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CRITICAL ROLE OF CHOLESTEROL TRANSFER PROTEIN
IN ATHEROSCLEROSIS DEVELOPMENT

Cholesterol ester transfer protein (CETP) is a plasma protein that facilitates the transport of cholesterol esters
and triglicerides between the lipoproteins. CETP collects triglycerides from very-low-density lipoproteins (VLDL) or
low-density lipoproteins (LDL) and exchanges them for cholesterol esters from high-density lipoproteins (HDL). Muta-
tions wich lead to the cholesterol ester transfer protein function reduction have been involved in atherosclerosis develop-
ment. This mutations also increase the prevalence of coronary heart disease in patients with hypertriglyceridemia.
There is a wide variety of HDL-C increase therapies that have been tested during the last ten years. Among them is the
modification of cholesterol ester transfer protein function. A novel pharmacologic strategy was proposed where drugs
are designed to modify the lipid substrate preference of cholesterol ester transfer protein instead of simply blocking
its activity. This approach provides an opportunity to improve the lipid transfer properties of cholesterol ester transfer

protein and to harness its capacity to alter lipid metabolism to achieve specific beneficial outcomes.
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Interaction of discoidal nascent HDL with CETP

The associations between the HDL metabolism, plasma
level of HDL-cholesterol (HDL-C), and the atheroprotec-
tive functions of HDL have been the main forces to make
HDL a potential therapeutic target [9, 14]. Negative-stain
electron microscopy (EM) experiments have demonstra-
ted that CETP binds to the edge of nascent HDL since CETP
curvature proved to match the edge of nascent HDL per-
fectly, while barely attaching at the narrow top side [6].
Cholesterol ester transfer protein also induced a change
in the nascent HDL particle structure. The mechanism
behind this interaction is the strong ionic interaction with
POPC located at the surface of the discoidal high-density
lipoprotein particles, as well as interactions with apoA-I.
ApoA-I mobility at the discoidal HDL surface favors in-
teraction with cholesterol ester transfer protein and the
participation of apoA-I in CETP-HDL bounds affects the
structure of HDL.

Lipid transfer mechanism mediated by CETP upon
penetration into HDL

CETP faciliates the transfer of cholesterol oleate (ChOE)
from HDL to apoB-100-containing lipoproteins, primarily
to low-density lipoproteins [34]. Cholesterol oleate ap-
pears to compete with triglicerides for an access to the
cholesterol ester transfer protein tunnel. Throughout the
molecular dynamic simulation, cholesterol oleate is seen
to be searching for a path to the cholesterol ester trans-
fer protein tunnel, and the presence of triglicerides ap-
pears to prevent its access. Triglicerides reveal a barrier
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between the tunnel of CETP and the opening. This barri-
er formed by an aromatic ring-rich region, wich consists
mostly of phenylalanine (Phe) residues. The role of tri-
glicerides in HDL thus may be strategic. At tunnel region
with long hydrophobic chains, triglicerides are able to
open up this aromatic barrier to give cholesterol oleate
an access to the tunnel.

Role of E, oleate in the CETP-HDL interaction

Estradiol oleate is able to interact with Q5 at the N
barrel domain end of CETP molecule. Hydrophobic inter-
action and H-bond formations are found to rule choles-
terol ester transfer protein and estradiol oleate interac-
tion. Close contacts were established between the mole-
cules of estradiol oleate and amino acids of Q5 (with the
Trps located at the beginning of the interaction). These
contribute to the immobilization of cholesterol ester trans-
fer protein on high-density lipoprotein particles, allowing
further penetration of HDL by CETP, wich induces the ope-
ning formation at the N barrel domain end of cholesterol
ester transfer protein molucule.

