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Abstract

Introduction Cholesterol can be excreted from the body with feces via a hepatobiliary or a 

transintestinal route. We investigated the quantitative eff ects of the degree of dietary fatty acid 

saturation on the two origins of fecal cholesterol. 

Methods Mice were fed either a standard high fat diet (controls) or a high fat diet with a low 

polyunsaturated to saturated fatty acid (P/S) ratio. We determined parameters of cholesterol 

homeostasis and performed RNA-microarray analysis on jejunal mucosa. 

Results Intake and absorption of cholesterol were unchanged during low P/S ratio diet feeding, 

but fecal cholesterol excretion was increased compared with control diet (+68%; p<0.01). The low 

P/S ratio diet did not aff ect biliary cholesterol secretion but increased transintestinal cholesterol 

excretion (TICE; +137%; p<0.01). The low P/S ratio diet increased jejunal expression of genes involved 

in cholesterol synthesis (Srebf2 and target genes), however, whole body de novo cholesterol synthesis 

was quantitatively unaltered. Feeding a low P/S ratio diet resulted in a net negative body cholesterol 

balance (p<0.01). 

Conclusion A low P/S ratio diet induces TICE and a net negative cholesterol balance. Dietary 

manipulation in general could represent an attractive strategy to induce TICE in prevention and 

treatment of hypercholesterolemia and cardiovascular disease.
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Introduction

Disturbances in cholesterol homeostasis are associated with potential life-threatening consequences. 

For example, hypercholesterolemia represents a major risk factor for cardiovascular disease. 1,2 Cholesterol 

homeostasis is mainly regulated by intestinal absorption, fecal excretion and de novo synthesis of 

cholesterol. 3 Fecal excretion of cholesterol was classically believed to be primarily driven by cholesterol 

secreted via the hepatobiliary pathway. Recently, however, it has become apparent that direct secretion 

of cholesterol from the blood compartment to the intestine, or so-called “transintestinal cholesterol 

excretion” (TICE), plays a major role in disposal of cholesterol in feces, at least in mice. 3,4

Inhibition of cholesterol synthesis has been the most potent therapy for hypercholesterolemia for 

decades. 5 However, inhibition of cholesterol synthesis alone reduces risk of cardiovascular disease by 

only 30% and alternative therapeutic modalities are needed. 6,7 In recent years, reduction of intestinal 

cholesterol absorption has become increasingly important as a target to decrease plasma cholesterol 

levels. 8 A new focus in this field may be induction of TICE, which was shown to be regulated by nuclear 

receptor agonists and dietary fat content. 9-12 Recently, Lo Sasso et al. demonstrated that selective 

upregulation of intestinal Liver X receptor (Nr1h3 or Lxr) increased fecal sterol output and decreased 

atherosclerosis in apo E knock-out mice, suggesting that upregulation of TICE may have beneficial effects 

in atherosclerosis. 13 The mechanism involved in cholesterol transport from the blood compartment to 

the intestinal lumen remains enigmatic and more studies are needed to clarify the conditions under 

which TICE can be stimulated. 

We previously induced essential fatty acid deficiency (EFAD) in mice to study its effects on intestinal 

function. EFAD was induced by replacing dietary polyunsaturated fatty acids with saturated fatty acids 

in a high fat diet, thus highly decreasing the polyunsaturated to saturated fatty acid ratio (P/S ratio). We 

found that fecal fat excretion was increased in EFAD mice. 14 A detailed analysis of the development of 

fecal lipid (dietary fat and cholesterol) excretion indicated that it increased already before mice became 

essential fatty acid deficient (EFAD is defined by plasma triene (20:3n-9)-to-tetraene (20:4n-6) ratio >0.2, 

see supplementary figure 1 and ref. 14). This observation suggested that the low P/S ratio, rather than 

the EFAD itself, increased the lipid excretion.

Recently, it was shown that, compared with a low fat diet, a high fat diet decreased cholesterol absorption 

and increased HMG-CoA reductase activity in the small intestine of mice. 15 In hamsters, it was previously 

shown that dietary saturated stearic acid can increase fecal cholesterol excretion. 16,17 Schneider et al. 

showed decreased cholesterol absorption and suggested increased cholesterol synthesis in hamsters 

fed a high stearic acid diet. 16

The aim of the current study was to test whether cholesterol excretion could be manipulated by feeding 

mice a high fat diet with a low P/S ratio as compared with a high fat control diet. We hypothesized that 

administration of a low P/S ratio diet would affect total body cholesterol homeostasis. We determined 

the consequences of a low P/S ratio diet on cholesterol absorption and synthesis, the origin of fecal 

sterols, and total body cholesterol balance. 
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The stable isotope methodology to obtain quantitative information on these relevant parameters of 

cholesterol homeostasis had previously been developed and validated in our laboratory. 18 In order to 

characterize the effects of the low P/S ratio diet on the metabolic pathways involved in cholesterol 

homeostasis in the small intestinal mucosa, we analyzed the transcriptional response to the low P/S ratio 

diet in mice. Our data show that the low P/S ratio diet does not significantly affect de novo cholesterol 

synthesis rate or cholesterol absorption, but that it increases cholesterol output via increased TICE. 

