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  Lipid biosynthesis is essential for the maintenance of cell 
function and energy homeostasis and defects in lipid metab-
olism contribute to chronic diseases, including metabolic 
syndrome, atherosclerosis, and type 2 diabetes. Many studies 
have also demonstrated that perturbed glucose and FA me-
tabolism are signifi cant risk factors in the development of 
these pathologies. In contrast, our understanding of how 
membrane phospholipids contribute in the development of 
chronic disease is considerably less studied and it is generally 
poorly understood. There have been select lines of evidence 
that have highlighted the relationship between phospholip-
ids, mainly phosphatidylcholine (PC) and triglyceride (TAG) 
metabolism ( 1–5 ). FAs released from phospholipid degrada-
tion can be utilized for TAG synthesis ( 2 ) and changes in 
membrane PC content are suffi cient to cause changes in 
whole body TAG homeostasis ( 2, 3 ). Furthermore, mutations 
lowering CTP:phosphocholine cytidylyltransferase (Pcyt1) 
activity in the PC-Kennedy pathway in Chinese hamster ovary 
cells result in a redirection of diacylglycerol (DAG) from 
phospholipids to TAG ( 3 ). In  Drosophila , inhibition of PC syn-
thesis increases TAG content in lipid droplets by altering the 
size and the morphology of the droplets ( 1 ). Evidence from 
the mouse model with deleted phosphatidylethanolamine 
(PE) methylation (PEMT) pathway shows that reduced PC 
synthesis and choline availability could prevent development 
of high-fat diet-induced obesity (as reviewed in Refs.  4 and 5 ), 
and that reduced PC-to-PE membrane ratio contributed to 
the development of liver steatosis ( 6, 7 ) and the endoplasmic 
reticulum stress in obesity ( 7 ). 

 The specifi c interaction between PE and TAG metabolism 
has been largely unexplored. Our laboratory has recently 
described a mouse model with genetically reduced PE 
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new knowledge as to the importance of proper Pcyt2 func-
tion in lipid metabolism and whole-body plasma TAG 
homeostasis, which may help in the development of new 
strategies for hypertriglyceridemia. 

 MATERIALS AND METHODS 

 Animals 
 The  Pcyt2 +/ �    mice of a mixed genetic background (C57Bl/6 × 

129/Sv) were generated as described previously ( 16 ). Mice were 
housed under standard conditions with a 12 h light cycle (7.00 AM–
7.00 PM), were fed a regular chow diet (Harlan Teklad S-2335), and 
were given free access to food and water. Experiments were per-
formed on 8, 32, and 42 week-old animals (n = 4–6), after overnight 
fasting, with food withdrawal at 8.00 PM. The Animal Care Commit-
tee of the University of Guelph approved all animal protocols. 

 Liver VLDL-TAG secretion 
 Liver TAG secretion was determined in young (8 week) and 

old (32 week and 42 week) animals.  Pcyt2  +/ �   and control litter-
mates were injected intravenously with 500 mg/kg of 10% polox-
amer 407 (P407) in sterile saline to block plasma LPL activity 
( 19, 20 ). Blood was sampled via the saphenous vein at baseline, 1, 2, 3, 
and 4 h, plasma was isolated, and total TAG was determined us-
ing standard protocols (Wako Chemicals and Sigma). The rates 
of hepatic TAG secretion in  Pcyt2  +/ �   and control littermates were 
compared by linear regression analysis. 

 Oral lipid load tolerance test 
  Pcyt2   +/ �   and wild-type littermates were fasted overnight and were 

given an intragastric load of 200 µl of olive oil. The mice were anes-
thetized with isofl uorane, and blood was collected at different time 
points via the retro-orbital plexus immediately after the lipid load 
and 1–6 h after the load. Plasma TAG content was determined using 
a standard kit from Sigma. Differences in TAG turnover between two 
genotypes were determined by integration of TAG content during 
the entire postload period, after which the differences in the area 
under the curve (AUC) were compared between the genotypes. 

 Intestinal chylomicron-TAG secretion 
  Pcyt2  +/ �   and wild-type littermates were injected intravenously 

with 500 mg/kg of 10% P407. Subsequently, mice were given an 
intragastric load of 10 µCi of [ 3 H] triolein (TO) in 200 µl of olive 
oil. Blood samples were collected via the retro-orbital plexus im-
mediately after the lipid load (15 min) and 1, 2, and 3 h after the 
load. Lipids were extracted from plasma according to the method 
of Bligh and Dyer ( 21 ). [ 3 H]TAG lipids were separated from 
other components by TLC using a solvent system of heptane-di-
ethyl ether-acetic acid (60:40:3), and the [ 3 H ]radioactivity in the 
TAG fractions was determined by liquid scintillation counting 
(LSC) as previously described ( 16 ). 

 Analysis of intestinally secreted lipids 
 Pcyt2 +/ �   and wild-type littermates were injected with 500 mg/kg 

of 10% P407 and were given an intragastric [ 3 H]TO fat load as 
above. Lipids were extracted from the small intestinal mucus 
at 30 min and 3 h, and from 1 h plasma, according to the method 
of Bligh and Dyer ( 21 ). [ 3 H] radiolabeled TAG, DAG, FFAs, total 
cholesterol, and total phospholipids were separated and charac-
terized by LSC as we have previously described ( 16, 17 ). 

 Analysis of intestinal lipids 
 TAG and DAG content of Pcyt2 +/ �   and wild-type intestinal mu-

cosa was determined after isolation and separation on Silica gel-60 
TLC plates using hexane-diethyl ether-acetic acid (60:40:3 v/v) 

de novo synthesis ( 8 ) which, similar to the inhibition of 
PC de novo synthesis in Chinese hamster ovary cells ( 3 ), leads 
to elevated DAG and TAG. Mammalian PE could be syn-
thesized in mitochondria by decarboxylation of phosphati-
dylserine (PS), but the majority of PE is produced de novo 
from ethanolamine and DAG through the PE–Kennedy 
pathway ( 8–10 ). In this pathway, ethanolamine is fi rst 
phosphorylated by ethanolamine kinase to phosphoetha-
nolamine. CTP-phosphoethanolamine cytidylyltransferase 
(Pcyt2) then catalyzes the formation of CDP-ethanolamine 
from phosphoethanolamine and CTP, and CDP-ethanolamine 
and DAG form PE in the fi nal step of the pathway. 

