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Abstract

The knowledge of an inverse relationship between plasma high-density lipopro-

tein cholesterol (HDL-C) concentrations and rates of cardiovascular disease has

led to the concept that increasing plasma HDL-C levels would be protective

against cardiovascular events. Therapeutic interventions presently available to

correct the plasma lipid profile have not been designed to specifically act on

HDL, but have modest to moderate effects on plasma HDL-C concentrations.

Statins, the first-line lipid-lowering drug therapy in primary and secondary

cardiovascular prevention, have quite modest effects on plasma HDL-C

concentrations (2–10 %). Fibrates, primarily used to reduce plasma triglyceride

levels, also moderately increase HDL-C levels (5–15 %). Niacin is the most

potent available drug in increasing HDL-C levels (up to 30 %), but its use is

limited by side effects, especially flushing.

The present chapter reviews the effects of established hypolipidemic drugs

(statins, fibrates, and niacin) on plasma HDL-C levels and HDL subclass distri-

bution, and on HDL functions, including cholesterol efflux capacity, endothelial

protection, and antioxidant properties.
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Abbreviations

ABCA1 ATP-binding cassette A1

CETP Cholesteryl ester transfer protein

CEC Cholesterol efflux capacity

CRP Reactive protein

eNOS Endothelial nitric oxide synthase

EPC Endothelial progenitor cells

FMD Flow-mediated vasodilation

GSPx Glutathione selenoperoxidase

HDL-C HDL cholesterol

LDL-C LDL cholesterol

LCAT Lecithin:cholesterol acyltransferase

LOOHs Lipoprotein lipid hydroperoxides

LpA-I HDL containing apoA-I only

LpA-I:A-II HDL containing apoA-I and apoA-II

Lp-PLA2 Lipoprotein-associated phospholipase A2

NO Nitric oxide

PGI2 Prostacyclin

PON1 Paraoxonase 1
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ROS Reactive oxygen species

SR-BI Scavenger receptor class B type I

S1P Sphingolipid sphingosine-1-phosphate

T2DM Type 2 diabetes

TNFα Tumor necrosis factor alpha

1 Effects on Plasma HDL-C Concentration

1.1 Statins

Statins are inhibitors of the hydroxymethylglutaryl coenzyme A (HMG-CoA)

reductase enzyme, a key enzyme in cholesterol synthesis. In addition to effectively

reducing low-density lipoprotein cholesterol (LDL-C), all statins modestly increase

HDL-C levels across the range of doses used, with important differences between

different statins (Jones et al. 2003). The increase in HDL-C is dose dependent with

some statins, e.g., simvastatin and rosuvastatin, but not with others. In the case of

atorvastatin, the highest increase in HDL-C levels is observed at the lowest dose

used. Statin-induced changes in HDL-C are normally paralleled by an increase in

apoA-I levels (Barter et al. 2010). Interestingly, variations in LDL-C and in HDL-C

levels are independent from each other (Barter et al. 2010). The mechanism by

which statins increase plasma HDL-C and apoA-I levels remains unknown, and it is

apparently unrelated to the inhibition of the HMG-CoA reductase enzyme. The

ability of statins to upregulate hepatic ABCA1 gene expression (Tamehiro

et al. 2007), as well as the described statin-induced inhibition of cholesteryl ester

transfer protein (CETP) (Guerin et al. 2000; Kassai et al. 2007) can contribute to

explain the effect of statin on HDL-C levels.

1.2 Fibrates

Fibrates (fibric acid derivates), synthetic ligands for PPAR-α, significantly reduce

plasma triglyceride levels (30–50 %) and moderately increase HDL-C

concentrations (5–15 %), with no major differences among available molecules

(Khoury and Goldberg 2011). Activation of PPAR-α leads to β-oxidation of free

fatty acids in the liver reducing VLDL synthesis and secretion. Furthermore, the

expression of the gene coding for lipoprotein lipase is increased and apolipoprotein

C-III expression in the liver is decreased, resulting in increased hydrolysis of

triglyceride-rich lipoproteins. HDL-C raises results from the increased expression

of apoA-II and, at a much lesser extent, apoA-I (Yetukuri et al. 2011), as well as to

the enhanced cholesterol efflux via the induction of ABCA1 in the liver (Berger

et al. 2005). In addition, animal studies have shown that fenofibrate reduces CETP

hepatic expression (van der Hoogt et al. 2007).
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1.3 Niacin

Niacin (nicotinic acid), a GPR109a agonist used clinically for more than 50 years to

lower cholesterol and triglycerides, increases HDL-C levels up to 30 % (Vega and

Grundy 1994). All the different niacin formulations (regular and extended release,

ER) are equally effective in increasing HDL-C levels, whereas acipimox

(a nicotinic acid analog) only induces a 7 % increase (Birjmohun et al. 2005).

