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CLINICAL AND POPULATION STUDIES

Pharmacological Inhibition of CETP (Cholesteryl 
Ester Transfer Protein) Increases HDL (High-
Density Lipoprotein) That Contains ApoC3 and 
Other HDL Subspecies Associated With Higher 
Risk of Coronary Heart Disease
Jeremy D. Furtado , Giacomo Ruotolo, Stephen J. Nicholls, Robert Dullea, Santos Carvajal-Gonzalez , Frank M. Sacks

OBJECTIVE: Plasma total HDL (high-density lipoprotein) is a heterogeneous mix of many protein-based subspecies whose 
functions and associations with coronary heart disease vary. We hypothesize that increasing HDL by CETP (cholesteryl ester 
transfer protein) inhibition failed to reduce cardiovascular disease risk, in part, because it increased dysfunctional subspecies 
associated with higher risk such as HDL that contains apoC3.

APPROACH AND RESULTS: We studied participants in 2 randomized, double-blind, placebo-controlled trials of a CETP inhibitor 
on a background of atorvastatin treatment: ACCENTUATE (The Addition of Evacetrapib to Atorvastatin Compared to 
Placebo, High Intensity Atorvastatin, and Atorvastatin With Ezetimibe to Evaluate LDL-C Lowering in Patients With Primary 
Hyperlipidemia; 130 mg evacetrapib; n=126) and ILLUMINATE (Phase 3 Multi Center, Double Blind, Randomized, Parallel 
Group Evaluation of the Fixed Combination Torcetrapib/Atorvastatin, Administered Orally, Once Daily [Qd], Compared With 
Atorvastatin Alone, on the Occurrence of Major Cardiovascular Events in Subjects With Coronary Heart Disease or Risk 
Equivalents; 60 mg torcetrapib; n=80). We measured the concentration of apoA1 in total plasma and 17 protein-based HDL 
subspecies at baseline and 3 months. Both CETP inhibitors increased apoA1 in HDL that contains apoC3 the most of all 
HDL subspecies (median placebo-adjusted percent increase: evacetrapib 99% and torcetrapib 50%). They also increased 
apoA1 in other HDL subspecies associated with higher coronary heart disease risk such as those involved in inflammation 
(α-2-macroglobulin and complement C3) or hemostasis (plasminogen), and in HDL that contains both apoE and apoC3, 
a complex subspecies associated with higher coronary heart disease risk. ApoA1 in HDL that contains apoC1, associated 
with lower risk, increased 71% and 40%, respectively. Only HDL that contains apoL1 showed no response to either drug.

CONCLUSIONS: CETP inhibitors evacetrapib and torcetrapib increase apoA1 in HDL subspecies that contain apoC3 and other HDL 
subspecies associated with higher risk of coronary heart disease. Subspecies-specific effects shift HDL subspecies concentrations toward 
a profile associated with higher risk, which may contribute to lack of clinical benefit from raising HDL by pharmaceutical CETP inhibition.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: apolipoproteins ◼ cholesterol ester transfer proteins, antagonists & inhibitors ◼ heart diseases ◼ hydroxymethylglutaryl-CoA reductase 
inhibitors ◼ lipoproteins, HDL

The concentration of HDL-C (cholesterol in high-den-
sity lipoproteins) in the blood, widely accepted as an 
inverse risk factor for cardiovascular disease (CVD), 

is routinely measured in primary care screening and was 
the target of therapies to reduce risk.1 However, it is not 
the cholesterol itself that reduces risk of CVD. Rather, the 
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HDLs carrying that cholesterol are the actors that facilitate 
efflux of cholesterol from tissues for excretion via the liver, 
mediate inflammation and oxidation, and participate in pro-
tective hemostatic and apoptotic processes.2 Thus, while 
epidemiological evidence supports HDL-C as a biomarker 
for CVD risk, the measure is inherently imperfect, merely 
providing a snapshot of the amount of the cholesterol 
within a dynamic system of HDL subject to perturbation. 
For example, reduced ability of HDLs to deliver choles-
terol to the liver via SR-BI (scavenger receptor BI) results 
in elevated levels of HDL-C, but rather than a decrease 
in risk of coronary heart disease, there is an increase.3 
With reduced clearance through the liver, plasma HDL-C 
rises as HDLs continue to efflux cholesterol from tissues. 
In this case, elevated HDL-C is a marker of dysfunction. 
Conversely, enhanced efficiency of the same mechanism 
results in low levels of plasma HDL-C due to increased 
flux of cholesterol out of the body. In this case, a low level 
of HDL-C is a marker of enhanced function. Furthermore, 
neither of these perturbations in HDL-C concentration 
may have any effect on the other protective functions of 
HDL beyond reverse cholesterol transport. Thus, HDL-C 
is not a reliable marker of protection against CVD imparted 
by HDLs. Recent epidemiological studies have included 
individuals with very high levels of HDL-C and have found 
that the inverse linear relationship between HDL-C and 
CVD risk is lost at elevated levels.4,5

