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Phosphatidylethanolamine (PE) is an important inner mem-
brane phospholipid mostly synthesized de novo via the
PE-Kennedy pathway and by the decarboxylation of phosphati-
dylserine. CTP:phosphoethanolamine cytidylyltransferase
(Pcyt2) catalyzes the formation of CDP-ethanolamine, which is
often the rate regulatory step in the PE-Kennedy pathway. In the
current investigation, we show that the reduced CDP-ethanol-
amine formation in Pcyt2*/~ mice limits the rate of PE synthesis
and increases the availability of diacylglycerol. This results in
the increased formation of triglycerides, which is facilitated by
stimulated de novo fatty acid synthesis and increased uptake of
pre-existing fatty acids. Pcyt2*/~ mice progressively accumulate
more diacylglycerol and triglycerides with age and have modi-
fied fatty acid composition, predominantly in PE and triglycer-
ides. Pcyt2*'~ additionally have an inherent blockage in fatty
acid utilization as energy substrate and develop impaired toler-
ance to glucose and insulin at an older age. Accordingly, gene
expression analyses demonstrated the up-regulation of the main
lipogenic genes and down-regulation of mitochondrial fatty
acid B-oxidation genes. These data demonstrate for the first
time that to preserve membrane PE phospholipids, Pcyt2 defi-
ciency generates compensatory changes in triglyceride and
energy substrate metabolism, resulting in a progressive develop-
ment of liver steatosis, hypertriglyceridemia, obesity, and insu-
lin resistance, the main features of the metabolic syndrome.

Phosphatidylethanolamine (PE)? is the major inner leaflet
phospholipid in cellular membranes, and it plays important
roles in membrane integrity, cell division, cytokinesis, autoph-
agy, and blood coagulation (1). Phospholipases degrade PE to
the secondary substrates diacylglycerols (DAG), phosphatidic
acid, and free fatty acids (FA), which are involved in energy
metabolism and various cell-signaling cascades. N-Acylated PE
is a main source of endogenous cannabinoids including
N-arachidonyl-ethanolamine anandamide (2), and PE is a
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donor of the phosphoethanolamine moiety of glycosylphospha-
tidylinositol anchors, ensuring the linking of the carboxyl ter-
minus of various proteins to the plasma membrane (3). PE also
serves as a natural ligand for steroidogenic factor-1 (4) and liver
receptor homologue 1 (5), transcription factors involved in the
regulation of gene function. In Drosophila, PE completely sub-
stitutes for cholesterol in the feedback regulation of SREBPs
(sterol regulatory element-binding proteins) (6), which high-
lights its importance in the nuclear control of lipid metabolism.

The CDP-ethanolamine (PE-Kennedy) pathway (Fig. 1) is
responsible for the de novo synthesis of PE and is essential for
the production of PE plasmalogens (7, 8), whereas the decar-
boxylation of phosphatidylserine (PS) produces a significant
portion of mitochondrial PE (9) and in some cell cultures can
become a dominant pathway for PE synthesis (10). PE may also
be formed from pre-existing phospholipids by base exchange
mechanisms; however, this is a quantitatively minor pathway
(11). In the PE-Kennedy pathway, ethanolamine is first phos-
phorylated by ethanolamine kinase to phosphoethanolamine,
which is converted to CDP-ethanolamine by CTP:phosphoeth-
anolamine cytidylyltransferase (ET). In the final step of the
pathway, CDP-ethanolamine:1,2-diacylglycerol ethanolamine-
phosphotransferase catalyzes the formation of PE from CDP-
ethanolamine and DAG. CDP-ethanolamine:1,2-diacylglyc-
erol ethanolaminephosphotransferase alternatively couples
CDP-ethanolamine with alkylacylglycerols, derived in per-
oxisomes, to produce alkylacyl (plasmanyl) PE, which is fur-
ther modified in the mitochondria to the final vinyl-ether
(plasmalogen) PE. Multiple isoforms of kinases and phospho-
transferases have been identified that share substrates for both
the choline and ethanolamine branches of the Kennedy path-
way; yet ET is produced by a single gene (Pcyt2) and is specific
for the ethanolamine branch of the pathway (1).

The Pcyt2 gene has been cloned and characterized for yeast,
human, rat, and mouse (12-15). It gives rise to two evolution-
arily conserved splice variants, with distinct tissue expression
and catalytic properties (16). Murine and human Pcyt2 promot-
ers have been isolated and initially characterized (15, 17). The
human promoter can be regulated by early growth response
factor 1 and nuclear factor kB, and a lower de novo synthesis
and PE content in human breast cancer cells was attributed to
decreased Pcyt2 gene regulation by early growth response fac-
tor 1 (18). The regulation and function of the Pcyt2 gene has
been recently reviewed (1).

Although it is not firmly established how the supply of alky-
lacylglycerols regulates the production of plasmalogens, DAG
availability can control the flux through the PE-Kennedy path-
way under certain conditions (19, 20). The possibility that sub-
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FIGURE 1. CDP-ethanolamine, DAG, and TG synthetic pathways. Eth, eth-
anolamine; EK, ethanolamine kinase; P-Eth, phosphoethanolamine; ET/Pcyt2,
CTP:phosphoethanolamine cytidylyltransferase; CDP-Eth, CDP-ethanola-
mine; EPT, CDP-ethanolamine 1,2-diacylglycerol ethanolaminephospho-
transferase; PE, phosphatidylethanolamine; GPD1, glycerol-3-phosphate
dehydrogenase 1; G3P, glycerol-3-phosphate; GPAT, glycerol 3-phosphate
acyltransferase; LPA, lysophosphatidic acid; AGPAT, 1-acylglycerol-3-phos-
phate acyltransferase; PA, phosphatidic acid; PAP/Lipin-1, phosphatidic acid
phosphatase; DAG, diacylglycerol; DGATI1/2, diacylglycerol acyltransferase
1/2; PSD, PS decarboxylase.

strate supply controls the Kennedy pathway has also been
shown for ethanolamine (7, 21). Thus it is very likely that the PE
synthesis via this pathway is coordinately regulated by the avail-
ability of both substrates, CDP-ethanolamine (via Pcyt2) and
DAG, which is very relevant for the current investigation.