Niacin side-effect profile, including flushing, gastrointestinal upset, and liver func-

tion testing abnormalities, has, however, limited its use, especially in warmer

Mediterranean countries (Birjmohun et al. 2005). Coadministration of the prosta-

glandin receptor antagonist laropiprant significantly reduces but does not eliminate

niacin-induced skin symptoms (Yadav et al. 2012). It is not quite clear how niacin

leads to an increase in HDL-C levels, and various theories have been proposed

(Soudijn et al. 2007). These include the ability of niacin to inhibit CETP

(Hernandez et al. 2007), to induce ABCA1 expression (Rubic et al. 2004), and to

reduce HDL catabolism (Bodor and Offermanns 2008).

2 Effects on HDL Subclass Distribution

Plasma HDL is highly heterogeneous and can be separated in several subclasses

according to density, size, shape, and lipid and protein composition (Calabresi

et al. 2010). According to density, two HDL subclasses can be identified, the less

dense HDL2 and the more dense HDL3 (De Lalla and Gofman 1954). HDL2 and

HDL3 could be further fractionated in five distinct subclasses on the basis of

particle size (from large to small: HDL2b, HDL2a, HDL3a, HDL3b, and HDL3c)

(Nichols et al. 1986). According to surface charge, HDL could be separated into

α-HDL and preβ-HDL. The separation by charge and size, using a two-dimensional

(2-D) gel electrophoresis, allow the identification of up to 12 distinct apoA-I-

containing HDL subclasses (Asztalos and Schaefer 2003). Finally, according to

the protein component, HDL can be separated into particles containing only apoA-I

(LpA-I) or containing also apoA-II (LpA-I:A-II).

2.1 Statins

The reported effects of statins on HDL subclass distribution are not consistent,

likely depending on the technique used for the analysis. Some studies showed no

effect of statins on HDL subclasses (Alaupovic et al. 1994; Bard et al. 1989;

Franceschini et al. 2007; Tomas et al. 2000), and on HDL particle size distribution

(Franceschini et al. 1989; Homma et al. 1995). On the contrary, studies evaluating

HDL subclasses by 2-D gel electrophoresis showed that all statins, although with

different potency, increase the levels of the large HDL particles and decrease the

levels of small particles (Asztalos et al. 2002a, b, 2007).
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2.2 Fibrates

A number of studies have shown that treatment with fibrates causes a shift of HDL

from large to small particles in low HDL (Franceschini et al. 2007; Otvos

et al. 2006), hypertriglyceridemic (Miida et al. 2000; Sasaki et al. 2002), and

hypercholesterolemic (Franceschini et al. 1989) patients. These effects could be

explained by the fibrate-induced increase in hepatic lipase activity (Miida

et al. 2000; Patsch et al. 1984). In addition, bezafibrate has been shown to increase

small discoidal preβ1-HDL particles in hypertriglyceridemic patients (Miida

et al. 2000). The analysis of HDL subclasses by 2-D electrophoresis in the large

cohort of the VA-HIT trial confirmed that gemfibrozil treatment is associated with a

decrease in large (α-1 and α-2) HDL and with an increase in the small, lipid-poor

HDL particles (Asztalos et al. 2008).

2.3 Niacin

Sheperd et al. were the first to demonstrate in the late 1970s that niacin (3 g/day) in

healthy volunteers significantly increases the large HDL2 particles, associated with

a parallel reduction of the small HDL3 (Shepherd et al. 1979). Several studies have

confirmed this observation in patients with different types of dyslipidemia treated

with 2, 3, or 4 g/day of regular or ER niacin (Johansson and Carlson 1990; Knopp

et al. 1998; Morgan et al. 2003; Wahlberg et al. 1990) and in patients with coronary

artery disease (Kuvin et al. 2006). A very recent study showed that also 1 g/day of

ER niacin increases large HDL particles in dyslipidemic patients, with a concomi-

tant significant increase in mean HDL size (Franceschini et al. 2013). The analysis

of HDL subclasses by 2-D gel electrophoresis recently confirmed the observation

that niacin promotes the maturation of HDL into large particles (Lamon-Fava

et al. 2008), likely explained by a reduction in CETP activity. In addition, Sakai

et al. reported that niacin selectively increases LpA-I particles in patients with low

HDL-C, due to a prolongation of apoA-I residence time (Sakai et al. 2001).