CETP (Cholesteryl ester transfer protein) is a plasma 
protein that transfers cholesteryl ester from HDL particles 
to apoB-containing lipoproteins in exchange for triglycer-
ide.6,7 Epidemiological evidence that HDL-C concentration 
is associated with lower CVD risk while LDL-C (low-den-
sity lipoprotein cholesterol) is associated with higher risk 
sparked the hypothesis that this transfer of cholesterol by 
CETP increases risk of CVD. Indeed, studies in certain ani-
mal models found the actions of CETP to be proatherogenic. 
Mice are naturally deficient in CETP yet are relatively resis-
tant to diet-induced atherosclerosis.7 The introduction and 
expression of the simian cetp gene resulted in enhanced 
formation of fatty streak lesions compared with controls, 
primarily due to redistribution of cholesterol from HDL to 
VLDL (very-low-density lipoprotein) and LDL.8 Induction of 

CETP expression in APOE*3-Leiden mice, which exhibit a 
human-like lipoprotein profile and develop atherosclerosis 
upon feeding with saturated fat and cholesterol, shifted the 
distribution of cholesterol from HDL to VLDL and LDL and 
reduced plasma-mediated SR-BI-dependent cholesterol 
efflux.9 It was the increased VLDL-cholesterol rather than 
the decreased HDL-cholesterol that was found to increase 
atherosclerosis in these mice.10 Unlike mice, rabbits normally 
express high levels of CETP and are highly susceptible to 
the development of diet-induced atherosclerosis.7 In a study 
of cholesterol-fed rabbits, animals with their plasma CETP 
activity reduced through antibody inhibition exhibited a sub-
stantial increase in the concentration of HDL-C, a modest 
decrease in LDL-C concentration, and a significant reduction 
in aortic atherosclerotic lesions, indicating reduced suscepti-
bility to atherosclerosis.11 In another study, administration of a 
CETP inhibitor to rabbits increased HDL-C, decreased non-
HDL-cholesterol, and inhibited the progression of athero-
sclerosis.12 However, other animal models have found CETP 
to be protective. Atherosclerosis was reduced by CETP in 
mice engineered to overexpress human apoC3.13 Expres-
sion of human CETP protects SR-BI deficient mice from 
atherosclerosis.14 In addition, in transgenic mice expressing 
human LCAT (lecithin-cholesterol acyltransferase) that have 
an increased concentration of HDL-cholesterol but also an 
increased susceptibility to atherosclerosis, expression of the 
simian cetp gene reduces atherosclerosis.15

The relationship between CETP and CVD risk in humans 
is equally complex. Although genetic polymorphisms in 

Nonstandard Abbreviations and Acronyms

CETP cholesteryl ester transfer protein
CHD coronary heart disease
CVD cardiovascular disease
HDL-C high density lipoprotein cholesterol
LDL-C low-density lipoprotein cholesterol
PON-1 paraoxonase-1
SR-BI scavenger receptor BI
VLDL very-low-density lipoprotein

Highlights

• CETP (Cholesteryl ester transfer protein) inhibi-
tors torcetrapib and evacetrapib increase the 
apoA1 concentration of protein-defined HDL 
(high-density lipoprotein) subspecies to markedly 
different degrees.

• HDL subspecies differ in their association with 
coronary heart disease: some are associated with 
lower risk, some have no association with coronary 
heart disease, and some are associated with higher 
risk. Pharmacological increases in HDL concentra-
tion would not be beneficial if they are achieved with 
dysfunctional types of HDL that are associated with 
null or higher risk of coronary heart disease.

• ApoA1 concentration in HDL that contains apoC3, a 
dysfunctional HDL subspecies, increased the most 
of all subspecies. ApoA1 in HDL that contains apoE 
was also increased, but this increase was in its non-
protective subtype that also contains apoC3.

• Taken together, the changes in apoA1 concentra-
tions in protein-defined HDL subspecies elicited by 
torcetrapib and evacetrapib result in an altered HDL 
profile that may be less protective, which could con-
tribute to the lack of clinical benefit from pharma-
ceutical CETP inhibition.
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humans that reduce expression of CETP are associated 
with higher HDL-C and apoA1,16–18 associations with 
CVD risk are inconsistent.19–26 Genome-wide association 
studies and Mendelian randomization studies have identi-
fied several genes that are associated with higher plasma 
HDL-C but are not associated with lower risk of CVD.27–30 
Furthermore, a CETP mutation has been identified in 
humans that results in lower HDL-C concentration yet is 
associated with reduced risk of ischemic heart disease.31 
Pharmaceutical inhibition of CETP significantly increases 
HDL-C concentrations, but these increases have not led 
to reduced risk of CVD. Two of these drugs, evacetrapib 
and torcetrapib, increased HDL-C by 125% and 29% 
and apoA1 by 46% and 25%, and both were found to 
increase the cholesterol efflux capacity of total HDL, yet 
neither reduced cardiovascular events.32–34 Anacetra-
pib reduced coronary heart disease (CHD) by 9%, but 
this mild effect is consistent with its 18% lowering of 
non-HDL-cholesterol, rather than its doubling of HDL-C 
level.35 Taken together, the evidence suggests that the 
concentration of HDL-C or plasma apoA1 may not be a 
reliable marker of the cardioprotective quality of HDL.

