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Abstract 

Lipoprotein particles act as lipid transporters in the blood stream, and measuring 
cholesterol content in specific subclasses of lipoprotein particles has long been, and still is, 
a frequently used tool to estimate the risk of cardiovascular disease (CVD). High-density 
lipoprotein (HDL) is a subclass of lipoproteins often regarded as providing protection 
against CVD via several functions including reverse cholesterol transport and anti-
inflammatory capacities. However, the precise relationship between HDL cholesterol levels 
and health outcome is still unclear. Lately, new approaches to study HDL composition and 
function have therefore become more important.  

HDL function is to a large extent dependent on its proteome, containing more than 100 
proteins. Investigating the proteome in individuals with altered gene expression for HDL-
associated proteins or with known exposure to environmental contaminants may reveal 
new insights into how HDL metabolism is affected by various factors. This is of interest 
in order to better understand the role of HDL in CVD.  

Papers I and II focus on two different mutations in a structural HDL protein, 
apolipoprotein A-I (L202P and K131del), and one mutation in the scavenger receptor class 
B-1 (P297S), which is involved in selective lipid uptake of cholesterol mainly into 
hepatocytes and adrenal cells. The HDL proteome was analyzed using two-dimensional gel 
electrophoresis and mass spectrometry. The L202P mutation was identified in HDL of the 
heterozygote carriers together with a significant decrease of apolipoprotein E and increased 
zinc-alpha-2-glycoprotein. By contrast, the second apolipoprotein A-I mutation (K131del) 
was associated with significantly elevated alpha-1-antitrypsin and transthyretin levels. 
Protein analyses of the scavenger receptor class B1 P297S heterozygotes showed a 
significant increase in HDL apoL-1 along with increased free apoE. The carriers showed 
no difference in anti-oxidative capability but a significant increase in apoA-I methionine 
oxidation.  

Papers III and IV focus on persistent organic pollutants that may influence HDL 
composition and function. These compounds accumulate in humans, and exposure has 
been linked to an increased risk of CVD. To provide a better understanding of the HDL 
system in relation to pollutants, a population living in a contaminated area was studied. 
Persistent organic pollutants in isolated HDL were quantified using high-resolution gas 
chromatography mass spectrometry and significantly increased levels were found in 
individuals with CVD as compared to healthy controls. Furthermore, there was a 
significant negative association between the pollutants and paraoxonase-1 anti-oxidant 
activity. Studying the proteome with nano-liquid chromatography tandem mass 



ii 

 

spectrometry led to the identification of 118 proteins in HDL, of which ten were 
significantly associated with the persistent organic pollutants.  

In summary, the present studies demonstrate protein pattern alterations in HDL associated 
with inherited genetic variants or pollutant exposure. The studies also provide a set of 
methods that are useful tools to further comprehend the complexity of lipoprotein 
metabolism and function. The results are important in order to improve our understanding 
of HDL in CVD and to explain an increased risk of CVD associated with exposure to 
organic pollutants.  
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Populärvetenskaplig sammanfattning 

Förändringar av proteinuttryck i högdensitetslipoprotein till följd 
av förändringar i arvsmassan eller halter av miljögifter 

Lipoproteiner är små partiklar som består av fetter och proteiner. Dessa partiklar fungerar 
som kroppens huvudsakliga bärare av olika fetter i blodbanan. Högdensitets-lipoprotein 
(HDL) är en speciell grupp av lipoproteiner som anses minska risken för hjärt- och 
kärlsjukdom. Dessa lipoproteiner verkar skyddande genom flera olika processer, men den 
mest kända är att de transporterar bort skadligt fett från kroppens celler och minskar risken 
för inflammation i blodkärlsväggarna. HDL kan ha ett hundratal olika proteiner bundna 
till sin yta och dessa bidrar till partiklarnas skyddande funktioner. Vilka proteiner som finns 
på partiklarnas yta bestäms av levnadsvanor och arvsmassa, men även kemikalier i 
omgivningen kan påverka. Proteinernas antal och deras funktion kan studeras med en 
mängd metoder som tillsammans kallas för lipoproteomik. Syftet med denna avhandling 
var att undersöka hur proteinsammansättningen i HDL påverkas av olika förändringar i 
arvsmassan (mutationer) och fettlösliga miljögifter. 

Avhandlingen visar att proteinsammansättningen i HDL förändras till följd av mutationer 
samt halter av miljögifter. Gällande mutationerna upptäcktes flera proteinförändringar som 
bör undersökas vidare för att öka förståelsen för proteinernas funktion i partiklarna, samt 
om dessa förändringar innebär en ökad risk för hjärt- och kärlsjukdom. Dessutom beskrivs 
ett flertal lämpliga metoder som kan användas i framtida studier med mål att öka förståelsen 
för hur HDL skyddar mot hjärt- och kärlsjukdom. Resultaten visar även att HDL 
transporterar miljögifter i blodbanan och att halterna är högre hos personer med hjärt- och 
kärlsjukdom jämfört med friska personer. Miljögifterna påverkade även protein-
sammansättningen hos HDL. Dessa fynd är viktiga eftersom människor utsätts för ett stort 
antal kemikalier i vardagen, men effekterna i kroppen är relativt okända. Våra resultat tyder 
på att HDL påverkas av miljögifter och kan vara en bidragande faktor till en ökad risk för 
hjärt- och kärlsjukdom. 

Dessa studier av HDL är viktiga för att öka förståelsen gällande kopplingar mellan 
arvsmassa eller miljögifter och hjärt- och kärlsjukdom. Lipoproteomik-teknik kan bidra till 
ökad kunskap om HDL-partiklars struktur och funktion och kan i förlängningen leda till 
nya vägar att påverka HDL, med målet att minska risken för hjärt- och kärlsjukdom. 
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Introduction 

Lipoproteins 
Lipids are a diverse group of hydrophobic molecules essential for all living organisms. 
Different classes of lipids serve distinct functions in the cells where phospholipids are used 
to build up cellular membranes, triglycerides serve as an important energy source while 
cholesterol is important for controlling the fluidity of cell mebranes and is used as a 
precursor for the synthesis of steroid hormones and bile acids. Due to the hydrophobic 
nature of the lipids, they cannot be easily transported in the circulatory system. Instead, 
they are carried in macromolecule complexes with proteins called lipoproteins. 
Lipoproteins are mainly spherical particles consisting of an outer monolayer of 
phospholipids and free cholesterol interspersed with proteins, while the lipid core consists 
of cholesteryl esters and triglycerides. The levels of cholesterol in the lipoproteins are used 
as clinical measures for estimating the risk of cardiovascular disease (CVD). The protein 
constituents are essential for the function and metabolism of the particles, making 
lipoproteomic studies an important tool to investigate lipoproteins and their relation to 
CVD. Lipoproteins constitute a highly dynamic and diverse collection of particles that are 
grouped into different classes based on their specific characteristics.  

Classes 
The most widely used method for lipoprotein separation from plasma is ultra-
centrifugation, which separates the lipoproteins based on their density. This approach has 
laid the foundation for the principal classification of lipoproteins into five main classes; 
chylomicrons, very low-density lipoprotein (VLDL), intermediate-low density lipoprotein 
(IDL), low-density lipoprotein (LDL) and high-density lipoprotein (HDL). Chylomicrons 
are the largest particles with the lowest density, while VLDL, IDL, LDL, and HDL are 
decreasingly smaller and with higher densities (Table 1). 

Table 1. Lipoprotein main classes and characteristics [Pownall and Gotto 1999] 
 Chylomicrons VLDL IDL LDL HDL 

Density (g/mL) <0.93 0.95-1.006 1.006-1.019 1.019-1.063 1.063-1.212 
Diameter (nm) >80 30-80 25-35 21.6 7.5-10 

Composition (% of total dry weight) 
Proteins 2 8 19 22 40-55 

Phospholipids 7 18 19 22 25-33 
Triglycerides 86 55 23 6 3-5 

Cholesterol Esters 3 12 29 42 13-17 
Free cholesterol 2 7 9 8 4-5 

The main classes can be subdivided into even smaller density subclasses. LDL has five 
subclasses called LDL1-5 where the most common are LDL2 and LDL3 [de Graaf et al. 
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1993]. HDL has two subclasses, the larger HDL2 (average diameter 10 nm, density 1.063-
1.125 g/mL) and the smaller and denser HDL3 (average diameter 7.5 nm, density 1.125-
1.212 g/mL).  

HDL may be further subdivided using methods other than ultracentrifugation. With the 
use of non-denaturing gel electrophoresis, five different subclasses of HDL can be 
separated: HDL2b, HDL2a, HDL3a, HDL3b, and HDL3c, which are decreasingly smaller 
in size. By using two-dimensional electrophoresis, the HDL is first separated based on 
charge into α-HDL and preα-HDL, which is spherical, as well as preβ-HDL, which is 
discoidal. The second separation based on size provides up to 12 different subclasses 
[Kontush et al. 2015].  

Metabolism 
Chylomicrons, VLDL, IDL, and LDL share the feature of carrying apolipoprotein (apo) B 
as structural apolipoprotein and are therefore called apoB-containing lipoproteins. These 
particles are involved in the transport of lipids from the intestine to the liver or from the 
liver to peripheral cells. Chylomicrons originate from the small intestine and contain apoB-
48, a truncated version of full-length apoB. The expression of apoB-48 is continuous but 
increases after dietary intake of lipids. In the circulation, the triglyceride content of these 
particles is hydrolyzed by lipoprotein lipase located on the vascular endothelium, 
transforming the particles into smaller remnants that may be subsequently taken up by 
hepatocytes. VLDL contains full-length apoB, apoB-100, and is continuously produced 
and secreted by the liver. Similar to the chylomicrons, the triglyceride content is hydrolyzed 
by the action of lipoprotein lipase that reduces the size of the particles, making them 
denser. This action transforms the particles to IDL, whose lipid content is further 
hydrolyzed, transforming it into LDL particles [Nakajima et al. 2011]. VLDL and LDL 
mainly bind to the LDL receptor with the ligands apoB and apoE. This receptor works by 
internalization of the particles by receptor-mediated endocytosis followed by lipoprotein 
degradation and uptake of cholesterol content by the cells and recycling of the LDL 
receptor [Ramasamy 2014].  