We have previously described the deletion of Pcyt2 in mice,
where null embryos are lethal prior to embryonic day 8.5 and
heterozygous (Pcyt2"/~) mice maintain normal PE levels
despite reduced formation of CDP-ethanolamine and reduced
flux through the de novo pathway (22). This demonstrated that
Pcyt2 is essential during murine development and that PE con-
tent cannot be compensated by the mitochondrial decarboxy-
lation of PS. In the current investigation, we establish that
reduced formation of CDP-ethanolamine in Pcyt2*’~ mice
limits the rate of PE synthesis. This increases the availability of
DAG and causes a shift in triglyceride (T'G) and energy sub-
strate metabolism leading to development of adult stage obe-
sity, liver steatosis, hypertriglyceridemia, and a resistance to the
effects of insulin.

EXPERIMENTAL PROCEDURES

Animals—Pcyt2"'~ mice were generated as described previ-
ously (22). All of the procedures conducted were approved by
the University of Guelph Animal Care Committee and were in
accordance with guidelines of the Canadian Council on Animal
Care. The mice were exposed to a 12-h light/dark cycle begin-
ning with light at 7:00 a.m. Male and female mice were fed ad
libitum a standardized diet (Harlan Teklad S-2335) and had
free access to water. Aside from weight gain analyses, male mice
were used for all experiments.

Determination of Tissue and Plasma Lipid Content—Total
lipids from plasma, liver, and muscle were extracted by the
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method of Bligh and Dyer (23). The lipids were extracted by
chloroform:methanol (1:2) by vortexing for 30 s. Chloroform
and water were subsequently added to obtain a final volume
ratio of chloroform:methanol:water (1:1:0.9). The lipid-con-
taining chloroform phase was dried under a stream of nitrogen,
resuspended in a constant volume of chloroform or isopropa-
nol, and spotted onto silica gel 60 plates. Phospholipids (PE, PS,
and phosphatidylcholine-PC) were separated using a solvent
system of chloroform/methanol/acetic acid/water (25:15:4:2,
v/v/v/v) and neutral lipids (TG and DAG) by using heptane/
isopropyl ether/acetic acid (60:40:3, v/v/v). Authentic lipid
standards were run in parallel to the samples, and the plates
were sprayed with aniline naphthalene sulfonic acid and
exposed to UV light for visualization and quantification by den-
sitometry as previously described (24).

The amount of PE was additionally determined in primary
hepatocytes (18). Briefly, the cells were radiolabeled with 0.5
uCi of [**Clethanolamine (55 Ci/mmol; ARC Inc.) per 6-well
dish for 24 h, and [**C]PE was isolated as described above and
determined by liquid scintillation counting. In addition, tissue
TG and cholesterol as well as plasma glucose, free FAs, TG, and
cholesterol were determined using standard kits (Wako Chem-
icals). Collected plasma was from mice fasted 12—16 h before
analyses.

Determination of Fatty Acid Composition—Liver and plasma
phospholipids (PE, PC, and PS) and neutral lipids (DAG and
TG) were separated by TLC as described above, then hydro-
lyzed, and transmethylated with 6% H,SO, in methanol at 80 °C
for 3 h. The reactions were cooled down to room temperature,
and methylated FAs were extracted by phase separation by the
addition of 3 ml of petroleum ether and centrifugation at
1,000 X g for 15 min at 4 °C. Methylated FA species from indi-
vidual lipids were determined by gas-liquid chromatography
(HP 5890 Series II; Hewlett Packard) as described (25).

Liver Histology and Isolation of Primary Hepatocytes—To
examine liver histology, fresh livers from three or four animals
were dissected and fixed in 10% formalin in phosphate-buffered
saline (PBS) and embedded in paraffin. 10-um sections were
stained with hematoxylin and eosin and visualized by light
microscopy. Primary hepatocytes were isolated as described
(26, 27) with slight modification. The livers were perfused with
an EGTA buffer (140 mm NaCl, 6.7 mm KCI, 10 mm HEPES, and
50 um EGTA, pH 7.4) at 8 ml/min and then with a solution (67
mM NaCl, 6.7 mm KCl, 5 mm CaCl,2H,0, and 100 mm HEPES,
pH 7.6) containing 0.5% collagenase at 6 ml/min through the
inferior vena cava after clamping of the superior vena cava and
cutting of the portal vein. Cell viability was assessed using
trypan blue exclusion and typically was greater than 95%. The
cells (1 X 10° cells/60-mm dish) were platted on 6-well plates
(Primari™; BD) and allowed to attach for 2 h in Williams’
medium E (Invitrogen). Unattached cells were removed and
replaced with the complete Williams’ medium E containing
10% fetal bovine serum (Sigma) and 1% antibiotic-antimytotic
solution (Invitrogen). Isolated hepatocytes were incubated
overnight at 37 °C, and the experiments were performed the
following day.

Hepatic FA Uptake and Transporters—Primary hepatocytes
(~0.5 X 10° cells) were radiolabeled with bovine serum albu-
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min-complexed [*H]oleate (0.5 uCi/well, 22.7 Ci/mmol;
PerkinElmer Life Sciences) for 1, 3, 5, and 8 min. The radiola-
beled hepatocytes were washed and lysed in a homogenization
buffer (10 mm Tris-HCI, pH 7.4, 1 mm EDTA, 10 mMm NaF), and
the cell-associated radioactivity was determined by liquid scin-
tillation counting. For FA transporter expression, liver and
muscle, plasma membrane-fatty acid-binding protein (FAB-
Ppm), fatty acid translocase (FAT/CD36), and fatty acid trans-
port proteins 1 and 4 (FATP1 and FATP4) were characterized
by immunoblotting as previously described (28). Ponceau S was
utilized as a loading control.

