio of 1:5 v/v, the 48 h microbiota
mimicked the microbiota present at the start, as indicated by the correlation coefficients
of the relative microbiota composition between 0 and 48 h, which were >0.92 and
>0.74. In conclusion, the addition of the quenching reagent did not only preserve the
bacterial 16S rRNA copy number, but also the microbial composition.

Development of a toolbox to measure fibre fermentation in very small
gastrointestinal samples
Volumes of gastrointestinal samples, obtained from gastrointestinal sampling devices,
are maximally 200 µL (14). To obtain as much information as possible, we developed
a workflow in which analyses were combined to allow the most efficient workup
of the samples. In the final workflow (Figure 5A), prior to extraction of SCFA and
oligosaccharides, an aliquot of the intact homogenized sample was taken for microbiota
analysis. For fibre and SCFA analysis, the analytical protocols were optimized to avoid
splitting the sample before extraction.
With extraction of SCFA with organic solvents after acidification of the sample using
HCl (24), the hydrophilic GOS and chicory FOS were expected to remain in the
aqueous layer (Figure 5A). Therefore, the recovery of GOS and chicory FOS from the
aqueous phase after SCFA extraction was compared to that from the intact sample
(Figure 5B-E). We observed that in the aqueous layer the oligosaccharides in GOS and
FOS were lost (Figure 5B, D), and were mostly hydrolysed into monomeric units. The
SCFA extraction procedure caused hydrolysis of GOS and chicory FOS, expectedly
due to samples acidification by addition of HCl prior to SCFA extraction. When HCl
was omitted from the sample treatment, acid hydrolysis of GOS and chicory FOS was
prevented, and the fibres were completely recovered in the aqueous phase (Figure 5C,
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E). The extraction procedure only caused a slight shift in retention time.

Figure 4. Quenching of the 16S rRNA bacteria copy numbers and microbiota composition
in human faecal samples.
(A) The total bacteria 16S rRNA copy numbers in the faecal fermentation samples, mixed and diluted in SIEM
medium with fibres, in the presence of PBS or quenching reagent at 0 and 48 h. The same colour represents faeces
from the same individual. (B) The relative microbiota composition at 0 h and 48 h after addition of PBS or
quenching reagent ‘Q’ in conditions with added GOS or chicory FOS for two faecal donors. The top 25 genera
are shown. Correlation coefficients were calculated on the relative abundances at genus level, and shown in the
graph as correlation number. Q; quenching reagent, FOS; fructo-oligosaccharides, GOS; galacto-oligosaccharides.

We then tested if omission of HCl would affect the extraction of SCFA. Without HCl
addition, but still in the presence of sulfosalicylic acid, the pH in the aqueous layer
was 1.7, well below the pKa of the SCFA. Consequently, the SCFA concentrations
measured in standard curves (Figure 5F-H) and in faeces (Figure 5I) were very similar.
Apparently, under these conditions, recovery of SCFA did not depend on the addition
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of HCl. In conclusion, the SCFA extraction without HCl allows the measurements of
SCFA and also soluble fibres without splitting the sample. The final combined protocol
to investigate all primary outcomes is shown in Figure 6.

3

Figure 5. Combined protocol of fibres and SCFA analysis.
(A) A schematic workflow for the combined analysis of 200 µL gastrointestinal sample. HPAEC chromatograms
of GOS faecal fermentation samples (B, C) and chicory FOS faecal fermentation samples (D, E). The black
lines represent fibres present in the intact sample supernatant, and the red lines represent fibres present in the
aqueous phase after the SCFA extraction procedure with HCl (B, D) or without HCl (C, E). The numbers in
the chromatograms represent the degree of polymerization, 1 = monomers, 2 = dimers, ≥3 = oligomers, and *
are components present in the quenching reagent and in the medium. The calibration curves of concentrations of
acetate (F), propionate (G), and butyrate (H) with and without the addition of HCl in the extraction protocol,
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and SCFA concentrations (I) in the same faecal sample with and without the addition of HCl (mean ± SEM,
n=3-5). GC-MS; gas chromatography-mass spectrometry, HPAEC-PAD; high performance anion exchange
chromatography with pulsed amperometric detection.

Figure 6. A schematic overview of the complete protocol to measure oligosaccharides,
SCFA, and microbiota composition.
GC-MS; gas chromatography-mass spectrometry, HPAEC-PAD; high performance anion exchange chromatography
with pulsed amperometric detection, SCFA; short chain fatty acids.

Discussion
In humans, the consumption of dietary fibres has been linked to beneficial health effects
(1, 2). Detailed knowledge on the fate of fibres inside the human intestinal tract is
however still very limited, due to the lack of convenient non-invasive methods. New
gastrointestinal sampling capsules are being developed, which sample luminal content
at a specific location in the intestinal lumen (11, 14, 15). The application of these novel
devices poses several methodological challenges, because of their retrieval time delay and
their small volume. In this study, we addressed these challenges and developed a toolbox
for stabilising the sample by a quenching reagent and analysing the fermentation status
of dietary fibres in such samples, i.e. the extent of fibre degradation, the microbiota
composition, and the main fermentation products.
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The developed quenching reagent
One main challenge is to obtain a representative sample due to the considerable time
delay between sampling and retrieving the intestinal sample. For that purpose, we
developed a quenching reagent and tested its effectiveness to inhibit fibre breakdown
in vitro in human ileostomy and faecal samples. The quenching reagent was based on
a bacterial lysis buffer with addition of several components to denature enzymes. This
reagent can be preloaded in gastrointestinal capsules to block further fermentation
of fibres in the obtained sample. The components in the quenching reagent (NaCl,
EDTA, Tris, SDS, urea, at pH 8.5) were present for specific reasons. NaCl was needed
to establish ionic strength outside the cells, EDTA is a chelating agent that complexes
enzyme metal-cofactors and thereby blocks DNAses, and Tris is a buffering agent to
maintain the pH around 8.5 for DNA stability. The anionic detergent SDS was added
for disruption of bacterial cell membrane structures (43) and to inhibit nuclease activity,
thereby preventing DNA degradation. Urea (8 M) was added as a general protein
denaturant (34). The quenching reagent showed efficient quenching of dietary fibre
fermentation in vitro for up to 48 h.
Importantly, the developed methodology was evaluated in faecal samples from different
donors. Blocking fibre breakdown could be donor and consequently microbiota
dependent due to differences in microbial capacity of degrading non-digestible
carbohydrates. Faecal samples are a more challenging matrix than small intestine
samples, and better represent the large intestine where most of the fermentation occurs.
As is clear from this study, the quenching reagent stopped degradation effectively in
all faecal samples, irrespective of the fibre tested or microbial composition present.
The concentrations of SCFA measured in the samples in this study before the start
of fermentation were lower than typically measured in faeces (44), because the faecal
samples had been diluted in SIEM with dietary fibres to prepare the faecal slurry.
The microbiota composition can differ between in vitro fermentation samples and the
in vivo situation in humans, since in vitro only the viable fraction will persist. It is
noteworthy that different faecal donors and fibre mixes produced strikingly different
SCFA patterns. Considering these different breakdown patterns by different compositions
of microbiota, we developed an effective quenching reagent for all individuals. Since it
contains general enzyme inhibitors and components for cell lysing, we expect that all
microbial activity is stopped when added, preserving the sample for a broader range of
metabolites. Furthermore, we showed that our quenching reagent was effective over a
period of 48 h, which we expect to be the maximum intestinal transit time in vivo for
most people. Previously, the human whole gut transit time was shown to be 30.6 ± 7.7
h (12). In this way, we ensure that the sample obtained is a representative sample of the
sampling location.
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Toxicological report of components in quenching reagent
Gastrointestinal sampling capsules have a reservoir opening towards the gastrointestinal
lumen. Although leaking of quenching reagent into the human intestinal lumen is very
unlikely, the quenching reagent should be safe for human oral intake. A safety risk
assessment focussed on the oral acute toxicity of the components in the quenching
reagent was performed. For this assessment, it was assumed that the lumen would be
exposed to the total volume of 50 µL quenching reagent present in the capsule reservoir.
An overview of the quenching reagent component concentrations and the toxicology
information is given in Table 1.
Table 1. Toxicology information about the components in the quenching reagent.
Chemical name

CAS registration Concentration Amount
Toxicology
number
mg / 50 µL information
Trisaminomethane,
77-86-1
175 mM
1.1
Oral (non-human)
thrometamine (Tris)
NOAEL = 4000 mg/kg
Sodium chloride (NaCl)
7647-14-5
530 mM
1.5
GRAS component
Ethylenediaminetetraacetic 60-00-4
35 mM
0.7
EFSA, no safety concern
acid (EDTA)
(humans) =
1.9 mg/kg/day
Sodium dodecylsulfate,
151-21-3
12 %
6
Oral (non-human)
sodium laurylsulfate (SDS)
NOAEL =
100 mg/kg/day
Urea
57-13-6
8M
24
GRAS component
The concentrations of all components and amounts of the components present in 50 µL of the quenching reagent,
the CAS registration numbers, and information about toxicology is presented. CAS, chemical abstracts service;
GRAS, generally recognized as safe; NOAEL, no observed adverse effect level; EFSA, European Food Safety
Authority.

Trisaminomethane (Tris) is also known as pharmaceutical registered under the name
THAM, and is a biological buffer agent that regulates acid–base regulation (45, 46). The
no observed adverse effect level (NOAEL) for repeated oral intake of Tris is 4000 mg/
kg body weight (47). Therefore, a single dose of 1.1 mg Tris in the quenching agent is
not considered as being harmful. SDS is on the Food and Drug Administration (FDA)
list of multipurpose additives allowed to be directly and indirectly added to food (48).
Adult consumers may be exposed to up to 0.030 mg SDS/kg body weight/day, and the
NOAEL was established for repeated dose toxicity being 100 mg SDS/kg body weight/
day. The amount of 6 mg SDS in our quenching reagent is therefore not considered
to be harmful for adults. The other components sodium chloride (NaCl), urea, and
(disodium) EDTA are generally recognized as safe food substances by the FDA (49, 50).
Therefore, the presence of small amounts in this quenching reagent are not of concern.
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In conclusion, based on literature research none of the quenching reagent components
that are present in 50 μL will lead to acute toxicity effects in humans, and can therefore
be considered as safe.

The toolbox for combined analysis of small samples
Another challenge of the technology for intestinal sampling, is the small volume of
sample that can be obtained. Therefore, to retrieve as much information as possible
from a single small sample, analytical protocols were optimized for the measurement
of fibres, microbiota composition, and SCFA in a small sample in the presence of the
quenching reagent. We started from the assumption that the expected maximal volume
to be retrieved from a sampling capsule will be around 200 µL (14). In the final protocol
after homogenization, the sample was therefore divided in two aliquots of 100 µL, one
for SCFA and fibres, and the other for microbiota analysis. For complete recovery of
bacterial DNA from the sample, the sample needed to be divided into two aliquots first,
since the quenching reagent partially lysed the cells, leading to the presence of bacterial
DNA in the supernatant. This prevented recovery of bacterial DNA from the pellet
only, and therefore a separate aliquot of the intact sample had to be used. For SCFA
analysis, precipitation of SDS using KCl was found to be crucial to measure correct
SCFA amounts in a sample in the presence of the quenching reagent. Perturbations of
the analysis of fibres were minimal. Only retention times shifted due to the high salt
content. Analysis of the fibre standard in the presence of salts corrected for this problem
sufficiently. When using our protocol to measure SCFA using GC with HCl acidification
of the samples, the fibres of interest were hydrolysed to their respective mono- and
disaccharides. Therefore, HCl was omitted while maintaining 5-sulfosalicylic acid for
protein precipitation. Apparently, the pH of the sample decreased enough to recover
the SCFAs and avoid oligosaccharide hydrolysis. The optimizations of the combined
analytical protocols enabled us to use only 100 µL to measure both SCFA and fibres.
This combined protocol is also applicable and relevant for other research fields, where
researchers have to deal, for other reasons, with small sample volumes. We also identified
the main sources of disturbance to be tested in other analytical assays, in order to expand
the toolbox to study other interesting microbial processes.

Conclusions
We developed and validated a toolbox that can be used to obtain and analyse a
representative sample of intestinal content using novel gastrointestinal sampling capsules.
The quenching reagent presented, can completely block fibres fermentation and SCFA
production for up to 48 h. Furthermore, a mixed protocol was developed to measure
fibres, bacterial DNA, and SCFA from a small sample in the presence of the quenching
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reagent. This work is the basis for a more extensive analytical approach to also study
other gut microbial processes. Considering the small volumes of samples expected to be
obtained and the cost of novel gastrointestinal sampling capsules, the developed toolbox
will be a major advantage in this rapidly developing research field.
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Supplementary Methods
Quenching reagent development
During quenching reagent development, the inhibiting potential of selected quenching
components based on literature research was tested on fibre substrates incubated with
commercially available fibre degrading enzymes (Supplementary table 1). Standard
mixtures of GOS (2.5 mg/mL), and chicory FOS/inulin (2.5 mg/mL) were prepared in
MES buffer (25 mM, pH 5.8). For the incubations, 100 µL of GOS was incubated with
15 µL of 10 mg/mL β-galactosidase (EC 3.2.1.23) (1) isolated from Aspergillus oryzae
(Lactase DS-K, Amano Enzyme Inc., Japan), with either 100 µL water or potential
quenching reagent components. Furthermore, 100 µL of FOS/inulin was incubated
with 2 µL endo-inulinase (EC 3.2.1.7) isolated from Aspergillus niger (2) (Novozym
960, Novozymes A/S, Denmark), with either 100 µL water or potential quenching
reagent components. Incubations took place for 16 hours at 37°C.

Supplementary Results
Quenching reagent development

Known metal ion inhibitors of β-galactosidase and inulinases (Supplementary table 1)
were tested (3-5). Ag+ and the combination Ag+/Cu2+ inhibited β-galactosidase, since
90% GOS 1<DP>7 or 96% GOS 1<DP>7 was left after incubation, respectively. Cu2+
did not inhibit GOS breakdown. Ag+, Cu2+, and Zn2+ only partially inhibited exo- and
endo-inulinases, compared to the water incubations. A protein denaturing formulation
(PDF) was tested as a more general enzyme inhibitor (6) (Supplementary table 1). PDF
did not inhibit β-galactosidases (4% GOS 1<DP>7) compared to control (0.5% GOS
1<DP>7), nor inulinases (15.8% FOS/inulin 11<DP>20) compared to control (0%
FOS/inulin 11<DP>20). The components in the PDF interfered with HPAEC-PAD
analysis. Moreover, a RNA conserving reagent (7) was tested (Supplementary table 1),
but it did not inhibit inulinases (346% DP=1 formed) compared to control (318%
DP=1 formed). Overall, both the PDF and the RNA conserving reagent were not tested
in more detail.

Considerations after sample retrieval
When samples were retrieved at the end of the incubations, reactions in the presence of
quenching reagent should be stopped by freezing at ‑80°C, and not by heat inactivation,
unlike what is sometimes described in the literature (8). When fermentation samples
were heat inactivated in the presence of quenching reagent, FOS DP<7 disappeared
from the sample (Supplementary Figure 1). This likely happened due to a reaction
between saccharides and urea during heating.
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Analytical methods validation of SCFA
The measurement of SCFA in human faecal samples by GC-MS was validated. After
collection, faeces were stored at 4°C, homogenized using a paint shaker and afterwards
stored at -80°C. For SCFA analysis, there are two pre-analytical steps: extraction and
derivatisation. Standard curves and samples should always be prepared using the same PBS
volume, due to a putative partitioning effect between the aqueous and organic solvent phase
ratio. Bead beating of faeces led to a more effective extraction of SCFAs, eliminating any
matrix effect, since after the standard addition of known SCFA concentrations to the same
faecal sample, the slope of the standard curve remained the same (Supplementary Figure
3A-D). Afterwards, SCFAs were extracted into the diethyl-ether layer and derivatised by
silylation (9), resulting in tert-butyldimethylsilyl (TBS/TBDMS) derivatives. These are
highly volatile, less polar, and more thermostable (9). During the entire pre-analytical
process, the bead beating and all centrifugation and vortex steps were performed at 4°C.
Ten aliquots of the same faeces were prepared at the same time, and SCFA were measured
in the same GC-MS sequence. The intra-assay variation of acetate, propionate, and
butyrate of coefficient of variation (CV) was <10% (Supplementary Figure 3E). The ten
aliquots of the same faeces sample were measured at 10 different times with an inter-assay
variation of acetate, propionate, and butyrate CV <15%, without carry-over or changes in
GC-MS injection repeatability (Supplementary Figure 3E). For 100 mg faeces, the final
validated protocol is described in the Methodology.

Supplementary Figure 1. The effect of heating on one small intestine chicory FOS/inulin
fermentation sample with and without quenching reagent.
The black chromatogram represents FOS/inulin without added quenching reagent after heating at 100°C, the red
chromatogram represents FOS/inulin present in the same sample with added quenching reagent after heating at
100°C. The numbers in the chromatogram represent the degree of polymerization, 1 = monomers, 2 = dimers, ≥3
= oligomers. FOS; fructo-oligosaccharides.
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Supplementary Table 1. The quenching components that were tested for quenching chicory
FOS/inulin and GOS in the presence of inulinases or galactosidase, respectively.
Quenching
components

Concentrations of
components in stock
solution

Metal ions
Control
Water
Ag+
5 mM
Cu2+
10 mM
Zn2+
10 mM
Cu2+, Ag+
5 mM each
RNA conserving reagent
Control
Water
RNA conserving
Sodium citrate (25 mM)
reagent
EDTA (10 mM)
Ammonium sulphate (50
gram/100 mL)
Protein denaturing formulation
Control
Water
Protein denaturing Ethanol (40% v/v)
formulation (PDF) Lithium chloride (3.5 M)
Sodium citrate (50 mM)

Remaining
chicory FOS/inulin (area %)

Remaining GOS
(area %)

DP=1

1<DP≤11 11<DP>20 DP=1

1<DP>7

943.6
50.9
161.5
161.9
393.5

7.29
44.3
46.3
114.0
27.16

0
36.6
23.3
31.95
26.0

357.0
187.2
347.6
N.A.
154.9

0.516
90.76
13.34
N.A.
96.24

318.3
346.4

109.6
100.8

5.36
73.15

N.A.
N.A.

N.A.
N.A.

943.6
162.0

7.29
58.3

0
15.8

357.0
414.4

0.516
3.97

The values represent the area under the peaks after incubation compared to the area under the peaks before
incubation (area %). Fibres profiles were obtained with HPAEC-PAD as described in Materials and Methods.
Peak area was quantified per component up to the maximum degree of polymerization (DP) measured by HPAECPAD which is dependent on the structure of the fibre. N.A. is not analyzed. DP; degree of polymerization, FOS;
fructo-oligosaccharides, GOS; galacto-oligosaccharides.
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Supplementary Table 2. The bacterial lysis buffer combinations that were tested for
quenching chicory FOS/inulin and GOS in the presence of inulinases or galactosidase,
respectively.
Quenching
combinations

Concentrations of
pH Remaining
components in stock
chicory FOS/inulin (area %)
solution
DP=1 1<DP≤11 11<DP>20
Bacterial lysis buffer combinations
Control
Water
1233 39
0.3
Bacterial lysis buffer Tris (50 mM)
6.5 286
86
71
with Urea
NaCl (150 mM)
8.5 201
127
131
EDTA (10 mM)
9.5 136
88
72
SDS (1.5%)
Urea (8 M)
Bacterial lysis
Tris (50 mM)
8.5 221
135
140
buffer with Urea,
NaCl (150 mM)
proteinase K
EDTA (10 mM)
SDS (1.5%)
Urea (8 M)
Proteinase K (300 µg/
mL)
Bacterial lysis
Tris (50 mM)
8.5 154
106
100
buffer with Urea,
NaCl (150 mM)
proteinase K, Ag+
EDTA (10 mM)
SDS (1.5%)
Urea (8 M)
Proteinase K (300 µg/
mL)
Ag+ (20 mM)

Remaining GOS
(area %)
DP=1 1<DP>7
284
262
146
129

0.4
24
60
95

141

71

89

78

The values represent the area under the peaks after incubation compared to the area under the peaks before
incubation (area %). Fibres profiles were obtained with HPAEC-PAD as described in Materials and Methods.
Peak area was quantified per component up to the maximum DP measured by HPAEC-PAD which is dependent
on the structure of the fibre. DP; degree of polymerization, FOS; fructo-oligosaccharides, GOS; galactooligosaccharides.
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Supplementary Figure 2. Quenching reagent development: the effectiveness of blocking
breakdown of chicory FOS/inulin and GOS.
The inhibitory capacity of the quenching stock solution (pH 8.5, 50 mM Tris, 150 mM NaCl, 10 mM EDTA,
1.5% SDS, 8 M urea) on degradation of FOS/inulin (A, C) and GOS (B, D) by commercially available inulinases
or galactosidase with additions of proteinase K (300 µg/mL) or additions of proteinase K and Ag+ (20 mM) (A,
B), also tested at different pH values (C, D). The area under the peaks of the HPAEC-PAD chromatograms of
mono- di and oligosaccharides after 16 h incubation is presented (the maximum DP is dependent on the structure
of the fibre). The peak area is given in nanocoulomb (nC)*retention time in minutes. No error bars are shown.
DP; degree of polymerization, FOS; fructo-oligosaccharides, GOS; galacto-oligosaccharides, prot. K; proteinase K.
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Supplementary Figure 3. SCFA protocol validation using human faecal samples.
(A) Acetate/internal standard ratio after extraction with and without bead beating homogenization. (B,C,D)
Standard addition of acetate, propionate, and butyrate respectively after performing the protocol as described
in Materials and Methods including the bead beating homogenization. (E) Intra-assay, inter-assay and
reproducibility coefficients of variation % of acetate, propionate, and butyrate. CV, coefficient of variation.
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Supplementary Figure 4. Quenching reagent interference in SCFAs analysis by GC-MS.
(A, C) Calibration curves of propionate and butyrate made in PBS with known concentrations in the presence
of the quenching reagent or its main components urea and SDS. (B,D) Calibration curves of propionate and
butyrate with SDS precipitation by KCl in different KCl/SDS molar ratios.
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98.8

45.5

8.7

36.9

31.3

13.2

13.1
5.7

5.8
8.5

7.8
4.8

4.7

4.5

4.3

1.7

1.5

1.2

183.8

1.3

31.4

1.6

1.8

36.8

1.7

14.3

9.8

6.8

98.2

45.1

3.8

182.6

1.3

10.6

0.9

9.0

15.2

21.8

-

10.9

186.0

32.2

97.7

8.1

116.4

1.9

5.2
3.7
1.9
8.1
31.9
10.6
21.1
10.7
10.1
4.6
6.7
1.7
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12 Peak 13 Peak 14
(DP1) (DP3) (DP2) (DP2) (DP3) (DP2) (DP3/4) (DP3) (DP4) (DP4) (DP4) (DP5) (DP5) (DP6)
14.9
2.4
1.6
44.8
8.6
36.6
31.5
13.2
6.0
7.8
4.8
4.4
1.7
1.2

3.7

97.1

5.1

115.6

Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
(DP6) (DP5) (DP7) (DP6) (DP8)
9.3
10.9
3.8
6.9
1.7

-

Peak 7
(DP4)
22.5

119.1

Peak area
(nC*min)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
(DP2) (DP3) (DP2) (DP4) (DP3) (DP5)
5.2
3.9
1.9
8.3
33.3
11.3

% total peak
Total
area of fibres
peak area
mixtures in
(nC*min)
water

The peaks and the total peak area of FOS and GOS between retention time 6-23 or 3.7-17 minutes were quantified, respectively. The area is given in nanoCoulomb multiplied
by the retention time in minutes (nC × min). The peak area was subsequently expressed as % of the peak area of fibre in water (without quenching reagent and without KCl).
DP; degree of polymerization, FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides.

GOS
in water
in water with
quenching reagent
in water with
quenching reagent
and with KCl

FOS
in water
in water with
quenching reagent
in water with
quenching reagent
and with KCl

Sample

quenching reagent and with and without the addition of KCl.

Supplementary Table 3. The peak areas and total peak area of the chromatograms from FOS and GOS standards in water with or without
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Abstract
Scope
An underexplored topic is the investigation of the health effects of dietary fibers via
modulation of the human small intestine (SI) microbiota. A few previous studies hint at
fermentation of some dietary fibers in the distal SI of humans and pigs. We investigated the
potential of human SI microbiota to degrade dietary fibers and produce metabolites in vitro.
Methods and results
Fructans, galacto-oligosaccharides, lemon pectins, and isomalto/malto-polysaccharides
were subjected to in vitro batch fermentations inoculated with ileostomy effluent from five
subjects. Fiber degradation products, formation of bacterial metabolites, and microbiota
composition were determined over time. Galacto- and fructo-oligosaccharides were rapidly
utilized by the SI microbiota of all subjects. At 5 h of fermentation, 31-82% of galactooligosaccharides and 29-89% fructo-oligosaccharides (degree of polymerization DP4-8)
were utilized. Breakdown of fructo-oligosaccharides/inulin DP≥10, lemon pectin, and
iso-malto/maltopolysaccharides only started after 7 h incubation. Degradation of different
fibers resulted in the production of mainly acetate, and changed the microbiota composition
over time.
Conclusion
Human SI microbiota have hydrolytic potential for prebiotic galacto- and fructooligosaccharides. In contrast, the higher molecular weight fibers inulin, lemon pectin, and
iso-malto/maltopolysaccharides showed a slow fermentation rate. Fiber degradation kinetics
and microbiota responses were subject dependent, therefore personalized nutritional fiberbased strategies are required.
Keywords
Fiber; in vitro fermentation; microbiota; prebiotics; small intestine
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Introduction
Currently, there is a strong interest in optimizing human health through the consumption
of dietary fibers, due to their direct and indirect health benefits (1-3). Dietary fibers are
present as natural constituents of leguminous seeds, fruits, vegetables, and cereals. Per
definition, they resist hydrolysis by host digestive enzymes in the small intestine (SI)
(4), and some fibers can be fermented by the human intestine microbiota (5). During
fermentation, there is formation of for example glycosidic degradation products, and
fermentation end products like short-chain fatty acids (SCFA) (6). SCFAs have been
suggested to play a key role in the treatment of metabolic syndrome (7, 8). Soluble
galacto-oligosaccharides (GOS), fructans including long-chain inulin and short-chain
fructo-oligosaccharides (FOS), more complex fibers such as pectins, and a novel fiber
type isomalto/malto-polysaccharides (IMMP), are known to stimulate the growth of
a number of microbial species in the intestinal tract such as Bifidobacterium species
(9, 10). Part of the health benefits of fibers is thought to be mediated by changing the
gut microbiota composition and/or activity. Although the bacterial load is highest in
the large intestine, also considerable numbers of bacteria are present in the distal SI
of humans, namely 107-8 bacteria numbers/gram of content compared to 1011 bacteria
numbers/gram in colonic content (11).
An emerging field of research focuses on the interaction between the diet and the SI
microbiota. The SI microbiota is likely very responsive to dietary perturbations, such
as dietary lipids (12-14). Some dietary fibers, including pectins, have the potential to
directly activate the immune system in the SI, as was shown before in vitro (15). One
underexplored field is their possible indirect effects via modulations of SI microbiota.
The microbiota can affect host metabolism and health through for instance immune
responses and excretion of signaling molecules that affect glucose homeostasis (14, 16).
Previous studies hinted at fermentation of some dietary fibers in the distal SI of humans
and pigs (17-20), suggesting the potential health impact of fibers via influencing the
microbiota residing in the upper intestinal tract. Ileostomy effluent was previously
found to resemble the microbiota in the jejunum and ileum of healthy subjects, and can
therefore be used as a model to study human SI microbiota (21).
Since there is limited knowledge on the capability of human SI microbiota to metabolize
dietary fibers, we investigated in an explorative way the potential of individual human SI
microbiota to break down dietary fibers and produce metabolites of health interest. We
performed in vitro batch fermentations with human ileostomy microbiota with FOS/
inulin, GOS, and the complex high molecular weight fibers lemon pectin, and IMMP.
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Material and methods
Fiber substrates
The following prebiotic oligo- and polysaccharides were used: inulin (DP2-60) mixed
with FOS (DP2-10) in a 1:1 w/w ratio (Frutafit® TEX! and Frutalose® OFP; Sensus,
Roosendaal, the Netherlands), GOS (Vivinal, FrieslandCampina, Wageningen, the
Netherlands) composed of approximately 69% GOS, with a DP composition (on weight
percentage oligosaccharide) as follows: 31% DP2 (other than lactose), 38% DP3, 18%
DP4, 8% DP5, and 5% DP6 or higher, 28% mono- and disaccharides and 3% moisture.
Furthermore, lemon pectin with a degree of methyl esterification of 67 (DM67) (CP
Kelco, Copenhagen, Denmark), and IMMP with 92% α-1,6-linked glycosidic linkages
produced from potato starch by the enzyme 4,6-α-glucanotransferase, with an average
DP of 50 (22) (AVEBE, Veendam, the Netherlands) were used.

Subject characteristics
Ileostomy effluent was collected from five subjects with an ileostomy bag attached to the
distal ileum. Subjects were otherwise healthy and did not use anti-, pre- or probiotics
for at least 3 months before effluent donation. Subjects gave informed consent. The five
individuals were denoted as I1, I2, I3, I4, and I5. Participants filled in food diaries to
determine the total daily fiber intake in the habitual diet during the two consecutive
days before effluent collection. The diaries were analyzed based upon the NEVO table
2016 according to AOAC985.29 (Prosky) (23) and AOAC991.43 (Lee) (24) methods
by research dieticians. The ileostomy effluent was collected in the morning after 14
hours of fasting, and kept at -20°C to minimize bacterial activity until use on the same
day (within 9 hours after sampling).

Small intestinal inoculum preparations
Ileostomy effluent was diluted in standard ileal efflux medium (SIEM) in a 1:5 (v/v)
ratio. SIEM was modified from (25) with adaptations as described elsewhere (26). Tween
80 was excluded to avoid interference with apparatus for oligosaccharide measurement,
with less carbohydrates (a mixture of pectins, xylan, arabinogalactan, amylopectin, and
starch, in total 0.24 g/L), and with MgSO4 (0.8 g/L). All medium compounds were
obtained from Tritium Microbiology (Veldhoven, The Netherlands). The pH of the
medium was set at 7 using a 1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer,
based on pH measurements in the ileum of ileostomates and healthy adults (21, 27).
The diluted inocula were filtered using a sieve with 1.6 mm holes to remove large food
particles. After sieving, the ileostomy effluent in SIEM was subjected to a preselection
step of 15 hours under anoxic conditions (37°C, shaking at 100 rpm) (28, 29) for
removal of leftover carbohydrates in the inoculum.
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In vitro batch fermentation
The fermentation bottles were filled under anoxic conditions (81% N2, 15% CO2, and
4% H2) with preselected SI inoculum, and SIEM containing the fibers of interest, in
a volume ratio 1:1. At the start of fermentation, the mixture consisted of 10% of the
original SI sample in SIEM and 10 g/L added dietary fibers. The SI inoculum without
added fiber was included as control to monitor the background fermentation. Fibers
without SI inoculum were included to check for contamination. FOS/inulin, and GOS
were tested with all five subjects I1-I5. Additionally, in an explorative way, two high
molecular weight fibers were included. Lemon pectin was tested with two subjects (I1-I2),
and in subsequent fermentation experiments, which was based on the date of ileostomy
effluent donation, and consequently the date of the experiment, IMMP was tested with
three other subjects (I3-I5). Fermentations of different fibers using fresh effluent from
one subject were always performed on the same date. Duplicated fermentation bottles
were closed by a rubber cap and metal ring in an anaerobic chamber. Incubation took
place in duplicate at 37°C with continuously shaking at 100 rpm. Since slow or no fiber
fermentation by SI microbiota was expected, samples were taken at 0 h, and after 5, 7, 9,
and 24 h of incubation using a 2.5 mL syringe with a 0.8 mm x 50 mm needle. Aliquots
were directly frozen in liquid nitrogen and stored at -80°C until analysis.

Molecular weight distribution of polysaccharides and oligosaccharide
profiling
The molecular weight distribution of lemon pectin was analyzed by high performance
size exclusion chromatography (HPSEC, Ultimate 3000 HPLC, Dionex, Sunnyvale, CA,
USA) with refractive index (RI, Showa Denko, Tokyo, Japan) detection. Samples were
centrifuged (10 min, RT, 15000 x g), and supernatant was diluted with demineralized
water to a maximum concentration of 5 mg/mL fiber before analysis. The analysis was
performed as described elsewhere (30). Samples (10 µL) were eluted with NaNO3 (0.2 M,
flow rate 0.6 mL/min, at 55°C). Mono- di- and oligosaccharides profiles of GOS, FOS/
inulin, and IMMP were analyzed by high performance anion exchange chromatography
(HPAEC, Dionex) with pulsed amperometric detection (PAD, ICS5000 ED, Dionex).
Samples were centrifuged (10 min, RT, 15000 x g), and supernatant was diluted with
water to a fiber concentration of 0.5 mg/mL before analysis. The analysis was performed
as described elsewhere (31). Peak areas between different fermentation time points were
calculated and expressed as the percentage present of the initial fiber.

Production of microbial fermentation products
Acetate, propionate, and butyrate were analyzed by gas chromatography (GC TRACE
1300, Thermo Scientific) with a flame ionisation detector (FID, Interscience, Breda, the
Netherlands), equipped with a capillary column (25 m x 0.53 mm x 1.00 µm, Agilent
CP-FFAPCB for free fatty acids, Varian-Chrompack). Before analysis of SCFAs, the
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fermentation samples were centrifuged (10 min, RT, 15000 x g). 100 µL supernatant was
mixed with 50 µL solution containing HCl (0.3 M), oxalic acid (0.09 M), and internal
standard 2-ethyl butyric acid (0.45 mg/mL). Samples were vortexed, incubated 30 min
at room temperature, and centrifuged (5 min, RT, 15000 x g). The GC oven program
was as follows: 100°C for 0.5 min, raised to 180°C (8°C/min) hold for 1 minute, raised
to 200°C (20°C/min) and hold for 5 min. The split flow was 40 mL/min. Helium was
used as carrier gas. Data were analyzed with Thermo Xcalibur software version 2.2.
Formate, lactate, and succinate were analyzed using HPLC UltiMate 3000 system with
a Shodex RI-101 detector (Dionex, Sunnyvale, CA, USA). The fermentation samples
were centrifuged before use (10 min, RT, 15000 x g). The supernatant was diluted four
times with demineralized water. The methods, column, guard column, and software
were used as described elsewhere (32).

Microbiota profiling
Bacterial DNA was extracted from 300 µL fermentation sample, or 0.25 g ileostomy
effluent. Cell lysis was achieved by a repeated bead beating method, in combination
with ASL Stool lysis buffer (Qiagen, Hilden, Germany) as described previously (33).
The obtained lysate was used for DNA extraction and purification using the QIAamp
DNA Mini Kit (Qiagen). 20 ng/µL extracted DNA was used in triplicate PCR reactions,
containing 7 µL 5x Phusion Green HF buffer, 0.7 µL 10 mM dNTPs (Promega), 0.4 µL
Phusion hot start II DNA polymerase (2U/µL), 25.5 µl nuclease-free water, 0.7 µL of
template DNA (20 ng/µL) and 0.7 µL of each of the barcoded primers F784-R1064 (10
µM) (34, 35). Cycling conditions were as follows: 98°C 30 sec, 25 cycles of 98°C 10 sec,
42°C 10 sec, 72°C 10 sec, and 72°C for 7 minutes. Pooled PCR products were checked
for correct size on a 1.3% agarose gel, and subsequently purified using magnetic beads
(MagBio Genomics Inc., Gaithersburg, USA), and quantified using Qubit dsDNA BR
buffer and dye (Invitrogen, California, USA) on a Qubit 2.0 Fluorometer. Afterwards,
a library containing an equimolar mix of 200 ng of each purified PCR product was
prepared. To test for the reproducibility of the sequencing two synthetic samples of
known composition were sequenced (35). In total, 136 fermentation samples, theoretical
mock controls, and negative controls (DNA isolated from nuclease-free water, and a
negative control from the fermentation experiment) were prepared. Technical replicates
of the same DNA sample, but different PCR barcode were also included. Microbiota
composition was determined via sequencing of the 16S rRNA gene using the variable
region V5-V6 on the Illumina HiSeq2500 platform (Eurofins GATC Biotech, Konstanz,
Germany). Raw sequencing data were processed and amplicon sequence variants
(ASV) were picked with NG-Tax version 1.0 using default settings (35, 36). Libraries
were quality checked by selecting reads with perfect matching primer sequences and
de-multiplexed by selecting read pairs with perfectly matching valid barcodes. ASVs,
which are individual sequence variants, were picked as follows: sequences were ordered
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by abundance per sample, and reads were considered valid when their cumulative
abundance was ≥0.1%. Taxonomy was assigned with the SILVA database (version 128),
with a confidence of >80% for genus level classification.

Microbiota composition analysis
R version 3.5.1. was used for all analyses (37). Before analysis, contaminants were
removed based on their abundance in the negative extraction control, and being
flagged previously in literature as laboratory reagent contaminants (38), namely
Nesterenkonia, Ralstonia, Epulopiscium, Trichococcus, and Caldalkalibacillus. These
bacteria were only present in low abundance in biological samples with a low input
DNA concentration. Counts were transformed to relative abundance. Quality control
was performed by calculating pairwise Pearson correlations were calculated between
the known composition of the control and sequenced positive mock controls, and
within technical and biological replicates using genus level relative abundance. Pearson
correlations were also calculated for pairwise combinations of microbiota composition
using genus level relative abundance in ileostomy effluents from the different subjects.
Alpha-diversity, the within-sample diversity, was calculated using inverse Simpson
diversity index using the microbiome package (39). Beta-diversity, the between-sample
diversity, was used to determine overall microbiota differences between groups and was
calculated by Bray-Curtis dissimilarity on the relative bacterial abundances. To visualize
the microbiota variation, a principal coordinate analysis (PCoA) was performed using
Bray-Curtis as implemented in the phyloseq package (40). Permutational multivariate
analysis of variance (PERMANOVA) as implemented in the vegan package (41) with
post-hoc testing was used to determine differences in overall community composition
between subjects, fibers, and time points. Sample-wise distances were calculated within
individual for fiber samples versus background control samples at each time point
using Bray-Curtis. The heatmap was generated using pheatmap (42), scaled per row,
and hierarchically clustered using the Ward.D2 algorithm. Fermentation samples were
clustered using Bray-Curtis dissimilarity.

Bacterial 16S rRNA gene copy number quantification
The total bacterial abundance was determined by amplifying a conserved region of
the 16S rRNA gene (in between the V8 and V9 region) with quantitative PCR. The
PCR reaction mixture contained SensiMix (Bioline, GC biotech, Alphen aan den Rijn,
Netherlands), the primers 1369F and 1492R (100 µM), and 2 µL of 5 ng/µL gDNA.
Apparatus, primers, and PCR cycling conditions were used as described elsewhere (43).

Statistical analysis
Statistical analysis of SCFAs was performed on PQN-transformed data (44).
Linear mixed models were used to assess the effects of fiber and time on the SCFA
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concentrations, using the lme4 package (45). Fiber type, time, and their interactions
were included as fixed effects, subjects as a random effect with time added as a random
slope. A P-value<0.05 was considered significant.