HDL constitutes a different type of lipoprotein particles, as compared to the apoB-
containing lipoproteins, since they contain a larger proportion of proteins and are involved 
in the removal of lipids from peripheral cells. HDL mainly originates from the liver where 
apoA-I, the main protein, is secreted in a lipid-free form. Free apoA-I are lipidated with 
phospholipids and free cholesterol through interaction with ATP-binding membrane 
cassette transport protein A1 (ABCA1) in the liver and small intestine. The free cholesterol 
is subsequently esterified by the action of phosphatidylcholine-sterol acyltransferase 
(LCAT) present on HDL, generating a lipid core consisting of cholesteryl ester. This 
process transforms the particles into discoidal nascent HDL particles that can interact with 
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ABCA1 and thereby receive more cholesterol. Additional cholesterol loading leads to the 
transformation of HDL particles into mature spherical HDL3 and HDL2 that can interact 
with ABC protein G1 (ABCG1) and trigger further uptake of cholesterol from peripheral 
cells [Davidson and Toth 2007]. The mature HDL interacts with scavenger receptor B1 
(SR-B1), which is highly expressed in liver and steroidogenic tissues such as the adrenal 
glands [Danilo et al. 2013]. In these tissues, SR-B1 directs the transfer of esterified 
cholesterol from HDL particles into the tissues. The transfer is done without 
internalization of the HDL particles and is therefore named selective lipid uptake. HDL 
may also be internalized by endocytosis, which helps deliver the non-lipid cargo of HDL 
[Röhrl and Stangl 2013].  

In the circulation, apoB-containing lipoproteins and HDL interact through two lipid 
transfer proteins: cholesteryl ester transfer protein (CETP) and phospholipid transfer 
protein (PLTP). CETP enables the transfer of cholesteryl ester from HDL to apoB-
containing lipoproteins and the transfer of triglycerides in the opposite direction. This 
transfer transforms apoB-containing lipoproteins into remnants as well as facilitating the 
remodeling of HDL [Kingwell et al. 2014]. PLTP mediates the transfer of phospholipids 
from apoB-containing lipoproteins to HDL, thereby facilitating the maturation of HDL 
[Albers and Cheung 2004]. PLTP is also involved in fusion of HDL particles that by 
different processes generates both small and large particles [Settasatian et al. 2001]. 

Lipoproteins in cardiovascular disease 
CVD is a collection of different diseases affecting the vascular system and the heart that 
often involves atherosclerosis, a chronic lipid driven inflammation of the vascular wall. An 
early mechanism of atherosclerosis is endothelial dysfunction, in which the endothelial cells 
increase the expression of adhesion molecules and chemoattractants with resulting 
infiltration of monocytes in the arterial wall. Dyslipidemia with increased levels of LDL, 
especially smaller and denser LDL particles, increases the risk of deposition of LDL into 
the intima of the vascular wall. Trapped LDL may become oxidized creating oxidized LDL 
particles (oxLDL), which are then scavenged by monocyte-macrophages leading to the 
formation of foam cells. The foam cells secrete pro-inflammatory compounds that act as 
a positive feedback loop since they promote further monocyte recruitment, up-regulation 
of scavenger receptors, macrophage proliferation as well as the migration of vascular 
smooth muscle cells to the intima. Foam cells, vascular smooth muscle cells, and 
extracellular matrix cause a thickening of the intima-media and result in atherosclerotic 
plaques. These plaques may reduce the blood flow or rupture, subsequently causing 
thrombosis [Helkin et al. 2016]. HDL is associated with protection against atherosclerosis 
through several different functions including reducing endothelial dysfunction, removal of 
oxidized lipids and acting as an anti-inflammatory mediator.  
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Lipoproteins are traditionally assessed based on their content of cholesterol where clinically 
applicable measures include LDL cholesterol (LDL-C) and HDL cholesterol (HDL-C). It 
is well-established that LDL-C has a strong positive relationship with CVD and that by 
reducing LDL-C levels, CVD risk is reduced [Cholesterol Treatment Trialists’ (CTT) 

Collaboration 2015]. HDL-C shows a strong inverse relationship with CVD risk but there 
is doubt to whether this association is causal. Numerous early epidemiological and 
observational reports indicated that low levels of HDL-C are related to increased risk of 
CVD, resulting in the view of HDL as a protective factor. The early studies were integrated 
into the HDL hypothesis, defined in 1975, that low levels of HDL-C increase CVD risk by 
impairing the removal of cholesterol from the arterial wall, which sparked the interest of 
increasing HDL-C to reduce CVD risk [Tariq et al. 2014, Kingwell et al. 2014]. However, 
genetic mutations causing increased HDL-C do not show a lower risk of CVD, and 
pharmaceutical interventions aiming at increasing HDL-C have not reduced the risk of 
developing CVD [Pownall and Gotto 2016].  

Other measurements of HDL, such as the number of HDL particles, have been proposed 
as better measurements than HDL-C to explain the protective effects of HDL. In a high 
CVD risk population, the number of smaller HDL particles was a better predictor for 
future CVD than HDL-C [McGarrah et al. 2016]. Furthermore, the number of HDL 
particles was shown to be a predictor for CVD and carotid intima-media thickness in 
initially healthy individuals [Mackey et al. 2012]. Another measure is the ratio between apoB 
and apoA-I proteins (apoB/apoA-I) in plasma, integrating the apoB-containing 
lipoproteins and HDL in a single parameter. A meta-analysis of seven prospective studies, 
entailing approximately 3700 individuals, showed a significant increase in CVD risk with 
increasing apoB/apoA-I [Thompson and Danesh 2006] and the ratio was shown to be a 
significant prognostic factor for CVD in initially healthy middle-aged men [Schmidt and 
Bergström 2014].  

The measurements of cholesterol content, number of particles or the apoB/apoA-I ratio 
provide information regarding the level, but do not reflect the functionality, of HDL. With 
the evolving concept of dysfunctional HDL in which native HDL particles are protective 
but may become dysfunctional, or even detrimental in conditions such as acute coronary 
syndrome [Annema and von Eckardstein 2013, Rosenson et al. 2016], measurements of 
HDL level may be insufficient to understand the role of HDL.  

High-density lipoprotein 

HDL proteomics 
Proteomics is the study of protein structure and function. It is derived from the words 
proteome and omics, where proteome refers to all the proteins expressed by an organism 
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while omics is used to describe the analysis of a multitude of different factors 
simultaneously. As such, the field of lipoproteomics deals with the analysis of protein 
expression, structure, and function in lipoproteins.  

HDL constitutes a heterogeneous population of particles with different protein 
composition. According to the “HDL Proteome Watch”, there are – as of 27th September 
2016 – 95 confirmed proteins located on the HDL particles (defined as proteins identified 
by at least three independent labs in three different publications). All these proteins do not 
fit on a single particle, instead different subgroups carry subsets of proteins providing a 
highly diverse group of HDL particles. A selection of these proteins is listed in Table 2. 

Table 2. HDL proteins and their respective function 

Protein Abbreviation MW 
(kDa) Major function 

Alpha-1-antitrypsin α1-AT 47 Serine protease inhibitor 
Apolipoprotein A-I ApoA-I 31 Structural protein, LCAT activator 
Apolipoprotein A-II ApoA-II 11 Structural protein 
Apolipoprotein C-II ApoC-II 11 Activator of lipoprotein lipase 
Apolipoprotein C-III ApoC-III 11 Inhibitor of lipoprotein lipase 

Apolipoprotein E ApoE 36 Receptor ligand, anti-inflammatory 
Apolipoprotein F ApoF 35 Inhibitor of CETP 

Apolipoprotein L-1 ApoL-1 44 Parasitic defense 

Apolipoprotein M ApoM 21 Binding of small hydrophobic 
molecules 

Cholesteryl ester transfer 
protein CETP 55 Transfer of lipids between HDL 

and apoB-containing lipoproteins 
Phosphatidylcholine-sterol 

acyltransferase LCAT 50 Esterification of cholesterol to 
cholesteryl ester 

Phospholipid transfer protein PLTP 55 
Transfer of lipids between HDL 

and apoB-containing lipoproteins, 
fusion of HDL particles 

Serum amyloid A1/A2 SAA1/SAA2 14 Acute phase reactants 
Serum paraoxonase/-

arylesterase 1 PON1 40 Anti-oxidative 

Transthyretin TTR 16 Transport of thyroid hormones 
Zinc-alpha-2 glycoprotein AZGP1 34 Adipokine 

MW - Molecular weight as defined in Uniprot including pre- and propeptide 

The predominant protein in HDL is apoA-I, which is a 31 kDa protein that constitutes 
approximately 70% of all protein mass in HDL. Each HDL particle contains 2-5 copies of 
apoA-I that allow the particles to obtain both the discoidal and the spherical conformations 
[Huang et al. 2011]. Besides being the structural scaffold for the HDL particles, apoA-I 
acts as an activator of LCAT, serves as an anti-inflammatory mediator and binds as a ligand 
to different lipoprotein receptors.  
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Some proteins in HDL show a propensity for presence on specific HDL subclasses 
[Davidson et al. 2009]. ApoE is a 36 kDa protein preferentially located in the larger and 
less dense HDL2 but that also binds to apoB-containing lipoproteins. The HDL-bound 
apoE is important for the anti-inflammatory effects of apoA-I and facilitates cholesterol 
efflux from macrophages [Filou et al. 2016, Matsuura et al. 2006]. Another protein 
preferentially located in HDL2 is apoC-III, which is an 11 kDa protein that acts as an 
inhibitor of lipoprotein lipase, and also interferes with lipoprotein binding to hepatic 
receptors [Gordts et al. 2016]. The HDL fraction only constitutes a minority of the total 
apoC-III levels where the main bulk is in VLDL. The distribution is complex since smaller 
proteins such as apoC-III may readily re-distribute between fractions depending on the 
metabolic context, e.g. in fasting and non-fasting state [Holleboom et al. 2011]. 