Collectively, the low P/S diet induced a negative cholesterol balance, indicative of net loss of cholesterol 

from the body. 

Materials and Methods

Materials
Intralipid® (20%) was obtained from Fresenius Kabi, Den Bosch, The Netherlands. 2,2,4,4,6-Deuterium-

cholesterol (D
5
-cholesterol) was obtained from Medical Isotopes and 25,26,26,26,27,27,27-Deuterium-

cholesterol (D
7
-cholesterol) from Cambridge Isotope Laboratories Inc. 1-13C-acetate was obtained from 

Sigma Aldrich. All isotopes were of 98-99% isotopic purity.

Mice and diet
Friend Virus B (FVB type NHanHsd) male mice of 8 weeks old were purchased from Harlan (Horst, The 

Netherlands) and were housed in a light- and temperature-controlled facility. Tap water and food were 

allowed ad libitum. Mice were maintained on either control (#4141.07; 0.20 μmol cholesterol.g food-1) 

or low P/S ratio (#4141.08; 0.18 μmol cholesterol.g food-1) diet for 8 weeks (n= 6-7 per group), which 

were both custom synthesized by Arie Blok BV (Woerden, The Netherlands). Fatty acid composition 

and polyunsaturated to saturated fatty acid (P/S) ratio of the diets are indicated in table 1. We studied 

cholesterol homeostasis and in a separate experiment, we performed microarray analyses on small 

intestinal RNA. The experiments were performed in conformity with Public Health Service policy and 

in accordance with the national laws. The Ethics Committee for Animal Experiments of the University 

Medical Center of Groningen approved the experimental protocols. 

Table 1. Fatty acid composition and P/S ratio of high fat control and intervention diet

Mol% Control diet (4141.07) Low P/S ratio diet (4141.08)

Myristic acid (14:0)
Palmitic acid (16:0)
Stearic acid (18:0)
Oleic acid (18:1n-9)
Vaccenic acid (18:1n-7)
Linoleic acid (18:2n-6)
α-Linolenic acid (18:3n-3)

0.9
33.5
4.6

32.5
1.1

26.9
0.6

1.4
60.1
32.9
4.3
0.2
1.0
0.0

P/S ratio 0.7 0.01

Concentrations are indicated in mol% of total fatty acid concentrations determined by GC. 
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Cholesterol kinetic study

After 8 weeks of diet, baseline bloodspots were collected on filter paper from the tail vein and feces were 

collected during a 24h period (day -1). Food pellet weight was determined before and after the 24h 

feces collection period and pellets were collected. 

Subsequently, mice were switched to tap water containing 2% stable isotope labeled 1-13C-acetate at 

9 A.M. (day 1) for 3 days. Bloodspots were collected every morning at 9 o’clock and body weight and 

food intake were determined daily for the remainder of the experiment. Day 4-6 represented a wash-

out period for labeled acetate. At day 7 mice received an intravenous (retro-orbital) injection of 1.5 

mg D
7
-cholesterol dissolved in 500 μl intralipid and an oral dose of 3 mg D

5
-cholesterol dissolved in 1 

ml medium chain triglyceride (MCT) oil. At time points 3, 6, 12, 24, 48, 72, 96, 120, 144 and 168h after 

labeled cholesterol administration, bloodspots were obtained. Feces were collected daily from label 

administration on until the end of the experiment. At day 14, mice were anesthetized and the common 

bile duct was cannulated for bile collection during 30 minutes as previously described. 19 Mice were 

sacrificed by cardiac puncture and cervical dislocation. The small intestine was divided into three equal 

parts, which were rinsed with phosphate-buffered saline (PBS). Livers were snap frozen in liquid nitrogen 

and stored at -80°C.

Analytical methods  
Indirect cholesterol balance

Biliary lipids were extracted 20 and total plasma and biliary cholesterol concentrations were determined. 18 

Food pellets and fecal samples were ground and 50 mg was prepared for neutral sterol (cholesterol plus 

bacterial metabolites coprostanol and dehydrocholesterol) and bile salt analysis by gas chromatography 

(GC) as described previously. 21 Indirect cholesterol balance was determined by subtraction of dietary 

cholesterol intake and hepatobiliary secretion from fecal output of neutral sterols (all calculated in μmol 

cholesterol.day-1.100 g of body weight-1). 10 

Neutral sterol content in intestinal lumen

Small intestines were divided into three parts of equal size. Cecum was separated from remaining colon. 

