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Abstract 

Bile acids (BA) are major components of bile formed from cholesterol in the liver 
and, apart from being part of fat digestion, they also act as signalling molecules in 
several physiological processes related to health. BA composition is regulated by 
gut microbiota as well as dietary fibre and fat in the diet. Previous studies have 
shown that dietary fibre, extensively fermented by the gut microbiota producing 
high amount of specific short-chain fatty acids (SCFAs) such as butyric and 
propionic acids and defined bacterial strains (prebiotic food components), is 
beneficial for the body.  

The aim of this work was to investigate whether different types of dietary fibre and 
fat levels, affecting the formation of SCFAs and modulating the microbiota 
composition in the colon, can alter BA composition in the caecum/faeces and blood. 
For this purpose, one methodology for analysing and quantifying BAs in caecum, 
with the aim of also being used for faeces, was developed, while another 
methodology was set up to analyse BAs in blood/serum samples. A model based on 
conventional rats, previously shown to reflect the total dietary fibre fermentation in 
humans, was used in the first three studies, and models on mice and humans were 
used in the two last studies. In total, nine free BAs could be analysed in caecum 
materials and 21 free and conjugated BAs in serum samples.  

In the first study, the method developed for BA analysis in caecum materials was 
based on hollow-fibre liquid-phase microextraction followed by gas 
chromatography with flame ionization detector. The method was applied by 
analysing the caecum content of rats fed three diets containing highly fermentable 
dietary fibre from different origins giving different SCFA profiles: pectin (acetic 
acid producer), guar gum (mainly giving propionic acid), a mixture of the two 
(butyric acid), and a fibre-free control diet. All diets containing dietary fibre 
increased the total amounts of BAs related to beneficial health effects and reduced 
the amounts of those often connected to diseases and cancers. The least efficient 
substrate in this respect was pectin. The developed method was efficient and showed 
high selectivity for extracting and detecting free BAs.   

Furthermore, an in vivo study of rats given guar gum of three different viscosities 
and pectin with two different degrees of methoxylation was performed in order to 
see whether dietary fibre with different functional properties could alter caecal BA 
profiles and intestinal gut microbiota composition. The correlation between BAs, 
bacterial genera and SCFAs was also investigated. The diets were tested in low and 
high-fat settings. Of all the diets, guar gum with medium viscosity showed the best 
BA profile, containing higher amounts of BAs connected to health, and lower 
amounts of BAs associated with disease. In a previous study, using the same 
substrates, it was also shown that medium-viscosity guar gum produced more 
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butyric acid during fermentation, which can be a reason for the preventive effects 
of this fibre in relation to hyperlipidaemia and lower cholesterol levels. There was 
a strong correlation between the gut microbiota and the microbial metabolites (BAs 
and SCFAs). BAs with beneficial health properties and SCFAs, with the exception 
of valeric acid, correlated positively with Bifidobacterium and RF32 and they were 
higher in groups fed fibre than in the fibre-free control diet. On the other hand, the 
amounts of BAs connected to diseases were positively correlated with Firmicutes 
and were higher in groups fed the fibre-free control diet than groups fed fibre. The 
pectins with two degrees of esterification behaved similarly and their effects on BA 
compositions were less pronounced.   

In study III, two barley varieties in low-fat and high-fat settings were investigated 
to determine whether different levels of dietary fibre and -glucan could affect the 
caecal BA profile. The relationship between BAs, SCFAs and gut microbiota was 
also investigated. The total amounts of BAs with beneficial health effects were 
affected differently in low and high-fat settings. In the low-fat groups, the higher 
content of -glucan showed higher amounts of these BAs. However, in the high-fat 
setting, the group with medium -glucan content and highest amounts of 
arabinoxylan showed an increase in the health-promoting BAs, while the 
arabinoxylan seemed to be more effective at reducing the levels of BAs connected 
with negative effects (than the -glucan), both in low and high-fat settings. 
Consistent with the previous study, the BAs with beneficial health effects were 
associated with Bifidobacterium and Lactobacillus, both commonly used as 
probiotics and, notably, their abundance was higher in low-fat diets.    

In study IV, free and conjugated BAs in mice serum were determined using simple 
protein precipitation as a sample preparation method and followed by ultra-high-
performance liquid chromatography–mass spectrometry. Different lingonberry 
samples, consisting of soluble, insoluble or whole lingonberry fractions in a high-
fat diet or cellulose in low-fat and high-fat diets, were investigated to see whether 
these diets affected serum BA composition in mice differently. Blood samples from 
hearts of mice were collected. Among the lingonberry fractions, the whole 
lingonberries showed a healthier BA profile with a greater abundance of 
Bifidobacterium and Prevotella.  

In study V, postprandial serum concentrations of BAs in healthy subjects after 
consumption of a turmeric-based beverage prior to medium and high-fat breakfasts 
were registered. It was observed that turmeric could modify the BA profile towards 
a healthier composition, with higher levels of free and conjugated forms of cholic 
and ursodeoxycholic acids as well as free and the taurine-conjugated forms of 
chenodeoxycholic acid but lower levels of conjugated forms of deoxycholic acid, 
showing an involvement of microbiota. Furthermore, the postprandial peaks for 
most BAs appeared shortly after the intake of the breakfast meals (15 minutes), 
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illustrating the direct effects on BA metabolism with turmeric. A second peak at 120 
minutes also occurred, with most conjugated BAs in the high-fat breakfast with 
turmeric, which might be due to gut microbiota activities.  

In conclusion, using the new set of methodologies, the BA composition in rat 
caecum and in mice and human serum could be studied after intake of different diets. 
It can be concluded that the type of prebiotic chosen, the functional properties of the 
prebiotic, and the amount of fat can all affect the BA profile and gut microbiota 
composition. A high-fat diet increased the total amounts of BAs in blood and 
caecum, as usually assumed, as the main role of BAs in the body is to digest fat. 
Less well-known is that fermentable dietary fibre can also shape the BA profile. The 
results of this work may be the basis for development of prebiotic food products for 
the promotion of improved BA metabolism and, perhaps, overall health. However, 
research on the interaction between diet, BAs and health is still in its infancy and a 
lot of work remains to be done before we fully understand the complete 
physiological roles of BAs. 
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Popular science summary 

Several epidemiological studies have shown that the development of metabolic 
diseases such as obesity, type II diabetes and insulin resistance can be related to 
lifestyle factors such as low physical activity and an unhealthy diet with low 
amounts of dietary fibre and high amounts of saturated fat. Dietary fibre, 
quantitatively the most important substrate for the colon microbiota, can change and 
shape the microbiota composition, as shown by the microbial metabolites (short-
chain fatty acids) formed from these prebiotic components in the diet.  

Bile acids (BAs), mostly known to play a role in bile formation and fat absorption, 
can also act as signalling molecules and are involved in several metabolic activities 
such as glucose regulation and lipid and energy metabolism. It is often claimed that 
the BA profile is a measure of the body’s physiological balance. The BA profile is 
very dependent on the microbiota composition. However, the microbiota and BAs 
have a complex mutual relation, and the BAs may also alter gut microbiota 
composition, which in turn is dependent on the diet consumed. Primary BAs are 
synthesized from cholesterol in the liver, stored in gallbladder to be secreted into 
the systemic circulation. In the fasting state, the extraction rate of BAs is constant 
but after a meal a significant amount of BA is secreted into the small intestine to 
facilitate fat digestion.  

A number of interesting physiological effects have been associated with BAs. Some 
BAs, referred to as beneficial BAs, have been reported to prevent diet-induced 
obesity and insulin resistance as well as being capable of reducing weight gain. 
Many of these BAs have been widely used as therapeutic drugs to treat liver 
dysfunction, type II diabetes, cholesterol gallstones and even neurological diseases. 
However, other types of BAs have been linked to metabolic diseases such as liver 
disease, intestinal inflammation and colonic cancers. Due to the important health 
effects of BAs in the body and to their close connection to microbiota composition, 
it is important to study how diets can modulate the composition of BAs in blood and 
colon and relate these changes to alterations in metabolic markers. 

In this thesis, new extraction and analytical techniques for analyses of BAs in 
samples from caecum, faeces and blood were developed. Prebiotic dietary fibre, i.e. 
highly degraded by the colon microbiota, was included in the diets of rats and mice. 
Examples of products included were pectin, guar gum and a mixture of the two, 
products with specific chemical properties (guar gum with different viscosities and 
pectin with different degrees of methoxylation) and barley varieties containing 
different contents of -glucan, all for studies of BAs in the caecum of rats. In the 
mouse study, the concentration of serum BAs was investigated after consumption 
of whole lingonberries and two lingonberry fractions. The last study was on humans, 
where postprandial serum concentration of BAs was measured after intake of 
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turmeric drink, a product containing polyphenols and other components with 
prebiotic potential, prior to a breakfast meal. The effects of fat content in the diet 
was also evaluated. An evaluation was also made of BAs in caecum of rats and 
serum samples from mice and how the BAs related to gut microbiota composition.   

The compositions of BAs in caecum and blood were very much dependent on the 
types of diet and dietary fibre. To have an effect, the dietary fibre had to be highly 
degraded by the microbiota, i.e. be prebiotic. The amounts of beneficial BAs 
generally increased, while the amounts of non-beneficial/unhealthy BAs decreased 
along with dietary fibre in the diet. In this respect, guar gum and the mixture of guar 
gum and pectin were the most effective diets for altering BA compositions. Among 
guar gums with different viscosities, the one of medium viscosity was the most 
effective for changing BA composition to a healthier profile. Among the different 
barley varieties, the variety with highest -glucan content showed the highest 
amounts of beneficial BAs, at least in the low-fat setting, while in the high-fat 
groups, the highest amounts could be seen in the diet with highest amounts of 
arabinoxylan. Also, the non-beneficial BAs were most affected, i.e. were reduced 
by the diet containing the highest amounts of arabinoxylan. In blood, the diet 
containing whole lingonberries, which have high amounts of dietary fibre as well as 
polyphenols, gave a healthier BA profile in mice with high amounts of beneficial 
BAs and low amounts of non-beneficial BAs. The other fractions of lingonberries, 
especially the soluble fraction, had also positive effects. The serum BA profile in 
human subjects was also improved after intake of a drink containing turmeric prior 
to the breakfast meal, proving the beneficial health effects of this spice that is 
particularly rich in polyphenolic compounds. When the fat content increased in the 
diets, the total amounts of BAs increased supporting the main role of BAs to digest 
fat.  

Regarding the gut microbiota composition, the consumption of dietary fibre 
increased the abundance of Bifidobacterium, Lactobacillus and Prevotella, which 
are known for their probiotic effects, and these bacteria were also connected to 
beneficial BAs. However, diets with a low dietary fibre content and high amounts 
of saturated fat showed a higher abundance of bacteria often linked to diseases such 
as obesity, colon cancer and Alzheimer’s disease.  

In conclusion, consumption of dietary fibre changed the BA profile in caecum of 
rats and serum of mice and humans to a healthier composition by altering the gut 
microbiota composition. The fat level of the diets also affected the BA composition. 
The molecular properties of the dietary fibre were also important to modulate caecal 
BA formation. Results from this thesis can be expected to be used in the 
development of food products for improving metabolic health and decreasing 
disorders associated with the liver.  
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Introduction 

One of the most common health problems in the world are disorders associated with 
the metabolic syndrome, including obesity, hypertension, dyslipidaemia and insulin 
resistance, i.e. risk factors for the development of type II diabetes and cardiovascular 
diseases. Today, cardiovascular diseases are the leading cause of death in Europe, 
killing, according to the World Health Organisation (WHO), about 17 million 
people globally each year. This continual global prevalence is strongly linked to 
unhealthy diets with a low consumption of dietary fibre and high intake of fat.    

Most individuals with metabolic syndrome show low plasma levels of high-density 
lipoprotein (HDL) cholesterol and high plasma levels of low-density lipoprotein 
(LDL) cholesterol and triglycerides, i.e. a profile that is an important risk factor for 
cardiovascular disease. The influences of dietary fibre on blood lipids have been 
extensively studied and it is generally accepted that the water-soluble and viscous 
fractions are most effective in this respect; the higher the viscosity the higher the 
effect. The mechanism behind this is not clearly elucidated but entrapping of bile 
acids throughout the small intestine has been suggested to be the reason. The binding 
reduces the reabsorption of bile acids, leading to an increased delivery of bile acids 
to the colon, where the primary bile acids (cholic and chenodeoxycholic acids) are 
converted to secondary bile acids (deoxycholic and lithocholic acids) by the 
microbiota and then transported out from the body. The main outcome of this 
binding is a lowering of hepatic cholesterol pools and plasma cholesterol 
concentrations. However, soluble dietary fibres are usually more or less degraded 
by the microbiota in the colon, leading to a loss in viscosity and also in a binding of 
bile acids.  