 Pcyt2 is highly specifi c and the main regulatory enzyme 
in the PE–Kennedy pathway ( 9 ). Pcyt2 is encoded by a 
single gene and exists in two catalytically active isoforms, 
created by alternative splicing ( 11, 12 ). Human and mu-
rine Pcyt2 are regulated at the transcriptional level by 
CAAT-box proteins, oxysterols, and LXR, and stimulatory 
proteins Sp1 and Sp3. Human Pcyt2 is additionally regu-
lated by LXR, EGR1, and NF � B and is downregulated in 
breast cancer ( 13–15 ). Complete deletion of Pcyt2 in mice 
is embryonic lethal ( 8 ), which confi rms the essentiality of 
this gene for animal growth and development. Interest-
ingly, heterozygous mice ( Pcyt2  � /+  ) mice ( 16, 17 ), as well as 
 Pcyt2  liver-specifi c knockout mice ( 18 ), develop liver ste-
atosis, which establishes a strong physiological connection 
between PE and TAG syntheses through the common in-
termediate DAG. To eliminate the excess DAG formed by 
 Pcyt2  gene deletion, both knockout models synthesize ad-
ditional FAs from glucose by lipogenesis, and animals in-
evitably accumulate TAG ( 16, 18 ). Further consequences 
of  Pcyt2  deletion in the systemic heterozygous ( Pcyt2 +/ �   ) 
mice ( 16 ) and the liver-conditional knockout ( Pcyt2 -/    -   )  
mice ( 18 ) appear to be defi ciencies in PUFAs, typically 
prevalent in PE, and accumulation of saturated FAs and 
MUFAs in TAG as a consequence of upregulated lipogen-
esis. The liver conditional  Pcyt2 -/    -   mice also have unmodi-
fi ed plasma lipids (even slightly reduced plasma TAG), 
suggesting impairments in the liver lipoprotein secretion 
( 18 ). In the heterozygous  Pcyt2 +/ �    state, mice have reduced 
PE synthesis in all tissues, which manifests as a chronic de-
velopment of metabolic syndrome: the appearance of he-
patic steatosis, hypertriglyceridemia, and peripheral 
insulin resistance at adult stage ( 16 ). 

 The current study was designed to establish the underlying 
mechanism for the elevated  Pcyt2 +/ �    plasma TAG (hyper-
triglyceridemia) that only develops with heterozygous 
Pcyt2 defi ciency. Contrary to expectations, we demonstrate 
that  Pcyt2 +/ �    mice have modest (32 week) and highly ele-
vated (42 week) hepatic VLDL secretion, which was pre-
viously reported as impaired in the liver-specifi c  Pcyt2  
knockout mice ( 18 ). Here, we describe alternative pro-
cesses that could contribute the  Pcyt2 +/ �    hypertriglyceri-
demia, such as liver and intestinal TAG absorption/
secretion and postprandial TAG turnover. We demon-
strate that  Pcyt2 +/ �    hypertriglyceridemia is a result of facili-
tated secretion of both fasting and postabsorptive lipids and 
an impaired lipolysis and clearance of TAG-rich particles 
from the circulation. The present investigation contributes 
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and blood samples were drawn 3 h after gavage via the retro-
orbital plexus. The plasma was snap-frozen and stored at  � 80°C 
until analysis. Plasma apoB-48 concentration was quantifi ed 
using an adapted Western immune blot method, as previously 
described ( 24 ). Briefl y, total plasma was separated by SDS-PAGE 
on a 3–8% tris-acetate polyacrylamide NuPage® gel (InVitrogen). 
Separated proteins were transferred to a polyvinylidene fl uoride 
membrane (0.45  � M; ImmobilonP™, Millipore). Membranes 
were incubated with a goat polyclonal antibody to apo-B (1:100; 
Santa Cruz Biotech). Detection was achieved using an anti-goat 
secondary antibody and chemiluminescence (ECL Advance; 
Amersham Biosciences, UK); intensity was quantifi ed using linear 
densitometric comparison with a known mass of purifi ed rodent 
apoB-48 protein. 

 MTP activity assay 
 Liver and small intestine from  Pcyt2 +/ �    mice and control littermates 

were homogenized in 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM 
EDTA, and 2% protease inhibitor cocktail (Sigma-Aldrich) ( 25 ). The 
microsomal triglyceride transfer protein (MTP) activity was measured 
using a fl uorometric activity assay from Roar Biomedical. 

 Intestinal gene expression 
 The small intestine from Pcyt2 +/ �   mice and control littermates 

was excised and washed with cold isotonic saline solution to 
remove excess blood. The intestinal lumen was fl ushed with sa-
line to remove digested food particles, the wall was scraped out 
with a glass slide, and mucosal tissue was collected in liquid nitro-
gen. Total RNA isolation and cDNA synthesis was performed as 
above. Specifi c primers to measure the expression of intestinal 
genes MTP, CD46, FATP4, FAS, DGAT1/2, MGAT2, and SREBP1 
were used. The PCR conditions and the gene-specifi c primers 
used in this analysis can be obtained upon request. 