The four step mechanism as key to the CETP-HDL
interaction

First step is the immobilization of cholesterol ester
transfer protein on the high-density lipoprotein particle
surface promoted by the interaction with apoA-I, POPC,
and the presence of estradiol fatty acyl esters. The num-
ber of apoA-I per high-density lipoprotein particle con-
tributes to the interaction of cholesterol ester transfer
protein with HDL and accelerates the process of penetra-
tion by immobilization of CETP molecule. Second step
is the penetration of cholesterol ester transfer protein
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into HDL with subsequent opening formation between
the Trp-rich flap Q5 and Q6 at the N barrel domain end of
cholesterol ester transfer protein. The third step is trans-
fer of cholesterol oleate from high-density lipoprotein par-
ticle to the N barrel domain opening of CETP. The final
step is transfer of cholesterol oleate from the opening to
the tunnel of cholesterol ester transfer protein through
an aromatic ring-rich region, acting as a some sort of bar-
rier and penetrable with the help of triglicerides. It was
also suggested that CETP-bound cholesterol oleate may
serve to stabilize the cholesterol ester transfer protein
tunnel. Cholesterol ester transfer protein tunnel can si-
multaneously host several lipids, thus CETP-bound cho-
lesterol oleate may be easily exchanged or remain within
the tunnel when cholesterol oleate core molecules are
passing through.

CETP-deficient cell differentiation status

It was previously reported that cells wich has choles-
terol ester transfer protein deficiency accumulate about
half as much triglicerides as control cells, and that lipid
droplets in this type of cells are fewer in number and
smaller. The reduced trigliceride content of CETP-defi-
cient cells is due to reduced TG biosynthesis [15].

During cellular differentiation into adipocytes, the
transcription factors PPARy and CEBP play key roles in
the transcriptional cascade wich leads to the induction
of pathways involved in trigliceride storage and synthe-
sis [13]. In human adipocytes, cholesterol ester transfer
protein expression is also induced during this process of
differentiation [12, 28]. Cholesterol ester transfer pro-
tein expression reaches its maximum point small lipid-
poor adipocytes, and then decreases when adipocytes be-
come filled with triglicerides [27, 28]. The highest level
of cholesterol ester transfer protein expression can be
observed in tissues that store lipids [8].

Cellular TG synthesis and movement

It was previously suggested that intracellular cho-
lesterol ester transfer protein may transport cholesterol
esters and triglicerides between cellular membranes. It
was also demonstrated that intact CETP-deficient cells
have reduced the capacity to transfer newly synthesized
triglicerides into lipid droplets [15]. Furthermore, it was
observed that microsome-associated trigliceride lipase
activity was 2-fold higher in cholesterol ester transfer
protein-deficient cells when trigliceride biosynthesis is
stimulated.

Elevated cholesterol ester transfer protein (CETP)
activity, a major determinant of the atherogenic dysli-
pidemia, and atherosclerotic cardiovascular disease
in South Asians

Cholesterol ester transfer protein activity was eleva-
ted by 30 % in South Asians relatively to European Cau-
casians, even when adjusted for age and sex. This diffe-
rence in cholesterol ester transfer protein activity between
the two population groups is similar in extent to the cho-
lesterol ester transfer protein activity elevation levels de-
monstrated in humans with the metabolic syndrome dis-

playing the atherogenic dyslipoproteinemia when com-
pared with normal healthy controls [10]. Furthermore,
cholesterol ester transfer protein activity correlated strongly
with all of the major elements of the atherogenic dysli-
poproteinemia - high LDL particle number, elevated tri-
glycerides and low HDL-C in both European Caucasians
and South Asians [11, 31]. These findings mean that the
difference in cholesterol ester transfer protein activity
plays a key role in the differences in the lipoprotein pro-
files among the populations. Serum triglycerides are a
major driver of CETP activity [7, 19] and South Asians are
known to have greater fasting serum triglycerides com-
pared to European Caucasians [18]. It was reported that
fasting serum triglycerides, VLDL particle number and the
triglyceride content of VLDL particles correlated positi-
vely with cholesterol ester transfer protein. The regres-
sion line of serum triglycerides versus cholesterol ester
transfer protein activity was shifted to the left in South
Asians relative to European Caucasians, indicating that for
a given serum triglyceride level, cholesterol ester trans-
fer protein activity is elevated in South Asians compared
with European Caucasians. Therefore, elevated triglyce-
rides only incompletely explain the elevated CETP acti-
vity in South Asians compared with European Caucasians.
However, we found that cholesterol ester transfer pro-
tein activity was positively and strongly correlated with
both low-density lipoprotein particle number and apoB
and both associations were stronger than between CETP
activity and LDL-C. The notion that cholesterol ester trans-
fer protein activity affects low-density lipoproteins me-
tabolism in addition to its well established effects on high-
density lipoprotein metabolism [30] are supported by
observations in Japanese individuals with a lack of func-
tional copy of the cholesterol ester transfer protein gene,
who exhibit large increases in HDL-C and significant de-
creases in their LDL-C compared to unaffected individu-
als [3]. Recent GWAS findings that single nucleotide poly-
morphisms in cholesterol ester transfer protein associ-
ate significantly with both HDL-C and LDL-C provide ad-
ditional support for this concept [16, 35]. In our analy-
sis of CETP activity with clinical ASCVD, we found that
CETP activity did not correlate significantly with carotid
IMT values in either ethnic group.