Results
Subject characteristics, dietary intake, and ileostomy effluent
The five ileostomy subjects included 2 males and 3 females with a mean age of 53.2±21.2
years (range 30-75 years) and a mean BMI of 21.1±4.8 kg/m2. The mean time of
ileostomy wearing was 6.4±5.0 years (range 1-14 years). They were not using medication
or medication unrelated to intestinal disease, namely blood pressure lowering drugs (I2)
and anti-histamine (I4), except for anti-constipation drugs used by I1. The reason for the
ileostomy was ulcerative colitis (n=3), colon cancer (n=1), or a damaged colonic epithelial
layer (n=1). The two consecutive days before ileostomy effluent donation, I1, I2, and I5
consumed on average 28±0.6, 20±3.4, and 21±2.7 gram dietary fibers/day, whereas I3 and
I4 consumed 16±1.6, and 13±1.8 gram dietary fibers/day, respectively (Table S1).
The microbiota dataset was of sufficient quality (Figure S1). The average number of reads
per sample was 182736±78324. In total 884 unique ASV were identified in the microbiota
dataset, within 89 unique genera. To check for the effect of sequencing depth on diversity,
we correlated an alpha diversity metric with the number of reads and found no correlation
(Figure S1 A). The correlations of the theoretical composition with the sequenced results
were >0.81 for the mock controls, between biological duplicates 0.972±0.04, and between
technical duplicates >0.98 between and within library (Figure S1 B). The microbiota profiles
in the ileostomy effluents used in this study showed high variation (R=0.37±0.22) among
subjects and included bacterial taxa that were previously also found in the human SI (Figure
S2). All ileostomy effluents contained members of genera Streptococcus and Clostridium
cluster I, and the family Peptostreptococcaceae and Enterobacteriaceae. In addition, also
genera such as E.eligens, Veillonella, Lactobacillus, Enterococcus, Haemophilus, Bifidobacterium,
Terrisporobacter, Klebsiella, Turicibacter, and Escherichia-Shigella, were detected.

Breakdown kinetics of GOS
Degradation of GOS, a well-known soluble prebiotic, by SI microbiota was studied (Figure
1 A). GOS DP>2 were quickly utilized by the microbiota of all SI samples (Figure 1A).
After 5 h of incubation, the breakdown of GOS varied from 31% - 84%. The amount of
GOS further decreased over time from 5 to 9 h. In all incubations, small amounts of GOS
were remaining after 24 h (8% - 24%). In the control fermentations without added fibers,
no GOS was detected. Overall, GOS was degraded by the SI microbiota of all individuals,
with differences in kinetics mainly observed before 7 h of incubation.
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Breakdown kinetics of FOS/inulin
Degradation of FOS/inulin, also well-known soluble prebiotics, by SI microbiota was
studied (Figure 1 B-E). The DP cut-off values of degradation of oligomers in the FOS/
inulin mixture were based on breakdown kinetics of all SI samples, from fast (DP3,
Figure 1 B) to slower (DP4-8, Figure 1 C and DP9, Figure 1 D) and slowest or no
breakdown at all (DP10-20, Figure 1 E). Oligomers present in FOS/inulin (DP3, DP48) were utilized quickly by SI samples of all subjects (Figure 1 B, C). The utilization
of DP3 at 5 h varied from 100% (I4, I5) to 82% (I2), and the utilization of DP4-8
at 5 h varied from 29% (I2) to 88% (I4). The breakdown of FOS/inulin DP10-20
breakdown was negligible before 7 h (Figure 1 D). I1 and I4 displayed no capacity to
break down FOS/inulin DP10-20, whereas breakdown of DP10-20 was observed in
I2, I3, and I5, typically after 7-9 h when the DP4-8 fraction was mostly utilized. In
the control fermentations without added fibers, no FOS/inulin was detected. Taken
together, fermentation kinetics of FOS/inulin was dependent on the chain size of present
molecules, and FOS/inulin DP3 and DP4-8 degradation by SI microbiota were fast.

Figure 1. Degradation kinetics of GOS and FOS/inulin by human SI microbiota.
Degradation of GOS DP>2 (A), FOS/inulin DP3 (B), FOS/inulin DP4-8 (C), FOS/inulin DP9 (D), and
FOS/inulin DP10-20 (E) during fermentation at 0, 5, 7, 9, and 24 h. The lines represent the five subjects (I1I5). Degradation is expressed as the percentage remaining from the initially present oligomers in the substrate.
Data is presented as mean±SD, n=2 technical replicates per subject. Abbreviations: DP, degree of polymerization;
FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; I, ileostomy inoculum; SI, small intestine.
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Breakdown kinetics of lemon pectin
A high molecular weight fiber was studied, namely water-soluble lemon pectin. Changes
in lemon pectin abundance during fermentation were only studied using I1 and I2
(Figure 2). The molecular weight (MW) distributions of the lemon pectin (13-500
kDa) revealed that pectin was very slowly degraded by the SI microbiota, since no
degradation of pectin by I1 (Figure 2 A) and I2 (Figure 2 B) was observed until 9 h.
Between 9 and 24 h, the lemon pectin 13-500 kDa was completely utilized in both I1
and I2. Since lemon pectin was very slowly degraded by I1 and I2, another fiber was
therefore selected for use in subsequent experiments with I3, I4, and I5 to investigate
whether this was also the case for another type of high complexity fiber with a different
backbone and linkages, namely IMMP.

Breakdown kinetics of IMMP
IMMP fermentation (Figure 3) was studied using I3 (Figure 3 A), I4 (Figure 3 B),
and I5 (Figure 3 C). During IMMP fermentation, negligible amounts of isomaltooligosaccharides (IMO), previously found to have α-1,6-glycosidic linkages (9),
appeared at 24 h by I3 (Figure 3 A). No IMMP breakdown was observed by I4 over 24
h time (Figure 3 B). In contrast, IMMP was degraded by I5 between 7 and 24 h, shown
by the IMO with DP11-23 that became apparent at 7 and 9 h (Figure 3 C). At 24 h
the unseparated polysaccharide fraction and the IMO were completely utilized. Overall,
IMMP was not degraded by I3 and I4, and slowly degraded by I5.

Formation of microbial fermentation products
The main microbial metabolites acetate, propionate, butyrate and lactate, formate,
succinate were measured as an indicator of fiber fermentation (Figure 4). Independent
of the type of fiber, the activity of SI microbiota was reflected mostly by increased acetate
concentrations over time (P-values<0.05). FOS/inulin and GOS increased propionate
concentrations at 5, 7, and 9 h compared to control (P-values<0.05) when taken the
five subjects together (Figure 4 A-E). FOS/inulin and GOS also significantly increased
lactate formation at 5, 7, and 9, or at 7 and 9 h, respectively, compared to control.
Lactate concentrations were increased mostly in FOS/inulin and GOS fermentation
samples of I4 (Figure 4 D) and I5 (Figure 4 E). The increased metabolite concentrations
during GOS and FOS/inulin fermentation before 9 h were reflected by decreased pH
values compared to controls (Figure S3).
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Figure 2. Degradation kinetics of lemon pectin by human SI microbiota.
Degradation of lemon pectin by two subjects I1 (A) and I2 (B) during fermentation at 0, 5, 7, 9, and 24 h. The
indicated molecular weight in kDa was based on pullulan standards. The lemon pectin has a molecular weight
distribution between 15-500 kDa. The lower molecular weight components of 1.2-13 kDa originate from the
ileostomy effluent and SIEM medium. Technical replicates are not shown. Abbreviations: RI, refractive index; SI,
small intestine.
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Figure 3. Degradation kinetics of IMMP by human SI microbiota.
Degradation of IMMP in vitro by three subjects I3 (A), I4 (B), and I5 (C) during fermentation at 0, 5, 7, 9
and 24 h. Different DPs of IMMP are annotated. Larger carbohydrates elute later from the column, and appear
more to the right side of the HPAEC-PAD chromatogram. Technical replicates are not shown. Abbreviations:
DP, degree of polymerization; HPAEC, high performance anion exchange chromatography; IMMP, isomaltomaltopolysaccharides; PAD, pulsed amperometric detection; SI, small intestine.

Lemon pectin (Figure 4 A, B) and IMMP (Figure 4 C-E) did not significantly increase
fermentation products compared to control before 9 h (P-values>0.05). This was in line
with slow fiber breakdown, which started only after 9 h, or not at all (Figure 2, Figure 3).
The total metabolite concentrations in the controls without added fiber also increased,
mainly between 9 and 24 h. Therefore at 24 h, no statistical comparisons between
control and fiber were made. Overall, FOS/inulin and GOS, but not IMMP and pectin,
significantly increased the concentrations of some SCFA before 9 h compared to control
without added fibers.
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Figure 4. Production of microbial fermentation products by human SI microbiota.
SCFA concentrations during fermentation of different fibers at 0, 5, 7, 9, and 24 h by five subjects I1 (A), I2 (B), I3
(C), I4 (D), and I5 (E). Values are means ± SDs, n=2 technical replicates per subject. Abbreviations: FOS, fructooligosaccharides; GOS, galacto-oligosaccharides; I, ileostomy inoculum; IMMP, isomalto-maltopolysaccharides.

Microbiota diversity during fermentation of fibers
Subsequently, the impact of fibers on the microbiota composition was studied.
Visualization of beta-diversity in microbiota composition during fiber fermentations
revealed main clusters based on individuals (Figure 5, PERMANOVA P-value=0.001).
Subjects explained 70% of the variation in the dataset (R2 subject=0.70). The bacterial
communities in the fermentation samples from different subjects were all different from
each other (PERMANOVA P-values<0.05). The results in the PCoA plot are represented
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in a heatmap, visualizing the bacteria causing differences between the fermentation
samples (Figure S4). 9% of the microbiota variation was explained by fiber type
(PERMANOVA P-value=0.002, R2 fibers = 0.090) and 2% by the fermentation time
point (PERMANOVA P-value=0.06, R2 time = 0.023).

Figure 5. Overall microbiota differences (beta-diversity) in the in vitro fermentation
samples.
PCoA plots to visualize microbiota variation between five different subjects (I1-I5), where 95 percent confidence
ellipses are shown. Abbreviations: PCoA, principal coordinates analysis.

Microbiota alpha-diversity increased over time by FOS/inulin in I2 and I3 and by GOS
in I2 compared to control (Figure S5). Pectin did not increase alpha-diversity compared
to control, and IMMP increased diversity after 7 h in I5 compared to control. Microbiota
dissimilarity between fermentation reactions with fibers compared to control without
fiber (Figure S6) revealed that GOS and FOS/inulin over time caused a more dissimilar
microbiota composition in I1 (Figure S6 A), I3 (Figure S6 C), and I5 (Figure S6 D).
FOS/inulin, but not GOS, caused a dissimilar microbiota in I2 (Figure S6 B) compared
to their controls. Pectin did not change the microbiota in I1 compared to control (Figure
S6 A), but in I2 the microbiota dissimilarity increased after 9 h compared to control
(Figure S6 B). IMMP did not change the microbiota profile in I3 and I4, but it was
changed after 7 h in I5, compared to the controls (Figure S6 C-E).
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Microbiota composition during fiber fermentation
To investigate microbiota changes over time, the relative microbiota composition after
addition of GOS and FOS/inulin (Figure 6), and lemon pectin and IMMP (Figure S7)
was plotted. Preselection of ileostomy effluent in medium caused a relative increase of
Escherichia-Shigella and Klebsiella (Enterobacteriaceae) at the start of the fermentation
(Figure 6), compared to microbiota composition in the ileostomy effluent (Figure S2).
GOS increased the abundance of Clostridium cluster 1 in I1 and I3 between 0 and 9 h
(Figure 6 A) compared to the changes in the microbiota in their controls (Figure S8).
Even though GOS was degraded by I2 and I4, the relative microbiota composition did
not change over time. GOS increased Bifidobacterium (from 16% to 28%) between 0
and 5 h in I5, and when GOS was utilized, Fusobacterium abundance (from 0.34% to
31%) increased between 9 and 24 h.
FOS/inulin increased abundance of Clostridium cluster_I and decreased Escherichiashigella upon fermentation by I1 (Figure 6 B), and increased Bifidobacterium, Veillonella,
and Erysipelatoclostridium over time in I2, compared to their controls. FOS/inulin did
not selectively influence the microbiota profile for I3. Streptococcus increased between 0
and 5 h in both I4 and I5, together with increased Bifidobacterium in I5. Lemon pectin
did not change the microbiota profile for I1 (Figure S7 A), but increased abundance of
Cellulosilyticum in I2 between 9 and 24 h compared to their controls. IMMP breakdown
increased Bacteroides and Bifidobacterium after 7 h (Figure S7 B) in I5 compared to
control.

Changes in total bacterial number
Indications of the total bacteria were generated by quantification of total bacterial 16S
rRNA gene copy numbers in the fermentation samples over time (Figure S9). Compared
to control, GOS and FOS/inulin increased the total 16S rRNA gene copy numbers on
average 1.74±0.68 times and 2.50±1.04 times at 9 h, respectively. Pectin and IMMP
increased the copy numbers on average 1.38±0.52 and 1.46±0.63 times compared to
control at 9 h, respectively.
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Figure 6. Human SI microbiota composition during GOS and FOS/inulin fermentation.
Microbiota relative abundance of the top 15 genera (or highest known taxonomy) at 0, 5, 7, 9, and 24 h during
in vitro fermentation of GOS (A) and FOS/inulin (B) by microbiota from the five subjects (I1-I5). Abbreviations:
FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; I, ileostomy inoculum.
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Discussion
We investigated the potential of human SI microbiota to degrade dietary fibers in vitro,
using ileostomy effluent samples. We showed a capacity of SI microbiota from five
subjects to degrade GOS and FOS/inulin (DP3‐9), which started already before 5 h
of incubation. Higher concentrations of metabolites were produced upon GOS and
FOS/inulin fermentation compared to controls, which confirmed fiber fermentability.
Although inclusion of only five subjects can be considered a weakness, in many in
vitro fermentation studies fecal samples of different subjects are pooled. This ignores
the individual variation. By using five individual SI samples in this study, we were
able to show that despite different subject characteristics the SI microbiota from all
individuals degraded GOS and FOS. In two studies that used metagenomics data, it was
hypothesized that SI microbes depend on the capacity of rapid import and fermentation
of available carbohydrates (21) and that human ileal mucosa bacteria are capable of
breaking down GOS and FOS via expression of exo‐ and endo‐acting glycoside‐
hydrolases (17) although ileum mucosa bacteria are not directly comparable to luminal
microbiota. We found that FOS/inulin with a lower DP was hydrolyzed before longer‐
chain FOS/inulin (DP10‐20), a preference also found for the colonic microbiota (46).
Chain length preference is likely caused by expression of different microbial enzymes
needed for optimal degradation of FOS (exo‐inulinases) and inulin (both exo‐ and
endo‐inulinases), and carbohydrate transporters (47) for their transportation (48). In
a human ileostomy intervention study, it has been shown that lower molecular weight
oligomers present in Jerusalem artichoke inulin (DP2‐60) were partly fermented (13%)
in the SI, this breakdown was related to DP but unrelated to the transit time (49).
The applied batch fermentation approach has some limitations, hampering the
translation of the in vitro fermentation kinetics to the in vivo situation. First, the
relative microbiota composition at the start of the fermentations differed from the
microbiota composition in the ileostomy effluents. This compositional shift was likely
caused by the preselection step in culture medium, which was applied to remove the
remaining carbohydrates from the ileostomy effluent. The proteins and amino acids
in this medium might have shifted the composition towards an increased abundance
of protein‐fermenters such as Enterobacteriaceae, resulting in differences in microbial
functionality (50). We have confirmed previous findings (21) by detection of facultative
and strict anaerobes in ileostomy effluent, but others also detected aerobic bacteria in
the SI (51). The preparation procedure can impact bacteria cultivability and microbiota
composition (29). By choosing anaerobic culturing methods, the SI microbiota
composition possibly shifted towards a more anaerobic microbiota in vitro. This could
influence the fermentation kinetics and increase SCFA production. However, bacteria
known to be prebiotic utilizers, such as Bifidobacterium, Lactobacillus, and Streptococcus
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(10) were already present in the initial microbiota composition of the ileostomy
effluents, suggesting their growth can also be stimulated by prebiotics inside the SI.
Moreover, concentrations of acetate, lactate, butyrate, and occasionally formate were
found previously in ileostomy effluent, confirming the presence of SI bacteria with
fermentative capacity (21). In sudden death victims, only 13±6 mM total SCFAs were
measured in the terminal ileum, in contrast to 131±9 mM in the proximal colon (52).
The higher SCFA concentrations and production in this study might be explained by
the (pre‐)incubation that increased the bacteria numbers. Furthermore, the bacteria
numbers were estimated to be greater in ileostomy effluent than in the ileum of healthy
subjects (53). Mainly acetate was produced by SI the microbiota upon fiber degradation
in this study. In line with this finding, in pigs fed a human‐type diet, the acetate
production was higher during ileal fermentation compared to hindgut fermentation,
whereas less butyrate was synthesized (20). Also considerable concentrations of acetate,
but low concentrations of butyrate were detected in ileal contents of pigs (54). The lower
butyrate production by SI microbiota compared to colonic microbiota can be explained
by a colon metagenome that was more enriched with the butyrate fermentation pathway
compared to the SI microbiota metagenome (21).
The presence of metabolites in the SI could have health implications, either locally in
the intestine, such as anti‐inflammatory effects (55), although mainly described for
butyrate, or metabolic health effects via uptake in the systemic circulation (7) since
SCFA can also be absorbed in the human SI (56). On the other hand, fermentation in
the SI might lead to bloating due to the production of gasses in combination with the
smaller diameter of the SI compared to the colon (57). Priming and activation of SI
bacteria by dietary fibers could potentially result in better and faster growth when these
activated bacteria enter the ascending colon with a more favorable environment (i.e.,
lower pH, anaerobic gases). This could lead to more efficient breakdown of fibers in
the ascending colon. Overall, our results indicate that GOS and FOS/inulin could have
effects in the SI via the residing microbiota, because breakdown started before 5 h of
fermentation. Although the time points used in this model cannot be directly translated
to the SI transit time, by the selection of more extreme, longer incubation times allowed
us to investigate whether SI microbiota have functionality to degrade dietary fibers.
Therefore, to study the potential effects of GOS and FOS inside the SI, human trials are
needed that capture the short transit time of the SI (median 4.1 h, IQR 3.5–5.9 h) (27)
and the luminal microbiota of healthy subjects.
Lemon pectin was found to be slowly fermented after 9 hour by SI microbiota of two
subjects when compared to the fast GOS and FOS degradation within these subjects.
An efficient in vitro utilization of pectin by human colonic microbiota was reported
before (58). IMMP was found to be slowly fermented by the SI microbiota of subject
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I5, associated with an increased abundance of Bacteroides between 7 and 24 h, whereas
the other two subjects did not have the capacity to degrade IMMP. In vitro fermentation
with pooled fecal inoculum showed the breakdown of IMMP between 12 and 24 h (9),
so also for the fecal microbiota, IMMP is a slowly degradable fiber. Fiber fermentation
kinetics varied depending on molecular weight, and sugar and linkage composition, as
shown before (58). Different enzymes are required for their degradation. For instance,
FOS and inulin can be classified as low‐specificity fibers, because many bacteria are
able to access and degrade them (59). In contrast, pectin degradation requires multiple
enzymes for degradation. Bacteroides thetaiotaomicron is known to use the complex
pectic polysaccharides (60), but also for instance Eubacterium spp., Clostridium spp.,
and Bifidobacterium spp. are pectin-degraders (61). Bifidobacterium and Clostridium_
sensu_stricto_1 were detected in the microbiota of subjects I1 and I2, and Bacteroides
spp. were detected previously in the human ileum (62). Breakdown of lemon pectin was
related to increased abundance of Cellulosilyticum in I2 after 9 h. Cellulosilyticum spp.
are known to produce pectinases (63), but at the start of fermentation, this bacteria was
not yet detected. The slow fermentation rate of lemon pectin and also IMMP can be
explained by the growth of total bacteria, but more likely by growth of specific bacterial
groups that produced carbohydrate degrading enzymes required for degradation.
Previously it was shown that the human ileum mucosal bacteria encompasses enzymatic
potential for degradation of complex fibers, namely plant cell wall polysaccharides
carboxymethylcellulose and xylans (64). Of note, the luminal ileum microbiota was
not studied, and this information was based on metagenomics data, which does not
capture information about fiber utilization. Overall, considering the SI transit time in
vivo, utilization of lemon pectin and IMMP by the SI microbiota is unlikely. We showed
that the metabolism of dietary fibers by SI microbiota is dependent on the molecular
structure of the fiber.
The ileostomy effluent samples used in this study contained similar SI bacteria as found
before in healthy subjects, for example, Veillonella, Streptococcus, Lactobacillus, Clostridium
cluster_I, and Enterococcus (21, 65-67). As shown before (65), the SI microbiota profile
was highly personal. Fiber fermentation triggered microbiota changes in vitro, which
were dependent on the initial microbiota composition of the subject. All subjects were
able to degrade GOS and FOS/inulin (DP3‐8) despite the different microbiota profiles,
which is not surprising since different bacteria can have similar functions (68). Lactate,
known to be an intermediate for the production of acetate, propionate, or butyrate
(69) was mainly produced by I4 and I5 upon FOS/inulin and GOS. This could link
to the presence of lactate-producing Streptococcus in these subjects (70). In contrast,
fiber breakdown was not always associated with specific microbiota changes as observed
by a stable microbiota dissimilarity over time, indicative of no microbiota differences
compared to the control. The differences in microbiota composition between subjects at
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baseline could explain why some subjects degrade a fiber. The personalized microbiota
responses to the same fiber substrate were previously confirmed by others for the colonic
microbiota in response to food (71). Ultimately, having a personalized nutrition focus
with respect to various dietary fibers in future studies may be of interest.

Concluding remarks
The applied in vitro batch fermentation enabled us to elucidate SI microbiota
functionality with respect to dietary fiber breakdown. Fermentation and degradation
kinetics were dependent on the type and size of the fiber. Degradation of prebiotics
GOS and FOS by the SI microbiota from all ileostomy subjects was demonstrated. In
contrast, the higher molecular weight fibers FOS/inulin DP≥10, lemon pectin, and
IMMP showed a slow fermentation rate, exceeding in vivo SI transit time. Acetate was
the predominant produced metabolite by the SI microbiota. Microbiota responses in
vitro, and consequently metabolite profiles, were dependent on the initial microbiota
composition of the individuals, supporting the importance of a personalized nutrition
approach that could be relevant for dietary fibers.
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Supplementary Information
Table S1. Information about the dietary intake of the five subjects on the two days consecutive to ileostomy effluent donation.
Subject Day Energy Total
(kcal) protein
(energy%)
I1
1
1611
22.9
2
1502
18.4
I2
1
2062
14.8
2
2199
18.2
I3
1
1468
15.7
2
898
13.3
I4
1
3275
14.3
2
2057
9.9
I5
1
2619
20.0
2
2292
16.8

Total fat Total carbo(energy%) hydrates
(energy%)
32.0
41.9
20.3
51.0
34.1
48.2
26.7
51.7
28.5
53.0
28.2
55.1
37.4
44.9
34.3
54.9
42.9
32.7
39.8
41.0

Total dietary
fibers
(energy%)
3.3
3.7
1.5
2.0
2.3
3.0
0.8
1.0
1.3
2.0

Total carbohydratesa)
(gram)
166.5
189.3
245.6
281.4
192.0
122.6
363.0
279.9
210.9
231.4

Total dietary
fibersb)
(gram)
27.9
29.0
16.2
22.9
17.5
14.4
14.6
11.1
18.1
23.5

Total
alcohol
(gram)
0.0
14.8
0.0
0.0
0.0
0.0
12.5
0.0
10.0
0.0

The five ileostomy subjects are numbered from I1 to I5. 24-hour food diaries kept the two days consecutive to
ileostomy sample donation. a)Total carbohydrates without dietary fibers. b)Included in dietary fibers are high
molecular weight dietary fiber (e.g. cellulose, resistant starch, cereal β-glucan, guar gum and certain xylans),
insoluble dietary fiber in water (e.g. cellulose, resistant starch and certain xylans), dietary fiber soluble in water
and precipitated by 78% ethanol (e.g. cereal β-glucan, guar gum and certain xylans). Excluded are low molecular
weight dietary fiber (e.g. FOS, GOS, a portion of Polydextrose®, inulin and resistant maltodextrins) and nonresistant starch.

Figure S1. Quality characteristics of the amplicon sequencing data.
The rarefaction curve of all samples (A), and the correlation coefficients of biological and technical replicates pairs
(B). Boxplots show the distribution of the data via quartiles.
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Figure S2. The microbiota composition in the ileostomy effluent obtained from five
subjects (I1-I5).
The relative abundances of the 15 most abundant genera are shown. If genera were not classified or the genus
was an uncultured bacteria, only the family level is depicted in the graph. Abbreviations: I, ileostomy inoculum.
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Figure S3. The pH values in the in vitro fermentation samples over time.
The changes in pH by five subjects I1 (A), I2 (B), I3 (C), I4 (D), and I5 (E) for the different dietary fibers at
0, 5, 7, 9, and 24 h and the control without added fiber during fermentation. Values are means of replicates ±
SD. Abbreviations: FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; I, ileostomy inoculum; IMMP,
isomalto-maltopolysaccharides.
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Subject
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Figure S4. A heatmap of all in vitro fermentation samples, to visualize taxa causing
differences between the subjects and fibers.
Each column represents a sample, each row a unique genus. On top of the heatmap, diverse colors depict the five subjects,
fibers, and time points. Fermentation samples were clustered on Bray-Curtis microbial dissimilarity, and genera were
hierarchically clustered using the Ward.D2 algorithm. Colors in the heatmap were given by taxa scaling, with the mean
relative abundance set at 0, and taxa relative abundances above the mean in red, taxa relative abundances below
the mean in blue. White means the taxa was not detected in the sample. Abbreviations: FOS, fructo-oligosaccharides;
GOS, galacto-oligosaccharides; IMMP, isomalto/malto-polysaccharide; I, ileostomy inoculum.

Figure S5. Alpha-diversity in the in vitro fermentation samples using SI microbiota from
five subjects (I1-I5).
The lines depict the alpha-diversity using inverse simpson during fermentation with different fibers, or control
without added fiber at 0, 5, 7, 9, and 24 h. Abbreviations: FOS, fructo-oligosaccharides; GOS, galactooligosaccharides; I, ileostomy inoculum; IMMP, isomalto/malto-polysaccharides.
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Figure S6. Microbiota dissimilarity of the fermentation samples with added fiber
compared to control.
The Bray-Curtis dissimilarity values were calculated for the fibers compared to control without added fiber at 0,
5, 7, 9, and 24 h during in vitro fermentation, within each of the five subjects: I1 (A), I2 (B), I3 (C), I4 (D),
and I5 (E). Abbreviations: FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; IMMP, isomalto/maltopolysaccharide.
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Figure S7. Human SI microbiota composition during pectin and IMMP fermentation.
Microbiota relative abundance differences of the top 15 genera (or highest known taxonomy) at 0, 5, 7, 9, and
24 h during in vitro fermentation of lemon pectin (A) by microbiota from two subjects I1, I2, and during IMMP
(B) fermentation by microbiota from three subjects I3, I4, and I5. Abbreviations: I, ileostomy inoculum. IMMP,
isomalto/malto-polysaccharide.
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Figure S8. Human SI microbiota composition during background fermentation.
Microbiota relative abundance of the top 15 genera (or highest known taxonomy) at 0, 5, 7, 9, and 24 h during
in vitro fermentation without added fiber by microbiota from the five subjects I1-I5 (A). Abbreviations: I,
ileostomy inoculum.
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Figure S9. 16S rRNA gene copy numbers over time during in vitro fermentations.
The total 16S rRNA copy numbers during in vitro fermentation of different fibers or control without added
fiber at 0, 5, 7, 9, and 24 h for the five subjects I1 (A), I2 (B), I3 (C), I4 (D), and I5 (E). Values are
means ± SDs. Abbreviations: FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; IMMP, isomaltomaltopolysaccharides; rRNA, ribosomal RNA.
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Abstract
Consumption of non-digestible carbohydrates (NDC), such as chicory FOS or GOS, is
linked to many health benefits. Intestinal microbiota can use FOS and GOS as substrates
to produce short-chain fatty acids (SCFA), mainly acetate, propionate and butyrate. Uptake
rates of SCFA were previously correlated with amelioration of metabolic syndrome markers
such as glucose and insulin levels. However, detailed knowledge of NDC fermentation
within the human intestine is lacking. Our aim was to determine acute fermentation
kinetics of a FOS:GOS mix in the human intestine, including effects on the microbiota,
using a naso-intestinal catheter for infusion and sampling, without (study 1) and with
(study 2) preceding NDC supplementation. Moreover, we studied the fate of intestinaldelivered SCFA as substrates for glucose and lipid metabolism by the host by measuring
label incorporation in blood metabolites.
In study 1, five healthy males were included to test acute NDC kinetics. In study 2, ten
healthy males were included to also asses the effect of 15 g/day FOS:GOS (n=5) or isocaloric
maltodextrin (n=5) supplementation for 7 days on the acute NDC kinetics. Subjects were
18-60yrs with a BMI 18.5-30 kg/m2. A naso-intestinal catheter was positioned in the distal
ileum or colon. At the start of the test day, all subjects consumed a NDC bolus with 5 gram
FOS and 5 gram GOS. After 120 minutes, isotopically 13C-labeled acetate, propionate and
butyrate were delivered directly in the intestinal lumen. Before and postprandially after
NDC consumption, intestinal content, blood, and breath samples were collected.
No changes were found in ratios of the FOS:GOS in the distal ileum over time when
compared to these ratios in the original bolus. After isotope delivery, intraluminal SCFA
enrichment patterns did not change significantly, and no bacterial SCFA cross-feeding was
detected during the time the isotopes remained in the sampling location. Breath hydrogen
significantly increased after NDC consumption (0 min: 5.3±6.0 ppm, peak at 185 min:
39.6±28.1 ppm) suggesting fermentation. The relative composition of microbiota changed
rapidly during the test day. 13C from all 13C‑SCFA were incorporated into glucose, with
propionate contributing to the net glucose synthesis (up to 2% of 13C-glucose). Acetate and
butyrate were substrates for citrate production with butyrate as the main contributor. No
label incorporation was found in amino acids. Propionate was also converted to propionylcarnitine. No label incorporation was detected in fatty acids.
In the human distal ileum no fermentation of the selected NDCs, nor SCFA production
or bacterial cross-feeding was observed. Nevertheless, the FOS:GOS mix was most likely
fermented more distal in the intestine, in the colon, as indicated by increased proxies for
microbial fermentation. SCFA were vividly taken up and metabolized by the host.
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Introduction
The incidence of obesity and diabetes has rapidly increased, making them worldwide
public health problems (1). Consumption of non-digestible carbohydrates (NDC, 2550 gram/day) is associated with numerous health benefits, including decreased risk of
diabetes and obesity (2). Many NDCs can be fermented by the intestinal microbiota,
and some NDCs, such as fructo- and galacto-oligosaccharides (FOS and GOS) have
been shown to selectively increase specific groups of bacteria such as Bifidobacterium
(3). During NDC fermentation, short chain fatty acids (SCFA) are produced, mainly
acetate, propionate, and butyrate (4). Furthermore, metabolic cross-feeding by bacteria
in which fermentation products from certain microbes are subsequently used by other
microbes, plays a key role in maintaining the microbial ecosystem and is crucial to
determine the final SCFA profile in the intestine (5). It has been hypothesized that
SCFA are an important link between fiber fermentation and host health improvements
(6, 7). In order to avoid invasive sampling, feces are mostly used when studying NDC
degradation, SCFA production, and intestinal microbiota in humans. However, feces are
expected to only be a surrogate representative of the microbiota residing in the lumen (8,
9). Moreover, colonic SCFA are readily absorbed, with likely only 5-10% being excreted
in the feces (10). Additionally, NDC degradation and SCFA production is often studied
in in vitro gut models that can reproduce physicochemical parameters of the human gut,
however, SCFA absorption in this model does not directly mimic luminal dynamics (11,
12). Furthermore, in vitro models are mostly inoculated with human feces, results of
which cannot be directly translated to the in vivo situation in humans. Another indirect
method to measure carbohydrate fermentation in healthy subjects is by isotopic labeling
of the substrate of interest, such as 13C-inulin (13), followed by tracking postprandial
13
C-metabolites in plasma as an indication of carbohydrate degradation, or the use
of hydrogen and methane concentrations in the breath as an indicator of microbial
fermentation (14-17). Still, this does not provide us with direct information about
carbohydrate fermentation and SCFA production inside the human intestinal lumen,
nor on the direct impact of NDC on the luminal microbiota.
In mice fed with diets supplemented with different amounts of fermentable fiber (guar
gum), only the in vivo uptake fluxes of SCFA, and not their cecal concentrations,
correlated linearly with the improvements on metabolic syndrome markers (18). To
better understand the health benefits of fiber fermentation, accurate estimation of SCFA
production, uptake and their metabolic fate in the host is essential. Assessing such kinetics
of fermentation in vivo in humans comes with major challenges. Boets et al. pioneered
such studies, by measuring SCFA appearance in blood derived from inulin ingestion after
a continuous 13C-SCFA intravenous infusion (19), or by directly delivering the labeled
SCFA in the proximal colon using capsules with a pH-responsive coating and measuring
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the label appearance in blood (20). However, no samples were obtained from the actual
luminal fermentation site. The measurement of feces, blood, and breath necessitates
assumptions for the calculation of intestinal fluxes that are debatable, since there is
an unknown degree of first-pass SCFA metabolism before reaching peripheral blood
circulation. Moreover, SCFA can have a local effect for instance working as signaling
molecules to promote the release of satiety-inducing hormones such as glucagon-like
peptide 1 (GLP-1) and peptide YY (PYY) (21). They are also metabolized locally by
colonocytes in the gut, or after absorption into the portal circulation by the liver (22).
In humans and mice, SCFA can be used as precursors for glucose and lipids by the host
(20, 23). Nonetheless, the mechanisms by which SCFAs can regulate host metabolism
and to which extent they could be beneficial in humans needs to be further studied.
Here, we present the results of two clinical feasibility trials in healthy men. The aim of
the first trial was to study acute NDC fermentation kinetics in the (small) intestine in
humans using a novel approach based on intestinal catheters for in situ sampling and
administration of 13C labeled SCFA. The same methodology was implemented in the
second trial, where we aimed to investigate the effect of a 7-day NDC supplementation
versus maltodextrin on the acute NDC fermentation kinetics. Moreover, the use of
stable isotopes allowed us to assess the fate of intestinal-delivered SCFA as substrates
in systemic glucose and lipid metabolism. Our studies provide valuable information
about the feasibility of this new approach to study NDC fermentation inside the human
intestine and the fate of fermentation products.

Material and methods
Study subjects
In both trials, healthy male subjects with an age between 18-60 years, a BMI between
18.5-30 kg/m2, and regular bowel movements (defecation on average once a day) were
included. The main exclusion criteria were having a history of medical or surgical events,
the use of any prescribed or non-prescribed medication during the three weeks prior
to study start, smoking, use of pro- pre- or antibiotics within 3 months before the
study start, having infrequent bowel movements (less than three times per week), and
the abuse of alcohol (more than 21 consumptions per week). All subjects filled in a
food frequency questionnaire during screening for determination of their habitual fiber
intake. All subjects gave written informed consent. The studies were approved by the
Medical Ethics Committee of Wageningen University, and registered at ClinicalTrials.
gov, identifiers: NCT04013607 (study 1) and NCT04499183 (study 2).
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Study designs and intervention products
Study 1: to test a novel approach to study acute fermentation kinetics
Study 1 consisted of two days in total. On day one, subjects were intubated with a
naso-intestinal catheter (Supplementary Figure 1, Mui Scientific, Ontario, Canada)
that progressed during the day towards the distal small intestine (for protocol see
Supplementary Methods). In the evening a standardized meal was consumed (540 gram
in total, 131 kcal/100 g, 8.6 g fat/100 g, 7.8 g carbohydrates/100 g, 4.8 g protein/100
g). On day two, after an overnight fast, the experimental test day took place.
Study 2: to study the effects of an NDC intervention on acute fermentation
kinetics
Study 2 was designed as a randomized, double-blind, placebo-controlled, parallelgroup study. Randomization was performed to assign participants to the placebo or
the NDC intervention arm. First, pairs were matched based on a similar BMI and age.
An independent person randomly allocated within one couple one person to NDC
and the other to placebo using a computerized procedure. All study participants and
investigators were blinded to intervention allocations until all analyses were completed.
Participants in the NDC group received a mixture of 7.5 g/day of chicory FOS (synonym
oligofructose, Frutalose® OFP; Sensus, Roosendaal, the Netherlands) and 7.5 g/day
GOS (Vivinal GOS, FrieslandCampina, Wageningen, the Netherlands) for seven days.
Participants in the placebo group received isocaloric maltodextrin (13.2 g/day, Paselli
MD 12, Avebe, Veendam, the Netherlands) for seven days. The NDCs were packed in
closed, non-transparent jars. Subjects were asked to ingest the supplements twice daily
(7.5 g mixed FOS/GOS per dose), with breakfast in the morning and with diner in the
evening. The empty and remaining jars were returned to assess compliance. Subjects were
instructed to maintain their habitual diet during the study. On day seven, a fecal sample
was collected immediately after defecation at home using a “FecesCatcher” (https://
www.fecesvanger.nl/en_GB/), stored at −20°C for maximally 24 hours, and afterwards
stored at –80°C. Next, identical to study 1, subjects were equipped with a naso-intestinal
catheter in the Hospital. In the evening, a standardized meal was consumed (380 gram
in total, 137 kcal/100 g, 4.7 g fat/100 g, 17.4 g carbohydrates/100 g, 6.9 g protein/100
g). On day eight, after an overnight fast, the experimental test day took place.

Design and placement of the naso-intestinal catheter
A naso-intestinal catheter was used as an intestinal sampling and delivery tool (24). On
day one (study 1) or day seven (study 2) between 07.30-09.30 h, subjects were intubated
with a custom-made intestinal catheter (Supplementary Methods) positioned as
distally as possible in the intestine. Details of the placement procedure are described in
the Supplementary Methods.
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The experimental test day to study acute fermentation kinetics
After an overnight fast, subjects returned to the hospital for the test day. Before the
experiment started, the location of the catheter was verified with fluoroscopy. When
the position of the catheter was estimated to be in the distal ileum or proximal colon,
the experimental procedures started. After taking baseline samples of breath, blood,
and intestinal content (the latter when possible), the subjects consumed a NDC bolus
(assumed t=0 min). The NDC bolus consisted of 5 gram chicory FOS (Frutalose® OFP;
Sensus), 5 gram GOS (Vivinal GOS, FrieslandCampina), and 5 gram of non-digestible
marker polyethylene glycol 4000 (PEG 4000 gram/mol) (Dulcosoft, Sanofi-Aventis,
Germany) in 200 mL tap water. GOS contained ≤10 bacteria colony-forming units
(CFU)/gram mixture, and FOS contained ≤100 CFU/gram mixture. Subjects were not
allowed to eat or drink during measurements, except for (tap) water. In the period the
study took place, tap water in the hospital contained on average <1 CFU/mL, and
maximally 5 CFU/mL (Vitens Laboratory, Leeuwarden, the Netherlands). The NDC
bolus contained maximally 1550 CFU, and the intra-intestinal infusion contained ≤15
CFU (measured as 16S rRNA gene copies). After NDC bolus consumption, 13C-labeled
SCFA were directly delivered into the intestinal lumen via the catheter delivery channel,
at 145 minutes in study 1 and 125 minutes in study 2 respectively. The 13C-SCFA
infusion consisted of 0.96 M Na-[1-13C1]-acetate, 0.40 M Na-[1,2,3-13C3]-propionate,
and 0.09 M Na-[1,2,3,4-13C4]-butyrate, all with an isotopic purity over 99% (IsoLife
B.V., Wageningen, the Netherlands), in 10 mL ultrapure water (Merck Millipore,
United States). After delivery, 100 mg non-digestible absorption marker TiO2 as E-171
(BrandNewCake, Baktotaal, Goor, the Netherlands) in 10 mL (study 1) or 5 mL (study
2) of ultrapure water was delivered. Both 13C-SCFA and TiO2 solutions were delivered
via the delivery channel of the naso-intestinal catheter. During the test day, blood,
breath, and intestinal content were collected at multiple time points. The time points
and frequency of sampling differed slightly between study 1 and study 2, as study 1 had
100 minutes longer test day (Figure 1). At the end of the test day, the exact location of
the catheter was determined using 50 mL contrast liquid (Telebrix GASTRO, Guerbet,
Aulnay-sous-bois, France, diluted 1:1 with water) and fluoroscopy. In study 2 subjects
were asked to indicate the intensity of (dis)comfort caused by the study procedures by
marking a 100-mm-long horizontal line, visual analog scales (VAS), that is labeled with
‘no pain/discomfort’ at the 0 mm end and ‘a lot of pain/discomfort’ at the 100 mm end.
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Figure 1. Schematic overview of the experimental test day.
Breath samples, intestinal luminal content, and blood were collected over time. Differences in the timeline
between study 1 and study 2 are indicated in light grey and black, respectively. FOS, fructo-oligosaccharides;
GOS, galacto-oligosaccharides; NDC, non-digestible carbohydrates; TiO2, titanium dioxide; SCFA, short-chain
fatty acids.