Several proteins have been shown to be preferentially located in the dense HDL3 fraction. 
Alpha-1-antitrypsin is a 47 kDa serine protease inhibitor that has anti-inflammatory effects 
and acts as a modulator of the immune system [Ehlers 2014]. ApoL-1 is a 44 kDa protein 
known to constitute a part of the trypanosomal lysis factor which protects against 
Trypanosoma parasites, causing trypanosomiasis (sleeping sickness), but also displays 
effects in apoptosis and autophagic cell death [Vanhamme et al. 2003, Vanhollebacke and 
Pays 2006, Wan et al. 2008]. The protein is also believed to exert an as yet undefined 
function in HDL since low levels predict the risk of CVD. Furthermore, genetic variants 
of apoL-1 increase the risk of CVD [Cubedo et al. 2016, Ito et al. 2014]. ApoM is a member 
of the lipocalin family and forms a barrel structure with a small hydrophobic binding pocket 
that has the capacity of binding small lipids. One example is sphingosine-1-phosphate 
(S1P), which has several functions that increase the protective properties of HDL. ApoM 
is secreted with its N-terminal signal peptide intact, which is necessary for anchoring the 
apoM to HDL and prevents it from rapid clearance from plasma. ApoM has been shown 
to be located in a subpopulation of HDL particles with anti-oxidative properties that 
stimulate cholesterol efflux [Christoffersen et al. 2006, Christoffersen et al. 2008]. Serum 
amyloid A1 and A2 (SAA1 and SAA2) are acute phase reactants that display 93% sequence 
homology. These proteins increase during inflammation and have been shown to reduce 
the anti-inflammatory properties of HDL and make them pro-inflammatory, possibly by 
displacing protective proteins from HDL [Han et al. 2016, Yan et al. 2014]. Serum 
paraoxonase/arylesterase 1 (PON1) is an anti-oxidative enzyme, expressed mainly in the 
liver, which in the circulation associates with HDL. It was initially identified as an enzyme 
with the ability to hydrolyze the organophosphate pesticide metabolite paraoxon. The 
enzyme has since been shown to carry out other activities including arylesterase and 
lactonase activities, of which the latter have been proposed to be the native function 
[Khersonsky and Tawfik 2005]. Low paraoxonase and arylesterase activities have been 
prospectively linked to the development of CVD [Tang et al. 2012]; however, some studies 
contradict this [Troughton et al. 2008]. A possible contributing factor to the discrepancy is 
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that PON1 level and activity differs in certain conditions such as CVD, indicating that 
PON1 molecules may be inactivated or less functional [Besler et al. 2011, Furlong et al. 
2016]. This activity reduction or inactivation may depend on PON1 being located in an 
HDL enzyme complex together with myeloperoxidase (MPO), where PON1 partially 
inhibits MPO and MPO deactivates PON1. MPO is a neutrophil-derived protein that is 
involved in the respiratory burst. It is usually found at low levels in the circulation but 
increases in inflammation [Huang et al. 2013].  

Other proteins shown to reside on HDL include complement components and acute-phase 
response proteins including retinol-binding protein 4, fibrinogen and kininogen-1. It has 
been suggested that HDL could play a major role in regulating these processes [Vaisar et 
al. 2007].  

Protein isoforms 
The complexity of the HDL proteome is further increased by the fact that many proteins 
are expressed as different isoforms caused by e.g. differential gene expression, mutations 
or co- and post-translational modifications. These can result in truncations of proteins or 
substitutions of amino acids that may induce a change in the protein expression, folding, 
structure, stability, or function. For example, a non-synonymous mutation (leading to 
amino acid substitutions) in a gene may lead to a mutant protein with altered functionality 
that may impact the function of other HDL associated proteins or the function of HDL 
itself. 

Genetic factors 
Over the years, a wide variety of mutations, or natural variants, in proteins affecting HDL 
have been described in humans. For apoA-I, there are more than 50 different mutations 
described that result in a change of amino acids or truncation of the protein. Some of these 
are known for leading to decreased HDL-C level due to reduced capability of apoA-I to 
activate LCAT, leading to reduced cholesterol esterification. These mutations are mainly 
located in the central region of apoA-I that is believed to be critical for the activation of 
LCAT. Reduced activation of LCAT may lead to loss of HDL maturation and 
hypercatabolism of lipid-poor apoA-I, resulting in lowering of the apoA-I and HDL-C 
levels in the circulation. Mutations occurring in the N-terminal region of the protein, have 
been shown to increase the risk of amyloidosis leading to the deposition of proteins, or 
truncated proteins, as insoluble fibrils in different tissues, often with adverse effects on the 
organ functions. The deposition leads to lower apoA-I in the circulation and thereby a 
lowering of HDL-C [Sorci-Thomas and Thomas 2002]. Several of the mutations occurring 
in apoA-I have been shown to increase the risk of CVD in the carriers. 

Genetically determined PON1 changes are reported to be associated with differences in 
both paraoxonase and arylesterase activities. One of the most studied is the substitution of 
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glutamine at position 192 for arginine (Q192R). This mutation causes the paraoxonase 
activity to be several-fold higher for the R-allele compared to the Q-allele, while the 
arylesterase activity is approximately 10% lower [Tang et al. 2012]. The Q192R mutation 
has been associated with CVD, but conflicting results exist. A meta-analysis of 43 studies 
showed only a small increase in CVD risk with the R-allele, which was not evident in only 
the five largest studies [Wheeler et al. 2004].  

For SR-B1, the major HDL-receptor, several genetic defects have been described in 
humans. In the extracellular region, a mutation causing the exchange of proline for serine 
at position 297 (P297S) is associated with increased HDL-C, decreased cholesterol efflux 
from macrophages, altered platelet function and decreased adrenal steroidogenesis in 
heterozygote carriers. The carriers showed no association with carotid intima-media 
thickness, a well-known CVD-marker [Vergeer et al. 2011]. Two additional mutations 
located in the extracellular region of SR-B1 (S112F and T175A) showed similar increases 
in HDL-C and apoA-I and no signs of accelerated atherosclerosis. These mutations caused 
lower binding of HDL to the cells expressing the receptor, as well as lower cholesterol 
uptake/efflux between HDL and the mutant SR-B1 expressing cells [Brunham et al. 2011, 
Chadwick and Sahoo 2012]. Another mutation in SR-B1 (P376L) was recently identified. 
This mutation caused similar increases in HDL-C, located mainly in larger HDL2 particles, 
as seen in the P297S carriers. There were, however, no apparent effects on platelets or the 
adrenal glands and no association with the intima-media thickness [Zanoni et al. 2016]. 

Post-translational modifications 
Post-translational modifications (PTMs) produce a large variety of protein isoforms 
through different mechanisms. Glycosylation happens in the endoplasmic reticulum or the 
Golgi apparatus during protein production and involves the enzymatic attachment of 
oligosaccharides onto amino acids. There are two main groups called N-linked 
glycosylation, which mainly occurs on the amino acid asparagine, and O-linked 
glycosylation, which occurs mainly on serine or threonine residues. There is also a non-
enzymatic glycosylation called glycation that results from the binding of simple sugars 
directly to the proteins. This slow, spontaneous reaction happens especially in cases of 
hyperglycemia, such as in diabetics, and may lead to the generation of pro-inflammatory 
molecules. Proteins may also be truncated N-terminally or C-terminally during their 
production in cells, or in the circulation. Furthermore, amino acids can also be directly 
modified by different reactions including chlorination, deamidation, oxidation and 
phosphorylation. 

Many proteins in HDL have been shown to be expressed in various isoforms dependent 
on PTMs. ApoA-I displays five different isoforms with similar molecular weight when 
separated by size and charge. The two isoforms with the highest isoelectric point 
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correspond to apoA-I with the six amino acid propeptide still attached, so called pro-apoA-
I. The major isoform that constitutes approximately 70% of all apoA-I has a lower 
isoelectric point due to the removal of the propeptide. The last two isoforms are probably 
deamidation products of the major isoform resulting in acidic shifts with lower isoelectric 
points [Contiero et al. 1997, Ghiselli et al. 1985]. ApoA-I also displays two larger isoforms 
when analyzed by two-dimensional gel electrophoresis (2-DE); one at approximately 35 
kDa, which has been proposed to be O-glycosylated, while the larger at approximately 50 
kDa may represent dimerization [Karlsson et al. 2005a]. Furthermore, apoA-I can be non-
enzymatically glycated, which is associated with severity of CVD in diabetic patients [Pu et 
al. 2013]. Finally, specific residues in apoA-I can be modified by oxidation of methionines, 
nitration/chlorination of tyrosines or modification of lysines with reactive carbonyls 
[Kontush et al. 2015]. Both tyrosine chlorination and methionine oxidation of apoA-I have 
also been shown to be associated with CVD status, indicating a possible role in the 
pathology, or potential use as markers, of the disease [Shao et al. 2014]. 

ApoC-III can be O-linked glycosylated, wherein the addition of a glycan chain and 
negatively charged sialic acids in sequence produces several different isoforms [Kontush et 
al. 2015]. Less common fucosylated isoforms of apoC-III have also been identified 
[Nicolardi et al. 2013]. ApoM has been shown to be composed of five different isoforms 
depending on N-linked glycosylation and the addition of sialic acids [Karlsson et al. 2006]. 
The two very similar SAA1 and SAA2 are expressed in several different isoforms created 
by C-terminal truncation of one, two or four amino acids [Levels et al. 2011].  

Despite the fact that many proteins exists in various isoforms, the consequences of these 
for the function of HDL particles are often unknown. One exception involves 
glycosylation in apoC-III. In heterozygous carriers of a mutation in the enzyme GalNAc 
transferase 2, which mediates the initial steps of O-glycosylation, apoC-III was shown to 
be less glycosylated. The reduced glycosylation was associated with reduced inhibition of 
lipoprotein lipase [Holleboom et al. 2011]. The consequence of reduced lipoprotein lipase 
activity is however debated since another study found no alteration in this capacity for less 
glycosylated apoC-III [Khetarpal et al. 2016]. Another example with described functional 
consequences involves methionine oxidations in apoA-I. These oxidations have been 
described to reduce the capacity of apoA-I to activate LCAT and to interact with ABCA1 
as well as reducing the ability to remove oxidized lipids [Shao et al. 2008, Zerrad-Saadi et 
al. 2009].  

In summary, protein isoforms caused by genetic factors or by PTMs are numerous and 
greatly affect the HDL proteome. Investigations of different isoforms may provide 
improved knowledge regarding the functionality of HDL. 
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HDL functions 
The heterogeneous population of HDL particles has several protective functions against 
CVD, and the list is still growing as HDLs are shown to participate in a multitude of 
processes. Many of the functions are dependent on the protein cargo of the particles, but 
associated lipid components also play important roles.  

Reverse cholesterol transport 
The reverse cholesterol transport (RCT), in which cholesterol from peripheral cells is 
transported back to the liver, has historically been seen as the most important function of 
HDLs with regard to protection against CVD. This notion is based on the reduction of 
cholesterol from macrophages, or the pathological derivate foam cells, being protective by 
reducing the atherosclerotic burden [Davidson and Toth 2007]. The RCT begins with the 
efflux of cholesterol from cells to HDL particles by interaction with ABCA1 and ABCG1. 
SR-B1 is another possible contributor to cholesterol loading of HDL. However, in mice 
models, SR-B1 does not participate in the cholesterol efflux from macrophages [Cuchel et 
al. 2010, Wang et al. 2007]. In humans, ex vivo studies of monocyte-derived macrophages, 
from individuals with the functional mutation P297S in SR-B1, showed that cholesterol 
efflux was diminished [Vergeer et al. 2011], indicating that SR-B1 participates in this 
process.  