 Preparation of radiolabeled enterocytes 
  Pcyt2 +/ �    mice and wild-type littermates were fasted overnight 

and given an intragastric load of 10  � Ci of [ 3 H]TO in 200  � l of 
olive oil. The enterocytes were isolated from the intestinal lumen 
15 min after the lipid load, as previously described ( 26–28 ). The 
intestinal lumen was fi rst washed with Solution-I (115 mM NaCl, 
5 mM KCl, 0.96 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 5.5 mM 
glucose, pH 7.4) and gassed with 95% O 2  for 20 min. The small 
intestine was then fi lled up with Solution-II (67.5 mM NaCl, 1.5 mM 
KCl, 0.96 mM NaH 2 PO 4 , 26.19 mM NaHCO 3 , 27 mM sodium 
citrate, and 5.5 mM glucose, pH 7.4) and incubated at 37°C in 
oxygenated 0.9% saline, with constant shaking. The luminal solu-
tion was discarded after 15 min of incubation, and the small intes-
tine was fi lled up with Solution III (115 mM NaCl, 5 mM KCl, 
0.96 mM NaH2PO4, 26 mM NaHCO 3 , 1.5 mM EDTA, 5.5 mM 
glucose, 0.5 mM dithiothreitol, pH 7.4), and again incubated for 
15 min in aerated 0.9% saline. The luminal content was then 
collected and centrifuged (5 min; 1,500 rpm; room temperature), 
and the isolated enterocyte pellet was resuspended in the aerated 
DMEM. To collect secreted lipoproteins, enterocytes were incubated 
in the fresh DMEM for 3 h. The lipoprotein particles secreted 
from enterocytes were collected from the media by sequential 
density gradient ultracentrifugation, and the radiolabeled lipids 
in each lipoprotein fraction were determined by LSC. 

 Density centrifugation of in vitro-secreted intestinal 
lipoproteins 

 Sequential density gradient centrifugation was performed on 
the lipoproteins isolated from enterocytes 15 min after the fat 
load, and the lipoproteins were secreted from the isolated entero-
cytes after 3 h incubation. Separation of the large chylomicrons 

and visualization with iodine vapor. TAG and DAG content in 
Pcyt2-defi cient mice relative to wild-type mice were determined by 
densitometry ( 16 ). Total intestinal TAG content (nmol/mg) was 
determined by the TAG fl uorometric assay kit from Abcam. 

 Plasma clearance of TAG-rich particles 
 Radiolabeled TAG-rich particles were prepared by sonication of 

75 µCi of [ 3 H]TO in 100 mg of a lipid emulsion containing 
23:70:2:3:2 v/v ratio of PC, “cold” triolein, lyso-PC, cholesteryl oleate, 
and cholesterol ( 22, 23 ). The sonicated lipid particles were stored at 
4°C and used within 7 days after preparation. Degradation of the 
radiolabeled TAG-rich particles was followed in  Pcyt2  +/ �   and wild-
type littermates after an intravenous injection of 100 µg of the radio-
labeled emulsion. The blood (50 µl) was collected at 2, 5, 10, 15, and 
30 min after injection. Total plasma [ 3 H] radioactivity was deter-
mined as described above and expressed as a fraction of the injected 
dose of the [ 3 H]TO-labeled particles (100%) ( 22, 23 ). 

 Tissue uptake of TAG-rich particles 
 Lipid distribution into various tissues was determined at the end 

of the plasma clearance assay, 30 min after the [ 3 H]TO injection 
described above. Various tissues (liver, heart, muscle, adipose, kid-
ney, spleen) from  Pcyt2  +/ �   mice and wild-type littermates were col-
lected, weighed and dissolved in Soluene (PerkinElmer) by an 
overnight incubation at 70°C ( 23 ). The [ 3 H] radioactivity was de-
termined in identical amounts of homogenized tissues. The incor-
porated [ 3 H] activity was expressed as a % of the injected dose/g 
weight and compared between the genotypes as described ( 23 ). 

 Plasma LPL and HL activity assays 
 Fasted  Pcyt2 +/ �    mice and wild-type littermates were injected via 

the retro-orbital plexus with 0.1 U/g of heparin, and the posthepa-
rin plasma was collected after 30 min. HL and LPL activities were 
determined as described ( 22, 23 ). The radiolabeled substrate was 
prepared by sonication of 2.5 µCi/ml [ 3 H]TO with “cold” TO (4.6 
mg/ml), FA-free BSA (20 mg/ml), Triton X-100 (0.1%), and heat-
inactivated human serum in 0.1 M Tris-HCl buffer (pH 8.6). Ten 
microliters of the mouse plasma was incubated with 0.2 ml of the 
sonicated substrate for 30 min at 37°C in the presence (HL activity) 
and in the absence (total lipase activity) of 1 M NaCl. NaCl inhibits 
LPL activity and has only a minor effect on HL activity. The reac-
tion was stopped by 3 ml of heptane-methanol-chloroform 
(1:1.3:1.4) and diluted with 1 ml of 0.1 M K 2 CO 3 /saturated boric 
acid buffer (pH 10.5). The water phase, which contained the re-
leased product [ 3 H]oleate, was separated by centrifugation (5 min 
at 3,000 rpm), and 0.5 ml of the water fraction was counted. The 
HL activity was calculated as part of total activity that was not inhib-
ited by NaCl, whereas the LPL activity represented the remaining 
activity. Both activities were expressed as [oleate] nmol/h/ml. 

 Expression analysis of LPL and angiopoietin-like protein 4 
 Total mRNA was isolated from 50 mg of homogenized tissues 

(liver, muscle, heart, intestine, and adipose) using Trizol reagent (In-
vitrogen). First-strand cDNA was generated from 2 µg of total RNA, 
and PCR was performed using the LPL-specifi c primers 5 ′ -GCTCG-
CACGAGCGCTCCATT-3 ′  (forward) and 5 ′ -CCTCGGGCA GGGTG-
AAGGGAA-3 ′  (reverse). A G3PDH PCR product was used as internal 
control. Angiopoietin-like protein 4 (Angptl4) was determined in 10 
µg of total plasma by Western blotting using an Angptl4-specifi c anti-
body (#40-9800) from Invitrogen. The band intensities of the LPL PCR 
product and Angptl4 protein were analyzed by the ImageJ software. 

