
 

 

 University of Groningen

Interplay between dietary fibers and gut microbiota for promoting metabolic health
Mistry, Rima

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Mistry, R. (2019). Interplay between dietary fibers and gut microbiota for promoting metabolic health.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/96906816-213d-4943-8ffd-f317e59a44a6


Interplay between dietary 
fibers and gut microbiota for 
promoting metabolic health

R I M A  H A R K I S H A N  M I S T R Y



© Rima H Mistry | 2019

The work described in this thesis is performed at the Department of Pediatrics, 
Center for Liver, Digestive, and Metabolic Diseases, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands

Cover: Cover image by Rima H Mistry, designed by Art Forest Design 
Layout: Rima H Mistry 
Printed by: ProefschriftMaken

ISBN: 
978-94-034-1503-1 (printed) 
978-94-034-1502-4 (digital)

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval database, 
or transmitted in any form or by any means, without prior permission of the author.



Interplay between dietary fibers and gut 
microbiota for promoting metabolic health

PhD thesis

to obtain the degree of PhD at the  
University of Groningen  
on the authority of the  

Rector Magnificus Prof. E. Sterken  
and in accordance with  

the decision by the College of Deans.

This thesis will be defended in public on

Wednesday 27 March 2019 at 11.00 hours

by

Rima Harkishan Mistry

born on 24 July 1988  
in Dar es Salaam, Tanzania



Supervisor 
Prof. H.J. Verkade

Co-supervisor 
Dr. U.J.F. Tietge

Assessment Committee 
Prof. R.M.F Berger 
Prof. P. de Vos 
Prof. J. Knol



Dedicated to my mother and father for all their love,  
support and sacrifice without which I would not have made this far.



Paranymphs
M.A.M. Lohuis
M.Z.A. Alimohamed

The research project described in this thesis was performed in the public-private 
partnership CarboHealth coordinated by the Carbohydrate Competence Center and 
financed by participating partners and allowances of the TKI Agri&Food program, 
Ministry of Economic Affairs.

Printing of this thesis is financially supported by:
Groningen graduate school of science (GSMS)
University of Groningen



CONTENTS

Chapter 1 General Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1
Chapter 2 Effect of the prebiotic fiber inulin on cholesterol  

metabolism in wildtype mice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .23
Chapter 3 Dietary isomalto/malto-polysaccharides increase fecal bulk and 

microbial fermentation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39
Chapter 4 Reverse cholesterol transport is increased in germ-free mice. . . . . . . . .59
Chapter 5 Absence of intestinal microbiota increases ß-cyclodextrin stimulated 

reverse cholesterol transport. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71
Chapter 6 Galacto-oligosaccharides supplementation decreases obesity and 

improves insulin sensitivity in mice fed a Western-type diet  . . . . . . . .91
Chapter 7 General discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .125
Nederlandse Samenvatting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .129
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .133
Biography  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .137
List of publications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .139





Chapter 1
General Introduction
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1. Background

Worldwide, diets and lifestyles have rapidly changed over the last decades with 
economic development and globalization. Concurrently, the prevalence of metabolic 
syndrome has also seen a swift increase, indicating one of the negative consequences 
of an unhealthy diet and lifestyle.1,2 Metabolic syndrome represents a cluster of several 
adverse metabolic conditions such as obesity, insulin resistance, type 2 diabetes, 
dyslipidemia, hypertension and non-alcoholic fatty liver disease. Eventually, such 
metabolic dysregulations can lead to the development of cardiovascular diseases, 
kidney failure and liver cirrhosis.

The role of gastrointestinal microbiota on host physiology has received increasing 
interest for its potential impact on the metabolic syndrome.3 The human intestinal 
microbiota is a dynamic component of the human body which expresses approximately 
100-fold more genes than the human genome.4 The intestine is also one of the key 
organs involved in various processes including regulation of immune function and 
metabolic pathways of the host. Thus understanding the link between microbiota 
and manifestation of major epidemic diseases could provide mechanistic insight 
into its impact and therapeutic potential. Existing evidence supports the role of 
microbiota in the development of diseases via complex chemical interactions between 
gut microbiota-derived metabolites and the host.5,6

Dietary fibers are non-digestible oligosaccharides which are selectively fermented 
by the gastrointestinal microbiota and form an important element in modulating the 
composition and biological activities of the intestinal microbiota. Dietary fibers which 
confer physiological health benefits are also referred to as prebiotics.7 One known health 
effect involves enhancing the intestinal barrier function which can prevent pathogen 
colonization and improve the immune system response.6,8,9 More recently the impact 
of intestinal microbiota on the development of metabolic syndrome has become clearer. 
In this thesis, we have focused on the risk factors that contribute to the development 
of metabolic diseases such as cholesterol metabolism, insulin sensitivity and obesity. 
Today there is a growing interest in using dietary fibers in beverages and milk products. 
Some typical dietary fibers that are widely used to preferentially stimulate the growth 
of supposed beneficial bacteria and promote health are inulin, fructo-oligosaccharides 
(FOS) and galacto-oligosaccharides (GOS).10 There are also other interesting candidates 
of dietary fiber which have demonstrated cholesterol-lowering potential such as α- and 
β-cyclodextrin and isomalto-oligosaccharides.11–14

Dietary fibers are naturally found in milk, fruits and vegetables such as onion, 
chicory, rye, barley, wheat and garlic. Their concentration ranges from 0.3% up to 
20% of the fresh weight.15 Dietary fibers are non-digestible because of their chemical 
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configuration of linked glycosidic bonds, which prevents their digestion by hydrolytic 
mammalian enzymes.16 Chemically, dietary fibers are classified based on several 
factors such as molecular size, the type of monosaccharides, solubility, their degree 
of polymerization (DP, number of monosaccharides joined by glycosidic linkages) 
among others. Most dietary fibers are composed of at least three monosaccharide units 
(Fig.1). FOS for example (inulin, oligofructose) have D-fructose attached by β (2à1) 
linkages with variable DP. Inulin has a DP ranging from 11-60 whereas oligofructose 
(OFS) on average has a DP ranging from 3-10. Cyclodextrin has cyclic α (1à4)-linked 
malto-oligosaccharides with 6, 7 and 8 glucose units.17

n

n

n

α-cyclodextrin n=6 
β-cyclodextrin n=7 
γ-cyclodextrin n=8 

Galactose

Glucose

Fructose

Isomaltose

Fructooligosaccharide
Inulin n= ~11-60
Oligofructose n= ~3-10

Galactooligosaccharide

Isomaltooligosaccharide

n

Figure		1

Figure 1: Structural variation of different non-digestible oligosaccharides.

Currently, dietary fibers that are widely used as nutritional products are generated 
at industrial scale from natural sources by enzymatic processes, only a few fibers are 
derived from direct extraction or isomerization reactions. Dietary fibers are also low 
in sweetness which is useful in food products to reduce the overall sweetness and to 
enhance other flavors. In terms of their physiological properties in humans, dietary 
fibers are hardly broken down by microorganisms in the mouth and they also resist 
digestion further on as humans lack enzymes required for hydrolyzing β-links between 
the monosaccharide units. Thus, most dietary fibers reach the cecum-colon where 
they can be metabolized by the anaerobic bacteria through fermentation. Specific 
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dietary fibers act as substrates for specific bacteria and/or result in specific breakdown 
products, leading to preferential proliferation of bacterial species and thereby altering 
the microbiota composition. The products released from the fermentation such as 
CO2 or H2 gases are not useful for the host and excreted as such. In contrast, several 
organic acids such as short-chain fatty acids (SCFA) that are also released by the 
bacteria have the potential to directly or indirectly regulate other metabolic processes 
in mammalian hosts.17 

1.1 Targets of metabolic health

1.1.1 Short-chain fatty acids and their effect on metabolic health 

Dietary fibers that undergo microbial fermentation in the colon yield various 
bioactive metabolites such as the short chain fatty acids (SCFA) acetate, butyrate and 
propionate.18 In recent decades many studies have implicated SCFA in glucose and 
lipid metabolism of the host.19–26 Microbes may release SCFA as a mean to achieve 
a redox balance in anaerobic conditions.27 The amount of SCFA produced mostly 
depends on the amount and components of the diet. Under normal physiological 
conditions, SCFA levels were reported to range between 70-140mM in the proximal 
colon of pigs which decreased to 20-70mM in the distal colon.22 Since SCFA are 
volatile organic acids, 95% of produced SCFA are readily absorbed by enterocytes in 
the cecum and large intestine by passive diffusion. The remaining 5% of the SCFA are 
excreted in the feces.22,28 Studies utilizing microbiota from pigs have demonstrated that 
substantial variation occurs in SCFA production with supplementation of different 
dietary fibers.29,30 Under physiological conditions acetate, propionate and butyrate 
are present in pigs in the ratio of 60:20:20 in colon and feces, which is similar to the 
colonic ratio of 57:22:21 measured in humans (with an average age of 57) who had 
died suddenly.31,32

As stated, SCFA have been implied in cholesterol homeostasis. Increased cholesterol 
is one of the major risk factors associated with the development of cardiovascular diseases. 
Thus, it is important to understand how cholesterol metabolism is regulated by dietary 
fibers-derived SCFA. Humans with hypercholesterolemia show a moderate increase in 
fecal propionate and butyrate and a trend towards a decrease in serum cholesterol when 
treated with inulin.33 It could be hypothesized that propionate suppresses cholesterol 
synthesis in the liver as has been demonstrated in vitro in rat liver and intestine34, 
possibly by lowering the enzymatic activity of hepatic 3-hydroxy-3-methylglutaryl-CoA 
synthase (HMGCS) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR).35 
Most studies with dietary fibers, however, did not analyze the effect of the diets 
on cholesterol synthesis or on the intestinal cholesterol balance which can be 
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investigated by either measuring the enzymatic activity (HMGCS, HMGCR), stable 
labeled-isotopes (D2O, 13C-acetate) and radioisotopes. 

Whereas propionate has been implied in decreasing cholesterol synthesis, acetate, 
which is produced in higher concentrations compared to other SCFA is a major source 
of acetyl-CoA, a precursor for cholesterol synthesis. Acetate was found to decrease in 
fecal samples of rats treated for 11 weeks with isomalto-oligosaccharides compared to 
inulin fed rats but its effect on plasma cholesterol was not measured.11 Another study 
in humans has shown that the concentration of acetate increases after consumption 
of 10g per day of isomalto-oligosaccharides but there is nevertheless decreased plasma 
cholesterol.36 Since SCFA have shown to regulate cholesterol metabolism it would be 
interesting to explore how dietary fibers stimulate the production of specific SCFA 
and the role of the microbiota in this process. Apart from studies focusing on dietary 
fibers-derived SCFA, the metabolic effects of SCFA have also been investigated by 
introducing it directly into the diets. Dietary intervention with SCFA (5% w/w) in 
mice had a protective effect against high-fat diet induced obesity, improved insulin 
sensitivity and reduced hepatic steatosis. The protective effect was mediated by adipose 
and liver expression of peroxisome proliferator-activated receptor-γ (PPARγ).

1.1.2 Bile acids as dynamic signaling molecules

Bile acids are not only detergents required for the intestinal absorption of hydrophobic 
nutrient molecules including fat, cholesterol, and fat-soluble vitamins but are also 
important signaling molecules for various metabolic pathways (Fig. 2). In addition, 
bile acids are a major route for the elimination of cholesterol from the body. Primary 
bile acids are synthesized in the liver from cholesterol via a neutral or acidic pathway 
involving cascades of enzymatic reactions in hepatocytes. Cholic acid (CA) and 
chenodeoxycholic acid (CDCA) are two main products of these two pathways, 
respectively. In rodents, CDCA is further converted into hydrophilic bile acids such 
as α-muricholic acids (α-MCA) and later into β-muricholic acids (β-MCA). More 
recently the gene responsible for encoding enzyme known as cytochrome P450 2C70 
(Cyp2c70) was indicted in mouse studies to be responsible for the oxidation of CDCA 
into α-MCA and of ursodeoxycholic acids (UDCA) into β-MCA.37 The neutral 
pathway is initiated by cholesterol 7α-hydroxylase (CYP7A1) while the acidic pathway 
is regulated by sterol 27-hydroxylase (CYP27A1). 
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Figure 2: Bile acids: a link between bacterial metabolism and systemic metabolism of 
the host with major relevance for metabolic regulation

Under physiological conditions, bile contains bile acids as well as cholesterol and 
phospholipids. Bile is released into the upper small intestine as a response to food intake. 
Bile acids in the intestine are essential for solubilizing dietary lipids for absorption. Bile 
acids are secreted into the bile, almost exclusively conjugated with taurine of glycine. 
The conjugation increases the solubility in the upper intestinal lumen. In humans, bile 
acids are conjugated with glycine while in rodents they are conjugated with taurine. In 
the intestine, bacteria play a major role in converting primary bile acids into secondary 
bile acids by deconjugation and then dehydroxylation. 

Most microbial 3metabolism takes place by gram-positive anaerobic bacteria. 
Dietary fibers such as galacto-oligosaccharides and fructo-oligosaccharides are known 
to promote the growth of Bifidobacterium and Lactobacillus in animal and human 
studies.38–41 Lactic acid fermenting bacteria such as Bifidobacterium and Lactobacillus 
strains are also known to produce bile salt hydrolase (BSH).42 This enzyme is essential 
for catalyzing the deconjugation of bile acids and thus could have direct implications 
on the lipid metabolism of the host. Therefore, modifying intestinal microbiota 
composition could be an attractive target for regulating bile acid homeostasis, a 
potential therapy in metabolic diseases. Most bile acids are reabsorbed from the 
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intestine leaving around 5% which are excreted into the feces per enterohepatic cycle. 
Vast amounts of bile acids are recirculated via enterohepatic circulation and serve as 
natural ligands for hormone receptors such as farnesoid X receptor (FXR) or G-protein 
coupled receptors such as TGR5. Activation of these genes has specific regulating 
effects on energy, fat, glucose and cholesterol metabolism.

1.1.3  Effects of dietary fibers on lipid and glucose 
metabolism in animal and human studies

Most studies in animal models related to the effects of dietary fibers on lipid metabolism 
are carried out in rats43–45, but some have also been conducted in mice46,47, dogs48 and 
hamsters49. Mouse models of atherosclerosis namely apolipoprotein E (apoE) and 
LDL receptor (LDLR) deficient mice have been used to study the effects of inulin 
and oligofructose. Upon supplementation for 16 weeks of inulin (10%, w/w) to 
the diet of apoE-deficient atherosclerosis-prone mice cholesterol and triacylglycerol 
levels decreased by 30% and 50%, respectively. OFS (10%, w/w) supplementation 
also decreased plasma cholesterol and triacylglycerol levels by about 14% and 48%, 
respectively. In the same study, when OFS and a long-chain inulin mixture were 
supplemented together there was a similar effect of lowering plasma cholesterol levels 
suggesting that it can be effective individually and in combination. In LDLR knockout 
mice, inulin (Raftiline HP, 10%, w/w) supplementation to the diet for 4-9 weeks 
reduced plasma cholesterol by 30%, triglycerides levels by 22%, LDL-cholesterol 
by 25%, VLDL-cholesterol by 37% and IDL-cholesterol by 39% while leaving 
HDL-cholesterol unaffected. In addition, mice that were receiving inulin showed a 
slightly lower intima/media (innermost two layers of the arterial wall) thickness ratio 
compared to control mice.47 However, the diet of the LDLR knockout mice did not 
contain cholesterol, and thus mice were only mildly hypercholesterolemic and did not 
develop advanced atherosclerosis plaques.50 

The general metabolism of lipoproteins in hamsters is similar to that of humans. For 
example, hamsters are a species expressing cholesterol esters transfer protein (CETP) 
and subsequently receptor-mediated uptake of cholesterol originating from HDL via 
the LDLR pathway like in humans.51–54 In contrast to mice, hamsters produce only 
apoprotein B100 in the liver and apoprotein 48 in the intestine which resembles the 
human situation.55 Furthermore, the lipid and apolipoprotein composition of VLDL 
produced by hamster liver closely resembles that of human VLDL. The hyperlipidemic 
hamster model also develops atherosclerotic plaques when induced with a high-fat 
diet. In hamsters, inulin supplementation had a marked reducing effect on plasma 
cholesterol (15-29%), which was highest with 16% (w/w) dietary inulin content.49
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Animals studies have largely shown consistent effects, however, there were 
also some conflicting reports suggesting that OFS did not significantly decrease 
plasma cholesterol in rats43,56,57 or in dogs.48 In obese Zucker rats, feeding OFS (10%, 
w/w) for ten weeks had no significant effect on triglyceride or cholesterol level.57 
Another experiment in Wistar rats using a shorter duration (thirty days) of OFS 
supplementation (10%, w/w) showed no significant decrease in cholesterol, however, 
triacylglycerol levels decreased by 38%.56 Similarly, in sucrose-fed insulin-resistant 
rats, daily consumption of OFS (10%, w/w) for three weeks had no effect on plasma 
cholesterol, however, it lowered plasma triglycerides levels by about 30%.43 Substantial 
evidence associating a decrease in triglycerides and lowered CVD risk has emerged 
over the years even advocating its use in clinical routine.58,59

Few studies are available for other dietary fibers in the context of plasma lipid profile 
modulation. A six-week study with a galacto-oligosaccharides (GOS) supplemented 
diet fed to germ-free rats inoculated with human fecal microbiota, showed a significant 
decrease in plasma cholesterol by 30%. In the same study, GOS and FOS reduced 
plasma cholesterol by more than 40%. Other dietary fibers such as α-cyclodextrin 
have shown to reduce total cholesterol in low-density lipoprotein knockout (LDLR 
KO) mice by 15% when supplemented to a Western diet.12 In Wistar rats, 2.5% and 
5% β-cyclodextrin in the semi-purified diet reduced cholesterol levels by 15% and 
20%, respectively14. In hamsters a similar effect was shown: when 8% or 12% of 
β-cyclodextrin was added to the diet for 5-weeks plasma total cholesterol decreased 
by 28% or 40%, respectively.13 Although animal models provided initial evidence of 
cholesterol-lowering effects of dietary fibers there are certain inconsistencies in terms 
of the strength of the effect. 

Human studies have shown contradictory reports with respect to lipid-lowering 
effects of dietary fibers, especially in healthy subjects. Clinical trials with OFS in healthy 
subjects found no significant impact on cholesterol.60,61 More consistent and promising 
results were obtained in hyperlipidemic and type 2 diabetic patients. OFS administered 
to male and female non-insulin dependent diabetic subjects in a daily dose of 8g for 
two weeks recorded a significant decrease in cholesterol levels (6%).62 The reduction was 
more pronounced in hypercholesterolemic subjects compared to normocholesterolemic 
subjects. Another study in hyperlipidemic male and female patients who ingested 8g 
OFS for a month also showed a decrease in total cholesterol (8%).63

Inulin had no effect on plasma cholesterol in sixty-four young women treated 
with 14g of inulin daily for 4 weeks in a randomized, double-blind study.64 However, 
daily consumption of 9g of inulin and OFS mixture for 4 weeks moderately decreased 
total cholesterol (8%) in twelve healthy male subjects.65 A more significant decrease 
in total cholesterol (20%) was observed in a study by Balcazar et al., which involved 
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hypercholesterolemic and hypertryglyceridemic patients who were administered 7g 
of inulin daily for 4 weeks. Similarly, a randomized, double-blind study in mild to 
moderate hypercholesteromia patients ingesting 18g inulin for six weeks showed a 
slight decrease in total cholesterol (9%).66 Apart from inulin and OFS which are the 
two widely studied dietary FOS fibers in humans for their lipid profile improving 
potential, data for other dietary fibers are scarce. In addition, most studies exclude 
patients on medication and, therefore, information on whether dietary fibers have an 
added effect on the lipid profiles of individuals taking lipid modulating drugs such as 
statins have not been reported. 

There are even fewer studies available for other dietary fibers. A study in 200 
overweight volunteers showed that when assigned to a 5g mixture of trans-GOS 
daily for 12 weeks there was a moderate decrease in total cholesterol by 6% and 
plasma insulin concentrations tended to be lower as well.67 However, the glucose 
concentration did not change in these individuals. The participants were included 
based on an increased cardiovascular risk profile and displayed higher fasting 
glucose levels, increased blood pressure, dyslipidemia, high TG levels. In another 
study involving pre-diabetic individuals GOS supplementation for 12 weeks had no 
impact on insulin sensitivity, body composition or energy metabolism, however, a 
substantial increase in abundance of Bifidobacterium species was observed in feces.68 
Some different oligosaccharides such as alpha-cyclodextrin were studied in 34 healthy 
adults with no significant change in total cholesterol.69 Isomalto-oligosaccharides have 
not been studied for potential cholesterol-lowering effects in animal models, however, 
one study in humans showed a 10% reduction in total cholesterol levels.11 

Overall, dietary fibers show more consistent cholesterol-lowering effects in animal 
than in human studies. It is also clear from human trials that the effect is more 
pronounced in patients suffering from hyperlipidemia, thus suggesting that the 
pathway used for cholesterol reduction is specifically enhanced in the subjects suffering 
from increased cholesterol levels. Since the precise data on the diets are not provided 
in every study it is difficult to conclude whether in a meta-analysis setting the overall 
effects in humans are significant or not. Human studies are also more challenging 
in terms of controlling the daily nutrient intake which may induce variation in the 
lipid levels. While comparing animal and human studies it is also important to keep 
in perspective the amount of oligosaccharides ingested compared to the daily food 
intake. Generally, the food intake varies depending on sex, food availability, age and 
many other factors. The world health organization (WHO) has suggested that the 
daily requirement of calories for an average adult ranges from 2500-3400 kcal.70 Based 
on this notion, this would correspond to about 2-3% of oligosaccharides (5-14g) 
ingested in most human studies if we assume a balanced diet involving approximately 
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400-570g of daily food intake by an average adult. Animal studies used up to 10% or 
even higher percentages of dietary oligosaccharides. Thus it is to be expected that the 
effect size of dietary fibers in humans’ studies could still be increased by increasing 
the administered daily dietary fiber amounts. However, it is challenging to implement 
higher dosages in human studies due to potential gastrointestinal side-effects such 
as flatulence, intestinal discomfort or diarrhea caused at least in some individuals.17 

1.2 Intestine

Intestine is one of the key organs in the regulation of metabolism. The presence and 
absence of (specific) microbial strains in the intestine could have substantial effects on 
the regulation of metabolism. Moreover, enterocytes are essential for the absorption 
of dietary monosaccharides, fatty acids and amino acids.71 These monomers obtained 
from macronutrients act as substrates for various cellular processes including energy 
production and consumption. Several transporters at the apical side are involved 
in the monomer uptake such as Na+ dependent glucose cotransporter 1 (SGLT1) 
which transports glucose and galactose, and GLUT5 for the uptake of fructose. At 
the basolateral membrane of the enterocytes all carbohydrate monomers exit via the 
glucose transporter GLUT2. 

Dietary lipids may be taken up by specific transporters such as fatty acid transporter 
protein (FATP/CD36), or diffuse passively across the enterocytes. The possible role 
of FATP/CD36 in fatty acid uptake has been challenged recently.72,73 Triacylglycerol 
(TAG) which forms more than 90% of dietary lipids consist of three long-chain 
fatty acids esterified to glycerol. In the duodenum, most TAG are hydrolyzed into 
free fatty acids (FFA) and monacylglycerols by lipases. The monoacylglycerols and 
FFA are re-esterified in enterocytes mostly by diglyceride acyltransferase (DGAT) 
and monoacylglycerol acyltransferase-2 (MGAT). The resynthesized lipids are then 
incorporated into chylomicrons for transport into the lymph system. Despite the 
available knowledge of the metabolic function of enterocytes, a comprehensive 
understanding on the role of nutrients and nutrient-derived metabolites in regulating 
metabolic properties of intestinal cells is lacking. 

As mentioned earlier the intestine is also an important site for microbiota which 
expresses approximately 100 fold more genes than encoded by the human genome.74 
The intestinal microbiota is not only essential for processing dietary fibers but also 
responsible for altering bile acid metabolism, thereby having a direct impact on 
cholesterol turnover in the host. It has previously been demonstrated that specific 
dietary modulation in the host can alter microbe-host interactions. As a precedence, it 
has been shown that the production of diet-derived pro-atherosclerotic metabolites such 
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as trimethylamine-N-oxide increases the development of experimental atherosclerosis 
and is prospectively associated with a higher risk for incidence of cardiovascular events 
in humans.75,76 Microbe-host relationships, especially in the context of the metabolic 
syndrome, have also been studied by using conventionalized germ-free animals. 
Germ-free mice on the high-fat diet are resistant to developing insulin resistance and 
have altered cholesterol metabolism compared to conventional mice.77,78 However, 
when germ-free mice are conventionalized it leads to a 60% increase in body fat 
content and insulin resistance.79 The difference between gut microbiota in lean and 
obese individuals was already established a few years back: obese individuals have a 
greater number of Firmicutes (95%) and fewer Bacteriodetes (3%).80–82 Only recently 
specific strains have been identified such as Prevotella copri, which when introduced 
into conventional animals lead to the inhibition of hepatic glucose production which 
subsequently increases glucose tolerance.26 Identifying specific strains and their impact 
on metabolic parameters have led to the evaluation of new therapeutic probiotics 
which are live bacteria possessing health-promoting effects.83–85 

Intestinal microbiota has been demonstrated to regulate the expression of mouse 
fibroblast growth factor 15 (FGF15) and CYP7A1 via FXR activation.86 FXR negatively 
regulates bile acid synthesis. Gut microbiota tends to shift the bile acid pool towards 
a more hydrophobic profile. Hydrophobic bile acids are potent activators of FXR. 
Presence of gut microbiota suppresses CYP7A1 by reducing tauro-β-muricholic acid. 
Because muricholic acid is a potent antagonist of FXR, its reduction leads to increased 
activation of FXR in the enterocytes and upregulation of FGF15 in the liver which 
suppresses CYP7A1.86,87 

Intestinal microbiota also contributes to the development of fatty livers in 
insulin-resistant mice. Dietary fibers and probiotics specifically enhance intestinal 
barrier function and promote the growth of beneficial intestinal bacteria thus 
contributing to improved gut permeability.88,89 Impaired gut permeability causes 
increased infiltration of bacterial components such as cell wall lipopolysaccharides 
(LPS). Subsequent binding to pattern recognition receptor in the hepatocytes and 
adipocytes leads to the production of pro-inflammatory cytokines (IL-6, TNF-α) 
and insulin resistance. Low-grade inflammation has also been associated with several 
metabolic disorders, such as obesity and diabetes.90,91 Dietary fibers such as FOS, 
when supplemented with a blend of probiotics, have shown to reduce proinflammatory 
markers in patients with non-alcoholic fatty liver diseases.92,93 In pigs dietary fiber 
supplementation reduced colonic expression of pro-inflammatory cytokines. Some 
dietary fibers have been shown to modulate satiety hormones by increasing gut-derived 
peptides (glucagon-like peptide 1 and peptide YY) which induce changes in appetite 
perception thus lowering food intake.94 Complex factors come into play in the intestine 
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depending on the type of dietary fibers or probiotics and their respective fermentation 
properties. However, despite convincing data showing the effects of certain dietary 
fiber molecules on features of the metabolic syndrome our understanding of the 
specific underlying molecular mechanisms is not clear. 

