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In obese individuals, atherogenic dyslipidemia is a very common and important factor in the increased risk of
cardiovascular disease. Adiposity-associated dyslipidemia is characterized by low high-density lipoprotein
cholesterol (HDL-C) levels and an increase in triglyceride-rich lipoproteins. Several factors and mechanisms are
involved in lowering HDL-C levels in the obese state and HDL quantity and quality is closely related to levels of
adiponectin. Recent studies have shown that obesity profoundly alters HDL metabolism, resulting in altered HDL

subclass distribution, composition, and function.
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| 1. Introduction

The increasing prevalence of obesity in the last decades has become a major health problem worldwide. In
Northern America and Europe, in particular, the number of overweight and obese people is ever increasing and is
becoming more common in children and adolescents L. The causes of obesity are multifactorial, with the most
important factors being excess calorie intake and lack of physical activity. Excessive body weight increases the risk
of disease development, such as coronary artery disease, hypertension, type-2 diabetes mellitus, and dyslipidemia
[2IB141B16], High levels of triglyceride-rich lipoproteins and low levels of high-density lipoprotein cholesterol (HDL-C)
commonly characterize dyslipidemia in obesity. In obesity, not only HDL levels are altered, but an altered HDL
distribution pattern and abnormal HDL metabolism have also been observed, which often leads to dysfunction of
the HDL particles WEIE Consequently, the focus has shifted from studying the quantity of HDL to studying the
quality of HDL 19,

| 2. HDL Metabolism, Structure, and Composition
2.1. HDL Metabolism

The biogenesis of HDL starts in the liver and the intestine, where apolipoprotein (apo) A-1 is synthesized (Figure 1).
After secretion, lipid-poor apoA-I interacts with the integral cell membrane protein ATP-binding cassette transporter
Al (ABCA1L), which is abundantly expressed by hepatocytes and enterocytes (1. Through interaction, apoA-I
acquires lipids from the cellular lipid pool, generating nascent HDL particles. Additional lipids and apolipoproteins
are acquired, which are derived from hydrolysis of triglyceride-rich lipoproteins. This process partly explains the
strong inverse relationship of HDL-C and triglyceride levels, often observed in obese subjects 2. The acquired

cholesterol of HDL is further esterified by lecithin-cholesterol-acyl transferase (LCAT), forming mature HDL particles
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(13 The reaction takes place at the surface of HDL and requires apoA-l as an activator for LCAT 14, The
generated HDL-associated cholesteryl-esters are partially transferred to apoB-containing lipoproteins by
cholesteryl-ester transfer protein (CETP), usually in exchange for triglycerides. Another pathway for clearance of
cholesteryl-ester in HDL is the direct uptake by the liver via scavenger receptor class B type 1 (SR-BI) (12, After
interaction of SR-BI with large cholesterol-rich HDL, cholesteryl-esters and free cholesterol are internalized and

cholesterol is removed through the bile, while apoA-I dissociates 18117,
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Figure 1. Schematic overview of high-density lipoprotein (HDL) metabolism. Biogenesis of apolipoprotein A-I
(apoA-I) takes place in the liver and intestine. After secretion of the lipid-poor apoA-l, it interacts with ATP-binding
cassette transporter A1 (ABCA1) to acquire lipids, leading to formation of nascent HDL. The enzyme lecithin-
cholesterol-acyl transferase (LCAT) esterifies free cholesterol of nascent HDL to form mature HDL. Cholesteryl-
esters are cleared by uptake of the liver by scavenger receptor B1 (SR-BI) or via transfer on triglyceride-rich
lipoproteins by cholesteryl-ester transfer protein (CETP), in exchange of triglycerides. Triglyceride-rich HDL is

susceptible to hydrolysis by endothelial lipase (EL) or hepatic lipase (HL).

