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ROLE OF LCAT ACTIVITY CHANGES

IN ATHEROSCLEROSIS RISK

Lecithin cholesterol acyltransferase (LCAT) is a key enzyme that catalyzes the esterification of free cholesterol
in plasma lipoproteins and plays a critical role in high density lipoprotein (HDL) metabolism. LCAT deficiency leads
to accumulation of nascent pre-HDL due to impaired maturation of HDL particles, whereas enhanced expression is
associated with the formation of large, apoE-rich HDL 1 particles. In addition to its function in HDL metabolism, LCAT
was believed to be an important driving force behind macrophage reverse cholesterol transport (RCT) and, therefore,
has been a subject of great interest in cardiovascular research since its discovery in 1962. Although half a century has
passed, the importance of LCAT for atheroprotection is still under intense debate.
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1. LCAT STRUCTURE AND FUNCTION

The human LCAT primarily produced by the liver, al-
though itis also expressed in small amounts by intestine
and in astrocytes in the brain, where it is involved in the
cholesterol esterification in glia-derived apoE-containing
lipoproteins [20, 24, 39, 41]. The plasma concentration
of LCAT is about 6 pg/ml and varies little in adult hu-
mans with age, gender, and smoking [1]. LCAT binds to
lipoproteins and is primarily found in association with
HDL, which likely prevents its uncontrolled clearance from
the circulation [34]. The human LCAT half-life in plasma
has been estimated to be 4-5 days [36] ApoAl is the most
potent activator of LCAT, which enables it to synthesize
cholesteryl esters from the free cholesterol on HDL by a
transesterification reaction involving the transfer of a fatty
acid at the sn -2 position of lecithin to the free hydroxyl
group of cholesterol [14, 24]. During this reaction, leci-
thins are converted into lysophosphatidylcholines. Firstly,
apoAl concentrating the lipid substrates near LCAT and
presenting it in an optimal conformation to LCAT. The con-
formation of these apoAl complexes is affected by the flui-
dity of the lipid bilayer [27, 35]. The binding of LCAT to
the apoAl is affected by the charge and size of the HDL
particles [13]. The second step is the cleavage of the sn
-2 ester bond of lecithin, wich leads to the release of a
fatty acyl [22]. This step is influenced by the LCAT phos-
pholipase activity and depends on the lecithin composi-
tion [13]. The last step is the transacylation of the fatty
acyl moiety to the sulfur atom of a cystein residue for-
ming a thioester, which subsequently donates its fatty acyl
to the 3 _-hydroxy group of the cholesterol molecule and
forming cholesteryl ester [22]. Other apolipoproteins, such
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as apoAll, apoCI-1II, apoAlV, and apoE, also can activate
LCAT, although with less efficiency [25].

Therefore, only a minor ammount of LCAT in the cir-
culation can be found in binded to apoB-containing lipo-
proteins. In 1966, Glomset identified LCAT as an impor-
tant driving force in the RCT pathway, a process that de-
scribes the HDL-mediated removal of excess cholesterol
from peripheral tissues, including macrophages from the
arterial wall, and subsequent delivery to the liver for bi-
liary excretion. The first step of the RCT pathway invol-
ves production of apoAl in the liver or intestine and its
further release into the plasma [32]. Interaction with
ATP-binding cassette transporter (ABC)A1 primarily on
the intestine and liver induces the formation of nascent
discoidal HDL (ndHDL) particles that can stimulate cho-
lesterol efflux from the macrophages in the arterial wall
[23, 38]. Upon association of cholesterol with the ndHDL
particle, it is esterified by LCAT, leading to the conversion
of the ndHDL into a more mature HDL 3 particle by par-
titioning of the cholesterol esters into the core of the par-
ticle. This particle gains the ability to induce the efflux of
cellular cholesterol via ABCG1 and SR-BI [23, 38]. HDL
particles being transformed into larger HDL 2 particles
upon further enrichment with cholesteryl ester [32]. Se-
veral studies indicate that LCAT activity decreases cor-
relatively with the enlargement of the HDL particle, par-
ticularly on large apoE-rich HDL 1 particles [7, 28, 33, 40].
This could be explained by the fact that LCAT is subject
to product inhibition [26], but it has also been suggested
that sphingomyelin enrichment of HDL prevents binding
of LCAT to the lipoprotein [6, 28]. Notably, upon esterifi-
cation of cholesterol in HDL, LCAT maintains the gradient
of free cholesterol between the cellular membrane and
the surface of the HDL particle, which is thought to pre-
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vent the transfer of cholesterol back to the cell by genera-
ting a continuous efflux of cholesterol from the cell to li-
poproteins [12, 17, 31]. Importantly, the effect of LCAT
on the flux of cholesterol may depend both on the envi-
ronment of HDL in the extracellular medium and the type
and metabolic status of the cells [16]. Therefore, in addi-
tion to its essential role in the first step of the RCT path-
way, LCAT also enhances the delivery of cholesterol to the
liver [16].

