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ABSTRACT: High-density lipoprotein (HDL) is a protein-lipid nanoparticle that has predominately been characterized by its cholesterol

concentration (HDL-C). Recent studies have challenged the presumed inverse association between HDL-C and cardiovascular events, suggesting a

more U-shaped association. This has opened new opportunities to evaluate more novel measures of HDL metabolism, such as HDL particle number

(HDL-P) and one of HDL's key functions, cholesterol efflux. Both HDL-P and cholesterol efflux are inversely associated with incident cardiovascular

events and may perhaps be better targets for intervention. This review includes recent research on the emerging U-shaped association between

HDL-C and cardiovascular events, recent observational studies related to HDL-P, and the effects of established and novel interventions on

cholesterol efflux.

INTRODUCTION

High-density lipoprotein (HDL) is
considered “good” cholesterol, but this
lipoprotein has numerous functions and
features that remain to be understood.
Although there are a multitude of HDL-
related measures, key features well-
studied in humans include cholesterol
concentration (HDL-C), HDL particle
number (HDL-P), and HDL cholesterol
efflux, proposed to reflect HDL's

ability to promote cholesterol efflux
from cells in vivo (Figure 1). Many
reviews discuss the pathobiology of
HDL and its functions. However, there
have been an increasing number of
published studies regarding the role of
HDL measures in human populations.
This review discusses the evolving
paradigm of HDL's role in cardiovascular
disease (CVD) and focuses on recent
studies related to measures of HDL-C,
HDL-P, and cholesterol efflux in human
populations.

HDL-C: EXTREME PLASMA LEVELS AND
CVD RISK

Genetic studies have illuminated the
degree to which extreme HDL-C levels
are genetically determined. Among
individuals with extreme values of HDL-C
(<80.9 mg/dL or > 54.1 mg/dL in men
and < 38.7 mg/dL or > 69.6 mg/dL in
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women), more than 30% harbored a
genetic variant attributable to either the
extreme low or high HDL-C phenotype.'
The relationship between HDL-C

and CVD events has typically been
described as a linear inverse association
within primarily Caucasian cohorts
recruited decades ago. Recently,
however, other studies have revealed
that the association is nonlinear, with
extremely high concentrations of HDL-C
associated with increased CVD events
and mortality.?*

Extremely Low HDL-C

A major challenge in assessing CVD
risk associated with low HDL-C is that

[3]

Figure 1.
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low HDL-C is tightly linked to insulin
resistance and is part of an atherogenic
dyslipidemia phenotype consisting of
several lipid derangements. A recent
assessment within the Multi-Ethnic
Study of Atherosclerosis (MESA)
analyzed primary low HDL-C levels,
defined as < 40 mg/dL for men

and < 50 mg/dL for women, with
triglycerides and LDL both less than
100 mg/dL (n = 158/6,814). The study
reported that primary low HDL-C was
associated with an approximately 2-fold
increased risk of incident total coronary
heart disease (CHD) (adjusted HR
2.25,95% ClI, 1.20-4.21; P=.011)
and CVD (adjusted HR 1.93, 95% ClI,
1.11-3.34; P =.020).2% With respect
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Measurement of high-density lipoproteins (HDL) and HDL function. (1) HDL cholesterol (HDL-C)
concentration measurement via assay with centrifugation. (2) HDL particle (HDL-P) count

measurement via nuclear magnetic resonance spectroscopy. (3) Cholesterol efflux capacity measures

the movement of cholesterol.
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to mortality, although large Japanese and Danish cohorts
both reported increased all-cause mortality in those with

low HDL-C,?® primary low HDL-C in the MESA cohort was
not associated with all-cause mortality (HR 1.11, 95% Cl,
0.67-1.84; P=.69).5 These findings highlight that low HDL-C
consistently associates with CVD but does not consistently
associate with mortality.

