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Abstract

Purpose of review—Low HDL-cholesterol (HDL-C) levels are a strong predictor of
cardiovascular disease risk and can be improved with regular exercise. However, raising HDL-C
levels pharmacologically has not shown convincing clinical benefits. Thus, research has recently
focused on identifying therapies that improve HDL function, with exercise representing such a
potential therapy. The purpose of this review is to summarize the effects of exercise interventions
on HDL function.

Recent findings—The effects of exercise and lifestyle interventions on the primary
atheroprotective functions of HDL are reviewed, namely, cholesterol efflux, antioxidative, and
anti-inflammatory properties. Differences in study design, study population, and assays are
discussed to aid in the interpretation of the reviewed studies.

Summary—There is mixed evidence that regular aerobic exercise improves cholesterol efflux
capacity, with recent research suggesting an exercise dose threshold needs to be exceeded to
produce beneficial effects. There is preliminary evidence that exercise improves the antioxidative
and anti-inflammatory properties of HDL. Although exercise represents a potential therapeutic
approach to improve HDL function, the heterogeneity and/or lack of findings warrants more and
larger studies to determine what HDL function(s) are most responsive to regular exercise and what
dose of exercise elicits the greatest improvements in HDL functionality.
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INTRODUCTION

Lifestyle modification, including adhering to a healthy diet and regular exercise, is
considered the foundation for reducing cardiovascular disease (CVD) risk and a first-line
intervention in the management of the blood lipid profile. It is well established that both
acute and chronic aerobic exercise increase plasma HDL-cholesterol (HDL-C) levels in a
dose-response manner, with exercise volume, rather than intensity, having a greater
influence on HDL-C response to exercise [1,2]. Aerobic exercise training also increases the
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plasma concentration of large HDL particles [3]. However, the effects of regular exercise on
the plasma HDL profile vary substantially across interventions and individuals [2—4].
Furthermore, despite strong epidemiological evidence of an inverse association between
HDL-C and CVD risk, recent randomized, controlled drug trials have failed to improve
CVD outcomes despite significantly increasing HDL-C levels. These findings suggest that
HDL-C is not a therapeutic target and thus has led to a focus on identifying therapies that
improve HDL functionality rather than HDL-C quantity. Exercise represents a potential
therapy for the improvement of the atheroprotective functions of HDL.

The atheroprotective properties of HDL include reverse cholesterol transport, inhibition of
vascular inflammation, and reduction of oxidative stress (Fig. 1). Although exercise is well
known to increase HDL-C levels, its effects on HDL functionality are less well understood.
Several exercise interventions have provided evidence of improvements in certain aspects of
HDL functionality, including cholesterol efflux capacity (CEC), antioxidative, and anti-
inflammatory properties. Therefore, this review serves to summarize the key findings of the
effects of exercise interventions on HDL function.

CHOLESTEROL EFFLUX CAPACITY

Reverse cholesterol transport is the pathway by which HDL accepts cholesterol in the
periphery and transports it to the liver for excretion. Macrophage-specific cholesterol efflux,
the initial step in the reverse cholesterol transport process, is considered one of the critical
mechanisms by which HDL exhibits protection against atherosclerosis. Numerous animal
and human studies have demonstrated a strong, inverse relationship between CEC and
prevalent and incident CVD, independent of HDL-C levels. Conversely, the potential clinical
utility of HDL’s other presumed atheroprotective functions is yet to be established and are
limited by lack of reproducible and validated assays.

Assays that measure CEC quantify the movement of labeled cholesterol from cells to
extracellular acceptors. Currently, there is no standardized method for measuring CEC in
humans, as protocols differ by cholesterol label (e.g., radio-label or fluorescent-label), cell
type (e.g., macrophage, monocyte, liver), and acceptor [e.g., isolated pure HDL,
apolipoprotein B (apoB)-depleted plasma/serum]. Choice of cholesterol acceptor can have a
significant impact on assessment of CEC and is the largest source of variation across studies
[5]. Thus, evaluating the specific methodology utilized is critical when interpreting the
effects of exercise on CEC in humans. Unless otherwise noted, most of the exercise studies
discussed below used CEC assays that measured the global efflux of radiolabeled (3H)
cholesterol from J774 macrophages to apoB-depleted plasma/serum (Table 1).

