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 Cholesterol within apoB-containing lipoproteins is a ma-
jor risk factor for the development of atherosclerotic CVD 
( 1, 2 ). Plasma levels of apoB-containing lipoproteins are 
determined by hepatic production in the form of VLDLs and 
intestinal production of chylomicrons, in which cholesterol 
absorbed from the diet is packaged ( 3–5 ). For the assembly 
of both forms of apoB-containing lipoproteins, microsomal 
triglyceride transfer protein (MTP) expression is essential 
( 4, 5 ). This is exemplifi ed by reduced secretion of apoB-
containing lipoproteins and the subsequent accumulation 
of hepatic triglycerides when MTP is absent in rodent mod-
els ( 6–9 ) or in human abetalipoproteinemia, a genetic dis-
ease characterized by MTP defi ciency ( 10 ). On the other 
hand, overexpression of MTP increases secretion of apoB-
containing lipoproteins ( 11, 12 ). Deletion of MTP, specifi -
cally in the intestine, was shown to reduce plasma cholesterol 
levels by about 45–50% ( 13, 14 ), illustrating the contribu-
tion of the intestine to systemic lipoprotein metabolism. 
The key role of MTP in determining circulating levels of 
apoB-containing lipoproteins and their importance for ath-
erosclerotic CVD resulted in the development of systemi-
cally active pharmacological inhibitors that have recently 
entered phase 3 clinical trials ( 15, 16 ). Although a variable 
increase in hepatic triglyceride content was noticed, MTP 
inhibitors seem to have a reasonable safety profi le and thus 
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hepatocyte-specifi c albumin promoter (Jackson Laboratory, Bar 
Harbor, ME; all on the C57BL/6J background) ( 28 ). Littermate 
controls not expressing Cre were used for all experiments. In 
L- Mttp   � / �   mice, no hepatic MTP protein expression was detect-
able and liver MTP activity was substantially lower, while intesti-
nal MTP protein expression and activity remained unaltered 
(supplementary Fig. I). 

 Analysis of plasma lipids and lipoproteins 
 Mice were fasted for 4 h and blood was obtained by cardiac 

puncture under anesthesia. Aliquots of plasma were stored at 
 � 80°C until analysis. Commercially available reagents were used 
to measure plasma total cholesterol, triglycerides (Roche Diagnos-
tics, Mannheim, Germany), and free cholesterol (Diasys, Holzheim, 
Germany). Pooled plasma samples were subjected to fast protein 
liquid chromatography (FPLC) gel fi ltration using a Superose 
6 column (GE Healthcare, Little Chalfont, UK) as described pre-
viously ( 29 ). Individual fractions were assayed for cholesterol and 
triglyceride concentrations as detailed above. 

 Analysis of liver lipid composition 
 Liver tissue was homogenized and lipids were extracted accord-

ing to the general procedure of Bligh and Dyer and redissolved 
in water containing 2% Triton X-100 (Sigma-Aldrich, Steinheim, 
Germany) ( 22 ). Total cholesterol, free cholesterol, and triglycer-
ides were assayed as described above. 

 Bile collection and composition analysis 
 The gallbladder was cannulated under Hypnorm (fentanyl/

fl uanisone; 1 ml/kg body weight) and diazepam (10 mg/kg body 
weight) anesthesia, bile was collected for 30 min and production 
was determined gravimetrically. A humidifi ed incubator was used 
to maintain body temperature. Biliary cholesterol, phospholipid, 
and bile acid concentrations were determined and the respective 
biliary secretion rates were calculated as described ( 30 ). 

 Analysis of fecal neutral sterol and bile acid secretion 
 Feces of animals individually housed in metabolic cages were 

collected over a 24 h period. Fecal samples were dried, weighed, 
and ground. Neutral sterol and bile acid composition was deter-
mined in a 50 mg fecal aliquot by gas liquid chromatography us-
ing a published protocol ( 22 ). 

 Cholesterol absorption studies 
 Fractional cholesterol absorption was determined as described 

before with an adapted plasma dual isotope ratio method using 
blood samples obtained at 0 and 72 h after intravenous (D7) and 
oral (D5) administration of stable isotopically labeled choles-
terol ( 31 ). 