If the association between HDL-C and CVD risk is linear and
inverse, one would expect that those with extremely high HDL-C
would be the most protected from CVD. However, recent
observational data suggest that this may not be the case. A
multicohort study in 11,515 men and 12,925 women found that
HDL-C values greater than 90 mg/dL in men and greater than
75 mg/dL in women actually plateaued in the hazard ratio for
coronary heart disease (CHD) events.*

The Japanese and Danish cohorts also studied extremely
high HDL-C values. In the Japanese cohort,® the highest

level of HDL-C (= 90 mg/dL) for both men and women

was associated with increased risk of mortality from
atherosclerotic CVD, CHD, and ischemic stroke (Figure 2).
Stratified by sex, both men and women with the highest levels
of HDL-C had increased risk of atherosclerotic CVD mortality.
In the Danish cohort,? those with extremely high HDL-C

(men = 116 mg/dL, women = 135 mg/dL) had increased
cardiovascular mortality (Figure 2). Similar to the Japanese
cohort, both men and women with extremely high HDL-C had
increased all-cause mortality (Figure 2).

The Danish study revealed that a moderate range of HDL-C
was associated with the lowest all-cause mortality in both
sexes compared to lower and higher HDL-C. For both sexes,
there was a U-shaped association between HDL-C and
all-cause mortality as well as cardiovascular mortality. In

fully adjusted models for men, baseline HDL-C at 73 mg/

dL (95% CI, 42-77 mg/dL) was associated with the lowest
mortality. In fully adjusted models for women, the lowest
mortality was seen at a baseline HDL-C of 93 mg/dL (95% ClI,
66-239 mg/dL). These studies, as well as others with similar
observations, highlight that in large contemporary cohorts,
the association between HDL-C and CVD is inverse and
linear at low-to-moderate ranges but becomes nonlinear and
plateaus or is directly associated with CVD risk at extremely
high HDL-C levels. These studies also raise concern about
strategies focused on raising HDL-C as a preventive therapy.
Further studies are necessary to understand the relationship
between HDL-C and mortality.?
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Figure 2.

Association of extreme high-density lipoprotein cholesterol (HDL-C)
values with mortality. Japanese cohort: Extremely low HDL-C: < 40 mg/dL;
extremely high HDL-C > 90 mg/dL. Danish cohort: Extremely low HDL-C:
<39 mg/dL; extremely high HDL-C: men =116 mg/dL, women =135 mg/dL.

Cholesteryl ester transfer protein (CETP) inhibitors induce
the most potent increases in HDL-C and thus represent the
best potential strategy to test whether or not raising HDL-C
improves CVD outcomes. Torcetrapib, dalcetrapib, and
evacetrapib increased HDL-C by more than 70%, 30%, and
130%, respectively; however, all trials of these drugs were
discontinued due to either futility or harm.®® The fourth CETP
inhibitor studied in outcome-driven trials was anacetrapib. In
this trial, anacetrapib increased HDL-C by 104% compared

to placebo and was associated with a decreased incidence

of major coronary events (10.8% vs 11.8% events; rate ratio
of 0.91, 95% Cl, 0.85-0.97, P=.004).° Despite being the
first CETP inhibitor to show improved outcomes, subsequent
analyses suggested that the benefit of anacetrapib was
primarily driven by reducing apolipoprotein B, not by increasing
HDL-C.®"° Given the absence of improved CVD outcomes with
potent HDL-C raising and the recent findings that extremely
high baseline HDL-C is not cardioprotective and perhaps even
harmful, the strategy to raise HDL-C will likely be abandoned
at this juncture. This presents the opportunity to pursue other
measures of HDL structure and function such as HDL-P and
cholesterol efflux.

HDL-P: LINKS TO CARDIOVASCULAR DISEASE AND METABOLIC
SYNDROME

HDL particle number is an emerging HDL marker quantified
through nuclear magnetic resonance spectroscopy, ion mobility,
or 2-dimensional gradient gel electrophoresis.'” Overall, multiple
studies have consistently reported that HDL-P is a better

JOURNAL.HOUSTONMETHODIST.ORG



METHODIST DEBAKEY CARDIOVASCJ |

predictor of CVD risk than HDL-C.'>'®
More recently, a post-hoc analysis of

the Justification for the Use of Statins

in Primary Prevention: An Intervention
Trial Evaluating Rosuvastatin (JUPITER)
trial assessed multiple measures of HDL
concentrations. HDL-P at baseline and on
treatment after 12 months of rosuvastatin
(20 mg/d) was inversely associated

with incident CVD events (baseline
HDL-P: adjusted OR/SD 0.69; 95% ClI,
0.56-0.86; P<.001; and on-treatment
HDL-P: OR/SD 0.51; 95% Cl, 0.33-0.77;
P <.001). Comparison of cholesterol
efflux, HDL-C, and apolipoprotein Al
concentrations with HDL-P showed

that HDL-P was the strongest inverse
predictor of incident CVD."

