New regulatory mechanisms in lipid metabolism:
from polymorphisms of triglyceride uptake systems

to mitochondrial stability

Katalin Stimegi

Ph.D. Thesis

Supervisor: Dr. Béla Melegh
Leader of Doctoral Program: Dr. Béla Melegh

Leader of Doctoral School: Dr. Balazs Siimegi

University of Pécs

Medical School, Department of Medical Genetics
2018









Table of Contents

N o o] £V T 1A o] OSSO RUSP PSP 6
P22 11 (oo [1 i { [0 o PSRRI 8
2.1, Lipid mMetaboliSmM .......coiiiie et 10
2.2. Role of lipids, especially triglyCerides .........ccooviiiieiieiie e 11
2.3. Characterization of GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2 TRIB1, and
APOAD TOCT 1.ttt sttt s be et e st e be et e st e b e e beeneeane e beeneenneas 12

3. AIMS Of the INVESHIGALIONS........ccviiiciecec et reenre e 19
4. Materials and MELNOUS ........cccviiiiiieee e 20
4.1, STUAY POPUIALION ...ttt 20
4.2. GENELIC APPIOACNES .......etieiieiieiiete ettt bbb bbbttt e 21
4.2.1. PCR amplifiCation ..........cceiiiiieie e 22

4.2.2. RFLP teCANIQUE ...ttt 23

4.3. Biochemical materials and Methods..........ccooieiiiieiiiiiee e 25
4.3.1. Chemicals and other biochemical materialS...........ccccoovveiiiiiniiiiniie e, 25

4.3.2. Isolation of rat liver MitoChONAIIa.........ccoieiiiiiiiieceee e 26

4.3.3. Determination of membrane potential (AW) in isolated rat liver mitochondria . 26

4.3.4. Mitochondrial uptake of BGP-15........cccooiiiiiiiiiiiccee e 26
4.3.5. HPLC-MS/MS @NalySiS........ccoiiiiiiiiiiiie i 27
4.3.6. Cell VIADITItY @SSAY .....ccvveiviiieiieeie ettt 27
4.3.7. Determination of reactive oxygen species in cell culture..............ccccooveveinennnn, 28
4.3.8. Determination of mitochondrial production of reactive oxygen species............ 29
4.3.9. Construction of mitochondria directed enhanced red fluorescent protein.......... 29
4.3.10. JC-1 assay for fluorescent MiCrOSCOPY ......ccvveevrieiieeiieiie e see et 29
4.3.11. Tetramethylrhodamine methyl ester (TMRM) aSSay ........cccceevvevveiiveeieesneene 30
4.3.12. Identification of the type of cell death by annexin V/PI staining..................... 30

4.4, STAISTICAl ANAIYSIS ... .oviiiiiiiiciee e 31
D RESUIES .ttt b et eeaeenes 32
5.1. GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2, TRIB1 and APOAS ........cccevveunn. 32
ST = ] = L PRSP 46
5.2.1. Mitochondrial uptake 0f BGP-15........ccccoiiieiiiieseee e 46
5.2.2. Effect of BGP-15 on mitochondrial membrane potential (AW) ........cccccevvennne 46
5.2.3. BGP-15 attenuates mitochondrial production of reactive oxygen species......... 49



5.2.4. Effect of BGP-15 on mitochondrial reactive oxygen species production in isolated

(40T 0 T0] oo | T- USSP 54
5.2.5. Effect of BGP-15 on reactive oxygen species-induced cell death ..................... 55
5.2.6. BGP-15 protects against LPS-induced mitochondrial depolarization................ 56
5.2.7. BGP-15 protects against LPS-induced production of reactive oxygen species . 58

B S0 [ ] OSSPSR 61
6.1. GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2, TRIB1 and APOAS5 ........cccevuenrnn. 61
B.2. BGPLS ...ttt bttt re bt neans 66
SUMIMIAIY ettt b et b et s e b e bt e b e et an b e e ne e 69
B ] (=] (= (o2 70
 PUBIICALIONS ..ttt 81
9.1 Publications related t0 theSIS: .........coiiiiiiiiiieee e 81
9.2 Publications non-related t0 theSiS: ........cccviieiieie e 81
9.3, BOOK CRAPTETS ...ttt bbbttt 85
B o 1 [0 £ SRR PR PRSPPI 86
10. ACKNOWIEAGEIMENTS ....c.veeeieciiccieeie ettt re e sre et e e e re e te e esreesreenneanes 88



1. Abbreviations

AIF: Apoptosis inducing factor

ANGPTLS3: Angiopoietin-like protein 3

APOAS: Apolipoprotein A5

ATP: Adenosine triphosphate

BGP-15: (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic amidoxime)
CAD: Coronary artery disease

ChoRE: Carbohydrate response element

ChREBP: Carbohydrate response element-binding protein

CILP2: Cartilage intermediate layer protein 2

CM: Chylomicrons

CRI: Chronic renal insufficiency

CVD: Cardiovascular diseases

EDTA: Ethylenediaminetetraacetic acid

EL: Endothelial lipase

ER: Endoplasmic reticulum

GALNT2: Galactosamine polypeptide N-acetylgalactosaminyltransferase
GCK: glucokinase

GCKR: Glucokinase regulatory protein

GPIHBP1: Glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1
GWAS: Genome-wide association studies

HDL.: High density lipoprotein

HPLC MS: High performance liquid chromatography mass spectrometry
HSP: Heat shock protein

IHD: Ischemic heart disease

JC-1: Mitochondrial membrane potential probe

JNK: C-Jun N-terminal kinases

LD: Linkage disequilibrium

LDL: Low-density lipoprotein

LPL: Lipoprotein lipase

MAP: Mitogen-activated protein

mMERFP: Mitochondria directed enhanced red fluorescent protein



MG: Malignant glioblastoma

MLXIPL: MLX interacting protein like
PARP: Poly ADP ribose polymerase

PCR: Polymerase chain reaction

PKC: Protein kinase C

RFLP: Restriction fragment length

ROS: Reactive oxygen species

SNP: Single-nucleotide polymorphism
T2DM: Diabetes mellitus type 2

TG: Triglyceride

TMRM: Tetramethylrhodamine methyl ester
TRIB1: Human tribbles-1

TRL: Triglyceride-rich lipoproteins

VLDL: Very low density lipoprotein
GPIHBP1: Glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1



2. Introduction

Cardiovascular disease (CVD) is a major cause of death worldwide. The recent genome-
wide association studies (GWAS) revealed genetic polymorphisms associated with blood lipid
level alterations. Nowadays, special attention gained on metabolic consequences, including
triglyceride level increases, confirming risk for cardiovascular diseases, metabolic syndrome or
for cerebrovascular diseases, especially stroke events [1-19]. The National Cholesterol
Education Program (NCEP) in 2001 ascertained numerous markers strongly associated with
coronary risk, stratified as risk factors related to lifestyle, such as physical inactivity, obesity,
atherogenic diet; and emerging risk factors, as lipoprotein profile, homocysteine level, altered
fasting glycaemia and evidence of subclinical atherosclerosis. Approach to lipoprotein
management in 2001 National Cholesterol Guidelines [20].

While the exact reasons behind CVD’s are unknown [21,22], several studies established
elevated triglyceride (TG) levels affect TG metabolism and are independent risk factors for
CVD [23,24]. Thus, research of the TG level modifier factors, especially genetic susceptibility
variants, may have clinical importance. These factors include, amongst others, ANGPTL3,
CILP2, TRIB1, MLXIPL, GALNT2, GCKR and APOAD5 genes. As a prominent example the
functional roles of APOA5 polymorphisms have already been widely investigated [1-7]. Several
of them are associated with elevated TG levels and higher risks for ischemic stroke and cardio-
or cerebrovascular diseases or for metabolic syndrome [4,5,8-11,25,26]. Recently, other TG
modifying polymorphisms came into focus, which may also have role in development of
different diseases [2,12,15,16,19,27-29]. Some variants are mentioned in connection with
increased, while others with decreased triglyceride levels [16,27,28,30,31]. The elevated levels
of certain TGs may have a higher risk for several vascular diseases. Moreover, significant
associations between TG-elevating and polymorphisms were confirmed [1,2,4,5,12-
15,17,29,30,32-36].

As several previous studies revealed Roma greatly differ from the Hungarian population
genetically as a result of their descent. Therefore it is interesting to compare them to Caucasian
populations. Roma people are an underprivileged, neglected population worldwide with severe
healthcare problems. Historical, linguistic and genetic studies suggest that the Roma people
originate from South Asia, mainly Northwest India [37,38]. Today the estimated size of the
Roma population is 12-15 million globally. The majority of the population - approximately 10-

12 million - live in Europe, with the highest percentage (70%) in Central and South-Eastern



Europe [39]. According to the available Roma in Central-Eastern Europe often have a higher
rate of cardiovascular events and morbidity than other European populations [40,41]. This is
related to the Roma population’s poor socioeconomic status, social exclusion, and other risk
factors such as disturbed lipid metabolism, hypertension, obesity, alcohol consumption and
smoking habits [42].

Intracellular fatty acids are catabolized predominantly in the mitochondria. Long chain
fatty acids are transported to the mitochondrial matrix space by the carnitine acyl-transferase
system, and on the end forming intramitochondrial long chain of fatty-acyl-CoA which is
converted to acetyl-CoA by the mitochondrial beta-oxidation system [43]. Free fatty acids
besides contributing to ATP synthesis also cause serious stress to various tissues and can
contribute to the development of cellular stress. Fatty acids contribute to intracellular reactive
oxygen species (ROS) production in a significant extent in the mitochondria. Oxidative stress
induced by palmitate can initiate Ca®* release from the endoplasmic reticulum (ER) leading to
ER stress and further ROS production. Elevated Ca?* and ROS can initiate mitochondrial
permeability transition causes superoxide production and the activation of mitochondrial
apoptosis pathway. This vicious lipotoxicity pathway can lead to B-cell failure and insulin
resistance and to diabetic complications [44].

Agents (UCP-1, uncouplers) lowering agents mitochondrial membrane potential (AW)
and antioxidants (superoxide dismutase, N-acetylcysteine, lipoic acid) can prevent glucose-
induced activation of PKC which leads to diabetic complications [45-47].

These observations among other data show the importance of mitochondrial reactive
oxygen species production in the development of diabetes [48]. Unfortunately antioxidants
therapy fails in human studies for those compounds which are providing excellent protections
in cell culture and animal studies [49,50]. Therefore, it would be very advantageous to find
molecules which are not antioxidant in the sense that they would not react with ROS, but to
find molecules which bind to mitochondrial proteins, and so they can prevent, or highly reduces
the mitochondrial ROS production at the respiratory complexes which are the major source of
mitochondrial ROS [51].

BGP-15, a O-(3-pyperidino-2-hydroxy-1-propyl) pyridine-3-carboxylic acid amidoxime
monohydrochloride has a wide range of cytoprotective effects [52-55]. However, up to now has
not been identify any clear intracellular targets for BGP-15. In diseases models BGP-15
prevented cell death [54,56,57], reduced oxidative stress (lipid peroxidation and protein
oxidation) [56,57], activated heat shock protein (HSP) expression [52,58-60]. In addition, BGP-

15 attenuated inflammatory reaction [61] reduced DNA-breaks formation and poly ADP ribose
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polymerase (PARP) activation [56,57,61], facilitated mitochondrial energy production [56,57].
Furthermore, BGP-15 decreased the nuclear translocation of apoptosis inducing factor (AIF)
from mitochondria, reduced c-Jun N-terminal kinases (JNK) activation [53,60,61], and
inhibited the activation of p38 mitogen-activated protein (MAP) kinase [53]. Previous studies
showed that BGP-15 is an insulin sensitizer in olanzapine-induced insulin resistance in human
phase 1l studies, and in diabetic insulin resistant patients [58,62,63]. Earlier, it was raised that
this can be related to the co-inducer effect of BGP-15 on HSP [58,62,63], but no direct effect
of BGP-15 on heat shock transcription factor (HSF1) has been shown.

Previous works showed that ROS (including mitochondrial ROS production) produced in
diabetes, and lead to the development of insulin resistance [45-48]. Therefore, it was assumed
that BGP-15 attenuates mitochondrial ROS production by binding to Complex I, or Complex
I1l, and so prevent the development of the vicious cycle leading to mitochondrial ROS
production and the abnormal activation kinase cascades characteristic to diabetic

reprogramming and defective Glut4 translocation to cell surface.

2.1. Lipid metabolism

Lipids are complex, organic, nonpolar molecules, which are insoluble in water, can be
divided into several subclasses such as triglycerides, phospholipids and steroids, and there is an
additional subgroup, fatty acids, which can be comprised as subunits of TGs or phospholipids.
Lipids have important biological role in energy storage, in molecular signaling pathways and
in comprising biological cell membranes [64]. Lipids, in general, can be categorized as the
extensive classification of LIPID MAPS database into eight subgroups: fatty acyls,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids
and polyketides [65].

Elevated plasma lipid concentration is a common finding during routine blood tests and
contributes to increased risk of CVD, which is a leading cause of death. Hyperlipidemia is often
associated with additional CVD risk factors and certain systemic diseases, obesity, metabolic
syndrome, and type 2 diabetes mellitus (T2DM) which increase the risk of early-onset
atherosclerosis. With the help of identifying genetic hyperlipidemia and recognizing the
possible several cardiovascular risk factors - especially those, who have familial prelude-, may

treat subsequent serious diseases with medication at an early stage [66].
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The formation of atherosclerosis starts with the accumulation of esters and cholesterol
during childhood, and is seen as fatty streaks in the intima of large muscular arteries. The
fibrous plague forms in some people when further lipid deposits occur and is covered by a
fibromuscular cap. This plaque can undergo changes which makes them susceptible to rupture,
which could lead to precipitates occlusive thrombosis and clinically manifest disease (sudden
cardiac death, myocardial infarction, stroke, or peripheral arterial disease) [67].

It has been seen that after reaching adulthood these fatty streaks can be linked to serum
lipoprotein concentrations, smoking, obesity, and hyperglycemia. After age 30 this risk factors
along with hypertension can lead to raised lesions. With this knowledge it seems logical to
begin the prevention of coronary artery disease (CAD) in childhood to limit the degree of
juvenile fatty streaks and to prevent or impede their progression to raised legions [67].

Chronic renal insufficiency (CRI) is linked to a characteristic dyslipidemia in both
children and adults. Typically most commonly observed are moderate hypertriglyceridemia,
increased triglyceride-rich lipoproteins (TRL) and reduced high-density lipoproteins (HDL)
with total and low-density lipoprotein cholesterol (LDL-C) remaining within or slightly above
normal range. Lipoprotein lipase and hepatic lipase activity decrease, and concentrations of

apolipoprotein C-I11 are noticeably higher [68].

2.2. Role of lipids, primarily triglycerides

Elevated plasma TG concentrations are a common finding during routine blood tests and
contribute to increased risk of CVD. Hypertriglyceridemia is often associated with other CVD
risk factors such as cholesterol, obesity, metabolic syndrome, and T2DM and unrelated to CVD,
and severe hypertriglyceridemia is also correlated with elevated risk of acute pancreatitis. The
increase in plasma TGs is a result of increased production from the liver and intestine or
decreased peripheral catabolism (mainly from reduced lipoprotein lipase activity). Following a
meal more than 90% of the circulating TGs are broken down and absorbed in intestinal cells
and finally are secreted in chylomicrons. However this digestion isn’t the only source of
triglycerides. Fatty acids synthesized by the liver are converted to TGs and transported to the
blood via very low density lipoproteins (VLDL). In capillaries within fat and muscle tissue,
these lipoproteins and chylomicrons are hydrolyzed by lipoprotein lipase into free fatty acids
[69,70].
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2.3. Characterization of GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2
TRIB1, and APOAS5 loci

The glukokinase regulator (GCKR) gene consists of 19 exons, it encodes a protein of 625
amino acids which is a regulatory protein that has a sugar isomerase region which inhibits
glucokinase in liver and pancreatic cells beta cells by forming an inactive complex with the
enzyme by non-covalent bonds [71-82]. Thus, the function of GCKR is linked to glucose
metabolism [82,83]. Recent studies verified the association of several SNPs, like rs780094 (an
intronic variant of the GCKR) with increases of plasma TG levels [72,84,85]. In other studies
another variant of GCKR (rs1260326) was found to be strongly linked to rs780094, and to
inversely modulate fasting plasma glucose and TG levels through elevated glucokinase activity
[86-93]. Despite higher risk for dyslipidemia and higher triglyceride levels, the GCKR L446
carriers were protected against T2DM, suggesting a potential molecular mechanism by which
these two components of the metabolic syndrome can be dissociated [85].

GCKR plays a role in function of GCK enzyme both as a regulator and as a receptor
protein as well. In the liver and pancreas, GCK enzyme is negatively regulated by GKCR, which
enables it to make its way into the cell nucleus where it stabilizes and protects the GCK enzyme
[74,77,83,86,89,94]. During fasting, the GCKR protein inhibits function of GCK enzyme. Until
the glucose levels rise in the plasma, GCKR and GCK form an inactive complex in the nucleus.
With the appearance of glucose in the nucleus GCK dissociates from GCKR and exits into the
plasma where it initiates the phosphorilation of glucose [95-97]. Studies have shown the
relationship between functional variants in GCKR and hypertriglyceridemia. The two best
studied SNPs in the GCKR gene are rs780094 and rs1260326. Subjects presenting with
rs1260326 or rs780094 exhibited an increase in plasma TG levels. Mutations in the GKCR
gene, which result in the synthesis of proteins with inhibitory effect, could associate with
diabetes. They are most likely cause sensitivity to fructose-6-phosphate, or they reduce
susceptibility to fructose-6-phosphate, which led to believe that GKCR plays a role in the
development of T2DM. The risk for developing type 2 diabetes with rs780094 is lower than
with rs1260326.

The variant rs780094 contributes to the risk of T2DM and dyslipidaemia. The GCKR
rs780094, alone or in combination with GCK rs1799884, associates with T2DM in Han Chinese
population. The effect on T2DM is probably mediated through impaired beta cell function,
rather than via the obesity. The rs780094(A) risk allele is associated with higher levels of fasting
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serum triacylglycerol, impaired fasting and oral glucose tolerance test (OGTT) related insulin
release, dyslipidemia, somewhat reduced the risk of T2DM.

The polymorphism rs780094 likely acts as a proxy for a nearby tightly linked (r(2)=0.93)
SNP, rs1260326, which encodes a common missense GCKR variant. Both of them are linked
with opposite effects on fasting plasma TG and glucose concentrations, and, associated with C-
reactive protein levels. The T allele of rs1260326 variant has been associated with T2DM and
hypertriglyceridemia. It was shown to have the strongest association signal with metabolic
phenotypes in the region that also harbors the tightly linked (r(2)=0.93) SNP rs780094, which
has been previously associated with TG and glucose concentrations.

GCKR rs1260326 associates with increased risk of ischemic heart disease (IHD) for TT
homozygous subjects in a large scale of studies. It was found to be associated with elevated
remnant cholesterol, elevated nonfasting TGs and apolipoprotein B, but not with elevated LDL
cholesterol or with decreased HDL cholesterol levels.

The MLXIPL (or its often used name, carbohydrate response element-binding protein,
ChREBP) gene is located at chromosome 7g11.23 and it encodes a protein (ChREMP) which
is a basic helix-loop-helix leucine zipper transcription factor in the Myc/Max/Mad superfamily.
In Williams-Beuren syndrome, a multisystem developmental disorder, this gene is invoved.
This protein normally forms a heterodimeric complex, binds and activates the carbohydrate
response element (ChoRE). ChREBP converts dietary carbohydrate to storage fats in the liver
through the coordinated expression of the enzymes that channel glycolytic pyruvate into
lipogenesis.

Adipose-ChREBP is a major determinant of fatty acid synthesis and insulin sensitivity in
humans and in animals. Glucose-mediated activation of the ChREBP isoform, the ChREBPa,
induces expression of another, a potent isoform, the ChREBPJ that is transcribed from an
alternative promoter. ChREBPf expression in human adipose tissue predicts insulin sensitivity
raising the issue that it can be an effective target for diabetes treatment.

ChREBP is located inactively in the cell plasma, and has phosphorilated serin and
threonin strands. Deactivation happens after increase of blood glucose level. This xilulouse-5-
phosphate also involved in the process, which activates phosphoprotein phosphatase 2A, which
removes a phosphate group from the serin in nuclear ChREBP. Here another phosphorilation
takes place, after which ChREBP is ready to bind with max-like bHLH-ZIP MIx transcription
factor. This complex connects to the promoter region of ChoRE (the “carbohydrate response
element”) and initiates transcription through which it has an effect on the synthesis of several

enzymes, like acetyl-coenyzme-A carboxylase, and pyruvate kinase. These enzymes participate
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in lipogenesis in the liver [98]. SNP rs17145738 associates with severe hypertrigliceridemia.
SNP rs3812316 a SNP in the MLXIPL gene that is also known to have G771C or GIn241His
variants. In a study of over 10,000 individuals of different ethnicities they were found to be
very significantly associated (p=1.4x10e-10) with plasma TG levels.

Angiopoietin like 3 (ANGPTL3) gene located on chromosome 1p31 was first identified
in 2002 and is associated with TG. This gene encodes a protein that is a member of the
angiopoietin-like family of growth factors and is specific for the endothelium. The mature
protein has the characteristic structure of angiopoietins having a signal peptide, N-terminal
coiled-coil domain and the C-terminal fibrinogen (FBN)-like domain. ANGPTL3 is
predominantly expressed in the liver. It inhibits lipoprotein-lipase and endothelial lipase (EL),
and helps thereby to regulate plasma TG levels and HDL. It plays a role in TG metabolism.
There are three known frameshift mutations (Fs122, FsQ192 and FsK455) that are linked to
decreased plasma TG levels. In humans with genetic loss-of-function variants in one copy of
ANGPTL3 serum LDL levels are reduced while loss-of-function form in both copies of
ANGPTLS3 results in low LDL, low HDL, and low TGs levels. This represents a variant of
familial combined hypolipidemia [99].

The Cartilage intermediate layer protein 2 (CILP2) gene is located at 19p13. The gene
encodes a protein which contains a central furin endoprotease consensus site that causes a
release of N- and C— terminal peptides. The N-terminal half CILP2 contains a thrombospondin
type-1 repeat and an immunoglobulin C2-type domain, but lacks aldehyde dehydrogenase
cysteine active site and ATP-binding site. The rs16996148 is a polymorphism near the CILP2
locus has been demonstrated to decrease TG levels [100].

The Galactosamine polypeptide N-acetylgalactosaminyltransferase (GALNT2) gene
locates on chromosome 1042.13 and encodes UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-acetylgalactosaminyltransferase 2, which is a member of the
GalNAc-transferases family. Members of this family transfer an N-acetyl galactosamine to the
hydroxyl group of a serine or threonine residue in the first step of O-linked oligosaccharide
biosynthesis.

Genome-wide association studies demonstrated that GALNT2 plays a role in lipid
metabolism, but it is still not known how the enzyme ppGalNAc-T2 mediates this effect.
Mutation of GALNT2 has been identified in people with elevated plasma high-density
lipoprotein cholesterol and reduced triglycerides. Data suggest that ppGalNAc-T2 can affect
lipid metabolism through apoC-I11 glycosylation [101].
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The human tribbles pseudokinase 1(TRIB1) gene, found on chromosome 8g24.13, was
first identified in 2004 [102]. It is a G-protein—coupled receptor-induced protein involved in the
regulation of MAPK (mitogen-activated protein kinase). It plays a role in the regulation of lipid
metabolism. Its protein product tribbles homolog 1 (trib1) can be found in most human tissues,
while Tribl can either activate or inhibit MAPK activity depending on the ratio of tribl to
MAPK levels. The regulatory effects of Trib1 can take place at transcriptional and translational
levels [102]. The polymorphism located near the TRIB1 locus (rs17321515) at chromosome
8024 is associated with elevated total and LDL-cholesterol and with an increased risk of CHD
and CVD, while in a Japanese cohort significant correlation was found between the rs17321515
variant and triglyceride levels and LDL cholesterol concentrations. Studies on European
populations showed the A allele at rs17321515 to be associated with elevated TG levels, higher
LDL- and lower HDL-cholesterol concentrations.

The most investigated and better understood apolipoproteins are the ApoAl, ApoA4,
ApoC3 and ApoA5 are members of the apolipoprotein family. Apolipoprotein A5 (APOA5
gene) protein is the latest identified member of the apolipoprotein family, which was discovered
more than a decade ago.[103,104]. One group of researchers [104] was searching for liver
regeneration factors, using cDNA subtractive hybridization when they discovered an
upregulated protein in rat liver, which showed some homology to other apolipoproteins. During
this time Pennachio and his colleagues were searching for regulator genes in lipid metabolism
using comparative genome sequencing between human and mouse DNA when they mentioned
a gene not far from ApoA1/C3/A4 gene cluster on chromosome 11g23. This gene was located
27kbp far from 3’ end of the ApoA4 gene and showed a 27% homology with ApoA4. The
mature ApoAb5 protein is 39kDa. The ApoAb protein is expressed exclusively in the liver, and
in much lower concentration found in humans (0.1-0.4 pug/ml) leads to believe that only one in
24 VLDL particles can carry an ApoA5 molecule. ApoA5 encodes a 366 amino acid residue
protein, while mature ApoA5 contains 343 amino acid residues in humans [105]. ApoAS5 is a
hydrophobic protein, which has an amphipathic a-helix secondary structure; therefore the
ApoAb5 protein is insoluble at neutral pH in aqueous solution [106,107]. In absence of lipids the
N-terminal residues 1-146 form a helix [9]. This fragment region is water soluble contrary to
the full length protein [108]. Results show that residues 1-146 can bind to lipoproteins like HDL
and VLDL. In the attendance of lipids, ApoA5 shows good solubility due to the lipid binding
residues 293-343 at the C-terminal end.