Another mechanism increasingly discussed is that an imbalance in microbiota 
composition may contribute to various metabolic diseases. However, an increased 
intake of dietary fibre may counteract this unhealthy condition in colon. In this 
respect, all types of dietary fibre that are highly fermented by the microbiota are of 
great importance, not only the viscous ones. When dietary fibre are fermented by 
the colonic bacteria, biologically active metabolites are formed, mainly short-chain 
fatty acids. Different amounts and patterns of short-chain fatty acids are formed 
from different types of dietary fibre, also leading to a change in the microbiota 
composition. The effect of fermentable dietary fibre on the bile acid composition 
has not been investigated to any great extent but, as the short-chain fatty acids are 
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affected, the bile acid composition may also be changed. Furthermore, the 
absorption of bile acids may be affected and, in turn, hepatic and plasma cholesterol 
concentrations. Many mechanistic studies have been performed on rodents and it 
can be questioned what the effects might be in humans.   

Studies in literature often investigate the total loss of bile acids using non-specific 
methods and not whether there are any differences between specific bile acids 
excreted, at least when studying effects with different diets. There is thus a need to 
quantify individual bile acids. Recently, some bile acids have been shown to play a 
role as signalling molecules and to have an endocrine function, while others have 
opposite effects, demonstrating that the bile acid profile formed is of utmost 
importance for health. As an example, one study on subjects with liver disease 
showed that the serum level of lithocholic acid was twice as high as in healthy 
controls but, by adding psyllium fibre to the diet, the relative proportion of this bile 
acid decreased. Drugs controlling the signalling pathways of bile acids have been 
suggested to be promising for the treatment of common metabolic diseases such as 
obesity, type II diabetes, hyperlipidaemia and atherosclerosis, but diet would be 
another way to change the bile acid composition without the side-effects involved 
with most drugs.  

The hypothesis of this project was that it is possible to change the bile acid profile 
by diet, to achieve a more beneficial composition and, in the long term, reduce the 
burden of metabolic diseases. Different types of dietary fibre or polyphenols and 
other components in food with prebiotic potential were investigated in human and 
animal models.   

Analytical methods, gas chromatography and ultra-high-performance liquid 
chromatography–mass spectrometry, were used to identify and quantify a wide 
range of individual bile acids (nine bile acids in caecum and 21 bile acids in blood).   
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Background 

Bile acids 

Bile acids (BA) are steroid carboxylic acids formed from cholesterol in pericentral 
(perivenous) hepatocytes in the liver [1]. BAs are the main components of bile, 
which is a dark green to yellowish fluid that is stored in the gallbladder. After eating, 
bile is secreted into the duodenum to facilitate the digestion of dietary lipids and fat- 
soluble vitamins (A, D, E and K1).  

BAs have 24 carbons in their structure, are hydrophilic on the surface and 
hydrophobic in the core and are thus referred to as amphipathic molecules (Fig. 1). 
Due to this specific chemical structure, BAs are known as emulsifiers, congregating 
around the lipid molecules to form micelles. Beside their role in lipid transportation, 
BAs have other important physiological functions in the body, such as cholesterol 
elimination by hepatic synthesis of BA, which enables the passage of cholesterol 
into the intestine and, finally, faecal excretion. 

 

Figure 1.  
Chemical structure of the most abundant BAs in humans and their glycine and taurine conjugates.  
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BAs are also responsible for the negative feedback regulation, which means that 
their concentrations in the liver act as a signal that affects BA synthesis [2]. In 
addition to the stated roles, BAs act as natural ligands of the nuclear receptor 
farnesoid X receptor (FXR), which is a key element in glucose homeostasis as well 
as in lipid and lipoprotein metabolism [3, 4]. BAs are also crucial for energy 
metabolism and protection against inflammation in the liver, through activation of 
G protein-coupled receptor (TGR5) (Fig. 2) [5, 6]. It has been reported that FXR 
pathway is activated by the specific BAs chenodeoxycholic acid (CDCA), cholic 
acid (CA), deoxycholic acid (DCA) and lithocholic acid (LCA) in humans, while 
the signalling pathways in rodents are different and have not been studied to any 
great extent [7]. 

 

Figure 2.  
Relation between BAs and gut microbiota.  

Formation and metabolism  

In humans, around 90% of primary BAs, CA and CDCA, are formed from 
cholesterol in the liver via the classic pathway (neutral pathway). The remaining 
10% of the primary BAs are produced through an alternative pathway (acidic 
pathway). Several enzymes are involved in BA synthesis. The classical pathway is 
initiated by cholesterol 7 -hydroxylase (CYP7A1), which is present only in the 
liver, while the enzyme catalysing the alternative pathway, sterol 27-hydroxylase 
(CYP27A1), is distributed in several extrahepatic tissues and organs [8, 9].  

In the classical pathway, CYP7A1 hydroxylates cholesterol to form 7 -hydroxyl-
cholesterol. This derivative is further hydroxylated by another enzyme, 3 -hydroxy-

5-C27-steroid dehydroxylase (3 -HSD), to produce 7 -hydroxy-4-cholestene-3-
one, which can be converted to CA and CDCA (Fig. 3). Sterol 12 -hydroxylase 
(CYP8B1) is a key enzyme converting 7 -hydroxy-4-cholestene-3-one to 7 , 12 -
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TGR5 FXR Butyrate Propionate
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dihydroxy-4-cholestene-3-one and leading to CA synthesis, while CYP27A1 
catalyses the formation of both CA and CDCA [10, 11]. In rodents, - and - 
muricholic acids (MCA) are the primary BAs formed from CDCA in the liver [12, 
13].  

 

Figure 3.  
BA synthesis.  

Primary BAs are conjugated, at the C24 carboxyl, with the amino acids glycine and 
taurine in the hepatocytes before being secreted into the duodenum. Conjugation 
converts weak acids into strong acids with enhanced polarity, which is due to lower 
pKa values of glycine and taurine conjugated BAs (around 4–5 and 1–2, 
respectively) compared with free BAs (around 5–6) [14, 15]. Conjugated BAs are 
negatively charged at physiological pH in the small intestine and referred to as “BA 
anions”. The majority of BAs in mice are conjugated with taurine, while rats 
produce both glycine and taurine-conjugated BAs. In humans glycine-conjugated 
BAs are predominant [10, 16].   

After excretion of BAs into the small intestine, they are first deconjugated by 
bacterial activity in the distal ileum and then reabsorbed back to the liver to be 
secreted again into the bile. This cycle is called “enterohepatic circulation”, which 
keeps the BA pool size stable at about 3–5 g in healthy humans [17, 18]. Anaerobic 
bacteria further dehydroxylate CA and CDCA to form secondary BAs, DCA and 
LCA, respectively. DCA, a dihydroxy BA with two hydroxyl groups at third and 
twelfth carbon atoms (C-3 and C-12), is formed by 7-dehydroxylation of CA, while 
LCA, a monohydroxy BA with only one hydroxyl group at third carbon atom (C-
3), is formed by 7-dehydroxylation of CDCA. The secondary BAs are transported 



22 

back to the liver via the portal vein, where they are re-conjugated to glycine and 
taurine and excreted to the bile. DCA is conjugated again and enters the circulation 
together with the primary BAs [19], whereas conjugated LCA cannot be totally 
absorbed in the small intestine and is therefore mostly excreted from the body with 
only trace amounts being found in the bile [20, 21].  Although the main absorption 
of BAs will be in distal ileum (active transport), the BAs are also reabsorbed from 
the colon through passive absorption [22].  

Ursodeoxycholic acid (UDCA) is known as a tertiary BA formed from CDCA by 
colonic bacterial epimerization [23] and present in trace amounts in human bile [24]. 
Furthermore, -MCA, formed only in rodents, can be transformed to 
hyodeoxycholic acid (HDCA) [25] and -muricholic acid ( -MCA) by the activity 
of several anaerobic bacterial strains such as Eubacterium lentum and Clostridium 
[26, 27]. HDCA is present in low amounts in humans and -MCA is found only in 
rodents. It has been suggested that HDCA can also be formed from LCA by 
hydroxylation [28]. 

Metabolic effects  

BAs are of importance for colonic health and are linked to important physiological 
effects in the body through activation of two major BA receptors, FXR and TGR5, 
in various tissues [4, 29].  FXR and TGR5, which are present in the hepatocytes of 
the liver, enterocytes of the gut and epithelial cells of the bile duct and gallbladder 
[30], may affect the development of metabolic disorders such as type II diabetes, 
non-alcoholic fatty liver disease (NAFLD), obesity and hyperlipidaemia [11].  BAs 
can also be used as therapeutic drugs to treat various colonic diseases by triggering 
the signalling pathways, FXR and TGR5.  

Primary BAs  
It has been shown that oral administration of CA (15mg/kg/day) improves the 
cholesterol absorption in humans [31], while CDCA and UDCA are used as 
approved drugs for dissolution of cholesterol gallstones [32, 33]. UDCA, at an 
optimal dose of 8–10 mg/kg/day [34], is also known for its ability to improve liver 
function [35] and shows anti-inflammatory effects in cholestasis liver disease [36], 
which is caused by an obstruction of bile flow due to aggregation of toxic BAs in 
the liver [37]. Furthermore, it has recently been reported that UDCA can inhibit the 
ileum absorption of toxic BAs such as DCA [38] and reduce the mucosal 
permeability of toxic and inflammatory compounds [39]. It has also been claimed 
that a minor addition of CA to a high-fat (HF) diet can prevent diet-induced obesity 
and hyperglycaemia, leading to improved insulin sensitivity [40]. 
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MCAs ( -  and ) are present only in mice and rats and responsible for the 
cholesterol exclusion from the body [11]. It has been reported by Wang et al. that 

-MCA is one of the most effective BAs in mice, able to prevent and/or treat 
cholesterol gallstone formation [41].  

Secondary BAs 
The physiological properties of HDCA have not been widely investigated, but a few 
studies have described the positive health effects of HDCA such as preventing 
gallstone formation in hamsters [42], suppressing atherosclerosis development [43] 
and increasing HDL plasma level in knockout mice [44]. However, besides its 
beneficial effects, the cytotoxicity of HDCA has been reported in a study conducted 
by Araki et al. [45].   

The secondary BAs, DCA and LCA, are known as cancer promoters [46]. It has 
been reported that the high concentration of these BAs can induce oxidative DNA 
damage in patients with colon polyps, which can cause tumour formation in the 
colon over time [47]. Powolny et al. (2001) have shown that high amounts of DCA 
in the colon, similar to the concentration appearing after HF intake, may induce 
apoptosis, a condition leading to cell changes and cell death [48].  

Conjugated BAs  
Taurine and glycine-conjugated BAs show various physiological effects in the body. 
It has been shown that animal-based and plant-based diets alter gut microbiota 
composition differently, and favour taurine-conjugated BAs and glycine-conjugated 
BA formation, respectively [49, 50].  

Taurine-conjugated BAs 
Taurine is formed in hepatocytes from cysteine and methionine in human adults. 
Taurine can be absorbed from foods rich in taurine such as energy drinks, animal 
protein and seafood [50, 51]. Taurocholic acid (TCA) is a main conjugated form of 
BAs in humans and is also known as cholaic acid. Many studies have described 
beneficial properties of TCA such as anti-inflammatory and immunoregulatory 
effects [52] as well as antidiabetic and glucose-lowering effects [53, 54], indicating 
the potential of this BA for treating type II diabetes. In contrast, studies by Ridlon 
et al. (2016) and Devokta et al. (2012) suggested that the increased TCA secretion 
after a saturated-fat diet stimulated bacteria in the gut responsible for formation of 
hydrogen sulphate (H2S), a genotoxic agent [55], and DCA, known as a tumour 
developer [50, 56, 57]. Furthermore, taurochenodeoxycholic acid (TCDCA) has 
been reported to be a therapeutic drug for preventing acute and clinical inflammation 
and for improving the bone destruction by arthritis in rats [58, 59]. Oral therapy of 
TCDCA also shows opposed effects on a respiratory disease called pulmonary 
fibrosis [60]. In addition, tauroursodeoxycholic acid (TUDCA) has long been used 
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as a drug to inhibit the development of NAFLD by promoting the intestinal barrier 
function and modifying the gut microbiota composition [61]. TUDCA has also been 
acknowledged as a novel treatment for neurodegenerative diseases such as 
Alzheimer’s, Parkinson’s and Huntington’s diseases, due to its antioxidant and 
neuroprotective properties [62-64]. Concerning possible health properties of 
taurine-conjugated secondary BAs, taurodeoxycholic acid (TDCA) and 
taurolithocholic acid (TLCA), only a few studies have been done. However, 
according to a study by Abdu et al., TDCA can prevent colon motility in mice [65], 
while, based on studies by Javitt et al. (1968) and King et al. (1971), TLCA induced 
cholestasis due to its poor water solubility causing a reduction or stop in bile flow 
[66, 67].  

Glycine-conjugated BAs  
Glycine is biosynthesized in the body from serine. Oral administration of 
glycocholic acid (GCA) is known to have therapeutic benefits, such as enhancing 
growth and fat-soluble vitamin absorption in humans with inborn errors of BA 
metabolism [68]. The health effects of glycochenodeoxycholic acid (GCDCA) has 
not been investigated in depth, but Penagini et al. (1989) reported that GCDCA 
infusion inhibits ileum motility and delays the passage of food in the jejunum and 
ileum [69]. Many studies have claimed the antioxidant and neuroprotective 
properties of glycoursodeoxycholic acid (GUDCA) for preventing oxidative stress 
caused by unconjugated bilirubin [70] and the treatment of bilirubin-induced 
neurologic dysfunction (BIND) [71]. Interestingly, GUDCA is also known for its 
cytoprotective effects by inhibiting oxidative stress in oesophagus cells [72]. 
Consistent with the negative effects of DCA as a cancer developer, 
glycodeoxycholic acid (GDCA) is also reported to be a tumour-growth promoter 
[73]. Furthermore, glycolithocholic acid (GLCA) has been shown to be involved in 
a number of pathological processes leading to gallstone formation and cirrhosis of 
the liver [74].  