3 Effects on Cholesterol Efflux Capacity

The most relevant antiatherogenic function of HDL is the ability to promote reverse

cholesterol transport, the physiological process by which excess cholesterol is

removed from peripheral tissues and transported to the liver for excretion (Cuchel

and Rader 2006). The first and limiting step of this process is the efflux of cellular

cholesterol from lipid-laden macrophages of the arterial wall (Lewis and Rader

2005). Multiple mechanisms for efflux of cholesterol exist in macrophages (Adorni

et al. 2007). The release of free cholesterol via passive diffusion occurs in all cell

types and is accelerated when the scavenger receptor class B type I (SR-BI) is

present on the cell plasma membrane. Both passive diffusion and SR-BI-mediated

efflux occur to phospholipid-containing acceptors (i.e., HDL and lipidated
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apolipoproteins). ATP-binding cassette A1 (ABCA1) belongs to the ATP-binding

cassette transporter family and promotes unidirectional efflux of membrane choles-

terol and phospholipids to lipid-poor apolipoproteins. Macrophages may also

release cholesterol via the ABCG1 pathway, another ABC transporter that mediates

net mass efflux of cellular cholesterol to mature HDL (Favari et al. 2009). HDL

cholesterol efflux capacity (CEC) from macrophages can be measured in vitro and

provides a reliable measure of HDL functionality (Khera et al. 2011).

3.1 Statins

The impact of statin therapy on HDL ability to promote cholesterol efflux has been

investigated in a number of studies. Khera et al. measured HDL CEC in patients

treated with 10 and 80 mg atorvastatin or 40 mg pravastatin for 16 weeks and

reported no effects of statin therapy on HDL CEC from macrophages expressing all

the known cholesterol efflux pathways (ABCA1, ABCG1, SR-BI, and passive

diffusion) (Khera et al. 2011). As opposed to these results, Guerin et al. have

shown that atorvastatin therapy for 12 weeks (10 and 40 mg daily) could increase

SR-BI-dependent CEC of plasma from patients with type IIB hyperlipidemia, in a

dose-dependent manner (Guerin et al. 2002). The effect of simvastatin on HDL’s

ability to promote cholesterol efflux was assessed in a randomized, double-blind,

parallel group trial carried out in dyslipidemic patients with low HDL-C levels

receiving either fenofibrate (160 mg/day) or simvastatin (40 mg/day) for 8 weeks

(Franceschini et al. 2007). Simvastatin led to a small, significant increase in the

capacity of plasma to promote SR-BI-mediated cholesterol efflux, likely related to

the slight increase in HDL-C plasma levels that occurred after simvastatin treat-

ment. The latter results are in contrast with data obtained by de Vries et al. who

demonstrated that HDL from moderately hypercholesterolemic type 1 diabetic

patients after 10, 20, and 40 mg simvastatin treatment does not increase their ability

to promote cellular cholesterol efflux via SR-BI (De Vries et al. 2005). The effect of

simvastatin on HDL functionality was further investigated recently in a small

number of diabetic patients treated with simvastatin 40 mg/day or bezafibrate

400 mg/day, alone or in combination. CEC of apoB-depleted plasma samples

from cholesterol-loaded macrophages, a cellular model which expresses simulta-

neously all the pathways of known relevance in cholesterol efflux, was increased by

14 % in response to simvastatin compared to placebo (Triolo et al. 2013a). Sviridov

et al. showed that treatment with 40 mg/day rosuvastatin in overweight subjects

with defined metabolic syndrome did not significantly modify HDL capacity to

promote cholesterol efflux from LXR-activated human macrophages (Sviridov

et al. 2008). Finally, a recent study showed a moderate ability of pitavastatin to

enhance HDL CEC from macrophage foam cells in dyslipidemic subjects

(Miyamoto-Sasaki et al. 2013). Overall, the impact of statin therapy on HDL

CEC does not appear to be substantial, in agreement with the modest effect of

statins on HDL-C concentration and on HDL subclass distribution.
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3.2 Fibrates

The effect of fibrates on HDL cholesterol efflux capacity was assessed by Guerin

et al. showing a significant ciprofibrate-mediated 13 % elevation in the capacity of

plasma from type IIB hyperlipidemic subjects to mediate cholesterol efflux from

SR-BI-expressing Fu5AH hepatoma cells (Guerin et al. 2003). The study by

Franceschini et al., comparing fenofibrate and simvastatin in dyslipidemic patients

(Franceschini et al. 2007), provided evidence that fenofibrate increases the plasma

capacity to promote ABCA1-mediated efflux with no changes in SR-BI efflux.

These observed results might be explained by a shift of HDL from large to small

particles, the preferential cholesterol acceptors for ABCA1 (Adorni et al. 2007).

This result was not confirmed in a more recent paper by the same group

(Franceschini et al. 2013), likely because of the different HDL particle profile in

the two investigated populations of patients. In the first study (Guerin et al. 2002),

patients displayed a greater content of large HDL particles, whereas in patients with

dyslipidemia of the last study (Franceschini et al. 2013), the small, ABCA1-

interacting HDL was the predominant fraction, and no further increase in this

HDL population was observed after fenofibrate therapy, consistent with the lack

of changes in ABCA1-mediated CEC. Whether fenofibrate therapy modulate the

ability of plasma or HDL to facilitate cholesterol efflux from macrophages has been

investigated also in a subset of the FIELD study showing that cholesterol efflux

values from macrophage foam cells to HDL and plasma in the fenofibrate group

(200 mg/day for 5 years) were comparable to those of the placebo group (Maranghi

et al. 2011). Finally, in a small study carried out in diabetic patients, it was shown

that bezafibrate increases CEC of apoB-depleted plasma samples from cholesterol-

loaded THP-1 macrophages (Triolo et al. 2013a). Overall, studies on the ability of

fibrates to modulate HDL cholesterol efflux capacity seem not consistent, likely due

to the different cell models used in the different studies and also to the different

types of patients.