ApoAS5 has been determined a key player in lipid metabolism through interaction with

lipoprotein lipase (LPL) and the anchoring molecules [109-112]. This interaction accelerates
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the hydrolysis of TG-rich lipoproteins by affecting LPL or promotes a receptor mediated
endocytosis of lipoprotein [113,114]. The presence of naturally existing polymorphisms of the
APOADS gene modifies the effect of the protein on lipid metabolism, resulting in increased TG
levels [34,103,115] which has been confirmed in several populations worldwide. The
polymorphisms in APOA5 may trigger the development of several diseases like metabolic
syndrome, stroke and CVD [4,5,26,116,117].

Similar to other lipoproteins, ApoAS5 also has an a-helix forming N-terminal domain and
a lipid-binding C-terminal domain, however research by Sun et al.[112] distinguished six
different regions in ApoA5 [118]. Studies have revealed that residues 192—238 are necessary
for lipid binding and activation of LPL, but the C-terminal end is not a requisite for ApoA5 to
bind a folded secondary structure [11,112]. The main heparin-binding domain of ApoA5
contains four positively charged residues (R210, K211, K215, K217) and are vital for
interaction  between  ApoA5 and the LPL-anchoring protein  (GPIHBP1;
glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1) [110,119].
It has been determined that ApoA5 binds to GPIHBP1 in vitro and this interaction has been
hypothesized to facilitate lipoprotein lipase (LPL) mediated hydrolysis of the TG component
of chylomicrons (CM). Both, the positively charged heparin-binding sequence within ApoA5
and the acidic domain in GPIHBPL1 are essential for binding [109].

Due to the single cystein at residue 204 ApoAb5 can exist as a disulfide-linked homodimer
or can form heterodimers with other apolipoproteins. ApoA5 is monomeric in human plasma
because the cysteine sulfhydryl group remains free [120]. Studies have reported that through a
42 amino acid stretch (residues 186-227), which contains eight Arg/Lys and three His amino
acid ApoAb5 can connect to heparin and to LDL receptor (LDLr) gene family members (LDLr
related protein 1 (LRP1) and the mosaic receptor LR11/SorLA) [113,118]. Similarly to ApoB
and ApoE the same mechanism of interaction can probably be found in ApoAb, involving
positively charged regions in the ligands and negatively charged regions in the receptors.

The importance of the positively charged residues in interaction was confirmed in double
mutant Arg210Glu/Lys211GIn, which showed decreased binding to heparin and LRP1 [8,17].
The N-terminal end of ApoAb5 interacts with cell surface midkine (neurite growth-promoting
factor 2; NEGF2), it is then internalized in pancreatic -cells, which leads to increased insulin
secretion [121]. This might explain why insulin resistance was seen in ApoA5 knockout animals
[118,122].

Human ApoAb5 transgenic and ApoA5 deficient mouse models have been used in several

studies to investigate the lipid metabolic role of ApoA5. Transgenic mice showed 40% reduced
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plasma TG levels compared to the wild type controls, and ApoA5 deficient mice had
significantly elevated TG levels, approximately four times higher than the wild type.
Differences were revealed in VLDL levels with fast protein liquid chromatography (FPLC) and
gradient gel electrophoresis as they were used to characterize the lipoprotein particles.

The mechanism behind ApoA5 can be explained in three possible ways: (1) ApoAb5 is
involved in VLDL synthesis and/or secretion via intracellular mechanisms. (2) ApoA5
accelerates the hydrolysis of TG-rich lipoproteins by affecting LPL, either directly or via other
regulatory apolipoproteins such as ApoC3. (3) ApoAb5 acts as a ligand to lipoprotein receptors
or proteoglycans and thus promotes receptor-mediated endocytosis of lipoproteins [118].

The role of ApoAS5 in extracellular TG metabolism is supported by different studies and
there is increasing proof for the function of ApoA5 as a receptor ligand. Nonetheless, the
intracellular role of ApoA5 for lipoprotein assembly and secretion is still more theoretical [118].

Previous studies have suggested that ApoA5 could play a role in the reduction of plasma
TG though lipoprotein assembly [123]. Furthermore it has been established that ApoA5 plays
a very important role in TG regulation as it affects plasma TG levels, and it may decrease
hepatic VLDL production by binding to lipids and cellular membranes and through this
mechanism, inhibit VLDL assembly and secretion [106,123]. Several studies’ results show that
ApoADS reduces plasma TG levels by accelerating plasma TG hydrolysis. The most significant
plasma TG level reducing effect of ApoA5 is the acceleration of plasma TG hydrolysis by
modulating LPL activity or by amending the effects or the concentrations of other
apolipoproteins like ApoC3. ApoC3 unlike ApoA5 has a physiological antagonist effect on
LPL activity [105]. Since, ApoA5 can alter the concentration or effects of ApoC3, it can modify
the plasma TG level.

ApoAS5 is mostly found on the surface of VLDL or HDL lipoproteins [114]. When the
VLDL/CM-ApoA5 complex reaches the endothelium, it connects to the GPIHBPL1 protein or
HSPG, which is anchored to the endothelium, and to the LPLs. The LPLs can be found in
dimeric form on the GPIHBP1 protein or HSPG surface and catalyzing the lipoprotein TG
hydrolysis. As previously stated, researchers assume that ApoA5 may influence TG hydrolysis
in different ways. This depends on the anchoring molecule to which it is connected, either
HSPG or GPIHBP1 [110]. If the VLDL/CM-ApoA5 complex connects to the HSPG molecule,
this complex can assist the ApoC-2 activation of LPL, resulting in increased speed of TG
hydrolysis. After the breakdown of TG-rich lipoproteins (VLDL or chylomicron (CM)), ApoA5
disconnects from the remnant particle and transfers to nascent HDL. Furthermore ApoA5 can

bind to the GPIHBP1 homodimer and LPLs, where the interaction may accelerate the TG
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hydrolysis in CM/VLDL. Furthermore, ApoA5 can interact with LPLR family members and
induce endocytosis of remnant lipoproteins.

Several polymorphisms were identified in the APOAS5 gene in the past years. The most
comprehensively studied four single nucleotide polymorphisms (SNPs) are the following:
rs662799, rs2266788, rs207560 and rs3135506. Studies have demonstrated that some of these
SNPs are independent risk factors for CVD, metabolic syndrome and stroke.[23,124] The most
commonly studied polymorphism rs662799 has been associated with coronary artery disease
[125]. Pennacchio et al. confirmed that the most common SNPs in the APOA5 gene are in
strong linkage disequilibrium and constitute haplotype variants [115]. Out of all the haplotypes,
APOA5*2, was found to be strongly associated with increased TG levels and shows

susceptibility for metabolic and vascular events [4,126].
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3. Aims of the Investigations

During my PhD training | was involved in different research profiles performed on cells,
in vitro models, animals, and on human samples. In my PhD | summarize two major focus
points related to each other.

The first area includes human investigations targeted mainly on the possible functional
roles of the triglyceride modifier genes in Roma population samples. This involved the
examination of TG level modifier APOA5 polymorphisms in Roma samples as susceptibility
factor because it is known, that the Roma population has high prevalence of increased TG levels
[42]. Assuming that genetic background also plays a role in their susceptibility for
cardiovascular diseases several gene polymorphisms were examined that literature has
suggested to play a role in lipid metabolism and in the development of metabolic syndrome and
cardio/cerebrovascular diseases. The following polymorphisms were examined: rs12130333 at
the ANGPTL3, rs16996148 at the CILP2, rs17321515 at the TRIB1, rs17145738 and
rs3812316 of the MLXIPL, rs4846914 at GALNT2, rs1260326, rs780094 residing at the GCKR
loci and four APOAS polymorphisms (rs662799, rs2266788, rs207560 and rs3135506) DNA
samples. These samples were genotyped essentially using PCR-RFLP method. The targeted
variants could be targets for therapeutic interventions. Often we used our biobank pooled
samples as controls, in some experiments we performed also comparisons with huge public
biobank and database results as well. In these experiments we often used internationally
recognized biobanks; in all experiments we followed the Helsinki declaration for human
experiments, and had the appropriate ethics committee approval.

The second part, the mitochondrial stability experiments were part of a long-term, quite
complex series of mitochondrial investigations. Keeping in mind the importance of
mitochondria in regulating cell death in ROS-related diseases [127,128], in my training we
investigated whether the protective effects of BGP-15 rely on the preservation of mitochondrial
integrity and reduction of mitochondrial ROS production, using different biochemical
approaches, as they are detailed under the section of the “Materials and methods”.

The link between the human and in vitro parts is the possible therapeutic significance of
them.
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4. Materials and Methods

4.1. Study population

The Hungarian and Roma populations used for our study are part of the Biobank at the
Department of Medical Genetics, which is part of the Hungarian National Biobank Network
(www.biobanks.hu) as well as part of the European Biobanking and Biomolecular Resources
Research Infrastructure (BBMRI) (http://bbmri.eu/bbmri/). Samples in the Biobank date back

to 2001 and is currently one of the largest collections of Roma samples in Hungary. The
Biobank functions with the permission and support of the Medical Scientific Council’s
Research and Ethics Committee (ETT TUKEB). The collection and analysis of the DNA
samples were conducted according to the regulations of the Declaration of Helsinki Declaration
in 1975 and the currently operative National regulations. The study protocol was reviewed and
approved by the Hungarian Scientific and Research Ethics Committee of the Medical Research
Council (ETT TUKEB). Informed written consent was obtained from all subjects prior to study.
Roma samples were obtained from Roma minority who self-reported at least three past
generations of Roma ancestry. Care was also taken during the selection of the previously
collected biobank samples to minimize biased results from possible sampling errors; like
exclusion of known family members, selected from different living areas. The same also applied
for the average Hungarians as well; none of them self-reported to belong to any known ethnic
groups living in Hungary, they were apparently healthy and free from any know disease. Major

clinical data of the study population are presented in Table 1.
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Table 1. Major clinical and laboratory data of Roma and Hungarian population samples

Roma (399) Hungarians (404)
Males/females 179/221 141/263
Age (years) 55.7+0.94 61.5+0.79
Plasma triglyceride
(mmol/l) 1.61+0.04 1.44+0.02
Total cholesterol (mmol/l) 4.70+0.06 5.58+0.06

*p<0.025

Sample size determination was based on the preliminary analyses of SNP prevalence.
Based on the important significant difference in frequencies of the genetic alterations between
Roma and Hungarian samples; we calculated how many samples were need per group to be
adequately small and large enough to detect a statistically significant difference and to exclude
Type | and Type 1l errors (alpha= 0.05 and beta<0.03, two tailed). A total of 363 (gender: 162
male, 201 female; age: 55.86+0.99) Roma and 404 (gender: 141 male, 263 female; age:
61.51+0.79) Hungarian samples were used in the study. The fasting serum TG and total
cholesterol levels of the subjects were measured right after taking blood samples, which was

carried out between 8:00 and 9:00 in the morning.

4.2. Genetic approaches

For DNA extraction blood was drawn from peripheral vein into 10 ml EDTA containing
tubes (BD Vacutainer; Becton, Dickinson and Co, UK), and DNA was extracted from the white
blood cells with routine desalting methods as follows. The contents of the tubes were transferred
into 50 ml centrifuge tubes and brought the volume to 50 ml with cold (4°C) RBC Lysis Buffer
and put into a bucket of ice for 30 minutes turning it 5-6 times during this time period. Following
30 minutes at 5000 RPM in the centrifuge at 4°C, the supernatant was carefully removed. Once
again this was brought to volume to 50 ml with Lysis Buffer and the previous process was
repeated 4 times. Five ml SE buffer (pH 8.0) /containing 4.39 grams (75 mmol) NaCl and 8.41
grams (25 mmol) Na-EDTA, 25 ul Proteinase-K (10mg/ml) and 500 ul 10% SDS 10%/ was
added to the sediment, vortexed and incubated the sample at 37°C overnight at 200 RPM in an
incubator shaker. The following day 3 ml of saturated NaCl solution (6M) was added, vortexed
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for 15 seconds, and centrifuged the tube at 3000 RPM for 15 minutes. Afterwards the DNA
containing supernatant was gently poured into a sterile 50 ml tube and 96% ethanol was added
to 40 ml final volume and the samples were stored room temperature for about 5-10 minutes
until DNA precipitated. Next 200 ul 70% ethanol was added to a clean Eppendorf tube and
DNA from the previous tube was gently added to this. Samples were left at room temperature
for 20 minutes before the ethanol was removed with a pipette. DNA was dried at room
temperature for approximately 30 minutes. Finally 500 ul of TE buffer solution (pH:8, 0.78g
Tris HC1 + 0.14 EDTA) was added to the DNA which was then incubated at 37°C overnight
until completely dissolved.

4.2.1. PCR amplification

As the starting point of polymorphism analysis was DNA amplification with polymerase
chain reaction with the standard method of utilizing synthetic oligonucleotide primers specific
or the sequence surrounding (purchased from Metabion International AG, Martinsried,
Germany), Taqg polymerase, buffer solution, dNTP and genomic DNA template. Primers were
designed with the help of Primer3 program accessed through Biology Workbench 3.2
(http://workbench.sdsc.edu/ ) and BLAST. The sequences of primers and conditions of PCR-
RFLP are shown in Table 2.

The reaction mixture had a final volume of 50 pl with 5ul buffer solution (500 mM KCl,
14 mM MgClz, 10 mM Tris-HCI, pH 9.0), 0.2 mM dNTP solution, 1 U Taq polymerase enzyme

(10U/pl), primer pair equal to 0.2 mM, 1 ul MgClz solution and 1 pug DNS template.

For the PCR reaction the following parameters were utilized for 35 cycles:
predenaturation at 96°C for 2 minutes, denaturation at 96°C for 30 seconds, annealing at 55°C
for 30 seconds, elongation at 72°C for 30 seconds and as a final step a final elongation at 72°C
for 5 minutes with an MJ Research PTC-200 Peltier Thermal Cycler (Bio-Rad, Hercules, CA,
USA).

8 ul of PCR products were loaded into the wells of a 2% agarose gel stained with
ethidium-bromide (1 gram of Lonza SeaKem® LE Agarose mixed with 50ml of TBE
(Tris/Borate/EDTA) buffer solution and microwaved for approximately 4 minutes 1.5 ul of
ethidium-bromide was added.). 8 ul of amplified DNA was mixed with 1 ul of Bromophenol

Blue loading buffer. After loading the samples in the wells of the agarose gel an electrical
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current of 175V was used for about 5 minutes. Finally, the gel was illuminated with an
Ultraviolet lights (Cleaver Scientific Ltd.) and pictures were taken.

4.2.2. RFLP technique

In order to detect variations in each specific DNA sequence restriction length fragment
polymorphisms (RFLP) method was used. The DNA samples were digested by restriction
enzymes and cleaved into segments. These restriction fragments were separated according to
their lengths by gel electrophoresis and thus it was possible to detect SNPs in homologous
DNA. The reaction mixture contained 1 Unit specific enzyme (Fermentas Inc., Burlington, ON,
Canada), 10-15 pl PCR product, 10x buffer and sterile distilled water. The incubation
temperature applied was according to the needs of the restriction endonuclease.
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Table 2. Primer sequences and PCR-RFLP conditions

Melting PCR Restriction Ancestral Heterozygous Minor allele
Functional - - temperatu genotype genotype genotype
Gene . Forward primer Reverse primer product  endonucleas
variants re size (bp) e fragments fragments fragments
(C) (bp) (bp) (bp)
GCKR rsci:;?(’iggs TGCAGACTATAGTGGAGCCG CATCACATGGCCACTGCTTT 60 231 Hpall 18, 63, 150 18, 63, 150, 213 18, 213
rs780094 ATTGTCTCAGGCAAACCTGGTA CCCGGCCTCAACAAATGTAT 60 273 Pscl 63,210 33,63,177, 210 33,63, 177
MLXIPL rs17145738 ATGGTCCAGGAGTCTGCCC AGCCATCGTGCCTAGCTAAA 60 615 Taal 49, 113, 253 49, 113, 253, 366 49, 366
16, 17, 26, 177,
rs3812316 CCATCCCCAGCCATCCCT TTCTCCAGTGTGGTCCCCGT 60 239 BspLI 16, 17, 203 203 16, 17, 26, 177
ANGPTL3 rs12130333 TTTCTAAACCTTGGTATCTTCATTTG CATTTTCATGGTTGCTTTGTAATTT 58 372 Dral 79, 294 26, 79, 268, 294 26, 79, 268
CILP2 rs16996148 TCTCATCATTCACCCATCCA AATGTGTGTTCTCCCAAGCC 58 466 Hinlll 184, 283 47,184, 235, 283 47,184, 235
GALNT2 rs4846914 CTGTGCCTTCTGGGACTGCTA AGTGAGGAAGGACTATGAGATGATG 57 200 HpyF3lI 19, 74, 107 19, 74, 107, 126 74,126
TRIB1 rs17321515  AAGGAAGGGTTAGGTAGACCAATTA  GACACCAGCTGTAGAGAACCAAATA 57 596 FspBlI 56, 90, 450 56, 90, 450, 541 56, 541
APAO5 rs662799 CCCCAGGAACTGGAGCGACCTT TTCAAGCAGAGGGAAGCCTGTA 55 398 Trul 22,109, 267 22,109, 267, 289 109, 289
25,41, 73, 114,
1s207560 CTCAAGGCTGTCTTCAG CCTTTGATTCTGGGGACTGG 62 280 Mnll 25,114,141 141 25,41,73,141
rs2266788 TCAGTCCTTGAAAGTGGCCT ATGTAGTGGCACAGGCTTCC 62 287 BseGl 122, 165 35,87, 122, 165 35, 87,165
rs3135506 AGAGCTAGCACCGCTCCTTT TAGTCCCTCTCCACAGCGTT 62 256 Cfri3l 26,79, 151 26,79, 151, 177 79,177
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4.3. Biochemical materials and methods

4.3.1. Chemicals and other biochemical materials

All chemicals for cell culture studies were from PAA Laboratories (Colbe, Germany) and
Gibco/Invitrogen (Carlsbad, CA, USA). The fluorescent dyes JC-1, fluorescein-conjugated
annexin V (annexin V-FITC), Hoechst 33342, rhodamine 123 (R123), propidium iodide (PI),
dihydrorhodamine 123 (DHR123) and MitoSOX were obtained from Molecular Probes
(Carlsbad, CA, USA). BGP-15 was a gift from N-Gene (New York, NY, USA). All other
chemicals were purchased from Sigma Aldrich Co. (Budapest, Hungary).

WRL-68 (HelLa derivative), H9c2 (rat heart myoblast) and U-251 MG (human malignant
glioblastoma) cells were purchased from the European Collection of Cell Cultures (ECCC).
The cell lines were grown at 37°C in a humidified 5% CO2 atmosphere. The WRL-68 cells
were cultured in Eagle’s minimum essential medium, and H9c2, while U-251 MG cells in
Dulbecco’s modified Eagle’s medium. All media contained antibiotics (1% penicillin and
streptomycin mixture), and 10% bovine serum. Cells were passaged every 3 days; were seeded
at a starting density of 2 x 10* cells/well in a 96-well plate for the viability and ROS production
assays, or at a density of 1 x 10° cells/well in a 6-well plate for fluorescent microscopy.

Wistar rats were purchased from Charles River Hungary Breeding Ltd. (Budapest,
Hungary). The animals were kept under standard conditions; tap water and rat feed were
provided ad libitum. The experiment conformed to the Guide for the Care and Use of
Laboratory Animals, published by the US National Institutes of Health (NIH Publication no.
85-23, revised in 1996), and was approved by the local Animal Research Review Committee

of the University of Pécs, Hungary.
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4.3.2. Isolation of rat liver mitochondria

Rats were sacrificed by decapitation under isoflurane (AbbVie Ltd., Budapest, Hungary)
anesthesia, their livers were removed, and mitochondria were isolated from the liver
homogenates by differential centrifugation, as described in a standard protocol [129]. Isolated
liver mitochondria were purified by Percoll density gradient centrifugation [130], and the
protein concentrations were determined using the biuret method using bovine serum albumin

as a standard.

4.3.3. Determination of membrane potential (AW) in isolated rat liver mitochondria

AY was determined by measuring R123 fluorescence upon its release from the
mitochondria. Fluorescence was measured by a fluorescence spectrometer (LS-50B; Perkin-
Elmer; gift from Alexander von Humboldt Foundation, Bonn, Germany) at an excitation
wavelength of 494 nm, and an emission wavelength of 525 nm. For 60 seconds 1 mg
protein/mL mitochondria were preincubated in an assay buffer (containing 70 mM sucrose, 214
mM mannitol, 20 mM N-2-hydroxyethyl piperazine-N’-2-ethanesulfonic acid, 5 mM glutamate,
0.5 mM malate and 0.5 mM phosphate) containing 1 uM R123. Alterations in AY were induced
by the addition of BGP-15 at the indicated concentrations.

4.3.4. Mitochondrial uptake of BGP-15

Mitochondrial uptake of BGP-15 (50 uM) was determined in 5 mM Tris buffer (pH 7.5)
containing 150 mM KCl, 1 mM EDTA and 2.5 mg mitochondrial protein in 800 pul volume, in
addition to 10 uM glucose-6-phosphate as a standard in order to determine the void volume.
Uncoupling was induced using 50 uM 2,4-dinitrophenol. After an incubation period of 10 min,
the mitochondria were centrifuged at 20,000 g, then washed and lysed in 800 pl of ethanol-
water 1:1 solution, and centrifuged again at 20,000 g. Aliquots of the clear supernatant were

freeze-dried, and taken up in agueous formic acid solution (0.1%).
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4.3.5. HPLC-MS/MS analysis

Five ul aliquots of the samples were injected into the HPLC-MS system (Dionex Ultimate
3000 UHPLC, Q-Exactive HRMS; Thermo Fisher Scientific, Bremen, Germany). Liquid
chromatographic separation was carried out using a Kinetex (Gen-Lab Kft., Budapest,
Hungary) 2.6 um C18 100 A HPLC column (100 x 2.1 mm), which was maintained at 30°C.
The used mobile phase was (A) aqueous formic acid solution (0.1%) with (B) acetonitrilic
formic acid solution (0.1%). The flow rate was set to 300 pL/minute. The initial gradient
conditions were set to 5% B, held for 3 minutes, then B was increased linearly until reaching
80% after 12 minutes. The initial conditions were reached after 2 minutes, then the column was
equilibrated for 8 minutes. The mass spectrometer was equipped with a heated electrospray ion
(ESI) source which was operated in the negative ion mode. The spray voltage was set to 3.5
kV, the capillary temperature adjusted to 300°C, and the temperature of the probe heater was
set to 50°C. The S-lens RF level was set to 70. Mass range was set to m/z 150-1,500. Data
analysis was performed using the Thermo Xcalibur (version 2.2 SP1.48) software. lon

intensities were determined by matching them to a BGP-15 calibration curve.

4.3.6. Cell viability assay

The viability of WRL-68 cells after various treatments were tested by sulforhodamine B
(SRB) assay. The standard method used for cell density determination in cytotoxicity screening
was based on essentially the measurement of cellular protein content, according to the method
described by Papazisis and colleagues [131], with some modifications. The culture medium
was aspirated prior to fixation of the cells by the addition of 200 pL of cold 10% trichloroacetic
acid. After a 20 minute incubation at 4°C, cells were washed twice with deionized water, and
the microplates were then left to dry at room temperature for at least 24 hours. When dried, the
cells were stained with 200 pL of 0.1% SRB dissolved in 1% acetic acid for at least 20 minutes
at room temperature, then they were washed four times with 1% acetic acid to remove the
unbound stain remains. The plates were dried at room temperature. The bound SRB was
solubilized with 200 uL of 10 mM unbuffered Tris-base solution, and plates were shaken on a
plate shaker for at least 10 minutes. Absorbance was determined using the GloMax Multi
Detection System (Promega, USA) at 560 nm in addition to the background measurement at
620 nm. The optical density values were defined as the absorbance of each individual well
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extracted from the blank value. All experiments were done in at least eight replicates, and each

measurements were in triplicates.

4.3.7. Determination of reactive oxygen species in cell culture

Intracellular ROS (peroxinitrite, *OH and iron + hydrogen peroxide (H202)) were
determined by using two separate approaches, like fluorescence microscopy and quantitative
determination of ROS-evoked fluorescence intensities by a plate reader. The WRL-68 or U-
251 MG cells were seeded to glass coverslips and cultured at least overnight before their further
use. WRL-68 cells were transiently transfected with mitochondria directed enhanced red
fluorescent protein (MERFP). The next day, cells were washed twice with phosphate buffered
saline (PBS), and treated as described in the Results and the figure legends. Then, the medium
was replaced to a fresh solution containing 1 uM of the oxidation-sensitive DHR123 fluorescent
dye, and incubation was continued for an additional 15 minutes to allow oxidation of DHR123
by the endogenous ROS.

The fluorescence of mMERFP and the oxidized DHR123 was excited at 615 and 485 nm,
and the evoked emission was measured at >650 and 525 nm, respectively using a Nikon Eclipse
Ti-U fluorescent microscope (Auro-Science Consulting Ltd., Budapest, Hungary) equipped
with a Spot RT3 camera using a 60x objective lens. The nuclei of U-251 MG cells were labelled
using Hoechst 33342 (1 ug/mL) dye, which were excited at 350 nm and read at 460 nm emission
wavelengths. All experiments were repeated in triplicates.

Alternatively, WRL-68, H9c2 or U-251 MG cells were also seeded in 96-wells plates and
kept in Krebs-Henseleit buffer containing 10% fetal bovine serum (FBS).The WRL-68 and
HO9c2 cells were treated with either H.O> for 30 minutes alone or with increasing concentrations
of BGP-15 in the absence or in the presence of 20 uM MitoTEMPO (Sigma Aldrich Co.) After
30 minutes, DHR123 (1 uM) was added to the medium and R123 formation was measured after
15 minutes with the GloMax Multi Detection System (excitation wavelength was 490 nm and
emission wavelength was between 510-570 nm). The U-251 MG cells were treated with either
LPS for 30 minutes alone or with 50 uM BGP-15 in the absence or presence of 20 uM
MitoTEMPO (Sigma Aldrich Co.). Superoxide anions were detected by the addition of
MitoSOX (0.3 uM) fluorescent dye. Fluorescence of oxidized MitoSOX was excited at 365 nm,
and the evoked emission was determined at 410-460 nm by the GloMax Multi Detection
System. All experiments were run in six replicates and the measurements were repeated three
times.

