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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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