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Background: Most hepatic triacylglycerols are believed to originate from fatty acids released from adipose tissue.

Results: Lipoprotein phosphatidylcholine is taken up by the liver and converted into triacylglycerols in vivo.

Conclusion: Lipoprotein-associated phosphatidylcholine is a quantitatively significant source of hepatic triacylglycerols.
Significance: The role of lipoprotein phosphatidylcholine should now be factored into our thinking about the development of

hepatic steatosis.

The increased prevalence of obesity and diabetes in human
populations can induce the deposition of fat (triacylglycerol) in
the liver (steatosis). The current view is that most hepatic tria-
cylglycerols are derived from fatty acids released from adipose
tissue. In this study, we show that phosphatidylcholine (PC), an
important structural component of cell membranes and plasma
lipoproteins, can be a precursor of ~65% of the triacylglycerols
in liver. Mice were injected with [*’H]PC-labeled high density
lipoproteins (HDLs). Hepatic uptake of HDL-PC was ~10
pmol/day, similar to the rate of hepatic de novo PC synthesis.
Consistent with this finding, measurement of the specific radio-
activity of PC in plasma and liver indicated that 50% of hepatic
PCis derived from the circulation. Moreover, one-third of HDL-
derived PC was converted into triacylglycerols. Importantly,
~65% of the total hepatic pool of triacylglycerol appears to be
derived from hepatic PC, half of which is derived from HDL.
Thus, lipoprotein-associated PC should be considered a quanti-
tatively significant source of triacylglycerol for the etiology of
hepatic steatosis.

All nucleated mammalian cells are capable of synthesizing
PC® via the CDP-choline pathway (1). The rate-limiting
enzyme for this pathway is CTP:phosphocholine cytidylyltrans-
ferase (CT) (2). In mice, two isoforms of CT exist, CTa and
CTp, of which CTa« is the predominant isoform in liver (3, 4).
The liver is the only organ that has an alternative pathway for
synthesizing quantitatively significant amounts of PC. Hepato-
cytes can sequentially methylate phosphatidylethanolamine
through the action of phosphatidylethanolamine N-methyl-
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transferase (PEMT). The PEMT pathway is responsible for 30%
of hepatic PC synthesis, whereas the remaining 70% is gener-
ated via the CDP-choline pathway (5).

Besides synthesizing PC, the liver can also obtain PC from the
plasma through uptake of circulating lipoproteins. PC is the
predominant phospholipid in the circulation. Among plasma
lipoproteins, HDL particles have the highest concentration of
PC (6). The lipids in these particles are mainly cholesteryl esters
(24 —45%) and phospholipids (42—51%) of which the majority is
PC. Because mice have high levels of HDL, most of their circu-
lating PC is associated with HDL (7). High plasma levels of HDL
are associated with protection against the development of ath-
erosclerosis (8). HDL particles are known to exhibit anti-in-
flammatory, anticoagulant, and antioxidant properties, all of
which contribute to its antiatherogenic effect (for a review, see
Nofer et al. (9)). Moreover, the major atheroprotective effect of
HDL has been ascribed to its capacity to transport cholesterol
from peripheral tissues and vascular macrophages toward the
liver for subsequent elimination via the feces (10, 11). There-
fore, extensive research has been performed on the hepatic
uptake of HDL-cholesterol as part of this reverse cholesterol
transport pathway (for a review, see Trigatti et al. (12)).
Although phospholipids are the most abundant lipid in HDL,
very little is known about the hepatic uptake of HDL-associated
PC. Previous studies have shown that cultured hepatocytes effi-
ciently take up HDL-PC by receptor-mediated uptake via the
scavenger receptor class B, type I (SR-BI), by HDL particle
endocytosis as well as by extracellular remodeling of HDL-PC
by secretory phospholipase A, (13). Furthermore, the intracel-
lular fate of lipoprotein-associated PC has been investigated for
both HDL and low density lipoproteins (LDLs). In isolated
hepatocytes, PC associated with both LDL and HDL can serve
as a precursor for the synthesis of triacylglycerols (TGs) (13, 14)
and can therefore be involved in the development of fatty liver.
Fatty liver (steatosis) can lead to non-alcoholic fatty liver dis-
ease, which is an accumulation of fat in the liver unrelated to
alcohol consumption or chronic liver disease. Non-alcoholic
fatty liver disease encompasses steatosis and non-alcoholic ste-
atohepatitis in which inflammation and fibrosis can occur,
leading to cirrhosis and in some instances hepatocellular carci-
noma. The prevalence of non-alcoholic fatty liver disease is
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10-24% in adult populations and 25-75% in the obese and dia-
betic populations and is thus one of the major health concerns
in the population. Our previous studies suggest that uptake of
lipoprotein-associated PC into hepatocytes may contribute to
cellular TG accumulation. However, little is known about the
quantitative importance of HDL-PC as a source for hepatic TG
in whole animals.