Effects of diet  
It is well-known that BAs are needed to stimulate the degradation and absorption of 
fat. It has also long been known that the amount of BA increases in the faeces along 
with the fat intake [75, 76]. The hepatic extraction rate of BA is usually constant 
during the fasting state but, after a meal, a significant amount of BA can spill over 
into the systemic circulation. However, there are few investigations concerning the 
effects of specific food items on BA metabolism. An increased synthesis rate of 
CDCA was reported after a vegetable diet and wheat bran [77, 78]. Further, when 
15g of guar gum was given to healthy volunteers, the increase in serum 
concentration of conjugated BAs was decreased [79].  
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Dietary fibre  

Dietary fibre (DF) is the indigestible part of food derived from plants, which cannot 
be digested in the small intestine and which thus reach the colon where they are 
completely or partially fermented by the gut microbiota. Previously, only the 
indigestible polysaccharides (cellulose, hemicellulose, pectin and resistant starch) 
plus lignin were included in the DF concept [80] but, in 2008, the Codex Committee 
on Nutrition and Foods for Special Dietary Uses agreed on the inclusion of  
indigestible oligosaccharides with a degree of polymerization of 3 to 9 in the 
definition [81, 82]. Phenolic compounds bound to the DF and often referred to as 
DF’s co-passengers and included in the lignin fraction at analyses are also included 
as DF [83]. It is sometimes questioned whether the health effects seen for some plant 
materials containing phenolic compounds are due to the DF, the co-passenger or a 
combination of the two.  

Polyphenols are chemical compounds consisting of two or more benzene rings that 
each have one or more hydroxyl groups (-OH) attached. Polyphenols are plant 
metabolites found in fruit, vegetables, spices, chocolate, tea and coffee and are 
responsible for the red, orange and blue colours of fruits and berries [84, 85]. 
Polyphenols are known for their possible preventative effects on cancer, 
cardiovascular and oxidative stress-related diseases such as type II diabetes [86-89], 
due to their anti-oxidative, anti-microbial and anti-inflammatory properties [90, 91]. 
Polyphenols can be divided into two categories: flavonoids (60%) and non-
flavonoids (30%) [92, 93]. Flavonoids include the subclasses anthocyanidins, 
flavanones, isoflavones, flavonols, flavones and flavan-3-ols [94]. Furthermore, 
non-flavonoids comprise the following classes: phenolic acids (benzoic and 
cinnamic acids), tannins, lignans and the polyphenols curcumin and rosmarinic acid 
[87]. Polyphenols can be freely available in the diet or as stated by some researchers, 
act as co-passengers to DF. The fate of polyphenols is not known to any greater 
extent. However, if the polyphenols are bound to the DF, they are not liberated until 
the DF is fermented by the microbiota in the colon and forming bacterial 
metabolites, of unknown structures, that can be absorbed from colon into the 
circulation. Unbound polyphenols may also be absorbed in the small intestine as 
they are.  

Recommended DF intake is based on age, gender and overall health. The Nordic 
recommendations is 3g/MJ, which corresponds to around 25 to 30g/day. The DF 
intake for most people is less (2.5g/MJ) and many would thus need to increase their 
intake. DF is the important part of a healthy balanced diet and can improve the host’s 
health. It has been associated with a reduced risk of developing a number of chronic 
diseases associated with the metabolism such as heart diseases and type II diabetes, 
and with the colon such as ulcerative colitis and colon cancer [95-97].  
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DF is generally divided into soluble and insoluble fibre (Fig. 4) and depending on 
the chemical structure, lignification and solubility of the DF, it can be fermented 
differently. As a general rule, and somewhat simplified, water-soluble DF can be 
degraded (fermented) by the microbiota to a greater extent in the large intestine than 
insoluble DF. In principle, all fermentable DF is potentially prebiotic, but a more 
exact description is that prebiotic substances should stimulate growth of bacteria 
that is beneficial for the host, and should also form specific short-chain fatty acids 
(SCFAs). Examples of soluble DF are pectin, guar gum and -glucan, which often 
are highly viscous [98]. Soluble DF with a high viscosity is associated with 
metabolic effects, including lower total cholesterol levels and reduced risk of 
coronary heart diseases. The higher the viscosity the higher the effects [99]. 
Improved insulin sensitivity and reduced sugar levels have also been associated with 
these types of fibre [100-102]. Soluble DF may also be degraded by the colon 
microbiota to a considerable extent, forming SCFAs, and many of the physiological 
effects of the DF may be related to this fermentation, including the reduced risk of 
developing colorectal cancer [103]. Of the SCFAs formed from DF, butyric acid 
receives the most attention. In very recent years it has also been suggested that 
metabolic effects can be mediated via the colon through the microbiota and the 
SCFAs formed. In this respect, all types of fermentable DF are of interest, including 
those with low viscosity, and especially those giving rise to specific SCFAs, such 
as butyric acid. The colon microbiota composition and the SCFAs formed influence 
the BA composition, and this in turn is highly dependent on the type of DF 
consumed [104].  

Insoluble fibre such as cellulose, some hemicelluloses and lignin may also have an 
effect on BA composition due to its resistance to degradation by gut microbiota and 
on its capacity to bind the BAs and transport them out of the body [105, 106], to its 
having hypocholesterolaemia effects and protective effects against cancers [107].  

 

Figure 4.  
Dietary fibre classification. 
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Some chemical characteristics of the plant materials used in the project are presented 
below. 

Pectin  

Pectin is a natural linear polysaccharide, mainly consisting of galactouronic acid 
units, and is mostly present in the cell walls and non-woody parts of plants. Pectin 
also contains neutral sugars such as rhamnose, arabinose, galactose and xylose in 
the backbone or in the side-chains, and the composition depends on which plant the 
pectin originates from. Pectin can also be classified based on its degree of 
esterification (DE) and referred to as low methoxylated (LM) or high methoxylated 
(HM) pectin, with DE-values of 20–40% and 60–75%, respectively [108]. Pectin is 
highly soluble in water and able to form gels that can be the mechanism behind its 
positive health effects on the body, such as lowering blood cholesterol levels 
through the binding of BAs in the small intestine, increasing faecal BA excretion 
and consequently, improving cholesterol and lipid metabolism [109, 110]. The 
number of polymers is reported to be between 150 and 1500 [111].  

Pectin is the DF component usually found in vegetables, fruits and berries [112]. 

Guar gum  

Guar gum is extracted from seeds of a plant from the leguminous family Cyamopsis 
tetragonoloba. Guar gum consists of high molecular weight (MW) polysaccharides 
(mannose in the back-bone and galactose in the side-chain), is highly soluble in 
water and, due to its high MW, is mainly used as a stabilizer and thickener in the 
food industry [113]. Commercial guar gum of different MWs is available for 
purchase. The inclusion of guar gum in the diet can improve overall health by 
preventing hyperglycaemia, hypercholesterolaemia and obesity [114]. Furthermore, 
it has been reported that guar gum can promote enterohepatic circulation and faecal 
excretion of BAs by impairing the absorption of BAs in ileum, consequently 
increasing the faecal loss of BAs and thus enhancing the lipid profile [79, 115].  

Barley    

Barley (Hordeum vulgare L.) is one of the major cereals in the world, mainly used 
as animal feed and in beer production and, to a limited extent, in food. However, it 
has been suggested for use as a human food due to its high fibre content involving 
potentially beneficial effects. Barley contains a high level of DF (15–25%), mainly 

-glucan and arabinoxylan [116] which are known for their ability to reduce 



28 

postprandial serum glucose [117] and to improve glucose and lipid metabolism 
[118]. Different varieties of barley have different contents of -glucan (13–25g/kg). 
Barley also contains phenolic compounds [119]. It has been shown that barley 
consumption may have hypocholesterolaemia effects due to its capability to 
decrease the reabsorption of BA from the small intestine and induce its excretion 
from the body [120].  

Lingonberry  

Lingonberries (Vaccinium vitis-idaea L.) are rich in both DF and phenolic 
compounds and are one of the most popular berries in the Scandinavian countries 
[121]. Recently, berries have attracted much attention in research due to their health 
benefits. It has been reported that berries, particularly lingonberries, can modify 
postprandial glucose and insulin response [122], alter gut microbiota, inhibit low-
grade inflammation [123] and reduce atherosclerosis [124], due to their high DF 
content. The total amount of DF polysaccharides in lingonberries is 16g/100g (dwb). 
The soluble DF consists mainly of uronic acid (67 %), while the insoluble DF 
mainly contains polymers that consist of glucose (cellulose) (49 %) and polyphenols 
[124]. Furthermore, it was shown in a recent study that lingonberries reduced 
intestinal lipid absorption by upregulating CYP7A1, the gene included in BA 
synthesis [125].    

Turmeric  

Turmeric (Curcuma Lunga L.), which is also rich in DF, is one of the most popular 
food spices when cooking food [126]. The major bioactive polyphenol component 
in turmeric, which is responsible for its anti-oxidant and anti-inflammatory 
properties, is curcumin [127, 128]. Extensive research on curcumin has proved its 
important role in the treatment and prevention of chronic inflammatory diseases 
such as obesity, diabetes, neurodegenerative, cardiovascular and inflammatory 
bowel diseases [129-133]. It has also been reported that curcumin induces CYP7A1 
gene expression, which increases conversion of cholesterol to BA in the liver, thus 
reducing blood cholesterol concentrations [134]. 
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Short-chain fatty acids  

SCFAs are volatile fatty acids, produced by gut microbiota fermentation in the colon 
and consisting of two to six carbon atoms [135]. The most abundant SCFAs in the 
colon are acetic acid (two carbons), propionic acid (three carbons) and butyric acid 
(four carbons) [136]. Valeric or pentanoic acid (five carbons) and caproic acid (six 
carbons) as well as branched-chain SCFAs (isobutyric and isovaleric acids) are 
formed in lower concentrations in the colon [136]. Branched-chain SCFAs are 
generated from the fermentation of indigestible protein reaching the colon [137, 
138]. Lactic acid and succinic acid are carboxylic acids produced by lactic acid 
bacteria strains, which are not found in the colon under normal physiological 
conditions [139, 140], only at a low level of bacterial activity.     

Diet and, in particular, the availability and the physico-chemical properties of DF, 
have effects on the formation of SCFAs [141]. Butyric acid, which is well-known 
for anti-inflammatory, anti-cancer, anti-tumour and anti-microbial effects [142], has 
been reported to increase with consumption of -glucan, arabinoxylan and some 
resistant starches [143, 144]. Furthermore, pectin has been shown to be a 
particularly good source for acetic acid production [145]. Acetic acid is more linked 
to negative health effects as it is a substrate for cholesterol synthesis and has been 
reported to increase gluconeogenesis [146]. Guar gum has been shown to produce 
high proportions of propionic acid correlated to reduced serum cholesterol levels. 
This SCFA has also been shown to have anti-microbial properties [142]. The 
differences in SCFAs formed are due to the substrate available.  Different substrates 
(also food components) favour the growth of different colonic bacteria, leading to 
the production of specific SCFAs. The SCFA profiles also depend to a great extent 
on the gut microbiota composition which can be altered by dietary intake, especially 
DF [147]. 

Colonic microbiota   

The gastrointestinal tract is a host for the tremendously diverse microbiota. Bacterial 
density in the lumen of the caecum and colon is about 1012 bacteria/g wet weight of 
luminal content [148]. The composition of gut microbiota plays an important role 
in health and disease. Dysbiosis, which refers to an imbalanced composition of the 
microbiota, has been associated with several metabolic diseases such as obesity and 
type II diabetes, but also to diseases connected directly to the colon, such as 
diarrhoea, ulcerative colitis and inflammatory bowel diseases [149-151]. The 
bacterial activity is most pronounced in the proximal colon (caecum in rodents) and 
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it is also here that most of the DFs are degraded. The degradation is anaerobic and 
therefore referred to as fermentation.  

The dominant bacteria in the caecum and colon of both rodents and humans consists 
of two phyla, Bacteroidetes (gram-negative) and Firmicutes (mostly gram-positive) 
[152]. Bacteroidetes phylum, including for example the genera Bacteroides and 
Prevotella, are the major producers of propionate [153], while different clostridial 
clusters (XIVa, XVI and IV) mainly produce butyrate [154, 155]. In addition to 
SCFA formation, the colonic bacteria are also responsible for formation of the gases 
H2, CO2 and CH4 [156] and the secondary BAs [157]. Studies have shown that the 
absence of bacteria in germ-free mice or rats causes a major increase in the 
concentration of primary conjugated BAs in the bile pool [7]. It has been reported 
that Clostridium strains and Eubacterium, both belonging to the Firmicutes phylum, 
are responsible for 7-dehydroxylating activity in the gut leading to the secondary 
BAs formation [158-160].  