Hepatic Glycerol Uptake and Glycerolipid Metabolism—For
pulse experiments, primary hepatocytes were labeled with 1
uCi of [*H]glycerol (20 Ci/mmol; ARC Inc.) in the presence of
50 um unlabeled glycerol or with 0.5 uCi of [*H]oleate for 1, 2,
and 4 h. [*H]glycerol was added directly to the cells, whereas
[*H]oleate was first preincubated with bovine serum albumin-
complexed sodium oleate (molar ratio was 4:1). For pulse-chase
experiments, hepatocytes were pulsed for 2 h with 0.1 uCi of
[**C]ethanolamine in the presence of 50 uM unlabeled ethanol-
amine or 2.5 uCi of [*H]glycerol in the presence of 50 um unla-
beled glycerol in complete medium. Radiolabeled medium was
then removed, and the cells were washed with PBS and chased
with a medium containing an excess (250 uM) of unlabeled eth-
anolamine or glycerol for 1, 2, and 4 h. For analyses, the cells
were washed twice with ice-cold PBS and collected in PBS.
Radiolabeled total phospholipids, PE, DAG, and TG were iso-
lated by TLC as described for the plasma and tissues above and
determined by liquid scintillation counting.

Glycerol uptake was assayed as previously described (29),
with some modifications. Isolated hepatocytes were incubated
in PBS supplemented with 6 mm glucose and 1 nCi of [*H]glyc-
erol for 1, 2, and 3 min to ensure linearity in glycerol uptake.
After each incubation time, the cells were washed with ice-cold
PBS containing increasing concentrations of unlabeled glycerol
(10, 50, and 100 mm) and lysed with 10% SDS. The glycerol
uptake in nmol/mg/min was determined from the cell-associ-
ated radioactivity as described above for the [*H]glycerol pulse
and pulse-chase experiments.

Hepatic FA Oxidation—Primary hepatocytes (~1.2 X 10°
cells) were cultured 24 h in 60-mm dishes as described above
and then radiolabeled with 1 uCi/dish [**CJoleate (55 mCi/
mmol) for 1.5 h in an assay mixture of 1 mM carnitine, 250 um
“cold” sodium oleate complexed to 2.5% FA-free bovine serum
albumin and complete William’s medium E (29). After addition
of the radiolabeled mixture (3 ml), the dish containing the cells
was placed uncovered into an empty 100-mm dish with two
rubber stoppers fitted on the lid. A small cup was also placed in
a holder inside the larger dish, and the system was made air
tight with parafilm and incubated for 2 h at 37 °C. After the
incubation, 200 wl of 1 M benzethonium hydroxide was added
by syringe into the small cup through the rubber stopper. Three
ml of 3 M H,SO, was added through another rubber stopper
directly to the cells to liberate both ['*C]CO, and the labeled
trichloroacetic acid cycle intermediates. The released [**C]CO,
was trapped with benzethonium hydroxide for 2 h, and the
radioactivity was determined by liquid scintillation counting.
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Duplicate plates were utilized for protein determination using
the BCA protein kit (Pierce).

In Vivo Lipid Radiolabeling—The mice were fasted for 4 h
prior to an intraperitoneal injection of 5 uCi of [*H]acetate (20
Ci/mmol) diluted in 0.9% saline in the presence of 250 uM unla-
beled sodium acetate. The mice were sacrificed after 1 h, and
100-200-mg portions of liver were immediately homogenized
in two volumes of PBS. Total lipids were extracted by the
method of Bligh and Dyer as described above and then sapon-
ified in ethanolic 0.5 M NaOH for 3 h at 70 °C. Nonsaponified
lipids (mainly free cholesterol) were extracted three times with
petroleum ether, and radioactivity was determined by liquid
scintillation counting. Remaining saponified lipids (phospho-
lipids, neutral lipids, and cholesterol ester) were acidified with
6 N HC], extracted three times with petroleum ether, and evap-
orated to dryness. The incorporation of [*H]acetate into total
phospholipids, PE, sphingomyelin, DAG, TG, free FAs, free
cholesterol, and cholesterol esters was determined by TLC as
described above.

Food Intake and Energy Expenditure—Mice from each geno-
type were housed individually for 5 days, after which the con-
sumption of their diet was weighed at 8:00 a.m. for 10 consec-
utive days. For energy expenditure, the mice were weighed
prior to the removal of all food. After 24 h and ad libitum access
to water, the mice were weighed, and an estimation of energy
expenditure was made from the change in body weight. Indirect
calorimetry (Oxymax; Columbus Instruments) was performed
over a 24-h period from which the respiratory quotient: VCO,/
VO,) was determined.

Glucose Tolerance Test—The mice were fasted 6 h, and after
a base-line saphenous vein blood sample, 2 mg/kg glucose (in
0.9% saline) was administered via intraperitoneal injection.
Blood sample for glucose and insulin determination were taken
for up to 2 h, where blood glucose was determined by a moni-
toring system (Ascensia Elite XL). Insulin was determined using
an enzyme-linked immunosorbent assay kit (Linco).

RNA Isolation and Expression Analyses—Tissue harvesting,
RNA extraction, and first strand cDNA synthesis was per-
formed as described previously (22). The main lipogenic genes
and mitochondrial fatty acid B-oxidation genes were analyzed
in the linear phase of PCR, using the optimal reaction cycle
conditions. Liver and skeletal muscle mRNA was expressed rel-
ative to B-actin. The gene lists, primers, and cycle conditions
are available upon request.