1.3 Liver

The liver is a central organ for the synthesis and metabolism of cholesterol, triglycerides, 
glucose and bile acids. The liver is exposed to a variety of different molecules under 
physiological conditions. It receives blood flow from the portal (intestine) and arterial 
(systemic) circulation. Although most molecules derived from bacterial activity in 
the intestine are blocked from actively crossing the barrier, some do escape (due 
to leakiness of the barrier) and function as signaling molecules. Under conditions 
of decreased intestinal barrier function, low-grade inflammation can be activated 
with pro-inflammatory cytokines triggered by intestinal metabolites.95–97 Liver 
inflammation is one of the initial hallmarks of potentially developing metabolic 
disorders and especially non-alcoholic fatty diseases (NAFLD). The pathogenesis 
of NAFLD is initiated with liver inflammation which further leads to excessive 
fat storage in the cytoplasm of hepatocytes eventually resulting in non-alcoholic 
steatohepatitis (NASH).98,99 The pathogenesis can evolve into liver cirrhosis with a 
subsequently increased risk for developing hepatocellular carcinoma. Fat accumulation 
in the liver is a common feature in the pathogenesis of type 2 diabetes and insulin 
resistance, which makes these conditions of disturbed metabolism one of the prime 
risk factors for NAFLD/NASH. 

Bile acids synthesized from cholesterol in the liver facilitate the absorption of 
triglycerides, cholesterol and other lipids in the intestine. The synthesis depends on a 
cascade of at least 14 enzymes in the hepatocytes.86,100,101 CYP7A1 and CYP8B1 are 
important enzymes involved in the classical pathway and regulated by activation of the 
FXR in the liver and ileum (Fig. 3).100 As mentioned earlier intestinal FXR triggered 
by bile acids can induce FGF15 (FGF19 in humans) hormone secretion by the distal 
ileum. FGF15/19 acts through FGFR4 in the liver and inhibit bile acid synthesis by 
repressing transcription of CYP7A1.

Nutrient signals can also control the expression of CYP7A1. At least in rodents, 
dietary cholesterol stimulates CYP7A1 expression via activation of nuclear receptors 
such as liver receptor homolog-1 (LRH-1) together with liver X receptor (LXR).102–104 
When cholesterol levels are low, as a negative feedback loop CYP7A1 is downregulated 
via activation of sterol regulatory element binding proteins (SREBP) in order to 
prevent bile acids accumulation reaching toxic levels.105,106 In the liver FXR activation 
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1
is regulated by another transcription factor, the small heterodimer partner (SHP), 
which binds to liver receptor homolog-1 (LRH-1) and inhibits the expression of 
CYP7A1.100,107–109
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Figure 3: The potential molecular cross-talk between liver and intestine via bile acid 
signaling

After intestinal absorption, lipids are utilized by the peripheral tissues and liver 
takes up fatty acids in the form of chylomicron remnants. Liver further redistributes 
lipids over the various tissues of the body. Fatty acids taken up by the liver are 
esterified into triglycerides. Together with phospholipids, cholesterol and cholesteryl 
esters are assembled in very-low-density lipoproteins (VLDL) which are then released 
to be taken up into adipose tissue and muscle. Adipose tissue mainly functions as 
an energy reservoir especially for storing energy in the form of triglycerides when in 
times of need. White adipose tissue (WAT) consists of parenchymal cells with large 
lipid droplet and absence of uncoupling protein 1 (UCP1), consequently, the energy 
capacity is enhanced by the expansion of fat cells. The increased presence of fat cells 
thus could be a potential predictor for metabolic disease risk.110–112 Brown adipose 
tissue (BAT) on the other hand is abundant in mitochondria with UCP1 which 
can oxidize fatty acids in their mitochondria and generate heat in the process.112,113 
Therefore, pharmacological and nutritional interventions aimed at activating the 
thermogenesis process in BAT is an attractive strategy to target metabolic disease 
especially obesity.

Apart from VLDL lipids being oxidized and/or stored in peripheral tissues, the 
lipoprotein particles are further metabolized into low-density lipoproteins (LDL). 
High-density lipoproteins (HDL) are synthesized in the liver (to approximately 
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70%) and small intestine (contributing approximately 30%). Both VLDL and 
LDL particles are responsible for delivering fat molecules to peripheral tissues. On 
the other hand, HDL acquires cholesterol from peripheral tissues and transports 
it back to the liver and intestine. This process is referred to as reverse cholesterol 
transport (RCT), which is an atheroprotective pathway.114,115 Even though the role 
of enterocytes in the formation of HDL particles is recognized, it is not known 
whether the gut microbiota has a role in modulating the pathway which is subjected 
to investigation in this thesis. 

2. General aim of the thesis and its applicability

The overall aim of this thesis is to understand the metabolic effects and the underlying 
mechanisms of different dietary fibers in vivo, to allow a targeted application towards 
treating and preventing the development of the metabolic syndrome. Various dietary 
fibers or non-digestible oligosaccharides have been studied for their metabolic 
health effects, particularly on lipid profiles. Dietary fibers can effectively alter 
gut microbiota and immune function to a varying degree. In vitro data suggest 
promising effects on (surrogate) metabolic markers. Some inconsistent reports, 
however, have also emerged showing insignificant or even absent effects of dietary 
fibers or its derived metabolites on metabolic physiology. Similarly, studies in 
obese and pre-diabetic individuals have shown variable results. However, more 
consistent results are observed in hypercholesterolemic patients. There are several 
challenges and limitations in human studies related to dosages and diets. Moreover, 
specific mechanisms and pathways that are affected by dietary fibers have not 
been identified. One explanation for this is the sheer diversity of dietary fibers in 
terms of solubility, monosaccharide composition, glycosidic bond linkages and 
chain-lengths to mention a few. Thus, the metabolic functionality of fibers depends 
on specific utilization and fermentation properties in the intestine. Moreover, the 
dynamic nature of the intestinal microbiota adds another dimension to the existing 
complexity. Individual bacterial strains can exert differential effects on the metabolic 
physiology. Therefore, the proliferation of beneficial species over pathogenic species 
by strategically supplementing favorable substrates in the form of dietary fibers may 
be crucial for a beneficial metabolic response. 

3. Outline

As discussed above, little information is available on whether dietary fibers can lower 
circulating cholesterol levels by modulating its synthesis, absorption, or excretion. 
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Inulins are soluble dietary fibers which have previously been studied for their beneficial 
effects on improvin1g blood glucose and lipid levels although. The health benefits are 
mostly explained via gut microbiota-dependent generation of products such as SCFA. 
In chapter  2 we comprehensively examine the effects of two different inulins of 
different chain lengths on the intestinal cholesterol balance. Wildtype C57BL/6J mice 
are fed diets supplemented with short- or long-chain inulin 10% (w/w) followed by 
measuring of metabolically relevant parameters and cholesterol fluxes in the intestine 
at the end of the dietary intervention period. 

Novel classes of dietary fiber with in vitro prebiotic potential have recently 
been identified. Isomaltomalto-polysaccharides (IMMP) are one such class of 
prebiotics. Earlier in vitro studies using human fecal inoculum showed that IMMPs 
can stimulate growth of Bifidobacterium and Lactobacillus. IMMP also shows 
potential modulatory effects on intestinal microbial communities together with 
accumulation of SCFA. In vivo studies pertaining to beneficial effects of IMMP on 
host metabolism and health are lacking. The data in chapter 3 are the first in vivo 
study to determine the effects of isomalto/malto-polysaccharides (IMMP) on the 
microbiota composition and various metabolic biomarkers in a mouse model. We 
studied the utilization of dietary IMMP by the intestinal microbiota throughout 
different regions of the intestine. Subsequently, physiologically effects of IMMP 
on the mice are investigated with a special focus on bile acid and cholesterol 
metabolism. 

Gut microbiota composition is significantly altered in individuals with different 
metabolic diseases. High-density lipoproteins (HDL) are synthesized in the liver and 
intestine play an important role in reverse cholesterol transport (RCT). However, 
whether the pathway can be modulated by intestinal microbiota has never been 
investigated. In chapter 4 we employ germ-free mice to investigate the effect of 
a complete lack of microbiota on RCT. The study demonstrates the therapeutic 
potential of targeting intestinal microbiota to prevent and treat cardiovascular disease. 
Abnormal accumulation of cholesterol is known to contribute to the development of 
atherosclerosis. Despite the vast use of cholesterol-lowering drugs such as statin, the 
incidence of CVD has only seen a modest decline. β-cyclodextrin has demonstrated 
potential cholesterol modulating properties in previous studies.13,14 However, it is 
not known whether the cholesterol modulating properties of β-cyclodextrin can 
counteract cholesterol accumulation via RCT. In chapter 5 we investigated whether 
β-cyclodextrin bears atheroprotective effects on RCT in mice. We further investigate 
by using germ-free mice to what extent intestinal microbiota are essential in modulating 
β-cyclodextrin induced RCT. 

The growing consumption of the ‘Western-type’ diet has contributed to 
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an overwhelming epidemic of the metabolic syndrome. Different varieties of 
galacto-oligosaccharide (GOS) compounds have been used to improve systemic 
inflammation and alter gut microbiota in overweight volunteers.67 However, to 
our knowledge no study has assessed the effects of dietary GOS on metabolic 
syndrome and on the underlying mechanistic pathways. In chapter 6, we studied 
the long-term effects of GOS supplementation in Western-type diet fed mice and 
explored a potential preventive effect on the development of the metabolic syndrome. 
Finally, in chapter 7 we discuss the most relevant findings from all studies described 
in this thesis in relation to the up-to-now current knowledge and the potential 
implications for future research.
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Abstract

Dietary non-digestible carbohydrates (NDC) are perceived to improve health via gut 
microbiota-dependent generation of products such as short-chain fatty acids (SCFA). 
In addition, SCFA are also precursors for lipid and cholesterol synthesis potentially 
resulting in unwanted effects on lipid metabolism. Inulin is a widely used model 
prebiotic dietary fiber. Inconsistent reports on the effects of inulin on cholesterol 
homeostasis have emerged in humans and preclinical models. To clarify this issue, 
the present study aimed to provide an in-depth characterization of the effects of 
short-chain (sc)- and long-chain (lc)- inulin on cholesterol synthesis, absorption and 
elimination in mice. Feeding wildtype C57BL/6J mice diets supplemented with 
10% (w/w) of either sc- or lc-inulin for two weeks resulted in approximately 2.5-fold 
higher fecal SCFA levels (P<0.01) compared with controls, but had no significant 
effects on plasma and liver lipids. Subtle shifts in fecal and plasma bile acid species 
were detected with beta-muricholic acid increasing significantly in plasma of the 
inulin fed groups (1.7-fold, P<0.05). However, neither sc-inulin nor lc-inulin affected 
intestinal cholesterol absorption, mass fecal cholesterol excretion or trans-intestinal 
cholesterol excretion (TICE). Combined, our data demonstrate that sc- and lc-inulin 
have no adverse effects on cholesterol metabolism in mice despite increased generation 
of SCFA.
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Introduction

Inulin is a soluble non-digestible carbohydrate studied for its health benefits such 
as improved bowel movements, lowering blood glucose levels and potential lipid 
modulating effects.1–4 Inulin is naturally available in many types of plants. As 
ingredient for the food industry native inulin is mainly extracted from chicory roots.5 
Structurally, inulin is composed of β-2,1-linked fructans with a terminal glucose. The 
chain length varies, in other words, there is a varying degree of polymerization (DP), 
which on average ranges between 2-60.6,7 The β-2,1-linked fructose units present in 
all types of inulin prevent it from digestion by mammalian hydrolytic enzymes in 
the intestine.8 

As a result, inulin undergoes fermentation by the microbiota in different parts of 
the intestine resulting in the production of short-chain fatty acids (SCFA).9 Recently, 
several studies showed that SCFA could potentially regulate metabolic pathways in the 
liver as well as other organs and thereby exert physiological health effects.10–12 However, 
gut-derived SCFA such as acetate, for example, can potentially serve as a precursor for 
cholesterol and fatty acid synthesis.13 Thereby, inulin might exert adverse effects on 
metabolism by increasing plasma cholesterol levels and thus the risk for atherosclerotic 
cardiovascular disease. Previous studies in animal models as well as human trials have 
been ambiguous in terms of cholesterol modulating properties of inulin. Oligofructose 
and inulin have been shown to lower plasma cholesterol in apolipoprotein E-deficient 
mice.14 However, the effects were not evident in germ-free rats inoculated with human 
fecal microflora nor in obese Zucker rats.15,16 While in healthy humans cholesterol levels 
remained unchanged with inulin consumption, dyslipidemic patients consuming inulin 
for a longer duration had lower cholesterol levels.17–20

In the present study we aimed to elucidate in detail the effects of inulin on 
cholesterol absorption and elimination. We performed an in vivo dietary intervention 
study in mice using either short-chain enriched (sc-) or long-chain (lc-) enriched inulin. 
Our data demonstrate that, despite a substantially increased intestinal production 
of SCFA, inulin has no adverse effects on de novo cholesterol synthesis, intestinal 
cholesterol absorption or cholesterol elimination pathways.

Materials and Methods

Experimental animals

Nine weeks old conventional male C57BL/6 mice were obtained from Harlan 
(Horst, The Netherlands) and were housed in a temperature controlled room with 
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alternating 12 h light-dark cycles. All animal experiments were approved by the 
Committee of Animal Experimentation at the University of Groningen and performed 
in accordance with the Dutch national Law on Animal Experimentation (Wod) as 
well as international guidelines on animal experimentation. Three different diets 
were randomly assigned to mice and provided ad libitum for a period of 14 days in a 
parallel design. Baseline diet (supplied by Safe Diets, Augy, France) contained 60.94% 
corn starch, 0.06% cholesterol, 20% caseinate, 0.3% L-cystine, 7% carbohydrate mix 
(sucrose:maltodextrin, 50:50), 7% soya bean oil, 0.2% choline bitartrate, 3.5% mineral 
mixture (AIN 93 M/G), 1% vitamin mixture (w/w, AIN 93 M/G). A modified diet 
contained 10% lc-inulin (Frutafit® TEX!, DP of 10-60, Sensus, The Netherlands) or 
sc-inulin (Frutafit® CLR, DP of 2-40, Sensus, The Netherlands) replacing an equal 
amount of corn starch (50.94% corn starch, 0.06% cholesterol, 20% caseinate, 0.3% 
L-cystine, 7% carbohydrate mix, 7% soya bean oil, 0.2% choline bitartrate, 3.5% 
mineral mixture, 1% vitamin mixture). 

Bile collection and analysis of bile acid, 
cholesterol and phospholipid excretion.

The gallbladder was cannulated under anaesthesia (hypnorm 1 ml/kg body weight; 
diazepam 10 mg/kg body weight). Bile was collected for 20 minutes and the secretion 
rates were determined gravimetrically. Lipid extraction from bile was performed 
according to the general procedure of Bligh and Dyer with minor modifications.32 
Cholesterol was measured with colorimetric assays (Roche Diagnostic, Basel, 
Switzerland). Phospholipids were determined by measuring phosphate as described, 
bile acid profiles were generated using liquid chromatography tandem MS (LC-MS/
MS) as published previously.33 Secretion of bile acids, cholesterol and phospholipids 
was calculated by measuring the respective concentrations and multiplying with bile 
secretion rates.

Plasma lipid and lipoprotein analysis

At the time of sacrifice blood was collected by heart puncture using EDTA as 
anti-coagulant. Plasma was obtained and aliquots were stored at -80oC until further 
analysis. Commercially available colorimetric assays were used to measure plasma 
total cholesterol and triglycerides (Roche Diagnostic, Basel, Switzerland). Plasma bile 
acid concentrations in each mouse were measured using LC-MS/MS as described.33 
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Analysis of hepatic lipid composition

At the time of sacrifice, the liver was collected and homogenized in PBS. Lipids were 
extracted from the homogenates according to the general procedure of Bligh and Dyer 
with minor modifications and redissolved in water containing 2% Triton X-100.32 
Total cholesterol and triglyceride content was measured using commercially available 
kits (Roche Diagnostics). 

Fecal neutral sterols, bile acids and SCFA analysis

Mice were housed individually and fecal samples were collected at the end of the dietary 
intervention over a period of 24 h. Fecal samples of each mouse were dried, weighed 
and ground. Neutral sterols and bile acids were extracted and their concentrations 
were measured using gas liquid chromatography.32 SCFA (acetic acid, propionic 
acid and butyric acid) and other organic acids (succinic acid and lactic acid) were 
quantified based on a method published previously with some modifications.34 The 
acids were extracted by mixing thoroughly 50 mg fecal samples into 0.35 ml of 50 mM 
sulfuric acid and 0.025 ml of 4 mg/ml 2-ethylbutyric acid (internal standard). After 
centrifugation at 18,600 g and 4 oC for 20 minutes, the supernatant was analyzed 
by high performance liquid chromatography coupled to a refractive index detector 
(HPLC-RI) as described in literature. 34

Cholesterol absorption studies and calculation of TICE

Fractional cholesterol absorption was measured with an adapted plasma dual isotope 
ratio method using blood samples obtained after intravenous (D7) and oral (D5) 
administration of stable isotopically labelled cholesterol as described before.35 
Trans-intestinal cholesterol efflux (TICE) is calculated according to the following 
formula: TICE = fecal cholesterol excretion – [% intestinal cholesterol absorption × 
(biliary cholesterol secretion + dietary cholesterol intake)].

Real-time PCR for hepatic gene expression analysis

Using TriReagent (Sigma) total mRNA was extracted from the liver and quantified 
with a Nanodrop ND-100UV-vis spectrophotometer (NanoDrop Technologies 
Wilmington DE). cDNA was synthesized using 1µg of total RNA and reagents 
from Invitrogen (Carlsbad CA). Real-time PCR was performed on an ABI Prism 
7700 system (Applied Biosystems, Darmstadt Germany). Primers were synthesized 
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by Eurogentec (Seraing, Belgium). For each gene, mRNA expression was calculated 
relative to the housekeeping gene cyclophilin. 

Statistics

Statistical analysis was performed using GraphPad Prism software (San Diego, 
CA). All data are presented as median (interquartile range). Statistically significant 
differences between groups were determined using one-way ANOVA and Turkey test 
for post-hoc analysis. P-values below 0.05 were considered statistically significant.

Results

Sc-and lc- inulin increase the intestinal production of SCFA 

Two weeks of dietary intervention with sc- or lc-inulin did not change body weight 
compared to mice fed control diet (data not shown). Sc-inulin significantly increased 
fecal acetic (2-fold), propionic (2-fold) and butyric acid (4-fold) levels (each P<0.01, 
Figs. 1A, 1B and 1C). On the other hand, lc-inulin increased acetic (2-fold, P<0.05), 
propionic (2-fold, P<0.05) and succinic acid (9-fold, P<0.01) production (Figs. 1A, 
1B and 1D), while butyric acid production was comparable to the control group. 
Overall, considerable shifts were observed in terms of the ratio (Ac:Pr:Bu:Su) of SCFA 
generated in sc-inulin (51:29:15:6) and lc-inulin (50:26:9:15) fed groups compared to 
mice fed control diet (61:25:10:4).
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Figure 1

C
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D

Figure 1: Sc- and lc- inulin increase fecal short-chain fatty acid content. (A) acetic 
acid; (B) propionic acid; (C) butyric acid; (D) succinic acid. Following two-weeks 
administration of the respective diets, feces were collected over a period of 24h. Fecal 
samples from each mouse were used for extraction and analysis of SCFA. Data are 
presented as box plots showing median (interquartile range) and min/max; at least n=6 
for each group; ns, not significant. Statistically significant differences are indicated as 
*P<0.05; **P<0.01.

Impact of sc- and lc- inulin on cholesterol metabolism

At the end of the dietary intervention, plasma cholesterol and triglyceride levels were 
not different among the experimental groups (Figs. 2A and 2B), as were hepatic 
cholesterol and triglyceride contents (Figs. 2C and 2D). Hepatic mRNA expression of 
cholesterol synthesis-related genes such as Hmgcr remained unchanged in all groups 
(Figs. 3).
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Figure 2
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Figure 2: Sc- and lc- inulin have no effect on plasma and hepatic lipid levels. 
(A)  plasma total cholesterol (TC); (B) plasma triglycerides (TG); (C) hepatic TC 
and (D) hepatic TG. At the time of sacrifice plasma samples were collected from the 
experimental mice for total cholesterol and triglyceride measurements. Livers were 
excised, weighed and stored at -80oC for later lipid analysis. Data are presented as box 
plots showing median (interquartile range) and min/max; at least n=6 for each group. 

Neither sc- nor lc-inulin had significant effects on biliary cholesterol secretion and 
fecal neutral sterol excretion (Figs. 4A and 4B). Fractional cholesterol absorption upon 
sc- or lc-inulin feeding was similar to that in controls (Fig. 4C). Based on these data 
we also calculated excretion of cholesterol through the TICE pathway. The data show 
that in inulin fed mice TICE remained comparable to controls (Fig. 4D). 
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Figure 3

Figure 3: Hepatic gene expression in mice fed sc- and lc-inulin. At day 14 livers were 
excised and stored at -80oC for later analysis. Quantitative real-time PCR was carried 
out as described in methods. Individual genes are expressed as a ratio to the expression 
of the housekeeping gene cyclophilin. Data are presented as box plots showing median 
(interquartile range) and min/max; at least n=6 for each group. Statistically significant 
differences are indicated as *P<0.05. 

Sc- and lc-inulin induce subtle shifts in 
biliary and fecal bile acid composition

Prebiotics can impact the composition of the intestinal microbiota potentially resulting 
in altered bile acid profiles.21 Our analyses indicate that total bile acids in bile remained 
comparable in all groups (Fig. 5A), while total bile acids were significantly lower in 
feces of sc-inulin fed mice (1.5-fold compared to control P<0.05, Fig. 5B), while only 
a trend was observed for lc-inulin (P=0.09, Fig. 5B). Correspondingly, a trend towards 
a decrease in some fecal bile acids species was noted in sc-inulin fed mice such as for 
deoxycholic acid (DCA, P=0.07, Fig. 5C). 

Composition of bile acids in bile remained unaltered with sc- and lc-inulin feeding 
(Fig. 5D). With respect to plasma bile acids (Fig. 5E) sc-inulin fed mice showed a 
decreasing trend in the levels of chenodeoxycholic (CDCA, P=0.06), deoxycholic 
acid (DCA, P=0.06) and higher level of β-muricholic acid (β-MCA, P=0.08, Fig. 5E). 
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Figure 4
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Figure 4: Cholesterol excretion pathways remain unaffected by dietary sc- and 
lc-inulin. (A) biliary cholesterol secretion; (B) total fecal neutral sterol (NS) excretion; 
(C)  intestinal fractional cholesterol absorption; (D) trans-intestinal cholesterol efflux 
(TICE). At day 14 bile cannulation was performed for continuous collection of bile. 
Feces were collected over 72h and analyzed for NS as detailed in methods. Fractional 
cholesterol absorption was measured using the plasma dual isotope method. Data are 
presented as box plots showing median (interquartile range) and min/max; at least n=6 
for each group. 

Lc-inulin fed mice tended to have lower levels of plasma deoxycholic acid (DCA, 
P=0.05) and higher levels β-muricholic acid (β-MCA, P=0.06, Fig. 5E). Hepatic 
mRNA gene expression of Cyp8b1, which is of major importance for the composition 
of the bile acid pool, was significantly upregulated by the lc-inulin diet (P<0.01, Fig. 
3), which, however, did not exert major effects on the bile acid pool as described above. 
On the other hand, Cyp7A1 remained largely unaffected.
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Figure 5
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Figure 5: Sc- and lc-inulin induce subtle shifts in bile acid profiles. (A) Total biliary 
BA secretion; (B) total fecal BA excretion; (C) BA profile in feces; (D) Biliary BA profile 
and; (E) Plasma BA profile. At day 14 plasma, fecal and bile samples were collected 
and processed for bile acids analysis as detailed in methods. Data are presented as box 
plots showing median (interquartile range) and min/max; at least n=6 for each group. 
Statistically significant differences are indicated as *P<0.05, **P<0.01. Abbreviation: 
ω-MCA, ω-muricholic acid; β-MCA, β-muricholic acid; α-MCA, α-muricholic 
acid; CA, cholic acid; CDCA, chenodeoxy-cholic acid; LCA, lithocholic acid, DCA, 
deoxycholic acid; UDCA, ursodeoxy-cholic acid; HDCA, hyodeoxycholic acid; T-BA, 
taurine-conjugated bile acids.

Discussion

In the present study we aimed to investigate the effects of inulin on cholesterol 
homeostasis. We demonstrate that despite of substantial increase and altering in the 
ratio of microbiota-derived SCFA by sc-inulin and lc-inulin this did not translate into 
adverse effects on cholesterol metabolism. Such an assumption appeared plausible and 
thus worth investigating, since it had been shown that gut-derived acetic and butyric 
acid are incorporated into the cholesterol synthesis pathway in the liver.13 Acetic acid 
is converted into acetyl-coA, a precursor in the hepatic cholesterol synthesis pathway.22 
Butyric acid is involved in mitochondrial fatty acid oxidation eventually also yielding 
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acetyl-coA.23 In our study, we detected increased levels of fecal acetic acid and butyric 
acid particularly with sc-inulin. However, cholesterol de novo synthesis remained 
unchanged as indicated by the comparable levels of hepatic Hmgcr mRNA expression 
among the groups and also by the fact that hepatic cholesterol concentrations remained 
unchanged. Propionic acid on the other hand, can attenuate lipid biosynthesis in 
liver.24 Elevated propionic acid in mice fed either sc- or lc- inulin, however, did not 
coincide with altered lipid levels in plasma or liver or changes in the mRNA expression 
of relevant genes for cholesterol metabolism. 