2. LCAT AND ATHEROSCLEROSIS
IN ANIMAL STUDIES

Rabbits express CETP and can develop spontaneous
atherosclerosis. Therefore, rabbits are often thought to
be a better model for studying atherosclerosis than mice.
In 1996, Hoeg et al. described the generation of transge-
nic New Zealand White rabbits with a 6.2 kb genomic frag-
ment consisting of the entire human LCAT gene. To study
the effects of human LCAT expression on atherosclero-
sis susceptibility, the rabbits were fed a daily ration of
120 g diet containing 0.3 % cholesterol for a period of
17 weeks [21]. Plasma LCAT activity was 101 + 11 nmol/ml/h
in controls and 1.593 + 101 nmol/ml/h in the transge-
nic rabbits on chow. On the cholesterol diet, LCAT acti-
vity remained more than 3-fold that of controls. Total cho-
lesterol and triglyceride levels were 28 % and 24 % lower,
respectively, in the transgenic rabbits compared with cont-
rols. The reduction in total cholesterol was the conse-
quence of a 2.6-fold decrease in non-HDL cholesterol levels,
and HDL cholesterol was 5-fold higher. Quantification of
atherosclerosis showed that 35 * 7 % of the surface of
the aortas of the control group were covered with lesions.
For comparison, only 5 + 1 % of the aortic surface in the
LCAT transgenic rabbits was covered by lesions [21]. Ove-
rexpression of human LCAT thus protects against athe-
rosclerosis in rabbits, probably due to the combined ef-
fect of the marked lowering of proatherogenic apoB-con-
taining lipoproteins and the increase in HDL cholesterol.
During the vivo kinetic experiments it was confirmed that
LCAT increased the catabolism of apoB-containing lipo-
proteins, which was opposite to what was seen for apoAl
catabolism [10]. To investigate the role of the LDL recep-
tor in this enhanced catabolism, the LCAT transgenic rab-
bit was cross-bred with the Watanabe heritable hyper-
lipidemic (WHHL) rabbit with a lack of functional LDL re-
ceptors due to an amino acid deletion in the cysteine-rich
ligand-binding domain of the protein [8, 9]. As expected,
circulating LDL levels were markedly higher in rabbits la-
cking the LDL receptor. Interestingly, no lowering of LDL
cholesterol was seen upon overexpression of LCAT. This
relults might indicate that the enhanced catabolism of
apoB-containing lipoproteins upon overexpression of LCAT
is mediated via the LDL receptor. It must, however, be no-
ted that the HDL cholesterol levels and LCAT activity was
5-fold lower in animals lacking the LDL receptor compa-
red with controls [8]. Analysis of atherosclerosis at 22 months
of age showed that in both WHHL rabbits and WHHL cont-

rol rabbits overexpressing LCAT, 84 + 3 % of the surface
of the aorta was covered with lesions. This lack of pro-
tection despite the high HDL cholesterol levels is likely
due to the overwhelming presence of apoB-containing
lipoproteins in plasma. Furthermore, the massive lesion
coverage of the aorta indicates that the disease was in a
very advanced stage. It might be that different effects would
have been found if the effects were determined at an ear-
lier age.

The results of the mice studies differ signifcantly from
the results shown in the rabbit studies. Although most of
the rabbit studies largely confirm an antiatherogenic role
for LCAT, mouse studies suggest an unanticipated proathe-
rogenic role for LCAT in the development of atheroscle-
rosis. In both models, it appears that the influence of LCAT
on atherosclerosis mostly depends on its effects on pro-
atherogenic apoB-containing lipoproteins. Furthermore,
the effects found are highly dependent on the presence
of additional key proteins involved in RCT, such as LDL
receptor and CETP. Notably, viral overexpression of LCAT
in nonhuman primates also resulted in an antiatheroge-
nic profile characterized by decreased levels of apoB-con-
taining lipoproteins and increased level of HDL choleste-
rol [3], similar to that observed in the transgenic rabbits.

