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absTracT

Trans-intestinal cholesterol excretion (TICE) contributes substantially to faecal neutral sterol (FNS) 

excretion in mice. The relevance of TICE for faecal cholesterol elimination in humans remains to be 

established. 

We quantified TICE in ten mildly hypercholesterolaemic male subjects (62.1 ± 2.9y, BMI: 25.8 ± 2.8kg/

m2, LDL-C: 3.8 ± 0.5mmol/l), using an integrated stable isotope method derived from validated 

methodologies in mice. The kinetics of orally and intravenously administered labeled cholesterol 

isotopes (D7 and 13C2-cholesterol) were assessed in plasma, bile and faeces during seven days to 

estimate FNS excretion, biliary cholesterol secretion, intestinal absorption and TICE. The protocol was 

repeated following 4-week treatment with ezetimibe 10mg/day. 

At basal conditions, daily FNS excretion averaged 429 ± 227 mg/day; 99 ± 24 mg/day was diet-derived 

and 304 ± 220 mg/day blood-derived. Of the latter, 67% was secreted by bile (202 ± 100 mg/day) and 

33% by TICE (101 ± 223 mg/day). Ezetimibe increased FNS excretion by 2.6-fold (p<0.001); reduced 

cholesterol absorption by 56% (p=0.011) and induced a 4.6-fold increase in cholesterol elimination via 

TICE (p=0.002), while biliary cholesterol secretion remained unaltered. 

In humans, one-third of plasma-derived cholesterol is excreted via TICE, which is markedly enhanced 

by ezetimibe therapy. TICE may serve as a novel target to stimulate cholesterol elimination in patients 

at increased risk for cardiovascular disease.
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InTroDucTIon

The reverse cholesterol transport (RCT) pathway is a crucial anti-atherogenic mechanism, mediating 

the removal of cholesterol from tissues in the body to the faeces 1. Although the scientific community 

for many decades has adhered to the concept that cholesterol transport from plasma to faeces occurs 

exclusively via hepatobiliary secretion, direct trans-intestinal excretion of plasma-derived cholesterol 

has recently been put forward as an additional pathway in the process of RCT 2-4. Studies in various 

mouse strains with genetically impaired hepatobiliary cholesterol secretion have demonstrated 

normal or even increased faecal sterol loss in these animals 3,5-8, thereby lending strong support to 

the presence of a non-biliary route for faecal sterol elimination. In line, intestinal perfusion studies 

in mice substantiated that murine enterocytes secrete cholesterol directly into the intestinal lumen 

throughout the entire length of the small intestine 4. In fact, this trans-intestinal cholesterol efflux 

(TICE) route was found to account for 20-33% of total faecal sterol excretion, whereas it could be 

stimulated by LXR- and/or PPAR-δ agonists 4,9,10. Additional data in mice suggest that the cholesterol 

absorption inhibitor ezetimibe is also involved in the RCT pathway 11,12 and in fact might stimulate TICE 
13.

Whether TICE is also present in humans remains to be established. Thus far, literature encloses only 

speculations on the existence of TICE in human physiology, mostly originating from studies in patients 

with bile fistulae. In patients with complete biliary obstruction, a substantial portion of faecal sterols 

were found to be of non-dietary origin 14 and in another study in bile-diverted patients, the intestinal 

mucosa was found to secrete 250-400 mg of cholesterol per day 15. A human intestinal perfusion 

study corroborated the presence of TICE in humans, showing that approximately 44% of total FNS 

output originated from non-biliary origin 16. These and a number of other reports 17-19 were mostly 

disregarded and highly criticized, predominantly due to the small number of observations and the 

study limitations of bile-diverted conditions. The latter include compromised cholesterol absorption 

and strongly upregulated cholesterol and bile acid synthesis. Furthermore, these studies may have 

been disregarded due to limitations of intestinal perfusion studies, such as the absence of food, biliary 

and pancreatic components in the rinsed and perfused intestinal segments, together with the specific 

composition of the perfusate, which may have influenced the excretory capacity of enterocytes. 

Although these experiments collectively support the existence of TICE in humans, a definite answer 

to this question has remained elusive, largely caused by the technical challenges faced to reliably 

estimate this flux in humans, which requires simultaneous assessment of cholesterol absorption, 

biliary secretion and, as final common pathway, FNS excretion.

By combining previous experience from validated models in mice 9 and humans 20-22, we set out to 

quantify TICE in a group of mildly hypercholesterolaemic healthy male subjects by means of a combined 

stable isotope method, using differentially labeled cholesterol molecules and bile acid tracers. Also, in 

order to evaluate whether TICE is amenable to pharmacological modulation in humans, the protocol 
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was repeated during a second study period in a subgroup of the participants following treatment with 

ezetimibe 10mg daily for a period of four weeks. In the present series of experiments, we show that 

TICE contributes substantially to faecal sterol elimination in humans and that this cholesterol excretion 

pathway can be significantly stimulated by ezetimibe. 

MeThoDs

subjects
Subjects were recruited via advertisements in local newspapers. Caucasian adult males, with plasma 

low-density lipoprotein cholesterol (LDL-C) concentrations between 2.8 and 5.0 mmol/l were 

considered eligible, in case they did not meet the following exclusion criteria: use of medication 

or plant sterol- or stanol-enriched food products; a history of arterial disease, including unstable 

angina, myocardial infarction, transient ischemic attack, or a cerebrovascular accident; gallstone 

or other biliary disease; diabetes mellitus; thyroid illness; uncontrolled hypertension; familial 

hypercholesterolemia (FH), diagnosed either by genotyping or by WHO diagnostic criteria; plasma 

triglyceride (TG) concentrations > 3.0 mmol/l; BMI> 30 kg/m2 or excessive alcohol consumption. This 

study was approved by the Institutional Review Board of the Academic Medical Center in Amsterdam. 

