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Abstract

High-density lipoproteins (HDL) are complexes of multiple talents, some of

which have only recently been recognised but all of which are under active

investigation. Clinical interest initially arose from their amply demonstrated role

in atherosclerotic disease with their consequent designation as a major cardio-

vascular disease (CVD) risk factor. However, interest is no longer confined to

vascular tissues, with the reports of impacts of the lipoprotein on pancreatic,

renal and nervous tissues, amongst other possible targets. The ever-widening

scope of HDL talents also encompasses environmental hazards, including infec-

tious agents and environmental toxins. In almost all cases, HDL would appear to

have a beneficial impact on health. It raises the intriguing question of whether

these various talents emanate from a basic ancestral function to protect the cell.

The following chapter will illustrate and review our current understanding of

some of the functions attributed to HDL. The first section will look at the

antioxidative functions of HDL and possible mechanisms that are involved.

The second section will focus specifically on paraoxonase-1 (PON1), which

appears to bridge the divide between the two HDL functions discussed herein.

This will lead into the final section dealing with HDL as a detoxifying agent

protecting against exposure to environmental pathogens and other toxins.
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Abbreviations

AAPH Azo-initiator (2,20-azobis-(2-amidinopropane) hydrochloride)

Apo Apolipoprotein

BPA Bisphenol A

CEOOH Cholesteryl ester hydroperoxide

CETP Cholesterol ester transfer protein

Cu Copper

CVD Cardiovascular disease

Cys Cysteine

GSP Glutathione peroxidase

Hb Haemoglobin

Hbr Haptoglobin-related protein

HBV Hepatitis B virus

HDL High-density lipoproteins

HETE Hydroxy-eicosatetraenoic acid
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HODE Hydroxyoctadecadienoic acid

HIV Human immunodeficiency virus

HSL Homoserine lactones

LCAT Lecithin-cholesterol acyltransferase

LDL Low-density lipoproteins

LOOH Lipid hydroperoxide

LPS Lipopolysaccharides

LSI Liver somatic index

LTA Lipoteichoic acid

Met Methionine

MPO Myeloperoxidase

NADPH Nicotinamide adenine dinucleotide phosphate

NLF Nasal lavage fluid

OP Organophosphate

PAF-AH Platelet-activating factor acetylhydrolase

PCB Polychlorinated biphenyl

PLGA Poly(lactic-co-glycolic acid)

PLOOH Phospholipid hydroperoxide

PLTP Phospholipid transfer protein

PON1 Paraoxonase-1

POP Persistent organic pollutant

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

rHDL Reconstituted HDL

SAA Serum amyloid A

SRA Serum resistance-associated

SR-BI Scavenger receptor class B-I

TLF Trypanolytic factor

TLR Toll-like receptor

TNF Tumour necrosis factor

Tyr Tyrosine

VLDL Low-density lipoproteins

1 High-Density Lipoproteins and Oxidative Stress

The role of high-density lipoproteins (HDL) in the vascular system has been the

primary focus of clinical interest. It arose from early studies of the influence of the

lipoprotein on cholesterol metabolism and atherosclerosis. With increasing under-

standing of the complexity of the atherosclerotic process and involvement of other

pathological mechanisms, attention has logically progressed to the impact of HDL

on such mechanisms. One process is oxidative stress and there is now persuasive

evidence that the lipoprotein can attenuate its consequences by a number of

mechanisms. These are discussed in this section.
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1.1 High-Density Lipoproteins: Antioxidative Function

The response-to-retention hypothesis of atherosclerosis (Williams and Tabas 1995)

postulates that cholesterol-rich lipoproteins, primarily low-density lipoproteins

(LDL), are retained in the arterial wall and oxidatively modified under the action

of resident cells (Stocker and Keaney 2004). Oxidation in the arterial intima results

from local oxidative stress, which represents an imbalance between prooxidants and

antioxidants in favour of the former. Cellular oxidative systems involved in vivo

include myeloperoxidase (MPO), NADPH oxidase, nitric oxide synthase and

lipoxygenase. They produce a variety of reactive chlorine, nitrogen and oxygen

species in the form of one-electron (free radical) and two-electron oxidants (Gaut

and Heinecke 2001).

HDL can protect LDL and other lipoproteins from oxidative stress induced by

both one- and two-electron species. It can be observed in vitro on their

co-incubation (Parthasarathy et al. 1990) and in vivo upon HDL supplementation

(Klimov et al. 1993). One-electron oxidants modify both lipid and protein moieties

of HDL with formation of lipid and protein radicals. It is followed by accumulation

of primary oxidation products, initially lipid hydroperoxides (LOOH), which in

turn propagate further oxidation of HDL components to stable termination products

(Stocker and Keaney 2004). HDL particles potently protect both lipid and protein

moieties of LDL from free radical-induced oxidation, inhibiting accumulation of

both primary and secondary oxidation products (Kontush and Chapman 2010). The

following overview will focus on the impact of HDL on lipid hydroperoxides and

other primary products of lipid peroxidation.

