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Conclusion, discussion and future perspectives

Intestinal function in terms of its capacity to absorb lipids in general and to secrete acidic and neutrals 

steroids under varying conditions is the main focus of this thesis. We showed in chapter 2 that significant 

acceleration of whole gut transit with polyethylene glycol (PEG) laxative treatment did not affect the 

absorption and excretion of dietary fat and cholesterol. Chapter 3 on the other hand showed that PEG 

treatment did decrease conversion of intestinal sterols (i.e. bile salts (BS) and cholesterol) and changed 

microbiota composition.  Transintestinal cholesterol excretion (TICE) appears to be an important pathway 

of reverse cholesterol transport (RCT), at least in mice. In chapter 4 we showed that a high fat diet with 

extremely low amounts of polyunsaturated fatty acids (low P/S ratio) doubled total fecal neutral sterol 

excretion and induced TICE compared with a high fat diet with a standard P/S ratio. Chapter 5 showed 

that absence of the Bile salt export pump (Bsep) in the murine liver, which induces biliary secretion of 

highly hydrophilic BS, severely affects cholesterol homeostasis. Bsep-/- mice display severely impaired 

cholesterol absorption, increased cholesterol synthesis and greatly induced (trans-intestinal) cholesterol 

excretion. 

Laxative treatment with polyethylene glycol does not affect lipid absorption, but 
decreases intestinal sterol conversion in rats
Using different methodologies, including fat balance and stable isotope techniques, we showed in 

chapter 2 that significant acceleration of whole gut transit time (WGTT) with PEG does not affect lipid 

absorption and secretion in rats. A reassuring result, since PEG is used worldwide by many constipated 

children who need adequate nutrient absorption to maintain growth. On the other hand, if simple oral 

treatment with inert PEG would induce lipid malabsorption and/ or TICE, this could provide a promising 

strategy to decrease hyperlipidemia. At this point, it is not possible to exclude the possibility that more 

pronounced acceleration of WGTT or small intestinal transit would have increased fecal lipid excretion in 

rats. Moreover, our results in rats may not (completely) be translatable to the human situation. However, 

it must be kept in mind that gastrointestinal transit in humans would have to be accelerated just to 

the extent that it induces fecal lipid disposal, but not diarrhea. Likely, humans would not be willingly 

to adhere to the drug if it induces diarrhea, and loss of (additional) important nutrients is undesirable. 

Interestingly, PEG treatment led to major changes in enterohepatic circulation of BS, an effect which 

was independent of its effect on WGTT (chapter 3). Our study showed that during PEG treatment, the 

amount of secondary BS, which are produced by the intestinal microbiota, was significantly decreased in 

intestinal contents, feces and bile. The pool of primary BS on the other hand was increased during PEG 

treatment. Primary BS are cholesterol derivatives produced in the liver that are conjugated before biliary 

secretion. Conjugated BS have many functions besides facilitating lipid absorption in the small intestine. 

Via their receptors (farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1 (GPBAR1 or 

TGR5) primary BS may positively influence triglyceride, cholesterol and glucose homeostasis. 1,2 
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Moreover, they repress bacterial growth in the small intestine. 3 The human colon harbors a complex high 

density microbial community, which can be seen as an ‘exteriorized organ’. 4 Bacteria in all major divisions 

are capable of deconjugating BS via BS hydrolases (BSH; als referred to as choloylglycine hydrolase). 5 BSH 

appear to promote bacterial survival and were proposed to facilitate colonization and development of 

microbiota in the gut. 5,6 It is conceivable that local mucosal defense mechanisms act in synergy with BS 

to prevent overgrowth of BSH producing bacteria in the small intestine. 

Upon liberation of free primary BS, these are open to a wider pathway of modification (mainly 7α/β-

dehydroxylation) by a limited number of anaerobes (Clostridium) 6,7, producing secondary BS. 7α/β-

dehydroxylation is a multistep pathway that requires the activity of the gene products of the bile acid 

inducible (bai) genes that are located to a bai operon identified in several Clostridium species. 6,8-11,11 

We observed a decrease in Clostridium during PEG treatment in rats. Although the use of culture-

independent analysis of microbiota (pyrosequencing) allowed us to identify a large number of microbes, 

it did not allow differentiation at the species level. Unfortunately, this made it impossible at this point 

to direclty link decreased sterol conversion during PEG treatment to decreases in specific bai operon 

carrying microbiota. However, PEG may not decrease intestinal sterol conversion by simply reducing 

the number of specific microbes, but could also reduce activity of sterol converting enzymes. Future in 

vitro studies (testing specific microbiota and their enzyme activities) might shed light on the mechanism 

underlying our findings.