Contribution of diet in the determination of the gut microbiota composition cannot 
be neglected. The microbiota profile in the gut can either be promoted or negatively 
modulated by dietary patterns [161]. The major substrate for the colon bacteria 
comes from DF [162]. Western diets with low fibre and HF content alter the gut 
microbiota composition to an increased level of Bacteroides with an increased 
formation of carcinogenic secondary BAs [163, 164]. However, including DF such 
as resistant starch, guar gum, pectin and barley in the diet have altered the 
microbiota composition in the colon to a healthier profile [161]. It has been reported 
that resistant starch in the diet increased the number of Prevotella, Actinobacteria 
and Bacteroidetes, while the number of Firmicutes decreased [165, 166]. The effects 
of diet have been investigated in some studies [161]. The DF guar gum and pectin 
affected colonic microbial composition. It has been reported that pectin increases 
the relative abundance of Actinobacteria and that guar gum increases levels of 
Bacteroidetes and Bifidobacterium while it decreasing the abundance of Firmicutes 
[167-169]. Furthermore, the barley intake also may beneficially affect the gut 
microbiota composition. In studies by Zhong et al., barley increased the growth of 
Coprococcus and Lactobacillus in rats compared with controls [170, 171]. It was 
probably due to the high content of -glucan in barley, although the arabinoxylan 
may also have an effect.  

Although the gut microbiota prefer carbohydrates as a substrate, which also are the 
main dietary components reaching colon, some protein may also be utilized, 
particularly in the distal part of colon. Furthermore, digestive enzymes and mucus 
are other protein sources that the bacteria can utilize. The gut bacteria may also play 
a role in the conversion of polyphenols, in e.g. berries and fruits, into biologically 
active compounds in the intestinal tract. In contrast, fat cannot be degraded by the 
colon bacteria, as long-chain fatty acids require oxygen for oxidization. Therefore, 
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the effects on microbiota composition by HF diets are due to other changes in the 
colon. It has been suggested that the changes in microbiota composition are 
indirectly mediated by the BAs. Thus, orally administrated CA changes the 
microbiota composition in rats to the same extent as HF feeding [162, 172]. 

The interplay between the microbiota and the BA profile formed is rather complex. 
The BAs act as a substrate for the microbiota, being responsible for its composition, 
and the BA profile formed in turn is dependent on the microbiota composition. 
However, as the microbiota composition is highly dependent on what we eat and 
can be modified by prebiotic food components (DF and polyphenols), the BAs may 
also be dependent on what we are feeding the bacteria with.  
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Objective  

In recent years, there has been an increasing amount of discussion regarding the 
interplay between BA composition and the microbiota composition/microbial 
metabolites formed and the relation of that interplay to the prevalence of metabolic 
diseases. The microbiota composition is in turn highly dependent on the diet, 
especially indigestible components being the main substrate for the colon 
microbiota. It is also well-known that fat may affect the microbiota composition, 
indirectly through the BAs. Different types of BAs are associated with different 
physiological effects but, up to now, there have been few studies on the effect of 
diet on individual BAs. It is thus of great nutritional interest to study how BA 
concentrations may be altered at different places in the body by the intake of 
different diets. The concentration of BAs where the fermentation of DF actually 
takes place (caecum of rats) and where the BAs affect the metabolism (blood of 
mice and humans) are of particular importance.  

The objective of the present work was to investigate whether the diet, especially 
prebiotic food carbohydrates, forming specific SCFAs in the colon by the 
microbiota, can affect the concentration and composition of BAs in the 
caecum/faeces and in blood by using different models on animals and humans. The 
importance of fat content in the diet on BA composition and the association between 
BAs and the gut microbiota composition were also evaluated. The specific aims of 
the studies were: 

• To develop an analytical technique for quantification of BAs in caecal and 
faecal materials of rats and humans (paper I).  

• To investigate the effects of different prebiotic/plant materials with specific 
chemical characteristics on the composition of BAs using the developed 
methodology (papers II and III).  

• To set up an analysis of free and conjugated BAs in blood samples of rodent 
and human models (papers IV and V). 

• To analyse free and conjugated BAs in serum after intake of prebiotic plant 
materials with specific characteristics (papers IV and V).  
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Materials and Methods  

This work is based on five studies (papers I–V), where BAs were analysed in the 
caecum of rats in the first three studies and in the blood of mice and humans in the 
fourth and fifth papers, respectively. The raw materials in the murine studies were 
chosen, as shown in previous works, on the basis of the DF’s availability to give 
specific SCFAs and/or to its capacity to change the microbiota composition. In the 
first study, pectin, known to produce acetic acid, guar gum, which produces 
propionic acid, and a mixture of pectin and guar gum, which produces butyric acid, 
were included in the diets of rats. A novel method was then developed for the 
analysis of BAs in caecum/faeces. In paper II, materials with distinct molecular 
properties of the DF (pectin with two DE values – 24% and 70% and guar gum with 
three viscosities – high, medium and low) were used to investigate whether 
differences in the physico-chemical properties were also important for the BA 
composition. In the third study, rats were fed two varieties of barley (increased 
abundance of Lactobacillus) with different contents of DF and -glucan in order to 
evaluate their influence on the caecal BA composition. In paper IV, an analytical 
method for analysing BAs in blood was set up. The BA composition was then 
investigated in Apoe-/-mice fed with different fractions of lingonberries (whole, 
soluble and insoluble), known to increase the abundance of Bacteroidetes. In paper 
V, a drink containing turmeric, with its high content of polyphenols (curcumin), was 
given to healthy humans prior to breakfast. A study parallel to this one, using the 
same material, showed effects on metabolic risk markers (lipid profiles, insulin 
sensitivity and appetite responses) associated with cardiovascular diseases. 

Test materials  

Rats. In paper I, the amounts (total and concentration) of BAs in caecum of rats fed 
highly fermentable DF; pectin and guar gum, individually or as a mixture were 
analysed by a newly developed extraction and analytical method. Test materials 
were received from Sigma Aldrich, St. Louis, MO, USA, described extensively in 
another study [168].  
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In paper II, the effects of pectin and guar gum with different physico-chemical 
properties on the amounts of BAs in caecum of rats were investigated. Pectin with 
two degrees of methoxylation (low and high methoxylation) and guar gum with 
three different MWs (high, medium and low) were then included as test materials. 
The DF in this study was supplied by Danisco (Norrköping, Sweden). The lowest 
MW of guar gum was prepared in the laboratory [169]. 

In paper III, two hulled barley varieties, SW and Hadm, with different -glucan and 
DF content, were used. These two barley varieties were provided by Lantmännen 
SW Seed AB (Svalöv, Sweden).  

Mice. In paper IV, the concentration of BAs in the blood of mice fed different 
fractions of lingonberries (whole, soluble and insoluble lingonberries) was 
investigated. Whole lingonberries were purchased from Skogsmat i Uddeholm AB 
(Karlstad, Sweden). Soluble and insoluble fractions of whole lingonberries were 
produced in the laboratory. 

Humans. In paper V, turmeric-based beverage (TUR) was served to human subjects 
prior to consumption of high-fat or medium-fat breakfasts. Turmeric powder was 
bought from Santa Maria (Sweden).  

The studies, the source of DF, diets and the analyses are all summarized in Table 1.  

  



37 

Table 1.  
Overview of the studies, diets and factors studied. 

Paper  Number of groups 
(rats/mice/subjects 
per group) 

Length 
of 
studies 

Diet Methods and analysis 

I 4 (n=7, rats) 28 days  Control (No fibre)  
Pectin 
Guar gum  
Mixture of pectin and guar 
gum  
All diets in high-fat setting 

Hollow-fibre liquid-
phase microextraction  
Gas chromatography 
Caecal BAs 

II 12 (n=7, rats) 21 days Control (No fibre)  
Pectin with low and high 
methoxylation 
Guar gum with low, medium 
and high molecular weight  
All diets in low and high-fat 
settings  

Hollow-fibre liquid-
phase microextraction  
Gas chromatography 
Caecal BAs 
Microbial diveristy in 
Caecum 
Lipopolysaccharide-
binding protein level in 
serum 

III 8 (n=7, rats) 25 days Control (Cellulose)  
Barley (SW and Hadm) 
All diets in low and high-fat 
settings 

Hollow-fibre liquid-
phase microextraction  
Gas chromatography 
Caecal BAs 

IV 5 (n=7, mice) 56 days Control (Cellulose) in low 
and high-fat settings 
Lingonberry fractions 
(whole, soluble and 
insoluble) in high-fat setting 
 

Protein precipitation  
Ultra-high-performance 
liquid chromatography–
mass spectrometry  
BAs in heart serum 
samples  

V 12 (Men= 5, 
Women= 7) 

Acute 
study 

Medium and high-fat 
breakfasts with water 
(control diet) 
Medium and high-fat 
breakfasts with turmeric-
based beverage (test diet) 

Protein precipitaion  
Ultra-high-performance 
liquid chromatography– 
mass spectrometry  
Venous BAs   

Diets 

All rats’ diets contained a similar amount of basal ingredients such as added protein, 
fat, oil, sucrose, vitamin and mineral mixtures, choline chloride and DL-methionine. 
However, the mice diets had a slightly different basal composition. The detailed 
information can be found in the different papers.  

Test diets in rat studies. Based on dry weight, the DF content of all the diets in 
studies I–III was 80g/kg. A lower fibre level (50g/kg) was also included in study III, 
to be able to evaluate the effect of -glucan. The barley flour was included at two 
levels in the diet [(299g/kg for 50 Hadm and SW) and (481g/kg for Hadm)], and 
then it was possible to evaluate the effects of barley flour, DF, -glucan and other 
fibre components. Wheat starch was used to balance the dry matter content of the 
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diets. Diets were tested in LF and HF settings (studies II and III) and only in a HF 
setting for study I.  

Control diets in rat studies. The control diets in studies I and II contained no fibre, 
only wheat starch. Wheat starch is totally digested in the small intestine and does 
not contribute to any fermentation in the hindgut [173]. The control diet in study III 
contained cellulose. Microcrystalline cellulose, referred to as cellulose, is very 
resistant to fermentation and only contributes with minor amounts of SCFAs. All 
diets were mixed in the laboratory. In all these studies, BAs in the caecum were 
measured.   

Test diet in mouse study. In study IV, the mice were fed diets containing 60g/kg DF 
(whole and insoluble lingonberry fraction) or 15g/kg DF (soluble DF fraction).  
Corn starch was used to adjust the dry matter content. The diets were tested in the 
LF and HF settings.  

Control diets in mice study. Cellulose was used in the control diets in both the LF 
and HF settings.  

The lingonberry fractions were separated into soluble and insoluble fractions by 
simulating physiological conditions in the gut according to a method published by 
Jakobsdottir et al. [174]. Before fractionation, the freeze-dried berries were milled 
to a powder by hand in a mortar. Then water was added (5–7L/kg freeze-dried 
berries) and pH was measured and adjusted to 2 by adding HCl. The mixture was 
heated to 80°C in a metal pot while being stirred and was then centrifuged, filtered 
(soluble fraction) and frozen at -20°C before freeze-drying. The precipitate was also 
freeze-dried and defined as the insoluble fraction of the DF. By applying these 
conditions, soluble fibre was liberated, DF was preserved as much as possible, and 
all berry components were also extracted. The diets contained 60g/kg DF (whole 
and insoluble lingonberry fraction) or 15g/kg DF (soluble DF fraction). In this study 
BAs in blood were determined.  

Test meals in human study. In study V, the subjects were given isocaloric (423 kcal) 
medium-fat (MF) or HF breakfasts after consumption of a test drink containing 
turmeric or flavoured water. The micronutrient composition of the breakfasts was 
as follows: protein (15.7g or 13.0g for MF and HF, respectively), carbohydrate 
(49.5g and 12.4g for MF and HF, respectively) and fat (18.1g and 35.7g for MF and 
HF, respectively). The type of fat was a mixture of saturated fat (SFA), 
monounsaturated fat (MUFA) and polyunsaturated fat (PUFA). In the HF breakfasts 
the content of SFA and MUFA was higher than in MF breakfasts (227 versus 9.7g 
for SFA and 8.6 versus 4.9g for MUFA), while the amount of PUFA was more 
similar (1.3g for MF breakfast and 1g for HF breakfast). The food items included in 
order to reach the desired energy content of the breakfasts were: 105g white bread, 
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30g Gouda cheese, 5g butter and 5g cream cheese in the MF breakfast and 25g white 
bread, 42g Gouda cheese, 20g butter and 19g cream cheese in the HF breakfast.  

The test drink (220 mL) contained 185mg gallic acid equivalents and was prepared 
as described by Zanzer et al. [175]. Flavoured water (200 mL) was used to extract 
20g of dried turmeric powder. After extraction the residue was removed and only 
the liquid part was used for the test drink. Postprandial BAs in serum were analysed. 

Control meal in human study. Flavoured water (220 mL) was consumed as a control 
beverage in this study.  