In general, with respect to plasma and liver, intestinal fermentation of fibers 
has been shown to suppress plasma and liver cholesterol as well as triglyceride 
levels.25 Here specifically the cecum has been shown to be an anatomically relevant 
location for these metabolic effects by elegant surgical intervention studies.26 These 
observations are presumably due to SCFA or other as of yet less well characterized 
bacterial products.10,27 For example, addition of propionate to hepatocytes in vitro 
was indicated to decrease cholesterol synthesis by reducing HMGCoAR activity.28,29 
The mechanism of this result has not been clearly elucidated; however, it could be 
speculated that the AMPK pathway is involved, which is on the one hand known to 
be activated by SCFA and on the other to inhibit HMGCoAR activity.28,30 Further, 
also via AMPK activation, hepatic fatty acid oxidation is increased by SCFA, while 
fatty acid synthesis is lower.10 These effects are thought to result in net improvements 
in hepatic triglyceride storage. The underlying molecular mechanisms, however, are 
still incompletely understood.

The present data also indicate that sc- and lc-inulin, despite profoundly increasing 
SCFA levels, did not affect the metabolically relevant cholesterol fluxes in the intestine. 
First, intestinal cholesterol absorption studies revealed no significant changes in 
inulin-fed animals compared to controls. Second, cholesterol excretion via the feces 
remained unaffected as well. As a consequence, intestinal excretion of cholesterol via 
the TICE pathway remained unaltered by the experimental diet. 

Cholesterol can be eliminated from the body as fecal neutral sterols and as fecal 
bile acids. Bile acids are produced as a result of metabolic conversion of cholesterol in 
the liver and are secreted into the intestine via the biliary pathway. We also analyzed 
the effects of dietary inulin on biliary secretion as well as on fecal excretion of bile 
acids. The total biliary bile acid secretion tended to increase, but significance was not 
reached. Fecal excretion of bile acids exhibited a decreasing trend potentially reflecting 
increased absorption of bile acids. In addition, subtle changes in the bile acid profiles 
were detected in plasma as well as in feces, suggesting a potential increase in absorption 
of certain bile acids species. We believe, however, that these changes are not of major 
physiological importance. 
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Microbial activity is crucial for modification of bile acid species by deconjugation 
and hydroxylation of bile acids which eventually results in the formation of secondary 
bile acids.31 No significant alterations in fecal secondary bile acid levels occurred 
indicating that at least the microbial composition with respect to bile acid metabolism 
remained unaltered upon inulin feeding. Combined, our results indicate that neither 
sc- nor lc-inulin feeding in wildtype mice adversely affects relevant parameters of 
cholesterol metabolism.
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Abstract

The prevalence of metabolic syndrome-related disease including obesity and type 
2 diabetes mellitus has strongly increased. Nutritional intervention appears as an 
attractive strategy, and particularly novel prebiotics receive growing attention. 
Isomalto/malto-polysaccharides (IMMP) form one such class of promising novel 
prebiotics which promote proliferation of beneficial bacteria in vitro. The present study 
investigated for the first time the in vivo effects of IMMP (10%, w/w) on various 
metabolic parameters, microbial fermentation products and microbiota composition 
in C57BL/6 wildtype mice. At the end of a three-week dietary intervention mice 
receiving IMMP had significantly more fecal bulk (+26%, p<0.05), higher plasma 
non-esterified fatty acids (+10%, p<0.05) and lower fecal dihydrocholesterol excretion 
(-50%, p<0.05), compared to control mice. Plasma and hepatic lipid levels were not 
influenced by dietary IMMP, as were other parameters of sterol metabolism including 
bile acids. IMMP was mainly fermented in the cecum and large intestine, where it 
was associated with a higher relative abundance of Bacteroides and butyrate producers 
(Lachnospiraceae, Rosiburi, Odoribacter). Combined our results demonstrates that 
IMMP administration to mice increases fecal bulk and induces potentially beneficial 
changes in the intestinal microbiota.
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Introduction

Increased consumption of “Western-style” diets and a sedentary lifestyle are considered 
major contributing factors to the increasing prevalence of the metabolic syndrome, 
comprising obesity, insulin resistance, type 2 diabetes, hypertension, non-alcoholic 
fatty liver disease and cardiovascular diseases.(1) Epidemiological studies have 
indicated a relationship between low dietary fiber intake and risk of developing 
metabolic syndrome.(2,3) Whether the epidemiologically beneficial effects of fiber 
intake are a result of lower glycemic index, reduced energy content or the fact that 
dietary fibers stimulate gastrointestinal (GI) microbiota fermentation is not currently 
clear. Nevertheless, the American Heart Association recommends a daily dietary 
fiber intake of 25-38 g/day (14g/1000kcal/day).(4,5) Accumulating evidence on the 
potential benefits of dietary fibers has generated an increasing interest in foods that 
are low in glycemic index, slowly degraded or completely escape digestion. 

Isomalto/malto-polysaccharides (IMMP) are a novel class of dietary fibers with 
a prebiotic potential.(6,7) IMMP contain a high proportion of α-(1→6) glycosidic 
linkages. Earlier studies showed that IMMP can stimulate proliferation and activity 
of Bifidobacterium and Lactobacillus during in vitro fermentation using adult human 
fecal inoculum as a microbial source.(7,8) In vitro studies showed that this modulatory 
effect on microbial communities was accompanied by the accumulation of succinate 
and short-chain fatty acids (SCFA), in particular acetate and propionate in the media.
(8) These studies, as well as research on similar substrates, such as dextran and 
isomalto-oligosaccharides (IMOs), suggest that IMMP may have beneficial effects on 
metabolism and health.(9) However, currently no in vivo data are available supporting 
this assumption. Therefore, we designed the first in vivo study to investigate the 
effects of a particular IMMP in a mouse model. We studied the utilization of the 
dietary IMMP substrate throughout different regions of the GI of mice as well as the 
metabolic impact of IMMP supplemented diet with a special focus on bile acid and 
cholesterol metabolism.

Materials and Methods

Animal experiments

C57BL/6 female mice were obtained from Harlan (Horst, The Netherlands). All mice 
were nine weeks old at the start of the dietary intervention. Animals were individually 
housed in a light- and temperature-controlled facility (12 h light-dark cycle, 21°C). All 
animal experiments were approved by the Committee of Animal Experimentation at 
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the University of Groningen and performed in accordance with the Dutch National 
Law on Animal Experimentation as well as international guidelines on animal 
experimentation. IMMP-94 contained 94% α-(1→6) linkages (Avebe, Veendam, The 
Netherlands) and was made by enzymatic conversion of potato starch using the GTFB 
4,6-α-glucanotransferase enzyme purified from E.coli and pullulanase (Promozyme 
D2, Novozymes, Bagsvaerd, Denmark) kindly supplied by Dr. Hans Leemhus (Avebe) 
as described previously.(7) Animals were fed ad libitum with either control (n=6) or 
IMMP (10% w/w, n=6) supplemented diet for 21 days. Control baseline diet (Safe 
Diets, Augy, France) contained 60.94% corn starch, 0.06% cholesterol, 20% caseinate, 
0.3% L-cystine, 7% carbohydrate mix (sucrose:maltodextrin, 50:50), 7% soya bean 
oil, 0.2% choline bitartrate, 3.5% mineral mixture, 1% vitamin mixture (w/w). A 
modified diet containing 10% IMMP was obtained by replacing an equal amount of 
corn starch (50.94% corn starch, 0.06% cholesterol, 20% caseinate, 0.3% L-cystine, 
7% carbohydrate mix, 7% soya bean oil, 0.2% choline bitartrate, 3.5% mineral 
mixture, 1% vitamin mixture).

Fecal samples were freshly collected from the animals at time points 0 h, 24 h, 
48 h, 3 days, 7 days, 14 days and 21 days and stored at -80°C until further analysis. 
Animals were weighed weekly. Food intake and fecal output were recorded on days 7, 
14 and 21. At day 21 the gall bladder of mice from both groups was cannulated under 
anesthesia (hypnorm 1mg/kg body weight; diazepam 10 mg/kg body weight). Bile 
was collected continuously for 20 minutes and the rate of secretion was determined 
gravimetrically.(10) After termination, the GI was excised and the entire contents of 
stomach, small intestine, cecum and large intestine were individually collected and 
immediately stored at -80 oC for later analysis.

Analysis of bile, plasma and liver

At the time of termination, a large blood sample was collected by heart puncture. 
Plasma was isolated and aliquots were stored at –80 oC until further analysis. Liver 
was excised at termination and homogenized. Extraction of lipids was performed 
from the homogenates using the Bligh and Dyer procedure and redissolved in 
water containing 2% Triton X-100.(10) Liver as well as plasma total cholesterol and 
triglycerides were measured using commercially available reagents (Roche, Diagnostic, 
Basel, Switzerland). Biliary bile acid and cholesterol concentrations were analyzed as 
described earlier.(11)
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Fecal sterol and bile acid measurements 

Feces were collected over a period of 24 h. Fecal samples were dried, weighed and 
ground. 50 mg of feces were used to extract neutral sterols and bile acids which were 
measured using gas-liquid chromatography as published.(12) Plasma bile acids were 
methylated with a mixture of acetyl chloride and trimethylsilytated with pyridine, 
N, O-Bis (trimethylysilyl) trifluoroacetamide and trimethylcholorosilane. Plasma bile 
acids were then determined using liquid-chromatography mass spectrometry.

Fecal DNA extraction and microbiota analysis 
using next generation sequencing

Between one and three fecal pellets, or approximately 0.1g of intestinal content 
sample were used for DNA extraction. Total bacterial DNA was extracted according 
to a previously described protocol with minor modifications.(8) Fecal pellets 
were homogenized in 350 µL STAR buffer, with cooling at room temperature 
and the bead-beating step was repeated using 200 µL of fresh STAR buffer. The 
V4 region of 16S ribosomal RNA (rRNA) genes was amplified using uniquely 
barcoded primers 515F-n (5’-GTGCCAGCMGCCGCGGTAA-) and 806R-n 
(5’-GGACTACHVGGGTWTCTAAT) (200 nM each).(13) Purified PCR products 
were pooled into libraries and sent for adapter ligation and HiSeq sequencing 
(GATC-Biotech, Konstanz, Germany). Data processing and analysis was carried out 
using NG-Tax.(13) In brief, libraries were filtered to contain only read pairs with perfectly 
matching barcodes that were subsequently used to separate reads by sample. Operational 
taxonomic units (OTUs) were assigned using an open reference approach and the 
SILVA_111_SSU 16S rRNA gene reference database (https://www.arb-silva.de/).(14)

Analysis of fecal short-chain fatty acids

Feces were kept frozen before being processed for SCFA analysis. Approximately 50 
mg of feces were mixed with 0.35 mL of 50 mmol/L sulfuric acid and 0.025 mL of 4 
mg/mL 2-ethylbutyric acid. The mixture was homogeneously suspended by mixing 
by vortex in the presence of glass beads (rinsed with Millipore water beforehand) 
in an Eppendorf tube. Subsequently the samples were centrifuged for 20 min at 
18,600 g and 4 oC, and the supernatant was analyzed by high performance liquid 
chromatography – refractive index (HPLC-RI) method published previously.(15) The 
dry matter content of mouse feces was estimated by comparing the weight differences 
before and after freeze-drying the feces.
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Analysis of oligosaccharide profiles of 
murine digesta by HPAEC-PAD

The digesta samples from stomach, small intestine, cecum and large intestine of the 
mice were freeze-dried and then mixed in Millipore water at a concentration of 2.5 mg/
mL. After mixing thoroughly by vortex, the tube containing the suspension was put in 
boiling water for 5 min and then centrifuged at 18,600 g for 20 min. The supernatant 
was taken and analyzed by high performance anion exchange chromatography – 
pulsed amperometric detection (HPAEC-PAD). 10 µL of sample was injected into 
a Dionex ICS 5000 system (Dionex) with a CarboPac PA-1 column (250 mm x 2 
mm ID) and a CarboPac PA guard column (25 mm x 2 mm ID). The temperature 
of the column was set at 20 oC. The flow rate of the two mobile phases (A) 0.1 M 
NaOH and (B) 1 M NaOAc in 0.1 M NaOH was set to 0.3 mL/min. The gradient 
elution was applied as follows: 0 – 40 min, 0 – 40% B; 40 – 40.1 min, 40 – 100% 
B; 40.1 – 45 min, 100% B; 45 – 45.1 min, 100 – 0% B; 45.1 – 60 min, 0% B. PAD 
(Dionex ISC-5000 ED) was used to monitor elution. HPAEC data was processed 
using ChromeleonTM 7.1 software (Dionex).

Statistics

Statistical analysis on metabolic parameters was performed using GraphPad Prism 
software (San Diego, CA). All data are presented as means ± SEM. Statistical 
differences between groups were assessed using the Mann-Whitney U-test. Statistical 
significance for all comparisons was assigned at P<0.05. Microbial composition data 
was expressed as a relative abundance of each genus level taxon obtained with NG-Tax. 
A 5000 reads per sample rarefraction cut-off was used in alpha diversity indices 
(Shannon, Chao1, and PD Whole Tree) calculations and group comparisons were done 
using nonparametric two-sample t-tests with Monte Carlo permutations in QIIME.
(16) The association between microbiota composition and the dietary treatment group 
was investigated with RDA analysis in Canoco5, with significance assessed using a 
permutation test.(17) Beta diversity analysis, including weighted and unweighted 
unifrac distances estimates, and ANOSIM group comparisons were calculated in 
QIIME using rarefied data. Genus level taxa that differed significantly between 
different treatment groups were identified with Kruskal-Wallis analysis using QIIME.
(16,18)
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Results

IMMP utilization along the GI tract

The digesta from different parts of the murine GI of mice fed during a period up to 21 
days with a control diet or a diet containing IMMP were analyzed by HPAEC-PAD, 
in order to monitor the degradation of these dietary fiber polymers from the diets 
and the formation of oligosaccharides. α-1-4-linked maltodextrin peaks were present 
in the stomach and small intestine digesta of animals from both dietary treatment 
groups (Fig. 1). These maltodextrin peaks were products of starch digestion by murine 
digestive enzymes. Differences were also noticed in the small intestine between the two 
groups of mice: the isomaltose peak (elution at ~6 min) and a broad peak (17-24 min) 
were only present in the mice receiving IMMP supplemented diets. The broad peak 
corresponded to the unseparated IMMP polymer fraction, whereas the isomaltose 
peak indicated ongoing microbial fermentation at a very low level. When comparing 
the digesta of cecum and large intestine between the two groups, a series of separated 
α-1-6-linked isomalto-oligosaccharide peaks were clearly seen in the IMMP mice, 
whereas hardly any carbohydrate peak was detected in the control mice’s digesta. Some 
remaining isomalto-oligosaccharides were still present in the fecal samples (result not 
shown). The release of the isomalto-oligosaccharides indicated the degradation of the 
polysaccharides during microbial fermentation of IMMP, and this fermentation took 
mainly place in the cecum and large intestine, although low level fermentation activity 
was also already detected in the small intestine. 

Figure 1

A

B
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Figure 1

A

B

Figure 1: High performance anion exchange chromatography (HPAEC) elution patterns 
of digesta from mice fed with (A) control and (B) IMMP supplemented diets. The digesta 
are taken from different parts of the gastrointestinal tract: (a) stomach, (b) small intestine, 
(c) cecum, (d) large intestine. IMMP peaks (2-11) in a box and maltodextrin peaks 
(①-⑥) are annotated, with the number indicating the degree of polymerization (DP).

Changes in GI microbiota composition

The total number of sequencing reads obtained for the 60 samples was 11440993 
(min=1643, max=564991, median=173066.5, mean=190683.2, SD=130379.2). 
Samples were rarefied at 5000 reads per sample depth prior to alpha diversity analyses. 
Alpha diversity estimates included Shannon diversity, Chao1, and PD Whole Tree; 
however, no significant differences were detected in any of the measures between 
control and treatment groups (Supplementary figure 1). 

The RDA analysis of fecal microbiota on day two showed that diet could explain 
10.6% of the variation in the relative abundance of genus level taxa, however, the 
difference between the control and IMMP groups was not significant (FDR=0.252, 
data not shown). At day 21, contents from different parts of the murine GI tract 
were used for detailed microbiota analyses. In small intestine digesta, diet explained 
12.1% of the microbiota variation, but the difference was not statistically significant 
(FDR=0.208, Fig. 2A). In cecum, however, diet explained 20.3% of the variation and 
this effect was significant (FDR=0.014, Fig. 2B). Finally, diet significantly explained 
16.8% of the microbiota variation at genus level classification in large intestine samples 
(FDR=0.04, Fig. 2C). 

In the small intestine 22 genus level taxa were detected in the IMMP group, 
and additional 19 taxa were found in the control group. The 19 taxa had low relative 
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abundance and together contributed to 1.7% the total bacteria detected in the small 
intestine of the control animals ANOSIM analysis showed no significant difference 
between treatment groups when weighted or unweighted unifrac distances were used 
(p=0.47, and p=0.11, respectively). Kruskal–Wallis analysis showed no statistically 
significant differences in the relative abundance of genus level taxa between the 
two treatment groups (FDR adjusted p>0.05). When unadjusted p-values were used 
a borderline significance was detected for Peptostreptococcaceae_Incertae_Sedis 
(p=0.049), which was 114 times more abundant in the IMMP group compared to 
the control (Fig. 2D). In addition, animals receiving IMMP diet had on average an 
11 times lower relative abundance of genus Enterococcus, 19 times lower Akkermansia, 
24 times lower Bacteroides, and 50 times less Turicibacter compared to the control 
group (Supplementary Table S1). Overall, these four taxa accounted for a cumulative 
relative abundance of 15.7% in the control group, and only 0.7% in the IMMP group. 
There were no differences in the average relative abundance of Bifidobacterium and 
Lactobacillus between the IMMP and the control groups.

In cecum, 37 genus level groups were detected with 4 groups found only in the 
IMMP fed animals and four other taxa detected only in the control group. ANOSIM 
analysis showed significant differences between treatment groups when weighted or 
unweighted unifrac distances were used (p=0.01, for both). Kruskal–Wallis analysis 
showed no statistically significant differences between relative abundances of individual 
genus level taxa between the two treatment groups (FDR>0.05, Fig. 2E), but based 
on the unadjusted p-values we could identify differences in the relative abundance of 
genera Alistipes, Prevotella, Roseburia, Pseudobutyrivibrio, Parabacteroides and Incertae 
Sedis in families Peptostreptococcaceae, Ruminococcaceae and Lachnospiraceae (each 
p<0.05). Compared to the control group, the IMMP group had a 5-fold higher 
average relative abundance for Roseburia, and a 26-fold lower relative abundance of 
Prevotella, 13-fold lower Akkermansia, 9-fold lower Alistipes and Parabacteroides. In 
addition, the IMMP treated animals had on average a 2-fold lower relative abundance 
of Bifidobacterium, and 3-fold higher relative abundance of Lactobacillus as compared 
to the control group, however, these differences were not statistically significant 
(Supplemental Table S1).

In the large intestinal samples, 40 genus level taxa were detected, of which four 
were only found in the control animals and eight were only found in the IMMP group. 
ANOSIM analysis showed no significant difference between treatment groups when 
weighted unifrac distances were used (p=0.1), however, the difference was significant 
when unweighted distances were compared (p=0.01). 
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Kruskal–Wallis analysis showed no statistically significant differences between the 
two treatment groups (FDR>0.05, Fig. 2F), however unadjusted p values indicated 
differences in the relative abundance of Odoribacter, Parabacteroides, Prevotella, 
Alistipes, family Peptostreptococcaceae genus Incertae Sedis, and uncultured genus 
within the order Clostridiales. Compared to the control group, the IMMP animals 
showed a 11-fold lower relative abundance of Parabacteroides and Turicibacter, 
8-fold lower Akkermansia, a 7-fold lower level of unidentified genus within the order 
Bacteroidales and a 5-fold higher relative abundance of Odoribacter. The IMMP 
animals also had on average a two times lower relative abundance of Bifidobacterium, 
and a three times higher relative abundance of Lactobacillus, however, these differences 
were not statistically significant (p=0.87 for both taxa).

A B

DC

E

Figure 3: Short-chain fatty acid profiles in murine feces from day 0 to day 21. In fecal 
samples (A) lactic acid, (B) succinic acid, (C) acetic acid. (D) propionic acid and (E) 
butyric acid were measured. Solid line: control group; dashed line: IMMP group.
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Short-chain fatty acid production in IMMP fed mice

SCFA are among the major products of bacterial fermentation. Our analyses of SCFA 
and other acids in feces showed that average succinic and lactic acid production 
increased in both groups at day two and three, and decreased thereafter, except on 
day 14 when an increase in lactic acid in feces from the IMMP group was noted (Fig. 
3A & B). Propionic acid concentrations decreased throughout the duration of the 
study, while the levels of butyric and acetic acid remained stable (Fig. 3C, D & E). 
A significantly lower levels of propionic acid was seen in IMMP fed mice on day 21 
(-65%, p<0.03).

Fecal bile acids
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Figure 4: Bile acid composition in feces of control and IMMP-fed mice. At day 21 
fecal samples were collected and processed for bile acid analysis as detailed in methods. 
Abbreviations: ω-MCA, ω-muricholic acid; β-MCA, β-muricholic acid; α-MCA, 
α-muricholic acid; CA, cholic acid; CDCA, chenodeoxy-cholic acid; DCA, deoxycholic 
acid; UDCA, ursodeoxy-cholic acid.

Metabolic and physiological responses to IMMP 

To study the potential physiological effects of the IMMP-derived SCFA we investigated 
the impact of the different diets on lipid metabolism (Table 1). First, body weight and 
food intake in both groups remained stable throughout the dietary intervention period 
(Table 1). Plasma non-esterified fatty acids (NEFA) were higher (+8%, p<0.05) in 
IMMP fed mice compared with controls. Liver weight was unaffected and also liver 
cholesterol and triglyceride contents remained unchanged in either group. Also the 
biliary excretion of bile acids and cholesterol did not change upon IMMP feeding. At 
the end of the dietary intervention the IMMP supplemented group had a significantly 
higher fecal bulk mass (+35%, p<0.05) and lower levels of fecal dihydrocholesterol 
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(-50%, p<0.05). Fecal total neutral sterol and bile acid excretion remained unchanged. 
Throughout the duration of the experiment the fecal water content did not vary 
between the treatment groups, except on days three and 14, when it was significantly 
(p<0.05) higher in the control group (d=3: control=14.0±2.6%; IMMP=10.5±3.3% 
and d=14: control=20.9±10.2%; IMMP=10.2±2.7%). In terms of bile acid species in 
feces, control and IMMP fed mice had a similar composition (Fig. 4).

Table 1: Animal characteristics, plasma, liver and fecal parameters of lipid 
metabolism in mice fed control or IMMP diets. Values are shown as means 
per group ± standard deviations.

Control Diet IMMP Diet
Animal characteristics

Body weight (d=0) 19.48±1.38 20.28±0.66
Body weight at termination (d=21) 19.93±1.07 20.15±1.00
Food intake, g·day−1 3.18±0.22 3.26±0.21
Plasma

Cholesterol, mmol·L−1 2.32±0.67 2.47±0.17
Triglycerides, mmol·L−1 0.31±0.16 0.36±0.14
NEFA$, mmol·L−1 1.01±0.05 1.10±0.03*
Total plasma bile acids, µmol·L−1 3.05±1.25 5.49±3.23
Liver

Liver weight (d=21)
    -absolute, g 0.80±0.11 0.87±0.07
    -relative, % of body wt 4.02±0.47 4.32±0.44
Triglycerides, nmol·mg−1 liver 21.31±4.24 20.26±7.23
Cholesterol, nmol·mg−1 liver 10.24±3.31 9.30±1.30
Bile flow, µl·min−1·100g body wt−1 9.17±2.21 9.34±2.31
Biliary BA secretion, µmol·day−1·100g body wt−1 34.06±9.75 40.04±5.46
Feces

Feces (dry), mg·day−1·1 g body wt−1 5.94±0.49 8.05±1.03*
Fecal Coprostanol, µmol·day−1 0.95±0.46 0.76±0.58
Fecal Cholesterol, µmol·day−1 1.55±0.13 1.65±0.34
Fecal DiH-Chol#, µmol·day−1 0.23±0.03 0.18±0.03*
Total fecal neutral sterols, µmol·day−1 2.72±1.69 2.60±0.45
Total fecal bile acids, µmol·day−1 2.67±0.53 1.17±1.40 

* P < 0.05; #DiH-Chol – dihydrocholesterol; $NEFA - nonesterified fatty acids
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Discussion

This study is to the best of our knowledge the first to investigate in vivo properties 
and related physiological effects of IMMP supplementation in a murine model. Our 
data demonstrate that in mice fed IMMP-supplemented diets, the fermentation of 
IMMP occurred mostly in the cecum and large intestine and only at a very low 
level in the small intestine. This observation is in line with the changes observed in 
the microbiota composition in these regions of the GI tract. Beta diversity analysis 
with both, weighted and unweighted unifrac distances, as well as genus level relative 
abundance based RDA analysis (Fig. 2B) all showed that IMMP supplementation had 
a significant effect on microbiota composition in cecum and in large intestine, but 
not in ileum. In the large intestine, however, the significant effect was not detected 
when using weighted unifrac distances, suggesting that the significance was mostly 
due to changes in the composition of low abundance taxa.(19) In cecum, IMMP diet 
resulted in significantly higher levels of Lachnospiraceae Incertae Sedis (p<0.05), and, 
although not statistically significant, increases in a highly abundant related genus 
within the Lachnospiraceae family (unidentified) and in Bacteroides. The increase in 
Bacteroides was also observed in the large intestine and this finding was in line with 
an earlier in vitro study showing that IMMP fermentation can be linked with an 
increase in both, the relative abundance and activity of Bacteroides.(8) An increased 
abundance of Bacteroides is largely regarded as a beneficial effect, based on data 
demonstrating a strong association between decreased Bacteroides and obesity as 
well as metabolic disease.(20) In the cecum, IMMP was further associated with a 
significant increase in Roseburia, and in both, cecum and large intestine, we detected 
a higher relative abundance of Odoribacter. Lachnospiraceae and Roseburia are known 
to be saccharolytic groups associated with high fiber diets, while Odoribacter is largely 
asaccharolytic.(21,22) Lachnospiraceae, Roseburia and Odoribacter are important 
producers of butyrate. Butyrate is a relevant metabolite produced by the gut microbiota 
that has been implicated in improving metabolic control, as well as having inhibiting 
effects on cancer cell growth, largely via inhibition of histone deacetylases (HDAC).
(23,24) Further, butyrate upregulates the expression of endogenous host defense 
peptides in the gut and increases energy expenditure by activating brown adipose 
tissue (25,26). Fecal analysis, though, did not reveal a significant increase in butyrate 
excretion in IMMP fed mice, a finding likely attributable to the highly efficient uptake 
of this SCFA into colonocytes.(27,28)

In stomach and small intestine we observed α-1-4-linked maltodextrins which 
were the main products of starch digestion by murine digestive enzymes. This was 
in line with previous in vitro studies in which small intestine extracts from rats were 
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incubated with IMMP (7). Given that IMMP represents a novel class of dietary fiber, 
it is essential to identify groups of bacteria that are promoted by dietary IMMP in 
vivo. Our study is the first to use the next generation sequencing of PCR-amplified 
16S rRNA genes to systematically and comprehensively explore the relative abundance 
of various groups of bacteria in different parts of the intestine of IMMP-fed mice. 
Previous in vitro studies with human fecal inoculum incubated with IMMP have 
shown increases in Bifidobacterium and Lactobacillus.(7,8) These strains are considered 
probiotic microorganisms as they confer health benefits on the host via generation of 
key metabolites such as SCFA. However, in the current study it appeared that while 
the relative abundance of Lactobacillus increased upon IMMP feeding, bifidobacteria 
were relatively reduced in their relative abundance, although it should be noted 
that none of these changes in the relative abundances were statistically significant. 
Interpreting these findings one needs to take into account though that the murine 
gut ecosystem is different from that of the human GI tract. Therefore, further human 
studies seem warranted to corroborate these results. 