Unconjugated secondary BS, such as deoxycholate (DC), are more hydrophobic and have a higher 

pKa
, which permits their partial recovery via passive absorption in the colon. Whereas rodents are 

capable of 7α-hydroxylation of DC in the liver, forming cholate, humans are not equipped to do so. 

Thus, humans do not possess a metabolic pathway for removing DC under physiological conditions. 

However, accumulation of DC, for example under conditions of slow gastrointestinal transit 12,13, has 

been associated with gastrointestinal disease, ranging from cholesterol gallstones to gastrointestinal 

malignancies. 14,15 Gut microbiota increase our capacity to harvest energy from the diet. 

Germ-free mice fed a Western type diet are protected from obesity, insulin resistance and dyslipidemia.  16,17 

Notably, the hypocholesterolemic effect in germfree mice has been attributed to decreased cholesterol 

absorption due to decreased BS deconjugation. We did not observe differences in deconjugation of BS 

in rats that we have treated with PEG and did not detect differences in cholesterol absorption. However, 

we did find potentially beneficial changes in microbiota composition and showed decreased secondary 

BS production during PEG treatment. Because of the link between secondary BS and gastrointestinal 

disease, attempts are being made to reduce their production and/ or eliminate them from the 

gastrointestinal tract. Several possible interventions with secondary BS production are summarized here.
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·  Probiotics: probiotics have potential health benefits via modulation of BS and cholesterol metabolism. 

Orally administered probiotics first have to survive passage through gastric juice and bile. The finding 

that microencapsulated BSH-active Lacobacillus plantarum in rats are excreted alive in feces in 

this sense is promising. 18 Increased BS deconjugation in the small intestine could lead to BS and 

cholesterol malabsorption, lowering plasma cholesterol levels. 19 Jones at al. recently showed that 

microencapsulated BSH active Lactobacillus reuteri can decrease plasma cholesterol levels in adults 

with hypercholesterolemia. 20 Many Lactobacilli are able to assimilate cholate. 21 Since probiotics do 

no produce secondary BS themselves, this could protect BS from being converted to hydrophobic 

BS. Thus, if the capacity to assimilate cholate is not sufficient, an increased amount of unconjugated 

cholate will become available to the resident colon microbiota 18 during BSH-active probiotic 

treatment, which could counteract the positive probiotic effects or even worsening the situation in 

terms of increased 7α/β-dehydroxylation. Rigorous human studies would be required to determine 

the benefits and possible adverse effects of probiotic treatment. 

·  Antibiotics: Long term use of antibiotics to decrease secondary BS formation by 7α/β-dehydroxylation 

would be impractical since it would induce side effects such as diarrhea and antibiotic resistance. 

Furthermore, although antibiotic treatment in mice led to reduction of DC below detection limit, it 

disturbed BS signaling in general as evidenced by increased BS synthesis. 22  This option at this point 

does not seem favorable.

·  Pharmaceuticals that inhibit microbial 7α/β-dehydroxylating enzymes: these compounds would also 

be subject to drug resistance, similar to antibiotics. 

PEG induced a decrease in the intestinal (microbial) conversion of BS and cholesterol. The decrease in 

secondary BS during PEG treatment was related to decreased cytotoxic activity of fecal water, which 

represents a surrogate marker of colon cancer risk. PEG induced a (non-significant) decrease in bacterial 

load, decreased Clostridium (Firmicutes) and increased mucus-associated bacteria such as Akkermansia 

(Verrucomicrobia) and Bacteroides (Bacteroidetes). It was previously shown that the ratio between 

Bacteroidetes and Firmicutes is altered in response to dietary changes. High fat diets increase Firmicutes 

and decrease Bacteroidetes in mice, a similar effect was shown in one study in which obese subjects 

were put on a low calorie diet. 23 Although the value of the Bacteroidetes/ Firmicutes ratio in humans is 

at present unclear, our results in PEG treated rats may indicate a positive effect on gut health. 

Altogether, our studies provide a rationale to study the effect of PEG treatment on BS metabolism and 

microbiota composition in humans. PEG may be beneficial for gastrointestinal health in humans with a 

tendency to produce increased amounts of secondary BS.
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Transintestinal cholesterol excretion in mice can be manipulated by dietary fat 
composition
Cardiovascular disease represents the second cause of death in our society. Hypercholesterolemia, a 

major risk factor for cardiovascular disease, requires adequate monitoring and treatment. Although many 

people can benefit from the therapeutic effect of cholesterol synthesis inhibitors (statins), these drug 

can have severe side effects and do not produce the necessary decrease in plasma cholesterol levels 

in a substantial amount of patients 24,25, which has led to an intense search for alternative therapeutic 

modalities. Cholesterol can be excreted with feces via bile (hepatobiliary pathway) or directly via the 

intestine (i.e. TICE). 26 Removal of cholesterol via increased secretion into bile seems unpractical, since 

it could increase the risk of cholesterol gall stone formation. TICE is an alternative pathway for body 

cholesterol removal. Although the steps in the pathway need to be unraveled in detail, TICE may 

represent an attractive target for treatment of hypercholesterolemia in humans. Induction of TICE via 

simple dietary intervention would be an attractive strategy to decrease plasma cholesterol in a simple 

manner with low risk of side effects, increasing compliance. 