The contents of fat, DF and protein in studies I–IV are summarised in Table 2. 
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Experimental design  

Animal studies  
BAs in caecum of rats. The rats used were conventional male Wistar rats purchased 
from Scanbur AB (Sollentuna, Sweden) (papers I and II) or from Taconic (Lille 
Skensved, Denmark) (paper III). They were randomly divided into seven rats per 
group. In all three studies, the rats were housed in large polycarbonate cages and 
allowed to acclimatize to the environment for 5–6 days before starting an 
experimental period of 21–28 days. The room temperature was 22°C and a 12-hour 
light/dark cycle was used. The relative humidity in the room was 50–60% and there 
was free access to water throughout all the studies. In paper I, only caecum samples 
from 4-week experiment rats were used to validate the analytical method, although 
there were rats that were exposed to experiments lasting for 2 and 6 weeks [168]. 
Daily feed intake was limited to 12g/day for the first 2 weeks, increasing to 20g/day 
the following weeks. At the end of each experiment, the animals were sedated with 
a subcutaneous injection of a mixture (1:1:2) of Hypnorm (Division of Janssen-
Cilag Ltd, Janssen Pharmaceutica, Beerse, Belgium), Dormicum (F. Hoffman-La 
Roche AG, Basel, Switzerland) and sterile water, at a dose of 0.15mL/100g body 
weight. Caecal content was collected to analyse BAs (papers I, II and III) and 
microbiota composition (paper II).  

BAs in blood of mice. The mice used in paper IV were Apoe-/-male mice obtained 
from Taconic Bioscience Inc. (Silkeborg, Denmark). They were randomly divided 
into seven mice per group with the exception of the group fed the insoluble 
lingonberry fraction where six mice were included. The mice were adapted to the 
environment for 7 days, where the temperature was 22°C with a 12-hour light/dark 
cycle. The experiment was 8 weeks long after adjustment to the environment. After 
the experimental period, the animals were anaesthetized using isoflurane, and blood 
samples from the heart were taken.  

All the animal experiments were approved by the Ethics Committee for Animal 
Studies at Lund University.  

Human study 
Healthy, young volunteers with normal body mass indices and good health profiles 
were recruited to the study. Smoking or snuff usage, vegetarianism or veganism, 
and the taking of dietary supplements or drugs were exclusion criteria. A list of low-
phenolic foods (consisting of unflavoured dairy products, white wheat bread, egg, 
fish, meat, pasta (no whole grain), potatoes without peel and white rice) were given 
to the participants and they were asked to follow this low-phenolic diet for 48 hours 
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prior to the study day. In order to standardise the behaviour of the participants, they 
were asked to consume white bread (264 kcal) and to drink water the evening before 
a test. The subjects arrived at the clinical faculty in the Food for Health Science 
Centre, Lund University, Sweden in the morning (at 07.45), after fasting overnight 
for 10 hours. The test subjects rested for about 10 minutes and then a catheter was 
placed in the forearm and venous fasting blood samples were collected. At 08.00, 
the test drink was taken and consumed within 5 minutes. 10 minutes after the test 
drink, the participants ate the isocaloric breakfasts. Afterwards, the blood samples 
were taken at 15, 30, 45, 60, 120, 180 and 240 minutes after the start of the actual 
breakfast. The design of the study was a randomized four-arm study and the protocol 
was approved by the Reginal Ethical Board in Lund, Sweden.  

Sample preparation and final analysis  

Most biological samples (aqueous, solid or semi-solid) contain complex matrices 
(substances and particles) that are not in a form that can be directly introduced into 
the analytical instruments. The sample thus has to go through a procedure before it 
can be subjected to the final analysis. This process is known as “Sample 
preparation” [176]. It can be as simple a procedure as mere dilution of the sample, 
or be a complex multistep sample treatment. The extraction method is important in 
order to allow an adequate detection of actual components and has to be thoroughly 
tested to make studies comparable. The main purposes of sample preparation are 1) 
to remove the unwanted constituents within the sample matrix in order to avoid any 
damage to the column or instrument; 2) to pre-concentrate the trace levels of 
analytes to a sufficient and detectable quantity; and 3) to transfer the analytes into a 
form that is compatible with the final analytical technique [177].  

Liquid-liquid extraction 

Liquid-liquid extraction (LLE) is based on the relative solubility of analytes 
(components) in two immiscible liquid phases. The basic principle of LLE is based 
on the mass transfer of analytes between these two liquids. The extractor unit in 
LLE is fed with a liquid sample solution (donor) containing the analytes to be 
extracted. There is a solvent in the extractor which should be unmixable with the 
donor and thus these two liquid phases form a dispersion with diffused droplets in 
another liquid. Based on the mass transfer of the analytes, the extraction occurs from 
the first liquid to the second one [178]. In order to perform an efficient extraction of 
BAs in a very limited amount of samples (caecum), hollow-fibre liquid-phase 
microextraction (HF-LPME) was chosen for use in studies I–III. This extraction 
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technique is suitable for extracting trace amounts of BAs from the caecum sample, 
which is full of impurities. However, as the caecum samples were in solid form, a 
suspension was first made by adding HCL to the freeze-dried caecal materials and 
a solid-liquid equilibrium in the carrier was formed, where the HF-LPME could be 
applied. The small amount of caecum samples obtained from each rat is another 
reason to choose HF-LPME.  

Hollow-fibre liquid-phase microextraction (HF-LPME) 
Hollow fibres are made from organic polymers such as polypropylene and are 
relatively cheap to apply in research. An image of typical hollow-fibre membranes 
is shown in Fig. 5.  

 

Figure 5.  
Typical hollow-fibre membrane characteristics: 200 μm wall-tickness, 600 μm inner diameter and 0.2 μm pore size.   

HF-LPME is a technique widely used in a considerable variety of applications from 
environmental to biological science [179-183]. The advantages of this extraction 
technique are several: high selectivity and enrichment factors, sufficient clean-up 
efficiency, low cost and low consumption of organic solvents [184]. HF-LPME is 
based on selective filtration in which compounds that are less than 0.2 μm in size 
and have certain physico-chemical properties can pass through a liquid supported in 
the hollow-fibre membrane pores, from the sample solution (donor) and into the 
interior of the hollow-fibre lumen that contains the extractor solution (acceptor) and 
the interferences remain in the donor phase.  

The HF-LPME is performed in a two or a three-phase system. The two-phase 
system, which is compatible with gas chromatography (GC), is applied when the 
analytes are hydrophobic and the acceptor phase is an organic solvent (the same as 
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that with which hollow-fibre pores are filled). In the two-phase HF-LPME, the 
analytes are extracted from the donor phase into the acceptor phase (organic solvent 
is present both in the porous wall and the lumen of the hollow fibre) [185, 186]. On 
the other hand, the three-phase extraction system is mostly used when the targeted 
analytes are hydrophilic protolytes and is compatible with reversed-phase high-
performance liquid chromatography (HPLC). The acceptor solution in this case can 
be aqueous (acidic, alkaline) or an organic solvent (different from the one used in 
the membrane) [187, 188]. The principle behind the two techniques is illustrated in 
Fig. 6.  

 

Figure 6.  
Principle of (a) two-phase and (b) three-phase HF-LPME. 

The HF-LPME method that was developed and used for analyses of different BAs 
in samples from caecum of rats and that can also be applied on faecal samples in 
e.g. human samples, is in two-phase mode (papers I, II and III) and is briefly 
described below and in detail in paper I.  

Unconjugated BAs are hydrophobic and non-charged compounds and can therefore 
easily be transferred from an aqueous solution through a membrane into an organic 
solvent. The migration of the neutral molecules continues until the concentration of 
analytes in the donor and acceptor phases goes to equilibrium [189]. HF-LPME was 
applied on caecum samples of rats as a pre-concentration and clean-up step. All 
hollow-fibre membranes were purchased from Membrana (Wuppertal, Germany).   

The hollow fibres were cut into pieces (approx. 8 cm), sealed at the two ends using 
a soldering iron, rinsed in acetone and dried at room temperature. The length of the 
hollow fibres depends on the final volume to be extracted from lumen of the fibres. 
The higher the volume needed, the longer the hollow fibre should be cut. The fibres 
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were sonicated in the organic solvent for 1 hour in order to be properly filled with 
the organic solvent. The choice of the organic solvent is of great importance for the 
extraction efficiency. In general, the organic solvent should be non-volatile, 
insoluble in water to avoid mixing with phases (donor and acceptor), have low 
viscosity as the mass transfer of the analytes is inversely related to the solvent’s 
viscosity, and provide high solubility for the targeted analytes [190]. Thus, the best 
organic solvent for non-polar compounds and which was used in the method was 
di-n-hexylether (DHE). Based on other studies on HF-LPME, 10% tri-n-
octylphosphine oxide (TOPO) was also added in the organic phase in order to 
increase the enrichment of analytes with low polarity [191, 192]. For extraction, one 
piece of hollow fibre was placed in the aqueous suspension of caecum samples 
under continuous magnetic stirring. Stirring results in a shorter extraction time with 
enhanced mass transfer into the acceptor phase [193]. After 2 hours of extraction, 
the hollow fibres were taken out and the solvent (acceptor) in the lumen was flashed 
out. Finally, the extracted analytes were derivatized in order to be further detectable 
in GC.  

The procedure of HF-LPME of BAs is shown in Fig. 7.  

 

Figure 7.  
HF-LPME of BAs.  

Protein precipitation extraction  

A protein precipitation procedure was used for serum samples in order to be able to 
increase the extraction recovery by reducing the suppression effects of the matrix in 
the final analysis step. The protein precipitation in the serum samples in the present 
work was performed using a reagent that has been widely used for this purpose in 
biological samples [194-196]. The procedure is quite simple and started by adding 
cold methanol (in the form of internal standard mixture dissolved in methanol) to 
50 μL serum samples. After the samples had been vortexed, incubated and 
centrifuged, the supernatant was collected and dried in a Mivac concentrator. The 
residue was dissolved in 100 μL of water and injected into an ultra-high-
performance liquid chromatography–mass spectrometry (UHPLC–MS) system.    
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This procedure was applied on serum samples in papers IV and V.  

Many other extraction techniques such as HF-LPME and solid-phase extraction 
(SPE) were tested for the extraction of the BAs (free and conjugated BAs) from 
serum samples. However, due to the chemical properties of conjugated BAs, these 
extraction methods were not suitable for selective extraction of conjugated BAs and 
the recovery of the conjugated BAs was quite low. A simple protein precipitation 
extraction was then tried, and all BAs present in blood samples being successfully 
extracted, and this was finally chosen as the most advantageous technique. The 
extraction method was also applied on plasma samples but, as serum generally has 
a cleaner matrix and as no differences in results were seen, it was decided to be used 
for analysis in studies IV and V.   

Chromatographic techniques 

The physico-chemical properties of the analytes and the origin of the samples 
(biological, environmental) determine which separation technique can be used. 
Different chromatography techniques were examined to finally choose the best 
separation method for analysis and detection of BAs in caecum and serum samples.  

Gas chromatography (GC) 
BAs in caecal material (papers I–III) were analysed using GC, a robust and versatile 
tool for analysing volatile and semi-volatile compounds. The polar functional 
groups in BAs (hydroxyl and carboxyl groups) could thus be easily derivatized into 
a detectable form before being injected into the GC. GC is also compatible with the 
extraction technique (HF-LPME) used for caecum samples. An Agilent GC system 
coupled to a flame ionization detector (FID) was used (Agilent Technology Inc., 
Santa Clara, CA USA). The GC instrument was equipped with a split/splitless 
injector and an Agilent auto-sampler. The column used to separate analytes was a 
high temperature durable fused-silica capillary column coated with cross-linked 
methyl silicone (HP-ULTRA 1, J&W Scientific, Agilent). Helium gas was used as 
carrier gas. The detailed instrumental conditions are described in paper I.  

In total, nine unconjugated BAs were detected in a 25-minute run.  

Ultra-high-performance liquid chromatography–mass spectrometry (UHPLC–MS) 
BAs in serum samples (papers IV and V) were quantified using ultra-high- 
performance liquid chromatography (UHPLC) coupled to quadrupole time-of-flight 
(QTOF) mass spectrometry. Separation was performed on an Acquity UPLC system 
(Waters Corporation, Milford, MA) equipped with a CSH-C18 column (Waters 
Corporation) by gradient elution using mobile phases containing 0.1% formic acid 
in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The analytes 
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were detected by electrospray ionization (ESI) mass spectrometry on a Xevo-G2 
QTOF mass spectrometer (Waters MS Technologies, Manchester, UK) operated in 
negative mode. Spectra were collected in the m/z range 100/800. The detailed 
method description is presented in paper IV.  

Other available separation methods such as LC-UV and GC-FID were also tested 
for detecting BAs in serum. The UV detection showed very low sensitivity for 
conjugated BAs and GC required a derivatization step and had low chromatographic 
selectivity regarding the conjugated BAs. Thus, a UHPLC–MS method was set up. 
It was then shown that the LC-MS method provided high sensitivity and selectivity 
which could also isolate co-eluting peaks according to the mass selectivity. Since 
blood (serum) samples have a complex matrix, the UHPLC–MS method enabled us 
to analyse 21 free and conjugated BAs during a 16-minute gradient elution with a 
high resolution. 

A chromatogram of the standard solution (500 μg/mL) of all BAs and a 
chromatogram of a rat serum sample are shown in Fig. 8. Serum samples from rats 
were used for method validation and as rats have both taurine and glycine-
conjugated BAs, we could see all BAs peaks in the chromatogram. 

 

Figure 8.  
UHPLC chromatograms of a) standard solution of 21 BAs (500 μg/mL), and b) serum sample from rats. 