The present study provides insight into the quantitative sig-
nificance of hepatic uptake of HDL-PC in vivo as well as its
subsequent metabolism. Additionally, we investigated whether
disturbances in hepatic PC biosynthesis influence these pro-
cesses by using mouse models that are deficient in either PEMT
or CTa specifically in the liver. We demonstrate that HDL par-
ticles deliver ~10 wmol of PC to the liver each day, thereby
contributing half of the total hepatic pool of PC. Unexpectedly,
we also show that 65% of the total hepatic pool of TG appears to
be derived from hepatic PC.

MATERIALS AND METHODS

Animals—Male C57Bl/6 Pemt"’'™" (wild-type) and Pemt '~
mice (backcrossed >7 generations) (15), liver-specific Cta™ '~
mice and their Ctay, o littermates (16) (referred to as wild-
type controls), and SR-BI '~ mice and their C57B1/6 wild-type
controls (17) were fed standard rodent chow (LabDiet, catalog
number 5001) ad libitum and had free access to water. All
experimental procedures were approved by the University of
Alberta’s Institutional Animal Care Committee in accordance
with guidelines of the Canadian Council on Animal Care.

Radiolabeling of Phosphatidylcholine and HDL—Huh-7
human hepatoma cells were incubated for 16 h with 50 uCi
of [PHlglycerol (PerkinElmer Life Sciences). Lipids were
extracted, and [*H]PC was isolated by thin-layer chromatogra-
phy (18). Glycerol labeling was chosen to limit the influence of
lipid remodeling in the vasculature, a process that would greatly
influence the results if PC were labeled in the fatty acid moiety.
HDL was isolated from pooled mouse plasma by sequential
ultracentrifugation (1.063 < d < 1.215) and labeled with
[®H]PC as described elsewhere (13). For the experiments with
primary hepatocytes, human HDL was isolated by sequential
ultracentrifugation (1.063 < d < 1.215). For the LDL uptake
experiments, human LDL was used that was isolated by sequen-
tial ultracentrifugation (1.019 < d < 1.063) and labeled with
[*H]PC similarly to HDL labeling.

Hepatic Uptake of HDL—[*H]PC-HDL (0.5 X 10° dpm) was
injected into mice via the tail vein. Disappearance of radioac-
tivity from the plasma was assessed by dividing radioactivity in
plasma at each time point by radioactivity at the initial time
point (2 min after [PHJHDL injection). Fractional catabolic
rates of plasma HDL-PC were calculated from the area under
the curve, representing the decay of plasma radioactivity, using
SAAM II software (SAAM Institute, Inc., Seattle, WA). Because
the liver is the major organ for HDL-PC uptake (see Fig. 1), the
rate of hepatic uptake of [PH]PC-HDL was calculated as the
fractional catabolic rate multiplied by the total plasma pool of
PC, which was determined by multiplication of the plasma vol-
ume of each mouse (4.5% of body weight) by the plasma PC
concentration. Twenty-four hours after injection of [’H]JHDL,
the mice were sacrificed by cardiac puncture, and livers were
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excised, weighed, and stored at —80 °C. Similar experiments
were performed using [*H]PC-LDL (radiolabel in the glycerol
moiety of PC) in wild-type mice only. For these experiments,
livers were harvested 6 h after injection of [PH]LDL particles.