Each participant gave written informed consent. 

experimental procedures
The tracer administration and sampling protocol (Figure 1), based on our prior study in mice 9, 

was modified for applicability in humans. Participants kept a cholesterol-restricted diet (<300mg/

day) from 7 days prior to the dual cholesterol tracer administration (T=0h), until the end of study 

(T=168h). During the study period following T=0h, subjects consumed two supervised meals per day 

at the research facility and kept a dietary record, while maintaining their usual patterns of smoking 

and physical activity. In order to normalize faecal isotope recovery measurements for variations in 

faecal flow, subjects ingested tracer capsules containing 3mg [5,6,22,23-D4]-sitostanol (Cambridge 

Isotope Laboratories, Andover, MA) three times daily with their meals, from T=-48h until the study 

end. The day before the dual cholesterol isotope administration, participants collected one baseline 

stool sample (T=-24h), using a FSC specimen collection system (Fisher Scientific, USA). That evening, 

subjects ingested a mixture of bile acid tracers two hours following dinner (T=-13h). This involved 

a single oral dose of 50mg [2,2,4,4-D4]-chenodeoxycholic acid (D4-CDCA, Cambridge Isotopes Inc) 

and 50mg [2,2,4,4-D4]-cholic acid (D4-CA, Sigma Aldrich, Isotec Inc), dissolved in 200ml 0.5% sodium 

bicarbonate in water together with 0.4% dextrose. These bile acid tracers were used to measure bile 

acid pool size and turnover rate, from measurement of their enrichments in postprandial plasma in 

the subsequent 4 days 20. 
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The next morning (T=0h), participants were admitted to the hospital in a fasting state for a 30-minute 

infusion of 50mg [3,4- 13C2] cholesterol (Isotec, Miamisbury, OH) dissolved in 33ml 10% Liposyn III 

(Hospira Inc, Lake Forest, IL). The 13C2-cholesterol was prepared for injection by dissolving the 

tracer in warm USP ethanol into a clear solution under sterile conditions. Thereafter, the isotope/

ethanol mixture was added to 10% Liposyn III for a total administrable volume of 33ml. Immediately 

after infusion of the intravenous tracer dose, subjects ingested 50mg of [25,26,26,26,27,27,27-D7] 

cholesterol (Cambridge Isotope Laboratories, Andover, MA), administered in a stomach-soluble 

gelatine capsule, together with a standardized breakfast, as previously described 21. Subjects refrained 

from food for 4 hours following the test meal, to allow complete gastric emptying. Blood samples were 

collected directly before the 13C2-cholesterol infusion and at 4, 9, 11, 23, 25, 28, 30, 48, 72, 120 and 

168 hours post-administration of the cholesterol tracers. Plasma was isolated by centrifugation and 

stored at -80ºC, for subsequent cholesterol extraction and measurement of the tracer enrichments, 

as described below. Subjects collected daily fecal samples from T=0 until the end of study (T=168h). 

At T=24h a biliary sample was obtained in the morning fasting state, by use of the Enterotest® (HDC 

Corp, Mountain View, CA, USA). This commercially available device for sampling of gastrointestinal 

contents was used to determine biliary bile acid and cholesterol contents, as previously described 23,24. 

Participants swallowed the encapsulated nylon thread with water in the evening before the T=24h 

study visit; one end was taped at a corner of the mouth. The capsule dissolves in the stomach and the 

thread, weighed at its distal end, passes into the duodenum. The next morning (T=23h), an intravenous 

dose of 0.05μg/kg synthetic cholecystokinin (CCK) (sincalide, Kinevac®, Bracco Diagnostics, Princeton, 

Figure 1. Isotope administration and sampling protocol
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NJ) was administered to induce gallbladder contraction. After 1 hour, the thread was withdrawn, 

coloured yellow with bile at the distal end and immediately frozen at -80ºC, for subsequent cholesterol 

and bile acid extraction and measurement of tracer enrichments. Finally, during a period of 5 hours 

following the CCK dose, plasma was obtained at 30-minute intervals for measurement of bile acid 

profiles in order to estimate enterohepatic cycle time as described in the Supplementary Methods 

and Results. 

A second experiment was performed according to the same tracer administration and sampling 

protocol, after subjects had used ezetimibe 10mg daily for a period of 28 days before T=0. 

analytical procedures
Fasted plasma TC, HDL-C and TG concentrations were measured with standard automated methods; 

LDL-C levels were calculated using the Friedewald formula 25. 

Plasma cholesterol was extracted with ethanol/acetone (1:1, v/v) 26 and derivatized using N,O-

bis-(trimethylsilyl)trifluoroacetamide (1% trimethylchlorosilane) and pyridine (1:1; v/v) at room 

temperature. Bile acids were deconjugated and extracted from plasma and derivatized according to 

Hulzebos et al 27.

Biliary lipids were extracted according to Bligh and Dyer 28 from the fresh-frozen bile samples, as well as 

from bile eluted from the Enterotests® as previously described 24. Biliary free cholesterol was derivatized 

using N,O-bis-(trimethylsilyl)trifluoroacetamide/ pyridine (1:1; v/v) with 1% trimethylchlorosilane at 

room temperature. 

Daily frozen faecal samples were thawed and homogenized with distilled water (1:1; w/w). 10ml of 

fecal homogenate was dispensed into a 10ml plastic tube. FNS were extracted as described by Arca 

et al 29 and were quantified as their trimethylsilyl ethers by gas-liquid chromatography. Bile acids 

were extracted and quantified as their methyl-trimethylsilyl derivatives according to Setchell et al 30. 

Neutral sterols and bile acids were analyzed by gas chromatography (Agilent 6890, Amstelveen, The 

Netherlands), using a CPSil 19 capillary column (25m x 0.25mm x 0.2µm) (Chrompack, Middelburg, 

The Netherlands). 

Daily FNS excretion rates were calculated by expressing the results relative to D4-sitostanol as 

measured by gas chromatography/mass spectrometry (GC/MS). Enrichments of FNS were measured 

in the cholesterol fraction, whereas total faecal neutral sterols were determined as the sum of faecal 

cholesterol and its bacterial metabolites, which were assumed to have similar specific enrichments as 

cholesterol.

Plasma and biliary bile acid profiles were determined using liquid-chromatography/mass-spectrometry 

(LC-MS/MS) (Api3000; AB Sciex, Framingham, MA) coupled to a Shimadzu HPLC (Kyoto, Japan). The 

system was controlled by Analist 1.6 software (AB Sciex). The LC conditions were as follows: an  XBridge 

Shield RP18 column (3.5 μm, 100 mm × 2.1 mm ID) (Waters, Milford,MA) was used,  the mobile phase 
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consisted of 20 mM ammoniumacetate, pH 8 (mobile phase A) and methanol (mobile phase B), at a 

total flow rate of 0.2 ml/min. The injection volume of all samples was 10 μl.

