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Abstract

Purpose of review—Epidemiological and clinical studies link low levels of HDL cholesterol
(HDL-C) with increased risk of atherosclerotic cardiovascular disease (CVD). However, genetic
polymorphisms linked to HDL-C do not associate consistently with CVD risk, and randomized
clinical studies of drugs that elevate HDL-C via different mechanisms failed to reduce CVD risk in
statin-treated patients with established CVD. New metrics that capture HDL’s proposed
cardioprotective effects are therefore urgently needed.

Recent findings—Recent studies demonstrate cholesterol efflux capacity (CEC) of serum HDL
(serum depleted of cholesterol-rich atherogenic lipoproteins) is an independent and better
predictor of incident and prevalent CVD risk than HDL-C. However, it remains unclear whether
therapies that increase CEC are cardioprotective. Other key issues are the impact of HDL-targeted
therapies on HDL particle size and concentration and the relationship of those changes to CEC and
cardioprotection.

Summary—It is time to end the clinical focus on HDL-C and to understand how HDL’s
function, protein composition and size contribute to CVD risk. It will also be important to link
variations in function and size to HDL-targeted therapies. Developing new metrics for quantifying
HDL function, based on better understanding HDL metabolism and macrophage CEC, is critical
for achieving these goals.
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Introduction

Clinical and epidemiological evidence has established a causal relationship between high
levels of LDL cholesterol (LDL-C) and cardiovascular disease (CVD). Moreover, the
success of therapeutic interventions that lower LDL-C has further confirmed that LDL-C is
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in the causal pathway of CVD. Multiple clinical trials have proven that statin therapy
reduces all-cause mortality for both women and men [1]. Recently, therapies with antibodies
against proprotein convertase subtilisin—kexin type 9 (PCSK?9), an enzyme that attaches and
internalizes LDL receptors into lysosomes for degradation, were able to reduce LDL-C
levels beyond those promoted by statins or any other lipid-lowering treatment [2, 3]. Initial
data on the PCSKJ inhibitors suggest a reduction in cardiovascular events [2—-4].

The success with LDL-C lowering drugs has not been shared with drugs designed to elevate
HDL cholesterol (HDL-C), despite the strong inverse relationship between HDL-C levels
and CVD, which has long been known [5]. Modulating HDL therapeutically has proved to
be more challenging than first expected, possibly because of the complex dynamic of HDL
particles.

Niacin, the first drug approved to treat dyslipidemia, decreases triglycerides and LDL-C and
raises HDL-C levels. However, two independent clinical trials with niacin added to statin
therapy failed to show clinical benefits [6, 7]. So far, clinical trials with inhibitors of
cholesteryl ester transfer protein (CETP), which promotes the equilibration of cholesteryl
esters and triglycerides in plasma lipoproteins, also have been disappointing. Three clinical
trials with CETP inhibitors—torcetrapib, dalcetrapib, and evacetrapib, designed to
specifically raise HDL cholesterol—were stopped due to increased mortality (torcetrapib)
[8] or lack of CVD risk reduction (dalcetrapib [9] and evacetrapib [10]). It is noteworthy that
evacetrapid also decreased LDL-C levels significantly [10]. The lack of benefit of lowering
LDL-C raises the possibility that the CETP inhibitor was adversely affecting the
cardioprotectve functions of HDL. Finally, the results of an ongoing clinical trial with
anacetrapib (ClinicalTrials.gov Identifier: NCT01252953) may determine whether
modulating plasma lipids with CETP inhibitors is beneficial.

Here, we review the challenges in therapeutically modulating HDL, and discuss recent
outcomes in light of our current understanding of HDL metabolism and function.

Maturation of HDL

Several studies have reviewed HDL metabolism [11-13]. In short, when apoA-I, HDL’s
major protein, binds to adenosine-triphosphate-binding cassette transporter AL (ABCAL), it
acquires phospholipids and free cholesterol, giving rise to discoidal particles called pre-p
HDL. This first step in HDL maturation is thought to be key to removing excess cholesterol
from macrophages. The formation of spherical, mature HDL particles occurs in the
bloodstream when lecithin cholesterol acyltransferase (LCAT) esterifies free cholesterol in
pre-B HDL generating cholesteryl esters that then migrate to the core, and forming mature
spherical HDL particles. Mature HDL can promote cholesterol efflux from cells via
adenosine-triphosphate-binding cassette transporter G1 (ABCG1).