 Analysis of hepatic gene expression by real-time PCR 
 Total RNA from mouse livers and small intestines was isolated 

using TRIzol reagent (Invitrogen, Carlsbad, CA) and quantifi ed 
using a NanoDrop 2000c UV-vis spectrophotometer (Thermo 
Scientifi c, Wilmington, DE) as described before ( 29 ). cDNA syn-
thesis from 1  � g of total RNA was performed using reagents 
from Invitrogen. Real-time quantitative PCR was performed on a 
7900HT fast real-time PCR system (Applied Biosystems, Foster 
City, CA). PCR primers and fl uorogenic probes were designed 
with Primer Express software (Applied Biosystems) and synthe-
sized by Eurogentec (Seraing, Belgium). mRNA expression levels 
were calculated relative to the average of the housekeeping gene, 
cyclophilin, and further normalized to the expression levels of 
the respective controls. 

represent a viable therapeutic alternative to substantially 
decrease plasma levels of apoB-containing lipoproteins in 
patients not suffi ciently responding to statin therapy ( 15 ). 
In addition, antisense oligonucleotides have been devel-
oped that specifi cally target hepatic MTP expression and 
thereby lower, at least in mouse models, circulating levels of 
pro-atherogenic apoB-containing lipoproteins ( 17 ). 

 HDLs, on the other hand, protect against atherosclerotic 
CVD ( 18 ). An established function of HDLs is to mediate 
reverse cholesterol transport (RCT), a pathway in which 
cholesterol from atherosclerotic lesions is transported back 
to the liver ( 19, 20 ). HDL cholesterol taken up into the liver 
can then follow different metabolic routes. In hepatocytes, 
it can either be  i ) used for conversion into bile acids ( 21 ), 
 ii ) secreted directly into the bile ( 21 ),  iii ) resecreted within 
newly formed HDL particles via the action of ABCA1 ( 22, 
23 ), or  iv ) resecreted as part of VLDLs ( 24 ). The fi nal step 
of RCT is the excretion of sterols, either bile acids or choles-
terol, from the body via the feces, and several studies have 
indicated that inhibiting intestinal sterol uptake increases 
RCT ( 25–27 ). How pharmacological MTP inhibition or a 
decrease in hepatic MTP expression, clinically relevant in-
terventions currently pursued, affect the rerouting of cho-
lesterol between different compartments and pathways has 
not been investigated. 

 Therefore, the aim of the present study was to deter-
mine the effects of decreasing either systemic or hepatocyte-
specifi c MTP activity on cholesterol metabolism and RCT. 
Our data demonstrate that pharmacological MTP inhibi-
tion is benefi cial by increasing RCT, whereas liver-specifi c 
genetic MTP ablation decreases RCT. These data sug-
gest that the metabolic effects of systemic MTP inhibition 
could be mainly mediated by impacting intestinal cho-
lesterol handling. In a clinical perspective, our results indi-
cate that MTP inhibition strategies that specifi cally target 
or at least include the intestinal compartment might be 
favorable. 

 MATERIALS AND METHODS 

 Experimental animals and treatments 
 All mice were housed in animal rooms with alternating 12 h 

periods of light (from 7:00 AM to 7:00 PM) and dark (from 7:00 
PM to 7:00 AM) with ad libitum access to water and mouse chow 
diet (Arie Blok, Woerden, The Netherlands). Animal experiments 
were performed in accordance with national laws. All protocols 
were approved by the responsible ethics committee. C57BL/6J 
wild-type mice were obtained from Charles River (L’Arbresle, 
France). These mice were treated with the MTP inhibitor, BMS-
212122 (kindly provided by Dr. David Gordon, Bristol-Myers 
Squibb), at a daily oral dose of 1 mg/kg/day for 2 weeks as de-
scribed, resulting in a 63% decrease in hepatic MTP activity and an 
86% decrease in intestinal MTP activity, while hepatic and intesti-
nal MTP protein expression remained unchanged (supplemen-
tary Fig. I). As a consequence, hepatic VLDL as well as intestinal 
chylomicron production were virtually abolished (supplemen-
tary Fig. II). Liver-specifi c MTP knockout mice (L- Mttp   � / �  ) were 
obtained by crossing fl oxed MTP knockout mice ( 6 ) with trans-
genic mice expressing Cre recombinase under the control of the 
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continuous bile cannulation experiment was performed. 
Bile fl ow (data not shown), as well as biliary cholesterol, 
bile acid ( Fig. 2B ), and phospholipid secretion (data not 
shown) remained unchanged compared with controls. 
Next, the impact of MTP inhibition on fecal sterol ex-
cretion was investigated. A small decrease in fecal bile 
acid excretion was observed ( P  < 0.05,  Fig. 2C ), mainly in 
 � -muricholic,  � -muricholic, and deoxycholic acid (  Table 2  ).  

