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Abstract
Purpose of Review Cholesteryl ester transfer proteins (CETP) regulate plasma cholesterol levels by transferring cholesteryl 
esters (CEs) among lipoproteins. Lipoprotein cholesterol levels correlate with the risk factors for atherosclerotic cardiovas-
cular disease (ASCVD). This article reviews recent research on CETP structure, lipid transfer mechanism, and its inhibition.
Recent Findings Genetic deficiency in CETP is associated with a low plasma level of low-density lipoprotein cholesterol 
(LDL-C) and a profoundly elevated plasma level of high-density lipoprotein cholesterol (HDL-C), which correlates with a 
lower risk of atherosclerotic cardiovascular disease (ASCVD). However, a very high concentration of HDL-C also correlates 
with increased ASCVD mortality. Considering that the elevated CETP activity is a major determinant of the atherogenic 
dyslipidemia, i.e., pro-atherogenic reductions in HDL and LDL particle size, inhibition of CETP emerged as a promising 
pharmacological target during the past two decades. CETP inhibitors, including torcetrapib, dalcetrapib, evacetrapib, anace-
trapib and obicetrapib, were designed and evaluated in phase III clinical trials for the treatment of ASCVD or dyslipidemia. 
Although these inhibitors increase in plasma HDL-C levels and/or reduce LDL-C levels, the poor efficacy against ASCVD 
ended interest in CETP as an anti-ASCVD target. Nevertheless, interest in CETP and the molecular mechanism by which it 
inhibits CE transfer among lipoproteins persisted. Insights into the structural-based CETP-lipoprotein interactions can unravel 
CETP inhibition machinery, which can hopefully guide the design of more effective CETP inhibitors that combat ASCVD.
Summary Individual-molecule 3D structures of CETP bound to lipoproteins provide a model for understanding the mecha-
nism by which CETP mediates lipid transfer and which in turn, guide the rational design of new anti-ASCVD therapeutics.

Keywords Cholesteryl ester transfer protein (CETP) · CETP structure · CETP dynamics · Lipoprotein · Low-density 
lipoprotein (LDL) · High-density lipoprotein (HDL) · CETP inhibitor · Electron microscopy (EM)

Introduction

Risk factors for atherosclerotic cardiovascular disease 
(ASCVD) correlate with plasma lipoproteins-cholesterol 
concentrations [1–4], which can be modulated by cholesteryl 
ester transfer protein (CETP) activity and its inhibition [5]. 
CETP is a 476-amio acid residue hydrophobic glycoprotein 
with a molecular weight of ~53 kDa [6]. As a member of 
the lipid-transfer protein family, CETP plays a key role in 
reverse cholesterol transport (RCT) by mediating the transfer 

of cholesteryl esters (CEs) and triglycerides (TGs) between 
high density lipoproteins (HDLs) and apolipoprotein B-100 
(apoB-100) containing lipoproteins in plasma [7]. Genomic 
studies have shown that some CETP single-nucleotide poly-
morphism (SNPs) modify the plasma lipid profiles by alter-
ing responses to diet [8]. SNPs with loss of CETP activity 
are respectively associated with elevated and reduced HDL-
cholesteryl (HDL-C) and LDL-cholesterol (LDL-C) concen-
trations [9]. Moreover, CETP also raises brain cholesterol 
content [10••]. Thus, CETP inhibition emerged as a strategy 
for reducing ASCVD events via its effects on plasma HDL-C 
and LDL-C concentrations [11, 12, 13••]. Unexpectedly, 
five large clinical trials of CETP inhibitors, i.e., torcetrapib 
[14], dalcetrapib [15], evacetrapib [16], anacetrapib [17], 
and obicetrapib [18] were terminated [13••, 19, 20••], for 
lack of efficacy, no reduction of ASCVD events, suggest-
ing that CETP function and its inhibitory mechanism were 
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inadequately understood [21–23], particularly at a molecu-
lar level [24•]. Since the discovery of CETP in the 1980s 
[25–28], three mechanistic models have been put forward 
for the CETP-mediated CE transport: (i) the shuttle model: 
CETP binds to HDL, extracts the CEs from HDL core after 
which the eCETP-CE complex desorbs from the HDL sur-
face and diffuses to LDL/VLDL and exchanges its comple-
ment of CEs for glycerol lipids–phospholipids and espe-
cially TGs from LDL/VLDL core before returning to HDL 
to release the glycerolipids before initiating the next cycle 
of CE transfer [29]; in this model, only binary complexes 
of CETP-lipoprotein are formed. (ii) the tunnel model: a 
ternary complex in which CETP bridges HDL and LDL/
VLDL and exchanges HDL-CE for mostly VLDL-TG, via a 
hydrophobic tunnel within CETP [30]; (iii) the dimer tunnel 
model: a modified tunnel model, in which the hydrophobic 
tunnel is formed by a CETP dimer instead of monomer [31]. 
Although these models account for the basic lipid transport 
process [32], the detailed mechanism is unknown due to the 
dynamic properties and structural flexibilities of lipoprotein 
and CETP-lipoprotein complexes [33, 34••, 35–37].