3. THERAPEUTIC REGULATION OF LCAT

In the recent years, therapeutic upregulation of LCAT
function has gained interest, not only as enzyme repla-
cement therapy for LCAT deficiency syndromes but also
as a potential new therapeutic strategy for reducing athe-
rosclerosis. Strategies for therapeutically raising LCAT ac-
tivity include small-molecule activators of LCAT, viral expres-
sion of LCAT, and recombinant LCAT protein administra-
tion. Van Craeyveld et al. investigated the effects of adeno-
viral LCAT overexpression in liver on established complex
fiboratheromatous atherosclerotic lesions induced by fee-
ding heterozygous LDL receptor knockout rabbits (62.5 %
New Zealand White and 37.5 % Japanese White) a 0.15 %
cholesterol diet for 420 days [37]. Non-HDL cholesterol
was not affected whereas denoviral LCAT overexpression
increased HDL cholesterol 1.9-fold. No significant effects
were observed in the intima/media ratio, macrophage,
collagen content, or smooth muscle cell compared with
baseline at 120 days after gene transfer. However, the
intima/media ratio was lower compared with the ani-
mals treated with an empty adenovirus, indicating that
LCAT overexpression had the inhibiting effect on the prog-
ression of atherosclerosis. Adenoviral LCAT overexpres-
sion also induced cholesterol unloading of the lesions, con-
sistent with enhanced RCT from the arterial wall [37], but
considering the complex interaction of LCAT with lipo-
proteins in the circulation, extensive studies on the effects
on atherosclerosis susceptibility should help us to draw
any conclusions on the therapeutic applicability of these
new studies. Intravenous infusion of recombinant LCAT
in LCAT knockout mice with or without expression of hu-
man apoAl rapidly restored lipid abnormalities such as
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raised HDL cholesterol [34]. Furthermore, a preliminary
report indicated that subcutaneous injection of recom-
binant LCAT attenuated atherosclerosis progression in
New Zealand White rabbits and stimulated RCT [43]. No-
tably, a phase 1 clinical trial was announced recently in
which the effects of intravenous recombinant human LCAT
infusion (ACP-501) in subjects with coronary artery disease
will be evaluated [2].

Small molecule activation of LCAT modulates lipo-
protein metabolism

Specific LCAT activator increased LCAT activity in vitro
in plasma from mouse, rhesus monkey, hamster; and human.

C57Bl/6 mice and hamsters received a single dose
(20 mg/kg) of LCAT activator to assess the acute phar-
macodynamic effects of LCAT activator. Both species dis-
played significant decrease in triglycerides and non-HDLc
and a significant increase in high-density lipoprotein cho-
lesterol (HDLc) acutely after dosing. To examine LCAT ac-
tivator’s chronic effect on lipoprotein metabolism, during
the period of two weeks hamsters received a daily dosing
of vehicle or of 20 or 60 mg/kg of LCAT activator. Activa-
tor treatment resulted in a significant reduction in very
low-density lipoprotein cholesterol and asignificant incre-
ase HDL particle size, in amount of HDLc, plasma apoli-
poprotein A-I level, and plasma cholesteryl ester (CE) to
free cholesterol ratio. Triglycerides trended toward a do-
se-dependent decrease in very low-density lipoprotein
and HDL, with multiple triglyceride species reaching statis-
tical significance. The increase in plasma CE resulted the
increase in HDL CE. Gallbladder bile acids content dis-
played the more than 2-fold increase with the 60 mg/kg
treatment. Plasma LCAT was activated from multiple spe-
cies in vitro LCAT activator was spiked into plasma from
C57Bl/6 mouse, rhesus monkey, hamster, and human at
different concentrations.

To assess the effects of chronic activation of LCAT by
by small molecule activator on lipoprotein metabolism,
vehicle control (0.5 % methyl cellulose), LCAT activator
at 60 mg/kg, or LCAT activator at 20 mg/kg was adminis-
tered by oral gavage daily into high fat diet-fed hamsters
for 14 days. LCAT activator treatment resulted in a sig-
nificant dose-dependent increase in plasma CE and plasma
CE/FC ratio and increase in plasma TC and plasma FC.
Plasma LysoPC displayed a significant increase at both do-
ses. Plasma PC showed no significant difference for both
doses. Plasma TG showed a trend toward a dose-depen-
dent decrease without reaching statistical significance.
LCAT activator treatment also resulted in a significant sig-
nificant decrease in VLDL cholesterol (VLDLc) and a sig-
nificant increase in HDLc at both doses, whereas LDL cho-
lesterol (LDLc) level remained unchanged. The FPLC ana-
lysis revealed a dose-dependent leftward shift of the HDL
peaks, indicating that LCAT activator treatment resulted
in a significant, dose-dependent increase in HDL particle
size. Plasma apoA-I was significantly increased at both
doses, whereas plasma apoB was unchanged.