HDL is enriched in triglycerides through the activity of CETP, generating HDL particles that are more susceptible to
lipolysis by endothelial lipase (EL) or hepatic lipase (HL). Substrates for lipolysis are mainly phospholipids (EL) or
phospholipids and triglycerides (HL), but with different specificity for phospholipids 8. The lipolysis of triglycerides
leads to the formation of smaller HDL particles, which are susceptible to faster catabolism. Another important key
player of HDL metabolism is the phospholipid transfer protein (PLTP), which transfers phospholipids between HDL
particles and lipids between triglyceride-rich lipoproteins and HDL 22, Many apolipoproteins, lipid transfer proteins,
enzymes, cell surface receptors, and cellular lipid transporters are involved in the regulation of HDL metabolism
and partly determine levels of plasma HDL-C. This complex metabolism produces HDL particles of varying size,
density, and composition. Therefore, plasma HDL-C concentrations are not a good parameter to reflect functional
properties of HDL, such as HDL-mediated reverse cholesterol transport or anti-oxidative or anti-inflammatory

properties.
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2.2. HDL Structure and Composition

Plasma levels of HDL-C have been associated with cardiovascular diseases for decades 2921122 However, it is
becoming widely accepted that it is not the quantity but the quality of HDL that is important, as HDL performs
different functions depending on the protein and lipid composition 231241125  ApoA-| is the most prevalent protein
component of HDL, accounting for approximately 70% of the total protein [28. ApoA-I has a variety of functions,
such as activation of LCAT, interaction with cellular receptors, and anti-atherogenic activities 272829 ApoA-Il is
the second major apolipoprotein in HDL and presents about 15-20% of the total protein component B9, The
remaining 10-15% of HDL protein mass comprises minor proteins, including apoA-IV, ApoCs, which are important
enzyme regulators, apoD, apoE, apoF, apoH, apoJ, ApoL-l, and apoM, and several enzymes. Paraoxonase 1
(PONL1) is almost exclusively associated with HDL and has been shown to exert anti-inflammatory and anti-
oxidative properties 1. Other enzymes associated with HDL are LCAT and the platelet-activating factor acetyl
hydrolase. The phospholipid transfer protein and CETP have a lipid transfer activity and are important in lipoprotein
metabolism. Remarkably, it is not cholesterol that predominates the HDL lipidome, but phospholipids. Taken
together, phospholipids and sphingolipids account for 40-60% of total lipids, while cholesteryl-ester (30—40%),
triglycerides (5-12%), and free cholesterol (5-10%) are less abundant 23, Similar to functions of HDL-associated
proteins, HDL lipids also accomplish distinct structural functions. The lipid surface monolayer is constituted of
phospholipids, while cholesteryl-ester and triglycerides form the hydrophobic core. In total, more than 200 lipids
and 80 proteins are carried by different HDL subclasses, with individual HDL particles carrying only a few other
proteins besides apoA-| [321[331[34]

2.3. HDL Subclasses

Multiple subclasses of HDL exist, depending on its stage of maturation, site of origin, and its protein and lipid
composition. Thus, HDL particles are highly heterogeneous in their size, shape, structure, and density (Table 1).
Pre-B HDL is structurally the simplest form of HDL. These particles consist of one or two apoA-I molecules with a
phospholipid layer and a trace amount of cholesterol. These particles are discoidal shaped with a diameter of
approximately 9.6 nm and a thickness of 4.7 nm [, Pre-B HDL particles rapidly take up cholesterol and
phospholipids, which convert them into larger HDL subclasses. Therefore, pre-3 HDL only accounts for about 5%
of HDL in the circulation 8. Because of their function to avidly absorb cholesterol and phospholipids, pre-f HDL
particles are thought to be a major factor in preventing atherosclerotic plaque formation. Importantly, higher serum
cholesterol efflux capacity is related to plasma concentrations of pre-p HDL BZ. HDL3 particles have a smaller
diameter (7.5 nm) and are enriched with proteins, while HDL2 particles are larger (10 nm) and lipid rich. Most
abundant apolipoproteins are apoA-I and apoA-Il in both subclasses; however, apoA-Il is more present in HDL3.
Interestingly, the HDL-associated enzyme PON1, which has anti-oxidative and anti-inflammatory properties B2, has
been shown to be more frequently associated with HDL3. This higher abundance of PON1 on HDL3 could partly
explain the higher anti-oxidative capacity of the smaller HDL particles 2238 HDL2 and HDL3 further show
differences in lipid composition. Sphingolipids are, in general, less abundant in the HDL3 subclass, affecting
surface lipid fluidity, whereas the bioactive lipid sphingosine-1-phosphate (S1P) is predominantly associated with