Measurement of mass isotopomer distribution
D7-cholesterol derivatives were analyzed by GC/MS, EI-mode (Agilent 7890A / 5975C, Amstelveen, 

The Netherlands), using a ZB capillary column (30m x 0.25mm x 0.25µm) (Phenomex, Utrecht, The 

Netherlands). Ions monitored, m/z 368-375 generated in the electron impact mode corresponding to 

the M0-M7 mass isotopomers were corrected for the fractional distribution due to natural abundance 

of 13C by multiple linear regression as described by Lee et al 31, in order to obtain excess fractional 

distribution of mass isotopomers resulting from isotope dilution. In this approach, M7 represented the 

orally administered label.   

Isotopic enrichments of 13C2-cholesterol were measured using gas-chromatography combustion 

isotope-ratio mass-spectrometry (GC-C-IRMS) (Delta Plus Thermo Electron, Bremen Germany) using 

a ZB capillary column (30m x 0.25mm x 0.25µm) (Phenomex, Utrecht, The Netherlands). Isotopic 

enrichments determined as atom percent excess (APE) were converted into molar percent excess 

(MPE) using a linear calibration curve.

D4-cholic acid (D4-CA) and D4-chenodeoxy-cholic acid (D4-CDCA) were measured on a Agilent 7890A 

GC connected to a Agilent 5975C MSD (Agilent, Amstelveen, Holland). Gas-liquid chromatographic 

separation was performed on a 10 m × 0.100 mm column with a film thickness of 0.1 μm (DB-5MS; 

Agilent). Isotope ratios were determined in the selected ion monitoring mode on m/z 623.4 (M0) and 

627.3 (M4) for CA and on m/z 535.4 (M0) and 539.4 (M4) for CDCA. 

D4-sitostanol derivatives were analyzed by GC/MS, EI-mode (Agilent 7890A / 5975C, Amstelveen, 

The Netherlands), using a ZB capillary column (30m x 0.25mm x 0.25µm; Phenomex, Utrecht, The 

Netherlands). Ions monitored, m/z 488-493 generated in the electron impact mode corresponding to 

the M0-M5 mass isotopomers were corrected for the fractional distribution due to natural abundance, 

as described by Lee et al 31.

calculation of Kinetic Parameters and cholesterol fluxes
The methods to calculate fractional and absolute contributions of the distinct fluxes to total FNS loss 

resemble those previously described in mice 9. In general, from plasma and faecal decay curves of the 

intravenously administered 13C2-cholesterol and orally administered D7-cholesterol tracers, combined 

with both enrichments in the bile sample, several kinetic parameters were calculated. This was done 

by use of a mathematical kinetic model (SAAM-II software, University of Washington, USA, Version 

1.2.1). This model’s equations are summarized in the Supplementary Methods and Results. 

Combined with measurement of dietary cholesterol intake, fractional cholesterol absorption, excreted 

faecal NS and BA mass, total bile acid poolsize, secretion rate and biliary cholesterol/bile acid ratio 

(CH/BA), specific sources of cholesterol contributing to total FNS mass could be calculated as described 
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below. A more detailed description of calculations with justification of equations is provided in the 

Supplementary Methods and Results. 

Dietary intake, Fractional Cholesterol Absorption and Cholesterol synthesis
Dietary cholesterol intakes were calculated using a freely available Dutch nutrition database program 

(www.dieetinzicht.nl). Fractional cholesterol absorption (Fa) was calculated from the area under the 

curve of intravenously and orally administrated cholesterol isotopes and their dose, as described in 

the Supplementary Methods and Results. 

Cholesterol synthesis was estimated according to the cholesterol balance method, i.e. as the 

difference between faecal elimination of cholesterol, both as BA and NS and accurately assessed 

dietary cholesterol intake 32,33.

Determination of the Sources of Fecal Neutral Sterols
Total FNS mass consists of several fractions originating from various sources: dietary cholesterol 

(diet E); blood-derived cholesterol (blood E): either secreted via bile (blood E) or directly by the intestine  

(  blood E); and a remaining fraction, deriving from hepatic or intestinal de novo synthesis (restE). 

Calculation of these cholesterol sources is described into detail in the Supplementary Methods and 

Results. 

In short, from the dietary cholesterol intake and fractional cholesterol absorption measurements, the 

fraction of faecal mass that derives from dietary cholesterol can be calculated (diet E). The fraction 

of FNS that derives from the plasma compartment (blood E), was deduced from the area’s under the 

curve of the 13C2-cholesterol decay curves in plasma and faeces, respectively. This fraction multiplied 

by total FNS mass, corrected for fractional absorption, renders the total plasma-derived FNS mass  

(blood E). Determination of the bile-derived portion of blood E (blood E) requires calculation of the fraction 

of biliary cholesterol that originates from the blood compartment. For this purpose, the ratio of the  
13C2-enrichment in bile and plasma at T=24h was quantified (blood β). The mass of plasma-derived FNS  

secreted via bile (blood E) is the product of the plasma-derived biliary fraction (blood β) and the mass of  

daily secreted biliary cholesterol. The latter was not available offhand, as our methods did not allow 

for bile sampling over a certain time period. Therefore, this parameter was deduced from the bile 

acid kinetics measurement, as described in the Supplementary Methods and Results. In short, from 

4-day postprandial plasma sampling following oral administration of two labeled bile acids (D4-CA and 

D4-CDCA), total bile acid poolsize and fractional turnover rate can be reliably calculated 20. Biliary BA 

secretion (BBA) results from the product of total BA poolsize (QBA) and the fractional elimination rate of 

total bile acids from blood (kBA). The latter was estimated from the plasma decay curves of total bile 

acid concentrations measured at 30 minute intervals during 5 hours following administration of the 

intravenous dose of cholecystokinin (Supplementary Methods and Results Figure 1). Subsequently, 

biliary BA secretion is multiplied by the biliary cholesterol/bile acid (CH/BA) ratio, yielding biliary 

bile

bile

bile

bilebile

int estine
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cholesterol secretion rate (BCH). Abovementioned methods to measure the biliary CH/BA ratios were 

validated in a separate experiment by comparison of these ratios in bile obtained by the Enterotest® 

versus bile obtained by gastroduodenoscopy (Supplementary Methods and Results Table 4 and Figure 

3).