Anacetrapib reduces LDL-C by inhibition of CETP
activity and reduction of plasma PCSK9

Inhibition of CETP lowers plasma LDL-C concentra-
tion HDL-C, suggesting it might prevent development of
cardiovascular diseases. Anacetrapib decreased gene expres-
sion of cholesterol biosynthesis pathways, most proba-
bly through inhibition of Srebp-1 and / or Srebp-2 signa-
ling. Anacetrapib also increased cholesterol clearance by
the liver, without affecting VLDL-trigliceride production,
as well as decreased plasma PCSK9 level. These results
may indicate that cholesterol ester transfer protein in-
hibition results in modified particles wich more suscep-
tible for hepatic clearance. Thus, anacetrapib reduces
very-low-density lipoproteins by two mechanisms. This
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reduction of very-low-density lipoproteins is the focal
point in creating the atheroprotective effects of anace-
trapib [17].

The observed reduction in PCSK9 levels in plasma
serum after such treatment is in accordance with findings
in rhesus macaques [36]. Accumulating evidence shows
that PCSK9 inhibition is a beneficial strategy of reducing
cholesterol-enriched LDL both in clinical and preclinical
studies [25, 32]. This effect can be explained by increase
of low-density lipoproteins clearance as a result of re-
duction of the hepatic low-density lipoprotein receptor
degradation. The main activity of cholesterol ester transfer
protein is to transfer CE from high-density lipoproteins
to very-low-density lipoproteins in exchange for triglice-
rides. This lipoprotein remodeling activity of cholesterol
ester transfer protein renders very-low-density lipopro-
teins less susceptible for clearance. In mice, anacetrapib
treatment results in an increased plasma apoE levels,
which is an indicator for lipoprotein remodeling. Func-
tional apoE-LDLr pathway is a milestone pathway in the
clearance of remnants from plasma and, subsequently, in
the atherosclerosis development [1]. Anacetrapib treat-
ment in humans also shown an increased plasma level
of apoE [4].

However, the increased catabolism of very-low-den-
sity lipoprotein particles and thus antiatherogenic proper-
ties were clearly not sufficient to offset or overrule the
adverse side effects of anacetrapib [20, 21].

Effect of CETP mutations on lipid transfer between
various lipoproteins

Qiu et al. [26] described multiple human choleste-
rol ester transfer protein mutants that have altered abi-
lity to transfer triglicerides and cholesterol esters. For
example, the Q199A CETP mutant strongly prefers trigli-
cerides as a substrate, much like that observed for hamster
cholesterol ester transfer protein [22]. These mutations
modify the internal hydrophobic lipid transfer tunnel of
CETP without marked alteration of lipoprotein binding
[26]. We observed that human cholesterol ester trans-
fer protein with an amino acid mutation had markedly
higher triglyceride / cholesterol ester substrate prefe-
rence than the wild-type cholesterol ester transfer pro-
tein. It was also found that the human cholesterol ester
transfer protein mutants with higher preference for cho-
lesterol esters versus triglicerides than wild-type cho-
lesterol ester transfer protein also promoted nonrecip-
rocal lipid transfer, but this occurred for cholesterol es-
ters instead of triglicerides and this lipid movement had
an opposite direction (from HDL into VLDL).

