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Hepatic lipase (HL) is a lipolytic enzyme that contrib-
utes to the regulation of plasma triglyceride (TG) lev-
els. Elevated TG levels may increase the risk of devel-
oping coronary heart disease, and studies suggest that
mutations in the HL gene may be associated with
elevated TG levels and increased risk of coronary
heart disease. Hepatic lipase facilitates the clearance
of TG from the very low density lipoprotein (VLDL)
pool, and this function is governed by the composi-
tion and quality of high density lipoprotein (HDL)
particles. In humans, HL is a liver resident enzyme
regulated by factors that release it from the liver and
activate it in the bloodstream. HDL regulates the re-
lease of HL from the liver and HDL structure controls
HL transport and activation in the circulation. Altera-
tions in HDL-apolipoprotein composition can perturb
HL function by inhibiting the release and activation of
the enzyme. HDL structure may therefore affect plasma
TG levels and coronary heart disease risk. (Am J Pathol
2011, 178:1429–1433; DOI: 10.1016/j.ajpath.2010.12.050)

Triglycerides and Heart Disease

Elevated plasma triglyceride (TG) levels have been
viewed as a risk factor for coronary heart disease (CHD)
for more than a decade.1,2 Plasma TG levels are regu-
lated by both synthesis and degradation of both very low
density lipoprotein (VLDL) and chylomicron particles. The
clearance of TG-rich lipoproteins from the circulation is
controlled by the actions of lipoprotein lipase (LPL) and
hepatic lipase (HL) and by the interlipoprotein exchange
of TG by cholesteryl ester transfer protein. Lipoprotein
lipase is the predominant TG lipase and is responsible for
hydrolyzing TG in chylomicrons and VLDL, whereas HL is
both a phospholipase and a TG lipase and plays an
important role in HDL metabolism and in the conversion
of VLDL to LDL.3 Single nucleotide polymorphisms

(SNPs) in the HL gene (LIPC) have been shown to asso-
ciate with plasma lipid concentrations and increased
CHD risk.4,5 Hepatic lipase deficiency is a result of rela-
tively rare LIPC mutations that give rise to a loss in circu-
lating HL activity (due to impaired secretion or inactive
enzyme) and cause an increase in TG-rich HDL and
VLDL remnants and increased CHD risk.1,6 The common
SNPs have a variety of functional consequences. SNPs in
the LIPC gene can be associated with both increased or
decreased plasma levels of HDL cholesterol and with
varied levels of CHD risk.7,8 Thus, unique SNPs may
consequently confer both pro- and anti-atherogenic phe-
notypic consequences. This may explain why larger and
more comprehensive studies have not observed an asso-
ciation between LIPC mutations and CHD risk.9 Variable
phenotypes may be due in part to secondary factors, such
as environment, lifestyle, and hormone levels,10 but depend
primarily on the functional consequences of SNPs on HL
activity. SNPs in the LIPC gene may directly affect the TG-
hydrolytic ability of HL and may indirectly affect HL by
affecting the metabolism of HDL and its ability to control the
function of HL in the circulation.

Hepatic Lipase and the Liver

Hepatic lipase is synthesized and secreted by the liver
and binds to heparan sulfate proteoglycans (HSPG) on
the cell surface of hepatocytes and endothelial cells.11,12

It has been known for more than 50 years that HSPG-
bound lipases can be released into the bloodstream by
heparin. Hahn showed in 1943 that intravenous heparin
stimulates TG hydrolytic activity in lipemic serum.13 Al-
though lipase activity is normally undetectable in human
plasma, infusion of heparin increases both HL and LPL
mass and activity in the bloodstream.14 Postheparin HL
activity measurements have been used to reflect the
functional levels of HL in an individual and are indirectly
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measured by subtracting NaCl-sensitive LPL activity from
total postheparin lipase activity. Postheparin HL activity
measurements are often elevated in hyperlipidemic pa-
tients and have been linked to an increased risk for de-
veloping CHD.15,16 This has led to the suggestion that HL
may be a pro-atherogenic enzyme.17,18 High postheparin
HL activity may also be related to CHD risk as an indica-
tor of reduced lipolytic function. Increased postheparin
HL activity may represent an elevated storage pool of
inactive HL in the liver, which results from defective re-
lease and activation of the enzyme.19–22 Cell surface
HSPG-bound HL is a catalytically inactive enzyme, and
HDL functions to mobilize and activate this liver-resident
pool of HL.19