 Determination of plasma apoB-48 content 
  Pcyt2  +/ �   and wild-type littermates were fasted overnight. Subse-

quently, mice were given an intragastric load of 200 µl of olive oil, 
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( 16 ). All additional experiments were performed with the 
hypertriglyceridemic 42 week-old  Pcyt2  +/ �  mice. 

 Postprandial TAG turnover is reduced in  Pcyt2 +/ �    mice 
 We next determined whether the  Pcyt2 +/ �    mice had any 

defects in the absorption and processing of postprandial 
lipids. TAG content in the plasma was followed after ani-
mals were given an intragastric bolus of olive oil, as shown 
in    Fig. 2A, B  . Pcyt2-defi cient mice exhibited a faster ap-
pearance of TAG in the plasma, and this was maintained at 
levels higher and longer than in control littermates. Based 
on the AUC, the quantitative difference in the postprandial 
TAG responses between defi cient and control animals was 
40% ( Fig. 2B ), showing that the  Pcyt2 +/ �    mice had both an 
increased intestinal secretion and a delayed TAG clear-
ance from the plasma, and those two aspects of Pcyt2 +/ �   
hypertriglyceridemia were separately examined using a 
radiolabeled TAG substrate ([ 3 H]TO) as described below. 

 Intestinal TAG secretion is elevated in  Pcyt2 +/ �    mice 
 To investigate the extent to which intestinal secretion 

may contribute to Pcyt2 +/ �   hypertriglyceridemia, the ani-
mals were intravenously injected with the lipase inhibitor 
P407 as above and then given an intragastric load of 
labeled olive oil. The secretion of intestinal lipids was moni-
tored by the appearance of  3 H-related activity in the plasma 
TAG at various times after the lipid load. As shown in  Fig. 2C , 
both groups of animals displayed a continuous appearance 
of the radiolabeled TAG in the plasma when measurements 
were performed for 3 h after lipid load; however, more [ 3 H] 
activity appeared in the plasma of  Pcyt2 +/ �    animals com-
pared with control littermates. This was a strong indication 
that Pcyt2-defi cient intestinal epithelia had acquired an ac-
celerated secretion of the postprandial lipids. 

 Postprandial lipids in intestinal mucosa and plasma 
were investigated in the presence of the lipase inhibitor to 
prevent plasma degradation, as described above. As ex-
pected, most radiolabeled lipids were in the form of [ 3 H]
TAG in both types of animals  (  Fig. 3A–C  ). After 1 h of 
lipid load,  Pcyt2 +/ �    intestinal mucosa had elevated (40%) 
radioactivity in TAG, DAG, and FFA fractions and 20–30% 
increase in other lipids ( Fig. 3B ). In 3 h plasma, the [ 3 H]
TAG activity was similar to the activities in the intestinal 
mucosa, containing  � 40% more label in  Pcyt2 +/ �    plasma 
than in the wild-type plasma. Postprandial [ 3 H]DAG and 
[ 3 H]FFAs were 2-fold higher in the  Pcyt2 +/ �    plasma compared 
with wild-type ( Fig. 3C ). A 2–3-fold ratio between [ 3 H]
TAG and [ 3 H]DAG was associated with all measurements 
shown in  Fig. 3A –C. We showed previously that the major 
underlying mechanism of disease progression in  Pcyt2 +/ �    
mice was a shift in lipid and energy metabolism to remove 
excess DAG and TAG unused in the PE–Kennedy pathway. 
This results in elevated lipogenesis and TAG synthesis even 
early in development and causes age-related accumulation 
of lipids in adipocytes, liver, muscle, and perhaps other 
organs ( 8, 16, 17 ). The actual TAG content ( Fig. 3D ) and the 
relative change in TAG and DAG ( Fig. 3E ) were 1.8–2.3-fold 
higher in the intestinal mucosa of  Pcyt2 +/ �    mice compared 
with littermate controls, demonstrating that in addition to 

(CM L ), small chylomicrons (CM SM ), and the VLDL-like chylomi-
cron particles (CM VLDL)  was performed as previously described 
( 28–30 ). Media or enterocyte protein homogenates were mixed 
with 2 ml of 1.006 g/ml-density solution containing 0.57 g/ml KBr, 
to obtain a fi nal density of 1.10 g/ml. The mixture was overlaid 
with 3 ml each of 1.063 g/ml- and 1.019 g/ml-density solution and 
2 ml of 1.006 g/ml-density solution and subjected to sequential 
centrifugation. Large chylomicrons (CM L ) were obtained from 
the top 1 ml layer after the fi rst centrifugation (33 min, 40,000 
rpm, at 15°C using the SW41 rotor). The remaining solution was 
overlaid with 1 ml of fresh 1.006 g/ml solution and subjected to 
the second ultracentrifugation (3.5 h, 40,000 rpm, 15°C). The sec-
ond top 1 ml layer contained the small chylomicron (CM SM ) par-
ticles. After adding a new 1 ml of 1.006 g/ml solution, the samples 
were subjected to the third ultracentrifugation (17.5 h, 40,000 
rpm, 15°C), of which the 1 ml top fraction represented the CM VLDL  
(d<1.006 g/ml) particles. The rest of the gradient was fractionated 
into 1.5 ml portions. CM fractions 1–3 represented the range simi-
lar to the LDL size (CM LDL ; d = 1.02–1.063 g/ml), and fractions 
4–6 represented the range of the HDL (1.063–1.1 g/ml). Total 
[ 3 H] lipids in all fractions was determined by LSC and the lipopro-
tein profi les compared between  Pcyt2 +/ �    and wild-type littermates. 

 Density centrifugation of in vivo-secreted intestinal 
lipoproteins 

 Plasma from  Pcyt2 +/ �    and wild-type littermates was collected 
1 h after the [ 3 H]TO lipid load, and 100 µl was subjected to density 
gradient centrifugation as described above for the in vitro experi-
ments. Total [ 3 H] radioactivity in various lipoprotein fractions 
was determined by LSC and the distribution profi les compared 
between  Pcyt2 +/ �    and wild-type littermates as described above. 