Sample collection
Breath samples were collected in collection bags (QuinTron instrument company,
Milwaukee, United States) that were closed with a stopcock. Luminal samples were
collected in 5 mL tubes, homogenized, and divided into aliquots which were put on dry
ice immediately, and at the end of the test day stored at -80ºC. The time to take ~2.0 mL
luminal sample through the aspiration channel was monitored per time point during the
complete experimental test day. Blood samples (4.5 mL per time point) were collected
from an indwelling venous cannula (IVC) in the left arm vena in lithium heparin tubes
for SCFA and metabolite (13C enrichment) analysis (25). In study 2, additionally, 4 mL
blood per time point was collected in tubes coated with potassium EDTA and aprotinin,
pre-filled with 44 µL DPP IV Inhibitor (Merck Millipore), and kept on ice, for analysis
of gut hormones. All blood tubes were put on ice immediately after blood withdrawal,
inverted 10 times, and centrifuged (10 min, 1200xg, 4ºC). The plasma was collected
and divided into aliquots. All aliquots of luminal and plasma samples were kept on dry
ice during the experimental test day, and afterwards stored at -80ºC.

Analysis of breath samples
H2 and CH4 parts per million (ppm) in the exhaled breath were analyzed in a
BreathTracker DP (QuinTron), according to the manufacturer’s instructions. The
BreathTracker was calibrated with calibration gas with known composition (149 ppm
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H2, 74 ppm CH4, 6.1% CO2, QuinTron). To measure 13CO2 enrichment in breath,
samples were transferred (flushed in excess) from the collection bags to a 12 mL glass
tubes with lid, and measured in a GC (Agilent Technologies, 7890A GC system),
coupled to an IRMS (Thermo Scientific, Delta5Advantage) with helium as a carrier gas,
as described (26). CO2 was separated from nitrogen and oxygen on a Chrompack PLOT
fused silica 25mx0.25 mm ID, coated with Poraplot Q (DF= 8 µm). Water was removed
after column separation by Nafion tubing. The isotopologue spectra were recorded at
m/z:44 and m/z:45 for 12CO2 and 13CO2, respectively and corrected for 17O.

Analysis of luminal content
Analysis of NDC in the luminal content
Luminal samples were analyzed for mono-, di-, and oligosaccharide profiles by high
performance anion exchange chromatography (HPAEC) with pulsed amperometric
detection (PAD), as described (27). 100 µL luminal content was centrifuged (10 min,
4ºC, 15 000xg), and the supernatant was diluted (10-300 times). Identification of FOS
and GOS isomers was based on commercial standards, and the elution profiles of the
luminal content were compared with the elution profiles of FOS, Vivinal GOS, and
its DP fractions, and to GOS and FOS profiles obtained in previous research (28, 29).
Data were analyzed with Chromeleon 7.2 SR4 software.
Microbiota composition, predicted functionality and 16S rRNA gene copy
numbers in the luminal content
50-250 µL of intestinal sample or 150 mg feces was used for the analysis of the
microbiota composition, as described in (27), with minor changes. The obtained lysate
(around 500 µL) from luminal samples after cell lysis was divided into two aliquots and
used separately for DNA isolation, DNA of both aliquots was collected in the same
elution tube within 30 µL nuclease-free water. The PCR amplification, purification,
quantification, and pooling are described elsewhere (27). Microbiota composition
was determined via sequencing of the variable V4 region of the 16S rRNA gene using
Illumina HiSeq2500. Raw sequencing data were processed using NG-Tax 2.0 pipeline
with default settings (30, 31). Taxonomy was assigned using the SILVA database (version
132). Microbial functions were predicted based on the 16S rRNA gene sequences using
the phylogenetic investigation of communities by reconstruction of unobserved states
algorithm (version PICRUSt2) with default settings but the minimum alignment was
set to 60% (32). The total 16S rRNA gene copy numbers were determined by digital
droplet PCR (ddPCR), using universal 16S rRNA gene primers (33) (Supplementary
Methods).
Analysis of SCFA concentration and 13C enrichment in the luminal content
SCFA concentration and 13C-enrichment in luminal sample were analyzed as described
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previously (27). Briefly, luminal samples were thawed and 100 µL were diluted in PBS
and spiked with 100 µL of (0.5 mg/mL) 2-ethyl butyric acid as internal standard. After
adding 20 µL of 20% 5-sulfosalicylic acid and 10 µL of HCl, samples were homogenized,
extracted, and derivatized as previously described (27). Mass spectrometry analysis was
performed by electron ionization. The mass isotopologue spectra of ([M-57]+) fragment
of the t-BDMS derivatives of acetate (m/z 117-1119, m0-m2), propionate (m/z 131134, m0-m3) and butyrate (m/z 173-149, m0-m4) were monitored.
Measurement of non-absorbable markers in the luminal content
Titanium dioxide (TiO2) in the intestinal content was analyzed in 100 µL sample. The
samples were dissolved in 1000 µL water, transferred to a digestion tube, and digested
with 1 mL HF and 7 mL HNO3 in a total volume of 50 mL water. These digested
samples were analyzed by HR-ICPMS, according to (34). The limit of quantification
was 0.05 mg Ti/kg of wet sample. PEG-4000 was quantified by ELISA using “rat5MPABM-A anti-PEG” as coating, and “6.3-PABG-B biotin anti-PEG” as detection
antibodies, respectively (IBMS Academia Sinica, Taiwan), according to manufacturer’s
instructions.

Analysis of plasma samples
Short chain fatty acid quantification in plasma
To quantify SCFA concentrations in plasma, the samples were derivatized with
3-nitrophenylhydrazine hydrochloride (3NPH-HCl) and subsequently measured by
LC-MS/MS as previously described (35). A short description is added in Supplementary
Methods.
C enrichment and concentration of various metabolites in plasma
Glucose 13C enrichment was measured by GC/MS using a penta-acetate derivative
according to Van Dijk et al. (36). Free carnitine and acyl-carnitines were measured
according to Derks et al. (37). All methods are described in Supplementary Methods.
Organic and amino acids concentrations and 13C enrichments and fatty acids 13C
enrichments were measured in the plasma samples obtained from both studies, as
described in Supplementary Methods.
13

GLP-1 and PYY concentrations in plasma
Total GLP-1 and total PYY concentrations were measured in 50 µL of undiluted
plasma, using the multiplex sandwich immunoassay system from MesoScale Discovery
(Gaithersburg, MD) according to manufacturer’s instructions. The intra-assay CV of
the total GLP-1 assay was 8.4%, the intra-assay CV of the total PYY assay was 9.1%.
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Corrections and calculations
Normalization of the mass isotopologues distributions measured by GCMS
All data measured by GC-MS was first corrected for the natural abundance of 13C by
multiple linear regression according to Lee et al. (38) as described in Supplementary
Methods to obtain the excess fractional distribution of mass isotopologues.
Acetate, propionate, and butyrate contribution to glucose
The individual contributions of 13C of acetate, propionate, and butyrate to the glucose
enrichment, were calculated using known biochemical pathways, the stoichiometry
of labeled glucose molecules per molecule of SCFA, and the amount delivered in the
intestine, as described in Supplementary Methods.

Statistical analysis
Differences in baseline characteristics between groups were evaluated with the
Kruskal Wallis test. Differences in the fecal microbiota composition between groups
were evaluated with the non-parametric Mann-Whitney U test, followed by a false
discovery rate correction for multiple comparisons. Per parameter, normality was tested
by histograms, Q-Q-plots, and the Shapiro-Wilk test of normality. If not normally
distributed, the variable was log transformed (base 10) to improve normality. A one-way
repeated measures ANOVA, or mixed models when there were numerous missing values,
was applied to check for changes over time during the experimental test day. For the
microbiota analyses, the 16S rRNA gene counts were normalized to relative abundance.
Bray–Curtis dissimilarity was calculated within each subject for the microbiota in the
luminal content at each time point compared to the first sample that was collected on
the test day. The alpha-diversity was calculated based on the amplicon sequence variants,
using several diversity indices. Principle coordinate analysis based on weighted UniFrac
was used to evaluate the overall microbiota variation at the amplicon sequence variant
level (beta-diversity). To investigate changes in microbiota alpha-diversity indices or
selected arcsin-square root transformed bacteria proportions over time, mixed models
were used. In case of significant overall time effects, pairwise post-hoc comparisons were
made. Statistical significance was accepted as P<0.05. Statistical and microbiota analyses
were performed in R version 4.0.3.

Results
Study logistics and subject characteristics
Two out of five subjects fully completed study 1 (no intervention), and six out of ten
subjects (n=4 NDC group, n=2 placebo group) fully completed study 2 (Supplementary
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Figure 2). Five subjects dropped out due to failure of proper catheter placement in the
distal ileum or colon and two subjects dropped out due to adverse events during the
study. More details on the individual studies, including study flow charts and dropouts, can be found in the Supplementary Results. The baseline characteristics between
studies and groups were similar (Table 1).
Table 1. Baseline characteristics and habitual daily intake of (macro)nutrients in healthy
male subjects1.

Age, y
BMI, kg/m2
Total kcal/day
Total carbohydrates, g/day2
Mono- and disaccharides, g/day
Polysaccharides, g/day
Fiber, g/day 3
Total protein, g/day
Total fat, g/day
Alcohol, g/day

Study 1: no
intervention
(n = 2)
39.5 ± 18.5
25.3 ± 0.8
2648.6 ± 79.1
294.1 ± 35.4
94.9 ± 19.1
199.2 ± 16.3
36.5 ± 9.6
101.9 ± 0.3
99.2 ± 11.8
12.2 ± 2.1

Study 2: NDC
group
(n = 4)
26.0 ± 8.2
22.0 ± 0.7
2436.1 ± 235.3
239.8 ± 31.2
83.7 ± 48.5
155.9 ± 17.5
23.9 ± 2.2
92.8 ± 19.1
104.5 ± 20.4
15.8 ± 4.3

Study 2: placebo
group
(n = 2)
39.0 ± 28.3
24.2 ± 5.4
3092.1 ± 616.5
285.2 ± 50.0
112.9 ± 25.9
172.2 ± 24.1
32.4 ± 0.9
112.7 ± 13.3
141.0 ± 41.1
21.7 ± 0.7

P-value

0.939
0.363
0.205
0.205
0.472
0.210
0.069
0.248
0.248
0.097

Values are presented as group means ± SD. 2Total carbohydrates does not include dietary fiber, 3Included are high
molecular weight fibers (e.g. cellulose, resistant starch, cereal β-glucan, guar gum, and certain xylans), insoluble
fibers in water (e.g. cellulose, resistant starch, and certain xylans), fibers soluble in water and precipitated by
78% ethanol (e.g. cereal β-glucan, guar gum, and certain xylans). Excluded are low molecular weight fibers (e.g.
fructan, GOS, polydextrose, and resistant maltodextrins), and non-resistant starch.
1

Although we aimed to sample from a uniform location in all subjects, namely the
proximal colon as main NDC fermentation site, in practice this was not feasible due
to placement difficulties and clogging of tube when sampling. The intestinal regions
that were studied included the distal ileum (n=6), proximal colon (n=1), and transverse
colon (n=1) (Table 2). Luminal sampling was only possible after NDC consumption,
but was in some individuals still not possible at every time point.
As shown in Table 2, all measurements in the distal ileum were performed in subjects in
study 1 without intervention (n=2) or in those who consumed NDC supplements for 7
days (n=4) in study 2, while the measurements in the colon were performed in subjects that
consumed placebo supplements for 7 days (n=2) in study 2. The microbiota composition
was distinct between sampling sites (i.e., distal ileum versus colon and feces), while no
clusters, i.e. a more comparable intestinal microbiota, were revealed based on the dietary
intervention groups (Figure 2). Also, the fecal microbiota and SCFA were not different
between intervention groups (Supplementary Table 1). Since the main outcome, acute
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NDC fermentation in vivo, strongly depends on the luminal microbiota composition at
the sampling location, we decided to combine the data per sampling site.
Table 2. Intestinal regions studied in the participants.
Subject Study and
Catheter
intervention distance from
the nose
S1
1, None
240 cm
S2
1, None
230 cm
S3
2, Placebo
270 cm
S4

2, Placebo

300 cm

S5
S6
S7
S8

2, NDC
2, NDC
2, NDC
2, NDC

270 cm
290 cm
240 cm
275 cm

Catheter tip
location
Distal ileum
Distal ileum
Proximal
colon
Transverse/
descending
colon
Distal ileum
Distal ileum
Distal ileum
Distal ileum

Estimated
distance from the
ileo-cecal valve1
15 cm
25 cm
10 cm

Number of
collected
aspirates
14
6
5

Sampling
duration
(minutes)2
4.4 (3.6)
15.0 (6.0)
8.0 (5.5)

-

4#

5.0 (1.3)#

<25 cm
10 cm
<50 cm
10 cm

9
5
13
13

3.0 (0.9)
5.0 (6.0)
2.0 (3.5)
5.0 (2.0)

As calculated from the fluoroscopy pictures that were taken after the delivery of contrast liquid inside the intestine,
the time required to take a 2-2.5 mL sample, in minutes as median and inter-quartile range #samples could only
be collected after infusion of saline solution in the aspiration channel to dilute the aspirate.
1
2

Intra-intestinal non-digestible carbohydrates fermentation over time
To assess acute fermentation kinetics in the intestine, we investigated intestinal NDC
degradation and NDC-induced SCFA production and interconversions over time. The
constituents present in the NDC bolus (DP1-DP8) were detected in the distal ileum
of all subjects starting 60-120 minutes after consumption (Figure 3). No changes in
ratios of NDCs DP≥3 were found in the distal ileum over time when compared to those
ingested via the NDC bolus. Only after 210-250 minutes, monosaccharides (DP1) were
increased relative to first time points in the ileum of two subjects (Figure 3A, F), but
the total amount of the NDCs was very low at these time points (Figure 3, black lines).
The changes over time of total NDC peak area in the intestine followed that of the nonabsorbable marker PEG-4000 (Supplementary Figure 3), suggesting removal from the
sampling site via intestinal peristalsis rather than fermentation.
Luminal SCFA concentrations and 13C-SCFA enrichment were measured to determine
bacterial SCFA production and interconversion induced by NDC fermentation
(Figure 4). It is important to note that we only present the isotope data (Figure 4A-F)
where samples after isotope delivery could be obtained, which was in 4 subjects where
samples were collected in the distal ileum. First, we examined SCFA interconversion
by measuring all different label patterns of acetate, propionate and butyrate.
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Figure 2. The overall microbiota variation between the samples in the dataset.
Principle coordinate analysis plots based on weighted UniFrac (beta-diversity) of (A) samples from the different
matrixes (distal ileum, proximal colon, transverse colon, and feces) in the left facet, and in the right facet the
contributions of the top 10 bacteria genera shown on the same graphical space, (B) visualization of the microbiota
variation between subjects, (C) visualization of the microbiota variation between the intervention groups. All
luminal samples are shown, including multiple time points per subject.

Besides the mass isotopologues to be expected from the delivered SCFA (acetate M+1,
propionate M+3, and butyrate M+4) no other label patterns were found, suggesting no
interconversion of SCFA by ileum microbiota (Figure 4A-F). The delivery of labeled
SCFA resulted in a steep increase and subsequent decrease of the luminal concentration
of 13C-SCFA, indicating its appearance by infusion and its disappearance from the
sampling location in the distal ileum (Figure 4A-C). The luminal kinetics of all three SCFA
were similar, and their ratios in the luminal samples remained similar to those delivered
(Figure 4A-C). The increase in 13C-SCFA concentration was accompanied by an almost
instantaneous increase of 13C-SCFA enrichment of the delivered isotopologues (i.e., 13C
relative to total) reaching a plateau at nearly 100% of 13C enrichment (Figure 4D-F).
Moreover, the 13C enrichment only decreased when its concentration approached predelivery level (Figure 4A-C) and there was no increase of SCFA from NDC fermentation
(Figure 4G‑I). This was in line with the lack of NDC degradation in the distal ileum.
During the test day, from two subjects samples were obtained from the proximal colon and
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Figure 3. Non-digestible carbohydrates in the distal ileum (A-F) or colon (G, H) of eight
healthy male subjects over time.
The relative abundances of each constituent of the NDC bolus are shown on the left y-axis. The black line represents the
total area of all NDC constituents, indicated on the right y-axis. * For this time point, a sample could not be obtained
due to sampling difficulties. DP, degree of polymerization; FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides.

the distal colon, but only prior to 13C-SCFA delivery. In the proximal colon, non-labeled
SCFA concentrations increased up to 30 mM acetate, 6 mM propionate, 6 mM butyrate
after 120 minutes of NDC bolus consumption (Figure 4G-I). In the transverse colon, SCFA
concentrations did not increase, likely due to dilution of the sample after saline delivery
through the aspiration channel to decrease sampling clogging. Overall, NDC degradation
and SCFA production by the distal ileum bacteria was minimal, and there was no bacterial
SCFA cross-feeding during the time the isotopes remained in the sampling location.
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Figure 4. Luminal SCFA enrichments and concentrations in the intestinal samples of
healthy male subjects.
13
C- SCFA concentrations (A-C) and enrichments (D-F) over time from the 4 subjects from whom luminal samples
could be collected before and after isotope delivery (all these 4 subjects had the catheter tip located in the distal
ileum). Non-labeled SCFA concentrations (G-I) from all subjects over time. The lines represent the individual subjects
separately. The black arrow indicates the start of luminal isotope infusion (10 mL containing 10 mmol [1-13C]-acetate,
4 mmol [1,2,3-13C3]-propionate and 1 mmol [1,2,3,4-13C4]-butyrate) through the catheter. This is considered to be
time 0 for all subjects to match both studies. The grey arrows indicate the drinking of the non-digestible carbohydrates
(NDC) bolus in both studies (-150 min for study, light grey arrow; and -120 min for study 2, dark grey arrow).

Microbial dynamics in the intestine over time
Although no fermentation at the small intestinal sampling location was detected by our
experimental setup, we studied whether the consumption of NDCs affected the intestinal
microbiota during the test day. All samples passed the quality control for microbiota analyses
(Supplementary Figure 4). On the individual level, the relative microbiota composition
in the intestinal samples changed rapidly over time, as indicated by the Bray-Curtis
dissimilarity values that increased during the day when compared to the first collected
sample (Figure 5, red line). Even though the relative microbiota composition changed,
the total bacteria numbers, signified by analyses of 16S rRNA gene copy numbers, did not
increase over time. Selected and detected bacteria known to be stimulated by the provided
FOS or GOS, namely Bifidobacterium, Lactobacillus, Streptococcus, and Bacteroides, did not
significantly increase over time (Supplementary Figure 5).
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Figure 5. The microbiota, the microbiota dissimilarity, and total 16S rRNA gene copy
number in distal ileum (A-F) or colon (G, H) of healthy male subjects over time after
consumption of the NDC bolus.
The top 20 bacteria on genus level are shown. The arrow shows the moment of intra-intestinal infusion (13C-SCFA/
TiO2) close to the sampling location. The right y-axis indicates the total 16S rRNA gene copy number which is
depicted by the grey line (missing values were due to low availability of DNA). The Bray-Curtis dissimilarity
values are visualized by the red line on the left y-axis, which show the dissimilarity of the microbiota at each time
point compared to the microbiota in the first collected sample. Bray–Curtis dissimilarity values range between 0
and 1, when closer to 1 means the two samples do not share any bacteria. *For this time point, a sample could not
be obtained due to sampling difficulties. #Samples contained less than 10.000 sequencing reads.

To evaluate whether the lack of fermentation in the distal ileum was the result of the lack
of fermentation capacity of the ileum microbiota, we compared the microbial pathways
related to fermentation between the ileum and the feces (Table 3), since it has been
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shown previously that fecal microbiota more efficiently ferments FOS and GOS in
vitro. The specific microbial pathways were derived from the total predicted genomes,
predicted based on the 16S rRNA gene sequencing outcomes. Indeed, three microbial
fermentation pathways were about twofold lower in relative abundance in the ileum
compared to the colon and/or feces (p<0.05).
Table 3. The relative abundances (%) of selected microbial fermentation pathways in the
predicted microbial genome of luminal content or feces of healthy male subjects1.
Microbial pathway

Pathway
number

Pyruvate fermentation PWY-5100
to acetate and lactate II

Relative
abundance
distal ileum
(n = 6 subjects,
52 samples)
0.790±0.302

Relative
abundance
colonic content
(n = 2 subjects,
7 samples)
0.761±0.082

Relative
abundance
feces
(n = 7
subjects)
0.771±0.035

P-value2

0.857

Pyruvate fermentation
to propanoate I /
succinate-propionate
fermentation pathway
Acetyl-CoA
fermentation to
butanoate II/butyrate II
Pyruvate fermentation
to butanoate/butyrate

P108-PWY

0.134±0.102

0.269±0.089

0.248±0.132

0.002a

PWY-5676

0.082±0.063

0.175±0.060

0.164±0.087

0.000a

CENTFERM- 0.071±0.063
PWY

0.153±0.060

0.081±0.057

0.014b

Succinate fermentation
to butanoate/butyrate

PWY-5677

0.015±0.015

0.010±0.009

0.009±0.008

0.690

Bifidobacterium shunt / P124-PWY
glucose fermentation to
lactate

0.111±0.084

0.082±0.033

0.243±0.176

0.086

Data are presented as mean relative abundance (%) ± SD. 2The relative abundances in the ileum were compared
to those in the feces or colon using an independent samples Kruskal-Wallis test. Because of the high variability in
microbiota composition during the day, all samples collected in vivo are treated as an independent observation.
a
Ileum samples were significantly different from both colon and feces samples, bileum samples were significantly
different from colon samples.
1

Systemic biomarkers for fiber fermentation: breath gases and blood SCFA
To determine if fermentation occurred beyond the sampling site, systemically available
markers for NDC fermentation, namely H2 and CH4 in breath, and SCFA in blood were
evaluated after NDC consumption. Breath hydrogen was significantly increased between
50 and 245 minutes after consumption of FOS and GOS when compared to baseline
(Figure 6A), with a peak mean concentration (± SD) of 39.6±28.1 ppm at 185 minutes.
The start of fermentation, as indicated by increased breath hydrogen, was highly variable
between subjects (35-170 minutes), while breath CH4 did not significantly increase over
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time after NDC consumption. The measurement of SCFA in the blood (Figure 6B) over
time showed that acetate increased over time (p=0.003, baseline: 56±39 µM, 330 min:
120±51 µM), while propionate and butyrate did not significantly change compared to
baseline (baseline: 1.96±1.28 µM and 5.03±1.20 µM, respectively). Since we did not
measure fermentation in the distal ileum in vivo, these increased markers likely point to
fermentation of FOS and GOS in the colon.

Figure 6. Biomarkers of NDC fermentation.
(A) Breath concentrations of methane and hydrogen and (B) the changes of SCFA in the blood of healthy male
subjects after consumption of the NDC bolus with 10 grams FOS and GOS. Data is represented as mean ± SD,
n = 8 subjects in study 1 and study 2 or as the individual responses. LOWESS (Locally Weighted Scatterplot
Smoothing) curves plot was applied to the breath hydrogen and methane to show the general trends over time,
with 10 data points in the smoothing window. Significance is shown as * = P < 0.05, ** = P < 0.01, *** = P <
0.001 compared to baseline. NDC, non-digestible carbohydrates.

The role of SCFA in host metabolism
SCFA can function locally in their production site as signaling molecules by promoting
the release of satiety hormones. Before and over time after consumption of the
NDC bolus, the total PYY concentrations (p=0.92) and the total GLP-1 (p=0.37)
concentrations did not significantly change over time (Supplementary Figure 6). To
study SCFA metabolization in the human body, we measured the label incorporation
from the delivered 13C-SCFA into plasma glucose, organic acids, amino acids, acylcarnitines, and fatty acids and for whole body metabolism, into breath CO2. Label
incorporation in plasma glucose rapidly appeared after isotope infusion with M+2 >
M+1 > M+3 (Supplementary Figure 7A). The different isotopologue distributions were
first calculated back to the SCFA source (Supplementary Methods). All three SCFA
transferred 13C to glucose, with butyrate being the most efficient with on average 6.1% of
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glucose labeled (Figure 7A-C). Glucose concentrations remained constant over time for
most of the subjects (Supplementary Figure 7B). As a proxy of fatty-acid synthesis, the
different enrichments patterns in the different acyl-carnitines were measured in plasma.
The only enrichment found was M+3 in propionyl-carnitine. M+3 propionyl-carnitine
reaching 15-20% of propionyl-carnitine labeled (Figure 7D). The most likely source
of M+3 propionyl-carnitine enrichment is [1,2,3-13C3]-propionate that can be bound to
carnitine and released into the circulation. The organic acids measurement showed an
increase in citrate enrichment, mostly as M+1 and M+2 coming from acetate and butyrate,
respectively (Supplementary Figure 7C). After normalizing by source and delivered
amounts, butyrate was the most efficient contributor to citrate enrichment (Figure 7E-

Figure 7. Assimilation of

13

C-SCFA into glucose and acyl-carnitines in blood and its

oxidation to 13CO2 in breath.
(A-C) Glucose enrichment from labeled acetate, propionate, and butyrate delivered in the distal ileum, proximal
colon or distal colon. (D) 13C-propionyl-carnitine (M+3) enrichment from labeled propionate delivered in the
distal ileum, proximal colon, or distal colon, and (E) 13C incorporation into CO2 over time from all three
13
C-SCFA delivered in the distal ileum, proximal colon, or distal colon. The black arrow indicates luminal
isotope infusion through the catheter. This is considered to be time 0 for all subjects to match both studies. The grey
arrows indicate the consumption of the non-digestible carbohydrates (NDC) bolus in both studies (-150 min for
study 1, light grey arrow, and -120 min for study 2, dark grey arrow). Data is represented as individual subjects,
n=6 subjects for distal ileum, n=1 for proximal colon, and n=1 for distal colon. Acyl-carnitines (D) show the
individual patterns of only n=2 subjects in study 1, the n=6 subjects in study 2 are to be analyzed.
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F), contributing on average 3.5% to labeled citrate. We did not find any enrichment
in plasma amino acids and fatty acids. To estimate whole-body SCFA metabolism, 13C
label incorporation into CO2 generated from 13C-substrates was measured in exhaled
breath after isotope infusion. CO2 immediately incorporated the label (Figure 7E) and
13
C-CO2 slowly decreased over time (Figure 7D). This 13CO enrichment curve initially
represents the direct oxidation of all three luminal SCFA (since the specific source
SCFA cannot be identified in this case) and at the later time points the oxidation of the
secondary metabolites derived from the luminal SCFA as substrates, such as glucose.
Together, these observations show that delivered SCFA were extensively taken up and
metabolized by the host.

Discussion
We used for the first time the novel approach of naso-intestinal catheters in two
independent trials, in an effort to monitor carbohydrate fermentation, SCFA production
and absorption inside the human intestinal lumen, as well as the direct impact of
FOS:GOS on the luminal microbiota. Moreover, the fate of SCFA as substrates for host
metabolism was assessed using a stable isotope approach. Biomarkers of fermentation,
namely breath hydrogen and plasma SCFAs increased upon consumption of FOS:GOS,
indicating fermentation, but no changes in luminal NDC breakdown profiles were
found. Moreover, SCFA production was minimal and there was no interconversion of
SCFA in the distal ileum. The relative microbiota abundances in the intestine changed
dynamically during the test day. SCFA were rapidly metabolized by the host as shown by
13
CO2 enrichment, and incorporation of 13C in various host metabolites. Independently
of SCFA delivery location through the intestine, assimilation of SCFA was entirely
comparable among all subjects, suggesting complete absorption by the host.

Evaluation of the study methodology
Due to the high number of drop-outs due to catheter placement in the NDC intervention
group in study 2, we were not able to detect study an effect of the 7-day FOS:GOS
intervention on the acute fermentation kinetics. In most subjects, the catheter was placed
in the distal ileum, and as expected (8, 39), the distal ileum microbiota composition and
predicted functionality were distinct from those in the colon. Standardization of the
sampling site in the intestine amongst subjects is therefore crucial for interpretation
and comparison of the study outcomes between people, but standardizing the catheter
position was challenging. We expect that a longer progression period in combination
with regular checks using fluoroscopy and contrast liquid will improve positioning and
standardizing of the catheter location in the proximal colon. We only used contrast liquid
at the end of the test day, because it could affect some of the outcome measurements.
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Sampling in the fasted state (both ileum and colon) and in the colon through the 1.9
mm-aspiration channel in the catheter was not feasible. The intestinal contents were
obtained from a localized area of the intestine (aspiration holes within 10 cm catheter),
providing local information on NDC fermentation and SCFA kinetics. To estimate
the volume of the sampling location, we relied on the measurements of the dilution of
the delivered TiO2. However, this non-absorbable marker was sensitive to the luminal
matrix, precipitating and forming a colloidal, nonuniform intestinal liquid. Overall, the
use of the naso-intestinal catheter had disadvantages, but at the moment it is one of the
few available sampling tools to study the intestinal lumen in humans. Nevertheless, we
have provided novel data about the kinetics of NDCs and the fate of SCFAs in humans
as well as technical challenges to be considered when conducting in vivo studies in the
human intestine.

Luminal NDC breakdown, SCFA production and inter-conversion
Chicory FOS and GOS are prebiotics, and both are well fermentable by fecal bacteria
in vitro (40). Moreover, small intestinal bacteria from ileostomy subjects in vitro before
5 hours of incubation, namely 29-89% hydrolysis of FOS, 31-82% hydrolysis of GOS
[66]. Moreover, human ileum mucosa bacteria have hydrolytic activities towards FOS
and GOS in vitro [67]. To the best of our knowledge, however, we are the first to study
the behavior of a mixture of both in humans. The carbohydrate profiles of the higher
DP constituents in the distal ileum or proximal colon over time were comparable to
those in the NDC bolus. This indicates no or only minor breakdown of NDCs in the
ileum, in agreement with two earlier trials using FOS in ileostomy or healthy subjects
(41, 42). For GOS, no other in vivo studies were performed previously. We used an
isotope approach to estimate SCFA production. We observed that the enrichment of the
13
C-SCFA fraction remained close to 100%, which suggested that there was negligible
production of unlabeled SCFA from fermentation of FOS and GOS over time inside the
distal ileum. This result was in line with the absence of NDC breakdown in the location.
While others reported high concentrations of SCFA in ileostomy effluent (41, 43), we
measured maximally 8 mmol/L SCFAs in the ileum, which was in line with previous
data on sudden death humans victims that measured only 13±6 mmol/kg SCFAs in
the terminal ileum, but 10-fold higher concentrations in the colon (44). In both mice
(23) and humans (20) interconversion of SCFA in the cecum was mainly from acetate
to butyrate. In humans, this was previously studied indirectly by measuring labeledSCFA in blood after intestinal delivery of other individual SCFA (20). If SCFA would
have been interconverted by bacterial cross-feeding, we should have seen other SCFA
isotopologues than we had administered. However, no changes in SCFA isotopologues
were observed, indicating that no bacterial interconversion took place in the ileum.
We hypothesize that the SCFAs are rapidly absorbed or moved distally from the ileum,
leaving hardly a possibility for interconversion.
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Although previous longer-term intervention studies suggested a role for FOS (45), GOS
(46, 47) or propionate (21) in increasing plasma gut hormones GLP-1 and PYY, we did
not find significant postprandial effects on these hormones during the test day. Overall,
we showed that all subjects increased H2 in breath and non-labeled plasma acetate upon
NDC consumption, but we did not find NDC fermentation or SCFA production and
interconversion in the distal ileum. Therefore, the breath hydrogen increase shown
here indicated most likely colonic NDC fermentation. We hypothesize that the short
microbial exposure to NDC in this location due to the rapid transit time in the small
intestine (48) does not allow for this fermentation process to take place. This can be
considered an advantage, since the colon is prepared for microbial fermentation of NDC
to SCFAs and gasses, because of the larger diameter and its capacity for distension with
gas, in contrast to the small intestine where fermentation may lead to discomfort (49).

Dynamic changes in microbiota composition
In a review (50) it was suggested that the small intestine microbiota rapidly responds
to changes in the luminal environment, also demonstrated in ileostomy effluent
microbiota that fluctuated from the morning to the afternoon on the same day (43,
51). In our study, dynamic changes of the relative microbiota composition in vivo were
found during the day. Characterizing the luminal microbiota over several hours in vivo
was until now relatively unexplored. Two other clinical trials (using intestinal catheters)
also show rapid fluctuations in the duodenum (52) or duodenal, jejunal, and proximal
ileal microbiota (39) on the same day after ingestion of medication or a synbiotic,
respectively. FOS and GOS are known to influence the fecal microbiota, as shown in
human intervention trials where supplements were consumed for a longer period (i.e.,
weeks) (3), or in in vitro models where bacteria were in contact with the substrates for
up to 24-48 hours (40, 53). We are the first to measure several bacteria known to be
stimulated by NDCs (3) in vivo during the day, namely Bifidobacterium, Lactobacillus,
Bacteroides and Streptococcus, that did not significantly fluctuate over time. The lack of
significance could be the result of the short contact period between microbiota and
NDCs due to the rapid transit time. Since there was no fermentation at the sampling
location, nor increased FOS or GOS bacterial targets or total bacteria numbers, we
hypothesize that other factors, unrelated to the studied NDCs, play a role in explaining
the changes in relative microbiota composition during the day.
The effects of the non-absorbable markers PEG-4000 (54, 55) and TiO2 (56-61) on
the microbiota is expected to be minor. Possibly at some time points we sampled more
mucus, resulting in a higher fraction of mucus-related bacteria such as Haemophilus.
Flushing infusions, as we also did during the 13C-SCFA delivery, through the catheter
close to the sampling site could have impacted the relative microbiota profiles as shown
previously while flushing saline through an ileal catheter (62). On the other hand, the
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transit of bacteria in the small intestine throughout one day can also be considered as a
physiological aspect. Others have shown that bacteria can also grow and survive in the
small intestine (41), quickly utilizing small dietary compounds such as sugars (43), but
the rapid bacteria fluctuations in this study are unlikely caused by bacteria doubling,
given the known doubling times of minimally ~25 min, but often one hour or longer
(Bifidobacterium and Lactobacillus) (63-65). Moreover, the total bacteria numbers did
not increase. It is therefore more likely that most of the dynamic changes are caused
by the bacterial transit throughout the GI-tract via constantly swallowing (viable or
non-viable) oral and stomach bacteria (66, 67). Using 16S rRNA gene sequencing we
cannot distinguish between the viable and non-viable bacteria. We hypothesize that fast
transit of intestinal content rather than the studied NDCs, play a role in explaining the
changes in relative microbiota composition during the day. A reference group that did
not consume NDCs was not included in our acute feeding study, making it difficult
to conclude about the effects of potential bacteria passage as a consequence of transit
time versus the effect of the NDC bolus on the microbiota in vivo. The link between
rapid fluctuations in small intestine and effects on digestive processes remains to be
uncovered and our findings demonstrate the relevance of sampling over time to track
acute responses of the microbial community towards interventions.

Host metabolism of luminal SCFA
To understand the mechanism by which SCFA regulate host metabolism, we studied
their fate by monitoring the incorporation of 13C-label from the delivered SCFA into
different metabolites from carbohydrates (glucose, organic acids), amino acids and
lipids (fatty acids, acyl-carnitines) metabolism. After isotope delivery, the label from
13
C-SCFA was readily incorporated into 13CO2 in breath, and blood metabolites.
Previously it has been estimated in humans that almost 95% of the produced SCFAs
were rapidly absorbed (68). The delivered TiO2 was also intended to be used as a marker
to differentiate between the decrease of the infused isotopes by excretion or absorption.
Even though absorption is different through the complete length of the intestine (69),
in our study, independent of the delivery location, absorption happened rapidly likely
at the delivery site (distal ileum, proximal colon, or distal colon). We conclude this from
the fast appearance of label in other metabolites after 13C-SCFA delivery and the very
similar profiles of incorporation among subjects, irrespective of the delivery location.
13
C label from all three SCFA were incorporated into glucose. Gluconeogenesis starts
at the conversion of oxaloacetate in the TCA cycle into phospho-enol-pyruvate. Acetate
and butyrate enter the TCA cycle as acetyl-CoA. Both acetate and butyrate transfer the
label into glucose via oxaloacetate but do not contribute to net carbons (70) since two
carbon atoms are lost as CO2 during the conversion of acetyl-CoA to succinate, precursor
of oxaloacetate. Our results showed that the most efficient label transfer to glucose
comes from butyrate, which is in line with previous results in mice (18). Moreover,
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label incorporation from acetate to glucose suggests that acetate follows a different
metabolic pathway than butyrate, even though both enter the TCA cycle as acetylCoA. Acetate can be activated in the cytosol and further metabolized before entering
the mitochondria to be oxidized in the TCA cycle (71), whereas butyrate directly enters
the mitochondria to be oxidized to two acetyl-CoA in a single round of ß-oxidation
that can immediately enter the TCA cycle (72). Acetate had the lowest contribution
to glucose enrichment, which may be due to the high dilution by endogenous acetate
production. For instance, in mice, 13C-acetate is diluted in blood nine times compared
to cecum (23). Propionate is the only SCFA that contributes to net glucose synthesis
and is a known contributor to gluconeogenesis in ruminants entering the TCA cycle as
succinyl-CoA (73). Boets et al. (20) also described propionate as the main contributor
to glucose synthesis. Glucose enrichment from propionate could have taken place in the
liver or, as recently described in rats, from intestinal gluconeogenesis (74). Glucose from
intestinal gluconeogenesis can signal through the peri-portal afferent neural system to
the brain promoting metabolic benefits in energy homeostasis, such as decreased body
weight and better glucose control, including a decreased hepatic glucose production
(74). This could explain the link between fermentable NDCs and health improvement.
Nevertheless, in healthy volunteers it is not feasible to collect portal blood to differentiate
between intestinal and hepatic propionate metabolism.
Organic acids enrichments analysis showed label incorporation from acetate and butyrate
only in citrate. No label incorporation was detected from propionate into any of the
organic acids. Butyrate, in line with the results on glucose enrichment, was the main
contributor to citrate enrichment, since the label from butyrate is transferred to citrate
as a fully labeled acetate in the TCA cycle. Untargeted amino acids analysis showed no
incorporation of label, suggesting that the delivered amount of 13C-SCFA was either too
low or not involved in their metabolism under fasting conditions. Moreover, we did not
find incorporation of label in the most abundant plasma fatty acids, namely palmitic
acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0) and oleic acid (C18:1).
It has been reported that 15% of the colonic-delivered acetate ended up in palmitic
acid under standardized feeding conditions in humans (20), which corresponded to
minimal newly synthesized fatty acids. Our even lower incorporation in fatty acids
compared to Boets et al. (20) could be due to the fasted state of the volunteers during
the test day, since it is known that fasting stimulates fatty-acid oxidation rather than
synthesis. Our studies, in combination with previous findings (20, 75-77), show that
it is unlikely that acetate produced by microbes from fermentable fiber will lead to
increased blood cholesterol and fatty acid levels. In the present study, we measured
carnitines as an estimate for fatty acid oxidation. The only acyl-carnitine enrichment in
blood was M+3 propionyl-carnitine, coming from fully labeled propionate. We did not
detect M+2 acetyl-carnitine or M+4 butyryl-carnitine, which can be explained by rapid
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mitochondrial conversion of butyrate into acetyl-CoA that can enter the TCA cycle as
described above. The rapid increase of the percentage of labeled CO2 in breath comes
from the metabolism of all three SCFA at the same time and can be explained by a
direct oxidation of SCFA and a subsequent oxidation of secondary metabolites, such as
glucose. This rapid label incorporation could have been potentiated by the fasted state of
the volunteers. In conclusion, SCFA are rapidly absorbed and metabolized by the host,
independent of intestinal delivery location.