HDL3 23 In line, the abundance of apoM, which specifically anchors S1P to HDL particle, shows higher
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abundance in HDL3 [28l. S1P maintains vascular integrity and mediates multiple effects of HDL on endothelial cells
391 The functions of HDL to induce vasorelaxation as well as promoting barrier function have been attributed to
signaling of S1P 941l Taken together, it seems that smaller subclasses of HDL have a greater protective potential

than larger particles 2.

Table 1. Representation of HDL heterogeneity.

HDL Subclass Size Shape Abundant Components Important Functions
9.6 nm
diameter, o o
Pre-3 HDL 47 discoidal ApoA-I, phospholipids ABCAL1-Cholesterol efflux
.7 nm
thickness

S . Anti-oxidative activity
Protein:lipid ratio 55:45

HDL3 7.5nm, 175 kDa  spherical Anti-inflammatory activity
PONL1, ApoA-Il, ApoM,

S1P
ABCAL1-Cholesterol efflux

ABCG1- Cholesterol

HDL2 10 nm, 350 kDa  spherical Protein:lipid ratio 40:60 o
ux

Apo, apolipoprotein; ABCAL, ATP-binding cassette transporter Al; PON1, paraoxonase 1; ABCG1, ATP-binding

cassette subfamily G member 1.

2.4. Important Functions of HDL

One of the main functions of HDL is its ability to promote reverse cholesterol transport, the uptake of excess
cholesterol from peripheral cells, and the transport to the liver for excretion. This process is considered as the

major antiatherogenic effect of HDL [42],

The reverse cholesterol transport starts with the secretion of lipid-poor apoA-I, which is released from liver or
intestine into the plasma to circulate to peripheral cells from which excess cholesterol is removed, forming nascent
HDL. A key role in the reverse cholesterol transport is the interaction of apoA-I with ABCA1 43l Studies have
shown that ABCA1 preferentially lipidates small HDL, specifically apoA-I, to form nascent HDL, while ATP-binding
cassette subfamily G member 1 (ABCGL1) stimulates cholesterol efflux to mature HDL and not to lipid-poor apoA-I

(44145 Cholesterol efflux includes the passive diffusion of cholesterol from cells as well as the active cellular
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cholesterol transfer by ABCA1, ABCG1, and SR-BI 481471481 The absorbed cholesterol is esterified by LCAT and
mature HDL is formed. HDL-associated cholesteryl-ester is partially transferred to triglyceride-rich lipoproteins by
CETP and further cleared by hepatic clearance through the low-density lipoprotein (LDL) receptor or taken up
together with free cholesterol by the hepatic receptor SR-BI. Therefore, the transfer of cholesterol from peripheral
cells to the liver involves two routes: (1) the direct uptake via SR-BI and (2) indirect by HDL-LDL/very low-density
lipoprotein (VLDL) interaction 2. In the liver, the cholesteryl-esters are hydrolyzed, and free cholesterol is either
transported by ABCG5 and ABCGS into the bile for excretion into feces or converted into bile acids or reused for
VLDL production.