 Statistical analysis 
 Results were expressed as mean ± SD. Statistical analysis was 

done using the Student paired  t -test, the exponential curve fi t, 
and the linear regression analysis using Graph Pad Prism software. 
Values of  P  < 0.05 were considered statistically signifi cant. 

 RESULTS 

 Liver TAG secretion was elevated in older  Pcyt2  +/ �   mice 
 We demonstrated previously that  Pcyt2  +/ �   mice develop 

insulin resistance, elevated plasma VLDL particles, and 
hypertriglyceridemia at 32–36 weeks of age ( 16 ). Young 
 Pcyt2  +/ �   mice (8 week-old) had normal plasma glucose, insu-
lin, and lipoprotein content ( 16 ). Therefore, we fi rst in-
vestigated whether the VLDL secretion was a contributing 
factor to the increased plasma TAG observed in older 
 Pcyt2  +/ �   mice. Plasma TAG content  (  Fig. 1A  ) and liver 
MTP activity and expression ( Fig. 1B, C ) were determined 
in 8, 32, and 42 week-old  Pcyt2  +/ �  mice. VLDL secretion 
was not signifi cantly different between the 8 week-old 
 Pcyt2  +/ �   mice and wild-type littermates. At 32 weeks of age, 
however,  Pcyt2  +/ �   mice showed an increased TAG secre-
tion, which was further elevated at 42 weeks of age ( Fig. 1A ). 
Liver MTP activity and expression correspondingly in-
creased 1.8–2-fold in 32 and 42 week-old  Pcyt2  +/ �   mice 
while remaining normal in 8 week-old  Pcyt2  +/ �   mice 
( Fig. 1B, C ). These results collectively established that 
Pcyt2 defi ciency produced an age-dependent upregulation 
of VLDL secretion that contributed to the elevated plasma 
VLDL and hypertriglyceridemia in older  Pcyt2  +/ �   mice 
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evinced from the relative radioactivity remaining in the plasma, 
shown in    Fig. 4A  , the rate of disappearance of the [ 3 H]TO-la-
beled lipids was markedly slower in the  Pcyt2  +/ �   mice (the half-
life, t 1/2  = 43.30 min  � 1 ) than in the littermate controls (the 
half-life, t 1/2  = 5.17 min  � 1 ), indicating ineffi cient hydrolysis of 
both VLDL and CM in the heterozygous mice. 

 Total lipid uptake in various tissues was examined 
30 min after the [ 3 H]TAG particle injection ( Fig. 4B ). The 
associated tissue radioactivity was 50–60% lower in  Pcyt2 +/ �    
liver, total adipose tissue, and kidney and signifi cantly 

accumulation and increased secretion of hepatic lipids 
in postabsorptive states,  Pcyt2 +/ �    mice also have increased 
intestinal lipids and secretion in postprandial states. 

 Plasma clearance of TAG-rich particles is impaired in 
 Pcyt2 +/ �    mice 

 To establish whether impaired degradation of plasma TAG 
also contributed to the  Pcyt2 +/ �    hypertriglyceridemia, animals 
were injected with labeled TAG-rich lipid particles, and the 
particle disappearance from circulation was monitored. As 

  Fig.   1.  Age-dependent stimulation of VLDL secretion and liver MTP activity in Pcyt2 +/ �  mice. A: Fasting plasma TAG was measured in 8, 
32, and 42 week-old Pcyt2 +/ �   mice and littermate controls. Plasma LPL was inhibited with P407 injection, and VLDL-TAG was determined 
in 0–4 h intervals. At 8 weeks of age, VLDL-TAG secretion was similar in  Pcyt2 +/ �    mice and control littermates. A modest but signifi cant in-
crease in VLDL secretion was present in 32-week-old  Pcyt2 +/ �    mice; and 42-week-old  Pcyt2 +/ �    mice showed signifi cantly elevated VLDL secre-
tion compared to littermates. The level of activity (B) and expression (C) of the liver MTP in 8, 32, and 42 week-old mice  . MTP activity was 
expressed as fl uorescence (F) U.min  � 1 . � g of protein  � 1  for n = 5 mice in each group. Statistical signifi cance (* and **) at each point was 
determined by Student’s t-test at  P  < 0.05  .   
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reduced in total skeletal muscle and heart relative to con-
trol tissue homogenates. Taken together, these data indi-
cate that  Pcyt2 +/ �    mice acquire an impaired clearance of 
TAG-rich particles from the plasma; therefore, we next in-
vestigated lipase activity in  Pcyt2 -defi cient tissues. 

 Plasma LPL and HL activities are reduced in  Pcyt2 +/ �    
mice 

 Reduced postprandial TAG turnover ( Fig. 2A, B ) and 
delayed TAG particle clearance ( Fig. 4A ) from  Pcyt2 +/ �    cir-
culation were both consistent with decreased plasma lipol-
ysis, mainly controlled by the plasma LPL and HL activities. 
To investigate this, lipase activities were measured in the 
postheparin plasma of both genotypes. As shown in  Fig. 4C , 
the total plasma lipase (33%) and individual LPL (44%) 
and HL (27%) activities were signifi cantly reduced in the 
 Pcyt2 +/ �    plasma compared with control plasma. 

 Altered expression of LPL and angiopoietin-like protein 4 
 We next investigated whether decreased tissue LPL 

availability may contribute to the reduced activity in 
 Pcyt2 +/ �    mice. LPL is mainly expressed in adipose tissue 
and to some extent in skeletal muscle and heart. LPL 
mRNA was completely absent from intestine and un-
changed in the total skeletal muscle and liver of  Pcyt2 +/ �    
mice. On the other hand,  Pcyt2 +/ �    adipose tissue and 
heart homogenates had 1.7- and 1.5-fold less LPL mRNA  
(  Fig. 5A, B  ). Angptl4 is a very potent inhibitor of LPL ac-
tivity and a stimulator of adipose tissue lipolysis ( 31 ), and, 
as shown in  Fig. 5C, D , there is a marked 1.97-fold increase 
in the expression of serum Angptl4 in  Pcyt2 +/ �    mice rela-
tive to control littermates. Therefore, both reduced LPL 
tissue expression and increased LPL inhibition contrib-
uted to the reduced LPL activity in the  Pcyt2 +/ �    plasma. 