The second part of the RCT involves the uptake of HDL-C in the liver by SR-B1-mediated 
selective lipid uptake or CETP-mediated shuttling of cholesterol to apoB-containing 
lipoproteins, which are subsequently taken up by LDL receptors in the liver [Tall et al. 
2008]. HDL-C has been seen as a marker for cholesterol obtained through RCT from foam 
cells, thereby illustrating the protective role of HDL. However, the actual contribution of 
cholesterol from foam cells to the HDL-C in the circulation is most likely negligible, 
indicating that circulating HDL-C is a poor marker for actual RCT [Lee-Rueckert et al. 
2016]. 

Endothelial wall function and integrity 
HDLs have been described as having the ability to maintain the endothelial cell wall 
function and integrity through enhancing nitric oxide production. OxLDL depletes 
endothelial cell membrane caveolae of cholesterol, leading to the subsequent relocation of 
endothelial nitric oxide synthase (eNOS) away from the caveolae, thereby reducing nitric 
oxide production. HDL can reduce the eNOS relocation and cholesterol depletion by 
signaling through the SR-B1 receptor [Uittenbogard et al. 2000]. An important factor for 
maintaining the endothelial wall is apoM-associated S1P, which interacts with five different 
G-coupled S1P receptors [Christoffersen et al. 2011]. S1P signaling has been shown to 
induce nitric oxide production in endothelial cells, thereby causing vasodilation through 
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the activation of eNOS, as well as promoting endothelial barrier function [Nofer et al. 
2004, Argraves et al. 2008].  

Inflammation/oxidative stress 
The anti-inflammatory/anti-oxidative actions of HDL are dependent on many processes 
mediated by different functional entities. HDL can remove oxidized lipids from oxLDL 
and thereby reduce their uptake by macrophages in the arterial wall. This process includes 
the transfer of oxidized phosphatidylcholine, cholesteryl esters, and cholesterol from the 
surface, but not the core, of the oxLDL. ApoA-I and its methionine residues play an 
integral part in this process and oxidation of HDL particles has been shown to diminish 
the transfer of oxidized lipids [Rasmiena et al. 2016]. ApoA-I has further anti-inflammatory 
functions including reduction of Toll-like receptor 4 signaling, and inhibition of integrin 
expression in endothelial cells and monocytes [Vuilleumier et al. 2013].  

The denser HDL3 fraction has been shown to contribute more to the anti-oxidative 
capacities of HDL than the larger HDL2 [Kontush et al. 2003]. A plausible mechanism is 
the association of anti-inflammatory proteins including apoM and PON1. ApoM 
contributes to the anti-inflammatory activities by its binding of oxidized phospholipids as 
well as S1P in its hydrophobic pocket. S1P acts on endothelial cells to reduce TNFα-
induced expression of adhesion molecules on vascular cells, thereby reducing vascular 
inflammation [Elsøe et al. 2012, Galvani et al. 2015]. Furthermore, HDL signaling through 
SR-B1 and S1P-receptors converges in the AMPK-signaling pathway, which results in 
eNOS activation and subsequent inhibition of the expression of the adhesion molecule 
VCAM-1 [Kimura et al. 2010]. PON1, on the other hand, has different functions that 
reduce oxidation/inflammation including prevention of LDL oxidation. The mechanism 
for reducing oxLDL generation is not fully understood but could possibly depend on the 
hydrolysis of oxidized lipids. This, in turn, reduces the production of inflammatory MCP-
1 in arterial cells, thereby preventing vascular inflammation. PON1 also acts directly on 
macrophages and reduces the oxidative stress/inflammation response [Mackness and 
Mackness 2015].  

A recently described anti-inflammatory function of HDL is the suppression of 
inflammasome activation, a cellular component that participates in the maturation of pro-
inflammatory cytokines IL-1β and IL-18 [Thacker et al. 2016]. Increased inflammasome 
expression has been found in atherosclerotic lesions, indicating a role in CVD pathogenesis 
[Paramel Varghese et al. 2016].  

Apoptosis 
HDL can act in a cytoprotective manner by inhibiting apoptosis in different cell types, 
including macrophages and endothelial cells. Protective effects include removal of oxidized 
lipids, reducing the generation of intracellular reactive oxygen species and the stimulation 



12 

 

of nitric oxide production. Several components of HDL contribute to these functions 
including apoA-I, PON1 and S1P [de Souza et al. 2010, Terasaka et al. 2007, Kontush 
2014].  

Micro-RNA 
A relatively new feature ascribed to HDL is the transport of micro-RNA (miR). These 
endogenous and small nucleotides work by preventing translation or promoting 
degradation of mRNA with subsequent effects on target protein expression. They have 
been described to target different HDL-receptors including ABCA1, ABCG1, and SR-B1 
[Ono et al. 2015]. miRs were first shown to be transported and delivered by HDL to 
recipient cells in 2011, and since then HDL has been demonstrated to deliver miR-223 to 
endothelial cells in vitro and act in an anti-inflammatory capacity by the down-regulation of 
ICAM-1 expression in recipient cells [Vickers et al. 2011, Tabet et al. 2014]. The 
significance of miRs bound to HDL is not clear as it constitutes only a minor fraction of 
the total plasma miRs, and the efficiency of the transfer to recipient cells has been 
questioned [Wagner et al. 2013].  

In summary, HDL displays a broad range of functions that act protectively against diseases, 
including CVD. The functions may, however, be altered by external factors such as 
smoking and diet. Humans are exposed to a wide variety of different chemicals in everyday 
life where dietary intake constitutes a major route of exposure. Due to industrial activities, 
some dietary-associated chemicals such as persistent organic pollutants (POPs) are 
widespread throughout the world and constitute a significant exposure risk for humans. 

Persistent organic pollutants 
POPs are a diverse set of chemical compounds defined by the Stockholm Convention that 
is hosted by the United Nations Environmental Programme. The convention aims at 
eliminating or reducing the release of these compounds into the environment. There are, 
as of 2016, 30 different compounds or groups of compounds listed including 
polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs), organochlorine pesticides (OCPs) and 
polybrominated diphenyl ethers (PBDEs). These share the common feature of persistence 
and accumulation in the fatty tissue in humans and wildlife. Many are known or believed 
to be detrimental to human health [Stockholm Convention 2016]. 

PCBs consist of two benzene rings with carbon positions 2-10 substituted by chlorine 
atoms. This substitution gives rise to 209 variants, known as congeners. Congeners with 
chlorine-substitutions causing the benzene rings to be coplanar resemble the PCDDs 
(dioxins) and may, therefore, act in a similar way [Perkins et al. 2016].  
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PCDDs and PCDFs also consist of two benzene rings with chlorine-substitutions, 
connected by a double- or single-oxygenated ring respectively. There are 75 congeners for 
PCDD and 135 for PCDF, of which seven PCDDs and ten PCDFs have toxic properties. 
The most toxic substance is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [Dopico and 
Goméz 2015].  

OCPs are a diverse group of chlorinated chemicals used as pesticides. One of the most 
prominent is dichlorodiphenyltrichloroethane (DDT), and its more persistent metabolite 
dichlorodiphenyldichloroethylene (DDE). The use of DDT is not banned under the 
Stockholm Convention, but its use is restricted, and efforts are being made to replace it 
with less persistent chemicals.  

PBDEs are a group of chemicals used as flame retardants and are therefore often called 
brominated flame retardants. They consist, similarly to PCBs, of two benzene rings, but 
rather than chlorine substitutions harbor bromine atoms [Stockholm Convention 2016].  

Effects of POPs 
POPs have a broad range of ascribed effects. Many of these are related to increased 
inflammation or disruption of hormone signaling, so-called endocrine disruption. The 
coplanar PCB congeners and PCDDs interact with the aryl hydrocarbon receptor, known 
to affect signal transduction of retinoic acid receptors, estrogen receptors, and nuclear 
factor-kappa B (NF-κB), contributing to increased generation of reactive oxygen species 
[Quintana 2013, Perkins et al. 2016].  

In vitro studies of human endothelial cells and adipocytes have shown that activation of the 
aryl hydrocarbon receptor by dioxins or coplanar PCBs increases the expression of genes 
and miRs involved in inflammation signaling pathways [Felty et al. 2010, Kim et al. 2012, 
Wahlang et al. 2016]. The non-coplanar PCB congeners do not bind to the aryl 
hydrocarbon receptor but act through separate mechanisms as endocrine disruptors and 
inhibitors of gap junction signaling [Hamers et al. 2011].  

In vivo studies have shown that feeding rats with a mixture of PCBs induces increased 
plasma HDL-C [Kato et al. 1989, Oda and Yoshida 1994]. A possible mechanism could be 
that PCBs bind to the pregnane X receptor (PXR, also called steroid and xenobiotic 
receptor). PXR is a nuclear receptor important for the clearance of steroids, drugs and 
xenobiotic compounds by regulation of metabolic enzymes and inhibition of NF-κB [Tabb 

et al. 2004, Zhou et al. 2006]. Activation of this receptor in rat hepatocytes reduces the 
expression of ABCA1 and SR-B1 [Sporstøl et al. 2005], which may explain the increased 
levels of HDL-C found when feeding rats PCBs. However, treatment with PXR agonist in 
a transgenic mouse model expressing human apoE and CETP, designed to mimic human 
lipoprotein metabolism, decreased HDL-C indicating a shuttling of cholesterol to apoB-
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containing lipoproteins [de Haan et al. 2009]. There also appears to be a species difference 
since PCBs can act as both agonists and antagonists, depending on the concentration, in 
cells expressing human PXR but not the rat or mouse PXR [Al-Salman and Plant 2012, 
Tabb et al. 2004].  

The major OCP in the human circulation is DDE, and high levels have been shown to 
induce pro-inflammatory molecules in peripheral blood monocytes in vitro [Cárdenas-
González et al. 2013]. Another OCP, trans-nonachlor, has been demonstrated to promote 
the production of intracellular reactive oxygen species by increasing the activity of NADPH 
oxidase in human monocytes. Interestingly, DDE did not cause a similar effect [Mangum 
et al. 2015], indicating that these compounds could have different target cells and/or modes 
of action. 