CETP replaces the cholesteryl esters in HDL with triglycerides taken from lipoproteins that
contain apolipoprotein B (apoB) [14]. Therefore, pharmacological inhibition of CETP
increases levels of large, cholesteryl ester-enriched HDL particles in the circulation.
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Finally, cholesteryl esters and free cholesterol in HDL are taken up by the liver and excreted
as bile acids. The uptake mechanisms for cholesterol are poorly understood, but one
important pathway for cholesteryl esters involves the scavenger receptor B-1 (SR-B1)
[15]**.

Cholesterol level is a poor biomarker for HDL complexity

Maturation produces diverse HDL particles that vary in size, density, and lipid and protein
composition. ApoA-1 and apolipoprotein 11 account for 90 % of HDL’s protein content, but
close to 100 other HDL proteins have been described as HDL associated [16]. Measuring
HDL-C levels takes only the cholesterol mass into account, but cholesterol accounts for no
more than 20% of a particular HDL particle, and its level may vary up to 10-fold, depending
on a particle’s size [17]. Thus, a confounder in interpreting HDL-C as a measure of
circulating HDL concentration is the relative balance between large and small HDL particles
[18]. HDL particle concentration, which provides information regarding the actual number
of HDL particles in the circulation, can be measured by nuclear magnetic resonance (NMR)
[19] or ion mobility analysis [20, 21]. Calibrated ion mobility analyses further demonstrate
that precise measurements of small, medium, and large HDL particles can be obtained from
plasma [21]. Therefore, evaluating changes in HDL subpopulations in response to therapy
might be a better metric than HDL-C levels for predicting risk.

As well as varying in size, HDL particles vary in protein content, as HDL’s proteome is very
rich. Alterations in protein cargo have been associated with pathological states, such as
inflammation [22], poor response to therapy [23], autoimmune disease [24], and diabetes
[25]. Further improvements in quantitative techniques [26, 27] and their application to
clinical studies should identify panels of protein biomarkers that may be pharmacologically
modifiable to reduce risk.

Another important—though not unrelated—uvariable is HDL’s ability to promote cholesterol
efflux from cultured macrophages with samples derived from serum, termed cholesterol
efflux capacity (CEC). CEC has been a stronger predictor of prevalent and incident coronary
artery disease than HDL-C in multiple clinical trials [28-30]. /n vitro assays of CEC of HDL
may include four possible pathways: aqueous diffusion, SR-B1 receptor, and ABCA1 and
ABCGL1 transporters.

The physiological importance of ABCA1-driven efflux is evident in humans with Tangier
disease, which is characterized by defective ABCAL1 transport and, consequently, low HDL-
C and early atherosclerosis onset [31]. Also, the ABCAL1 transporter is induced by excess
cellular cholesterol in atherosclerotic plaques [32]. Therefore, it is logical to assume that
assays measuring CEC emphasize the ABCAL pathway. However, other pathways are
starting to emerge as important players in atherosclerotic disease. For example, the SR-B1
receptor is responsible for the selective uptake of HDL cholesteryl esters into cells [33], but
it can also promote free cholesterol efflux to HDL [34]. A rare loss-of-function variant in the
gene encoding the SR-B1 receptor raises HDL-C levels and the concentration of large HDL
particles, but it also increases the risk of CVD [15]**. This observation stresses once more
that HDL-C is a poor surrogate for functionality. It also highlights the importance of
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considering all the steps in reverse cholesterol transport—not only cholesterol removal from
peripheral tissues but also its delivery to the liver for elimination. The emerging role of the
SR-B1 receptor is reviewed elsewhere [35].

A limitation of measuring cholesterol efflux capacity is that it does not address HDL’s
ability to deliver its cholesterol to the liver for excretion. Recently, a preclinical test used 3H-
cholesterol nanoparticles to selectively trace macrophage-specific reverse cholesterol
transport in vivo in humans [36]*. More studies are needed to address the feasibility of using
this approach in translational and clinical studies.