Studies examining the effects of exercise interventions on CEC have delivered mixed results
and vary primarily by exercise dose, populations tested, and concomitant therapies (e.g., diet
and medications) (Table 1). Although some studies provided supervised exercise sessions,
others used lifestyle interventions centered on counseling and goal setting to reach intended
activity levels, or a mix of both. In two independent studies of patients from the same
hospital with acute coronary syndrome and post percutaneous coronary intervention that
completed cardiac rehabilitation, 5 or 6 months of exercise training and lifestyle
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modification counseling significantly increased CEC by 9-10% [6,7]. The significant
findings, however, were limited to patients who achieved partial or complete risk factor
control of five targets including smoking cessation, weight control, control of DBP and SBP,
lipid control, and glycemic control. Furthermore, the study by Koba et a/. [6] observed an
increase in CEC following cardiac rehabilitation in 57 patients compared with baseline, but
no significant increase in comparison to 11 control patients who did not undergo cardiac
rehabilitation. Similarly, Furuyama et a/. [7] found the significant effects of cardiac
rehabilitation on CEC in 69 patients were diminished after adjusting for baseline CEC level.
In contrast, 6 months of supervised treadmill exercise (/= 33) or resistance training (V=
29) did not increase CEC in patients with peripheral artery disease [8]. However, peripheral
artery disease patients may not have been able to exercise at a sufficient intensity to achieve
beneficial changes in CEC. Thus, the inconsistent results across exercise training studies of
CVD patients may be related to the diminished exercise tolerance in these individuals and
thus less intensive training programs, as well as differences in age and comorbidities.

Recent lifestyle interventions that combine caloric restriction and regular exercise show
mostly positive results for improving CEC. One year of caloric restriction and physical
activity counseling significantly increased CEC in sedentary men with elevated waist
circumference and atherogenic dyslipidemia (/7= 113), whereas no change was observed in
the control group (7= 32) [9®]. The lifestyle intervention increased CEC in both J774
macrophage (+14%) and HepG2 cells (+3.4%), as well as improved CEC at most time
points during the postprandial state [9™]. Khan et a/. [L0™™] found that a 12-week combined
weight loss and exercise intervention in men and postmenopausal women with metabolic
syndrome significantly increased CEC (using THP-1 cells and isolated HDL) by 25%
compared with baseline levels, whereas no change in HDL-C was observed. However, CEC
changes in the combination group (A= 17) did not differ from the dietary weight loss only
(N=19) or control (M= 17) groups [10™™] A 10-month lifestyle intervention in obese
adolescents significantly increased CEC in the intervention group (+10%, 7= 8) compared
with the control group (-8%, 7= 8) [11M].

A limitation of lifestyle intervention studies is that it is not possible to distinguish the
respective contributions of diet and exercise to changes in HDL function. Furthermore,
although each of the cited lifestyle interventions resulted in significant weight loss, none of
the studies appear to have adjusted for weight loss or other confounding factors in their
models. Thus, it is unclear whether the improvements in CEC observed were independent of
weight loss in these studies. These limitations are exacerbated by relatively small sample
sizes and a lack of objectively measured exercise, as most studies did not supervise and/or
standardize all exercise sessions.