 In vivo macrophage-to-feces RCT studies 
 Experiments were performed as described before using 

thioglycollate-elicited primary peritoneal macrophages from 
C57BL/6J donor mice loaded in vitro with 50  � g/ml acetylated 
LDL and 3  � Ci/ml [ 3 H]cholesterol   (Perkin Elmer, Boston, MA) 
for 24 h to become foam cells ( 29 ). These were injected intra-
peritoneally into individually housed recipient mice. Counts in 
plasma collected 6, 24, and 48 h after macrophage injection were 
assessed directly by liquid scintillation counting (Packard 1600CA 
Tri-carb; Packard, Meriden, CT). Tracer uptake into the liver was 
determined at 48 h after injection following solubilization of the 
tissue (Solvable; Packard) and radioactivity was determined by 
liquid scintillation counting ( 32 ). Feces were collected over a 48 h 
period, dried, weighed, and ground. Aliquots were separated into 
neutral sterol and bile acid fractions ( 22 ), and radioactivity was 
determined by liquid scintillation counting. Counts were expressed 
relative to the administered dose. 

 Statistics 
 Statistical analyses were performed using GraphPad Prism 

(GraphPad Software, San Diego, CA). Data are presented as 
means ± SEM. Statistical differences between two groups were 
assessed using the Mann-Whitney U test.  P  values below 0.05 were 
considered statistically signifi cant. 

 RESULTS 

 Systemic MTP inhibition decreases plasma triglycerides 
by lowering hepatic and intestinal production of 
apoB-containing lipoproteins 

 To determine the effect of pharmacological inhibition 
of MTP activity, C57BL/6J wild-type mice on chow diet 
were treated with the MTP inhibitor BMS-212122 for 2 
weeks and compared with vehicle-treated controls. Plasma 
total cholesterol as well as triglyceride levels were de-
creased in MTP inhibitor-treated mice (each  P  < 0.001, 
  Fig. 1A  ).  Both free cholesterol and cholesterol esters con-
tributed to the decrease of total cholesterol (each  P  < 
0.001,  Fig. 1A ). FPLC profi les indicated a decrease in HDL 
cholesterol ( Fig. 1B ) and in VLDL triglycerides ( Fig. 1C ), 
attributable to decreased hepatic VLDL and intestinal chy-
lomicron production as a result of MTP inhibition (sup-
plementary Fig. I). 

 Systemic MTP inhibition does not impact biliary sterol 
secretion but increases fecal neutral sterol excretion by 
decreasing cholesterol absorption 

 Body weight and liver weight were unchanged upon 
MTP inhibitor treatment (data not shown). Liver total and 
esterifi ed cholesterol, as well as triglyceride content, were 
increased in mice receiving MTP inhibitor compared with 
controls (each  P  < 0.001,   Fig. 2A  ).  There was a tendency 
toward an increase in free cholesterol ( Fig. 2A ). Hepatic 
expression of the SREBP2 target genes, HMG-CoAR ( P  < 
0.001,   Table 1  )  and LDLR ( P  < 0.05,  Table 1 ), were signifi -
cantly lower in MTP inhibitor-treated mice, likely as a con-
sequence of increased hepatic cholesterol accumulation. 
To explore whether systemic MTP inhibition would also 
translate into changes in biliary sterol secretion, a 30 min 

  Fig.   1.  Impact of systemic MTP inhibition on plasma lipids. After 
2 weeks of MTP inhibitor treatment mice were fasted for 4 h and a 
blood sample was taken. A: Plasma total cholesterol and triglycer-
ide levels. Data are presented as means ± SEM. Statistically signifi -
cant differences from control mice are indicated as *** P  < 0.001. 
FPLC profi les of pooled plasma samples for the distribution of to-
tal cholesterol (B) and triglycerides (C) over the different lipopro-
tein subclasses as indicated. At least n = 6 for each group.   
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Fecal neutral sterol excretion, on the other hand, was sig-
nifi cantly increased by 75% ( P  < 0.001;  Fig. 2C ,  Table 2 ). 
This latter fi nding is likely attributable to a decrease in in-
testinal cholesterol absorption, because intestinal mRNA 
expression of NPC1L1 was 50% lower in mice receiving 
MTP inhibitor ( Table 1 ), and patients with abetalipopro-
teinemia lacking intestinal MTP ( 4, 10 ) as well as intestine-
specifi c MTP knockout mice exhibit decreased intestinal 
lipid absorption ( 14, 33 ). Consistent with this hypothesis, 
subsequent determination of intestinal cholesterol absorp-
tion confi rmed a 46% decrease in the mice treated with 
the pharmacological MTP inhibitor (48.1 ± 4.0% vs. 25.9 ± 
1.7%,  P  < 0.001). 