HDL-C-raising therapies, particle number, protein cargo and function

Therapies that increase the concentration of large HDL particles stimulate overall HDL
efflux in a process that is mainly independent of the ABCAL pathway. Thus, studies showed
that niacin improved [37, 38] or did not change [39] HDL’s overall efflux capacity without
improving ABCA1-specific efflux [37, 38]. Importantly, the improvement in total efflux
correlated with the increase in HDL-C [38]. Treatment of patients with the CETP inhibitors
torcetrapib and dalcetrapib also elevated total efflux capacity but not ABCAZ1-specific efflux
[40, 41]. A small study showed that anacetrapib increased cholesterol efflux capacity in a
process mainly dependent on ABCGL1 but also on the ABCA1 receptor [42]. In a different
fashion, evacetrapib increased total and ABCA1-mediated cholesterol efflux capacity of
serum HDL in dyslipidemic patients [43]. That increase was mirrored by increased plasma
levels of pre-p; HDL, but the evacetrapib trial was stopped early due to lack of benefit [10].
Interestingly, infusion of the disk-shaped HDL mimetic CSL112 causes a dramatic rise in
small HDL particles and ABCAL1-efflux capacity [44]. Extensive remodeling of discoidal
and spherical HDL particles was proposed as a mechanism [45]. The results of a clinical
trial with CSL112 are awaited.

Unresolved issues in HDL metabolism

A key issue is the identities of the /n7 vivo ligands for ABCAL, which promotes the first step
in cholesterol excretion from macrophages. Poorly lipidated or lipid-free apoA-I is widely
considered to be the major ligand, but this species is only a minor component of total apoA-I
in blood. Indeed, poorly lipidated apoA-1 levels are elevated in subjects with established
CVD, suggesting that they are unlikely to be cardioprotective [46, 47].

A recent study found that small HDLs also promote cholesterol efflux from macrophages by
the ABCA1 pathway [48]. Importantly, small HDLs carry much less cholesterol per particle,
indicating that HDL-C levels do not necessarily provide useful information on the size and
concentration of this HDL subspecies. It is noteworthy that niacin and CETP inhibitors
decrease HDL catabolism, thereby increasing the size of the HDL particle and raising HDL-
C levels. Little is known about the concentrations of the different sizes of HDL particles in
patients treated with these agents.

These observations raise the possibility that the concentrations of the various HDL
subspecies might provide another key metric of HDL’s cardioprotective effects. However,
there is no agreement on how to accurately quantify the size and concentration of HDL, and
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two widely used methods—NMR and non-calibrated ion mobility—give substantially
different concentration values [20, 49]. Moreover, neither method yields a value for the
stoichiometry of apoA-1 per HDL particle that is physiologically plausible [21].

We recently showed that the ion mobility method of Kraus and colleagues could be a
quantitative metric [21] with external calibration, an approach we call “calibrated ion
mobility analysis”. Multiple lines of evidence, including analysis of reconstituted HDL
particles and gold nanoparticles, showed that calibrated ion mobility analysis accurately
quantifies the size and concentration of nanoparticles. In a small study, the concentration of
medium-sized HDL particles was selectively lower in subjects with advanced carotid
atherosclerotic disease, independent of HDL-C levels [21]. Also, altered HDL particle
concentration—but not HDL-C levels—predicts endothelial dysfunction as assessed by
coronary angiography, supporting the notion that the size and concentration of HDL
particles is an independent predictor of CVD risk [50].

Another promising approach focuses on quantifying the protein cargo of HDL. Pioneering
proteomics studies demonstrate that HDL carries a rich cargo of proteins linked to
inflammation, protease inhibition and complement regulation [51]. Moreover, aggressive
lipid-lowering therapy favorably alters the protein composition and function of HDL of
people with CVD [38, 52, 53] raising the possibility that quantifying the HDL proteome
provides insights into the therapeutic efficacy of antiatherosclerotic interventions. In future
studies, it will be important to use high-throughput methods [23, 26] to quantify the HDL
proteome and to link specific proteins to CVD risk, HDL particle number and HDL function.

A complicating factor in understanding HDL function is the inverse relationship between
HDL-C and triglycerides. It is currently not known if efflux metrics represent cardiovascular
risk in dyslipidemic or diabetic patients. Thus, patients with high triglyceride levels had
significantly higher concentrations and functionality of prep-1 particles (as measured by
ABCAL efflux) than the controls [54].