Statistical Analyses—All of the data are expressed as the
means * S.E. Statistical significance (for Pcyt2*/~ relative to
wild-type littermate controls) were determined using two-
tailed, unpaired Student’s ¢ test or linear regression. Growth
curve and metabolic chamber data were analyzed by one-way
analysis of variance. GraphPad Prism 4 software was used for all
of the statistical calculations. For all radiolabeling experiments,
the specific activity was adjusted to account for the amount of
unlabeled substrate.

RESULTS
Pcyt2*’~ Mice Have Reduced PE Synthesis and Degradation—

In our previous study (22) we performed specific radiolabeling
of the PE-Kennedy pathway using ['*CJethanolamine and
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established that the rate of formation of CDP-ethanolamine
was significantly reduced and was therefore limiting PE synthe-
sis in Pcyt2™’~ mice. We also established that despite the
reduced rate of PE synthesis, the tissue PE content remained
unmodified (as was the total PS and PC content) (22). In the
current investigation, PE homeostasis was examined in isolated
primary hepatocytes from 40-week-old Pcyt2*’~ mice and lit-
termate controls. When the hepatocytes were compared for
total PE content, no differences were observed between geno-
types. On the other hand, the rate of PE synthesis from
[*H]glycerol was significantly lower in the Pcyt2*’~ hepato-
cytes compared with littermate controls (0.01 = 0.003 versus
0.024 + 0.0051 nmol/mg/h) (Fig. 2A), as was observed initially
with [**CJethanolamine (22).

Because total PE content was unaffected by the reduced rate
of PE synthesis, we also determined the rate of PE degradation
by pulse-chase experiments, using ['*Clethanolamine as a
measure of the PE-Kennedy pathway and [*H]glycerol as a
measure of all PE synthetic pathways. Both types of labeling
revealed similarly reduced PE degradation in Pcyt2*’~ hepato-
cytes relative to controls. With [*H]glycerol pulse-chase exper-
iments, the degradation rates were 0.019 * 0.008 versus 0.04 =
0.07 nmol/mg/h, and with those with ['*C]ethanolamine were
0.11 = 0.06 versus 0.37 £ 0.05 nmol/mg/h (Fig. 2, B and C).
Taken together, these data demonstrate that reduced PE catab-
olism in heterozygous hepatocytes represents a homeostatic
response to reduced PE synthesis via the Kennedy pathway.
This type of adaptation allows Pcyt2"/~ animals to maintain
constant membrane PE content, because mitochondrial PS
decarboxylation is not affected (22). Similar homeostatic effects
were observed in animal models for other membrane phospho-
lipids, such as for PS in PS synthase 2-deficient mice (30) or for
PC in a choline kinase a-deficient mice (31) where reduced PS
and PC degradations were mechanisms to preserve their mem-
brane content.

Pcyt2"”~ Mice Develop Adult Onset Obesity and Fatty Liver—
Pcyt2*’~ mice were not phenotypically different from litter-
mate controls during early adulthood (22). However, when
monitored for a longer period, both male and female
Pcyt2*’~ mice progressively gain more weight than the same
sex littermate controls (Fig. 3A4). At younger ages mice did not
differ in adipose and liver tissue mass and lipid deposition, but
weight differences became robust in older Pcyt2"/~ mice (Fig.
34, inset). Pcyt2™'~ epididymal, subcutaneous, and renal adi-
pose mass increased 24.5, 13, and 23%, respectively, and liver
mass was 28% higher than in controls (Fig. 3B). In addition, liver
DAG content was elevated (1.8 = 0.1 versus 1.3 £ 0.1 mg/or
~60%), and liver TG content was almost 2-fold higher in
Pcyt2™’~ mice (Fig. 44). Histological analyses of Pcyt2™’ ™ liver
(Fig. 4B) revealed large vacuole-like formations corresponding
to lipid droplets, in which TG had accumulated, demonstrating
that Pcyt2"’~ mice develop not only adult onset obesity but
also liver steatosis.

Pcyt2"”~ Mice Develop Hypertriglyceridemia—In addition to
progressive weight gain and increased hepatic lipid accumula-
tion, older Pcyt2*’~ mice also had altered plasma lipid profiles
compared with littermate controls. Total plasma TG was 55.6%
higher in Pcyt2"/~ animals and predominantly associated with
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FIGURE 2. PE metabolism is altered in heterozygous mice. A, rate of PE
synthesis from [*H]glycerol pulse experiments in hepatocytes. B and C, the
rate of PE degradation in hepatocytes using ['*Clethanolamine and [*Hlglyc-
erol, respectively; studies utilized at least four livers/group from 32-36-week-
old mice and were performed in quadruplicate. The rates for each group are
shown, where significant differences are between the rates (slope of the
lines).

very low density lipoprotein fractions (Figs. 3D and 4C). Total
plasma PC and cholesterol contents were unchanged between
genotypes, and their distribution among various lipoprotein
fractions also was not affected.

Pcyt2*’~ Mice Have Altered FA Composition—FA composi-
tion was investigated for plasma and liver phospholipids, TG
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FIGURE 3. Pcyt2*/~ mice gain weight chronically. A, increased body weight
(from 4 to 50 weeks) for Pcyt2™/~ and control littermates of both genders (n =
atleast 16/group); inset shows Pcyt2*/~ and littermate control comparison at
~40 weeks of age. B, adipose and liver weights as a percentage of body
weight (n = 8/group). Epi., epididymal; Subcut., subcutaneous.