HDL is a highly heterogeneous collection of lipid-
protein complexes comprised of various lipids, apoA1, 
and an assortment of over 200 other lipophilic proteins 
(https://homepages.uc.edu/~davidswm/HDLproteome.
html), some of which define stable HDL subspecies.36–39 
We recently identified and characterized the proteomes 
of 15 novel protein-defined HDL subspecies.39 The sub-
species each comprised 1% to 18% of total HDL, and 
their concentrations were stable within an individual over 
1 to 2 years. Several of these subspecies, defined by pro-
teins such as apoC3, complement C3, α-2-macroglobulin, 
haptoglobin, or plasminogen, were associated with higher 
risk of CHD than the HDL that lacked the defining pro-
tein, whereas HDL that contained apoC1 or apoE were 
associated with lower risk.40 Among these subspecies, 
HDL that contains apoC3 has been studied the most 
extensively. This subspecies is associated with higher risk 
of subclinical atherosclerosis, CHD, insulin resistance, 
and type 2 diabetes.38,40–45 Furthermore, the copresence 
of apoC3 on HDL that contains apoE eliminates its pro-
tective association against CHD by impairing metabolic 
pathways active in reverse cholesterol transport that 
moves cholesterol from macrophages to the liver.37

We hypothesized that effects of CETP on protein-
based HDL subspecies differently associated with CHD 
risk may in part explain the lack of therapeutic benefit on 
CHD of raising total HDL by CETP inhibition. For exam-
ple, inhibition of CETP by evacetrapib and torcetrapib 
may increase detrimental subspecies such as HDL that 
contains apoC3. To test this hypothesis, we measured 
total plasma apoA1 and apoA1 in 17 protein-based HDL 
subspecies at baseline and 3 months in blood samples 
from participants in 2 randomized, double-blind, placebo-
controlled trials.32,33

MATERIALS AND METHODS
To minimize the possibility of unintentionally sharing informa-
tion that can be used to reidentify participants, a subset of the 
data generated for this study is available from the correspond-
ing author upon reasonable request.

Study Population
The details of the ACCENTUATE (The Addition of Evacetrapib to 
Atorvastatin Compared to Placebo, High Intensity Atorvastatin, 
and Atorvastatin With Ezetimibe to Evaluate LDL-C Lowering in 
Patients With Primary Hyperlipidemia) and ILLUMINATE (Phase 
3 Multi Center, Double Blind, Randomized, Parallel Group 
Evaluation of the Fixed Combination Torcetrapib/Atorvastatin, 
Administered Orally, Once Daily [Qd], Compared With Atorvastatin 
Alone, on the Occurrence of Major Cardiovascular Events in 
Subjects With Coronary Heart Disease or Risk Equivalents) tri-
als have been published.32,33 Both were multicenter, prospective, 
randomized, double-blind, parallel, placebo-controlled clinical 
trials. Details of the trials are provided in the Supplemental 
Material, and the characteristics of the participants are shown in 
the Table. Briefly, the ACCENTUATE trial (supported by Eli Lilly 
and Company, URL: https://www.clinicaltrials.gov; Unique iden-
tifier: NCT02227784) was a Phase 3 randomized clinical trial 
designed to evaluate the effects of evacetrapib on HDL-C and 
other lipids in participants with high cholesterol and atheroscle-
rotic CVD and diabetes. Atorvastatin was given as a background 
medication to both evacetrapib and placebo groups to control 
and equalize LDL-C. Our study compared all of the subjects 
included in the final efficacy analysis from 2 of the study treat-
ment arms: atorvastatin 40 mg and evacetrapib 130 mg daily 
(n=86); and atorvastatin 40 mg and placebo evacetrapib (n=40) 
daily. The ILLUMINATE trial (supported by Pfizer, URL: https://
www.clinicaltrials.gov; Unique identifier: NCT00134264) was a 
Phase 3 randomized controlled trial designed to demonstrate 
if torcetrapib plus atorvastatin could reduce the risk for major 
CVD events compared with atorvastatin alone in patients with 
coronary heart disease or risk equivalents. Our study randomly 
selected 20 men and 20 women from the atorvastatin 10 mg + 
torcetrapib 60 mg daily dose group and an additional 40 partici-
pants from the atorvastatin 10 mg group + placebo torcetrapib 
who were matched on sex, race, and age (within 1 year).

Laboratory Analysis
Stored plasma samples from the ACCENTUATE trial of eva-
cetrapib and the ILLUMINATE trial of torcetrapib collected at 
baseline and after 3 months were shipped on dry ice by over-
night courier to the Harvard T.H. Chan School of Public Health 
and stored at −80 °C pending analysis. Modified sandwich 
ELISAs to quantify the concentrations of the 17 HDL subspe-
cies defined by selected proteins were performed as described 
in detail previously39,40 and in the Supplemental Material. All 
HDL subspecies are quantified as the concentration of apoA1 
(mg/dL) in that subspecies. To minimize batch effects, baseline 
and 3-month samples were paired side-by side in the same 
ELISA plate in random order and CETP-treated and untreated 
samples were alternated with equal numbers on each ELISA 
plate. The lab was blinded to time point and treatment status.