1.2 Mechanisms of Protection

HDL potently inhibits accumulation of LOOH in LDL. Removal of LOOH from

LDL (or cells) represents a key step of HDL-mediated protection from oxidative

damage induced by free radicals. Indeed, phospholipid hydroperoxides (PLOOHs)

are rapidly transferred from LDL to HDL upon their co-incubation (Zerrad-Saadi

et al. 2009). Addition of a hydroperoxyl group to a phospholipid or cholesteryl ester

molecule strongly increases hydrophilicity. As a result, LOOH molecules are more

surface active than their non-peroxidised counterparts (Nuchi et al. 2002). Their

exposure to the aqueous phase at the HDL surface facilitates their removal from the

lipoprotein. Transfer from LDL to HDL can occur directly between lipoprotein

phospholipid monolayers, either spontaneously or mediated by lipid transfer

proteins, including cholesterol ester transfer protein (CETP). The latter can accel-

erate the transfer of both cholesteryl ester hydroperoxides (CEOOHs) and PLOOHs

(Christison et al. 1995). Thus, CETP can enhance the antioxidative activity of HDL

towards LDL-derived LOOH. Removal of LOOH molecules from LDL can also be

mediated by lipid-free apoA-I. As a consequence, HDL particles constitute a major

transport vehicle of LOOH in human plasma, effectively functioning as a “sink” for

oxidised lipids (Bowry et al. 1992). They can accumulate in the particle when its
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LOOH-inactivating capacity is overwhelmed. Furthermore, HDL represents a

major plasma carrier of F2-isoprostanes, stable final products of lipid peroxidation

(Proudfoot et al. 2009). The ability of HDL to remove LOOH from cell membranes

of erythrocytes and astrocytes has also been reported (Ferretti et al. 2003; Klimov

et al. 2001). Thus, the accumulation of oxidised lipids in HDLmost probably results

not only from their transfer from LDL but also from remnant triglyceride-rich

lipoproteins and/or arterial wall cells, mediated in part by lipid transfer proteins

(Christison et al. 1995). Subsequently, LOOHs and their corresponding hydroxides

can be rapidly removed from HDL via scavenger receptor class B-I (SR-BI)-

mediated selective uptake by the liver (Christison et al. 1996). This pathway may

significantly contribute to the removal of toxic, oxidised lipids from the body. As

CEOOH are removed from the circulation more rapidly than the corresponding

nonoxidised cholesteryl ester, addition of a hydroperoxyl group may accelerate

cholesterol excretion. Following their transfer, HDL-associated LOOH are

inactivated by reduction to the corresponding hydroxides in a two-electron redox

reaction with HDL proteins (Garner et al. 1998; Zerrad-Saadi et al. 2009). ApoA-I

plays a central role in redox inactivation of LOOH and may account for a large part

of the antioxidation effects of the lipoprotein. ApoA-I Met residues 112 and

148 reduce LOOH to redox-inactive lipid hydroxides, thereby terminating chain

reactions of lipid peroxidation (Garner et al. 1998; Zerrad-Saadi et al. 2009).

Simulation by molecular dynamics shows interaction of Met112 and Met148 with

Tyr115, creating a microenvironment unique to human apoA-I (Bashtovyy

et al. 2011) that may be optimal for such redox reactions. LOOH is also inactivated

by apoA-II, although to a lesser extent. The key role of apoA-I in the

HDL-mediated protection of LDL from one-electron oxidants is supported by the

observation that reconstituted HDL (rHDL) containing only purified apoA-I and

phospholipid (POPC), but devoid of other protein and lipid components, are

comparable to natural, small, dense HDL3b + 3c subfractions in their capacities to

delay lipid peroxidation (Zerrad-Saadi et al. 2009). Concentrations of redox-active

Met residues in apoA-I and of PLOOH suggest a 1:1 reaction stoichiometry (Garner

et al. 1998; Zerrad-Saadi et al. 2009). HDL content of apoA-I and oxidative status

of apoA-I Met residues are therefore important determinants of the capacity of HDL

to inactivate LOOH and protect LDL from free radical-induced oxidation (Zerrad-

Saadi et al. 2009). The redox reaction between HDL Met residues and LOOH is

paralleled by the formation of oxidised forms of apoA-I and apoA-II which contain

methionine sulfoxides. These methionine sulfoxide moieties can be reduced back to

methionine by methionine sulfoxide reductases. In addition to Met, Cys residues

may be important for the antioxidative properties of apoA-I, as demonstrated by the

elevated inhibitory potency of the N74C mutant of apoA-I towards LDL oxidation

(Zhang et al. 2010). His residues may also contribute to the apoA-I-mediated

inhibition of LOOH accumulation in LDL, as a result of their metal-chelating

properties (Nguyen et al. 2006). Indeed, transition metal ions are well-established

catalysers of lipid peroxidation.