Analytical Procedures—Hepatic PC and phosphatidyletha-
nolamine levels as well as plasma PC levels were determined by
a phosphorous assay (19) after separation of the lipids by thin-
layer chromatography. Hepatic and plasma TGs were quanti-
fied with an enzymatic kit (Roche/Hitachi; Roche Diagnostics
GmbH). The amount of [*H] in 10 ul of plasma collected at the
indicated times was measured by liquid scintillation counting.
Radiolabel in the HDL fraction was determined after precipita-
tion of apolipoprotein B-containing lipoproteins using phos-
photungstic acid-MgCl, (Sigma Diagnostics). To determine the
proportion of PC that was hydrolyzed by a PC-phospholipase C
(PLC) and subsequently re-esterified to TG, the radioactivity in
TG was divided by the total radioactivity in TG and PC com-
bined. The specific radioactivities of hepatic PC and TG were
calculated, and the relative contribution of PC to the total
hepatic TG pool was calculated by dividing the specific radio-
activity of hepatic TG by the specific radioactivity of hepatic
PC.

Incubation of Huh-7 Cells with HDL—Huh-7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum until 80% confluence. Cells were
then incubated in serum-free DMEM with or without human
HDL (final concentration of PC, 2 mm) for 4 h. Cells were har-
vested, lipids were extracted, and cellular TG concentrations
were determined.

Metabolic Labeling of Primary Mouse Hepatocytes—PC-
PLC-mediated hydrolysis of PC was examined by treatment of
primary mouse hepatocytes with the PC-PLC inhibitor Tricy-
clodecan-9-ylxanthogenate potassium salt (D609; Enzo Life
Sciences International, Inc., Plymouth Meeting, PA). Hepato-
cytes were isolated from C57Bl/6 mice after perfusion of the
liver with collagenase (20). The hepatocytes were cultured in
DMEM containing 10% fetal bovine serum for 4 -6 h followed
by incubation in serum-free DMEM for 14 h. After incubation
with or without 50 wg/ml D609 for 1 h, the cells were incubated
for an additional 4 h in serum-free DMEM containing 0.4 mm
[*H]oleic acid (PerkinElmer Life Sciences) (5 uCi/dish) com-
plexed to 0.5% fatty acid-free bovine serum albumin and the
indicated amounts of unlabeled human HDL (final concentra-
tion of PC, 0, 1, or 2 mM) in the presence or absence of 50 ug/ml
D609. Cells were harvested, lipids were extracted, and the
amounts of and radiolabel in PC and TG were measured.

Macrophage-to-liver Transport of Phosphatidylcholine—To
determine whether there is net transport of PC from peripheral
tissues to the liver, we adapted the experimental methods com-
monly used for measuring reverse cholesterol transport (21).
J774 macrophages were cultured in DMEM containing 10%
fetal bovine serum. Cellular PC was radiolabeled by incubating
the cells with [*H]choline for 24 h followed by equilibration for
15 h in DMEM containing 2% fetal bovine serum. Cells were
harvested and resuspended in serum-free DMEM. The [*H]PC-
labeled macrophages (2 million cells/mouse) were injected
intraperitoneally into C57Bl/6 mice. Blood was collected at 3, 6,
12, 24, and 30 h after injections, and after exsanguination at
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FIGURE 1. Radioactivity in mouse tissues after injection of [*H]PC-HDL.
Mouse tissues were collected, and radioactivity was measured 15 min after
injection of [*HJPC-HDL (0.5 X 10° dpm/mouse). Total recovery of radiolabel
was 88% (61% in plasma, 19% in liver, and 8% in other organs). Data are
expressed as the fraction of total radioactivity recovered in organs. Values
represent means = S.E. (error bars) (n = 8).

30 h, livers were harvested and stored at —80 °C. The amount of
[®H] in 30 ul of plasma collected at the indicated times was
measured by liquid scintillation counting. Radioactivity in liver
was determined after homogenizing the tissue and was related
to total liver mass. All data were expressed as a percentage of
the administered tracer dose.

Statistical Analysis—All values are means *= S.E. Statistical
analysis was performed by Student’s ¢ test and one-way analysis
of variance followed by post hoc Bonferroni correction for stud-
ies with primary hepatocytes. The level of significance was set at
p < 0.05.