Moreover, patients with low HDL-C generally have exacerbated postprandial
hypertriglyceridemia. These patients may have more cholesterol efflux from macrophages,
but also have a global reduction in reverse cholesterol transport efficacy because the ultimate
return of cholesterol to the liver is reduced [55]. Niacin reduced ABCA1-dependent efflux
after dyslipidemic patients ingested a typical western meal. However, HDL particles isolated
from patients receiving niacin displayed an enhanced capacity to deliver cholesteryl esters to
hepatic cells, improving overall reverse cholesterol transport [37]. Of note, a secondary
analysis of a subset of dyslipidemic patients in the AIM-HIGH trial uncovered a significant
reduction in cardiovascular risk [56].

Conclusion

Multiple clinical studies demonstrate that the cholesterol content of HDL particles is a poor
surrogate for proposed atheroprotective functions. As we gain insights into the complex
metabolism of HDL, however, new putative players for atheroprotection will emerge.
Evidence points to the need to address all the steps involved in reverse cholesterol transport,
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from HDL’s capacity to remove cholesterol from peripheral tissues to its ability to deliver
excess cholesterol for elimination by the liver. In this process, it will be critical to link
variations in HDL s size, protein composition and function to HDL -targeted therapies and
populations at high risk for CVD, such as diabetics.

It is interesting to point out that changing to a Mediterranean diet, which reduced
cardiovascular events in one large randomized clinical trial [57], increased cholesterol efflux
capacity without changing HDL-C levels [58]**. These observations support the proposal
that an anti-atherogenic diet can alter HDL function without changing its cholesterol levels,
perhaps by altering the size and distribution of its particles.

Acknowledgments

None.
Financial support and sponsor ship

This work was supported by awards from the National Institutes of Health (HL112625, HL108897, P30 DK17047,
P01 HL092969, T32HL007828, HL076491).

References

1. Fulcher J, O’Connell R, Voysey M, et al. Efficacy and safety of LDL-lowering therapy among men
and women: meta-analysis of individual data from 174,000 participants in 27 randomised trials.
Lancet. 2015; 385:1397-1405. [PubMed: 25579834]

2. Robinson JG, Farnier M, Krempf M, et al. Efficacy and safety of alirocumab in reducing lipids and
cardiovascular events. New Engl J Med. 2015; 372:1489-1499. [PubMed: 25773378]

3. Sabatine MS, Giugliano RP, Keech AC, et al. Evolocumab and Clinical Outcomes in Patients with
Cardiovascular Disease. New Engl J Med. 2017

4. Ray KK, Ginsberg HN, Davidson MH, et al. Reductions in atherogenic lipids and major
cardiovascular events: a pooled analysis of 10 odyssey trials comparing alirocumab with control.
Circulation. 2016; 134:1931-1943. [PubMed: 27777279]

5. Kannel WB, Dawber TR, Friedman GD, et al. Risk factors in coronary heart disease. an evaluation
of several serum lipids as predictors of coronary heart disease; the framingham study. Ann Intern
Med. 1964; 61:888-899. [PubMed: 14233810]

6. Boden WE, Probstfield JL, Anderson T, et al. Niacin in patients with low HDL cholesterol levels
receiving intensive statin therapy. New Engl J Med. 2011; 365:2255-2267. [PubMed: 22085343]

7. Landray MJ, Haynes R, Hopewell JC, et al. Effects of extended-release niacin with laropiprant in
high-risk patients. N Engl J Med. 2014; 371:203-212. [PubMed: 25014686]

8. Barter PJ, Caulfield M, Eriksson M, et al. Effects of torcetrapib in patients at high risk for coronary
events. N Engl J Med. 2007; 357:2109-2122. [PubMed: 17984165]

9. Schwartz GG, Olsson AG, Abt M, et al. Effects of dalcetrapib in patients with a recent acute
coronary syndrome. New Engl J Med. 2012; 367:2089-2099. [PubMed: 23126252]

10. Nicholls, SJ. Impact of the Cholesteryl Ester Transfer Protein Inhibitor Evacetrapib on
Cardiovascular Events: Results of the ACCELERATE trial. Joint ACC/JAMA Late-Breaking
Clinical Trials. Presented at: American College of Cardiology Scientific Session; April 2—4, 2016;
Chicago.