In genetic or somatic LCAT overexpression models,
including those in higher animal species, LCAT gain of
function is associated with increased HDLc wich consis-
tent with an antiatherosclerotic benefit [5, 42]. LCAT ac-
tivator enhanced plasma LCAT activity with micromolar
potency (EC50 range of 1-10 umol/L for all d6-CEproducts).
It had been postulated that this activity increase was in-
duced by interacting with the free sulfthydryl group in cys-
teine (C)31 near its catalytic site. C31 appears to be a con-
served residue in LCAT from multiple species. Observa-
tion of the similar activity of LCAT activator across multi-
ple species proves that LCAT activator is acting via a si-
milar mechanism in all species from the study. It also has
been shown that LCAT from baboon and hamster has si-
milar positional specificity and substrate as human LCAT,
in contrast to the mouse [30]. For in vivo characteriza-
tion, an acute single-dose experiment was conducted in
C57Bl/6 mice to establish a relationship between down-
stream plasma lipid profile (pharmacodynamics) and tar-
get engagement (activation of LCAT). After a single dose
of LCAT activator (20 mg/kg), the increase in ex vivo plasma
LCAT activity within 1 to 5 hours following dosing cor-
related with changes in HDL particle size, CE/FC ratio and
plasma HDLc levels. The “rebound” of non- HDL at 24 to
48 hours suggests that chronic treatment with LCAT ac-
tivator in C57Bl/6 mice may result in increased non-HDL.
It had been reported that LCAT transgenic mouse had in-
creased non-HDL and exacerbated atherosclerosis, whe-
reas further introduction of CETP transgene decreased
non-HDL and reduced atherosclerosis in the LCAT trans-
genic background [4, 15]. Analysis of downstream phar-
macodynamics markers revealed a significant reduction
in non-HDLc and TG in the early time points and a sig-
nificant increase in HDLc throughout the time course, which
tracked with the changes in LCAT activity increase and
suggest that the effects on lipids were likely due to LCAT
activation by small putative activator. Observation on non-HDL
suggests that CETP needs to be present to extrapolate ef-
fects of LCAT activation to human. The above results es-
tablish a relationship between pharmacodynamic markers
and target engagement under acute conditions and are
consistent with the current understanding of the role of
LCAT in RCT and HDL metabolism. Therefore, a chronic
study in hamsters was pursued to characterize the effect
of LCAT activation by small molecule activator on lipid
profiles in detail. A significant increase in HDL particle
size, HDLc level and plasma apoA-I level was observed as
well as dose-dependent decreases in multiple TG species
and VLDLc. Low-density lipoprotein cholesterol remai-
ned the same, possibly because the baseline LDL level in
this model is modest and thus givesa small window for
reduction. Epidemiological studies have suggested that
increased HDLc, decreased VLDLc, and decreased plasma
TG are all associated with risk reduction for atheroscle-
rosis [19]. In addition, increased plasma apoA-I level and
lipid-rich, large HDL particle are also associated with re-
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duced risk for coronary heart disease [11, 18, 19]. The
global changes in the lipoprotein can potentially be athe-
roprotective. Additional analyses indicated that liver mic-
rosomal stability and the plasma stability of LCAT acti-
vator were poor, which indicates the short duration of
LCAT activation observed ex vivo. Nonetheless, the cor-
relation between and LCAT activity and pharmacodyna-
mic markers strongly supports the conclusion that small
molecule activators elicited global changes in lipoprotein
metabolism via activation of LCAT. In summary, the re-
sults from the current study demonstrate that activation
of LCAT via these molecules produces concomitant chan-
ges in the lipoprotein profile in hamsters and mice and
raise the possibility for small molecule therapeutic inter-
vention of atherosclerosis and dyslipidemia via modula-
ting LCAT activity. The findings of decreased TG and en-
hanced HDLc are are in line with observations from hu-
mans with LCAT deficiency and consistent with previous
LCAT overexpression studies in higher animal species.
This similarity between the LCAT-deficient human phe-
notype and the preclinical findings offers the possibility
that the changes induced by a LCAT activator might trans-
late into humans, and the finding of decreased VLDL may
translate into decreased LDL in human. The detailed cha-
racterization from the current study of lipoprotein par-
ticle composition also sheds new light on LCAT’s mecha-
nism of action in lipoprotein metabolism.