28



4.3.8. Determination of mitochondrial production of reactive oxygen species

Mitochondria (100 pg/mL) were dissolved in a buffer solution containing 20 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), and 314 mM sucrose (pH 7.4) with either malate (5
mM) and glutamate (5 mM) or succinate (5 mM). ROS production was determined by the
oxidation of DHR123 (1 uM) to R123, as measured by a fluorescence spectrometer at an
excitation wavelength of 494 and an emission wavelength of 525 nm, under continuous mixing
at 30°C. ROS production was localized to the respiratory complexes by either blocking the
electron flow with antimycin A (10 uM) where glutamate (5 mM) and malate (5 mM) were
used as substrates in order to localize ROS production to complex I, or by blocking electron
flow with potassium cyanide (1 mM), where succinate was used as the substrate to localize
ROS production to complex I11. The antioxidant capacities of BGP-15 were determined by the
chemical oxidation of DHR123 (1 uM; excitation wavelength was 494 nm and emission
wavelength was 525 nm) to R123. In these systems, either 500 uM H202 or 50 uM H20- plus
1 uM Fe**-EDTA was used.

4.3.9. Construction of mitochondria directed enhanced red fluorescent protein

The mERFP-expressing plasmid was constructed by PCR amplification of the targeted
mitochondrial sequence of cytochrome ¢ oxidase subunit VIlla (COX8A) gene (RZPD). The
amplified sequence was then inserted into pDsRed-Monomer-N1 mammalian expression
plasmid (Clontech-Takara Bio Europe; Saint-Germain-en-Laye, France) between the Xhol and

Hindll1 restriction sites.

4.3.10. JC-1 assay for fluorescent microscopy

AY was measured using the AW specific fluorescent probe, JC-1. WRL-68 or U-251 MG
cells were seeded to glass coverslips and cultured at least overnight before the experiment. After
the indicated treatment, cells were washed twice in ice-cold PBS, then incubated for 15 minutes
at 37°C in modified Krebs-Henseleit solution containing 100 ng/mL of JC-1. When excited at
490 nm, the dye emits either green fluorescence at a low Ay or red fluorescence at a high Ay.

Following the incubation procedure, the cells were washed once with modified Krebs-Henseleit
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solution, then visualized by a Nikon Eclipse Ti-U fluorescent microscope which was equipped
with a Spot RT3 camera, using a 40x objective lens with epifluorescent illumination. All

experiments were repeated three times.

4.3.11. Tetramethylrhodamine methyl ester (TMRM) assay

WRL-68 cells were seeded in 96-wells plates, were kept in Krebs-Henseleit buffer
containing 10% fetal bovine serum (FBS), and then were treated with either H>O> alone or with
BGP-15 for 3 hours. In a separate set of experiment, U-251 MG cells were treated with either
LPS for 60 minutes alone or with 50 uM BGP-15. Then, the medium was replaced with Krebs-
Henseleit solution containing TMRM (50 nM) cationic, cell-permeant, red color fluorescent
dye. After 15 minutes incubation, excess dye was eliminated by washing off, and the
fluorescence was measured by the GloMax Multi Detection System (at excitation wavelength
was 525 nm and emission wavelength was between 580-640 nm). To assess aspecific
adsorption of the dye, the fluorescence signal was remeasured after addition of 1 puM
mitochondrial uncoupling agent carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP). The AY value was calculated based on the difference of fluoresescence signal before
and after FCCP-treatment. All experiments were run in six replicates and the measurement was

repeated in triplicates.

4.3.12. Identification of the type of cell death by annexin V/PI staining

Cell death was detected by the GloMax Multi Detection System after annexin V-FITC/PI
double staining procedure. WRL-68 cells were seeded at 2 x 10%cells/well in a 96-well, then
cultured at least overnight before their use. After subjecting the cells to the indicated treatment,
cells were washed once in PBS and then incubated in modified Krebs-Henseleit solution
containing FITC-conjugated annexin V and PI, according to the manufacturer’s instructions.
Following the incubation, the cells were washed once with modified Krebs-Henseleit solution.
Then green fluorescence signal (annexin V-FITC) was measured with the GloMax Multi
Detection System (excitation wavelength was 490 nm and emission wavelength was 518 nm).
The red fluorescence signal (PI) was excited at 525 nm and the evoked emission was measured
at 617 nm. All experiments were run in six replicates and each measurement was repeated three

times.
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4.4, Statistical analysis

Statistical analysis was performed with the program SPSS 18.0 (SPSS Inc, Chicago, IL,
USA). All clinical data presented is shown as average + SEM values. In some experiments
differences between treatment groups were determined by ANOVA with a post-hoc test, while
in others Student’s t-test was used to compare the difference of the mean values from the two
groups, depending on the nature of the study. The distribution of the variables was determined
with the Kolmogorov-Smirnov-test. In the case of normal distribution parameter probes were
used, while in the case of abnormal distribution non-parameter probes were used. In order to
determine the difference among the values of each group the Kruskal-Wallis-test was
performed. The y? —test was used to compare the differences among clinical and laboratory
parameters of each group in the case of normal distribution with discreet variable. Mann-
Whitney-test was used to compare the differences in the clinical parameters of the Roma
population versus the Hungarian population. During correlation analysis we used the logistic
regression model and to determine the exact rations. Linkage disequilibrium (LD) patterns were
studied with Haploview 4.2. The minor allele frequency at each locus had to be >0.05, with an
r> value of <0.8 between pairs of loci, based on the default settings in Haploview [132].

HAPSTAT 3.0 (http://www.bios.unc.edu/wlin/hapstat/) was used for haplotype assignment.

For statistical analysis of the data PASW statistics 20 software package (SPSS Inc., Chicago

IL) was used. The significance limit (p) was p<0.05.
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5. Results

5.1. GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2, TRIB1 and APOAS5

All allele distribution and allele frequencies of polymorphisms were in Hardy—\Weinberg
equilibrium both in Roma and in Hungarian individuals.

Tables 3. and 4. show the significant differences were found in allele frequencies for
MLXIPL both variants, GALNT2 rs4846914 and ANGPTL3 rs1213033 polymorphisms
comparing Roma participants to the Hungarians The C alleles in rs17145738 and rs3812316
variants of MLXIPL occurred more frequently in Roma population than in Hungarians. The
variants rs1213033 of ANGPTL3 and rs4846914 of GALNT2 genes showed lower allele
frequency in Roma participants than in Hungarians.

The levels of serum TG and total cholesterol in the two populations with different
genotypes can be found in Table 5. and Table 6. No association could be detected between
serum triglyceride levels and carrying minor alleles compared with the non-carriers in Roma

and Hungarian samples.
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Table 3. Allele distribution of polymorphisms of GCKR and MLXIPL gene loci

Roma (399) Hungarians (404)
GCKR rs1260326 CC CT+TT CC CT+TT
(n=119) (n=205+75) (n=102) (n=208+94)
T allele frequency 44.5% 49.0%
GCKR rs780094 GG GA+AA GG GA+AA
(n=119) (n=180+100) (n=99) (n=218+87)
A allele frequency 47.6% 48.5%
MLXIPL rs17145738 TT TC+CC TT TC+CC
(n=2) (n=43+354) (n=9) (n=98+297)
C allele frequency 94.1%* 85.6%
MLXIPL rs3812316 GG GC+CC GG GC+CC
(n=5) (n=36+358) (n=9) (n=89+306)
C allele frequency 94.2%* 86.8%

*p<0.025 vs. non-carriers




Table 4. Allele distribution of polymorphisms of CILP2, GALNT2, ANGPTL3 and TRIB1 gene variants

Roma (394) Hungarians (400)
(n=333) (n=60+1) (n=342) (n=56+2)
T allele frequency 7.86% 7.50%
GALNT? rs4846914 AA AGHGG AA AGHGG
(n=90) (n=243+63) (n=91) (n=182+127)
G allele frequency 46.6%* 54.5%
ANGPTLS3 rs1213033 cc CT+TT cc CT+TT
(n=309) (n=81+8) (n=270) (n=112+18)
T allele frequency 12.2%* 18.5%
TRIB1 rs17321515 AA GA+GG AA GA+GG
(n=103) (n=203+93) (n=107) (n=186+107)
G allele frequency 48.8% 50.0%

*p<0.025 vs. non-carriers
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Table 5. The effect on lipid parameters of polymorphisms of GCKR and MLXIPL variants

Roma (399) Hungarians (404)
GCKR rs1260326 CC CT+TT CC CT+TT
(n=119) (n=205+75) (n=102) (n=208+94)
Plasma triglyceride (mmol/l) 1.47 £0.06 1.66 + 0.05 1.58 £0.06 1.52+0.03
Serum cholesterol (mmol/l) 4.57+0.11 4.76 £0.07 5.66+0.10 5.54 +0.07
GCKR rs780094 GG GA+AA GG GA+AA
(n=119) (n=180+100) (n=99) (n=218+87)
Plasma triglyceride (mmol/l) 1.50 £ 0.06 1.65 +0.05 1.51+£0.05 1.54+0.03
Serum cholesterol (mmol/l) 4.57+0.10 4.76 £0.07 5.69 +£0.10 5.54 +0.07
MLXIPL rs17145738 TT TC+CC TT TC+CC
(n=2) (n=43+354) (n=9) (n=98+297)
Plasma triglyceride (mmol/l) 1.22+£0.12 1.61 £0.04 1.44 £0.09 1.54+0.03
Serum cholesterol (mmol/l) 4.75+0.15 4.70 £ 0.06 6.23 £0.53 5.56 £ 0.06
MLXIPL rs3812316 GG GC+CC GG GC+CC
(n=5) (n=36+358) (n=9) (n=89+306)
Plasma triglyceride (mmol/l) 1.51+0.25 1.61 +£0.04 1.41£0.09 1.54 +£0.03
Serum cholesterol (mmol/l) 4.88 +0.30 4.7 +£0.06 5.90+0.52 5.57+0.06

Values are means £ SEM. *p<0.025 vs. non-carriers. Triglycerides and serum total cholesterol levels are mmol/I.
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Table 6. Association of lipid parameters with polymorphisms of CILP2, GALNT2, ANGPTL3 and TRIB1 genes

Roma (394) Hungarians (400)
(n=333) (n=60+1) (n=342) (n=56+2)
Plasma triglyceride (mmol/l) 1.60 £ 0.04 1.62£0.10 1.54+£0.03 1.52+0.05
Serum cholesterol (mmol/l) 4.71 £0.06 4.69+0.14 5.59 +£0.06 5.53+0.16
GALNT2 rs4846914 AA AGHGG AA AGHGG
(n=90) (n=243+63) (n=91) (n=182+127)
Plasma triglyceride (mmol/l) 1.65+£0.09 1.59 £ 0.04 1.57 £0.05 1.53+0.03
Serum cholesterol (mmol/l) 4.72+£0.11 4.70 £0.07 5.66+0.11 5.56 +0.07
ANGPTL3 rs1213033 cc CT+TT cc CT+IT
(n=309) (n=81+8) (n=270) (n=112+18)
Plasma triglyceride (mmol/l) 1.61 £0.04 1.61 £0.08 1.52+£0.03 1.58 £0.04
Serum cholesterol (mmol/l) 4.67 +£0.06 4.81+0.12 5.57+0.07 5.60+0.10
TRIBI rs17321515 AA GA+GG AA GA+GG
(n=103) (n=203+93) (n=107) (n=186+107)
Plasma triglyceride (mmol/l) 1.71 £0.07 1.57 £0.04 1.51 £0.04 1.55+0.03
Serum cholesterol (mmol/l) 476 +£0.11 4.69 +0.06 5.59+0.11 5.57+0.07

Values are means + SEM. *p<0.025 vs. non-carriers. Triglycerides and serum total cholesterol levels are mmol/I.
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The alleles and genotype frequencies of the studied APOADS variants can be found in
Table 7. For rs662799 APOAS polymorphism we found that the frequency of the G allele was
almost three times higher in the Roma population compared to Hungarian samples (p=0.0001)
and almost two times higher than in European population (1000Genomes; p=0.006).
Significantly large difference can be observed in allele frequency between Roma and HapMap
European population (p=0.0001). The G allele was about two-fold more frequent in Asian
(1000Genomes) and HapMap Chinese population than in Roma subjects (p=0.002; 0.001).
Homozygous carriers of G allele were more frequent in Roma population than in Hungarians
(p=0.037) and in Europeans (1000Genomes; p=0.010); however, it was less frequent in Romas
than in Asian (1000Genomes; p=0.027) population. There was no significant difference in GG
genotype frequencies between Roma and HapMap Chinese populations. Results of rs207560
show the frequency of the T allele in Roma samples was almost double than in those of the
Hungarian population (p=0.018). The T allele was significantly frequent in Asian
(1000Genomes; p=0.0001) population than in Romas. There was no difference between Roma
and European populations (1000Genomes; p=0.185). Homozygous carriers of T allele were
more frequent in Asian population (1000Genomes) than in Roma subjects (p=0.0001);
however, the frequency of TT genotypes was similar in Hungarians and in Europeans (1000
Genomes; p=0.940; 0.211). Data of rs3135506 show that the G allele frequency in Roma’s was
more than two times higher compared to the Hungarian population (p=0.001); however, it does
not differ significantly from the European population (1000Genomes; p=0.066). There was no
significant difference in the frequency of GG genotype of Hungarians and of Europeans (1000
Genomes; p=0.079; 0.240) compared to Roma subjects. Allele- and genotype frequency data
of rs207560 and rs3135506 in European and Chinese populations are not available in HapMap
database, thus the analyses were not executed in these cases. We also analyzed the rs2266788
variant, where we did not find any difference between G allele frequencies of Hungarian and
European populations (1000Genomes, HapMap) compared to Roma subjects (p=0.473; 0.062;
0.375). We found the frequency of the G allele was more than three times higher in Asian
populations (1000Genomes and HapMap Chinese) compared to Roma samples (p=0.0001). The
frequency of GG genotype was significantly different only in Asian population (1000Genomes)
compared to Roma (p=0.0001). Cases with n=0 were not analyzed statistically.

Table 8. summarizes the lipid parameters of the populations according to genotypes. The
plasma triglyceride levels were significantly elevated in the carriers of the risk alleles when
compared to non-carriers for all SNPs in both populations. Significantly higher TG levels were
found in heterozygous carriers of rs207560, rs3135506 and rs2266788 variants compared to
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non-carriers in both study groups. Homozygous carriers of rs662799 variant have higher TG
levels than non-carriers in Roma subjects. In Hungarians, we did not find any difference in TG
levels between homo- or heterozygous carriers and non-carriers. Comparison of the cholesterol
levels did not show any difference.

We analyzed associations among the four APOAS5 variants in both study groups. (Table
9.) Strong correlations were found among rs662799, rs207560 and rs2266788 variants.
However, rs3135506 variant did not show significant correlation with other APOAS variants in
Roma samples as well as in Hungarians. The same associations were detected after inclusion
of the adjustment parameters like age and total cholesterol levels.

The associations between APOADS variants and TG/cholesterol levels are summarized in
Table 10. Significant correlations were found between all of the APOAGS variants and TGs in
both populations. After inclusion of the adjustment parameters, such as age and total cholesterol
levels, the association became even stronger. We did not observe any significant correlation
between allelic variants and cholesterol levels in both populations.

Furthermore, we examined the linkage disequilibrium among the APOAS5 major
polymorphisms in both populations. We found moderate association between the rs2266788
and the rs3135506 variants (r?=0.56), likewise between rs207560 and rs3135506 (r>=0.42) in
Hungarian population. In Roma population we found strong association between the rs207560
and the rs3135506 variants (r?=0.97).

We also investigated the haplotypes with statistical probes in Roma and Hungarian
populations. The structure of the probable haplotypes is summarized in Table 11. With the
applied methods, we identified seven haplotypes in each population. Six of these haplotypes,
APOA5*1, APOA5*2, APOA5*3, APOA5*4, APOA5*5 and ht7 were found to occur most
frequently in both populations. The frequencies of the haplotypes are shown in Table 11.
Significant differences were found in the presence of APOA5*2, APOA5*4, APOAS*5 and ht7
haplotypes between the Roma and Hungarian populations. However, we did not identify
differences in the presence of APOA5*1 and APOA5*3 haplotypes between these populations.
Ht5 haplotype in Roma and ht4 haplotype in Hungarian population could not be detected.
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Table 7. Genotype and allele frequencies of APOADS gene variants in different population samples

APOAS Population Alleles Risk allele -value? Genotypes -value®
variant P frequency (%) P P
N N (%)
A G G AA AG GG

Roma from Hungary 278 72

(this study) 363 628 98 13.5 (7658) (19.84) 13 (3.58)

non-Roma from Hungary 366 33
Z\EDI (this study) 404 765 43 5.32 0.0001 (90.60) (8.17) 5(1.24) 0.037
S Asian (1000Genomes) 504 718 290 28.8 0002 2L 216 30734 0.027
g ' ' (49.80) (42.86) ' '
“E European (1000Genomes) 503 922 84 8.35 0.006 424 4 5 (0.99) 0.01
— ' ' (84.30) (14.71) ' '
< . 23 20

HapMap Chinese 45 66 24 26.7 0.001 (51.11) (44.44) 2 (4.44) 0.78

HapMap European 60 118 2 1.67 0.0001 (9:).5%7) 2 (3.33) 0 -

C T T CcC CT TT

Roma from Hungary 318 44
R (his study) 363 680 46 6.34 87.60) (1212) 1028
S non-Roma from Hungary 376 27
034 (this study) 404 779 29 3.59 0.018 (93.07) (6.68) 1(0.25) 0.94
“:’ Asian (1000Genomes) 504 768 240 23.81 0.0001 290 188 26 (5.16) 0.0001
— ' ' (57.54) (37.3) ' '
(@2}

European (1000Genomes) 503 924 82 8.15 0.185 426 72 5 (0.99) 0.211

' ' (84.70) (14.31) ' '
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C G G CcC CG GG

Roma from Hungary 300 58
gl (this study) 363 658 68 9.37 (82.64) (15.98) 5(1.38)
P non-Roma from Hungary 367 36
(2}
5 (this study) 404 770 38 4.7 0.001 (90.84) (8.91) 1(0.25) 0.079
'“;’ Asian (1000Genomes) 504 1008 0 0 - 204 0 0 -
- (100)
(@2}

European (1000Genomes) 503 938 68 6.76 0.066 (8@358) (1523) 3(0.59) 0.24

A G G AA AG GG

Roma from Hungary 317 45

(this study) 363 619 4 6.47 87.33) (1240) 1027

non-Roma from Hungary 344 59
?\DZI (this study) 404 747 61 7.55 0.473 (85.15) (14.60) 1(0.25) 0.94
S Asian (1000Genomes) 504 768 240 23.81 0.0001 290 188 26 (5.16) 0.0001
% ' ' (57.54) (37.30) ' '
©  European (1000Genomes) 503 914 92 9.15 0062 16 82 5 (0.99 0.211
o European ( ) ' ' (82.70) (16.30) (0.99) '
(@2}

HapMap Chinese 5 68 22 24.4 0.0001 (55‘;3) ( W y 102 0.082

HapMap European 50 113 5 4.24 0.375 (gf‘ég) 5 (8.47) 0 i

Ancestral alleles are underlined. 2 indicates significance of the differences between Roma and other population risk alleles. ° indicates
significance of the differences between Roma and other population homozygous carriers.
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Table 8. Lipid parameters (mmol/l) of the Roma and Hungarian population samples according to APOAS5 gene variants

APQAS Parameter Roma Hungarian
variant
AA AG GG AG+GG  |AA AG GG AG+GG
o | 1.72£0.10  2.00+£0.16 1.76+0.08 1.7940.13 1.88+031 1.81+0.12
(o))
R triglyceride | 1.59 = 0.04 0=0.245 0=0.009 0=0.049 1.51+£0.02 0=0.060 0=0.133 0=0.024
[{eo}
[{o}
2 4774013 491+039 4.79=0.12 5434022 6.14+1.16 5524024
cholesterol [4.66 +0.07 0=0.352 0=0.494 0=0.280 5.57+0.06 0=0.234 0=0.928 0=0.257
cc cT T CT+TT _ |CC cT T CT+TT
s | 1924012 12740  1.91+0.12 1844013 16040 1844012
@ |Uriglyceride| 1.59£004 009 p=0.668  p=0.011  |'>'F002 h0009  pm0602  p=0.008
o
[9\}
wn
£ 4854019 3900  483+0.19 550£029 470£0  5.47+028
cholesterol |4.67£0.06 9242 p=0371  p=0302 |70 og377 p=0318  p=0.295
cc CG GG CG+GG  |cC CG GG CG+GG
< | 1.81£0.10 1.96+0.50 1.82:+0.10 171£0.07 1500  1.71+0.06
o
(@ triglyceride | 1.59 = 0.04 0=0.028 0=0.586 0=0.025 1.52+0.03 0=0.001 0-0.943 0=0.001
—
o™
2 488£0.14 414+043 4824013 5674017 55040  5.66+0.17
cholesterol |4.67£0.06  n_9131  p=0269  p=0.251  |>°*09% 0410 p-0se2  p=0.442
AA AG GG AGGG  |AA AG GG AG+GG
° | 1924012 12740  1.90+0.12 1694007 1.60+0  1.69+0.07
[e0]
5 (Molyeende| 1392004 g0 p=oers  p=0010 | pooo0s p=0575  p=0.004
AN
(V]
% 484+0.19 3900  482+0.19 5524018 47040  550+0.17
cholesterol [4.67 +0.06 0=0.282 0=0.373 0=0.347 5.57+£0.06 0-0.384 0=0.322 0=0.327
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Table 9. Correlations among APOADS variants in the study groups

Correlation

) . . APOADS variant
Population | coefficient | APOAS variant
(R) rs662799 15207560 rs3135506 152266788
0.562 0.021 0.552
r$662799 ] p<0.001 p=0.684 p<0.001
C1=0.612-0.832 C1=-0.092-0.140 C1=0.593-0.813
0.562 0.084 0.988
rs207560 p<0.001 ; p=0.110 p<0.001
Crude C1=0.612-0.832 C1=-0.163-0.017 C1=0.980-1.013
0.021 0.084 0.087
r$3135506 p=0.684 p=0.110 ; p=0.098
C1=-0.092-0.140 Cl=-0.163-0.017 Cl=-0.167-0.014
0.552 0.988 0.087
rs2266788 p<0.001 p<0.001 p=0.098 -
C1=0.593-0.813 C1=0.980-1.013 Cl=-0.167-0.014
Roma 0.636 0.119 0.625
r$662799 ; p<0.001 p=0.913 p<0.001
C1=0.665-0.883 Cl1=-0.119-0.133 C1=0.642-0.860
0.636 0.138 0.985
rs207560 p<0.001 - p=0.110 p<0.001
_ C1=0.665-0.883 Cl=-0.185-0.019 C1=0.977-1.016
Adjusted' 0.119 0.138 0.137
rs3135506 0=0.913 p=0.110 - p=0.099
C1=-0.119-0.133 C1=-0.185-0.019 C1=-0.190-0.016
0.625 0.985 0.137
152266788 p<0.001 p<0.001 p=0.099 i
C1=0.642-0.860 C1=0.977-1.016 C1=-0.190-0.016
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0.78 0.073 0.485
rs662799 - p<0.001 p=0.143 p<0.001
C1=0.826-0.967 Cl=-0.173-0.025 C1=0.328-0.469
0.78 0.019 0.626
rs207560 p<0.001 - p=0.702 p<0.001
Crude C1=0.826-0.967 Cl=-0.133-0.090 Cl1=0.769-0.984
0.073 0.019 0.084
rs3135506 p=0.143 p=0.702 - p=0.090
Cl=-0.173-0.025 Cl=-0.133-0.090 Cl=-0.224-0.016
0.485 0.626 0.084
rs2266788 p<0.001 p<0.001 p=0.090 -
Hungarian C1=0.328-0.469 C1=0.769-0.984 Cl=-0.224-0.016
0.803 0.076 0.512
rs662799 - p<0.001 p=0.160 p<0.001
C1=0.833-0.970 Cl=-0.177-0.029 Cl1=0.345-0.488
0.803 0.061 0.637
rs207560 p<0.001 - p=0.703 p<0.001
Adjusted" C1=0.833-0.970 Cl=-0.110-0.074 Cl1=0.769-0.986
0.076 0.061 0.09
rs3135506 p=0.160 p=0.703 - p=0.098
Cl=-0.177-0.029 Cl=-0.110-0.074 Cl=-0.233-0.020
0.512 0.637 0.09
rs2266788 p<0.001 p<0.001 p=0.098 -
C1=0.345-0.488 C1=0.769-0.986 Cl=-0.233-0.020

TAdjusted for differences in age and cholesterol levels.
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Table 10. Correlations between carrying APOADS risk alleles and triglyceride levels in Roma and Hungarian population samples

Correlation APOAS5 variant
Population o
coefficients rs662799 rs207560 rs3135506 rs2266788
R/Be 0.102 0.149 0.124 0.149
Crude R? 0.011 0.022 0.015 0.022
95% 0.000-0.092 0.027-0.144 0.011-0.113 0.027-0.143
p 0.051 0.004 0.018 0.004
Roma R 0.360 0.351 0.362 0.351
Adjusted R?2 0.129 0.123 0.131 0.123
R Beta 0.138 0.111 0.142 0.113
95% 0.014-0.115 0.002-0.126 0.018-0.129 0.003-0.126
p 0.012 0.043 0.009 0.040
R/Be 0.155 0.161 0.142 0.137
Crude R?2 0.024 0.026 0.020 0.019
95% 0.024-0.106 0.031-0.125 0.019-0.102 0.014-0.081
p 0.002 0.001 0.004 0.006
Hungarian R 0.200 0.214 0.182 0.199
Adjusted R? 0.040 0.046 0.033 0.039
; Beta 0.152 0.171 0.129 0.151
95% 0.022-0.106 0.033-0.128 0.012-0.098 0.018-0.086
p 0.003 0.001 0.012 0.003

TAdjusted for differences in age and cholesterol levels.
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Table 11. The structure of the individual APOAS haplotype variants with percentage of Romas and Hungarians

APOADS variant Population
Haplotypes Roma/Hungarian
rs662799 rs207560 rs3135506 rs2266788 %)
0
APOA5*1/
A C C A 77.8/85.6
htl
APOA5*2/
G T C G 5.47/3.2
ht8
APOA5*3/
A C G A 7.6/4.7
ht3
APOA5*4/
G C C A 6.37/2.0
ht2
APOA5*5/
A C C G 0.17/4.1
ht6
ht4 G C G A 1.8/-
ht5 G T C A -/0.1
ht7 A T C G 1.0%/0.2

p<0.05 vs Hungarian samples
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5.2 BGP15

5.2.1. Mitochondrial uptake of BGP-15

We found that the BGP-15 possesses a delocalized positive charge, therefore, it is suitable
for determining membrane potential-dependent uptake. We measured BGP-15 uptake in both
energized and uncoupled mitochondria. The void volume was determined using glucose-6-
phosphate, which substance is unable to permeate the mitochondrial inner membrane. When
incubated in the presence of 50 uM BGP-15 for 10 minutes, the energized mitochondria took
up more than 85% of the drug (Fig. 1A), suggesting that the majority of BGP-15 was taken up
in a membrane potential-dependent manner. Complete uncoupling by dinitrophenol
significantly decreased BGP-15 uptake (Fig. 1A). However, even the uncoupled mitochondria
were found to bind more BGP-15 than the amount corresponding to the void volume, indicating
that BGP-15 interacted with the mitochondrial proteins and/or lipids. Extrapolating this finding
to physiological conditions, it is likely that more than 90% of BGP-15 had accumulated in the
mitochondria, which raises the possibility that BGP-15 may protect cells via mitochondrial

mechanisms.