5

Concluding remarks
We aimed to study acute fermentation kinetics GOS and chicory FOS in the (small)
intestine in humans using a naso-intestinal catheter. We are the first to show that
no NDC breakdown, and subsequent SCFA production or bacterial cross-feeding
occurred in the distal ileum of healthy humans. Dynamic changes in the relative
microbiota composition during the day were observed. SCFA were rapidly taken up and
metabolized by the host independent of the location delivery, which could explain the
lack of detecting bacterial SCFA conversions. Future studies should focus on colonic
NDC fermentation for a better understanding of how NDC can influence host health
to improve dietary intervention.
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Supplementary Methods
Catheter design and placement
A custom-made 300 cm long, silicone multi-channel naso-intestinal catheter with an
outer diameter of 3.5 mm, a 0.4 mm delivery channel, and a 1.9 mm aspiration channel
was used. The aspiration channel contained three side holes with 3-cm interspacing
between each side hole (at position 1, 4, 7 cm). An inflatable balloon and three
small weights were located at the tip end, and a radio-opaque marker was present for
visualization by fluoroscopy. After manual placement past the ligament of Treitz using
fluoroscopy, the balloon was kept inflated with 5 cc air and inserted by the subjects
themselves with a maximum of 10 cm/hour. Freeze-frame fluoroscopy was applied
during intubation of the duodenum, and afterwards for verification of the location at
three moments. In study 2 only, the subjects were requested to set a wake-up call the
morning of the experimental test day (day 8) to reconvene with the catheter progression
protocol.

Droplet generation for total 16S rRNA gene copy number measurement
All materials for this analysis were ordered from Bio-Rad Laboratories, CA, USA. DNA
was diluted to 0.005 ng/µL. Per 1 µL diluted DNA, 19 µL mastermix was added (7 µL
MQ water, 10 µL QX200 EvaGreen ddPCR Supermix, 1 µL universal 16S rRNA gene
forward and reverse primers (1)) in cartridges. The 20 µL sample with mix was pipetted
perpendicular into cartridges for QX200 Droplet Generator and placed in cartridge
holders. Wells without sample were filled with 1 µL water and 19 µL mastermix. 70
µL Droplet Generation Oil for EvaGreen was also added in the cartridge, covered
with Droplet Generator DG8 Gaskets, and droplets were generated (QX100 Droplet
Generator). Next, 40 µL of the generated droplets was transferred into a ddPCR 96-well
plate, and sealed with Pierceable Foil Heat Seal in the PX1 PCR plate sealer at 170°C
for 5 seconds. PCR amplification took place at 95.0°C for 10 min, 40 times 95.0°C for
30 sec and 58°C for 1 min, followed by 4°C for 5 min, and 90.0°C for 4 min. Data was
generated using the QX200 Droplet Reader, and analyzed using QuantaSoft software
(Version 1.7.4.0917).

Short chain fatty acid quantification in plasma
Plasma samples were diluted 1:3 with 100% acetonitrile (ACN) on room temperature
and mixed by hand, and centrifuged for 20 min at 14000xg at 21℃. The samples
were derivatized with 3-nitrophenylhydrazine hydrochloride (3NPH-HCl). 50 µL of
the supernatants were mixed with 50 µL 200 mM 3NPH-HCl in 50% (v/v) aqueous
ACN and 50 µL 120 mM N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide in 6%
(v/v) pyridine in 50% (v/v) aqueous ACN solution in low binding Eppendorf tubes.
After mixing, the tubes were incubated in an Eppendorf thermomixer at 40℃ for 30
183

5

Chapter 5

min, afterwards placed on ice for at least 1 min and further diluted with 100 µL milli-Q
water. 90 µL of the derivatized sample was transferred to a UPLC vial containing a 10
µL internal standard mix containing 125 µM acetate-13C-3NPH, 100 µM propionate13
C-3NPH and 100 µM butyrate-13C-3NPH. Samples were measured by LC-MS/MS
using a Shimadzu LCMS-8050 triple quadruple mass spectrometer (Kyoto, Japan).
SCFA concentrations were quantified using an external calibration curve constructed
under the same conditions as the plasma samples. All plasma samples were derivatized
and measured.

Glucose enrichment and concentration in plasma
In short, to 50 µL of plasma 500 µL ice-cold ethanol was added and samples were kept
on ice for 45 min. Subsequently, samples were centrifuged (10 min, RT, 20,000xg), and
200 µL supernatant was transferred to a Teflon-capped reaction tube and dried at 60°C
under a stream of nitrogen. After cooling to room temperature, 100 µL pyridine and
200 µL acetic anhydride were added to the samples, incubated for 30 minutes at 60°C,
and subsequently dried at 60°C under a stream of nitrogen. Finally, the residues were
dissolved in 200 µL ethylacetate and transferred into GC injection vials with insert. Ions
monitored were m/z 408-414 (m0-m6). Total glucose concentrations were measured in
10 µL plasma by using a blood glucose meter (Accu Check Performa) and test strips
(Roche, Indiana, USA).

Measurement of free carnitine and acylcarnitines concentrations and
enrichments in plasma
Briefly, for carnitine analysis the samples were prepared for concentration and 13C
enrichments. For concentration: 100 µL of cold acetonitrile was added to 10 µL of
plasma sample, shortly vortexed and then 100 µL of internal standard ([8,8,8-2H3]octanoyl-L-carnitine and [10,10,10-2H3]-decanoyl-L-carnitine) was also added to the
mix. For enrichments: 100 µL of cold acetonitrile was added to 10 µL of plasma sample,
shortly vortexed, and then 100 µL of 80% methanol in milli-Q water was added to
the mix. After, samples from both sets were vortexed again and centrifuged (RT, max
speed 20,000g) for 10 min. Finally, 150 µL from each sample were transferred to a GC
injection vial with insert for analysis.

Organic and amino acids concentrations and 13C enrichments in plasma
Organic and amino acids were analyzed according to Evers et al. (2). To 100 µL of
plasma in a glass tube 900 µL of milli-Q water was added. Next, on ice, 2 mL icecold chloroform was added, the tubes were closed and vortexed for 30 min at 4°C.
After, samples were centrifuged at 1250xg for 10 min. The upper aqueous phase was
transferred to a clean glass tube and dried at 37°C under a stream of nitrogen. The
sample was derivatized by the addition of 40 µL methoxyamine-HCl in pyridine (2%
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v/v), incubated for 90 min at 37°C, cooled down at RT, centrifuged for 1 min at
1250xg at RT, after which 60 µL of MBTSTFA + 1% TBDMCS was added, incubated
at 55°C for 60 min and cooled down at RT. Finally, all tubes were centrifuged for 10
min at 1250xg RT, and the derivatized sample was transferred into a glass vial with an
insert with a screw-cap for GC-MS analysis.

Fatty acids 13C enrichments in plasma
To 50 µL of plasma, C17 internal standard (50 mg C17:0 in 100 mL methanol) were
added. Fatty acids were hydrolyzed in 2 mL of methanol-HCl (5:1 vol/vol) for 4 hours
at 90°C in a closed glass tubes. Fatty acids were later extracted in 2 mL hexane, vortex,
centrifuged (5 min at 800xg) and evaporated while heating at 45°C. The methylated
fatty acids were re-dissolved in 200 µL hexane and pipette into a new GC-vial with
insert to be analyzed (3).

Corrections and calculations
Normalization of the mass isotopologues distributions measured by GCMS
All data measured by GC-MS (m0-m+6) was first corrected for the natural abundance
of 13C by multiple linear regression according to Lee et al. (4) to obtain the excess
fractional distribution of mass isotopologues (M0-M+6).
Acetate, propionate, and butyrate contribution to glucose
The individual contributions of acetate, propionate, and butyrate to the labeling of
glucose were calculated by taking into consideration known biochemical pathways,
the stoichiometry to molecules of glucose per each SCFA, and the amount delivered.
13
C carbons in [1,2,3-13C3]-propionate will be scrambled when converted to fumarate
resulting in [1,2,3-13C3]-oxaloacetate and [2,3,4-13C3]-oxaloacetate, respectively.
The conversion of these oxaloacetate isotopologues into phosphoenolpyruvate (PEP)
by the PEP carboxykinase (PEPCK) will result in [1,2,3-13C3]-PEP and [2,3-13C2]PEP, respectively, and equal contribution of M+3 and M+2 glucose to the isotopologue
distribution, respectively. The breakdown of [1,2,3,4-13C4]-butyrate to two [1,2-13C2]acetyl-CoA could lead to equal contribution of M+1 and M+2 to glucose due to scrambling
at fumarate in the TCA cycle. Moreover, 1 molecule of butyrate gives rise to 2 molecules
of acetate labeling 2 molecules of glucose. [1-13C1]-acetate is converted to [1-13C1]-acetylCoA equally contributing to M+0 and M+1 glucose to the isotopologue distribution due
to scrambling at fumarate in the TCA cycle. Multiple linear regression was performed
with the measured and corrected isotopologue distribution of glucose and the expected
labeling of glucose by the SCFA.

185

5

Chapter 5

Supplementary Results
Study logistics and drop-outs
In study 1 during the first test session, two subjects were excluded due to failure of
catheter placement in the ileum/colon (the catheter coiled up in the stomach). This
resulted in adaptations in the catheter progression protocol, namely the balloon was
kept inflated continuously and the insertion speed was reduced to a maximum (10 cm/
hour). After these adaptations, the progression of the catheter occurred as expected,
but one subject had to stop due to vomiting. Thus, from the five subjects, only two
subjects fully completed study 1. In study 2, 10 subjects were included in the study and
randomly allocated to the NDC (n=5) or placebo (n=5) group. One subject dropped
out during the supplementation period due to the emergence of AEs, namely diarrhea.
Three subjects were excluded due to failure of post-pyloric catheter placement. The
remaining six subjects completed study 2, and compliance was 101±4.9% for the
different intervention products, based on percentages of product packages returned.
The percentage is higher than 100, because one subject incidentally also consumed the
extra supplement that was provided. The total radiation effective dose that subjects were
exposed to while verifying the catheter positioning using fluoroscopy was a calculated
mean of 0.06 (range 0.005-0.22) mSv, which can be considered very low. The dose varied
upon the exposure time to fluoroscopy, mainly depending on the time the placement
procedure took.

Evaluation of (dis)comfort
The study procedures caused expected discomfort and AEs. Only in study 2, the
participants were asked to fill in a questionnaire with visual analog scales about the
study procedures, labeled with ‘no pain/discomfort’ (0 mm end) and ‘a lot of pain/
discomfort’ (100 mm end). Nine subjects that had the catheter inserted graded throat
pain with 33±22 mm, nasal pain with 38±23 mm, and nausea with 28±37 mm. Catheter
placement was graded with 45±24 mm, catheter progression with 29±24 mm (n=7), and
catheter removal with 51±33 mm. 67% of the participants indicated that they would
undergo the same procedure again for clinical research, but only 33% of the participants
indicated that they would undergo this procedure twice within two months.
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Supplementary Figure 1. Design of the naso-intestinal catheter.
In the cross-section view, the different lumina are shown. The radio-opaque marker is used for visualization by
fluoroscopy.
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Supplementary Figure 2. Flow chart of study 1 and study 2.

Supplementary Figure 3. The presence of NDC constituents (A) or the non-absorbable
marker PEG-4000 (B) in the ileum or proximal colon of healthy male subjects over time.
Data is shown as mean ± SD, n=7 subjects. The data of the transverse colon, is not included in this figure.
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5
Supplementary Figure 4. The rarefaction curves of all intestinal and fecal samples.
When the curve reaches a plateau, this means the sequencing depth (reads per sample) was high enough to measure
all amplicon sequence variants (bacteria) present in the sample. Control samples (water, TiO2 and MOCKs) are
excluded from this figure.

Supplementary Figure 5. The relative abundances of the selected bacteria Streptococcus,
Bifidobacterium, Lactobacillus, and Bacteroides over time inside the ileum or colon of
healthy male subjects.
The grey dots and lines represent the individual patterns. The red line represents the mean relative abundance, and
the black line represents the locally estimated scatterplot smoothing curve. All samples that could be obtained from
n=8 subjects were included in the graphs.
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Supplementary Figure 6. Concentrations of total PYY and total GLP-1 in plasma of
healthy male subjects before and after consumption of the NDC bolus with 10 grams FOS
and GOS.
The lines represent the individual patterns. The black line represents the locally estimated scatterplot smoothing
curve (n=6 subjects in study 2). PYY, peptide YY; GLP-1, glucagon-like peptide 1; NDC, non-digestible
carbohydrates.

Supplementary Figure 7. The glucose and citrate enrichment ratios per labeled pattern
(M0-M+5, M+6 not detected) from SCFA delivered in the intestine, and the total plasma
glucose concentration over time.
(A) Glucose enrichments per label pattern detected and (B) blood glucose concentrations. (C) Citrate glucose
enrichments per label pattern detected. The black arrow indicates the start of luminal isotope infusion (10 mL
containing 10 mmoles [1-13C]-acetate, 4 mmoles [1,2,3-13C3]-propionate and 1 mmol [1,2,3,4-13C4]-butyrate)
through the catheter. This is considered to be time 0 for all subjects to match both studies. The grey arrows indicate
the drinking of the non-digestible carbohydrates (NDC) bolus in both studies (-150 min for study 1, light grey
arrow, and -120 min for study 2, dark grey arrow). Data is represented as mean (A, C) and n=8 individual
subjects (B).
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Supplementary Table 1. The differential fecal bacteria (P-values<0.05) and short-chain
fatty acids in feces of healthy male subjects after 7-days supplementation.
The NDC group received 15 g/day FOS:GOS for 7 days, and the placebo group received isocaloric maltodextrin.

Bacteria on genus level
g__Holdemanella
g__Coprococcus_3
g__Ruminococcaceae_NK4A214_
group
Short-chain fatty acid
Acetate
Propionate
Butyrate

NDC group
(n = 4)
Relative abundance
(%)
0±0
0.112 ± 0.135
0.0841 ± 0.112

Placebo group
(n = 3)
Relative abundance
(%)
1.98 ± 3.66
0.337 ± 0.332
0.483 ± 0.591

P-value
0.0319
0.0497
0.0497

FDR
P-value
N.S.
N.S.
N.S.

Concentration (mM) Concentration (mM) P-value
120.6 ± 78.3
36.8 ± 20.2
29.6 ± 21.2

96.0 ± 67.8
30.9 ± 18.0
23.8 ± 17.3

0.289
0.289
0.157

-
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Abstract
Background
The non-digestible carbohydrates (NDC), galacto-oligosaccharides (GOS) and fructooligosaccharides (FOS; synonym oligofructose), are food ingredients applied to improve
human health. The knowledge about the digestibility of FOS and GOS throughout the
small intestine of people is, however, scarce. We investigated the breakdown kinetics of FOS
and GOS mixtures inside the intestine of healthy men.
Methods
Data was used of seven healthy Dutch male subjects (18-60 years, BMI 18.5-30 kg/m2)
obtained through two clinical trials. Subjects were intubated with a catheter in the distal
ileum or proximal colon. They consumed an NDC bolus with 5 gram chicory derived FOS
(degree of polymerization DP2-10), 5 gram GOS (DP2-6), and 5 gram non-absorbable
marker PEG-4000. Postprandially, intestinal content was frequently collected over a period
until 350 minutes. Mono-, di, and oligosaccharide profiles and PEG-4000 were analyzed in
the intestinal content.
Results and Conclusion
The mean estimated recoveries of FOS and GOS were 96±25% and 76±28%, respectively.
The relative abundances of FOS DP≥2 and GOS DP≥3 compounds in the distal small
intestine or proximal colon were similar to the consumed NDC bolus dose. GOS dimers, the
DP2 fraction, had a lower relative and absolute abundance in the distal ileum and proximal
colon compared to the NDC bolus. The mean estimated recoveries were 22.8±11.1% for
β-D-Gal-(1↔1)-α-D-Glc+β-D-Gal-(1↔1)-β-D-Glc, and 19.3±19.1% for β-D-Gal(1→2)-D-Glc+β-D-Gal-(1→3)-D-Glc, while the recoveries for β-D-Gal-(1→6)-D-Gal and
β-D-Gal-(1→4)-D-Gal were 43.7±24.6% and 68.0±38.5%, respectively. Lactose, present
in the GOS mixture, was still present at the end of the small intestine or the proximal
colon of all participants (recovery range, 27.9-47.5%). Altogether, our findings show that
FOS of DP≥2 and GOS of DP≥3 were not digested in the small intestine in vivo in healthy
adults, while most of the prebiotic GOS DP2 fraction was hydrolyzed in the small intestine
in a structure-dependent fashion. We provide direct evidence on the resistances of GOS
(DP2 fraction) with distinct β-linkages in the human intestine. This is opening the future
development of new tailored GOS prebiotics that completely resist digestion in the small
intestine.
Keywords
Digestion; oligosaccharides; small intestine; ileum; prebiotics; lactose; human
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Background
Non-digestible carbohydrates (NDCs) are valuable food ingredients applied for their
health benefits (1). Galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS)
are examples of soluble NDCs that serve as fermentable substrates for the gut microbiota,
and their degree of polymerization (DP) fractions ≥3 are also classified as dietary fibers
(2, 3). Moreover, they are also prebiotics, which are defined as is ‘a substrate that is
selectively utilized by the host microorganisms conferring a health benefit’ (4). Both
FOS and GOS are naturally present in various foods. However, they are also industrially
produced as ingredients to add to foods or supplements to improve the nutritional value
of the food and/or for human health purposes (2). For instance, FOS and GOS are
added to infant formula to mimic the health effects of endogenous oligosaccharides in
human milk (5). They are also added to food products to increase the fiber content for
adults (6). Both FOS and GOS are known to selectively stimulate beneficial gut bacteria
(7).
Fructans, including inulin and oligofructose, are naturally found in a variety of foods
such as whole grains, vegetables (e.g. garlic, artichoke, chicory root, onions), and fruits
(e.g. bananas) (8-10). FOS (DP 2-10) is produced via partial enzymatic hydrolysis of
inulin that is extracted mainly from chicory roots (11). Alternatively, FOS (DP2-5)
may be prepared from sucrose or fructose (9). FOS consist of a linear series of ß-(2,1)
linked fructose units, attached to a terminal fructose by a ß-(2,1) bond (Fn series), or to
a terminal alpha-D-glucose by an α-(2,1) bond (GFn series) at the non-reducing end,
with a DP up to 10 (9, 12). Inulinases degrade FOS and can be classified into endoand exo-inulinases. Endo-inulinases (2,1-β-D-fructan fructanohydrolase) split internal
β-(2,1) fructofuranosyl linkages, whereas exo-inulinases (β-D-fructohydrolase) split off
fructose units at the terminal non-reducing end (13). Several micro-organisms residing
in the human gut possess these enzymes (13), whereas host enzyme sucrase-isomaltase
in the small intestine can split sucrose (α-D-Glc-(1→2)-β-D-Fru) (14) but not ß-(2,1)
linked fructose units.
GOS is naturally present in human milk (15), as well as in the generative part of plants
such as beans or legumes (e.g. lentils, chickpeas) (16). They can also be produced via
hydrolysis and transgalactosylation of lactose by β-galactosidases (17). The production
results in a mixture of galactose chains varying in DP (2 to 8), and linkages (17), namely
β-(1,2), β-(1,3), β-(1,4), or β-(1,6), attached to a terminal galactose or glucose unit
(17-19), or isomers with a (1↔1) linkage (18). The effects of GOS on the microbiota
composition, intestinal immunity, and intestinal barrier function are dependent on
monomer composition, DP, or linkage type (20-22). This highlights the importance of
structure-dependent health effects. Degradation of GOS in the intestinal tract requires
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glycoside hydrolases, specifically β-galactosidases (23, 24). Specific micro-organisms
residing in the gut, such as bifidobacteria, contain β-galactosidases with different
activities (25). One type of β-galactosidase, lactase, hydrolyzes lactose into galactose and
glucose. Lactase is the only β-galactosidase that is also encoded by humans and is found
attached to the intestinal brush border membrane (26, 27). Its levels are decreased by
early childhood and further decline during aging. The decline however varies among
ethnic backgrounds, as for instance Northern European adults have persistent lactase
activity, potentially caused by a mutation (28).
Despite the large interest in FOS and GOS due to their potential health benefits, the
information about their digestibility in the human small intestine is limited. Developing
and applying carbohydrates that are non-digestible in foods is of interest because they
have low caloric value (obesity prevention), give a low or extended glycemic response,
and can function as substrates for the colonic microbiota. There is a generally accepted
view that NDCs pass through the small intestine without substantial modifications
(29). However, some animal studies hint towards some NDC fermentation in
the small intestine (30, 31), and in vitro FOS and GOS can be fermented by
ileostomy bacteria (32). Breakdown of FOS by human intestinal bacteria in vitro
was shown to occur in a size-dependent fashion (32). Moreover, FOS (33, 34) and
4’-galactosyllactose (GOS DP3) (35) are resistant to digestion by the rat digestive
enzymes of the GI-tract in vitro (33-35), but GOS with specific linkages (e.g. β-(1,4))
was slightly digested in vitro by rat (34, 36) or pig digestive enzymes (37). Several studies
investigated the resistance of FOS (38) or inulin (39, 40) to digestion and absorption
in the human small intestine. Chicory inulin and oligofructose were recovered in the
ileostomy effluent of patients, 88% and 89% respectively, suggesting minor losses due to
hydrolysis or bacterial degradation during small intestinal passage (40). In another study
in ileostomy patients, artichoke inulin was not fully recovered from the small intestine
(39). Similarly, using intestinal aspiration in healthy volunteers, a minor fraction of
chicory FOS was not recovered from the small intestine (38). However, a detailed
analysis of the fate of individual FOS DP fractions was not provided. So far, no clinical
trials studying GOS digestion in humans have been conducted. Consequently, there is a
need for studies to investigate in vivo digestibility, as well as potential acid hydrolysis of
FOS and GOS through the stomach and small intestine of healthy subjects with analysis
of their final DP to verify their intact arrival in the colon. Intestinal catheters proved to
be valuable tools to study digestion in the human intestine (41).
In the current publication, we assessed the digestibility of FOS and GOS, including
the digestible carbohydrates (i.e., mono- and dimers) in these mixtures, in the distal
small intestine or proximal colon of healthy men. We used data from two previously
performed feasibility trials (chapter 5), where intestinal samples were collected over
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time after consumption of a drink with FOS and GOS. We provide direct evidence in
humans on the resistances of prebiotic compounds with distinct linkages, monomer
compositions, and sizes, opening the future development of new tailored (potential)
prebiotics.

Material and methods
Study subjects
We used data from two previously performed human clinical trials (chapter 5). In both
studies, Dutch subjects with an age between 18-60 years and a BMI between 18.530 kg/m2 were included. The main exclusion criteria were having a history of medical
or surgical events, the use of any prescribed or non-prescribed medication during
the three weeks prior to study start, smoking, use of pro- pre- or antibiotics within
3 months before the study start, having infrequent bowel movements (less than three
times per week), and more than 21 alcoholic consumptions per week. They were not
lactose intolerant. Both studies were approved by the Medical Ethics Committee of
Wageningen University, and registered at ClinicalTrials.gov, identifiers: NCT04013607
(study 1) and NCT04499183 (study 2). All subjects gave written informed consent.
All subjects filled in a food frequency questionnaire to determine their habitual dietary
intake. The six subjects with measurements in the distal ileum are referred to as distal
ileum1-6, one subject with measurements in the proximal colon is referred to as proximal
colon1. Two subjects finalized study 1 (distal ileum1-2), and six subjects finalized study
2 (distal ileum 3-6 and proximal colon1). The data of both studies are jointly analyzed
and presented in the current study.

Study design
All details about the study designs and study logistics are described previously (chapter 5).
In short, study 1 was an acute feeding test day. Study 2 was a 7-day parallel intervention
with either 15 g/d NDCs or isocaloric maltodextrin, followed by the same acute feeding
test day. The 7-day intervention study was found not to affect the luminal microbiota
and was therefore not further researched in this publication. One day before the acute
feeding test day, subjects were intubated with a 300 cm long naso-intestinal catheter
with a 1.9 mm aspiration channel (Mui Scientific, Ontario, Canada) that progressed
towards the distal small intestine or proximal colon using an inflatable balloon. The
next morning, after an overnight fast, subjects visited the hospital again for the test day.
Subjects consumed a liquid bolus with NDCs. Afterwards, subjects were not allowed
to eat or drink, except water. 120 minutes after NDC bolus consumption, an intraintestinal infusion was delivered with a total volume of 20 mL. This part of the study
is described in chapter 5 and will not be discussed here. Using the catheter aspiration
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channel, we aimed to collect luminal samples at baseline, 60, 90, 120, every 20 minutes
between 130-310 minutes (study 1) or between 130-390 minutes (study 2), and every
40 minutes between 310-490 minutes (study 1 only). Intestinal luminal content was
collected using 5 cc syringes in 5 mL tubes, thoroughly mixed, and divided into aliquots
which were put on dry ice immediately, and stored at -80°C.

The NDC bolus
The NDC bolus (Figure 1) consisted of 5.4 gram chicory FOS (Frutalose® OFP; Sensus,
the Netherlands: 7% mono- and dimers and 93% oligosaccharides) and 7.1 gram GOS
(Vivinal DOMO GOS, FrieslandCampina, the Netherlands: 30% mono- and dimers,
of which ~20% lactose, and 70% oligosaccharides) to reach a 1:1 ratio of FOS and GOS
oligosaccharides (5 gram each) in the final bolus in 200 mL tap water. Additionally,
5 gram of non-digestible marker polyethylene glycol 4000 (PEG-4000, Dulcosoft,
Sanofi-Aventis, Germany) was dissolved in the bolus. Frutalose® OFP contains 93%
oligosaccharides with a DP≤10, and 7% fructose, glucose, and sucrose. Vivinal GOS
contains 70% oligosaccharides with a DP≤6 and 30% glucose, galactose, and lactose, of
which around 20% lactose. In total, the NDC bolus contained a mean amount (± SD)
of 0.36 ± 0.00 g glucose+galactose, 0.26 ± 0.22 g fructose, 1.7 ± 0.46 g lactose, and 0.41
± 0.09 g sucrose. The water-soluble PEG-4000 is not absorbed or metabolized in the
GI-tract (42) and was therefore used to correct for removal of FOS and GOS from the
sampling location by transit time rather than digestion.

Measurement of the carbohydrates in intestinal contents
Luminal samples were analyzed for their mono-, di-, and oligosaccharide profiles by high
performance anion exchange chromatography (HPAEC) with pulsed amperometric
detection (PAD). The HPAEC-PAD system, columns, and elution conditions were used
as described elsewhere (43). Hundred µL luminal content was centrifuged (10 min, 4°C,
15 000xg). The supernatants of most of the samples from subjects distal ileum1 were 10x
diluted, distal ileum2 50x diluted, distal ileum3 10x diluted, distal ileum4 300x diluted,
distal ileum5 200x diluted, distal ileum6 200x diluted, and from the proximal colon1
100x diluted. The dilution factor was based on a pre-measurement. A range of dilutions
of the NDC bolus (50-200 µg/mL) was included in the run, to cover the linear range
of each compound in the bolus. Identification of individual FOS and GOS isomers
was partly based on commercial standards. For identification of FOS and GOS isomers
for which commercial standards were not available, the elution profiles of the luminal
content were compared with the elution profiles of Frutalose® FOS (50-200 µg/mL),
Vivinal GOS (50-200 µg/mL), Vivinal GOS DP fractions (DP2, DP3, DP4, and DP5),
and FOS and GOS profiles characterized in previous research (19, 22). The standards of
the constituent DPs of GOS were obtained previously by size-exclusion chromatographic
fractionation of Vivinal GOS (18). We relied on the tentative identification of GOS
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(DP2) compounds described in previous studies (19, 44). Quantification of glucose,
galactose, fructose, sucrose, lactose, 1-kestose, 4-galactosyllactose, 6-galactosyllactose
was possible by including these as standards (Sigma-Aldrich) in the range of 4-20 µg/
mL. The data were analyzed with Chromeleon 7.2 SR4 software. The area of each peak
was quantified, and peak areas were normalized to the total NDC area of that specific
sample to calculate the relative abundance. The total peak area of compounds from
FOS and GOS mixtures that co-eluted in one peak were included in both the analysis
of FOS and GOS. The percentage recovery of the NDC compounds in the intestine
compared to the NDC bolus was estimated using the following formula: [(NDC
compound in the intestine/PEG in the intestine)/(NDC compound in the bolus/PEG
in the bolus)]*100%.

Measurement of the non-absorbable marker in intestinal contents
Concentrations of PEG-4000 were quantified using an anti-PEG sandwich ELISA
assay. In short, plates (Nunc MaxiSorp) were coated with 50 µL per well with 5 μg/mL
rat5M-PABM-A anti-PEG antibody (IBMS Academia Sinica, Taiwan) in coating buffer
(5.3 g/L Na2CO3, 4.2 g/L NaHCO3, pH 8.0) overnight (4°C, shaking at 50 rpm).
Plates were washed five times with 1x phosphate-buffered saline (PBS) and blocked
with 200 µL 1% BSA/1x PBS per well for two hours at room temperature. Tween
was not added to the washing buffer, because the structure is similar to PEG-4000,
and therefore interferes with the assay. PEG-4000 standards (0.1-10000 µg/mL) and
samples were diluted in buffer (1% BSA/1x PBS). After another washing step, 50 µL
standards or 50 µL intestinal content (500 or 1000 times diluted) was added for one
hour at room temperature, while shaking at 50 rpm. To assess matrix effects, known
PEG-4000 concentrations were spiked in small intestinal content without PEG that was
diluted 10, 100, or 1000x in dilution buffer. Afterwards the plates were washed, and 50
µL per well 6.3-PABG-B biotin anti-PEG detection antibody (IBMS Academia Sinica,
Taiwan) was added in a concentration of 5 μg/mL in dilution buffer for 1 hour at room
temperature. After plate washing, 50 µL per well of 0.5 μg/mL streptavidin conjugated
to horseradish peroxidase (Jackson Immunoresearch Europe Ltd, UK) in dilution buffer
was added for 45 minutes at room temperature. The plate was washed again, and 100
µL freshly prepared 0.5 mg/mL AzBTS-(NH4)2 (Sigma-Aldrich) in 100 mM phosphatecitrate buffer was added per well. Directly before use, 0.2 µL/mL 30% H2O2 was added
to the AzBTS-(NH4)2 substrate solution. After 8 minutes of incubation in the dark,
absorbance was read at 414 nm.

Presence of predicted microbial genes related to FOS and GOS breakdown
Microbiota composition in the luminal content was determined via sequencing of the
variable V4 region of the 16S rRNA gene using Illumina HiSeq2500, as described
previously (chapter 5). The predicted functionality of bacteria in the intestinal lumen was
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compared to the predicted functionality of fecal bacteria. A fecal sample was collected
on the day before the test day. The abundances of microbial genes were predicted based
on the 16S rRNA gene sequences using the phylogenetic investigation of communities
by reconstruction of unobserved states algorithm (version PICRUSt2) with default
settings, but the minimum alignment was set to 60% (45). The mean (±SD) nearest
sequenced taxon index, which is the average branch length that separates each amplicon
sequence variant (ASV) from a reference bacterial genome, weighted by the abundance
of that ASV in the sample, was 0.17±0.16. Within the sample, the abundance of the
selected microbial gene was divided by the abundance of the total microbial genes to
calculate the relative abundance. Relative abundance in the ileal samples was compared
to the relative abundances in feces using the non-parametric Kruskal-Wallis test.

Results
Subject characteristics
In total, eight healthy male subjects finalized both clinical trials. One subject was
excluded from the analyses, because the catheter tip was located in the transverse colon.
The baseline characteristics of the other seven subjects are jointly summarized in Table
1. In six subjects, the catheter was located in the distal ileum, at a mean estimated
distance of 21±16 cm (range 10-50 cm) from the ileo-cecal valve. In one subject, the
catheter was located in the proximal colon. Due to sampling difficulties, particularly in
the proximal colon, not at every time point an intestinal sample was collected.
Table 1. Baseline characteristics and habitual daily intake of (macro)nutrients in healthy
male subjects1.
Age, years
BMI, kg/m2
Total kcal/d
Total carbohydrates2, g/d
Mono- and disaccharides, g/d
Polysaccharides3, g/d
Fiber4, g/d

n = 7 subjects
34.6 ± 17.4
23.8 ± 2.5
2528.3 ± 207.3
256.8 ± 39.6
88.5 ± 36.5
168.2 ± 26.3
28.8 ± 8.5

Values are presented as means ± SD, n=7 subjects. 2Dietary fiber is not included in the total carbohydrates.
Polysaccharides include digestible carbohydrates and low molecular weight fibers. 4Fibers include high molecular
weight fibers, insoluble fibers in water, fibers soluble in water and precipitated by 78% ethanol, not low molecular
weight fibers (e.g. fructan, GOS).
1
3

Characterization of the NDC bolus
The HPAEC-PAD chromatograms of the NDC bolus, and the original FOS and GOS
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supplements are visualized separately (Figure 1). Some peaks represent compounds
coming from both the FOS supplement and the GOS supplement, so-called co-elution,
namely glucose+galactose (peak #3), GOS DP3+FOS DP2 (peak #13), GOS DP4+FOS
DP4 (peak #15), and GOS DP4+DP5+FOS DP3 (peak #17). Most compounds were
distinguished to come from either the GOS mixture or from the chicory-derived FOS.
An overview of all characterized compounds is presented in Table 2. Except for the
monomers, lactose, and sucrose, the quantification was limited to the relative abundance
of each component in the total NDC bolus due to the lack of commercial standards.

6

Figure 1. HPAEC-PAD elution patterns of the NDC bolus, the FOS mixture, and the GOS
mixture.
The peaks are numbered 1-27, the corresponding compounds are described in Table 2. FOS, fructo-oligosaccharides;
GOS, galacto-oligosaccharides; NDC, non-digestible carbohydrates; PAD, pulsed amperometric detection.
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Lactose
DP2
Sucrose
DP2
GOS DP3

GOS DP2+
GOS DP4
GOS DP2

FOS DP3

GOS DP3 + FOS
DP2

GOS DP3+DP4

2

10

12

13

14

11

9

82

7

6

-

GF2: β-D-Fru(2→1)-β-D-Fru(2→1)α-DGlc
(1-kestose)
F2: β-D-Fru(2→1)-β-D-Fru
(inulobiose)

-

-

-

β-D-Fru(2→1)-α-D-Glc

-

-

β-D-Galp-(1→2)-[β-D-Galp-(1→4)-]D-Glcp
β-D-Galp-(1→2)-[β-D-Galp-(1→6)-]D-Glcp
β-D-Galp-(1→3)-[β-D-Galp-(1→6)-]D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp (4’galactosyllactose)
β-D-Galp-(1→4)-β-D-Galp-(1→2)-D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→3)-D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→4)-]D-Glcp
β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→4)-]D-Glcp

β-D-Galp-(1→4)-[β-D-Galp-(1→6)-]D-Glcp
β-D-Galp-(1→6)-β-D-Galp-(1→4)-D-Glcp (6’galactosyllactose)
β-D-Galp-(1→4)-D-Galp
No information available about DP4.
β-D-Galp-(1→2)-D-Glcp
β-D-Galp-(1→3)-D-Glcp
-

17.66 ± 1.40

β-D-Galp-(1→6)-D-Glcp (allo-lactose)
β-D-Galp-(1→4)-D-Glcp (lactose)
-

4.70 ± 0.72

10.15 ± 1.81

1.23 ± 0.32

11.56 ± 2.40

1.32 ± 0.39

1.93 ± 0.38

1.74 ± 0.35

0.51 ± 0.30

No information available

0.85 ± 0.20

-

β-D-Fru

Fructose
DP1
GOS DP3

5

0.98 ± 0.37

β-D-Galp-(1→6)-D-Galp

-

2

4

0.30 ± 0.18

% of total NDC
bolus
2.18 ± 0.62

6.39 ± 0.97

β-D-Gal-(1↔1)-α-D-Glc
β-D-Gal-(1↔1)-β-D-Glc
No information available

Structures of GOS compounds3

β-D-Glcp (glucose)
β-D-Galp (galactose)

β-D-Glcp (glucose)

Glucose +
galactose
DP1
GOS DP2

3

-

GOS DP3

2

2

Peak in
Identification of peak Structures of FOS compounds
chromatogram
1
GOS DP2
-

Table 2. Compounds present in the NDC bolus1.
The peak area is expressed as relative abundance compared to the total area of all compounds in the NDC bolus, as analyzed by HPAEC-PAD. The NDC bolus elution pattern
is shown in Figure 1. The sum of all percentages is 100% within sample.
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GOS DP4 + FOS
DP4

GOS DP4

GOS DP4+DP5 +
FOS DP3

GOS DP4+DP5

FOS DP5

GOS DP5

GOS DP6

FOS DP4

FOS DP6

FOS DP5

15

16

17

18

19

20

21

22

23

24

β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→2)-D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→3)-D-Glcp
β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→6)-]
D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-DGlcp
-

GF4: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-α-DGlc
(1-β-fructofuranosyl nystose)
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→2)-DGlcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→3)-DGlcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-DGalp-(1→4)- D-Glcp
F4: β-D-Fru(2→1)-β-D-Fru(2→1)-βD-Fru(2→1)-β-D-Fru (inulotetraose)
GF5: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-β-DFru(2→1)-α-DGlc
F5: β-D-Fru(2→1)-β-D-Fru(2→1)-βD-Fru(2→1)-β-D-Fru(2→1)-β-D-Fru
(inulopentaose)

-

F3: β-D-Fru(2→1)-β-D-Fru(2→1)-βD-Fru (inulotriose)

GF3: β-D-Fru(2→1)-β-D-Fru(2→1)-β- β-D-Galp-(1→4)-β-D-Galp-(1→2)-[β-D-Galp-(1→6)-]D-Glcp
D-Fru(2→1)-α-DGlc (nystose)
β-D-Galp-(1→2)-[β-D-Galp-(1→4)-β-D-Galp-(1→6)-]D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→6)-D-Glcp
β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp

3.10 ± 0.46

2.16 ± 0.50

6.32 ± 1.55

0.51 ± 0.10

0.84 ± 0.23

3.19 ± 0.54

1.63 ± 0.32

9.64 ± 1.76

3.12 ± 0.56

4.34 ± 0.41
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GF6: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-β-DFru(2→1)-β-D-Fru(2→1)-α-DGlc
FOS DP6 + FOS DP8 F6: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-β-DFru(2→1)-β-D-Fru
(inulo-hexaose)
GF7: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-βD-Fru(2→1)-β-D-Fru(2→1)-β-DFru(2→1)-α-DGlc
FOS DP7
F7: β-D-Fru(2→1)-β-D-Fru(2→1)β-D-Fru(2→1)-β-D-Fru(2→1)-β-DFru(2→1)-β-D-Fru(2→1)-β-D-Fru
(inulo-eptaose)

FOS DP7

-

-

-

0.46 ± 0.05

2.08 ± 0.30

1.10 ± 0.18

3

1

Data is represented as mean ± SD, n=5 NDC boluses used during different test days during two clinical trials. 2Compound was quantified using commercial standards.
Tentative peak identification of a GOS compound based on previous characterization by van Leeuwen et al. (19), Coulier et al. (44), and adopted from Führen et al. (46).
DP, degree of polymerization; F, fructose series attached to a fructose moiety; FOS, fructo-oligosaccharides; Fru, fructose; GF, fructose series attached to a glucose moiety; Gal,
galactose; Glc, glucose; GOS, galacto-oligosaccharides; NDC, non-digestible carbohydrates.
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The fate of FOS and GOS in the intestine over time
FOS and GOS appeared in the distal ileum or proximal colon within 60-120 minutes
after consumption (Figure 2). The appearance and disappearance of the non-digestible
fraction of FOS and GOS were similar (Figure 2 A, B), namely decreasing from 60 to
270 minutes after bolus consumption, with traces remaining from 270-350 minutes.
Within person (Figure 2 C-I), the concentration of the NDC bolus compounds over
time generally had the same pattern as the concentrations of PEG-4000 over time in
the intestine. Overall, the similar behavior of FOS and GOS compared to PEG-4000
implies the removal of FOS and GOS from the aspiration site due to transit through
the small intestine.