In chapter 4 and 5, we studied the effects of dietary intervention and defective BS secretion (discussed 

below) on TICE and cholesterol homeostasis in general. Chapter 4 shows that it is indeed possible to 

induce TICE by dietary means, without an adequate compensatory increase in cholesterol synthesis. 

A high fat diet with a very low ratio of polyunsaturated to saturated fatty acids (P/S ratio) doubled the 

neutral sterols in feces originating from TICE, compared with a standard high fat diet. 

It was previously shown that dietary saturated fatty acids can increase fecal cholesterol excretion in rats 
27 and mice 28. Human data on this subject have been conflicting 29; most studies reported increased fecal 

neutral sterols by high dietary P/S ratio, whereas one study showed increased fecal neutral sterols by a 

low P/S ratio diet (P/S ratio 0.2 vs. 1.9). 30 It has been suggested that the increased fecal neutral sterol 

secretion during high P/S ratio diet feeding was transient 27,31 and/or that part of the increase may have 

been due to differences in dietary plant sterols that were not adequately separated from the neutral 

sterol fraction before the advent of gas-chromotography analysis. 30 

The question remains which dietary component was exactly responsible for the induction of fecal 

neutral sterol excretion in our experiments. The low P/S diet contained almost no linoleic acid (essential 

fatty acid), which was replaced by high amounts of palmitic and stearic acid. Previous studies had shown 

that the effect of the low P/S ratio diet on cholesterol excretion was not due to essential fatty acid 

deficiency (chapter 4). It is possible that (part of ) the effect we showed of the low P/S ratio diet is due to 

the increased dietary stearic acid intake. The possible effects of stearic acid, a long chain fatty acid, are 

often overlooked 32 since it belongs to the group of saturated fatty acids, which are generally considered 

as plasma (LDL) cholesterol raising. Stearic acid is however considered a biologically neutral fatty acid, 

especially with respect to the regulation of LDL-c concentration. 33-35 It is not entirely clear why stearic acid 

does not raise plasma cholesterol, but contributing factors may be the lower absorption rate of stearic 

acid compared with other (unsaturated) fatty acids 36 and rapid conversion of stearic to oleic acid. 35 
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Schneider et al. showed decreased cholesterol absorption and increased fecal cholesterol excretion in 

hamsters fed a high stearic acid diet 28, but no studies have been conducted on the effect of high dietary 

stearic acid on fecal cholesterol excretion/ TICE in humans. Dietary stearic acid may however improve 

the atherogenic risk factor profile in humans. 32,37,38 In chapter 4 we did not see an effect of the low P/S 

ratio diet on cholesterol absorption or plasma cholesterol concentration. However, wildtype mice do not 

represent a good model to study effects of different dietary fat compositions on plasma (LDL) cholesterol 

levels, since they carry most of their plasma cholesterol in HDL particles. 39 Future studies could include 

specific stearic acid enriched diets in other animal models. In addition, it would be interesting to reveal 

the effect of non-absorbed long chain fatty acids on fecal cholesterol excretion and TICE. 

In addition, dietary omega-3 fatty acids have been suggested to be beneficial in lowering cardiovascular 

disease risk. They however mainly lower plasma trigycerides and not cholesterol. 40 Currently, there 

is no firm trial evidence that clinical outcomes (in terms of myocardial infarction, stroke or mortality) 

improve more with omega-3 fatty acids added to statin therapy as compared to high dose statin 

monotherapy. 40,41 

The search for compounds that decrease plasma cholesterol levels in humans while inducing 

minimal side effects is ongoing. Ezetimibe is the well known pharmaceutical that blocks cholesterol

absorption 42,43 and it may induce TICE. 44 It can be hypothesized that inhibition of cholesterol absorption 

in general induces secretion of cholesterol by the intestine. Compounds that create a ‘hydrophobic 

sink’ in the intestine, impairing cholesterol absorption, might increase fecal cholesterol excretion by 

decreased absorption as well as induced TICE. The indigestible sucrose fatty acid polyester olestra dose-

dependently decreases cholesterol absorption. 45 Olestra does not change fecal BS excretion 46, but 

decreases intestinal cholesterol conversion and increases fecal neutral sterol excretion. 47 Caution should 

be undertaken however, since olestra decreases plasma fat-soluble vitamins as well. 48 It is unknown 

whether cholesterol lowering compounds such as olestra, and perhaps stearic acid, can induce TICE. If 

so, these oral compounds, in combination with other cholesterol lowering therapies, may reduce the 

need for (high dose) pharmaceuticals such as statins and thereby may reduce treatment burden and 

increase compliance. 