Finally, correcting biliary blood-derived cholesterol secretion for fractional cholesterol (re)absorption 

renders the amount of blood-derived cholesterol that is excreted via the biliary pathway into the 

faeces (blood E). The difference between the total mass of blood-derived cholesterol in the faeces (bloodE)  

and faecal blood-derived cholesterol secreted via bile (bloodE) represents the amount of cholesterol  

in the faeces that is excreted from the blood compartment directly into the intestinal lumen, i.e. TICE  

(  bloodE). The remaining mass of FNS, not accounted for by one of the abovementioned fluxes (restE), is 

considered to derive from other sources, such as hepatic and intestinal de novo synthesis. 

statistical analyses
Differences in measured fluxes between the basal and repeated experiment after ezetimibe treatment 

were statistically analyzed by use of paired sample T-tests and if data were skewed, the Wilcoxon 

signed rank test (SPSS Inc, Chicago, IL, version 15.0). P <0.05 was considered statistically significant. 

resulTs

subjects
Fifteen subjects out of twenty screened subjects met the in- and exclusion criteria. All completed the 

first experiment. Ten out of fifteen participants consented to participate in the second experiment, 

after a 28-day treatment period with ezetimibe 10mg daily (until day 0 of the study schedule displayed 

in Figure 1). The second experiment started 6.3 ± 0.9 months after completion of the basal experiment. 

Baseline characteristics of the ten participants who completed both study periods at start of each 

experiment are shown in Table 1. 

cholesterol kinetic and bile acid parameters under basal conditions
Figure 2 displays average curves of fractional enrichments in plasma and faeces of intravenously 

administered 13C2-cholesterol and orally administered D7-cholesterol. For each individual, the curves 

were fitted using SAAM II software and kinetic parameters were calculated (Table 2 and Supplementary 

Methods and Results). The CH/BA ratio for each participant was determined by eluting bile absorbed 

to the Enterotest® at T=24h. In six study participants the Enterotest® measurement was repeated two 

to six days post-administration of the cholesterol tracers. Results of CH/BA ratios did not significantly 

differ between the timepoints (data not shown). 

bile

bile

int estine
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Table 1. Baseline characteristics 

basal ezetimibe

Male subjects, n 10 10

Age, years 62.1 ± 2.9 62.7 ± 2.9

Smoking, n 2 2

BMI, kg/m2 25.8 ± 2.8 25.6 ± 2.7

SBP, mmHg 140 ± 13 143 ± 19

DBP, mmHg 84 ± 8 89 ± 13

Total cholesterol, mmol/l            5.62 ± 0.72 4.74 ± 0.46*

LDL-cholesterol,  mmol/l   3.81 ± 0.50 2.87 ± 0.31*

HDL-cholesterol,  mmol/l 1.38 ± 0.28 1.41 ± 0.30

Triglycerides, mmol/l            0.95 [0.66-1.39] 0.88 [0.78 – 1.89]

Glucose, mmol/l 5.5 ± 0.6 5.5 ± 0.4

Data are presented as means ± SD. 

As triglyceride data were skewed, data were log-transformed prior to testing; untransformed medians and range are 
presented. *P ≤ 0.002

Figure 2. Combined plasma and faeces 13C2- and D7-
cholesterol enrichment curves 

Time dependent curves of the fractional contributions 
of intravenously administered 13C2-cholesterol and 
orally administered D7-cholesterol in blood and faeces 
at basal conditions (A) and after ezetimibe treatment 
(B). Curves were described according to eq.1 as 
described in the Supplementary Methods, followed by 
the calculation of AUC (eq. 2).
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To further validate CH/BA ratios obtained with the Enterotest®, a separate experiment was carried 

out in five healthy volunteers in which duodenal bile was harvested both endoscopically and 

via the Enterotest®. The CH/BA ratios obtained by both methods were not significantly different 

(Supplementary Methods and Results Figure 3). Bile acid pool sizes and the fractional elimination 

rate of total BA from blood (kBA) are shown in Supplementary Methods and Results Table 3.  Biliary 

cholesterol secretion was calculated to be 602 ± 335 mg/day (Table 3).

cholesterol fluxes and sources of fns at basal conditions
Calculated cholesterol fluxes of the basal experiment are shown in Table 3 and Figure 4. Dietary 

cholesterol intake was 137 ± 43 mg/day. Intestinal fractional cholesterol absorption was 24.6 ± 11.6% 

and cholesterol synthesis amounted to 549 ± 291 mg/day. Total FNS loss averaged 429 ± 227 mg/

day, consisting of the following fractions:  dietary cholesterol: 99 ± 24mg/day (diet E); blood-derived 

cholesterol 304 ± 220 mg/day (bloodE): either secreted via bile 202 ± 100 mg/day (blood E) or by TICE 101  

± 223 mg/day (  blood E), corresponding to 47% and 24% of total FNS, respectively. The contribution of 

the remaining fraction, deriving from hepatic and intestinal de novo synthesis (restE) amounted to 24 ± 

120 mg/day. Faecal bile acid mass amounted to 256 ± 151 mg/day (Figure 3). 

ezetimibe-induced changes in measured cholesterol fluxes and sources of fns
Ezetimibe significantly reduced plasma TC and LDL-C concentrations by 1.15 ± 0.69 mmol/l and 1.12 ± 

0.57 mmol/l, corresponding to reductions of 17.3 ± 8.0% and 25.4 ± 8.1%, respectively. Plasma HDL-C 

and triglyceride levels were not significantly affected (Table 1). Equivalent to the basal experiment, 

kinetic parameters of cholesterol turnover were estimated by curve-fitting of the fractional enrichment 

curves of intravenously administered 13C2-cholesterol and orally administered D7-cholesterol in plasma 

(Figure 2). Ezetimibe did not affect biliary BA content, species or conjugation pattern (data not shown).  

BA pool size and secretion were not affected by ezetimibe (Supplementary Methods and Results Table 

3). Ezetimibe slightly induced biliary cholesterol secretion, although this did not reach statistical 

significance. (Table 3). Total faecal BA mass was significantly increased by ezetimibe to a total of 486 ± 

172 mg/day (p=0.004, Figure 4).