Recently, individual particle electron tomography (IPET) 
was developed and used to study the individual-molecule 3D 
structure [34••] via a “snap-shot” 3D density map of an indi-
vidual protein particle or protein complex (non-averaging) 
[34••, 35, 38–49]. The visualization of CETP-lipoprotein 
complex sheds light on the CE transfer mechanism at a 
molecular level [26, 42]. Here, we reviewed the structure-
based mechanism of CETP function in CE transport, focus-
ing on the CETP-lipoprotein interaction, to understand CE 
transfer and its inhibition for a better inhibitor design in pre-
venting and reversing ASCVD.

The Physiological Role of CETP in Plasma 
Lipid Transport

Lipid Transfer Protein Family CETP belongs to the lipid 
transfer protein (LTP) family [50] that includes other mem-
bers—phospholipid transfer protein (PLTP) [51], lipopoly-
saccharide-binding protein (LBP) [52], bactericidal/perme-
ability increasing protein (BPI) [53, 54], ceramide-transfer 
protein (CERT) [55], sphingolipid-transfer proteins (CERT 
and FAPP2), phosphatidylcholine-transfer protein (PCTP) 
[56], phosphatidylinositol-transfer protein (PITP) [57], reti-
noid binding proteins (RBPs) [58], and α-tocopherol trans-
fer protein [59]. These family members share sequence and 
structural homology [60], and although each member medi-
ates a distinct physiological process, they all bind lipopoly-
saccharides and phospholipids [61]. Due to these activities 
in promoting the exchange of neutral lipids and phospholip-
ids between the plasma lipoproteins [62], CETP and PLTP 

have raised some attention as a potential drug target to treat 
ASCVD.

Physiological Function In humans, CETP is mainly 
expressed in the liver, small intestine, adipose tissue, and 
spleen [63]. The expression of the CETP gene is stimulated 
by dietary cholesterol and endogenous hypercholesterolemia 
[64]. The low concentration of human plasma CETP, ~2 μg/
mL [31], mediates CE and TG transfer between plasma HDL 
particles and apolipoprotein B (apoB)-containing lipoprotein 
particles (e.g., VLDL and LDL) during lipoprotein metabo-
lism [9, 31, 36, 65]. Plasma CE transfer activity depends 
on both CETP concentration and CETP efficiency [66, 
67]. A higher level of CETP correlates with a lower level 
of HDL formation [9, 68]. Aside from its established role 
in transferring CEs, CETP also modulates plasma lipid the 
RCT pathway [69]. In ASCVD, CETP activity increases the 
LDL-C and apoB concentrations, most likely a consequence 
of downregulated hepatic LDL receptors [31]. The smaller, 
denser LDLs may be more atherogenic than normal, “fluffy” 
LDL due to its higher affinity for artery-wall proteoglycans 
and greater susceptibility to oxidation [9]. In contrast with 
these pro-atherogenic effects, CETP remodels HDL parti-
cles in a way that releases lipid-poor apolipoprotein A-1 
(APOA1) [70]. One direct benefit of CETP inhibition is 
a reduced cholesterol uptake and an increased cholesterol 
efflux by cells within atherosclerotic plaques [19].

Genetic CETP deficiency markedly increases HDL parti-
cle size and number [71, 72], and half-normal distributions 
of CETP have a similar but less profound effect that is asso-
ciated with increased plasma APOA1 concentrations [71, 
72]. Studies of patients heterozygotic for a CETP mutation 
correlated with fewer ASCVD events and elevated HDL-C 
concentrations [73]. Although these studies suggest that 
CETP inhibition is atheroprotective, subsequent studies on 
heterozygotes in the families with CETP deficiency revealed 
no evidence of premature atherosclerosis [71, 72], despite 
its regulation of HDL subclass 2 [71, 72]. Moreover, the 
genetic studies showed that CETP deficiency is an independ-
ent ASCVD risk factor [74], a finding that was inconsist-
ent with strategies to reduce ASCVD via CETP inhibition. 
Nevertheless, the recent combination analysis of three CETP 
gene SNPs among 27,196 CHD showed CETP genotypes are 
associated with moderate inhibition of CETP activity and 
modestly higher HDL-C levels, which is weakly, inversely 
associated with ASCVD risk [75]. Unlike LDL, which is 
mechanistically linked to premature ASCVD, HDL is only 
an ASCVD modifying factor [76].