 Systemic MTP inhibition increases macrophage-to-feces 
RCT 

 Next, a macrophage-to-feces RCT experiment was per-
formed to determine whether the increase in mass fecal 
neutral sterol excretion upon systemic MTP inhibition 
would impact RCT. Plasma  3 H-cholesterol levels were lower 
in MTP inhibitor-treated mice at 24 ( P  < 0.01) and 48 h 
( P  < 0.05) after macrophage injection (  Fig. 3A  ),  while 
tracer recovery within the liver was not affected ( Fig. 3B ). 
However, systemic MTP inhibition signifi cantly enhanced 
overall RCT, refl ected by a higher fecal excretion of the 
macrophage-derived  3 H-cholesterol tracer ( P  < 0.01,  Fig. 3C ). 
This increase was mainly attributable to a 2-fold higher 
excretion of  3 H-cholesterol within the fecal neutral sterol 
fraction ( P  < 0.01,  Fig. 3C ), although tracer recovery within 
the fecal bile acid fraction was also signifi cantly higher 
( P  < 0.05,  Fig. 3C ). 

 Hepatocyte-specifi c MTP defi ciency decreases 
plasma triglycerides 

 To determine whether the metabolic effects observed 
in mice treated with a systemic MTP inhibitor were at-
tributable to inhibition of hepatic or intestinal MTP, a 
similar set of experiments was performed in L- Mttp   � / �   
mice compared with control littermates. Plasma total cho-
lesterol and triglyceride levels were signifi cantly reduced 
in L- Mttp   � / �   mice (each  P  < 0.001,   Fig. 4A  ).  The decrease in 
total cholesterol was attributable to a decrease of both free 
cholesterol and cholesterol esters (each  P  < 0.001,  Fig. 4A ). 
FPLC analysis revealed lower VLDL, LDL, and HDL cho-
lesterol levels in L- Mttp   � / �   mice ( Fig. 4B ), while triglycer-
ides within the apoB-containing lipoproteins, VLDLs and 
LDLs, were substantially reduced   ( Fig. 4C ). 

 Hepatocyte-specifi c MTP defi ciency does not alter 
intestinal cholesterol absorption and does not impact 
biliary or fecal sterol excretion 

 Body weight as well as liver weight of L- Mttp   � / �   mice was 
unchanged compared with wild-type controls (data not 
shown). Consistent with the results obtained in mice treated 

  Fig.   2.  Impact of systemic MTP inhibition on liver lipids and bil-
iary as well as fecal sterol excretion. A: Hepatic contents of total 
cholesterol, free cholesterol, cholesterol esters, and triglycerides. 
After 2 weeks of MTP inhibitor treatment mice were fasted for 4 h, 
the liver was excised, and cholesterol as well as triglyceride con-
tents were determined as detailed in Materials and Methods. 
B: Biliary secretion rates of total cholesterol and bile acids. Continu-
ous bile cannulation experiments for 30 min were performed after 
2 weeks of inhibitor treatment as described in Materials and Meth-
ods. C: Mass fecal neutral sterol and bile acid excretion levels. After 
2 weeks of inhibitor treatment feces were collected for a 24 h 

period, processed, and analyzed as detailed in Materials and Meth-
ods. Data are presented as means ± SEM, at least n = 6 for each 
group. Statistically signifi cant differences from control mice are 
indicated as * P  < 0.05, *** P  < 0.001.   
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absorption rates were identical in wild-type and L- Mttp   � / �   
mice (52.2 ± 5.3% vs. 52.1 ± 5.5%, NS). 