Dietary cholesterol intake did not differ significantly (Table 3). Ezetimibe reduced intestinal fractional 

cholesterol absorption by 56%, as compared to basal conditions (-56.0% ± 12.6%, p= 0.037) and 

increased cholesterol synthesis by 2.6-fold to a total of 1480 ± 357 mg/day (p=0.002). Total FNS loss 

increased up to 1142 ± 290 mg/day, corresponding to a significant 2.2-fold increase as compared to 

the basal experiment (p=0.002). Faecal cholesterol loss originating from the diet (diet E) was slightly 

increased by ezetimibe (129 ± 41 mg/day versus 99 ± 24 mg/day, p=0.027). Ezetimibe doubled faecal 

loss of blood-derived cholesterol (bloodE) (748 ± 294 mg/day versus 304 ± 220 mg/day, p=0.002). This 

was due to a significant 4-fold increase in TICE (469 ± 281 mg/day versus 101 ± 223 mg/day, p=0.002), 

as the portion of blood-derived cholesterol secreted via bile (bloodE) was not significantly altered (281 ± 

bile

int estine
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Table 2. Parameters of cholesterol kinetics in both experiments (N=10)

Parameters basal ezetimibe

Bodyweight (kg)

Total cholesterol, mmol/l            

Div ( µmol/kg)

Doral ( µmol/kg)

AUCiv (µmol/l*day)

AUCoral (µmol/l*day)

Ra (µmol/kg/day

CR (l/kg/day)

Q (µmol/kg)

V (l/kg)

83.9 ± 7.8

5.62 ± 0.72

1.3 ± 0.4

1.5 ± 0.1

66.2 ± 23.8

18.9 ± 10.9

114.9 ± 13.6

0.0207 ± 0.0034

238.5 ± 68.8

0.0429 ± 0.0128

83.6 ± 8.1

4.74 ± 0.46*

1.5 ± 0.2

1.5 ± 0.2

59.2 ± 13.2

7.0 ± 2.5

125.8 ± 29.4

0.0267 ± 0.0073*

252.6 ± 27.2

0.0537 ± 0.0079*

Data are presented as means ± SD. *P < 0.05

Table 3. Measured cholesterol fluxes and fractional contributions to FNS loss 

Parameters basal ezetimibe p

Male subjects, n 10 10

Cholesterol absorption Fa (%) 24.6 ± 11.6 12.0  ±  4.4 0.037

Dietary cholesterol intake (mg/day)

Cholesterol synthesis (mg/day)

137 ± 43
549 ± 291

148 ±  50
1480 ± 357

NS
0.002

blood AUC iv (% day) 1.18 ± 0.40 1.26 ± 0.31 NS
feces AUC iv (% day) 0.76 ± 0.31 0.80 ± 0.26 NS

e(blood,feces) (%) 68.2 ± 21.0 65.5 ± 20.8 NS
blood f iv (%) 0.20 ± 0.06 0.27 ± 0.06 0.005
bile f iv (% ) 0.09 ± 0.04 0.12 ± 0.03 NS

β(blood,bile) (%) 48.3 ± 19.1 42.9 ± 11.3 NS

Biliary cholesterol secretion (mg/day) 602 ± 335 797 ± 658 NS

Fecal Neutral Sterol loss (mg/day) 429 ± 227 1142 ± 290 0.002
diet E  (mg/day) 99 ± 24 129 ± 41 0.027
blood E  (mg/day) 304 ± 220 748 ± 294 0.002

                            via bile 202 ± 100 281 ± 223 NS

                            via intestine 101 ± 223 469 ± 281 0.002
rest E  (mg/day) 24 ± 120 264 ± 283 0.02

Data are presented as means ± SD.
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223mg/day versus 202 ± 100 mg/day, p=0.182). Ezetimibe significantly increased the remaining mass 

of  FNS, not excreted via one of the abovementioned pathways (restE; 264 ± 283 mg/day versus 24 ± 120 

mg/day, p=0.02). These results are shown in Table 3 and are graphically displayed in Figure 4. 

DIscussIon

This study is the first to show that TICE is present in humans, contributing up to 24% of total faecal 

neutral sterol loss under basal conditions. In addition, we show that cholesterol elimination via TICE is 

sensitive to pharmacological modulation, as ezetimibe significantly increased FNS loss largely due to 

potent stimulation of TICE. This novel pathway contributing to the excretion of a substantial amount of 

cholesterol directly via the intestine constitutes a paradigm shift for the reverse cholesterol transport 

Figure 3. Cholesterol fluxes  

Cholesterol fluxes measured in 10 participants at basal conditions (open bars) and after treatment with ezetimibe (closed 
bars). *p<0.001 (FNS and cholesterol synthesis); p=0.011 (Fa); p=0.004 (Fecal BA).
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pathway in humans. Hence, TICE opens an entirely novel area for therapeutic interventions aimed at 

increasing cholesterol excretion in patients at increased risk of cardiovascular disease.

As discussed in the introduction, there is a considerable number of early literature reports that suggest 

the existence of  substantial non-biliary cholesterol excretion in humans. Although evocative, these 

studies do not unambiguously demonstrate that the mass of cholesterol secreted by the intestinal 

mucosa derives from the circulating cholesterol pool. We based our present methodologies on 

calculation of the contribution of plasma-derived cholesterol to FNS loss on a human study by Ferezou 

et al 34. In that report, plasma-derived cholesterol accounted for approximately 67% of FNS output 

in fifteen healthy young individuals. We corroborate this finding, as in our basal experiment this 

percentage was 68% ± 21% (Table 3). In the study by Ferezou et al, however, no distinction was made 

between the portions secreted via bile or TICE, respectively. We presently show that plasma-derived 

Figure 4. Sources of Faecal Neutral Sterols

a. Sources of faecal neutral sterols measured in 10 participants at basal conditions (open bars) and after treatment with 
ezetimibe (closed bars). *(Table 3)

b. Sources of faecal neutral sterols measured in 10 participants at basal conditions and after treatment with ezetimibe

a

b
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cholesterol is secreted into the faeces for two-thirds via bile and for one-third via trans-intestinal 

cholesterol excretion. These data provide compelling evidence that TICE contributes substantially to 

faecal excretion of plasma-derived cholesterol in humans. 