A recent study addressed many of the limitations of the current literature by having a large
sample size from fully supervised and standardized exercise-only interventions, examining
dose—response, and adjusting for body weight and confounding variables in the analyses
[12®®] The study investigated the effects of six different exercise interventions differing in
exercise amount and/or intensity from two independent, randomized exercise trials on three
different measures of CEC: radiolabeled and BODIPY-labeled CEC from J774 macrophages
and the HDL-apolipoprotein A (apoA)-1 exchange assay. The authors found that aerobic
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exercise training improved radiolabeled CEC only when a high amount of vigorous exercise
was performed (Fig. 2) [12™™]. Specifically, in the STRRIDE-PD study of 106 prediabetic
participants, 6 months of high amount and high intensity aerobic exercise training resulted in
a significant increase in CEC (+6.2%) compared with the low amount/moderate intensity
group (=8.4%), high amount/moderate intensity group (—4.2%), and clinical lifestyle (diet +
exercise) group (—2.4%), whereas no significant within group changes in CEC were
observed [12®®] In the E-MECHANIC study, non-ATP binding cassette transporter Al-
mediated radiolabeled CEC significantly increased (+5.7%) after 6 months of aerobic
exercise training in the group assigned to the highest exercise dose (recommended amount of
weekly physical activity for weight loss) compared with controls, whereas no changes were
observed in the moderate exercise dose group (recommend amount of weekly physical
activity for general health) [12®®]_In both cohorts, no significant effects of exercise training
were observed for BODIPY-labeled CEC or HDL-apoA-I exchange, an indirect measure of
CEC that measures the ability of apoA-1 to exchange on and off HDL [128®]. All results
were independent of age, sex, race, BMI, and baseline CEC. These findings from six
rigorous exercise interventions with high adherence suggest that an exercise dose threshold,
particularly an exercise intensity threshold, needs to be exceeded to improve radiolabeled
CEC.

ANTIOXIDATIVE PROPERTIES

Oxidized lipids can exert widespread harmful effects on normal physiological function.
Oxidized LDL lipids contribute to the development and progression of atherosclerosis. HDL
particles have multiple antioxidative functions that protect against the effects of oxidized
lipids (Fig. 1). HDL inhibits the oxidation of LDL and the subsequent atherosclerotic LDL
by metabolizing lipid hydroperoxides and preventing their accumulation on LDL [13]. In
addition, HDL can take up lipid peroxides, byproducts of lipid oxidation, and transport them
to the liver for excretion [13,14].

The current literature on the effects of exercise on the ability of HDL to inhibit oxidation of
LDL is limited to small studies of patients with metabolic syndrome or type 2 diabetes
(Table 2). A 12-week educational program to reduce caloric intake and increase physical
activity significantly decreased (—6.8%) the rate of LDL oxidation in the presence of HDL3c
in normocholesterolemic [LDL-cholesterol (LDL-C) < 130mg/dl] metabolic syndrome
patients (/7= 18), but not in patients with elevated LDL-C (7= 15) [15®]. In 20 patients with
metabolic syndrome, 3 months of supervised exercise training increased the LDL resistance
to oxidation in the presence of both the HDL 2a and 3b subfractions by about 5% [16]. A 4-
month supervised exercise training program improved the HDL3 protective effect against
LDL oxidation by 15% in diabetic patients (7= 7), but not in healthy adults (7= 6) [17].

The effect of acute and chronic exercise on the lipid peroxide transport function of HDL has
also been demonstrated in two recent studies. Following an incremental maximal treadmill
run to exhaustion in 24 elite and well trained endurance athletes, the concentration of
oxidized HDL lipids significantly increased by 24% and remained elevated during 15 min of
recovery, whereas oxidized LDL lipids decreased by 19%, resulting in a 55% increase in the
ratio of oxidized HDL lipids to oxidized LDL lipids immediately after the treadmill run,
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which remained elevated (+71%) after 15 min of recovery [18™]. These findings suggest that
exercise acutely elevates lipid peroxide transfer to HDL for reverse transport to the liver for
clearance. In a 6-month randomized-controlled trial in sedentary women, the lipid peroxide
transport function of HDL increased by 5% in the endurance exercise training (n7=79) group
and decreased by 2% in the control group (77 = 82), whereas no changes in oxidized LDL
were observed [19%]. These limited studies provide evidence for the beneficial effects of
both acute and chronic endurance exercise on the ability of HDL to transport lipid peroxides.