Small intestine and remaining colon were flushed with 5 ml PBS. Samples were stored at -20°C. Before 

analyses, tubes were lyophilized overnight. Aliquots of 10 (proximal and middle part of small intestine) 

to 50 (distal small intestine, cecum and colon) mg were used to determine neutral sterols by GC as 

described above.

Fractional cholesterol absorption

The procedure for this study, as described in detail by van der Veen et al. 18, was modified for the influx 

of labeled cholesterol. Briefly, cholesterol was extracted overnight from bloodspots with 1 ml 100% 

ethanol/ acetone (1:1 v/ v). Unesterified cholesterol was derivatized and enrichments of sterols were 

determined by GC-mass spectrometry (GC-MS). 
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The ions monitored were m/z 458-465, corresponding to the M
0
-M

7
 mass isotopomers of cholesterol-

methyl ester/ trimethylsilyl (TMS) derivatives. Fractional cholesterol absorption (F(a)) was calculated as 

the ratio between fraction (area under the curve (AUC) of 7 days following label administration) of orally 

administered D
5
-cholesterol and IV administered D

7
-cholesterol, after correction for their administered 

doses: F(a)= (AUC 
oral 

/ AUC
IV
) x (Dose 

IV 
/ Dose 

oral
).

Cholesterol synthesis 

Fractional cholesterol synthesis was determined by mass isotopomer distribution analysis (MIDA). 22 With 

MIDA we could determine the enrichment of acetyl-CoA precursor units (precursor pool enrichment) 

that entered newly synthesized cholesterol during 1-13C-acetate administration by analysis of the mass 

isotopomer pattern of cholesterol molecules according to a probability model of cholesterolgenesis. In 

short, labeled and unlabeled monomeric acetyl-CoA combine in newly formed polymeric cholesterol 

molecules. The mass isotopomer pattern of M
1
 and M

3
 cholesterol-TMS derivatives as quantified 

by GC-MS was compared to theoretical patterns calculated for cholesterol over a range of precursor 

enrichments. 18 A match between experimental and theoretical combinatorial patterns established the 

isotopic enrichment of the precursor pool. Knowing the precursor pool enrichment, it was possible 

to calculate the expected frequency of M
1
 and M

3
 isotopomers in newly synthesized cholesterol. The 

fractional cholesterol synthesis was then determined by comparing the actual M
1
 and M

3
 enrichment 

during the experiment with the expected frequencies. 

Origin of fecal sterols

In order to determine the origin of fecal sterols, we modified the method described by van der Veen et 

al. 18 In physiological terms, fecal sterols can originate from either diet, or de novo synthesis via various 

routes, e.g. biliary secretion, transintestinal cholesterol excretion (TICE) or shedding of enterocytes. 

Stable isotope studies in combination with mathematical modeling allow quantification of the different 

fluxes. Assuming a similar absorption of dietary and biliary derived cholesterol 23 the different fluxes can 

be modeled as follows:

Fecal sterols excreted (totalE) were calculated as the average over the time period 24-144h. 

The dietary contribution to fecal neutral sterol loss can be calculated as:

E
D→F 

= (1-F(a)) * D

In which E
 D→F

 is the cholesterol intake calculated in the diet (D) corrected for fractional cholesterol 

absorption.

The fecal output of biliary excreted cholesterol (totalEbile) was calculated as bile flow (in µl.100g BW-1.day-1) 

times cholesterol concentration in bile, and corrected for cholesterol absorption:
totalEbile = flow * [chol] * (1-F(a))    

TICE was calculated as: TICE= totalE- totalEbile -E
D→F
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This method does not allow discrimination of blood-derived TICE and fecal cholesterol derived from 

the intestinal mucosa itself (i.e. epithelial shedding is included in the TICE fraction). Previous intestinal 

perfusion studies showed that epithelial shedding contributes no more than 15% to intestinal cholesterol 

secretion. 9,24

 

Total body cholesterol balance

Total body cholesterol balance was calculated as follows: (cholesterol intake + cholesterol synthesis) – 

(fecal neutral sterol + bile salt excretion). 

Microarray analyses

Mice were maintained on semisynthetic diets in two groups as described above (6 mice per group). 

Body weight and food intake were determined weekly. After 8 weeks of diet, mice were anesthetized 

and sacrificed by cervical dislocation. Small intestines were rinsed with PBS, divided into three equal 

parts, and the middle parts were sliced and immediately frozen in liquid nitrogen. Subsequently, small 

intestinal tissue was stored at -80°C for RNA isolation. Livers were snap frozen in liquid nitrogen and 

stored at -80°C.