In a multiethnic cohort of the Dallas
Heart Study, myeloperoxidase (MPO)
indexed to HDL-P was assessed as

a metric for HDL oxidative potential.
MPO, an enzyme expressed during
inflammation, oxidizes HDL by binding
to HDL-P and reducing the antioxidant
function of HDL. In this study, there was
a direct association between increasing
quartiles of MPO/HDL-P and CVD. The
highest quartile compared to the lowest
quartile of MPO/HDL-P associated

with a 74% increase in incident
atherosclerotic CVD (adjusted HR 1.74,
95% CI, 1.12-2.70) and 91% increase
in total incident CVD (adjusted HR 1.91,
95% Cl, 1.27-2.85)."

Unlike low plasma levels of HDL-C, which
is part of the metabolic syndrome (MetS)
profile that is confounded by coexistent
insulin resistance, HDL-P levels are not
significantly associated with measures of
adiposity or insulin resistance. However,
a recent report showed that baseline
HDL-P levels inversely associate with
incident MetS and that this relationship
is not attenuated by adjusting for other
independent markers of MetS such as
visceral fat, triglyceride/HDL-C ratio,
body mass index, and homeostatic
model assessment of insulin resistance.'®
This study reported a 2-fold increase
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Intervention

Diet (monounsaturated fat: olive oil, nuts,
butter)

Vigorous exercise

CETP inhibitors (TA-8995, evacetrapib)
Statins

LDL apheresis

Novel therapeutics

Table 1.

REVIEW

Impact on cholesterol efflux

1)
1t
L)
¥

No change/transiently decrease/no effect
on intrinsic HDL function

L

Behavioral and therapeutic interventions that affect cholesterol efflux capacity. CETP: cholesteryl

ester transfer protein; LDL: low-density lipoprotein; HDL: high-density lipoprotein

in incident MetS in the lowest quartile
of HDL-P (16.11-29.41 mg/dL) and a
32% decrease in risk of incident MetS
with one standard deviation increase in
HDL-P.

CHOLESTEROL EFFLUX: EFFECTS OF
INTERVENTIONS ON HDL FUNCTION

Reverse cholesterol transport (RCT)
is considered the most relevant
antiatherosclerotic function of HDL.
Cholesterol efflux from macrophages is
the first critical RCT step and involves
movement of cholesterol from cells to
primarily apoAl-containing particles
via cell-surface lipid transporters such
as ATP-binding cassette transporter
member 1 (ABCA1), ABCGH, and
scavenger receptor B type 1 (SR-B1)
as well as by aqueous diffusion."'”
Measurement of cholesterol efflux
capacity (CEC) is not standardized
but typically involves quantifying the
amount of labeled cholesterol that
moves from reference donor cells to
apoB-depleted plasma or serum.'®* CEC
is inversely associated with prevalent
and incident atherosclerotic CVD in
multiple large cohorts.'”'® Given that
HDL-C is not an adequate therapeutic
target, attention has increased toward

targeting improvement of HDL function
as a potential strategy to reduce CV risk,
with specific focus on interrogating CEC
(Table 1).