6

Figure 2. The fate of the NDC bolus compounds in distal ileum or proximal colon of
healthy male subjects.
The amount of GOS mixture (A), or the FOS mixture (B) is shown as mean ± SD, n=7 subjects. Compounds
from FOS and GOS mixtures that co-eluted (peak #13, peak #15, and peak #17) are included in both the FOS
and GOS peak area. The total peak area of all NDC bolus compounds, and the concentrations of PEG-4000
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over time in every subject (C-I). The NDC bolus peak area is shown by the black line (left y-axis), and the PEG4000 concentrations are shown by the orange line (right y-axis). The starting time point of appearance differs per
individual, dependent on when the first sample could be obtained. The digestible carbohydrates of the mixtures,
glucose+galactose, fructose, sucrose, and lactose, are excluded from this figure. FOS, fructo-oligosaccharides;
GOS, galacto-oligosaccharides; NDC, non-digestible carbohydrates; PEG, polyethylene glycol.

FOS in the intestine over time
The digestibility of individual compounds in the prebiotic fraction of the FOS mixture
in the small intestine was evaluated (Figure 3). The mean estimated recovery of this
FOS fraction was 96±25% (n=7 subjects). Over time, the relative abundances of the
FOS compounds in the intestine indeed remained constant and were the same as those
in the NDC bolus. Only after 270 minutes, relatively decreased higher DP fractions and
increased GOS DP3+FOS DP2 (F2) (peak #13) was found in three subjects (Figure 3A,
F, H). However, the absolute amounts of peak #13 decreased (Supplementary Figure
2) in a similar manner as PEG-4000. This makes it unlikely that GOS DP3+FOS
DP2 was formed upon degradation of compounds with DP≥3. After hydrolysis of
constituents in FOS, mainly fructose, and to a lower extent glucose, would remain, but
traces of fructose and sucrose were detected only at the first time points of sampling, in
maximum of two or four subjects, respectively (Supplementary Table 1). This indicates
no hydrolysis of FOS or most likely fast fructose absorption in the small intestine.
Minor shifts in the abundances of FOS compounds DP≥2 were found over time in the
distal ileum compared to those ingested, which indicates FOS was mostly resistant to
digestion in the small intestine.

GOS in the intestine over time
We evaluated the digestibility of individual compounds in the GOS mixture in the small
intestine (Figure 4). The digestible carbohydrates in this mixture, glucose, galactose,
and lactose, are excluded from this figure to visualize changes in the prebiotic fraction
(GOS DP2-6). The mean estimated recovery of GOS was 76±28% (n=7 subjects),
which indicates that some digestion occurred in the small intestine. When comparing
the relative abundance profiles of in the intestine compared to the bolus, clearly GOS
DP3-6 did not change before 250 minutes, while the relative abundance of the prebiotic
GOS dimers (DP2 fraction, peaks #1, #4, #10, #11) decreased in the small intestine of
all subjects. Traces of glucose+galactose, as well as lactose, were detected in the distal
ileum or proximal colon of all subjects over time (Supplementary Table 1). In the ileum
of four subjects, negligible concentrations of glucose+galactose were measured already
before the arrival of other NDC bolus constituents. Overall, a lowered abundance of the
prebiotic GOS DP2 fraction was found in the distal ileum and proximal colon, while
abundances of GOS DP3-6 did not change.
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Figure 3. The profile of the compounds originating from the chicory-derived FOS mixture
in the distal ileum or proximal colon of healthy male subjects over time after NDC
consumption.
The relative abundances are shown on the left y-axis, and the diamond shapes connected by the black line show the
area of compounds from the FOS mixture, as measured by HPAEC-PAD (right y-axis). Compounds FOS DP2
(F2, peak #13), FOS DP4 (GF3, peak #15), and FOS DP3 (F3, peak #17) co-eluted with a compound from
the GOS mixture, indicated in red in the legends. The digestible carbohydrates, glucose+galactose, fructose, and
sucrose, are excluded from this figure. The numbers in the legends correspond with peaks in the chromatograms
in Figure 1. Missing samples were the result of sampling difficulties. DP, degree of polymerization; F, fructose
series attached to a fructose moiety; FOS, fructo-oligosaccharides; GF, fructose series attached to a glucose moiety;
GOS; galacto-oligosaccharides.
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Figure 4. The profile of the compounds originating from the GOS mixture in the distal
ileum or proximal colon of healthy male subjects over time after NDC consumption.
The relative abundances are shown on the left y-axis, and the diamond shapes connected by the black line show
the area of compounds from the GOS mixture, as measured by HPAEC-PAD (right y-axis). Compounds GOS
DP3 (peak #13), GOS DP4 (peak #15), and GOS DP4 (peak #17) co-eluted with a compound from the FOS
mixture, indicated in red in the legends. The digestible carbohydrates, namely glucose+galactose and lactose, are
excluded from this figure. The numbers in the legends correspond with peaks in the chromatograms in Figure
1. Missing samples were the result of sampling difficulties. DP, degree of polymerization; F, fructose series attached
to a fructose moiety; FOS, fructo-oligosaccharides; GF, fructose series attached to a glucose moiety; GOS, galactooligosaccharides.
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GOS DP2 compounds in the intestine over time
Since especially the GOS DP2 fraction decreased during transit in the small intestine,
we have plotted the kinetics of all GOS dimers separately (Figure 5, n=7 subjects). The
mean relative abundance of the total GOS DP2 fraction in the distal ileum after NDC
consumption was lower compared to those in the NDC bolus (Figure 5A). Especially
the relative abundances of β-D-Gal-(1↔1)-α-D-Glc+β-D-Gal-(1↔1)-β-D-Glc (Figure
5B) and β-D-Gal-(1→2)-D-Glc+β-D-Gal-(1→3)-D-Glc (Figure 5E) were decreased.
Also, the absolute amounts of these dimers in the intestine were reduced (Supplementary
Figure 1). The mean estimated recoveries (i.e., arrival) in the distal ileum or proximal
colon at time points 60-130 minutes after consumption were 22.8±11.1% for β-D-Gal(1↔1)-α-D-Glc+β-D-Gal-(1↔1)-β-D-Glc and 19.3±19.1% for β-D-Gal-(1→2)-DGlc+β-D-Gal-(1→3)-D-Glc (Supplementary Table 2). In contrast, β-D-Gal-(1→6)D-Gal (Figure 5C) and β-D-Gal-(1→4)-D-Gal+GOS DP4 (Figure 5D) had higher
recoveries, namely 43.7±24.6% and 68.0±38.5%, respectively (Supplementary Table 2).
Overall, the digestibility of the GOS DP2 fraction was dependent on the type of linkage
between the monomers, with β(1→6) and β(1→4) linked dimers being more resistant to
digestion in the small intestine than β(1↔1) and β(1→2)+β(1→3) linked dimers.

Figure 5. Relative abundances of the GOS dimers in the distal ileum or proximal colon of
healthy male subjects over time.
(A) The total GOS DP2 fraction, (B) GOS DP2 peak #1, (C) GOS DP2 peak #4, (D) GOS DP2+4 (peak#10),
and (E) GOS DP2 (peak #11) as a percentage of all NDC compounds detected in the intestine over time. The
means ± SDs are shown, n=7 subjects. The dots show the individual values. The dotted line indicates the GOS
DP2 mean relative abundance (%) in the NDC bolus (n= NDC boluses). Lactose is excluded from the DP2
fraction. DP, degree of polymerization; Gal, galactose; Glc, glucose; GOS, galacto-oligosaccharides.
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Lactose in the intestine over time
Lactose can be digested in the small intestine by the brush-border enzyme lactase.
Figure 6 illustrates the lactose concentrations in the distal ileum or proximal colon of
all subjects over time. The initial mean estimated lactose recovery in the intestine was
42.1±0.3% at 60 minutes, 40.1±4.5% at 90 minutes, 40.0±7.0% at 120 minutes, and
36.3±7.9% at 130 minutes (Supplementary Table 2). The decrease in lactose over time
(Figure 6, blue line) followed the decrease of PEG-4000 (Figure 6, grey line). This
shows the removal of lactose from the aspiration site by peristalsis and not digestion.
The NDC bolus contained a mean amount (± SD) of 1.7±0.46 g lactose (8.5 mg/mL).
Even though we included lactose tolerant subjects, a fraction of lactose likely coming
from the 1.7 g lactose in the NDC bolus was recovered at the end of the small intestine
or in the proximal colon.

Figure 6. Presence of lactose over time in the distal ileum or proximal colon of healthy
male subjects over time.
The PEG-4000 concentration is shown by the grey line on the left y-axis, and the lactose concentration is shown
by the blue line (right y-axis). Lactose originated from the GOS mixture. Missing = no intestinal sample could be
collected at this time point. PEG, polyethylene glycol.
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The presence of predicted FOS or GOS degrading enzymes in the intestinal
samples
Finally, we aimed to address the potential role of the small intestinal microbiota in
the hydrolysis of the GOS dimers. Hence, selected microbial genes were derived from
the total predicted genome, which was predicted based on the microbiota composition
(16S rRNA gene sequencing data). We compared the relative abundance of microbial
β-galactosidase in the ileal samples and feces (Table 3). Feces is used as comparison,
because it has been shown that human fecal bacteria efficiently break down FOS and
GOS in vitro, and hence we expected a higher predicted abundance. The predicted
β-galactosidase relative abundance was significantly lower in ileum microbiota
(0.245±0.109%) compared to fecal microbiota (0.506±0.108%). Fructan β-fructosidase,
involved in FOS breakdown, also had a significantly lower relative abundance in the
ileum versus fecal microbiota, while sucrase had a significantly higher relative abundance
compared to fecal microbiota.
Table 3. The abundance1 of selected microbial genes involved in the breakdown of FOS
and GOS of luminal content and feces of healthy male subjects.
Microbial gene

GOS breakdown
β-galactosidase/β-Dgalactohydrolase
FOS breakdown
Fructan β-fructosidase/
β-D-fructohydrolase*
Sucrase/βfructofuranosidase**

EC number

KO
number

Relative abundance
distal ileum, %
(n = 6 subjects, 52
samples)

Relative
abundance
feces, %
(n = 7 subjects)

P-value2

EC 3.2.1.23 K01190/
K12111/
K12308/
K12309

0.245±0.109

0.506±0.108

0.000a

EC 3.2.1.80 K03332

0.016±0.018

0.042±0.025

0.001a

EC 3.2.1.26 K01193

0.236±0.146

0.097±0.030

0.000a

Data are presented as mean relative abundance (%) of the total genes present in the predicted microbial genome
of the sample ± SD. 2The abundances of the selected genes relative to the total genes in the ileum and feces
were compared using a non-parametric independent samples test. Because of the high variability in microbiota
composition during the day (chapter 5), all samples collected in the intestine are treated as an independent
observation. *Hydrolysis of terminal, non-reducing (2→1) β-D-fructofuranose residues in fructans and sucrose.
**
The substrate includes sucrose. Endo-inulinase (EC 3.2.1.7) was not detected in the dataset. EC, Enzyme
Commission number; FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; KO, KEGG Ortholog.
1

Discussion
We investigated the digestibility of all constituents of FOS and GOS in the human small
intestine in detail, including the digestible mono- and dimers. The relative abundances
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of FOS compounds in the distal ileum or proximal colon of all subjects were comparable
to those ingested, whereas a reduction in GOS dimers was observed. The digestible
dimer lactose present in the GOS mixture was still partly present at the end of the small
intestine or the proximal colon of most participants.

FOS are not digested in the distal small intestine
It has been shown in a previous study that only the GF3 fraction of FOS was slightly
subjected to digestion in an in vitro static digestion model (2 hours incubation, 4-6%
hydrolysis) (47). In another previous in vitro study, using rat small intestine extract,
15% hydrolysis of FOS after 120 minutes of digestion was reported (34). Based on these
findings, we expected minor digestion of FOS in the human small intestine. Indeed, 96%
of FOS was recovered in the distal small intestine or upon arrival in the proximal colon.
In healthy and ileostomy subjects slightly lower recoveries from the small intestine were
reported for FOS (89±9%, (38)) or inulin (87±4%, (39)), respectively. These recoveries
were calculated based on the total ileostomy effluent excretion (39) or after infusing
known PEG-4000 concentrations at a constant rate proximal to the aspiration site to
estimate the total ileal output, and consequently the total output of FOS (38). The
profiles of both FOS F2-F7 fractions (Fn series) and FOS GF2-GF7 fractions (GFn
series) in the human small intestine were comparable to the ratios in the NDC bolus.
The stable profiles in our study, in line with previous findings for FOS GF2, GF3, and
GF4 (38), clearly indicate a negligible breakdown of FOS. When digestive enzymes or
microbiota degrade fructans, a specificity towards lower DP compounds can be expected
(32, 34, 48, 49). In contrast to the GOS dimer digestion, we did not find digestion of
FOS dimers (F2). This shows the resistance of ß-(2,1) linked fructose units towards
digestion. This confirms that not only DP and linkages between monomers determine
resistance towards digestion, but also the monomer composition. Overall, FOS is
minimally or not digested by host enzymes or hydrolyzed (33, 34, 50), nor absorbed
(38), nor fermented by bacteria in the human small intestine.

Linkage- and size-dependent GOS DP2 digestion in the human small
intestine, without digestion of DP≥3
To the best of our knowledge, we are the first to study the digestibility of GOS in
the small intestine of human subjects. Several studies using in vitro static carbohydrate
digestion models showed that GOS was hydrolyzed by small intestine brush-border
enzymes from pigs or rats within two hours, namely 34% (34) and 33% (36) using
rat enzymes, or 23-50% (dependent on the type of linkage) using pig enzymes (37).
Based on these findings and the mean human intestinal transit time, some digestion by
the brush-border enzymes was expected (36). Indeed, the assumed prebiotic and nondigestible GOS DP2 fraction was digested in a glycosidic-linkage dependent fashion,
in line with previous findings in rats (51). GOS β(1↔1) and β(1→2)+β(1→3) linked
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dimers showed higher digestion of 77% and 81%, respectively, than GOS β(1→4) and
β(1→6) linked dimers (32% and 56%, respectively). This linkage-specific breakdown
can be clarified by the binding site of carbohydrases that better accommodates certain
glycosidic linkages (52).
As previously shown, the small intestine bacteria can also ferment GOS (32, 53) with
31-82% degraded before 5 hours (32), but we did not detect fermentation end-products
upon FOS:GOS consumption in the ileum (chapter 5). Differentiating between
digestion by host lactase, which is a type of galactosidase, or degradation by microbial
galactosidases is not possible, since lactase may be released into the intestinal lumen (5456). Another explanation for the decreased GOS dimers could be the passage of intact
di- or oligosaccharides across the intestinal wall as shown before (57-60), but we did
not analyze the appearance of GOS in the blood or urine. In contrast to a study in rats
(51), we showed that in the human intestine the relative abundances of GOS DP3-6 did
not change compared to the abundances ingested via the bolus. This discrepancy may
be explained by the small differences in hydrolyzing activity of disaccharidases between
animals and humans (61). Overall, we show linkage-dependent GOS dimer digestion,
while GOS DP≥3 is not digested in the small intestine of healthy subjects.

Glucose and galactose presence in the distal small intestine
Glucose and/or galactose were detected in the distal ileum or proximal colon of all
subjects over time. Glucose and galactose could have originated from the consumed
NDC bolus, although absorption takes place in the (proximal) jejunum at rates between
0.15 and 0.3 g/min (62-64). The NDC bolus only contained 0.36 g glucose+galactose,
which was expected to be absorbed within minutes. Their presence could also have
resulted from GOS DP2 breakdown (i.e., consisting of glucose and galactose monomers).
A more likely explanation is interference in the analysis due to host compounds, for
instance, mucus saccharides, in the intestinal aspirates with the same elution time as
glucose+galactose. This hypothesis is corroborated by the finding that in four subjects,
low concentrations of glucose+galactose were measured already before the arrival of
other NDC constituents. However, four mucus sugars, galactosamine, glucosamine,
N-acetylglucosamine, N-acetylgalactosamine, did not interfere with glucose+galactose
detection. We may have sampled other (unknown) mucus or host digestive compounds
while aspirating from the intestinal catheter.

Lactose presence in the distal small intestine of healthy Dutch adults
Surprisingly, some lactose was still recovered at the end of the small intestine or in
the proximal colon of all participants. Since we did not observe breakdown of GOS
DP≥3, the lactose fraction is expected to originate from the NDC bolus. Lactose is
degraded by host lactase, highly abundant in the proximal jejunum and gradually
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declining towards the ileum (65, 66). Therefore, we did not expect to detect lactose
in the distal ileum or proximal colon. There was an initial loss of lactose after passage
through the small intestine (52.5-72.1%), while 27.9-47.5% from the 1.7 g ingested
lactose was still present. Afterwards, lactose removal is expected due to peristalsis rather
than digestion in the distal ileum, because the removal of lactose was constant to the
decrease of PEG-4000. The amount of lactose in the NDC bolus was much lower than
the dose, 12-18 g, usually reported giving problems in lactose-intolerant persons (28),
which were excluded in this study. All participants indicated to consume dairy products,
for instance, milk or yogurt, without complaints such as bloating or flatulence (data not
shown). There was no relation between age and lactose recovery and most subjects were
below the age of 25. The supplements, including lactose, were dissolved in only water,
which may have resulted in a rapid GI transit. It is known that when ingested via food,
the intestinal content will have different physical characteristics, flow behavior (mixing),
transit time (67) with consequent effects on nutrient digestion. Our test conditions
may have limited the diffusion of lactose from the lumen to the mucosal epithelium
(68). There is no literature stating that intestinal catheters cause nutrient malabsorption
or influence digestive processes, although intubations may have decreased the small
intestine residence of foods (69) or changed intestinal motor patterns (70). Overall, a
portion of the ingested lactose, present in GOS, was detected at the end of the ileum or
in the proximal colon of healthy Dutch subjects.

Measurement of compounds in the NDC bolus
We provided FOS and GOS together in one drink. By using HPAEC-based
characterization we were able to distinguish most compounds coming from either FOS
or GOS, but not all due to co-elution. Moreover, due to the co-elution of GOS isomers
and oligomers with a different DP, not all individual GOS compounds in the complex
GOS mixture could be annotated (71). Future research could benefit from applying a
characterization method based on UHPLC-MS using a porous graphitic carbon column
to further zoom in to individual GOS components (18). The used non-absorbable
marker in this study, soluble PEG-4000, showed comparable flow behavior as FOS
and GOS in the GI-tract, even though the molecular weight of PEG-4000 (~4000 g/
mol) is higher than the molecular weights of FOS and GOS (e.g. FOS DP5: 828.7
g/mol). In human trials, PEG-4000 is commonly used and quantified in intestinal
contents using a turbidimetric method as proposed by Hyden et al. already decades
ago (72). As the turbidity of intestinal samples differed over time and is expected to
be influenced by other factors besides only PEG, we used a more direct measurement
to quantify PEG-4000. We detected PEG-4000 using high performance size-exclusion
chromatography, but the presence of FOS and GOS interfered with quantification. In
the end, we successfully applied a sandwich ELISA assay using a detection antibody that
binds directly to the PEG-4000 backbone with a low detection limit (0.1 µg/mL) and
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without interference from FOS, GOS, or fecal water without PEG.

Conclusions and implications
In this study, we confirmed that in the human small intestine, FOS/oligofructose chains
of DP≥2 from chicory roots are not digested, absorbed, or fermented by bacteria in the
small intestine. Similarly, GOS chains of DP≥3 were not digested in the small intestine
of healthy adults. Nowadays there is increased interest in structure-function relationships
of NDCs, since depending on the structure they can exert direct immunostimulatory
effects through toll-like receptors or directly in immune cells (49, 73, 74), which are
present mainly in the small intestine. Hence, GOS DP≥3 and FOS≥2 structures can
exert direct effects in this GI-tract region. GOS dimers were partially digested and/
or absorbed in the small intestine in a linkage-specific fashion, showing the key role of
the glycosidic linkage in GOS dimer digestion. Individual compounds with different
linkages and DP have been shown to differ in bioactivity for fermentability in the colon
with consequent health impact (22). One may speculate that studying the effects of
GOS dimers derived from lactose on colonic processes is less relevant, since these may
not all reach the colon as an available substrate in vivo. GOS mixtures can be structurally
distinct, dependent on the source of enzymes used for the production (19). We tested
GOS produced from lactose, thus our results may not apply directly to for instance
GOS produced from lactulose. We provide direct evidence on the resistances of GOS
(DP2) with distinct β-linkages in humans opening the future development of new
tailored (potential) prebiotics, to increase the small intestine indigestibility of prebiotics.
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Supplementary Information

Supplementary Figure 1. The peak area of the GOS DP2 fractions in the GOS mixture and the PEG4000 concentrations in the distal ileum or proximal colon of healthy man over time.
The GOS DP2 peak areas were analyzed by HPAEC-PAD (left y-axis), and the non-absorbable marker PEG4000 concentrations are shown by the orange line (right y-axis). Missing samples were the result of sampling
difficulties. N.D. = GOS DP2 was not detected in this sample. DP, degree of polymerization; GOS, galactooligosaccharides; PEG, polyethylene glycol.
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Supplementary Figure 2. The presence of the GOS DP3 + FOS DP2 (F2) fraction over time in the
distal ileum or colon of healthy man over time after NDC consumption.
This fraction was peak #13 in the chromatogram. N.D. = not detected in this sample. Missing samples were the
result of sampling difficulties. DP, degree of polymerization; F, fructose series attached to a fructose moiety; FOS,
fructo-oligosaccharides; GOS, galacto-oligosaccharides.
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Supplementary Table 1. Concentrations of glucose+galactose, fructose, sucrose, and
lactose in the distal ileum or colon of healthy man over time1.
Time Sample
Glucose+galactose
Fructose (µg/mL), Sucrose (µg/
point collected in (µg/mL2), detected in detected in number mL), detected
(min) number of number of subjects
of subjects
in number of
subjects
(n, %)
subjects
0
n=0
60
n=4
133 ± 102
55.1
15.1 ± 20.8
(n = 4/4, 100%)
(n = 1/4, 25%)
(n = 2/4, 50%)
90
n=7
355 ± 408
60.5 ± 121
49.5 ± 101
(n = 7/7, 100%)
(n = 2/7, 29%)
(n = 3/7, 43%)
120
n=5
422 ± 386
228 ± 395
124 ± 160
(n = 5/5, 100%)
(n = 2/5, 40%)
(n = 4/5, 80%)

Lactose (mg/
mL), number
of subjects

130

n=4

342 ± 243
(n = 4/4, 100%)

138 ± 167
(n = 2/4, 50%)

209 ± 171
(n = 4/4, 100%)

150

n=5

170

n=4

190

n=4

210

n=4

150 ± 276
(n = 5/5, 100%)
173 ± 291
(n = 4/4, 100%)
109 ± 166
(n = 4/4, 100%)
99.9 ± 148
(n = 4/4, 100%)

0
(n=0/5, 0%)
0
(n=0/4, 0%)
0
(n=0/4, 0%)
0
(n=0/4, 0%)

103 ± 224
(n = 4/5, 80%)
405
(n = 1/4, 25%)
88.8 ± 170
(n = 2/4, 50%)
70.2 ± 135
(n = 2/4, 50%)

230

n=5

68.3 ± 52.1
(n = 5/5, 100%)

294
(n = 1/5, 20%)

22.0 ± 49.1
(n = 1/5, 20%)

250

n=3

72.9 ± 70.1
(n = 3/3, 100%)

0
(n=0/3, 0%)

47.6
(n = 1/3, 33%)

270

n=2

290

n=3

310

n=3

330

n=2

350

n=1

27.1 ± 16.0
(n = 2/2, 100%)
7.90 ± 3.77
(n = 3/3, 100%)
8.92 ± 4.81
(n = 3/3, 100%)
14.1 ± 14.6
(n = 2/2, 100%)
23.5
(n = 1/1, 100%)
Glucose+galactose2
1816 ± 226
µg/mL

0
(n = 0/2, 0%)
0
(n=0/3, 0%)
0
(n=0/3, 0%)
0
(n = 0/2, 0%)
0
(n = 0/1, 0%)
Fructose
1304 ± 1087
µg/mL

0
(n = 0/2, 0%)
0
(n=0/3, 0%)
0
(n=0/3, 0%)
0
(n = 0/2, 0%)
0
(n = 0/1, 0%)
Sucrose
2055 ± 443
µg/mL

0.94 ± 1.6
(n = 3/4, 75%)
1.03 ± 1.46
(n = 5/7, 71%)
1.20 ± 1.20
(n = 5/5,
100%)
1.94 ± 1.48
(n = 4/4,
100%)
1.02 ± 1.68
(n = 4/5, 80%)
1.06 ± 1.62
(n = 3/4, 75%)
0.94 ± 1.41
(n = 3/4, 75%)
0.74 ± 1.05
(n = 4/4,
100%)
0.36 ± 0.33
(n = 5/5,
100%)
0.37 ± 0.48
(n = 3/3,
100%)
0.0007 ± 0.001
(n = 1/2, 50%)
0.003 ± 0.004
(n = 2/3, 67%)
0.003 ± 0.004
(n = 2/3, 67%)
0
(n = 0/2, 0%)
0
(n = 0/1, 0%)
Lactose
8.48 ± 2.05
mg/mL

363142 µg/200 mL
(total in NDC bolus)

260800 µg /200
mL (total in NDC
bolus)

441000 µg /200
mL (total in
NDC bolus)

1695 mg/200
mL (total in
NDC bolus)

NDC bolus

Data is represented as mean ± SD, n=7 subjects. 2The concentrations of glucose+galactose were estimated from
the glucose standard curve.
1
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64.0
17.6
72.0
79.4
59.8
52.1
50.6
53.0
>100
0
26.9
31.7
>100
17.6
68.0±5.7
54.9±34.7
37.6±32.7
33.8±17.3

Recovery of peak 4
β-D-Gal-(1→6)-D-Gal
(%)

Recovery of peak 10
β-D-Gal-(1→4)-DGal +
GOS DP4
(%)
>100
>100
>100
>100
99.5
>100
>100
>100
>100
>100
>100
79.4
25.0
>100
>100
>100
62.3±52.7
89.7±14.6

Recovery of peak 11
β-D-Gal-(1→2)-DGlc +
β-D-Gal-(1→3)-D-Glc
(%)
15.3
6.0
6.6
6.1
20.4
16.4
11.8
11.9
42.9
76.5
13.7
9.1
25.3
8.6
11.0±6.2
16.1±15.4
33.5±29.2
11.4±4.4
42.3
43.1
41.9
46.1
34.9
43.7
36.1
33.3
39.7
47.5
35.7
27.9
44.3
37.3
42.1±0.3
40.1±4.5
40.0±7.0
36.3±7.9

Recovery of
lactose (%)

1

The recoveries in the first two samples that could be collected within person during the test day are shown. DP; degree of polymerization, GOS; galacto-oligosaccharides.

Subject and age Time point (min) Recovery of peak 1
β-D-Gal-(1↔1)-α-DGlc +
β-D-Gal-(1↔1)-β-D-Glc
(%)
Distal ileum1, 60
33.7
>35y
90
3.7
Distal ileum2, 60
11.1
<25y
90
12.0
Distal ileum3, 120
44.9
>35y
130
25.8
Distal ileum4, 90
26.1
<25y
120
19.3
Distal ileum5, 90
28.3
<25y
120
34.9
Distal ileum6, 90
28.7
<25y
130
19.6
P r o x i m a l 120
13.6
colon1, >35y
130
16.9
Mean
60
22.4±16.0
90
19.8±11.3
120
28.2±14.3
130
20.8±4.6

Supplementary Table 2. The recoveries of the GOS DP2 fractions and lactose in the distal ileum or proximal colon of healthy man1.
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Abstract
Background
Whole grain wheat (WGW) products are advocated as a healthy choice when compared
to refined wheat (RW). One proposed mechanism for these health benefits may be via the
microbiota, as WGW contains multiple fibers. WGW consumption has been proposed
to ameliorate non-alcoholic fatty liver disease, in which microbiota may play a role. We
investigated the effect of WGW versus RW intervention on the fecal microbiota composition
and functionality, and correlated intervention-induced changes in bacteria with changes in
liver health parameters in adults with overweight or obesity.
Methods
We used data of a 12-week double-blind, randomized controlled parallel trial to examine the
effects of WGW (98 g/d) or RW (98 g/d) intervention on the fecal microbiota composition,
predicted microbiota functionality, and stool consistency in 37 women and men (45-70y,
BMI 25-35kg/m2). The changes in microbiota composition, measured using 16S rRNA
gene sequencing, upon 12-week intervention were analyzed with non-parametric tests, and
correlated to changes in liver fat and circulating concentrations of liver enzymes including
ALT, AST, GGT, and SAA.
Results
The WGW intervention increased the relative abundances of Ruminococcaceae_UCG014 (baseline: 2.2±4.6%, Δ0.51±4.2%), Ruminiclostridium_9 (baseline: 0.065±0.11%,
Δ0.054±0.14%), and Ruminococcaceae_NK4A214_group (baseline: 0.37±0.56%,
Δ0.17±0.83%), and also the predicted pathway acetyl-CoA fermentation to butyrate II
(baseline: 0.23±0.062%, Δ0.035±0.059%) compared to RW intervention (p-values<0.05).
A change in Ruminococcaceae_NK4A214_group was positively correlated to the change in
liver fat, in both the WGW (ρ=0.54, p=0.026) and RW (ρ=0.67, p=0.024) group.
Conclusions
In middle-aged overweight and obese adults, a 12-week WGW intervention increased the
relative abundance of a number of bacteria from the family Ruminococcaceae and increased
predicted fermentation pathways when compared to RW intervention. Potential protective
health effects of replacement of RW by WGW on metabolic organs, such as the liver, via
modulation of the microbiota, deserve further investigation. This trial was registered at
ClinicalTrials.gov as NCT02385149.
Keywords
fatty liver; human microbiota; overweight/obesity; refined wheat; whole grain wheat; fermentation
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Introduction
The consumption of whole grains (WG) is associated with a lower risk of diseases
such as diabetes type 2, cardiovascular diseases, obesity, and certain types of cancer
in observational studies (1-3). In addition, consumption of WG rather than refined
grain has been proposed to prevent non-alcoholic fatty liver disease (NAFLD) (4).
The presence of numerous bioactive compounds makes whole grain, including whole
grain wheat (WGW), nutritionally superior to refined wheat (RW) products (5). In
refined products, both the bran and germ in the wheat kernel, which are rich sources
of dietary fiber, polyphenols, B-complex vitamins, betaine, choline, and minerals, have
been removed (5, 6). However, multiple previous WG interventions in human subjects
have reported conflicting results in improvements in health parameters such as insulin
sensitivity and cholesterol levels (7-10).
The potential health benefits of WGW have also been ascribed to fiber. WGW is a
source of both fermentable and non-fermentable dietary fibers, such as (hemi)cellulose
including arabinoxylan and β-glucan, lignin, and the oligosaccharides raffinose,
stachyose, and fructan (11). Dietary fibers are not hydrolyzed or absorbed in the small
intestine, and therefore can directly interact with the gut microbiota, resulting in the
production of metabolites that are relevant to health (12, 13). Diet affects the microbiota,
and consequently possibly dietary changes (e.g. via interventions) can modulate the
intestinal microbiota composition and functionality (13). Cereal fibers and other
components in WGW such as iron (14), have been shown to be able to modulate the
gut microbiota composition in vitro and in vivo (15, 16). Moreover, multiple human
trials demonstrated an increase in bacteria associated with host health benefits after
WGW interventions, including an enhanced abundance of Bifidobacterium (17, 18)
and Lactobacillus (17, 19). Two trials report an increase in butyrate-producing bacteria
upon WGW or WG consumption (19, 20). However, other human trials did not find
effects of WG on the microbiota composition (21-23). The effects of WGW and WG on
both the composition and functions of the gut microbiota in humans are therefore not
yet well understood. Some previous trials investigated only a selected subset of bacteria
(17, 18, 24) and may have failed to capture the full effects of WGW and RW on the
gut microbiota. It remains to be elucidated if the gut microbiota mediates the health
benefits of WGW in humans.
The fermentable dietary fibers can be broken down by the gut microbiota (11, 25),
producing short-chain fatty acids (SCFAs), mainly acetate, butyrate, and propionate.
SCFAs can reach the liver and the peripheral circulation, where they can affect organ
function and metabolism (26, 27). In vitro studies and animal experiments have shown
that SCFAs increase fat oxidation in liver tissue (28, 29), suggesting a link between
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microbial-produced SCFAs and liver fat. Modulation of the gut microbiota is thought
to play a role in the development of NAFLD and non-alcoholic steatohepatitis (3033). In the review of Ross et al. (4) the effect of WG on the microbiota was proposed
as a potential mechanism in the prevention of NAFLD. The presence of perturbed
metabolic health status, such as being middle-aged and being overweight or obese, is
often a prerequisite for the development of NAFLD (4).
Recently, we performed the Graandioos study (7, 34), and observed that a 12-week
RW intervention increased intrahepatic triglycerides (IHTG) and decreased microbiota
diversity in middle-aged adults with overweight and obesity, whereas a WGW intervention
prevented an increase in liver fat (7). We have previously reported the effect of WGW and
RW on the abundances of a pre-selected subset of bacteria (7). In the current manuscript,
we describe the effects of this randomized, controlled, double-blind, parallel trial with a
12-week WGW versus RW intervention on the complete fecal microbiota composition
with additional analyses, as well as the effects of the interventions on predicted microbial
functionality. Moreover, we investigated the relationship between intervention-induced
changes in bacterial composition and changes in various liver health parameters, such as
IHTG and liver enzymes, to examine the potential role of microbiota in the preventative
effect of WGW in hepatic fat accumulation.

Material and methods
Subjects
50 middle-aged, Dutch men and postmenopausal women (45-70 years, BMI 25-35 kg/
m2) with mildly elevated plasma total cholesterol (>5 mmol/L) participated. Subjects
using cholesterol-lowering medication or subjects that used antibiotics <1 month prior
to day 1 of the study were excluded (for details see (7)). Subjects had no history of
medical/surgical events that may affect the study outcomes. During the screening visit,
subjects filled in a food frequency questionnaire to determine their habitual dietary
intake. Whole grain consumption was quantified by research dieticians using the NEVO
table 2010. This trial was approved by the Medical Ethical Committee of Wageningen
University and registered at ClinicalTrials.gov under NCT02385149. All participants
gave written consent before participation.

Study design and procedures
This study was a randomized, controlled, double-blind, parallel trial (Supplemental
Figure 1). Recruitment and study logistics are described in (7). Before the start of the
intervention, a 4-week run-in period with uncolored RW products was included to
reduce WGW intake variation at baseline. Afterwards, subjects were randomly assigned
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to a 12-week intervention with either WGW products or colored RW products. Age,
gender, BMI, and cholesterol levels were stratified among the intervention groups.
The randomization was conducted using block randomization (Microsoft Excel) by
a researcher who was not involved in the study. Participants were asked to continue
their dietary pattern and dietary habits during the intervention period. They were not
allowed to lose or gain weight during the intervention. Before and after the 12-week
intervention, feces were collected. At test days, liver fat accumulation and metabolic
health parameters were measured. Participants weekly recorded stool consistency using
the Bristol Stool Chart, which describes 7 types of stools ranging from 1: hard/lumpy
to 7: watery without solid pieces. The day prior to the test day, participants consumed
a standardized low-fat evening meal, refrained from alcohol or strenuous exercise, and
were not allowed to eat or drink anything except water after 20:00 h to ensure a fasting
state.

Intervention products
Participants received either WGW or RW products to replace the habitual intake of
grain products. Four slices of bread (in total 100 g/d), and one serving of ready-to-eatcereals (33.4 g/d) were consumed daily. In total, this added up to 98 grams of RW or
WGW flour per day. RW products were colored with roasted wheat malt and caramelized
sugar to match the appearance of WGW products. On the macronutrient and energy
level, the RW and WGW products were similar, except for fiber content. The WGW
products contained 17.6 g fiber/100 g, and the RW products 7.2 g fiber/100 g. The
nutritional composition (macronutrients, vitamins and minerals) of the intervention
products is provided in Supplemental Table 1. During the run-in and intervention
period, consumption of additional whole grain food products was not allowed, including
products from other grain sources (i.e. brown rice), in both the WGW and RW groups.
All participants received a list of WG products to avoid during the intervention. Subjects
were allowed to complement their daily diet with additional refined grain products.

Clinical chemistry and intrahepatic triglyceride accumulation
Lipid content in the liver was quantified with proton magnetic resonance spectroscopy
using a 3T whole body MRI scanner (7). Plasma alanine transaminase (ALT), aspartate
transaminase (AST), gamma-glutamyltransferase (GGT), C-reactive protein (CRP),
and serum amyloid (SAA) were included as liver health markers, which were analyzed as
described previously (7). Beta-hydroxybutyrate was also included as a marker as it can
be synthesized in the liver via the metabolism of butyrate. As a biomarker for WGW
intake, plasma alkylresorcinol was analyzed as described previously (7).

Microbiota library preparations
Feces were collected at home within three days before the test day and were stored at
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-20°C for a maximum of three days. Samples were transferred to -80°C. Fecal material
was mechanically homogenized, and genomic DNA was isolated with the use of an
AGOWA mag Mini kit (AGOWA, Berlin, Germany) according to the manufacturer’s
instructions. The V4 hypervariable region of the 16S rRNA gene was PCR amplified
using F515/R806 primers. PCR products were purified, followed by paired-end
sequencing on an Illumina MiSeq platform, as described previously (7). 22 technical
replicate samples were included in the dataset, which were two aliquots taken from the
same fecal sample at the same time from which all consecutive steps were performed
separately to isolate DNA. Raw sequencing data were first de-multiplexed by trimming
barcodes and primer sequences. Afterwards, the data was processed and amplicon
sequence variants (ASV) were picked with NG-Tax using default settings (35, 36).
Chimeras were detected and filtered when the forward and reverse read of that ASV was
identical to two different ASVs, and the abundance of the matched ASVs were at least
two times the abundance of that specific ASV. The SILVA reference database version 128
was used to assign taxonomy, with a confidence of >80% for genus level classification.

Microbiota composition analyses
R version 3.5.1. was used for all analyses (37). Raw counts were transformed to
relative abundance. Technical replicates were compared by calculating pairwise Pearson
correlation using the genus level relative abundance. Afterwards, bacteria abundance
in technical replicates was averaged. Alpha-diversity was calculated using Faith’s
phylogenetic diversity based on branch length connecting taxa in those samples and
the root node of the phylogenetic tree. Pairwise Weighted Unifrac (38) distance based
principle coordinate analysis (PCoA) was used to visualize overall microbial community
variation (39). Permutational multivariate analysis of variance (PERMANOVA) (40)
was used to test for significant differences in overall community composition between
groups.