BGP-15 Glucose-6-phosphate
&2 it
= T
S 80 =
E 60 i
g z
< 40
£
® 20
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=
»w 0

Coupled Uncoupled Coupled Uncoupled

Figure 1A. Membrane potential enhanced the mitochondrial uptake of BGP-15 (50 uM) in
isolated rat liver mitochondria. Uncoupling was found to occur with 50 uM 2,4-dinitrophenol.
Data are presented as the mean + SEM of three independent experiments. ~ P < 0.001 compared

to coupled mitochondria, ##P < 0.001 compared to the glucose-6-phosphate signal.

5.2.2. Effect of BGP-15 on mitochondrial membrane potential (A¥)

As mild uncoupling of the mitochondria could be beneficial in insulin resistance [133],
we tested the effect of BGP-15, an insulin sensitizer [58,62,63] on Ay by using a Ay-sensitive
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dye (R123) in isolated rat liver mitochondria. Treatment by BGP-15 alone resulted in a
concentration-dependent decrease in Ay at millimolar concentrations (Fig. 1B). The effect on
Ay of submillimolar concentrations of BGP-15 was below the detection limit (Fig. 1B)
suggesting that at the 50 uM concentration we have used throughout the study the drug could

hardly cause any mitochondrial depolarization.

5 mM BGP-15
— 2.5 mM BGP-15
—1 mM BGP-15

Fluorescence in
arbitrary units
(%)
(2]
o

0 6'0 1I20 1‘30 24‘10 360 350 4I20

Time (sec.)
Figure 1B. Mitochondrial membrane potential was monitored by measuring the fluorescence
intensity of R123, a cationic fluorescent dye. Isolated rat liver mitochondria, represented by the
first arrow, took up the dye in a voltage-dependent manner, resulting in fluorescent quenching.
At the second arrow either 1 mM, 2.5 mM or 5 mM BGP-15 was added. A representative plot

of three independent concurrent experiments is presented.

Under cell culture conditions we analyzed the effect of BGP-15 on Ay using JC-1, a cell-
permeable voltage-sensitive fluorescent mitochondrial dye. JC-1 emits red fluorescence in
highly energized mitochondria (aggregated dye), while depolarized mitochondria emit green
fluorescence (monomer dye). WRL-68 cells were incubated in the presence of 50 uM H>O»,
either alone or together with 50 uM BGP-15, for 3 hours before loading with 100 ng/mL JC-1
dye for 15 minutes, after which fluorescent microscopy was performed. In the control and BGP-
15-treated cells, fluorescence microscopy showed strong red fluorescence and weak green
fluorescence, which indicates a high A¥ in mitochondria (Fig. 2A and B). The addition of H20>
to cells facilitates the depolarization of mitochondria, resulting in weaker red fluorescence and
stronger green fluorescence (Fig. 2A and B). When H20, was added to cells in addition to BGP-
15, the depolarization of mitochondria was found to be weaker, as shown by a smaller decrease
in red fluorescence and weaker increase in green fluorescence (Fig. 2A and B). This was also
demonstrated by the accurate (mitochondrial) labelling of red fluorescence in the cells treated
with both H.O, and BGP-15, and in cells treated with H2O2 only (Fig. 2A). The quantitative
assessment revealed that BGP-15 did not affect the AW at a concentration of 50 uM (Fig. 2B);
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however, it was found to reduce the H20.-induced depolarization of the mitochondrial
membrane (Fig. 2B), suggesting that even at this concentration it protected the AY against
oxidative stress. We have obtained identical results when we assessed AY by using TMRM,
another membrane potential sensitive fluorescent dye and a quantitative, plate reader-based
method (Fig. 2C).

Control BGP-15 H,0, H,0,+BGP-15

Green
50 pm 50 um 50 um 50 um

Red

50 um 50 um

Merged

50 um 50 ym

Figure 2A. Effect of BGP-15 on H.O2-induced mitochondrial membrane depolarization in
WRL-68 cells. Cells were exposed to 50 uM H20- in the absence or presence of 50 uM BGP-
15, then stained with 100 ng/mL of JC-1, a membrane potential-sensitive fluorescent dye. The
dye was loaded, and after a 15 minute incubation fluorescent microscopic images were taken
using both the red and green channels. The inserts show the homogenous red fluorescence in
H.O»-treated cells, and the dotted labelling represents the H.O, + BGP-15 treated cells, showing
that BGP-15 protected the mitochondrial integrity in the presence of H>Ox. Inserts are expanded
from the area indicated by dashed rectangles. Representative merged images of three

independent experiments are presented.
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Figure 2B Quantitative analysis of mitochondrial depolarization induced by H202 (50 uM) and
its reduction by BGP-15 (50 uM) in WRL-68 cells. Results are presented as the mean + SEM.
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P < 0.001 compared to control cells, *P < 0.05 compared to H,O-treated cells.
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Figure 2C. Effect of BGP-15 on H>O»-induced mitochondrial membrane depolarization in
WRL-68 cells. Cells were treated with 50 uM H2O: in the absence or presence of 50 uM BGP-
15 for 3 hours, then stained with 50 ng/mL of TMRM, a cationic, cell-permeant, red fluorescent
dye. After a 15 minutes incubation fluorescent signal was measured by the GloMax Multi
Detection System, then remeasured after the application of 1 uM FCCP AY was calculated as
the difference of fluoresescence signal before and after FCCP-treatment. Data are presented as

*hk

the mean + SEM of three independent experiments. P < 0.01, ”"P < 0.001 compared to control

cells; #P < 0.01 compared to H,O»-treated cells.

5.2.3. BGP-15 attenuates mitochondrial production of reactive oxygen species

Destabilization of the mitochondrial membrane systems has previously been reported to
contribute to mitochondrial ROS production [134], and BGP-15 was shown to protect the
mitochondrial membrane system under oxidative stress (Fig. 2A and B), we assumed that it
could also affect mitochondrial ROS production. To investigate this possibility, WRL-68 cells

were transfected with mERFP to label the mitochondria, and then incubated in the presence or
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absence of 50 uM H»O> for 30 minutes. Fresh medium containing DHR123 was added, and
after 15 minutes the amount of green R123 fluorescence, as a result of oxidation from non-
fluorescent DHR123, was measured by fluorescence microscopy. BGP-15 at a concentration of
50 uM did not affect the weak green fluorescence of mitochondrial localization (Fig. 3A).
However, its addition did reduce the substantial increase in green fluorescence induced by the
H20- treatment (Fig. 3A and B). Furthermore, oxidative stress-induced green fluorescence was
diffuse in the absence of BGP-15, whereas it was predominantly localized to the mitochondria
in the presence of BGP-15 (Fig. 3A inserts). Although the R123 fluorescence could result from
cytosolicly produced R123 taken up to the mitochondria and DHR123 oxidized by
mitochondrial ROS, we think that R123 fluorescence reflected mitochondrial ROS production,

as it was predominantly localized to the mitochondria when Ay was not compromised.

Control BGP-15 H,O, + BGP-15

202
m 20 ym ym 20 pm um 20 pm pm
Green
20 pm 20 ym 20 pm
Red
20 pm { -
Merged e~ s

Figure 3A Effect of hydrogen peroxide and BGP-15 pretreatment (for 30 minutes) on

mitochondrial ROS production, as determined by the oxidation of the mitochondrial enriched
dye from DHR123 to R123 in WRL-68 cells that had been labelled with mitochondrial directed
red fluorescent protein. High magnification fluorescent microscopic images show the different
localization of the produced R123. Inserts are expanded from the area indicated by dashed

rectangles.
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Figure 3B. Quantification of R123 production. Data are presented as the mean + SEM of three
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independent experiments. P < 0.01 and ™P < 0.001 compared to control cells; #P < 0.01

compared to H20»-treated cells.

As it was found previously (N-Gene Inc., personal communication), BGP-15 serum
concentration does not exceed 25 nmoles/mL. Therefore, we analyzed the effect of BGP-15 on
ROS-induced ROS production at concentrations ranging between 1-50 uM under cell culture
conditions using a quantitative, plate-reader based method instead of microscopy. BGP-15 had
a concentration-dependent inhibitory effect on the ROS-induced ROS production in WRL-68
cells, which was significant even at the 1 uM concentration (Fig. 4A). In order to show that
these observations apply to other cell lines too, we analyzed the effect of BGP-15 on H»O»-
induced ROS production in H9c2 cardiomyocytes using the same system. Fig. 4B shows that
BGP-15 decreased the ROS-induced ROS production in H9c2 cardiomyocytes in a

concentration-dependent manner (1-50 uM range).
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Figure 4A Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in WRL-68 cells.
Data are presented as the mean = SEM of three independent experiments. “P < 0.05, P < 0.01

and ™P < 0.001 compared to control cells; *P < 0.05 and *P < 0.01 compared to H,O-treated

cells.
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Figure 4B Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in H9c2
cardiomyocytes. Results are presented as the mean £ SEM of three independent experiments.

“P < 0.05 compared to control cells, *P < 0.05 compared to H2O,-treated cells.

In order to study whether the observed antioxidant effect of BGP-15 have resulted from
scavenging property of the drug, we determined its effect on 500 uM H>0>- (Fig. 4C) and H.0>
and Fe?*-EDTA (Fenton reaction, Fig. 4D)-induced DHR123 oxidation in cell-free systems.
Since BGP-15 did not affect DHR123 oxidation in any of these systems (Fig. 4C and D) its
antioxidant effect could not have resulted from scavenging property of the drug. DHR123 can
be oxidized predominantly by peroxynitrite and hydroxyl radicals that are formed in the Fenton
reaction; however, it cannot detect superoxide. Therefore, we aimed to investigate whether
BGP-15 could reduce the production of mitochondrial superoxide. To this end, we determined
H202-induced ROS production in WRL-68 (Fig. 4E) and H9c2 (Fig. 4F) cells using the
mitochondria-targeted redox fluorescent dye MitoSOX [135] instead of DHR123. Essentially,
the results were comparable to those we obtained with DHR123 (Fig. 4A and B vs. 4E and F).
Furthermore, we repeated these experiments in the presence of the mitochondria-targeted
antioxidant MitoTEMPO [136]. MitoTEMPO abolished H20.-induced ROS production in all
groups (Fig. 4E and F) indicating mitochondrial localization of the BGP-sensitive ROS
production. These data provide evidence that BGP-15 reduced mitochondrial superoxide
production in both WRL-68 cells (Fig. 4E) and H9c2 cardiomyocytes (Fig. 4F).
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Figure 4C BGP-15 in chemical reactions does not inhibit DHR123 oxidation induced by H20:
(500 uM). Data are presented as the mean = SEM of three independent experiments. P <

0.001 compared to control group.
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Figure 4D BGP-15 in chemical reactions does not inhibit DHR123 oxidation induced by H20:
(50 uM) and Fe(II)-EDTA (66 uM) (Fenton reaction system). Results are presented as the mean
+ SEM of three independent experiments. =~ P < 0.001 compared to the control group.
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Figure 4E Effect of BGP-15 on oxidative stress-induced superoxide production in WRL-68
cells in the absence or presence of 20 uM MitoTEMPO as determined by MitoSOX (0.3 uM).
Data are presented as the mean = SEM of three independent experiments. “P < 0.05, P < 0.01

compared to control cells, P < 0.05 compared to H.O-treated cells.
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Figure 4F Effect of BGP-15 on the oxidative stress-induced superoxide production in H9c2
cardiomyocytes in the absence or presence of 20 uM MitoTEMPO as determined by MitoSOX
(0.3 uM). Results are presented as the mean = SEM of three independent experiments. P < 0.05

compared to control cells, P < 0.05 compared to H.O,-treated cells.

5.2.4. Effect of BGP-15 on mitochondrial reactive oxygen species production in

isolated mitochondria

In order to provide unequivocal evidence for the mitochondrial mechanism underlying
the inhibitory effect of BGP-15 on ROS-induced ROS production, we used Percoll gradient-
purified mitochondria. We determined the effect of BGP-15 on the oxidation of DHR123 in the
presence of glutamate and malate as substrates, with antimycin A for complex IlI inhibition,
and showed the production of ROS in complex | and the complex Il cytochrome b region of
the respiratory chain. We found that the addition of BGP-15 at concentrations of 10 to 50 uM
had a ~50% inhibitory effect on mitochondrial ROS production (Fig. 4G). These results suggest
that the target of BGP-15 was between complex I and the complex 111 cytochrome b region of

the respiratory chain [137].
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Figure 4G Effect of BGP-15 on mitochondrial DHR123 oxidation using glutamate-malate as
substrate and with complex III inhibited by antimycin A. Data are presented as the mean + SEM

of three independent experiments. P < 0.01 compared to the control group.

BGP-15 was also shown to reduce mitochondrial ROS production in the presence of
succinate as a substrate and CN- as the cytochrome oxidase inhibitor (Fig. 4H), however, to a
much smaller extent. This suggests that BGP-15 affected ROS production mainly via complex
I and the cytochrome b part of complex Ill. These data show that BGP-15 has a specific
inhibitory effect on mitochondrial ROS production at the complex | and complex Il

cytochrome b region of the respiratory chain, which is not an antioxidant effect.
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Figure 4H Effect of BGP-15 on mitochondrial DHR123 oxidation using succinate as substrate
and with complex IV inhibited by CN". Results are presented as the mean + SEM of three

independent experiments. “P < 0.05 compared to the control group.

5.2.5. Effect of BGP-15 on reactive oxygen species-induced cell death

As BGP-15 was shown to protect against H2O2-induced mitochondrial damage in addition
to reducing mitochondrial ROS production, we analyzed its effects on HO2-induced cell death.
We treated WRL-68 cells with 50 uM H20: in the presence of 0—50 uM BGP-15 for 24 hours,
then determined cell survival using the SRB method. We found that, consistent with its
aforementioned protective effects (Figs 2-4), BGP-15 increased cell survival in a
concentration-dependent manner (Fig. 5A). To further investigate the underlying mechanism
behind the cytoprotective effect of BGP-15, we determined the proportion of apoptosis and
necrosis using annexin V-conjugated fluorescein-isothiocyanate and PI staining, which was
performed after exposing the cells to 50 uM H20O: in the presence or absence of 50 uM BGP-
15 for 24 hours, which was then measured by the GloMax Multi Detection System. We found
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that under these conditions, H2O»-induced cell death was predominantly necrotic and only
approximately 10% of the cells died by apoptosis (Fig. 5B). BGP-15 significantly reduced both

apoptotic and necrotic cell death, which was likely to be a result of mitochondrial protection.
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Figure 5A BGP-15 protects against H2O2-induced cell death (sulforhodamine B assay). Data
are presented as the mean + SEM of eight independent experiments. = P < 0.001 compared to
control cells; #P < 0.05 and **P < 0.01 compared to H2O-treated cells.

[] Necrosis
e |:| Apoptosis
—— P

#i

Fkde

#

*

Cell death in % of
total cell number

o0 OO0 o oo

s o = ) o e S
Control BGP-15 H,0, H,0,
50 uM 50 uM + BGP-15

Figure 5B Determination of the effect of BGP-15 on H2O2-induced apoptosis (fluorescein-
labelled annexin V) and necrosis (propidium iodide) pathways. Data are presented as the mean

+ SEM of three independent experiments. P < 0.05 and
*P < 0.05 and #P < 0.01 compared to H,Oo-treated cells.

P < 0.001 compared to control cells;

5.2.6. BGP-15 protects against LPS-induced mitochondrial depolarization

It has been shown that the U-251 MG human malignant glioblastoma cell line contains
components of the LPS signaling pathway [138], and LPS-induced signaling has been shown
to be important in neurodegenerative, liver and several other diseases [139,140]. Additionally,
mitochondria have been reported to play an important role in LPS signaling [139-143].
Therefore, we analyzed the effect of BGP-15 on LPS-induced mitochondrial depolarization in

the U-251 MG cell line. This system is much more complex than the ROS-induced

56



depolarization because LPS induces toll-like receptor 4 (TLR4)-dependent signaling and
NADPH oxidase (NOX)-dependent ROS production, thereby increasing intracellular Ca?
levels [144,145]. Mitochondrial depolarization was found to be induced by the addition of 1
ug/mL LPS for 1 hour, as determined by JC-1 staining and fluorescent microscopy (Fig. 6A
and B). We found that the addition of BGP-15 alone did not affect Ay, but significantly
attenuated LPS-induced mitochondrial depolarization in the U-251 MG human malignant
glioblastoma cells (Fig. 6A and B). We have obtained identical results when we assessed AW
by using TMRM, another membrane potential sensitive fluorescent dye and a quantitative, plate
reader-based method (Fig. 6C). These data suggest that BGP-15 may play a role in

inflammatory processes by a novel mitochondrial mechanism.

Control

LPS + BGP-15

Figure 6A Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-
251 MG cells. Cells were exposed to 1 pg/mL LPS in the absence or presence of 50 uM BGP-
15, then stained with 100 ng/mL of JC-1. Fluorescent microscopic images were taken using
both the red and green channels. Representative merged images of three independent

experiments are presented.
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Figure 6B Quantitative analysis of LPS-induced (1 pg/mL) mitochondrial depolarization and
its reduction by BGP-15 (50 uM) in U-251 MG cells. Results are presented as the mean + SEM.

P <0.01 and *P < 0.001 compared to control cells; *P < 0.05 compared to LPS-treated cells.
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Figure 6C Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-
251 MG cells. Cells were treated with 1 pg/mL LPS in the absence or presence of 50 pM BGP-
15 for 1 hour, then stained with 50 nM of TMRM. After a 15 minutes incubation fluorescent
signal was measured by the GloMax Multi Detection System, then remeasured after the
application of 1 uM FCCP. AY was calculated as the difference of fluoresescence signal before
and after FCCP-treatment. Data are presented as the mean + SEM of three independent
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experiments. “P < 0.05, “P < 0.001 compared to control cells; #P < 0.01 compared to LPS-

treated cells.

5.2.7. BGP-15 protects against LPS-induced production of reactive oxygen species

Due to the association between mitochondrial depolarization and ROS production [134],

we measured LPS-induced ROS production in the U-251 MG cells. We exposed the cells to 1
ug/mL LPS in the presence or absence of 50 uM BGP-15 for 1 hour, and then measured the
fluorescence of R123 which had been oxidized from non-fluorescent DHR123 by the ROS (Fig.
6D and E). Very low fluorescence intensities were detected in the untreated and BGP-15-treated
cells, however, the addition of LPS was found to greatly induce ROS production (Fig. 6D and
58



E). BGP-15 reduced the LPS-induced ROS production almost to control levels (Fig. 6D and E).
Similarly to the H20.-induced ROS production, we wanted to determine the intracellular
localization of the LPS-induced ROS. To this end, we repeated the previous experiment using
MitoSOX instead of DHR123 and a plate-reader instead of microscopy. Essentially, the results
were comparable to those we obtained with DHR123 (Fig. 6D and E vs. 6F). Furthermore, we
repeated the experiment in the presence of MitoTEMPO. MitoTEMPO abolished LPS-induced
ROS production (Fig. 6F) indicating mitochondrial localization of the BGP-sensitive ROS
production. These data provide evidence that BGP-15 reduced LPS-induced mitochondrial

superoxide production in.

LPS + BGP-15

Figure 6D Effect of BGP-15 on the LPS-induced ROS production in U-251 MG cells
(containing the TLRA4 receptor), as determined by the oxidation of DHR123 (1 uM) to R123,
measured with fluorescent microscopy. Cell nuclei were labelled using Hoechst 33342.

Representative merged images of three independent experiments are presented.
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Figure 6E. Quantitative analysis of LPS-induced (1 ug/mL) ROS production and the protective
effect of BGP-15 (50 puM). Data are presented as the mean + SEM of three independent
experiments. ““P < 0.001 compared to control cells; *#P < 0.001 compared to LPS-treated

cells.
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Figure 6F. Effect of BGP-15 on oxidative stress-induced superoxide production in U-251 MG
cells in the absence or presence of 20 uM MitoTEMPO as determined by MitoSOX (0.3 uM).
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Data are presented as the mean = SEM of three independent experiments. "P < 0.05,

0.001 compared to control cells, P < 0.01 compared to LPS-treated cells.
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6. Discussion

6.1. GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2, TRIB1 and APOA5

The possible roles of serum TGs and total cholesterol in relation to development of
numerous diseases, including cardio-and cerebrovascular diseases, metabolic syndrome and
diabetes mellitus are extensively investigated worldwide [4,8,10,11,34,85,146-154]. In the past
decade a spectrum of studies described genetic polymorphisms which affect triglyceride levels,
like GCKR and more intensively investigated, the APOAGS variants [4,11,34,85,150-154].

The glucokinase enzyme is under the control of GCKR, which enzyme has a dominant
glucose phosphorylase role of the liver and of the pancreatic B-cells in the glucose homeostasis
of the blood [71,73,84]. In genome-wide association studies the possible effect of functional
variants in GCKR gene in association with hypertriglyceridemia was also investigated [15,155].

The intronic rs780094 and the exonic rs1260326 variants are the most widely investigated
variants, the last one causes a Leu/Pro change at 446 amino acid position. This indirectly affects
triglyceride levels, has a role in impaired fasting glycemia, and is a possible risk for type Il
diabetes mellitus [156]. Santoro et al. studied 455 obese children and adolescents for rs1260326
of GCKR gene, 181 of them were Caucasians, 139 African Americans, and 135 Hispanics. An
association with hepatic fat accumulation along with large VLDL and triglyceride levels was
observed. Two genes, the GCKR and PNPLAS3 act together and have a susceptible effect also
for manifestation of fatty liver in obese young people [157].

Several studies found that ANGPTL3 affect lipid metabolism, the protein indirectly
inhibits the activity of lipoprotein and other endothelial lipases. The loss-of-function mutations
of ANGPTL3 gene causing total ANGPTLS3 absence, which shows a high association rate with
recessive hypolipidemia. This type of hypolipidemia is characteristic for decrease of
apolipoprotein B and apolipoprotein A-I-enclosing lipoproteins, which leads to altering levels
of HDL. Pisciotta et al. investigated ANGPTL3 gene in 4 persons with low levels of LDL
cholesterol and HDL cholesterol, and they found homozygous, compound heterozygous for
ANGPTL3 loss-of-function mutations (p.119LfsX22/p.N147X, p.G400VfsX52) associated
with the deficiency of ANGPTL3 in plasma. Decreased plasma levels of TG-containing
lipoproteins and of HDL particles were observed, moreover, the heterozygous carriers showed
normal level of plasma HDL-cholesterol, with low level of ANGPTL3 and attenuated level of
LDL-cholesterol in the plasma [158].
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A MLXIPL; or by alternative name, carbohydrate response element binding protein,
ChREBP) gene is located in the WBSCR14 deletion region at chromosome 7q11.23. Recently,
GWAS studies between the plasma TG-level alterations and MLXIPL locus correlations were
found. Moreover, the influence of TG level increase of the major alleles of the rs17145738 and
rs3812316 variants in MLXIPL locus were observed [15,16].

In recent GWAS studies, the minor G-allele of the rs4846914 intronic variant of the
GALNT2 gene was found to associate with increased TG concentrations of the plasma. In a
case-control study, which was performed on Han Chinese population analyzing 4192
individuals for T2DM, the association between elevated TG levels and genotypes for MLXIPL
rs17145738 variant and for GCKR rs780094 was confirmed, but not for GALNT2 rs4846914
polymorphism [159].

Recently, an association has been found between dyslipidemia and the rs16996148 (near
CILP2), rs17321515 (near TRIB1), rs12130333 (near ANGPTL3) variants [16]. In addition,
these loci were correlated with the manifestation of cardiovascular diseases [15].

The CILP2 gene the proteins’ relation to lipid metabolism is not well understood.
However, in a GWAS study, a TG level reducing role of the rs16996148 variant was confirmed
analyzing Caucasian individuals [27].

In arecent study Vrablik et al. investigated 895 Czech patients with primary dyslipidemia
comparing with 672 healthy controls. No significant effect of the polymorphisms CILP2 on
lipid levels after receiving statin treatment was detected [160].

The human TRIB1 facilitates the proteosome-dependent protein degradation. In an Asian
Malay population, the variant adjacent to the TRIB1 locus (rs17321515) showed a significant
correlation with increased total cholesterol and LDL-cholesterol, and also a higher risk for
coronary heart disease and CVD was documented [161].