This process of HDL-mediated cholesterol efflux has been of expanded research interest in recent years. A number
of different cell-based assays have been developed, to measure the ability of HDL to promote cholesterol efflux,
the first step of reverse cholesterol transport. In the most established assay, a mouse macrophage cell line (J774)
was employed 49, Cells are enriched with radioactively or fluorescently labeled cholesterol and cyclic adenosine
monophosphate to upregulate expression of ABCAL. For these assays, isolated HDL or apoB-depleted serum from
patients is added to cell medium and the proportion between labeled cholesterol in the supernatant and in the cells

is calculated.

Besides the ability of HDL to promote cholesterol efflux, there is increasing evidence that HDL-mediated

antiatherogenic actions toward the endothelium have physiological relevance BAB1I52[53],

The beneficial properties of HDL on the endothelium include vasodilatory activity, primarily through stimulation of
nitric oxide (NO) release from endothelial cells 2234 and also the production of prostacyclin B2I38], The initial step
for the activation of NO production involves binding of HDL to SR-BI on the endothelium. Subsequent intracellular
events are mediated by endothelial protein kinase B and intracellular Ca2* mobilization, increase in intracellular
ceramide levels, and the phosphorylation of the endothelial NO-synthase, leading to NO release BIBBEISA HpL
reduces the activity of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in the endothelium,
which reduces the cellular production of superoxide, an inactivator of NO, thereby increasing NO bioavailability £,
Vasodilatory actions of HDL further include cholesterol efflux of cholesterol and 7-oxysterols, mediated by ABCG1,
which improves formation of active endothelial NO-synthase dimers, resulting in decreased production of reactive

oxygen species 61,

Another anti-atherogenic function of HDL is its ant-oxidative activity by protecting LDL from oxidative damage
induced by free radicals, thus reducing its atherogenicity. ApoA-I, the major protein component of HDL may play a
central role in HDL-mediated anti-oxidative activity, by reduction of lipid hydroperoxides through methionine
residues [62163] |n addition, HDL-associated PON1 was shown to decrease lipid peroxidation of LDL and HDL
through a specific cysteine residue 4!, Other apolipoprotein components and HDL-associated enzymes, such as
apoA-ll, apoE, apoJd, lipoprotein-associated phospholipase A2, and LCAT, may further contribute to the anti-
oxidative properties (2265661 Hp| -associated lipophilic antioxidants such as tocopherols seem to make a small

contribution to the antioxidant properties of HDL [&7],
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Additionally, to the number of anti-oxidative effects, HDL further possesses anti-inflammatory properties. In vitro
experiments have shown that HDL inhibits transmigration of monocytes [€8 and inhibits cytokine-induced
expression of vascular cell adhesion molecule, intercellular cell adhesion molecule, and E-selectin expression [69]
(791, By modulation of the nuclear factor kB and the peroxisome proliferator-activated receptor gamma, HDL further
inhibits the production of pro-inflammatory cytokines /1. Due to these capabilities, HDL reduces the recruitment of
lymphocytes, monocytes, and basophils to the vascular endothelium, thereby decelerating downstream events of

inflammatory response.

| 3. Obesity, HDL, and Cardiovascular Risk

Obesity is one of the major risk factors for cardiovascular disease, which is associated with atherogenic
dyslipidemia. These alterations in plasma lipid and lipoprotein levels contribute to the manifestation of such a

severe morbidity.