Analytical methods  
RNA isolation and measurement of RNA expression levels by microarray analysis and quantitative PCR

Total RNA was prepared from the middle third of the small intestinal tissue and liver using TRIzol reagent 

(Invitrogen, Breda, The Netherlands). Subsequently, cDNA synthesis and quantitative PCR (qPCR) analysis 

were performed as described by Grefhorst et al. 25 qPCR results were normalized to mRNA expression 

of the housekeeping gene 18S. Primer and probe sequences for all tested genes have been deposited 

at the RTprimerDB. 26 For microarray analysis, the Affymetrix platform was employed. After RNA 

isolation with TRIzol reagent, RNA was used individually and further purified using RNeasy MinElute 

micro columns (Qiagen, Venlo, The Netherlands). RNA integrity was checked on an Agilent 2100 bio-

analyzer (Agilent Technologies, Amsterdam, The Netherlands) using 6000 Nano Chips according to 

the manufacturer’s instructions. RNA was judged as suitable for array hybridization only if samples 

exhibited intact bands corresponding to the 18S and 28S ribosomal RNA subunits, and displayed no 

chromosomal peaks or RNA degradation products (RNA Integrity Number.7.0-8.5). Five hundred ng of 

RNA were used for one cycle cRNA synthesis (Affymetrix, Santa Clara, CA). Hybridization, washing and 

scanning of Affymetrix Gene chip mouse 1.0 ST arrays were performed according to standard Affymetrix 

protocols. Scans of the Affymetrix arrays were processed using packages from the Bioconductor 

project. 27 Quality control of microarray data (using simpleaffy and affyplm packages), normalization 

and differential expression analysis were performed through the Management and Analysis 

Database for MicroArray eXperiments (MADMAX 28) analysis pipeline (Wageningen, The Netherlands).  

Expression levels of probe sets were calculated using regular normalization strategies: VSN in small 

intestine followed by identification of differentially expressed probe sets using Limma. 29
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Comparisons were made between treated (low P/S ratio diet) and untreated (control) groups 

(Limma package, applying linear models and moderated t-statistics that implement empirical Bayes 

regularization of standard errors. 30 False discovery rate (FDR) of 1% (p-value <0.01) was used as a 

threshold for significance of differential expression. Identification of overrepresented functional 

categories among responsive genes and their grouping into functionally related clusters (Biological 

Processes:BP-4) was performed using DAVID Functional Annotation Clustering tool. 31 All microarray data 

reported in the manuscript are described in accordance with MIAME guidelines 32 and are available in 

the Gene Expression Omnibus (GEO) databank (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token

=nrkjxeokqomuwxe&acc=GSE37097).

Determination of cholesterol concentration in small intestinal mucosa

Thirty mg of mucosal scrapings of the mid part of the small intestine was homogenized in 200 μl of 0.9% 

NaCl. Lipids were extracted from the homogenate 20 and cholesterol concentrations were determined 

with a commercially available kit (DiaSys Diagnostic Systems, Holzheim, Germany).

Statistical analysis  

Using SPSS version 16 statistical software (Chicago, IL, USA), we calculated significance of differences 

between mice on low P/S ratio versus control diet with Mann-Whitney U-tests. P-values <0.05 were 

considered statistically significant. Data represent median values and interquartile range.

Results

Mice on a low P/S ratio diet have an increased fecal cholesterol excretion (indirect cholesterol 

balance)

In order to investigate the effect of the dietary fat composition on fecal sterol excretion, FVB mice were 

fed for 8 weeks with either a control high fat diet (polyunsaturated/saturated fat or P/S ratio 0.7) or a 

high fat diet with a very low P/S ratio (P/S ratio 0.01) (table 2). Feeding the low P/S ratio diet nearly 

doubled daily fecal cholesterol excretion compared with control diet (table 2). Interestingly, the low P/S 

ratio diet did not affect dietary cholesterol intake nor biliary cholesterol secretion. (table 2). Net fecal 

cholesterol excretion thus was higher than the sum of cholesterol derived from intake and cholesterol of 

hepatobiliary origin (table 2). Note that this contrasts to the control situation where net fecal cholesterol 

excretion is lower than the sum of intake and hepatobiliary flux, indicating net (re)absorption. 
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Table 2. Indirect cholesterol balance 

 μmol.day-1.100g body weight-1 Control Low P/S ratio

 Dietary cholesterol intake  

 Biliary cholesterol secretion 

 Fecal neutral sterol excretion 

2.1 [2.1-2.2] 

2.5 [1.6-4.1] 

4.7 [3.2-5.3]

2.3 [2.1-2.4] 

3.5 [2.5-4.0]

 7.9 [6.8-9.8]**

Net non-hepatobiliary cholesterol excretion
(<0 = net absorption; >0 = net excretion) 

~ -0.5 ~ 2.5*

 
Data represent medians and interquartile ranges of 6-7 mice per group. *p<0.05, **p<0.01 indicate significant 
differences between low P/S ratio diet and control mice after 8 weeks of diet, respectively. 