11. Karathanasis SK, Freeman LA, Gordon SM, Remaley AT. The changing face of HDL and the best
way to measure it. Clin Chem. 2017; 63:196-210. [PubMed: 27879324]

12. Lewis GF, Rader DJ. New insights into the regulation of HDL metabolism and reverse cholesterol
transport. Circ Res. 2005; 96:1221-1232. [PubMed: 15976321]

Curr Opin Lipidol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ronsein and Heinecke

13.

14.

Page 7

Tall AR, Yvan-Charvet L, Terasaka N, et al. HDL, ABC transporters, and cholesterol efflux:
implications for the treatment of atherosclerosis. Cell Metab. 2008; 7:365-375. [PubMed:
18460328]

Barter PJ, Rye KA. Cholesteryl ester transfer protein inhibition is not yet dead—pro. Arterioscler
Thromb Vasc Biol. 2016; 36:439-441. [PubMed: 26848159]

15**. ] Zanoni P, Khetarpal SA, Larach DB, et al. Rare variant in scavenger receptor Bl raises HDL

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

cholesterol and increases risk of coronary heart disease. Science. 2016; 351:1166-1171. The
study highlights the concomitant ocurrence of high HDL-C levels and increased risk of coronary
heart disease in humans with deficient removal of HDL-C from the circulation. [PubMed:
26965621]
Shah AS, Tan L, Long JL, Davidson WS. Proteomic diversity of high density lipoproteins: our
emerging understanding of its importance in lipid transport and beyond. J Lipid Res. 2013;
54:2575-2585. [PubMed: 23434634]
Toth PP, Barter PJ, Rosenson RS, et al. High-density lipoproteins: a consensus statement from the
National Lipid Association. J Clin Lipidol. 2013; 7:484-525. [PubMed: 24079290]

Heinecke JW. Small HDL promotes cholesterol efflux by the ABCA1 pathway in macrophages:
implications for therapies targeted to HDL. Circ Res. 2015; 116:1101-1103. [PubMed: 25814677]

Otvos JD. Measurement of lipoprotein subclass profiles by nuclear magnetic resonance
spectroscopy. Clin Lab. 2002; 48:171-180. [PubMed: 11934219]

Caulfield MP, Li S, Lee G, et al. Direct determination of lipoprotein particle sizes and
concentrations by ion mobility analysis. Clin Chem. 2008; 54:1307-1316. [PubMed: 18515257]
Hutchins PM, Ronsein GE, Monette JS, et al. Quantification of HDL particle concentration by
calibrated ion mobility analysis. Clin Chem. 2014; 60:1393-1401. [PubMed: 25225166]

Vaisar T, Tang C, Babenko I, et al. Inflammatory remodeling of the HDL proteome impairs
cholesterol efflux capacity. J Lipid Res. 2015; 56:1519-1530. [PubMed: 25995210]

Ronsein GE, Reyes-Soffer G, He Y, et al. Targeted proteomics identifies paraoxonase/arylesterase
1 (PON1) and apolipoprotein Cs as potential risk factors for hypoalphalipoproteinemia in diabetic
subjects treated with fenofibrate and rosiglitazone. Mol Cell Proteomics. 2016; 15:1083-1093.
[PubMed: 26667175]

Marsillach J, Becker JO, Vaisar T, et al. Paraoxonase-3 is depleted from the high-density
lipoproteins of autoimmune disease patients with subclinical atherosclerosis. J Proteome Res.
2015; 14:2046-2054. [PubMed: 25723336]

Gordon SM, Davidson WS, Urbina EM, et al. The effects of type 2 diabetes on lipoprotein
composition and arterial stiffness in male youth. Diabetes. 2013; 62:2958-2967. [PubMed:
23835332]

Ronsein GE, Pamir N, von Haller PD, et al. Parallel reaction monitoring (PRM) and selected
reaction monitoring (SRM) exhibit comparable linearity, dynamic range and precision for targeted
quantitative HDL proteomics. J Proteomics. 2015; 113:388-399. [PubMed: 25449833]
Henderson CM, Vaisar T, Hoofnagle AN. Isolating and Quantifying Plasma HDL Proteins by
Sequential Density Gradient Ultracentrifugation and Targeted Proteomics. Methods Mol Biol.
2016; 1410:105-120. [PubMed: 26867741]

Khera AV, Cuchel M, de la Llera-Moya M, et al. Cholesterol efflux capacity, high-density
lipoprotein function, and atherosclerosis. New Engl J Med. 2011; 364:127-135. [PubMed:
21226578]