Plasma decay curves and half-lives of the intravenously administered 13C cholesterol in our study were 

similar to previous reports using both radioactively labeled cholesterol 19,35 and stable cholesterol 

isotopes 21. At basal conditions, FNS output was somewhat lower than previously described across 

populations 22,36,37, which most likely reflects the low cholesterol intake of our participants. Similarly 

low FNS excretion at basal conditions was observed in twenty-two healthy individuals who participated 

in a recent study evaluating the effects of ezetimibe and plant sterols on cholesterol metabolism and 

were also consuming a low cholesterol diet 38. Faecal bile acid masses and cholesterol synthesis, as 

measured by cholesterol balance, were in line with literature 22,32,36,37.  The cholesterol balance method 

is reliable, but only valid during metabolic steady state, which requires constant plasma cholesterol 

concentrations and fecal cholesterol excretion during a period of constant weight 32. Plasma cholesterol 

concentrations were constant in our participants from day 1 to10 and so was their weight and faecal 

cholesterol excretion (data not shown). Subjects consumed two supervised meals a day at the 

research facility, which increases the accuracy of the dietary recordings and thereby the assessment 

of cholesterol synthesis. 

Ezetimibe induced a 2.2-fold increase in FNS output, which is comparable to previous reports 36,38,39. 

This increase in FNS loss has previously been attributed to inhibition of cholesterol absorption with or 

without a possible increase in biliary cholesterol secretion 38. However, our results indicate that this 

increase is caused for the largest part by stimulation of cholesterol excretion via TICE. This finding is in 

line with our recent observations in mice where we found ezetimibe to promote FNS excretion in mice, 

without changes in hepatobiliary cholesterol secretion, thereby suggesting that the increased FNS 

loss might be mediated through TICE 13. It also follows recent suggestions concerning the involvement 

of ezetimibe in intestinal RCT, such as reports of ezetimibe-induced increases in fecal excretion of 

cholesterol derived from peripheral macrophages and HDL-C in mice 11,12. 

The underlying molecular mechanisms by which ezetimibe might stimulate TICE are unknown. We 

previously speculated that these effects might be related to the inhibition of Niemann-Pick C1-Like 

1 (NPC1L1), resulting in disturbed intracellular vesicle trafficking, which ultimately might lead to an 

increased transport of cholesterol to the apical membrane of the enterocytes 13. From cultured cells it 

is known that the NPC1L1 protein cycles between intracellular compartments and the cell membrane 

in a cholesterol-dependent manner 40. The sterol-sensing domain present in NPC1L1 might regulate 

its intracellular itineraries by sensing membrane cholesterol content. Next to a potential direct role 

in TICE, NPC1L1 might be involved in regulation of other intracellular players. Recently, hepatic 

NPC1L1 was found to downregulate Niemann-Pick C2 (NPC2), a homologous protein which mediates 
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cholesterol efflux by the ATP-binding cassette (ABC) G5/G8 transporter from hepatocytes to the bile 
41,42. The authors speculated that in analogy to hepatocytes and bile, NPC1L1 might serve as a regulatory 

mechanism for secretion of NPC2 in the intestine as well. Hence, inhibition of NPC1L1 by ezetimibe 

might result in increased intestinal secretion of NPC2 and consequently increased cholesterol efflux 

mediated by ABCG5/G8.  From our conflicting murine studies regarding the role of ABCG5/G8 4,9  and 

ezetimibe 10,13 in TICE, we strongly suspect that only a certain portion of TICE is mediated via ABCG5/

G8. Ezetimibe might stimulate this particular portion, through the abovementioned possible novel 

mechanism that certainly warrants further investigation. 

Another possibility is that ezetimibe exerts its stimulatory effect on TICE at the luminal side of the 

intestine. It has been shown that TICE can be stimulated by manipulation of the intraluminal bile acid 

and phospholipid content 4,44. Recent reports indicate that ezetimibe alters the composition of bile, 

thereby promoting the formation of unsaturated micelles 45,46. Although speculative, these changes in 

micellar composition might increase their capacity as cholesterol acceptors and thereby the excretory 

capacity of enterocytes. The improved gallbladder motility observed in both studies might improve 

the delivery of these acceptors to the more distal sites of intestinal cholesterol excretion. Our current 

findings are not strong enough to confirm or refute these possible ezetimibe-induced changes in 

biliary composition. 

Apart from TICE, ezetimibe also markedly induced the so-called remaining fraction of FNS loss in 

our study. We hypothesize this was most likely due to enhanced hepatic and intestinal cholesterol 

synthesis, as ezetimibe was shown to increase cholesterol synthesis in both animal models 47-49 and 

humans 36,39. Our cholesterol balance calculations confirm increased cholesterol synthesis after 

ezetimibe treatment. Of note, in animals and probably humans as well, shedding of enterocytes also 

serves as a source for FNS loss. Ferezou et al 34 estimated this contribution to be about 15%. Assuming 

that the decrease in isotopic enrichment of cholesterol corrected for de novo synthesized cholesterol 

in the liver is caused by shedding of enterocytes, the contribution was rather low in control conditions, 

but increased about tenfold after treatment with ezetimibe, suggesting that the drug either increased 

cell shedding or strongly increased cholesterol synthesis in the enterocytes.

Finally, ezetimibe also significantly increased faecal BA output in our subjects. This is in line with recent 

observations in twenty-two healthy individuals who were sequentially treated with ezetimibe and 

ezetimibe combined with plant sterols as compared to placebo for three weeks each 38.  Furthermore, 

a trend towards an increase in faecal BA loss was found in 18 males treated with ezetimibe for 2 weeks 