 Hepatocyte-specifi c MTP defi ciency decreases 
macrophage-to-feces RCT 

 Next, we investigated the contribution of hepatic MTP 
expression to the changes in RCT observed with the systemic 
MTP inhibitor and performed a macrophage-to-feces RCT 
experiment in the hepatocyte-specifi c MTP-defi cient mice. 
Plasma  3 H-cholesterol levels were lower in L- Mttp   � / �   mice 
at 6, 24, and 48 h after macrophage injection (each  P  < 
0.05,   Fig. 6A  ),  while tracer recovery within the liver at 48 h 
after macrophage injection was unchanged ( Fig. 6B ). Most 
importantly, and in contrast to the results with systemic 
MTP inhibition, the total excretion of  3 H-cholesterol origi-
nating from macrophages into the feces was decreased in 
L- Mttp   � / �   mice ( P  < 0.05,  Fig. 6C ). This was mainly attrib-
utable to a signifi cantly lower recovery of the cholesterol 
tracer within the fecal neutral sterol fraction ( P  < 0.05, 

with the systemic MTP inhibitor, liver total cholesterol and 
cholesterol ester content was increased in L- Mttp   � / �   mice 
( P  < 0.001,   Fig. 5A  ).  Also in the L- Mttp   � / �   mice, hepatic 
mRNA expression of the SREBP2 target genes, HMG-
CoAR ( P  < 0.001,  Table 1 ) and LDLR ( P  < 0.01,  Table 1 ), 
was signifi cantly lower, likely as a consequence of hepatic 
cholesterol accumulation. Hepatic triglyceride content 
was increased 5-fold ( P  < 0.001,  Fig. 5A ). Next, we per-
formed a 30 min continuous bile cannulation experiment 
to determine the impact of hepatocyte-specifi c MTP defi -
ciency on biliary secretion rates. Bile fl ow was unchanged 
compared with wild-type controls (data not shown), as 
were the biliary secretion rates of cholesterol ( Fig. 5B ), 
bile acids ( Fig. 5B ), and phospholipids (data not shown). 
In contrast to systemic MTP inhibition, eliminating MTP 
in the liver alone did not affect the fecal excretion of ei-
ther neutral sterols or bile acids ( Fig. 5C ,   Table 3  ).  Consistent 
with these fi ndings, in the L- Mttp   � / �   model, no changes in 
the intestinal expression of NPC1L1 were observed ( Table 1 ) 
and also experimentally measured intestinal cholesterol 

 TABLE 1. Hepatic and proximal intestinal mRNA expression in vehicle- versus MTP inhibitor-treated wild-type 
mice and wild-type versus L- Mttp   � / �   mice      

Vehicle MTP Inhibitor Wild-type L- Mttp   � / �  

Hepatic mRNA expression
  Mtp 1.00 ± 0.04 0.96 ± 0.01 1.00 ± 0.06 0.13 ± 0.09  c  
  Hmgcoar 1.00 ± 0.06 0.62 ± 0.05  c  1.00 ± 0.12 0.35 ± 0.06  c  
  Abca1 1.00 ± 0.08 0.99 ± 0.02 1.00 ± 0.06 0.88 ± 0.07
  Sr-b1 1.00 ± 0.04 1.08 ± 0.01 1.00 ± 0.07 0.79 ± 0.05  a  
  Ldlr 1.00 ± 0.05 0.78 ± 0.01  a  1.00 ± 0.07 0.65 ± 0.06  b  
Small intestine mRNA expression
  Mtp 1.00 ± 0.06 1.21 ± 0.05 1.00 ± 0.05 0.74 ± 0.05  a  
  Abca1 1.00 ± 0.21 0.63 ± 0.03 1.00 ± 0.18 0.61 ± 0.16
  Abcg5 1.00 ± 0.09 0.65 ± 0.03  b  1.00 ± 0.06 0.86 ± 0.12
  Abcg8 1.00 ± 0.09 0.67 ± 0.03  b  1.00 ± 0.08 0.98 ± 0.13
  Npc1l1 1.00 ± 0.13 0.51 ± 0.03  b  1.00 ± 0.13 1.24 ± 0.11
  Ldlr 1.00 ± 0.10 1.01 ± 0.18 1.00 ± 0.11 0.95 ± 0.08

Mice were fasted for 4 h and livers were excised, weighed, and stored at  � 80°C until analysis. Individual genes 
are expressed as a percentage of the housekeeping gene, cyclophilin, and further normalized to the expression 
levels of the respective controls. Data are presented as means ± SEM, at least n = 6 for each group.

   a P  < 0.05 versus control mice.
  b P  < 0.01 versus control mice.
  c P  < 0.001 versus control mice.