Diet

Three recent trials have studied the
impact of specific fats on CEC. In

the Prevention with Mediterranean

Diet (PREDIMED) trial, individuals at
high risk for CVD were included in

a 1-year intervention of two types of
Mediterranean diets compared to a
low-fat control diet. Both interventions
significantly increased CEC compared to
baseline but not compared to the low-fat
control diet.?° Another study evaluated
the impact of specific fats on CEC in
individuals with abdominal obesity.
Patients were randomized to a 4-week
diet rich in saturated fats, cheese, or
butter or rich in unsaturated fats, refined
olive oil (monounsaturated), or corn oil
(polyunsaturated), with the control being
a lower fat and carbohydrate diet.?!
Compared to the control diet, there was
a 3.3% and 3.8% increase in CEC in the
butter and monounsaturated diets but
not for the cheese or polyunsaturated
diets. The butter diet also significantly
increased LDL compared to the low-
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carb, low-fat control. Lastly, a third trial comparing consumption
of three whole eggs daily for 12 weeks versus egg substitute
reported a 2.4% increase in CEC compared to baseline in the
whole-egg group, with no change in the egg substitute group.??

Two randomized clinical trials evaluated the effects of different
levels of exercise on measures of HDL function over a 6-month
period. The Exercise Dose-Response Effects in Prediabetes
(STRRIDE-PD) study involved four exercise regimens (low-
amount/moderate intensity, high-amount/moderate intensity,
high-amount/vigorous intensity, diet change and low-amount/
moderate intensity) and the Examination of Mechanisms
(E-MECHANIC) of Exercise-Induced Weight Compensation
trial involved two exercise regimens (800-1000 kcal/wk or
2000-2500 kcal/wk, both with target heart rate 65-80% peak
oxygen uptake). Both studies included sedentary overweight
individuals without CVD or diabetes. The highest-intensity
exercise group in STRRIDE-PD significantly increased
radiolabeled CEC (+ 6.2%; standard error of mean 0.06) in
adjusted models compared to the other exercise groups, but
it did not include a control group. The higher-intensity exercise
group in EEMECHANIC also significantly increased radiolabeled
CEC by 5.7% (95% ClI, 1.2-10.2%) compared to the control
group, but this association was attenuated after adjusting

for HDL-C. The boron-dipyrromethene labeled CEC was not
affected by exercise training.?®

Another study evaluated the effect of lifestyle modification,
diet, and exercise on CEC in men with abdominal obesity and
dyslipidemia. After 1 year of counseling with both a kinesiologist
and dietician and a minimum of 160 minutes of weekly vigorous
activity (50-80% maximum heart rate), there was a noted
increase in CEC as well as decreased caloric intake and
improved dietary quality.2* In addition, this lifestyle modification
led to an overall improvement in cardiometabolic risk profile

as well as a significant increase in CEC by 14.1% and 3.4%
from either macrophages (J774) or hepatocellular carcinoma
cells (HepG2), respectively. There was no change in CEC in
the control group after 1 year compared to baseline. Another
prospective study of overweight or obese women on a 6-month
low-fat and decreased total energy diet with low-intensity
exercise resulted in weight loss of 2.2 £ 3.9 kg; however, this
was not associated with a significant change in CEC despite a
decrease in HDL-C, suggesting again a discordance between
HDL-C and HDL functional measurements as a response to
therapy.2®

In two high-risk secondary prevention groups, the effects of
exercise on CEC were mixed. Individuals with peripheral artery
disease were randomized into three study arms with exercise
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interventions, including 3x/wk at near-maximum tolerance of
leg symptoms, 3x/wk lower-extremity resistance training with
increasing resistance, and a control of no exercise training
but 11 nutritional sessions over 6 months.?® There was no
association with CEC changes among the three study arms.
Another study of patients with acute coronary syndrome who
underwent percutaneous coronary intervention compared
those who completed cardiac rehab (38.9 mean sessions)
versus those who dropped out (13.5 mean sessions).?” There
was a significant increase in CEC in the cardiac rehab group
compared to baseline levels but not compared to the control
group participants who dropped out of rehab.

Collectively, these studies of lifestyle interventions reflect varied
effects on CEC depending on the type of intervention, study
population, and comparator group. Further studies will need

to standardize the intervention and control groups to better
ascertain the effects of diet and exercise on HDL function.