RESULTS

Hepatic Uptake of HDL-PC Is Quantitatively Important for
Maintaining Hepatic PC Levels and Is Not Affected by Distur-
bances in PC Biosynthesis—Quantitatively, the liver is the major
organ responsible for the uptake of HDL-cholesterol (10, 22). In
mice injected with HDL in which the PC had been radiolabeled
with [*H]glycerol, the liver accumulated ~70% of the injected
radioactivity recovered in tissues (Fig. 1). Hence, we quantified
the daily uptake of HDL-PC by the liver based on the plasma
fractional catabolic rate of HDL-PC under normal conditions as
well as in response to disturbed hepatic PC synthesis, i.e. in
Pemt '~ and Cta '~ mice. Fig. 2, A and B, show the rate of
decay of the radiolabel from plasma over a period of 24 h after
injection. The fractional catabolic rate of HDL-PC was not
affected by the lack of either PEMT or hepatic CTa (0.26 = 0.01
versus 0.27 = 0.01 pool/h for Pemt '~ mice and their wild-type
controls, respectively, and 0.28 % 0.02 versus 0.25 = 0.02 pool/h
for Cta™ '~ mice and their Ctay; oy littermates, respectively).
Although plasma PC levels were lower in both Pemt '~ and
Cta™'~ mice compared with the respective control mice, the
hepatic uptake of HDL-PC, estimated as the product of the
fractional catabolic rate and the total pool of plasma PC, was
similar for all genotypes (Fig. 2, C and D). Thus, although de
novo synthesis of PC is disturbed in both Pemt '~ and liver-
specific Cta~ '~ mice, in neither of these mouse models was the
uptake of HDL-PC from the circulation increased to maintain
hepatic PC levels. Hepatic uptake of HDL-PC ranged from 7.3
to 11.4 umol/day in these mouse models, similar to the amount
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of PC synthesized de novo in the liver each day (23). Twenty-
four hours after injection, 87% of the radiolabel was still found
in the HDL fraction of plasma, demonstrating that this uptake
of [PH]PC is indeed mediated by HDL. Thus, uptake of HDL-
associated PC into the liver is a quantitatively important source
of PC for maintaining hepatic PC levels.

Phosphatidylcholine Is an Important Source of Hepatic
Triacylglycerol—To investigate whether HDL-derived hepatic
PCis converted into TG in vivo, we measured the >H content of
hepatic PC and TG. Twenty-four hours after an intravenous
injection of [’H]HDL-PC, 67% of the *H radiolabel in the liver
was found in PC, whereas the remaining one-third of the *H
radiolabel was recovered in TG. Fig. 3, A and B, show the per-
centage of hepatic PC that was converted into TG under these
conditions. In wild-type mice, one-third of hepatic PC was
apparently hydrolyzed and re-esterified to generate TG. The
absence of CT« in the liver did not influence the percentage of
PC that was used for TG formation (Fig. 3B). However, mice
lacking PEMT converted a larger proportion (49%) of hepatic
PC into TG compared with their wild-type controls (Fig. 34).

To determine the quantitative importance of hepatic PC as a
precursor for TG, the specific radioactivities of hepatic PC and
TG were calculated. The fraction of hepatic TG that was gen-
erated from cellular PC was calculated by dividing the specific
radioactivity of TG by the specific radioactivity of PC. Accord-
ing to this calculation, ~65% of hepatic TG was derived from
hepatic PC for wild-type and Pemt '~ mice (Fig. 4A). However,
the contribution of hepatic PC to the total pool of hepatic TG
was lower in mice lacking hepatic CTa compared with their
controls (31 versus 67%) (Fig. 4B). To determine whether this
process is specific for HDL-derived PC, we also injected
[’H]PC-LDL into wild-type mice and measured radioactivity in
hepatic PC and TG (Fig. 5). Similar to HDL-derived PC, 29% of
PC taken up from LDL particles was converted into TG. These
results together show that PC from both HDL and LDL parti-
cles is efficiently taken up by the liver and converted into TG.
Thus, besides its importance in maintaining membrane integ-
rity in hepatocytes, PC also has a major role as a direct precur-
sor of hepatic TG.