HDL particles contain other apolipoproteins that may contribute to inhibition of

LOOH accumulation (Davidson et al. 2009; Ostos et al. 2001). Such antioxidative
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properties have been reported for apoA-IV (Ostos et al. 2001) and apoE (Miyata

and Smith 1996). In addition, apoM displays antioxidative properties in transgenic

mice where possible mechanisms may involve binding of oxidised phospholipids,

including LOOH (Elsoe et al. 2012). Enzymatic components potentially

contributing to antioxidative properties of HDL include paraoxonase-1 (PON1),

platelet-activating factor acetylhydrolase (PAF-AH) and lecithin-cholesterol

acyltransferase (LCAT), all of which have been proposed to hydrolyse oxidised

phospholipids (Kontush and Chapman 2006). In addition, HDL carries glutathione

peroxidase (GSPx) which can detoxify LOOH by reducing them to the

corresponding hydroxides (Maddipati and Marnett 1987). Finally, the trypanosome

lytic factor present in very high-density subpopulations of human HDL exhibits a

peroxidase-like activity (Molina Portela et al. 2000) that may provide a minor

contribution to LOOH-inactivating properties of HDL. With respect to PON1,

PAF-AH and LCAT, these are weakly reactive towards LOOH (Goyal

et al. 1997; Kriska et al. 2007; Teiber et al. 2004). HDL-associated PON1, which

has been attributed a major antioxidant role in HDL (see Sect. 2.1), does not appear

to contribute significantly to the inactivation of LDL-derived PLOOH (Garner

et al. 1998; Zerrad-Saadi et al. 2009). Such activity that has been previously

reported has been ascribed to the presence of detergents or unidentified proteins

(Teiber et al. 2004). The major activity of PON1 is that of a calcium-dependent

lactonase rather than a peroxidase (Khersonsky and Tawfik 2005); its affinity for

LOOH is several orders of magnitude lower than its affinity for lactones (see

Sect. 2.1 for further discussion of PON1). It is more probable that PAF-AH, rather

than PON1, represents the hydrolase for PLOOH in HDL (Kriska et al. 2007).

LCAT may equally hydrolyse PLOOH generated during lipoprotein oxidation

(Goyal et al. 1997). In addition, it can delay LDL oxidation, acting as a chain-

breaking antioxidant, most likely via its Cys residues (McPherson et al. 2007).

Inhibition of LCAT does not, however, significantly influence HDL-mediated

inactivation of LDL-derived PLOOH (Zerrad-Saadi et al. 2009), thereby indicating

that the enzyme is at most a minor factor in PLOOH inactivation. Irrespective of the

enzyme involved, PLOOH hydrolysis releases lysophosphatidylcholine and a free

fatty acid hydroperoxide. Interestingly, PAF-AH is capable of hydrolysing PLOOH

within oxidised LDL; in this case, free fatty acid hydroperoxides are transferred to

HDL for subsequent two-electron reduction to corresponding hydroxides by apoA-I

(Kotosai et al. 2013). As a result of elevated hydrophilicity, free fatty acid

hydroperoxides, as compared to PLOOH and CEOOH (Kotosai et al. 2013), are

preferentially transported to HDL and reduced to hydroxides.

In contrast to its effects on free radical-induced oxidation, HDL weakly protects

LDL from oxidation by two-electron oxidants, such as hypochlorite, which mainly

modify the protein moiety of LDL. Such antioxidative action appears largely

unspecific, reflecting direct oxidant scavenging by HDL. A rare example of

HDL-mediated protection from two-electron oxidants is inactivation by enzymes

such as PAF-AH and/or PON1 with participation of apoA-I (Ahmed et al. 2001), of

phospholipid core aldehydes generated upon HDL oxidation by peroxynitrite.
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Finally, HDL lipids can significantly modulate antioxidative activities displayed

by the protein components. First, HDL carries small amounts of lipophilic

antioxidants, primarily tocopherols, which may provide a minor contribution to

its LOOH-inactivating properties (Bowry et al. 1992; Goulinet and Chapman

1997). Second, the rigidity of the phospholipid monolayer of HDL particles is a

key negative modulator of PLOOH transfer efficiency from LDL and cell

membranes (Vila et al. 2002; Zerrad-Saadi et al. 2009). The surface monolayer

rigidity of HDL is primarily determined by the relative content of such lipids

(sphingomyelin, free cholesterol, and saturated and monounsaturated fatty acids).

Increasing the content of each rigidifies the surface monolayer of HDL particles at a

given protein/lipid ratio (Zerrad-Saadi et al. 2009).