Our present findings support the earlier results, the allele frequencies showed significant
differences in both MLXIPL variants, GALNT2 rs4846914 and ANGPTL3 rs1213033
polymorphisms comparing Roma individuals to the Hungarians. Analyzing Roma and
Hungarian population samples we could not confirm any significant associations between
triglycerides levels and minor allele carriers compared with the non-carriers. These findings
exclude the existence of major associations, like in the case of APOAS5. Meanwhile, further
well-powered studies examining larger populations can still reveal fine but less pronounced

associations of these parameters.
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We examined the effect of major APOA5 polymorphisms (rs662799; rs2266788;
rs3135506; rs207560) on lipids, especially in TG levels. The result of this study showed that
heterozygous carriers of rs2266788; rs3135506; rs207560 variants had higher TG levels than
non-carriers. Homozygous carriers of rs662799 variant have higher TG levels than non-carriers
in Roma subjects. To the best of our knowledge, such association has not been described yet.
However, most of the studies do not present the homozygous and heterozygous samples
separately because of the low risk allele frequencies of the APOAGS variants. After combining
the homozygous and heterozygous samples we found significantly elevated plasma TG levels
in carriers of risk alleles of the APOAS variants when compared to the non-carriers in both
Hungarian and Roma populations. All four APOAS variants showed correlation to TG levels
with or without adjustment factors like age and cholesterol levels. These findings correspond
to the results of previous studies.[4,5,13,26,117]

In Central-Eastern Europe, Romas are likely more susceptible to metabolic syndrome
and stroke. They have higher morbidity rates, and lower life expectancy than other European
populations [40,162]. One of the most common causes of death among Romas CVD
[41,163,164] with a 2.5-fold higher premature CVD mortality compared to the overall
population[165] and they are at increased risk for various CVD risks factors.[111,166-168] This
IS not restricted to the Eastern European countries.[166,167]

Several risk factors which increase the development of CVD include smoking, family
history with CVD, hypertension, lipid and lipoprotein abnormalities (elevated total cholesterol
and LDL-cholesterol, HDL-cholesterol, hypertriglyceridemia and increased lipoprotein(a)
(Lp(a)), diabetes (insulin resistance, hyperinsulinemia and elevated blood glucose level),
obesity and metabolic syndromes. Several studies in Central-Eastern Europe show, [42] that
the two most commonly found risk factors contributing to the development of CVD in Roma
populations are obesity and smoking, followed by diabetes, metabolic syndrome, hypertension,
and increase of TGs. The high rate of obesity is probably due to increased physical activity and
unhealthy dietary habits. They also usually start smoking in their early teens due to cultural,
and ethnical pressure. Most Romas are exposed to these risk factors in their direct family
environment.[42]

Earlier studies of susceptibility genetic variants revealed that Roma are a genetically
unique population [169-172] and their genetic constitution can differ from other populations
[173,174]. In our study, the minor allele frequencies of the studied APOAS5 variants were
collected in 1000Genomes and HapMap databases, to compare those found in the Roma

population with those in Europeans and Asians. For rs662799 significantly different risk allele
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frequencies were detected between Roma and other studied populations. The allele frequencies
in Roma subjects were in between those of Europeans and Asians. We found Roma risk allele
frequencies differed significantly from those of the Asian populations for rs662799, rs207560,
rs2266788 variants. We found, that the risk allele frequencies were significantly higher in Roma
than in Hungarian population for rs662799; rs3135506 and rs207560 variants. It is important
to emphasize, that the frequencies found in Hungarians correspond with those detected in
European populations [115,175,176]. The reasons for these differences are not clear. At the
same time, the already confirmed definitive association of susceptibility variants and the
development of diseases mean that increased minor allele frequencies obligatory lead to
increased vascular events [125]. The data of the present study support that elevated rates of
susceptibility alleles are in relationship- at least in part- with increased prevalence of CVDs in
Roma minority.

The most common APOADS variants, like rs662799, rs207560, rs2266788 and rs3135506
are in strong linkage disequilibrium and create two major haplotype variants (APOA5*2 and
*3). These two haplotypes together with wild type haplotype (APOA5*1-3) constitute
approximately 98% of the average population [115]. Five common haplotypes were identified
so far (APOA5*1-5) [177-179]. Additional possible haplotypes are also known (ht4, 5, 7)
composing only a small portion of the population. We searched for linkage disequilibrium
among the APOAS5 polymorphisms in both populations and attempted to investigate the
haplotypes in Roma and Hungarian samples. Different linkage was found between the rs207560
and rs3135506 in Roma and Hungarian populations. In Roma the linkage between the variants
was strong, while in Hungarians moderate, possibly because of the distinct origin of the two
populations. We believe that this association has not yet been described.

The haplotype analyses for APOAGS revealed eight theoretical haplotypes, but only seven
occurred in both populations. Five of these (APOA5*1, APOA5*2, APOA5*3, APOA5*4 and
APOAS5*5) are the most extensively studied haplotypes of the gene. Ht7 haplotype has not yet
been investigated in susceptibility studies, so far. Comparison of the prevalence’s in Roma and
Hungarian populations revealed APOA5*2, APOA5*4 and ht7 haplotypes were significantly
prevalent in Roma population, whereas APOA5*5 haplotype was more frequent in Hungarians.

Previous studies described APOA5*2 haplotype to be associated with elevated TG levels
and might be a susceptibility for metabolic syndrome and ischemic stroke in the Hungarian
population [4,126]. Our results suggest that Roma people have higher risk for
hypertriglyceridemia and for vascular events because of increased prevalence of the APOA5

susceptibility alleles. Previously, Kisfali et al. did not confirm connection between the presence
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of APOA5*4 and the risk for metabolic syndrome in Hungarians. Furthermore, APOA5*5
haplotype was found to have a protective effect against metabolic syndrome, and associated
with decreased TG levels [126]. Our findings on APOA5*5 also provide indirect support for
APOAS variant’s having a role in the Roma susceptibility to CVD.
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6.2. BGP-15

As previously mentioned BGP-15 has been shown to have a protective effect in several
disease models, including ischemic heart disease [180], Duchenne muscular dystrophy [52],
neuropathy [55], cisplatin-induced kidney disease [181], glivec-induced cardiac disease [53]
and paracetamol-induced liver disease [54], in addition to insulin resistance, as it has been
studied on both animals and humans [58,62,63]. Here, oxidative stress and inflammatory
processes play a key role in disease progression, and in several cases, mitochondrial damage is
essential. This is why we studied the effect of BGP-15 on ROS- or inflammatory response-
induced mitochondrial damage in cell culture models, with focus on the effects of BGP-15 on
mitochondrial membrane stability and ROS production, which are critical for mitochondrial-
induced signaling, energy metabolism and mitochondrial cell death pathways. Recently, it has
been shown that mild mitochondrial uncoupling can be protective in several disease models,
including insulin resistance [133], hypertriglyceridemia and fatty liver disease [182], and can
have a regulatory role in endocrine cross-talk via the induction of fibroblast growth factor 21
and the growth hormone/insulin-like growth factor I axis [183]. However, we saw that BGP-15
exerted only mild uncoupling effect in millimolar concentrations. Since we previously used
BGP-15 at a 50 uM concentration, it is unlikely that its uncoupling effect played a significant
role in its mitochondria- and cytoprotective effects. But as we saw using two membrane
potential sensitive dyes BGP-15 reduced the oxidative stress-induced mitochondrial
depolarization by ROS-induced mitochondrial depolarization could result in decreased ATP
synthesis, increased superoxide production by the electron-transport chain, release of
proapoptotic proteins from the intermembrane space, decreased mitochondrial fusion and
increased fission [128,184-186]. All of these processes disturb cellular energy metabolism and
a lead toward proapoptotic signaling eventually resulting in cell death [128,184-186]. Thus, the
membrane potential stabilizing effect of BGP-15 likely contributed to its protective effect in
the aforementioned diseases.

BGP-15 was also found to be critical in the reduction of ROS- and LPS-induced ROS
production (Figs 3A and 6D), which can play a significant role in the progression of several
diseases. Unfortunately, it is difficult to localize the site of ROS production by using
conventional mitochondria-targeted redox dyes since oxidation of the dye by
extramitochondrial or mitochondrial ROS results in identical fluorescence localized to the

mitochondria. For this reason we used MitoSOX [135] at a concentration of 0.3 uM excited at
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365 nm. Under these conditions, the resulting 440 nm fluorescence is believed to result from
oxidation of the dye by mitochondrially produced superoxide [135]. Furthermore, we quenched
mitochondrial ROS by the mitochondria-targeted antioxidant MitoTEMPO [136]. All the
results supported that BGP-15 reduced mitochondrial ROS production. This effect could not
result from antioxidant property of the molecule as it was revealed by our experiments on
various cell-free ROS-generating systems (Fig. 4C and D). We believe that we localized the
most important target of BGP-15, complex I-I11, which is critical for ROS production by the
respiratory chain. It can generate substantial amounts of ROS under different conditions
including hypoxia, mitochondrial hyperpolarization, inhibition of respiratory complexes [187].
The significant ROS-reducing effect of BGP-15 may be important in regulating ROS-dependent
processes including cell death, MAPK and poly(ADP-ribose) polymerase (PARP) pathways, in
addition to transcription factor activation (NF-xB, AP-1, NRF2, etc.) [188]. The high
enrichment of BGP-15 in the mitochondria, combined with the significant reduction in
mitochondrial ROS production at complex | by BGP-15, suggests that the protective effect of
BGP-15 observed in different disease models is likely to be mediated by the previously
mentioned mitochondrial mechanisms. Our results also suggest that the effect of BGP-15 on
signaling pathways, such as BGP-15-induced reduction in JINK and p38 MAPK activation [189]
or BGP-15-induced Akt activation [190], could also potentially be related to reduced ROS
production. LPS induces a complex stress pattern in sensitive cells, including ROS production
by NADPH oxidases, an increase in cytoplasmic free calcium level and activation of
mitochondria damaging signaling pathways [191,192]. In a separate study on cyclophilin D
(CypD) knockout mice, we reported that LPS-induced mitochondrial ROS production was
substantially reduced in CypD deficient cells and tissues, accompanied by reduced MAPK
activation [141,142]. This stabilized the mitochondrial membrane systems by preventing high
calcium-induced mitochondrial permeability transition, resulting in attenuated ROS production
and benign intracellular signaling. For this reason we assumed that, similar to the oxidative
stress situation, BGP-15 would protect against LPS-induced mitochondrial damage and we
found that BGP-15 prevented LPS-induced mitochondrial depolarization and ROS production,
demonstrating that BGP-15 can protect mitochondria against complex inflammatory damage as
well as against ROS-induced damage. These results suggest the potential of BGP-15 as an
experimental drug, not only in ROS-related diseases, but also in inflammatory diseases.

In conclusion, the critical mechanism underlying the protective effect of BGP-15 on the
mitochondria appear to be due to reduced ROS production, predominantly at the first and third
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respiratory complexes (Fig. 7). By this mechanism, it may regulate several pathways that play
critical roles in the progression of ROS-related and inflammatory diseases.
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Figure 7. Possible mitochondrial molecular mechanism of BGP-15 cytoprotective action.
BGP-15 reduces mitochondrial ROS production at complex I and at complex 111, and reduces
ROS induced mitochondrial damage, as well as cell death.
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7. Summary

1. Significant differences were observed in both variants of MLXIPL, GALNT2 rs4846914 and
ANGPTL3 rs1213033 polymorphisms comparing Roma individuals to Hungarians. However,
there were no associations between levels of triglycerides and minor allele carriers in Roma and

Hungarian population samples.

2. GCKR, CILP2, GALNT2 and TRIBL1 loci were not associated with increased triglyceride
levels in any population investigated.

3. In APOAGS rs662799, rs2266788, rs207560 and rs3135506 we found elevated plasma
triglyceride levels in the risk allele carriers compared to non-carriers in both populations. At
least a two-fold significant increase was detected in minor allele frequencies in Roma when

compared to Hungarians, except the rs2266788 variant.

4. Haplotype analysis revealed significant increase of APOAS*2, APOA5*4 in Roma, as
opposed to the higher levels of APOAS5*5 found in Hungarians.

5. Different linkage disequilibrium was found between rs207560 and rs3135506 variants in

Roma compared to Hungarians.

6. BGP-15 accumulates in mitochondria and attenuates ROS-induced mitochondrial ROS

production.

7. BGP-15 has a protective effect against ROS-induced mitochondrial depolarization and

preserves mitochondrial integrity.

8. BGP-15 attenuates bacterial lipopolysaccharide (LPS)-induced collapse of mitochondrial
membrane potential and ROS production in LPS-sensitive cells.

9. BGP-15 did not have any antioxidant effects and reduces ROS production mainly at Complex
I, and so a novel mitochondrial drug candidate for the prevention of ROS-related and

inflammatory disease progression.
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Abstract

Reactive oxygen species (ROS) play a critical role in the progression of mitochondria-
related diseases. A novel insulin sensitizer drug candidate, BGP-15, has been shown to
have protective effects in several oxidative stress-related diseases in animal and human
studies. In this study, we investigated whether the protective effects of BGP-15 are predomi-
nantly via preserving mitochondrial integrity and reducing mitochondrial ROS production.
BGP-15 was found to accumulate in the mitochondria, protect against ROS-induced mito-
chondrial depolarization and attenuate ROS-induced mitochondrial ROS production in a cell
culture model, and also reduced ROS production predominantly at the complex I-1ll system
in isolated mitochondria. At physiologically relevant concentrations, BGP-15 protected
against hydrogen peroxide-induced cell death by reducing both apoptosis and necrosis.
Additionally, it attenuated bacterial lipopolysaccharide (LPS)-induced collapse of mitochon-
drial membrane potential and ROS production in LPS-sensitive U-251 glioma cells, suggest-
ing that BGP-15 may have a protective role in inflammatory diseases. However, BGP-15 did
not have any antioxidant effects as shown by in vitro chemical and cell culture systems.
These data suggest that BGP-15 could be a novel mitochondrial drug candidate for the pre-
vention of ROS-related and inflammatory disease progression.

Introduction

Mitochondria play a critical role in the progression of oxidative stress-related diseases, as
excess mitochondrial metabolites cause mitochondrial hyperpolarization and production of
reactive oxygen species (ROS) [1]. Extramitochondrial ROS can amplify mitochondrial ROS
production leading to mitochondrial damage and cell death [2-4]. In addition, mutations in
the mitochondrial genome can lead to excess ROS production, which promotes the develop-
ment of several diseases, in addition to accelerated aging [5-8]. Mitochondrial membrane
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potential (AY) lowering agents such as uncouplers and ROS reducing agents (e.g. superoxide
dismutase, N-acetylcysteine and lipoic acid) prevent the development of several diseases
including hypertriglyceridemia, fatty liver disease, insulin resistance and sepsis [9-13]. How-
ever, antioxidant therapy has previously failed in human clinical studies despite the supporting
cell culture and animal experiments [14,15]. This failure could be explained by the require-
ment for antioxidants to be present at millimolar concentrations in order to significantly
decrease oxidative damage [16]. Furthermore, oxidative stress activates mitogen-activated pro-
tein kinase (MAPK) and tyrosine kinase signaling pathways [17,18], nuclear factor-xB (NF-
kB), activator protein-1 (AP-1) and hypoxia-inducible factor-1 (HIF-1a:) transcription factors,
cell cycle proteins [19] and ion channels [20,21]. Therefore, it may be more favorable to pre-
vent those processes, which lead to disease-promoting alterations in the signaling pathways,
rather than attempting to reduce ROS levels using antioxidants.

BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic amidoxime) has a wide range of
cytoprotective effects [22-25], but up to now there is no information about its affecting a
known receptor or specific binding protein. In disease model systems, it has been shown to
protect cells against cell death [24,26] and increased heat shock protein (HSP) expression
[22,27-29], in addition to inhibiting the nuclear translocation of apoptosis-inducing factor
(AIF) from the mitochondria [24] and inhibits c-Jun N-terminal kinase (JNK) [23,29,30] and
P38 MAPK [23] activation. It has also been shown that BGP-15 is an insulin sensitizer in an
olanzapine-induced metabolic disorder in human phase II studies, and also in insulin-resistant
patients [27,31,32]. This insulin sensitizing effect was suggested to be related to its HSP co-
inducer effect [27,31,32], however, no molecular mechanism has been presented yet for the
regulation of HSP expression by BGP-15.

Because of the importance of mitochondria in regulating cell death in ROS-related diseases
[1,33], in this study, we investigated whether the protective effects of BGP-15 rely on the pres-
ervation of mitochondrial integrity and reduction of mitochondrial ROS production.

Materials and Methods
Materials

All chemicals for cell culture studies were purchased from PAA Laboratories (Célbe, Ger-
many) and Gibco/Invitrogen (Carlsbad, CA, USA). The fluorescent dyes JC-1, fluorescein-
conjugated annexin V (annexin V-FITC), propidium iodide (PI), Hoechst 33342, rhodamine
123 (R123), dihydrorhodamine 123 (DHR123) and MitoSOX were obtained from Molecular
Probes (Carlsbad, CA, USA). BGP-15 was a gift from N-Gene (New York, NY, USA). All
remaining chemicals were purchased from Sigma Aldrich Co. (Budapest, Hungary). All
reagents were of the highest purity commercially available.

Cell cultures

WRL-68 (HeLa derivative), H9c2 (rat heart myoblast) and U-251 MG (human malignant glio-
blastoma; formerly known as U-373) cells were purchased from the European Collection of
Cell Cultures. The cell lines were grown in a humidified 5% CO, atmosphere at 37°C. WRL-68
cells were cultured in Eagle’s minimum essential medium, and H9¢2 and U-251 MG cells in
Dulbecco’s modified Eagle’s medium. All media contained an antibiotic solution (1% penicil-
lin and streptomycin mixture) and 10% bovine serum. Cells were passaged every 3 days. Cells
were seeded at a starting density of 2 x 10* cells/well in a 96-well plate for the viability and
ROS production assays, or at a density of 1 x 10° cells/well in a 6-well plate for fluorescent
microscopy.
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Animals

Wistar rats were purchased from Charles River Hungary Breeding Ltd. (Budapest, Hungary).
The animals were kept under standard conditions and tap water and rat chow were provided
ad libitum. The investigation conformed to the Guide for the Care and Use of Laboratory Ani-
mals, published by the US National Institutes of Health (NIH Publication no. 85-23, revised in
1996), and was approved by the Animal Research Review Committee of the University of Pécs,
Hungary.

Isolation of rat liver mitochondria

Rats were sacrificed by decapitation under isoflurane (AbbVie Ltd., Budapest, Hungary) anes-
thesia and mitochondria were isolated from the liver by differential centrifugation, as
described in a standard protocol [34]. All isolated mitochondria were purified by Percoll den-
sity gradient centrifugation [35], and mitochondrial protein concentrations were determined
using the biuret method with bovine serum albumin as a standard.

Determination of membrane potential (AW) in isolated rat liver
mitochondria

AY was monitored by measuring R123 fluorescence upon its release from the mitochondria.
Fluorescence was measured using a fluorescence spectrometer (LS-50B; Perkin-Elmer; gift
from Alexander von Humboldt Foundation, Bonn, Germany) at an excitation wavelength of
494 nm and an emission wavelength of 525 nm. Briefly, 1 mg protein/mL mitochondria were
preincubated in assay buffer (70 mM sucrose, 214 mM mannitol, 20 mM N-2-hydroxyethyl
piperazine-N’-2-ethanesulfonic acid, 5 mM glutamate, 0.5 mM malate and 0.5 mM phosphate)
containing 1 pM R123 for 60 seconds. Alterations in AY were induced by the addition of
BGP-15 at the indicated concentrations.

Mitochondrial uptake of BGP-15

Mitochondrial uptake of BGP-15 (50 uM) was determined in 5 mM Tris buffer (pH 7.5) con-
taining 150 mM KCl, 1 mM EDTA and 2.5 mg mitochondrial protein in 800 pl volume, in
addition to 10 pM glucose-6-phosphate as a standard in order to determine the void volume.
Uncoupling was induced with 50 uM 2,4-dinitrophenol. After an incubation of 10 min, the
mitochondria was centrifuged at 20000 g, was washed then lysed in 800 pl of ethanol-water 1:1
solution, and centrifuged at 20000 g. Aliquots of the clear supernatant were freeze-dried, and
taken up in aqueous formic acid solution (0.1%).

HPLC-MS/MS analysis

Aliquots (5 pl) of the samples were injected into the HPLC-MS system (Dionex Ultimate 3000
UHPLC, Q-Exactive HRMS; Thermo Fisher Scientific, Bremen, Germany). Liquid chro-
matographic separation was carried out using a Kinetex (Gen-Lab Kft., Budapest, Hungary)
2.6 um C18 100 A HPLC column (100 x 2.1 mm), which was maintained at 30°C. The mobile
phase used was (A) aqueous formic acid solution (0.1%) with (B) acetonitrilic formic acid solu-
tion (0.1%). The flow rate was set to 300 pL/minute. The initial gradient conditions were set to
5% B and held for 3 minutes, then B was increased linearly until it had reached 80% after 12
minutes. The initial conditions were reached after 2 minutes, then the column was equilibrated
for 8 minutes. The mass spectrometer was equipped with a heated electrospray ion source
which was operated in the negative ion mode. The spray voltage was set to 3.5 kV, the capillary
temperature set to 300°C and the temperature of the probe heater was set to 50°C. The S-lens
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RF level was set to 70. Mass range was set to m/z 150-1500. Data analysis was performed using
the Thermo Xcalibur (version 2.2 SP1.48) software. Ion intensities were determined by match-
ing them to a BGP-15 calibration curve.

Cell viability assay

The viability of WRL-68 cells after the different treatments were evaluated by sulforhodamine
B (SRB) assay. The method is customarily used for cell density determination in cytotoxicity
screening, based on the measurement of cellular protein content. The assay was performed
according to the method described by Papazisis and colleagues [36], with some modifications.
The culture medium was aspirated prior to fixation of the cells by the addition of 200 L of
cold 10% trichloroacetic acid. After a 20 minute incubation at 4°C, cells were washed twice
with deionized water. Microplates were then left to dry at room temperature for at least 24
hours. When dried, the cells were stained with 200 uL of 0.1% SRB dissolved in 1% acetic acid
for at least 20 minutes at room temperature, after which they were washed four times with 1%
acetic acid to remove any unbound stain molecules. The plates were left to dry at room tem-
perature. The bound SRB was solubilized with 200 uL of 10 mM unbuffered Tris-base solution
and plates were left on a plate shaker for at least 10 minutes. Absorbance was measured using
the GloMax Multi Detection System (Promega, USA) at 560 nm in addition to the background
measurement at 620 nm. The optical density values were defined as the absorbance of each
individual well minus the blank value (the mean optical density of the background control
wells). All experiments were run in at least eight replicates and each measurement was
repeated three times.

Determination of reactive oxygen species in cell culture

Intracellular ROS (peroxinitrite, «OH and iron + hydrogen peroxide (H,0,)) were determined
by using two separate approaches, fluorescence microscopy and quantitative determination
of ROS-evoked fluorescence intensities by a plate reader. WRL-68 or U-251 MG cells were
seeded to glass coverslips and cultured at least overnight before the experiment. WRL-68 cells
were transiently transfected with mitochondria directed enhanced red fluorescent protein
(mEREFP). The next day, cells were washed twice with phosphate buffered saline (PBS), and
were treated as it is described in the Results and the figure legends. Then, the medium was
replaced to a fresh one containing 1 uM of the oxidation-sensitive DHR123 fluorescent dye,
and the incubation continued for an additional 15 minutes to allow for oxidation of DHR123
by the endogenous ROS.

The fluorescence of mERFP and the oxidized DHR123 was excited at 615 and 485 nm and
the evoked emission was measured at >650 and 525 nm, respectively using a Nikon Eclipse
Ti-U fluorescent microscope (Auro-Science Consulting Ltd., Budapest, Hungary) equipped
with a Spot RT3 camera using a 60x objective lens. The nuclei of U-251 MG cells were labelled
using Hoechst 33342 (1 pg/mL) dye, which were excited at 350 nm and read at 460 nm emis-
sion wavelengths. All experiments were repeated three times.

Alternatively, WRL-68, H9c2 or U-251 MG cells were seeded in 96-wells plates and kept in
Krebs-Henseleit buffer containing 10% fetal bovine serum (FBS).The WRL-68 and H9c2 cells
were treated with either H,O, for 30 minutes alone or with increasing concentrations of BGP-
15 in the absence or presence of 20 pM MitoTEMPO (Sigma Aldrich Co.) After 30 minutes,
DHRI123 (1 uM) was added to the medium and R123 formation was detected after 15 minutes
with the GloMax Multi Detection System (excitation wavelength was 490 nm and emission
wavelength was between 510-570 nm). The U-251 MG cells were treated with either LPS for
30 minutes alone or with 50 uM BGP-15 in the absence or presence of 20 uM MitoTEMPO
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(Sigma Aldrich Co.). Superoxide anions were detected by the addition of MitoSOX (0.3 uM)
fluorescent dye. Fluorescence of oxidized MitoSOX was excited at 365 nm and the evoked
emission was measured at 410-460 nm by the GloMax Multi Detection System. All experi-
ments were run in six replicates and each measurement was repeated three times.

Determination of mitochondrial production of reactive oxygen species

Mitochondria (100 ug/mL) were dissolved in a buffer solution containing 20 mM 3-(N-mor-
pholino)propanesulfonic acid (MOPS) and 314 mM sucrose (pH 7.4), which also contained
either malate (5 mM) and glutamate (5 mM) or succinate (5 mM). ROS production was deter-
mined by the oxidation of DHR123 (1 uM) to R123, as measured by a fluorescence spectrome-
ter at an excitation wavelength of 494 and an emission wavelength of 525 nm, under
continuous mixing at 30°C. ROS production was localized to respiratory complexes by either
blocking the electron flow with antimycin A (10 uM) where glutamate (5 mM) and malate (5
mM) were used as substrates in order to localize ROS production to complex I, or by blocking
electron flow with potassium cyanide (1 mM) where succinate was used as the substrate to
localize ROS production to complex III. The antioxidant capacities of BGP-15 were deter-
mined by the chemical oxidation of DHR123 (1 uM; excitation wavelength was 494 nm and
emission wavelength was 525 nm) to R123. In these systems, we used either 500 uM H,O, or
50 uM H,0, plus 1 uM Fe**-EDTA.