and DAG. Previously we established that Pcyt2*/~ mice have
significantly reduced polyunsaturated FA content in liver PE
(22), mainly contributed from lower arachidonic acid and doco-
sahexaenoic acid. Pcyt2"’~ liver PS and DAG also had less
arachidonic acid, whereas PC FA composition did not signifi-
cantly differ from control animals (22). Pcyt2*’~ plasma and
liver TG FA composition were also noticeably altered (supple-
mental Table S1). Pcyt2*/~ plasma TG had significantly ele-
vated monounsaturated FAs and decreased polyunsaturated
FAs, mainly contributed by a dramatic 2-fold elevation in
plasma TG oleic acid (C18:1) and reduced C20:3n6 and total
omega-6 FA. The FA profile of Pcyt2"/~ hepatic TG mimicked
plasma TG, with elevated C18:1, decreased C18:2n6 and
increased total monounsaturated FA content. Increased oleic
acid content in Pcyt2™'~ TG may be indicative of elevated
SCD1 (stearoyl-CoA acid desaturase 1) activity, which pro-
duces oleic acid as well as an elevated DAG acyltransferase
(DGAT) activity, for which oleic acid is a preferred substrate in
the final step of TG synthesis (32). Furthermore the FA compo-
sition of plasma PC was not altered. Together with the previous
findings on modified PE FA composition (22) and the fact that
Pcyt2*’~ mice develop obesity, fatty liver, and hypertriglyceri-
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FIGURE 4. Pcyt2*'~ mice have fatty liver and hypertriglyceridemia. A, liver
TG and DAG content (n = 8/group). B, histological analyses of Pcyt2*’~ and
control livers, fixed in paraffin, sectioned at 10 um, and stained with hematox-
ylin and eosin (X 100); the values are representative of at least four mice for
each genotype. C and D, total plasma TG (n = 8/group, C) and lipoprotein
profile of plasma TG (n = 6/group, D). The results are from 32-36-week-old
mice. VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL,
high density lipoprotein.

demia, the FA composition data suggest that in Pcyt2*’~ mice
PE and TG homeostasis are tightly linked, independently of
other glycerolipids, most likely via a common intermediate
(DAG) (Fig. 1).

Triglyceride Synthesis Is Increased in Pcyt2"’~ Mice—We
next sought to delineate the possible mechanisms for the mod-
ified PE, DAG, and TG homeostasis that was facilitating the
metabolic phenotype in Pcyt2*’~ mice. The synthesis (pulse)
and degradation (pulse-chase) of TG, DAG, and total phospho-
lipids were evaluated in primary hepatocytes of 32—-36-week-
old mice using [*H]glycerol radiolabeling. As shown in Fig. 54,
total phospholipid synthesis, which mainly reflects the PC syn-
thesis, was not different between genotypes. As described ear-
lier in Fig. 24, the PE synthesis from [*H]glycerol was reduced
in Pcyt2*’~ mice. The rate of synthesis of DAG and TG from
[*H]glycerol were, however, higher in Pcyt2*’~ hepatocytes
compared with controls (DAG, 0.098 = 0.04 versus 0.029 =
0.03 nmol/mg/h; TG, 1.3 = 0.4 versus 0.5 = 0.1 nmol/mg/h in
Fig. 5, B and C). Moreover, [*H]glycerol radiolabeling of hepa-
tocytes from younger animals revealed a similar pattern, overall
demonstrating that the shift toward enhanced formation of
DAG and TG is a direct result of Pcyt2 gene disruption and not
a consequence but a cause of the escalating obesity phenotype.
Pulse-chase experiments with [*H]glycerol additionally
revealed a faster DAG degradation in Pcyt2*’~ hepatocytes
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the overall amounts incorporated

HI-DAG into DAG and TG were elevated in

Pcyt2"’~  hepatocytes compared
with controls (supplemental Fig.
S1A). This prompted the investiga-
tion of FA uptake (Fig. 5F), which
showed that the [*H]oleate uptake
was 2-fold higher in Pcyt2"/~ hepa-
tocytes compared with littermate
controls (23.8 = 3 versus 10.5 * 2

0.098+0.038 (+/-)

0.02910.030 (+/+)

[°H-DAG (Pulse-chase)

pmol/mg/min). Interestingly, the
content of the FA transport proteins
FABPpm, FAT/CD36, FATP1, and
FATP4 were unchanged in liver and

2 3 4
Time (h)

£\\\ 0.093 £ 0.023 (+/-)

i\\\\%

0.027 £ 0.0063 (+/+)

skeletal muscle (supplemental Fig.
S1B), demonstrating that their total
content is not a reflection of the ele-
vated FA transport efficiency.

The contribution of FA endog-
enously synthesized from glucose
was examined in vivo by meas-
uring the incorporation of [*H]ac-
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~~o
S~
~

~~ P=0.03

~

2 3 4

etate into various lipid fractions in
Time (h)

both 8- and 36-week-old animals.

PHOleate Uptake In both younger and older ani-

mals, Pcyt2*/~ livers had
increased [*H]acetate incorpora-
tion into DAG and TG and
decreased labeling of cholesterol
and cholesterol esters. The incorpo-
ration of [°*H]acetate into free FAs,
sphingomyelin, and total phospho-
lipids (PC) did not change and was
similar between genotypes (Fig. 6).

-
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FIGURE 5. Pcyt2™/~ mice redirect DAG for TG synthesis and have increased hepatic fatty acid uptake.
A-C, pulse experiments with [*H]glycerol demonstrating incorporation into total phospholipids (PL), DAG, and
TG. D and E, degradation of DAG and TG assessed by pulse-chase experiments using [*Hlglycerol. F, hepatic FA
uptake ([*Hloleate) (for labeling experiments, at least four livers/group performed in quadruplicate).

(0.09 = 0.02 versus 0.03 = 0.01 nmol/mg/h) and no changes in
TG degradation relative to control hepatocytes (Fig. 5, D and E).
Together these data suggest that the reduced PE synthesis in
Pcyt2"'~ hepatocytes is consistent with the increased rate of
DAG production and utilization, which facilitates the redirec-
tion of DAG away from PE and toward TG synthesis. Conse-
quently, the accelerated formation of TG rather than its degra-
dation (lipolysis) is responsible for the observed TG
accumulation in Pcyt2"/~ hepatocytes and for the develop-
ment of liver steatosis (Figs. 34 and 4B).