 TABLE 2. Fecal excretion of neutral sterol and bile acid species in vehicle- and MTP inhibitor-treated 
wild-type mice    

Vehicle MTP Inhibitor

Fecal output (g/24 h) 0.85 ± 0.07 0.87 ± 0.07
Neutral sterol species in feces
 Cholesterol (nmol/24 h) 3,799.20 ± 213.87 6,318.96 ± 469.60  b   
 Dihydrocholesterol (nmol/24 h) 385.76 ± 12.66 417.26 ± 17.62
 Coprostanol (nmol/24 h) 930.97 ± 95.82 2,208.34 ± 490.14  a  
Bile acid species in feces
 Allocholic acid (nmol/24 h) 68.64 ± 7.02 59.97 ± 4.49
  � -Muricholic acid (nmol/24 h) 153.77 ± 12.85 97.95 ±3.26  b  
  � -Muricholic acid (nmol/24 h) 206.10 ± 17.19 190.64 ± 7.24
  � -Muricholic acid (nmol/24 h) 894.72 ± 67.29 713.17 ± 42.57  a  
 Cholic acid (nmol/24 h) 199.34 ± 18.54 169.75 ± 16.01
 Deoxycholic acid (nmol/24 h) 1,154.51 ± 90.40 934.82 ± 40.57  a  
 Hyodeoxycholic acid (nmol/24 h) 107.31 ± 7.81 74.76 ± 7.71  a  

Feces were collected over a 24 h period. Data are presented as means ± SEM, at least n = 6 for each group.
  a P  < 0.05 versus control mice.
  b P  < 0.001 versus control mice.
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cholesterol metabolism, with a specifi c focus on RCT. Our 
data demonstrate that decreasing intestinal and hepatic 
secretion of apoB-containing lipoproteins via inhibition of 
MTP increases RCT, while the absence of hepatocyte MTP 
expression has the opposite effect. These results indicate, on 
the one hand, that hepatic secretion of RCT-relevant cho-
lesterol within apoB-containing lipoproteins contributes to 
RCT and, on the other hand, that upon pharmacological 

 Fig. 6C ), and there was a trend toward lower tracer 
recovery within the bile acid fraction as well ( P  = 0.12, 
 Fig. 6C ). 

 DISCUSSION 
 This study investigated the consequences of differen-

tially lowering MTP activity systemically with a pharma-
cological inhibitor or genetically in the liver only on 

  Fig.   3.  Impact of systemic MTP inhibition on macrophage-to-
feces RCT. Following 2 weeks of MTP inhibitor treatment, an in vivo 
macrophage-to-feces RCT experiment was performed as detailed 
in Materials and Methods. A: Cholesterol tracer appearance in 
plasma 6, 24, and 48 h after macrophage administration. B: Choles-
terol tracer recovery within liver 48 h after macrophage injection. 
C: Cholesterol tracer appearance in feces collected continuously 
from 0 to 48 h after macrophage injection. Data are presented as 
means ± SEM, at least n = 6 for each group. Statistically signifi cant 
differences from the control group are indicated as * P  < 0.05, 
** P  < 0.01.   

  Fig.   4.  Impact of hepatocyte-specifi c MTP defi ciency (L- Mttp   � / �  ) 
on plasma lipid levels and distribution. L- Mttp   � / �   mice were fasted 
for 4 h and a blood sample was taken. A: Plasma total cholesterol 
and triglyceride levels. Data are presented as means ± SEM. Statisti-
cally signifi cant differences from control mice are indicated as 
*** P  < 0.001. FPLC profi les of pooled plasma samples for the distri-
bution of total cholesterol (B) and triglycerides (C) over the differ-
ent lipoprotein subclasses as indicated. At least n = 6 for each 
group.   
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MTP inhibition, the decrease in intestinal cholesterol ab-
sorption has a relatively larger effect on RCT than the de-
crease in VLDL production. 

 MTP expression in the intestine is essential for chylomi-
cron formation ( 4, 5, 10 ). Genetic absence of intestinal 
MTP consequently results in malabsorption of lipids with 
all its adverse effects, such as defi ciency in fat-soluble vita-
mins ( 4, 10 ). In the present study, a systemic but not a 
hepatocyte-specifi c defi ciency of MTP activity resulted in 
decreased intestinal cholesterol absorption and increased 
fecal sterol excretion, suggesting that the effect of chemi-
cal MTP inhibition on RCT is mainly mediated by the in-
testine by decreasing cholesterol absorption. Similar 
effects on RCT have been observed previously with the 
use of the NPC1L1 inhibitor, ezetimibe ( 25–27 ). These 
previous studies consistently demonstrated that targeting 
intestinal sterol absorption, and thereby the last step of 
RCT, is an effective means of increasing the fecal excre-
tion of macrophage-derived cholesterol ( 25–27 ). 