Construction of mitochondria directed enhanced red fluorescent protein
(mERFP; MitoRed)

The mERFP-expressing plasmid was constructed by firstly amplifying the mitochondrial tar-
geting sequence by polymerase chain reaction from the cytochrome c oxidase subunit VIIIa
(COX8A) gene (RZPD). The amplified sequence was then inserted into pDsRed-Monomer-
N1 mammalian expression plasmid (Clontech-Takara Bio Europe; Saint-Germain-en-Laye,
France) between the Xhol and HindIII restriction sites.

JC-1 assay for fluorescent microscopy

AY was measured using the AW specific fluorescent probe, JC-1. WRL-68 or U-251 MG cells
were seeded to glass coverslips and cultured at least overnight before the experiment. After the
indicated treatment, cells were washed twice in ice-cold PBS, then incubated for 15 minutes at
37°C in modified Krebs-Henseleit solution containing 100 ng/mL of JC-1. When excited at
490 nm, the dye emits either green fluorescence at a low Ay or red fluorescence at a high Ay.
Following incubation, the cells were washed once with modified Krebs-Henseleit solution,
then visualized by a Nikon Eclipse Ti-U fluorescent microscope which was equipped with a
Spot RT3 camera, using a 40x objective lens with epifluorescent illumination. All experiments
were repeated three times.

Tetramethylrhodamine methyl ester (TMRM) assay

WRL-68 cells were seeded in 96-wells plates, kept in Krebs-Henseleit buffer containing 10%
fetal bovine serum (FBS), then treated with either H,O, alone or with BGP-15 for 3 hours. In a
separate experiment, U-251 MG cells were treated with either LPS for 60 minutes alone or
with 50 pM BGP-15. Then, the medium was replaced with Krebs-Henseleit solution contain-
ing TMRM (50 nM), a cationic, cell-permeant, red fluorescent dye. After 15 minutes incuba-
tion, excess dye was washed off and the fluorescence was measured by the GloMax Multi
Detection System (excitation wavelength was 525 nm and emission wavelength was between
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580-640 nm). To assess aspecific adsorption of the dye, the fluorescence signal was remeasured
after addition of 1 uM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) a
mitochondrial uncoupling agent. A¥ was calculated as the difference of fluoresescence signal
before and after FCCP-treatment. All experiments were run in six replicates and the measure-
ment was repeated three times.

Identification of the type of cell death by annexin V/PI staining

Cell death was detected by the GloMax Multi Detection System after annexin V-FITC/PI dou-
ble staining. WRL-68 cells were seeded at 2 x 10*cells/well in a 96-well, then cultured at least
overnight before the experiment. After subjecting the cells to the indicated treatment, cells
were washed once in PBS and then incubated in modified Krebs-Henseleit solution containing
FITC-conjugated annexin V and PI, according to the manufacturer’s protocol. Following incu-
bation, the cells were washed once with modified Krebs-Henseleit solution. Then green fluo-
rescence signal (annexin V-FITC) was detected with the GloMax Multi Detection System
(excitation wavelength was 490 nm and emission wavelength was 518 nm). The red fluores-
cence signal (PI) was excited at 525 nm and the evoked emission was measured at 617 nm. All
experiments were run in six replicates and each measurement was repeated three times.

Statistical analyses

All data were expressed as the mean + standard error of mean (SEM) of the replicate measure-
ments. Differences between treatment groups were determined by ANOV A with a post-hoc
test. A Student’s t-test was used to compare the mean values from the two groups. Differences
were regarded as significant when the P-value was < 0.05.

Results
Mitochondrial uptake of BGP-15

BGP-15 possesses a delocalized positive charge, therefore, it is suitable for determining
membrane potential-dependent uptake. Accordingly, we measured BGP-15 uptake in both
energized and uncoupled mitochondria. The void volume was determined using glucose-
6-phosphate, a substance that cannot permeate the mitochondrial inner membrane. When
incubated in the presence of 50 uM BGP-15 for 10 minutes, the energized mitochondria took
up more than 85% of the drug (Fig 1A), suggesting that the majority of BGP-15 was taken up
in a membrane potential-dependent manner. Complete uncoupling by dinitrophenol signifi-
cantly decreased BGP-15 uptake (Fig 1A). However, even the uncoupled mitochondria were
found to bind more BGP-15 than the amount corresponding to the void volume, indicating
that BGP-15 interacted with the mitochondrial proteins and/or lipids. Extrapolating this find-
ing to physiological conditions, it is likely that more than 90% of BGP-15 had accumulated in
the mitochondria, which raises the possibility that BGP-15 may protect cells via mitochondrial
mechanisms.

Effect of BGP-15 on mitochondrial membrane potential (AY)

Since mild uncoupling of the mitochondria could be beneficial in insulin resistance [37], we
tested the effect of BGP-15, an insulin sensitizer [27,31,32] on Ay by using a Ay-sensitive dye
(R123) in isolated rat liver mitochondria. Treatment with BGP-15 alone resulted in a concen-
tration-dependent decrease in Ay at millimolar concentrations (Fig 1B). The effect on Ay of
submillimolar concentrations of BGP-15 was below the detection limit (Fig 1B) suggesting
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Fig 1. BGP-15 is enriched in mitochondria and reduces membrane potential (AW) in isolated mitochondria. (A) Membrane
potential enhanced the mitochondrial uptake of BGP-15 (50 uM) in isolated rat liver mitochondria. Uncoupling was found to occur with
50 uM 2,4-dinitrophenol. Data are presented as the mean + SEM of three independent experiments. ***P < 0.001 compared to coupled
mitochondria, **#P < 0.001 compared to the glucose-6-phosphate signal. (B) Mitochondrial membrane potential was monitored by
measuring the fluorescence intensity of R123, a cationic fluorescent dye. Isolated rat liver mitochondria, represented by the first arrow,
took up the dye in a voltage-dependent manner, resulting in fluorescent quenching. At the second arrow either 1 mM, 2.5 mM or 5 mM
BGP-15 was added. A representative plot of three independent concurrent experiments is presented.

doi:10.1371/journal.pone.0169372.9001

that at the 50 uM concentration we have used throughout the study the drug could hardly
cause any mitochondrial depolarization.

Under cell culture conditions, we analyzed the effect of BGP-15 on Ay using JC-1, a cell-per-
meable voltage-sensitive fluorescent mitochondrial dye. JC-1 emits red fluorescence in highly
energized mitochondria (aggregated dye), while depolarized mitochondria emit green fluores-
cence (monomer dye). WRL-68 cells were incubated in the presence of 50 uM H,0O,, either alone
or together with 50 uM BGP-15, for 3 hours before loading with 100 ng/mL JC-1 dye for 15 min-
utes, after which fluorescent microscopy was performed. In the control and BGP-15-treated cells,
fluorescence microscopy showed strong red fluorescence and weak green fluorescence, which
indicates a high A¥ in mitochondria (Fig 2A and 2B). The addition of H,O, to cells facilitates
the depolarization of mitochondria, resulting in weaker red fluorescence and stronger green fluo-
rescence (Fig 2A and 2B). When H,0, was added to cells in addition to BGP-15, the depolariza-
tion of mitochondria was found to be weaker, as shown by a smaller decrease in red fluorescence
and weaker increase in green fluorescence (Fig 2A and 2B). This was also demonstrated by the
accurate (mitochondrial) labelling of red fluorescence in the cells treated with both H,0O, and
BGP-15, and in cells treated with H,O, only (Fig 2A). The quantitative assessment revealed that
BGP-15 did not affect the AW at a concentration of 50 uM (Fig 2B); however, it was found to
reduce the H,O,-induced depolarization of the mitochondrial membrane (Fig 2B), suggesting
that even at this concentration it protected the A¥Y against oxidative stress. We have obtained
identical results when we assessed A¥ by using TMRM, another membrane potential sensitive
fluorescent dye and a quantitative, plate reader-based method (Fig 2C).

BGP-15 attenuates mitochondrial production of reactive oxygen species

Destabilization of the mitochondrial membrane systems has previously been reported to con-
tribute to mitochondrial ROS production [38]. As BGP-15 was shown to protect the mito-
chondrial membrane system under oxidative stress (Fig 2A, 2B and 2C), we assumed that it
could also affect mitochondrial ROS production. To investigate this possibility, WRL-68 cells
were transfected with mERFP to label the mitochondria, and then incubated in the presence or
absence of 50 uM H,0, for 30 minutes. Fresh medium containing DHR123 was added, and
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Fig 2. BGP-15 protects against reactive oxygen species-induced depolarization of mitochondria in WRL-68 cells, as determined by
JC-1 and TMRM. (A) Effect of BGP-15 on H,O»-induced mitochondrial membrane depolarization in WRL-68 cells. Cells were exposed to

50 uM H20, in the absence or presence of 50 yM BGP-15 for 3 hours, then stained with 100 ng/mL of JC-1, a membrane potential-sensitive
fluorescent dye. The dye was loaded, and after a 15 minute incubation fluorescent microscopic images were taken using both the red and
green channels. The inserts show the homogenous red fluorescence in H,O,-treated cells, and the dotted labelling represents the H,O,

+ BGP-15 treated cells, showing that BGP-15 protected the mitochondrial integrity in the presence of H,O.. Inserts are expanded from the
area indicated by dashed rectangles. Representative merged images of three independent experiments are presented. (B) Quantitative
analysis of mitochondrial depolarization induced by H>O, (50 uM) and its reduction by BGP-15 (50 uM) in WRL-68 cells. Results are
presented as the mean + SEM. ***P < 0.001 compared to control cells, *P < 0.05 compared to H,O,-treated cells. (C) Effect of BGP-15 on
H>0,-induced mitochondrial membrane depolarization in WRL-68 cells. Cells were treated with 50 uM H,O, in the absence or presence of
50 yM BGP-15 for 3 hours, then stained with 50 ng/mL of TMRM, a cationic, cell-permeant, red fluorescent dye. After a 15 minutes incubation
fluorescent signal was measured by the GloMax Multi Detection System, then remeasured after the application of 1 yM FCCP AW was
calculated as the difference of fluoresescence signal before and after FCCP-treatment. Data are presented as the mean + SEM of three
independent experiments. **P < 0.01, ***P < 0.001 compared to control cells; **P < 0.01 compared to H,O,-treated cells.

doi:10.1371/journal.pone.0169372.g002
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Fig 3. BGP-15 attenuates hydrogen peroxide-induced mitochondrial reactive oxygen species production in WRL-68 cells. (A) Effect
of hydrogen peroxide and BGP-15 pretreatment (for 30 minutes) on mitochondrial ROS production, as determined by the oxidation of the
mitochondrial enriched dye from DHR123 to R123 in WRL-68 cells that had been labelled with mitochondrial directed red fluorescent protein.
High magnification fluorescent microscopic images show the different localization of the produced R123. Inserts are expanded from the area
indicated by dashed rectangles. (B) Quantification of R123 production. Data are presented as the mean + SEM of three independent
experiments. **P < 0.01 and ***P < 0.001 compared to control cells; *P < 0.01 compared to H,O,-treated cells.

doi:10.1371/journal.pone.0169372.g003

after 15 minutes the amount of green R123 fluorescence, as a result of oxidation from non-
fluorescent DHR123, was measured by fluorescence microscopy. BGP-15 at a concentration of
50 uM did not affect the weak green fluorescence of mitochondrial localization (Fig 3A). How-
ever, its addition did reduce the substantial increase in green fluorescence induced by the
H,O, treatment (Fig 3A and 3B). Furthermore, oxidative stress-induced green fluorescence
was diffuse in the absence of BGP-15, whereas it was predominantly localized to the mitochon-
dria in the presence of BGP-15 (Fig 3A inserts). Although the R123 fluorescence could result
from cytosolicly produced R123 taken up to the mitochondria and DHR123 oxidized by mito-
chondrial ROS, we think that R123 fluorescence reflected mitochondrial ROS production, as it
was predominantly localized to the mitochondria when Ay was not compromised.
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As found previously (N-Gene Inc., personal communication), BGP-15 serum concentration
does not exceed 25 nmoles/mL. Therefore, we analyzed the effect of BGP-15 on ROS-induced
ROS production at concentrations ranging between 1-50 uM under cell culture conditions
using a quantitative, plate-reader based method instead of microscopy. BGP-15 had a concen-
tration-dependent inhibitory effect on the ROS-induced ROS production in WRL-68 cells,
which was significant even at the 1 pM concentration (Fig 4A). In order to show that these
observations apply to other cell lines too, we analyzed the effect of BGP-15 on H,0,-induced
ROS production in H9¢2 cardiomyocytes using the same system. Fig 4B shows that BGP-15
decreased the ROS-induced ROS production in H9¢2 cardiomyocytes in a concentration-
dependent manner (1-50 uM range).

In order to study whether the observed antioxidant effect of BGP-15 have resulted from
scavenging property of the drug, we determined its effect on 500 uM H,O,- (Fig 4C) and
H,0, and Fe*"-EDTA (Fenton reaction, Fig 4D)-induced DHR123 oxidation in cell-free sys-
tems. Since BGP-15 did not affect DHR123 oxidation in any of these systems (Fig 4C and 4D)
its antioxidant effect could not resulted from scavenging property of the drug. DHR123 can be
oxidized predominantly by peroxynitrite and hydroxyl radicals that are formed in the Fenton
reaction; however, it cannot detect superoxide. Therefore, we wanted to investigate whether
BGP-15 could reduce the production of mitochondrial superoxide. To this end, we determined
H,0,-induced ROS production in WRL-68 (Fig 4E) and H9¢2 (Fig 4F) cells using the mito-
chondria-targeted redox fluorescent dye MitoSOX [39] instead of DHR123. Essentially, the
results were comparable to those we obtained with DHR123 (Fig 4A and 4B vs. 4E and 4F).
Furthermore, we repeated these experiments in the presence of the mitochondria-targeted
antioxidant MitoTEMPO [40]. MitoTEMPO abolished H,0,-induced ROS production in all
groups (Fig 4E and 4F) indicating mitochondrial localization of the BGP-sensitive ROS pro-
duction. These data provide evidence that BGP-15 reduced mitochondrial superoxide produc-
tion in both WRL-68 cells (Fig 4E) and H9¢2 cardiomyocytes (Fig 4F).

Effect of BGP-15 on mitochondrial reactive oxygen species production in
isolated mitochondria

In order to provide unequivocal evidence for the mitochondrial mechanism underlying the
inhibitory effect of BGP-15 on ROS-induced ROS production, we used Percoll gradient-puri-
fied mitochondria. We determined the effect of BGP-15 on the oxidation of DHR123 in the
presence of glutamate and malate as substrates, with antimycin A for complex IIT inhibition,
and showed the production of ROS in complex I and the complex III cytochrome b region of
the respiratory chain. We found that the addition of BGP-15 at concentrations of 10 to 50 uM
had a ~50% inhibitory effect on mitochondrial ROS production (Fig 4G). These results suggest
that the target of BGP-15 was between complex I and the complex III cytochrome b region of
the respiratory chain [41].

BGP-15 was also shown to reduce mitochondrial ROS production in the presence of succi-
nate as a substrate and CN” as the cytochrome oxidase inhibitor (Fig 4H), however, to a much
smaller extent. This suggests that BGP-15 affected ROS production mainly via complex I and
the cytochrome b part of complex III. These data show that BGP-15 has a specific inhibitory
effect on mitochondrial ROS production at the complex I and complex III cytochrome b
region of the respiratory chain, which is not an antioxidant effect.

Effect of BGP-15 on reactive oxygen species-induced cell death

As BGP-15 was shown to protect against H,O,-induced mitochondrial damage in addition to
reducing mitochondrial ROS production, we analyzed its effects on H,0,-induced cell death.
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Fig 4. BGP-15 attenuates oxidative stress-induced DHR123 oxidation and superoxide formation in complexes I-lll in WRL-68
and H9c2 cells. (A) Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in WRL-68 cells. Data are presented as the

mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control cells; P < 0.05 and

#P <0.01 compared to H,O,-treated cells. (B) Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in H9c2 cardiomyocytes.
Results are presented as the mean + SEM of three independent experiments. *P < 0.05 compared to control cells, *P < 0.05 compared to
H»O.-treated cells. (C) BGP-15 in chemical reactions does not inhibit DHR123 oxidation induced by H>O, (500 pM). Data are presented
as the mean + SEM of three independent experiments. ***P < 0.001 compared to control group. (D) BGP-15 in chemical reactions does
not inhibit DHR123 oxidation induced by H,O, (50 uM) and Fe(ll)-EDTA (66 uM) (Fenton reaction system). Results are presented as the
mean + SEM of three independent experiments. ***P < 0.001 compared to the control group. (E) Effect of BGP-15 on oxidative stress-
induced superoxide production in WRL-68 cells in the absence or presence of 20 pM MitoTEMPO as determined by MitoSOX (0.3 pM).
Data are presented as the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 compared to control cells, *P < 0.05
compared to H,Oo-treated cells. (F) Effect of BGP-15 on the oxidative stress-induced superoxide production in H9c2 cardiomyocytes in
the absence or presence of 20 uM MitoTEMPO as determined by MitoSOX (0.3 uM). Results are presented as the mean + SEM of three
independent experiments. *P < 0.05 compared to control cells, *P < 0.05 compared to H,O,-treated cells. (G) Effect of BGP-15 on
mitochondrial DHR123 oxidation using glutamate-malate as substrate and with complex Ill inhibited by antimycin A. Data are presented as
the mean + SEM of three independent experiments. **P < 0.01 compared to the control group. (H) Effect of BGP-15 on mitochondrial
DHR123 oxidation using succinate as substrate and with complex IV inhibited by CN". Results are presented as the mean + SEM of three
independent experiments. *P < 0.05 compared to the control group.

doi:10.1371/journal.pone.0169372.9g004

We treated WRL-68 cells with 50 pM H,O, in the presence of 0-50 uM BGP-15 for 24 hours,
then determined cell survival using the SRB method. We found that, consistent with its afore-
mentioned protective effects (Figs 2-4), BGP-15 increased cell survival in a concentration-
dependent manner (Fig 5A). To further investigate the underlying mechanism behind the
cytoprotective effect of BGP-15, we determined the proportion of apoptosis and necrosis using
annexin V-conjugated fluorescein-isothiocyanate and PI staining, which was performed after
exposing the cells to 50 uM H,0, in the presence or absence of 50 uM BGP-15 for 24 hours,
which was then measured by the GloMax Multi Detection System. We found that under these
conditions, H,O,-induced cell death was predominantly necrotic and only approximately 10%
of the cells died by apoptosis (Fig 5B). BGP-15 significantly reduced both apoptotic and
necrotic cell death, which was likely to be a result of mitochondrial protection.

BGP-15 protects against LPS-induced mitochondrial depolarization

It has been shown that the U-251 MG human malignant glioblastoma cell line contains com-
ponents of the LPS signaling pathway [42], and LPS-induced signaling has been shown to be
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Fig 5. BGP-15 attenuates reactive oxygen species-induced apoptotic and necrotic cell death in WRL-68 cells. (A) BGP-15 protects
against HoO,-induced cell death (sulforhodamine B assay). Data are presented as the mean + SEM of eight independent experiments.

***P < 0,001 compared to control cells; *P < 0.05 and **P < 0.01 compared to H,O,-treated cells. (B) Determination of the effect of BGP-15 on
HoO,-induced apoptosis (fluorescein-labelled annexin V) and necrosis (propidium iodide) pathways. Data are presented as the mean + SEM of
three independent experiments. *P < 0.05 and ***P < 0.001 compared to control cells; *P < 0.05 and P < 0.01 compared to H,O,-treated
cells.

doi:10.1371/journal.pone.0169372.9005
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important in neurodegenerative, liver and several other diseases [43,44]. Additionally, mito-
chondria have been reported to play an important role in LPS signaling [43-47]. Therefore, we
analyzed the effect of BGP-15 on LPS-induced mitochondrial depolarization in the U-251 MG
cell line. This system is much more complex than the ROS-induced depolarization because
LPS induces toll-like receptor 4 (TLR4)-dependent signaling and NADPH oxidase (NOX)-
dependent ROS production, thereby increasing intracellular Ca** levels [48,49]. Mitochondrial
depolarization was found to be induced by the addition of 1 ug/mL LPS for 1 hour, as deter-
mined by JC-1 staining and fluorescent microscopy (Fig 6A and 6B). We found that the addi-
tion of BGP-15 alone did not affect Ay, but significantly attenuated LPS-induced mitochondrial
depolarization in the U-251 MG human malignant glioblastoma cells (Fig 6A and 6B). We have
obtained identical results when we assessed A¥ by using TMRM, another membrane potential
sensitive fluorescent dye and a quantitative, plate reader-based method (Fig 6C). These data
suggest that BGP-15 may play a role in inflammatory processes by a novel mitochondrial
mechanism.

BGP-15 protects against LPS-induced production of reactive oxygen
species

Due to the association between mitochondrial depolarization and ROS production [38], we
measured LPS-induced ROS production in the U-251 MG cells. We exposed the cells to 1 pg/
mL LPS in the presence or absence of 50 uM BGP-15 for 1 hour, and then measured the fluo-
rescence of R123 which had been oxidized from non-fluorescent DHR123 by the ROS (Fig 6D
and 6E). Very low fluorescence intensities were detected in the untreated and BGP-15-treated
cells, however, the addition of LPS was found to greatly induce ROS production (Fig 6D and
6E). BGP-15 reduced the LPS-induced ROS production almost to control levels (Fig 6D and
6E). Similarly to the H,0,-induced ROS production, we wanted to determine the intracellular
localization of the LPS-induced ROS. To this end, we repeated the previous experiment using
MitoSOX instead of DHR123 and a plate-reader instead of microscopy. Essentially, the results
were comparable to those we obtained with DHR123 (Fig 6D and 6E vs. 6F). Furthermore, we
repeated the experiment in the presence of MitoTEMPO. MitoTEMPO abolished LPS-induced
ROS production (Fig 6F) indicating mitochondrial localization of the BGP-sensitive ROS pro-
duction. These data provide evidence that BGP-15 reduced LPS-induced mitochondrial super-
oxide production in.

Discussion

BGP-15 has been shown to have a protective effect in several disease models, including ischemic
heart disease [30], Duchenne muscular dystrophy [22], neuropathy [25], cisplatin-induced kid-
ney disease [26], glivec-induced cardiac disease [23] and paracetamol-induced liver disease

[24], in addition to insulin resistance, as investigated in both animal and human studies [27,
31,32]. For all these diseases, oxidative stress and inflammatory processes play an important
role in disease progression, and in several cases, mitochondrial damage is pivotal. Therefore, we
studied the effect of BGP-15 on ROS- or inflammatory response-induced mitochondrial dam-
age in cell culture models. We focused on the effects of BGP-15 on mitochondrial membrane
stability and ROS production, which are critical for mitochondrial-induced signaling, energy
metabolism and mitochondrial cell death pathways. Recently, it has been shown that mild mito-
chondrial uncoupling can be protective in several disease models, including insulin resistance
[37], hypertriglyceridemia and fatty liver disease [9], and can have a regulatory role in endocrine
cross-talk via the induction of fibroblast growth factor 21 and the growth hormone/insulin-like
growth factor I axis [10]. However, as we found, BGP-15 exerted a mild uncoupling effect only
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Fig 6. BGP-15 attenuates lipopolysaccharide-induced mitochondrial depolarization and production of
reactive oxygen species. (A) Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-251
MG cells. Cells were exposed to 1 ug/mL LPS in the absence or presence of 50 uyM BGP-15 for 1 hour, then stained
with 100 ng/mL of JC-1. Fluorescent microscopic images were taken using both the red and green channels.
Representative merged images of three independent experiments are presented. (B) Quantitative analysis of LPS-
induced (1 pg/mL) mitochondrial depolarization and its reduction by BGP-15 (50 uM) in U-251 MG cells. Results are
presented as the mean + SEM. **P < 0.01 and ***P < 0.001 compared to control cells; *P < 0.05 compared to LPS-
treated cells. (C) Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-251 MG cells. Cells
were treated with 1 ug/mL LPS in the absence or presence of 50 yM BGP-15 for 1 hour, then stained with 50 nM of
TMRM. After a 15 minutes incubation fluorescent signal was measured by the GloMax Multi Detection System, then
remeasured after the application of 1 yM FCCP. AW was calculated as the difference of fluoresescence signal before
and after FCCP-treatment. Data are presented as the mean + SEM of three independent experiments. *P < 0.05,
***P < 0,001 compared to control cells; #P < 0.01 compared to LPS-treated cells. (D) Effect of BGP-15 on the LPS-
induced ROS production in U-251 MG cells (containing the TLR4 receptor). Cells were treated with 1 mg/mL LPS in
the presence or absence of 50 uM BGP-15 for 30 minutes. LPS-induced ROS production was determined by the
oxidation of DHR123 (1 uM) to R123, measured with fluorescent microscopy. Cell nuclei were labelled using Hoechst
33342. Representative merged images of three independent experiments are presented. (E) Quantitative analysis of
LPS-induced (1 pg/mL) ROS production and the protective effect of BGP-15 (50 uM). Data are presented as the
mean + SEM of three independent experiments. ***P < 0.001 compared to control cells; **#P < 0.001 compared to
LPS-treated cells. (F) Effect of BGP-15 on oxidative stress-induced superoxide production in U-251 MG cells in

the absence or presence of 20 yM MitoTEMPO as determined by MitoSOX (0.3 uM). Data are presented as the
mean + SEM of three independent experiments. *P < 0.05, ***P < 0.001 compared to control cells, *P < 0.01
compared to LPS-treated cells.

doi:10.1371/journal.pone.0169372.g006

in millimolar concentrations. Since we have used BGP-15 at a 50 uM concentration, it is
unlikely that its uncoupling effect played a significant role in its mitochondria- and cytoprotect-
ing effects. On the other hand, BGP-15 reduced the oxidative stress-induced mitochondrial
depolarization as we revealed by using two membrane potential sensitive dyes. ROS-induced
mitochondrial depolarization could result in decreased ATP synthesis, increased superoxide
production by the electron-transport chain, release of proapoptotic proteins from the inter-
membrane space, decreased mitochondrial fusion and increased fission [33,50-52]. All of these
processes cause disturbance of cellular energy metabolism and a shift toward proapoptotic sig-
naling eventually resulting in death of the cell [33,50-52]. Therefore, the membrane potential
stabilizing effect of BGP-15 likely contributed to its protective effect in the aforementioned
diseases.