 Plasma apoB and intestinal MTP activity are elevated in 
 Pcyt2 +/ �    mice 

 The lipid tolerance test ( Fig. 2A ) established a signifi cant 
postprandial contribution to plasma  Pcyt2 +/ �    TAG, there-
fore the postprandial apoB lipoprotein content was also 
determined. As shown in    Fig. 6A–C  , apoB-100 and apoB-48 
content was dramatically increased, with apoB-48 levels 
5-fold and apoB-100 levels 1.8-fold higher than in the con-
trol plasma. The elevation in plasma apoB proteins is consis-
tent with the increased VLDL secretion ( Fig. 1A ) and with 
the previously established accumulation of the VLDL parti-
cles in  Pcyt2 +/ �    plasma ( 16 ). To confi rm that intestinal lipo-
protein production was elevated in Pcyt2 defi ciency, we also 
measured the intestinal MTP activity in 42 week-old mice. 
As shown in  Fig. 6D , the MTP activity was elevated 3-fold, 
demonstrating that  Pcyt2 +/    �   mice also produced more lipo-
protein (chylomicron) particles in the small intestine. 

  Fig.   2.  Pcyt2 defi ciency modifi es postprandial lipid response. 
Plasma TAG turnover is reduced (A).    Pcyt2 +/ �    and littermate 
( Pcyt2 +/+  ) control mice were given an intragastric bolus of 200 µl of 
olive oil, and a blood sample was drawn at 0, 1, 2, 3, 4, and 6 h after 
the lipid load. Total plasma lipid content was expressed as TAG 
(µmol/kg) ± SD for four mice per group. Shown in B is the inte-
grated AUC of data in A for both wild-type and knockout animals. 
C: Intestinal TAG secretion is increased.  Pcyt2 +/ �    and littermate 

controls were injected intravenously with 500 mg/kg of 10% P407 
LPL inhibitor and were immediately given an intragastric load of 
[ 3 H]TO in 200 µl of olive oil as in A. Blood samples were drawn at 
0, 1, 2, and 3 h, and total lipids were extracted from plasma. Shown 
is the [ 3 H] radioactivity in TAG fraction for four mice in each 
group. Statistical signifi cance (*) at each point was determined by 
Student’s  t -test at  P  < 0.05.   
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However, the enterocytes isolated from  Pcyt2 +/ �    intestine 
contained proportionally 30–50% more lipids compared 
with control cells in all lipoprotein fractions ( Fig. 7A ). 
This directly demonstrates that the intestinal absorption 
was signifi cantly increased in the  Pcyt2 +/ �    mice. To investi-
gate the secretion phase, the isolated enterocytes were 
incubated for 3 h, and the lipoproteins secreted into 
media were examined. The type and the order of the 
secreted lipoproteins was similar in both genotypes, 
and it was dominated by large and small CM fractions, 
CM L >CM S >CM LDL >HDL = CM VLDL . The most-abundant 
fractions, CM L  and CM S , had >2-fold more lipids in the 
 Pcyt2 +/ �    enterocyte media than the CM L  and CM S  fractions 
isolated from the control media ( Fig. 7B ). Finally, the 

 Chylomicron production and secretion are upregulated in 
 Pcyt2 +/ �    mice 

 To gain further insight into the mechanism of elevated 
postprandial TAG and apoB containing lipoproteins in 
 Pcyt2 +/ �    plasma, we next examined the postprandial pro-
fi les of lipoproteins secreted in vitro from isolated entero-
cytes and in vivo from intestine  (  Fig. 7  ). We conducted a 
density lipoprotein centrifugation to separate various lipo-
proteins and to correlate the extent of lipidation within 
different fractions from the primary enterocytes ( Fig. 7A ), 
those secreted into the media ( Fig. 7B ), and those secreted in 
vivo ( Fig. 7C ). For both genotypes, the absorbed lipids were 
associated with similar lipoprotein fractions and were in a 
descending order from CM L =CM LDL >CM S =HDL>CM VLDL.  

  Fig.   3.  Differences in intestinal lipids and secretion.   A: Intestinal profi les of TAG, DAG, FFAs (FA), total 
cholesterol (CH), and total phospholipids (PL) 30 min and (B) 60 min after the [ 3 H]TO-containing fat 
load. C: Plasma lipid profi les 180 min after the [ 3 H]TO lipid load.  Pcyt2 +/ �    and  Pcyt2 +/+   (n = 5). The values 
shown in A and B are dpm/mg of protein for intestinal mucosa and in C are dpm/ml for mouse plasma at 
 P  < 0.05. D: Intestinal mucosa TAG (µmol/kg) is elevated 1.8-fold in  Pcyt2 +/ �    mice relative to the wild-type 
mice (40 wk-old; n = 4 and  P  < 0.0001). E: Iodine-stained silica gel showing relative increases in DAG and 
TAG levels (2.3-fold and 1.9-fold, respectively) in the samples as in D.   
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plasma lipoproteins secreted in vivo were fractionated 
( Fig. 7C ). The extent of lipidation of CM fractions was 
similar to those observed for enterocyte media, and  Pcyt2 +/ �    
plasma CM L  and CM S  fractions again contained >2-fold 
more lipids than the CM L  and CM S  from the control 
plasma. Not surprisingly, plasma CM LDL  and HDL fractions 
were more abundant than those obtained in the entero-
cyte media, but the lipid content was similar in vitro and in 
vivo, and it was higher in the CM LDL  and HDL-like fractions 
isolated from the  Pcyt2 +/ �    than in the wild-type plasma. 