 The major part of plasma cholesterol within apoB-
containing lipoproteins originates from hepatic secretion 
of VLDLs ( 34 ). Thereby, hepatocyte MTP is considered to 
have a prime relevance for atherosclerotic CVD. Conse-
quently, a number of therapeutic strategies were developed 
aiming to substantially decrease hepatic VLDL secretion, 
among these, antisense approaches targeting MTP as well 
as apoB ( 17, 35 ). However, only antisense therapeutics 
against apoB have been evaluated in human clinical trials 
( 35 ). These have proven to possess a high effi cacy to de-
crease circulating levels of pro-atherogenic lipoproteins 
that would be expected to translate into a substantial re-
duction in cardiovascular risk on the basis of epidemio-
logical data ( 35 ). On the other hand, effects on HDL, a 

  Fig.   5.  Impact of hepatocyte-specifi c MTP defi ciency (L- Mttp   � / �  ) 
on liver lipids and biliary as well as fecal sterol excretion. A: He-
patic contents of total cholesterol, free cholesterol, cholesterol es-
ters, and triglycerides. L- Mttp   � / �   mice were fasted for 4 h, the liver 
was excised, and cholesterol as well as triglyceride contents were 
determined as detailed in Materials and Methods. B: Biliary secre-
tion rates of total cholesterol and bile acids. Continuous bile can-
nulation experiments were performed for 30 min in L- Mttp   � / �   
mice as described in Materials and Methods. C: Mass fecal neutral 
sterol and bile acid excretion levels. Feces from L- Mttp   � / �   mice 
were collected for a 24 h period, processed, and analyzed as 

detailed in Materials and Methods. Data are presented as means ± 
SEM, at least n = 6 for each group. Statistically signifi cant differ-
ences from control mice are indicated as *** P  < 0.001.   

 

 TABLE 3. Fecal excretion of neutral sterol and bile acid species in 
wild-type and L- Mttp   � / �   mice    

Wild-type L- Mttp   � / �  

Fecal output (g/24 h) 0.76 ± 0.07 0.74 ± 0.03
Neutral sterol species in feces
 Cholesterol (nmol/24 h) 3,435.09 ± 167.02 3,739.75 ± 399.07
 Dihydrocholesterol 

 (nmol/24 h)
219.52 ± 15.57 241.32 ± 21.22

 Coprostanol (nmol/24 h) 378.21 ± 145.86 213.99 ± 90.91
Bile acid species in feces
 Allocholic acid (nmol/24 h) 23.41 ± 1.85 31.31 ± 5.64
  � -Muricholic acid 

 (nmol/24 h)
n.d. n.d.

  � -Muricholic acid 
 (nmol/24 h)

218.83 ± 30.02 241.86 ± 53.44

  � -Muricholic acid 
 (nmol/24 h)

552.03 ± 59.69 483.89 ± 69.23

 Cholic acid (nmol/24 h) 138.43 ± 16.72 175.44 ± 34.75
 Deoxycholic acid (nmol/24 h) 599.22 ± 46.52 624.25 ± 43.97
 Hyodeoxycholic acid 

 (nmol/24 h)
57.55 ± 5.17 41.07 ± 3.36  a   

Feces were collected over a 24 h period. Data are presented as 
means ± SEM, at least n = 6 for each group. n.d., not detected.

  a P  < 0.05 versus control mice.
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There are several possibilities for the rerouting of hepatic 
cholesterol when MTP activity is lacking. One would be a 
change in bile acid synthesis, which can be excluded on the 
basis of unchanged fecal bile acid excretion in the L- Mttp   � / �   
mice. Another possibility would be a change in biliary 
cholesterol secretion, a pathway of high relevance for 
macrophage-to-feces RCT ( 39 ). However, the biliary secre-
tion of cholesterol remained unaltered in all the models 
with decreased MTP activity investigated in our study, which 
also makes changes in this route unlikely. A third possibil-
ity, however, likely inversely linked to the biliary secretion 
pathway ( 22 ), could be an increased resecretion via ABCA1. 
This pathway also does not appear causative to explain our 
results, because, in addition to unchanged biliary sterol se-
cretion, a decrease in HDL cholesterol and not an increase 
was noted in response to absent hepatic MTP, and no ap-
parent changes in ABCA1 expression were observed. 