PLTP Biochemical Function PLTP mediates the phospholipid 
transfer between HDL and LDL (VLDL) [62, 77, 78], and has 
a unique role in HDL remodeling. Better understanding the 
PLTP mechanism may guide our understanding of the CETP 
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mechanism [79] and its role in ASCVD [80, 81]. According 
to EM and IPET techniques, PLTP, like CETP, has a banana-
shaped structure [41], that successively penetrates HDL and 
LDL surfaces, thereby forming a ternary HDL-PLTP-LDL 
complex that mediates phospholipid transfer in a way that 
seems more complex than that for CETP [41]. The specific 
activity of PLTP is higher than that of CETP in terms of 
HDL fusion into a larger size, which occurs by an unknown 
mechanism [41]. The similar structure with different activities 
implies that a few amino acid residues determine specific-
ity. Identification of the mechanism by which PLTP mediates 
HDL fusion could help refine CETP mechanism. Compari-
sons of PLTP and CETP sequences and activities could reveal 
key structures within each protein determine specificity.

Molecular Structures of CETP

As described in detail below, the structures of CETP and 
complexes with lipoproteins have been studied by various 
techniques—X-ray [27], EM [26, 82, 83], NMR [84], SPR 
[85, 86], FRET [87, 88], immuno-study [26, 82], AFM 
[89], and MD simulations [65, 90–92].

CETP Crystal Structure In the crystal structure of CETP 
(PDB: 2OBD) at 2.2  Å resolution [27], CETP dis-
plays an elongated-banana shape with dimensions of 
135 Å × 30 Å × 35 Å (Fig. 1A) that can be divided into four 
domains as predicted [6, 53], i.e., a central β-sheet and a 
C-terminal extension that are sandwiched between two 

Fig. 1  The molecular insights into the structure-based functions of 
cholesteryl ester transfer protein (CETP) in lipid transport. (A) The 
crystal structure of CETP (PDB: 2OBD) [27]. (B) A representative 
high-resolution cryo-positive-staining (cryo-PS) EM image (raw vs. 
denoised) of an individual CETP molecule (non-averaging), in which 
the β-sheets indicated by arrowheads. Reproduced with permission 
[26]. (C) A presentative optimized negative-staining (OpNS) EM 
image of an individual ternary complex of HDL-CETP-LDL (left) 
and its corresponding schematics (right). Reproduced with permis-
sion [90]. (D) Tunnel mechanism of CETP supported by the observed 
ternary complex [26], in which the CETP N-terminal β-barrel domain 
penetrates the HDL surface, which stimulates the C-terminal β-barrel 
domain penetrates LDL or VLDL surface in forming a ternary com-
plex for CE transfer. Reproduced with permission [26]. (E) Validating 

the tunnel mechanism by all-atom molecular dynamics (MD) simula-
tion. A series of snap-shot images of a CE molecule in its transfer-
ring process through the center tunnel of a CETP molecule. Repro-
duced with permission [90]. (F) MD simulations elucidated the key 
residues that might regulate CE transfer due to its strong interactions 
(top). These residues were highlighted by a cartoon. Reproduced with 
permission [90] (G) Before CETP inhibition, once the distal end of 
CETP interacts with HDL, the CEs were up-taken into CETP, which 
produces a conformational change and increases the binding affin-
ity to LDL or VLDL. Reproduced with permission [45]. (H) After 
CETP inhibition, CEs were up-taken into one distal end which trig-
gers a conformational change at the opposite end through the inhibi-
tor (shown in cyan diamond), which decreased the binding affinity to 
other classes of lipoproteins. Reproduced with permission [45]
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β-barrel domains. Within CETP, there is a 60-Å-long tun-
nel that contains two CEs, which are highly hydrophobic 
and a plug comprising phosphatidylcholine (PLs), which 
is amphiphilic. The observations that (i) CETP has a high 
binding affinity for HDL, (ii) a surface curvature similar 
to that of HDL, and (iii) two PLs plugged into the center 
cavity, supports the shuttle model [36]. When the CEs are 
transported through CEPT, the tunnel opens with concerted 
conformational change of the flexible helix or a mobile flap, 
which provides adequate space for CE transport [27].