1.3 Heterogeneity of Antioxidant Activity of HDL Particles

Apolipoproteins, enzymes and lipids which determine the antioxidative activities of

HDL are non-uniformly distributed across the spectrum of HDL subpopulations.

ApoA-I, the major protein component of HDL participating in the reduction of

LOOHs, is enriched relative to apoA-II in small, dense HDL3c and in large, less

dense HDL2b as compared to HDL2a, 3a and 3b subpopulations (Kontush

et al. 2007). LCAT, PAF-AH, PON1 (Kontush et al. 2003) and apoA-IV (Bisgaier

et al. 1985) are enriched in small, dense HDL. As a consequence, HDL particles are

heterogeneous in their capacity to protect LDL from oxidative damage induced by

one-electron oxidants. Small, dense, protein-rich HDL particles in particular

potently protect LDL from mild oxidative stress induced by azo-initiator (2,2-
0-azobis-(2-amidinopropane) hydrochloride; AAPH) or Cu2+ (Kontush et al. 2003;

Yoshikawa et al. 1997). It involves inactivation of LOOHs via a two-step mecha-

nism with transfer of LOOHs to HDL (facilitated by enhanced fluidity of the HDL

surface lipid monolayer) and subsequent reduction to redox-inactive hydroxides by

Met residues of apoA-I (Christison et al. 1995; Garner et al. 1998; Zerrad-Saadi

et al. 2009). Small, dense HDL3 may be superior to large, less dense HDL2 in terms

of their capacity to remove oxidised lipids from other lipoproteins and cellular

membranes. Structural defects in the packing of surface lipids, which allow inser-

tion of exogenous molecules, become more pronounced with decreasing HDL

particle size and may account for this property (Kumpula et al. 2008). Consistent

with this possibility, small discoid rHDL complexes appear to remove negatively

charged lipids from oxidised LDL to a greater degree than native, spherical HDL

(Miyazaki et al. 1994). In addition, a diminished content of sphingomyelin and free

cholesterol in small, dense HDL may result in an increased fluidity of the surface

lipid monolayer, thereby facilitating incorporation of oxidised lipids of exogenous

origin (Kontush and Chapman 2010).

Inactivation of oxidised lipid molecules following their transfer to HDL may

also occur more rapidly in small, dense particles. First, reduction of LOOHs to

hydroxides is more efficient in HDL3 as compared to HDL2 (Zerrad-Saadi

et al. 2009). Relative enrichment of small, dense HDL in apoA-I may underlie
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this feature (Kontush et al. 2007). Moreover, the distinctly low lipid content of

small, dense HDL can induce conformational changes in apoA-I relative to large,

less dense HDL. It results in enhanced exposure to the aqueous phase, as reflected in

modified reactivity towards monoclonal antibodies (Sparks et al. 1995), which

might in turn facilitate the redox reaction between Met residues of apoA-I and

LOOHs. Second, LOOH hydrolysis by HDL-associated hydrolytic enzymes

appears to be predominantly associated with small, dense HDL3 (Kontush

et al. 2003). Preferential localisation of enzymatic activities of PAF-AH within

HDL3 is probably responsible for such association. Furthermore, enzymatic

activities might be beneficially influenced by the lipidome of small, dense HDL3,

which is distinct in displaying a low sphingomyelin to phosphatidylcholine ratio

(Kontush et al. 2007). Indeed, sphingomyelin belongs to a class of structural lipids

that exert a positive impact on surface rigidity and a negative impact on LCAT

activity (Subbaiah and Liu 1993).

Finally, the unique proteome of HDL3c may have implications for its

antioxidative activity. Several proteins, including apoJ, apoM, serum amyloid A4

(SAA4), apoD, apoL-1, PON1 and PON3 and phospholipid transfer protein (PLTP)

occur predominantly in this subfraction (Davidson et al. 2009). Indeed, PLTP is

present on HDL together with apoJ, apoL-I, apoD, apoA-I, apoA-II and several

other proteins, suggesting a direct, functional interaction between them.

2 High-Density Lipoproteins, Paraoxonase-1

PON1 is an intriguing example of the functional flexibility of HDL components as

it bridges the apparent divide between systemic oxidative stress and environmental

toxicology. Originally identified as an enzyme neutralising environmental toxins, it

progressed to an antioxidant role before revealing its capacity to combat pathogens:

the functional complexity and versatility of HDL reflected in a single, peptide

component. This section will focus on two aspects of PON1 function. It will expand

on the antioxidant capacity of PON1 that was referred to in the preceeding section.

Subsequently the ability of PON1 to limit bacterial virulence, notably with respect

to Pseudomonas aeruginosa, will be addressed.