Humans lack several digestive enzymes required for degrading dietary fibers. In 
rodents, even though some microbial communities are present in stomach and small 
intestine, measurements of microbial metabolites have revealed that large intestine 
and, most importantly, cecum are active fermentation sites.(29) Thus, most dietary 
fibers pass through the upper gastrointestinal tract and are fermented in cecum and 
large intestine. Fermentation results in generation of multiple groups of metabolites 
such as intermediate acids as lactic acid and succinic acid and final metabolites as 
SCFA. SCFA can regulate several pathways related to lipid and glucose metabolism.
(30–32) The present study followed the production of specific SCFA over several time 
periods. Subtle differences between both groups were observed for most SCFA and 
their precursors, such as lactic and succinic acids. At the end of the dietary intervention 
a significantly lower propionic acid was detected in IMMP fed animals. Propionic 
acid has been shown to attenuate lipid biosynthesis in the liver.(33,34) However, the 
unchanged hepatic lipid content observed in our study argues against a physiological 
significance of this result. On the other hand, lactic acid which is normally produced 
endogenously in high concentrations upon exercise in host muscles but only in low 
concentration in the intestine, is an intermediate of bacterial fermentation and can be 
used by some bacteria, together with acetic acid, to synthesize butyric acid. In adipose 
tissue lactic acid has been shown to have a signaling function, being a natural ligand 
for GPR81 thereby inhibiting lipolysis.(35) At the end of the dietary intervention, 
higher lactic acid levels were detected in IMMP fed mice compared to the control 
group. However, it is also important to point out that an increase in luminal SCFA 
does not always reflect uptake of SCFA by the host and the subsequent induction of 
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metabolic effects.(36) Thus, it is possible that the uptake of SCFA is different in both 
groups which needs to be further investigated, ideally using animal models with the 
capacity to resemble human metabolic disease states. 

Cholesterol homeostasis is maintained by a balance between cholesterol 
intake, cholesterol synthesis in the host, absorption of cholesterol in the intestine, 
and the removal of cholesterol via the feces. Cholesterol is also a key biomarker of 
cardiovascular disease. Gut bacteria can reduce cholesterol to its derivatives, such as 
dihydrocholesterol and coprostanol, which are not absorbed by the host, but largely 
excreted into the feces. In the present study a small but significant decrease in fecal 
dihydrocholesterol output was noted after feeding the IMMP diet. However, since 
dihydrocholesterol represents only a minor fraction of total fecal neutral sterol output, 
overall fecal neutral sterol excretion upon IMMP administration remained unaltered. 
The intestinal microbiota also plays an important role in modulating bile acids and 
thereby subsequently cholesterol turnover.(37) However, the present study shows 
that IMMP fed mice have no substantial alterations in the respective composition 
of plasma, biliary and fecal bile acids. Fecal bile acid profiles integrate endogenous 
synthesis and modifications by bacterial enzymes suggesting that based on our results 
no major effects either in the host or in microbial communities involved in bile acid 
metabolism are discernible.

A significant increase was seen in the total fecal output of IMMP fed mice, 
indicating improved fecal bulk in these animals. Bulk in the large intestine is 
associated with several beneficial effects such as stimulating defecation, diluting 
toxins and distributing intracolonic pressure, while lower fecal weight is associated 
with constipation and colorectal cancer.(38–41) Since the total fecal neutral sterol and 
bile acid excretion remained comparable between the control and the IMMP fed mice 
groups, we believe that the changes in fecal bulk have no major impact on the (chole-)
sterol balance. The overall weak metabolic response to IMMP supplementation might 
be explained by the fact that this dietary fiber is designed to function in the lower 
parts of the GI tract where it can be fermented by the microbiota. In mice cecum 
and large intestine are the main fermentation sites, while the proximal intestine is 
metabolically more active. 

In summary, IMMP supplementation increased fecal bulk and microbial 
fermentation in the intestine resulting in potentially beneficial alterations in microbiota 
composition without adversely impacting host metabolism. Subsequently, studies in 
disease models and humans are needed to investigate whether the intriguing changes 
observed here translate into actual health benefits.



55

References
1.  WHO | Diet, nutrition and the prevention of chronic diseases Report of the joint WHO/FAO expert 

consultation. WHO. 
2.  Chuang S-C, Norat T, Murphy N, Olsen A, Tjønneland A, Overvad K, et al. Fiber intake and total 

and cause-specific mortality in the European Prospective Investigation into Cancer and Nutrition 
cohort. Am J Clin Nutr. 96(1):164–74. 

3.  Bazzano LA, He J, Ogden LG, Loria CM, Vupputuri S, Myers L, et al. Fruit and vegetable intake 
and risk of cardiovascular disease in US adults: the first National Health and Nutrition Examination 
Survey Epidemiologic Follow-up Study. Am J Clin Nutr. 76(1):93–9. 

4.  King DE, Mainous AG, Lambourne CA. Trends in dietary fiber intake in the United States, 
1999-2008. J Acad Nutr Diet. 112(5):642–8. 

5.  Medicine I of. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty accids, cholesterol, 
protein, and amino acids (macronutrients) [Internet]. Washington, D.C.: National Academies Press; 

6.  van der Zaal PH, Schols HA, Bitter JH, Buwalda PL. Isomalto/malto-polysaccharide structure in 
relation to the structural properties of starch substrates. Carbohydr Polym. 185:179–86. 

7.  Leemhuis H, Dobruchowska JM, Ebbelaar M, Faber F, Buwalda PL, van der Maarel MJEC, et al. 
Isomalto/malto-polysaccharide, a novel soluble dietary fiber made via enzymatic conversion of starch. 
J Agric Food Chem. 62(49):12034–44. 

8.  Gu F, Borewicz K, Richter B, van der Zaal PH, Smidt H, Buwalda PL, et al. In vitro fermentation 
behavior of isomalto/malto-polysaccharides using human fecal inoculum indicates prebiotic potential. 
Mol Nutr Food Res. 62(12):1800232. 

9.  Tremaroli V, Bäckhed F. Functional interactions between the gut microbiota and host metabolism. 
Nature. 489:242–9. 

10.  Mistry RH, Verkade HJ, Tietge UJF. Reverse cholesterol transport is increased in germ-free mice-Brief 
report. Arterioscler Thromb Vasc Biol. 37(3):419–22. 

11.  Mistry RH, Verkade HJ, Tietge UJF. Absence of intestinal microbiota increases ß-cyclodextrin 
stimulated reverse cholesterol transport. Mol Nutr Food Res. 61(5):1600674. 

12.  Wiersma H, Gatti A, Nijstad N, Oude Elferink RPJ, Kuipers F, Tietge UJF. Scavenger receptor class 
B type I mediates biliary cholesterol secretion independent of ATP-binding cassette transporter g5/g8 
in mice. Hepatology. 50:1263–72. 

13.  Ramiro-Garcia J, Hermes GDA, Giatsis C, Sipkema D, Zoetendal EG, Schaap PJ, et al. NG-Tax, 
a highly accurate and validated pipeline for analysis of 16S rRNA amplicons from complex biomes. 
F1000Research. 5:1791. 

14.  Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene 
database project: improved data processing and web-based tools. Nucleic Acids Res. 41(Database 
issue):D590-6. 

15.  Ladirat SE, Schols HA, Nauta A, Schoterman MHC, Schuren FHJ, Gruppen H. In vitro fermentation 
of galacto-oligosaccharides and its specific size-fractions using non-treated and amoxicillin-treated 
human inoculum. Bioact Carbohydr Diet Fibre. 3(2):59–70. 

16.  Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows 
analysis of high-throughput community sequencing data. Nat Methods. 7(5):335–6. 

17.  Smilauer P, Lepš J. Multivariate analysis of ecological data using CANOCO [Internet]. Cambridge: 
Cambridge University Press; 

18.  Kuczynski J, Stombaugh J, Walters WA, González A, Caporaso JG, Knight R. Using QIIME to 
analyze 16S rRNA gene sequences from microbial communities. Curr Protoc Microbiol. Chapter 
1:Unit 1E.5. 

3



56

19.  Wong RG, Wu JR, Gloor GB. Expanding the UniFrac toolbox. Moreno-Hagelsieb G, editor. PLoS 
One. 11(9):e0161196. 

20.  Neyrinck AM, Possemiers S, Druart C, Van de Wiele T, De Backer F, Cani PD, et al. Prebiotic effects 
of wheat arabinoxylan related to the increase in Bifidobacteria, Roseburia and Bacteroides/Prevotella 
in diet-induced obese mice. Brennan L, editor. PLoS One. 6(6):e20944. 

21.  Rajilić-Stojanović M, de Vos WM. The first 1000 cultured species of the human gastrointestinal 
microbiota. FEMS Microbiol Rev. 38(5):996–1047. 

22.  Flint HJ, Barcenilla A, Stewart CS, Duncan SH, Hold GL. Roseburia intestinalis sp. nov., a 
novel saccharolytic, butyrate-producing bacterium from human faeces. Int J Syst Evol Microbiol. 
52(5):1615–20. 

23.  Li Z, Yi C-X, Katiraei S, Kooijman S, Zhou E, Chung CK, et al. Butyrate reduces appetite and 
activates brown adipose tissue via the gut-brain neural circuit. Gut. 67(7):1269–79. 

24.  Xiong H, Guo B, Gan Z, Song D, Lu Z, Yi H, et al. Butyrate upregulates endogenous host defense 
peptides to enhance disease resistance in piglets via histone deacetylase inhibition. Sci Rep. 6(1):27070. 

25.  Pham TX, Lee J. Dietary regulation of histone acetylases and deacetylases for the prevention of 
metabolic diseases. Nutrients. 4(12):1868–86. 

26.  Bultman SJ. Interplay between diet, gut microbiota, epigenetic events, and colorectal cancer. Mol 
Nutr Food Res. 61(1):1500902. 

27.  Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short chain fatty acids in 
human large intestine, portal, hepatic and venous blood. Gut. 28(10):1221–7. 

28.  Bloemen JG, Venema K, van de Poll MC, Olde Damink SW, Buurman WA, Dejong CH. Short chain 
fatty acids exchange across the gut and liver in humans measured at surgery. Clin Nutr. 28(6):657–61. 

29.  Li D, Chen H, Mao B, Yang Q, Zhao J, Gu Z, et al. Microbial Biogeography and Core Microbiota 
of the Rat Digestive Tract. Sci Rep. 8:45840. 

30.  De Vadder F, Kovatcheva-Datchary P, Goncalves D, Vinera J, Zitoun C, Duchampt A, et al. 
Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits. Cell. 
156(1–2):84–96. 

31.  De Vadder F, Kovatcheva-Datchary P, Zitoun C, Duchampt A, Bäckhed F, Mithieux G. 
Microbiota-produced succinate improves glucose homeostasis via intestinal gluconeogenesis. Cell 
Metab. 24(1):151–7. 

32.  Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in control of body weight and insulin 
sensitivity. Nat Rev Endocrinol. 11(10):577–91. 

33.  Demigné C, Morand C, Levrat MA, Besson C, Moundras C, Rémésy C. Effect of propionate on 
fatty acid and cholesterol synthesis and on acetate metabolism in isolated rat hepatocytes. Br J Nutr. 
74(2):209–19. 

34.  Nishina PM, Freedland RA. Effects of propionate on lipid biosynthesis in isolated rat hepatocytes. J 
Nutr. 120(7):668–73. 

35.  Portugal LR, Gonçalves JL, Fernandes LR, Silva HPS, Arantes RME, Nicoli JR, et al. Effect of 
Lactobacillus delbrueckii on cholesterol metabolism in germ-free mice and on atherogenesis in 
apolipoprotein E knock-out mice. Brazilian J Med Biol Res. 39(5):629–35. 

36.  den Besten G, Havinga R, Bleeker A, Rao S, Gerding A, van Eunen K, et al. The short-chain fatty 
acid uptake fluxes by mice on a guar gum supplemented diet associate with amelioration of major 
biomarkers of the metabolic syndrome. Nie D, editor. PLoS One. 9(9):e107392. 

37.  Degirolamo C, Rainaldi S, Bovenga F, Murzilli S, Moschetta A. Microbiota modification with 
probiotics induces hepatic bile acid synthesis via downregulation of the Fxr-Fgf15 axis in mice. Cell 
Rep. 7:12–8. 

38.  Davidson MH, McDonald A. Fiber: Forms and functions. Nutr Res. 18(4):617–24. 



57

39.  Monro JA. Faecal bulking index: A physiological basis for dietary management of bulk in the distal 
colon. Asia Pac J Clin Nutr. 9(2):74–81. 

40.  Macfarlane G, Cummings J. The colonic flora, fermenta- tion and large bowel digestive function. large 
Intest Physiol patho- Physiol Dis. (In S. F. Phillips, J. H. Pemberton, and R. G. Shorter (ed.)):51–92. 

41.  Schneeman BO. Dietary fiber and gastrointestinal function. Nutr Res. 18(4):625–32. 

3





Chapter 4
Reverse cholesterol transport is 
increased in germ-free mice

Rima H. Mistry, Henkjan J. Verkade, Uwe J. F. Tietge

Arteriosclerosis, Thrombosis and Vascular Biology, 2017, 37, 419–422.



60

Interplay between dietary fibers and gut microbiota for promoting metabolic health

Abstract

The intestinal microbiota is emerging as clinically relevant modulator of atherosclerotic 
risk. Reverse cholesterol transport (RCT) is an atheroprotective metabolic pathway. 
How the microbiota impacts RCT has not been investigated. Therefore, the aim of 
the present study was to characterize (chole)sterol metabolism and RCT in germ-free 
compared with conventional mice. In chow-fed germ-free mice plasma cholesterol 
was unchanged, while liver cholesterol content was higher (1.5-fold, P<0.05) than 
in conventional controls. Biliary secretion of cholesterol (2-fold, P<0.001) and bile 
acids (3-fold, P<0.001) was substantially increased in the germ-free model, while 
fecal neutral sterol excretion was unaltered and fecal bile acid excretion was decreased 
(P<0.01). However, fecal bile acid profiles of germ-free mice were dominated by the 
presence of β-muricholic acid (P<0.001), pointing towards a higher contribution of 
the alternative acidic pathway to total bile acid synthesis in these mice. As expected, 
secondary bile acids were absent in the germ-free model. In vivo macrophage-to-feces 
RCT was increased more than 2-fold (P<0.01) in the absence of intestinal bacteria. 
These data demonstrate that absence of the intestinal microbiota stimulates RCT 
more than 2-fold. Thereby, our results support the importance of intestinal bacteria 
for metabolic regulation and indicate that specific targeting of the microbiota bears 
therapeutic potential to prevent and treat cardiovascular disease (CVD).
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Introduction

Evidence is accumulating that the intestinal microbiota has a substantial impact on 
the (patho)physiological regulation of metabolism. The human microbiota in general 
represents not only the first line of contact with the environment, but intestinal 
bacteria in particular also express approximately 100-fold more genes than present 
in the human genome.1 The intestine is one of the key organs in the regulation of 
cholesterol metabolism with relevance for atherosclerotic cardiovascular disease (CVD). 
Enterocytes are responsible for cholesterol absorption, can synthesize cholesterol and 
form HDL particles.2 As a precedence for the impact of bacteria on CVD it was 
demonstrated that specific diet-microbe-host interactions can enhance experimental 
atherosclerosis via the coordinate production of the pro-atherosclerotic metabolite 
trimethylamine-N-oxide (TMAO).3 Subsequently, TMAO was also identified as 
a prospective biomarker for the future development of CVD events in the general 
population, further stressing the relevance of the microbiota for human disease.4 In 
addition, bacteria can modulate bile acid metabolism and thereby impact cholesterol 
turnover.5 In conventional mice, the intestine was shown to contribute to reverse 
cholesterol transport (RCT), a key atheroprotective pathway.6 However, the impact 
of the intestinal microbiota per se on RCT has not been determined. Therefore, the 
aim of the present work was to establish the importance of the intestinal microbiota 
for RCT by comparing conventional with germ-free mice. 

Materials and Methods

Experimental animals

Wildtype conventional C57BL/6 mice were obtained from Harlan (Horst, The 
Netherlands). Wildtype germ-free C57BL/6 mice were generated in our animal 
facility and housed in sterile flexible gnotobiotic isolators. All animals were housed 
in controlled rooms with an alternating 12h light-dark cycle. Mice were fed standard 
chow diet (Ssniff, Germany). All experiments were approved by the Committee of 
Animal Experimentation at the University of Groningen and performed in accordance 
with Dutch National Law on Animal Experimentation and international guidelines 
on animal experimentation.

Determination of plasma and liver lipid analysis

At the time of termination, liver and blood were collected by heart puncture. Plasma 
total cholesterol and triglycerides were measured using commercially available reagents 
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(Roche Diagnostic, Basel, Switzerland). Pooled plasma of each group was subjected 
to fast protein liquid chromatography (FPLC) gel filtration using a Superose 6 
column (GE Health, Uppsala, Sweden) essentially as described previously.1 Livers 
were homogenized and lipids extracted following the general procedure described by 
Bligh & Dyer.2 Lipids were redissolved in water containing 2% Triton X-100. Total 
cholesterol was measured as detailed above.

Bile measurements

Continuous bile cannulation was performed under anesthesia (hypnorm 1 ml/kg 
body weight; diazepam 10 mg/kg body weight) for 20 minutes. Respective biliary bile 
acid and cholesterol concentrations were determined and secretion rates calculated as 
described previously.1 

Fecal sterol and bile acid analysis

Fecal samples from individually housed mice collected over 24 hours were dried, 
weighed and ground. Neutral sterols and bile acids were extracted and measured using 
gas-liquid chromatography as published.1

Macrophage-to-feces RCT studies

C57BL/6 donor mice were used to harvest primary peritoneal thioglycollate-elicited 
macrophages.3 Macrophages were loaded in vitro with 5µg/ml acetylated LDL and 
3µCi/ml [3H] cholesterol (Perkin Elmer, Boston, MA) for 24 hours to become foam 
cells.3 Then macrophages were injected into individually housed recipient mice. At 
indicated time points plasma, liver and fecal recovery of labeled cholesterol was 
analyzed using liquid scintillation counting (Packard 1600CA Tri-carb, Packard, 
Meriden, CT). For this purpose a piece of liver was solubilized in Solvable (Packard).4 
Fecal neutral sterol and bile acid fractions were extracted from feces as described 
above.2 The counts were expressed relative to the injected dose.

Hepatic gene expression analysis

Hepatic mRNA was extracted using TriReagent (Sigma) and quantified with a 
Nanodrop ND-100UV-vis spectrometer (NanoDrop Technologies Wilmington 
DE). cDNA was made from 1µg of RNA using reagents from Invitrogen (Carlsbad 
CA). Primers were synthesized by Eurogentec (Seraing, Belgium). Real-time PCR 
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was performed using an ABI Prism 7700 machine (Applied Biosystems, Damstadt 
Germany). mRNA expression levels of individual genes were calculated relative to the 
housekeeping gene 36B4 and normalized to the relative mean expression level of the 
respective control group.

Statistics

Statistical analysis was performed using GraphPad Prism software (San Diego, CA). 
All data are presented as mean ± SEM. Differences between groups were determined 
using the Mann-Whitney U-test. P-values below 0.05 were considered statistically 
significant.

Results

First, we characterized cholesterol metabolism in germ-free mice compared with 
conventional controls. Both groups had similar body weights 21.3±1.1 vs 21.4±1.5 g. 
While plasma total cholesterol (Fig. 1A) and triglyceride levels (0.26±0.02 vs 0.28±0.02 
mmol/l) were comparable between groups, FPLC profiles showed a discrete shift 
towards higher LDL-C and lower HDL-C in germ-free animals (Supplementary Fig. 
IA). HDL cholesterol efflux capacity did not differ between groups (Supplementary Fig. 
IB). Hepatic cholesterol content was higher in germ-free mice by 1.5-fold (5.90±1.25 
vs. 4.23±0.73 nmol/mg, P<0.05,) and in agreement with these data, expression of the 
sterol regulatory element-binding protein (Srebp2) target genes low density lipoprotein 
receptor (Ldlr) (Table 1, P<0.001) and HMG-CoA reductase (Hmcg-Coar) (Table 1, 
P<0.05) was decreased. 
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Figure: Absence of intestinal microbiota stimulates macrophage-to-feces reverse cholesterol 
transport. Mass measurements (A) Plasma total cholesterol; (B) biliary cholesterol secretion; (C) total
biliary bile acid (BA) secretion; (D) fecal mass neutral sterol and bile acids excretion; RCT experiment, 
macrophage-derived cholesterol tracer recovered in (E) plasma; (F) liver; (G) fecal neutral sterols and 
bile acids. Statistically significant differences are indicated as *P<0.05; **P<0.01, ***P<0.001
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Figure 1: Absence of intestinal microbiota stimulates macrophage-to-feces reverse 
cholesterol transport. Mass measurements (A) Plasma total cholesterol; (B) biliary 
cholesterol secretion; (C) total biliary bile acid (BA) secretion; (D) fecal mass neutral 
sterol (NS) and bile acid excretion; RCT experiment, macrophage-derived cholesterol 
tracer recovered in (E) plasma; (F) liver; (G) fecal neutral sterols and bile acids. Data are 
presented as means ± SD, N=7 for each group. Statistically significant differences are 
indicated as *P<0.05; **P<0.01, ***P<0.001.

Biliary cholesterol and bile acid secretion was about 2- and 3-fold increased, 
respectively, in mice lacking microbiota (P<0.001, Fig. 1B and 1C). Fecal output 
was significantly increased in germ-free mice (213±26 vs 162±12 mg/day, P<0.05). 
However, fecal excretion of neutral sterols remained unchanged, while bile acid 
excretion was reduced by 1.5-fold (Fig. 1D, P<0.01). Increased mRNA expression 
of Nieman-Pick C1-like1 (Npc1l1) in the proximal small intestine (Table 1, p<0.05) 
indicated increased cholesterol absorption in germ-free mice. 

Next, a RCT experiment was performed. Plasma 3H-cholesterol tracer recovery 
was significantly increased by about 2-fold in germ-free mice after 24h (P<0.01, Fig. 
1E) and tended to be higher at 48h. Tracer recovery in the liver at 48h remained 
unchanged (Fig. 1F). Overall RCT, determined as fecal recovery of macrophage-derived 
3H-cholesterol, was 2-fold higher in germ-free mice (Fig. 1G, P<0.01,). This increase 
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was largely due to significantly more tracer recovered in fecal bile acids (P<0.01). 
Stress could potentially explain these findings7, but plasma corticosterone levels were 
comparable between conventional and germ-free mice making this possibility less 
likely (1466±219 vs 1496±159 nmol/l, respectively).

Table 1: Gene expression analysis in conventional and germ-fee mice

Genes Conventional Germ-free

Liver

Hmgcoar 1.00±0.08 0.83±0.05*
Cyp7a1 1.00±0.42 0.26±0.14***
Cyp8b1 1.00±0.29 0.36±0.15**
Cyp27a1 1.00±0.15 0.84±0.13
Abcg5 1.00±0.19 1.06±0.08
Abcg8 1.00±0.27 1.18±0.06
Bsep 1.00±0.25 0.75±0.24*
Srb1 1.00±0.11 0.95±0.15
Fxr 1.00±0.26 0.89±0.19
Ldlr 1.00±0.12 0.68±0.07***
Proximal intestine

Npc1l1 1.00±0.09 1.75±0.08*
Distal intestine

Fgf15 1.00±0.15 2.61±0.30*

Data are presented as means ± SD, N=7 for each group. Statistically significant differences 
are indicated as *P<0.05, **P<0.01, ***P<0.001.

Therefore, we also characterized bile acid metabolism under germ-free conditions 
more in detail. Bile flow was significantly increased compared to conventional mice 
(2-fold, P<0.001, Supplementary Fig. IIA). Although fecal mass excretion of bile acids 
was lowered, there were striking shifts in the fecal bile acid profile in germ-free mice. 
As expected, secondary bile acids such as deoxycholic acid (DCA) and ω-muricholic 
acid (ω-MCA) were absent. On the other hand, the percentage of fecal cholic acid 
(CA) was higher (P<0.05) and the contribution of β-muricholic acid (β-MCA) was 
increased by 4.5-fold in mice lacking microbiota (P<0.001, Supplementary Figure IIA 
& B). Quantification of hepatic bile acid synthesis gene expression (Table 1) revealed 
decreased Cyp8b1 (P<0.01) and Cyp7a1 (P<0.001) mRNA levels in germ-free mice, 
whereas Cyp27a1, which initiates the alternative acidic pathway with β-MCA as end 
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product, remained unchanged. mRNA expression of fibroblast growth factor 15 (Fgf15) 
in the terminal ileum was 2.6-fold increased in the germ-free model (Table 1, P<0.05).

Discussion

The results of the present study demonstrate that complete absence of the microbiota 
(i) does not influence plasma cholesterol levels or mass fecal neutral sterol excretion, 
(ii) decreases fecal BA excretion and (iii) significantly increases RCT, mainly within 
the fecal BA fraction. Previous work indicated that differences in cholesterol 
metabolism between germ-free and conventional mouse models are variable; the 
observed phenotypes conceivably depend on diet, genetic background and the 
respective composition of the microbiota in the conventional control groups.8-10 
Thus far, decreased plasma cholesterol, both increased as well as decreased liver 
cholesterol and higher fecal neutral sterol output were observed in germ-free mice 
fed Western-type or high-fat diets.10,11 Interestingly though, the most significant 
differences between conventional and germ-free mice in our experimental system 
were seen in bile acids.