POPs are slowly metabolized in the human body, whereas PCBs may be hydroxylated by 
cytochrome P-450 enzymes. There are 837 possible mono-hydroxy PCB metabolites, and 
each congener may be further oxidized producing multi-hydroxy metabolites that may 
promote oxidative stress. The hydroxyl metabolites of PCBs are found in significant levels 
in humans, and some metabolites are present in similar concentrations as less common 
PCB congeners [Fängström et al. 2002, Grimm et al. 2015]. Hydroxylation of PCBs, 
PCDD/Fs, and PBDEs causes metabolites to become more estrogenic and disrupt thyroid 
hormone signaling by binding to transthyretin (TTR) [Bergman et al. 1994, Lans et al. 1993, 
Meerts et al. 2000]. PCBs may also be metabolized to methyl sulfones shown to be present 
in low concentrations in the circulation but selectively accumulated in the liver [Grimm et 
al. 2015]. 

One concern regarding POP exposure is that the different compounds can exert effects 
wherein two agents give an additive response relative to the two compounds separately, a 
so-called synergistic effect. Since humans are exposed to a variety of different POPs, with 
the added complexity of metabolites, synergistic effects may constitute a major exposure 
factor for POPs. A synergistic effect has been demonstrated by feeding rats a mixture of 
12 PCBs, two dioxins, and four dibenzofurans during a 4-day period, resulting in decreased 
level of the thyroid hormone T4 [Crofton et al. 2005]. Furthermore, co-exposure of TCDD 
and a PCB mixture to atherosclerosis-prone apoE knock-out mice showed that these 
compounds acted in a synergistic manner to increase atherosclerosis, measured as increased 
arterial plaques, accompanied by increased total cholesterol, LDL-C and the inflammatory 
marker MCP-1 [Shan et al. 2014].  

POPs and cardiovascular disease 
Due to the pro-inflammatory properties of POPs and the strong contribution of 
inflammation to CVD, an association between these factors is likely. As such, there is an 
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increasing volume of literature showing an association between POPs and CVD [Lind and 
Lind 2012]. Epidemiological studies have shown that hospitalization rates for CVD are 
increased among individuals living in areas with known POP contaminations [Sergeev and 
Carpenter 2010]. An investigation using the National Health And Nutritional Examination 
Survey (NHANES) cohort has shown that there is an association between POP and CVD 
in women only. However, a later study of the same cohort showed an association between 
PCB and CVD mortality in both genders [Ha et al. 2007, Kim et al. 2015]. Studies from 
the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) cohort have 
shown that several PCB congeners are associated with atherosclerotic plaques. 
Furthermore, the sum of PCBs was associated with increased oxLDL but also, 
paradoxically, decreased oxidative markers GSSG and GSH/GSSG [Lind et al. 2012, 
Kumar et al. 2014]. A prospective study using the same cohort has shown that POPs were 
prospectively associated with lipid values such as total cholesterol and LDL-C [Penell et al. 
2014].  

Highly chlorinated PCB congeners are known to be more lipophilic and persistent than 
less chlorinated congeners. The plasma levels of highly chlorinated congeners have been 
shown to be positively associated with LDL-C, something not seen for less chlorinated 
congeners [Aminov et al. 2013]. Plasma levels have also been linked to an echolucent 
intima-media complex that is indicative of lipid enrichment in the vascular wall and a 
possible predictor for future CVD [Lind et al. 2012, Wohlin et al. 2009]. These studies 
indicate that highly chlorinated PCB congeners may act differently to less chlorinated 
congeners, and might promote CVD through separate mechanisms.  

With a growing body of evidence suggesting that POPs are associated with CVD, it is 
essential to investigate potential mechanisms mediating the effects of POPs. HDL 
represents an important protective factor against CVD through its multitude of functions 
and constitutes a possible transport mechanism for POPs in the circulation due to the 
lipophilic nature of these compounds. There is, however, little or no information regarding 
the HDL system in relation to POPs and whether these pro-inflammatory compounds may 
interact with HDL and influence the protective functions.   
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Aims 

HDL is a multifaceted population of particles intricately involved in lipid transport and 
protection against CVD. Its protein composition is subject to change due to individual 
gene expression profiles, but also to external factors such as environmental stressors. The 
overall aim of this thesis was to investigate the HDL proteome and how genetic factors 
and pollutants affect the composition and function of the particles.  

Specific aims of the papers: 

- To identify the apoA-I L202P and K131del variants in HDL, and investigate 
differences in the HDL proteome between heterozygous carriers and family 
controls (Paper I) 
 

- To investigate alterations in HDL and LDL/VLDL in heterozygous carriers of the 
P297S mutation in SR-B1 compared to family controls (Paper II) 
 

- To quantify the level of POPs transported in lipoproteins from individuals living in 
a contaminated community and explore whether this is associated with CVD or 
cancer (Paper III) 
 

- To analyze the HDL proteome and function in relation to levels of POPs in 
individuals living in a contaminated community (Paper IV) 
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Methods 

Study design 
Papers I and II are investigations of heterozygote carriers with mutations in two essential 
proteins (apoA-I and SR-B1) in the lipoprotein metabolism that cause altered levels of 
HDL-C. These mutations were found after screening of lipid values, where individuals with 
extreme HDL-C values (top and bottom 5%) were invited for further testing and 
genotyping of genes known for participating in the lipoprotein metabolism. This resulted 
in the identification of the mutations. Subsequently, family members of the index patients 
were also invited to examine the hereditary component of the abnormal HDL-C levels. 
The apoA-I mutations in Paper I caused decreased apoA-I and HDL-C levels [Hovingh et 
al. 2004, Tilly-Kiesi et al. 1995] while the SR-B1 mutation in Paper II is associated with 
increased levels of HDL-C and reduced cholesterol efflux from macrophages [Vergeer et 
al. 2011]. Lipoproteins were isolated and separated with a gel-based proteomic method and 
several functional tests of HDL were performed. 

Paper III and IV are based on investigations of a population living in a POP-contaminated 
area. This community has an industrial history with a brass factory from which POP-
contaminated oil was released into the local river continuously for many years up until the 
1980´s. In addition, there was a large accidental spill at the beginning of 1970´s that led to 
the widespread death of fish in the local waters surrounding the area. As part of 
environmental health surveillance, a study was initiated to investigate possible health effects 
from living in the area and consuming local wildlife, vegetables, fruit, and berries. Study 
participants answered a detailed questionnaire regarding health, diet, lifestyle factors as well 
as occupational history, followed by collection of blood samples [Helmfrid et al. 2012]. As 
a sub-study, lipoproteins were isolated and investigated regarding their POP constituents. 
Analyses were further expanded also to include the proteomic contents, analyzed by a gel-
free proteomic approach, as well some functional measures to elucidate the possible impact 
of POPs on HDL. 

Ultracentrifugation 
Ultracentrifugation of lipoproteins was first described in the 1940´s and the densities of 
VLDL, LDL and HDL were defined in 1955 [Havel et al. 1955]. Since then, the method 
has evolved with respect to chemicals used for creating a density gradient and 
centrifugation times. A relative fast and efficient method has been developed in which 
lipoproteins are isolated with a two-step discontinuous isolation using potassium bromide 
(KBr) as the gradient [Karlsson et al. 2005a, Karlsson et al. 2005b]. The method is 
performed by mixing plasma with sucrose and EDTA to prevent coagulation, followed by 
addition of a fixed amount of KBr to increase the density in the solution. The solution is 
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transferred to specific ultracentrifugation tubes and a KBr solution with pre-set density is 
gently added on top of the plasma. Ultracentrifugation at 290 000 G for 4h causes 
lipoproteins to float upwards towards their respective density. By piercing through the 
tubes with a syringe, the lipoprotein fractions can be extracted from a defined density. 
Extracted lipoprotein fractions are further purified by a second step in which they are 
separately mixed with high density KBr solution. The resulting solution is subjected to 
another round of ultracentrifugation for 2h that helps remove contaminating albumin and 
immunoglobulins from the lipoprotein fraction of interest. The top portion of the tubes is 
collected as described previously. Ultracentrifugation was used in Papers I-IV.  

 

Figure 1. Lipoprotein separation using ultracentrifugation. Lipoproteins are allowed to float to 
their density range before being extracted. By employing a second round of ultracentrifugation, 
eventual contaminating proteins may be removed. 

Two-dimensional gel electrophoresis 
2-DE is a well-established method used for a variety of proteomic analyses [Görg et al. 
2009]. It is a way to separate proteins in two dimensions according to their isoelectric points 
(the point on a pH-scale where the net charge of all constituent amino acids is zero) as well 
as their size (molecular weight). The method allows the separation of isoforms that is not 
accomplished by separating by size or charge alone. The first step of isoelectric focusing is 
performed by allowing a solution, containing denatured proteins, to rehydrate pre-made 
gel strips containing a pH-gradient. By applying an electric field, proteins move toward 
their isoelectric point [Görg et al. 2009]. When proteins have been isoelectrically focused, 
the strip is transferred to polyacrylamide gel for sodium dodecyl sulfate polyacrylamide 
electrophoresis. This gel allows for the separation of denatured, linearized proteins 
according to their size since smaller proteins migrate faster through the polyacrylamide 
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mesh compared to larger proteins when subjected to an electric field. After separation, the 
proteins are fixed in a solution containing methanol and acetic acid, preventing the proteins 
from diffusing in the gel. Subsequently, the proteins are stained allowing visualization of 
the proteins. There exist different staining methods including silver staining, which is a 
relatively sensitive stain able to detect 1-10 ng of protein [Shevchenko et al. 1996]. Another 
type is fluorescent stains that show a broader linear range as compared to silver [Lopez et 
al. 2000]. After staining, the gels are digitalized using a camera. These images are then used 
for quantification, based on the optical density or fluorescence intensity. 2-DE was applied 
in Paper I and II.  

 

Figure 2. 2-DE separation of proteins. Proteins are first separated according to their isoelectric 
point where their net charge is zero (isoelectric focusing – IEF). The proteins are then transferred 
to a second polyacrylamide gel that separates the proteins according to their size (SDS-PAGE). 
Following staining, the relative amount of different proteins and isoforms can be determined. 

Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry 
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) utilizes a matrix to ionize compounds such as peptides. The method can be used 
to identify proteins downstream of 2-DE. The isolated protein is physically removed from 
the gel and de-stained, in order to negate interference from the stain with mass 
spectrometry. The protein is extracted from the gel by digestion with an endoproteinase or 
chemical that cleaves the protein at specific amino acids. Most widely used is the 
endoproteinase trypsin, a serine protease that cleaves proteins at the carboxyl side of 
arginine or lysine except when followed by a proline. A chemical that can be used instead 
of enzymes is cyanogen bromide that cleaves C-terminally of methionine.  
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The cleavage results in peptides that are then extracted from the gel, dried by vacuum 
centrifugation and reconstituted in water containing trifluoroacetic acid to enhance peptide 
ionization. Peptides are then mixed with a matrix, commonly 2,5-dihydroxybenzoic acid or 
α-cyano-4-hydroxycinnamic acid. The former has been shown to perform better in the 
identification of low-abundant proteins stained with silver from 2-D gels [Ghafouri et al. 
2007]. The matrix-peptide mix is placed on a target plate and allowed to dry, causing 
crystallization. The MALDI functions by a laser targeted to the crystals, where the energy 
causes the peptides to evaporate, and an electric field accelerates the ions away from the 
plate. The ions travel through a flight tube consisting of an electrical field in vacuum. Since 
no factors other than mass affects the peptides in the vacuum, the time it takes for the ions 
to fly from the laser pulse until they hit the detector is used to calculate the mass-to-charge 
ratio (m/z) corresponding to the size of the peptide [Hortin 2006]. A list of m/z is then 
subjected to a database search for determination of which peptides are in the sample and 
thereby what protein they originate from, a process known as peptide mass fingerprinting. 
Several peptides can, however, have similar m/z, so it is the combination of masses that 
determine which protein that is most probable. MALDI-TOF MS was used in Paper I and 
II.  

Electrospray ionization quadrupole time-of-flight mass 
spectrometry 
Electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF MS) is 
a hybrid instrument in which peptides are ionized with ESI, and quadrupoles are used for 
selection and fragmentation of ions with collision-induced dissociation (CID). A solution 
containing peptides, obtained in the same way as for MALDI-TOF MS, are dried by 
vacuum centrifugation, reconstituted in 0.1% formic acid and loaded into an offline silver 
electrospray capillary. Peptides are ionized by ESI where a voltage is applied between the 
tip of the capillary and the mass spectrometer, leading to a spray of the peptide solution. 
The spray causes the initial droplets containing charged ions to break apart in the air due 
to solvent evaporation. Charged ions are ejected from the droplets and transfer to the MS 
system [Ho et al. 2003]. By selection and fragmentation of specific peptide masses, the 
sequence of amino acids can be determined. ESI-Q-TOF MS was used in Paper II to 
identify the mutant peptides.  
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Figure 3. MALDI-TOF MS peptide mass fingerprinting after 2-DE. Spots representing protein or 
protein isoforms are physically cut out of the gel and subjected to de-staining before digestion. 
Resulting peptides are mixed with matrix and spotted on a target plate. In the MALDI-TOF MS, 
a laser evaporates/ionizes the peptides and the transfer time through the flight tube to the detector 
is measured. The time from the laser pulse until the ion hit the detector is translated to the size of 
the peptides, expressed as a mass-to-charge ratio, while the electric signal generated by the peptides 
corresponds to the intensity. The resulting spectrum is then subjected to a database search against 
the genome of interest generating a peptide mass fingerprint with the identification of the protein.  

Nano-liquid chromatography tandem mass spectrometry 
Nano-liquid chromatography tandem mass spectrometry (nLC-MS/MS) represents a gel-
free proteomics method that both separates and identifies the proteins. Isolated 
lipoproteins from ultracentrifugation are desalted and lyophilized before being 
reconstituted in a buffer. Proteins are reduced with dithiothreitol and alkylated by the 
addition of iodoacetamide to prevent cysteine from reforming disulfide bridges. A volume 
with a specific amount of proteins is mixed with endoproteinase, most often trypsin, to 
generate peptides. These are lyophilized and reconstituted in water containing 0.1% formic 
acid, which works similar to trifluoroacetic acid, to facilitate ionization. The sample is 
loaded into a C18 analytical column, and the peptides are separated according to size and 
hydrophobicity by using an increasing concentration of the organic solvent acetonitrile. 
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The peptides are ionized by ESI and delivered to the mass spectrometer. One type of mass 
spectrometer that was used in Paper II and IV is an LTQ-Orbitrap Velos Pro (Thermo 
Fisher). It is a hybrid instrument with two ion traps/detectors; a linear ion trap and an 
Orbitrap. It works by a pre-scan of the peptides in the Orbitrap, which has higher 
resolution, followed by fragmentation of the most intense ions with CID in the faster linear 
ion trap. The use of both these components represents a compromise in achieving high 
resolution during pre-scans, and speed during fragmentations. nLC-MS/MS was employed 
in Paper I, II and IV.  

 

Figure 4. nLC-MS/MS principle. Proteins are reduced and alkylated before digestion. Resulting 
peptides are separated using nano-liquid reverse phase liquid chromatography and ionized using 
electrospray ionization that delivers the peptides to the mass spectrometer. Spectra is obtained by 
a data-dependent acquisition method, in which the Orbitrap scans a certain mass range and the 
most intense peptides are selected for fragmentation using CID in the linear ion trap. The resulting 
spectra are searched against a database to provide identification of the proteins. 

Data processing after nLC-MS/MS 
The nLC-MS/MS produce a large volume of information in the form of chromatograms 
and spectra. The spectra may be used to search against a database of interest such as the 
human proteome. With spectra from both the full-scans, performed by the Orbitrap, and 
the fragmentation spectra from the linear ion trap, sequencing of peptides and 
identification of proteins is possible. The data processing also allows for the identification 
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of PTMs, such as methionine oxidations, since this involves an addition of mass on the 
peptides. However, some PTMs such as phosphorylations and glycosylations may benefit 
from using means other than CID for fragmentation such as electron-transfer dissociation. 

Quantification of peptides and proteins may be performed using both label-based and 
label-free approaches. Label-based methodologies most often utilize stable isotopes to 
label samples before analysis. This provides some advantages, including the ability to label 
samples with different tags and analyzing them simultaneously (multiplexing), but it also 
provides an increased reproducibility compared to the label-free methods. It does, 
however, introduce additional sample preparation steps before nLC-MS/MS analysis and 
sometimes a need for more specialized MS methodologies. Label-free quantification, on 
the other hand, allows high-throughput analysis of samples and has a higher dynamic range 
compared to label-based quantification. The label-free quantification can be performed by 
either counting the number of times a fragment-ion, corresponding to a peptide, is found 
(spectral counting) on MS/MS level or by measuring the intensity of the precursor ions 
corresponding to intact peptides on the MS level [Megger et al. 2013].  

Different software packages exist that allow label-free quantification. MaxQuant is 
freeware developed for high-resolution MS instrumentation such as Orbitraps [Cox and 
Mann 2008]. It contains various features including a software lock-mass that recalibrates 
the spectra dependent upon a first search to increase the mass accuracy [Cox et al. 2011]. 
The software utilizes label-free quantification based on the peptide intensities (MS-level) 
and it extracts the intensity data for all peptides corresponding to each protein, compares 
different samples and uses this to construct an intensity profile between the samples for 
each protein. This method provides intensities that function as proxy for absolute protein 
abundance, shown to be superior to spectral counting or summation of the total intensity 
of the peptides [Cox et al. 2014].  

Analysis of persistent organic pollutants 
Analysis of persistent organic pollutants (POPs) was performed according to a previously 
developed method [Salihovic et al. 2012]. Isolated lipoprotein fractions are mixed with 
formic acid and sonicated to denature the proteins followed by addition of an internal 
standard constituting of 13C-marked POPs to each sample. Samples are subsequently 
filtered through solid-phase extraction columns to remove proteins followed by lipid 
removal with multilayered acidified silica columns. A 13C-labeled recovery standard is 
added to the samples, which is then analyzed by a high-resolution gas 
chromatography/high-resolution mass spectrometer (HRGC/HRMS). Concentrations of 
14 PCB congeners (#74, #99, #105, #118, #138, #153, #156, #157, #170, #180, #189, 
#194, #206 and #209), 1 dioxin (octachlorodibenzo-p-dioxin, OCDD), 4 OCPs 
(hexachlorobenzene, DDE, cis-chlordane and trans-nonachlor) and 1 brominated flame 
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retardant (bromodiphenyl ether #47) are analyzed using selective ion mode. Quantification 
is done with an isotope dilution method with 13C-labeled standards, and sample limit of 
detection is determined as the mean of all blank samples plus three times the standard 
deviation. HRGC/HRMS was used in Paper III. 

 

Figure 5. Flowchart of POP analysis. Isolated lipoproteins are denatured, and internal standards 
with 13C-marked POPs are added. Proteins are removed using solid-phase extraction and lipids are 
removed with a multilayered silica column. A recovery standard is added, and POPs are ionized 
using high-resolution gas chromatography and analyzed with a selective ion method. 
Quantification is performed by an isotope dilution method against 13C-standards. 

Paraoxonase 1 activity analysis 
Traditionally the organophosphate paraoxon has been used to measure the activity of 
PON1. Since paraoxon is a neurotoxic compound with acute detrimental effects on human 
health, methods utilizing other non-toxic proxy compounds such as phenyl acetate and 
lactones have been developed [Khersonsky and Tawfik 2005, Richter et al. 2008]. 
Phenylacetate is an ester, which is hydrolyzed to its components phenol and acetate by the 
activity of PON1. Phenol can be directly measured at 270 nm using a spectrophotometer. 
The method is performed by diluting plasma in a salt buffer containing Mg+2, which is 
needed by the enzyme to be functional. Samples are mixed with phenyl acetate solution 
and the increase in phenol, resulting from hydrolysis by PON1, is measured during the 
initial, linear-phase minutes. The increase in absorbance is then mathematically converted 
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to enzyme activity by using the molar extinction coefficient for phenol, resulting in the 
activity expressed as µmol/min/mL (U/mL). PON1 activity assay was utilized in Paper II 
and III.  

 

Figure 6. The principle for PON1 arylesterase measurements. Human plasma is mixed with phenyl 
acetate. By the action of PON1, phenyl acetate is hydrolyzed to acetate and phenol, of which the 
latter can be measured at 270 nm by a kinetic method. The resulting absorbance per time unit is 
transformed into the activity expressed as enzyme unit (µmol/min) per volume, U/mL. 