Half of Newly Synthesized TG in Hepatocytes Is Derived from
PC—The conversion of PC into TG involves a phospholipase C
that hydrolyzes PC into diacylglycerol and phosphocholine (14)
after which the diacylglycerol can be acylated to TG. As an
additional approach for estimation of the quantitative signifi-
cance of PC as a precursor of TG, mouse primary hepatocytes
were incubated with various amounts of unlabeled human HDL
(final concentration of PC, 0, 1, or 2 mm) along with 0.4 mm
[*H]oleic acid (5 uCi/dish) complexed to 0.5% fatty acid-free
bovine serum albumin, and after 4 h, the incorporation of
[®H]oleic acid into PC and TG was measured. The mass of cel-
lular PC and TG was not changed upon incubation with HDL
(Fig. 6, A and B). However, incubation of hepatocytes with HDL
reduced the specific radioactivity of cellular PC in a dose-de-
pendent manner, indicating that a net uptake of HDL-PC into
hepatocytes had occurred, resulting in dilution of the newly
synthesized PC (Fig. 6C). Consequently, the specific radioactiv-
ity of TG was also reduced upon incubation with HDL (Fig. 6D),
consistent with the conclusion that PC is a major contributor to
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FIGURE 2. Plasma decay and hepatic uptake of HDL-PC are not affected by PEMT deficiency or liver-specific elimination of CTa. After intravenous
injection of [*H]PC-HDL into Pemt ™~ and Cte /™ mice and their wild-type controls, plasma radioactivity was measured over a period of 24 h. A and B represent the
decay curves of *H from plasmain Pemt '~ and Ctar /™ mice and their controls, respectively. Cand D show hepatic uptake of HDL-PC calculated as the product of the
HDL-PC plasma pool and the fractional catabolic rates derived from the decay curves. Values represent means = S.E. (error bars) (n = 4—6 per group).
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FIGURE 3. Conversion of hepatic PC into TG in Pemt™'~, Cta™'~, and their respective wild-type control mice. Twenty-four hours after intravenous
injection of [PH]PC-HDL into Pemt ™'~ (A) and Cta™’~ (B) mice and their controls, livers were collected, and radioactivity in PC and TG was quantified. The
percentages of PC converted into TG were calculated by dividing the radioactivity in TG by the total radioactivity in TG and PC combined. Values represent
means * S.E. (error bars) (n = 4-6 per group). *, p < 0.05.
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FIGURE 4. Hepatic PC is a quantitatively important source of hepatic TG. Twenty-four hours after intravenous injection of [*HIPC-HDL into Pemt ™/~ (A) or
Cta’~ (B) mice and their controls, livers were collected, and the specific activities (dpm/nmol) of hepatic PC and TG were calculated. The contribution of PC to
the total hepatic TG pool was calculated by dividing the specific activity of hepatic TG by the specific activity of hepatic PC. Values represent means = S.E. (error
bars) (n = 4-6 per group). *, p < 0.05.

hepatocyte TG and that HDL-PC is an important source of both  cytes with D609, an inhibitor of PC-specific PLC (24), to inhibit
hepatic PC and TG. To investigate further the quantitative the hydrolysis of PC and thereby reduce the availability of dia-
importance of PC as a precursor of TG, we incubated hepato-  cylglycerol for acylation to TG. Cellular concentrations of PC
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FIGURE 5. Conversion of LDL-derived PC into TG in livers of wild-type
C57BI/6 mice. Twenty-four hours after intravenous injection of [*H]PC-LDL
into C57BI/6 mice, livers were collected, and radioactivity in PC and TG was
quantified. The percentages of PC converted into TG were calculated by
dividing the radioactivity in TG by the total radioactivity in TG and PC com-
bined. Values represent means = S.E. (error bars) (n = 3).

and TG did not change upon incubation of hepatocytes with
D609 (Fig. 6, A and B). In the absence of HDL, D609 reduced the
specific radioactivity of TG by 50% (Fig. 5D), whereas the spe-
cific radioactivity of PC was unaffected (Fig. 6C), indicating that
at least 50% of newly formed TG in primary mouse hepatocytes
originates from the hydrolysis of PC. In the presence of D609,
addition of HDL still reduced the specific activity of PC (Fig.
6C), whereas HDL did not further reduce the specific activity of
TG (Fig. 6D). These data are consistent with those from the in
vivo studies described above and show that uptake of HDL-PC
contributes substantially to the total pool of PC in hepatocytes.
Importantly, the data demonstrate the major importance of PC
as a precursor of TG in hepatocytes both in vitro and in vivo.