2.1 PON1 as an Antioxidant

Early, in vitro studies suggested that purified PON1 and HDL-associated PON1

could protect LDL from oxidation (Mackness et al. 2003), although these

conclusions were questioned in subsequent reports (James 2006). However, studies

from several animal models (James 2006) have provided much stronger support for

the conclusion that PON1 protects against atherosclerotic disease by a process that

involves reduction of oxidative stress. Thus PON1 knockout in mice was associated

with a significant increase in the development of atherosclerotic lesions, whilst

HDL from such mice were less able to protect LDL from oxidation (Shih
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et al. 1998, 2000). The latter was corrected by addition of purified PON1 to the

HDL. Conversely, over-expression of PON1 protected against lesion development,

with HDL showing a greater capacity to protect against oxidative stress (Tward

et al. 2002). A consistent observation from these animal models is that PON1

activity is a negative correlate of markers of oxidative stress.

Studies in man are also consistent with a protective role of PON1, involving an

impact on oxidative stress. In a number of disease states that increase risk of

atherosclerotic disease and where increased oxidative stress is noted, PON1

serum activity is significantly reduced. These include diabetes, the metabolic

syndrome, familial hypercholesterolaemia and renal dysfunction (Abbott

et al. 1995; James 2006). Enzyme activity was also reduced in coronary disease

patients, with the extent of coronary lesions correlating inversely with the PON1

activity (Graner et al. 2006). The relationship was independent of other risk factors.

Other case-control investigations confirm that PON1 is a risk factor for coronary

disease (Soran et al. 2009), although it is not a consistent observation (Troughton

et al. 2008). Whilst the above studies focus on enzyme activity, there have also been

a number of studies examining the relationship of PON1 coding region

polymorphisms to coronary risk. The rationale is that a polymorphism at amino

acid 192 gives rise to two isoforms with strikingly different activities towards

paraoxon, one of the substrates used to analyse PON1 activity. Such studies have

given somewhat equivocal results, as illustrated in a meta-analysis by Wheeler

et al. (2004). However, this data should be interpreted with reserve as the range of

activities is wide within each isoform. Moreover, the isoforms manifest much

smaller differences in activities towards a second substrate, phenylacetate, fre-

quently used to analyse PON1. It has led to suggestions that PON1 phenotype

should be used to analyse the relationship of the enzyme to vascular risk (Jarvik

et al. 2000).

More persuasive evidence of a role for PON1 in CVD comes from prospective

studies. In the Caerphilly prospective study, serum PON1 activity was shown to be

an independent determinant of future coronary events (Mackness et al. 2003). No

measures of oxidative stress were undertaken. In two prospective studies, Hazen

and colleagues (Bhattacharyya et al. 2008; Tang et al. 2012) firmly established

PON1 as an independent risk factor for vascular disease, in both primary and

secondary disease settings. They also analysed an impressive range of systemic

indices of lipid oxidation (HETE, HODE, isoprostane) and showed a strong nega-

tive correlation between PON1 activity and serum concentrations of these markers.

These studies clearly suggest that it is the ability of PON1 to limit systemic

oxidative stress and the generation of oxidised lipids that underlies its links to

atherosclerotic disease. Alternative or complementary mechanisms by which PON1

could reduce risk have also been proposed (Aviram 2012; Rosenblat et al. 2013).

The authors suggest that the enzyme can increase the free radical scavenging

capacity of monocyte/macrophages and lower oxidative stress. The same group

also proposed that PON1 increased the ability of HDL to remove cholesterol from

macrophages (Rosenblat et al. 2011). The latter is thought to be an important step in

reverse cholesterol transport. Data from the same study indicated that PON1 may
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increase the ability of HDL to prevent macrophage-mediated oxidation of LDL. In

another study, the group proposed that PON1 could reduce the risk of diabetes, a

potent CVD risk factor (Koren-Gluzer et al. 2011). The antioxidant function, acting

via sulphydryl groups PON1, was suggested to play a role, but not enzyme activity.

Whilst there is persuasive evidence that PON1 prevents systemic lipid oxidation,

how and what substrates it may act on are still unclear. As discussed above

(Sect. 1.2), LOOHwould appear to be poor substrates for the enzyme. Nevertheless,

a feature of the PON1 knockout mice was an accumulation of LOOH in HDL (Shih

et al. 1998; Tward et al. 2002). It is possible that short-chain oxidised phospholipids

may be a better substrate for the enzyme. Increased lipoperoxides as well as lipid

oxidation end products were also a feature of reduced PON1 activity in human

studies (Bhattacharyya et al. 2008; Tang et al. 2012). One possible explanation may

be furnished by a recent, intriguing proposal that PON1 can modulate the activity of

myeloperoxidase (MPO). The latter is an important source of reactive oxygen

species and is associated with HDL. Huang et al. (2013) reported that PON1 and

MPO form a ternary complex with HDL. In this constellation, PON1 was able to

modulate MPO activity (and conversely MPO inhibited PON1). Confirmation was

obtained in vitro by showing that adding PON1 to active MPO significantly reduced

lipid peroxidation by the latter.