ANTI-INFLAMMATORY PROPERTIES

Few studies have examined the effects of exercise on the anti-inflammatory properties of
HDL (Table 2). Sang et al. [20] found that 10 weeks of walk/run training in metabolic
syndrome patients (7= 27) increased the ability of isolated HDL3 to protect endothelial cells
from injury by decreasing TNF-a-induced VCAM-1 expression and monocyte adhesion. A
3-week residential diet and exercise intervention in 22 overweight or obese men with
metabolic syndrome factors shifted the properties of HDL from being proinflammatory to
anti-inflammatory according to the HDL inflammatory index [21]. In summary, there is
limited, but promising evidence that short-term exercise training or lifestyle modification
improves the anti-inflammatory properties of HDL.

MEDIATORS OF HDL FUNCTION CHANGES WITH EXERCISE

The exact mechanisms by which exercise impacts HDL function are not well defined. It is
thought that the molecular composition of HDL particles, particularly the protein and lipid
components, mediate the biological functions of HDL [22,23]. Several studies found that the
strongest predictors of exercise-induced change in CEC were concomitant changes in HDL-
C and/or apoA-I levels [7,9% 128®] The study by Sarzynski et a/. [12™™] also found that
change in CEC was positively correlated with changes in total HDL particle concentration
and mean HDL size and negatively with change in proportion of calories from fat. Casella-
Filho et al. [16] showed that the exercise-induced increase in HDL antioxidative capacity in
metabolic syndrome patients was related to a decrease in the cholesterol and triglyceride
content and increase of cholesterol esters in HDL3b. Khan et a/. [10™™] found that a weight
loss and exercise intervention in metabolic syndrome patients increased CEC and
normalized the HDL lipidome toward that of healthy individuals. Significantly, the authors
found numerous HDL lipid species that associated with CEC at baseline [10™™] but did not
directly test whether change in the lipid species associated with change in CEC. These
limited data suggest that HDL function and composition are interdependent and that
exercise-induced changes in HDL composition may mediate concomitant exercise-induced
changes in HDL function.

CONCLUSION

The effects of regular exercise on HDL function are variable and dependent upon several
factors, including exercise dose and participant characteristics. A considerable number of
studies have examined the effects of exercise or lifestyle interventions on CEC with mixed
results. However, results from rigorously controlled, large exercise training interventions
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show that regular prolonged vigorous exercise improves CEC. Thus, more intensive and
structured exercise programs may be required to improve CEC, whereas exercise
interventions may be less effective at improving CEC in older, diseased individuals
compared with younger, healthier individuals. In addition, limited studies with small sample
sizes of patients with metabolic disorders provide preliminary evidence that exercise training
also improves the antioxidative and anti-inflammatory properties of HDL. The lack of
studies related to these properties of HDL may partially result from the lower throughput
and reproducibility of cell-based assays, as well as the lack of clinical validation for the
current HDL-based antioxidative and anti-inflammatory assays. Importantly, improvements
in HDL function following exercise training are often found in the absence of significant
changes in HDL-C, providing evidence for a discordance between HDL-C levels and HDL
function. Furthermore, although exercise still represents a viable therapeutic option to
improve HDL functionality, not all of the currently proposed atheroprotective properties of
HDL have been evaluated in response to exercise. Thus, future studies using standardized
methodologies in diverse populations are needed to further determine the effects of acute
and chronic exercise on the entire repertoire of athero-protective properties of HDL.
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KEY POINTS

. Exercise represents a potential therapy for the improvement of not just HDL-
C, but HDL function as well.

. Prolonged, high intensity exercise training may improve the cholesterol efflux
capacity of HDL.
. There is some evidence for the beneficial effects of exercise training on the

antioxidative and anti-inflammatory properties of HDL.

. Overall, the effects of exercise on HDL function are still largely unclear.
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HDL functions that may be influenced by exercise.
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