3.3 Niacin

The impact of niacin on HDL cholesterol efflux capacity was investigated in a

placebo-controlled study carried out by Khera et al. who measured HDL CEC

before and after ER niacin therapy in a small number of patients with carotid

atherosclerosis (Khera et al. 2013). The study showed that niacin treatment led to

favorable changes in patients’ lipid profiles without significantly improving CEC of

HDL from macrophages. In the study by Franceschini et al., the effect of ER niacin

therapy on plasma CEC was evaluated in a population of dyslipidemic subjects

(Franceschini et al. 2013). The tendency of ER niacin in enhancing passive diffu-

sion, SR-BI-, and ABCG1-mediated CEC observed in this study is in line with the

results of a previous investigation, which demonstrated that niacin increased both

HDL-C levels and CEC from human macrophages (Yvan-Charvet et al. 2010). In

this study the increase in CEC achieved statistical significance, possibly because of

a greater increase in plasma HDL-C levels compared with that observed in study by
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Franceschini et al., because passive diffusion, SR-BI-, and partially ABCG1-

mediated CECs are known to be dependent on HDL-C concentrations. Consis-

tently, a previous investigation by Morgan et al. reported that ER niacin therapy in

patients with a history of primary dyslipoproteinemia had a beneficial effect on SR-

BI-mediated efflux and that it was related to the change in level of HDL-C (Morgan

et al. 2007). Another study evaluated specific cholesterol efflux pathway-mediated

CECs (ABCA1, SR-BI, and ABCG1) of serum from men with HDL deficiency

before and after treatment with niacin, but no changes were reported in all the

considered efflux pathways (Alrasadi et al. 2008). Taken together, available data on

the effect of niacin on the HDL-mediated ability to promote cell cholesterol efflux

show modest effects on the pathways involving large HDL, in agreement with the

changes observed on HDL particles.

4 Effect on HDL Ability to Preserve Endothelial Cell
Homeostasis

Several in vitro and in vivo evidences indicate that the anti-atherosclerotic activity

of HDL is also due to their ability to preserve endothelial cell homeostasis

(Calabresi et al. 2003). HDL is able to promote vasorelaxation, to inhibit the

production of cell adhesion and proinflammatory molecules, and to favor the

integrity and repair of the endothelial layer, thus preventing and correcting the

main features of endothelial dysfunction typical of the atherosclerotic process.

HDL can modulate vascular tone by promoting the release of vasoactive molecules

like nitric oxide (NO) and prostacyclin (PGI2) which also exert powerful

antithrombotic effects. HDL is able to increase the protein abundance and to induce

the activation of endothelial nitric oxide synthase (eNOS) (Kuvin et al. 2002;

Yuhanna et al. 2001). This latter effect is driven by the interaction of HDL with

the scavenger receptor SR-BI and by the subsequent activation of the PI3K/Akt

signaling pathway leading to eNOS phosphorylation; in addition, the sphingolipid

sphingosine-1-phosphate (S1P) carried by HDL can also mediate eNOS activation

by binding with its receptor S1P3 (Nofer et al. 2004). PGI2 is a metabolite of

arachidonate and HDL was shown to increase its production by different

mechanisms. HDL can provide endothelial cells with the substrate arachidonate

or promote its release from cellular phospholipids by activating calcium-sensitive

membrane-bound phospholipases (Calabresi et al. 2003). Another feature of endo-

thelial dysfunction is the increased production of molecules favoring blood cell

adhesion to the endothelial layer and their consequent extravasation and activation.

Studies on endothelial cells have shown that HDL are able to inhibit the cytokine-

induced expression of cell adhesion molecules (Calabresi et al. 1997; Cockerill

et al. 1995), but the precise mechanism responsible for this effect has not been fully

elucidated to date (Barter et al. 2002). Different studies have shown an

HDL-mediated inhibition of sphingosine kinase activity and NF-kB nuclear trans-

location and an increased expression of heme-oxygenase 1 mediated by SR-BI

(McGrath et al. 2009; Xia et al. 1999). HDL was also shown to inhibit the
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production of proinflammatory cytokines, as interleukin-6 and chemokines

(Gomaraschi et al. 2005). Finally, HDL was shown to promote endothelial cell

migration and proliferation, to inhibit cell apoptosis through different mechanisms

(Mineo and Shaul 2012), and to promote endothelial progenitor cells (EPC) differ-

entiation and survival (Mineo and Shaul 2012; Petoumenos et al. 2009).