The changes in BA metabolism occurring in the germ-free mice are, however, 
rather complex; on the one hand, there is increased biliary BA secretion, on the 
other decreased fecal excretion. This difference can be explained by increased BA 
reabsorption in the terminal ileum of germ-free mice, a notion in general consistent 
with the increased expression of the farnesoid X receptor (FXR) target gene Fgf15 
that we observed in our study. However, the 2.6-fold increase in Fgf15 expression 
in the germ-free model also indicates another relevant change in BA metabolism in 
these mice. Mice lacking intestinal bacteria have two principal BA species, the more 
hydrophobic taurocholic acid (TCA), which is a FXR agonist12, and the hydrophilic 
tauro-beta-muricholic acid (T-β-MCA), which has been characterized as a FXR 
antagonist13,14. Increased expression of the FXR target gene Fgf15 indicates thus 
that relatively more TCA, the FXR agonist, is taken up over T-β-MCA, the FXR 
antagonist. Indeed, previous work demonstrated a substantially higher affinity of 
ASBT, the transporter responsible for intestinal BA reuptake, for TCA compared 
with T-β-MCA15. Since due to the absence of bacteria no secondary BA are formed 
in germ-free mice there is no means of taking up conversion products of T-β-MCA 
in the colon, thus resulting in substantial amounts of T-β-MCA being excreted into 
the feces. In agreement, hepatic gene expression analysis indicated that the expression 
of Cyp27a1 is unchanged, pointing towards a higher relative contribution of the 
alternative acidic bile acid synthesis pathway with its end product T-β-MCA in the 
germ-free mice. It is thus to be expected that in the absence of intestinal bacteria 
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relatively more macrophage-derived cholesterol is converted into T-β-MCA, which is 
then preferentially excreted into the feces. These mechanisms can in our view explain 
how increased RCT mainly in the BA fraction occurs in germ-free mice with decreased 
mass fecal BA excretion. However, more experimentation seems required to fully 
substantiate this proposed model. 

Further, it has to be noted that converting chenodexycholic acid (CDCA) into 
β-MCA occurs in mice but not in humans.16 Therefore, further studies are needed to 
investigate, if the results of our current study can be translated to a clinical setting in 
humans. In addition, also regarding bile acid metabolism in germ-free mice variable 
data have been generated, likely dependent on genetic background and diet; e.g. 
unchanged as well as decreased fecal bile acid excretion were reported.8,14 Clearly, also 
with respect to this issue, more studies are needed to better characterize the response 
of different germ-free mouse lines to varying experimental conditions. In summary, 
our present work supports the importance of the intestinal microbiota for metabolic 
regulation and extends previous observations to RCT, a pathway with a high relevance 
for atherosclerosis protection. Specific targeting of the intestinal microbiota with the 
aim to modulate bile acid metabolism bears therapeutic potential with the goal to 
prevent and treat CVD.
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Supplemental Figures

Supplementary Figure I: Germ-free mice have altered plasma lipoprotein profiles. 
(A) FPLC profiles of comparing conventional and germ-free mice; (B) HDL 
cholesterol efflux in conventional and germ-free mice). Dat are presented as means ±
SD, at least N=7 for each group. 
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Supplementary Figure I: FPLC profiles (A) and HDL cholesterol efflux (B) in 
conventional and germ-free mice. Data are presented as means ± SD, N=7 for each group. 

Supplementl figure II: Absence of microbiota enhances bile acid secretion. (A) Bile
flow; (B) bile BA profile; (C) plasma BA profile; (D) fecal BA profile Statistically
significant differences are indicated as *P<0.05; **P<0.01, ***P<0.001.
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Abstract

Non-digestible oligosaccharides are used as prebiotics for perceived health benefits, 
among these modulating lipid metabolism. However, the mechanisms of action are 
incompletely understood. The present study characterized the impact of dietary 
ß-cyclodextrin (ßCD, 10%, w/w), a cyclic oligosaccharide, on sterol metabolism 
and reverse cholesterol transport (RCT) in conventional and also germ-free mice to 
establish dependency on metabolism by intestinal bacteria. In conventional ßCD-fed 
C57BL/6J wild-type mice plasma cholesterol decreased significantly (-40%, p<0.05), 
largely within HDL, while fecal neutral sterol excretion increased (3-fold, p<0.01) 
and fecal bile acid excretion was unchanged. Hepatic cholesterol levels and biliary 
cholesterol secretion were unaltered. Changes in cholesterol metabolism translated into 
increased macrophage-to-feces RCT in ßCD-administered mice (1.5-fold, p<0.05). In 
germ-free C57BL/6J mice ßCD similarly lowered plasma cholesterol (-40%, p<0.05). 
However, ßCD increased fecal neutral sterol excretion (7.5-fold, p<0.01), bile acid 
excretion (2-fold, p<0.05) and RCT (2.5-fold, p<0.01) even more substantially in 
germ-free mice compared with the effect in conventional mice. In summary, this study 
demonstrates that ßCD lowers plasma cholesterol levels and increases fecal cholesterol 
excretion from a RCT-relevant pool. Intestinal bacteria decrease the impact of ßCD on 
RCT. These data suggest that dietary ßCD might have cardiovascular health benefits.
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Introduction

Atherosclerotic cardiovascular disease (CVD) represents the major cause of death 
worldwide.1 Drug treatment, primarily with statins, is currently the mainstay of 
therapy to prevent heart attacks and strokes. However, despite the vast use of statins, the 
incidence of CVD events has decreased at best between 25-30%.2,3 Therefore, additional 
intervention strategies are warranted. In recent years non-digestible oligosaccharides have 
received increasing interest for their perceived health promoting properties.4,5 Thereby, 
nutritional interventions have the advantage of being a complementary and cost effective 
approach in addition to drug treatment. ß-cyclodextrin (ßCD) is one such non-digestible 
dietary carbohydrate with proposed cholesterol metabolism modulating properties.6,7 It 
is primarily produced from starch through an enzymatic reaction and consists of cyclic 
oligosaccharides with seven glucopyranosyl units linked in a ring structure. Thereby, 
ßCD has a high affinity to bind hydrophobic molecules such as cholesterol.8

Apart from cholesterol binding, the intestinal microbiota supposedly ferments the 
non-digestible ßCD for producing bioactive metabolites such as short-chain fatty acids 
(SCFA).9,10 However, the extent to which intestinal bacteria are required to mediate 
the potential lipid modulating effects of ßCD is not known. Furthermore, it has 
not been investigated if the effects of ßCD on cholesterol metabolism extend to the 
atheroprotective pathway of reverse cholesterol transport (RCT), i.e. mobilization of 
cholesterol from macrophage foam cells for final excretion from the body via the feces.

Therefore, the aim of the present study was to characterize the impact of dietary 
administered ßCD on cholesterol metabolism and RCT in the presence or absence of 
an intestinal microbiota. Our data demonstrate that ßCD reduces plasma cholesterol 
and effectively increases fecal sterol excretion and RCT in conventional as well as in 
germ-free mice. Interestingly, the RCT-promoting effect of ßCD was more pronounced 
in the absence of intestinal bacteria. 

Materials and Methods

Experimental animals and diets

Female conventional C57BL/6 mice (N=6) were obtained from Harlan (Horst, The 
Netherlands). Age-matched wildtype germ-free (GF) C57BL/6 mice (N=4) were 
generated and maintained in our animal facility. Mice were housed in temperature 
controlled rooms with alternating 12 h light-dark cycles. GF C57BL/6J mice were 
maintained in sterile flexible gnotobiotic isolators. GF status was verified regularly by 
PCR for bacterial 16S rDNA within fecal samples. All animal experiments were approved 



74

Interplay between dietary fibers and gut microbiota for promoting metabolic health

by the Committee of Animal Experimentation at the University of Groningen and were 
performed in accordance with the Dutch Law on Animal Experimentation as well as 
international guidelines on animal experimentation. Mice were randomly assigned to 
two different diets for a period of 14 days in a parallel design with a control diet and a 
10% ßCD (Roquette, Lastrem, France) supplemented experimental diet (Safe, Augy, 
France). Diets were sterilized with γ-irradiation (50 kGy). The control diet (given as wt/
wt %) contained 60.94% corn starch, 0.06% cholesterol, 20% caseinate, 0.3% L-cystine, 
7% carbohydrate mix, 7% soya bean oil, 0.2% choline bitartrate, 3.5% mineral mixture, 
1% vitamin mixture. The experimental diet contained 10% (w/w) βCD replacing an 
equal amount of corn starch with otherwise identical composition characteristics.

Bile collection and analysis of bile acid, 
cholesterol and phospholipid secretion

The gallbladder was cannulated under anesthesia (hypnorm 1 ml/kg body weight 
(bw); diazepam 10 mg/kg bw). Bile was collected for 20 minutes and the rate of 
secretion was determined gravimetrically. Biliary bile salt, cholesterol and phospholipid 
concentrations were analyzed and the respective rates of biliary secretion determined 
as described previously.11

Plasma lipid and lipoprotein analysis

Blood was collected by heart puncture at the time of termination and immediately 
placed on ice. After isolation of plasma, aliquots were stored at -80°C until further 
analysis. To measure plasma total cholesterol and triglycerides commercially available 
reagents were used (Roche Diagnostic, Basel, Switzerland). Lipoprotein fractions were 
obtained from pooled plasma samples subjected to fast protein liquid chromatography 
(FPLC) gel filtration using a Superose 6 column (GE Health, Uppsala, Sweden) as 
described.12 

Mass fecal sterol and bile acids excretion

Mice were housed individually and feces were collected over a 24 h period. Fecal 
samples were dried, weighed and ground. Neutral sterols and bile acids were extracted 
from 50 mg of feces and measured using gas-liquid chromatography as published.12 
Bile acids were methylated with a mixture of methanol and acetyl chloride and 
trimethylsilytated with pyridine, N, O-Bis (trimethylysilyl) trifluoroacetamide and 
trimethylcholorosilane.
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Analysis of hepatic lipid composition

Liver was excised at the time of termination and homogenized. Lipids were extracted 
from the homogenates using the Bligh and Dyer procedure and redissolved in water 
containing 2% Triton X-100. Commercially available kits were employed to measure 
total cholesterol and triglyceride content (Roche Diagnostics). 

Macrophage-to-feces RCT studies

Primary peritoneal macrophages elicited by thioglycollate were harvested from 
C57BL/6J donor mice followed by loading in vitro with 50 µg/ml acetylated LDL 
and 3 µCi/ml [3H] cholesterol (Perkin Elmer, Boston, MA) for 24 h to generate 
foam cells.11 Then macrophages were injected into individually housed recipient mice 
fed the different diets. Counts were measured in plasma obtained at 24 and 48 h 
after macrophage injection using liquid scintillation counting (Packard 1600CA 
Tri-carb, Packard, Meriden, CT). Liver was collected at the time of termination (48 h), 
solubilized with Solvable (Packard) followed by liquid scintillation counting. Feces 
were collected at 24 and 48 h, dried, weighed and ground. Fecal neutral sterol and bile 
acid extraction was performed13 and counts were determined in each fraction using 
liquid scintillation counting. Counts were expressed relative to the administered dose.

LCAT assay

Plasma LCAT activity was measured following the general procedure of Glomset and 
Wright with the following minor modifications.14 Plasma samples were incubated 
with labelled [3H] cholesterol substrate for 6 hours at 37 °C. Cold ethanol was added 
at the end to stop the reaction. Free and esterified cholesterol were separated using 
silica columns and hexane was used to elute [3H] cholesteryl esters from the column. 
The samples were dried under a stream of nitrogen and counts were measured using 
liquid scintillation counting (Packard 1600CA Tri-carb, Packard, Meriden, CT). 
LCAT activity was expressed in arbitrary units (AU) in which 100 AU represents the 
equivalent of 87 nmol cholesterol esterified per ml plasma per hour.

HDL efflux assay

Primary peritoneal macrophages were harvested from control and ßCD fed C57BL/6J 
mice followed by loading in vitro with 50 µg/ml acetylated LDL and 1 µCi/ml [3H] 
cholesterol (Perkin Elmer, Boston, MA) for 24 h to generate foam cells.11 Overnight 
equilibration was performed by incubation with RPMI 1640 Glutamax medium 
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(Gibco, Carlsbad, CA) containing 2% BSA. Thereafter the cells were washed with PBS 
and incubated with 2% apoB-depleted plasma samples added in RPMI 1640 Glutamax 
medium containing penicillin/streptomycin.15 After 5 h of efflux, the medium was 
collected and centrifuged for 5 min at 10,000 rpm; 0.1M NaOH was added to the 
cells and incubated for at least 30 min. The radioactivity in both medium and cells was 
determined using liquid scintillation counting (Packard 1600CA Tri-carb, Packard, 
Meriden, CT) and efflux calculated from as: efflux(%) = [counts in medium /(counts in 
cells + counts in medium)]*100.15 Values of negative control wells without the addition 
of HDL were subtracted from all experimental data.

Cholesterol absorption studies and calculation of TICE

Fractional cholesterol absorption was measured in conventional control and βCD 
fed C57BL/6J mice with the plasma dual isotope ratio method using blood samples 
obtained after intravenous (D7) and oral (D5) administration of stable isotopically 
labelled cholesterol as described.16 Trans-intestinal cholesterol efflux (TICE) was 
calculated according to the following formula: TICE = fecal cholesterol excretion – [% 
intestinal cholesterol absorption x (biliary cholesterol secretion + dietary cholesterol 
intake)].

Quantitative real-time PCR gene expression analysis

Total mRNA was extracted from the liver using TriReagent (Sigma) and quantified 
with a Nanodrop ND-100UV-vis spectrometer (NanoDrop Technologies Wilmington 
DE). One µg of mRNA was used for synthesizing cDNA with reagents from 
Invitrogen (Carlsbad CA). Real-time PCR was performed on an ABI Prism 7700 
machine (Applied Biosystems, Damstadt Germany). The primers were synthesized by 
Eurogentec (Seraing, Belgium). The mRNA expression of each gene was calculated 
relative to the housekeeping gene cyclophilin and further normalized to the relative 
expression levels of the respective control groups.

Statistics

Statistical analysis was performed using GraphPad Prism software (San Diego, CA). 
Data are presented as median (interquartile range). Statistical differences between 
groups were assessed using the Mann-Whitney U-test. Statistical significance for all 
comparisons was assigned at P<0.05.
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Results

ßCD lowers plasma cholesterol and increases fecal cholesterol excretion.

Feeding mice for 2 weeks with ßCD supplemented diet significantly reduced plasma 
cholesterol levels (P<0.05, Fig. 1A). FPLC profiles indicated a cholesterol decrease 
mainly in the HDL fraction with a slight shift towards smaller HDL particles (Fig. 1B). 
Correspondingly, plasma LCAT activity (Fig. 1C) and also hepatic Lcat mRNA 
expression (Table 1) were somewhat lower in the ßCD group, however, not significantly.
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Figure 1: βCD reduces plasma cholesterol and increases fecal neutral sterol excretion. (A) 
plasma total cholesterol (TC) and triglycerides (TG); (B) FPLC profile; (C) LCAT activity 
(D) hepatic TC and TG; (E) biliary cholesterol secretion; (F) trans-intestinal cholesterol 
excretion (TICE); (G) fecal total neutral sterol (NS) excretion; (H) fecal NS profile. Data 
are presented as box plots showing median (interquartile range) and min/max; at least 
N=6 for each group. Statistically significant differences are indicated as *P<0.05; **P<0.01.
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Hepatic cholesterol and triglyceride levels remained unchanged (Fig. 1D), as were 
biliary cholesterol secretion rates (Fig. 1E). ßCD fed mice exhibited unchanged hepatic 
mRNA expression of Hmgcoar, Hmgcs1 expression was lower, but not significantly 
(Table 1) and plasma lathosterol:cholesterol ratios were higher in ßCD receiving mice 
compared to controls (0.0045 (0.0042-0.0054) vs 0.0100 (0.0095-0.0143), p<0.05) 
indicating that overall ßCD might increase endogenous cholesterol synthesis to a 
certain extent. 

Table 1: Hepatic gene expression in conventional mice fed diet containing βCD

mRNA expression Control βCD

Hepatic gene expression

Hmgcoar 1.00 (0.44-1.12) 1.08 (0.55-1.11)

Ldlr 1.00 (0.77-1.03) 1.62 (1.04-1.35)*
Fxr 1.00 (0.88-1.13) 1.28 (1.14-1.26)
Abcg5 1.00 (0.47-0.62) 1.12 (0.51-0.60)
Abcg8 1.00 (0.42-0.54) 1.05 (0.44-0.53)
Bsep 1.00 (0.70-0.82) 0.93 (0.60-0.69)
Srb1 1.00 (0.58-0.63) 1.00 (0.59-0.63)
Cyp7a1 1.00 (0.42-1.04) 1.44 (0.47-1.11)
Cyp8b1 1.00 (0.82-1.21) 0.55 (0.33-0.67)*
Cyp27a 1.00 (0.67-0.87) 0.88 (0.65-0.96)
Hmgcs1 1.00 (0.50-1.26) 0.48 (0.49-0.74)
Lcat 1.00 (0.52-1.07) 0.69 (0.57-0.65)
ApoE 1.00 (0.56-0.75) 0.91 (0.53-0.68)
Abca1 1.00 (0.55-0.67) 1.12 (0.53-0.72)
Abcg1 1.00 (0.50-0.75) 1.08 (0.56-0.83)
Scd1 1.00 (0.46-0.70) 1.40 (0.69-0.90)
Pgc-1β 1.00 (0.28-0.33) 1.77 (0.46-0.71)
Fasn 1.00 (0.70-1.56) 1.08 (0.89-2.36)
Gpat 1.00 (0.43-0.79) 0.84 (0.48-0.51)
Srebf-1c 1.00 (0.43-0.56) 1.56 (0.27-0.88)
Proximal small intestine

Npc1l1 1.00 (2.44-3.91) 1.07 (2.42-3.97)
Abca1 1.00 (0.84-2.58) 0.32 (0.41-0.76)*

Data are presented as median (interquartile range), at least N=6 for each group. Statistically 
significant differences are indicated as *P<0.05.
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ßCD increased total fecal neutral sterol excretion by approximately two-fold 
(P<0.01, Fig. 1G), mainly due to an increased excretion of cholesterol, whereas 
dihydrocholesterol and coprostanol were significantly reduced (Fig. 1H). To investigate 
the metabolic basis for the increased fecal neutral sterol excretion we first explored 
cholesterol absorption. Npc1l1 mRNA expression in the small intestine was unchanged 
(Table 1) and also plasma campesterol:cholesterol (0.010 (0.010-0.012) vs 0.010 
(0.009-0.010), respectively, n.s.) and ß-sitosterol:cholesterol (0.025 (0.023-0.026) vs 
0.028 (0.026-0.031), respectively, n.s.) ratios were not different between the control 
and the ßCD group. However, fractional cholesterol absorption measured with the 
plasma dual isotope ratio method indicated a slight but not significant decrease in 
ßCD fed mice (48.3 (43.3-57.5) vs 40.9 (21.7-49.4) %) indicating that decreased 
absorption might contribute to increased fecal neutral sterol output. Next, we explored 
TICE, a pathway by which enterocytes can increase fecal neutral sterol excretion 
independent of the biliary pathway.17 Our results indicated that TICE was significantly 
elevated in mice fed the ßCD containing diet by about seven-fold (P<0.01, Fig. 1F). 
Since TICE is stimulated by LXR agonists 16 and ßCD was suggested to stimulate 
LXR activity 18, we further explored the expression of relevant model transcriptional 
targets of LXR in addition to Npc1l1. Hepatic expression of Abcg5, Abcg8 Abca1, Abcg1 
and ApoE remained unaffected by the ßCD diet, while Abca1 expression in proximal 
small intestine was even downregulated in ßCD fed mice (P<0.05). Furthermore, 
macrophage mRNA expression of Abca1 and Abcg1 were not different between the 
groups (data not shown) and consistent with these data there was also no discernible 
difference in cholesterol efflux capacity between peritoneal macrophages isolated 
from control and ßCD fed conventional mice (10.3 (8.4-12.8) vs 13.5 (11.8-14.4) %, 
respectively).

ßCD does not affect total bile acid excretion but changes bile acid composition.

Total bile acids in plasma remained unaffected (Fig. 2A). However, the plasma bile 
acid profile revealed significant shifts in individual bile acid species. ßCD increased the 
percentage of circulating cholic, taurocholic, chenodeoxycholic, tauro-α-muricholic 
and ω-muricholic acid (Fig. 2B). On the other hand, plasma β-muricholic acid 
concentrations were significantly decreased. Biliary secretion of bile acids tended to 
be higher, while overall fecal bile acid excretion tended to be lower in the ßCD group 
(Fig. 2C and 2D). Particularly fecal deoxycholic and ω-muricholic acid excretion was 
significantly decreased (P<0.01, Fig. 1E). Liver mRNA gene expression analysis of bile 
acid biosynthesis-related genes showed a downregulation of sterol 12-alpha-hydroxylase 
(Cyp8b1) in ßCD receiving mice. However, other bile acid synthesis-related genes 
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such as cholesterol 7α-hydroxylase (Cyp7A1), also a LXR target in mice, and sterol 
27-hydroxylase (Cyp27A) remained unchanged (Table 1).
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Figure 2: ßCD induces shifts in bile acid profiles. (A) total plasma bile acids; (B) plasma 
bile acids profile; (C) Biliary bile acid (BA) secretion; (D) Fecal total BA excretion; (E) 
Fecal BA profile. LC, lithocholic acid; α-MCA, α-muricholic; DCA, deoxycholic acid; 
CA, cholic acid; HDCA, hyodeoxycholic acid; β-MCA, β-muricholic acid; ω-MCA, 
ω-muricholic acid; UDCA, ursodeoxycholic acid; CDCA, chenodeoxycholic acid; TCA, 
tauro-cholic acid; TDCA, tauro-deoxycholic acid; T-α-MCA, tauro-α-muricholic; 
T-β-MCA, tauro-β-muricholic acid T-ω-MCA, tauro-ω-muricholic acid. Data are 
presented as box plots showing median (interquartile range) and min/max; at least N=6 
for each group. Statistically significant differences are indicated as *P<0.05; **P<0.01.

ßCD increases fecal neutral sterol excretion to a greater extent in germ-free mice lacking 
intestinal microbiota.

In order to determine the extent to which the intestinal microbiota mediates the 
cholesterol lowering effect of ßCD, a dietary intervention with ßCD was performed 
in germ-free mice. Comparable to the conventional mice, plasma cholesterol was 
significantly reduced mainly in the HDL fraction (P<0.05, Table 2, Supplemental 
figure I).
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Figure 3
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Figure 3: Effect of ßCD containing diet on 
macrophage-to-feces reverse cholesterol transport 
in conventional mice. Macrophage-derived 
3H-cholesterol tracer recovered in (A) plasma; (B) 
liver; (C) fecal neutral sterols (NS) and bile acids 
(BA). Data are presented as box plots showing 
median (interquartile range) and min/max; at 
least N=6 for each group. Statistically significant 
differences are indicated as *P<0.05; **P<0.01.

Similar to conventional mice, ßCD increased fecal cholesterol excretion also 
in germ-free animals (7.5-fold, P<0.05), however, to a substantially greater extent. 
In the germ-free group, the campesterol:cholesterol (0.012 (0.011-0.012) vs 0.018 
(0.016-0.022), respectively, P<0.05) and ß-sitosterol:cholesterol (0.028 (0.026-0.029) 
vs 0.055 (0.045-0.066), respectively, P<0.05) ratios increased upon ßCD-feeding.
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Table 2: Lipid and sterol profiles in plasma, liver and feces of germ-free mice 
fed control and βCD diet

Control βCD

Plasma

 Total cholesterol (mM) 1.83 (1.69-1.89)  0.94 (0.82-1.11)*
 Triglycerides (mM) 0.10 (0.06-0.15) 0.10 (0.06-0.15)
Liver

 Total cholesterol (nmol/mg of liver) 10.26 (9.95-10.61)  6.48 (6.24-6.70)*
 Triglycerides (nmol/mg of liver) 21.66 (20.19-23.86) 7.75 (6.48-10.48)*
Fecal neutral sterol profiles

 Cholesterol (µmol/24h) 1.33 (1.20-1.62) 11.36 (9.54-13.01)*
 Dihydrocholesterol (µmol/24h) 0.12 (0.11-0.13) 0.12 (0.09-0.14)
 Coprostanol (µmol/24h) n.d. n.d.
Fecal bile acids profiles

 α-Muricholic acid (µmol/24h) 0.12 (0.11-0.18) 1.02 (0.95-1.05)*
 β-Muricholic acid (µmol/24h) 0.60 (0.45-0.70) 0.15 (0.13-0.17)*
 ω-Muricholic acid (µmol/24h) n.d. n.d.
  Deoxycholic acid (µmol/24h) n.d. n.d.
 Cholic acid (µmol/24h) 0.41 (0.37-0.44) 0.35 (0.34-0.37)
 Ursodeoxycholic acid (µmol/24h) n.d. n.d.
 Chenodeoxycholic acid (µmol/24h) 0.10 (0.07-0.11) 0.68 (0.60-0.75)*

Data are presented as median (interquartile range), at least N=4 for each group. N.d. Not 
detected. Statistically significant differences are indicated as *P<0.05.

In the liver, a reduction in cholesterol and triglyceride levels was observed 
(P<0.05, Table 2). Liver mRNA expression of Hmgcoar was upregulated in ßCD 
receiving germ-free mice compared to controls (P<0.05, Table 3) and also the plasma 
lathosterol:cholesterol ratio was significantly increased (0.0025 (0.0023-0.0026) vs 
0.0208 (0.0197-0.0230), respectively, P<0.05) by ßCD administration in germ-free 
mice. On the other hand, hepatic mRNA expression of genes associated with fatty acid 
metabolism such as steroyl-CoA desaturase (Scd1), fatty acid synthase (Fasn) and sterol 
regulatory element-binding protein 1c (Srebp-1c) were significantly lower in germ-free 
mice receiving ßCD compared to the control diet group (all P<0.05, Table 3). In terms 
of fecal bile acid excretion, α-muricholic andchenodeoxycholic acid were increased 
compared to the control group (P<0.05, Table 2), whereas secondary BA such as 
ω-muricholic and deoxycholic acid, which were lowered in conventional mice upon 
ßCD feeding, were not detected in both groups under germ-free conditions. 
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Table 3: Hepatic gene expression in germ-free mice fed control and βCD diet

mRNA expression Control βCD

Hmgcoar 1.00 (0.50-0.58) 2.71 (1.20-1.58)*
Ldlr 1.00 (0.94-1.05) 1.27 (1.01-1.88)
Fxr 1.00 (1.56-2.04) 1.00 (1.34-1.92)
Abcg5 1.00 (0.65-0.74) 0.75 (0.43-0.57)
Abcg8 1.00 (0.64-0.80) 0.68 (0.30-0.66)
Bsep 1,00 (0.69-1.02) 0.68 (0.42-0.71)
Srb1 1.00 (0.59-0.74) 0.79 (0.43-0.60)
Cyp7a1 1.00 (0.32-0.44) 1.22 (0.29-0.76)
Cyp8b1 1.00 (0.48-0.90) 2.17 (0.83-1.99)
Cyp27a 1.00 (0.57-0.72) 1.08 (0.64-0.81)
Scd1 1.00 (1.10-1.95) 0.11 (0.16-0.17)*
Fasn 1.00 (0.66-0.83) 0.81 (0.48-0.69)*
Srebf-1c 1.00 (1.12-1.18) 0.13 (0.13-0.19)*

Data are presented as median (interquartile range), at least N=4 for each group. Statistically 
significant differences are indicated as *P<0.05. 