Fatty Acid Uptake and de Novo Synthesis Are Elevated in
Pcyt2"”~ Mice—As shown in Fig. 1, additional FAs (acyl-CoA)
are required for an elevated TG synthesis from DAG to com-
plete the final step of DAG esterification catalyzed by DGAT.
To check whether exogenous FAs are used for DAG and TG
synthesis, we performed radiolabeling experiments with
[*H]oleate. We established that the rates of DAG and TG syn-
thesis from [*H]oleate were unchanged between genotypes, yet
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4 6 8

, This demonstrated that in Pcyt2*/~
Time (min)

mice, the genetic defect in the PE-
Kennedy pathway, causes an early
increase in de novo FA synthesis and
adjustments in overall lipid and glu-
cose metabolism prior to the mani-
festation of symptoms of fatty liver and obesity.

Because acetate (acetyl-CoA) is required for de novo synthe-
sis of FA and used in the synthesis of cholesterol (mevalonate
pathway), the above data further show that de novo FA synthe-
sis (and their incorporation into DAG and TG) in the Pcyt2*/~
mice were elevated at least in part at the expense of cholesterol
biosynthesis/esterification. These data suggest that in addition to
reduced PE metabolism, cholesterol metabolism is also reduced in
Pcyt2*'~ mice, which could be required for the proper mainte-
nance of membrane homeostasis in heterozygous animals.

Food Consumption Is Normal in Pcyt2"’~ Mice—To test
whether hyperphagia was contributing to weight gain in
Pcyt2*'~ mice, we monitored food intake for 10 days. At 32
weeks of age, an equal amount of food was consumed between
Pcyt2*’~ and control littermates (3.8 + 0.8 g/day versus 3.9 =
0.8 g/day). Food intake was also equal in younger animals (8
weeks), indicating no specific role of food consumption in
Pcyt2™'~ obesity.
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C Peyt2+/+ Bl Pcyt2+-  energy expenditure, reflecting a
30 general defect in energy substrate
p=0.05 metabolism prior to the develop-

. ment of obesity.

2 201 ] The whole body metabolic
2= p=0.05 measurements using indirect calo-
T E rimetry displayed an upward shift
%“é P=0.04 =005 in the respiratory quotient in
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A P=0.05 * during early hours of feeding (Fig.

F 7B), also indicating that the older
and already obese Pcyt2"’~ mice
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FIGURE 6. Increased de novo lipogenesis in Pcyt2*'~ livers. The in vivo incorporation of [*H]acetate into
hepatic total PL, sphingomyelin (SM), FA, DAG, TG, cholesterol (Chol), and cholesterol esters (CE) for 8- and

36-week-old mice (n = 6/group).

Lo
1

1 ] '
B 0N
Il | |

&
1
*
*

'
(o]
1

1

Weight loss (% body) >

1
~

8 20
Age (Weeks)

36

1.0 -4 Poyt2+/-

—=—Pcyt2+/+

0.91

RQ

0.84

Fasting

T T T T T T T T T T T T T T T T T T T T

8:30am 7:30pm 7:30am

0.7

[ Peyto+/+
I Pcyt2+/-

utilization as an energy substrate
during fasting and an impaired
switching to carbohydrate sub-
strate during the fasted-to-fed
transition. Finally, when the FA
oxidation was measured more
directly using ['*C]oleate, it was
established that oxidation was
blunted ~20% in Pcyt2"'~ pri-
mary hepatocytes compared with
littermate controls (41.27 * 1.8
versus 52.83 = 2.7 nmol/mg/h,
respectively) (Fig. 7C). Therefore,
the responses to 24 h of fasting, the
upper shift in energy substrate uti-
lization at the whole body level
and the reduced FA oxidation in
isolated hepatocytes, altogether
strongly suggest that Pcyt2*/~
mice possess an intrinsically
reduced capacity for FA utilization
in energy production.

Pcyt2"’~ Mice Develop Insulin
Resistance—Because reduced FA
oxidation, obesity, and hepatic
steatosis have been frequently
associated with insulin resistance
(33, 34), we further investigated
measures of whole body glucose

36 wks

(@)

40

T P=001

304

204

10

nmol ["C]CO, produced/mg prot/h

FIGURE 7. Altered whole body metabolism in Pcyt2*/~ mice. A, mice (8, 20, and 36 weeks of age) were
subjected to a 24-h fast, and weight loss is expressed as a percentage of body weight (n = 10/group), where an
asterisk represents p < 0.05, by Student’s t test. C, [ “Cloleate oxidation in primary hepatocytes, where the data
are expressed as nmol CO, produced/mg of protein/h (n = at least three livers analyzed in triplicate). B, respi-
ratory quotient (VCO,/VO,) determined by indirect calorimetry over a 24-h period; 36-week-old mice were
fasted during the light cycle (7:30 am to 7:30 pm) and fed during the dark cycle (7:30 pm to 7:30 am) (n =

and insulin sensitivity in both
young and old Pcyt2*’/~ mice.
Fasting levels of Pcyt2*/~ plasma
insulin, glucose, and free FAs were
not significantly different from

5/group). An asterisk represents statistical significance (p < 0.05) as determined by one-way analysis of

variance.