Saleheen D, Scott R, Javad S, et al. Association of HDL cholesterol efflux capacity with incident
coronary heart disease events: a prospective case-control study. Lancet Diabetes Endocrinol. 2015;
3:507-513. [PubMed: 26025389]

Rohatgi A, Khera A, Berry JD, et al. HDL cholesterol efflux capacity and incident cardiovascular
events. New Engl J Med. 2014; 371:2383-2393. [PubMed: 25404125]

Rust S, Rosier M, Funke H, et al. Tangier disease is caused by mutations in the gene encoding
ATP-binding cassette transporter 1. Nature genetics. 1999; 22:352-355. [PubMed: 10431238]
Oram JF, Heinecke JW. ATP-binding cassette transporter Al: a cell cholesterol exporter that
protects against cardiovascular disease. Physiol Rev. 2005; 85:1343-1372. [PubMed: 16183915]

Curr Opin Lipidol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ronsein and Heinecke

33.

34.

35.

Page 8

Acton S, Rigotti A, Landschulz KT, et al. Identification of scavenger receptor SR-BI as a high
density lipoprotein receptor. Science. 1996; 271:518-520. [PubMed: 8560269]

Ji'Y, Jian B, Wang N, et al. Scavenger receptor Bl promotes high density lipoprotein-mediated
cellular cholesterol efflux. J Biol Chem. 1997; 272:20982-20985. [PubMed: 9261096]

Hoekstra M, Sorci-Thomas M. Rediscovering scavenger receptor type BI: surprising new roles for
the HDL receptor. Curr Opin Lipidol. 2017

36*. ] Cuchel M, Raper AC, Conlon DM, et al. A novel approach to measuring macrophage-specific

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

reverse cholesterol transport in vivo in humans. J Lipid Res. 2017; 58:752—762. First study to
propose an evaluation of reverse cholesterol transport in vivo in humans. [PubMed: 28167703]

El Khoury P, Waldmann E, Huby T, et al. Extended-release niacin/laropiprant improves overall
efficacy of postprandial reverse cholesterol transport. Arterioscler Thromb Vasc Biol. 2016;
36:285-294. [PubMed: 26681758]

Ronsein GE, Hutchins PM, Isquith D, et al. Niacin therapy increases high-density lipoprotein
particles and total cholesterol efflux capacity but not ABCA1-specific cholesterol efflux in statin-
treated subjects. Arterioscler Thromb Vasc Biol. 2016; 36:404-411. [PubMed: 26681752]

Khera AV, Patel PJ, Reilly MP, Rader DJ. The addition of niacin to statin therapy improves high-
density lipoprotein cholesterol levels but not metrics of functionality. J Am Coll Cardiol. 2013;
62:1909-1910. [PubMed: 23933538]

Catalano G, Julia Z, Frisdal E, et al. Torcetrapib differentially modulates the biological activities of
HDL2 and HDL3 particles in the reverse cholesterol transport pathway. Arterioscler Thromb Vasc
Biol. 2009; 29:268-275. [PubMed: 19038848]

Ray KK, Ditmarsch M, Kallend D, et al. The effect of cholesteryl ester transfer protein inhibition
on lipids, lipoproteins, and markers of HDL function after an acute coronary syndrome: the dal-
ACUTE randomized trial. Eur Heart J. 2014; 35:1792-1800. [PubMed: 24639426]

Yvan-Charvet L, Kling J, Pagler T, et al. Cholesterol efflux potential and antiinflammatory
properties of high-density lipoprotein after treatment with niacin or anacetrapib. Arterioscler
Thromb Vasc Biol. 2010; 30:1430-1438. [PubMed: 20448206]

Nicholls SJ, Ruotolo G, Brewer HB, et al. Cholesterol efflux capacity and pre-beta-1 HDL
concentrations are increased in dyslipidemic patients treated with evacetrapib. J Am Coll Cardiol.
2015; 66:2201-2210. [PubMed: 26564598]

Gille A, Easton R, D’Andrea D, et al. CSL112 enhances biomarkers of reverse cholesterol
transport after single and multiple infusions in healthy subjects. Arterioscler Thromb Vasc Biol.
2014; 34:2106-2114. [PubMed: 24969776]