Prediction of microbiota functionality and markers for short chain fatty
acid production
Microbial functions were predicted based on the 16S rRNA gene sequences using
the PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States) algorithm (41). The default workflow was followed (41). In short,
ASVs were used as input and aligned to reference sequences using HMMER software
to identify homologous nucleotide sequences using hidden Markov models (42). The
aligned amplicon sequence variants were placed into a reference tree using phylogenetic
placement algorithms (EPA-NG) (43) and GAPPA (44). Nearest-sequenced taxon index
(NSTI) values for each ASV were calculated, which correspond to the branch length of
the tree from the placed ASV to the nearest reference sequence. The NSTI values default
cut-off is 2. For bacteria without available genome sequences, the sequenced relative
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was used as a reference. The tree of ASVs and reference sequences were combined with
information about gene family copy numbers per ASV, to predict the gene content
per ASV after normalizing by 16S rRNA gene copy number using castor (45). The
read depth per ASV was divided by the predicted 16S rRNA gene copy numbers to
control for variation in 16S rRNA gene copy numbers across bacteria. Afterwards, the
predicted gene content per ASV was combined with the ASV known abundances input
to determine gene family abundance per sample. These predicted sample gene family
profiles were used as input, together with a map of gene families to pathways, to infer
pathway abundances using a minimal set of pathways (MinPath, (46)). Per sample,
predicted pathways, EC numbers, and KEGG orthology (KO) metagenomes were
reconstructed for the dataset. Finally, EC numbers are re-grouped to MetaCyc reactions
to predict pathway abundances and coverages (47). For more information about the
PICRUSt2 workflow, we refer to the PICRUSt website: https://github.com/picrust/
picrust2. The compositional count data of predicted pathways and KEGG orthologs
was transformed to relative abundance.

Markers for predicted short chain fatty acid production
KEGG orthologs were selected that could be used as markers for predicted SCFA
production. As markers for acetate production, the enzymes acetate kinase (K00925)
(48), phosphate acetyltransferase (K13788), and putative phosphotransacetylase
(K15024) were selected. As markers for propionate production, methylmalonyl-CoA
decarboxylase (K11264), propionaldehyde dehydrogenase (K13922), propionate CoAtransferase (K01026) (49), and propionyl-CoA synthetase (K01908) were selected. As
markers for butyrate production, butyrate kinase (K00929) and butyryl-coA:acetate
CoA-transferase (α subunit: K01034, β subunit: K01035) were selected (50, 51). For
lactate production, L-lactate dehydrogenase (K00016) and D-lactate dehydrogenase
(K03778) were selected (52).

Statistical analysis
The non-parametric Wilcoxon test was applied for paired comparisons of bacteria
and predicted pathway relative abundances within-diet group over time, due to the
non-normal distribution of the data. The unpaired Mann-Whitney U test was used to
determine the differences between groups at baseline and the differential changes over
time (delta) between intervention groups. Differences in baseline characteristics and food
frequency questionnaire data were assessed using independent t-tests, or Mann-Whitney
U tests, depending on the variable distribution. Bristol Stool Chart scores were analyzed
using linear mixed effects modeling with interventions, time, and the interaction as
fixed effects and subject ID as a random effect (R package lme4). Correlations between
(changes of ) relative abundances of bacteria on genus level and (changes of ) liver health
parameters between paired samples were assessed by Spearman’s rank correlation tests.
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Analyses were performed without and with adjustment for multiple comparisons using
false discovery rate (FDR). Non-adjusted p-values of <0.05 were considered significant,
because modest changes were expected due to the explorative character of this study.

Results
Subject characteristics and stool consistency
Participants with missing fecal samples before or after the intervention (n=5) or use
of antibiotics during the intervention (n=8) were removed from the analysis, resulting
in 16 participants in the RW group, and 21 participants in the WGW group. No
significant differences in baseline characteristics were found between groups, except for
beta-hydroxybutyrate (p=0.043), which was higher in the RW group (Table 1).
Table 1. Baseline characteristics of middle-aged overweight and obese subjects in the RW
or WGW group in a subset of the total study population1.
Variables
Gender, n males2 (%)
Age, y
Body weight, kg
BMI, kg/m2
IHTG3, %
Total cholesterol, mmol/L
CRP2, µg/mL
SAA2, µg/mL
GGT, U/L
AST, U/L
ALT, U/L
Beta-hydroxybutyrate, mmol/L

RW group
9 (60)
60 ± 6.0
84 ± 7.0
27 ± 2.2
3.6 ± 2.5
6.0 ± 0.76
2.9 ± 3.1
2.1 ± 1.9
19 ± 13
19 ± 5.6
31 ± 9.4
0.30 ± 0.20

WGW group
12 (60)
60 ± 5.4
86 ± 9.4
28 ± 2.0
5.5 ± 6.4
6.2 ± 0.71
4.8 ± 7.3
7.2 ± 16
21 ± 13
19 ± 4.7
36 ± 12
0.20 ± 0.20

P-value
0.96
0.97
0.36
0.14
0.83
0.38
0.95
0.76
0.61
0.60
0.18
0.043

Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW), 2Presented as the number and
percentage of males, 3Non-parametric distribution, evaluated with the Mann-Whitney U test. Abbreviations:
ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; CRP, C-reactive protein;
GGT, gamma-glutamyltransferase; IHTG, intrahepatic triglycerides; RW, refined wheat; SAA, serum amyloid
A; WGW, whole grain wheat.
1

The mean habitual WG intake before the start of the intervention was 60.1±59.2 g/d in
the RW group, and 54.4±38.0 g/d in the WGW group (p=0.73; Supplemental Table
2). No significant differences in the habitual intake of WG, total carbohydrates, or
dietary fibers were found between groups. Habitual medication use did not change
during intervention, and analgesic use during the whole study period did not exceed
15 days in total. The stool consistency showed a non-specific trend during the run232
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in and intervention period (Supplemental Figure 2), without a significant effect of
time (p=0.58) or intervention (p=0.64) on the consistency score. The main findings
in this subset of the study population reflected those in the total study population (7),
namely RW significantly increased IHTG compared to the WGW group (p=0.033),
and WGW consumption decreased SAA (p=0.042) and increased beta-hydroxybutyrate
(Supplemental Table 3).

Microbiota composition and predicted pathways at baseline
The microbiota composition and predicted pathway datasets were of high quality
(Supplemental Figure 3, Supplemental information). In total, 1450 unique ASV were
identified in the microbiota dataset within 181 unique genera, and 356 pathways were
predicted to be active in the dataset. Substantial inter-individual variation in microbiota
composition at the genus level was observed at baseline (Supplemental Figure 4),
without clear differences between intervention groups for the average composition.
Without correcting for multiple testing, 7 bacteria and 11 predicted pathways were
significantly different between groups at baseline (Figure 1, Supplemental Table 4).
After FDR correction, none of the bacteria or pathways were significantly different at
baseline.

Figure 1. Significantly different fecal bacteria and bacteria pathways at baseline and upon
12 weeks of RW or WGW intervention in middle-aged overweight and obese adults.
The flow diagram shows the number of bacteria on genus level and the predicted pathways for which the change
in relative abundance was significantly different among interventions. Abbreviations: RW, refined wheat; WGW,
whole grain wheat.
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The gut microbiota diversity
No significant clustering-effect was found between baseline and post-intervention
within and between groups based on overall microbiota profiles (PERMANOVA p
=0.63, Figure 2A). However, the overall microbiota community of most individuals
showed a shift over time.

Figure 2. The effect of 12 weeks RW or WGW intervention on the fecal microbiota diversity
in middle-aged overweight and obese adults.
(a) PCoA plot using Weighted UniFrac dissimilarity to visualize the overall microbiota community variation.
Color and shape highlight the intervention groups before or after the intervention. The lines connect the withinperson samples over time. 95% confidence intervals are plotted, and (b) Microbial diversity as assessed using Faith’s
Phylogenetic Diversity at baseline and after the 12 week intervention (end). Individual paired samples are connected
by a line. The width of the colored shapes indicates the sample density, the squared shape inside indicates the group
means. Abbreviations: PCoA, principle coordinate analysis; RW, refined wheat; WGW, whole grain wheat.
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The change in microbial diversity (Phylogenetic Diversity, PD) (Figure 2B) was not
significantly different between the RW and WGW intervention (p=0.21). Both RW and
WGW intervention did not change microbial diversity (RW: baseline 11.5±1.38 PD,
Δ-0.67±1.66 PD, p=0.19; WGW: baseline 11.0±1.50 PD, Δ-0.09±1.10 PD, p=0.97).
On the group level, no differences were found in the overall microbiota community
composition. Overall, the interventions did not change microbiota phylogenetic
diversity (alpha-diversity) nor the overall community composition (beta-diversity).

The effect of RW and WGW intervention on the microbiota composition
Intervention effects on microbiota abundances were found on genus level between and
within the WGW and the RW group (Table 2). Between groups, four bacteria were
significantly different over time (Figure 3), namely Ruminiclostridium_9 (p=0.003),
Ruminococcaceae_NK4A214_group (p=0.036), Lachnospiraceae_UCG-008 (p=0.044),
and Ruminococcaceae_UCG-014 (p=0.033), without significant differences within
intervention groups. Not all of the aforementioned bacteria were present in all
individuals; in Supplemental Table 5, the number of subjects in which the bacteria
were detected is shown. Overall, WGW intervention increased three bacteria (within
the Ruminococcaceae family) and decreased one bacterium (within the Lachnospiraceae
family), whereas RW intervention mostly decreased these bacteria.

Correlations between the microbiota and liver health parameters
The relative abundances of all bacteria at baseline were then correlated to baseline
IHTG. Significant positive correlations were found between IHTG and Roseburia
(Figure 4, ρ=0.38, p=0.025), Ruminococcus_2 (ρ=0.39, p=0.021), and Faecalibacterium
(ρ=0.39, p=0.020). Significant negative correlations were found between IHTG and
Ruminococcaceae_UCG-010 (ρ=-0.38, p=0.026), Ruminococcaceae_UCG-005 (ρ=-0.40,
p=0.018), and Akkermansia (ρ=-0.36, p=0.035). After removal of two outliers (18% and
26% IHTG), the correlation between IHTG and Ruminococcus_2 was still significant
(p=0.050), whereas for the other bacteria there was a trend towards significance
(p-values between 0.05 and 0.10). After FDR correction, none of these correlations
were significant.
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Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW). 2NS = P-value>0.05. FDR, false discovery rate; RW, refined wheat; WGW, whole grain wheat.
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Ruminococcaceae_UCG-005
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P-value
P-value
P-value

Within RW

0.00 ± 0.00 0.043 ± 0.10 0.10 ± 0.12

Δ Relative
abundance
after 12wk
(%)
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Baseline
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abundance
(%)
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f_Ruminococcaceae; g_
Ruminiclostridium_9
f_Ruminococcaceae; g_
Ruminococcaceae_NK4A214_group
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f_Ruminococcaceae; g__
Ruminococcaceae_UCG-014
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Bacteria

RW group

different within and/or between the WGW and RW group in middle-aged overweight and obese adults1.
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Figure 3. Fecal bacteria on genus level at baseline and after the 12 week of RW or WGW
intervention (end) that were found to be significantly different between the groups in
middle-aged overweight and obese adults.
The relative abundances of (a) Ruminococcaceae_NK4A214_group; (b) Ruminococcaceae_UCG-014; (c)
Lachnospiraceae_UCG-008; and (d) Ruminiclostridium_9 are shown. Data is presented as group mean (the
squared shape), n=16 (RW) or n=21 (WGW), and the width of the colored shapes indicates the sample density.
Individual paired samples are connected by a line. Abbreviations: RW, refined wheat; WGW, whole grain wheat.
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Figure 4. Fecal bacteria on genus level that were found to be significantly correlated with
IHTG at baseline in middle-aged overweight and obese adults.
The relative abundances of (a) Roseburia; (b) Ruminococcus_2; (c) Faecalibacterium; (d) Ruminococcaceae_
UCG-010; (e) Ruminococcaceae_UCG-005; and (f) Akkermansia are shown, fitted with a linear regression
model with a 95% confidence level interval. Non-corrected p-values are shown. Data of n=35 participants is
shown, who had both microbiota and IHTG data at baseline available. Abbreviations: IHTG, intrahepatic
triglycerides.
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Table 3. The significant correlations between changes in fecal bacteria abundances on genus
level, and changes in liver health parameters upon 12 weeks of RW or WGW intervention
in middle-aged overweight and obese adults1.
Taxa (Δ 12 wk)
IHTG (Δ 12 wk)
g__Ruminococcaceae_NK4A214_group
ALT (Δ 12 wk)
g__Bacteroides
g__Bifidobacterium
g__Faecalibacterium
g__Lachnoclostridium
AST (Δ 12 wk)
g__[Eubacterium]_coprostanoligenes_group
g__Butyricicoccus
g__Lachnoclostridium
g__Lachnospiraceae_NK4A136_group
g__Ruminiclostridium_6
CRP (Δ 12 wk)
g__Butyricicoccus
g__Lachnospiraceae_NK4A136_group
g__Parabacteroides
g__Uncultured
GGT (Δ 12 wk)
g__[Eubacterium]_coprostanoligenes_group
g__Erysipelotrichaceae_UCG-003
Beta-hydroxybutyrate (Δ 12 wk)
g__Erysipelotrichaceae_UCG-003
g__Lachnospiraceae_ND3007_group
g__Ruminococcus_2
g__Streptococcus
SAA (Δ 12 wk)
g__Anaerostipes
g__Blautia
g__Butyricicoccus

RW
WGW
Spearman P-value FDR
Spearman P-value FDR
rho
P-value rho
P-value
0.67

0.024

NS2

0.54

0.026

NS

0.30
0.77
-0.11
0.60

NS
0.001
NS
0.014

NS
NS
NS
NS

-0.44
-0.14
-0.46
-0.20

0.048
NS
0.037
NS

NS
NS
NS
NS

0.53
0.51
0.51
0.53
0.10

0.034
0.045
0.045
0.036
NS

NS
NS
NS
NS
NS

0.065
-0.22
-0.48
0.35
0.46

NS
NS
0.027
NS
0.036

NS
NS
NS
NS
NS

-0.58
-0.68
0.54
-0.59

0.025
0.007
0.041
0.023

NS
NS
NS
NS

-0.052
0.36
0.25
-0.16

NS
NS
NS
NS

NS
NS
NS
NS

-0.21
0.55

NS
0.028

NS
NS

0.50
-0.071

0.021
NS

NS
NS

-0.027
-0.10
0.13
0.61

NS
NS
NS
0.011

NS
NS
NS
NS

0.67
0.48
0.46
0.48

0.002
0.036
0.049
0.040

NS
NS
NS
NS

-0.23
-0.29
-0.46

NS
NS
NS

NS
NS
NS

0.52
0.53
0.46

0.018
0.015
0.036

NS
NS
NS

7

Values represent the Spearman rho correlation coefficients, n=16 (RW) or n=21 (WGW). 2NS = P-value>0.05.
ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein; FDR, false discovery rate;
GGT, gamma-glutamyltransferase; b-HBA, beta-hydroxybutyrate; IHTG, intrahepatic triglycerides; RW, refined
wheat; SAA, serum amyloid A; WGW, whole grain wheat.
1

Correlations between changes in liver health markers including IHTG, ALT, AST,
GGT, SAA, CRP, and beta-hydroxybutyrate with changes in bacteria abundances upon
12 weeks of intervention were tested (Supplemental Figure 5). Change in IHTG was
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positively correlated with change in Ruminococcaceae_NK4A214_group abundance
in both the WGW (ρ=0.54, p=0.026) and RW (ρ=0.67, p=0.024) group (Table 3).
Moreover, change in ALT was significantly correlated with changes of two bacteria in the
RW and two in the WGW intervention. Change in AST was correlated with changes of
three bacteria in the RW, one bacteria in the WGW, and one bacteria (Lachnoclostridium)
in both groups. Changes in GGT or SAA were significantly correlated with changes in
abundance of one bacteria in the RW and one in the WGW group, or three bacteria
in the WGW group, respectively. Change in CRP was correlated with changes of three
bacteria in the RW group. Furthermore, change in beta-hydroxybutyrate was positively
correlated with three bacteria in the RW group and one bacteria (Streptococcus) in both
groups. After FDR correction, none of these correlations were significant.

Changes in predicted microbial pathways
The intervention effects on predicted microbial pathways were investigated. Between
the WGW and the RW interventions, six predicted pathways were significantly different
over time (Table 4), namely hexitol degradation, pantothenate and coenzyme A
biosynthesis, acetyl-CoA fermentation to butyrate II, pyruvate fermentation to acetone,
aromatic biogenic amine degradation, and L-alanine biosynthesis. Subjects in both
groups displayed a variation in response over time for the significantly different predicted
pathways (Figure 5). Within the WGW group, acetyl-CoA fermentation to butyrate II
was significantly increased (p=0.017). Within the RW group, a second pathway related
to fermentation was predicted to be decreased, namely pyruvate fermentation to acetate
and lactate II (p=0.049).
Since changes in predicted fermentation pathways were found, we examined the effect
of the interventions on selected genes involved in SCFA production (Supplemental
Table 6). No significant differences in changes of these predicted genes were observed
over time between groups, but butyrate kinase was significantly increased within the
WGW group (p=0.038), and phosphate acetyltransferase was significantly decreased
within the RW group (p=0.021). Overall, WGW intervention showed a trend towards
increased predicted fermentation pathways by the microbiota, whereas RW intervention
showed opposite effects.
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significantly different within and/or between the WGW and RW group in middle-aged overweight and obese adults1.

Table 4. Predicted fecal microbial pathway relative abundance at baseline and change after 12 weeks of intervention that were found to be
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Figure 5. Predicted fecal microbial pathway relative abundance at baseline and after 12
weeks of RW or WGW intervention that were found to be significantly different between
the groups in middle-aged overweight and obese adults.
The relative abundances of the predicted pathways (a) superpathway of hexitol degradation; (b) pantothenate and
coenzyme A biosynthesis; (c) acetyl-CoA fermentation to butyrate II; (d) pyruvate fermentation to acetone; (e)
aromatic biogenic amine degradation; and (f) L-alanine biosynthesis are shown. Data is presented as group mean
(the squared shape), n=16 (RW) or n=21 (WGW), and the width of the colored shapes indicates the sample density.
Individual paired samples are connected by a line. Abbreviations: RW, refined wheat; WGW, whole grain wheat.

Discussion
We investigated the effects of 12-week consumption of RW or WGW products on the
gut microbiota composition and predicted microbiota functional pathways in men and
women with overweight or obesity. We found significant differences between the WGW
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and RW intervention on a number of bacteria from carbohydrate-degrading families
and on predicted fermentation pathways, with a trend towards increased fermentation
to butyrate within the WGW group, and a trend towards decreased fermentation within
the RW group. Although WGW consumption is already quite high in the Netherlands,
we provided an intervention with 98 g/d WGW that was higher than the mean habitual
WG intake at baseline of participants in both the RW or WGW group of 60.1 or 54.4
WG g/d, respectively.
Even though the difference in fiber between the WGW and RW intervention was 10
g/d, we observed only subtle differences between intervention groups over time with
respect to microbiota composition and functionality, and no effect on stool consistency.
Microbial diversity within samples as calculated previously by the Shannon Index was
decreased after RW intervention in Schutte et al. (7), but we did not find a significant
difference in microbial diversity changes between groups in a subset of study participants
with the Phylogenetic Diversity index, which takes into account phylogenetic relatedness
between bacteria. Twelve weeks WGW intervention increased relative abundance of
Ruminiclostridium_9, Ruminococcaceae_NK4A214_group, and Ruminococcaceae_UCG014, and decreased Lachnospiraceae_UCG-008, whereas 12 weeks RW intervention
decreased abundance, without significant effects within the groups. Ruminococcaceae
genera have previously been shown to increase after a resistant starch or non-starch
polysaccharide-diet high in wheat bran mainly comprised of hemi-cellulose (53, 54).
Members within Ruminococcaceae can degrade cellulose and hemi-cellulose fibers (5557), also present in WGW, whereas members within Lachnospiraceae are known to
ferment a wide variety of fibers (55, 57). In line with our results, Vuholm et al. (58)
found an increase in an unassigned genus of family Ruminococcaceae after 6 weeks
WGW consumption, in healthy, overweight females.
We found the change in relative abundance of Ruminococcaceae_NK4A214_group and
the intervention-induced change in liver fat correlated in both groups. Several studies
showed that Ruminococcaceae was lower in the feces of NAFLD patients compared
to controls (59-61). In this study, we found a positive correlation between a change
in Ruminococcaceae_NK4A214_group and a change in liver fat in both intervention
groups, although RW intervention increased liver fat and decreased abundance of
Ruminococcaceae_NK4A214_group indicating that the changes relative to each other did
not have a strong correlation. At baseline, however, we found a positive correlation
between liver fat and Ruminococcaceae_UCG-010, and Ruminococcaceae_UCG-005.
We could not identify any human trials on these specific bacteria in relation to liver
fat. As in many previous dietary trials, the microbiota response to diet was subjectdependent. The microbiota at the start of intervention of one individual can determine
the magnitude of response upon dietary changes (54). Korem et al. (62) found that
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the gut microbiota composition was person-specific and generally resilient to bread
interventions, but their intervention lasted only one week while our study encompassed
a 12-week intervention. In contrast to previous findings (17, 18), WGW consumption
did not increase Bifidobacterium and Lactobacillus in our study. This discrepancy may
be partly explained by differences in the fermentable fiber composition and fractions
in the intervention products. For instance, fructans can have prebiotic activity by
inducing specific changes in the composition and/or activity of the microbiota such
as Bifidobacterium and Lactobacillus (63). It has previously been described that the
concentration of fructans differs in WGW (64).
Ruminococcaceae and Lachnospiraceae, together with Bacteroidetes, encompass
~85% of the total butyrate-producing potential of the gut microbiota (65). Changes
in bacteria within Ruminococcaceae might point towards an effect on carbohydrate
breakdown, which could fit the predicted changes in SCFA fermentation pathways in
feces. WGW increased the relative abundance of fermentation to butyrate, whereas
RW lowered the fermentation to butyrate as well as fermentation to acetone. The latter
pathway can lead to formation of end-products such as acetone, butanol, ethanol,
acetate, and butyrate. Moreover, a decreased fermentation to acetate and lactate was
found within the RW group. Lactate-utilizing bacteria can use acetate and lactate for the
production of butyrate (66), indicating that a lowered capacity to produce acetate and
lactate potentially leads to reduced butyrate production. Despite the run-in period, the
RW group showed a higher relative abundance for the predicted pyruvate fermentation
to acetone pathway and for Ruminiclostridium_9 compared to the WGW group at
baseline. Both were decreased after RW and increased after WGW. Similarly, a higher
abundance of Lachnospiraceae_UCG-008 was observed in the RW group at baseline,
which increased after RW and decreased after WGW. Therefore, the differential effects
on this pathway and these bacteria between RW or WGW intervention may have been
partly caused by regression to the mean. In this study, the effects on microbiota and
predicted pathways lost statistical significance after correction for multiple comparisons,
which shows that a 12-week WGW and RW intervention induced subtle changes in gut
microbiota. This is not surprising considering the relatively modest modulation of diet,
only altering wheat products.
In line with our finding that WGW increased two predicted fermentation pathways,
Vanegas et al. (20) reported increased concentrations of acetate and total SCFAs in
feces after 6 weeks of WG, predominantly wheat, intervention compared to refined
grain in middle-aged adults. Moreover, Vuholm et al. (58) found that a 6-week RW
intervention decreased stool butyrate concentrations when compared to a WGW
intervention in adults with overweight. Additionally, a study in rats showed that a
6-week WGW intervention increased total SCFAs in colonic content and butyrate in
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cecum content compared to RW intervention (67). Resistant starch and non-starch
polysaccharide inside the whole-grain matrix were associated with increased production
of metabolites (68). Overall, incorporating feasible doses of WGW in the diet favorably
affects the gut microbiota phenotype as indicated by the increased predicted potential
to produce butyrate. These findings may be explained by the decreased fiber content
in the RW intervention products (12, 13), although only a fraction of the fiber in the
WGW products is fermentable. The fermentability of fibers in WGW is relatively low,
for instance when compared to fibers in WG rye (69, 70). Eriksen et al. (71) showed
that WG rye resulted in increased Bifidobacterium, known to be stimulated by some
fermentable fibers, in men with the metabolic syndrome, whereas WG wheat did not.
The reduced predicted potential to produce SCFAs after RW intervention can have
implications for health. For instance, SCFAs can decrease intestinal inflammation, as
demonstrated by human and animal in vivo studies (72). In addition to local health
effects, SCFAs might also influence liver fat through stimulation of hepatic fat oxidation
via activation of AMP-activated protein kinase (28, 29). As published previously, in this
trial, the 12 week RW intervention significantly increased liver fat, while liver fat did
not change in the WGW group (7). Therefore, we hypothesized that RW might increase
liver fat content indirectly via decreased cereal fiber fermentation and SCFA production.
We found that butyrate-producing (73) Roseburia positively correlated with liver fat
at baseline. In line with our data, the study of Raman et al. (59) showed a significant
over-representation of Roseburia in the microbiota of NAFLD patients. In contrast,
Roseburia was decreased in non-obese NAFLD patients compared to healthy controls,
and this depletion was linked to increased plasma ALT in 126 non-obese subjects (74).
Several of our correlations of other bacteria with liver fat at baseline were in line with
previous findings on bacterial composition in NAFLD patients compared to controls
(75, 76). This was the case for Ruminococcus_2 (75) and Akkermansia (76), but for
Faecalibacterium opposite effects were observed (61). While a previous study showed
that ALT and GGT were correlated with changes in specific fecal bacteria over time in
a prospective, cross-sectional study (74), we could not confirm these findings in our
correlation analysis. Although correlations do not provide information on causality,
these outcomes might be of interest for future studies into the relationship between
WGW, RW and liver health.
A limitation of our study is the analysis of microbiota functional metagenomes by
PICRUSt based on the 16S rRNA gene sequencing data, instead of using more direct
methods, such as metagenomics. Although the quality control indicated that closely
related reference genomes were available for the bacteria present in this dataset, indicative
for reliable pathway predictions, PICRUSt is subject to inherit biases. Another restraint
of our study is that the SCFA concentrations in feces were not measured. Therefore, the
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predicted pathway findings as well as the potential role of SCFAs for liver health could
not be validated in this study. Another limitation of our study is the small sample size
of 37 subjects. As the study was powered to detect changes in plasma cholesterol levels
and participants had to be excluded due to missing fecal samples or antibiotic use, we
might have missed the effects of either RW or WGW on the microbiota or predicted
microbiota functionality. The strengths of our study include the long study duration of
16 weeks in total, and the good compliance to the diet based upon alkylresorcinol data
(7). Therefore, our findings may show more long-term changes rather than acute effects.
Comparisons with outcomes of existing literature about WGW, RW, and microbiota
composition revealed few similarities with our trial (17-19, 24, 58). Some previous trials
may have missed the subtle effects of WGW and RW on the microbiota since only a few
selected bacteria were targeted in these studies via e.g. qPCR (17, 18, 24), while the fecal
microbiota is a highly complex community with multiple species present. The use of 16S
rRNA gene sequencing provided important insights into the effect of WGW and RW on
microbiota as a whole, as well as effects on predicted microbial community functionality.
We demonstrated that a 12-week 98 g/d WGW intervention increased relative
abundances of a number of bacteria that may be involved in carbohydrate degradation
and SCFA production and predicted fermentation pathways, whereas a RW intervention
decreased abundance of these bacteria or predicted fermentation capacity, pointing
towards a less healthy gut microbiota phenotype. The difference in fiber intake during
WGW intervention (17.6 g/d fiber) compared to RW intervention (7.2 g/d fiber) likely
resulted in differences in predicted bacteria fermentation capacity. This may be one
of the mechanisms underlying the significant increases of liver fat observed upon RW
intervention. Potential health effects of replacement of RW by WGW via modulation of
the microbiota, and consequent protective effects on metabolic organs such as the liver,
deserve further investigation.
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Supplementary Information
Technical information about the microbiota and predicted pathway
datasets
The number of detected ASVs did not increase with higher sample reads (Supplemental
Figure 3A). Correlation coefficients of the 23 technical duplicates were 0.97±0.027
(Supplemental Figure 3B), and the mean number of reads per sample was 37399±10216.
The microbiota functionality predictions were reliable, because the weighted NSTI
for the samples in the dataset was 0.089±0.048 (Supplemental Figure 3C), without
differences between intervention groups (Supplemental Figure 3D). This suggests that
closely related reference genomes were available for the ASVs in this dataset. Correlation
coefficients of the predicted gene content in the 23 technical duplicate pairs were
0.99±0.0013 (Supplemental Figure 3E).

Supplemental Figure 1. The study design of the randomized, controlled, double-blind
parallel trial.
After 4 weeks run-in with RW products, subjects (n=50) were randomly assigned to the WGW (n=25) or RW
(n=25) intervention group. Before and after the intervention hepatic lipids were measured, and feces and blood
was collected. Subjects weekly recorded stool consistency using The Bristol Stool chart.
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Supplemental Table 1. Nutritional composition of the RW and WGW intervention products1.
Bread
RTEC
RW
WGW
RW
WGW
Energy, kJ
1066
983
1586
1524
Moisture, g
35.4
38.7
3.4
3.7
Ash, g
1.3
1.8
1.8
2.5
Carbohydrates, g
49.3
39.2
78.5
69.7
Fiber2, g
3.3
6.8
3.9
10.8
Protein, g
9.1
11.3
10.9
11.2
Fat, g
1.6
2.1
1.5
2.1
Sodium, mg
0.45
0.46
0.51
0.49
Iron, mg
0.92
2.1
1.3
3.9
Magnesium, mg
19
62
31
120
Zinc, mg
0.67
1.5
0.89
2.4
Folate, μg
17
28
14
38
Vitamin B1, mg
0.06
0.17
<0.1
<0.1
Vitamin B3, mg
0.47
0.76
1.1
2.6
Vitamin B6, mg
<0.1
<0.1
<0.1
<0.1
Values are per 100 g of product. 2Determined using AOAC985.29. Reproduced with permission from Schutte et
al. (7). Abbreviations: RTEC, ready-to-eat cereal; RW, refined wheat; WGW, whole-grain wheat.
1

Supplemental Table 2. Habitual daily intake of (macro)nutrients and whole grains of
middle-aged overweight and obese subjects in the RW or WGW group1.
Nutrients (g/d)
RW group
WGW group
Megajoules, MJ/day
10.3 ± 2.36
10.5 ± 2.89
Total carbohydrates2
246 ± 59.6
279 ± 85.5
Mono- and disaccharides
101 ± 29.8
127 ± 41.8
Polysaccharides
145 ± 35.8
152 ± 57.8
Fiber3
25.4 ± 6.50
26.3 ± 7.20
Whole grains
60.1 ± 59.2
54.4 ± 38.0
Total protein
95.9 ± 18.4
92.5 ± 18.0
Protein from plant sources
40.6 ± 10.6
39.5 ± 11.5
Protein from animal sources
55.2 ± 10.5
53.0 ± 10.3
Total fat
105 ± 32.1
101 ± 34.5
Saturated fatty acids
38.1 ± 12.5
37.5 ± 12.1
Monounsaturated fatty acids
37.4 ± 11.7
35.1 ± 11.9
Polyunsaturated fatty acids
20.9 ± 8.30
19.7 ± 9.50
Linoleic acid
17.5 ± 7.30
16.2 ± 7.80
Trans fatty acids
1.67 ± 0.577
1.82 ± 0.688
Cholesterol
285 ± 77.6
242 ± 106
Alcohol4
12.5 ± 11.2
7.60 ± 9.90

P-value
0.80
0.19
0.04
0.64
0.68
0.73
0.58
0.77
0.52
0.70
0.89
0.56
0.70
0.60
0.51
0.18
0.08

Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW), 2Dietary fiber is not included in the
total carbohydrates, 3Include high molecular weight fibers (e.g. cellulose, cereal β-glucan, guar gum, and certain
xylans), insoluble fibers in water (e.g. cellulose, and certain xylans), fibers soluble in water and precipitated by
78% ethanol (e.g. cereal β-glucan, guar gum, and certain xylans). Excluded are low molecular weight fibers (e.g.
fructan), and non-resistant starch, 4Non-parametric distribution, evaluated with the Mann-Whitney U test.
Abbreviations: RW, refined wheat; WGW, whole grain wheat.
1
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Supplemental Figure 2. The stool consistency of middle-aged overweight and obese adults
during the run-in period and the 12 week of RW or WGW intervention.
Data is presented as group means ± SD, n=20 (RW) or n=22 (WGW), after exclusion of antibiotic users. The
Bristol Stool Chart score describes 7 types of stools ranging from 1: hard/lumpy to 7: watery without solid pieces.
RW, refined wheat; WGW, whole grain wheat.
Supplemental Table 3. Liver health parameters at baseline and change after 12 weeks of
RW or WGW intervention in middle-aged overweight and obese adults1 in a subset of the
total study population2.
RW group

IHTG, %
CRP, µg/mL
SAA, µg/mL
GGT, U/L
AST, U/L
ALT, U/L
Betahydroxybutyrate,
mmol/L

WGW group

Within Within Group
RW
WGW comparison
Baseline
Change after Baseline
Change after P-value P-value P-value
12 wk
12 wk
3.6 ± 2.5
1.8 ± 1.6
5.5 ± 6.4
-0.26 ± 3.0 0.003 0.93
0.033
2.9 ± 3.1
0.20 ± 1.9
4.8 ± 7.3
-3.0 ± 6.7
0.49
0.038 0.06
2.1 ± 1.9
0.70 ± 2.2
7.2 ± 16
-5.7 ± 15
0.64
0.016 0.042
19 ± 13
0.82 ± 4.9
21 ± 13
-0.43 ± 4.9 0.47
0.77
0.56
19 ± 5.6
-0.18 ± 4.0
19 ± 4.7
-0.91 ± 4.2 0.98
0.27
0.57
31 ± 9.4
0.088 ± 9.3 36 ± 12
-2.8 ± 8.3
0.78
0.24
0.39
0.30 ± 0.20 -0.058 ± 0.36 0.20 ± 0.20 0.11 ± 0.17 0.06
0.012 0.003

Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW), and for IHTG n=11 (RW) or n=17
(WGW). 2The total study population is described in the reference Schutte et al. (7). Abbreviations: ALT, alanine
transaminase; AST, aspartate transaminase; CRP, C-reactive protein; GGT, gamma-glutamyltransferase; IHTG,
intrahepatic triglycerides; RW, refined wheat; SAA, serum amyloid A; WGW, whole grain wheat.
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Supplemental Figure 3. The quality characteristics of the amplicon sequence variant and
PICRUSt2 datasets.
(a) The rarefaction curve of the sequenced samples; (b) the correlation coefficients of the relative microbiota
composition on genus level between the samples within one technical replicate pair; (c) the NSTI score and the
frequency of all ASVs, the inlay shows the weighted NSTI score at baseline and after the 12 week of intervention
(end) in the RW and WGW group; and (d) the correlation coefficients of predicted pathways between the samples
within one technical replicate pair. The boxplots show the data through their quartiles, n=16 (RW) or n=21
(WGW). Abbreviations: ASV, amplicon sequence variant; NSTI, nearest sequenced taxon index; RW, refined
wheat; WGW, whole grain wheat.

254

Effects of whole grain or refined wheat on the gut microbiota

7
Supplemental Figure 4. The relative microbiota abundance of the top 20 taxa on genus
level at baseline for every middle-aged overweight or obese adult.
Also the group means for the RW (n=16) and WGW (n=21) group are shown. RW, refined wheat; WGW, whole
grain wheat.
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0.40 ± 0.88
2.2 ± 1.0
2.6 ± 2.7
0.20 ± 0.23
0.00 ± 0.00
0.65 ± 0.44
0.051 ± 0.14
0.076 ± 0.044
0.69 ± 0.077
0.57 ± 0.052
0.11 ± 0.044
0.15 ± 0.066
0.016 ± 0.022
0.66 ± 0.079
0.67 ± 0.080
0.28 ± 0.12
0.010 ± 0.013
0.83 ± 0.057

5 (31)
16 (100)
16 (100)
10 (63)
0 (0)
16 (100)
3 (19)
16 (100)
16 (100)
16 (100)
16 (100)
16 (100)
16 (100)
16 (100)
16 (100)
16 (100)
12 (75)
16 (100)

RW group
Number
Relative
of subjects abundance at
in which
baseline (%)
detected (%
of total)

21 (100)
21 (100)
21 (100)
21 (100)
21 (100)
21 (100)
21 (100)
21 (100)
21 (100)
8 (38)
21 (100)

13 (62)
18 (86)
21 (100)
7 (33)
10 (48)
20 (85)
0 (0)

WGW group
Number
of subjects
in which
detected (%
of total)

0.060 ± 0.041
0.73 ± 0.10
0.53 ± 0.050
0.088 ± 0.043
0.12 ± 0.062
0.019 ± 0.041
0.70 ± 0.10
0.70 ± 0.10
0.20 ± 0.087
0.0015 ± 0.0024
0.82 ± 0.062

1.5 ± 2.2
1.4 ± 0.97
1.8 ± 2.3
0.065 ± 0.11
0.10 ± 0.12
1.9 ± 1.9
0.00 ± 0.00

Relative
abundance at
baseline (%)

0.020
0.040
0.044
0.003
0.011
0.050
0.049
0.041
0.012
0.032
0.033

0.046
0.038
0.047
0.047
0.002
0.035
0.045

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS

Group comparison
P-value
FDR
P-value

1

Values are presented as group means ± SD, or as the number of subjects in which the bacteria was detected and the percentage of total, n=16 (RW) or n=21 (WGW). 2NS =
P-value>0.05. Abbreviations: FDR, false discovery rate; RW, refined wheat; WGW, whole grain wheat.

Genus
Dialister
[Eubacterium]_hallii_group
[Eubacterium]_coprostanoligenes_group
Ruminiclostridium_9
Lachnospiraceae_UCG-008
Lachnospiraceae_NK4A136_group
f__Porphyromonadaceae_uncultured genus
Predicted pathways
L-arginine degradation
superpathway of adenosylcobalamin salvage from cobinamide I
superpathway of tetrahydrofolate biosynthesis and salvage
heterolactic fermentation
Glucose fermentation to lactate II/Bifidobacterium shunt
ppGpp biosynthesis
adenosylcobalamin biosynthesis from adenosylcobinamide-GDP I
superpathway of adenosylcobalamin salvage from cobinamide II
pyruvate fermentation to acetone
UDP-2,3-diacetamido-2,3-dideoxy-α-D-mannuronate biosynthesis
guanosine ribonucleotides de novo biosynthesis

at baseline in middle-aged overweight and obese adults1.

Supplemental Table 4. Gut bacteria and predicated pathways that were found to be significantly different between the RW and WGW group
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f_Ruminococcaceae; g_Ruminiclostridium_9
f_Ruminococcaceae; g_Ruminococcaceae_NK4A214_group
f_Lachnospiraceae; g_Lachnospiraceae_UCG-008
f_Ruminococcaceae; g__Ruminococcaceae_UCG-014
f_Tannerellaceae; g_Parabacteroides
f_Lachnospiraceae; g_Dorea
f_Lachnospiraceae; g__[Eubacterium]_ventriosum_group
f__Peptostreptococcaceae_g__unknown
f_Ruminococcaceae; g_Ruminococcus_2
f_Ruminococcaceae; g_Subdoligranulum
f_Burkholderiaceae; g_Sutterella
f_Ruminococcaceae; g__Ruminococcaceae_UCG-005

Number of subjects
in which detected (%
of total)
6 (38)
9 (56)
3 (19)
12 (75)
14 (88)
15 (94)
3 (19)
8 (50)
13 (81)
16 (100)
8 (50)
13 (81)

Number of subjects in
which detected
(% of total)
10 (48)
12 (57)
7 (33)
19 (90)
15 (71)
21 (100)
12 (57)
9 (43)
17 (81)
21 (100)
12 (57)
20 (95)

WGW group
At 12 weeks

Number of subjects in
which detected
(% of total)
7 (33)
16 (76)
10 (48)
18 (86)
21 (100)
18 (86)
13 (62)
14 (67)
21 (100)
21 (100)
8 (38)
17 (81)

Baseline

1

Values are presented as the number of subjects in which the bacteria was detected and the percentage of total, n=16 (RW) or n=21 (WGW). Abbreviations: RW, refined wheat;
WGW, whole grain wheat.