BGP-15 was also found to be critical in the reduction of ROS- and LPS-induced ROS pro-
duction (Figs 3A and 6D), which can play a significant role in the progression of several dis-
eases. However, it is difficult to localize the site of ROS production by using conventional
mitochondria-targeted redox dyes since oxidation of the dye by extramitochondrial or mito-
chondrial ROS results in identical fluorescence localized to the mitochondria. Therefore, we
used MitoSOX [39] at a concentration of 0.3 pM excited at 365 nm. Under these conditions, the
resulting 440 nm fluorescence is believed to result from oxidation of the dye by mitochondrially
produced superoxide (Fig 4E and 4F). Furthermore, we have quenched mitochondrial ROS by
the mitochondria-targeted antioxidant MitoTEMPO [40]. All the results supported that BGP-
15 reduced mitochondrial ROS production. This effect could not result from antioxidant prop-
erty of the molecule as it was revealed by our experiments on various cell-free ROS-generating
systems (Fig 4C and 4D). Even, we believe that we localized the most important target of BGP-
15, complex I-II1, which is critical for ROS production by the respiratory chain. It can generate
significant amounts of ROS under conditions of hypoxia, mitochondrial hyperpolarization,
inhibition of respiratory complexes and in several other conditions [53]. The significant ROS-
reducing effect of BGP-15 may be important in regulating ROS-dependent processes including
cell death, MAPK and poly(ADP-ribose) polymerase (PARP) pathways, in addition to tran-
scription factor activation (NF-xB, AP-1, NRF2, etc.) [54]. The high enrichment of BGP-15 in
the mitochondria, combined with the significant reduction in mitochondrial ROS production
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Fig 7. Possible mitochondrial molecular mechanism of BGP-15 cytoprotective action. BGP-15 reduces mitochondrial ROS production
at complex | and at complex l1l, and so reduces ROS induced mitochondrial damage, as well as cell death.

doi:10.1371/journal.pone.0169372.9007

at complex I by BGP-15, suggests that the protective effect of BGP-15 observed in different dis-
ease models is likely to be mediated by the aforementioned mitochondrial mechanisms. Our
results also suggest that the effect of BGP-15 on signaling pathways, such as BGP-15-induced
reduction in JNK and p38 MAPK activation [55] or BGP-15-induced Akt activation [56], could
also potentially be related to reduced ROS production. LPS induces a complex stress pattern in
sensitive cells, including ROS production by NADPH oxidases, an increase in cytoplasmic free
calcium level and activation of mitochondria damaging signaling pathways [57,58]. In a separate
study on cyclophilin D (CypD) knockout mice, we reported that LPS-induced mitochondrial
ROS production was substantially reduced in CypD deficient cells and tissues, accompanied by
reduced MAPK activation [45,46]. This stabilized the mitochondrial membrane systems by pre-
venting high calcium-induced mitochondrial permeability transition, resulting in attenuated
ROS production and benign intracellular signaling. Therefore, we assumed that, similar to the
oxidative stress situation, BGP-15 would protect against LPS-induced mitochondrial damage.
Indeed, we found that BGP-15 prevented LPS-induced mitochondrial depolarization and ROS
production (Fig 6), demonstrating that BGP-15 can protect mitochondria against complex
inflammatory damage as well as against ROS-induced damage. These results suggest the poten-
tial of BGP-15 as an experimental drug, not only in ROS-related diseases, but also in inflamma-
tory diseases.

In conclusion, the critical mechanism underlying the protective effect of BGP-15 on the
mitochondria appear to be due to reduced ROS production, predominantly at the first and
third respiratory complexes (Fig 7). By this mechanism, it may regulate several pathways that
play critical roles in the progression of ROS-related and inflammatory diseases.
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Abstract The role of triglyceride metabolism in different dis-
eases, such as cardiovascular or cerebrovascular diseases is
still under extensive investigations. In genome-wide studies
several polymorphisms have been reported, which are highly
associated with plasma lipid level changes. Our goal was to
examine eight variants: rs12130333 at the ANGPTL3,
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rs16996148 at the CILP2, rs17321515 at the TRIBI,
rs17145738 and rs3812316 of the MLXIPL, rs4846914 at
GALNT?2, 151260326 and rs780094 residing at the GCKR
loci. A total of 399 Roma (Gypsy) and 404 Hungarian popu-
lation samples were genotyped using PCR-RFLP method.
Significant differences were found between Roma and Hun-
garian population samples in both MLXIPL variants (C allele
frequency of rs17145738: 94.1% vs. 85.6%, C allele frequen-
cy of rs3812316: 94.2% vs. 86.8% in Romas vs. in Hungar-
ians, p<0.05), in ANGPTL3 (T allele frequency ofrs1213033:
12.2% vs. 18.5% in Romas vs. Hungarians, p<0.05) and
GALNT2 (G allele frequency of rs4846914: 46.6% vs.
54.5% Romas vs. in Hungarians, p<0.05), while no differ-
ences over SNPs could be verified and the known minor al-
leles showed no correlation with triglyceride levels in any
population samples. The current study revealed fundamental
differences of known triglyceride modifying SNPs in Roma
population. Failure of finding evidence for affected triglycer-
ide metabolism shows that these susceptibility genes are much
less effective compared for example to the apolipoprotein A5
gene.

Keywords Polymorphisms - Triglyceride - Roma -
Hungarian

Introduction
The recent genome-wide association studies (GWAS) re-

vealed genetic polymorphisms associated with blood lipid
level changes. Nowadays, special attention gained on
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metabolic consequences, including triglyceride level in-
creases, confirming risk for cardiovascular diseases, metabolic
syndrome or for cerebrovascular diseases, especially stroke
events [1—19]. The National Cholesterol Education Program
(NCEP) in 2001 ascertained several markers which are in
strong association with coronary risk, stratified as risk factors
related to lifestyle, such as physical inactivity, obesity, athero-
genic diet; and emerging risk factors, as lipoprotein profile,
homocysteine level, changed fasting glycaemia and evidence
of subclinical atherosclerosis. Approach to lipoprotein man-
agement in 2001 National Cholesterol Guidelines [20].

As a prominent example, the functional role of 4POAS5
polymorphisms had already been widely investigated [1-7].
Several of them are associated with elevated triglyceride
levels and higher risks for ischemic stroke and cardio- or ce-
rebrovascular diseases or for metabolic syndrome [4, 5, 8—11,
21, 22]. Recently, other triglyceride modifying polymor-
phisms came into focus, which may also have role in devel-
opment of different diseases [2, 12, 15, 16, 19, 23-25]. Some
variants of these are mentioned in connection with increased,
while others with decreased triglyceride levels [16, 23, 24, 26,
27]. The elevated levels of certain triglycerides may have a
higher risk for several vascular diseases, moreover significant
associations between triglyceride level-elevating and poly-
morphisms were confirmed [1, 2, 4, 5, 12-15, 17, 28, 26,
29-32, 25].

Romani people, who are often neglected, strongly differ
from other nations [33]. In this work, our goal was to investi-
gate the possible relationship of functional polymorphisms of
GCKR, MLXIPL, ANGPTL3, CILP2, GALNT2 and TRIBI
gene loci with altering triglyceride levels in Roma and in
Hungarian population samples.

Materials and Methods
Patients

The DNA samples were from the central Biobank managed by
the University of Pecs, belonging to the National Biobank
Network of Hungary (http://www.biobanks.hu); clinical
features are shown in Table 1. The molecular investigations
were carried out on genomic DNA, which was isolated from

Table 1 Major clinical and laboratory data of Roma and Hungarian
population samples

Roma (399) Hungarians (404)
Males/females 179/221 141/263
Age (years) 55.7+£0.94 61.5+0.79
Plasma triglyceride (mmol/l) 1.61+0.04 1.44+0.02
Total cholesterol (mmol/l) 4.70+0.06 5.58+0.06

@ Springer

peripheral EDTA-anticoagulated blood leukocytes, by a stan-
dard desalting method [34]. The maintenance, management
and governance principles of the Biobank had been endorsed
by the national Scientific Research Ethics Committee, Buda-
pest (ETT TUKEB). During the collection and use of DNA
samples and the consorting clinical and personal data were in
complete compliance with the guidelines of the 1975 Helsinki
Declaration and the currently operative national laws and
regulations.

Here we studied eight polymorphisms reportedly associat-
ed with triglyceride-level changes: rs17145738 and
rs3812316 of the MLXIPL locus, rs1260326 and rs780094
of the GCKR gene, 154846914 variant of GALNT?2 gene,
rs1699614 of CILP2, rs1213033 of ANGPTL3 gene locus
and rs17321515 of TRIBI gene locus in biobanked samples
in Roma and Hungarian populations. Sample size determina-
tion was based on our preliminary analyses of the prevalence
of these SNPs. Based on the important significant difference
in frequencies of the genetic alterations between Roma and
Hungarian samples; we calculated how many samples we
would need per group to be adequately small and large enough
to detect a statistically significant difference and to exclude
Type I and Type II errors (alpha=0.05 and beta<0.03, two
tailed). Thus, a total of 399 Roma samples compared with
404 Hungarians, rs4846914 variant of GALNT2 gene,
1s1699614 of CILP2, rs1213033 of ANGPTL3, rs17321515
of TRIBI, rs17145738 and rs3812316 of the MLXIPL locus,
rs1260326 and rs780094 of the GCKR gene were enrolled in
this study.

Molecular Biology Methods

The allele specific amplification was performed by synthetic
oligonucleotide primers, using standard polymerase chain re-
action technique. After the PCR reaction, restriction fragment
length polymorphisms procedures were used to get the genetic
pattern. All the methods were designed to involve an obligate
cleavage site on the amplicon in the amplified DNA sequence
thus enabling us to verify the efficacy of the digestion. The
position of the analyzed gene loci, the sequences of the
primers, the restriction enzymes and cleavage sites and pat-
terns were shown in Table 2.

3Statistical Analysis

All clinical data were represented as means+SEM where ap-
propriate. For continuous variables the Mann—Whitney U test
and for discrete variables the Chi-square tests were applied to
compute the differences between the clinical parameters in
Roma population and in Hungarian participants. The value
of p<0.05 was considered as statistically significant. SPSS
20.0 package for Windows (SPSS Inc., Chicago, IL, USA)
was employed for all statistical analyses.
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Table 4  Allele distribution of polymorphisms of CILP2, GALNT?2,
ANGPTL3 and TRIBI gene loci

Roma (394) Hungarians (400)
CILP2 151699614 GG GT+TT GG GT+TT
(n=333) (n=60+1) (n=342) (n=56+2)
T allele frequency 7.86% 7.50%
GALNT?2 14846914 AA AG+GG AA AG+GG
(n=90) (n=243+63) (n=91) (n=182+127)
G allele frequency  46.6%* 54.5%
ANGPTL3 CC CT+TT CC CT+TT
131213033 (n=309) (n=81+8)  (n=270) (n=112+18)
T allele frequency 12.2%* 18.5%
TRIB1 rs17321515 AA GA+GG AA GA+GG
(n=103) (n=203+93) (n=107) (n=186+107)
G allele frequency ~ 48.8% 50.0%

*p<0.025 vs. Hungarians

the liver and of the pancreatic 3-cells in the glucose homeo-
stasis of the blood [39—41]. In genome-wide association stud-
ies the possible effect of functional variants in GCKR gene in
association with hypertriglyceridemia was analyzed [15, 42].
The intronic rs780094 and the exonic rs1260326 variants are
the most investigated, the last variant causes a Leu/Pro change
at 446 amino acid position, which indirectly affects triglycer-
ide levels alteration, has a role in impaired fasting glycaemia,
and is a possible risk for type II diabetes mellitus, as Veiga-da
Cunha observed [43]. Santoro et al. examined 455 obese chil-
dren and adolescents (181 Caucasians, 139 African Ameri-
cans, and 135 Hispanics) for rs1260326 of GCKR gene. The

variant showed an association with hepatic fat accumulation
along with large VLDL and triglyceride levels. Two genes, as
GCKR and PNPLA3 act together and have a susceptible effect
for manifestation of fatty liver in obese young people [44].

Several studies confirmed the fact, that Angiopoietin-like
protein 3 (ANGPTL3) has an effect on lipid metabolism; the
protein indirectly inhibits the activity of lipoprotein and other
endothelial lipases. The loss-of-function mutations of
ANGPTL3 gene causes total ANGPTL3 absence, which
shows a high association rate with recessive hypolipidemia.
This type of hypolipidemia is characteristic for decrease of
apolipoprotein B and apolipoprotein A-I-enclosing lipopro-
teins, which leads to altering levels of high-density lipopro-
tein. By contrast, the incomplete scarcity of ANGPTLS3 is
related to attenuation of low-density lipoprotein. Pisciotta
etal. investigated ANGPTL3 gene in 4 persons with low levels
of LDL cholesterol and HDL cholesterol, and they found ho-
mozygous, compound heterozygous for ANGPTL3 loss-of-
function mutations (p.I19L{sX22/p.N147X, p.G400V{sX52)
associated with the deficiency of ANGPTL3 in plasma. De-
creased plasma levels of triglyceride-containing lipoproteins
and of HDL particles were observed, moreover, the heterozy-
gous carriers showed normal level of plasma high-density
lipoprotein cholesterol, but low plasma level of ANGPTL3
and attenuated level of low-density lipoprotein cholesterol
[45].

A Max-like-interacting-protein-like (MLXIPL; or carbohy-
drate response element binding protein, CAREBP) gene is lo-
cated in the WBSCR14 deletion region at chromosome
7q11.23. Recently, in genome-wide association studies be-
tween the plasma triglyceride-level alterations and MLXIPL

Table 5 The effect on lipid parameters of polymorphisms of GCKR and MLXIPL gene loci

Roma (399) Hungarians (404)
GCKR 151260326 CcC CT+TT CcC CT+TT
(n=119) (n=205+75) (n=102) (n=208+94)
Plasma triglyceride (mmol/l) 1.47+0.06 1.66+0.05 1.58+0.06 1.52+0.03
Serum cholesterol (mmol/l) 4.57+0.11 4.76+0.07 5.66+0.10 5.54+0.07
GCKR rs780094 GG GA+AA GG GA+AA
n=119) (n=180+100) (n=99) (n=218+87)
Plasma triglyceride (mmol/l) 1.50+0.06 1.65+0.05 1.51+0.05 1.54+0.03
Serum cholesterol (mmol/1) 4.57+0.10 4.76+0.07 5.69+0.10 5.54+0.07
MLXIPL rs17145738 TT TC+CC TT TC+CC
(n=2) (n=43+354) (n=9) (n=98+297)
Plasma triglyceride (mmol/l) 1.22+0.12 1.61+0.04 1.44+0.09 1.54+0.03
Serum cholesterol (mmol/1) 4.75+0.15 4.70+0.06 6.23+0.53 5.56+0.06
MLXIPL rs3812316 GG GC+CC GG GC+CC
(n=5) (n=36+358) (n=9) (n=89+306)
Plasma triglyceride (mmol/l) 1.51+0.25 1.61+0.04 1.41£0.09 1.54+0.03
Serum cholesterol (mmol/l) 4.88+0.30 4.7+0.06 5.90+0.52 5.57+0.06

Values are means + SEM. Triglycerides and serum total cholesterol levels are mmol/l
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Table 6  The effect on lipid parameters of polymorphisms of CILP2, GALNT2, ANGPTL3 and TRIBI gene loci
Roma (394) Hungarians (400)
CILP2 151699614 GG GT+TT GG GT+TT
(n=333) (n=60+1) (n=342) (n=56+2)
Plasma triglyceride (mmol/l) 1.60+0.04 1.62+0.10 1.54+0.03 1.52+0.05
Serum cholesterol (mmol/l) 4.71+0.06 4.69+0.14 5.59+0.06 5.53+0.16
GALNT?2 rs4846914 AA AG+GG AA AG+GG
(n=90) (n=243+63) (n=91) (n=182+127)
Plasma triglyceride (mmol/l) 1.65+0.09 1.59+0.04 1.57+0.05 1.53+0.03
Serum cholesterol (mmol/l) 4.72+0.11 4.70+0.07 5.66=+0.11 5.56+0.07
ANGPTL3 151213033 cC CT+TT cC CT+TT
(n=309) (n=81+8) (n=270) (n=112+18)
Plasma triglyceride (mmol/l) 1.61+0.04 1.61+0.08 1.52+0.03 1.58+0.04
Serum cholesterol (mmol/l) 4.67+0.06 4.81+0.12 5.57+0.07 5.60+0.10
TRIB1 1517321515 AA GA+GG AA GA+GG
(n=103) (n=203+93) (n=107) (n=186+107)
Plasma triglyceride (mmol/l) 1.71+£0.07 1.57+0.04 1.51+0.04 1.55+0.03
Serum cholesterol (mmol/l) 4.76+0.11 4.69+0.06 5.59+0.11 5.57+0.07

Values are means + SEM. Triglycerides and serum total cholesterol levels are mmol/l

locus correlations were found. Moreover, the influence of tri-
glyceride level increase of the major alleles of the rs17145738
and rs3812316 variants in MLXIPL locus were observed [15,
16].

In recent GWAS studies, the minor G-allele of the
154846914 intronic variant of the GALNT2 (UDP-N-acetyl-
alpha-D-galactosamine: polypeptide-N-acetyl—galactose-ami-
notransferase 2) gene associated with increased triglyceride
concentrations of the plasma. In a case—control study, which
was performed on Han Chinese population analyzing 4192
individuals for type 2 diabetes, the association between ele-
vated triglyceride levels and genotypes for MLXIPL
rs17145738 variant and for GCKR rs780094 was confirmed,
but not for GALNT?2 rs4846914 polymorphism [46].

In the last years an association has been detected between
dyslipidemia and the rs16996148 (near CILP2), rs17321515
(near TRIBI), 1s12130333 (near ANGPTL3) variants [16].
Moreover, these loci were correlated with the manifestation
of cardiovascular diseases [15].

The CILP2 gene the proteins’ relation to lipid metabolism
is not well studied yet. In a genome-wide association study, a
triglyceride level reducing role of the rs16996148 variant was
confirmed analyzing Caucasian individuals [23]. Vrablik et al.
investigated 895 Czech patients with primary dyslipidemia
comparing with 672 healthy controls. There was no significant
effect of the polymorphisms CILP2 on lipid levels after re-
ceiving statin treatment [47].

The human tribbles—1 (TRIB1) facilitates the proteosome-
dependent protein degradation. In an Asian Malay population,
the variant adjacent to the TRIB! locus (rs17321515) showed
a significant correlation with increased total cholesterol and

LDL-cholesterol, moreover higher risk for coronary heart dis-
ease and cardiovascular disease was described [48].

Conclusion

Our findings could verify earlier results [15], in allele frequen-
cies showed significant differences in both variants of
MLXIPL, GALNT?2 rs4846914 and ANGPTL3 rs1213033
polymorphisms comparing Roma individuals to Hungarians.
Analyzing Roma and Hungarian population samples we could
not confirm any associations between altering levels of tri-
glycerides and minor allele carriers compared with the non-
carriers. This shows a much weaker triglyceride influencing
activity for all these genotypes compared with the apolipopro-
tein A5 gene, which had been showed to influence the triglyc-
erides using almost the same biobanks and populations as we
used the current study [4, 5, 49].
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Abstract Roma people are underprivileged, neglected popu-
lation worldwide, with severe healthcare problems. They have
significantly increased prevalence of cardiovascular morbidi-
ty, presumably related to their poor social status, alcohol con-
sumption and smoking habits. Assuming that genetic back-
ground also plays a role in their susceptibility for cardiovas-
cular diseases, we hypothesized that APOAS5 gene polymor-
phisms, an important role-player in lipid metabolism and in
the development of metabolic syndrome and cardio/
cerebrovascular events, may also be involved. We examined
four APOAS5 polymorphisms in 363 Roma and 404
Hungarian DNA samples. For rs662799, rs2266788,
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rs207560 and rs3135506 we found elevated plasma triglycer-
ide levels in the risk allele carriers compared to non-carriers in
both populations. At least a two-fold significant increase was
detected in minor allele frequencies in Roma when compared
to Hungarians, except the rs2266788 variant. Haplotype anal-
ysis revealed significant increase of APOAS*2, APOAS5*4 in
Roma, as opposed to the higher levels of APOAS5*5 found in
Hungarians. Different linkage disequilibrium was found be-
tween rs207560 and rs3135506 variants in Roma compared to
Hungarians. The profound differences observed in almost all
APOAS polymorphisms in Roma require special attention,
since these variants are known to associate with cardio/
cerebrovascular susceptibility.

Keywords APOAS - Triglyceride - Haplotype - Linkage
disequilibrium - Roma

Background

Cardiovascular diseases (CVD) are the major cause of death
worldwide. However, their exact prevalence is unknown [1,
2]. Several studies have established that elevated triglyceride
(TG) levels are independent risk factors for vascular occlusions
[3, 4]. Thus, research of the TG level modifier factors, especially
genetic susceptibility variants, may have clinical importance.
One of these factors is the APOAS gene. Apolipoprotein AV
(apoAV) protein is the latest identified member of the apolipo-
protein family, which was discovered more than a decade ago
[5, 6]. ApoAS5 has been shown to play an important role in lipid
metabolism via interacting with lipoprotein lipase (LPL) and the
anchoring molecules [7—10]. This interaction accelerates the
hydrolysis of triglyceride-rich lipoproteins by affecting LPL or
promotes a receptor mediated endocytosis of lipoprotein [11,
12]. The presence of naturally existing polymorphisms of the
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APOAS gene modifies the effect of the protein on lipid metab-
olism, resulting in increased TG levels [5, 13, 14] as confirmed
in several populations worldwide. The APOAS polymorphisms
may trigger the development of several diseases like metabolic
syndrome, stroke and CVD [15-19].

In the past decade, several polymorphisms were identified in
the protein encoding gene. Among these, the most extensively
studied four single nucleotide polymorphisms (SNPs) are the
following: 1s662799, rs2266788, rs207560 and rs3135506.
Epidemiological and clinical studies show that some of these
SNPs are independent risk factors for CVD, metabolic syn-
drome and stroke [3, 20]. The most extensively studied
1s662799 polymorphism has been associated with coronary ar-
tery disease in almost all populations [21]. Pennacchio et al.
confirmed that the most common SNPs in the APOAS gene
are in strong linkage disequilibrium and constitute haplotype
variants [13]. One of these haplotypes, APOAS5*2, was found
to be strongly associated with increased TG levels and confers
susceptibility for metabolic and vascular events [18, 22].

Historical, linguistic and genetic studies suggest that the Roma
people originate from South Asia, mainly Northwest India [23,
24]. The estimated size of the Roma population is 12—15 million
globally. Most of them - approximately 10—12 million - live in
Europe, with the highest population (70%) in Central and South-
Eastern Europe [25]. Careful review of the available literature
revealed that the Roma in Central-Eastern Europe often have a
higher rate of cardiovascular events and morbidity than other
European populations [26, 27]. This is related to the Roma pop-
ulation’s poor socioeconomic status, social exclusion, and other
risk factors like disturbed lipid metabolism, hypertension, obesity,
drinking and smoking habits [28]. However, little information is
available about the effects of genetic variants. Moreover, it is also
known, that the Roma population has high prevalence of in-
creased TG levels [28]. These considerations prompted us to
examine TG level modifier APOAS polymorphisms in Roma
samples as susceptibility factor.

Methods
Study Populations

DNA samples used in this study were selected from the
Biobank of the Department of Medical Genetics at the
University of Pécs, which is a member of the National
Biobank Network of Hungary and Biomolecular Resources
Research Infrastructure (BBMRI). The collection and analysis
of the DNA samples were conducted according to the regula-
tions of the Declaration of Helsinki Declaration in 1975 and
the currently operative National regulations were followed.
The study protocol was reviewed and approved by the
Hungarian Scientific and Research Ethics Committee of the
Medical Research Council (ETT TUKEB). Informed written

@ Springer

consents were obtained from all subjects prior to study.
During the sample collection samples were deposited from
Roma minority who self-reported at least three past genera-
tions of Roma ancestry. Care was also taken during the selec-
tion of the already biobanked samples to minimize biased
results coming from possible sampling errors; like exclusion
of the known family members, selection from different living
areas. The same also applied for the average Hungarians as
well; none of them self-reported to belong to any known eth-
nic groups living in Hungary, they were apparently healthy
and free from any know disease.

Sample size determination was based on our preliminary
analyses of the prevalence of APOAS SNPs. Based on the
important significant difference in frequencies of the genetic
alterations between Roma and Hungarian samples; we calcu-
lated how many samples we would need per group to be
adequately small and large enough to detect a statistically
significant difference and to exclude Type I and Type II errors
(alpha = 0.05 and beta < 0.03, two tailed). Thus, a total of 363
(gender: 162 male, 201 female; age: 55.86 £ 0.99) Roma and
404 (gender: 141 male, 263 female; age: 61.51 + 0.79)
Hungarian samples. The fasting serum TG and total choles-
terol levels of the subjects were measured right after taking
blood samples, which was carried out morning up between
8:00 and 9:00 in the morning.