Didichenko SA, Navdaev AV, Cukier AM, et al. Enhanced HDL functionality in small HDL
species produced upon remodeling of HDL by reconstituted HDL, CSL112: effects on cholesterol
efflux, anti-inflammatory and antioxidative activity. Circ Res. 2016; 119:751-763. [PubMed:
27436846]

Asztalos BF, Cupples LA, Demissie S, et al. High-density lipoprotein subpopulation profile and
coronary heart disease prevalence in male participants of the Framingham Offspring Study.
Avrterioscler Thromb Vasc Biol. 2004; 24:2181-2187. [PubMed: 15388521]

Guey LT, Pullinger CR, Ishida BY, et al. Relation of increased prebeta-1 high-density lipoprotein
levels to risk of coronary heart disease. Am J Cardiol. 2011; 108:360-366. [PubMed: 21757044]
Du X, Kim MJ, Hou L, et al. HDL Particle Size is a Critical Determinant of ABCA1-Mediated

Macrophage Cellular Cholesterol Export. Circ Res. 2015; 116:1133-1142. [PubMed: 25589556]

Otvos JD, Rudel LL, McConnell JP. Concerns regarding lipoprotein particle measurement by ion
mobility analysis. Clin Chem. 2008; 54:2086—2087. author reply 2088-2089. [PubMed:
19042998]

Monette JS, Hutchins PM, Ronsein GE, et al. Patients with coronary endothelial dysfunction have
impaired cholesterol efflux capacity and reduced HDL particle concentration. Circ Res. 2016;
119:83-90. [PubMed: 27114438]

Vaisar T, Pennathur S, Green PS, et al. Shotgun proteomics implicates protease inhibition and
complement activation in the antiinflammatory properties of HDL. J Clin Invest. 2007; 117:746—
756. [PubMed: 17332893]

Curr Opin Lipidol. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ronsein and Heinecke

52.

53.

54.

55.

56.

57.

Page 9

Gordon SM, McKenzie B, Kemeh G, et al. Rosuvastatin alters the proteome of high density
lipoproteins: generation of alpha-1-antitrypsin enriched particles with anti-inflammatory
properties. Mol Cell Proteomics. 2015; 14:3247-3257. [PubMed: 26483418]

Green PS, Vaisar T, Pennathur S, et al. Combined statin and niacin therapy remodels the high-
density lipoprotein proteome. Circulation. 2008; 118:1259-1267. [PubMed: 18765395]

Asztalos BF, Horvath KV, Mehan M, et al. Influence of HDL particles on cell-cholesterol efflux
under various pathological conditions. J Lipid Res. 2017

Bellanger N, Julia Z, Villard EF, et al. Functionality of postprandial larger HDL2 particles is
enhanced following CETP inhibition therapy. Atherosclerosis. 2012; 221:160-168. [PubMed:
22265126]

Guyton JR, Slee AE, Anderson T, et al. Relationship of lipoproteins to cardiovascular events: the
AIM-HIGH Trial (Atherothrombosis Intervention in Metabolic Syndrome With Low HDL/High
Triglycerides and Impact on Global Health Outcomes). J Am Coll Cardiol. 2013; 62:1580-1584.
[PubMed: 23916935]

Estruch R, Ros E, Salas-Salvado J, et al. Primary prevention of cardiovascular disease with a
Mediterranean diet. New Engl J Med. 2013; 368:1279-1290. [PubMed: 23432189]

58**. ] Hernaez A, Castaner O, Elosua R, et al. Mediterranean diet improves high-density lipoprotein

function in high-cardiovascular-risk individuals: a randomized controlled trial. Circulation. 2017;
135:633-643. Clinical trial showing that adoption of a Mediterranean diet - known to be
atheroprotective - does not change HDL-C levels, but increase efflux capacity. [PubMed:
28193797]

Curr Opin Lipidol. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ronsein and Heinecke

Page 10

Key points
- Cholesterol level is a poor surrogate for HDL atheroprotective effects.

- Understanding HDL metabolism and macrophage cholesterol efflux is key to
address HDL atheroprotection.

- Alternative metrics of HDL functionality and composition, such as
cholesterol efflux capacity, HDL protein cargo and HDL particle
concentration should be used to evaluate HDL s therapeutic interventions,
replacing HDL-C levels.
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