At present, the question remains open as to how exactly PON1 functions, with

possible explanations being prevention of ROS formation, curtailing propagation of

ROS or hydrolysing oxidised lipids.

2.2 PON1 and Bacterial Pathogens

A major advance in our appreciation of the physiological relevance of PON1 was

the demonstration that its principal enzyme activity is that of a lactonase

(Khersonsky and Tawfik 2005). Indeed, lactonase activity would appear to be the

initial, ancestral enzyme activity of the PON gene family. These observations

considerably broadened the scope of HDL functions as lactonases are instrumental

in neutralising bacterial virulence factors.

Pseudomonas aeruginosa is an opportunist bacterium and a common cause of

disease in immunocompromised patients. It is also a major contributor to nosoco-

mial infections. Bacterial virulence is governed by homoserine lactones (HSL)

synthesised and secreted by the bacterium. They are central to the phenomenon

of quorum sensing that allows communication between bacteria. The HSLs give a

measure of bacterial density and when a threshold bacteria count is achieved, they

activate gene programmes that greatly increase the rate of Pseudomonas infection

(Juhas et al. 2005). The ability of the PON enzymes to hydrolyse the HSL interrupts

bacterial communication and reduces virulence. Whilst the intracellular PON2

variant shows the strongest lactonase activity, PON1is also active towards HSL

(Ozer et al. 2005) and is able to protect against Pseudomonas infection (Stoltz

et al. 2008). Indeed, PON1 is the major source of HSL neutralising activity in serum

(Teiber et al. 2008).
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Discovery of its role in combating bacterial infection and knowledge that the

paraoxonases are a highly conserved gene family have led to suggestions that they

may play a role in innate immunity (Shih and Lusis 2009).

3 High-Density Lipoproteins, Environmental Pathogens
and Toxins

In recent studies, the molecular composition of the HDL particle has been assigned

significant, functional importance (Besler et al. 2012), which is of particular

relevance with respect to reported changes in HDL composition in disease. Inter-

estingly, alterations in HDL composition have also been observed in man during

endotoxemia (Levels et al. 2011) and in endotoxin-treated mice (Chiba et al. 2011).

As suggested above, data indicate that HDL has an important role in neutralising

and detoxifying invading pathogens to prevent systemic inflammatory responses or

sepsis, which is the leading cause of death in intensive care units (ICUs) of high-

income countries (Levels et al. 2011; Russell 2006). Concurrently, the interaction

of HDL with viruses, parasites and environmental toxins has also been a focus of

recent interest. This is reflected in reviews of the impact of gram-positive and gram-

negative bacterial toxins in sepsis (Ramachandran 2013), the role of HDL in innate

immunity (Feingold and Grunfeld 2011) and the immune system (Kaji 2013) and

xenobiotic metabolism, disposition and regulation of receptors (Omiecinski

et al. 2011) to which the reader is referred. In this chapter, the role(s) of HDL as

a detoxifying agent during exposure to different environmental pathogens or toxins

will be discussed.

3.1 Bacterial Pathogens

Multiple alterations in lipid and lipoprotein metabolism occur during the acute

phase response. Within HDL, apoA-I, cholesterol and phospholipid levels decrease,

as do certain enzyme activities, e.g. PON1 (Khovidhunkit et al. 2004), whilst free

apoA-I (Cabana et al. 1997) and triglyceride levels increase (Cabana et al. 1996).

As a consequence, reverse cholesterol transport decreases, accompanied by

increased cholesterol delivery to immune cells. Such alterations initially protect

the host from the harmful effects of invading pathogens but will contribute to

atherogenesis if prolonged (Khovidhunkit et al. 2004).

A crucial factor in the detoxifying properties attributed to HDL is the ability to

neutralise the invading pathogen. A number of human studies have shown that

circulating lipoproteins, principally HDL, are able to bind lipopolysaccharides

(LPS) from gram-negative bacteria as well as lipoteichoic acid (LTA) from gram-

positive bacteria (Khovidhunkit et al. 2004; Levels et al. 2003, 2011). Binding to

HDL inhibits LPS interaction with cell surface toll-like receptor 4 (TLR-4)

(Underhill and Ozinsky 2002) and LTA interaction with TLR-2 (Flo et al. 2000),

receptors known to mediate inflammatory responses (macrophage activation,
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cytokine release). These neutralising effects of HDL have been confirmed in

humans with low HDL levels who show a more robust inflammatory response to

LPS administration (Birjmohun et al. 2007).

During the acute phase response, HDL protein and lipid compositions change

(Khovidhunkit et al. 2004). Observations indicate that apoA-I can be replaced by

the positive acute phase protein SAA (Artl et al. 2000). SAA is able to influence

HDL-mediated cholesterol metabolism through its inhibitory effects on SR-BI-

mediated selective cholesterol uptake (Cai et al. 2005). It has recently been

suggested to facilitate the binding of HDL, isolated from mice injected with LPS,

to vascular proteoglycans (Chiba et al. 2011). The relevance of these observations is

important when taken together with the up to 1,000-fold increase in concentrations

of plasma SAA during acute phase reactions such as inflammation or infection. In

addition, several isoforms of SAA, still with unknown functions, have recently been

detected in acute phase HDL (Levels et al. 2011).