  Pcyt2 +/ �    intestinal genes for FA absorption and 
chylomicron formation are upregulated 

 To further determine the mechanism for the elevated 
 Pcyt2 +/ �    intestinal lipid absorption and chylomicron secretion, 
the genes associated with FA transport, TAG synthesis, and 
chylomicron assembly were examined in both genotypes, as 
shown in    Fig. 8  . We found that postprandial mRNA expression 
of FA transport protein 4 (FATP4), the only FATP in the intes-
tine, was 3-fold higher and that the main enterocyte FA trans-
porter, CD36, was 2-fold higher in  Pcyt2 +/ �    small intestine than 
in control littermates. The expression of MTP, which has a 
critical role in chylomicron assembly, was also 2-fold higher in 
 Pcyt2 +/ �    intestine. Interestingly, the genes involved in intracel-
lular TAG formation, DGAT1, and DGAT2 did not change 
signifi cantly, and they probably are more regulated by post-
translational mechanisms such as phosphorylation ( 32 ). FA 
synthesis normally is not a major event in this tissue, but could 
potentially be modifi ed in insulin resistance and diabetes 
( 32, 33 ). The postprandial expression of the main lipogenic 
genes SREBP1 and FAS were dramatically reduced (3-fold and 
2.8-fold, respectively) showing that enterocyte de novo synthe-
sis of FA was reduced in  Pcyt2 +/ �    mice. Therefore, the FA pool 
available for the increased TAG formation and chylomicron 
assembly in  Pcyt2 +/ �    intestine was produced by increased up-
take and intracellular transport of dietary FAs ( 33 ). 

 DISCUSSION 

 Pcyt2 regulates de novo PE phospholipid synthesis, an ana-
bolic pathway that utilizes ATP and DAG. The attenuation of 
this pathway in  Pcyt2 +/ �    mice creates a surplus of those metabo-
lites and reduces demands for energy production by mito-
ch ondrial FA oxidation. Indeed, young  Pcyt2 +/ �    mice experience 
reduced weight loss after prolonged fasting and have upregu-
lated liver lipogenesis prior to development of obesity, insulin 
resistance, and hyperlipidemia ( 16 ). Therefore, the redistribu-
tion of DAG/FAs from membrane PE toward TAG creates a 
state of positive energy balance in Pcyt2 defi ciency. These inher-
ent changes, in combination with the age-related decline in 
metabolic effi ciency ( 34, 35 ) and changes in energy and nutri-
ent signaling networks ( 36, 37 ) are probably most responsible 
for the disease progression in this model. 

 In the present study, we focused on  Pcyt2 +/ �    hyperlipi-
demia that developed in older animals. We established 
that  Pcyt2 +/ �    hyperlipidemia was a net result of increased 
secretion of TAG-rich lipoproteins and reduced capacity 
for lipid clearance from the plasma. Furthermore, there 

  Fig.   4.  Pcyt2 defi ciency inhibits plasma lipid clearance.   A: Clear-
ance of TAG-rich lipid particles is reduced in Pcyt2 +/ �   plasma. [ 3 H]
TO (100 µg of total TAG) was injected in  Pcyt2 +/ �    and littermate 
controls via the inferior vena cava, and blood samples were taken 
at various times (2.5–15 min) postinjection. Plasma radioactivity 
(dpm) was determined and expressed as a percent of the injected 
dose vs. time (min); n = 4 in each group. B: Delivery of TAG-rich 
lipid particles is reduced in multiple Pcyt2 +/ �   tissues. [ 3 H]TO par-
ticles (100 µg of TAG) were injected as in A, and radioactivity 
(dpm) was determined at 30 min in homogenized tissues (liver, 
heart, muscle, adipose, kidney, and spleen). Data are shown as a 
percent of the injected dose/g weight for four animals; * P  < 0.05. 
C:  Pcyt2  +/ �   mice have impaired plasma HL and LPL activities. 
Fasted  Pcyt2 +/ �    and wild-type mice were injected via retro-orbital 
plexus with heparin (0.1 U/g), and blood was collected 20 min af-
ter injection. Plasma was incubated for 30 min at 37°C with a [ 3 H]
TO in the absence or presence   of 1 M NaCl to establish both the 
LPL and HL activity. Generated [ 3 H] oleate was extracted, and ac-
tivity was determined as [oleate] µmol/h/g tissue ± SD (n = 4) at 
* P  < 0.05.   
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and increased FFA uptake, and accumulate liver lipids and 
have characteristic lipoprotein profi les with elevated VLDL 
content and normal HDL and LDL content ( 16 ). Here, we 
have established that the liver VLDL-TAG secretion is not 
impaired in young animals, but becomes signifi cantly 
elevated in older (32 week and 42 week)  Pcyt2 +/ �    mice. 
Furthermore, we provide several lines of evidence that 
in addition to being hypertriglyceridemic,  Pcyt2 +/ �    mice 

was a strong relationship between Pcyt2 defi ciency and the 
activity and expression of genes involved in plasma lipoly-
sis and intestinal lipid absorption and secretion, uncover-
ing for the fi rst time that Pcyt2 has an intrinsic role in the 
regulation of liver lipid secretion, plasma lipolysis, and 
postprandial lipid metabolism. 

 Initially, we reported that older (32 week)  Pcyt2 +/ �    mice 
have upregulated liver lipogenic genes, reduced FA oxidation, 

  Fig.   5.   Pcyt2 +/ �    mice have reduced tissue LPL and 
increased plasma Angptl4.   A: PCR results for LPL 
mRNA expression in various tissues of  Pcyt2 +/ �    and 
littermate control mice (n = 4). B: LPL mRNA levels 
relative to control G3PDH showing signifi cantly re-
duced LPL expression in homogenates of  Pcyt2 +/ �    
heart (1.5-fold,  P  < 0.002) and adipose (1.74-fold, 
 P  < 0.0006) and no change in skeletal muscle and 
liver total homogenates. Immunoblots (C) and den-
sitometric analysis (D) showing increased amounts 
of Angptl4 protein in  Pcyt2 +/ �    plasma relative to con-
trol plasma (1.97-fold,  P  < 0.0007, n = 4).     