(p=0.068) 39. In contrast, faecal BA loss was unaltered in a more recent study performed by the same 

authors in 39 individuals treated with ezetimibe for 7 weeks 36. The reason for the difference in results 

is not clear. Yet, the ezetimibe-induced increase in faecal BA output appears to be a phenomenon 

restricted to humans, as it was not described in mice treated with ezetimibe 13,50. 
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study limitations
An essential step in quantification of TICE in our study is the determination of biliary cholesterol 

secretion. For obvious reasons, we were not able to perform direct measurements of biliary 

cholesterol secretion in humans. Since biliary cholesterol secretion is driven by bile acid secretion, 

we chose a non-invasive bile acid kinetic approach. Bile acid poolsizes were measured according to an 

established method from our laboratory 20,51 and were similar to those in other populations 20,51-52. The 

product of biliary BA secretion and biliary CH/BA ratio, as measured using the Enterotest®, eventually 

yielded biliary cholesterol output. We validated these obtained CH/BA ratios in a separate experiment 

in five volunteers, in which CH/BA ratios measured with the Enterotest® agreed well with those in 

bile sampled directly in the duodenum (Supplementary Methods and Results Figure 2). Despite these 

affirmative findings, our methodology assumes a stable linear relationship between biliary cholesterol 

and bile acid secretion, respectively. It is known that this is not always the case, as diurnal rhythm and 

prandial state cause variations in linearity and a curvilinear relation between bile acid and cholesterol 

secretion has been proposed 53,54. We cannot exclude that our methodology introduced experimental 

error in our results. However, curvilinearity would have led to overestimation of biliary cholesterol 

secretion and thus underestimation of TICE. This could be the reason that we found lower values for 

TICE under control conditions compared with the amounts observed in the intestinal perfusion studies 
16. Yet, the presently calculated mass of TICE is similar to the early estimations of TICE in studies using 

other methodologies 14,15. Furthermore, the effect of ezetimibe on TICE is unequivocal. According to 

Wang et al 45, this drug actually decreases biliary cholesterol secretion. In our study ezetimibe induced 

a slight, but not significant increase in biliary cholesterol output, which could by no means account for 

the increase in FNS loss. 

In summary, trans-intestinal excretion of blood-derived cholesterol is present in human physiology. 

We showed for the first time that TICE is an important pathway for faecal cholesterol elimination 

in humans. TICE was found to be sensitive to pharmacological stimulation by ezetimibe, yet, the 

underlying mechanisms need further investigation. Recent specific targeting of intestinal RCT showed 

profound effects on CVD progression 55 and macrophage RCT 56,57. Our findings imply that stimulation 

of TICE may provide a novel therapeutic modality for individuals at increased risk of CVD.
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suPPleMenTary MeThoDs & resulTs 

estimation of cholesterol kinetics
Relevant equations to describe blood cholesterol kinetics were adapted from pharmacokinetic

algorithms 1 and are listed in Supplemental table 1.  

Empirically it was found that the time dependent curves of both cholesterol tracers can be described 

by the sum of three exponential curves (eq. 1). The exponential curves with subscript 1 and 2 describe 

the elimination of the tracer from blood, whereas the exponential curve with subscript 3 describes the 

entrance of the label in blood. The f variables represent the fractional contribution of the tracer at time 

point 0, deduced by extrapolation and the k variables represent the fractional elimination/absorption 

rates of the tracer. With respect to the intravenously administered tracer, of which it is assumed that it 

is introduced into the sampled pool and is diluted instantaneously, the curve intersects the origin and 

so the estimated mole fraction f3(0) equals the sum of f1(0) and f2(0).

The area under the curve (AUC) is calculated as the sum of the ratios of fx and kx of the three 

exponential curves (eq. 2).

The turnover rate of cholesterol (Ra) is calculated as the ratio of the amount of administered tracer 

that enters the sampled pool and the AUC of this tracer (eq. 3). The amount of the bolus is calculated 

as the product of the administered dose (Dtr) and its bioavailability (Ftr). According to the assumption 

that the intravenously administered tracer is introduced into the sampled pool, its bioavailability is 1.

The clearance rate (CR) of cholesterol is calculated as the ratio of the turnover rate and cholesterol 

concentration (eq. 4) 

The apparent volume of distribution of cholesterol in blood is calculated as the ratio of its pool size and 

concentration of cholesterol in blood (eq.6).
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Supplementary Table 1.  Equations describing cholesterol kinetics

Eq. 1
Time dependency of  the fractional 
contribution from
cholesterol tracer in blood

Eq. 2
Area under the curve of the fractional 
contribution from
cholesterol tracer in blood

Eq. 3 Turnover rate of the
cholesterol tracer in blood

Eq. 4 Clearance Rate of 
cholesterol tracer in blood

Eq. 5 Pool size of cholesterol 
in blood

Eq. 6 Apparent volume of distribution of cholesterol 
in blood

Eq. 7 Fractional absorption of orally administered 
cholesterol

Assuming identical clearance rates of the isotopes and that the fractional contribution for intravenously 

administered cholesterol in blood is 100%, it can be deduced that the fractional contribution of 

oral administered cholesterol in blood, i.e., the fractional cholesterol absorption rate, is calculated 

according to eq. 7.

Determination of the sources of faecal neutral sterols
Sources of faecal neutral sterols (FNS) were calculated according to our previously methodology in 

mice 2, although modified for the human situation. Equations are shown in Supplementary Table 2. 

Total FNS mass consists of several fractions which originate from various sources, i.e., dietary 

cholesterol (diet E); blood-derived cholesterol (bloodE): either secreted via bile (blood
bile E) or directly by the 

intestine (blood 
intestine E) and a remaining fraction, which likely derives from hepatic or intestinal de novo 

synthesis (restE). 
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Supplementary table 2.  Equations describing sources of faecal neutral sterols

Eq. 8 Loss of dietary cholesterol in faeces (diet E)

Eq. 9 Fractional contribution of blood- derived 
cholesterol in faeces

Eq.10 Loss of blood-derived cholesterol in faeces

Eq.11 Fractional contribution of blood-derived 
cholesterol in bile

Eq.12 Loss of blood-derived cholesterol in faeces 
via bile

Eq.13 Biliary cholesterol secretion

Eq.14 Biliary bile acid secretion

Eq.15 Loss of blood-derived cholesterol in faeces 
via the intestine (TICE)

Eq.16 Loss of remaining cholesterol in faeces

The amount of  dietE in FNS is calculated as the product of daily cholesterol intake and the fraction of 

orally cholesterol that is not absorbed (1-Fa) as shown in eq. 8.

To calculate faecal excretion of blood-derived cholesterol, we adapted the method described for use 

in humans by Ferezou et al 3. This method enabled us to calculate the fraction of faecal neutral sterol 

excretion that originates from the blood compartment. First, time dependent curves of the fractional 

contributions of 13C2-cholesterol in blood and faeces were described according to eq.1, followed by the 

calculation of AUC (eq. 2). From the ratios of AUCs in faeces and blood, the fractional contribution of 

blood-derived cholesterol in faeces was calculated (eq. 9).