In certain pathological conditions HDL may lose their ability to protect the

endothelium and even become dysfunctional. In particular, conditions associated

with both acute and chronic inflammatory processes, such as ischemic vascular

events, infections, type 2 diabetes (T2DM), obesity, metabolic syndrome, autoim-

mune disorders, and chronic kidney disease, have been associated with HDL

displaying impaired endothelial protective activities (Riwanto and Landmesser

2013). Indeed, HDL isolated from these patients failed to promote NO production,

to exert antioxidant and anti-inflammatory effects, and to favor endothelial integrity

in vitro (Riwanto and Landmesser 2013).

The measurement of vasodilation in response to changes in forearm blood flow

(flow-mediated vasodilation, FMD) is currently considered the best method to

evaluate endothelial function in vivo (Deanfield et al. 2007) and is commonly

used to assess in vivo vascular condition and to evaluate the effects of pharmaco-

logical treatments. In addition, plasma levels of the soluble forms of adhesion

molecules and of proinflammatory cytokines can be used as in vivo markers of

endothelial inflammatory activation. Recently, circulating EPC number and migra-

tory capacity emerged as novel biomarkers of endothelial repair (Petoumenos

et al. 2009).

4.1 Statins

Several studies have shown that statins are able to improve FMD, to reduce the

plasma levels of inflammatory markers, and to increase EPC number in

dyslipidemic subjects (Antonopoulos et al. 2012; Liu et al. 2012; Reriani

et al. 2011). These effects are likely not related to statin-induced changes in

HDL. In vitro experiments have indeed shown that statin-mediated improvement

of endothelial function is due to a direct effect of the drug on endothelial cells.

Incubation of endothelial cells with different statins promotes a significant increase

expression of SR-BI and S1P receptors and of eNOS, with a consequent increased

production of NO after incubation with HDL (Igarashi et al. 2007; Kimura

et al. 2008). A recent study performed on subjects with isolated low HDL-C showed

that FMD was significantly improved after 4 weeks treatment with pravastatin, and

multiple regression analysis revealed that changes in HDL-C and EPC number were

independent predictors of FMD increase (Higashi et al. 2010). Despite the

limitations due to the small number of analyzed subjects, this latter study suggests

a potential role of statins on HDL capacity to maintain endothelial homeostasis.
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4.2 Fibrates

Different fibrates have been tested for their ability to modulate endothelial function

in dyslipidemic patients. Fenofibrate was shown to improve FMD and to decrease

inflammatory biomarkers, as C-reactive protein (CRP), tumor necrosis factor alpha

(TNFα), interleukin-1, and soluble CD40 ligand, in patients with combined hyper-

lipidemia (Malik et al. 2001; Wang et al. 2003). FMD improvement was inversely

related to baseline HDL-C levels and indeed fenofibrate significantly increased

FMD only in the subgroup with low HDL-C and not in subjects with normal

HDL-C, in which a statin was instead effective (Wang et al. 2003). Fenofibrate,

alone or in combination with a statin, was also effective in modulating FMD and

decreasing plasma levels of CRP and TNFα in hypertriglyceridemic subjects (Koh

et al. 2004, 2005), and a significant decrease of plasma levels of sCAMs was

observed in subjects with low HDL-C levels (Calabresi et al. 2002); in this latter

study, the decrease of plasma sCAMs was inversely related to the fenofibrate-

induced increase of HDL-C, while no correlation was found with triglyceride

reduction (Calabresi et al. 2002).

Recently, particular attention has been devoted to the effects of fibrates in

subjects with T2DM. Four studies consistently demonstrated that different fibrates,

i.e., ciprofibrate, gemfibrozil, fenofibrate, and bezafibrate, were all able to signifi-

cantly improve FMD in T2DM, in a way that was not dependent on changes in lipid

parameters, including HDL-C (Avogaro et al. 2001; Evans et al. 2000; Ghani

et al. 2013; Triolo et al. 2013b). Interestingly, after 12 weeks of treatment with

ciprofibrate, T2DM subjects displayed improved FMD measured in fasting

conditions and in the postprandial phase (Evans et al. 2000). Ciprofibrate treatment

also markedly modified lipid metabolism: the fasting triglyceride content of all

lipoproteins was reduced and the increase during the postprandial phase blunted;

the improvement of fasting FMD was correlated with the decreased triglyceride

content in VLDL and HDL (but not with changes of HDL-C), while in the

postprandial phase changes of FMD were correlated with the reduced lipoprotein

TG content (Evans et al. 2000).