To gain more insight in the origin of the fecal cholesterol, we determined neutral sterol content in 

the intestinal tract. Neutral sterols recovered from the intestinal lumen during low P/S ratio diet were 

significantly increased in the middle part of the small intestine (0.08 [0.07-0.10] versus 0.03 [0.02-0.07] 

μmol; p= 0.01) and in the total intestinal tract (0.4 [0.4-0.5] versus 0.3 [0.3-0.4] μmol; p<0.05), compared 

with controls (figure 1). 

   

     








  











 





  





Figure 1. Neutral sterol content 
in intestinal lumen of low P/S 
ratio fed (black bars) and control 
(white bars) mice. SIP= small 
intestine proximal part, M= 
middle part, D= distal part, Cec= 
cecum, Col= remaining part of 
colon. Values represent medians 
and interquartile ranges for 
n=6-7 mice per group. 
*p<0.05 indicates significant 
difference between the two 
groups. 

Low P/S ratio diet does not change cholesterol absorption or synthesis, but induces transintestinal 

cholesterol excretion

To be able to estimate the quantitatively most important cholesterol fluxes in the body we determined, 

in addition to dietary intake and biliary flux, cholesterol absorption and whole body de novo synthesis. 

Using stable isotope labeled tracers the contribution of dietary, biliary and intestinal cholesterol to 

fecal sterols was calculated. 18 Fractional cholesterol absorption was measured by a dual stable isotope 

method. Although fractional cholesterol absorption on average was lower in low P/S ratio diet fed 

mice versus controls (49 [39-57] versus 65 [46-71]), the difference did not reach statistical significance 

(p>0.1). In order to assess whole body cholesterol synthesis, mice were given drinking water containing 

1-13C-acetate. 
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Subsequently cholesterol synthesis was determined by analysis of cholesterol mass-isotopomer 

distributions due to incorporation of the precursor 1-13C-acetate in cholesterol in bloodspots over 

3 consecutive days. Mice on a low P/S ratio diet tended to have a lower cholesterol synthesis rate 

compared to controls (figure 2, table 3) but the difference was not significant (p>0.07). As absorption 

and biliary cholesterol secretion were not altered by the low P/S diet, it was not surprising that fecal 

cholesterol originating from diet and bile did not differ between dietary groups (figure 3). The low P/S 

ratio diet strongly increased the amount of cholesterol derived from non-hepatobiliary origin, i.e. TICE, 

compared with control diet (5.0 [3.7-7.0] versus 2.2 [1.5-3.3] μmol.100g BW-1.day-1; p<0.01, figure 3).

Table 3. Total body cholesterol balance

 μmol.day-1.100g body weight-1 Control Low P/S ratio

 Dietary cholesterol intake  

 Cholesterol synthesis 

 Fecal neutral sterol excretion 

 Fecal bile salt excretion

2.4 [2.3-2.5] 

6.1 [3.3-7.4] 

4.7 [3.2-5.3]

4.7 [4.4-7.3]

2.6 2.7-2.8] 

2.9 [2.5-4.3]

7.9 [6.8-9.8]**

8.0 [6.0-10.8]

Total body cholesterol balance -3.5 [-4.5-0.8] -9.7 [-14.0-(-7.8)]**

Data represent medians and interquartile ranges of 6-7 mice per group. **P<0.01 indicates significant differences 
between low P/S ratio diet and control mice, respectively.

 

   












 








 








    

   

















 

 






 














Figure 2. Cholesterol synthesis in low P/S ratio fed 
(black bar) and control (white bar) mice. Values represent 
medians and interquartile ranges for n=6-7 per group. 

Figure 3. Origin of fecal sterols in low P/S ratio fed and 
control mice. Values represent means for n=6-7 per 
group. **p<0.01 indicates significant difference between 
the two groups. 

Low P/S ratio diet induces a negative total body cholesterol balance

Bile salts are produced in the liver by breakdown of cholesterol and secreted to the intestine with bile. 

Fecal bile salt excretion is a major route of disposal of body cholesterol. 33 A total body cholesterol 

balance can be calculated by taking the sum of whole body cholesterol synthesis and dietary intake 

minus the excreted fecal neutral sterols and bile salts.
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On a low P/S ratio diet the total body cholesterol balance was negative suggesting lack of compensation 

of fecal cholesterol loss by synthesis (table 3). 

Low P/S ratio diet induces expression of jejunal genes involved in cholesterol metabolism 

To investigate the effect of a low P/S ratio diet on gene expression microarray analysis was carried 

out on samples from the middle part of the small intestine (jejunum). A large number of in total 962 

genes were differentially regulated during low P/S ratio diet in mice, using a false discovery rate (FDR) 

of 1% as a threshold for significance of differential expression. 565 genes were upregulated and 397 

were downregulated. Based on the Gene Ontology categorization, low P/S ratio diet mainly affected 

metabolic processes (table 4). In the top 10 of the processes most significantly enriched during low P/S 

ratio diet, steroid biosynthetic processes and processes involved in steroid and fatty acid metabolism 

were listed (table 4, indicated in bold font).