Uptake of HDL Increases TG Levels in Huh-7 Cells—To
investigate the importance of HDL uptake for intracellular TG
levels in another model, we treated human Huh-7 cells with
human HDL. Compared with primary hepatocytes, these cells
have lower basal TG levels (60 nmol/mg of protein; Fig. 7),
which correspond more closely to hepatic TG levels in chow-
fed mice in vivo (66 nmol/mg of protein in C57Bl/6 mice in this
study; data not shown). After a 4-h incubation with HDL (final
PC concentration was 2 mMm), the amount of intracellular TG
was 2-fold higher than in the cells that had not been incubated
with HDL (Fig. 7). These data clearly demonstrate the quanti-
tative importance of the uptake of HDL-derived PC for dictat-
ing the intracellular mass of TG in hepatocytes.

HDL Mediates Net Transport of PC to the Liver—An impor-
tant aspect of this hepatic uptake of HDL-PC that needs to be
elucidated is to know from where the PC originates. To deter-
mine whether there is net transport of PC from peripheral tis-
sues to the liver, we measured macrophage-to-liver transport of
PC by adapting the widely used gold standard method for mea-
suring reverse cholesterol transport (21). After intraperitoneal
injection of radiolabeled macrophages, the appearance of the
radiolabel in plasma increased over a period of 30 h (Fig. 84).
Twelve percent of the injected dose was recovered in the livers
30 h after injections (Fig. 8B). This clearly shows that there is
indeed macrophage-to-liver transport of PC. At the 24-h time
point, 80% of the radiolabel found in the circulation was asso-
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ciated with the non-apoB fraction of plasma (Fig. 8C), indicat-
ing that HDL is likely mediating this net transport of PC to the
liver.

Involvement of SR-BI in Hepatic Uptake of HDL-PC—He-
patic SR-Bl is known to be the receptor responsible for selective
uptake of HDL-cholesterol into the liver. Additionally, we have
shown previously that in isolated hepatocytes SR-BI is respon-
sible for 50% of the uptake of PC-oleic acid from HDL particles
(13). To determine the involvement of SR-BI in hepatic uptake
of HDL-PC in vivo, we injected wild-type and SR-BI '~ mice
with human [PH]PC-HDL (labeled in the glycerol moiety of
PC). Fig. 9A shows that there is no difference in the disappear-
ance of radiolabel from the plasma between wild-type and SR-
BI"’~ mice. Moreover, the recovery of radiolabel in the liver
24 h after injections was similar in both mouse models (Fig. 9B).
These results indicate that under these conditions SR-BI does
not determine the rate of hepatic uptake of HDL-PC.

DISCUSSION

Hepatic uptake of HDL has been studied extensively. Most of
the previous studies were focused on the uptake of HDL-cho-
lesterol as part of the atheroprotective, reverse cholesterol
transport pathway. Only limited attention has been given to
hepatic uptake of PC that is associated with HDL even though
phospholipids are the most abundant lipid class in HDL parti-
cles. Previous studies from our laboratory showed that PC asso-
ciated with either HDL or LDL is efficiently taken up by hepa-
tocytes (13, 14). However, the quantitative importance of these
processes was unknown. The current study reveals that the
hepatic uptake of HDL-PC markedly contributes to hepatic PC
levels in vivo by providing as much PC as is made in the liver
each day. The quantitatively significant importance of PC as a
source of hepatic TG in vivo that we observed in this study was
completely unexpected.