For the analysis of apoA1 concentration in HDL subspe-
cies defined by content of both apoE and apoC3, samples were 
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fractionated by sequential immuno-affinity column chromatog-
raphy and then measured for concentration of apoA1, apoE, 
and apoC3 by standard sandwich ELISA as described in detail 
by Talayero et al.46 Due to the time-consuming protocol and 
expense of immuno-affinity column chromatography, a subset 
of 14 samples was randomly selected from the ILLUMINATE 
trial from those individuals receiving torcetrapib excluding the 5 
individuals for whom torcetrapib did not increase HDL that con-
tains apoE. Samples from the ACCENTUATE trial had insuffi-
cient volume available to be included in this secondary analysis. 
The efficiencies of the apoC3 and apoE immuno-affinity col-
umns were 93% and 96%, respectively. ELISAs were per-
formed as described in the Supplemental Material.

Statistics
All statistical analyses were performed using the SAS software 
package, version 9.4 (SAS Institute Inc, Cary, NC). Percent 
change for concentration of apoA1 in total plasma and in each 
of the 17 HDL subspecies was calculated by taking the dif-
ference between the concentrations in the 3-month sample 
and the baseline sample, then dividing by the baseline concen-
tration. The median change in apoA1 concentration and the 
median percent change in apoA1 concentration of total plasma 
and the HDL subspecies in the placebo and treatment groups 
were compared by Wilcoxon rank-sum test. The proportion of 
HDL comprised of each individual HDL subspecies at baseline 
and at 3 months was calculated as the concentration of apoA1 
in that HDL subspecies divided by the concentration of apoA1 
in total plasma. The percent change in the proportion of HDL 
comprised of each individual HDL subspecies was calculated 
as the difference between the proportion of HDL comprised 
of the HDL subspecies at 3 months minus the proportion of 
HDL comprised the HDL subspecies at baseline divided by 
the proportion of HDL comprised of the HDL subspecies at 
baseline. This percent change was tested for difference from 
zero by Wilcoxon rank-sum test. For all tests, multiple compari-
son adjustment with control for false discovery rate was used 

because the HDL subspecies overlap and their concentrations 
and changes in concentrations are correlated, as in the genomic 
literature.47,48 While this study was not powered for subgroups 
analyses, we looked for evidence that drug response may have 
been associated with sex, age, or comorbidity.

RESULTS
The baseline characteristics of the full and subset study 
populations are summarized in the Table. In the subset of 
samples used in this study, the patients were predominantly 
white, overweight or obese, and mean age 63 to 65 years. 
The baseline characteristics comparing the CETP inhibi-
tors with placebo are generally similar except for triglyc-
eride in the torcetrapib study (median baseline torcetrapib 
120 mg/dL versus median baseline placebo 184 mg/dL).

CETP Inhibitor Treatment Increased the 
ApoA1 Concentration of Total HDL and of 
HDL Subspecies Defined by Proteins With 
Lipid Metabolism Functions, Raising HDL That 
Contains ApoC3 the Most
Torcetrapib and evacetrapib increased median placebo-
adjusted concentration of total apoA1 of 30% and 60%, 
respectively (Figures 1 and 2, Tables S1 and S2). The larg-
est treatment effects occurred in the HDL subspecies 
defined by proteins linked to lipid metabolism. Compared 
with placebo, both treatments increased apoA1 concentra-
tion in HDL that contains apoC3 by the largest percent-
age of all subspecies (median placebo-adjusted increase 
of 50% for torcetrapib and 99% for evacetrapib, both FDR 
(false detection rate)-adjusted P<0.001; Figures 1 and 
2, Tables S1 and S2). This was nearly double the percent 

Table. Participant Characteristics

 

ACCENTUATE ILLUMINATE

Full study Placebo Evacetrapib (130 mg) Full study Placebo Torcetrapib (60 mg)

N 366 36 81 15 067 40 40

White, % 81.1 80.6 80.2 93 100* 100

Diabetes, % 50.5 36.1 48.1 45 75 70

Males, % 66.1 72.2 67.9 78 50* 50

Age, y 63±9 63±8 63±8 61±8 65±6* 65±6

Body mass index, kg/m2 31.7±7.0 30.4±6.4 31.0±6.0 30.2±5.6 31.7±7.2 30.6±6.6

Triglycerides,† mg/dL 129 (97–180) 123 (84–159) 128 (88–189) 128 (93–179) 184 (123–219) 120 (87–208)