 These considerations leave the most prominent pheno-
type, the decrease in hepatic VLDL production itself, as a 
likely explanation. In previous work, we demonstrated that 
HDL-derived cholesterol can be resecreted within VLDLs 
following hepatic uptake ( 24 ). In another study, where we 
tested the relevance of the biliary pathway for RCT, we 
found that, although biliary secretion plays the predomi-
nant role for RCT, around 25% of macrophage-derived 
counts in the fecal neutral sterol fraction were still ex-
creted in Abcb4 knockout mice that had absent biliary 
cholesterol secretion ( 39 ). How can these data be inte-
grated into a model? Recently, the concept of transintesti-
nal cholesterol excretion (TICE), an intestinal pathway of 
cholesterol excretion from the body, is increasingly gain-
ing interest   ( 31, 40, 41 ). For TICE, a number of key points 
have not been addressed yet, including the lipoprotein 
substrates donating cholesterol for this pathway, their cel-
lular uptake, the traffi cking routes within the enterocyte, 
and the apical transporters mediating fi nal excretion into 
the intestinal lumen   ( 42 ). Regarding the apical transport-
ers, a signifi cant impact was shown only for ABCG5/G8, 
but models with absent TICE are lacking, which compli-
cates studying the relevance of this pathway ( 31, 42 ). Al-
though HDLs have not been formally excluded as a 
substrate for TICE, present data strongly suggest that 
apoB-containing lipoproteins serve as the main choles-
terol donor particles for the pathway ( 43, 44 ). Conceiv-
ably, the decrease in RCT in the L- Mttp   � / �   mice could 
therefore be explained by a fraction of RCT-relevant cho-
lesterol entering the liver on HDLs, then being resecreted 
within VLDLs and subsequently taken up by the intestine 
for excretion from the body via TICE. Such a concept 
would actually be consistent with results that suggested 
that the intestine contributes to RCT based on data ob-
tained in short-term RCT experiments employing a bile-
diverted mouse model ( 45 ), while yet another study 
supported the view that the major pathway for RCT occurs 
via biliary secretion ( 46 ). However, we would also like to 
point out that all these data, including the present study, 
were generated in mice, a predominant HDL species. The 
conclusions might therefore not be directly translatable 
into the human system. 

protective lipoprotein subclass for CVD development, 
have not been addressed. Specifi cally, the functionality of 
HDL particles represents an emerging concept in cardio-
vascular research ( 36, 37 ). A prime established atheropro-
tective function of HDLs is to mediate RCT ( 20, 38 ). In the 
present study, we demonstrate that a hepatocyte-specifi c 
lack in MTP decreases RCT, which would be expected to 
counteract some of the benefi cial effects of decreasing he-
patic VLDL production. 

 How a decrease in hepatic VLDL production, specifi cally, 
might cause a decrease in RCT is not immediately apparent. 

  Fig.   6.  Impact of hepatocyte-specifi c MTP defi ciency (L- Mttp   � / �  ) 
on macrophage-to-feces RCT. An in vivo macrophage-to-feces RCT 
experiment was performed in L- Mttp   � / �   mice as detailed in Materi-
als and Methods. A: Cholesterol tracer appearance in plasma 6, 24, 
and 48 h after macrophage administration. B: Cholesterol tracer 
recovery within liver 48 h after macrophage injection. C: Choles-
terol tracer appearance in feces collected continuously from 0 to 
48 h after macrophage injection. Data are presented as means ± 
SEM, at least n = 6 for each group. Statistically signifi cant differ-
ences from the control group are indicated as * P  < 0.05.   
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 In summary, systemic pharmacological inhibition of 
MTP activity and liver-specifi c defi ciency in MTP activity 
have differential effects on cholesterol metabolism and 
RCT, with pharmacological inhibition of MTP activity in-
creasing RCT and liver-specifi c absence of MTP activity 
decreasing RCT  . These results indicate that the intestine 
contributes to RCT in two different ways, by absorbing 
more or less cholesterol secreted via the bile and by excret-
ing RCT-relevant cholesterol that is secreted by hepato-
cytes within apoB-containing lipoproteins. In a therapeutic 
perspective, our data suggest that systemic or intestinal 
MTP inhibition might be preferable to not only lower 
plasma levels of pro-atherogenic apoB-containing lipopro-
teins but to also benefi cially impact RCT, a major function 
of the anti-atherogenic HDL lipoprotein subclass.  
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