Energy Expenditure and FA Oxidation Are Diminished in
Pcyt2*’~ Mice—As an initial investigation into the energy
requirements of the Pcyt2*’~ mice, we initiated a 24-h fast in
both younger and older animals, after which animals were
weighed, and weight loss was recorded. Pcyt2*’~ animals dis-
played resistance to weight loss compared with control animals
at all of the ages examined (30% at 8 and 20 weeks of age and
35% at 36 weeks of age; Fig. 7A), which is indicative of a lower
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controls; however, when chal-
lenged with an intraperitoneal glu-
cose load, both glucose (Fig. 84)
and insulin (Fig. 8B) were elevated (cleared more slowly from
plasma) in 32-36-week-old Pcyt2*/~ mice relative to con-
trols post-injection, and the areas under the curve in both
measurements were significantly increased compared with
controls. As in the liver, skeletal muscle DAG and TG con-
tent were also significantly increased in older Pcyt2"™'~ mice
(Fig. 8C). Importantly, 8-week-old Pcyt2*’~ mice remain
insulin-sensitive, demonstrating that the impaired insulin
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FIGURE 8. Reduced insulin sensitivity and increased muscle lipid accumu-
lation in Pcyt2*'~ mice. A, intraperitoneal glucose tolerance test (IPGTT);
where glucose levels were from base line to 120 min (n = 6/group). B, IPGTT
insulin levels from base line to 120 min (n = 6/group). Area under the curve
for IPGTT glucose and area under the curve for IPGTT insulin are for 36-week
old mice. For Cand D, an asterisk represents statistical significance (p < 0.05).
E, total PL, DAG, and TG content of skeletal muscle of 36-week-old mice
(n=38).

sensitivity and glucose metabolism are consequences not
causes of Pcyt2*/~ metabolic phenotype.

Expression Pattern of Lipogenic Genes Is Modified in
Pcyt2"”~ Liver and Muscle—The gene expression patterns of
the 36-week-old Pcyt2™*’~ muscle and liver for several lipogenic
transcription factors and their corresponding downstream tar-
gets indicated an altered transcription of key lipid enzymes and
regulators (Fig. 9). The insulin- and glucose-responsive Srebp1,
a key regulator of lipogenesis, was up-regulated in both
Pcyt2"'~ liver and muscle. The increased expression of Srebp1
may in turn be responsible for the increased transcription of Fas
and Scd1 in both tissues and is in keeping with the [*H]acetate
radiolabeling and FA composition data, showing an elevated FA
de novo synthesis and an increased oleate content in Pcyt2*/~
TG. Pcyt2"'~ liver and muscle also had enhanced expression of
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FIGURE 9. Altered Pcyt2*’~ hepatic and skeletal muscle mitochondrial
and lipogenic gene expression. A and B, hepatic and skeletal muscle mRNA
expression, relative to B-actin as an endogenous control and relative to litter-
mate controls, set to 1 (n = 8/group, 36-week-old mice). The analyses were
performed in triplicate. Ppar, peroxisome proliferator-activated receptor;
Srebp, sterol regulatory element-binding protein; Chrebp, carbohydrate
response element-binding protein; Fas, fatty acid synthase; Scd1, stearoyl-
CoA desaturase-1; Dgat, diacylglycerol acyltransferase; mtGpat, mitochon-
drial glycerol 3-phosphate acyltransferase; Hmgcr, 3-hydroxy-3-methylglu-
taryl-CoA reductase; Acox1, acyl-CoA oxidase-1; Pgc-la, peroxisome
proliferator-activated receptor co-activator 1a. An asterisk represents statis-
tical significance (p < 0.05).

both DgatI and Dgat2, which could explain the observed accu-
mulation of TG in both liver and muscle and is in agreement
with the [®H]glycerol data showing an elevated TG synthesis.
The mitochondrial glycerol-3-phosphate acyltransferase and
lipin-1 (phosphatidic acid phosphatase), the subsequent
enzymes involved in the formation of lysophosphatidic acid
and DAG from glycerol-3 phosphate considered as the main
regulators of TG synthesis, were not altered, suggesting that
the DAG esterification step catalyzed by DGAT was more
critical to drive the TG synthesis in Pcyt2*/~ mice. In keep-
ing with the evidence that heterozygous animals have an
impaired ability to oxidize FA, markers of mitochondrial
biogenesis as well as oxidation were significantly reduced in
Pcyt2"'~ liver and muscle, such as liver peroxisome prolif-
erator-activated receptor «, peroxisome proliferator acti-
vated receptor co-activator la, and liver acyl-CoA oxidase.
Also, Pcyt2*'~ livers had moderately reduced expression of
3-hydroxy-3-methylglutaryl-CoA reductase, the rate-limit-
ing enzyme in cholesterol biosynthesis, in agreement with
the moderately reduced incorporation of [*H]acetate into
cholesterol. Therefore, these alterations in gene expression
in Pcyt2-deficient animals support the observed metabolic
phenotype, where genetically reduced PE synthesis caused a
shift in the balance between membrane lipids, energy stor-
age, and production and gradually progressed to the meta-
bolic syndrome phenotype at older age.
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DISCUSSION

In the past, there have been select lines of evidence that have
highlighted the relationship between phospholipids (mainly
PC), DAG, and TG metabolism (35-37). DAG and FA released
from phospholipids can be utilized for TG synthesis (38), and
alterations in cellular PC content are sufficient to cause changes
in TG metabolism (35). In rat hepatocytes, an elevated TG syn-
thesis occurred as a result of excess DAG when CDP-choline
was limiting PC synthesis and also where DGAT activity was
maximal (39). It has also been established that mutations inhib-
iting CTP:phosphocholine cytidylyltransferase of the
PC-Kennedy pathway in Chinese hamster ovary cells result in a
redirection of DAG from phospholipids to TG (35). Interest-
ingly, in Drosophila, inhibition of PC synthesis increased TG
content in lipid droplets, mainly by altering the size and the
morphology of the droplets (40). In a mammalian context, a
liver-specific CTP:phosphocholine cytidylyltransferase «
knock-out model was shown to have decreased very low density
lipoprotein secretion and therefore accumulated TG in the liver
because of reduced PC synthesis (41).