LDL-C, mg/dL 85±19 83±17 88±17 80±20 85±20 75±23

HDL-C, mg/dL 48±13 52±16 48±13 49±12 48±12 50±12

ApoA-I, mg/dL 141±26 149±32 142±27 128±23 133±21 134±25

ApoB, mg/dL 83±16 80±17 84±15 74±16 79±18 72±16

Accentuate placebo, atorvastatin 40 mg. Illuminate placebo, atorvastatin 10 mg. ACCENTUATE indicates The Addition of Evacetrapib to Atorvastatin Compared to Placebo, High 
Intensity Atorvastatin, and Atorvastatin With Ezetimibe to Evaluate LDL-C Lowering in Patients With Primary Hyperlipidemia; HDL, high-density lipoprotein; ILLUMINATE, Phase 3 
Multi Center, Double Blind, Randomized, Parallel Group Evaluation of the Fixed Combination Torcetrapib/Atorvastatin, Administered Orally, Once Daily [Qd], Compared With Atorvas-
tatin Alone, on the Occurrence of Major Cardiovascular Events in Subjects With Coronary Heart Disease or Risk Equivalents; IQR, interquartile range; and LDL, low-density lipoprotein.

Data are means±SD or %; 
*matching factor; and
†median (IQR).
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increase in total apoA1. ApoA1 concentration in HDL 
that contains apoE also increased by a larger percent-
age than total apoA1 (40% and 86% relative to placebo, 
respectively, P<0.001; Figure 2, Tables S1 and S2). Both 
drugs increased apoA1 concentration in HDL that con-
tains apoC1 (40% and 71%, P<0.001) and in HDL that 
contains apoJ (32%, P=0.02; 49%, P<0.001). Evacetra-
pib increased apoA1 concentration in HDL that contains 
apoA4 (70%, P<0.001) and in HDL that contains apoC2 
(54%, P<0.001). Both drugs increased apoA1 concentra-
tion in HDL that contains apoA2 (28% and 44%, P<0.001), 
a subspecies that comprises ≈80% of total HDL, while 
they increased apoA1 concentration in the complementary 
subspecies HDL that lacks apoA2 by a larger percentage 
(39% and 76%, P<0.001; Figure 2, Tables S1 and S2).

The CETP Inhibitor Mediated Increase in 
HDL That Contains ApoE Occurs Only in Its 
Dysfunctional Subtype That Also Contains 
ApoC3
HDL subspecies that contain apoE or apoC3 overlap 
substantially in their proteomes39; about 50% of HDL 
that contains apoC3 also contains apoE, and 50% of 
HDL that contains apoE also contains apoC3. HDL that 
contains apoE but not apoC3 is associated with lower 
risk, but risk is elevated37 in HDL particles that also con-
tain apoC3. Therefore, we studied the effect of CETP 
inhibition on HDL subspecies defined simultaneously 
by both apoE and apoC3 in a subset of 14 participants 
in the torcetrapib study. Torcetrapib increased the con-
centration of apoA1 in HDL that contains apoC3 but 
lacks apoE by a median of 96% and increased apoA1 

concentration in HDL that contains both apoE and 
apoC3 by 43%. These subspecies are associated with 
higher CHD risk. In contrast, torcetrapib did not increase 
the concentration of apoA1 in HDL that contains apoE 
but lacks apoC3, the subspecies associated with lower 
risk (Figure 3). The results were not affected by 2 outli-
ers, one from the subspecies that lacks apoE and apoC3 
(458% increase) and the other from the subspecies that 
contains apoE and lacks apoC3 (988% increase).

Evacetrapib Treatment Also Increased the 
Concentration of HDL Subspecies Defined by 
Proteins Linked to Functions Other Than Lipid 
Metabolism
Compared with placebo, evacetrapib increased the con-
centration of apoA1 in HDL subspecies defined by pro-
teins associated with hemostasis (HDL that contains 
plasminogen or fibrinogen, 43% and 44%, P<0.001) 
or inflammation (HDL that contains α-1-antitrypsin or 
α-2-macroglobulin, 69% and 32%, P≤0.01; Figure 2, 
Tables S1 and S2). HDL subspecies defined by pro-
teins associated with antioxidation include HDL that 
contains ceruloplasmin, haptoglobin, or PON-1 (paraox-
onase-1). Compared with placebo, evacetrapib increased 
apoA1 concentration in these HDL subspecies by 27% 
to 41% (P≤0.01; Figure 2, Tables S1 and S2). ApoA1 
concentration in HDL that contains complement C3, a 
subspecies related to inflammation and immunity, is also 
increased by evacetrapib (30%, FDR-adjusted P=0.02; 
Figure 2, Tables S1 and S2). Like evacetrapib, torcetra-
pib increased apoA1 concentration in these HDL sub-
species but to a lesser degree and the difference was 

Figure 1.  Torcetrapib and evacetrapib increase the concentrations of apoA1 in total plasma and in HDL (high-density 
lipoprotein) that contains apoC3 compared with placebo.
Atorvastatin was given as a background medication to all groups to control and equalize LDL (low-density lipoprotein)-cholesterol. Percentages 
indicated above the bars are median placebo-adjusted changes from baseline. Box plots show median, interquartile range, and mean (indicated 
by x). P values are for effect of drug compared with placebo and are FDR (false detection rate)-adjusted.
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not statistically significant compared with placebo. HDL 
that contains apoL1 has a proteomic profile unlike any 
other subspecies.39 Compared with placebo, neither drug 
significantly affected the concentration of apoA1 in HDL 
that contains apoL1 (Figure 2, Tables S1 and S2).