Previous studies have shown that CETP binds trigli-
cerides or cholesterol esters contained within the lipo-
protein phospholipid surface [23]. The prevailing mecha-
nism for CETP-mediated lipid transfer is through the car-
rier mechanism, where cholesterol ester transfer protein
containing lipid cargo binds to a lipoprotein, releases this
lipid, and then picks up another lipid wich is prior to dis-
sociating [2, 26, 33]. By this mechanism cholesterol ester

transfer protein facilitates either exchange of different
lipids (heteroexchange) or the the exchange of like lipid
molecules (homoexchange). Cholesterol ester transfer pro-
tein is also capable of delivering cholesterol esters or tri-
glicerides to an acceptor particle and leaving the particle
surface without picking-up any CE or TG, thus mediating
a one way transfer [22, 24]. We propose that nonrecip-
rocal lipid transfer is amplified when cholesterol ester
transfer protein mutants with altered preference for tri-
glicerides versus cholesterol esters interact with lipopro-
tein substrates with widely differing amounts of triglic-
erides or cholesterol esters. Thus, when Q199A CETP with
amarkedly elevated preference for triglicerides as a subst-
rate, binds triglicerides in the very-low-density lipopro-
teins then dissociates from them and binds to a HDL, it
encounters extremely low amounts of its preferred sub-
strate because of the low triglicerides content of high-
density lipoproteins. As a result, the chance that choles-
terol ester transfer protein will deliver its triglicerides
then dissociate from high-density lipoprotein particle be-
fore binding any other lipid is enhanced. The converse
process occurs when the cholesterol ester transfer pro-
tein’s substrate preference is altered for a great prefer
cholesterol esters over triglicerides. In this model, the
limiting events occur on very-low-density lipoproteins
due to its low cholesterol esters content, leading to an
enhanced probability that cholesterol ester transfer pro-
tein will deliver CE to VLDL and dissociate without binding
any lipid in very-low-density lipoproteins.

Humans with genetical deficiency in CETP have multiple
lipoprotein abnormalities, including marked hyperalpha-
lipoproteinemia [5]. Because cholesterol ester transfer
protein deficiency increases HDL level in plasma, there
has been a lot of interest in developing it's pharmaco-
logic inhibitors. Thus far, cholesterol ester transfer pro-
tein inhibitors studied in clinical trials equally inhibit the
CETP-mediated transfer of both triglicerides and choles-
terol esters.

There is data that suggests the possibility to modify
the lipid transfer properties of cholesterol ester transfer
protein by altering its preference for cholesterol esters
versus triglicerides as a substrate [29]. With this being
said, and given the capacity of cholesterol ester transfer
protein to modify and alter lipoprotein metabolism, a novel
pharmacologic strategy was proposed where drugs are
designed to modify the lipid substrate preference of cho-
lesterol ester transfer protein instead of simply blocking
its activity. This approach provides an opportunity to
improve the lipid transfer properties of cholesterol ester
transfer protein and to harness its capacity to alter lipid
metabolism to achieve specific beneficial outcomes.
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KPUTHUYECKAS POJIb BEJIKA-TIEPEHOCYUKA 3®UPOB X0JIECTEPOJIA B PA3BBUTHU ATEPOCKJ/IEPO3A
Benok-nepeHocuuk a¢upos xosecteposa (BI13X) - 6es0k maa3Mbl KPOBH, KOTOPBIM CTUMYIUPYET
TPAHCIOPT TPUIVIMLLEPUAOB U CJI0XKHBIX 3QUPOB X0JIecTepoJia Mexy JUNnonpoTreuHaMyu. OCHOBHOM
byHKIMeN 6esKa BJseTCS c60p TPUIVIMLEPUIOB U3 JTUMONPOTEUNHOB HU3KOU mioTHOCTHU (JIITHIT)
WJIU JIMTIONPOTENHOB 04eHb HU3KoU mioTHOCTH (JIIIOHIT) u ux 06MeH Ha c0KHbIe 3QUPHI X0J1e-
CTepoJia, TPAaHCIOPTHPYEMble TUIONPOTeNHAMU BblcOkoM mioTHOCTH (JITIBIT). ToueyHble MyTanuy,
NPUBOAALINE K HapylleHUsAM QYHKIMHU OeslKa, TPUBOAUIMN K Pa3BUTHIO aTepoCcKiepo3a. JTH MyTa-
LMY TaKXe yBeJUYUBa/IU PUCK Pa3BUTHUA HlIeMHUYeCcKoH 60J1e3HU cep/ilia y NaleHTOB C FUIep-
TpurunepuaemMuei. CyuecTByeT 60JbllI0e Pa3HOOOpa3re METO/0B JIeYeHUs KapAHOBaCKY/IAPHBIX
3a60JieBaHUH, KOTOPbIe yBEJWYUBAIOT YPOBHU X0secTepoJi-cofepxalux JINIBII. Cpeay HUX BaxkHOe
MecTo 3aHUMaeT MoAaudpukanus pyHkuuu BII3X. HoBas papmakosiorudeckast cTpaTerus npejnosa-
raeT pa3paboTKy NpenapaToB, MEHSIOIUX IpeJjIouTeHHe 6esIKa-NepeHoCcYrKa K cy6cTpaTy BMeCTO
TOr0, YTOObI IPOCTO 6JIOKUPOBATh €ro JesTeJbHOCTb. ITOT NOAXO/, AaeT BO3MOXKHOCTb YJAYUIIUTh
cBoiicTBa BII3X B ny1aHe nepeHoca JIMNUA0B U UCNOJIb30BaHUSA 3TUX CBONCTB [JJ1s1 U3MEHEeHUsI JIU-
NUAHOTO MeTabo/1M3Ma B 60pbbe ¢ KapAHOBaCKY/ISIPHBIMU 3a60/1€BAHUSAMHU.
KimroueBsle ciioBa: BI13X; iMnonpoTren/bl; aTepock/aepos
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. A. lopoBcbKuii, A. JI. 3araiiko