HDL oxidant index assay 
2,7-dichlorofluorescin (DCFH) is a chemical initially used to measure the amount of 
hydrogen peroxide in solutions, but was later adopted to measure the oxidative burst from 
neutrophils [Bass et al. 1983] and subsequently adopted as a measure of the ability of HDL 
to prevent the formation or inactivation of oxidized phospholipids from apoB-lipoproteins 
[Navab et al. 2001]. The method utilizes HDL obtained by depletion of apoB-containing 
lipoproteins from plasma. HDL is placed in a well and mixed with a specified amount of 
apoB-lipoproteins. The content of oxidized lipids in the apoB-containing lipoprotein 
facilitates the transformation of added DCFH to fluorescent 2,7-dichlorofluorescein 
(DCF). Normal HDL reduces this reaction with less DCF produced, but since HDL itself 
may become pro-inflammatory/pro-oxidative in certain diseases [Alwaili et al. 2012], it may 
also participate in increasing the fluorescence in the DCF assay. As such, fluorescence 
obtained with mixed HDL/apoB-lipoproteins is compared to only apoB-lipoproteins, in 
order to investigate the capacity of HDL to act anti-oxidative or pro-oxidative. This is 
called HDL oxidant index (HOI), and values <1 indicate that HDL is functional and anti-
oxidative while values >1 demonstrate that HDL is dysfunctional and pro-oxidative. This 
method has been used to show that, compared to healthy controls, HDL from acute 
coronary syndrome patients had a decreased ability to inhibit oxidation from apoB-
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containing lipoproteins, while no such effect was seen in patients with stable coronary 
artery disease [Patel et al. 2011]. A reduced anti-oxidative behavior of HDL was also shown 
to be a predictor of mortality in critically ill patients attending an intensive care unit with 
different diseases [Schrutka et al. 2016]. The assay has some limitations since DCF has 
short shelf life, is sensitive for metal chelators, and that the assay is disturbed by hemolysis 
[Hafiane et al. 2015]. The HDL oxidant assay was used in Paper II and IV. 

 

 

Figure 7. Analysis of HDL oxidant index using the DCF assay. Plasma is depleted of apoB-
containing lipoproteins. Samples are mixed with apoB-lipoproteins and incubated with DCFH. 
The oxidation product DCF can be measured by fluorescence. The HDL oxidant index is 
calculated by dividing the fluorescence of the sample with fluorescence of apoB-lipoproteins. 

Cholesterol efflux capacity assay 
The cholesterol efflux capacity (CEC) assay is a measure of the ability of HDL to accept 
labeled cholesterol in vitro as a measurement of HDL functionality. CEC has been shown 
to be associated with reduced intima-media thickness indicating that it promotes the 
removal of cholesterol from arterial wall macrophages [Khera et al. 2011]. Prospective 
studies have shown that CEC is a predictor for CVD, independent of HDL-C [Rohatgi et 
al. 2014, Saleheen et al. 2015, Zhang et al. 2016]. There is, however, a study showing that 
CEC was inversely associated with prevalent CVD, but positively associated with incident 
CVD (in contrast to the other studies) [Li et al. 2013]. CEC has been shown to be affected 
by inflammation; endotoxin injected in healthy male volunteers reduced CEC while SAA1 
and SAA2 in HDL increased. Furthermore, in vitro incubation of HDL with recombinant 
SAA1 also reduced the CEC [Vaisar et al. 2015].  

The assay is performed with macrophage cell lines, where common variants are the murine 
J774 and RAW 264. The cells are plated and cultured in wells before being loaded with 
labeled cholesterol. The labeling is commonly accomplished using radiolabeled 3H or 14C-
cholesterol [Khera et al. 2011, Zhang et al. 2016] but a method using fluorescence-labeled 
cholesterol has been described [Rohatgi et al. 2014]. ApoB-depleted plasma is added to the 
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cells and incubated to allow uptake of cholesterol to HDL/apoA-I in the media. 
Measurements of cholesterol, by liquid scintillation or fluorescence intensity, in the 
supernatant and the remaining cells provide a ratio of cholesterol efflux expressed as 
percentage of total added cholesterol. CEC assay was used in Paper II. 

 

Figure 8. Cholesterol efflux assay. Macrophages are placed in wells and radio- or fluorescence-
labeled cholesterol is added. ApoB-depleted HDL is added in the media followed by incubation. 
The levels of cholesterol are subsequently measured in the supernatant and the cells by liquid 
scintillation or fluorescence intensity. 

Multivariate Statistical analyses 
With the emergence of omics data usually involving many variables and a lower number of 
subjects, statistical methods that can deal with the increased risk of false positives are 
needed. Multiple corrections using Bonferroni or Benjamini-Hochberg can address these 
issues but leads to a significant loss of statistical power. Dimensional-reducing multivariate 
methods that are not based on set cutoffs such as a p-value may complement univariate 
methods in omics research [Wheelock and Wheelock 2013]. 

Principal Component Analysis 
Principal component analysis (PCA) is an unsupervised dimensional-reducing method in 
which complex datasets are investigated to find underlying structures not apparent to the 
eye or by univariate statistics. The method investigates the relationship between all variables 
to find the best explanation for underlying variance in the material. The best fit will 
represent the first principal component. After this, additional principal components that 
are orthogonal to the previous one(s) are added sequentially. The resulting data can then 
be plotted as either the scores of the principal components that explain the samples’ 
clustering, or as the loadings explaining the variables clustering [Checa et al. 2015, Marengo 
and Robotti 2014]. PCA was used in paper III and IV. 
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Partial Least Square 
Partial least squares (PLS) analysis attempts to explain one or more dependent variable(s) 
(Y) with a set of predictors (X), using a small number of factors that explains the maximum 
covariance between Y and X. The relationship between Y and X is shown as loading 
weights, W [Marengo and Robotti 2014]. The X variables can be important for explaining 
the Y variable(s) but also the modeling of X. The combined impact is summarized in 
variable importance in projection (VIP), which is the sum of squares of the PLS weights 
W. VIP values may be used as a selection criterion to find variables with high importance 
in the model and thereby allow identification of the variables best explaining the relation 
between X and Y [Checa et al. 2015, Wold et al. 2001]. PLS was used in Paper II and IV.  
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Results and Discussion 

HDL in mutations causing altered HDL-C (Papers I and II) 

In Paper I, a detailed study of two mutations in apoA-I was conducted to investigate how 
this influences HDL-C and the HDL proteome. Heterozygote carriers for the apoA-I 
mutations L202P and K131del showed reduced levels of HDL-C compared to their 
respective controls, in agreement with earlier studies of these mutations [Tilly-Kiesi et al. 
1995, Hovingh et al. 2004]. In the study initially identifying L202P, this was believed to be 
attributed to the fact that mutation was not expressed, with reduced apoA-I and HDL-C 
as a result. We did, however, detect the mutant protein by isolating HDL with 
ultracentrifugation, separation of proteins with 2-DE and identification using MS. The 
mutation causes no visible change in 2-D gels since the exchange of leucine for proline 
causes no appreciable charge or size shift. Therefore, the identification relied on the MS 
analyses and a key step was the use of an alternative cleavage strategy. Thus, apoA-I was 
extracted from the 2-D gels and digested with endoproteinase Glu-C which is unaffected 
by the presence of proline, contrary to the originally used trypsin. Mutant peptides were 
found in all five identified isoforms of apoA-I among the heterozygotes. In contrast to 
L202P, the K131del mutation was readily detectable with 2-DE as the loss of a lysine causes 
an acidic charge shift in the 2-D gels for all isoforms of apoA-I, generating one additional 
visible isoform. Also in this case the use of Glu-C was to be preferred above trypsin, since 
the latter cleaves at the carboxyl side of lysine residues making it unsuitable for detection 
of the lysine loss. The most acidic isoform of apoA-I contained almost exclusively mutant 
peptide as found by MS, while the ratio of mutant/wild-type peptide decreased with 
increasing isoelectric point.  

The HDL proteome was investigated by relative quantification of the 2-DE staining. The 
L202P heterozygotes showed significantly reduced levels of protective apoE in HDL and 
increased levels of the adipokine zinc-alpha-2-glycoprotein, as compared to controls, 
possibly indicating a population of particles with detrimental properties. Indeed, HDL 
from L202P heterozygotes has been shown to have reduced anti-inflammatory capacity 
and cholesterol efflux [Daniil et al. 2011, Holleboom et al. 2013]. The K131del 
heterozygotes, on the other hand, showed increased levels of the serine protease inhibitor 
alpha-1-antitrypsin, possibly affecting the anti-inflammatory action of HDL. They also 
showed increased levels of TTR, which might increase the risk of apoA-I truncation, 
leading to reduced cholesterol efflux, as well as causing apoA-I to become amyloidogenic 
[Liz et al. 2007]. The K131del mutation has previously been associated with apoA-I 
amyloid depositions [Amarzguioui et al. 1998]. Since amyloid depositions of apoA-I are 
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present in atherosclerotic lesions and believed to contribute to CVD [Teoh et al. 2011], the 
increase of TTR may be detrimental. 

In Paper II, a study of the effects of the P297S mutation in SR-B1 was initiated to elucidate 
whether reduced functionality of this receptor is associated with altered lipoprotein 
proteome and function. The heterozygote carriers of the mutation showed an apparent 
increase of HDL-C, accompanied by an increase of non-glycosylated and possibly 
fragmented apoL-1 in HDL. The increase of these apoL-1 isoforms may indicate 
modification of the protein due to prolonged time in the circulation as a direct consequence 
of dysfunctional SR-B1, but this needs to be further studied. The heterozygotes also 
showed increased levels of apoE in LDL as well as of free apoE. ApoE is an interesting 
protein with different functions depending on its localization; in LDL it facilitates the 
uptake of LDL particles by hepatic receptors, while free apoE may facilitate the cholesterol 
uptake of SR-B1 [Bultel-Brienne et al. 2002]. The increase of apoE in these fractions might 
contribute to a compensatory mechanism contributing to an increased cholesterol uptake 
when SR-B1 is less functional.  

HDL apoA-I from SR-B1 P297S heterozygotes showed increased levels of methionine 
oxidations, although not associated with reduced cholesterol efflux or anti-oxidative 
capability, contrary to what other studies have found [Shao et al. 2014, Zerrad-Saadi et al. 
2009]. It is possible that some of the proteomic changes observed, including increased 
apoL-1 in HDL or free apoE, may affect cholesterol efflux or anti-oxidative function. As 
such, apoL-1 is mainly expressed in the more anti-oxidative HDL3 fraction, and low levels 
of apoL-1 have recently been proposed as a predictor for future CVD [Cubedo et al. 2016]. 
However, the effect of apoL-1 and its glycosylation in anti-oxidative and cholesterol efflux 
mechanisms remains to be determined. Methionine oxidations have also been shown to 
induce full-length apoA-I to form amyloid fibrils [Wong et al. 2010, Chan et al. 2015], 
indicating a potential detrimental consequence in the heterozygotes.  