Displacement of HSPG-Bound HL

In humans, HL is found primarily in association with cell-
surface HSPG on hepatocytes and endothelial cells of the
liver, and it is therefore considered to be a liver resident
enzyme.23 Specific residues in the HL protein regulate
the association of HL with HSPG.24,25 Mapping studies
using peptide arrays have identified two HL-heparin
binding domains, one at the N-terminus (R310, K312,
K314, R315) and another at the C-terminus (R473, K474,
R476).25 In rodents, HL is also synthesized in the liver,
but predominantly is found circulating in the blood-
stream.26,27 Murine HL appears to be more readily dis-
placed from cell-surface HSPG, because of differences
in the C-terminal amino acid composition of the en-
zyme.27 Human HL can be released or liberated from
cell-surface HSPG by both heparin and HDL. Some find-
ings suggest that heparin interacts directly with the TG
lipases and/or competes for binding sites on cell-surface
HSPG.28 Findings from other studies indicate that hepa-
rin can act through protein kinase and calcium signaling
pathways to stimulate HL release.29 HDL-dependent HL

displacement is regulated by interactions between HL
and HDL and is affected by both the lipid and the apoli-
poprotein composition of HDL.20–22

HDL composition directly affects the displacement of HL
from cell-surface HSPG.20,21 Ramsamy et al20 showed that
different subclasses of HDL have unique abilities to dis-
place HL. The larger, more buoyant HDL2 fractions were
more effective at displacing HSPG-bound HL than the
smaller, dense HDL3 fractions. Rouhani et al21 showed
that the various lipids in HDL have unique effects on HL
displacement. Increases in HDL-TG and phospholipid
content directly inhibited HL displacement from the cell
surface, whereas changes in the other lipid components
of HDL had little effect on HL release. More recently, HDL
and serum isolated from postprandial subjects were
shown to promote increased HL displacement, relative to
samples from fasted subjects.22 The study showed that,
even though postprandial HDL is TG-enriched, the lipo-
protein is deficient in ApoE and is more effective than
fasting HDL at binding to and displacing cell-surface
HL.22

Hepatic lipase displacement appears to be controlled
by HDL apolipoproteins and is stimulated by the ApoA-II
content of HDL.21 ApoA-II increases the release of HL
from HSPG by enhancing the association of HL with HDL,
and this increased association promotes an inhibition of
HL activity.30,31 Conversely, HL displacement is inhibited
by HDL-ApoE.22 Young et al22 showed that HDL isolated
from female subjects was significantly better at displac-
ing HL from cell surface HSPG, relative to HDL from male
subjects. HDL isolated from the plasma of women also
contained less ApoE, compared with that isolated from
men. The study identified an inverse relationship between
HDL-ApoE content and the amount of circulating HL in
the bloodstream.22 Increased ApoE content on HDL re-
sults in decreased HL release (Figure 1). Treatment of
HDL with monoclonal ApoE antibodies, directed against
epitopes in the glutamic acid-enriched N-terminus of

Figure 1. HDL regulates the release and activa-
tion of hepatic lipase (HL). The liver is a storage
depot for catalytically inactive HL that is anchored
to cell-surface heparan sulfate proteoglycans
(HSPG). HDL binds to HL and releases the enzyme
into the circulation. Fasting, ApoE-rich HDL is in-
effective at releasing HL from cell surface HSPG.
During a postprandial response, HDL loses ApoE
to VLDL and the ApoE-deficient HDL is more ef-
ficient at releasing HL from the cell surface. HDL
compositional changes can then release HDL-
bound HL and activate the catalytic activity of the
circulating enzyme. HDL therefore plays an im-
portant role in the mobilization and activation of
HL.
ApoE, resulted in greater HL displacement,22 which sug-
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gests that the binding of HL to HDL may be sensitive to
ApoE-dependent electrostatic properties of the lipopro-
tein. Other work has shown that HL activity is also depen-
dent on electrostatic events that regulate the association
of HL with HDL.31,32