EM Structure The structure of CETP has been also deter-
mined by cryo-electron microscopy (cryo-EM) [42], cryo-
positive-staining (cryo-PS) [26], and negative-staining (NS) 
EM images [26, 42], which confirmed the crystal structure, 
conventional single-particle averaged 3D reconstruction 
[26], and IPET individual-molecule 3D reconstructions [42]. 
For instance, the high-resolution cryo-PS, which allowed the 
direct imaging of a single CETP in solution, confirmed the 
banana-shaped structure with a dimension of 125 Å × 30 Å. 
The denoised image contained features of individual mol-
ecules remarkably similar to the crystal structure (Fig. 1B), 
i.e., parallel fringes that are well-matched to the β-sheet 
strands within the N- and C-terminal β-barrel domains [26]. 
The averaged 3D reconstruction from thousands of CETP 
particles in solution showed that some loops at the distal 
portions of β-barrel domains appearing outside the EM den-
sity map envelope [26], confirmed that these regions are 
flexible. This structural plasticity was confirmed by IPET 
3D reconstruction from each individual CETP particle in 
solution [42], which is similar to PLTP [41] and confirmed 
by molecular dynamics simulations [93].

MD Simulation For a deeper understanding of CETP struc-
tural dynamics at atomic level, all-atom MD simulations 
in an aqueous solution have been used [91]. These stud-
ies confirmed the distal portion flexibility [26], wherein 
the N-terminal β-barrel domain is significantly greater in 
solution than in the CETP crystal [91]. Moreover, the distal 
end of the C-terminal β-barrel domain expanded with the 
hydrophilic surface increasing more than the hydrophobic 
surface, in which a new surface pore was generated in this 
domain [91]. This surface pore and all cavities in CETP 
are stable, consistent with the occurrence of a continuous 
tunnel within CETP by connecting cavities in solution [91, 
93]. Moreover, the analysis of the mechanical behavior of 
CETP by the molecular dynamics simulations showed, that 
a twisting force on the β-barrel domains and cavity forma-
tion inside the distal ends of the molecule causes these pores 
to connect to the hydrophobic, continuous, central cavities 
to form a tunnel is the conduit, similar to the Chinese fin-
ger trap model, through which HDL-CE transfer to LDL or 
VLDL thereby reducing HDL size [26]. The force could 

be generated by stimulated interaction of the C-terminal 
β-barrel domain with LDL or VLDL. By squeezing the 
molecule from two distal ends, the isolated central cavities 
connect and form a continuous tunnel via turning of β-barrel 
directions. The microsecond-long atomistic MD simulations 
and normal mode analysis [93] confirmed the “open state” of 
CETP under a twisting motion in CETP, i.e., the formation 
of a continuous tunnel between the two distal ends of CETP. 
CE transfer through CETP driven by the force undergoes 
significant bending–unbending during which CETP “senses” 
lipoproteins and structural plasticity under thermal dynamics 
in solution [93].

The Binary Complex of CETP‑Lipoprotein

The Binary Complex of CETP‑HDL NS EM has been used 
to determine the structure and conformation of CETP 
incubated with HDL [26]. Contrary to the conformation 
in which concave surface of CETP aligns with the convex 
surface of HDL as predicted by crystal study [27] and MD 
simulations [94], the spherical HDL particles contained 
a surface single protruding feature in forming a lollipop-
candy-shaped structure [26], an observation confirmed 
later [49, 82]. The protrusion indicated the CETP distal 
end (~48 ± 10 Å) inserted into the HDL surface or par-
titions tangentially into the HDL lipid surface [26, 27, 
95]. Immuno-EM experiments [26] showed that CETP is 
oriented toward HDL via its N-terminal domain, which 
is highly hydrophobic as previously hypothesized [96]. A 
study of the linker insertion scanning mutagenesis showed 
that the four regions in the CETP N-terminus are essen-
tial to lipoprotein recognition [96]. Observations of CETP 
binding to the edge of discoidal HDL implicate APOA1 in 
CETP-HDL interactions [97, 98]. However, the number of 
CETP molecules could be much greater than the number of 
HDL-containing apoA-I molecules, which challenges the 
protein-to-protein binding hypothesis [26, 49]. Moreover, 
the surface curvature strongly correlates with the number 
of bound CETP molecules, suggesting that protein–lipid 
interaction mediated binding. This conclusion was further 
confirmed by the observation that a lollipop-candy struc-
ture is also seen in incubations of CETP with protein-free 
liposomes [49]. MD simulations [99] of the mechanism 
for CETP penetration into HDL showed that the flexible 
regions of CETP, i.e., flap 5 (Ω5 residues Ser90- Asp110) 
and flap 6 (Ω6 residues Leu150-Phe170) at the N barrel 
domain end of CETP, play an important anchoring role in 
the penetration and settling of CETP in HDL. Upon pen-
etration, the distance between Trp106 in flap 5 and Trp162 
in flap 6 was increased, suggesting the Ω5 and Ω6 are 
pulled apart giving rise to the CETP tunnel opening [99].
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Binary Complexes of CETP‑LDL and CETP‑VLDL The structure 
and morphology of the CETP incubated with plasma LDL 
and VLDL, respectively, were investigated by NS EM [26] 
and cryo-electron tomography (cryo-ET) IPET 3D recon-
struction [35]. The major observations were (i) a single 
CETP protruded from the LDL surface as a lollipop-candy 
shaped binary complex; (ii) No CETP molecule bridging 
two HDLs, two LDLs, or two VLDLs were observed; (iii) 
more than one CETP molecule occasionally attached to 
VLDL particle surface, which may be due to greater vari-
ety of VLDL apolipoproteins; (iv) The C-terminal β-barrel 
domain antibody, H300, blocked the CETP-LDL interaction 
but not CETP-HDL interaction. These observations suggest 
that the hydrophobic distal end of the CETP N-terminal 
domain preferentially interacts with HDL surface lipids, and 
that the distal end of the C-terminal β-barrel domain inserts 
into LDL and VLDL surfaces via protein–protein interac-
tion. The structural determinants of this specificity may be 
their larger size and polyhedral shape, which is characterized 
by less curvature of surface lipid and a lower hydrophobic-
ity which reduces the energy of binding to the hydrophobic 
CETP N-terminus [26]. The same mechanism underlies 
CETP binding to IDL [39]. These studies suggesting that 
CETP binding to LDL/VLDL occurs via protein–protein 
interaction is consistent with the observed preferential ori-
entation of CETP during directional transfer of CE from 
HDL to VLDL [100].