ßCD increases macrophage-to-feces RCT and this effect is more pronounced in germ-free 
mice.

Finally, macrophage-to-feces RCT experiments were performed in conventional 
mice to determine whether the observed alterations in sterol metabolism upon ßCD 
feeding would also translate into changes in RCT, a pathway with prime relevance 
for the protection against atherosclerotic CVD. Plasma 3H-cholesterol tracer recovery 
was significantly lower in ßCD-receiving mice compared to the control group 48 h 
after macrophage injection (P<0.01, Fig. 3A), while liver tracer recovery remained 
unchanged (Fig. 3B). Overall fecal tracer excretion was increased (P<0.01, Fig. 3C). 
This increase was mainly due to a significantly higher tracer recovery in the fecal 
neutral sterol fraction (P<0.01) whereas tracer recovery in the bile acid fraction was 
comparable in both groups. 
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Figure 4
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Figure 4: Effect of ßCD containing diet on 
macrophage-to-feces reverse cholesterol transport 
in germ-free mice. Macrophage-derived cholesterol 
tracer recovered in (A) plasma; (B) liver; (C) fecal 
neutral sterols (NS) and bile acids (BA). Data are 
presented as box plots showing median (interquartile 
range) and min/max; at least N=6 for each group. 
Statistically significant differences are indicated as 
**P<0.01.

Next, the RCT study was performed in germ-free mice. Here, 3H-cholesterol 
tracer recovery was two-fold lower in plasma 48 h after macrophage injection (P<0.01, 
Fig.4A). Under germ-free conditions ßCD reduced liver tracer recovery compared to 
the control group (P<0.01, Fig 4B). Overall fecal excretion of the 3H-cholesterol tracer 
and thereby functional RCT increased more than two-fold in ßCD-fed GF mice 
(P<0.01, Fig. 4C). Interestingly, both the neutral sterol as well as the bile acid fractions 
significantly contributed (P<0.01) to the increase in total fecal tracer elimination. 
Combined, these data indicate that the metabolic effects of ßCD on sterol homeostasis 
translate into a significant increase in RCT, which is even more pronounced in the 
absence of intestinal bacteria.
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Discussion

The results of this study demonstrate that (i) the non-digestible cyclic carbohydrate 
ßCD increases fecal neutral sterol excretion from a RCT-relevant pool in mice, and 
(ii) ßCD even more substantially enhances fecal neutral sterol and bile acid excretion 
in germ-free mice, translating into an overall 2.5-fold increase in RCT. Importantly, 
our data thereby establish that the beneficial effects of ßCD do not primarily depend 
on bacterial fermentation products. In contrast, it appears that the effectiveness of 
ßCD to increase RCT is even higher in the absence of microbiota in germ-free mice.

Non-digestible oligosaccharides such as ßCD can exert metabolic health effects 
either directly through binding with lipid molecules such as cholesterol or indirectly 
via microbiota-dependent generation of bioactive metabolites. The present study is 
unique in the sense that it addresses both direct as well as indirect effects of ßCD. In 
conventional as well as germ-free mice ßCD reduced plasma total cholesterol levels. 
This observation in conventional mice is consistent with previous studies in rats, 
hamsters and pigs.7,19,20 The reduction occurred mainly in HDL cholesterol, which 
has been shown in human population studies to be inversely correlated with risk of 
atherosclerotic cardiovascular disease.21 However, a prediction of how treatment with 
ßCD would impact atherosclerosis is difficult, since in humans increasing HDL-C 
by pharmacological interventions with e.g. CETP inhibitors or niacin failed to show 
benefit in terms of cardiovascular disease outcomes.21 In addition, there are data in 
mice that steady-state HDL-C levels are less reliable predictors for atherosclerosis 
than the overall flux through the RCT pathway. Hepatic SR-BI overexpression lowers 
plasma HDL-C while increasing RCT and decreasing atherosclerosis 22, whereas in 
SR-BI knockout mice high HDL-C levels fail to increase RCT or protect against 
atherosclerotic lesion formation.23

Furthermore, ßCD receiving mice had a two-fold higher fecal neutral sterol 
excretion. This observation can partly be attributed to the ability of ßCD to form 
inclusion complexes with hydrophobic molecules such as cholesterol 7, and partly to 
the stimulating effect that ßCD has on TICE. The molecular regulation of TICE is at 
present still unclear [17] making it difficult to find a mechanistic explanation for our 
result. The reasoning that ßCD directly binds cholesterol on the other hand is further 
substantiated by the significant reduction in fecal coprostanol excretion we observed in 
ßCD-fed conventional mice compared to the control group. Coprostanol is a product 
of a reaction between cholesterol and intestinal bacteria, in which bacteria-derived 
enzymes reduce the double-bonds between carbons 5 and 6 of the cholesterol molecule 
to form coprostanol.24–26 Since cholesterol is shielded by ßCD, access by intestinal 
bacterial is partly or completely prevented reducing the conversion reaction and 
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thereby the overall excretion of coprostanol. Similarly, inclusion of certain bile acids 
into the hydrophobic ßCD cavity, as indicated by previous work 27–30, could lead 
to non-availability of these for the formation of the secondary bile acids DCA and 
ω-MCA by the microbiota thereby explaining the reduction in secondary bile acids in 
plasma as well as feces observed in our present study in conventional mice.

The role of the intestinal microbiota in mediating metabolic effects of ßCD has not 
been analyzed before to the best of our knowledge. It is known that SCFA which are 
derived from microbial fermentation can impact hepatic lipid metabolism, particularly, 
by acting as precursors for cholesterol synthesis.31–34 In rats, supplementation of ßCD 
in the diet increased the production of acetate and propionate by two-fold.9 However, 
in the present study we demonstrate that intestinal bacteria are dispensable for the 
impact of ßCD on sterol metabolism. On the contrary, fecal excretion of neutral 
sterols and bile acids as well as RCT were even substantially more increased upon 
ßCD administration in the germ-free animals. How can intestinal bacteria modulate 
cholesterol metabolism? Firstly, lactic acid bacterial strains such as Lactobacillus 
acidophilus have been suggested to impact cholesterol absorption in the intestine by 
downregulating Niemann-Pick C1-Like 1 (NPC1L1) expression 35,36, which could 
decrease cholesterol absorption and thereby increase RCT comparable to the use of 
the chemical cholesterol absorption inhibitor ezetimibe.37–39 This possibility is unlikely 
to explain our findings, since we observed the opposite, namely increased fecal sterol 
excretion in the absence of intestinal bacteria. Secondly, intestinal bacteria play a 
crucial role in the conversion of primary into secondary bile acids. CA and CDCA are 
two primary bile acids synthesized in humans and mice, which are converted by the 
intestinal bacteria into DCA and LCA, respectively. Furthermore, in mice CDCA is 
converted into MCA. CDCA, CA or DCA are known agonists for FXR activation in 
the liver, resulting in a suppression of bile acid synthesis.40–42 On the other hand, MCA 
has been implied as an antagonist of FXR activation, and is thus expected to increase 
hepatic bile acid synthesis43. This could partially explain the considerable 2-fold 
increase in bile acid excretion and increased recovery of RCT-relevant cholesterol 
in the fecal bile acid fraction (2-fold) of germ-free mice. Thirdly, bacteria have been 
shown to sequester or assimilate cholesterol in their membranes.44–46 In conventional 
mice this scenario would be expected to enhance cholesterol excretion somewhat 
in competition to ßCD and we believe that such a concept could serve as a likely 
explanation for the results of our work. In addition, it can also not be excluded that 
ßCD fermentation might decrease the amount of ßCD available for cholesterol and 
bile acid binding.

Since in our hands, dietary administered ßCD acts mostly in the intestinal 
compartment to increase fecal sterol excretion and RCT we expect that ßCD could 
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reduce the incidence of CVD events, also when given on top of statin therapy, similar 
to the drug ezetimibe.47 In addition, ßCD has no known toxic effects even up to a very 
high intake of 20% 19,20, thus presenting in our view a viable dietary health supplement 
for primary or secondary prevention indications. However, further studies in at least 
animal models of atherosclerosis are first required to substantiate these expectations.

Previous studies that explored potential anti-atherogenic effects of ßCD have 
indicated that ßCDs such as hydroxypropryl-ßCD (HP-ßCD) and methyl-ßCD 
increase the removal of cholesterol from macrophage foam cells in vitro.48,49 More 
recently, it was shown that ex vivo incubation of human atherosclerotic plaques 
with HP-ßCD led to cholesterol efflux from the plaque tissue into the supernatant.18 
Further, repeated subcutaneous administration of HP-ßCD to mice was demonstrated 
to have the potential to reduce atherosclerotic lesion formation. The authors of this 
study suggested that the beneficial effects of HP-ßCD would occur by stimulating 
LXR activation. In our study, using a dietary route of ßCD administration, however, 
we could not detect any indication for an increased expression of bona fide LXR 
target genes. 

In summary, our study demonstrates that ßCD as a dietary fiber can effectively 
increase fecal sterol excretion and RCT. These beneficial metabolic effects of ßCD 
are further enhanced in the absence of intestinal bacteria and thus do not require 
metabolic conversion of ßCD by the gut microbiota. Based on our results we would 
propose to further explore the potential clinical benefits of using dietary ßCD for the 
prevention and treatment of atherosclerotic cardiovascular disease. 
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Abstract

The incidence of metabolic syndrome related disease is rapidly increasing. Accumulating 
evidence points towards a critical role of the gut microbiota as modifier of metabolic 
disease development. Dietary fibers such as galacto-oligosaccharides (GOS) have 
been shown to stimulate the growth of beneficial bacteria. In the present study, 
C57BL/6 mice were fed Western-type diet for 15 weeks with or without GOS (10% 
w/w) to assess the impact on obesity and on glucose and lipid metabolism. GOS 
feeding reduced body weight gain compared to controls (-8%, p<0.01), including 
lower accumulation of epididymal (-12%, p<0.05) and perirenal (-29%, p<0.01) 
fat. GOS feeding decreased plasma cholesterol (-20%, p<0.05), mainly due to lower 
levels of low-density lipoproteins. Interestingly, GOS consumption significantly 
decreased the appearance of enterally administered fat into the blood, suggestive for 
a delayed fat absorption (p<0.01). GOS increased intestinal GLP-1 mRNA expression 
(+66%, p<0.001). Fecal neutral sterol excretion increased (+50%, p<0.05), while fecal 
bile acid excretion decreased (-38%, p<0.01) in GOS-fed mice. Bile acid profiles 
indicated substantial compositional differences in the GOS group, namely lower 
cholic (-50%, p<0.05), α-muricholic (-54%, p<0.05), and deoxycholic acid excretion 
(-40%, p<0.01), whereas hyodeoxycholic acid excretion increased (+260%, p<0.01). 
Substantial, conceivably beneficial changes in microbiota composition were recorded 
upon GOS feeding. In conclusion, GOS supplementation to mice fed a Western-type 
diet improves body weight gain, dyslipidemia and insulin sensitivity. Our data support 
the therapeutic potential of GOS supplementation for individuals at risk of developing 
metabolic syndrome.
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Introduction

The world population is facing an epidemic of metabolic syndrome-related disease, 
largely due to a growing consumption of “Western” diets and a sedentary lifestyle.1 
Unhealthy nutrition induces obesity with an associated increase in oxidative stress, 
fat accumulation, inflammation, and insulin resistance among other metabolic 
dysregulations. Chronic non-communicable diseases such as type 2 diabetes, 
non-alcoholic fatty liver disease and cardiovascular disease are serious adverse 
consequences of prolonged exposure to such conditions.2–4 Accumulating observations 
indicate that changes in gut microbiota composition induced by Western-style diets 
play an important role in modifying the development of metabolic syndrome. A 
significant increase in pathogenic and a reduction in beneficial microbial strains has 
been associated with inflammation, obesity and metabolic dysregulation.5,6

Dietary fibers are a vital source of energy for beneficial gut microbial populations. 
Fibers have been shown to influence the composition of the gut microbiota and 
thereby the production of bioactive metabolites such as short-chain fatty acids (SCFA), 
secondary bile acids, vitamins and more. These bioactive metabolites have been 
suggested to exert various metabolic effects on the host.7 

Galacto-oligosaccharides (GOS) are dietary fibers derived from lactose using a 
β-galactosidase enzyme.8 GOS is a soluble fiber widely used for its potential to alter gut 
microbiota composition by stimulating growth of supposedly beneficial bacteria such 
as Bifidobacterium and Lactobacillus. Different varieties of GOS have been utilized in 
a limited number of clinical studies. It has been shown that GOS supplementation 
in healthy elderly as well as overweight volunteers can lead to altered gut microbiota 
composition and improvement of biomarkers of systemic inflammation.9,10 However, 
thus far the long-term effects of GOS on the development of obesity and insulin 
resistance have not been studied either in humans or in preclinical models. The present 
work aimed to investigate long-term metabolic effects of GOS supplementation to a 
Western-type diet in vivo in mice, including an evaluation of potential underlying 
mechanisms.

Materials and Methods

Animal experimental design

Male C57BL/6OlaHsd mice were obtained from Harlan (Horst, The Netherlands). 
At the start of the dietary intervention all mice were 9 weeks of age. All mice were 
housed individually in a light- and temperature-controlled facility (12h light-dark 
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cycle, 12°C). All animal experimentations were approved by the Committee of Animal 
Experimentation at the University of Groningen and performed in accordance with 
the Dutch National Law on Animal Experimentation (Wod) as well as international 
guidelines on animal experimentation. GOS powder was generously provided by Dr. 
Henk Schols (Wageningen University, The Netherlands). The product contained 70% 
GOS, 24% lactose and 6% monosaccharides (glucose and galactose). The control 
high-fat baseline diet was obtained from Ssniff diets (Soest, Germany). Control 
high-fat diet (27% fat; energy 21.3 kcal/kg) contained 2.4% lactose, 0.6% glucose, 20% 
casein, 0.3% L-cystine, 1% vitamin mixture, 0.2% choline bitartrate, 3.5% mineral 
mixture, 2.5% soya bean oil, 24.5% lard, 37.845% corn starch, 7% carbohydrate mix 
(1:1 sucrose:maltodextrin), 0.005% FD&C blue dye and 0.15% cholesterol. GOS 
supplemented diet (27% fat; energy 20.3 kcal/kg) was obtained by replacing an equal 
amount of corn starch with GOS (7% GOS, 2.4% lactose, 0.6% glucose, 20% casein, 
0.3% L-cystine, 10% vitamin mixture, 2% choline bitartrate, 3.5% mineral mixture, 
2.5% soya bean oil, 24.5% lard, 30.845% corn starch, 7% carbohydrate mix (1:1 
sucrose:maltodextrin), 0.05% FD&C blue dye and 0.15% cholesterol). Animals were 
fed ad libitum with control (n=8) and GOS (n=8) supplemented diets for a period of 
16 weeks. Animals were weighed every week. Food intake was measured after 8 and 
15 weeks. At the end of the dietary intervention the gastrointestinal tract, liver and 
adipose tissues were excised, collected and stored at -80 °C until later analysis.

Analysis of plasma and liver

Blood samples were collected by heart puncture at the time of termination. Plasma 
was isolated and aliquots were stored at -80 °C until further analysis. For lipoprotein 
fraction analysis, plasma samples were pooled and subjected to fast protein liquid 
chromatography (FPLC) gel filtration using a Superose 6 column (GE Health, 
Uppsala, Sweden) as described previously.11 Bligh and Dyer procedure was used to 
extract lipids from liver homogenates which were then subsequently redissolved in 
water containing 2% Triton X-100 exactly as published.12 Commercially available 
reagents (Roche, Diagnostic, Basel, Switzerland) were used to measure plasma and 
hepatic total cholesterol and triglycerides.13

Fecal mass sterol, fatty acids and bile acids measurements 

Fecal samples were obtained from the bedding following collection over a 24 h 
period. The samples were dried, weighed and ground. 50 mg of ground feces was 
used for extraction of neutral sterols and bile acids. A mixture of acetyl chloride and 
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trimethylsilytate with pyridine, N, O-Bis (trimethylysilyl) trifluoroacetamide and 
trimethylcholorosilane was used for methylating bile acids. Fecal neutral sterols and 
bile acids were then measured using gas-liquid chromatography as publish earlier.12 

Indirect calorimetry and body composition analysis

One week before sacrifice body composition was analyzed using a Minispec Whole 
Body Composition Analyser (Bruker). Respiratory exchange ratio (RER) and energy 
expenditure (EE) were determined using a Comprehensive Laboratory Animal 
Monitoring System (TSE Systems GmbH, Bad Homburg, Germany). 

Glucose tolerance and insulin tolerance tests

Intraperitoneal glucose tolerance test was conducted at the end of the dietary 
intervention period by intraperitoneal administration of 2.5 g glucose per kg body 
weight.14 The animals were fasted for six hours prior to the test. For intraperitoneal 
insulin tolerance tests, animals were fasted for four hours prior to the intraperitoneal 
injection of insulin (Novo Nordisk, Denmark) at 0.75 unit/kg body weight.

Assessment of fat absorption kinetics 

Mice were fasted overnight and then given an intraperitoneal injection with poloxamer 
407 (1 g/kg body weight). Immediately after, an intragastric load of 150 µl olive oil 
was given by gavage. Subsequently, blood samples were collected into heparinized 
tubes from the retro-orbital plexus at time 0, 2 and 4 hours. Plasma triglycerides were 
measured using the reagents mentioned above.

Quantitative real-time PCR gene expression analysis

Total mRNA extraction was performed using TriReagent (Sigma). Nanodrop 
ND-100UW-vis spectrometer (NanoDrop Technologies Wilmington DE) was used to 
measure the mRNA concentration. cDNA was synthesized with one µg of mRNA using 
Invitrogen (Carlsbad CA) reagents. ABI Prism 7700 machine (Applied Biosystem, 
Damstadt Germany) was used to perform real time PCR using the synthesized cDNA 
and primers designed by Eurogentec (Seraing, Belgium). To calculate the individual 
relative mRNA expression, 36B4 gene expression is used as a housekeeping gene and 
further the values are normalized to the relative expression of the individual control 
group.13 
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Microbiota analysis

Total bacterial DNA was extracted from 0.01-0.1g of cecal contents using the 
double bead-beating procedure as previously described.15 Briefly, the V4 regions 
of 16S ribosomal RNA (rRNA) genes were PCR amplified with uniquely 
barcoded primer pair: 515F (5’-GTGCCAGCMGCCGCGGTAA) - 806R 
(5’-GGACTACHVGGGTWTCTAAT) and the barcoded PCR products were then 
purified and pooled into an amplicon library containing 100 ng of each sample. The 
pool was adjusted to 100 ng/µL final concentration and sent for adapter ligation 
and Illumina HiSeq2000 sequencing at GATC-Biotech, Konstanz, Germany.15 The 
16S rRNA sequencing data was analyzed using the NG-Tax analysis pipeline16 with 
standard parameters and SILVA_111_SSU 16S rRNA gene reference database (https://
www.arb-silva.de/) to assign taxonomy.17 

Statistics

Statistical analysis was performed using GraphPad Prism software (San Diego, CA). 
All data are presented as means ± SEM. Statistical differences between groups were 
assessed using the Mann-Whitney U-test. Statistical significance for all comparisons 
was assigned at p<0.05. Microbiota alpha diversity indices (Shannon, Chao1, and 
PD Whole Tree) were calculated on rarefied read data (cutoff = 50,000 reads/sample) 
and compared between treatment groups using a nonparametric two sample t-test 
with Monte Carlo permutations in QIIME.18,19 Weighted and unweighted unifrac 
distances were calculated and compared using ANOSIM test (QIIME). Differentially 
abundant taxa between treatment groups were identified using Kruskal-Wallis analysis 
(QIIME). Unconstrained (PCA) and constrained redundancy analysis (RDA) was 
carried in Canoco5 using the log transformed genus level relative abundance data 
with significance assessed using a permutation test at 499 permutations.20 Resulting p 
values in the RDA analysis were corrected for multiple comparisons using FDR method 
with significance cutoff set at FDR<0.05. Biomarker taxa associated with different 
dietary treatments at significance cutoff p<0.01 were identified and visualized using 
LefSe modules incorporated into Galaxy.21 Spearman correlations were calculated in 
R (version 3.4.3) to evaluate associations between the relative abundance of different 
microbial genera and levels of coprostanol, cholesterol, DiH-cholesterol, total fecal 
NS, plasma cholesterol, plasma triglycerides and fecal bile acids: CDCA, α-MCA, 
DCA, CA, HDCA, β-MCA, and ω-MCA. Correlations passing the threshold ct 
= ±0.7 and the significance cutoff of p<0.05 were visualized using the pheatmap 
function in R. 
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Results

Dietary GOS supplementation improves body 
weight gain, dyslipidemia and insulin sensitivity

Prior to the dietary intervention both groups of animals were matched for age and 
body weight. Body weight was recorded weekly during the 15 weeks of dietary 
intervention with the Western-type diet with or without GOS. A significantly lower 
body weight gain (between 3-12%, Fig. 1A, p<0.01) was observed from the second 
week onwards, while food intake in both groups remained unchanged (Fig. 1B).

Table 1: Gene expression in control and GOS-fed mice

Genes Control GOS
Hepatic
Hmgcoar 1.00±0.44 0.80±0.32
Cyp7a1 1.00±0.32 0.67±0.41
Cyp8b1 1.00±0.31 0.62±0.21**
Cyp27 1.00±0.09 1.02±0.15
Srebp1c 1.00±0.27 1.02±0.48
Ldlr 1.00±0.18 0.81±0.16
Srebp2 1.00±0.10 0.82±0.17*
Proximal intestine
Apo C3 1.00±0.26 0.93±0.18
GLP-1 1.00±0.11 1.66±0.46***
Mttp 1.00±0.19 1.09±0.34
Distal intestine
Asbt 1.00±0.27 1.45±0.34
Fgf15 1.00±0.31 0.74±0.28
White adipose tissue
TNF α 1.00±1.23  0.68±0.87
UCP1 1.00±0.35  1.14±0.31

Tissues were excised during sacrifice and stored at -80ºC. Quantitative real-time PCR was 
performed as described in methods. Each gene is expressed as a ratio to the housekeeping gene 
36B4 and further normalized to the expression level of the respective control group. Data 
presented as means ± SD; at least N=8 for each group. Statistically significant differences are 
indicated as *P<0.05, **P<0.01, ***P<0,001.

Using NMR analysis a lower fat mass was observed in GOS-fed mice compared 
to the control group, but the difference did not reach statistical significance (-17%, 
Fig. 1C, p=0.055). 
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Figure 1: GOS supplementation improves metabolic syndrome related disease 
phenotypes. (A) body weight gain; (B) food intake at the end of the dietary intervention; 
(C) fat mass; (D) adipose fat depots; (E) glucose tolerance test (GTT) performed at 
the end of the dietary intervention on 6 h-fasted mice; (F) insulin tolerance test (ITT) 
performed at the end of the dietary intervention on 4 h-fasted mice; (G) total glucose 
area under the curve (AUC) of the ITT; (H) non-fasted plasma cholesterol; (I) FPLC 
profiles; (J) triglycerides at the time sacrifice; (K) liver/body weight ratio; (L) hepatic 
triglyceride and (M) hepatic total cholesterol at the end of the dietary intervention. 
Data are presented as mean ± SEM; at least N=8 for each group. Statistically significant 
differences are indicated as *p<0.05; **p<0.01, ***p<0.001.
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Upon sacrifice, weighing of individual fat depots demonstrated that GOS feeding 
lead to significantly lower epididymal (-12%, p<0.05) and perirenal (-29%, p<0.01) fat 
accumulation (Fig. 1D). Glucose tolerance tests performed at the end of the dietary 
intervention indicated no differences between the groups (Fig. 1E). Insulin sensitivity, 
however, was improved in the GOS supplemented groups (Fig. 1F) with the area 
under the curve (AUC) being significantly lower in GOS fed animals (-20%, Fig. 1G, 
p<0.05). Interestingly, GOS supplementation in mice increased the mRNA expression 
in the proximal intestine of glucagon-like peptide-1 (GLP-1) a gene encoding for 
an incretin hormone responsible for stimulating insulin secretion (+66%, Table 1, 
p<0.001).

Western-type diet supplementation with GOS also changed the plasma and 
liver lipid profiles of the mice. At the end of the dietary intervention, plasma total 
cholesterol was lower in GOS-fed group (-20%, Fig. 1H, p<0.05). FPLC analysis of 
the plasma indicated that the reduction in total cholesterol was largely contributed 
by a reduction in low-density lipoprotein (LDL) particles in GOS-fed mice (Fig.1I). 
This change in plasma lipids occurred in the face of decreased LDL receptor mRNA 
expression in the liver of the GOS receiving mice (Table 1). Furthermore, plasma 
triglyceride levels were significantly lower in the GOS-fed group (-40%, Fig. 1J, 
p<0.05). At week 15, GOS fed mice also showed a trend towards a lower liver/body 
weight ratio (Fig. 1K, p=0.06). In GOS-fed mice, hepatic triglyceride levels tended to 
be lower (-33%, IL, p<0.06), whereas hepatic cholesterol levels remained unchanged 
(Fig. 1M) compared to the control group. 