KPUTUYHA POJIb BIVIKA-TIEPEHOCHUKA ECTEPIB XOJIECTEPOJIY Y PO3BUTKY ATEPOCKJ/IEPO3Y
Binok-nepeHocHuK ectepiB xosnectepouy (BIIEX) - 6i/10K n1a3mMu KpoBi, AKMH CTUMYJTIOE TPAHCTIOPT
TpurTinepuAiB i ecrepis xosecteposy Mix JlinonpoTteinamMu. OcHoBHOIO QyHKLi€I0 6inKa € 36ip Tpu-
rainepuAiB 3 sinonpoTeiniB HU3bKOI miiibHOCTI (JITTHILL) a6o sinonpoTeiHiB Ay*ke HU3BKOI LiJIb-
HocTi (JITITHIILL) i ix 06MiH Ha ecTepy X0J1eCTepOoJIy, 1[0 TPAHCHOPTYIOThHCS JiNnonpoTeiHaMU BUCOKOT
misbHOCTi (JIIBIL). ToukoBi MyTauii, 1j0 NpU3BOAATE A0 MopyiieHb GyHKIil 6i71Ka, TPU3BOAUIN
J10 PO3BUTKY aTepockaepo3y. Lli MyTarii Tako 36i/1blyBaid pU3UK PO3BUTKY illIeMiYHOI XBOPOOH
cepLd y NallieHTIB 3 rineprpurainepueMiero. [cHye BesiKka pisHOMaHITHICTb MeTO/IB JIiKyBaHHA
Kap/ioBacCKy/JIsIpHUX 3aXBOPIOBaHb, fIKi 36i/bIIyI0Th piBHI X01ecTepos-36aradenux JIIIBII. Cepef,
HUX BaXXJIMBe Micle nocigae mogudikanisa ¢yukuii BIIEX. HoBa papmakoJsioriyHa cTpaTeris nepej-
6avyae po3po6Ky NMpenaparis, 1[0 3MiHIOITh IepeBary 6iJIKa-mepeHoCHUKA [0 Cy6CTpaTy 3aMiCTh TOTO,
11106 TPOCTO GJIOKYBATHU HOT0 AisibHICTB. Llel miaxiza gae MoxK/IMBicTh moJtinuTy BaactuBocti BITEX
y IJIaHi NepeHeceHHs JIiNiAiB i BUKOPUCTaHHS LUX BJACTUBOCTeH JJisl 3MiHU JinigHOro MeTa6ois-
My B 60poTh6i 3 KapioBacKy/IIpHUMHU 3aXBOPIOBAHHAMU.
Knrouosi cioBa: BIIEX; ninonpoTeiny; aTepockiepos
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