Table 4. Biological processes enriched during low P/S ratio diet in murine jejunum – microarray analysis 
(GOTERM_BP_4). False discovery rate (FDR) <1%.

GOTERM BP 4: Biological processes Number of genes p-value Fold enrichment

Cellular lipid metabolic process 
Translation 

Lipid biosynthetic process 
Oxoacid metabolic process

Fatty acid metabolic process 
Sterol biosynthetic process
Cholesterol metabolic process
Steroid biosynthetic process
Transmembrane transport

Steroid metabolic process

69 

52 

44 

60 

34
14
18
18
51

26

1.2E-15 
3.7E-14

2.9E-11
3.4E-11
6.0E-11
4.2E-10
2.7E-8
3.4E-8

7.4E-8

2.4E-7

2.9 
3.4

3.2
2.6
3.8
9.6
5.3
5.2

2.3

3.3

Top 10-scoring list of processes enriched in jejunum upon low P/S ratio diet feeding in mice.

Low P/S ratio diet alters expression of genes encoding jejunal cholesterol transporters 

Over 20 genes involved in sterol metabolic processes were enriched during low P/S ratio diet, including 

several genes involved in cholesterol absorption and efflux (table 5). Transcription of the Liver X receptors 

(Lxrs) Lxrα (nr1h3) and Lxrβ (nr1h2), important transcriptional regulators of cholesterol metabolism, was 

not significantly higher in jejunum during low P/S ratio diet (table 5). Expression of Lxr targets such 

as Abcg5/g8 (cholesterol efflux) and ATP-binding cassette (Abc) A1 (table 5) was also unaltered or 

even decreased. Verification by qPCR showed no change in expression for either Abca1 or Abcg5/g8. 

Expression of Niemann-Pick c1-like 1 gene (Npc1l1, encoding the small intestinal cholesterol importer), 

was decreased in jejunum of mice fed the low P/S ratio diet. Gene expression of the Ldl receptor (Ldlr), 

implied in basolateral cholesterol uptake into enterocytes, was increased during low P/S ratio diet. qPCR 

analysis confirmed the microarray results for Npc1l1 and Ldlr (figure 4).
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Table 5. Fold changes of genes involved in intestinal cholesterol transport and synthesis – microarray analysis. 

Gene Description and protein ID
Fold change low 
P/S ratio fed versus 
control mice

Cholesterol transport

Lxrα (Nr1h3) Nuclear receptor subfamily 1, group H, member 3 No change

Lxrβ (Nr1h2) Nuclear receptor subfamily 1, group H, member 2   No change

Abcg5/g8 ATP-binding cassette sub-family G (White) member 5/8 No change*

Abca1 ATP-binding cassette, sub-family A (ABC1), member 1 ↓ 1.5 (NS in qPCR)

Npc1l1 Niemann-Pick C1-like protein 1 ↓ 1.8*

Ldlr Low density lipoprotein receptor ↑ 2.0*

Cholesterol synthesis

Mvk Mevalonate kinase ↑ 1.2

Pmvk Phosphomevalonate kinase ↑ 2.3

Mvd Mevalonatediphosphodecarboxylase ↑ 1.6

Fdps Farnesyldiphosphate synthase ↑ 2.0

Fdft1 Farnesyldiphosphate farnesyl transferase 1 (squalene synthase) ↑ 1.6

Sqle Squalene epoxidase (squalene monooxygenase) ↑ 1.8

Lss Lanosterol synthase ↑ 1.9

Cyp51 Cytochrome P450, family 51 (lanosterol 14-alpha demethylase) ↑ 2.4

Dhcr7 7-dehydrocholesterol reductase ↑ 1.4

Srebf1 Sterol regulatory element binding transcription factor 1                  No change

Srebf2 Sterol regulatory element binding factor 2 ↑ 1.3*

Hmgcr 3-hydroxy-3-methylglutaryl-Coenzyme A reductase ↑ 1.4*

Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (cytoplasmic) ↑ 1.8*

Fold changes are indicated by the arrows in the direction of up- (↑) or downregulation (↓) of gene expression. False 
discovery rate (FDR) <1%. mRNA expression of genes indicated with an asterisk (*) has been confirmed by qPCR 
analysis (p<0.05).