GOS supplementation does not alter energy 
expenditure or the respiratory exchange ratio

In order to investigate the cause of lower body weight gain in the face of unchanged 
food intake, we first analyzed brown adipose tissue (BAT) for potential indications 
for a change in its thermogenic capacity. Electron microscopy of BAT showed no 
substantial change in mitochondrial morphology and lipid droplets (Fig. 2A). mRNA 
expression of several relevant genes remained unchanged (Fig. 2B). However, we 
detected a significant increase in uncoupling protein 1 (Ucp1) which is responsible 
for expression of UCP1, a mitochondrial carrier protein of BAT involved in heat 
generation by disruption of the proton gradient during respiration (Fig. 2B, p<0.05).
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Figure 2: GOS supplementation does not alter energy metabolism. (A) representative 
images from electron microscopy of brown adipose tissue (BAT). Ld: lipid droplet, m: 
mitochondria, bar=10µm; (B) mRNA expression in BAT; (C) respiratory exchange ratio 
(RER); (D) RER during light hours; (E) RER during dark hours; (F) energy expenditure 
(EE) during light hours; (G) EE during dark hours. Data are presented as mean ± SEM; 
at least N=8 for each group. Statistically significant differences are indicated as *p<0.05; 
**p<0.01, ***p<0.001.

Because of the higher expression of Ucp1 we next performed indirect calorimetry to 
investigate whether mice on GOS supplementation had an altered energy metabolism. 
We measured energy expenditure (EE) and calculated respiratory exchange ratios 
(RER) based on oxygen consumption and carbon dioxide production. Both groups 
had comparable RER during the light hours when the mice are resting as well as 
during the night hours when the mice are active (Fig. 2C, 2D & 2E). Control and 
GOS-fed mice also showed similar energy expenditure (EE) during day and night 
hours (Fig. 2F & 2G). Thus, the increase in Ucp1 mRNA expression in BAT did not 
translate into a physiologically meaningful increase in energy metabolism.
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GOS alters fecal neutral sterol and bile acids profiles

We investigated the role of GOS in the fecal excretion of cholesterol and bile acids 
including their microbiota-derived products. At the end of the dietary intervention 
both groups had similar fecal mass output (Fig. 3A). In the neutral sterol profile of 
feces, cholesterol and dihydroxy (DiH)- cholesterol remained unchanged. In contrast, 
coprostanol, a major bacteria-derived product, was substantially higher in GOS-fed 
mice (+370%, Fig. 3B, p<0.05) translating into an overall significant increase in total 
fecal neutral sterol excretion in GOS supplemented mice compared to the control 
group (+50%, Fig. 3B, p<0.05). Figure 3
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Figure 3: GOS supplementation alters fecal sterol excretion. (A) 24-hours fecal mass 
output to body weight ratio at the end of the dietary intervention; (B) fecal neutral sterol 
excretion; (C) total fecal bile acid (BA) excretion; (D) fecal excretion rates of individual 
bile acid species; (E) plasma total BA; (F) plasma bile acid profiles. Data are presented 
as mean ± SEM; at least N=8 for each group. Statistically significant differences are 
indicated as *p<0.05; **p<0.01, ***p<0.001.
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On the other hand, the excretion of bile acids, another major route for cholesterol 
disposal from the body, was significantly reduced in the feces of GOS-fed mice (-38%, 
Fig. 3C, p<0.01). Consistent with this suggestion of a decreased steady state bile acid 
synthesis, mRNA expression of two key enzymes involved in hepatic bile acid synthesis, 
namely cholesterol 7α-hydroxylase (Cyp7A1) and sterol 12-alpha-hydroxylase (Cyp8b1), 
was lower in the GOS group (Table 1). In addition to changes in mass, we also observed 
alterations in bile acid profiles (Fig 3D) with almost proportionate decreases in cholic 
acid (CA, -50%, p<0.05), α-muricholic acid (α-MCA, -54%, p<0.05) and deoxycholic 
acid (DCA, -40%, p<0.01), while hyodeoxycholic acid excretion was substantially higher 
in GOS fed mice (HDCA, +260%, p<0.01). In plasma, total bile acids were moderately 
however, not significantly increased in GOS fed mice (Fig. 3E, p=0.09). Relatively 
higher proportions of ursodeoxycholic acid (UDCA, +90%, p<0.05) and β-muricholic 
acid (β-MCA, +60%, p<0.05) were present in the GOS group compared to controls 
(Fig. 3F). Taurocholic acid (TCA, -65%, p<0.01) was present in a lower proportion in 
plasma of GOS supplemented mice. HDCA was detectable in the plasma of GOS group 
in appreciable amounts, whereas it was minimal in the control group.

Dietary supplementation of GOS delays the appearance 
of enterally administered fat into the blood 

In order to investigate whether GOS feeding had a potential impact on fat absorption 
in the intestine we performed an oral fat tolerance test and assessed the appearance of 
enterally administered fat into the plasma. In GOS supplemented mice, triglyceride 
appearance in plasma was evidently reduced at the two and four-hour time points 
suggestive for a decreased intestinal fat absorption rate (Fig. 4C). The intestinal 
mRNA expression of lipid transporters, as well as factors contributing to chylomicron 
production such as microsomal triglyceride transfer protein (Mttp) and apolipoprotein 
C3 (ApoC3) remained unchanged (Table 1). 
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Figure 4: Plasma triglycerides during an oral fat absorption test. (A) 0 hour (B) 2 hour 
(C) 4 hour. Data are presented as mean ± SEM; at least N=8 for each group. Statistically 
significant differences are indicated as *p<0.05; **p<0.01.
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GOS supplementation induces a favorable shift 
in the composition of cecal microbiota

Illumina HiSeq 16S rRNA gene sequencing yielded 3,325,258 (Min: 51,558; Max: 
563,39; Median: 175,285; Mean: 207,828.625; Std. dev.: 151,030.39) high quality 
reads that passed the quality check and could be assigned to 278 OTUs from 59 
bacterial genera. Genus level taxa detected at an average relative abundance above 
0.001 in at least one of the treatment groups are listed in Table S1.

Figure 5

A

CB

Figure 5: GOS induces a favorable shift in the cecal microbiota composition. (A) LefSe 
cladogram showing differentially abundant phylum, class, order, family and genus level 
taxa between GOS and control treatment groups; (B) RDA triplot showing spatial 
distribution of cecal microbiota samples color-coded and enveloped by treatment group. 
The fifteen best fitting genus level taxa are projected on the graph. The percentage of 
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total variance explained by first (constrained) and second (unconstrained) canonical axes 
are included indicating a strong effect of the diet. (C) Heatmap of correlations between 
relative abundance of genus level microbial taxa and various metabolic parameters. Red 
boxes indicate positive and blue negative correlations. Correlations that did not pass 
the cutoff of p<0.05 and the correlation threshold=0.7 are indicated with yellow boxes. 
NOTE: When the taxonomic assignment was not available at genus level classification, 
the lowest classifiable taxonomy assignment was used instead and unidentified genus 
was indicated with “g_g”. 

On average the three most abundant genera were Allobaculum, Faecalibaculum, 
and uncultured bacterium from Bacteroidales S24-7. The combined relative abundance 
of these taxa comprised more than 56% of all detected taxa. GOS feeding resulted 
in significantly higher levels of Actinobacteria, specifically Bifidobacterium and 
Parvibacter, Betaproteobacteria - Parasutterella, as well as Akkermansia and uncultured 
genus within family Erysipelotrichaceae (FDR<0.05). GOS supplementation was 
associated with a significant reduction in Firmicutes taxa, specifically within Clostridia, 
mainly in families Lachnospiraceae, Ruminococcaceae and Peptostreptococcaceae, as well 
as genera Olsenella, Alistipes, Faecalibaculum and Bilophila. Differentially abundant 
taxa in GOS and control groups identified in LefSe biomarker discovery analysis with 
a significance cutoff p<0.01 are summarized in Fig. 5A.

Overall there were fewer genus level taxa detected in the GOS treatment group 
animals than in the controls (observed species: 44 vs. 53 respectively; FDR=0.004). 
A significant difference was also detected when Chao1 species richness scores were 
compared (Chao1: 59 vs 90 respectively, FDR=0.001). GOS and control groups 
animals also differed in their microbiota diversity (PD Whole Tree scores: 4.5 vs 5.0 
respectively; FDR=0.019), but not when Shannon diversity indices were compared (3.5 
vs 4.2 respectively; FDR=0.094), indicating that the control diet induced microbial 
community was more phylogenetically diverse (distant) than the community 
supported with GOS supplemented diet. Genus level based PCA analysis revealed 
a strong effect of diet on the cecal microbial communities as indicated by the clear 
separation of animals from different treatment groups (data not shown), and the results 
were similar when PCoA analysis was used with either weighted and unweighted 
unifrac distances data (Supplemental Fig.1). ANOSIM analysis indicated significant 
differences between treatment groups when comparing weighted (test statistic = 0.220; 
FDR=0.023) and unweighted (test statistic = 0.880; FDR = 0.001) unifrac distances. 
Diet explained 42.6% variation in the microbiota, with vector position indicating 
that among other taxa, the health benefiting Bifidobacterium and Akkermansia were 
associated with GOS treatment (Fig. 5B). Furthermore, Spearman correlation analysis 
identified strong positive correlations between Bifidobacterium, Parvibacter, Olsenella 
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and Ersipelotrichaceae with intestinal GLP-1 expression and fecal hyodeoxycholic acid. 
In addition, several other microbial species positively correlated with fecal deoxycholic 
acid as illustrated in the form of a heat map in Fig. 5C

Discussion

The results of the present study demonstrate that supplementing a “Western” type diet 
with GOS for 15 weeks reduces body weight gain and subsequently lowers adiposity 
in mice. Insulin sensitivity was also improved, conceivably as a consequence of the 
reduced weight gain and adiposity. In addition, GOS-fed mice had a less atherogenic 
plasma lipid profile. GOS feeding decreased the intestinal fat absorption rate and 
increased intestinal GLP-1 expression. Combined these data, if confirmed in humans, 
support the use of GOS as a food supplement in the prevention or treatment of 
metabolic syndrome related disease.

In recent years the incidence of obesity has seen a remarkable increase.22,23 
Although the development of obesity involves a complex interaction between genetics 
and lifestyle, it is believed that the increasing consumption of “Western” type diets 
has accelerated this process.22 Supplementation of dietary fibers such as GOS under 
such circumstances and its potential impact on development of obesity has not been 
studied before. Dietary fibers have been reported to enhance satiety perception as well 
as to delay hunger onset.24–26 Satiety signaling hormones such as glucagon-like peptide 
(GLP-1) have been identified to influence satiation. GLP-1 is expressed in L-cells of the 
proximal ileum and colon and was reported to reduce food intake and delay gastric 
emptying.27 The secretion of such hormones can be regulated by a variety of molecules 
with signaling properties. Particularly, SCFA and bile acids such as hyodeoxycholic 
acid were shown to trigger the release of satiety hormones including GLP-1.28–30 
Hyodeoxycholic acid was highly increased in feces by GOS administration in the 
present study lending further plausibility to the proposed mechanism via a shift in 
bile acid composition. Consistent with these findings we observed a decreased body 
weight gain in the GOS group together with an increased GLP-1 expression. We did 
not observe a decreased food intake in GOS treated mice, but a more direct interaction 
of GLP-1 with specific tissues such as the pancreas or indirectly via liver, adipose 
tissue or central nervous system circuits cannot be excluded.31–33 Our analysis further 
revealed that GOS feeding in animals in the presence of higher dietary fat could 
substantially reduce the rate of intestinal fat absorption. This effect could potentially 
also be attributed to GLP-1, since it was shown that gut-derived GLP-1 can decrease 
intestinal chylomicron production via a brain-gut axis.34 It is unclear whether the 
decreased rate of intestinal fat absorption merely represents a kinetic phenomenon, 
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with an efficient absorption of dietary fat, or an actually quantitative malabsorption 
of dietary fat. A fecal fat balance would have made it possible to discriminate between 
these two possibilities, but this had not been included in the design of the study. 

Obesity is also one of the main causes of the development of metabolic dysregulation 
which includes dyslipidemia, insulin resistance, type 2 diabetes and non-alcoholic 
fatty liver diseases (NAFLD, all major metabolic risk factors for cardiovascular 
disease 35,36. Commonly, dyslipidemia associated with obesity is characterized by 
increased triglycerides, increased LDL cholesterol, and decreased HDL cholesterol.37,38 
In the present study GOS-fed mice had significantly lower plasma cholesterol and 
triglycerides at the end of the dietary intervention. A moderate shift in the lipoprotein 
profile with decreased LDL cholesterol was found in GOS-fed animals compared to 
the control group. Several processes are involved in uptake, transport and storage of 
cholesterol. Cholesterol is synthesized de novo in the liver with HMG-CoA reductase 
serving as rate limiting enzyme, and LDL are taken up into cells via the LDL receptor. 
The present study demonstrates that HMGCoAR mRNA expression was unchanged 
while plasma LDL-C was lower in GOS-fed animals despite the fact that the mRNA 
expression of LDLR in the liver even tended to be decreased. This effect is different 
from the impact that statin therapy has, the current mainstay of medication in patients 
at cardiovascular risk. Statins namely increase hepatic LDLR levels and thereby 
promote LDL clearance, which leads to lower plasma LDL-C. If the results of our 
present study could be translated to the human situation, GOS supplements could 
prove useful in helping to normalize a proatherogenic lipoprotein profile in addition 
to statin therapy. 

Interestingly, GOS supplementation led to significant shifts in fecal sterol excretion. 
While total neutral sterol excretion was higher in GOS-fed animals compared to the 
control group, the fecal excretion of bile acids was almost proportionally decreased. 
With respect to neutral sterols the main increase was found in fecal coprostanol in 
GOS fed animals, likely reflecting a shift in intestinal bacterial populations induced 
by GOS since coprostanol essentially is a product of bacterial metabolism. Bacterial 
enzymes form coprostanol by reducing the double bond between carbon 5 and 6 of 
cholesterol molecules.39 Intestinal bacteria also play an important role in bile acid 
metabolism by converting primary into secondary bile acids. Total bile acids in feces 
were reduced in GOS-fed mice mirrored by the downregulation of hepatic Cyp7A1 
and Cyp8b1 mRNA expression in GOS-fed mice, while the fecal bile acid profile 
reflected a substantial shift in different species in response to dietary GOS. Particularly 
remarkable was the high level of hyodeoxycholic acid in plasma and feces of GOS-fed 
mice. It has been reported that in hamsters dietary hyodeoxycholic acid decreases 
cholesterol absorption thereby lowering plasma LDL-cholesterol levels and increasing 
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fecal cholesterol excretion.40 We observed congruent physiological changes in our 
present mouse study in the GOS group.

Alterations in gut microbial populations are known to contribute to changes in 
host metabolism and to dysbiosis in particular with respect to the development of 
obesity.41–43 In the present study significant GOS-induced changes in cecal microbial 
populations were found that are in agreement with previous studies utilizing GOS.9,10,44 
A marked increase was observed in Bifidobaterium and Akkermansia in the GOS 
group. Both of these are known to have beneficial effects on host metabolism.45–48 It 
was recently shown in elegant studies that Akkermansia improves obesity and glycemic 
control.47,49 Bifidobacterium on the other hand mostly generates acetate and lactate 
which acidify the intestinal environment and potentially restrict growth of pathogenic 
bacteria and improve mucosal barrier function.50,51 High-fat feeding causes reduced 
growth of Bifidobacteirum species.52 However, our study showed that supplementing 
a Western-type diet with GOS still potently stimulates Bifidobacterium growth. Gut 
microbial derived metabolites can influence various metabolic parameters.29,53 Our 
analyses also revealed significant correlations of bacterial species with various bile 
acid species, total fecal neutral excretion and intestinal GLP-1 expression. Specifically, 
growth of Bifidobacterium, Parvibacter, Olsenella and Ersipelotrichaceae showed 
significant correlation with GLP-1. Given that Bifidobacterium is associated with the 
generation of acetate GOS-feeding could potentially stimulate such a mechanism via 
the acetate-mediated GLP-1 secretion pathway.54,55 

In conclusion, we demonstrated that supplementing a Western-type diet with 
GOS reduces the rate of intestinal fat absorption and thereby results in lower body 
weight gain, less adiposity, improved insulin sensitivity and a less atherogenic plasma 
lipid profile. Although further studies in humans seem warranted to substantiate these 
effects, our work indicates that GOS supplements could offer an attractive option to 
reduce metabolic syndrome related disease risk, one of the major health burdens of 
our times.
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Supplemental Figure & Table

Supplemental figure 1: PCoA analysis indicating seperation of animals fed control and GOS

diet based on unifrac distances. (A) weighted (B) unweighted
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General Discussion 

In the last few decades, the numbers of individuals suffering from or being at risk 
of developing metabolic syndrome have increased drastically.1 Several factors have 
contributed to this phenomenon. Nutrition and lifestyle, together with individual 
genetic factors, influence various metabolic parameters such as cholesterol, triglycerides, 
fatty acids, glucose and insulin secretion. Consumption of Western-type diets has 
become increasingly popular. In addition, highly processed foods that are widely 
consumed lack complex carbohydrates. Prolonged exposure to such diets eventually 
leads to lipid and glucose metabolic dysregulation and ultimately to the development 
of components of the metabolic syndrome, particularly cardiovascular disease, obesity, 
type 2 diabetes and non-alcoholic fatty liver disease. Currently, the main strategy for 
targeting metabolic dysregulation involves prevention, lifestyle and drug interventions. 
An alternative concept such as manipulating gut microbiota for promoting health, 
which was proposed several decades ago, has on the other hand also gained increasing 
interest. Gut microbiota is a dynamic system which has been implicated in the 
development of the metabolic syndrome. Several therapeutic tools have been developed 
to target gut microbiota varying from fecal transplantation, the introduction of specific 
microbial strains and bioactive substrates.2,3 

Dietary fibers, also referred to as prebiotics, which remains undigested throughout 
the upper section of the gastrointestinal tract, can manipulate and stimulate the 
growth of health-promoting bacterial strains. Although the definition of dietary 
fibers has been updated several times4, the common agreement in the definitions has 
remained the ability to selectively stimulate the growth of specific bacterial groups 
and the production of bioactive metabolites. Some of the widely used classes of 
prebiotics include fruto-oligosaccharides (FOS) and galacto-oligosaccharides (GOS). 
The diversity between and within these two classes of prebiotics leads to different 
effects on bacteria. Two main genera of bacteria considered to be health-promoting 
genera are Bifidobacterium and Lactobacillus. In contrast, an abundance of other genera 
such as the Bacteriodes and Clostridia are considered to be largely not favorable for the 
health of the host. Both the genera Bifidobacterium and Lactobacillus have been found 
to proliferate in the gut when supplied with specific dietary fibers. FOS induce a broad 
effect on the microbiota in terms of shifting the relative abundance of specific genera. 
For example, in ob/ob mice supplementation of oligofructose in high-fat diet resulted 
in an increase in up to 102 taxa which could potentially impact host metabolism.5 
On the other hand, GOS has a largely bifidogenic effect on microbial populations.6 

Carbohydrates and especially dietary fibers are also the largest source of fuel for the 
intestinal bacteria, even though substantial amounts of other nutrients such as amino 
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acids are available. This is because intestinal bacteria mostly undergo saccharolytic 
fermentation which largely occurs in the proximal region of the colon and the main 
byproducts released are short-chain fatty acids (SCFA). The other type of fermentation 
which is known as proteolytic fermentation occurs mostly in the distal region of 
the colon and produces nitrogenous metabolites (amines and ammonia) which are 
considered less favorable. Specific clusters within the bacterial genome are responsible 
for expression of saccharolytic enzymes which metabolize different dietary fibers.7 For 
example in Bacteriodes, the gene cluster responsible for utilizing fructan is found to 
be conserved in varying degrees in different species. Through genetic and structural 
analyses, the hybrid two-component (HTC) family of signaling sensors was identified 
in bacteria. The HTC system involves several multi-protein regulators in bacteria 
which enables sensing and response to environmental stimuli. The system is especially 
important in processes such as symbiosis, the formation of biofilms, cells division 
and antimicrobial activity.8–11 Mutation or deletion in HTC in vitro leads to loss of 
capacity to utilize fructan substrates, thus preventing the growth of these bacteria.12 
Various dietary fibers have been used in the past for studying its effect on shifting 
intestinal microbial composition and subsequently impact metabolic pathways. The 
aim of the experiments described in this thesis was to understand through in vivo 
studies the functions of different dietary fibers in manipulating intestinal microbiota 
and to investigate its metabolic effects. The ultimate goal is to strategically supplement 
dietary fibers in order to stimulate the growth of favorable bacterial composition in 
the host’s intestine and thereby improve its metabolic health.

The fermentation of a given fiber can be complex and will depend on solubility, 
monosaccharide composition, glycosidic bond linkages and chain lengths. Chapter 2 
describes two different chain lengths of inulin and their effect on (chole-)sterol 
metabolism including intestinal cholesterol handling, a topic that had not been 
investigated earlier. Wildtype C57BL/6 mice fed short-chain (sc) or long-chain (lc) 
inulin for two weeks showed a 2.5-fold increase in fecal SCFA compared to controls. 
Several studies have previously shown that a number of metabolic pathways in the liver 
could potentially be regulated by SCFA.13–15 For example, it is known that gut-derived 
SCFA can serve as precursors for the synthesis of cholesterol and fatty acids in the 
liver.16 However, we observed that the increase in SCFA had no significant impact on 
plasma and liver lipids. Similarly, bile acids which can be modified by microbial activity 
through deconjugation and hydroxylation showed no major changes in composition in 
fecal and bile samples. These data suggest that sc- and lc-inulin feeding in wild-type 
mice did not induce modifications of bile acids via microbiota modulation. The subtle 
changes in plasma would suggest potential changes in absorption of certain bile 
acid species. These changes, however, we believe had no substantial impact on the 
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metabolic physiology. Combined, our investigation indicated that two different chain 
lengths of inulin with a considerable effect on SCFA had no impact on cholesterol 
absorption, trans-intestinal cholesterol excretion or mass fecal cholesterol excretion. In 
chapter 3 we investigated the effects of IMMP on metabolic parameters in an in vivo 
study. The study was designed to measure microbiota composition in different sections 
of the gastrointestinal tract as well as fermentation as judged by the levels of SCFA, 
the main fermentation products. C57BL/6 wildtype mice fed IMMP for a period of 
three weeks had an increased fecal bulk compared to the control mice. A higher fecal 
bulk output is associated with several benefits ranging from stimulating defecation, 
distribution of intracolonic pressure and diluting toxins.17–20 However, no major impact 
on bile acids or (chole-)sterol balance was found. The overall metabolic response to 
IMMP feeding, especially on lipid biomarkers such as cholesterol, triglycerides, free 
fatty acids and bile acids, remained comparable between control and IMMP. The 
insignificant effect on fermentation and microbial communities in different regions 
of the intestine in our view may explain the moderate metabolic response to IMMP 
supplementation. In the context of cholesterol and fatty acid metabolism, the proximal 
part of the intestine becomes more relevant. A weaker effect in the proximal part of 
the intestine as observed could potentially also explain the overall weaker metabolic 
response to IMMP. Previous studies have demonstrated the role of SCFA in regulating 
pathways associated with lipid and glucose metabolism.13–15 Therefore, we determined 
the production of specific SCFA at different time intervals. After three weeks of IMMP 
supplementation, a significant increase in propionic acid and lactic acid was detected 
in IMMP-fed animals. While propionic acid has been shown to attenuate lipid 
biosynthesis in the liver, lactic acid is an intermediate substrate which together with 
acetic acid synthesizes butyric acid.21,22 Moreover, lactic acid being a natural ligand 
for GPR81, exhibits a signaling function leading to inhibition of lipolysis.23 However, 
it is important to point out that luminal SCFA shift may not reflect intestinal SCFA 
uptake by the host or its potential metabolic effect.24

Our data seem to underline the role of the host diversity in response to different 
dietary fibers. Some dietary fibers (IMMP, long-chain and short-chain inulins) 
induced subtle shifts in fecal bile acid composition with negligible effect on cholesterol 
metabolism, whereas others (galacto-oligosachharide and β-cyclodextrin) induced 
significant shifts in fecal bile acid composition and cholesterol metabolism. Such 
differential responses in hosts are not uncommon in metabolic (dys)regulation. For 
example, it is known that hypercholesterolemia could either develop due to increased 
synthesis of cholesterol or due to increased absorption of dietary cholesterol. As a 
consequence, this might explain why certain drugs such as statins (which supposedly 
inhibit synthesis) are more effective in some and ezetimibe (which inhibits intestinal 
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absorption) is more effective in others. Thus, depending on whether the host is a 
synthesizer or an absorber a differential response to drug treatment can be expected. 
Similarly, hosts with different intestinal microbial compositions may trigger a specific 
response to certain types of dietary fibers more than the others. Further studies 
in disease models and humans would be needed to investigate the, perhaps rather 
personalized, utilization of dietary fibers.

The intestinal microbiota is a crucial part of the human gut and can exert a direct 
impact on the (patho)physiology of the metabolic syndrome. Previous reports have 
indicated that specific diet-microbe-host interactions lead to generation of metabolites 
such as TMAO in conventional mice. TMAO was shown to directly increase 
atherosclerosis formation.25,26 The hallmark of atherosclerotic plaques are macrophage 
foam cells. Increased levels of apoB-containing lipoproteins in the circulation represent 
a major cardiovascular risk factor. The reverse cholesterol transport (RCT) pathway on 
the other hand counteracts the formation of atherosclerosis by stimulating high-density 
lipoprotein (HDL)-mediated removal of cholesterol from foam cells within the vessel 
wall.27 In chapter 4 we demonstrated the role of the microbiota on the atheroprotective 
pathway of RCT. We studied the impact of (absence of) microbiota on RCT by 
comparing conventional and germ-free mice. We found that a complete absence of 
microbiota has no influence on mass fecal sterol excretion either in the form of neutral 
sterols or bile acids. To assess in vivo RCT, mice were injected with macrophage foam 
cells loaded with acetylated LDL and 3H-cholesterol. Increased 3H-cholesterol tracer 
recovery measured in plasma at different times points demonstrated that cholesterol 
efflux, the first step of RCT, was significantly enhanced in germ-free mice. In feces, 
tracer recovery was 2-fold higher in germ-free mice. Interestingly, most cholesterol 
tracer was recovered from the bile acid fraction of the fecal samples despite unchanged 
fecal bile acid mass excretion suggesting that the overall synthesis was comparable in 
conventional and germ-free mice. 