The Ternary Complex of CETP‑Lipoproteins

In the CETP shuttle hypothesis [29], CETP undergoes dif-
fusional collision with lipoproteins thereby forming binary 
complexes that mediate bidirectional lipid exchanges 
between the lipoproteins and CETP. As a result, the ternary 
complex should not have existed. Upon multiple repeats 
of the process [101, 102], the lipids exchange between the 
lipoproteins. Because of the good fit of the concave surface 
curvature of CETP and HDL surface curvature, the crys-
tal structure of CETP is consistent with the shuttle mecha-
nism and the interaction of CETP with only one lipoprotein 
particle at a time [27]. Moreover, CETP transfers lipids 
through properties of its C-terminus domain, which orders 
lipids through disorder-to-order transitions in its second-
ary structure. The CETP carboxy-terminal peptides have 
a stable α-helix conformation that facilitates formation of 
small homogeneous micelle-like structures that moves lipids 
through an aqueous interface within reasonable thermody-
namic parameters. [83, 103].

In contrast, the EM studies of a CETP-lipoprotein com-
plex provided evidence [26] for the ternary complex (HDL-
CETP-LDL) structure (Fig. 1C), which corroborates the tun-
nel hypothesis (Fig. 1D) predicted nearly four decades ago 

[30]. The details include the images of the ternary complex 
showing the CETP N-terminal domain penetrating the HDL-
phospholipid surface monolayer to a depth of ~17–28 Å 
and reaching the HDL-CE core [26], while the C-terminal 
domain only penetrates LDL or VLDL surface to a depth of 
20–25 Å. Further study showed that the CETP binds HDL 
through surface-hydrophobic interactions [49], while bind-
ing to LDL/VLDL occurs via protein–protein interactions 
[49]. Moreover, MD simulations revealed that the N-termi-
nal phospholipid pore, ~60 Å from the end, is adjacent to the 
HDL surface, which permits the possibility of surface lipid 
transfer [90, 99]. This pore could be important for surface 
phospholipid transfer when the size of HDL decreases, e.g., 
during CE efflux, thus potentially stabilizing the increas-
ing or decreasing curvature of the HDL surface. EM studies 
from other groups did not reveal the ternary complex [82] 
and invoked the so-called absent of evidence to conclude 
that ternary complex formation is not required for CE trans-
fer among lipoproteins [82]. However, this study is consist-
ent with both the tunnel and shuttle mechanism and does not 
propose a new mechanism to explain their immuno-TEM 
and biophysical studies. Currently, the debate over whether 
CETP is a lipid tube or shuttle is unresolved. Hence, the 
mechanism of CETP-mediated lipid transfer remains to be 
further studied for better verification.

Lipid Transfer Process

MD simulations have been used to investigate the details 
of lipid transfer through CETP [104]. A computer-based 
mechanical analysis showed that the distal portions of CETP 
β-barrel domains are highly flexible, permitting the hypoth-
esized large-scale conformational excursion needed to form 
a continuous tunnel for CE entry and exit by connecting 
internal small cavities and a central cavity [91]. According 
to one MD simulation, a hydrophobic tunnel inside CETP is 
wide enough for a CE molecule to transfer through the entire 
molecule (Fig. 1E). Analyses of the detailed interactions 
revealed several residues that are critical for CETP function. 
This observation may provide clues that guide the design of 
more effective of CETP inhibitors for treatment of ASCVD 
[90]. MD simulation of the tunnel mechanism for TG trans-
fer between lipoproteins by CETP [65] showed that the TGs 
are also transferred in the CETP core tunnel, and that the 
binding affinity of TGs in the CETP hydrophobic tunnel is 
higher than that of CEs. Thus, TG transfer through the CETP 
hydrophobic tunnel is slower than that of CE.