The mass of cholesterol loss originating from blood (bloodE) is the product of the fractional contribution 

of blood-derived cholesterol in faeces and the total faecal neutral sterol loss (totalE) as shown in eq.10. 

This blood-derived cholesterol can be secreted into faeces either via bile (blood
bile E) or directly by the 

intestine (blood
intestine E).

To determine the fraction of biliary cholesterol that is derived from the blood compartment (blood
bile β, 

eq.11), the fractional contributions of intravenously administered 13C2-cholesterol were determined in 

plasma and bile samples at 24h post-administration (blood
bile β). The bile sample was obtained by means 

of the Enterotest®. This particular time point was based on our previous experience in mice 2. 

The mass of blood-derived cholesterol that is excreted into the intestinal lumen via the biliary pathway 

is calculated as the product of the fraction blood-derived cholesterol in bile (blood
bile β) and daily biliary  

cholesterol output (totalBCH). To calculate faecal loss of blood-derived cholesterol via bile (blood
bile E), 

correction for fractional intestinal cholesterol re-absorption (Fa) is required (eq.12).

[ ]
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totalBCH represents daily biliary cholesterol output, which was calculated (eq.13) as the product of biliary 

bile acid secretion (BBA),  deduced from bile acid kinetic calculations described below and the ratio of 

cholesterol to bile acid concentrations (CH/BA) in bile, as measured from bile sample obtained with 

the Enterotest®.

Biliary bile acid secretion (BBA) is calculated (eq.14) as the product of the bile acid pool size (QBA) 

and the fractional elimination of bile acids during the enterohepatic circulation (kBA). The calculations 

for bile acid poolsize were comparable with the calculations for cholesterol poolsize. In detail, two 

labeled bile acids were administrated, i.e,D4-CA and D4-CDCA. Time-dependent curves of the fractional 

contributions of these tracers in blood (measured in post-prandial samples during four days post-

administration, according to 4, were described according to eq.1, with the exception that a single 

exponential function can describe the elimination of bile acids and subsequently can be used to 

calculate the pool sizes according to eq. 5 (QCA and QCDCA). Cholate pool size (QCA) was used in further 

calculations, as data did not differ from when chenodeoxycholate poolsize was used. We assumed 

identical fractional elimination of both bile acids from the different compartments during the 

enterohepatic circulation. This implies that the influx of bile acids into bile is equal to their efflux from 

blood. The fractional elimination rate of bile acids from blood was estimated from the plasma decay 

curves of the bile acids measured at 30 minute time-intervals during 5 hours following administration 

of intravenous dose of cholecystokinin. These curves according to eq. 1 followed a bi-exponential 

decay, from which the smallest elimination rate was used in further calculations (kBA). An example of 

such a curve is shown in Supplementary Figure 1. 

The difference between the total blood-derived cholesterol in the faeces (bloodE) and faecal blood-

derived cholesterol secreted via bile (blood
bile E) yields the amount of faecal cholesterol that is excreted 

from the blood compartment directly into the intestinal lumen, i.e.TICE, as calculated in eq.15.

Finally, the remaining mass of  faecal neutral sterols that is not excreted via one of the abovementioned 

pathways (restE) is likely to originate from liver and intestinal de novo synthesis (eq.16).

Supplementary Table 3. BA parameters (N=10)

Basal Ezetimibe

CA poolsize (μmol/kg) 36.8 ± 8.6 34.6 ± 10.3

CDCA poolsize (μmol/kg) 28.3 ± 6.5 27.2 ± 9.6

kBA   (day -1) 4.38 ± 0.18 4.35 ± 0.24

Data are shown as means ± SD. 
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Supplementary Figure 1.  Plasma BA elimination curves 

A. Example of time dependent curve of the fractional contribution of D4-CA in blood (measured in post-prandial samples 
during four days post-administration, according to ref. 4) at basal conditions (open) and after ezetimibe treatment (closed). 
This curve is described according to eq.1, with the exception that a single exponential function can describe the elimination 
of CA and subsequently can be used to calculate the CA poolsize (QCA) according to eq. 5. A similar curve was obtained to 
calculate QCDCA. Cholate pool size (QCA) was used in further calculations.

B. Plasma BA elimination curve during 5 hours after an intravenous gift of cholecystokinin at basal conditions (open) and 
after ezetimibe treatment (closed). Total plasma BA were measured at 30min intervals, as described in the Supplementary 
Methods text above. Curves followed a bi-exponential decay, from which the smallest elimination rate (kBA) was calculated 
and used for further calculations.

validation experiment of measured biliary ch/ba ratios: enterotest® versus duodenal 

aspiration
In order to validate our methodologies to measure biliary cholesterol secretion, a separate validation 

experiment was performed, in which we directly compared duodenal gallbladder secretory products 

with those absorbed by the Enterotest®. Five healthy adult normoweighted Caucasian males (age: 30.2 

± 8.4y, BMI: 21.9 ± 1.0 kg/m2) with a negative medical history for cardiovascular or gastrointestinal 

diseases and no medication use, participated in this experiment. They swallowed the Enterotest® 

with water in the evening before their morning visit to the endoscopy facility in the fasting state. 

The duodenoscope was introduced and subsequently an intravenous dose of 0.05μg/kg synthetic 

cholecystokinin (CCK) (sincalide, Kinevac®, Bracco Diagnostics, Princeton, NJ) was administered to 

induce gallbladder contraction. In the ten subsequent minutes, gallbladder secretory products were 

collected via a suction device and immediately frozen at -20ºC. The Enterotest® was removed together 

with the endoscope and the nylon thread was also frozen at -20ºC. Biliary secretory products were 

extracted according to the methods described in the analytical procedures of the Methods Section. 
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Supplementary Table 4. Biliary CH/BA obtained by duodenal aspiration or the Enterotest®

Biliary secretory products Duodenal aspiration Enterotest®

Cholesterol  (nmol/ul) 3.22 ± 2.30 0.25 ± 0.07

Bile acids    (nmol/ul) 18.71 ± 5.73 1.68 ± 0.69

CH/BA ratio 0.16 ± 0.09 0.19 ± 0.09

Data are shown as means ± SD. (N=5)

Supplementary Figure 2. Biliary CH/BA obtained by duodenal aspiration or the Enterotest®
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