The Source of HDL-PC—Each day, about 10 umol of PC is
delivered to the liver from HDL. Based on the specific radioac-
tivities of PC in plasma and in the liver 24 h after the injection of
[*HJHDL-PC, we calculated that approximately half of the
hepatic PC pool is derived from the circulation. The uptake of
HDL-PC was previously demonstrated in rats in which 38% of
biliary PC originated from HDL (25). A question that arose
from the findings of the present study is what is the source of
HDL-PC? The liver is the major site for production of lipid-
poor apoA-], leading to ~70% of the apoA-I in circulating HDL
particles (26, 27). ApoA-1 is secreted from the liver and lipi-
dated with cholesterol and phospholipids in a process that
requires hepatic ATP-binding cassette (ABC) protein A1 (28 —
30). It has been proposed that this initial lipidation of HDL
accounts for the majority of PC associated with HDL, whereas
most of the cholesterol is subsequently added to the HDL by
ABCA1- or ABCG1l-mediated efflux from peripheral tissues
(31, 32). However, when HDL particles acquire cholesterol
from peripheral tissues, the size of the particles increases. Con-
sequently, HDL particles must also obtain PC from non-hepatic
tissues to accommodate the increasing surface area of the par-
ticles possibly through either ABCA1l- or ABCGl-mediated
efflux from peripheral tissues or through transfer from other
circulating lipoproteins. Our data clearly show that there is
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means = S.E. (error bars) of three independent hepatocyte preparations. *, significant difference versus no HDL with the same D609 treatment; #, significant
difference versus no D609 treatment with the same HDL concentration determined using one-way analysis of variance tests (p < 0.05).
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FIGURE 7. Cellular TG levels in Huh-7 cells increase after incubation with
HDL-PC. Huh-7 cells were incubated for 4 h in serum-free DMEM with or
without human HDL (final concentration of PC, 2 mwm). Cells were harvested,
lipids were extracted, and cellular TG concentrations were measured. Values
are means * S.E. (error bars) of three independent experiments, each per-
formed in triplicate. *, p < 0.05.

+ HDL

indeed transport of PC from macrophages to the liver, and in
mice, this net transport of PC to the liver seems to be mediated
by HDL. Because Pemt '~ and Cta '~ mice have disturbed
hepatic PC synthesis, we expected that these mice would have
increased delivery of HDL-associated PC to the liver to main-
tain adequate hepatic PC levels. Surprisingly, however, hepatic
uptake of HDL-PC was not different in these mice compared
with their controls. This observation indicates that other pro-
cesses, such as reduced secretion of PC into lipoproteins (7, 16,
33, 34) and compensatory up-regulation of the remaining PC
biosynthetic pathway, ie. the choline-pathway in Pemt '~
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mice (35) and the PEMT pathway in Cta™ '~ mice (16), are
sufficient for maintaining hepatic PC levels in these mouse
models.

HDL-PC as a Source of Hepatic TG—Most remarkable were
the data on the metabolic fate of HDL-PC after its uptake by the
liver. We observed that PC can be a quantitatively important
source of hepatic TG because one-third of HDL-PC delivered
to the liver appears to be hydrolyzed by PLC and subsequently
re-esterified to form TG. That PC can serve as a source of TG
was previously shown in rat hepatocytes for which incubation
with [®H]oleic acid increased the amount of radiolabeled cellu-
lar and secreted TG with a concomitant loss of labeled PC (36).
In addition, when cells were prelabeled with 1,2-di[1-'*C]palmi-
toylphosphatidylcholine, part of the radiolabel was secreted as
TG. More recently, we have shown that 50% of LDL-PC that is
taken up by mouse hepatocytes is converted into TG (14). From
that study, it became clear that the conversion of PC into TG
involves the hydrolysis of PC by a PLC followed by esterification
of the released diacylglycerol by acyl-coenzyme A:diacylglyc-
erol acyltransferase 2. In addition, we showed that HDL-PC can
also be converted into TG in primary mouse hepatocytes (13).
We now demonstrate for the first time that HDL-PC is also
converted into TG in vivo and that one-third of hepatic PC is
converted into TG, thereby accounting for ~65% of the TG in
the liver.