The sample preparation procedures and the principle and detailed information 
regarding the chromatography methods used in this work are presented in Table 3.  
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Results and Discussion 

Beyond their classical functions in fat metabolism and bile formation, BAs can act 
as signalling molecules in different processes connected to our health, such as 
treatment of liver diseases, cholesterol gallstones, type II diabetes and neurological 
diseases. Only little is known about how these molecules are affected by diet, and it 
is therefore a challenge to investigate whether the BA profile can be modulated by 
diet. In this respect, different types of DF and other indigestible food components 
are of special interest, as they may change the microbiota composition, which in 
turn alters the BA profile. With this background, food components, either DF or 
polyphenols, both with prebiotic potential, were included in test diets for rats (papers 
I–III), mice (paper IV) and humans (paper V). The biological samples analysed were 
either caecum (the rat model) or serum samples (mice and human models). Caecum 
of rats was chosen as most of the fibre fermentation occurs in this part of the hindgut 
and it is also possible to make a quantitative collection of the content.  

Different types of fermentable DF are known to give different caecal profiles of 
SCFAs and this is also connected with changes in the microbiota. In a study by 
Jakobsdottir, et al. it was shown that the fermentable DF pectin, guar gum and a 
mixture of the two could alter the formation of SCFA and improve overall health by 
lowering blood glucose and cholesterol levels [168]. In the same study, it was also 
reported that guar gum increased the abundance of Bacteroides. In paper I, it was 
therefore investigated whether these types of fermentable DF could also alter caecal 
BA composition. For this purpose, an extraction method was needed in order to 
extract the BAs from caecal materials quantitatively. Many extraction techniques 
are available, such as C18 solid-phase extraction, ethanol and enzymatic extraction 
[197, 198], but as these conventional methods are time-consuming and require 
considerable consumption of organic solvents, an alternative extraction method was 
developed (paper I), followed by a GC method to quantify free BAs. The method 
was efficient for extracting the BAs with high selectivity and good reproducibility. 
The method was applied on caecum samples of rats fed with different types of DF 
(pectin, guar gum and a mixture of the two). The method developed was also used 
to analyse the caecal BA composition in two more studies (papers II and III), one 
containing DF with distinct physico-chemical properties and one on whole barley 
flours containing different amounts of -glucan.   
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As BA composition in the caecum was altered by different DF intake, it would be 
interesting to see whether changes in diet are also reflected in blood. A methodology 
for blood would also facilitate dietary studies in humans, as analyses have to be 
done in faeces, with most BAs already having been absorbed. Furthermore, the 
analysis of BAs in blood would be good biomarker of diseases and possible 
preventive effects of diets. An analytical method was therefore also set up and 
applied for serum samples of mice and humans. In the mouse study, different 
fractions of lingonberries were included in the diets (paper IV) and humans were 
fed a drink containing phenolic compounds (turmeric, which contains curcumin) 
prior to breakfasts. In the human study, the postprandial BA composition was 
studied throughout a four-hour period (paper V).  

Part I. Analytical perspective  

This thesis consists of two analytical methods (papers I and IV) that were used to 
quantify BAs in biological samples. The HF-LPME technique together with GC 
connected to FID demonstrated good separation and quantification of unconjugated 
BAs in caecum samples from rats, while free and conjugated BAs in serum samples 
could not be analysed by this technique, having instead to use another methodology, 
UHPLC–MS. Chromatograms of extracted BAs are presented in Fig. 9.  

 

Figure 9.  
a) GC Chromatogram of extracted unconjugated BAs from spiked (2 μg/mL) caecum sample of rats fed with pectin, 
and b) Ion chromatogram of free and taurine-conjugated BAs in serum sample of mice. 
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Method validation  

It is important to have adequate methodologies to be able to repeat and reproduce 
results and to avoid inter and intra-differences between studies. In the method 
validation, the reliability and consistency of a specific method for the quantitative 
determination of the components of interest is confirmed and this is particularly 
important in biological samples. The terms used in method validation are linearity, 
precision, accuracy and limit of detection and quantification, and reporting limit. 

Linearity 
Linearity is the ability of an analytical method to gain results that are proportional 
to the concentration of the analyte in different samples [199].   

The regression coefficient (r2 or R2), often used to define the linearity, is the slope 
of the regression line representing the change of one variable (y) as a function of 
changes in the other variable (x), Eq. (1). 

y = ax + b              (Eq. 1)  

The linearity of the analytical methods for all BAs analysed in papers I and IV was 
higher than 0.9840 and 0.9931, respectively.  

Precision 
Precision is determined based on repeatability and reproducibility of the analytical 
method. Intra-day precision, a term describing the repeatability, is measured by 
sample analysis repeated 3 to 6 times on the same day, while inter-day/intermediate 
precision, describing reproducibility, expresses the variations between different 
days. Precision is presented as relative standard deviation (RSD%) [200]. 

The intra-day and inter-day precision of the nine free BAs quantified in study I were 
6.3–10.6% and 6.9–11.1%, respectively, while the intra-day and inter-day precision 
of the 21 free and conjugated BAs in study IV were 1.7–10.2% and 2.6–39.5%, 
respectively. The high values of inter-day precision in study IV may be due to any 
possible defect from sample processing between different days, which is not 
expected.   

Accuracy 
In this work, the accuracy is reported as percent recovery.  

The recoveries in papers I and IV were determined by spiking specific 
concentrations of analytes (BAs) into the blank samples (caecum or serum) and were 
calculated as the ratio of the concentration found to the concentration spiked [201].  

The recovery values in study I, measuring free BAs, were between 84 and 109% 
and the average recovery for unconjugated, glycine and taurine-conjugated BAs in 
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study II were 118, 108 and 106%, respectively, i.e. somewhat higher than the 
recoveries reported in a study by Want et al., which were 80, 98 and 86% [202]. 

Limit of detection and quantification 
Limit of detection (LOD) is defined as the lowest concentration of the analyte that 
can be detected in the sample. This means it is the lowest injected amount of the 
analyte, giving a peak with the height corresponding to three times the noise level 
of the baseline. The limit of quantification (LOQ) is the lowest amount of the analyte 
in the sample that can be quantified using an analytical method. Both the LOD and 
LOQ in paper I were calculated from the signal-to-noise ratio. However, in paper 
IV, where the high-resolution mass spectrometry detector (QTOF) was used for 
detection, it was preferable to calculate LOD and LOQ on the basis of accuracy, due 
to low background noise. This experiment has not been performed yet, due to the 
lack of a BA-free serum. Instead, the reporting limit (RL) of the lowest calibration 
point (5ng/mL) for all BAs was presented instead of LOD and LOQ, with two 
exceptions. In this respect, for LCA and TLCA the MS responses were lower 
compared to the other BAs, resulting in higher RL of 50 and 10 ng/mL, respectively.  
The LOD and LOQ in study I were 0.002–0.067 μg/mL and 0.006–0.224 μg/mL, 
respectively, while the signal-to-noise ratio in study IV was between 14 and 85. 

Standard addition  
In order to compensate for sample matrix effects when extracting caecal BAs, the 
method of standard addition was used (papers I–III). Four caecum samples (at three 
different quantities) were spiked with a mixture of BAs to a final concentration of 
0.5, 1.0, 1.5 and 2.0 μg/mL prior to extraction. The analyte concentration in the 
acceptor phase was plotted versus the added concentration to the samples. The initial 
concentration in the samples was then calculated as the intercept of the regression 
line with the x-axis. A quantity of 20 mg caecum samples was chosen to be adequate 
for the further analyses.  

LCA behaved differently compared with other free BAs in relation to the standard 
addition method. The intercept at the y-axis for LCA showed the same content when 
different amounts of caecum samples were used, showing significant matrix effects 
for LCA. For other BAs, the intercept at y-axis increased as expected when the 
amount of caecum increased (Fig. 10). However, with the higher amount of caecum 
samples, the intercept at x-axis for all BAs increased, which means that all caecum 
samples (regardless of weight) showed the same concentration. 
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Figure 10.  
Standard addition curves for (a) LCA, and (b) other free BAs expect LCA.  

Part II. Role of dietary fibre on caecal bile acids 

Pectin, guar gum and the mixture of the two fibres (paper I), guar gum with three 
viscosities (high, medium and low), pectin with two degrees of methoxylation 
(paper II) and two barley varieties resulting in three levels of -glucan in the diets 
(paper III), were given to rats to elucidate the effects of fermentable fibre on caecal 
BA composition and some metabolic parameters. The control diets in the first and 
second studies did not contain any DF, while the control diet in the third study 
contained cellulose. These discrepancies in diet composition between control diets 
would most probably not have any effect on the formation of secondary BAs, as the 
cellulose used is more or less completely resistant to bacterial degradation and only 
increases the bulk in the hindgut of rats [106]. Previous studies have also shown a 
very low formation of SCFAs with cellulose [143, 203].    

In order to determine the relationships between specific BAs and different DFs, a 
principle component analysis (PCA) was performed with the data from studies I–III 
(Fig. 11). A clear grouping could be seen among the BAs. CA, CDCA, UDCA and 
MCAs were clustered together in the right side of the plot and these BAs were higher 
in the diets containing guar gum, a mixture of guar gum and pectin (paper I) and 
guar gum with medium MW (paper II), than in the controls and other fibre diets, 
when studied in HF diets. These BAs, often connected with health benefits, were 
negatively correlated with the control diets (fibre-free and the cellulose diets) 
showing the impact of fermentable fibre in the diet for increasing the concentration 
of BAs with health benefits. Furthermore, among the barley diets, SW showed high 
amounts of these BAs, but not in the LF setting.  



54 

DCA, LCA and HDCA created a separate group on the left side of the plot and these 
BAs were highly associated to the control diets in the HF setting. Furthermore, SW 
(contributing with the highest amount of -glucan) was also related to these BAs. 
Thus, a high amount of fat together with a high amount of fermentable -glucan 
seems to favour the formation of these BAs. The reason for that is not known, but it 
should be noted that this diet also increased the amount of succinic acid. Succinic 
acid with its low pKa (4.16), compared with the mean pKa value of SCFAs (4.8), 
leads to a low colonic pH and may consequently affect the BA composition in this 
way [170, 204]. It may be speculated whether this low pH also affects the microbiota 
composition, as pathogens, for example, are said to proliferate at high pH.  

 

Figure 11.  
Correlation between BAs and different types of dietary fibre, by using principle component analyses.  

Effect of dietary fibre composition 

The amount and composition of BAs were changed when fermentable types of DF 
were included in the diet. It should be emphasized that all fibre investigated was 
highly fermentable, although the monomeric composition differed. The types of DF 
selected have also been shown to result in different patterns of SCFAs when 
fermented by the microbiota in the hindgut of rats. Furthermore, the diets discussed 
here and given to the rats all contained 80g/kg DF.  
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Guar gum (papers I and II), consisting of galactomannan, and barley (paper III), 
containing -glucan and arabinoxylan, gave significantly higher amounts of CA 
compared with the control diets (P<0.05). When pectin, a galacturonan, was 
included, the total amount of CA was also higher, but the increase was only 
significant in study I. These results are quite interesting as the beneficial health 
effects of CA have been extensively studied, and it has been verified that CA inhibits 
hepatic accumulation of triglycerides and LDL secretion, which are associated with 
cardiovascular mortality [205]. CA also prevents hypercholesterolaemia through 
increased cholesterol absorption [31] and this BA may also inhibit obesity and 
hyperglycaemia induced by a HF diet [40].  

The total amount of CDCA also increased with guar gum (papers I and II) and barley 
(paper III) compared with their respective controls (P<0.05), while pectin had no 
effects. CDCA has been reported to increase glucose tolerance [206] and dissolve 
cholesterol gallstones [32].  

In respect of UDCA, guar gum and the mixture of pectin and guar gum (paper I) 
and barley (paper III) increased the total amounts of this BA compared with their 
controls (P<0.05). Pectin had no effect on UDCA, neither in study I nor in study II, 
and guar gum had no effect in study II. The reason for the discrepancies relating to 
guar gum between studies I and II is not known. However, it may be speculated 
whether guar gums can be fermented more slowly/rapidly due to the MW. The MW 
of guar gum in study I is not known. Teixeira et al. have shown that the properties 
(e.g. viscosity and MW) of the DF components are important for the amount 
delivered to ileum, in a dynamic gastrointestinal in vitro model [207], affecting the 
subsequent fermentation of the DF. Furthermore, it cannot be excluded that there is 
some viscosity left in caecum affecting the binding of BAs to the DF. The increase 
of UDCA is promising as UDCA has been widely used as a therapeutic option in 
the treatment of liver disorders such as cystic-fibrosis liver disease [35, 208] and 
cholestasis liver disease [36], and it can improve liver function through its anti-
inflammatory effects and ability to improve nutritional status of the colon mucosa 
[38]. With regard to the non-effect of pectin on UDCA, it may be questioned 
whether this is due to the fact that this substrate gives high amounts of acetic acid 
and low amounts of butyric acid during fermentation [143].  