CETP Inhibitor Treatment Changes the 
Proportion of Total HDL Comprised by the HDL 
Subspecies
In addition to examining changes in absolute concen-
tration of apoA1 in HDL subspecies, we also examined 
changes in the proportion of total HDL comprised by 
each of the HDL subspecies (Figure 4). Increases in 
apoA1 concentration in an HDL subspecies as a pro-
portion of total apoA1 indicates a relative enrichment of 
this subspecies (ie, more of the total HDL is comprised 
of this subspecies) while decreases indicate a relative 
depletion. Both torcetrapib and evacetrapib increased 
the proportion of total apoA1 that is comprised by HDL 
that lacks apoA2 and HDL that contains apoC1, apoC3, 
or apoE (FDR-adjusted P<0.05). The proportion of 
total apoA1 comprised HDL that contains apoC3 was 
increased the most by both treatments (increased by 
16.5% and 18.4%, respectively). Both drugs decreased 
the proportion of total apoA1 that is comprised by HDL 
that contains apoL1 (−10% and −30%, respectively) or 

haptoglobin (−8% and −13%, respectively). Evacetrapib 
decreased the proportion of total apoA1 that is comprised 
by HDL that contains apoC2, apoJ, α-1-antitrypsin, α-2-
macroglobulin, ceruloplasmin, complement C3, fibrino-
gen, plasminogen, or PON-1 to varying degrees, ranging 
from −1% to −21% apoE (FDR-adjusted P<0.05).

Subgroup and Sensitivity Analyses
Although this study was not powered for subgroup analy-
ses, we looked for evidence that drug response may have 
been associated with sex, age, or comorbidity but found 
no statistically significant interactions. In sensitivity analy-
ses we compared the P values obtained by t test, by t test 
after log-transformation, and by Wilcoxon rank-sum test. 
We also ran the models after removing outliers beyond 
3 SDs from the mean. We found no deviations from the 
patterns of statistical significance that we have reported.

DISCUSSION
Treatment with the CETP inhibitors, evacetrapib and torce-
trapib, increased total apoA1 concentration, and the apoA1 
concentration of 17 HDL subspecies to markedly different 
degrees. The 17 HDL subspecies studied differ in their 
association with CHD risk: some are associated with lower 
risk, some have no association with CHD, and some are 

Figure 2. Both torcetrapib and evacetrapib nominally increased the apoA1 concentrations of all HDL (high-density lipoprotein) 
subspecies studied, except apoL1, but to different degrees.
Bars are median placebo-adjusted percent change. P values are for effect of drug compared with placebo and are FDR (false detection 
rate)-adjusted. A1AT indicates α-1-antitrypsin; A2M, α-2-macroglobulin; CoC3, complement C3; CP, ceruloplasmin; FBG, fibrinogen; HP, 
haptoglobin; PLMG, plasminogen; and PON-1, paraoxonase-1.
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associated with higher risk.40 ApoA1 concentration in HDL 
that contains apoC3, a subspecies of HDL associated with 
higher CHD risk, was increased the most of all HDL subspe-
cies. ApoA1 concentration in protective HDL that contains 
apoE was increased, but we found that it was its nonprotec-
tive subtype that also contains apoC3 that increased. Phar-
macological increases in HDL concentration would not be 
beneficial if they are achieved with dysfunctional types of 
HDL that are associated with null or higher risk of CHD. 
The relationship between these changes in HDL subspe-
cies concentration and disease risk cannot be determined 
directly from this study, but inference can be drawn from 
associations between the HDL subspecies and disease 
risk in previous observational studies.

Evacetrapib treatment increases plasma total apoC3 
by 50%.33 However, plasma total apoC3 does not corre-
late strongly with the concentration of apoA1 in HDL that 
contains apoC3.40 Therefore, plasma total apoC3 is not 
a reliable marker of the concentration of apoA1 in HDL 
that contains apoC3. HDL that contains apoC3, whether 
quantified by apoA1 or cholesterol concentration, is a 
dysfunctional subspecies37 associated with higher risk of 
CHD independent of plasma apoC3 concentration.38,40–44 
The present study showed that the type of HDL increased 
the most by evacetrapib and torcetrapib is HDL that con-
tains apoC3. A recent study of 4 US cohorts found that 
an increase in apoA1 concentration in HDL that contains 
apoC3 of 1 SD was associated with a 9% increase in risk of 
incident coronary heart disease.38 In the present study, the 
increase in concentration of apoA1 in HDL that contains 
apoC3 was ≈1 SD of the baseline concentration in each 

group. Therefore, considered in isolation, we may expect a 
9% increase in risk to result solely from the increase in HDL 
that contains apoC3 elicited by the drugs. Furthermore, the 
copresence of apoC3 on HDL that contains apoE nullifies 
the beneficial effect of apoE on HDL metabolism in relation 
to reverse cholesterol transport and CVD.37