The neutralising effects of HDL during LPS exposure are dependent on

phospholipids as well as proteins. ApoA-I is suggested to be the major neutralising

factor (Massamiri et al. 1997). Thus, direct interaction between LPS and the

C-terminus of apoA-I can decrease TNF-α release from macrophages in vitro

(Henning et al. 2011). The role of apoA-I as a neutralising agent is further

strengthened by the beneficial effects of apoA-I on LPS-induced acute lung injury

and endotoxemia, as shown in mice (Yan et al. 2006).

The HDL receptor, SR-BI, is highly expressed in hepatocytes and steroid-

producing cells and has an important role regarding the fate of the neutralised

pathogens. In mice, it is suggested to protect against endotoxemia through its roles

in facilitating glucocorticoid production as well as hepatic clearance of LPS. In this

respect, SR-BI has been suggested to mediate the binding and uptake of LPS as well

as LTA (Vishnyakova et al. 2006). Additionally, an alternatively spliced variant,

SR-BII, has been shown to bind directly a variety of bacteria suggesting a

conserved role of these receptors in pattern recognition and innate immunity

(Webb et al. 1998).

3.2 Parasites

Several species of African trypanosomes cause fatal disease in livestock, but most

are unable to infect humans due to innate trypanolytic factors (TLFs). It has been

shown that in human serum, TLFs consist of two minor HDL subfractions

characterised by the presence of haptoglobin-related protein (Hpr) and apoL-I

(Vanhamme et al. 2003). The underlying mechanisms of TLFs action during

parasite infection involve their endocytosis by trypanosomes where, subsequently,

apoL-I forms membrane pores within the acidic lysosome resulting in ion

dysregulation that leads to osmotic imbalance, parasite swelling and lysis

(Molina-Portela Mdel et al. 2005). Endocytosis of apoL-I is facilitated by a

complex formed by Hpr and haemoglobin that interacts with the haptoglobin-

haemoglobin receptor on the trypanosome cell surface (Vanhollebeke
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et al. 2008). However, Trypanosoma brucei rhodesiense, carried by tsetse flies and

causing sleeping sickness in man, is able to escape lysis by TLFs. It is achieved

mainly by the expression of the serum resistance-associated (SRA) protein, which

binds to and neutralises apoL-I (Vanhamme et al. 2003). It should be noted however

that recent population-based observations, focused on individual variations in Hpr,

indicate that a more dynamic view of the relative roles of Hpr and Hpr-Hb

complexes needs to be considered for understanding innate immunity to African

trypanosomes. Other pathogens including the newly discovered Plasmodium (Imrie

et al. 2012) should possibly be considered.

3.3 Hepatitis, Dengue and Other Viruses

HDL account for part of the broad, non-specific antiviral activity in human serum

(Singh et al. 1999). Thus, apoA-I was found to prevent cell penetration by inhibiting

fusion of the herpes virus as well as the human immunodeficiency virus (HIV)

(Srinivas et al. 1990). Interestingly, HIV infection has also been linked to dysfunc-

tional HDL with reduced antioxidant properties, which may be associated to

progression of subclinical atherosclerosis (Kelesidis et al. 2013). In addition,

enhanced levels of human apoM, which is mainly associated with HDL, were

observed during hepatitis B virus (HBV) infection and may reflect feedback

suppression of HBV replication (Gu et al. 2011). Conversely, HDL may also

promote virulence by facilitating virus entry via the SR-BI receptor. This was

first demonstrated for the hepatitis C viruses (Voisset et al. 2006) and recently

extended to dengue viruses that directly associate with apoA-I of HDL

(Li et al. 2013). It is perhaps unsurprising that SR-BI has recently been proposed

as a therapeutic target that warrants further research, based on reports indicating its

involvement in the capture and cross-presentation of antigens from viruses, bacteria

and parasites.

3.4 Metal Oxides, Carbon Nanotubes and PLGA Nanoparticles

Nanotechnology is an emerging industry that involves the creation of new materials

with a variety of useful functions. However, concerns are growing that some of

themmay have toxic effects. This has promoted interest in the role of HDL both as a

neutralising agent and carrier of nanosize particles. Thus the biodistribution of

nanoparticles is significantly influenced by their interaction with plasma proteins,

notably HDL proteins apoA-I and apoE. These, amongst others, have been found to

recognise and interact with carbon nanotubes, a number of metal oxides (Karlsson

et al. 2012) and PLGA (poly(lactic-co-glycolic acid)) nanoparticles (Sempf

et al. 2013) in in vitro plasma models. There are, as yet, no detailed studies

confirming HDL neutralisation and clearance of engineered nanoparticles. How-

ever, the concept of incorporating lipophilic drugs assembled with apoA-I and

phospholipids into soluble, HDL-like nanoparticles for drug delivery is presently
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widely explored (Marrache and Dhar 2013; Shin et al. 2013). They could serve a

number of therapeutic purposes, for example, targeting tissues expressing high

amounts of SR-BI, such as cancer cells (Marrache and Dhar 2013; Shin et al. 2013).