Genetic inactivation of the bile salt export pump in mice leads to massive cholesterol 
excretion
The bile salt export pump (BSEP) is the main transporter facilitating transfer of BS from hepatocyte to bile 

canaliculus. 49,50 Mutations in the Bsep gene can result in several forms of intrahepatic cholestasis. 51,52 For 

example, heterozygous Bsep mutations have been identified in patients with intrahepatic cholestasis of 

pregnancy and drug-induced cholestasis. 51 Missense Bsep mutations on the other hand predominate 

in a relatively mild form of cholestatic disease termed benign recurrent intrahepatic cholestasis type 2 

(BRIC-2). 53 Frequently however, Bsep mutations result in the absence of canalicular BSEP protein 54, and 

are associated with biliary BS concentrations of less than 1% of normal in humans. 50 
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Absence of functional BSEP results in progressive familial intrahepatic cholestasis type 2 (PFIC-2), a disease 

characterized by severe intrahepatic cholestasis in young children, often requiring liver transplantation 

within the first decade of life. 50,55 In contrast to these patients, mice in which Bsep is eliminated from 

the liver, are able to convert their hepatic BS to more hydrophilic forms and secrete them via alternative 

transporters. 56 

In chapter 5 we showed that Bsep-/- mice have severely disturbed intestinal function and absorb minimal 

amounts of cholesterol. Fecal neutral sterol excretion was increased dramatically, at least in part via 

the transintestinal pathway. Previously, Wang et al. fed gallstone-susceptible C57L/J mice with a range 

of BS and showed a positive correlation between hydrophobicity indices of the BS pool and percent 

cholesterol absorption. 57 In these mice both beta-muricholate (βMC) and ursodeoxycholate (UDC) 

reduced cholesterol absorption and the biliary secretion rate of cholesterol. However, βMC was even 

more effective in prevention and dissolution of cholesterol gallstones than UDC. 58 

Others 59 have shown a global hypocholesterolemic effect of 6-alpha-hydroxylated BS, with concomitant 

increased cholesterol synthesis in hamsters. Cholesterol absorption was reduced by 59% and fecal 

neutral sterol excretion was increased up to 10-fold. 59 Administration of the 6-alpha-hydroxylated BS led 

to increased biliary cholesterol secretion in hamsters 59,60,60, mice 61 and prairie dogs 62. Gallstones were 

however not detected; apparently as a result of the weak capacity of very hydrophilic BS (as compared 

to UDC and chenodeoxycholate) to form micelles. 63 A defect in biliary micelle formation can also explain 

the reduction in cholesterol absorption by hydrophilic BS. 64 UDCA (ursodeoxycholic acid) is used for 

treatment of cholesterol gall stones in humans and can decrease cholesterol absorption. 65,66 In patients 

with primary biliary cirrhosis, UDCA lowers LDL-c. 67 

Potentially, bacterial transformation of UDCA into the highly hydrophobic lithocholate (LC) could be a 

drawback for UDCA use in humans. 6,68 However, the evidence is limited (LC is unsolvable) and it was 

shown that LC can activate the vitamin D receptor in intestinal epithelial cells 69, which leads to induction 

of genes encoding proteins that metabolize LC. 70 This in turn may limit LC toxicity to the intestinal 

mucosa. At this point it remains unclear if the therapeutic potential for administration of hydrophilic BS 

such as hyodeoxycholate eventually will be greater. Human studies that delineate the effect of feeding 

these BS on TICE and cholesterol homeostasis in general are awaited.

Conlusion

This thesis shows that several minor interventions with intestinal function may provide health benefits. 

Oral laxative treatment did not affect intestinal lipid absorption, but decreased intestinal acidic and 

neutral sterol metabolism. The decrease in secondary bile salt formation observed during treatment 

with polyethylene glycol may improve intestinal function and health in humans as well. We showed that 

TICE can be induced by dietary means.  This provides a rationale for human studies with oral hydrophilic 

bile salt ingestion and for example non-absorbable long-chain fatty acids to quantitate the effect of 

dietary interventions on TICE and potential health benefits in terms of decreasing hypercholesterolemia 

and ultimately cardiovascular disease.
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