Liver mRNA expression of Cyp7a1 and of Cyp8b1 which are responsible for the 
synthesis of bile acids via the neutral pathway, were lower in germ-free animals while 
Cyp27a1 which mediates the alternative acidic pathway was unaltered. Correspondingly, 
β-MCA, a main product of the alternative pathway was found in higher quantity in 
the feces of the germ-free compared to the conventional animals. These measurements 
together with the increased biliary bile acid secretion under germ-free conditions 
indicated an increasing bile acid cycling. More experimentation would be required 
to understand the role of intestinal microbiota in regulating pathways associated 
with cholesterol and bile acid metabolism including conventionalization of germ-free 
with specific bacterial strains to enhance the effect. Bile acid sequestrants which are 
used as drugs for lowering cholesterol as it prevents reabsorption of cholesterol and 
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increases fecal cholesterol excretion, can also be used to further stimulate the effects.28 
The present work was important in demonstrating the impact of gut microbiota on 
the RCT pathway which has relevance to prevention and treatment of atherosclerosis 
and CVD. 

The dependency of gut microbiota on dietary fibers is poorly understood especially 
in the context of their beneficial effects via generation of SCFA. What is known is 
that dietary fibers require gut microbiota for fermentation and generation of bioactive 
metabolites. However, whether metabolic pathways are partially or entirely dependent 
on the diet-microbe interaction is not clearly understood. Moreover, the role of dietary 
fibers in altering the RCT pathway has not been investigated earlier. We hypothesized 
that ßCD, a non-digestible dietary fiber with cholesterol lowering potential could 
enhance atheroprotective pathway of RCT. Given that intestinal microbiota mediates 
fermentation of dietary fibers, the presence or absence of microbiota can modulate the 
effect of ßCD on RCT. In chapter 5 we compared germ-free and conventional mice 
in order to determine the dependency on intestinal microbiota for the proposed lipid 
modulating effects of ßCD. Our study demonstrated that ßCD supplementation to 
the diet reduced plasma cholesterol and increased fecal neutral sterol excretion both 
in germ-free and conventional mice. This observation is partly due to a stimulating 
effect of the TICE (trans-intestinal cholesterol excretion) pathway. Stimulation of 
the TICE pathway can increase fecal neutral sterol excretion and thereby enhance 
cholesterol clearance independent of biliary pathway.29 We observed in our study that 
ßCD containing diet stimulated the TICE pathway significantly (about seven-fold) 
compared to the control diet. However, we also suspect that ßCD partly contributes 
to the process of clearing cholesterol from the body by forming inclusion complexes 
with hydrophobic molecules, such as cholesterol.30 The decreased levels of coprostanol 
in feces of ßCD-fed conventional mice further substantiates the plausibility of such a 
hypothesis by indicating the lack of cholesterol availability to the microbiota, which 
is essential for generation of coprostanol by intestinal bacteria. 

Importantly, the RCT study revealed a novel potential anti-atherogenic effect of 
ßCD supplementation in mice, namely to increase RCT, an observation that was more 
pronounced in germ-free mice. We measured a higher contribution of bile acids in 
the recovery of RCT-relevant cholesterol in the feces of the germ-free mice compared 
to the conventional mice. Both RCT-derived neutral sterol as well as the bile acid 
excretion contributed to the increase in total recovery of RCT-relevant cholesterol in 
feces of germ-free mice. The intestinal microbiota plays an important role in converting 
primary into secondary bile acids. Some secondary bile acids such as DCA, CDCA 
and CA are known FXR agonists in the liver.31–33 Thus, increasing the concentration 
of these bile acids can activate FXR activation in the liver and consequently lower bile 
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synthesis. In contrast, MCA is an antagonist of FXR and therefore can enhance bile 
acid synthesis in the liver.34 This could partially explain the observation made with 
respect to increased recovery of RCT-relevant cholesterol in fecal bile acids fraction.

Studies in the past have shown cholesterol lowering, anti-atherogenic effects of 
other kinds of ßCD such hydroxypropryl-ßCD and methyl-ßCD.35,36 Some studies 
have used a subcutaneous route for administration while others have investigated ex-
vivo incubation of human atherosclerotic plaque tissue with ßCD.32,37 These studies 
have shown that the atheroprotective effect of hydroxypropryl-ßCD was mediated via 
a LXR-dependent mechanism which resulted in enhanced RCT and expression of 
anti-inflammatory genes in atherosclerotic plaques. In our study we have demonstrated 
that the dietary route can effectively increase fecal neutral sterol excretion as well 
as RCT. Based on our finding future studies are warranted to explore the potential 
benefits in human trials. Dietary fibers in humans are beneficial supplements in food 
comprising of high compliance with nutritional recommendations and represent 
potential additives to standard drug therapies such as statins. Challenges in both 
animal and human studies would likely revolve around consistency in experimental 
design especially in terms of the diet, duration and dosage. In such studies intake of 
cholesterol lowering drugs such as statins and ezetimibe would also provide novel 
insights as to whether dietary fiber could give an additive therapeutic effect. It remains 
to be assessed whether individuals with dyslipidemia would experience larger or added 
benefits. Since ßCD has no known side effects for up to a very high intake of 20% in 
rats and hamsters, it may offer a potentially viable health supplement to the standard 
drug therapy used by patients at risk of atherosclerosis.38,39 

Dietary fibers lower the risk of 
developing metabolic syndrome

Increased consumption of ‘‘Western’’ diets low on complex dietary fibers has contributed 
to rising risk of developing metabolic syndrome.1 In chapter 6 we demonstrated in 
wildtype mice fed ‘‘Western’’ diet for a long duration that supplementation with 
galacto-oligosaccharides (GOS) has the potential to reduce body weight gain and 
mitigate development of obesity. In addition, GOS supplementation to these mice 
significantly improved dyslipidemia and insulin sensitivity compared to control group. 
Previous reports on body weight showed that increased fiber intake is associated 
with decreased body weight gain which we believe is contributed by lower amounts 
of adipose tissue.40–43 Actual body weight loss due to consumption of fiber can be 
attributed to several factors. Firstly, satiety inducing hormones such as glucogon-like 
peptide (GLP-1) and peptide YY (PYY) have been shown to increase in animals 
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administered dietary fibers.44,45 However, some studies have indicated no effects on 
satiety.46–48 In our study, we found that both groups did not differ in food intake 
in these ad libitum fed mice indicating that GOS did not increase satiety. In terms 
of lipid profile, GOS was effective in lowering plasma cholesterol and triglycerides 
levels. Lipoprotein profiles demonstrated that LDL cholesterol tended to be lower 
in GOS-fed mice compared to the control group. A significant increase was seen in 
fecal neutral sterol excretion, contributed particularly by higher coprostanol levels, in 
GOS-fed mice. Therefore, in the human situation where statins are used to promote 
LDL clearance, supplementation of GOS could prove to be useful in complementing 
the mainstay of anti-atherosclerotic therapy and thus contribute to normalizing 
proatherogenic lipoprotein profiles. 

A lower body weight gain can be induced via SCFA action on energy metabolism. 
For example, butyrate when administered to obese mice causes loss of body weight 
which is majorly due to increased energy expenditure and fat oxidation by activating 
brown adipose tissue (BAT).49,50 Similar outcomes have been reported with the 
administration of acetate and propionate in mice fed high-fat diet.51 In our study, 
however, unaltered energy expenditure and respiratory exchange ratio in both groups 
indicated that energy metabolism was comparable despite a somewhat higher Ucp1 
mRNA expression measured in BAT of GOS-fed animals. Interestingly, epididymal 
and perirenal fat depots were substantially lower in GOS-fed mice compared to the 
control group. We identified delayed intestinal fat absorption rate and subsequently 
reduced adipose tissue accumulation with GOS supplementation, which may 
contribute to its protective effect against high-fat diet induced obesity. 

Combined, the experiments in this thesis provide evidence to support dietary fibers 
and their beneficial effect on preventing or treating metabolic syndrome. Further efforts 
are needed to understand the mechanism of action of prebiotics either individually 
or in combinations of pre- and probiotics which could help us utilize dietary fibers 
with a more targeted approach. The use of disease models to gain molecular insights 
could be particularly useful in identifying specific mechanistic pathways and further 
substantiating the beneficial effects of dietary fibers. Ultimately the goal is to translate 
the beneficial effects of dietary fibers into human. Human research is particularly 
important for studying metabolic effects of dietary fibers given that human physiology 
encompasses several challenges including differences in intestinal microbiota, host 
genome and differential metabolic and immune responses. Currently, most efforts 
of research regarding dietary fibers are geared towards extracting potential health 
benefits in order to encourage their incorporation into ongoing therapies, promote a 
healthy lifestyle as well as to reduce the risk of developing metabolic syndrome across 
the world. 
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SUMMARY

Metabolic syndrome is a cluster of several metabolic disorders such as insulin 
resistance, obesity, type 2 diabetes, dyslipidemia, non-alcoholic fatty liver disease and 
hypertension, whose prevalence has rapidly increased over the last decades. Unhealthy 
dietary and lifestyle changes have contributed considerably to this rise. Gastrointestinal 
microbiota has received increasing interest as a preventive or therapeutic target 
particularly for its impact on the host metabolism. Dietary fibers are substrates for 
growth of specific beneficial bacterial species and as a result can shift the microbial 
population towards a (more) healthy composition. Bacterial fermentation products of 
dietary fibers are bioactive metabolites such as short-chain fatty acids (SCFA) which 
can regulate various metabolic processes in the mammalian host. Despite the potential 
impact of dietary fibers on intestinal microbiota and host metabolism, the underlying 
mechanism of action has not been elucidated in great depth. In this thesis we aimed to 
explore the role of different dietary fibers in manipulating gastrointestinal microbiota 
and subsequently its impact on metabolic health in mouse models. In the first part 
of the thesis (chapter 2 and 3) we focused on in-depth investigation of dietary 
fibers and its potential impact on various metabolic parameters. In chapter 4 and 
5 we investigated the importance of gastrointestinal microbiota in atheroprotective 
pathways and whether dietary fiber such β-cyclodextrin could enhance the pathway, 
using germ-free mice. In chapter 6 we assessed the long-term metabolic health effects 
of supplementing galacto-oligosaccharide to Western-type diet.

Inulin, which is a widely used model dietary fiber, has been shown to lower plasma 
cholesterol in mice. However, some conflicting reports have also emerged on the 
effects of inulin on cholesterol homeostasis. Several factors contribute to differential 
effects including chain-lengths of the non-digestible oligosaccharides. In chapter 
2 we investigated the effects of two inulins with different chain-lengths. Wildtype 
C57BL/6 mice were fed diets supplemented with short- or long-chain inulin (sc and 
lc; 10%, w/w), after which we determined cholesterol fluxes in the intestine and other 
metabolic parameters. Most studies have implicated SCFA such as acetate, butyrate 
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and propionate in lipid metabolism. However, not all SCFA are associated with 
positive effect on host physiology. Particularly, acetate, for example, is a precursor 
for cholesterol and fatty acid synthesis and can exert negative effects by elevating 
cholesterol levels. Our study indicated that sc- and lc-chain inulin feeding substantially 
increased fecal SCFA levels compared with controls. However, the elevation of SCFA 
did not result in significant changes in plasma or liver lipid levels. Overall, no adverse 
effects were measured in mice fed the inulins with respect to intestinal cholesterol 
absorption, fecal cholesterol excretion or trans-intestinal cholesterol excretion. 

Furthermore, we were interested in investigating novel classes of dietary fibers which 
have shown prebiotic potential in in vitro experiments. Isomalto/malto-polysaccharides 
(IMMP) are one such dietary fibers which have been shown to stimulate growth of 
Bifidobacterium and Lactobacillus when incubated with human fecal inoculum. In 
chapter 3 we explored in an in vivo experiment the potential role of IMMP in 
modulating cholesterol and bile acid metabolism. Our results indicated that IMMP 
supplemented (10% w/w) toe diet of C57BL/6 wild-type mice for a period of three 
weeks increased mass fecal output. However, the overall metabolic response to IMMP 
feeding remained insignificant with respect to cholesterol metabolism. 

Gastrointestinal microbiota is significantly altered in individuals suffering from 
metabolic diseases. The plasma cholesterol concentration is one of the major surrogate 
markers for the risk of cardiovascular diseases and preventing the accumulation of 
cholesterol in the body one of the major therapeutic targets. High-density lipoprotein 
(HDL) is responsible for transport of cholesterol back to the intestine via reverse 
cholesterol transport pathway (RCT). In chapter 4 we investigated the role of 
gastrointestinal microbiota in modulating the atheroprotective pathway of RCT. Our 
results indicated that depletion of gastrointestinal microbiota can enhance RCT. The 
significant increase in RCT occurred mainly via the fecal disposal of cholesterol in 
the form of bile acids. In germ-free mice, a significant elevation was seen in alternative 
bile acid synthesis pathway in the liver. This elevation leads to a higher conversion of 
macrophage-derived cholesterol into tauro-beta-muricholic acid (T-β-MCA), which 
is eventually excreted into the feces. In our view, this mechanism explains the major 
contribution of the bile acid fraction observed in increased RCT in germ-free mice. 

Dietary fibers which can modulate cholesterol in the body can also counteract 
cholesterol accumulation via RCT. This could be of particular importance in the 
light of the relatively modest decline in cardiovascular related events obtained by 
cholesterol-lowering drugs such as statins. Exploring a potentially additive role of 
nutritional supplements to existing therapies is therefore desirable. β-cyclodextrin is one 
such dietary fiber with cholesterol modulating properties. In chapter 5 we investigated 
the role of β-cyclodextrin in regulating RCT in mice. Our data demonstrated that 
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β-cyclodextrin supplementation (10% w/w) in mice significantly enhanced RCT. 
The outcome is partly due to increased trans-intestinal cholesterol excretion which 
leads to enhanced cholesterol clearance from the body, independent of the biliary 
pathway. β-cyclodextrin associates with hydrophobic molecules such as cholesterol 
and may thereby contribute to decreased cholesterol (re-)absorption and to increased 
fecal cholesterol excretion. The plausibility of this mechanism is further supported 
by the lower fecal coprostanol measured in β-cyclodextrin fed mice. Coprostanol 
is a bacterial product of cholesterol. In addition, our study showed that depletion 
of intestinal microbiota can augment β-cyclodextrin stimulated RCT. Our finding 
demonstrated β-cyclodextrin as a dietary fiber with hypercholesterolemic potential 
which can be used to decrease the risk of developing atherosclerosis. Further studies 
would be required to explore its benefits as a viable health supplement and or as an 
additive to standard drug therapies in humans.

Growing consumption of ‘Western-type’ diets and sedentary lifestyle increase the 
risk of developing metabolic syndrome. Emerging evidence also associates the risk 
with a shift in the intestinal microbiota composition induced by Western style diets. 
Dietary fibers such a galacto-oligosaccharides (GOS) have been shown to stimulate 
the growth of beneficial gastrointestinal bacteria. In chapter 6 we investigated 
long-term metabolic effects of GOS supplementation (7%, w/w) to Western-type 
diet in mice. Our study showed that GOS supplementation can significantly reduce 
body weight gain and mitigate development of obesity. Mice fed GOS supplemented 
diet also showed improvements in dyslipidemia and insulin sensitivity. In addition, we 
identified delayed intestinal fat absorption and increased intestinal GLP-1 expression 
as a potential mechanism of action responsible for the lower body weight gain. GLP-1, 
a satiety signaling hormone have been reported to decrease intestinal chylomicron 
production via a brain gut axis. GLP-1 secretion can be triggered by SCFA and bile 
acids such as hyodeoxycholic acid which was significantly elevated in GOS fed mice, 
lending further possibility to the proposed mechanism. Marked increase in beneficial 
bacterial strains such as Bifidobacterium and Akkermansia in GOS supplemented group 
was also observed. Combined our data supports the use of GOS as an attractive dietary 
supplement in the preventions or treatment of metabolic syndrome related disease risk. 

This thesis provides data to further our current understanding of dietary fibers 
and its gastrointestinal microbiota modulating properties and consequently its role 
in targeting metabolic syndrome. Given that human physiology is more complex 
and challenging leading to diverse metabolic response, further efforts in human 
studies are now required. The ultimate goal would be to identify specific mechanistic 
pathways utilized by individual dietary fibers which would allow their preventive and/
or therapeutic use in a more targeted way. 
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NEDERLANDSE SAMENVAT TING

Metabool syndroom is een cluster van verschillende metabole stoornissen zoals 
insulineresistentie, obesitas, diabetes type 2, dyslipidemie, niet-alcoholische 
leververvetting en hypertensie, die de laatste decennia snel is gestegen. Ongezonde 
eet- en leefstijlveranderingen hebben aanzienlijk bijgedragen aan deze stijging. 
Gastro-intestinale microbiota heeft steeds meer belangstelling gekregen als een 
therapeutisch doelwit, vooral vanwege de invloed ervan op het metabolisme van 
de gastheer. Voedingsvezels zijn potentieel therapeutische middelen die substraten 
zijn voor de groei van specifieke heilzame bacteriesoorten en als gevolg daarvan 
de microbiële populatie in de richting van een gezonde samenstelling kunnen 
verplaatsen. De producten van bacteriële fermentatie van voedingsvezels zijn 
bioactieve metabolieten zoals kortketenige vetzuren (SCFA) die mogelijk verschillende 
metabolische processen in de zoogdiergastheer kunnen reguleren. Ondanks de 
potentiële impact van voedingsvezels op intestinale microbiota en gastmetabolisme, 
is het onderliggende werkingsmechanisme niet grondig onderzocht. In dit proefschrift 
hebben we ons gericht op het onderzoeken van de rol van verschillende voedingsvezels 
bij het manipuleren van de gastro-intestinale microbiota en vervolgens de impact 
ervan op de metabole gezondheid. In het eerste deel van het proefschrift (hoofdstuk 
2 en 3) hebben we ons gericht op diepgaand onderzoek van voedingsvezels en de 
potentiële impact ervan op verschillende metabole parameters. In hoofdstuk 4 en 5 
onderzochten we met behulp van kiemvrije muizen het belang van gastro-intestinale 
microbiota in atheroprotectieve routes en of voedingsvezels zoals β-cyclodextrine de 
route zouden kunnen verbeteren. In hoofdstuk 6 hebben we de lange termijn metabole 
gezondheidseffecten van suppletie van galacto-oligosaccharide op een Westers dieet 
onderzocht.

Het is aangetoond dat inuline, een veel gebruikt model voedingsvezel, het 
plasmacholesterolgehalte in muizen verlaagt. Er zijn echter ook enkele tegenstrijdige 
berichten verschenen over de effecten van inuline op de cholesterolhomeostase. 
Verschillende factoren dragen bij aan differentiële effecten, inclusief ketenlengtes 
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van oligosacchariden. In hoofdstuk 2 onderzochten we de effecten van twee soorten 
inuline, namelijk met verschillende ketenlengtes. Wild-type C57BL/6-muizen kregen 
voedingen die waren aangevuld met inuline met korte of lange ketens (10%, w/w) 
gevolgd door het meten van cholesterolfluxen in de darmen en andere metabole 
parameters. De meeste studies hebben een verband gelegd tussen korte ketenvetzuren 
(SCFA), zoals acetaat, butyraat en propionaat, en het lipidemetabolisme. Niet alle 
SCFA zijn echter geassocieerd met een positief effect op de fysiologie van de gastheer. 
Zo is bij voorbeeld acetaat ook een bouwsteen voor de synthese van cholesterol en 
vetzuren en kan dit daarmee mogelijk een negatief (verhogend) effect hebben op 
het plasma cholesterolgehalte. Onze studie toonde aan dat korte – en lange-keten 
inulinevoeding allebei leiden tot een aanzienlijke toename van fecale SCFA-niveaus 
in vergelijking met controles. De verhoging van SCFA resulteerde echter niet in 
significante verandering van plasma- of leverlipideniveaus. Over het algemeen werden 
geen nadelige effecten gemeten bij met muizen gevoede muizen met betrekking 
tot intestinale cholesterolabsorptie, fecale cholesteroluitscheiding oftrans-intestinale 
cholesteroluitscheiding.

Wij waren ook geïnteresseerd in het onderzoeken van nieuwe klassen van 
voedingsvezels die prebiotisch potentieel hebben getoond in in vitro experimenten. 
Isomaltomalto-polysacchariden zijn zo’n nieuwe klasse van voedingsvezels waarvan is 
aangetoond dat ze de groei van Bifidobacterium en Lactobacillus stimuleren wanneer 
ze worden geïncubeerd met bacteriën uit menselijke ontlasting. In hoofdstuk 3 
hebben we in een in vivo experiment de mogelijke rol van IMMP bij het moduleren 
van cholesterol- en galzuurmetabolisme onderzocht. Onze resultaten gaven aan dat 
IMMP aangevuld (10% g/g) in het dieet van C57BL/6 wildtype muizen gedurende 
een periode van drie weken leidde tot toename in de hoeveelheid ontlasting . De 
algemene metabole respons op IMMP-toediening bleef echter onbeduidend.

Gastro-intestinale microbiota is significant veranderd bij personen die lijden aan 
stofwisselingsziekten. Cholesterol is een van de belangrijkste biomarkers voor hart- 
en vaatziekten en de preventie van ophoping van cholesterol in het lichaam is een 
van de belangrijkste therapeutische doelwitten. High-density lipoproteïne (HDL) is 
verantwoordelijk voor het transport van cholesterol vanuit de lichaamscellen terug 
naar de darm via de zogenaamde omgekeerde cholesteroltransportroute (RCT). In 
hoofdstuk 4 hebben we de rol van gastro-intestinale microbiota in het moduleren van 
RCT onderzocht. Onze resultaten gaven aan dat afwezigheid van gastro-intestinale 
microbiota (dus een “kiemvrije” status) de RCT versterkt. Significante toename 
van RCT uitte zich voornamelijk in toegenomen fecale uitscheiding van galzuren, 
een omzettingsproduct van cholesterol. Een verhoogde  omzetting van cholesterol 
afkomstig van macrofagen naar tauro-bèta-muricholzuur (T-β-MCA), dat uiteindelijk 
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in de feces wordt uitgescheiden. Dit mechanisme kan mogelijk de grootste bijdrage 
van de galzuurfractie in toegenomen RCT in kiemvrije muizen verklaren.

Voedingsvezels die het cholesterolgehalte in het lichaam kunnen moduleren, 
kunnen ook cholesterolaccumulatie beïnvloeden via verandering van RCT. Het is 
met name belangrijk omdat, ondanks de enorme hoeveelheid cholesterolverlagende 
medicijnen zoals statines, de cardiovasculaire incidenties slechts een relatief 
bescheiden achteruitgang hebben vertoond. Het verkennen van de mogelijke bijdrage 
van voedingssupplementen aan bestaande therapieën is dan ook heel wenselijk. 
β-cyclodextrine is zo’n voedingsvezel met cholesterolmodulerende eigenschappen. 
In hoofdstuk 5 hebben we de rol van β-cyclodextrine in het reguleren van RCT bij 
muizen onderzocht. Onze gegevens toonden aan dat toediening van β-cyclodextrine 
(10% g/g) aan muizen de RCT aanzienlijk kan doen toenemen, d.w.z. verbeteren. De 
uitkomst is gedeeltelijk toe te schrijven aan aan een netto verhoogde trans-intestinale 
cholesteroluitscheiding die leidt tot een verhoogde cholesterolklaring uit het lichaam 
onafhankelijk van de hoeveelheid cholesterol die via de gal wordt uitgescheiden. 
Fecale cholesterolklaring wordt ook versterkt door inclusiecomplexvormingsvermogen 
van β-cyclodextrine met hydrofobe moleculen zoals cholesterol. De plausibiliteit van 
dit mechanisme werd verder ondersteund door de verlaagde concetratie coprostanol 
in de ontlasting van β-cyclodextrine gevoede muizen. Coprostanol is een bacterieel 
omzettingsproduct van cholesterol. Bovendien toonde ons onderzoek aan dat een 
kiemvrije status de β-cyclodextrine gestimuleerde RCT kan versterken. Onze bevindingen 
identificeerden dus β-cyclodextrine als een voedingsvezel met een hypocholesterolemisch 
potentieel dat kan worden gebruikt bij het verminderen van het risico op de 
ontwikkeling van atherosclerose. Verdere studies zouden nodig zijn om de voordelen 
ervan te onderzoeken als een levensvatbaar gezondheidssupplement en mogelijk een 
toevoeging aan standaard geneesmiddeltherapieën bij de mens.

Toenemende consumptie van ‘westerse’ diëten en sedentaire levensstijl vormen 
een toenemend risico op het ontwikkelen van het metabool syndroom. Dit risico is in 
verband gebracht met verschuivingen van de darmmicrobioticasamenstelling die wordt 
veroorzaakt door Westerse diëten. Van voedingsvezels zoals galacto-oligosacchariden 
(GOS) is aangetoond dat ze de groei van zogenaamd “gunstige” gastro-intestinale 
bacteriën stimuleren. In hoofdstuk 6 onderzochten we metabole effecten op de lange 
termijn van GOS-suppletie (10%, g/g) bij Westers dieet-type voeding bij muizen. 
Onze studie toonde aan dat GOS-suppletie de toename van het lichaamsgewicht 
aanzienlijk kan verminderen. Muizen die GOS-voeding hadden toegediend gekregen 
toonden ook een verbetering in bloedvetgehaltes en in insulinegevoeligheid. 
Daarnaast identificeerden we vertraagde darmvetabsorptie en verhoogde intestinale 
GLP-1-expressie als een mogelijk werkingsmechanisme dat verantwoordelijk is voor de 
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lagere lichaamsgewichtstoename. Van GLP-1, een verzadigingssignaleringshormoon, 
is gemeld dat het de intestinale productie van chylomicronen vermindert via een 
hersen-darm-mechanisme. De toename van GLP-1 expressie kan worden veroorzaakt 
door SCFA en door galzuren, zoals hyodeoxycholzuur, welke significant verhoogd 
was in met GOS gevoede muizen.We namen tenslotte ook een toename waar in 
gunstige bacteriestammen zoals Bifidobacterium en Akkermansia in de GOS 
behandelde groep . De verschillende bevindingen ondersteunen de potentie van GOS 
als een voedingssupplement bij de preventie of behandeling van metabool syndroom 
gerelateerd ziekterisico.

Dit proefschrift verschaft gegevens om ons huidige begrip te vergroten van 
voedingsvezels en van hun gastro-intestinale microbiota modulerende eigenschappen. 
Dit begrip geeft ook meer inzicht in de rol van voedingsvezels bij het voorkomen 
en behandelen van het metabool syndroom . Aangezien de fysiologie van de mens 
complexer en uitdagender is dan die van muizen lijkt het nu een goed moment 
om gericht verdere studies te gaan verrichten in de mens. Het uiteindelijke doel is 
immers om specifieke mechanistische routes te identificeren die bruikbaar zijn voor 
gerichte toepassing ter voorkoming of behandeling van aandoeningen zoals metabool 
syndroom bij de mens. 
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