3.1. Obesity Leads to a Shift in HDL Subclass Distribution

As described above, plasma HDL-C levels do not adequately reflect protective functions of HDL and greater
protective potential is attributed to the smaller, more dense HDL particles. Recent studies of Woudberg et al.
assessed HDL subclass distribution in normal-weight and obese white and black South African women. In obese
study participants, a shift from large HDL toward increased levels of intermediate and small HDL subclasses was
seen, whereby the effect was more pronounced in white women 22, In a 5.5-year follow-up study they showed that
the shifts in HDL subclass distribution were related to increasing central adiposity, suggesting a link between body
fat distribution and lipid metabolism 8. Based on the observed changes in HDL subclass distribution in obese
individuals, Woudberg et al. explored the effect of exercise training on HDL subfractions. Interestingly, 12 weeks of
exercise intervention altered the distribution of small HDL in obese women 2. In adolescents suffering from type 2
diabetes mellitus, Davidson et al. determined the risk factors associated with the depletion of large HDL particles
and simultaneous accumulation of small particles 4. The authors investigated the distribution of HDL subclasses
of individuals who differed in body mass index and insulin sensitivity and found that obesity is the major risk factor
linked to the altered HDL subclasses. An increased CETP-mediated transfer of triglycerides on HDL and the
subsequent hydrolysis of triglyceride-enriched HDL by hepatic lipase appeared to be the mechanism underlying the

shift of large HDL to small and dense HDL particles 4],

3.2. Obesity Affects HDL Function

It is known that HDL functionality is severely impaired in certain diseases and HDL may even have inflammatory or
pro-atherogenic properties. This was clearly demonstrated in HDL from patients suffering from chronic kidney
disease 2781 diabetes (14, cardiovascular disease 8, liver disease 9, psoriasis (Y, or even atopic dermatitis
[81] and allergic rhinitis (2. Obesity-associated complications, such as inflammation or diabetes, have been shown

to render HDL dysfunctional. HDL isolated from type 2 diabetes patients did not reduce endothelial oxidant stress
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and did not improve endothelium-dependent vasodilatation when compared to HDL isolated from healthy subjects
831 vasodilatory activity of HDL has been shown to be inversely correlated with triglyceride content of HDL, which
is elevated in obesity 4. A reduction of the overall capacity of HDL to promote cholesterol efflux from fibroblasts in
obese, compared to lean, normal-weight, subjects was reported 3. Of particular interest, cholesterol efflux
capacity appears to be significantly inversely correlated with the body mass index [B87, Since cholesterol efflux
capacity is the main metric of HDL function and has strong inverse association with coronary artery disease [E8l8J
99 the reduction of efflux capacity in obesity may have a crucial impact on the development of cardiovascular

disease.

3.3. Adiponectin and HDL

It has been well reported that plasma HDL-C concentrations show a strong correlation with levels of adiponectin,
independent of body mass index, distribution of body fat, and insulin sensitivity 2U[B2I83194I95]  Adiponectin is
mainly secreted by adipocytes, shows anti-atherogenic properties, and modulates glucose metabolism 28871,
Studies with mice overexpressing or lacking adiponectin as well as in vitro studies suggest a causal relationship
with HDL-C levels. Adiponectin increases the production of apoA-l as well as hepatic ABCAL, which increases
HDL-C levels (Figure 3) 28199 The enhanced expression of ABCA1 has been suggested by activation of liver X
receptor alpha and peroxisome proliferator-activated receptor gamma 10101102 p|asma levels of adiponectin
show a negative correlation with fractional catabolic rate of apoA-I in individuals with metabolic syndrome and
control subjects 193[103]. Besides ABCA1, adiponectin upregulates ABCG1 expression, increases cholesterol

efflux capacity, and effciently promotes lipidation of apoA-I, leading to formation of nascent HDL [204],
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Figure 2. Postulated effects of obesity on adiponectin and HDL metabolism. In normal-weight subjects, adipocytes
produce adiponectin, which enhances expression of the ATP-binding cassette transporter A1 (ABCA1) through
activation of peroxisome proliferator-activated receptor gamma (PPARY) and liver X receptor alpha (LXRa), leading
to HDL assembly. Further, adiponectin increases the hepatic production of apoA-l. During the state of obesity,
adipocytes manifest several altered properties, which play a role in the reduction of HDL-C. Increased inflammation
and fat accumulation in the adipocytes reduces the production of adiponectin and impairs cholesterol flux to HDL.
The reduction of adiponectin downregulates apoA-l production and ABCA1 expression in hepatocytes, thus

reducing HDL assembly.
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