In respect of MCAs ( -, - and -MCA), which act as cholesterol eliminators in 
rodents [41], all types of fermentable DF increased the caecal amounts of these BAs 
compared with the control diets (P<0.05). The highest amounts of these BAs were 
observed in rats fed guar gum, with the exception of -MCA in study I, where the 
highest amount of this BA was observed in the group fed the mixture of pectin and 
guar gum followed by guar gum and then pectin.  

The secondary BAs (DCA, LCA and HDCA), often associated with negative 
metabolic effects, were generally reduced with all types of fermentable DF 
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compared with the control diets. This can be another beneficial effect of the 
consumption of fermentable DF, as it has been broadly reported that these secondary 
BAs are associated with liver diseases, colon cancer and apoptosis [48, 209].  

Effects of level of fibre and -glucan  

Hadm was included at two DF levels in the diets (50g/kg and 80g/kg) and the higher 
level of DF increased the total caecal amounts of BAs, except for LCA and DCA, 
which decreased. This is interesting, showing the need for a fermentable fibre to 
improve the BA profile.  

Due to the design of the experiment in study III, the diets given to rats also 
contributed with different levels of -glucan. It was then shown that the -glucan 
content of barley had a considerable effect on the amount of CA in the LF setting 
and the higher the -glucan content the higher the amount of caecal CA. Thus, 
among the barley diets, SW, which contained the highest amount of -glucan, 
showed highest total caecal amounts of CA (Fig. 12). A similar pattern could be 
seen with UDCA and MCAs. In the HF setting, the -glucan content had the same 
effect on CA. However, with UDCA and MCAs, the highest amount was seen in the 
group fed Hadm, i.e. the diet with medium -glucan and highest amount of 
arabinoxylan and also barley flour. In this respect it may be emphasized that barley 
flour contains antioxidants in the outer layers of the seed [210], which may also 
have an effect.  Interestingly, the most pronounced increase in the amount of CDCA 
was observed in rats fed the diet containing highest amount of arabinoxylan in HF 
as well as LF settings (Fig. 12).  

The total amounts of DCA and LCA were lower with the higher amount of barley 
flour and arabinoxylan compared with the other groups in both LF and HF settings 
(Fig. 12). This can be due to the beneficial health properties of arabinoxylan, which 
has been reported to improve postprandial metabolic response and reduce plasma 
cholesterol concentrations [117, 211]. HDCA was not affected by the -glucan 
content in the LF or the HF settings (Fig. 12).  
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Figure 12.  
Total amounts of BAs in the caecum of rats fed cellulose or different levels of fibre, -glucan content from two barley 
varieties.  

Effect of molecular weight 

Viscosity is closely related to the MW of DF and it has previously been reported 
that a high viscosity of the fibre can improve the metabolic effects [212]. The reason 
for that is that the viscous fibre may bind BAs throughout the intestine, with BAs 
then escaping the reabsorption from ileum and being excreted to a great extent in 
faeces. Consequently, cholesterol levels are reduced as the enterohepatic circulation 
is constant [213]. However, if the fermentation and microbiota composition is a 
mechanism in this respect, as increasingly discussed, DF with low viscosity and low 
MW may also have an effect. Thus, guar gum with three different MWs (high, 
medium and low) were tested in LF and HF settings in paper II. It was then shown 
that the effect of MW among the LF diets was not particularly pronounced, although 
not negligible, i.e. the BA profile was quite similar. The amount of CA and MCAs 
increased with all guar gum diets, while the amount of LCA and DCA was generally 
lower, although not significant (Fig. 13). 

In the HF setting, clearer effects could be seen and the medium MW guar gum was 
the most effective at increasing the amount of caecal CA, CDCA, UDCA and MCAs 
in the rats and in reducing the amount of DCA and HDCA (Fig. 13). These findings 
are promising as, in another study using the same materials, guar gum of medium 
viscosity produced higher amounts of butyric acid and reduced blood cholesterol 
and triglyceride levels to the greatest extent [169]. In that study, it was also shown 
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that medium MW guar gum had higher numbers of Bifidobacterium, which could 
be a reason for the results. Bifidobacterium has been related to an increased 
formation of butyric acid which per se leads to health-promoting effects [214]. 
Furthermore, guar gum with low and high MW also had, as seen with the medium 
viscosity guar gum, a reducing effect on the amount of DCA and HDCA, but to a 
lower extent.  

 

Figure 13.  
BAs in caecum of rats fed guar gum with three different molecular weights in (a) LF diets and (b) HF diets.  

Effect of methoxylation  

The hypothesis of including pectin with two degrees of methoxylation (paper II) 
was that BAs may bind to pectin to a greater extent when the pectin has low 
methoxylation and consequently affecting the results [110]. However, the two 
methoxylated pectins gave very similar results. Some differences were seen and 
LM-pectin in the LF setting significantly increased the caecal amount of -MCA in 
the rats, while the amount of DCA decreased (Fig. 14). Among groups fed the HF 
diets, LM-pectin increased the amount of  and -MCA while the amount of -
MCA increased to a similar extent in both pectin groups. Notably, the amount of 
DCA was significantly lower in both pectin groups compared with the control group 
(Fig. 14).  
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Figure 14.  
BAs in caecum of rats fed different types of pectin in (a) LF diets and (b) HF diets. 

Part III. Bile acids in blood  

Changes in the BA profile in blood serum/plasma due to diet have not been studied 
to any great extent but may be interesting in relation to health. In contrast to the 
caecum samples where the BAs are mostly present in unconjugated forms, BAs in 
blood are found in free and conjugated forms (taurine and glycine conjugated). 
However, the conjugation of BAs in rodents and humans is different. Thus, 
approximately 95% of BAs in mice are taurine-conjugated, while the majority of 
BAs in humans are glycine-conjugated. Rats have both taurine and glycine- 
conjugated forms [10]. In this work, BAs in serum samples of mice (paper IV) and 
serum samples of humans (paper V) were studied.  

Mice 

Berries are well-known for their high content of DF and polyphenolic compounds, 
both of which are connected with a range of beneficial health effects [215, 216]. 
Berries have been reported to reduce fat accumulation and inflammation in liver and 
insulin resistance in mice [125]. Lingonberries have also been reported to reduce 
triglycerides and atherosclerosis and induce hepatic BA gene expression in mice 
[124]. Based on these positive health properties, it was decided to study the serum 
BA profile in mice that were fed different lingonberry samples, i.e. whole 
lingonberries and soluble and insoluble fractions of lingonberries, in order to see 
whether the BA profile could be connected with a specific fraction. All lingonberry 
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samples were tested in a HF setting, while the two control diets containing cellulose 
were both in LF and HF settings (paper IV). Among the three different lingonberry 
fractions, whole lingonberries showed the best BA profile, i.e. it was high in BAs 
connected to beneficial health effects and low in those related to disease. The 
general improvement in the BA profile in the whole lingonberry group may be 
related to the mixture of DF and high content of polyphenols and other components 
(benzoic acid) [217] with antioxidant capacity in lingonberries. A mixture of DF has 
previously been shown to be more beneficial for the formation of SCFAs, such as 
butyric acid, than isolated and pure DF [218]. It has been reported that about 69% 
of DF in lingonberry is insoluble, with approximately half of this amount being 
cellulose, while the soluble lingonberry fraction (approximately 31%) consists 
mainly of uronic acids and arabinose [124]. As already discussed, DF can entrap 
BAs throughout the small intestine, reduce their reabsorption into the liver and, 
consequently affect BA and cholesterol metabolism, which could be a reason for the 
decreased cholesterol level. Another explanation for the reduced triglyceride levels 
in the blood and the lower formation of atherosclerotic plaques after lingonberry 
consumption [124] could be that the berries altered the gut microbiota and formation 
of gut metabolites such as SCFAs, which may also have altered the BA metabolism 
in the gut.  

Unconjugated BAs  
The concentrations of CDCA, UDCA,  and -MCAs were significantly higher in 
the group fed with whole lingonberry compared with the controls and other 
lingonberry diets (P<0.01–P<0.0001) (Fig. 15). CA had another behaviour and was 
most affected by the insoluble lingonberry diet. The mice fed this diet had the 
highest concentration of CA.   

With regard to the secondary BAs, the concentration of DCA also decreased with 
whole lingonberries. These results are interesting as it has been shown that 
lingonberries are able to improve the lipid profile in mice by reducing plasma 
cholesterol and triglyceride levels [124] as well as decreasing liver cholesterol levels 
[125]. This may be related to the higher expression of CYP7A1 in mice fed the 
whole lingonberry diet, as shown previously [124]. This gene is associated with the 
conversion of cholesterol to primary BAs and an upregulation may therefore reduce 
blood cholesterol levels.  

In respect of LCA, the concentration of this BA was lower than RL, which makes 
this BA undetectable. LCA was not reabsorbed to any great extent, which may be 
the reason for the low concentration in the serum.  
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Figure 15.  
Concentration of unconjugated BAs in serum of mice fed with two controls and three different lingonberry samples. 
Green arrows and blue arrow show the most significant effects of whole lingonberry and insoluble lingonberry 
fractions, respectively.  

Conjugated BAs 
The concentrations of taurine-conjugated BAs were also affected by the different 
lingonberry fractions. The diet containing whole lingonberries again showed the 
greatest effects on the concentrations of T -MCA, T -MCA, and TUDCA, which 
were significantly higher compared with control LF (P<0.001–P<0.0001) (Fig. 16). 
This is interesting as TUDCA has been reported to have a strong antioxidant and 
neuroprotective role in several neurodegenerative diseases such as Alzheimer’s and 
Parkinson’s diseases [62, 63], further supporting the beneficial health effects of 
whole lingonberry. In a recent study by Sayin et al., it was reported that the increased 
amounts of T -MCA seen in the gallbladder of mice were associated with reduced 
levels of DCA and TDCA in antibiotic-treated mice [219]. In the same study, T -
MCA and T -MCA were reported as FXR antagonists in an in vitro study. FXR 
antagonism has been reported to be related to lower cholesterol and glucose levels, 
reduced liver injury in cholestasis and reduced replication of cancer cells. However, 
many harmful effects such as damaged intestinal barrier, high amounts of toxic BAs 
and development of tumours in the intestine and the liver have also been linked to 
FXR antagonism [220]. 

The concentration of TDCA was reduced in mice fed the whole lingonberry diet. 
Much less information is available on health properties relating to this BA, but it 
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has been reported that TDCA can improve the diffusion of proteins and peptides in 
bronchial mucosa, allowing them to perform their therapeutic actions in lungs [221].   

As discussed above, the whole lingonberry diet demonstrated the most pronounced 
effects on BA profile. However, the effects of the other two lingonberry fractions 
cannot be excluded. The concentration of TCA, which is claimed to have glucose-
lowering and immunoregulatory effects in humans and mice, respectively [52, 53], 
was significantly higher in the diet containing the soluble fraction of lingonberries 
compared with the other lingonberry diets and the control (LF). Furthermore, the 
concentrations of TCDCA also increased in this group compared with the control 
diet (LF) (Fig. 16). It should be also mentioned that the amount of lingonberry fibre 
was lower in the soluble fraction (15g/kg versus 60g/kg for the other diets), which 
may affect the results, and this may be a reason for the lack of effects.  

 

Figure 16.  
Concentration of taurine-conjugated BAs in serum of mice fed with two controls and three different lingonberry 
samples. Green arrows and blue arrows show the most significant effects of whole lingonberry and soluble 
lingonberry fractions, respectively.  

Glycine-conjugated BAs have also been included in the analysis but, as the 
concentration found in the serum of mice was below RL, the differences were of no 
significance. The serum samples used in study IV were taken from aorta. 
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Humans 

Turmeric has been popular since ancient times for its antioxidant, anti-inflammatory 
and prebiotic properties, which make this spice a potentially relevant treatment for 
many diseases [133, 222, 223]. It has been reported that turmeric has protective 
effects on damaged liver and, due to its anti-inflammatory properties and its ability 
to increase detoxification, it can reduce fatty liver disease [224, 225]. Few studies 
have discussed the protective ability of turmeric against cardiovascular diseases due 
to its hypocholesterolaemic effects [226, 227]. Turmeric reduces cholesterol 
absorption in the gut, inhibits cholesterol production in the liver and consequently 
decreases blood cholesterol and LDL levels. Additionally, it has been claimed that 
turmeric can improve gastrointestinal health by increasing biliary contraction and 
bile flow [228]. In another study by Ghorbani et al., curcumin was said to regulate 
blood sugar levels through reduced glucose production in the liver and increased 
insulin secretion, which leads to a reduction of insulin resistance [229]. It has also 
been shown by Na et al. that turmeric has anti-diabetic and anti-hyperglycaemic 
effects [230]. With all the positive health effects of turmeric that have been reported 
in literature, it would be interesting to see whether these effects could be related to 
the BAs by studying postprandial BA response (paper V).   

Healthy human subjects consumed four breakfasts randomly in a crossover study 
(paper V). This means that all subjects received all the meals served. The meals in 
this study consisted of 1) medium-fat breakfast + control beverage (MF), 2) MF 
breakfast + turmeric-based beverage (MF-TUR), 3) high-fat breakfast + control 
beverage (HF) and 4) HF + turmeric-based beverage (HF-TUR).  