Animal studies have provided, and continue to contribute, crucial information regarding 
the HDL system. However, differences between species can make the interpretation of 
findings in animal models towards human physiology difficult. An example is that mice 
lack CETP, and thus transport cholesterol in HDL rather than in LDL, as is the case in 
humans. In the light of this, studies of mutations in central HDL proteins in humans 
provide an interesting opportunity to gain insight into how alteration in the protein affects 
HDL structure, function and metabolism. A major drawback of studying rare mutations 
such as P297S is that the power of finding an association with functional effects is low. 
Therefore, it’s interesting that a recently identified mutation in SR-B1 (P376L), causing 
increased HDL-C, was analyzed in 16 genetic sample sets (including approximately 130 
000 individuals) revealing 86 carriers of the mutation, incurring an odds ratio of 1.76 for 
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CVD as compared to non-carriers [Zanoni et al. 2016]. This increase in odds ratio provides 
further evidence that SR-B1 function is antiatherogenic in humans and enhancing SR-B1 
function may be a novel target for therapy.  

Papers I and II provide data on the proteomic changes in HDL particles due to mutations 
in apoA-I and its interacting receptor SR-B1. Where mutations in apoA-I lead to particles 
with reduced anti-inflammatory and cholesterol efflux functions, HDL from SR-B1 
heterozygotes appears to have unaltered functions, although it appears to be more 
oxidized. These studies show how lipoproteomic analyses may be useful for investigating 
mutations in central actors of the HDL metabolism to enhance the understanding of how 
these proteins affect individuals. 
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Environmental pollutants and HDL (Papers III and IV) 
POPs are a heterogeneous collection of persistent chemicals, wherein an increasing amount 
of research has linked POPs to many diseases, including CVD, diabetes, and cancers. 
Relatively little is known about the relationship between POPs and lipoproteins. Early in 

vitro studies demonstrated lipoprotein’s capacity to transport POPs [Maliwal and Guthrie 
1982, Vomachka et al. 1983], and their levels in lipoprotein fractions [Norén et al. 1999]; 
however, the association between lipoprotein-associated POPs and CVD is not studied 
thus far. To investigate this, blood samples from a previously studied population, living in 
a historically contaminated community, were used.  

In Paper III, HDL and LDL/VLDL were isolated by ultracentrifugation for subsequent 
analysis of POP levels from 28 non-smoking individuals with CVD or cancer, or without 
any known diseases, out of a population of 78 individuals. The method used for analyzing 
POPs was described in 2012 and allows the analysis of 20 different POPs in a small volume 
[Salihovic et al. 2012], making it well suited for ultracentrifuge-derived lipoprotein 
fractions. Older methodologies required much larger volumes of starting material [Norén 
et al. 1999], making analyses of clinical samples difficult. Our analysis of lipoprotein-
associated POPs detected 18 different compounds, including 14 PCB congeners and four 
OCPs.  

Individuals with CVD or cancer showed significantly increased levels of several individual 
POPs, in addition to the summary measurements of PCB congeners (sumPCB) and POPs 
(sumPOP) in HDL and LDL/VLDL compared to the healthy individuals. Since POPs can 
act in a pro-inflammatory manner through different mechanisms, we hypothesized that 
increased levels of POPs reduce HDL functionality. To test this hypothesis, PON1 
arylesterase activity was investigated in the study population and analyzed against the 
sumPCB values in plasma. The analysis showed that higher levels of sumPCB were 
associated with reduced PON1 activity, indicating that levels of POPs are inversely 
associated with HDL anti-oxidative function.  

Highly chlorinated PCB congeners are known to be more persistent than less chlorinated 
congeners, and have been shown to be related to CVD risk markers. We found that higher 
chlorinated congeners were preferentially located in HDL and LDL/VLDL as compared 
to plasma. This preferential distribution could possibly indicate that these persistent 
molecules interfere with lipoprotein function, therefore leading to an increased risk of 
CVD. Considering the finding of reduced PON1 activity with increasing levels of sumPCB, 
it seems possible that such HDL effect will represent a mechanism in the POP-associated 
increase of CVD risk. 
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In Paper IV, we studied a subsample of seven healthy and ten CVD individuals from Paper 
III. The proteome of HDL, isolated by ultracentrifugation, was analyzed with nLC-
MS/MS, which led to the identification of 118 proteins. Of the identified proteins, ten 
were found to be associated with the levels of sumPOP, or with the sum of highly 
chlorinated PCB congeners (sumPCB-HC). The two lipid transfer proteins, CETP and 
PLTP, were positively associated with the sumPOP and/or sumPCB-HC. These two 
proteins have a rather unclear association with CVD, as conflicting studies have shown 
that they can be protective or detrimental [Albers et al. 2012, Hovingh et al. 2015].  

Other significant proteins/functions found include SAA, which reduce the anti-
inflammatory effects of HDL, and PON1 activity, which acts anti-oxidative. The ratio of 
these two, SAA/PON1, has been proposed as a possible marker for dysfunctional HDL 
[Kotani et al. 2013]. Interestingly, sumPCB-HC, which was found preferentially located in 
HDL in Paper III, was found to be positively associated with detrimental SAA and 
SAA/PON1 and negatively associated with protective PON1 activity. Combined, these 
proteomic changes indicate that sumPCB-HC may contribute to, or be a marker for, the 
generation or presence of dysfunctional HDL. 

The nLC-MS/MS methodology allows higher throughput compared to 2-DE and can 
detect lower quantities of proteins from less starting material. A drawback is that the 
method cannot differentiate between some types of isoforms, including truncations of 
proteins. It does, however, allow the identification and quantification of other PTMs, such 
as methionine oxidations. Since apoA-I methionine oxidations are known to affect the 
functional properties of HDL [Shao et al. 2008, Zerrad-Saadi et al. 2009], the spectra 
obtained from nLC-MS/MS were searched against apoA-I with methionine oxidation as a 
variable modification. There were associations approaching significance between sumPOP 
and oxidations of methionine at position 110 (0.6 ± 0.3, standardized regression coefficient 
± SD, p=0.09) and 172 (0.5 ± 0.3, p=0.09). Although these results were not statistically 
significant, they indicate that POP exposure may be linked to an increasing degree of 
methionine oxidation in apoA-I. Given its potential clinical importance in CVD [Shao et 
al. 2014], this should be further investigated in a larger sample. 

Papers III and IV describe a novel method for POP analysis in lipoproteins that allows 
quantification of POPs in clinical samples not possible previously. Combined, our analyses 
suggest a novel link between HDL, POPs and CVD. These findings provide insight into a 
possible mechanism of how POPs may increase the risk of CVD. However, delineating the 
possibility of casual mechanisms underlying these findings are necessary to confirm a direct 
relationship between POPs, their presence in lipoproteins and CVD risk.   
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Concluding remarks and future perspectives 

HDL represents a complex set of particles interacting with other lipoproteins as well as 
with many different cells and receptors. These particles have been extensively studied due 
to their protective effects against CVD and other inflammation-dependent diseases. Along 
with increasing data implying that HDL-C alone does not adequately explain the protective 
properties of HDL, there is an increasing need to find new measurements or functions that 
may better explain and/or predict the CVD risk. Lipoproteomics allows the identification 
and quantification of HDL protein content, including a wide variety of potentially 
important isoforms.  

This thesis demonstrates proteomic alterations in HDL of heterozygotes with mutations 
causing changes in the levels of HDL-C. The different mutations cause various changes in 
the proteome that may alter the functionality of the particles, but also reveal interesting 
potential biomarkers for further studies in relation to CVD. Throughout the two studies, 
an extensive set of methods has been employed that could be used in further lipoproteomic 
studies aiming to better understand the HDL system. As such, the nLC-MS/MS 
methodology may be of particular interest since it allows high-throughput analysis of 
proteins and certain PTMs simultaneously. Future studies should focus on delineating the 
effect of the identified proteomic alterations on different aspects of HDL. In this respect, 
there are several important questions to be addressed. Are the proteomic changes causally 
responsible for the functional alterations or do they represent markers of the alterations? 
Can they represent a feedback mechanism to normalize the functions? How does HDL 
retention time relate to alterations in protein isoforms, and is this detrimental? A general 
focus for future studies should include the separate analysis of HDL2 and HDL3 to 
investigate how genetic mutations affect each of the different subclasses. Another 
important aspect is to study the lipidome of HDL and elucidate how this relates to the 
proteome and functions. 

POPs are common in the environment and constitute a significant exposure risk for the 
general population. With increasing evidence pointing towards POPs being a risk factor 
for CVD, the HDL system constitutes a possible target and mediator. Indeed, the HDL 
system was found to transport POPs, and this was associated with changes in the proteome 
and HDL functions, providing a possible mechanistic link between POPs and CVD. Future 
studies of POPs and HDL should include an expansion of the analyses to a larger 
population in order to verify findings, and to provide increased statistical power in 
detection of other possibly affected proteins and functions. Studies should also focus on 
establishing a better concept of the functional consequences of POP loading in HDL. Are 
the POPs directly interfering with normal HDL function, or are inflammatory components 
in interacting cells and tissues altering the HDL particles? Do the POPs alter the HDL 
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particles in other aspects such as the lipidome? Finally, the investigated POPs only 
contribute a small number of pollutants, and future research should also focus on whether 
other pollutants affect HDL composition/function and whether these “newly” identified 

pollutants act with POPs synergistically. Possible pollutants of interest include 
perfluorinated compounds such as perfluorooctanoic acid/perfluorooctanesulfonic acid 
(PFOA/PFOS), which have been found to influence levels of circulating lipids including 
HDL-C [Geiger et al. 2014, Wang et al. 2012]. 

To conclude, lipoproteomic analyses of HDL, as employed throughout this thesis, provide 
valuable data for understanding the HDL system in relation to factors such as genetic 
mutations or pollutants. With developments in instrumentation and analytical techniques, 
lipoproteomics has identified a wide array of proteins located in HDL. The next step 
involves adding the perspective of the importance of isoforms and subfractions of HDL, 
and how all of these factors together control the plethora of functions that HDL has been 
ascribed. Then, hopefully, we can answer the question of which aspects of HDL should be 
a target to enhance a protective population of particles capable of reducing the risk of 
CVD. 
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