Number of subjects
in which detected
(% of total)
10 (63)
13 (81)
0 (0)
14 (88)
12 (75)
16 (100)
8 (50)
14 (88)
14 (88)
16 (100)
7 (44)
14 (88)

RW group
At 12 weeks

Baseline

Genus

baseline and after 12 weeks of RW or WGW intervention1.

Supplemental Table 5. The number of middle-aged obese or overweight subjects in which the significant gut bacteria were detected at
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Supplemental Figure 5. Correlations between changes in bacteria abundances at genus
level, and changes in liver health markers upon 12 weeks of RW or WGW intervention in
middle-aged overweight and obese adults.
Colors represent the Spearman rho correlation coefficients, n=16 (RW) or n=21 (WGW), with positive correlations
in red and negative correlations in blue. *P-value<0.05, **P-value<0.01, ***P-value<0.001. ALAT, alanine
transaminase; ASAT, aspartate transaminase; CRP, C-reactive protein; GGT, gamma-glutamyltransferase;
b-HBA, beta-hydroxybutyrate; IHTG, intrahepatic triglycerides; RW, refined wheat; SAA, serum amyloid A;
WGW, whole grain wheat.
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5.01E-04 ±
9.66E-04
1.15E-02 ±
4.86E-03
6.44E-03 ±
3.60E-03
4.65E-04 ±
9.55E-04
1.80E-02 ±
7.75E-03
9.51E-03 ±
4.65E-03
9.59E-03 ±
4.69E-03
7.10E-02 ±
1.32E-02
3.01E-02 ±
7.56E-03

K13788
K15024
K01908
K01026
K13922
K11264
K00929
K01034
K01035
K00016
K03778

Phosphate acetyltransferase

Putative phosphotransacetylase

Propionate production
Propionyl-coA synthetase

Propionate coA-transferase

Propionaldehyde dehydrogenase

Methylmalonyl-CoA decarboxylase

Butyrate production
Butyrate kinase

Acetate CoA-transferase α subunit

Acetate CoA-transferase β subunit

Lactate production
L-lactate dehydrogenase

D-lactate dehydrogenase

-7.09E-03 ±
1.24E-02
-2.63E-03 ±
8.23E-03

2.18E-03 ±
8.02E-03
-1.35E-03 ±
4.63E-03
-1.27E-03 ±
4.70E-03

1.16E-04 ±
1.27E-03
-1.81E-03 ±
4.66E-03
-1.75E-03 ±
4.49E-03
-6.56E+01 ±
1.18E-03

-1.09E-03 ±
3.61E-03
-1.76E-04 ±
1.71E-03
-2.52E-03 ±
8.59E-03

Δ Relative
abundance after
12wk (%)

6.95E-02 ±
1.18E-02
3.10E-02 ±
8.73E-03

1.61E-02 ±
4.84E-03
6.45E-03 ±
3.30E-03
6.51E-03 ±
3.33E-03

6.42E-04 ±
1.51E-03
9.04E-03 ±
3.42E-03
5.58E-03 ±
3.15E-03
6.19E-04 ±
1.48E-03

7.88E-02 ±
4.06E-03
1.50E-03 ±
1.92E-03
3.28E-02 ±
7.53E-03

Baseline relative
abundance (%)

WGW group

-4.24E-03 ±
1.26E-02
3.34E-04 ±
9.76E-03

1.49E-03 ±
7.25E-03
7.53E-04 ±
2.79E-03
7.66E-04 ±
2.83E-03

1.37E-04 ±
2.13E-03
9.34E-04 ±
4.39E-03
-6.24E-04 ±
2.82E-03
6.19E-04 ±
2.06E-03

-3.42E-04 ±
4.11E-03
1.50E-03 ±
1.59E-03
-1.96E-03 ±
7.89E-03

Δ Relative
abundance
after 12wk (%)

0.81
0.81

0.96

1.0

0.43
0.39

1.0

0.21

0.51

0.09

0.038

0.66

0.60

0.71

0.37

0.63

0.71

0.56

0.96

0.29

0.021

0.17

0.68

Within
WGW
P-value2

0.35

Within
RW
P-value2

0.24

0.63

0.59

0.75

0.96

0.16

0.96

0.37

0.27

0.66

0.41

0.39

Group
comparison
P-value2

1

Values are presented as group means ± SD, n=16 (RW) or n=21 (WGW). 2P-values without FDR correction. Abbreviations: KO, KEGG ortholog; RW, refined wheat; WGW,
whole grain wheat.

7.95E-02 ± 4.28E03
1.48E-03 ±
1.38E-03
3.13E-02 ±
7.70E-03

K00925

K
O Baseline relative
number
abundance (%)

Acetate production
Acetate kinase

Microbial predicted gene

RW group

in the feces of in middle-aged overweight and obese adults1.

Supplemental Table 6. The selected predicted genes involved in SCFA production at baseline and after 12 weeks of RW or WGW intervention
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Chapter 8

Aim and main findings
Non-digestible carbohydrates (NDC) are very well known for their beneficial health
effects. One suggested underlying mechanism is its fermentation by the intestinal
microbiota and the production of fermentation products. Little is known about what
exactly happens to NDCs at what stage during their passage through the human
intestine. The work described in this thesis therefore aims to study the kinetics of
fermentation and degradation of NDCs, mainly in the human small intestine, and
consequent effects on the microbiota and bacterial metabolites. To achieve this aim, we
validated and applied several models to study NDC digestion and fermentation. We
used in vitro batch fermentation models as well as intervention trials in human subjects
with the use of intestinal catheters and stable isotopes (Table 1). We investigated the
acute short- and longer-term effects of varying NDC types and concentrations on the
intestinal environment, including the microbiota and metabolites.
The main thesis findings are:
 In chapter 2, all technical and practical aspects of working with catheters
		
placed in the jejunum, ileum, or proximal colon were described. State-of-the-art
		 naso- and oro-intestinal catheters can be used for controlled sampling and
		 compound delivery in relatively inaccessible regions in the human small
		 intestine and colon. Many studies used catheters to investigate multiple
		 intestinal regions (24 studies), followed by studies investigating only the
		 jejunum (21 studies), ileum (13 studies), or colon (2 studies). Catheters were
		 often used for intra-intestinal delivery (23 studies), sampling (10 studies), or
		 both (27 studies).

		
		
		
		
		
		

In chapter 3, a new methodology (a toolbox) was developed to be used, for
example, with gastrointestinal sampling capsules. The stabilizing reagent
effectively blocked the fermentation of FOS and GOS by human intestinal
microbiota, including the microbiota and metabolites. To retrieve as much
information as possible from a single small volume sample, analytical protocols
were successfully optimized to measure these outcomes in a small sample in the
presence of the stabilizing reagent.

 In chapter 4, the degradation of various NDCs, and the effects on microbiota
		 composition and metabolite production by ileostomy effluent bacteria were
		 investigated in vitro. The small intestine microbiota from ileostomy effluent
		 rapidly degraded GOS and FOS, whereas the higher molecular weight NDCs
		
inulin, lemon pectin, and IMMP showed slow fermentation rates. Degradation
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of different NDCs resulted in the production of mainly acetate, and changed
ileostomy effluent microbiota over time, in a subject-dependent fashion.


		
		
		
		
		
		
		
		

In chapter 5, the postprandial fermentation in the intestine of human subjects
and the metabolic fate of SCFAs were studied after consumption of a FOS:GOS
mixture. In the distal ileum, there was no degradation observed of FOS and
GOS, nor production or cross-feeding of SCFAs. However, hydrogen in the
breath and SCFAs in the blood increased after FOS:GOS consumption, which
indicates fermentation in the large intestine. Intestinal delivered SCFAs were
rapidly taken up by the host and metabolized, with propionate as a substrate
for net glucose synthesis. No label incorporation coming from 13C-SCFAs was
found in organic acids, amino acids, or fatty acids.

 In chapter 6, the digestibility of all structures present in FOS and GOS mixtures
		 in the small intestine of healthy men was investigated. GOS DP≥3 and
		 FOS≥2 were not absorbed nor digested by host enzymes. Most of the prebiotic
		
GOS DP2 fraction decreased in the human small intestine, especially β-D-Gal		 (1↔1)-α-D-Glc/β-D-Gal-(1↔1)-β-D-Glc, and β-D-Gal-(1→2)-D-Glc/β		 D-Gal-(1→3)-D-Glc. The digestion was affected by differences in size,
		 monomer composition, and the type of linkage.

		
		
		
		
		

In chapter 7, the effects of a 12-week whole grain wheat (WGW) or refined
wheat intervention on the fecal microbiota composition and functionality were
studied. We found minor alterations in fecal microbiota composition when
comparing groups. The effects were mainly an increase in certain non-digestible
carbohydrate-degrading bacteria, and bacterial functions related to fermentation
in the WGW group.
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To develop a methodology
(a toolbox) to use with
gastrointestinal sampling
capsules.
In vitro batch
fermentation.
5 ileostomy patients, and
4 healthy subjects.

To summarize bestpractices for the use
of naso- and orointestinal catheters.
Humans.

762 human subjects
(42 patients and 720
healthy subjects).
Systematic literature
review.

Humans.
Two feasibility intervention
studies.
15 healthy male subjects.

Humans.
Two feasibility
intervention studies.
15 healthy male
subjects.

Abbreviations: FOS, fructo-oligosaccharides; GOS, galacto-oligosaccharides; IMMP, isomalto/malto-polysaccharide; NDC, non-digestible carbohydrates; RCT, randomized
controlled trial; RW, refined wheat; SCFA, short-chain fatty acids; WGW, whole grain wheat.

Study
population

5 ileostomy patients.

In vitro batch
fermentation.

To study NDC
breakdown by small
intestine microbiota.

Humans. Intervention
study.

Chapter 7
Longer-term intervention
effects
To study NDC fermentation and To study FOS:GOS
To study the effects of
SCFA metabolism.
digestibility in the small whole grain wheat on the
intestine.
fecal microbiota.

Chapter 4
Chapter 5
Chapter 6
Postprandial digestion kinetics (acute) and/or short-term intervention effects

37 middle-aged
females and males with
overweight of obesity.
Design
Incubations of
Incubations with
- 7-day intervention, parallel
Postprandial
- 12-week intervention,
fermentation samples
sampling at 0, 5, 7,
design (RCT), either 15 g
measurements after
parallel design (RCT),
(with GOS, FOS/inulin) 9 and 24 hours after
FOS:GOS or maltodextrin.
consumption of 10
either 98 g/day WGW or
with sampling at 0 and 48 addition of GOS, FOS/ - Followed by postprandial
gram FOS:GOS (0-330 98 g/day RW.
hours with or without a
inulin (1:1 mix), pectin, measurements after consumption minutes).
- Measurements before
stabilizing reagent added. or IMMP.
of 10 gram FOS:GOS (0-330
and after intervention.
minutes)
-Intra-intestinal delivery of
13
C-SCFAs.
Intestinal
Jejunum, ileum,
Distal ileum, colon.
Distal ileum.
Distal ileum, colon, studied
Distal ileum, proximal Distal colon.
region of
proximal colon.
using a naso-intestinal catheter. colon, studied using a
interest
naso-intestinal catheter.
Origin of the Ileostomy effluent, feces. Ileostomy effluent.
Ileum, proximal colon, distal
Ileum, proximal colon. Feces.
microbiota
colon, feces.
Main outcome Placement procedures, Efficacy of the stabilizing Substrate degradation
- Measures of fermentation:
Analysis of all
Microbiota composition
measures
catheter designs,
reagent (% Degradation
over time: NDC
SCFAs production, crosscompounds in the
and functions (incl.
aspiration and delivery, of FOS and GOS after
degradation products,
feeding.
FOS:GOS mixture.
fermentation pathways),
adverse events.
48 hours, stabilization of SCFAs, microbiota.
- 13C label incorporation in
stool consistency.
SCFAs and microbiota).
metabolites.

Model

Aim

Chapter 3

Chapter 2
Method development

Table 1. An overview of the thesis chapters and the designs.
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Approaches to study the kinetics of non-digestible carbohydrates
in the human intestine
We used various approaches to study the degradation kinetics and effects of NDCs, as a
supplement or within a food matrix, in the human intestine (Table 1). We focused on
the use of naso- and oro-intestinal catheters (chapters 2, 5, 6), gastrointestinal sampling
capsules (chapter 3), ileostomy effluent as a proxy to study the interaction between
NDCs and the small intestine microbiota (chapter 4), or the use of fecal samples as a
proxy to investigate the effect of interventions on the colonic microbiota (chapter 7).
The application of these approaches is discussed in the subsequent paragraphs.

The type of microbiota
Most microbiome research in healthy people to date is based on the analysis of fecal
samples due to the ease of sample collection. We also analyzed the fecal microbiota
composition in the intervention study described in chapter 7. We found that the fecal
microbiota was different from the microbiota in the proximal colon and the distal ileum,
but it did mimic the microbiota in the more distal colon (Figure 1). This is in line with
previous findings (1, 2). To simulate the study of NDC fermentation rates in the colon,
fecal samples can be used to inoculate in vitro fermentation models. Such models can
be used to mimic fermentation in the human gut (in vivo) in a high-throughput, costefficient way without ethical restrictions. The vast majority of in vitro fermentation
models targets the colon, leaving the direct effect of NDCs on the small intestine
microbiota relatively underexplored. In chapter 3 and chapter 4, both feces or ileostomy
effluent were used for inoculation of the batch fermentations, as proxies to study NDC
fermentation rates by the large and small intestine microbiota, respectively. As shown in
Figure 1, the microbiota composition in the fresh ileostomy effluents was comparable
to the ileal microbiota of healthy people (chapters 4, 5). Our findings in this small
study population, therefore, suggest that the use of ileostomy microbiota, collected from
patients with an ileostomy who were otherwise healthy, is representative of the ileal
microbiota of healthy people. This suggests that ileostomy patients are a suitable model
for healthy subjects when aiming to study the small intestine microbiome.

Novel gastrointestinal (sampling) capsules and intestinal catheters
Human studies are superior to in vitro and ex vivo models of the GI-tract due to the
presence of all complex and relevant physiological processes. Over the past decades,
novel intestinal capsules became available to measure in real-time intestinal motility,
transit time, pH, and intraluminal pressure (3) as well as gas profile composition (4),
and to visualize the intestinal wall (5), to detect bleeding (6), to detect polyps (7), or
to collect biopsies (8), as recently summarized in (9). Capsules that will continuously
monitor certain metabolites throughout the intestine can be expected in the future (10).
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Figure 1. A comparative analysis of different types of microbiotas.
Included are the microbiota composition in the ileostomy effluents (n=6), the ileal contents during one day of
healthy subjects (n=6 subjects, multiple time points), the proximal colon contents (n=1, 3 time points), and
transverse/descending colon content (n=1, 4 time points), and feces of healthy subjects (n=7). Data is derived from
chapter 4 and chapter 5.

Drug delivery capsules already exist, but also new gastrointestinal sampling capsules are
(being) developed (11-15). They have great potential to collect intestinal content at a
chosen location in the GI-tract in a minimally invasive way. The application of these
capsules will pose methodological challenges. Our original project plan was based on
using, at that time, an existing gastrointestinal sampling capsule (the IntelliCap® system
from manufacturer Medimetrics) in human studies. We, therefore, focused on tackling
the two main challenges: 1) the sample retrieval time delay as the capsule can reside in
the body for up to 48 hours (16), which requires stabilization of the sample, and 2) the
small sample volumes of capsule containers to perform all the required measurements
in. We developed a novel toolbox to use with sampling capsules in an in vitro setting, to
stabilize and analyze the fermentation process of FOS and GOS, including the intestinal
microbiota and selected bacterial metabolites (chapter 3). Adding our developed
stabilizing reagent blocked the fermentation process for 48 hours at body temperature,
while in the control incubations without the stabilizing reagent, the ileostomy and fecal
microbiota degraded the NDCs and produced SCFAs. The finding that also the small
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intestine bacteria degraded NDCs, highlights the importance of also stabilizing the
microbiota in capsules that will sample in the small intestine to obtain a representative
‘snapshot’. One main limitation is that the effectiveness of our stabilizing reagent was
only evaluated in tubes in a relatively simple laboratory setting. Proof of principle
experiments using real sampling capsules are therefore still needed. During this project,
the technology was taken over by another company and consequently, capsules were
not available on the market. Hence we could not use them in human studies during the
execution of this thesis project. Currently, there are numerous follow-up initiatives for
the development and validation of gastrointestinal sampling capsules (14, 15, 17-20),
with sampling methods ranging from the use of osmotic pumps and springs/wicking
materials to biodegradable coatings. Given the rapid developments in this research field,
it can be expected that the analytical toolbox may know applications in the future.
Non-invasive sampling capsules will have great potential to further characterize the
small intestine microbiota community in large population cohorts or to investigate
the effects of longer-term (nutritional) interventions on the small intestine microbiota.
However, to study food kinetics in the intestine over time, capsules are less suitable
because multiple capsules would be required to capture the in vivo dynamics over time
(chapter 5). This would drastically increase the complexity and price of kinetic studies.
The only alternatives to study kinetics over time in the distal ileum or proximal colon are
more-invasive naso- and oro-intestinal catheters, colonoscopies, or rectal/anal catheters
(chapter 2). When colonoscopy is used to reach the terminal ileum and proximal colon,
laxatives are administered to prepare the bowel. During this preparation, the luminal
environment, including changes in the microbiota composition, diversity, and numbers
(21), will be disturbed. Since our main outcomes in the human studies were microbiota
related (chapter 5), and for this reason, we used naso-intestinal catheters, in which a
bowel preparation step is not needed and participants can perform their habitual daily
activities.

The use of naso-intestinal catheters to study fermentation in humans
In our human feasibility studies, we tested the use of naso-intestinal catheters to study
fermentation in the proximal colon (chapters 5, 6). Similar catheters have been widely
used in pharmacokinetics and/or digestion and absorption studies (chapter 2), but
we were the first to assess its use to document fermentation in humans. During the
execution of the first pilot study using intestinal catheters (chapter 5), it became clear
that there are many (practical) challenges coupled to the use of this tool to study the
distal intestine. Based on our own experiences in combination with information from
the literature, a review paper was written that includes best practices for the use of
catheters (chapter 2). We aimed to monitor fermentation kinetics in the proximal colon,
but sampling over time with these catheters was only possible in the distal ileum and
not in the colon (chapter 5). While we did not measure fermentation in the intestine
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using the intestinal catheter, using the catheter allowed us to study the resistance to
digestion of all compounds in the FOS:GOS mixture in the small intestine (Table 2).
When aiming to study fermentation kinetics in the colon at a standardized location,
catheters with a larger diameter (>1.9 mm aspiration channel) and/or the use of rectally
placed catheters may be more suitable (22). Our outcomes were microbiota related, and
we found that the small and large intestine microbiota are distinct in composition and
predicted fermentation capacity (chapter 5). Even between the different regions within
the small intestine (duodenum, jejunum, ileum) high variation of the microbiota can
be expected (2). Taking these findings into account, comparisons of outcomes between
intervention groups and subjects will only be possible if the intestinal sampling site
among subjects is standardized. More check-up moments will improve standardization,
which in our studies exposed healthy subjects to radiation. Alternatively, localization
guidance and visualization using electromagnetic systems do not expose volunteers to
radiation (23), as described in chapter 2, and hence allow more check-up moments
throughout the study. To visualize long intestinal catheters (300-400 cm) with these
systems, manufacturing of longer so-called transmitting stylets that reach up to the
catheter tip is warranted. Furthermore, we found a higher drop-out rate in our human
trials (~40%) compared to what has been reported previously in the literature (~10%,
chapter 2). Most drop-outs were the result of difficulties with post-pyloric placement.
To improve post-pyloric placement, the use of stiffeners integrated into the catheter
and/or the use of guidewires is highly recommended. Overall, naso- and oro-intestinal
catheters have interesting applications, especially for kinetics studies, but need thorough
evaluation before use (chapter 2). It is important to note that naso- and oro-intestinal
catheters collect lumen content, which is an ‘external’ environment. Analysis of the
lumen content only does not provide information about the direct impact and the
interaction with the host enterocytes. To study the host tissue response in vivo, parallel
epithelial tissue sampling via a biopsy would be needed. Another elegant way to examine
the effects of the luminal compounds including NDCs and fermentation products on
the intestinal gene expression response and production of inflammatory markers such
as cytokines would be to incubate cultured intestinal and/or immune cells with the
luminal content.

Systemic biomarkers for fermentation in humans
Besides the measurement of the main fermentation products in the intestinal lumen,
several classical, systemic biomarkers of NDC fermentation were included in our
human studies (chapter 5). The concentrations of hydrogen and methane in breath
and SCFAs concentrations in blood were quantified after FOS:GOS consumption. All
subjects showed an increase in breath hydrogen and plasma acetate. This highlights their
use as NDC fermentation biomarker. In contrast, not all subjects showed an increase
in breath methane, plasma propionate, and plasma butyrate. Recently, interest is
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growing to expand the set of non-invasively measured biomarkers that link to properties
of NDCs and their fermentation. The collection of breath samples is easy and noninvasive. Therefore, it is highly relevant to further explore the use of measuring breath
volatile metabolites and their link to postprandial digestive processes in the intestine.
Novel technology, for instance, selected ion flow tube mass spectrometry, will allow the
analysis of such compounds in breath in an untargeted manner (24).

In vitro models to mimic digestion and fermentation
The findings of the in vitro batch fermentation experiments indicated that the small
intestine bacteria have the functionality to degrade FOS and GOS (chapter 4). By
contrast, in human subjects, we did not detect fermentation of FOS:GOS in the distal
ileum (chapter 5). The conflicting findings can be explained by numerous factors. First,
the batch fermentations using small intestine microbiota were performed for up to 24
hours. It would have been relevant to also include more sampling moments between
0 and 5 hours to better reflect the actual limited exposure time in the human small
intestine (chapters 4, 5). As an alternative, dynamic models, such as SHIME and TIM
systems (25), could be used, which more closely resemble physical and mechanical
processes in the intestine including the transit time of food and peristaltic contractions.
One main general limitation of in vitro models is the requirement of a stabilization
period that leads to a shift in the microbiota before the start of the actual experiment. In
our experiments, the starting microbiota in the ileostomy effluents mimicked the small
intestine microbiota of healthy people (Figure 1), but at the start of the experiment, the
microbiota differed from the microbiota in the fresh ileostomy effluent (chapter 4). This
shift was likely caused by the overnight incubation (before the start of the experiments)
in standard ileal efflux medium (26), used for decades in the field of microbiology.
Even though it was shown that a fraction of dietary protein enters the human colon
undigested (27), the medium contains a relatively high amount of proteins and amino
acids compared to NDCs. For future studies, using a medium that more closely reflects
the ileum output of indigestible nutrients is of interest. Moreover, the total bacteria
numbers in the in vitro system were higher compared to the bacteria numbers in the
ileum in humans (Table 2), which could have resulted in more efficient fermentation
in vitro. Overall, the batch fermentations provide leads about fermentation rates and
assessment of microbiota and metabolite ratios produced during fermentation (28), but
to fully understand the mechanisms underlying the effects of NDCs, it is essential to
integrate mechanistic in vitro studies with human studies. In chapter 6 it was shown
that the prebiotic GOS dimer fraction decreased after passage in the human small
intestine, expectedly due to hydrolysis by the host brush-border enzymes. When in
vitro digestion models will be used to screen digestibility of new prebiotics, it is strongly
recommended to include incubations with host brush-border carbohydrases in addition
to the often-used pancreatic enzymes and gastric juice (29). Moreover, the in vitro
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findings in chapter 4 show the direct interaction between some NDCs and the small
intestine microbiota, which can also be expected to occur with other dietary factors such
as proteins, digestible carbohydrates, and lipids (30). This highlights the importance of
future developments of in vitro human small intestine digestion models where not only
physiological parameters are included, but also its microbiota. One elegant example is
the in vitro ileum model with a continuous flow of foods (31).

Degradation kinetics of various non-digestible carbohydrates
In a diet containing lots of vegetables, fruits, and whole grain products, plenty of NDCs
are present. In typical Western diets, the amount of NDCs consumed via the diet is
often far below the recommended intakes (32-34). The NDC intake can be increased via
increased consumption of plant-based products. People suffering from certain disorders,
such as constipation, potentially benefit from supplementation of NDCs to the diet.
We performed kinetic-studies using purified NDC supplements to understand the
potential mechanisms underlying their effects in the human intestine (chapters 4-6).
We focused mostly on NDC degradation in the human small intestine and the effects
on the small intestine microbiota community. In chapter 5 we also examined the effects
in the large intestine and feces as a comparison. We studied five purified NDCs, namely
GOS (chapters 4-6), FOS (chapters 4-6), inulin (chapter 4), lemon pectin (chapter
4), and IMMP (chapter 4).

Fermentation kinetics of non-digestible carbohydrates
As shown in chapter 4, the NDC degradation kinetics by the human small intestine
microbiota revealed differences in fermentability between the tested NDCs. The
degradation rates depended on the NDC structure complexity (35), including
monosaccharide and linkage composition, DP, and molecular conformation. Lower
molecular weight GOS and FOS were rapidly degraded by the small intestine microbiota
of all ileostomy subjects, mostly before 5 hours of incubation (Table 2). These findings
show that small intestinal bacteria potentially contribute to the digestion of these NDCs,
because they produce enzymes needed for their degradation. The degradation resulted in
the production of mostly acetate. In contrast, the small intestine microbiota was not very
efficient in degrading inulin, lemon pectin, and IMMP, which started only after 7 to 9
hours of incubation. This indicates that the latter NDCs likely will not be fermented
in the human small intestine, because food is only present in the small intestine for on
average 3.5 to 6 hours (16). This can explain why in previous human studies almost
90% of the ingested pectin (36) or 86-89% of inulin (37, 38) was recovered from
the distal ileum. Importantly, the degradation rates of selected NDCs were strongly
dependent on the subject. The varying fermentation rates between NDCs and subjects
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can be explained by the growth or presence of specific bacteria producing the required
carbohydrate degrading enzymes (39). The NDC degradation rates provide leads about
the extent of fermentation and the expected location of fermentation, in the proximal
versus more distal intestine, which might consequently determine the health effects.
For instance, health markers including fasting fat oxidation, fasting peptide YY (PYY),
and fasting tumor necrosis factor-α (TNF-α) improved when SCFAs were infused in
the distal colon compared to the proximal colon (22). Another example is to stimulate
the production of anti-inflammatory butyrate at the site of inflammation in patients
with inflammatory bowel diseases using specific NDCs that are locally fermented (40).
Based on the findings in chapter 4, we expected that GOS and FOS were fermented in
the distal ileum or proximal colon in humans. The next step was to study postprandial
fermentation kinetics in the human distal ileum or proximal colon (chapter 5), and
based on the in vitro study, FOS and GOS were provided as supplements in our human
studies (chapter 5, 6). In contrast to our hypothesis, no fermentation of GOS:FOS
occurred in the distal ileum of healthy males (Table 2, chapter 5). We also delivered a
mixture of the three SCFAs differing in 13C label patterns directly in the intestine, to
study the expected metabolic cross-feeding flux from acetate to butyrate (41, 42), but
no SCFA production or cross-feeding occurred in the distal ileum.
One possible explanation for this finding might be that the rapid transit time of food
in the ileum (16), and thus short exposure of NDCs to the small intestine bacteria, did
not allow for fermentation to take place in the small intestine in this study population.
Moreover, the SCFAs were rapidly absorbed in the distal ileum (chapter 5), leaving
hardly a possibility for interconversion. The lack of fermentation in the distal ileum
is expected to be beneficial, because the small intestine has a smaller diameter and
is less elastic compared to the large intestine (43). Therefore, the small intestine is not
prepared to expand upon gas production during fermentation. The tolerance towards
fermentable nutrients is debated, since the finding that a subgroup of patients with
irritable bowel syndrome (IBS) benefit from diets low in fermentable oligo-, di- and
monosaccharides (FODMAP), which include amongst others fructose, lactose, sorbitol,
but also FOS and GOS (44). Of note, most of the studies investigating the FODMAP
diet reduced excess of fructose to glucose and lactose, while the reduction of fructans
was minimal. Furthermore, while the reduction of fructans was minimal. Furthermore,
supplementation (e.g. with FOS and GOS) in combination with the FODMAP diet
may be beneficial (45). In our studies, healthy subjects without intestinal disorders were
included and they tolerated the daily consumption of 15 gram FOS:GOS well (chapter
5). It may be speculated that in patients with functional gastrointestinal disorders or small
intestine bacteria overgrowth (SIBO) (46-48) the small intestine microbiota may cause
complaints by rapid fermentation of NDCs or simple carbohydrates, such as bloating,
due to high bacteria numbers or a microbiome dysbiosis in the small intestine (48).
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Table 2. The main results of the different studies focusing on degradation kinetics of FOS
and GOS in the human intestine.

NDC
degradation
kinetics.

Bacterial
metabolites.

Ratio of
bacterial
metabolites.

Chapter 4
In vitro
fermentation of
FOS and GOS
At 5 hours:
- 31-82% digestion
of GOS;
- 82-100% digestion
of FOS DP3;
- 29-89% digestion
of FOS DP4-8.

Chapter 5
Fermentation of FOS and
GOS in humans.

Chapter 6
Detailed analysis of FOS and
GOS in the human intestine.

Distal ileum:
- 4% digestion of FOS
DP≥2;
- 24% digestion of GOS
DP≥2.

Maximally 166 mM
acetate, 44 mM
propionate, 17 mM
butyrate.

Distal ileum: maximally
14.1 mM acetate, 2.5
mM propionate, 3.4 mM
butyrate. No SCFA increase.

Linkage-specific disappearance
of the GOS DP2 fraction:
- 77% digestion of β-D-Gal(1↔1)-α-D-Glc + β-D-Gal(1↔1)-β-D-Glc;
- 81% digestion of β-D-Gal(1→2)-D-Glc + β-D-Gal(1→3)-D-Glc;
-56% digestion of β-D-Gal(1→6)-D-Gal;
-32% digestion of β- D-Gal(1→4)-D-Gal.
-

Ratio acetate
to propionate
to butyrate was
82:13:5.

Metabolite
cross-feeding.

Cross-feeding not
studied.

Total bacteria
numbers.

Cultured ileostomy
bacteria: 109-1011
16S rRNA gene
copy numbers/mL.

Colon: maximally 31.2 mM
acetate, 6.2 mM propionate,
5.9 mM butyrate.
Distal ileum: ratio acetate to propionate to butyrate was
74:14:12.
Colon: acetate to propionate
to butyrate was 88:5:7 (n=1).
No cross-feeding detected.
-

Ileum: 106-1010 16S rRNA
gene copy numbers/g wet
weight.

-

Colon: >1010 16S rRNA gene
copy numbers/g wet weight.

Abbreviations: DP, degree of polymerization; FOS, fructo-oligosaccharides; Gal, galactose; Glu, glucose; GOS,
galacto-oligosaccharides; SCFA, short-chain fatty acids.

Overall, we have shown that the small intestine microbiota has the functionality to
ferment FOS and GOS in vitro (chapter 4), while the findings in the human studies
show that FOS and GOS are expected to have minor effects in the small intestine via
272

General discussion

fermentation in healthy adults (chapter 5). FOS and GOS potentially exert effects in
the small intestine via other mechanisms, for instance, via interaction with immune
processes. The small intestine contains a thinner and penetrable type of mucus that
allows more direct interaction between luminal compounds with the immune receptors
and cells (49) in comparison to the large intestine, which has an additional dense and
thick mucus layer (50). Researchers have suggested a direct interaction of FOS and GOS
with the intestinal immune system in vitro (51), which may be worthy to further explore
in future studies.

Digestibility of non-digestible carbohydrates in the small intestine
In chapter 6, we investigated the degradation of all structures present in FOS and
GOS mixtures in the small intestine of healthy men. The direct measurements in the
distal small intestine allowed us to detect the structure-specific disappearance of GOS
dimers (Table 2), while FOS dimers with a ß-(2,1) linkage did not disappear. Due
to the lack of production of fermentation products (chapter 5), in combination with
available evidence from the literature on GOS digestion by brush-border enzymes from
rats or pigs (chapter 6), we hypothesize that degradation occurred by digestion of the
host brush-border enzymes rather than utilization by the small intestine microbiota.
Prebiotics with a low caloric value can be used as sugar replacers to develop more
healthy products that result in lower glycemic responses (52), as well as having benefits
for intestinal health such as reducing transit time and functioning as substrates for
fermentation by the colonic microbiota (53). For optimal effectivity, NDCs must reach
the proximal colon. An obvious indirect measurement to study carbohydrate digestion
in the small intestine in humans is the measurement of postprandial blood glucose (54).
This is nowadays also possible via minimally-invasive continuous glucose monitors. In
our study, the linkage-dependent disappearance of specific GOS dimers (chapter 6) was
not linked to an increased postprandial glucose response in blood within 120 minutes
after consumption (chapter 5). This can also be explained by the low amount of each
specific GOS compound that was present in the NDC bolus, since the total amount
of GOS was only 5 gram. Our findings are useful for the future development of new
tailored (potential) prebiotics to increase resistance to digestion in the small intestine.
One surprising finding was that lactose, also present in the GOS mixture, was still
detected at the end of the human small intestine (27.9-47.5% recovery, chapter 6). This
is remarkable, since lactose is normally digested in the proximal small intestine, and the
subjects were reportedly not lactose intolerant. GOS is often used as the replacement
of human-milk oligosaccharides in infant milk formula (55), and infants do express
lactase on the brush-border membrane. Lactase expression decreases with aging. Hence,
when providing GOS as supplement to adults or elderly (e.g. (56)), it is of relevance to
optimize the GOS production process to lower lactose content. It is also of interest to
optimize the GOS production process to obtain a mixture with a higher oligosaccharide
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yield (DP≥3) with specific linkages that are highly resistant to digestion. We studied
the two established prebiotics FOS and GOS, but it is also of interest to apply this
approach to emerging prebiotics, for instance, isomalto-oligosaccharides and xylooligosaccharides (57). Moreover, it is of high relevance to include detailed descriptions
of degradation of the various chemical structures and sizes within NDC mixtures in
future studies, because utilization and digestion of NDCs are expected to occur in a
structure-dependent manner, as shown in chapter 4 and 6.

Fluctuations in the small intestine bacteria during kinetic experiments
The small intestine microbiome is expected to play a pivotal role in the pathogenesis of
several intestinal diseases. Moreover, the small intestine microbiome can be expected to
be involved in the digestion of macronutrients, such as dietary simple carbohydrates and
fats (30). The small intestine is a harsh environment for bacteria, due to for instance
the presence of oxygen, antimicrobial peptides, biliary and pancreatic secretions, and
rapid transit (30). These factors likely cause a distinct microbiota community compared
to the microbiota in the colon and feces (chapter 5). Little is known about the direct
interaction between NDCs and the bacteria in the human small intestine. We showed
that the various types of NDCs contributed to a distinct, selective change in the
small intestine microbiota in vitro (chapter 4), which is in line with earlier findings
for the colonic microbiota (58). The consumption of mixtures of various NDCs with
different fermentabilities may therefore increase microbial diversity, which has been
positively associated with health status (59). Interestingly, switching from a high NDC
consumption to a simple-sugar diet for 7 days (<10 g NDC/day) decreased the microbial
diversity and acetate concentrations in the small intestine in parallel to increased
intestinal permeability and GI symptoms in healthy subjects (48). This highlights the
potential clinical implications of modulating the small intestine microbiome via dietary
changes. In chapter 5, rapid postprandial microbiota fluctuations in the human small
intestine were observed after consumption of a drink containing FOS and GOS. This
finding suggests that the small intestine microbiota may be amendable to the changing
luminal environment. To study whether the postprandial-induced changes in the small
intestine microbiota are persistent, sampling should preferably take place over a longer
period of time, such as days or weeks. To address such questions, non-invasive sampling
capsules (chapter 3) have great potential to minimally-invasively collect small intestine
bacteria in people.
We hypothesize that the postprandial fluctuations in vivo are mostly the result of
experimental factors and physical phenomena rather than a direct effect of FOS or GOS.
Examples of experimental factors that may have played a role are for instance the intraintestinal infusions close to the sampling location, or potentially uncontrolled sampling
from the mucus instead of the luminal content. One physical phenomenon that could
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have influenced the microbial profiles is the appearance of oral bacteria ingested via
swallowing saliva. It is known that some bacteria remain viable after passage through the
stomach (60). We indeed detected several bacteria in the distal ileum that were previously
also found in the oral cavity (61) (chapter 5), although information of bacteria at the
species or strain level would allow a better comparison. Exploring the role of oral health
and microbiome in relation to intestinal health can be of (clinical) relevance. Even
though recently it was shown there was no colonization of oral bacteria in the distal gut
of healthy adults (62), previously the use of proton pump inhibitors (PPI) that reduce
stomach acid production increased oral bacteria in the intestine (63). Moreover, PPIs
induced microbial dysbiosis and the risk of infections or gastrointestinal discomfort
(63). Patients with intestinal diseases had not only a different microbiota in the intestine
but also in the mouth compared to matched controls (64, 65). Unfortunately, we did not
collect an oral swab from the study participants to assess the oral microbiota to compare
with the small intestine microbiota. Furthermore, we did not assess the viability of
the microbiota in the distal ileum of the study participants. This would have been of
interest to study to what extent the ileum bacteria are functionally active. Methods such
as flow cytometry can be used to characterize the live and dead bacteria populations
(66) in aspirates that were not frozen before the analysis. In this thesis, we focused
on bacteria at the genus level that were influenced by NDCs. Future developments
may also elucidate the effects at the species level rather than the genus level, providing
additional information about the interaction between NDCs, microbiota, and health.

The use of purified non-digestible carbohydrates or plant-based foods in
kinetic studies or interventions
We provided FOS and GOS as supplements in a glass of water to the participants
(chapter 5, 6). This hampers the direct translation to consuming NDCs within the food
matrix. Consuming NDCs via food will have pronounced effects on gastric emptying,
digesta behaviour and transit time. Moreover, the presence of other food components
will indirectly influence fermentation and digestion kinetics. And vice versa: NDCs may
influence bio-accessibility and absorption of other nutrients (67). One consequence is
changes in the postprandial metabolism including changes in blood glucose and insulin
levels. Increasing the consumption of NDCs can result in digesta with a higher viscosity,
and consequently an increased laminar flow and less efficient mixing in the intestine
(68). An increased laminar flow potentially limits the diffusion of nutrients from the
lumen to the mucosal epithelium, which would hamper nutrient digestion. In chapter
6, digestible carbohydrate remainders, including lactose, were found in the distal ileum
of lactose tolerant participants. The presence of this digestible disaccharide may be
explained by the rapid flow of the FOS and GOS mixtures through the human small
intestine. For future digestion studies in humans, where practical, it is recommended to
study NDCs within the food matrix. This will provide additional information about the
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interaction with other nutrients and their bio-availabilities. For instance, specific highly
viscous, gel-forming NDCs affect the absorption kinetics of other nutrients, which
resulted in lipid lowering effects (69). More data about the effects of diets differing
in carbohydrate quality on the carbohydrate forms and levels in the human ileum can
be expected in the future, as studies on this topic are currently being conducted (70).
Expanding knowledge on this topic can lead to next-generation foods with improved
health benefits.
Even though we intended to also study the longer-term effects of FOS and GOS on
health-related parameters, based on our studies described in chapters 4-6 it is not
possible to conclude on the health effects. The use of diet to optimize health, especially
when using isolated compounds such as FOS and GOS, as outlined in chapter 1, is often
subtle. Nevertheless, adding purified fibers extracted from plant sources to reduce sugars
and fat will improve the nutritional aspect of food as well as bowel habits. This is one
approach to address the fiber gap in Western society. From a health perspective, focusing
on whole plant-based products rather than isolated NDCs in longer-term intervention
studies is of high interest. Inulin, oligofructose, and GOS are naturally present in plantbased foods (71). Increasing their intake via plant foods will simultaneously increase
the intake of other nutritious compounds, including other NDCs, micronutrients, and
phytochemicals. Recently it was shown that achieving a mean intake of 15 g/d dietary
fructans was feasible via consumption of salsify, Jerusalem artichoke, leek, onion, and
garlic (72). Also, personalized advice within the context of whole diets is expected to be
highly relevant as a strategy to increase fiber intake in adults (73). In the Netherlands,
the most important fiber sources are bread and cereals, contributing up to 43% of the
habitual daily fiber intake (74). WGW is a source of mainly insoluble fibers with a rather
low fermentation potential, such as cellulose, hemi-celluloses including arabinoxylan
and β-glucan, fructans, and lignin (75). We showed that a 12-week WGW intervention
had minor effects on the fecal microbiota and predicted pathways and no effects on stool
consistency (chapter 7) despite the large difference of 10 g/d in fiber intake between
the WGW and RW group. In humans, it is known that the intestinal microbiota is
influenced by many environmental factors, including the habitual diet (76). We only
changed one aspect of this habitual diet, that is the grain consumption, which could
explain the minor microbiota changes. Inducing major changes in the habitual dietary
pattern, such as changing from a Western to a Mediterranean diet, did modulate the
intestinal microbiota composition and activity (77, 78) along with improved health
markers. This can be an interesting strategy for future intervention studies.
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A personalized approach to study responses to non-digestible and
digestible carbohydrates
The effects of NDC or WGW intervention on the microbiota were to a large extent
specific to the individual (chapters 3, 4, 5, 7). The responses upon intervention
differed in the type of bacteria, in the magnitude of change, but sometimes also in the
direction (chapters 5, 7). The huge variation in individual responses made it difficult to
determine general NDC or WGW intervention effects on the microbiota, also because
our studies were not powered to detect such changes. Such ‘personalized responses’ to
intervention, including NDCs, have previously been documented across numerous
studies (79). We also showed that the kinetics of NDC fermentation or digestion was
personalized (chapters 4, 6). In many studies utilizing in vitro fermentation models,
the fecal microbiota samples from several donors are pooled, hampering the study of
individual responses towards a substrate (28). While the NDC degradation kinetics
were highly subject-dependent (chapters 3, 4), within one individual over time these
were more reproducible (Figure 2). Assessment of responses to the same NDC in a
repeated fashion within more subjects will provide knowledge about the consistency in
response within and between subjects.