CONCLUSIONS

Although a half a century of extensive research has
passed since the discovery of LCAT as a key enzyme in
the esterification of cholesterol in 1962, it has not (yet)
fulfilled the promise as a new therapeutic target for athe-
rosclerosis. Over the years, many studies have been per-
formed investigating the role of LCAT in atherosclerosis
in animal models and humans, with many conflicting data
as a result. From the animal studies, it can be concluded
that the effects of LCAT on atherosclerosis and lipopro-
tein metabolism largely depend on the animal model used
and the presence of additional proteins involved in the
RCT pathway, like LDL receptor and CETP. All the studies
performed during the last 50 years have made it clear
that LCAT plays a role in the pathogenesis of atheroscle-
rosis. Newly developed activator(s) of endogenous LCAT,
recombinant LCAT and small putative molecules LCAT
activators infusions in humans and animals will provide
valuable information to establish whether targeting of
LCAT is a promising therapeutic strategy to reduce car-
diovascular risk.
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YAK 577.125.8:616.005

[J. A. JlopoBcbkui, A.JL. 3araiiko

POJIb JIXAT Y 3HUXKEHHI PU3HUKY PO3BUTKY ATEPOCKJ/IEPO3Y
JlenuTuH XosiectepoJ anuatTpaHcpepasa (JIXAT) € kao4yoBUM GpepMeHTOM, 1[0 KaTasli3ye eTepudi-
Kallilo BIJIbHOT'0 X0J1eCTEPOJIY B JIiNONpPOTeiHAX IJIa3MHU i Bi/lirpa€ BUHATKOBO BaXKJIUBY POJib Y MeTa-
6ou1i3Mi sinonpoTeiniB Bucokoi mwinbHocTi (JITIBL). JedinuT JXAT npu3BogUTh 10 HAKONHUYEHHS
yactok-nonepeaHukis JI[IBIL yepe3 ynoBisibHeHHs IX J03piBaHHS, TO/i K IOCUJIEHA eKCIpecid
JIXAT cnpusie dopMyBaHHIO BeJUKUX, anoJinonpoteid E-36arauenux JIIIBI 1 yacTok. Lle#t pep-
MEHT TaK0X € BXK/IMBOIO PYILiIHHOIO CUJIO0 B 3BOPOTHOMY TPAHCIIOPTI X0/1eCcTepoJly Makpodaramy,
TOMY BiH 3aBX/jM IPUBePTaB yBary BUeHMUX, Ki 3aliMaloTbCsA AOCIIPKEeHHSIMU CeplLieBO-CyJUHHUX
3aXBOPIOBaHb.
Knio4ogi cinoBa: JIXAT; aTepockiepos; sinonpoTeinu

YAK 577.125.8:616.005

J. A. lopoBckuii, A.JI. 3araiiko

POJIb JIXAT B CHUKEHUU PUCKA PA3BBUTHUA ATEPOCKJ/IEPO3A
JlenuTuH xoJsiectepost auuaTpancdepasa (JIXAT) siBiseTcs KI04YeBbIM GEPMEHTOM, KaTaIU3UPYIO-
MM 3CcTeprUKALNI0 CBOGOLHOTO X0JIECTEPOJIA B JIMIIOMPOTENHAX MJIa3Mbl U UT'PAET UCKJIIOYUTEb-
HYIO0 pOJIb B MeTab0JIM3Me JINTIONPOTENHOB BbICOKOU mioTHOcTH (JITIBII). Jledpunut JIXAT npuso-
JUT K HAaKOIJIEHUIO BO3SHUKAIOLMX YacTul-ipeAmectBeHHUKOB JI[IBII B cBsI3u ¢ 3aMejjieHHEM UX
co3peBaHus, TOT/A Kak ycusieHHas akcnpeccus JIXAT cioco6cTByeT GopMUPOBaHHUIO GOJIBLINX, All0-
sunonpoTteuH E-o6oramennsix JIIBII 1 yactun,. B gononnenue k pyukuuu JIXAT B MmeTabosiuzMe
JITIBII 3TOT depMeHT TakKe sIBJIsI€TCS BXKHOU ABMKYILEH CUJION B 06paTHOM TPAHCIOPTE X0JIecTe-
poJsia Makpodaramu, MO3TOMY OH BCEr/ia MPUBJIeKaJ BHUMaHHE YYE€HbIX, 3aHUMAIUXCS UCCIIe/I0-
BaHUSAMHU CEPAEYHO-COCYIUCTHIX 3a60I€BAHUM.
Kinrouesnle ci1oBa: JIXAT; aTepockiepos; IMIONPOTEUHbI
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