MEDICATIONS

New therapeutics for inhibiting CETP in general increase CEC.
A phase 2 randomized control trial of a new CETP inhibitor,
TA-8995, included study arms of placebo, 1 mg, 5 mg, and 10
mg daily. Total CEC, non—ABCA1-specific CEC, and ABCAT1-
specific CEC all significantly increased in a dose-dependent
fashion, ranging from a 15% to 72% increase in CEC.?® A
phase 2 trial testing 12 weeks of evacetrapib monotherapy?®
also demonstrated increases in total CEC and non—-ABCA1-
specific CEC in a dose-dependent manner. ABCA1-specific
CEC increased in a non—dose-dependent manner. Both
studies also noted a significant increase in pre-betal, which
correlated with the increase in total and ABCA1-specific CEC,
although the mechanism by which CETP inhibition increases
pre-betal levels remains unclear.?®2° A pharmacogenomic
effect on CEC has been suggested for the CETP inhibitor
dalcetrapib. A post-hoc analysis of dalcetrapib in the main
outcomes trial (DAL-OUTCOMES) found a 22.3% increase in
CEC with the protective AA genotype compared to 7.8% and
7.4% increases for GG and AG genotypes, respectively.®® A
second outcomes trial currently underway is testing the effects
of dalcetrapib on CVD events by genotype.®

The effects of statins on CEC have been inconsistent. In

the phase 2 trial of evacetrapib, study arms included statin
monotherapy and statin combined with evacetrapib.?®
Rosuvastatin and simvastatin significantly decreased total
CEC and ABCA1-specific CEC, but atorvastatin had no effect
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on CEC. The combination of statin with evacetrapib blunted
the increase in CEC observed with evacetrapib monotherapy.
Similarly, the combination of rosuvastatin with 10 mg TA-8995
increased CEC by 67% compared to a 72% increase with 10
mg TA-8995 monotherapy.?®

A post-hoc analysis of the JUPITER trial evaluated the
association between CEC and incident cardiovascular disease
on statin therapy and determined that rosuvastatin therapy

did not change CEC after 12 months." Intriguingly, although
baseline CEC was not associated with incident CVD (OR/

SD 0.89, 95% CI, 0.72-1.10, P=.28), CEC after 12 months of
rosuvastatin therapy was inversely associated with incident CVD
(OR/SD 0.62, 95% Cl, 0.42-0.92, P=.02). These discordant
findings remain unexplained but suggest some inconsistency in
the association between CEC and outcomes within the context
of lipid-modifying trials.

Given the evolving epidemiology of CEC in atherosclerotic
CVD, interest has increased in prebeta-1, the primary
determinant of ABCAT1-specific efflux. Statin therapy
significantly reduces the plasma level of prebeta-1. In a
6-week study evaluating multiple statins,®? the decrease in
prebeta-1 levels was similar among the statin therapies (17.9%
reduction) and was associated with a decrease in plasma
triglyceride levels but not LDL-C levels. None of the statins
changed plasma HDL-C levels significantly.

Among individuals with familial hypercholesterolemia (FH),
treatment may include LDL-apheresis—intentional removal of
apoB-containing lipoproteins but also removal of all lipoproteins,
including HDL-C. The studies that reported on HDL-C and
apoAl levels were consistent: HDL-C and apoAl were reduced
after apheresis.®*34 However, this effect was transient since the
levels normalized 2 days after apheresis.®

Investigations of the relationship between CEC and LDL-
apheresis have had mixed results. Studies of homozygous

and heterozygous FH revealed no change in CEC after
apheresis.®*3® Another cohort of individuals with FH and familial
hyperlipidemia showed a reduction in SR-B1-mediated and
aqueous diffusion-mediated efflux immediately after apheresis,
although this reduction was transient and recovered within 2
days after apheresis.?* However, ABCA1-mediated CEC was
immediately and persistently reduced at the 2-day measurement.
Studies of this cohort also revealed that macrophage
cholesterol-loading capacity was lower immediately and 2 days
after apheresis than prior to apheresis. In contrast, a study
including FH individuals with the LDLR gene defect found
decreased CEC in whole plasma (-15%) without affecting the
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intrinsic function of HDL particles to mediate cholesterol efflux
or delivery of cholesteryl ester to hepatic cells.%®

Current therapies that affect HDL-C levels—specifically niacin,
fibrates, estrogen, and CETP inhibitors—have had limited
efficacy in improving CVD outcomes. Recent observational
studies suggesting that functions related to RCT may better
predict CVD events have focused on the development of novel
therapies that directly interrogate some aspect of RCT. Most of
these therapeutic developments have centered on the primary
role of apolipoprotein Al in the structure and function of HDL
particles and the impact on RCT promotion and atherosclerosis
prevention.