CETP inhibitor treatment significantly increased other 
HDL subspecies associated with higher risk of CHD: HDL 
that contains α-2-macroglobulin (HR [hazard ratio]=1.09), 
complement C3 (HR=1.11), or plasminogen (HR=1.06).40 
Increases in the concentrations of these 3 subspe-
cies may increase CHD risk. Alpha-2-macroglobulin is a 
general protease inhibitor, may interfere with the action 
of plasmin,49 and inactivates LCAT,50 actions that inhibit 
clot dissolving and cholesterol transport. Plasminogen 
is the inactive precursor of plasmin, a protein that inhib-
its HDL-induced cholesterol efflux from macrophages.51 
Plasma complement C3 is associated with higher risk of 
CHD.52,53 However, it is not yet known if these subspecies 
themselves are the causal factor that increases CHD risk, 
are simply a marker of risk, or instead are produced in 
response to chronic disease. For example, it is not estab-
lished whether complement C3 acts to promote or reduce 
atherothrombosis.54 It has been suggested both that HDL 
may be transporting biologically active molecules like com-
plement C3 to active lesions and facilitating their action 
by acting as a platform; or sequestering CoC3 and other 
promoters of inflammation.55 More research is needed to 
answer these important questions.

The CETP inhibitors also increased apoA1 concentra-
tion in HDL that contains apoE as well as apoA1 in HDL 

Figure 3. Torcetrapib increases the apoA1 concentrations of subspecies of HDL (high-density lipoprotein) that lacks both apoE and 
apoC3, the subspecies of HDL that contains both apoE and apoC3, and the subspecies of HDL that contains apoC3 but not apoE.
Torcetrapib had no effect on the subspecies of HDL that contains apoE but not apoC3. Atorvastatin was given as a background medication to 
all groups to control and equalize LDL (low-density lipoprotein)-cholesterol. N=14. P values above plots are for change from baseline. P value 
below bracket compares HDL that contains both apoE and apoC3 to HDL that contains apoE and lacks apoC3.
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that contains apoC1, subspecies associated with protec-
tion against CHD.40 HDL that contains apoE has a unique 
metabolism that supports reverse cholesterol transport 
with a disproportionately high secretion into the circula-
tion, active expansion while circulating, and quick clear-
ance from the circulation. However, these metabolic steps 
are strongly attenuated by the copresence of apoC3.37 
The antagonistic relationship between apoC3 and apoE 
has been well-documented in apoB-containing lipopro-
teins in humans, in vitro, and in animal models.56–63 Similar 
to the effects observed in the apoB-containing lipopro-
teins, apoC3 may block the apoE-enhanced clearance 
of HDL via liver receptors. We found that the torcetrapib-
mediated increases of apoA1 in HDL that contains apoE 
were in the subtype that also contains apoC3, a subspe-
cies that has an elevated risk similar to HDL that contains 
apoC3. There was no effect on HDL that contains apoE 
and lacks apoC3 (Figure 3), the apoE-containing subspe-
cies associated with lower risk. Therefore, the increase in 
HDL that contains apoE may be entirely of the deleterious 
form that also contains apoC3. ApoC1 increases ABCA1 
(ATP-binding cassette subfamily A member 1)-medi-
ated cholesterol efflux from macrophages,64,65 activates 
LCAT,66 and inhibits CETP,67,68 all processes that facilitate 
the maturation of HDL from small discoidal nascent HDL 
to larger spherical HDL. These functions support mecha-
nistically the protective association between HDL that 

contains apoC1 and CHD. However, it is not yet known 
if the copresence of apoC3 on HDL that contains apoC1 
could weaken the association with lower CHD risk as the 
copresence of apoC3 does for HDL that contains apoE.

Increases in the HDL subspecies defined by proteins 
linked to functions other than lipid metabolism may also 
have effects on CHD risk. Our findings show that most of 
these subspecies are associated with nullification of the 
protective effect of total HDL.40 The hazard ratios per 1 
SD increase in HDL that lacks any one of them are simi-
lar to total HDL (≈0.8) while they are null for HDL that 
contains each one (≈1.0). The lack of effect on HDL that 
contains apoL1 by either drug is unique among the HDL 
subspecies. HDL that contains apoL1 has a unique pro-
teomic profile, which suggests that it comprised a special-
ized category of HDL overlapping minimally with and likely 
functioning independently from the other HDL subspe-
cies we studied.39 Indeed, HDL that contains apoL1 has a 
well-characterized specialized function in innate immunity 
as the trypanosome lytic factor69,70 and may have unique 
origins and metabolism. The clinical significance of this 
lack of effect, however, is presently unknown.

We know that risk associated with the HDL subspe-
cies changes with their absolute concentration.40 It is 
also possible that it is the proportion of each subspe-
cies relative to total HDL that drives the association with 
CVD risk. Thus, changes in proportionality may alter risk. 