Figure 2. The NDC degradation kinetics within an individual.
The in vitro kinetics of GOS (A) and FOS/inulin (B) breakdown by small intestine bacteria over time of one
subject that donated ileostomy effluent twice with 6 months in between. The % remaining carbohydrates are
shown at 0, 5, 7, 9 h, and 24 h only at the second collection moment. DP, degree of polymerization. Data is
derived from chapter 4 (not published).

Several factors may be responsible for the inter-individual differences in NDC degradation
kinetics. In the in vitro experiments, mainly the microbial phenotype, including the
composition, activity, and load, was different between the incubations (chapter 4). In
vivo, many host factors can influence the kinetics (chapters 5, 6). Examples are the
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microbial phenotype, the gastric emptying rate, the intestinal transit time, the presence
and expression of digestive enzymes such as amylase, and the consistency of intestinal
content. Individual-specific responses upon intervention should therefore be expected.
Novel statistical and modeling approaches, such as machine-learning predictions (80),
will allow the study of whether and how responses are predicted based on host phenotype,
as well as how this may then mediate a difference in health status. One strong aspect of
our kinetic studies (chapters 4-6) is the collection of many data within a subject over
a defined period. This is vital for computational modeling to study dynamic processes,
including metabolic fluxes. For the prediction of responses based on host phenotype,
our small study populations are considered a major limitation. Two cutting-edge studies
in this rapidly developing field (80, 81) applied the concept of response prediction.
They showed that postprandial glucose responses to the same meal were highly variable
between people and that this variability was partly explained by the composition and
functions of the fecal microbiome (80, 81). In a smaller study population, there was no
relation between the microbiome or fermentation markers (SCFAs, breath gases) and
postprandial glucose variability (82). Nonetheless, the small intestine is the primary
site of metabolic signaling, carbohydrate digestion, and glucose absorption (83). Thus,
the small intestine microbiota potentially plays a more important role in explaining
postprandial glucose variability than the fecal microbiome. In chapter 6, we showed
that the ileum microbiota contained higher relative abundances of sucrase compared
to the large intestine microbiota. This may imply, as suggested previously (84), that
the small intestine microbiota uses simple carbohydrates for community maintenance.
Preclinical studies in mice showed a direct role of the small intestine microbiota in
glucose nutrient sensing and glycemic control (85, 86). In-depth characterization of the
small intestine microbiota activity and their fluctuations in relation to the digestion of
carbohydrate needs further exploration.

Moving from microbiota composition towards functionality
In this thesis, NDC degradation in the intestine and the consequent effects on
microbiota composition were studied at the genus level using 16S rRNA gene
sequencing (chapters 4-5). This technique allowed us to study which bacteria were
present. In addition to this approach, emphasis needs also to be put on the functionality
of the microbial community. We therefore also applied a more functional approach by
studying the predicted metagenome functions using PICRUSt2 (chapters 5-7) in the
sampled bacteria community, which is based on the 16S rRNA gene sequences. There
are several limitations of this functional prediction. Most importantly, this prediction
is biased toward the existing reference genomes. Especially in datasets containing more
rare bacteria, as was the case in the less well-studied human small intestine microbiota
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(chapters 5, 6), the functions are less likely to be identified (87). In the future, this
limitation is expected to decrease since the availability of high-quality available genomes
is expanding. Alternatively, functional characterization with techniques such as shotgun
metagenomics sequencing to sequence the entire genome, will overcome this limitation.
One disadvantage is that host cells can contaminate the sample and hence influence the
outcomes. Another approach to investigate the bacteria functionality is to measure the
presence and/or the production of bacterial metabolites. Moving beyond the effects of
NDCs on the microbiota composition towards functionality, including the production
and effects of a battery of metabolites, is of relevance to interpret the potential relevance
for clinical outcomes. In chapters 3-6, we measured the main fermentation metabolites
using a quantitative and targeted approach. The use of untargeted metabolomic
techniques, for instance, LC-MS and NMR-based methods, will also allow the detection
of new microbial-derived compounds. Major challenges are the unidentified peaks, and
the detection of metabolites originating from undigested food material and host cells,
resulting in challenging data analysis and interpretation.

The effects of non-digestible carbohydrates beyond the intestinal
environment
The effects of NDCs often go beyond the GI-tract, as outlined in chapter 1. SCFAs
can modulate metabolic health through a range of tissue-specific mechanisms (88). In
mice, fermentable NDC supplementation increased SCFA uptake fluxes that strongly
positively correlated with improvements in health markers, such as insulin sensitivity
(89). These preclinical findings formed the basis for the studies described in chapter
5. Here, we aimed to study SCFA uptake fluxes and the effects of a 7-day NDC
supplementation on the fluxes. We did show that SCFAs in the blood increased upon
ingestion of fermentable FOS and GOS. Due to experimental difficulties, mainly related
to sampling and the homogenization of the non-absorbable marker TiO2, we did not
manage to quantify SCFA uptake fluxes from the intestine. Only limited human studies
investigated the effects of SCFAs as substrates in lipid and glucose metabolism (42, 90,
91) as summarized in (88). In agreement with (42), we also showed that SCFAs are
rapidly taken up by the host and play a role in glucose metabolism (chapter 5), but only
propionate was used for net glucose synthesis (gluconeogenesis). An emerging concept is
the role of intestinal gluconeogenesis as a factor in the gut-brain axis (92). Glucose in the
portal vein may be sensed by the surrounding nervous system, which initiates signals that
influenced glucose and energy homeostasis. NDC fermentation could trigger intestinal
gluconeogenesis via fermentation products. In contrast to previous studies (42, 90, 91),
we did not detect incorporation of the label in fatty acids or cholesterol. This difference
could be explained due to the fasted state of the volunteers during the test day. One
279

8

Chapter 8

interesting finding was that the 13C label incorporation in blood metabolites and breath
CO2 after intestinal delivery of 13C-SCFAs was highly similar between subjects. This was
contradictory to the high variability in systemically available fermentation biomarkers,
namely breath CH4 and H2 and blood SCFAs, that were produced during FOS and
GOS fermentation. Overall, isotope studies are valuable to investigate the metabolic
fate of microbial-derived metabolites. Moreover, our findings highlight the close link
between the microbiome and host metabolism.

Concluding remarks
The studies presented in this thesis tackle several technical challenges to be considered
when conducting in vivo studies in the human (small) intestine. Furthermore, we have
provided novel data about the degradation kinetics of various NDCs and the fate of
SCFAs in the human intestine. We showed that NDC degradation kinetics were strongly
dependent on the individual and the type of NDC. This highlights the important role of
host factors, including microbial phenotype, in responses towards NDC consumption.
We increased the knowledge on digestion of prebiotics in the human small intestine by
showing that some structure-dependent digestion may occur. This may contribute to the
development of new carbohydrate mixtures highly resistant to digestion. Future research
on the health effects of NDCs requires a multi-disciplinary approach in order to fully
understand the underlying mechanisms, combining insights from food technology,
(bio)chemistry, microbiology, immunology, nutrition, and clinical perspective. This will
ultimately contribute to the usage of – specific or mixtures of – NDCs in patients with
intestinal diseases and metabolic disturbances.
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Non-digestible carbohydrates and health
Digestible and non-digestible carbohydrates are present in food. The non-digestible
carbohydrates (NDCs), or dietary fiber, are natural components of plant food sources
such as fruits, vegetables, nuts, legumes, and grains. Increased consumption of NDCs
has been linked to numerous health benefits such as a reduced risk of obesity or intestinal
disease and improved intestinal function. Unlike digestible carbohydrates, which are
absorbed into the body and used as an energy source, NDCs are not broken down by
host enzymes. However, certain NDCs can be broken down by intestinal bacteria. This
process, which is called fermentation, results in a change in the composition of the
bacteria and in the production of bacterial metabolites. These are in particular the shortchain fatty acids (SCFA) with acetate, propionate, and butyrate as the main end products.
The SCFAs are an important energy source for the intestinal cells, and butyrate acid may
reduce intestinal inflammation. It has previously been shown in mice that increased
uptake of SCFAs from the large intestine is associated with improvements in metabolic
health markers in the blood, such as glucose and insulin levels. Because the composition
of the intestinal microbiota, including the bacteria, in the small and large intestine plays
an important role in health, modulating this composition through changes in diet can be
a strategy to improve health status. Prebiotic NDCs, including galacto-oligosaccharides
(GOS), fructo-oligosaccharides (FOS), and inulin, can selectively stimulate the growth
and/or activity of specific intestinal bacteria linked to health benefits. For this reason,
prebiotics are isolated from the original plant material and are used as ingredients in
certain food products. However, detailed knowledge on NDC degradation profiles,
metabolites produced, and microbiota shifts generated by NDC in the human intestine
is lacking. This information will facilitate the prediction of potential beneficial health
consequences of NDC consumption. The work in this thesis describes the breakdown
and fermentation of specific NDCs, including prebiotics, in the human intestine. We
also investigated the effects of short- and longer-term interventions varying in NDC
composition on the intestine, including changes in microbiota, and their relationship
to metabolic processes.

A look inside the gut
Most commonly, the effects of NDCs on intestinal bacteria and bacterial metabolites
are studied through analysis of feces. Feces is easy to collect, but might not be directly
representative of the bacteria and their metabolites in the intestine. For this reason,
additional methods are needed to sample more locally to better understand the effects
of dietary compounds, including NDCs, inside the intestine. Intestinal catheters can
facilitate the delivery of compounds directly into the intestinal lumen or the aspiration
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of intestinal fluids in human subjects. Working with intestinal catheters poses challenges
to (biomedical) researchers and medical staff, e.g. correct positioning. Therefore, in
chapter 2 we described all technical and practical aspects of working with catheters
placed at the beginning of the small intestine (the duodenum and jejunum), the end
of the small intestine (the ileum), or at the beginning of the large intestine (colon) in
a systematic literature review. We obtained in-depth information about working with
intestinal catheters, including positioning catheters, aspirating intestinal fluids, and
standardizing delivery and sampling, as well as a summary of state-of-the-art intestinal
catheter designs. This overview was based on information from 60 clinical studies,
including our own studies, which involved a total of 720 healthy subjects and 42
patients. We showed that catheters were mostly applied to examine multiple intestinal
regions simultaneously (24 studies), followed by just the jejunum (21 studies), the ileum
(13 studies), or the large intestine (2 studies). Custom-made state-of-the-art catheters
are available with numerous options for the design, such as multiple lumina, side holes,
and inflatable balloons for catheter progression or isolation of intestinal segments. These
allow for multiple controlled sampling and compound delivery options in different
intestinal regions. Intestinal catheters were often used for delivery (23 studies), sampling
(10 studies), or both (27 studies). The sampling rate decreased with increasing distance
from the sampling syringe to the specific intestinal segment. This means that sampling
intestinal contents in the duodenum and jejunum is easier and faster than in the ileum
or large intestine. Despite the invasiveness of the method, no serious adverse events
were reported, and a dropout rate of approximately 10% for this type of research can
be expected. In conclusion, intestinal catheters allow studying the relatively inaccessible
small intestine and the beginning of the colon in humans.
Given the high invasiveness of this method, alternative methods to study the inner
world of digestion and fermentation are warranted. Access to the intestinal lumen will
be possible in the future through minimally-invasive, novel human gastrointestinal
sampling capsules. These can be activated remotely to take a sample of the intestinal
content. However, an important drawback of this capsule is that the sample cannot be
collected until after excretion of the capsule in the feces, which can take hours to days.
Meanwhile, the breakdown of macronutrients including NDCs by the intestinal bacteria
continues, which hampers the reliability of the findings. In order to obtain a representative
intestinal sample, the intestinal contents must be stabilized at the time of sampling by
blocking further metabolism. This can be done by adding a so-called ‘stabilizer’ in the
capsule prior to swallowing. Due to the novelty of such capsules, no methodology has
yet been published to stabilize and analyze the resulting intestinal samples. In chapter 3
we described a new workflow to block and analyze the fermentation process of selected
NDCs, including the microbiota and SCFAs. The developed stabilizer contains 175
mM Tris, 525 mM NaCl, 35 mM EDTA, 12% SDS and 8 M urea at pH 8.5. After
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adding this stabilizer, we found that the fermentation of FOS/inulin and GOS by small
intestine bacteria and fecal bacteria (large intestine) was stabilized for 48 hours at body
temperature. Since the total sample volume of the intestinal capsules is small, we also
optimized the analytical methods and set up an efficient extraction procedure. In this
way, it is possible to obtain as much data as possible from the valuable, but low volume
of intestinal samples. In addition, we showed that the stabilizer is safe for ingestion, in
case of stabilizer leakage from the capsule into the gastrointestinal tract. This work forms
the basis for a broader approach to also stabilize and subsequently investigate other
microbial processes in the intestine. The application of intestinal capsules will allow a
deeper understanding of diet-microbiota-host interactions.

An in vitro model and in vivo model for digestion and fermentation
Prior to digestion and fermentation studies in the human gut (in vivo), in vitro
fermentation models can be used to mimic this process. In vitro studies take place
outside the body, with the aim of mimicking a process in the gastrointestinal tract in
a high-throughput, cost-efficient way without ethical restrictions. In chapter 4 we
used an in vitro batch fermentation model to investigate the degradation of various
NDCs, and the effects on microbiota composition and metabolite production. Little is
known about the direct interaction between NDCs and the bacteria in the human small
intestine. It has been previously shown that bacteria in ileostomy stools resemble bacteria
in the small intestine of healthy people. Patients with a stoma at the end of the small
intestine, therefore, donated stool for this study, to which we then added NDCs. The
lower molecular weight NDCs, namely GOS and FOS, were rapidly fermented by the
small intestine bacteria, namely 31-82% and 29-89%, respectively after 5 hours. Higher
molecular weight NDCs, namely inulin, lemon pectin, and non-digestible starch, were
broken down very slowly (after 7 hours) or not at all by bacteria present in the small
intestine. This indicates that the latter NDCs likely will not have a direct effect on the
small intestine bacteria in humans, because food is only present in the small intestine
for on average 3.5 to 6 hours. The fermentation and degradation rate depended on the
type and size of the NDC. These findings show that small intestinal bacteria potentially
contribute to the digestion of NDCs because they can produce enzymes that break down
certain NDCs, which resulted in the production of mostly acetate. Importantly, the
effects on the microbiota and metabolites composition were strongly dependent on the
subject’s initial microbiota composition. This supports the importance of a personalized
nutritional approach through the intestinal microbiota to improve health. The in vitro
model allowed us to look at the functions of the small intestine bacteria with regard to
the breakdown of NDCs. The next step was to study fermentation in the intestine of
human subjects. To this end, healthy males were intubated with an intestinal catheter in
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the distal ileum or the beginning of the colon (chapter 5). Afterwards, they consumed
10 grams of FOS:GOS, after which we collected intestinal contents at different time
points for several hours. In the distal ileum, there was no degradation of FOS and GOS,
nor production of SCFAs. However, hydrogen in the breath and SCFAs in the blood
increased after FOS:GOS consumption, which indicates that fermentation did occur in
the large intestine. The microbiota composition in the ileum changed rapidly during the
test day. There was no increase in bacteria that were previously reported to be stimulated
by FOS or GOS. The cause of the rapid fluctuations in the small intestinal microbiota
and potential effects on health or digestion remains to be uncovered. The composition
of bacteria in the small intestine was very different from that in the large intestine or
in the stool. Consuming 15 grams of FOS:GOS daily for seven days had no effect on
the microbiota and metabolites in the stool. In chapter 5, SCFAs were also delivered
directly via the catheter into the intestine to investigate their role in glucose and lipid
metabolism. Acetate, propionate, and butyrate contain a 13C label, which could be traced
in various molecules. The 13C label from the three SCFAs was incorporated into glucose,
with only propionate contributing to net glucose synthesis. The label was not detected
in amino acids, fatty acids, or cholesterol. Overall, the results showed that SCFAs were
vividly taken up from the intestine and converted by the host. This highlights the close
link between the microbiome and host metabolism.

The importance of the structure and properties of non-digestible
carbohydrates
GOS and FOS each have a unique structure and both the GOS and the FOS powder
mixture contain molecules of different sizes and linkages. Information about their
digestibility in the small intestine of healthy people is limited. The development and
application of NDCs in foods as sugar replacers is interesting, because this will decrease
the caloric value of food. In addition, such foods may lower blood glucose levels after
eating, and the added NDCs can have a beneficial effect on the intestine. In chapter
6 we, therefore, investigated in detail the digestibility of all carbohydrate compounds
present in the FOS and GOS mixtures in the small intestine of healthy men, using
advanced chemical analyses. Most of the GOS and FOS were recovered at the end of
the small intestine, namely 76% GOS and 96% FOS. Some of the GOS disaccharides,
two sugar molecules linked together, did not reach the end of the small intestine or the
large intestine. The digestion of GOS disaccharides was dependent on the biochemical
structure and the linkage between the monomers. The structures β-D-Gal-(1↔1)-α-DGlc + β-D-Gal-(1↔1)-β-D-Glc and β-D-Gal-(1→2)-D-Glc + β-D-Gal-(1→3)-D-Glc
were digested more (77% and 81%) compared to β-D-Gal-(1→6)-D-Gal and β-D-Gal(1→4)-D-Gal (56% and 32%). An unexpected finding was that lactose, naturally present
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in the GOS mixture, was still present at the end of the small intestine or large intestine.
This is remarkable, since lactose is normally digested in the proximal small intestine, and
the subjects were not lactose intolerant. The direct evidence on resistances of various
compounds to digestion in the small intestine can be used for further development of
(GOS) prebiotics that completely resist digestion in the human small intestine.

Whole-grain products as a source of non-digestible carbohydrates
and effect on the fecal microbiota
In the Netherlands, bread and grain products are the main sources of NDCs, accounting
for 43% of the daily intake. From a health perspective, it is of great importance to
also investigate the effects of the whole plant product in intervention studies. Intake of
plant products increases a range of nutritious compounds, including micronutrients.
Whole wheat products are recommended as a healthy choice compared to refined wheat
products. It has previously been shown that the consumption of whole-grain wheat
products prevents fatty liver, in which intestinal bacteria may play a role. In chapter
7 we investigated the effects of a 12-week intervention with whole wheat products or
refined wheat products on the composition and functions of the fecal bacteria in women
and men with overweight or obesity. Despite the large difference in the daily intake of
NDCs between the groups, we found minor effects on the composition and functions of
the fecal bacteria after 12 weeks when the diet groups were compared. The whole wheat
products also had no effect on stool consistency. The effects were mainly an increase
in certain NDC-degrading bacteria and bacterial functions related to fermentation in
the whole-grain wheat group. Changes in the amount of some bacteria correlated with
changes in liver fat and concentrations of certain liver enzymes in the blood. Potential
protective health effects of replacing refined wheat products with whole-grain wheat
products on metabolic organs, such as the liver, via modulation of the microbiota
requires further investigation.

A holistic approach to further unravel the health effects of nondigestible carbohydrates
The studies presented in this thesis address several technical challenges to consider
during in vivo studies in the human gastrointestinal tract. We showed that the
breakdown rate of various NDCs is highly dependent on both the person and the
structure and properties of the NDC. This highlights the important role of host factors,
including microbial phenotype, in responses towards NDC consumption. The small
intestine bacteria can also produce enzymes that break down certain NDCs. Since the
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small intestine microbiota composition has also been associated with certain diseases,
it is relevant to study the interaction between food and this microbial ecosystem in
more detail. In addition, the findings contribute to the development of carbohydrate
mixtures that are highly resistant to digestion in the small intestine. Future research
on the health effects of NDCs requires a multidisciplinary approach, with insights
from food chemistry, microbiology, immunology, and nutrition, to fully understand
the underlying mechanisms. This will ultimately contribute to the use of – specific or
mixtures of – NDCs for the prevention or treatment of conditions such as intestinal and
metabolic disorders.
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Niet-verteerbare koolhydraten en gezondheid
In voeding zijn verteerbare en niet-verteerbare koolhydraten aanwezig. De nietverteerbare koolhydraten, ook wel voedingsvezels genoemd, zijn natuurlijke bestanddelen
van plantaardige voedselbronnen zoals fruit, groenten, noten, peulvruchten en granen.
Een verhoogde consumptie van niet-verteerbare koolhydraten is in verband gebracht
met gezondheidsvoordelen, zoals een verminderd risico op obesitas of darmziekten en
een verbeterde darmfunctie. In tegenstelling tot verteerbare koolhydraten, die worden
opgenomen in het lichaam en gebruikt als energiebron, worden niet-verteerbare
koolhydraten niet afgebroken door enzymen van de gastheer. Wel worden bepaalde
niet-verteerbare koolhydraten afgebroken door de darmbacteriën. Dit proces heet
fermentatie. Dit resulteert in een verandering in de samenstelling van de darmbacteriën
en in de productie van bepaalde bacteriële stoffen tijdens fermentatie. Dit zijn met
name de korte-keten vetzuren (KKV), met als eindproducten azijnzuur, propionzuur
en boterzuur. De KKVs zijn een energiebron voor de cellen in de darm. Boterzuur kan
inflammatie in de darm verminderen en mogelijk de vorming van darmkanker tegen
gaan. Verder is eerder in muizen aangetoond dat een verhoogde opname van deze drie
KKVs vanuit de dikke darm samenhangt met verbeteringen in gezondheidsmarkers, zoals
de glucose- en insulinespiegel. De samenstelling van de micro-organismen (microbiota),
inclusief de bacteriën in de dunne en dikke darm, speelt een belangrijke rol in
gezondheid. Daarom kan het moduleren van deze samenstelling door veranderingen in
dieet een strategie zijn om de gezondheidsstatus te verbeteren. Zogenaamde prebiotische
koolhydraten, waaronder galacto-oligosachariden (GOS), fructo-oligosachariden (FOS)
en inuline, kunnen de groei en/of activiteit van specifieke darmbacteriën die verband
houden met gezondheid en welzijn stimuleren. Deze prebiotica worden om die reden
geïsoleerd uit het oorspronkelijke plantenmateriaal en toegepast als ingrediënten in
bepaalde voedingsproducten. Gedetailleerde kennis over wat er precies gebeurt met zulke
niet-verteerbare koolhydraten tijdens hun reis door het maag-darm kanaal van de mens
ontbreekt. Deze informatie zal bijdragen aan kennis over de effecten van consumptie van
niet-verteerbare koolhydraten op de gezondheid. Het werk in dit proefschrift beschrijft
de afbraak en fermentatie van specifieke niet-verteerbare koolhydraten en prebiotica
in de menselijke darm. Hierbij onderzochten we ook de effecten van korte- en langere
termijn interventies met niet-verteerbare koolhydraten op de darmbacteriën en de relatie
tot stofwisselingsprocessen.

Een kijkje in de darm
Meestal worden de effecten van niet-verteerbare koolhydraten op de darmbacteriën en
bacteriële stoffen onderzocht via ontlasting. Ontlasting is makkelijk te verzamelen, maar
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ook het eindproduct van het maag-darm kanaal. Daarom is het niet direct representatief
voor fermentatie in de darm. Om beter te begrijpen wat voor effecten voeding, waaronder
niet-verteerbare koolhydraten, op de darm hebben zijn aanvullende methoden nodig om
lokaal in de darm te meten. Darmsondes kunnen gebruikt worden om darminhoud te
bemonsteren of om componenten in de darm af te geven. Het werken met darmsondes
kan een uitdaging zijn voor (biomedische) onderzoekers en medisch personeel. Daarom
beschreven we in hoofdstuk 2 alle technische en praktische facetten omtrent het werken
met sondes die geplaatst worden in het begin van de dunne darm (het duodenum en
jejunum), het einde van de dunne darm (het ileum), of aan het begin van de dikke darm.
Dit overzicht is gemaakt op basis van informatie afkomstig uit 60 klinische studies,
waaronder onze eigen studies, waarin 720 gezonde proefpersonen en 42 patiënten
deelnamen. We vonden dat de meeste onderzoekers meerdere darmgebieden tegelijkertijd
onderzochten (24 studies), gevolgd door enkel het jejunum (21 studies), het ileum (13
studies) of de dikke darm (2 studies). Het design van de sonde wordt op de darmregio
en vraagstelling aangepast, met tal van opties voor het ontwerp, zoals meerdere kanalen
voor verschillende doeleinden, zijgaten en opblaasbare ballonnen voor sondeprogressie
of isolatie van darmsegmenten. Deze opties zorgen voor een gecontroleerde studie in
het gewenste darmsegment. Darmsondes worden vaak toegepast voor toedienen van
stoffen (23 studies), bemonsteren van darminhoud (10 studies) of beiden (27 studies).
De bemonsteringssnelheid nam af met toenemende afstand van de bemonsteringsspuit
tot het specifieke darmsegment. Dat wil zeggen dat bemonsteren van darminhoud in
het duodenum en het jejunum makkelijker en sneller gaat dan in het ileum of de dikke
darm. Ondanks de belasting voor de proefpersonen werden er bij deze studies geen
ernstige bijwerkingen gemeld. Een proefpersonen uitval van circa 10% voor dit soort
onderzoeken kan worden verwacht. Concluderend maken darmsondes het bestuderen
van de relatief ontoegankelijke dunne darm en het begin van de dikke darm in mensen
mogelijk.
Een minder belastende methode om deze innerlijke wereld van vertering en fermentatie te
bestuderen zijn darmbemonsteringscapsules. Deze kunnen op afstand geactiveerd worden
om een monster te nemen van de darminhoud. Een nadeel van deze capsules is dat het
monster pas verzameld wordt na de uitscheiding van de capsule via de ontlasting, wat uren
tot dagen kan duren. Intussen kan de afbraak van macronutriënten door darmbacteriën,
inclusief niet-verteerbare koolhydraten, doorgaan, wat de betrouwbaarheid van de
bevindingen belemmert. Om een representatief darmmonster te verkrijgen moet de
darminhoud daarom op het moment van bemonsteren gestabiliseerd worden. Dit
kan door het toevoegen van een zogenaamde ‘stabilisator’ in de capsule voordat deze
wordt ingeslikt. Vanwege het innovatieve karakter van darmcapsules was er nog geen
methodologie gepubliceerd om de darmmonsters te stabiliseren en te analyseren. In
hoofdstuk 3 beschrijven we een nieuwe werkwijze om het fermentatieproces, inclusief
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de darmbacteriën en KKVs, te stoppen en te analyseren. De ontwikkelde stabilisator
bevat 175 mM Tris, 525 mM NaCl, 35 mM EDTA, 12% SDS en 8 M ureum met een
pH van 8,5. We vonden dat na het toevoegen van deze stabilisator de fermentatie van
FOS/inuline en GOS door dunne darm bacteriën en poepbacteriën (dikke darm) werd
gestabiliseerd gedurende 48 uur op lichaamstemperatuur. Een ander nadeel is dat het
volume dat darmcapsules kunnen bemonsteren klein is. Daarom hebben we ook de
analytische methoden geoptimaliseerd en een efficiënte extractieprocedure opgezet. Op
deze manier kan er zoveel mogelijk informatie uit kostbare darmmonsters gehaald worden.
De stabilisator is veilig voor inname, voor het geval dat de stabilisator uit de capsule lekt
in het maag-darm kanaal. Dit werk vormt de basis voor een bredere benadering om ook
andere microbiële processen in de darm te stabiliseren en te onderzoeken. De toepassing
van darmcapsules zal meer kennis opleveren over de interactie tussen voeding en de
darm.

Een in vitro model en in vivo model voor vertering en fermentatie
Voorafgaand aan verterings- en fermentatiestudies ín de darm van de mens (in vivo)
kunnen in vitro fermentatiemodellen worden gebruikt om dit proces beter in kaart te
brengen. In vitro studies vinden buiten het lichaam plaats in een laboratorium, met
als doel om een processen in het maag-darm kanaal na te bootsen zonder ethische
beperkingen. In hoofdstuk 4 gebruiken we een in vitro batch fermentatiemodel om de
afbraak van een scala aan niet-verteerbare koolhydraten, en de effecten op de bacterie
samenstelling en metaboliet productie, te onderzoeken. Er is nog weinig bekend over
de directe interactie tussen niet-verteerbare koolhydraten en de bacteriën in de dunne
darm van de mens. Eerder is aangetoond dat bacteriën in ileostoma ontlasting overeen
komen met bacteriën in de dunne darm van gezonde mensen. Patiënten met een stoma
aan het uiteinde van de dunne darm hebben daarom ontlasting gedoneerd voor dit
onderzoek, waar wij vervolgens niet-verteerbare koolhydraten aan toevoegden. De
niet-verteerbare koolhydraten met een lager molecuulgewicht, namelijk GOS en FOS,
werden snel gefermenteerd door de dunne darm bacteriën, namelijk 31-82% en 2989% na 5 uur. Niet-verteerbare koolhydraten met een hoger molecuulgewicht, namelijk
inuline, pectine van citroenen, en niet-verteerbaar zetmeel, werden zeer langzaam (na 7
uur) of niet afgebroken door bacteriën aanwezig in de dunne darm. Dit is een indicatie
dat deze niet-verteerbare koolhydraten geen direct effect zullen hebben op de dunne
darm bacteriën in de mens, omdat voedsel gemiddeld maar 3,5 tot 6 uur aanwezig is in
de dunne darm. De fermentatie- en afbraaksnelheid was afhankelijk van het type en de
grootte van het niet-verteerbare koolhydraat. Deze bevindingen laten zien dat de dunne
darm bacteriën potentieel bijdragen aan de afbraak van niet-verteerbare koolhydraten,
omdat ze enzymen kunnen produceren die bepaalde niet-verteerbare koolhydraten
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kunnen afbreken. Dit resulteerde in de productie van voornamelijk azijnzuur, dat
functies heeft in en buiten de darm. De effecten op de microbiota samenstelling waren
sterk afhankelijk van de initiële microbiota samenstelling van de proefpersoon. Dit
ondersteunt het belang van een persoonlijke voedingsbenadering voor de consumptie
van niet-verteerbare koolhydraten.
Het in vitro model stelde ons in staat om te kijken naar de functies van de dunne darm
bacteriën met betrekking tot afbraak van niet-verteerbare koolhydraten. De vervolgstap
was het in kaart brengen van fermentatie in de darm van proefpersonen. Gezonde
mannelijke proefpersonen werden geïntubeerd met een darmsonde in het distale ileum
of het begin van de dikke darm (hoofdstuk 5). Daarna dronken ze een drankje met
5 gram FOS en 5 gram GOS, waarna we op verschillende tijdstippen gedurende een
aantal uren darminhoud afnamen via de darmsonde. In het distale ileum vond geen
afbraak van FOS en GOS plaats, noch productie van KKVs. Wel namen waterstof in de
adem en azijnzuur in het bloed toe na FOS:GOS consumptie, wat wijst op fermentatie
in de dikke darm. De bacterie samenstelling in het ileum veranderde snel gedurende de
testdag. Er was geen toename van bacteriën die vaak gestimuleerd worden door FOS
of GOS, zoals gevonden in eerdere studies. De oorzaak van de snelle fluctuaties in de
dunne darm microbiota en potentiële effecten op gezondheid of vertering zijn nog niet
bekend. De samenstelling van bacteriën in de dunne darm verschilde sterk van deze
in de dikke darm of in de ontlasting. Het innemen van dagelijks 15 gram FOS:GOS
suppletie gedurende zeven dagen had geen effect op de microbiota en metabolieten
in de ontlasting. In hoofdstuk 5 werden er ook KKVs direct via de sonde in de darm
afgegeven om te kijken naar hun rol in stofwisselingsprocessen. Azijnzuur, propionzuur
en boterzuur bevatten een 13C-label, dat getraceerd kon worden in lichaamseigen
moleculen. Het 13C-label afkomstig van de drie KKVs werd in glucose opgenomen,
waarbij enkel propionzuur bijdraagt aan netto synthese van glucose. Het label werd niet
terug gevonden in aminozuren, vetzuren of cholesterol. De resultaten laten zien dat
bacteriële metabolieten snel worden opgenomen vanuit de darm en worden omgezet
door de gastheer. Dit toont de nauwe samenwerking tussen de darmbacteriën en de
gastheer.

Het belang van de structuur en eigenschappen van niet-verteerbare
koolhydraten
GOS en FOS hebben ieder een unieke chemische structuur en zowel het GOS als het
FOS poedermengsel bevatten moleculen van verschillende grootte en eigenschappen. De
informatie over hun verteerbaarheid in de dunne darm van gezonde mensen is beperkt.
Het ontwikkelen en toepassen van niet-verteerbare koolhydraten in voedingsmiddelen
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als vervanger voor suiker is interessant. Hierdoor krijgen voedingsmiddelen een lagere
calorische waarde. Daarnaast resulteert consumptie van zulke voedingsmiddelen in een
lagere of langzamere bloedsuikerspiegel na het eten. In hoofdstuk 6 hebben we daarom
de verteerbaarheid van alle koolhydraatstructuren in de FOS en GOS mengsels in de
dunne darm van gezonde mannen in detail onderzocht, met behulp van geavanceerde
chemische analyses. Het grootste deel van de GOS en FOS bereikte het einde van de
dunne darm, namelijk 76% GOS en 96% FOS. Een deel van de GOS disachariden,
twee aan elkaar verbonden suikermoleculen, bereikte niet het einde van de dunne darm
of de dikke darm. De vertering in de dunne darm was afhankelijk van de biochemische
structuur en de β-bindingen tussen de monomeren. De chemische structuren β-D-Gal(1↔1)-α-D-Glc + β-D-Gal-(1↔1)-β-D-Glc en β-D-Gal-(1→2)-D-Glc + β-D-Gal(1→3)-D-Glc werden meer verteerd (77% en 81%) in vergelijking tot β-D-Gal-(1→6)D-Gal en β-D-Gal-(1→4)-D-Gal (56% en 32%). Een onverwachte bevinding was dat
lactose, van nature aanwezig in het GOS mengsel, nog gedeeltelijk aanwezig was aan
het einde van de dunne darm. Dit is opvallend, omdat lactose vertering plaats vindt
in het begin van de dunne darm, en de proefpersonen niet lactose-intolerant waren.
Het directe bewijs over resistenties van verschillende verbindingen voor vertering in de
menselijke darm kan gebruikt worden voor verdere ontwikkeling van (GOS) prebiotica
die de vertering in de menselijke dunne darm volledig weerstaan. Dit heeft voordelen
zoals hierboven vermeld, en daarnaast kunnen dergelijke prebiotica een gunstig effect
hebben op, onder andere, de darmen.

Volkorenproducten als bron van niet-verteerbare koolhydraten
en effect op de darmbacteriën
In Nederland zijn brood en granenproducten de belangrijkste bron van nietverteerbare koolhydraten, goed voor 43% van de dagelijkse vezelinname. Vanuit
gezondheidsperspectief is het van groot belang om in interventiestudies de effecten van
het hele plantaardige product te onderzoeken. Dit verhoogt namelijk de inname van een
scala aan voedzame verbindingen, inclusief micronutriënten. Volkoren tarweproducten
worden aanbevolen als een gezonde keuze in vergelijking met bewerkte tarweproducten.
Eerder is aangetoond dat de consumptie van volkoren tarweproducten leververvetting
tegengaat, waarbij mogelijk de darmbacteriën een rol spelen. In hoofdstuk 7
onderzochten we de effecten van een 12-weekse interventie met volkoren tarweproducten
versus bewerkte tarweproducten op de samenstelling en functies van de poepbacteriën
in vrouwen en mannen met overgewicht of obesitas. Ondanks het grote verschil in de
dagelijkse inname van niet-verteerbare koolhydraten tussen de groepen, vonden we na
12 weken weinig effecten op de samenstelling en functies van de poepbacteriën toen de
dieetgroepen werden vergeleken. De volkoren tarweproducten hadden ook geen effect
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op de consistentie van de ontlasting. De effecten waren voornamelijk een verhoging
in bepaalde type niet-verteerbare koolhydraat afbrekende bacteriën, en bacteriële
functies met betrekking tot fermentatie in de volkoren tarwegroep. De reactie was
sterk verschillend tussen proefpersonen. Veranderingen in de hoeveelheid van sommige
bacteriën correleerden met veranderingen in levervet en circulerende concentraties van
bepaalde leverenzymen. Mogelijke beschermende gezondheidseffecten van vervanging
van bewerkte tarweproducten door volkoren tarweproducten op metabole organen,
zoals de lever, via modulatie van de microbiota, verdienen verder onderzoek.

Een holistische aanpak om de gezondheidseffecten van nietverteerbare koolhydraten verder te ontrafelen
De studies gepresenteerd in dit proefschrift gaan in op verschillende technische
uitdagingen om rekening mee te houden tijdens in vivo studies in het maag-darm kanaal
van de mens. De afbraaksnelheid van verschillende niet-verteerbare koolhydraten is
sterk afhankelijk van zowel de persoon als de structuur en eigenschappen van de nietverteerbare koolhydraten. Ook de dunne darm bacteriën kunnen enzymen produceren
die niet-verteerbare koolhydraten afbreken. Aangezien ook de samenstelling van dunne
darm bacteriën in verband is gebracht met bepaalde ziekten, is het relevant om de
interactie tussen voeding en dit microbiële ecosysteem in meer detail te bestuderen.
Daarnaast dragen de bevindingen bij aan de ontwikkeling van koolhydraatmengsels die
zeer goed bestand zijn tegen vertering in de dunne darm. Toekomstig onderzoek naar
de gezondheidseffecten van niet-verteerbare koolhydraten vereist een multidisciplinaire
aanpak, met inzichten vanuit de levensmiddelenchemie, microbiologie, immunologie,
en voeding, om de onderliggende mechanismen volledig te begrijpen. Dit zal
uiteindelijk bijdragen aan het gebruik van – specifieke of mengsels van – niet-verteerbare
koolhydraten als preventie of behandeling van aandoeningen zoals darmziekten en
stofwisselingsstoornissen.
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