  

  













  







 





 








Figure 4. Small intestinal expression of genes involved in 
cholesterol import and efflux in low P/S ratio fed (black 
bars) versus control (white bars) mice. Data represent 
mRNA expression relative to the ribosomal RNA expression 
of the housekeeping gene 18S. Values represent medians 
and interquartile ranges for n=6 mice per group. *p<0.05 
indicates significant difference between the two groups. 
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Low P/S ratio diet is associated with enhanced expression of genes involved in 
cholesterol synthesis in jejunum and liver

Microarray analysis of jejunal samples revealed that expression of 32 genes involved in steroid 

biosynthesis was enriched during low P/S ratio diet (table 4), including mRNA expression of the rate 

limiting enzyme in cholesterol synthesis, HMG-CoA reductase (Hmgcr, table 5). mRNA expression of 

other genes relevant in the cholesterol biosynthesis pathway were also increased, namely soluble HMG-

CoA synthase 1 (Hmgcs1, cytoplasmic), mevalonate kinase (Mvk), phosphomevalonate kinase (Pmvk), 

mevalonatediphosphodecarboxylase (Mvd), farnesyldiphosphate synthase (Fdps), squalene synthase 

(Fdft1), squalene monooxygenase (Sqle), lanosterol synthase (Lss), Cytochrome P450, family 51 (Cyp51) 

and 7-dehydrocholesterol reductase (Dhcr7) (table 5). Transcription of all of these genes is regulated by 

the sterol regulatory element binding protein 2 (Srebp2). 34 Microarray analysis showed induction of 

the gene encoding Srebp2 (Srebf2) in low P/S ratio fed mice (table 5). Results were validated with qPCR 

analysis of mRNA expression of Hmgcr, Hmgcs1 and Srebf2 (figure 5A). 
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Figure 5. (A) Small intestinal expression of genes involved in cholesterol synthesis in low P/S ratio fed (black bars) 
versus control (white bars) mice. Data represent mRNA expression relative to the ribosomal RNA expression of the 
housekeeping gene 18S. (B) Cholesterol concentrations in small intestinal mucosa of low P/S ratio fed (black bars) 
and control (white bars) mice. (C) Hepatic Hmgcr expression and (D) Total cholesterol concentration in liver. Values 
represent medians and interquartile ranges for n=6 mice per group. *p<0.05 and **p<0.01 indicate significant 
difference between the two groups.
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Increased expression of Hmgcr was also detected in liver (figure 5C). We did not detect significant 

changes in whole body cholesterol synthesis in our stable isotope study. The low P/S ratio diet did not 

affect cholesterol concentration in jejunal mucosa (3.2 [2.8-3.5] versus 3.0 [2.1-3.4] μmol.mg mucosa-1), 

and only slightly affected it in liver (13.5 [12.9-14.5] versus 11.1 [9.6-12.2] μmol.mg liver-1; p= 0.01, 

respectively) (figure 5B and 5D). 

Discussion

The major finding in our study is that a high fat diet containing predominantly saturated fatty acids 

induces a major increase in net sterol excretion from the body via induction of TICE. The low P/S ratio diet 

had no effect on dietary cholesterol intake, biliary cholesterol secretion or overall cholesterol absorption. 

Since de novo cholesterol synthesis did not compensate for the sterol loss, the low P/S diet induced a net 

negative total body cholesterol balance after 8 weeks of dietary supplementation.

By performing intestinal perfusion experiments in mice, it was previously shown that a high fat diet (P/S 

ratio ~4) increased TICE in the proximal part of the intestine compared with a low fat diet. 10 Van der Velde 

et al. suggested that stimulation of TICE induced the observed increase in neutral sterol excretion. 10

The experimental set up of van der Velde et al. did not allow actual quantification of the contribution of 

TICE to total cholesterol excretion. We modified the method described by van der Veen et al. 18 which 

allows quantification of the net contribution of the major body fluxes of cholesterol to feces. In the 

present study we found that the degree of fatty acid saturation in a high fat diet influences cholesterol 

excretion. A low P/S ratio diet with high amounts of saturated stearic and palmitic acid and low amounts 

of unsaturated oleic and linoleic acid compared with a higher P/S ratio diet turned out to be very 

efficient in increasing neutral sterol excretion and this effect was mainly accounted for by increased TICE. 

Reduced mRNA expression of the apical uptake transporter Npc1l1 35 in the small intestine suggested 

that the increase in fecal neutral sterol excretion could, at least in part, be caused by cholesterol 

malabsorption. However, we did not find significantly decreased cholesterol absorption during low 

P/S ratio diet feeding using a dual stable isotope test. It was shown previously that induction of TICE 

by peroxisome proliferator-activated receptor delta (PPARδ, Nr1c2) activation did not correlate with 

decreased Npc1l1 mRNA 11. Stimulation of Lxr has been shown to increase TICE in mice. 12,18 In low P/S 

ratio fed mice we did not find changed expression levels of Lxr nor its target genes Abcg5 and Abcg8. 

In contrast, expression of Cyp27a1, producing 27OH-cholesterol, a major Lxrα ligand in enterocytes 36, 

was significantly downregulated during low P/S ratio diet (not shown). These data suggest that TICE is 

induced independently of Lxr activation in our model. 