Apolipoproteins are exchanged between HDL and the
TG-rich lipoproteins, such as VLDL and intermediate
density lipoprotein (IDL), during a postprandial lipemic
event.33,34 Notably, ApoE and ApoCs are transferred
from HDL to VLDL, where they act as lipolytic cofactors
and receptor ligands.33 HDL is therefore a storage depot
for ApoE in the fasting state. A few hours after a meal,
when plasma TG levels are high, ApoE moves from HDL
to the TG-rich lipoproteins.33,35 This decrease in HDL-
ApoE content appears to initiate the mobilization of HL
from the hepatocyte cell surface to the vascular compart-
ment (Figure 1), where the enzyme can then act to hy-
drolyze circulating TG.22 At the end of the lipemic re-
sponse, ApoE returns to the HDL pool and blocks the
ability of HDL to release HL from the liver.

Regulation of HL Lipolytic Activity

In humans, there appear to be two inactive pools of HL,
one that is HSPG-anchored in the liver and one that is
HDL-bound and circulating in the bloodstream as an
inactive enzyme. HDL therefore regulates HL activation in
a two-step process, wherein HDL first binds and dis-
places HL from cell surface HSPG, and then the HDL
dissociates and activates the circulating enzyme (Figure
1). Under fasting conditions, HL in the circulation ap-
pears to be catalytically inactive. Hepatic lipase activity
can be detected in the plasma only after the enzyme is
released from the liver by infusions of heparin.14 Although
ApoA-I and HDL are also able to liberate HL from cell
surface HSPG, the association of HL with HDL directly
inhibits HL activity.19,31,32 Hepatic lipase is inactivated by
its association with HDL particles containing both ApoA-I
and ApoA-II.30,31,36

Hepatic lipase activity is stimulated by the dissociation
of HL from HDL (Figure 1) and controlled by lipoprotein
electrostatic properties.31,32 Enrichment of HDL or serum
with free fatty acid or anionic phospholipids (such as
phosphatidylinositol, phosphatidic acid, or phosphatidyl-
serine) increases the net negative charge on HDL and
stimulates VLDL-TG hydrolysis by HL.32 An increase in
HDL net negative charge was shown to reduce the bind-
ing of HL to HDL and to increase HL hydrolytic activity for
all lipoprotein substrates. Hepatic lipase activity is there-
fore inhibited by the electrostatic-dependent association
of HL with HDL.19,32 ApoA-II has been shown to increase
the association of HL with HDL and to directly inhibit TG
hydrolytic activity.30,31,36 ApoE has the opposite effect.
ApoE blocks the association of HL with HDL,22 but stim-
ulates the HDL lipolytic activity of HL.37 Women have
been shown to have reduced plasma ApoE levels and
increased circulating HL, relative to men.22 Women also
have a reduced postheparin HL activity, which has been
thought to be a consequence of an inhibitory effect of
estrogen on HL transcription.38 Reduced postheparin ac-
tivity in women may therefore be in part a consequence of
lower ApoE levels and reduced HL activation.22 ApoE
has been shown to directly interact with ApoA-II39 and, as
such, may block ApoA-II-dependent association of HL with
HDL.31 ApoA-II may therefore control HL displacement and
activation; its action is modulated by the amount of ApoE
that can reside on the HDL particle surface.

In the circulation, HDL remains associated with HL, to
keep the enzyme in an inactive state, until hydrolytic
activity is required. A tight regulation of HL lipolytic ac-
tivity by HDL would be expected, given that HL is a
phospholipase and potentially lytic to cell membranes.
The liberation of HL by HDL from the cell surface there-
fore primes HL for its hydrolytic function by releasing the

Figure 2. HDL and hepatic lipase (HL) secretion
are coregulated. HDL secretion regulates HL re-
lease from the liver through three potential mech-
anisms: 1) newly secreted HDL binds and dis-
places cell surface HL, 2) HDL and HL associate
intracellularly and are cosecreted, and/or 3) HDL
and HL secretion are coregulated by plasma mem-
brane reuptake and degradation pathways. ER,
endoplasmic reticulum.
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anchored enzyme and enabling HL to gain access to
circulating substrate. Increased lipase shuttling between
substrate molecules has been shown to stimulate most
interfacial lipolytic enzymes, including HL.40 Higher cir-
culating levels of HDL-bound, inactive HL may be impor-
tant to TG clearance. HDL isolated by sequential density
ultracentrifugation from the plasma of female normolipi-
demic subjects was shown to contain significant HL
mass.22 In contrast, HDL isolated from normolipidemic
males and hyperlipidemic patients contains much less
HL protein. An increased vascular pool of HL in women
may therefore contribute to the reduced magnitude of
postprandial lipemia that is often observed in women,
relative to men.41 Increased HDL-bound HL in the circu-
lation may also affect the remodeling of HDL, because
HDL2 formation has been shown to be increased in sub-
jects who can clear alimentary TG more rapidly.42