  Fig.   6.   Pcyt2 +/ �    mice have increased plasma apoB and intestinal MTP activity. A: Immunoblotting of  Pcyt2 +/ �    
and control plasma for apoB-48 and apoB-100 3 h after an intragastric load of 200 µl of olive oil;  �  tubulin 
was used as a loading control. B,C: ApoB-48 and apoB-100 were dramatically elevated in  Pcyt2 +/ �    plasma. D: 
MTP activity was upregulated in  Pcyt2 +/ �    small intestine and was expressed as fl uorescence U/min/ � g pro-
tein (n = 5 and  P  < 0.05).   
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Lipoprotein density fractionation established that  Pcyt2 +/ �    
enterocytes and plasma had substantially increased lipida-
tion of chylomicron particles, and that increased chylomi-
cron production in Pcyt2 defi ciency was accompanied by an 
abundant presence of apoB-48 in the plasma. Finally, the 
facilitated processing of dietary lipids in  Pcyt2 +/ �    intestine 

additionally exhibit an increased capacity to process exog-
enous lipids in intestinal epithelial cells and have reduced 
capacity to clear postprandial lipids from circulation. 
Using an oral lipid tolerance test, we demonstrated that 
 Pcyt2 +/ �    mice had signifi cantly reduced turnover of circu-
lating TAG compared with wild-type littermates. By sepa-
rate examination of plasma TAG infl ux and degradation, we 
established that  Pcyt2 +/ �    mice increase the processing of 
dietary lipids, as well as reduce plasma lipolysis, which to-
gether resulted in a longer TAG half-life in the plasma. We 
demonstrate that postprandial lipids appeared in  Pcyt2 +/ �    
circulation at rates faster than in the control littermates. 

  Fig.   7.  Differences in lipidation of intestinally derived lipopro-
teins. A: Density profi le of enterocyte lipoproteins immediately 
(30 min) after an intragastric load of [ 3 H]TO. B: The enterocyte 
lipoproteins secreted 3 h after the [ 3 H]TO load. C: Plasma lipopro-
tein profi les 1 h after the lipid load; values are shown for n = 5 and 
as percent of dpm/mg protein for enterocyte in A, B and percent 
dpm/ml for plasma in C. Statistical signifi cance (*) between the 
two genotypes was determined by Student’s  t -test at  P  < 0.05.   

  Fig.   8.  Intestinal genes for lipid transport and chylomicron for-
mation are overexpressed in Pcyt2 defi ciency. A: Representative 
RT-PCR expression data for the FA synthase (FAS), diacylglycerol 
transferase 1 and 2 (DGAT-1 and -2), monoacylglycerol acyltrans-
ferase (MGAT2), FATP4, FA transporter CD36, sterol-regulatory 
binding protein 1 (SREBP1), microsomal transfer protein (MTP), 
and glycerol-3-phosphate dehydrogenase (G3PDH) loading con-
trol in  Pcyt2 +/ �    and  Pcyt2 +/+   small intestine. B: Average mRNA band 
densities from at least three separate RNA isolations in each group 
of animals. Statistical signifi cance (*) between the two genotypes 
was determined by Student’s  t -test at  P  < 0.05.     
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reduced in  Pcyt2 +/ �    plasma, implicating additional compli-
cations in HDL secretion and/or plasma composition in 
 Pcyt2 +/ �    mice. Plasma TAG FA composition is signifi cantly 
modifi ed in heterozygous mice, containing elevated con-
tent of C16 and C18 n-6 FAs ( 16 ), probably the products of 
the elevated  Pcyt2 +/ �    mice intestinal absorption, but also in-
creased liver VLDL secretion and lipogenesis ( 16, 17 ). 
Future studies on the regulation of the specifi c contribu-
tions of liver and intestinal lipoproteins and lipoprotein re-
ceptors in Pcyt2 defi ciency will help in better understanding 
the mechanisms driving the impaired plasma lipid clear-
ance and how lipases and regulatory proteins contribute to 
the accumulation of plasma TAG in Pcyt2 defi ciency. 

 The disruption of  Pcyt2  is responsible not only for alter-
ing TAG synthesis, but also for affecting other aspects of 
lipid homeostasis, such as FA oxidation and reduced PE 
availability as a source of FA ( 16, 17 ).  Pcyt2 +/ �    mice also 
develop insulin resistance, even on a chow diet ( 16 ), 
which, together with the elevated postprandial lipids (also 
on a chow diet), imply that in mice chronically exposed to 
a high-fat diet regimen, reduced Pcyt2 activity might also 
contribute a high-fat diet-induced hypertriglyceridemia 
and development of type-2 diabetes, as seen in humans. 
Based on our initial work discussed earlier and informa-
tion from numerous diet-induced obesity models, we an-
ticipate that the phenotype described here for the older 
 Pcyt2 +/ �   mice would appear earlier in the life if young mice 
were fed a high-fat diet. Postprandial lipemia is a well-
known risk factor for development of type-2 diabetes ( 43 ), 
and available data suggest that the expression of human 
 Pcyt2  is reduced in adipose tissue in women with polycystic 
ovary syndrome ( 44 ), in myotubes from patients with 
type-2 diabetes ( 45 ), and in MODY type-2 diabetes ( 46 ). 

 In conclusion, we establish that hypertriglyceridemia 
observed in the Pcyt2-heterozygous mouse can be attrib-
uted to elevated lipid secretion and over-production of 
TAG-rich particles. This, in combination with impaired li-
polytic conversion of TAG-rich remnants, results in subse-
quent reduced delivery of TAG-derived lipids to peripheral 
tissues. The heterozygous disruption of Pcyt2 results in ab-
errant lipid absorption and the age-related development 
of obesity and metabolic syndrome, which opens an inter-
esting new area to be considered when studying lipid-
related disorders, impairments in membrane phospholipid 
gene function, and phospholipid homeostasis.  
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