3.5 PON1 and Organophosphates

A crucial function of HDL-associated PON1, in addition to its potential antioxidant

role, is neutralisation of toxic organophosphate (OP) derivatives. Such an activity

was described in human serum many years ago (Aldridge 1953). The activity was

attributed to the enzyme PON1, a name derived from the substrate paraoxon,

initially employed in such studies. Its involvement in the detoxification of OPs

has since been well documented, encompassing chlorpyrifos, oxon and diazoxon as

well as nerve agents (Costa et al. 2013). Indeed, HDL-associated PON1 has been

shown to be a key determinant in detoxification of OPs (Shih et al. 1998) in mouse

models. Intriguingly, PON1 was shown to be associated with HDL at a time when

its antioxidant activity was unknown (James 2006).

A growing area of research is the importance of PON1 in environment toxicol-

ogy and its role in susceptibility to OP exposure. Serum concentrations of the

enzyme, as well as certain polymorphisms affecting activity, appear important for

risk prediction (Androutsopoulos et al. 2011; Costa et al. 2013). Consequently,

children may be more sensitive to environmental OPs since they have reportedly

lower PON1 levels than adults (Huen et al. 2009). Finally, its impact on environ-

mental toxins, as well as its antioxidant function, has led to suggestions that PON1

is linked to neurological disorders (Androutsopoulos et al. 2011), an area that

requires considerably more research.

3.6 Detoxification of Plasma and External Fluids

As discussed in previous sections, HDL and apo A-I have a role in recognition,

neutralisation and elimination of xenobiotics. Thus, elevated levels of plasma

apoA-I in female rats have been found after exposure to the plastic chemical

bisphenol A (BPA) (Ronn et al. 2013). The molecular mechanisms behind the

increase in apoA-I may reflect the effects of estrogens, although conflicting data

have been reported (Teeguarden et al. 2013). It could also be related to apoA-I/

HDL-controlled clearance mechanisms that involve transport of xenobiotics to the

liver. Interestingly, an increase in liver somatic index (LSI) accompanied the apoA-

I increase in the exposed rats, indicating less favourable metabolic alterations.

Since the structure of BPA is very similar to a number of recently proposed

apoA-I enhancing drugs (Du et al. 2012), it may be relevant to investigate these

mechanisms further.

Another group of environmental contaminants, present at low levels in most

living organisms, are persistent organic pollutants (POPs). Due to their hydrophobic

character, they can be transported by lipoprotein particles. Interestingly, long-term
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effects of POPs in human plasma have recently been highlighted in a number of

epidemiological studies (Lind et al. 2012). In a recent study of an exposed Swedish

population, significantly higher concentrations of POPs were found amongst

individuals with CVD or cancer compared to controls (Ljunggren et al. 2014).

Principal component analyses showed that POP concentrations in HDL were more

associated with CVD, whilst POP concentrations in LDL/VLDL were more

associated with cancer. Interestingly, PON-1 activity was negatively correlated to

the sum of polychlorinated biphenyls (PCBs), and covariation between decreased

arylesterase activity, increased PCB concentrations and CVD was found.

To expand the knowledge regarding the role of HDL as detoxifier, it may be

beneficial exploring external fluids. Lipids are present in human tears (Rantamaki

et al. 2011), and apoA-I has been detected in nasal lavage fluid (NLF) (Ghafouri

et al. 2002) and saliva (Ghafouri et al. 2003). Interestingly, in NLF, apoA-I was

shown to increase in hairdressers after 20 min of exposure to persulphates (Karedal

et al. 2010), whilst apoA-I in gingival crevicular fluid has been suggested to be a

novel periodontal disease marker (Tsuchida et al. 2012). In addition, decreased

levels of apoA-I have been reported in bronchio-alveolar lavage fluids of patients

with idiopathic pulmonary fibrosis compared to healthy controls (Kim et al. 2010).

Together with lipocalin, apoA-I has been suggested as a potential biomarker for

chronic obstructive pulmonary disease (Nicholas et al. 2010). The origin of apoA-I

in fluids of the airways has not been extensively studied, but trans-endothelial

transport has been investigated (Ohnsorg et al. 2011). The presence, composition

and possible function of apoA-I containing lipoprotein particles in external fluids

remain to be investigated.
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