The low P/S ratio diet increased mRNA expression of the transcriptional regulator of cholesterol 

biosynthesis Srepf2 37 and its target genes in jejunum, whereas cholesterol concentrations in the jejunal 

mucosa were similar compared to mice on control diet. It is possible that intestinal cholesterol synthesis 

is indeed increased during low P/S ratio diet to compensate for cholesterol loss via TICE. Our method 

does not allow measurement of cholesterol synthesis in individual organs. 
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Yet, whole body synthesis was not increased by the low P/S diet. Compared with previous studies in mice, 

we found relatively low whole body cholesterol synthesis rates. 18,38-40 Several factors can account for the 

differences, including the method applied, the time point, time frame and differences in cholesterol 

absorption between different mouse strains. Earlier studies were performed with the tritiated water 

incorporation method in the dark phase of the light cycle, when synthesis is known to be higher than 

during the light phase. In addition, mice were terminated one hour after label administration. 38-40 Based 

on previous studies, it is thought that measurement of cholesterol synthesis with MIDA over at least 24h 

yields accurate whole body cholesterol synthesis rates. 22,41 Depending on the mouse strain, cholesterol 

absorption and thus synthesis differ. 6 Compared with previous studies (in C57BL/6J 18,38, 129Sv mice 39 

and mice with mixed backgrounds 40) we found a relatively high cholesterol absorption in FVB mice, 

and therefore not surprisingly a relatively low cholesterol synthesis rate. Since fecal sterol excretion 

increased, the mice developed a negative total body cholesterol balance on the low P/S diet. Carcass 

analyses should be performed in future studies to determine cholesterol concentration and synthesis 

in individual organs.

The question arises where exactly the extra fecal cholesterol excretion originated from. Theoretically, 

increased fecal cholesterol excretion on the low P/S ratio diet could be due to increased desquamation of 

small intestinal enterocytes. During intestinal perfusions studies in mice, cholesterol from desquamated 

cells was estimated to contribute ~15% to fecal sterols. 9 Our group recently demonstrated that most 

of the TICE flux induced by plant sterols, measured via the stable isotope method, is abrogated in the 

absence of Abcg5/g8 suggesting that these transporters play an important role in the pathway. 42 The 

dominant role of Abcg5/g8 also confirms the relatively minor contribution of intestinal cell shedding 

to TICE. Previous studies showed that there were no significant differences in proliferative capacity of 

enterocytes between low P/S ratio and control diet. 19 Taking these considerations into account, we 

suggest hat (most of ) the increased neutral sterol output on a low P/S ratio diet originates from the blood 

compartment. In early human studies the estimated contribution of cholesterol from desquamated cells 

to the intestinal lumen was at most ~10-20%. 43-45 However, the existence of a transport route from 

blood to feces via the intestine was not taken into account in these studies. The turnover of intestinal 

epithelial cells in humans (3-5 days) is slower than that in mice. It is tempting to speculate that part of the 

suggested desquamation-derived fecal cholesterol in humans represents blood derived TICE. Studies 

are warranted to clarify the origin of fecal sterols in humans. 

Mice on low P/S ratio diet were not ill and their intake and body weights were normal. We calculated 

the loss of body cholesterol with the help of literature values 46 of total body cholesterol. In contrast 

to control mice that were balanced, mice on a low P/S ratio diet were estimated to lose a small but 

significant fraction (0.5%; p<0.01) of their total body cholesterol per day. This indicates that activation of 

TICE may actually lead to net cholesterol disposal from the body. Additional studies (of longer duration) 

are necessary to investigate this further. Our model allows for quantification of the net TICE derived 

cholesterol in feces, however actual TICE flux cannot be measured. Since part of the secreted cholesterol 

is likely reabsorbed in the intestine, the actual flux may in reality be much higher. 
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TICE might thus become much more prominent under conditions of impaired cholesterol absorption. 42

Altogether, our data clearly show that a low P/S ratio diet induces cholesterol excretion via the 

transintestinal route. Transcriptional activation of cholesterol synthesis fails to compensate for fecal loss of 

cholesterol. Induction of TICE by dietary manipulation (for example addition of long chain unabsorbable 

fatty acids to avoid the negative side effects of saturated fatty acids) could represent an attractive target 

in prevention and treatment of hypercholesterolemia and cardiovascular disease.
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Supplementary figure 1. Fecal fatty acid (FA) excretion in low P/S ratio fed (black bars) and control (white bars) mice 
after 4 weeks of diet (A). FA concentrations were determined in feces by gas chromatography and normalized to daily 
fecal output and body weight. Fecal neutral sterol excretion (B) and erythrocyte triene/ tetraene (TT) ratio (C) in low 
P/S ratio fed (black bars) and control (white bars) mice after 4 weeks of diet. TT ratio represents the ratio between 
eicosatrienoic (mead) acid (C20:3n-9) and arachidonic acid (C20:4n-6). Essential fatty acid deficiency is present when 
the TT ratio is increased above a threshold value of 0.2. Values represent medians and interquartile ranges for n=6 
mice per group. **p<0.01 indicates significant difference between the two groups. 