Regulation of HL Secretion from the Liver

Because HDL can liberate HL from the cell-surface
HSPG, it follows that hepatic HDL secretion would be
expected to affect the release of HL from the liver. This
view has been confirmed in studies in primary human
hepatocytes and HepG2 cells, which showed that factors
that increase ApoA-I/HDL secretion from hepatocytes
also increase HL secretion (Figure 2).43 Chatterjee et al43

showed that overexpression of ApoA-I in HepG2 cells
directly stimulated HL release from the cell surface. Con-
versely, a knockdown of ApoA-I expression with siRNA
decreased HL release into the medium. Therefore, newly
secreted HDL may be able to bind and displace cell
surface HL (Figure 2). Alternatively, HL may associate
with ApoA-I/HDL complexes intracellularly and be cose-
creted with HDL.

HDL and HL secretion may also be affected by mem-
brane reuptake and degradative pathways. Treatment of
HepG2 cells and primary human hepatocytes with com-
pounds that block ApoA-I retroendocytosis, also affect
HL release. Linoleic acid phospholipids (PL), such as
dilinoleoylphosphatidylcholine, increase hepatic ApoA-I
secretion by threefold and promote a twofold increase in
HL release.43 Phospholipid treatment does not appear to
affect HL transcription, because PLs have no effect on
steady-state mRNA levels.43 Instead, PLs stimulate
PPAR� expression44 and inhibit membrane nucleotide
signaling events on the cell surface to block retroendo-
cytic degradative pathways.45 The data suggest that PLs
block membrane recycling pathways that promote the
reuptake and degradation of cell surface proteins such
as HL (Figure 2). Hepatic lipase degradation has been
shown to be rate-limiting to HL secretion, and associated
with the dimerization of the enzyme.46 Doolittle and col-
leagues46 showed that, when HL does not form an active
dimeric complex, large amounts of monomeric HL accu-
mulate in the cell and are rapidly degraded. These inves-
tigators later showed that both the maturation and ho-
modimerization of HL and lipoprotein lipase may be
governed by a chaperone protein in the endoplasmic

reticulum, called lipase maturation factor 1.47
Hepatic lipase may be secreted from hepatocytes as
an inactive enzyme. Stimulants of HL secretion can in-
crease HL mass in the hepatocyte medium by two-fold,
but have no effect on HL activity in the medium.43 This
characteristic, which may be important to the regulation
of HL phospholipase activity, is due to an inhibitory effect
of the specific species of HDL with which HL is associ-
ated in the medium. As in the circulation, HL in hepato-
cyte medium is primarily associated with larger HDL
complexes containing both ApoA-I and ApoA-II. Phos-
pholipid treatment increases the secretion of both ApoA-I
and ApoA-II43,45 and, as shown by Boucher et al,31 the
association of HL with ApoA-II-enriched HDL directly in-
hibits HL hydrolytic activity.

Conclusion

An inverse relationship exists between blood TG and
HDL levels. Low HDL levels are often associated with
high TG in both men and women, and the combination of
low HDL and high TG levels is related to an increased risk
of developing CHD.48 HDL is a repository for regulatory
apolipoproteins and alterations in HDL apolipoprotein com-
position can affect TG metabolism by influencing the func-
tion of both HL and LPL. Mutations in the LIPC gene may
have a direct effect on HL function, or may indirectly affect
lipolysis by causing reduced or dysfunctional HDL parti-
cles.7,8,10 Stimulants of hepatic HDL production may there-
fore act through cofactor pathways to stimulate lipolytic
enzymes and enhance TG clearance.43 This may in part
explain why drugs that increase HDL levels, such as the
fibrates and niacin, also reduce plasma TG levels.49,50
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