Medium fat  
There were no pronounced effects on the postprandial responses of unconjugated 
and conjugated BAs with the MF breakfast (Fig. 17). However, after intake of TUR 
prior to the MF breakfast, considerable effects on the postprandial responses could 
be seen. For all these BAs (except LCA and HDCA), one peak appeared already 
after 15 minutes, showing an immediate effect of the turmeric on BA response prior 
to the breakfast meal. This seems to be realistic, as the primary BAs are formed in 
the liver, stored in the gallbladder and secreted into the small intestine as soon as a 
meal is ingested. However, the 15-minute peak for secondary BAs is more 
unexpected because, based on BA metabolism, it should take longer for these BAs 
to enter the blood circulation, as was also seen for HDCA. Thus, HDCA behaved 
differently compared with the other BAs and the peak occurred first after about 45 
minutes (Fig. 17). This may be due to a longer metabolic pathway for HDCA 
compared with the other secondary BAs. HDCA is formed from LCA [28] or from 

-MCA in rodents [25]. The postprandial response of LCA, and to some extent also 
DCA, was only affected by turmeric to a minor extent.  
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With regard to the size of the peak, it was doubled for CA with turmeric and 
increased by 64 and 89% for CDCA and UDCA, respectively (Fig. 17). These 
increasing effects of unconjugated BAs with turmeric seem promising as both CA 
and CDCA support the reduced cholesterol levels seen by turmeric and are 
consistent with recent studies showing an improved BA metabolism through 
activation of FXR signalling pathway [231, 232]. The peak values for conjugated 
BAs – TCA, TCDCA and TUDCA – also increased (54%, 26% and 10%, 
respectively) with turmeric as well as for glycine-conjugated BAs, which increased 
for GCA, GUDCA and GDCA by 61%, 25% and 45%, respectively. Several studies 
have reported health benefits of these BAs, such as glucose-lowering effects of TCA 
[53] and therapeutic effects of TCDCA, TUDCA and GUDCA [58, 62, 64, 72]. The 
increase in GDCA concentration with MF-TUR was not expected, but a possible 
explanation for the increased GDCA can possibly be the increase of CA. DCA is 
formed from CA by the gut microbiota activities. 

 

Figure 17.  
Postprandial changes in the concentrations of unconjugated and conjugated BAs after consumption of MF and MF-
TUR breakfasts. 

High fat  
In the HF setting, the postprandial responses for most unconjugated BAs, with the 
exception of LCA, increased after 15 minutes (Fig.18). There were no pronounced 
effects on postprandial responses for conjugated BAs, except for TDCA and GDCA, 
which also increased after 15 minutes (Fig. 18). Notably, when TUR was taken 
before the HF breakfast, two peaks were generally recorded with the conjugated 
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BAs, one at 15 minutes and one at 120 minutes, except for TLCA and GLCA (Fig. 
18). The occurrence of the second peak might be related to gut microbiota activities.  

The peak value for CA was increased by 50% when TUR was consumed prior to 
the breakfast, while it was reduced by 39% and 29% for TDCA and GDCA, 
respectively (Fig. 18). The reduction of TDCA is of special interest as this BA has 
been shown to slow the transit time in the gastrointestinal tract of healthy mice, 
which in turn can inhibit colon motility [65]. Furthermore, there was a slight 
increase in the concentration of TLCA (7%) with turmeric, but the reason for this is 
unknown. As regards glycine-conjugated BAs, HF-TUR increased the postprandial 
concentration of GCA (47%), which is interesting as GCA has been used to treat 
BA conjugation failings in humans [68].   

 

Figure 18.  
Postprandial changes in the concentrations of unconjugated and conjugated BAs after consumption of HF and HF-
TUR breakfasts.  
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Part IV. Effect of fat 

Different fat contents (5% or 24-30% for LF and HF diets, respectively) were 
included in diets given to rats, to see whether the BA profile and the level of 
metabolic markers were dependent on the fat levels in the diets. This was necessary 
as one of the most well-known roles of BAs is to solubilise fat.  

With regard to metabolic markers, HF diets in studies I–III, independent of whether 
DF was added or not, showed higher amounts of liver and plasma cholesterol (P < 
0.05–0.001) and triglyceride levels, as compared to LF diets, which was not 
unexpected. Furthermore, relative liver weights (g/g body weight) were higher with 
the HF diets compared with the LF diets. An exception was for rats fed HM pectin 
and low MW guar gum. In these groups, the relative liver weights were not higher 
when more fat was included in the diet, and it may be discussed whether the fibre 
protects against an increase.  

Regarding the BAs in studies I–III, the total amounts of BAs were generally higher 
in groups fed HF diets compared with those fed LF diets, also supporting the main 
role of BAs, which is to solubilise and digest fat [233]. However, in barley, the 
amount of BAs related to positive health effects (CA, CDCA, UDCA and MCAs) 
were higher in LF diets than in HF diets, which is somewhat strange. The reason for 
this discrepancy between different types of DF is not known and may be related to 
the different SCFAs formed with barley in the LF setting (lower succinic acid and 
higher butyric acid in LF than HF diets), which also points to another microbiota 
composition, affecting in turn the BA profile. The bulking effect and binding ability 
of BAs to the insoluble DF present in barley may be another explanation for the 
strange results in the HF setting. This may also explain the similar results seen with 
cellulose, also containing insoluble DF.  

The fat contents in the mice study (IV) were 5% for LF diets and 20% for HF diets. 
The lingonberry fractions were not included in an LF setting. However, by 
comparing controls, the concentrations of serum BAs were generally higher in the 
HF control and the increases were significant for -MCA, T -MCA and TUDCA.  

In the human study, the fat contents were 18.1g for the MF breakfast and 35.7g for 
the HF breakfast. The postprandial concentrations of BAs were generally higher in 
the HF breakfast compared with the MF breakfast and the differences were 
significant for DCA, UDCA, GCA, GCDCA, GDCA, GUDCA, TCDCA, TDCA 
and TLCA (Fig. 19). However, the TLCA concentration was 8% lower in the HF 
breakfast. The reason for this is unknown.  
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Figure 19.  
Postprandial significant changes in the concentrations of BAs after consumption of MF and HF breakfasts. 

Part V. Gut microbiota 

Gut microbiota composition can be altered with DF intake [171] or negatively 
affected with HF diets by stimulating the conversion of primary BAs to secondary 
BAs [234-236]. Bile acids are also known to be important substrates for microbiota.  

When DF (pectin, guar gum, different barley varieties and lingonberries, 
particularly whole lingonberry) was included in the diets, the microbiota 
composition generally changed to a healthier profile. The amount of 
Bifidobacterium was high with all these types of fibres. Furthermore, different 
barley varieties showed a high abundance of Lactobacillus. These findings are 
interesting as these bacteria are often claimed to have probiotic effects [237, 238]. 
Whole lingonberries also gave high amounts of Prevotella, which has been shown 
to improve glucose metabolism in humans [239]. These bacteria were also 
positively correlated with BAs often connected to beneficial health effects (CA, 
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CDCA, UDCA and MCAs). This finding is very interesting as it has been shown 
that Bifidobacterium is also associated with improved gut barrier function [240]. 

On the other hand, diets with a low content of fermentable DF (control diets) and 
diets containing high amounts of fat showed a greater abundance of the phylum 
Firmicutes and the genera in Mucispirrillum, S24-7 and Ruminococcus, as well as 
the species Bacteroides fragilis. These bacterial taxa were positively related to BAs 
often connected to health problems and diseases (DCA, LCA and HDCA). These 
results are consistent with previous studies that have reported that Firmicutes and 
Mucispirrillum are associated with obesity [241, 242]. Furthermore, Bacteroides 
fragilis has a role in the incidence of colorectal cancer [243] and S24-7 and 
Ruminococcus are linked to inflammation and an increased risk of Alzheimer’s 
disease [244, 245].  

Furthermore, some taurine-conjugated BAs (TUDCA, T -MCA) and -MCA in 
mice were positively correlated with Bacteroides and Parabacteroides, which were 
higher in groups fed the whole lingonberry diet. This is also interesting as these 
bacteria are known as healthy microbes [246, 247].  
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Conclusions  

The main conclusions drawn from the present work are summarized below. 

• The final selected protocol for extraction and subsequent analysis of BAs 
in caecum and blood led to accurate extraction and selective detection of 
the analytes present in the complex biological matrices studied. Thus, the 
HF-LPME coupled with GC was developed for analysing nine free BAs in 
caecum/faeces of rats and simple protein precipitation followed by 
UHPLC–MS was set for analysing 21 free and conjugated BAs in blood 
samples of mice and humans. Most abundant BAs in blood of mice were 
taurine-conjugated, while glycine-conjugated BAs dominated in humans. 
Rats had both taurine- and glycine-conjugated BAs.    

• The concentration and composition of BAs in caecum of rats were affected 
by the type and molecular properties of the DF, which in turn modulated 
the gut microbiota composition. The BA composition in caecum of rats was 
most affected by highly fermentable DF producing specific SCFAs. Guar 
gum, particularly of medium MW, increased the total caecal amounts of 
BAs related to beneficial health effects (CA, CDCA, UDCA and MCAs) 
and reduced the amounts of BAs often associated with diseases (DCA, LCA 
and HDCA). The degree of methoxylation of pectin did not change the BA 
compositions. Barley varieties with different -glucan contents were 
fermented to a great extent in the caecum of rats and altered BA 
compositions especially in the LF groups and the higher the -glucan 
content, the higher the effect. Among the HF diets, the non -glucan content 
of barley flour such as polyphenols and arabinoxylan seemed to be more 
effective at increasing the amounts of CDCA, UDCA and MCAs and 
reducing the amounts of LCA and DCA. 

• Lingonberries, particularly the whole lingonberry (containing both soluble 
and insoluble DFs) gave a healthier BA profile in serum of mice containing 
higher amounts of CDCA, UDCA, MCAs and the conjugated forms of 
UDCA and MCAs, but lower amounts of DCA and TDCA. Soluble and 
insoluble fractions of lingonberry were also effective at modulating BA 
composition although to a lesser extent. The concentrations of most BAs 
increased in the serum of healthy humans after intake of a drink containing 
turmeric and the postprandial peak came after 15 minutes, showing an 
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immediate effect of turmeric on BA metabolism. In HF breakfast meals 
there was a second peak with turmeric at 120 minutes for conjugated BAs, 
indicating involvement of gut microbiota, due to higher fat content.   

• Diets rich in fermentable DF gave high amounts of Bifidobacterium in the 
gut, which correlated positively with health-promoting BAs. Furthermore, 
rodents fed diets containing barley and whole lingonberries had a greater 
abundance of Lactobacillus and Prevotella, respectively. These two 
bacteria were also associated with BAs connected to beneficial health 
effects in the body. Notably, diets containing high levels of fat and 
no/resistant DF (cellulose) had high amounts of Firmicutes, which 
correlated to BAs usually connected to diseases.  

• The high amounts of BAs in caecum of rats show that BAs are absorbed 
from this part of colon and probably also from the distal parts, not only from 
ileum. This is further established by the fact that considerable amounts of 
unconjugated BAs (primary and secondary) are found in blood both in mice 
and humans. It cannot be excluded that insoluble DFs, resistant to 
degradation by the microbiota, may bind BAs in the small intestine, reduce 
their reabsorption from the ileum and instead increase the excretion in 
faeces.  

• The higher the fat content, the higher the total amount of BAs in caecum 
and blood. An exception were the barley varieties in the LF diets, where the 
opposite could be seen for the health-promoting BAs.  



71 

Future perspectives   

• The present thesis investigated how DF and fat alter BA composition in 
caecum of rats and blood samples of mice (aorta blood) and humans (venous 
blood). This is important as the connection of BAs to a number of 
physiological effects in the body is increasingly coming under discussion. 
In future research it would therefore be interesting to continue to study the 
effect of diet on the BA profile in other biological fluids such as portal blood 
(where many mechanisms associated to the intestinal are reflected), bile, 
colonic content, urine and faeces, as well as in different organs such as liver 
and brain, with the set methodologies. In such future work, it would be 
interesting to establish whether caecum/faeces contain any conjugated BAs 
or whether only free BAs reach the colon. This is to clarify whether there 
can be an absorption of conjugated BAs throughout the colon.  

• To study the effect of diet on the signalling pathways of BAs. Gene 
expression analyses of different BA pathways (TGR5 and FXR) would be 
useful in order to clarify the mechanisms behind the changes observed in 
this work.   

• To analyse bacterial metabolites (BAs and SCFAs) in blood and faeces and 
to study lipid profile (cholesterol, triglycerides, and LDL and HDL levels) 
in blood samples of healthy subjects/animals and in subjects/animals with 
impaired colonic health, given diets low/high in DF and different fat levels. 
The correlation between BAs and lipid profile would be worthy of study.  

• To study the correlation between BAs and specific microbiota.    

• To further explore the effect of barley varieties in connection with different 
fat levels on gut microbiota composition and how the microbial profile can 
be related to the unexpected findings observed on BA compositions in the 
barley study. 

• To perform an untargeted analysis on blood and caecum samples using 
advanced analytical techniques such as UHPLC-MS/MS and/or, for lipids, 
the more selective chromatographic technique ultra-high-performance 
supercritical fluid chromatography in combination with mass spectrometry 
(UHPSFC-MS/MS) in order to elucidate whether more BAs (free and 
conjugated forms) and other metabolites and biomarkers are present in these 
matrices.  
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