Figure 4. Both torcetrapib and evacetrapib increase the proportion of total apoA1 comprised by HDL (high-density lipoprotein) 
that lacks apoA2 and HDL that contains apoC1, apoC3, or apoE.
Both drugs decrease the proportion of total apoA1 that is comprised by HDL that contains apoL1 or haptoglobin (HP). Evacetrapib decreases 
the proportion of total apoA1 that is comprised by HDL that contains apoC2, apoJ, α-1-antitrypsin (A1AT), α-2-macroglobulin (A2M), 
ceruloplasmin (CP), complement C3 (CoC3), fibrinogen (FBG), plasminogen (PLMG), or paraoxonase-1 (PON-1). All P values are from 
Wilcoxon rank-sum test and are FDR (false detection rate)-adjusted.
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In the present study, while CETP inhibition increased 
the concentrations of all HDL subspecies to varying 
degrees, it proportionally enriched some fractions while it 
proportionally depleted others. Both drugs proportionally 
enriched total HDL with HDL subspecies that contain 
apoA2, apoC1, apoC3, or apoE while they proportion-
ally depleted total HDL of HDL that contains apoL1 and 
haptoglobin. Evacetrapib also proportionally depleted 
total HDL of all the other subspecies that we studied 
except for apoA4. Interestingly, these results are in line 
with those reported by Asztalos and colleagues in a study 
of genetically CETP-deficient humans.71 In individuals 
homozygous for mutations that depleted CETP, HDL-C, 
and apoA1 concentration was higher compared with the 
control group with no mutation (300% and 75%, respec-
tively). Concentration of apoC1, apoC2, apoC3, and apoE 
in HDL was also higher in these CETP loss of function 
individuals by 11% to 43% while apoA4 did not differ 
between the groups. Other proteins were not quantified.

The mechanism(s) by which the CETP inhibitors elicit 
differential changes to the apoA1 concentrations of the 
HDL subspecies are not known. There are qualities to indi-
vidual HDL particles that allow these subspecies to exist. 
For example, there is more than enough apoC3 in plasma to 
associate with all HDL particles, yet apoC3 resides on only 
a small minority of HDLs. We speculate that these unique 
qualities include core lipid content, phospholipid composi-
tion, and interaction with other proteins present on the HDL 
particle. It may be that the greater increases in the concen-
trations of apoA1 in HDL subspecies defined by proteins 
involved in lipid metabolism are driven by the increase in 
the lipid content and in the size of the HDL particles elicited 
by CETP inhibition providing a more favorable environment 
for these proteins. Perhaps other subspecies increase to a 
smaller degree because they are attracted to their HDLs 
through compositional aspects other than lipid content and 
size, such as protein content or phospholipid quality.

LIMITATIONS
The changes in HDL subspecies elicited by torcetra-
pib and evacetrapib in this study population may not 
be representative of the effects in other study popula-
tions. This study should be repeated in populations with 
diverse demographics and disease states. Similarly, this 
study would benefit from including other doses of the 
CETP inhibitor drugs. Yvan-Charvet et al34 found that 
the dose of torcetrapib used in this study (60 mg/d) did 
not change per-particle cholesterol efflux or functional 
capacity of the HDL particles while 120 mg/d increased 
these potentially protective mechanisms.34 In a study 
of individuals from the ACCENTUATE trial from which 
our samples were obtained, Nicholls et al33 found that 
global, ABCA1-mediated, and non-ABCA1-mediated 
cholesterol efflux by total HDL were all higher after eva-
cetrapib treatment. Study of the efflux capacity of each 

HDL subspecies would enhance the interpretation of our 
results and may help explain the paradox of increased 
efflux without clinical impact. Furthermore, our conclu-
sions are limited by a lack of knowledge about how these 
changes in HDL subspecies will alter CVD risk and the 
effects of potential interplay among HDL subspecies. 
Additionally, with over 200 proteins identified in associa-
tion with HDL by proteomics techniques (https://homep-
ages.uc.edu/~davidswm/HDLproteome.html), there are 
potentially many other HDL subspecies beyond those 
we studied that may have significant associations with 
CHD risk that would be important to study for the effect 
of CETP inhibition. This study focused on the panel of 17 
HDL subspecies for which we had validated assays and 
had previously studied for associations with CHD.

In conclusion, CETP inhibitors evacetrapib and torce-
trapib increase the apoA1 concentration of all 17 HDL 
subspecies studied, and the increase varies greatly in 
degree and significance across subspecies. Both drugs 
increased HDL subspecies defined by apoC3 by the larg-
est percentage of all, a dysfunctional HDL subspecies 
associated with higher risk of CHD. Both drugs increased 
HDL that contains apoE, but only its subtype that also con-
tains apoC3, which is associated with higher risk. Three 
other detrimental HDL subspecies were also increased: 
HDL that contains α-2-macroglobulin, complement C3, 
and plasminogen. Taken together, these changes result in 
an altered HDL profile that may be less protective, which 
could contribute to the lack of clinical benefit from pharma-
ceutical CETP inhibition. Further study of the mechanism 
by which the subspecies respond to these treatments may 
help design treatments targeted to increase only the ben-
eficial subspecies of HDL to reduce risk of CHD.
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