To probe the transfer pathway, a CE molecule was pulled 
to the surface pore at the CETP N-terminal distal end under 
forces ranging from 6–22 kcal/mol/Å [90]. The MD simu-
lations, which were repeated four times under each driv-
ing force, confirmed that a CE molecule transfers through 
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the entire CETP molecule and yielded 72 different trans-
fer times [90]. In the simulation, several residues, such as 
Ile15, Leu23, Ala202, Ile205, Leu206, Phe263, Phe265, and 
Met433 (Fig. 1F), surrounding the narrow region (within 
~10 Å range) might participate in physical contact with the 
CE molecule and contribute to this local high energy bar-
rier. In addition to the above energy barrier, a low energy 
well was found within both the N-terminal and C-terminal 
β-barrel domains [90]. Phe115, Arg158, and Phe167 contrib-
uted the most energy to the N-terminal energy well (Fig. 1F), 
which may sequester CE from the CE pool into the CETP 
tunnel. Phe301 and Met412 contributed the most energy to 
the C-terminal energy well (Fig. 1F), which may orient or 
facilitate the rotation of the CE steroid rings to allow exit 
from the C-terminal pore. Moreover, the simulations indi-
cated that it is possible for a hydrophobic CE molecule to 
transfer through an entire CETP via a continuous hydropho-
bic tunnel between the two distal ends of CETP (Fig. 1F). 
The predicted CE transfer rate was 33–125 CE molecules/s/
CETP [90] which is ~30 to ~100 times faster than the meas-
ured rate of 1.14–1.54 CE molecules/s/CETP that was calcu-
lated based on the experimental radiolabeled CE against the 
plasma CETP concentration [105, 106]. Because the time 
spent for CETP travel, sensing, interacting, and penetrating 
both HDL and LDL was not included in the predicted trans-
fer time, a longer time should be expected for CE transfer 
under physiological conditions. In addition, MD simula-
tions coupled with free-energy calculations were employed 
to unravel the structure of CETP in solution. Interestingly, 
the phospholipids induced an elastic bent-untwisted con-
formation of CETP, which retains neutral lipids in its core 
tunnel [107].

CETP Inhibition

Given the observation of elevated concentrations of HDL-
C, a negative ASCVD risk factor, in patients with CETP 
deficiency [71, 108], and that in rabbits, CETP inhibition 
increases HDL concentrations and decreases ASCVD [109], 
several CETP inhibitors were developed and tested as an 
ASCVD therapeutic [92, 108–116].

Torcetrapib In ASCVD patients, the CETP inhibitor, torce-
trapib, increased HDL-C concentrations 72.1% and reduced 
LDL-C levels by 20% [14]. Despite this effect [68, 117], 
there were unacceptable side effects—increased systolic 
blood pressure, increased aldosterone and cortisol synthesis 
[118], and more arterial-wall endothelin expression [119], 
while death and ASCVD were more frequent in the group 
receiving torcetrapib and atorvastatin vs. atorvastatin alone 
[14, 120]. Torcetrapib also produced off-target toxic effects 

[121], which may be related to the production of dysfunc-
tional or proatherogenic HDL-C particles [14].

Dalcetrapib In patients with acute coronary syndrome, dal-
cetrapib increased the HDL-C levels ~31–40% vs. a 4–11% 
increase by the placebo [15] and reduced the risk of new-
onset diabetes in patients with ASCVD [122]. However, 
there was no reduction of primary end-point composites 
of ASCVD death, nonfatal myocardial infarction, unstable 
angina, ischemic stroke, or cardiac arrest vs. placebo [15]. 
Considering no benefit vs. the placebo group [11] and side 
effects that included increased systolic blood pressure and 
episodic diarrhea [15], the study was terminated.

Evacetrapib Evacetrapib increased HDL-C levels +133.2% 
and reduced LDL-C levels −13.9%. Despite the minimal 
side effects and the positive effects on lipoprotein levels 
after three months of treatment with statin co-therapy [16], 
ASCVD events were not reduced and the trial was termi-
nated [16].

Anacetrapib Changes in HDL-C and LDL-C levels in 
response to anacetrapib and statin group were respectively 
+104% and −41% compared to the placebo group [17]. 
Side effects included higher systolic and diastolic blood 
pressure. Anacetrapib reduced ASCVD [17, 123, 124] by 
reducing plasma non-HDL-C concentrations, but not those 
for HDL-C. This finding further challenged the idea that 
raising HDL-C concentrations reduces ASCVD events [72, 
125, 126]. Thus, the ASCVD benefit from CETP inhibition 
is likely a consequence of reduced LDL-C and apoB con-
centrations [127].