4.3 Niacin

The effect of niacin treatment on endothelial function has been assessed in a variety

of clinical conditions, including established coronary artery disease, T2DM, meta-

bolic syndrome, and low HDL-C. Overall, when niacin was used as monotherapy,

the studies showed an increase in FMD and a reduction in inflammatory biomarkers

but failed in demonstrating a correlation with the niacin-mediated increase of

HDL-C levels. In 2002, Kuvin et al. demonstrated that a 3-month treatment with

niacin improved FMD in patients with CAD and low HDL-C and that this improve-

ment could be related to the HDL ability to increase eNOS protein abundance

in vitro (Kuvin et al. 2002). Some years later, the same authors also showed that in

statin treated patients with established CAD, the addition of niacin caused a
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reduction of the plasma levels of inflammatory biomarkers as CRP and lipoprotein-

associated phospholipase A2 (Kuvin et al. 2006); unfortunately, likely due to the

small number of participants, correlation analyses between changes of endothelial

function parameters and the increase of HDL-C or other lipid variables were not

performed (Kuvin et al. 2006). Later on, the ability of niacin to improve FMD and

reduce inflammatory biomarkers as CRP was confirmed in subjects with isolated

low HDL-C (Benjo et al. 2006), with the metabolic syndrome (Thoenes et al. 2007),

and in patients after myocardial infarction (Bregar et al. 2013); the relationship

between increase of HDL-C and changes of FMD was analyzed only in the latter

case, and no correlation was found with any lipid parameter. The absence of

correlation between niacin-mediated changes of HDL-C and endothelial function

could be explained by the direct antioxidant, anti-inflammatory, and anti-adhesive

activities of niacin which are independent from its role on lipid metabolism (Yadav

et al. 2012). However, a recent study clearly showed that HDL isolated from

subjects with T2DM after 3 months of treatment with niacin displayed an improved

ability to stimulate NO production, to reduce reactive oxygen species, and to

promote EPC-mediated endothelial repair in vitro when compared to HDL isolated

at baseline (Sorrentino et al. 2010), further strengthening the concept that plasma

HDL-C and its change may not be a reliable indicator of HDL function. Recent

studies analyzed the effect of niacin treatment in patients with established CAD on

top of the existing statin therapy; two of them failed to detect any significant

improvement of FMD, while in one case FMD was significantly increased only in

the subgroup of patients with a low baseline HDL-C level (Lee et al. 2009; Philpott

et al. 2013; Warnholtz et al. 2009).

5 Effect on HDL Antioxidant Properties

ApoA-I plays a major role in HDL-mediated protection from oxidative damage

(Rosenson et al. 2013). Many studies have indicated that the antioxidant function of

HDL also depends upon such enzymes as lipoprotein-associated phospholipase A2

(Lp-PLA2), paraoxonase 1 (PON1), lecithin-cholesterol acyltransferase (LCAT),

and glutathione selenoperoxidase (GSPx) (Florentin et al. 2008; Otocka-Kmiecik

et al. 2012; Podrez 2010). GSPx can reduce lipoprotein lipid hydroperoxides

(LOOHs) to the corresponding hydroxides and thereby detoxify them (Rosenson

et al. 2013). Besides apoA-I, other apolipoproteins such as apoE, apoJ, apoA-II, and

apoA-IV also display antioxidant properties but to a less degree than apoA-I

(Otocka-Kmiecik et al. 2012). An antioxidant mechanism of HDL may also result

from their ability to accept phospholipid-containing hydroperoxides (PLOOHs) and

other lipid peroxidation products from oxidized LDL (Stremler et al. 1991) and

their subsequent reduction by redox-active methionine residues of apoA-I, with the

formation of redox-inactive phospholipid hydroxides (Kontush and Chapman

2010). In addition, HDL functions as an antioxidant enzyme by hydrolyzing

oxidized phospholipids, such as F2-isoprostanes, formed during the oxidative

modification of LDL. Antioxidant properties differ for the different HDL subclasses
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(Kontush and Chapman 2010). Activities of HDL-associated enzymes—LCAT,

PON1, and platelet-activating factor acetyl hydrolase (PAF-AH)—are elevated in

small, dense HDL3c (Davidson et al. 2009), which thus seem to have a potent role

in protecting LDL from oxidation (Podrez 2010). It is worth emphasizing that

small, dense HDL3 particles are also more resistant to oxidative modification

compared with large, light HDL2 (Shuhei et al. 2010).

5.1 Statins

The role of statins in improving plasma oxidative status has been reported in a

number of studies, although this effect was not always related to drug-induced

changes in HDL. Different statins have been shown to significantly enhance the

antioxidant activity of PON1. Atorvastatin has a positive impact on plasma total

antioxidant status and PON1 activity by reducing plasma susceptibility to lipid

peroxidation induced by free radicals (Fuhrman et al. 2002; Harangi et al. 2004,

2009; Nagila et al. 2009). Pitavastatin was also shown to increase the promoter

activity and protein expression of PON1 in vitro via p44/42 mitogen-activated

protein kinase-mediated phosphorylation of sterol-regulatory-element-binding

protein-2 and binding of Sp1 to PON1 DNA (Arii et al. 2009; Yamashita

et al. 2010). The improvement of antioxidant properties of HDL, via increased

PON1 activity, was also observed after simvastatin and fluvastatin therapy

(Bergheanu et al. 2007; Mirdamadi et al. 2008; Muacevic-Katanec et al. 2007).