A number of oral and intravenous apoAl mimetic peptide
formulations have been developed and studied in animal
models and have shown improvements in cholesterol efflux,
inflammation, and oxidation. Unfortunately, none have

entered larger-scale human studies thus far. In contrast,

three intravenous apoAl infusion formulations have been
studied in human trials to date. Apo Al,,,. was developed

as a therapy based on the rationale that carriers with this
mutation demonstrated protection from CVD despite very low
HDL-C levels. The initial apo Al formulation, ETC-216,

was studied in a phase 2 trial of patients treated for acute
coronary syndrome and suggested improvement in coronary
atherosclerosis by intravascular ultrasound (IVUS).?” Due to
serious side effects with ETC-216, another formulation (MDCO-
216) was developed and tested in a randomized controlled

trial of 122 acute coronary syndrome patients. After 5 weekly
infusions, there was no difference from placebo in IVUS-
determined plaque characteristics.®® No further development of
MDCO-216 is planned.

CER-001 is a complex of recombinant apoAl and phospholipids
similar to pre-beta HDL and can rapidly mobilize cholesterol

in the HDL fraction. Although CER-001 increased in ABCA1-
mediated cholesterol efflux, high doses actually suppressed
this effect. In the randomized, placebo-controlled CARAT study,
CER-001 at 3 mg/kg given over 9 weeks to 301 patients after
acute coronary syndrome had no effect on IVUS-determined
plague characteristics.®® Current studies are focused on the
effects of CER-001 on carotid atherosclerosis in patients with
familial hypoalphalipoproteinemia.*®

CSL-112 is a reconstituted particle consisting of native apoAl
and phospholipids. This formulation is associated with marked
increases in pre-beta HDL and ABCA1-mediated cholesterol
efflux. In the AEGIS-I phase 2b trial of more than 1,200 patients
with recent myocardial infarction, 4 weekly infusions of CSL-
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112 were safe and well-tolerated and enhanced cholesterol
efflux.*’ The large phase 3 AEGIS-Il randomized controlled

trial is ongoing and testing whether CSL-112 will reduce
cardiovascular events in patients post acute coronary syndrome,
with an anticipated completion date of 2022.42

CONCLUSION

The role of HDL as a CVD biomarker continues to evolve.
Instead of a linear inverse association with CVD, plasma HDL-C
concentrations exhibit a U-shaped association with high risk at
the extremes of plasma HDL-C concentrations. CETP inhibitors
are the most potent enhancers of HDL-C levels but have largely
failed to improve outcomes, suggesting that HDL-C is not a valid
therapeutic target. Further, HDL-P may be a better marker of
cardiovascular risk than HDL-C, and current evidence suggests
that HDL-P is a promising therapeutic target. Finally, various
interventions affecting HDL metabolism have positive and
negative effects on cholesterol efflux capacity. A variety of diet
interventions, vigorous exercise, and CETP inhibitors increase
CEC, while statins decrease or blunt changes in CEC. Future
studies may help determine if specifically targeting cholesterol
efflux will decrease CVD risk and whether novel biomarkers
reflecting HDL particle concentration, composition, and function
may better predict CVD risk and response to therapy.

KEY POINTS

* High-density lipoprotein cholesterol (HDL-C) appears
to have a U-shaped association with increased
cardiovascular risk at extreme levels.

* HDL particle number may be a better marker of
cardiovascular risk than HDL-C.

* Interventions that increase cholesterol efflux capacity
(CEC) include dietary interventions, vigorous exercise,
and cholesteryl ester transfer protein inhibitors, whereas
statins decrease or blunt CEC.
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