Genotyping

The genomic DNA was obtained from peripheral blood leu-
kocytes. PCR-RFLP method was used for genotyping.
GenBank reference sequence NM _001166598.1 and
NG 015894.1 of APOAS were used and variants were
described in accordance with Human Genome Variation
Society (HGVS) nomenclature guidelines. The APOAS vari-
ants in this manuscript have been submitted to the Leiden
Open Variation Database (http://databases.lovd.
nl/shared/genes/APOAS, LOVD v.3.0, Screening ID:
000165133, Individual ID: 0016581, Variant ID:
0000036378). The APOAS rs662799 variant was
determined with the following primers: forward primer: 5'-
CCCCAGGAACTGGAGCGACCTT-3', reverse primer: 5
TTCAAGCAGAGGGAAGCCTGTA 3'. PCR conditions
were the following: 2 min of predenaturation at 96 °C then
35 cycles of denaturation at 96 °C for 30 s, annealing at 55 °C
for 30 s and extension at 72 °C for 30 s followed by a final
elongation period at 72 °C for 5 min. After amplification, the
PCR products were digested by 1 U of Trul restriction enzyme
(Fermentas, Burlington, ON, Canada). The digestion resulted
in 109 and 289 bp long fragments in GG homozygous
samples, 22, 109, 267 bp long fragments in AA
homozygous samples, and 22, 109, 267, 289 bp long
fragments in heterozygous samples. DNA fragments were
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separated by agarose electrophoresis and visualized by
ethidium bromide staining and UV illumination.

For genotyping the rs207560 variant the following primers
were used: forward primer: 5'-CTCAAGGCTGTCTTCAG-
3', reverse primer: 5'-CCTTTGATTCTGGGGACTGG-3'.
For amplification we used the following PCR conditions:
2 min of predenaturation at 96 °C then 35 cycles of denatur-
ation at 96 °C for 30 s, annealing at 62 °C for 30 s and exten-
sion at 72 °C for 30 s followed by a final elongation period at
72 °C for 5 min. PCR products were digested with MnlI en-
zyme (Fermentas, Burlington, ON, Canada) resulting in 25,
41, 73, 141 bp long fragments in TT homozygous samples;
25, 114, 141 bp long fragments in CC homozygous samples
and 25, 41, 73, 114, 141 bp long fragments if the sample was
heterozygous for this variant. Separation and visualization
were performed as written above.

For the 152266788 polymorphism we used the following
primers to amplify the region of interest: forward primer: 5'-
TCAGTCCTTGAAAGTGGCCT-3, reverse primer: 5-ATGT
AGTGGCACAGGCTTCC-3". PCR conditions were the fol-
lowing: 2 min of predenaturation at 96 °C then 35 cycles of
denaturation at 96 °C for 30 s, annealing at 62 °C for 30 s and
extension at 72 °C for 30 s followed by a final elongation period
at 72 °C for 5 min. After amplification, the PCR products were
digested by 1 U of BseGI restriction enzyme (Fermentas,
Burlington, ON, Canada). The digestion resulted in 35, 87 and
165 bp long fragments in GG homozygous samples, 122,
165 bp long fragments in AA homozygotes, and 35, 87, 122,
165 bp long fragments in the case of heterozygous samples.
DNA fragments were separated by electrophoresis and visual-
ized by ethidium bromide staining and UV illumination.

For genotyping the rs3135506 variant we used the follow-
ing primers: forward primer: 5-AGAGCTAGCACCGC
TCCTTT, reverse primer: 5'-TAGTCCCTCTCCAC
AGCGTT-3". For amplification we used the following PCR
conditions: 2 min of predenaturation at 96 °C then 35 cycles of
denaturation at 96 °C for 30 s, annealing at 62 °C for 30 s and
extension at 72 °C for 30 s followed by a final elongation
period at 72 °C for 5 min. PCR products were digested with
Cfri3I enzyme (Fermentas, Burlington, ON, Canada)
resulting 26, 79 and 151 bp long fragments in GG homozy-
gous samples 79 and 177 bp long fragments in CC homozy-
gous samples and 26, 79, 151 and 177 bp long fragments if the
sample was heterozygous for this variant. Separation and vi-
sualization were performed as described above.

Statistical Analyses

All clinical data are represented as mean + SEM. The variables
showed non-normal distribution therefore we used non-
parametric tests to assess the differences between the study
groups. The x? tests were used for discrete variables like sex
of'the participants, genotype- and allele count. Mann-Whitney

tests were used for continuous variables like age and lipid
levels. Linear regression analysis was used to identify any
correlation between APOAS variants and lipid levels.
Variables were log-transformed to obtain approximate normal
distribution for performing the analysis. Correlation coeffi-
cients (crude r) were derived from the analysis of lipid levels
(dependent variable) and carriers of APOAS risk alleles (in-
dependent variable) at 95% confidence intervals (CI). The
regression models were adjusted for age and total cholesterol
levels, which variables were significantly different between
the study groups (adjusted r). Haploview 4.2 was used to
study the linkage disequilibrium (LD) patterns. We required
the minor allele frequency at each locus to be >0.05, with an r*
value of <0.8 between pairs of loci, based on the default set-
tings in Haploview [29]. We used HAPSTAT 3.0 (http:/www.
bios.unc.edu/wlin/hapstat/) for haplotype assignment. The
value of p < 0.05 was considered as statistically significant.
For statistical analysis of the data we used PASW statistics 20
software package (SPSS Inc., Chicago IL).

Results

All of the alleles and genotype frequencies of the studied
APOAS alterations are reported in Table 1. The allele and
genotype frequencies were in Hardy-Weinberg equilibrium
in all study groups. The number of alleles and genotypes of
Roma subjects were compared to Hungarians and four other
populations derived from two databases. For rs662799
APOAS5 polymorphism we found that the frequency of the G
allele was almost three times higher in the Roma population
compared to Hungarian samples (p = 0.0001) and almost two
times higher than in European population (1000Genomes;
p = 0.006). There was also a significantly large difference in
allele frequency between Roma and HapMap European pop-
ulation (p = 0.0001). The G allele was at least two-fold more
frequent in Asian (1000Genomes) and HapMap Chinese pop-
ulation than in Roma subjects (p = 0.002; 0.001).
Homozygous carriers of G allele were more frequent in
Roma population than in Hungarians (p = 0.037) and in
Europeans (1000Genomes; p = 0.010); however, it was less
frequent in Romas than in Asian (1000Genomes; p = 0.027)
population. There was no significant difference in GG geno-
type frequencies between Roma and HapMap Chinese popu-
lations. Results of rs207560 show the frequency of the T allele
in Roma samples was almost double than in those of the
Hungarian population (p = 0.018). The T allele was signifi-
cantly frequent in Asian (1000Genomes; p = 0.0001) popula-
tion than in Romas. There was no difference between Roma
and European populations (1000Genomes; p = 0.185).
Homozygous carriers of T allele were more frequent in
Asian population (1000Genomes) than in Roma subjects
(p = 0.0001); however, the frequency of TT genotypes was
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Table 1  Genotype and allele frequencies of APOAS gene variants
APOAS variant  Population N  Alleles N Risk allele frequency (%) p-value® Genotypes N (%) p-value®
2.116792991G > A A G G AA AG GG
~  Roma from Hungary (this study) 363 628 98  13.50 278 (76.58) 72(19.84) 13 (3.58)
non-Roma from Hungary (this study) 404 765 43 5.32 0.0001 366 (90.60) 33 (8.17) 5(1.24)  0.037
Asian (1000Genomes) 504 718 290 28.80 0.002 251 (49.80) 216 (42.86) 37(7.34) 0.027
European (1000Genomes) 503 922 84 8.35 0.006 424 (84.30) 74 (14.71)  5(0.99) 0.010
HapMap Chinese 45 66 24 2670 0.001 23 (5111 20 (44.44)  2(444)  0.780
HapMap European 60 118 2 1.67 0.0001 58 (96.67)  2(3.33) 0 -
2116791110 T > C C T T CC CT TT
~  Roma from Hungary (this study) 363 680 46  6.34 318 (87.60) 44 (12.12) 1(0.28)
non-Roma from Hungary (this study) 404 779 29 3.59 0.018 376 (93.07) 27 (6.68) 1(0.25) 0.940
Asian (1000Genomes) 504 768 240 23.81 0.0001 290 (57.54) 188 (37.3) 26 (5.16) 0.0001
European (1000Genomes) 503 924 82 8.15 0.185 426 (84.70) 72 (1431) 5(0.99) 0.211
2.116791691G > C C G G CcC CG GG
Roma from Hungary (this study) 363 658 68 9.37 300 (82.64) 58(1598) 5(1.38)
non-Roma from Hungary (this study) 404 770 38 470 0.001 367 (90.84) 36 (8.91) 1(0.25) 0.079
Asian (1000Genomes) 504 1008 0 0 . 504 (100) 0 0 .
European (1000Genomes) 503 938 68 676 0.066 438 (87.08) 62(1233) 3(0.59) 0.240
g.116789970G > A A G G AA AG GG
~  Roma from Hungary (this study) 363 679 47 647 317(87.33) 45(1240) 1(0.27)
non-Roma from Hungary (this study) 404 747 61 7.55 0473 344 (85.15) 59 (14.60) 1(0.25) 0.940
Asian (1000Genomes) 504 768 240 23.81 0.0001 290 (57.54) 188 (37.30) 26 (5.16) 0.0001
European (1000Genomes) 503 914 92 9.15 0.062 416 (82.70) 82 (16.30)  5(0.99) 0.211
HapMap Chinese 45 68 22 24.40 0.0001 24 (5333) 204444 1(2.22) 0.082
HapMap European 59 113 5 4.24 0.375 54 (91.53) 5(847) 0

Ancestral alleles are underlined

# indicates significance of the differences between Roma and other population risk alleles

® indicates significance of the differences between Roma and other population homozygous carriers

similar in Hungarians and in Europeans (1000 Genomes;
p =0.940; 0.211). Data of rs3135506 show that the G allele
frequency in Roma’s was more than two times higher com-
pared to the Hungarian population (p = 0.001); however, it
does not differ significantly from the European population
(1000Genomes; p = 0.066). There was no significant differ-
ence in the frequency of GG genotype of Hungarians and of
Europeans (1000 Genomes; p = 0.079; 0.240) compared to
Roma subjects. Allele- and genotype frequency data of
rs207560 and rs3135506 in European and Chinese popula-
tions are not available in HapMap database, thus the analyses
were not executed in these cases. We also analyzed the
rs2266788 variant, where we did not find any difference be-
tween G allele frequencies of Hungarian and European popu-
lations (1000Genomes, HapMap) compared to Roma subjects
(p = 0.473; 0.062; 0.375). We found the frequency of the G
allele was more than three times higher in Asian populations
(1000Genomes and HapMap Chinese) compared to Roma
samples (p = 0.0001). The frequency of GG genotype was
significantly different only in Asian population
(1000Genomes) compared to Roma (p = 0.0001). Cases with
n = 0 were not analyzed statistically.

Table 2. summarizes the lipid parameters of the populations
according to genotypes. The plasma triglyceride levels were
significantly elevated in the carriers of the risk alleles when
compared to non-carriers for all SNPs in both populations.
Significantly higher triglyceride levels were found in heterozy-
gous carriers of rs207560, rs3135506 and rs2266788 variants
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compared to non-carriers in both study groups. Homozygous
carriers of 15662799 variant have higher triglyceride levels than
non-carriers in Roma subjects. In Hungarians, we did not find
any difference in triglyceride levels between homo- or hetero-
zygous carriers and non-carriers. Comparison of the cholesterol
levels did not show any difference.

We analyzed associations among the four APOAS variants in
both study groups. (Table 3) Strong correlations were found
among 1s662799, rs207560 and rs2266788 variants. However,
rs3135506 variant did not show significant correlation with oth-
er APOAS variants in Roma samples as well as in Hungarians.
The same associations were detected after inclusion of the ad-
justment parameters like age and total cholesterol levels.

The associations between APOAS variants and triglyceride/
cholesterol levels are summarized in Table 4. Significant corre-
lations were found between all of the APOAS variants and
triglycerides in both populations. After inclusion of the adjust-
ment parameters, such as age and total cholesterol levels, the
association became even stronger. We did not observe any sig-
nificant correlation between allelic variants and cholesterol
levels in both populations (data not shown).

Furthermore, we examined the linkage disequilibrium
among the APOAS5 major polymorphisms in both popula-
tions. We found moderate association between the
1s2266788 and the rs3135506 variants (7 = 0.56), likewise
between 1s207560 and rs3135506 (* = 0.42) in Hungarian
population. In Roma population we found strong association
between the rs207560 and the rs3135506 variants (> = 0.97).
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Table 2  Lipid parameters (mmol/l) of the Roma and Hungarian population samples according to APOAS gene variants

APOAS variant ~ Parameter Roma Hungarian
15662799 AA AG GG AG + GG AA AG GG AG + GG
Triglyceride  1.59 +0.04 1.72+0.10  2.00+£0.16 1.76 £0.08 1.51£0.02 1.79£0.13 1.88 £ 0.31 1.81 £0.12
p=0245  p=0009  p=0049 p=0060 p=0133  p=0.024
Cholesterol 4.66 +0.07 4.77+0.13 491+039 4.79+0.12 5.57 £ 0.06 543 +0.22 6.14 £ 1.16 5.52+0.24
p=0352  p=0494  p=0280 p=0234  p=0928  p=0257
15207560 CC CT TT CT+TT CC CT TT CT+TT
Triglyceride 1.59 + 0.04 1.92 +0.12 127+0 1.91£0.12 1.51+£0.02 1.84 £0.13 1.60 £0 1.84 £0.12
p=0009  p=0668  p=0011 p=0009  p=0602  p=0.008
Cholesterol 4.67+0.06 485+0.19 390+0 483+0.19 557006 550+£029 470+0 547 +0.28
p=0242  p=0371  p=0302 p=0377  p=0318  p=0.295
1rs3135506 CC CG GG CG + GG CcC CG GG CG + GG
Triglyceride 1.59+0.04 1.81+0.10 196+050 1.82+0.10 1.52 +0.03 1.71+£0.07 1.50+0 1.71 £ 0.06
p=0028  p=058  p=0025 p=0001  p=0943  p=0.001
Cholesterol 467+0.06 4.88+0.14 4.14+043 482+0.13 555+0.06 567+0.17 550+0 5.66 +0.17
p=0131 p=0269  p=0251 p=0419  p=0862  p=0442
152266788 AA AG GG AG + GG AA AG GG AG + GG
Triglyceride 1.59+£0.04 192+0.12 1270 1.90 £0.12 1.51 £0.03 1.69 +0.07 1.60 £ 0 1.69 £0.07
p=0008 p=0671  p=0010 p=0004  p=0575  p=0.004
Cholesterol 4.67+0.06 4.84+0.19 390+0 4.82 +0.19 5.57 £0.06 552+0.18 4.70+0 5.50 £ 0.17
p=0282  p=0373  p=0347 p=0384  p=0322  p=0327

We also investigated the haplotypes with statistical probes
in Roma and Hungarian populations. The structure of the
probable haplotypes is summarized in Table 5. With the ap-
plied methods, we identified seven haplotypes in each popu-
lation. Six of these haplotypes, APOA5*1, APOA5*2,
APOAS5*3, APOA5*4, APOA5*5 and ht7 were found to oc-
cur most frequently in both populations. The frequencies of
the haplotypes are shown in Table 5. Significant differences
were found in the presence of APOAS5*2, APOAS*4,
APOAS5*5 and ht7 haplotypes between the Roma and
Hungarian populations. However, we did not identify differ-
ences in the presence of APOAS5*1 and APOAS5*3 haplotypes
between these populations. Ht5 haplotype in Roma and ht4
haplotype in Hungarian population could not be detected.

Discussion

In the present study, we examined the effect of the major
APOAS5 polymorphisms (rs662799; 1s2266788; rs31355006;
rs207560) on lipids, especially triglyceride levels. In our re-
sults, heterozygous carriers of rs2266788; rs3135506;
rs207560 variants had higher triglyceride levels than non-car-
riers. Homozygous carriers of rs662799 variant have higher
triglyceride levels than non-carriers in Roma subjects. To our
best knowledge, such association has not yet been described.
However, most of the studies do not present the homozygous
and heterozygous samples separately because of the low risk
allele frequencies of the APOAS variants. In our study, after
combining the homozygous and heterozygous samples, sig-
nificantly elevated plasma TG levels were found in carriers of
risk alleles of the APOAS variants when compared to the non-

carriers in both Hungarian and Roma populations. All four
APOAS variants showed correlation to triglyceride levels with
or without adjustment factors like age and cholesterol levels.
These findings correspond to the results of previous studies
[16-19, 30].

Health status is a major problem for health care systems of
those countries where Romas are in significant minority [28].
In Central-Eastern Europe, Romas are likely more susceptible
to metabolic syndrome and stroke, have higher morbidity
rates, and lower life expectancy than other European popula-
tions [26, 31]. CVD among Romas is one of the most common
causes of death [27, 32, 33] reportedly with 2.5-fold higher
premature CVD mortality compared to the overall population
[34] and increased prevalence of various CVD risks factors
[35-38]. The situation is not restricted to the Eastern European
countries [36, 37].

There are several classic risk factors that increase the de-
velopment of CVD e.g.: smoking, family history with CVD,
hypertension, lipid and lipoprotein abnormalities (elevated to-
tal cholesterol and low density lipoprotein (LDL)-cholesterol,
high density lipoprotein (HDL)-cholesterol, hypertriglyc-
eridemia and increased lipoprotein(a) (Lp(a)), diabetes (insu-
lin resistance, hyperinsulinemia and elevated blood glucose
level), obesity and metabolic syndromes. According to vari-
ous clinical studies in Central-Eastern Europe [28], the two
most common risk factors contributing to the development of
CVD presented in most of the Roma populations are obesity
and smoking. These are followed by diabetes, metabolic syn-
drome, hypertension, and increase of triglycerides. Higher
prevalence of obesity may result from decreased physical ac-
tivity and unhealthy dietary habits of the Romas. Smoking is
strongly supported as cultural, ethnical, and individual
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Table 3  Correlations among APOAS variants in the study groups

Population Correlation coefficient (R) APOAS variant APOAS variant
1s662799 rs207560 rs3135506 1s2266788
Roma Crude 15662799 - 0.562 0.021 0.552
p < 0.001 p=0.684 p < 0.001
CI =0.612-0.832 CI = —0.092-0.140 CI = 0.593-0.813
15207560 0.562 - 0.084 0.988
p < 0.001 p=0.110 p < 0.001
CI =0.612-0.832 CI = -0.163-0.017 CI =0.980-1.013
1s3135506 0.021 0.084 - 0.087
p=0.684 p=0.110 p =0.098
CI = -0.092-0.140 CIl =-0.163-0.017 Cl =-0.167-0.014
152266788 0.552 0.988 0.087 -
p < 0.001 p < 0.001 p =0.098
CI = 0.593-0.813 CI = 0.980-1.013 CI =-0.167-0.014
Adjustedf 15662799 - 0.636 0.119 0.625
P < 0.001 p=0913 p < 0.001
CI = 0.665-0.883 CI =-0.119-0.133 CI = 0.642-0.860
15207560 0.636 - 0.138 0.985
p < 0.001 p=0.110 p < 0.001
CI = 0.665-0.883 CI = —0.185-0.019 CI=0.977-1.016
1s3135506 0.119 0.138 - 0.137
p=0913 p=0.110 p =0.099
CI =-0.119-0.133 CI = —-0.185-0.019 CI =-0.190-0.016
152266788 0.625 0.985 0.137 -
p < 0.001 p < 0.001 p=0.099
CI = 0.642-0.860 CI =0.977-1.016 CI = —0.190-0.016
Hungarian Crude 15662799 - 0.780 0.073 0.485
p < 0.001 p=0.143 p < 0.001
CI = 0.826-0.967 CI = —0.173-0.025 CI = 0.328-0.469
15207560 0.780 - 0.019 0.626
p < 0.001 p=0.702 P <0.001
CI = 0.826-0.967 CI = —0.133-0.090 CI = 0.769-0.984
rs3135506 0.073 0.019 - 0.084
p=0.143 p=0702 p =0.090
CI =-0.173-0.025 CI = —0.133-0.090 CIl =-0.224-0.016
152266788 0485 0.626 0.084 -
P < 0.001 p < 0.001 p =0.090
CI = 0.328-0.469 CI = 0.769-0.984 CI = -0.224-0.016
Adjustedf 18662799 - 0.803 0.076 0.512
p < 0.001 p=0.160 p < 0.001
CI = 0.833-0.970 CI = -0.177-0.029 CI =0.345-0.488
15207560 0.803 - 0.061 0.637
p < 0.001 p=0.703 p < 0.001
CI = 0.833-0.970 CI =-0.110-0.074 CI = 0.769-0.986
1s3135506 0.076 0.061 - 0.090
p =0.160 p=0.703 p =0.098
CI =-0.177-0.029 CI =—-0.110-0.074 CI = —0.233-0.020
152266788 0.512 0.637 0.090 -
p < 0.001 p < 0.001 p =0.098

CI = 0.345-0.488

CI = 0.769-0.986

CI = —0.233-0.020

T Adjusted for differences in age and cholesterol levels

identity, thus, they usually start smoking in their early teens.
Most of the population is exposed to these risk factors in their
direct family environment [28].

Previous studies of some susceptibility genetic variants re-
vealed Roma are a genetically special population [39—42] and
their genetic constitution can differ from other populations
(we supposed susceptibility alleles in the background also as
genetic factors) [43, 44]. In our study, the minor allele fre-
quencies of the studied APOAS variants were collected in
1000Genomes and HapMap databases, to compare those
found in the Roma population with those in Europeans and
Asians. For rs662799, significantly different risk allele
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frequencies were detected between Roma and other studied
populations. The allele frequencies in Roma subjects were in
between those of Europeans and Asians. We found Roma risk
allele frequencies differed significantly from those of the
Asian populations for rs662799, rs207560, rs2266788 vari-
ants. We found, that the risk allele frequencies were signifi-
cantly higher in Roma than in Hungarian population for
r$662799; rs3135506 and rs207560 variants. It is important
to emphasize, that the frequencies found in Hungarians corre-
spond with those detected in European populations [13, 45,
46]. The reasons for these differences have not yet been
cleared. At the same time, the already confirmed definitive
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Table 4 Correlations between

carrying APOAS risk alleles and Population Correlation coefficients APOAS variant
triglyceride levels in Roma and
Hungarian population samples 15662799 15207560 153135506 152266788
Roma Crude R/Beta 0.102 0.149 0.124 0.149
R? 0.011 0.022 0.015 0.022
95% CI 0.000-0.092 0.027-0.144 0.011-0.113 0.027-0.143
p 0.051 0.004 0.018 0.004
Adjusted” R 0.360 0.351 0.362 0.351
R? 0.129 0.123 0.131 0.123
Beta 0.138 0.111 0.142 0.113
95% CI 0.014-0.115 0.002-0.126 0.018-0.129 0.003-0.126
P 0.012 0.043 0.009 0.040
Hungarian Crude R/Beta 0.155 0.161 0.142 0.137
R? 0.024 0.026 0.020 0.019
95% C1 0.024-0.106 0.031-0.125 0.019-0.102 0.014-0.081
p 0.002 0.001 0.004 0.006
Adjusted” R 0.200 0.214 0.182 0.199
R? 0.040 0.046 0.033 0.039
Beta 0.152 0.171 0.129 0.151
95% CI 0.022-0.106 0.033-0.128 0.012-0.098 0.018-0.086
p 0.003 0.001 0.012 0.003

T Adjusted for differences in age and cholesterol levels

association of susceptibility variants and the development of
diseases mean that increased minor allele frequencies obliga-
tory lead to increased vascular events [21]. Thus, the data of
the present study support that elevated rates of susceptibility
alleles are in relationship- at least in part- with increased prev-
alence of CVDs in Roma minority.

The most common APOAS5 variants, like rs662799,
rs207560, rs2266788 and rs3135506 are in strong linkage
disequilibrium and create two major haplotype variants
(APOAS5*2 and *3). These two haplotypes together with wild
type haplotype (APOAS5*1-3) constitute approximately 98%
of the average population [13]. Five common haplotypes were
identified this far (APOAS5*1-5) [47—49]. Additional possible
haplotypes are also known (ht4, 5, 7) composing only a small
portion of the population. In our study, we prospected linkage
disequilibrium among the APOAS polymorphisms in both

populations and attempted to investigate the haplotypes in
Roma and Hungarian samples. Different linkage was found
between the rs207560 and rs3135506 in Roma and Hungarian
populations. In Roma the linkage between the variants was
strong, while in Hungarians moderate, possibly because of the
distinct origin of the two populations. To our best knowledge,
such association has not yet been described.

The haplotype analyses for APOAS revealed eight theoretical
haplotypes, but only seven occurred in both populations. Five of
these (APOAS5*1, APOA5*2, APOA5*3, APOA5*4 and
APOAS5*5) are the most extensively studied haplotypes of the
gene. Ht7 haplotype has not yet been investigated in susceptibil-
ity studies, so far. Comparison of the prevalence’s in Roma and
Hungarian populations revealed APOA5*2, APOA5*4 and ht7
haplotypes were significantly prevalent in Roma population,
whereas APOAS*5 haplotype was more frequent in Hungarians.

Table 5 The structure of the

individual APOAS5 haplotype Haplotypes APOAS variant Population

variants with percentage of

Romas and Hungarians 15662799 13207560 rs3135506 152266788 Roma/Hungarian (%)
APOAS5*1/ htl A C C A 77.8/85.6
APOAS5*2/ ht8 G T C G 5.47/32
APOA5*3/ ht3 A C G A 7.6/4.7
APOAS5*4/ ht2 G C C A 6.372.0
APOAS5*5/ ht6 A C C G 0.17/4.1
ht4 G C G A 1.8/~
ht5 G T C A =/0.1
ht7 A T C G 1.07/0.2

p < 0.05 vs Hungarian samples
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Results of previous studies describe APOAS*2 haplotype
is associated with elevated TG levels and might confer as
susceptibility for metabolic syndrome and ischemic stroke in
the Hungarian population [18, 22]. Our results suggest, Roma
people have higher risk for hypertriglyceridemia and for vas-
cular events because of increased prevalence of the APOAS
susceptibility alleles. Previously, Kisfali et al. did not confirm
connection between the presence of APOAS5*4 and the risk for
metabolic syndrome in Hungarians. Moreover, APOAS5*5
haplotype was found to have a protective effect against meta-
bolic syndrome, and associated with decreased TG levels [22].
Our findings on APOAS5*5 reported here also provide indirect
support for APOAS variant’s having a role in the Roma sus-
ceptibility to CVD.
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