Atorvastatin also suppresses the enhanced cellular uptake of oxidized LDL by

macrophages and reduces expression of cellular scavenger receptors (Fuhrman

et al. 2002; Otocka-Kmiecik et al. 2012). Similar results were observed in the

study by Kassai et al. which showed a significant increase in serum PON1 specific

activity, PON/HDL ratio, and LCAT activity, as well as significant reduction of

oxidized LDL and CETP activities after atorvastatin therapy (Kassai et al. 2007).

Finally, statin treatment enhances the defective antioxidative activity of HDL3 in

patients with acute coronary syndrome by increasing the activity of

HDL-associated enzymes (Otocka-Kmiecik et al. 2012).

5.2 Fibrates

Tsimihodimos et al. reported that fenofibrate induces redistribution of Lp-PLA2

from apoB-containing lipoproteins to HDL in dyslipidemic patients (Tsimihodimos

et al. 2003). This effect enhanced the anti-inflammatory and antioxidant potential of

the enzyme. In a recent study, Vazanna et al. examined whether HDL levels are

related to in vivo oxidative stress and platelet activation in patients with coronary

heart disease treated with fenofibrate (Vazzana et al. 2013). The authors measured

urinary 8-iso-prostaglandin (PG) F2α and 11-dehydrothromboxane (TX) B2—

in vivo markers of oxidative stress and platelet activation, respectively. They

observed significantly higher urinary 8-iso-PGF2α and 11-dehydro-TXB2 in
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patients with low HDL than in individuals with higher HDL levels, as well as an

inverse relation between the markers of oxidation and HDL concentrations.

Fenofibrate treatment significantly reduced the 2 eicosanoids in healthy subjects,

in parallel with an HDL increase (Vazzana et al. 2013). Tkac et al. showed a

significant reduction of circulating conjugated dienes, a nonsignificant decrease in

the production of malondialdehyde, and an increase in the GPx activity in patients

with combined hyperlipidemia treated with fenofibrate (Tkac et al. 2006). Similar

results were obtained in patients with visceral obesity and dyslipidemia treated with

micronized fenofibrate (Broncel et al. 2006). Few studies have evaluated the effect

of fibrates on PON1 activity. Paragh et al. evaluated this effect in a group of

coronary patients with type IIb hyperlipidemia; after 3 months of treatment,

HDL-C and apoA-I levels increased significantly, and PON1 specific activity also

increased significantly (Paragh et al. 2003). Very similar results were obtained by

Phuntuwate et al., who evaluated the effect of fenofibrate on PON1 levels, as well

as the effects of the PON1 polymorphisms on lipid and PON1 responses to the drug,

in dyslipidemic patients with low HDL (Phuntuwate et al. 2008). A significant

increases in PON1 concentration and activity was observed after treatment, and a

significant positive correlation between changes in HDL-C and changes in PON1

concentration/activity was detected (Phuntuwate et al. 2008). The response of lipid

parameters to fenofibrate was independent of PON1 polymorphisms; however,

PON1 Q192R and T-108C polymorphisms significantly affected the increase in

PON1 activity and concentration (Phuntuwate et al. 2008). An increase of PON1

activity, which was significantly correlated with the changes in HDL-C, was also

observed in patients with combined hyperlipidemia (Yesilbursa et al. 2005). On the

contrary, Dullart et al. did not observe such increase after short-term (8 weeks)

administration of simvastatin and bezafibrate, even when combined in diabetic

patients (Dullaart et al. 2009). It needs to be also emphasized that besides the

above mentioned positive HDL associated antioxidant properties of fibrates, they

also elevate plasma total homocysteine, which is known to induce oxidative stress

and endothelial dysfunction. Among others, a subgroup analysis of the FIELD

study showed that fenofibrate treatment was associated with an increase of homo-

cysteine levels, with no changes of serum PON-1 mass (Maranghi et al. 2011).