Obicetrapib Monotherapy with a newer CETP inhibitor 
TA-8995, also known as obicetrapib, [18], reduced LDL 
concentrations ~45.3% and raised HDL concentrations 
~179% [128]. Obicetrapib, which is well tolerated, has ben-
eficial effects on lipids and apolipoproteins, without any 
serious adverse effect observed in other CETP inhibitor 
trials [129]. As reported, obicetrapib, as a monotherapy or 
concurrently with a statin to improve the concentrations of 
HDL-C and LDL-C is a promising drug for treating ASCVD 
outcomes [127, 129, 130].

Subsequent trials with off-target toxic side effects of 
torcetrapib [121], the relatively ineffective dalcetrapib [15], 
and the potent inhibitor evacetrapib [16] were stopped due to 
the lack of efficacy in reducing ASCVD events even though 
the anacetrapib reduces LDL cholesterol levels and increases 
HDL cholesterol levels without showing neutral or adverse 
effects on ASCVD outcomes [17]. Despite the varied results, 
clinical outcomes challenge the observational results of the 
inverse relationship between HDL-C levels and ASCVD 
events [12, 68, 131] and suggest that CETP inhibition alone 
is not the only mechanism that produces the cardioprotective 
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phenotype observed in CETP-deficient individuals [13••, 
132]. Alternatively, HDL contains other components such as 
apo-C3 and apoE, which may contribute to ASCVD in dif-
ferent ways [133••]. The blurred mechanism of CETP inhi-
bition led to many questions, such as whether the elevated 
HDL itself was harmful [134] and whether the decreased 
levels of non-HDL-C particles allows HDL-C particles to 
transport more CE out of peripheral tissues [20••]. A new 
generation CETP inhibitor, such as TA-8899 [129], CKD-
508 [135], and MK-8262 [136], which are still under evalu-
ation, may change the picture. Although, CETP inhibitors 
were developed mainly as an ASCVD therapy, other studies 
have shown that they reduce diabetes and improve glycemic 
control [137].

Crystal structure of CETP binding to inhibitors In 2012, 
crystal structures of several CETP-inhibitors in complexes 
were solved by X-ray crystallography. These included the 
CETP-Torcetrapib complex (PDB: 4F2A) at 2.6 Å resolu-
tion [138] and CETP-Compound2 complex (PDB: 4EWS) at 
3.1 Å resolution [138]. The complex structures showed that 
although the lipids in the C-terminal pocket of the hydropho-
bic tunnel remain unchanged, the buried inhibitors displaced 
the phospholipid from the N-terminal pocket and shifted the 
bound cholesteryl ester in the pocket of the long hydropho-
bic tunnel. The position of the inhibitors is near the narrow-
ing neck of the hydrophobic central tunnel and likely blocks 
the connection between the N- and C-terminal pockets [138].

EM Structure of CETP Binding to Inhibitors In 2017, the EM 
and MD simulation were used to investigate the effects of 
inhibitor compounds (Torcetrapib, Dalcetrapib, and Anace-
trapib) on the structure of the CETP-lipoprotein complex 
and CETP-mediated CE transfer [45]. These three inhibitors 
did not alter the structure of CETP or the conformation of 
CETP-lipoprotein binary complexes. However, the inhibitors 
increased the binding ratios of the binary complexes (CETP-
HDL and CETP-LDL) and decreased the binding ratios of 
the ternary complexes (HDL-CETP-LDL), especially those 
of torcetrapib and anacetrapib [45]. These high-binding 
efficiencies appeared to correlate with their corresponding 
degrees of lipid-altering efficacies observed in large clinical 
trials [14, 45]. The findings of more binary complexes and 
fewer ternary complexes reveal an alternative mechanism of 
inhibition in which the binding distal end to HDL triggers 
a conformational change at the opposite distal end resulting 
in a reduced binding ratio to LDL for a reduced CE transfer 
rate among lipoproteins (shown in Fig. 1G and H). Moreo-
ver, the increased binding affinity between CETP and HDL 
by an inhibitor can reduce the concentration of free CETP 
in plasma, which also reduces CETP activity. However, the 
high binding affinity between CETP and HDL could also 
implicate CETP and the inhibitor HDL metabolism [45], 
a potential source of side effects. An ideal inhibitor design 

should target for disabling CETP function with decreasing 
the CETP-HDL binding affinity.