We expected that the fraction of HDL-PC converted into TG
would have been reduced by PEMT and/or CT« deficiency to
conserve PC for maintenance of hepatic PC levels. Thus, we
were surprised that in neither Pemt '~ mice nor Cta™ /™ mice
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was the fraction of PC that was converted into TG reduced.
Unexpectedly, Pemt '~ mice converted an even larger fraction
(49%) of their PC into TG than did their wild-type counterparts.
We speculate that this increase in PC hydrolysis/re-esterifica-
tion in Pemnt ™'~ mice might be related to the need for choline-
containing metabolites other than PC, such as choline, phos-
phocholine, or acetylcholine. The only mechanism for the net
production of choline molecules endogenously in mammals is
the PEMT-mediated methylation of phosphatidylethano-
lamine followed by catabolism of PC (37). Pemt /'~ mice have
completely lost this capability and consequently are fully
dependent on dietary sources of choline. Therefore, we specu-
late that Pemt ’~ mice might stimulate the generation of phos-
phocholine by increasing the PLC-mediated hydrolysis of PC to
maintain sufficient amounts of choline-containing molecules.
PC Involvement in Hepatic TG Metabolismm—It has been well
established that the metabolism of PC and TG is inter-related.
In general, a reduction in hepatic PC is associated with an
increase in hepatic TG level. The provision of mice with a
methionine-choline-deficient diet is a widely used model for
studying PC deficiency (38, 39). Under these conditions, mice
have markedly reduced hepatic PC synthesis and develop ste-
atohepatitis (38, 39). Furthermore, Pemt '~ mice accumulate
TG in their livers even when fed a chow diet. This increase in
hepatic TG is more pronounced when the mice are fed a high
fat diet in response to which they develop severe hepatic stea-
tosis and hepatomegaly (15). Similarly, the liver-specific elimi-
nation of CT« reduces hepatic PC by 20% in chow-fed female
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Cta~’~ mice and increases hepatic TG levels by 40% (16). In all
of these models, an underlying cause of TG accumulation in the
liver is a reduction in hepatic VLDL secretion. For example, in
primary hepatocytes from both Pemt '~ (20) and hepatic
Cta™'" mice (33) as well as in hepatocytes cultured in methio-
nine-choline-deficient medium (40), the secretion of apoB48,
apoB100, and TG was diminished. Moreover, plasma VLDL
levels were markedly lower in Cta /™ mice (16) as well as in
Pemt '~ mice compared with control mice when fed a high
fat/high cholesterol diet (7). Altogether, these findings clearly
indicate that when hepatic PC levels are reduced VLDL secre-
tion is diminished, resulting in hepatic accumulation of TG. In
the data presented herein, we show that PC is also a quantita-
tively important direct precursor of hepatic TG and that this
can provide as much as 65% of the TG in the liver. These find-
ings illustrate another quantitatively important pathway by
which PC is involved in hepatic TG metabolism.

Pathways Involved in Hepatic Uptake of HDL-PC—Half of
hepatic PC is derived from the circulation, most of which is
coming from HDL particles. Therefore, an important question
that needs to be addressed is which receptors and pathways are
involved in hepatic uptake of HDL-PC. The most likely recep-
tor involved in this process would be SR-BI, the “HDL receptor”
responsible for selective uptake of HDL-cholesteryl esters. In
our previous studies (13), we have shown that besides extrahe-
patic remodeling and endocytosis of HDL particles SR-BI is
responsible for 50% of uptake of PC in isolated hepatocytes. In
the current study, however, we show that deficiency of SR-BI

VOLUME 287+NUMBER 28-JULY 6, 2012



Phosphatidylcholine, an Important Source of Triacylglycerol

does not affect hepatic uptake of HDL-PC in vivo. This may
indicate either that SR-BI is not involved in this process or that
other pathways are compensating for the long term loss of
SR-BI to enable adequate uptake of PC into the liver. On the
other hand, in an acute model of adenoviral overexpression of
SR-BI and thus increased hepatic uptake of HDL, hepatic TG
levels increased 2-fold (41). This increase in TG might be due to
increased uptake of HDL-associated PC into the liver followed
by conversion of the PC into TG. Altogether, it seems that
SR-BI may be partially involved in hepatic uptake of HDL-PC,
but other compensatory pathways are also in place especially in
the situation of long term SR-BI deficiency.

In summary, we have shown that delivery of HDL to the liver
is not only important for its role in reverse cholesterol transport
but is also an important component of hepatic metabolism of
both phospholipids and triacylglycerols. It was very striking
that such a large fraction of hepatic TG (65%) is made through
the hydrolysis of PC. Thus, the origin of hepatic TG is much
more complicated than was originally anticipated. This also
implies that increasing HDL and reverse lipid transport to
reduce the risk of atherosclerosis may cause hepatic steatosis as
aside effect. The role of HDL-PC in the development of hepatic
steatosis and non-alcoholic fatty liver disease should thus be
factored into our thinking about obesity, diabetes, and liver
diseases.
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