5.3 Niacin

There is still very limited data on the potential role of niacin therapy on

HDL-related antioxidant properties. Recent studies indicate that niacin increases

vascular endothelial cell redox state, resulting in the inhibition of oxidative stress

(Kamanna and Kashyap 2008). These effects were investigated by Ganji

et al. in vitro, who showed that in cultured endothelial cells niacin increases

NADPH levels and reduces GSH (Ganji et al. 2009). In the same study, niacin

also inhibited angiotensin II-induced reactive oxygen species (ROS) production

(Ganji et al. 2009). These findings indicate for the first time that niacin inhibits

vascular inflammation by decreasing endothelial ROS production and subsequent
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LDL oxidation (Ganji et al. 2009). Kaplon et al. have recently tested the hypothesis

that vascular endothelial function and oxidative stress are related to dietary niacin

intake among healthy middle-aged and older adults (Kaplon et al. 2014). They

observed that plasma ox-LDL was inversely related to niacin intake. Moreover, in

endothelial cells sampled from the brachial artery of a subgroup patients, dietary

niacin intake was inversely related to nitrotyrosine, a marker of oxidative damage,

leading to the hypothesis that higher dietary niacin intake is associated with greater

vascular endothelial function related to lower systemic and vascular oxidative stress

(Kaplon et al. 2014). The antioxidant properties of niacin were also observed

patients with hypercholesterolemia and low HDL-C treated with niacin for

12 weeks (Hamoud et al. 2013). Subjects with low HDL-C levels exhibited higher

oxidative stress compared with subjects with normal HDL-C levels. Niacin treat-

ment in hypercholesterolemic patients caused a significant increase in HDL-C and

apoA-I levels and a decrease in TG levels. Niacin also significantly reduced

oxidative stress, as measured by a significant decrease in the serum content of

thiobarbituric acid reactive substances and lipid peroxides and increase of PON

activity, compared with the levels before treatment (Hamoud et al. 2013).

Conclusions and Perspectives

Currently, optimal statin treatment manages to achieve a risk reduction for

cardiovascular mortality of approximately 25–35 %, mainly due to a reduction

of LDL-C. This leaves an important residual risk that needs to be considered for

the optimal management of patients at risk of cardiovascular disease. Raising

HDL-C was seen as a viable and promising way to further reduce the risk of

cardiovascular mortality. However, things look to be difficult with HDL (Table 1).

Although all fibrates have been shown to increase HDL-C significantly, their

beneficial effect on cardiovascular and all-cause mortality remains controversial

(Saha et al. 2007). The early VA-HIT and BIP secondary prevention trials have

shown that treating CHD patients with low plasma HDL-C levels and especially

Table 1 Effects of established hypolipidemic drugs on HDL concentration and function

Statins Fibrates Niacin

HDL-C " 2–10 % " 5–15 % " 15–30 %

HDL subclasses " large HDL particles " small HDL particles " large HDL particles

Cell cholesterol

efflux

" up to 14 % (mainly

SR-BI mediated)

" up to 21 % (mainly

ABCA1 mediated)

" up to 25 % (mainly

SR-BI mediated)

Endothelial cell

homeostasis

" FMDa

" HDL-induced NO

productionb

" FMDa

# markers of

inflammation

" FMD

" EPC-mediated

endothelial repair

" HDL-induced NO

production

Antioxidant

activity

" PON1 activity " PON1 activity

" HDL-bound LpPLA2

" PON1 activity

aNot necessarily related to HDL changes
bIn vitro data
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those with moderate triglyceride elevations and some degree of insulin resis-

tance (Rubins et al. 2002; The Bezafibrate Infarction Prevention (BIP) Study

Group 2000) with a fibrate leads to significant reductions in the risk of a

recurrent cardiovascular event, part of the effect being mediated by the fibrate-

induced increase in HDL-C (Robins et al. 2001). In the FIELD study in people

with type 2 diabetes mellitus, fenofibrate induced a highly significant reduction

of cardiovascular events in patients with low HDL-C levels, versus a minimal

effectiveness of the drug in patients with higher HDL-C (The FIELD study

investigators 2005). The more recent ACCORD trial shows no benefits of adding

fibrate therapy to statin on cardiovascular events except possibly in patients with

residual atherogenic dyslipidemia (Ginsberg et al. 2010).

Earlier studies with niacin suggested a favorable effect of the drug on

cardiovascular mortality (Canner et al. 1986), but the AIM-HIGH trial, which

compared the combination niacin/simvastatin with simvastatin alone, was

stopped for lack of efficacy, as niacin on the top of statin, despite increasing

HDL-C levels, failed to determine an incremental clinical benefit in patients with

LDL-C values at target (Boden et al. 2011). The more recent and much larger

HPS2-THRIVE trial, also designed to assess the effect of adding niacin to a

statin therapy in patients with established cardiovascular disease, also gave

disappointing results (HPS2-THRIVE Collaborative Group 2013).

Novel HDL-raising drugs targeting new players in the HDL system, and more

potent than the available drugs, are urgently needed. The promising CETP

inhibitors, despite substantially increasing HDL-C levels, did not give so far

positive results on cardiovascular risk (Barter et al. 2007; Schwartz et al. 2013).

Different is the case of the HDL mimetics, which appears to be more promising,

at least from results on surrogate end points (Nissen et al. 2003; Tardif

et al. 2007), awaiting morbidity and mortality studies.
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