MD Simulations of CETP Binding Inhibitors In the past dec-
ade, atomistic MD simulations have been used to investi-
gate the inhibitory mechanism by studying the interactions 
between the inhibitors and CETP [92, 139–141]. Aijanen 
et al. showed the that anacetrapib was directed toward the 
concave surface of CETP, and especially toward the region 
of the N-terminal tunnel opening [139], instead of being 
buried deep within the CETP pocket of the long hydropho-
bic tunnel revealed by the crystal structure [138]. Further-
more, Jamalan et al. showed that the anacetrapib may alter 
the secondary structure of CETP in the C-terminal domain 
and destabilize CETP-lipoprotein complex for reducing the 
CE transport, [140] which contradicts the EM study [45]. In 
the EM study, the anacetrapib increased the CETP-lipopro-
tein binding affinity and “locked” the CETP to lipoprotein 
surface, thereby reducing the free CETP in plasma and CE 
transportation. Chirasani et al. in 2016 proposed that the 
hydrophobic interactions between the CETP core tunnel 
residues and both torcetrapib and anacetrapib play a pivotal 
role and that the physical exclusion of the CETP tunnel by 
these small inhibitor molecules is the primary mechanism of 
CETP inhibition [92]. However, the roles of torcetrapib and 
anacetrapib in this process have not yet been explained. Yang 
et al. in 2018 investigated the interactions between CETP 
and the inhibitors (torcetrapib, anacetrapib, and evacetrapib) 
and showed that the inhibitors induce incremental increases 
in CETP rigidity and decrease the stability of the hydropho-
bic CETP tunnel [141]. However, the relationship between 
rigidity and side effects of the CETP-inhibitor complex on 
treating ASCVD was not explained.

The Hypothesis of CETP Inhibitory 
Mechanism

Based on above reviews, we proposed a hypothetical model 
of CE transport and CETP inhibition as follows: CETP binds 
to HDL surface lipids via the hydrophobic distal end of its 
N-terminal β-barrel domain; smaller HDL has a higher bind-
ing affinity for CETP binding due to its higher surface curva-
ture and hydrophobicity. This interaction causes the N-ter-
minal β-barrel domain to compress and enlarge the internal 
cavities to form a single tunnel and connect to the CETP 
central pockets, as in a Chinese finger trapper model. When 
this hydrophobic tunnel reaches the HDL core, the HDL CEs 
are diffuse into the CETP central tunnel, thereby triggering 
a conformational change of the C-terminal β-barrel domain 
and increasing the binding affinity to apoB of LDL and 
VLDL. Due to a higher internal pressure within the smaller 
size of HDLs and a lower internal pressure within the larger 
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size of LDL/VLDLs, the CE diffuses from HDL to LDL 
through the CETP central tunnel. While a CETP inhibitor, 
such as torcetrapib, moves from the N-terminal port, the 
inhibitor is trapped inside the CETP central pocket and in 
the CETP central tunnel by its hydrophobicity and physical 
size. The increased size of the central cavity by inhibitor 
increases the CETP rigidity and tunnel size at both β-barrel 
domain distal ends, which further increased the binding 
affinity to HDL and LDL. However, the increased binding 
affinity to HDL also results in more free-CETPs “parking” 
on the surface of HDL. The benefit of the “parking” is that 
it reduces the free CETP concentration in plasma, leading 
to fewer CEs transferred from HDL to LDL, displaying as 
the increased HDL-C and decreased LDL-C. However, the 
drawback is that the tight binding of CETP-inhibitor to HDL 
can involve the inhibitor in HDL metabolism, thereby induc-
ing the CETP-inhibitor complexes to accumulate in some 
organs, such as skin cells.

Conclusion

CETP mediates CE transport from HDL to LDL (or VLDL) 
in plasma; thus, CETP inhibition seemed an ideal strategy 
to increase HDL-C and decrease LDL-C as an anti-ASCVD 
therapy. Clinically, the CETP inhibitors, such as torcetrapib, 
dalcetrapib, anacetrapib, and obicetrapib increase HDL-C 
levels. However, the anti-ASCVD effect was no different 
from controls and some side effects have been reported. 
Thus, the value of raising HDL-C levels to reduce the risk 
of ASCVD events has been widely questioned. One explana-
tion is that the plasma levels of small HDLs may be inversely 
correlated to ASCVD risk, while the levels of large HDLs 
may correlate with ASCVD risk. In recent studies, some 
suggested that future CETP inhibitors should have lower 
binding affinity to HDL or LDL. Reducing the CETP inter-
action to HDL/LDL may prevent the CETP-bound inhibitor 
from interfering with the normal HDL or LDL metabolism, 
which in turn, would reduce the risk of side effects. Pre-
sumably, a better understanding of CETP functions and its 
inhibitory mechanism will guide the design of a new genera-
tion of CETP that are effective against ASCVD.
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