The specific interaction between PE and TG metabolism has
been largely unexplored. Here we describe for the first time an
animal model with genetically reduced PE synthesis, which
similarly to the inhibition of PC synthesis via the Kennedy path-
way in Chinese hamster ovary cells leads to elevated DAG and
TG (35). Surprisingly, however, this also leads to the develop-
ment of a metabolic disease phenotype. Our results demon-
strate a causal effect of Pcyt2 disruption on the redirection of
DAG toward TG formation. The decreased rate of CDP-etha-
nolamine formation in Pcyt2*’~ mice reduces the rate of PE
synthesis. As a direct consequence, DAG is made available for
TG formation, which is further facilitated by the increased for-
mation/availability of FA.

It is common for the up-regulation of certain genes in DAG
and TG synthesis to result in symptoms of obesity (42—44);
however, most genetic knock-out models result in the amelio-
ration of obesity, hepatic steatosis, and insulin resistance (45—
47). Before this study, it was not known that obesity and insulin
resistance could manifest because of irregularities in mem-
brane phospholipid homeostasis. Pcyt2*’~ mice are indistin-
guishable from littermate controls during the first stages of
postnatal development and remain so until ~24 weeks of age.
Young (8-20 weeks) mice, however, experience a metabolic
phenotype similar to the older (obese) animals that is charac-
terized by a chronic state of decreased FA oxidation and
increased FA synthesis, resulting in an increase in TG forma-
tion. This represents an inherent shift in glycerolipid metabo-
lism together with an increased partitioning of FA toward stor-
age (away from oxidation), causing a more positive energy
balance and being most likely responsible for the chronic dis-
ease progression. There appears to be a threshold (~24-28
weeks) after which the heterozygous animals become signifi-
cantly heavier than control animals and experience hypertrig-
lyceridemia, hepatic TG accumulation, and insulin resistance.

Various lipid intermediates such as DAG, ceramide, and free
FAs negatively regulate the insulin signaling cascade and are
frequently elevated in obesity and insulin resistance (41, 48).
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We believe that increased DAG availability caused by reduced
production of CDP-ethanolamine may play a major role in the
development of obesity and insulin resistance in Pcyt2-defi-
cient mice, although the role of ceramides in the progression of
this phenotype cannot be ruled out in the current investigation.
Although young Pcyt2*’~ animals possess a metabolic defect
similar to the older animals (reduced PE synthesis, increased
lipogenesis/TG formation, and decreased FA oxidation), they
are neither obese nor have they lost their sensitivity to insulin. It
would then seem logical that the alterations in lipid metabolism
are adaptive measures to prevent the accumulation of toxic
amounts of DAG, unused in PE synthesis. Because additional
FAs are needed for DAG esterification, the metabolic labeling
and gene expression studies showed that they were made avail-
able by several processes including an elevated de novo FA syn-
thesis and reduced acetyl-CoA participation in cholesterol syn-
thesis/esterification and by reduction in FA oxidation (an
increased utilization of glucose as a source of energy and acetyl-
CoA production). The mechanisms that interfere with the abil-
ity of insulin to regulate glucose metabolism in Pcyt2-deficient
mice required further analyses, and investigations are currently
under way.

Studies have shown an inverse relationship between
intramyocellular TG storage and insulin sensitivity in both
rodent and human models (49); however, trained athletes have
the highest levels of both intramuscular TG and insulin sensi-
tivity (50). There is increasing evidence that supports a role for
increased levels of active lipid intermediates rather than TG
itself, which may play more critical roles in the impairment of
insulin signaling (48, 51). Overexpression of Dgatl in mouse
skeletal muscle (resulting in a 3-fold increase in acyltransferase
activity) increased TG formation, yet improved insulin sensitiv-
ity by decreasing levels of DAG (52). Although we believe that
young Pcyt2*/~ animals potentially use similar means to elim-
inate excess DAG, our model suggests the possibility that a
threshold may exist, where at a certain point the elimination of
DAG via endogenous TG synthesis (DGAT pathway) may no
longer be capable of acting as a protective mechanism. Partic-
ularly, this could be the case developmentally. We have shown
that younger Pcyt2*/~ mice experience elevated lipogenesis;
however, they develop fatty liver, obesity, and insulin resistance
at later stages. The important consequence of chronically ele-
vated lipogenesis in Pcyt2™*’~ mice is an increased DAG accu-
mulation, which may eventually become lipotoxic in older ani-
mals. This accumulation would most likely act by modulating
the activities of DAG-dependent novel protein kinase C iso-
forms (53, 54), the well established players in insulin resistance
(55). We show that key metabolic genes become altered in the
liver and skeletal muscle of old Pcyt2*/~ mice. However, it
remains to be determined when exactly during development
the expressions of these specific genes become critically
impaired, as well as which key metabolic and regulatory path-
ways are the main triggers of the Pcyt2"’~ phenotype.

The disruption of Pcyt2 is not only responsible for alteration
in DAG and TG synthesis but also affects other aspects of cel-
lular lipid metabolism, such as reduced cholesterol synthesis
and FA oxidation. Pcyt2 heterozygous animals possess an
inherent defect in energy metabolism, which could be an over-
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compensation in response to the altered DAG levels but could
also be a result of impaired lipolysis and reduced PE availability
as a source of FA, which is an interesting area for further inves-
tigation. Considerable efforts have been made to understand
phospholipid catabolism, and multiple lipases/phospholipases
have been established as significant contributors to the above
pathologies. However, it is equally important to understand the
anabolic aspects of phospholipid metabolism, including de
novo PE biosynthesis. The Pcyt2-deficient model is unique and
offers a new description for the development of obesity-related
disorders. It will increase our understanding of the PE-Kennedy
pathway at the whole body level and further affirm the impor-
tance of the Pcyt2 gene in lipid metabolism.
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